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NUCLEAR GIANT RESONANCES IN COORDINATE SPACE - A SEMICLASSICAL
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Résumé: Dans le cadre d'une description semiclassique de résonnances géan-
tes nucleaires (GR) en utilisant la force SkM* et les fonctionnelles ETF
complétes d& 1'ordre 4 en fi, nous présentons des modes propres monopolaires
(0+) isoscalaires (I=0) et isovectorielles (I=1) en bon accord avec 1'ex-
perience, ainsi que la variation de quelgues énergies GR typiques en fonc-
tion de la température.

Abstract: We discuss the semiclassical description of nuclear giant reson-

ances (GR) using a realistic Skyrme force (SkM*) and complete ETF density
functionals. We present monopole (0%) eigenmodes of isoscalar (I=0) and
isovector (I=1) type, which are in good agreement with experiment, and the
corresponding my and m, sum rules. We also present the temperatuES depen-
dence of some typical ER energies (0%*,1=0,1; 17,I=1; 2t

The density variational method using Skyrme type effective forces and semiclassi-
cal ETF (extended Thomas-Fermi) density functionals has been very successful for the
calculation of average static properties of nuclei /1,2/. This approach has been
shown /1/ to yield precisely the average part of selfconsistent microscopical HF
{Hartree-Fock) results, leaving out the shell effects. (Similar results were recently
obtained also for the Gogny finite-range force D1 /3/.) Shell effects in the nuclear
binding and deformation energies can be recovered perturbatively to a high degree of
accuracy /1,4/ by exploiting the Strutinsky energy theorem /5,6/. The density func-
tional approach becomes particularly gratifying for highly excited nuclear systems:
At excitation energies corresponding to temperatures of kT«2.5 - 3 MeV and higher,
shell effects vanish and the ETF density functionals become exact /7,8/, thus yield-
ing the same results as fully microscopic HF calculations.

When applying these ideas to the description of dynamic nuclear processes, one is
at first handicapped by the fact that the ETF functionals do not apply, in general,
to situations where the density is time dependent, except for the case of slow adia-
batic motion. Although some formal progress has been achieved in the foundation of
time-dependent density functional theory /9/, ready-to-use functionals are not yet
at hand.

In the study of giant resonances (GR) it has been realized /10/ that dynamical de-
formations of the Fermi sphere in momentum space, which are missed when using the
static ETF functionals /11/, give important contributions to the restoring forces of
some modes (e.g. all isoscalar electric multipole modes with L=2). These effects,
which in an infinite system lead to Landau zero-sound excitations, have been incor-
porated to various degrees of sophistication in the so-called fluid-dynamical ap-
proach and its variations /10,12-17/, leading to good agreement with the results of
RPA calculations and - to the extent that this is the case for the RPA results -
with experiment. In many of these calculations, however, very schematic energy den-
sity functionals ignoring Coulomb and spin-orbit forces were used; the higher-order
gradient corrections to the kinetic energy, known to be important to reproduce cor-
rectly static nuclear surface and deformation properties /1/, were omitted, too.
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In the present paper we want to report on a related approach which takes full ad-
vantage of the complete ETF functionals (also at finite temperatures) and realistic
Skyrme interactions in calculating eigenmodes and sum rules corresponding to various
giant resonances /18-20/. (For similar calculations with approximate ETF functionals
see also refs. /21-23/.) As is well-known, there exist theorems /24-26/ relating RPA
sum rules to HF ground state expectation values. In particular, one has (see ref./26/
for details)

my(Q) = - 7 <0118, 1R,81110> , $= [A,Q), (1)
m(Q) = 1<onm [A,Q1110> (2)
m_4(Q) = [ﬁ“'”'”]x 0° %[d—mou)J x<Q (3)

Hereby m (Q) is the k-th moment of the strength function corresponding to a chosen
exc;tat1on operator Q; IA> is the solution of the static constrained HF problem
§<H - AQ> =0 with X as a Lagrange multiplier. R is the total Hamiltonian of the
system inciuding the effective (e.g. Skyrme) nucleon-nucleon interaction. The virtue
of egs. (1)-(3) is that the expressions on the r.h.s, are static HF expectation val-
ues which can be evaluated semiclassically with the static EIF functionals (at the
possible cost of missing shell effects which, however, are very small for the giant
resonance energies, see Fig.l below); hereby it is essential that the commutators in
eq. (1) be evaluated quantum-mechanically. The knowledge of the three moments {1)-(3)
allows one to estimate the mean energy E of a giant resonance peak by the ineguality

Ey < Fg E; . Ep = Jmk/mk_1 s (4)

and its width [* for which [/E3- €3 /2 is an upper bound.

One-body excitation operators @ which commute with the two-body force in H (e.g.
local and velocity-independent isoscalar operators in connectien with Skyrme forces)
can be understood as generaters of collective scaling-type deformations o by means
of unitary transformations of the HF ground state:

a8 A ~ > > > 2
lay = e 10>, §-=17,q] =%§7-u+u-v, G=-%.§Q. (5)

Here © is recognized as a displacement field defining the velocity field Vo=d4(t)u

which satisfies the continuity equation dp/dt + V+(pV) = 0, where p(®,a{t)) is the
scaled HF ground state density. The moment m] is then easily shown to be proportional
to the hydrodynamical inertial parameter Bg:

_.m .
m Q) = m[ﬁr W = -2%2 B, (6)

and m3 is found to be one-half of the harmonic oscillator spring constant C of the
scaled HF energy:

1[4, - 1
m3(Q) =-2- £2<Q|H|a>0t=0 = ?CQ . (7)

Thus, the energy E is equal to the (first) vibrational excitation energy of
the collective sca?1ng Ham11ton1an

Heopp (@) = -zBa& +<Lalfila> (8)

in the harmonic approximation:

E; = fm3/m = %lc o/By = ﬁma . (9)

Care should be taken 1ntroduc1ng the static semiclassical functionals after tak1ng
the derivative d4/da? in eq.(7); interchanging this order would lead to the hydrodyn-
amical (and thus often the wrong) spring constants C

The scaling approach can be generalijzed to a set of coup1ed modes a; (i=1,2,...M)
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generated by M operators Q; /18,20,27,28/. The problem then consists in finding the

eigenfrequencies W, of the collective Ramiltonian

[\ M
_ 1 . 1 ]
Heott = EZBU' bigj * 3205 oy * Eyr (10)
t,j=1 (L]
by solving the matrix equation
2 > _ _
(C- Wy B)X, = 0 (n=1,2,...M) (11)
with 2 2 "
Bij = Amy(ij) = f <0 I[Qi,fH,QjJ] 102, (12)
C3 ama(i,3) = —(01[51.,[H,SJ.]]IO>. (13)
Exploiting the generalized Thouless theorem /26/ for the mixed moments
m(i,3) = > '.(En - B)R<T 10,1 T<F 10,1 0, (14)
n>o J

where [W) and fn are the RPA states and energies, respectively, one can easily show
that the M eigenmodes defined by eq.(11) exhaust the mj and m3 RPA sum rules eqs.(1),
(2) for any operator Q which can be expanded in terms of the éinite basis of the Qj.
(In practice it may be easier - and sometimes more physical - not to start from

a guess of the operators Q; but rather to introduce some reasonably chosen collective
variables a; and to reconstruct the Ui and Q; by solving the corresponding continuity
equations /18,20,28/.)

A difference of the above approach to the fluid-dynamical one (e.g. refs./14,16/)
is that in the latter one automatically is led to an infinite set of eigenmodes. This
is mathematically satisfying, but has the consequence that many (i.e. almost all) of
the eigenmodes Tie at energies where the model does not apply (e.g. above the pion
threshold) and thus some of the collective strength may appear in unphysical states.

The treatment of isovector {I=1) giant resonances and operators Q is more diffic-
ult. The non-zero commutators of Q with the two-body force in this case gives addit-
ionalcontributions to the moments mj and m, which are usually expressed through the
so-called 'acceleration factors'kyg. Although these may in principle be incorporated
in the scaling approach /12/, this becomes rather involved in particular when eval-
vating my(i,j) in a multidimensional treatment.

In the following we shall illustrate the above .ideas with a few examples. A more
exhaustive presentation of our calculations is in preparation /20/. We used through-
out the Skyrme force SkM# /1,29/ and the full ETF functionals up to fourth order in
H /1,7,8/; so far only spherical nuclei were considered.

In Fig. 1 we demonstrate the smallness of the shell effects in the energies E3 (9)
evaluated for some gjant resonances as functions of the particle number A. The oper-
ators Q chosen for calculating my and ms are

A

0 - 2. r? for 0, I=0  (isoscalar monopole), (15)
€=

Q¢ = 3 r? 15(1)  for 0%, 1=1  (isovector monopole), (16)
[EX)
A

Q =3 rf P,(cose;) for 2', 1=0 (isoscalar quadrupole).  (17)

(=1

In the isovector monopole case, the acceleration factors were neglected (see, howev-
er, Tab. 2 below). The solid lines show the semiclassical values of E3, evaluated
with the static ETF functionals for spherical nuclei along a smooth fit to the B-
stability valley in the (N,Z)-plane. They are seen to give an excellent approximation
to the microscopic HF values which are shown by crosses for a sample of corresponding
nuclei.(Their shapes were constrained to be spherical in the HF calculations.) We
should mention at this place that this close agreement between HF and semiclassical
results is not found for the energies Ep in all cases; the moments m.1 in some modes
are much more sensitive to shell effects (see Tab, 2 and the discussion below).
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40 | B p— — L a—  m— Fig. 1:
£ r . GR energies E3='m3/ml' (without accel-
30 | i eration factors for the I=1 monopole)
versus nucleon number A.
(MeV) I ] Crosses: HF values,
solid line: ETF values for nuclei along
20 F 4 the B-stability valley in the (N,Z)-
plane.
= 4 Note the small differences which are
essentially due to the shell effects.
10r A (Minor smooth differences in the light
nuclei may also stem from an insuffic-
- *xHF — ETF a jent parametrization of the nucleon
sy densities in the ETF calculation.)
00 50 100 150 200 250 The Skyrme force SkM® was used in both
A calculations.
I=0 I=1
fwy  Egyp %(m, ) %(m_) hoy  Egyp %(m_ ) %(m_)
[MeV] [MeV] 1 3 [MeV] [MeV] 1 3
40 35.5 3.66  9.79 | 44,1 19.2 34.6
Ca 21.0 96.34 90.21 29.5 31.1:2.2 80.8 65.4
60 33.9 1.23  3.59 | s2.8 12.9 23.6
Nl | 19.6 19.8:0.5 98.97 96.41 | 29.5 30.6:2.3 87.1 76.4
90 32.1 0.25 0.82 40.8 7.8 14.6
ir 17.7 16.9:0.9 99.75 99,18 28.8 28.5:2.6 92.2 85.4
120 30.2 0.05 0.17 [ 39.5 5.0 9.5
Sn 16.2 15.8:21.0 99.95 99,8% 27.9 26.1:2.4 95.0 90.5
140 29.6 0.01 0.04 | 38.8 3.8 7.2
Ce | 15.4 14.8:0.6 99.99 99.96 | 27.5 28.0:2.6 96.2 92.8
208 27.5 0.05 0.21 | 37.3 1.5 3.1
Pb | 43,5 13.7:0.5 99.95 99.79 | 26.0 25.5:3.0 98.5 96.9
Tab. 1:

Eigenmode energies ﬁuH (i=1,2) of coupled bulk density and surface stiffness mon-

opole (0+) vibrations obtained semiclassically for 6 spherical nuclei with the
SkM* force. The experimental GMR peak energies are taken from a compilation in
ref. /30/ for the isoscalar (I=0) and from ref. /31/ for the isovector (I=1) case.
Also shown are the percentages of the m; and the m; sum rules for the excitation
operators eqs. (15,19). The acce]erat1on factors wére neglected in the I=1 case.

The idea of the generalized scaling model with coupled collective modes was ap-
plied to the giant monopole resonances (GMR, "breathing modes") in refs. /18320,28/.
The ground-state densities of neutrons and protons were parametrized by Fermi func-

tions: .
ogir) = ooq-[1+exp{(r-Rq)/aq}] 9. (g=n.p) (18)

The bulk densities 0 and the surface diffuseness parameters o_ were taken as col-
lective variables oscillating in time (the radii Rg being adjusted such as to keep
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the nucleon numbers N and Z constant; the y, are kept constant at the g.s. values).
For isoscalar (I=0) vibrations one imposes dop(t)/pon(0) = pop(t)/eop(0), for isovec-
tor vibrations (I=1) Zpon(t)/pon( ) = - Npop(t )/pop(O), and analogously for the par-
ameters ag(t). Solving eq. (11) gives two eigenmodes in each case. The lower modes
are dominated by the bulk density oscillation and can be identified with the experim-
entally observed GMR peak energies, whereas the higher ones are dominated by the sur-
face oscillation and have not yet been identified experimentally. (Their transition
densities typically have two nodes in the surface region /18,20/ and are verysimilar
to the ones of higher lying 0% states found also in RPA calculations /D.Gogny, priv-
ate communication/.)

In Tab. 1 we show the eigenmode energies fiwj (i=1,2) obtained for some spher1ca1
nuclei. The isoscalar results (I=0) correspond to those of ref. /18/, but using Yq #1
for the g.s. densities (18) in the variational ETF calculation. As already observed
in ref. /18/, the agreement with the experimental GMR peak energies (given in Tab. 1
with error bars) is excellent. A similarly good agreement is also found /20/ for the
lower isovector modes with the newly measured 0%, I=1 energies /31/. This agreement
is, however, accidental since the acceleration factors (i.e. the commutators of the
operators Qi with the Skyrme force) have been neglected here. Their influence will be
discussed in connection with Tab. 2 below. We also show in Tab. 1 the percentages of
the m; and m3 sum rules for the operator eq. (15) in the I=0 and the operator

Al G Reo]d e o

in the I=1 case. (This operator is more correct than that of eq. (16) which leads to
a small I=0 component in nuclei with N£Z.) The distribution of strength over the two
modes reflects the importance of the surface component of the oscillations, which is
especially pronounced for 1light nuclei in the isovector modes, due to a larger coup-
ling of the two modes through the off-diagonal matrix elements B12 and Cy2. The re-
sult of this coupling is to push the eigenfrequencies wj further apart from their un-
coupled positions /5117811‘. This is demonstrated also in Fig. 2 for the isovector
GMR. The dots with error bars and the crosses connected by a‘dashed line show the ex-
perimental GMR peak energies and the lower eigenenergies fiw], respectively, from Tabl.

£ F Isovector monopole resonance
(0%,1=1)

40
(MeV) L

30 (-

20

a3 Theory ETF (SkM+)
10 1 | 1 | 1 | 1 | 1
0 50 100 150 200

A

Fig. 2:

Isovector GMR energies obtained in the generalized scaling model {without acceler-
ation factors). Solid line: Energy E3 with operator eq. (19). Crosses connected by
dashed line: lowest eigenenergy fw] of two coupled modes (see text). ETF functionals
and SkM* force used. Experimental points from Los Alamos (nf,m0) measurements /31/.
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The solid line results from a one-dimensional semiclassical scaling calculation and
corresponds to the energy E3 (without acceleration factors) with the operator Q eg.
(19). This scaling implies a fixed ratio. between surface and bulk density vibrations
(ratio -1/3 between relative changes in aq and pyq, see ref./18/). Letting the sur-
face vary freely in the two-dimensional calculation Towers the energies fiwj, espec-
ially for the lichter nuclei, leading to a somewhat better agreement of their A-dep-
endence with experiment. It would be interesting if experiments for the I=1 GMR could
be made also for nuclei Tighter than 40Ca, since there the predicted differences be-
tween the results with one and two collective variables would exceed the expected er-
ror bars of the peak energies. The importance of the surface diffuseness degree of
freedom for the 0%, I=1 mode has also been recognized in ref. /32/.

"1 n_, [Mev 'tn') | E; [MeV]

ETF HF ETF HF ETF HF
40g, | 0.251 0.242 38.7  49.4 34.7  30.7
90, | 0.295 0.297 163 185 2.8 30.7
208p, | 0.333 0.332 ap2 986 29.0 27.2

Tab. 2:

Acceleration factors ki, sum rules m_1 and energies Ej for the
isovector monopole operator Q eq. (19), calculated for three
spherical nuclei with the SkM* force. Both semiclassical (ETF)
and Hartree-Fock (HF) results are given.

In.order to check the importance of the acceleration factors neglected so far, we
have calculated the full moment my including the Skyrme force for the isovector mono-
pole operator Q eq. (19). Evaluating the commutators in eq. (2) gives

mp = 20 10,1001 10> (1) -

2 2 2
e (Lot o) o (Lo T 18] [ A | o

where t; und x; are Skyrme force parameters. The values of the acceleration factor xj
defined in eq. (20) are given in Table 2 for three spherical nuclei. They were eval-
uated both microscopically (HF) and semiclassically (ETF using the density parametri-
sation eq. (18)). The differences are 4% for Ca and less than 1% for medium and hea-
vy nuclei. We also give in Tab. 2 the moments m_.1 and energies Ey from which the m
can easily be gained, see eq. (4). The my values differ by less than 1% between ETF
and HF in all nuclei; thus, the 3% difference in the mean square radii of Ca /1/
mostly cancels that in the «] values.

Much larger differences between HF and ETF values are, however, found for the sta-
tic polarisabilities m_j and thus also for the energies E;. These differences reveal
a rather strong shell effect in the polarisabilities m_,, amounting to ~22% in Ca
and ~12% in the medium and heavy nuclei. It is not too surprising that the response
to a static external constraining field, in which the single particle states have
time to readjust their orbits, is sensitive to shell effects. An even more drastic
example would be the quadrupole polarisabilities (i.e. the m_; with Q eq.(17)) of,
heavy nuclei, which are well-known to be dominated by the she%1 effects (the semi-
classical or Tliquid drop part only contributing a fraction, see refs. /5,6/).

HF calculations for the isovector GMR were reported also in ref. /33/. These
authors used, however, the excitation operator Q eq. (16). In 40Ca, where there is no
difference to the one in eq. (19) which we have used, our HF results for m_j and E
agree exactly2 én N#Z nuclei they obtain spurious isoscalar (I=0) admixtures amount-
:ing e.g. for 08ph to -2.3 MeV in E1.
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Fig. 3:

Nuclear giant resonance energies versus
temperature T.

Solid lines: HF results, dashed Tines:
semiclassical ETF results.

2% (1=0): energy E3 with operator (17).

0% (1=0): upper line: £4, lower line: Ej
both with operator(15). The difference
(=shaded area) is a measure for the
width T.

17 (I=1): energy Ej including kj (see
ref. /19/ for details).

(MeV) L ,_t_&li}l_ ] 0% (I=1): energy E} (including k1) with
. = operator (19). Note the decrease of the
0" (I=0) shell effect with increasing temperature.
10 The SkM* force was used in all cases.
2*(1=0)
SkM-
o 1 1 1
0 1 2 3 4
T (MeV)

The HF values for €] in Tab. 2 are seen to be in reasonable agreement with the ex-
perimental peak energies in Tab. 1, taking the rather large error bars of the latter
into account. Note that a similar agreement would be obtained also for the ETF values
of E1 if the ky factors were neglected; this would, however, be due to a fortuitous
cancellation of two completely different errors, namely the omission of k1 and of the
shell effects in m_j.

We finally want to comment briefly on the temperature dependence of the calculated
nuclear giant resonance energies. (See also the following paper /23/ where a more de-
tailed discussion of the finite temperature approach is found.) We limit ourselves
here to temperatures up to T4 MeV (k=1) where the continuum effects play a minor
role and the density parametrisation eq. (18) is sufficient.

In Fig. 3 we present the energies of various modes as functions of the temperature
(see the explanations in the figure caption). They are seen to vary very little (or
not at all in the 2% mode), except for the isovector monopole case (0%, I=1). Here
we give the energy Ej using the operator Q eq. (19) and including the k1 factor both
in HF (solid ling) and in ETF (dashed Tine) approximation. The shell effect discussed
above for T=0 1is seen to decrease with increasing temperature and to practically van-
ish for T3 MeV, as expected. We do not believe that the isovector GMR is likely to
be measured for excited nuclei, but we show these results as another nice example for
the disappearance of the shell effects at T3 MeV enabling the use of the semiclas-
sical approximation. We refer to ref. /20/ for a more detailed discussion of the fin-
itg temperature results and of the dipole (17), quadrupole (2%) and octupole (37)
modes.

We acknowledge stimulating discussions with E.Lipparini, J. and J.P. da Providé&n-
cia and S.Stringari. Two of us (P.G. and M.B.) acknowledge the warm hospitality of
the Institut de Physique Nucléaire at the Université de Lyon, where part of this work
was achijeved.
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