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Pygmy and giant dipole resonances in neutron-rich nuclei within the quasiparticle representation
of the phonon damping model
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The quasiparticle representation of the phonon damping model~PDM! is developed to include the superfluid
pairing correlations microscopically. The formalism is applied to calculate the photoabsorption and the elec-
tromagnetic~EM! differential cross sections ofE1 excitations in neutron-rich oxygen and calcium isotopes.
The calculated photoabsorption cross sections agree reasonably well with the available data for16,18O and
40,48Ca. The fractions of energy-weighted sum of strength in the region of the pygmy dipole resonance~PDR!
(Eg<15–16 MeV! and the PDR peaks in the EM cross sections for20,22O are also found in reasonable
agreement with experimental systematics. The deviation from the prediction given by the cluster model’s sum
rule shows the importance of the effect of coupling to noncollective degrees of freedom in the damping of
pygmy and giant dipole resonances.
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I. INTRODUCTION

Recent years have seen intensive studies of effects du
varying the ratio of protonZ and neutronN numbers on
different nuclear structure characteristics as nuclei dev
from their valley ofb stability. One of the phenomena is th
pygmy dipole resonance~PDR! in neutron-rich nuclei or soft
dipole mode in neutron halo nuclei. The PDR leads to
enhancement of dipole strength below the region of the u
giant dipole resonance~GDR!. The PDR, by itself, is not a
new subject as it was observed experimentally in pho
nuclear reactions in18O more than two decades ago@1#. The
renewed interest in this phenomenon arises mainly due to
prospects of using radioactive-isotope~RI! beams to study
unstable nuclei. With the recent method of utilizing the ele
tromagnetic~EM! excitation process at high energies theE1
strength distribution can be studied up to the region of G
in light neutron-rich isotopes@2#.

One of the challenges in the theoretical study of exo
nuclei is how to go from the valley ofb stability, where
predictions given by various models for major fundamen
nuclear properties are similar, to the region of nuclei w
extremeN/Z ratios, where theoretical predictions becom
quite model dependent. The PDR was predicted by sev
theoretical models starting from an application of the clus
model ~CM! @3#, where the low-lying dipole mode is de
scribed as a result of oscillation of neutron excess agains
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core, the Skyrme-Hartree-Fock model~SHF! @4#, the
Hartree-Fock plus random-phase approximation~HF-RPA!
model @5#, to the large-scale shell-model calculatio
~LSSM! @6#. The LSSM uses an interaction, which is dete
mined as a least-square fit of the particle-hole (p-h) two-
body matrix elements to the binding and excitation energ
of nuclei with mass numberA510–20. The width of the
GDR was not explicitly calculated in these theoretical stu
ies. Instead, it was introduced as a width parameter from
Gaussian@4# or Breit-Wigner @5,6# distribution. The recent
preliminary experimental results at GSI@2# have shown that
the energy-weighted sum~EWS! of the PDR strength doe
not follow the prediction of the CM. The prediction given b
LSSM agrees qualitatively with the preliminary data for t
EM cross sections of the PDR in20,22O @2#, but the GDR
shapes given by LSSM disagree with the well-establish
experimental systematics for photonuclear reaction cross
tions in 16,18O @1#. Given the rather scarce experimental da
on GDR and PDR in neutron-rich nuclei at present, it
desirable to have an extension toward the region withN
@Z based on a theoretical model, which includes prope
the damping mechanism and describes satisfactorily
well-known systematics of GDR shapes inb-stable nuclei.

Recently we made an attempt to develop such an
proach in@7#, where the phonon damping model~PDM! @8#
was applied to study damping of the GDR in neutron-ri
nuclei. The GDR width is calculated explicitly within th
PDM via coupling of the GDR phonon top-h configurations
~at zero temperature!. However, the superfluid pairing corre
lations, which are quite important for low-lying states
neutron-rich open-shell nuclei, were neglected. Instead,
matrix elements between the levels close to the Fermi
face in neutron-rich nuclei were increased in an ad hoc m
ner to simulate the strong coupling between them. In t
way the low-lying dipole mode was obtained qualitative
This result encourages us to elaborate the PDM further
ward a microscopic description of damping of the GDR
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neutron-rich nuclei. The aim of the present paper is to
clude microscopically the superfluid pairing correlations
the PDM using the quasiparticle representation, and ap
the formalism to calculate the photoabsorption and EM cr
sections in neutron-rich oxygen and calcium isotopes. T
paper is organized as follows. The formalism of the mode
developed in Sec. II. The results of numerical calculatio
are discussed in Sec. III in comparison with available exp
mental data whenever possible. The paper is summarize
the last section where conclusions are drawn.

II. QUASIPARTICLE REPRESENTATION OF THE
PHONON DAMPING MODEL

The quasiparticle representation of the PDM Hamilton
@8,9# is obtained by adding the superfluid pairing interacti
in it and expressing the particle~p! and hole~h! creation and
destruction operators,as

† and as (s5p,h), in terms of the
quasiparticle operators,as

† and as , using the Bogolyubov
canonical transformation. As a result, the PDM Hamilton
for the description ofEl excitations can be written in a
spherical basis as

H5(
jm

e ja jm
† a jm1(

lm i
vl iblm i

† blm i

1
1

2 (
lm i

~21!l2m

l̂
(
j j 8

f j j 8
(l)$uj j 8

(1)
@Aj j 8

†
~lm!1Aj j 8~lm̃!#

1v j j 8
(2)

@Bj j 8
†

~lm!1Bj j 8~lm̃!#%~blm i
† 1blm̃ i !, ~1!

where l̂5A2l11. The first term on the right-hand sid
~RHS! of Hamiltonian ~1! corresponds to the independen
quasiparticle field. The second term stands for the pho
field described by phonon operators,blm i

† and blm i , with
multipolarity l, which generate the harmonic collective v
brations such as the GDR. Phonons are ideal bosons w
the PDM, i.e., they have no fermion structure. The last te
is the coupling between quasiparticle and phonon fie
which is responsible for the microscopic damping of colle
tive excitations.

In Eq. ~1! the following standard notations are used:

Aj j 8
†

~lm!5 (
mm8

^ jm j8m8ulm&a jm
† a j 8m8

† ,

Bj j 8
†

~lm!52 (
mm8

~21! j 82m8^ jm j82m8ulm&a jm
† a j 8m8 ,

~2!

with (lm̃)↔(21)l2m(l2m). Functions uj j 8
(1)[ujv j 8

1v juj 8 andv j j 8
(2)[ujuj 82v jv j 8 are combinations of Bogoly

ubov’s u and v coefficients. The quasiparticle energye j is
calculated from the single-particle energyEj as

e j5A~Ẽj2EF!21D2, Ẽj[Ej2Gv j
2 , ~3!
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where the pairing gapD and the Fermi energyEF are defined
as solutions of the BCS equations~see, e.g.,@10#!

(
j

~ j 1 1
2 !

122nj

e j
5

2

G
, ~4!

(
j

~ j 1 1
2 !F12

Ẽj2EF

e j
~122nj !G5N, ~5!

with N and G being the neutron~or proton! number and
pairing constant, respectively. The quantitynj5^a j

†a j& is
the quasiparticle occupation number defined within the gr
canonical ensemble at a given temperatureT. It becomes
zero atT50. Another way of approaching the BCS equ
tions ~4! and ~5! is to define the pairing constantG and the
Fermi energyEF at a given value ofD ~e.g., using the ap-
proximate systematic for the pairing gapD.12/AA @11#!.
The operators in Eq.~2! and their Hermitian conjugates sa
isfy the following commutation relations within the en
semble average:

^@Aj j 8~lm!,Aj 1 j
18

†
~l8m8!#&

5~12nj2nj 8!dll8dmm8

3@d j j 1
d j 8 j

18
1~21! j 82 j 1ld j j

18
d j 8 j 1

#, ~6!

^@Bj j 8~lm!,Bj 1 j
18

†
~l8m8!#&5~nj 82nj !dll8dmm8d j j 1

d j 8 j
18
,

~7!

where it is assumed that^a j
†a j 8&50 if j Þ j 8.

The equation for the propagation of the GDR phono
which is damped due to coupling to the quasiparticle field
derived below, making use of the double-time Green’s fu
tion method@12#. For this purpose, the following double
time Green’s functions are introduced similar to the ca
without pairing within the PDM@8#. They are~i! the phonon
propagation, Gl i(t2t8)5^^blm̃ i(t);blm i

† (t8)&&, ~ii ! the
forward-going transition between quasiparticle pair and p
non, Gj j 8;l i

A (t2t8)5^^Aj j 8(lm̃)(t);blm i
† (t8)&&, ~iii ! the

backward-going transition between quasiparticle pair a

phonon, Gj j 8;l i
A†

(t2t8)5^^Aj j 8
† (lm)(t);blm i

† (t8)&&, ~iv! the
forward-going transition between scattering-quasiparti
pair and phonon,Gj j 8;l i

B (t2t8)5^^Bj j 8(lm̃)(t);blm i
† (t8)&&,

and ~v! the backward-going transition between th

scattering-quasiparticle pair and phonon,Gj j 8;l i
B†

(t2t8)
5^^Bj j 8

† (lm)(t);blm i
† (t8)&&. Here the conventional notatio

of the double-time Green’s functions@12# is used. Following
the standard procedure of deriving the equation for
double-time Green’s function with respect to the Ham
tonian ~1!, and using of the commutation relations~6! and
~7!, one obtains a closed set of equations for these Gre
functions, whose Fourier transform into the energy planeE is
2-2
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~E2vl i !Gl i~E!2
1

2l̂
(
j j 8

f j j 8
(l)$uj j 8

(1)
@Gj j 8;l i

A
~E!1Gj j 8;l i

A†
~E!#

1v j j 8
(2)

@Gj j 8;l i
B

~E!1Gj j 8;l i
B†

~E!#%5
1

2p
, ~8!

~E2e j2e j 8!Gj j 8;l i
A

~E!2
1

l̂
f j j 8

(l)uj j 8
(1)

~12nj2nj 8!Gl i~E!50,

~9!

~E1e j1e j 8!Gj j 8;l i
A†

~E!1
1

l̂
f j j 8

(l)uj j 8
(1)

~12nj2nj 8!Gl i~E!50,

~10!

~E2e j1e j 8!Gj j 8;l i
B

~E!1
1

l̂
f j j 8

(l)v j j 8
(2)

~nj2nj 8!Gl i~E!50,

~11!

~E1e j2e j 8!Gj j 8;l i
B†

~E!2
1

l̂
f j j 8

(l)v j j 8
(2)

~nj2nj 8!Gl i~E!50.

~12!

SubstitutingGj j 8;l i
A (E), Gj j 8;l i

A†
(E), Gj j 8;l i

B (E), andGj j 8;l i
B†

(E)
at the left-hand side~LHS! for Eq. ~8! with their expressions
in terms ofGl i(E) from Eqs.~9!–~12!, we obtain the equa
tion for the Green’s function of phonon propagationGl i(E)
in the form

Gl i~E!5
1

2p

1

E2vl i2Pl i~E!
, ~13!

where the explicit form of the polarization operatorPl i(E)
is

Pl i~E!5
1

l̂2 (
j j 8

@ f j j 8
(l)

#2F ~uj j 8
(1)

!2~12nj2nj 8!~e j1e j 8!

E22~e j1e j 8!
2

2
~v j j 8

(2)
!2~nj2nj 8!~e j2e j 8!

E22~e j2e j 8!
2 G . ~14!

The phonon dampinggl i(v) (v real! is obtained as the
imaginary part of the analytic continuation of the polariz
tion operatorPl i(E) into the complex energy planeE5v
6 i«. Its final form is

gl i~v!5
p

2l̂2 (
j j 8

@ f j j 8
(l)

#2$~uj j 8
(1)

!2~12nj2nj 8!

3@d~E2e j2e j 8!2d~E1e j1e j 8!#

2~v j j 8
(2)

!2~nj2nj 8!@d~E2e j1e j 8!

2d~E1e j2e j 8!#%. ~15!

At zero temperature all the quasiparticle occupation numb
nj are zero, so the factor 12nj2nj 8 becomes 1, while the
04430
-

rs

last terms at the RHS of Eqs.~14! and ~15!, which contain
(v j j 8

(2))2, vanish. It is also worth noticing that the contributio
to the GDR of the term;d(E1e j1e j 8) due to the
backward-going process should be negligible as its ma
mum is at2(e j1e j 8),0.

The energyv̄ of giant resonance~damped collective pho-
non! is found as the pole of the Green’s function~13!, i.e., as
the solution of the following equation:

v̄2vl i2Pl i~v̄ !50. ~16!

The widthGl of giant resonance is calculated as twice of t
dampinggl(v) at v5v̄, i.e.,

Gl52gl~v̄!, ~17!

wherel51 corresponds to the GDR. As has been discus
previously @8,9#, the presence of the polarization operat
~14! due top-h–phonon coupling in the last term of the RH
of Hamiltonian ~1! and the property of the double-tim
Green’s function, which allows the analytic continuation in
the complex energy plan, allows the damping to be cal
lated in an explicit and microscopic way given by Eq.~15!.
The PDM-1 @8#, used in the present work, includes on
lowest-onder graphs explicitly in thep-h–phonon coupling,
while the contribution of higher-order graphs is effective
included in thep-h–phonon coupling parameterf 1 ~see the
next section!. The PDM-2 includes explicitly the coupling to
all higher-order graphs up to two-phonon ones~see the de-
tailed discussion in@9#!. This shows that the damping withi
the PDM, even in its simplest version PDM-1, is not t
Landau damping. The latter is the deviation from the ce
troid of a group of closely located harmonic oscillators, pr
vided coupling to continuum is neglected. These harmo
oscillators can be found as solutions of the RPA equati
Each of them can be put in one-to-one correspondence
an undamped phonon with energyvl i within the PDM @be-
fore the coupling caused by the last term at the RHS of
~1! is switched on#. Since there is no coupling of thes
modes to the quasiparticle~or single-particle! field within the
RPA, all the solutions of the RPA are located on the r
axis, and there is no imaginary part that corresponds to
sorption~damping! within the RPA due to coupling to non
collectivep-h configurations or higher ones as in the PDM
A smearing parameter, which is sometimes introduced in
RPA, is only to transform a discrete strength distribution to
continuous one.

The line shape of the GDR is described by the stren
function SGDR(v), which is derived from the spectral inten
sity in the standard way using the analytic continuation
the Green function~13! @13# and by expanding the polariza
tion operator~14! aroundv̄ @12#. The final form ofSGDR(v)
is @8#

SGDR~v!5
1

p

gGDR~v!

~v2v̄ !21gGDR
2 ~v!

. ~18!
2-3
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Note that function~18! has only a Breit-Wigner-like form
since the dampinggGDR(v) depends on the energyv. The
photoabsorption cross sections(Eg) is calculated from the
strength functionSGDR(Eg) as

s~Eg!5c1SGDR~Eg!Eg , ~19!

where Eg[v is used to denote the energy ofg emission.
The normalization factorc1 is defined so that the total inte
grated photoabsorption cross sections5*s(Eg)dEg satis-
fies the GDR sum rule SRGDR; hence

c15SRGDRY E
0

Emax
SGDR~Eg!EgdEg . ~20!

In heavy nuclei withA>40, the GDR exhausts the Thoma
Reich-Kuhn ~TRK! sum rule SRGDR5TRK[60NZ/A
MeV mb at the upper integration limitEmax.30 MeV, and
exceeds TRK (SRGDR.TRK) at Emax.30 MeV due to the
contribution of exchange forces. In some light nuclei, such
16O, the observed photoabsorption cross section exha
only around 60% of TRK up toEmax.30 MeV @1#.

According to@14,15#, the EM cross sectionsEM is calcu-
lated from the corresponding photoabsorption cross sec
s(Eg) and the photon spectral functionN(Eg) as

sEM[E dsEM

dEg
dEg5E N~Eg!s~Eg!dEg ,

N~Eg!52pE
bmin

`

e2m(b)N~Eg ,b!b db. ~21!

The expression for the spectrumN(Eg ,b) of a virtual photon
from a stationary target as seen by a projectile moving w
a velocity b5v/c at impact parameterb is also given in
@15#. The mean number of photons absorbed by the projec
is calculated asm(b)5*Emin

` N(Eg ,b)s(Eg)dEg .

III. NUMERICAL RESULTS

The calculations of photoabsorption and EM cross s
tions have been carried out for oxygen isotopes withA516,
18, 20, 22, and 24 and for calcium isotopes withA540, 42,
44, 46, 48, 50, 52, and 60. The calculations employ
spherical-basis single-particle energiesEj obtained within
the Hartree-Fock method using the Skyrme-type SGII in
action @16#. They span a large space of 36 proton and
neutron discrete levels fromEj.243 to 236 MeV up to
Ej.76 to 90 MeV for 16,20224O. The number of neutron
levels for 18O is 42. For calcium isotopes, the single-partic
levels used in calculations are between around246 MeV
and 51 MeV. The number of proton levels is 48, while t
number of neutron levels is 97 for40252Ca and 103 for60Ca.
The principal point, which is maintained throughout o
study of the GDR in neutron-rich nuclei, is that we extrap
late the description of closed-shell nuclei within PDM to t
region of neutron open-shell nuclei, assuming they are
spherical. This means that the two PDM parametersvl (l
51) and f 15 f j j 8

(1) for all p-h indices (j 5p, j 85h) are cho-
04430
s
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sen so that the values of GDR energyEGDR[v̄ and width
GGDR, calculated from Eqs.~16! and ~17! for 16O and
40,48Ca, reproduce their corresponding experimental val
EGDR

expt andGGDR
expt ~see@8# for more details about the procedu

of choosing parameters within PDM!. The values of PDM
parameters for16O are then fixed in calculations for all oxy
gen isotopes (N>Z). For calcium isotopes, we used the p
rameters selected for40Ca in calculations for isotopes with
20<N,28, and those selected for48Ca in calculations with
N>28. The neutron pairing gapDn is adjusted around the
general trend 12/AA of the observed pairing gaps in stab
nuclei. The adjustment is necessary to keep the GDR en
remain nearly unchanged with increasingN as the values of
parametersv1 and f 1 are kept fixed for three groups of iso
topes 16224O, 40246Ca, and 48260Ca separately. The exis
tence of the neutron-superfluid pairing gap leads to the
viation of the neutron Fermi surface from the step functi
so that many neutron levels above~below! it become close to
the proton-hole~-particle! levels. This makes thep-h inter-
action between protons (p) and neutrons (n) also important,
especially when the pairing gap is large, as it is the case
some oxygen isotopes. Therefore, in the present work,
choose the PDM parameters and carry out the calculat
with the sums in Eqs.~1!, ~14!, and ~15! running over all
indices (j , j 8) with j 5(pp ,pn) and j 85(hp ,hn). For double
closed-shell nuclei16O and 40,48Ca, where the pairing gap i
zero, such a kind of enlargement of configuration space
compensated simply by a renormalization off 1, which re-
duces its value by;25% for 16O, and ;35–37 % for
40,48Ca, so that the GDR shape remains the same. For16O,
we found the PDM parametersv1522.5 MeV and f 1
50.6982 MeV, which yield the GDR energyEGDR523.7
MeV and widthGGDR55.85 MeV. For 40Ca (48Ca), the se-
lected values of the PDM parameters arev1519.51 MeV
and f 150.3421 MeV ~0.4574 MeV!, which lead toEGDR
519.6 MeV ~19.4 MeV! andGGDR54.9 MeV ~7.15 MeV!.
Note that the parameterf 1 in the quasiparticle representatio
of the PDM is not the same asF1 in @7#. The value off 1 is
also reduced because of a larger single-particle space~up to
90 MeV for oxygen isotopes, and 51 MeV for calcium is
topes! and the enlargement of thep-h configuration space
discussed above. The selected values ofD are plotted as
black squares against the neutron numberN in Fig. 1, which
shows that they are within the range of experimental syst
atic for neutron pairing gaps in stable nuclei@11#.

FIG. 1. Selected neutron pairing gapsDn ~black squares! in
comparison with the experimental systematic for stable nuclei~gray
circles! and the trendD512/AA ~solid line!.
2-4
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Thed function in the damping~15! is smoothed out using
the representationd(x)5@(x2 i«)212(x1 i«)21#/(2p i )
with «50.5–1 MeV. The averaged quantities such as
EWS of E1 strength and the shape of GDR do not chan
significantly using 0.1<«< 1.5 MeV. The results discusse
below are obtained in calculations using the value of
smearing parameter« equal to 0.5 MeV for oxygen isotopes
and 1 MeV for calcium isotopes. The normalization factorc1
from Eq. ~20! is defined as follows. For16O, the factorc1 is
chosen so that SRGDR reproduces the experimental EWS
E1 strength, which amounts to 54% of TRK withEmax
529 MeV. For other oxygen isotopes,c1 is found so that
100% of TRK is exhausted atEmax550 MeV. For calcium
isotopes,c1 is defined so that the EWS ofE1 strength fulfills

TABLE I. Energy EGDR ~in MeV!, width GGDR ~in MeV! of
GDR, and EWS ofE1 strength~in units of TRK! up to 30 MeV
@EWSS ~<30!#, and up to 100 MeV@EWSS ~<50!#, calculated
within the PDM in oxygen and calcium isotopes. The availa
experimental energies and widths are shown in parentheses.

Nuclei EGDR GGDR EWSS~<30! EWSS~<50!

16O 23.7 ~23.2! 5.85 0.61 ~0.54! 0.73
18O 22.8 ~23.7! 16.6 0.65 1.00~0.91!
20O 22.6 16.4 0.74 1.00
22O 22.4 8.8 0.75 1.00
24O 22.2 7.3 0.79 1.00

40Ca 19.6 ~19.7! 4.89 ~5.0! 1.03 1.16
42Ca 19.5 5.46 1.04 1.19
44Ca 19.6 6.33 1.05 1.23
46Ca 19.3 7.90 1.05 1.26
48Ca 19.4 ~19.5! 7.15 ~6.98! 1.28 1.56
50Ca 19.6 9.80 1.23 1.59
52Ca 19.6 12.36 1.13 1.54
60Ca 19.3 8.18 1.20 1.54

FIG. 2. Photoabsorption cross sections for oxygen isotopes
tained within the PDM.
04430
e
e

e100% of TRK atEmax528 MeV for 40<A,48, and 156
63% of TRK atEmax550 MeV for A>48. This criterion is
an extrapolation of the experimental values of TRK fracti
exhausted in the photoabsorption cross sections for40,48Ca.
All the GDR parameters calculated within the PDM a
shown in Table I.

Shown in Figs. 2 and 3 are the photoabsorption cr
sectionss(Eg), which have been obtained within the PDM
for oxygen and calcium isotopes, respectively. The shape
the photoabsorption cross section calculated for stable
topes 16,18O and 40,48Ca are found in overall reasonab
agreement with available experimental data@1,17,18# as
shown in the left panels of Fig. 4@~a!–~d!#. This agreement is
obviously better than those given by several elaborated m
els shown in the right panels of Fig. 4@~e!–~h!#, namely, the
LSSM @6# using Warburton-Brown interaction WB10@thin
solid and thin dashed lines in panels~e! and ~f! with T,

51 and T.52 denoting two isospin components of th
GDR in 18O], the surface coupling model~SCM! using the
coupling of p-h configurations with surface phonon@19#
@dotted lines in panels~e! and~g!#, the second RPA~SRPA!
@20# @thick dashed line in panel~g!#, and a microscopic
model including 1p1h% phonon plus continuum~phPC! @21#
@dash-dotted lines in panels~g! and ~h!#. Experimental pho-
toabsorption cross sections for other oxygen and calcium
topes in the chains considered here are not available
present.

It is seen from Figs. 2 and 3 as well as from Table I th
the GDR becomes broader for isotopes withN.Z. Its width
is particularly large for isotopes between the double clos

b-

FIG. 3. Photoabsorption cross sections for calcium isotopes
tained within the PDM.
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FIG. 4. Photoabsorption cros
sections for16,18O and 40,48Ca ob-
tained within the PDM~left pan-
els! and within other models men
tioned in the text~right panels! in
comparison with experimenta
data from@1# @thick solid line in
~a! and~e!#, @~b! and~f!#, @17# @~c!
and ~g!#, and@18# @~d! and ~h!#.
.
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shell ones, such as18,20O or 52Ca. The increase of GDR
spreading enhances both of its low- and high-energy tails
the regionEg< 15 MeV, some weak structure of the PDR
visible for 18,20,22O. In the rest of isotopes under study, e
cept for an extension of the GDR tail toward lower energ
there is no visible structure of the PDR. This is in contr
with the results by some other approaches, where the G
spreading width is not explicitly calculated, such as the S
@4# or the LSSM@6#. In these approaches, prominent peaks
the GDR strength function are obtained in the region be
10–15 MeV in 20,22,24O @4,6# and 60Ca @4#. We note, how-
ever, that neither SHF nor LSSM can describe correctly
GDR shape in stable double-closed shell nuclei16O and
40,48Ca.
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The fractions of the EWS of strength exhausted by
low-energy tail of the GDR are shown in Figs. 5 and 6. T
trend obtained within the PDM for oxygen isotopes rep
duces the one observed in the recent experiments at
Darmstadt Heavy Ion Research Center GSI@2#, which shows
a clear deviation from the prediction by the cluster sum r
~CSR! ~also called as molecular dipole sum rule! @3#. In cal-
cium isotopes, where the GDR is more collective and
hausts 100% of TRK already belowEg530 MeV, the pre-
diction by CSR is fairly reproduced up toA552 using
Emax516 MeV. We notice that the fractions of EWS of PD
strength are not zero even for double closed-shell nuclei16O
and 40,48Ca because the low-energy tail in photoabsorpt
cross sections, which are experimentally observed and
connected

d

FIG. 5. EWS of PDR strength up to excitation energyEmax for oxygen isotopes. Results obtained within the PDM withEmax516, 16.5,
and 17 MeV are displayed as open boxes connected with a solid line, crosses connected with a dash-dotted line, and open circles
with a thin dashed line, respectively. In~a! the PDM results are shown in units of TRK, while in~b! they are in units of the total GDR
strength integrated up to 30 MeV. Experimental data~in units of TRK!, obtained withEmax515 MeV, are shown by full circles connecte
with a thick dashed line. The dotted line is the prediction by the cluster sum rule~CSR! ~in units of TRK!.
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FIG. 6. EWS of PDR strength up to excitation energyEmax for calcium isotopes. Results obtained within the PDM withEmax515, 16,
and 17 MeV are displayed as open boxes connected with a solid line, full boxes connected with a dash-dotted line, and ope
connected with a thin dashed line, respectively. Other notations are as in Fig. 5.
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tained as results of calculations within the PDM, sprea
below Eg515 MeV also for these nuclei. This is differen
from the prediction by the CM or LSSM, where these fra
tions are zero in closed-shell nuclei. The EWS of stren
between 5 and 10 MeV obtained within PDM for48Ca is
0.52% of TRK to be compared with the value of (0.2
60.04)% of TRK extracted in the recent high-photon sc
tering experiments@22#. The agreement between the PD
prediction and the experimental data for the photoabsorp
cross sections as well as for the EWS of the PDR stren
suggests that the mechanism of the damping of the PD
dictated by the coupling between the GDR phonon and n
collective p-h excitations rather than by the oscillation of
collective neutron excess against the core. Strong pai
correlations also prevent the weakly bound neutrons fr
being decoupled from the rest of the system@23#. Only when
the GDR is very collective so that it can be well separa
from the neutron excess, does the picture of PDR damp
become closer to the prediction by the CM.

The photon spectral functionN(Eg) in the EM differential
cross sectiondsEM /dEg @Eq. ~21!# contains an exponentially
decreasing factore2m(b) with increasingEg . Its values for
22O ~on a 208Pb target! are plotted as a function ofEg in Fig.
7 at several projectile energies. It is clear that this beha
enhances the low-energy part of theE1 strength in the EM
differential cross section. Therefore, the latter can be use
a magnifying glass for the structure of the PDR.

These cross sections obtained within the PDM are sho
in Figs. 8 and 9 for oxygen and calcium isotopes, resp
tively. The calculations were carried out for a208Pb target at
various projectile energies as shown in these figures. All

FIG. 7. Photon spectral functionN(Eg) for 22O as a function of
Eg . Different lines display results obtained at different project
energies, whose values~in MeV/nucleon! are indicated in the fig-
ure.
04430
s

-
h

-

n
th
is

n-

g

d
g

r

as

n
c-

e

values shown in the figures have been normalized so tha
integrated EM cross sections up to 50 MeV correspond
100% of TRK. The PDR shows up in the EM cross sectio
of all neutron-rich isotopes, especially for20,22O, where a
well-isolated peak located at around 7 MeV is clearly se
The PDR becomes depleted when the neutron number
proaches a magic number~where the GDR is most collec
tive! as can be seen in calcium isotopes whenN increases
from 20 to 28. Therefore, the decrease of the PDR strengt
24O and 60Ca can be understood as the depletion on the w
toward the next magic number (N528 and 50, respectively!.
It is also important to point out the impact on the EM diffe
ential cross section by the behavior of the photon spec
function N(Eg) at various projectile energies. Indeed, b
cause of the behavior ofN(Eg) shown in Fig. 7, the decreas
of the projectile energy from 700 MeV/nucleon to 300 Me
nucleon strongly reduces the EM cross section in the G
region~above 10 MeV!, but leaves the PDR almost intact, a
can be seen in Fig. 8. A further decrease of projectile ene
to 50 MeV/nucleon suppresses completely the GDR p
and even enhances the PDR peak in some very neutron
nuclei 20,22,24O or 52Ca ~dash-dotted lines in Figs. 8 and 9!.
This observation shows that, using high-intensity RI bea
at low energies of around 50–60 MeV/nucleon, one may
able to observe a rather clean and sharp PDR peak in20,22O
in the region around 7 MeV, and probably a broad pe
below 5 MeV in 52Ca.

The preliminary results of recent measurements of E
differential cross sections forE1 excitations in20,22O at GSI
@2# have shown a peaklike structure atEg.8 MeV and an-
other bump in the region between 12 and 16 MeV. Our
sults for the PDR from Figs. 8~c! and 8~d! are in qualitative
agreement with the GSI data, which have been, howe
presented with the detector response folded in. For a m
quantitative comparison with the data, the EM cross secti
calculated within the PDM must also be folded with the G
instrumental response. Another difficulty for a direct com
parison between the PDM results and the experimental o
is that the former are obtained from the total photoabsorp
cross section, while only 1n up to 3n decay channels are
included in the latter. Thus, the contribution from the on
proton decay channel, whose threshold is at around 19 M
is not included in the experimental data. Therefore, fo
meaningful comparison between theory and experimen
detailed simulation of the experimental response including
detection is also needed, which is being planned@2#.
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FIG. 8. Electromagnetic cros
sections ofE1 excitations within
the PDM for oxygen isotopes on
208Pb target. Different lines dis-
play results obtained at differen
projectile energies, whose value
~in MeV/nucleon! are indicated in
the panels.
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It is known that different parametrizations of the Skyrm
type force lead to different single-particle energies. Amo
them, the SGII interaction, used in calculations in the pres
work, gives the most satisfactory results with respect to

FIG. 9. Electromagnetic cross sections ofE1 excitations within
PDM for calcium isotopes on a208Pb target at 500 MeV/nucleon
~solid lines! and 50 MeV/nucleon~dash-dotted lines!.
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citation energy, the width, and strength distribution f
monopole and dipole compression modes in nuclei@16#. It is
still worthwhile to see if changing the parametrization affe
significantly the PDR. For this purpose, we have made a
using another parametrization of the Skyrme force, the S
interaction, which uses a reasonable compromise betw
the deeply bound single-particle levels and those around
Fermi surface for over 200 open-shell nuclei@24#. We found
that in order to reproduce the GDR’s in oxygen isotopes
the same location and with a similar width as in the ca
using SGII interaction, the parameterf 1 must be reduced to
0.6595 MeV. The results obtained for the photoabsorpt
and EM cross sections in18224O are displayed in Figs. 10
and 11, respectively. These figures show that the use
single-particle energies generated by SIII interaction affe
slightly the GDR shape, but the qualitative picture of t

FIG. 10. Photoabsorption cross section within PDM for18224O.
Solid lines are results obtained using single-particle energies ge
ated by the SGII interaction~from Fig. 2!, while dashed lines are
those obtained using the SIII interaction.
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PDR remains the same with a pronounced structure arou
MeV in the EM differential cross sections for20,22O ~Fig.
11!.

IV. CONCLUSIONS

In this work the PDM has been developed further to
clude the superfluid pairing in a microscopic manner. T
accounts for the behavior of the neutron levels around
Fermi surface in a natural way, avoiding the need of int
ducing an ad hoc increase ofp-h–phonon couplingf 1 in this
region. The formalism is then applied to a systematic stu
of the GDR and PDR, with emphasis on the latter, in t
chains, oxygen and calcium, starting from the double clos
shell nuclei, 16O, 40Ca, and48Ca, toward their neutron-rich
isotopes. For the sake of simplicity and clarity, the PD
uses a single parameterf 1 for all matrix elements of the
p-h–phonon coupling. This has been demonstrated to b
rather efficient PDM in the description of GDR damping f
heavy nuclei at zero as well as nonzero temperatures@8,9# as
in this region of high level density the configuration mixin
makes the effects of different matrix elements look nea

FIG. 11. Electromagnetic cross sections ofE1 excitations
within the PDM for 18224O on 208Pb target. Solid lines are result
from Fig. 8, which are obtained using single-particle energies g
erated by the SGII interaction at the beam energy equal to
MeV/nucleon in ~a! and ~d!, 585 MeV/nucleon in~b!, and 516
MeV/nucleon in ~c!. Dashed lines are corresponding results o
tained using the SIII interaction.
7.
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the same. In the extension of approximation toward the lo
energy tail of GDR and to lighter nuclei, this simplicity ma
become less efficient because of the low-level dens
Therefore, one of the main goals of this work is to test t
validity of the PDM in this region. The analysis of numeric
calculations in this paper shows that a consistent and qu
titative description of the PDR and GDR is achieved us
the same sets of PDM parameters, which have been sele
to describe correctly the GDR in double-closed shell nuc
The shapes of photoabsorption cross sections obtained w
the PDM are in reasonable agreement with the experime
systematics for the GDR in double closed-shell nuclei16O
and 40,48Ca.

The results of calculations show that the change of
fraction of theE1 integrated strength in the region of th
PDR as a function of mass numberA with increasingN is in
agreement with the recent experimental data at GSI@2#, and
does not follow the prediction by the simple CM. This co
firms the authentic damping mechanism of giant resonan
given by the PDM as the result of coupling between colle
tive phonon and noncollectivep-h configurations. The CM
can be considered as a simplified approximation in this p
ture, when the GDR is highly collective so that the motion
neutron excess can be well separated.

The present paper also demonstrates that the EM dif
ential cross section may serve as a better probe for the P
as compared to the photoabsorption cross section becaus
the former, the low-energy tail of GDR is enhanced due
the photon spectral function. The EM differential cross s
tions obtained within the PDM in this work show promine
PDR peaks below 15 MeV for20,22O, in agreement with
experimental observation. A more precise comparison is
pected to be carried out after the final analysis of the G
data. Furthermore, it is shown in this work that, using lo
energy RI beams at around 50–60 MeV/nucleon, one
observe clean and even enhanced PDR peaks without ad
ture with the GDR in the EM differential cross sections
neutron-rich nuclei.
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