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Isoscalar and isovector dipole mode in drip line nuclei in comparison withb-stable nuclei
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The isoscalar and the isovector dipole mode of drip line andb-stable nuclei are investigated, using the
self-consistent Hartree-Fock plus the random-phase approximation with Skyrme interactions. Including simul-
taneously both the isoscalar and the isovector correlation, the RPA response function is estimated in the
coordinate space so as to take into account properly the continuum effect. The spurious component is carefully
taken away from the calculated strength. Inb-stable nuclei such as208Pb the frequency of the isovector giant
dipole resonance~IVGDR! is lower than that of the isoscalar giant dipole resonance~compression mode!. In
contrast, in lighter drip line nuclei a major part of the isoscalar compression dipole strength lies at an energy
much lower than the energy of the IVGDR.@S0556-2813~98!50203-8#

PACS number~s!: 21.10.Re, 21.60.Jz, 23.20.Js
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The dynamical response of drip line nuclei to various e
ternal fields is expected to show an interesting exotic str
ture, due to the presence of the low-lying threshold stren
unique in those nuclei. Performing the Hartree-Fock~HF!
calculation with Skyrme interactions and then using
random-phase approximation~RPA!, we have studied the re
sponse functions of drip line nuclei@1#. Taking into account
both the isoscalar~IS! and isovector~IV ! correlation in the
RPA @2#, which is solved in coordinate space using Gree
functions, in the present work we study the IS dipole mo
~compression mode! in comparison with the IV dipole mode
Taking away carefully the IS spurious~center of mass! com-
ponent from the calculated dipole spectra, we compare
obtained dipole response of drip line nuclei with that ofb-
stable nuclei.

The IV giant dipole resonance~IVGDR! is well estab-
lished and the oldest one among various giant resonanc
nuclei @3#. The IS dipole resonance was theoretically stud
already more than 20 years ago@3,4#. And, numerical calcu-
lations were made for some doubly closedb-stable nuclei
@5,6#, for which hadron inelastic scattering experimen
could be easily done. Recently, the observation of an IS g
dipole resonance~ISGDR!, the IS dipole compression mod
in 208Pb was reported. In Ref.@7# the peak of the ISGDR wa
identified atEx522.5 MeV, using the (a,a8) cross sections
at forward angles. Inb-stable nuclei the ISGDR may well b
expected at such a high energy. In contrast, it is an inter
ing open question whether a considerable amount of the
compression dipole strength will appear in the low-ene
threshold region, since it was pointed out@1,2# that the re-
sponse functions for various noncompression multipo
show in general a large transition strength in the low-ene
region just above the threshold.

We study the RPA strength function

S~E![(
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u^nuDu0&u2d~E2En!5
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Im Tr„D†GRPA~E!D….

~1!

In Eq. ~1! D represents the one-body operators
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l51,t515(

i
tz~ i !r iY1m~ r̂ i !

for isovector dipole strength~2!

and

Dm
l51,t505(

i
r i

3Y1m~ r̂ i ! for isoscalar dipole strength.

~3!

The transition density for an excited stateun&,

rn0
tr ~rW ![^nu(

i 51

A

d~rW2rW i !u0&, ~4!

can be calculated from the RPA response, and the ra
transition densityrn

tr(r ) is defined by

rn0
tr ~rW ![rn

tr~r !Ylm~ r̂ !. ~5!

If the numerical calculation of the self-consistent RP
could be achieved with perfect accuracy, then the spuri
center-of-mass~c.m.! state would be degenerate with th
ground state and the excitation spectra would be free fr
the spurious component. In practice, it is difficult to ta
away completely the weak dipole strength contributed by
spurious component, especially from the low-lying rath
isolated RPA peaks, which come from some particu
particle-hole (p-h) configurations. Thus, for the IV dipole
strength we use the operator

D̄m
l51,t5152

2N

A (
i

proton

r iY1m~ r̂ i !1
2Z

A (
i

neutron

r iY1m~ r̂ i !,

~6!

which is obtained from Eq.~2! with the condition that the
dipole field should only depend on coordinates relative to
center of mass. In the higher energy region the calcula
RPA response function is almost exactly the same as the
obtained by usingDm

l51,t51 in Eq. ~2!.
R1064 © 1998 The American Physical Society



pr

a
gi
te

s

,
c
pe

i

th

ich

.m.

lly
us
b-
PA
IS

us
at-

b-
n-
.
ic

ls
ual
r

del
h of
te
he
ex-

-
an
n
th
o

h

RAPID COMMUNICATIONS

57 R1065ISOSCALAR AND ISOVECTOR DIPOLE MODE IN DRIP . . .
For the IS dipole strength with the operator~3! a fairly
small admixed spurious component may make an ap
ciable contribution, since ther dependence (r 3) of the op-
erator ~3! is different from that (r ) of the c.m. operator.
Thus, we have found that a more elaborate way of elimin
ing the spurious component is needed. For the energy re
of a few MeV above the threshold, where the calcula
strength for the c.m. operator

~CM!m
l51,t505(

i
r iY1m~ r̂ i ! ~7!

is small but sometimes non-negligible, we subtract the e
mated radial transition densityrspr

tr (r ) for the operator~7!
from the onern

tr(r ) for the operator~3! at the same energy
so as to guarantee the absence of the strength for the
operator at each energy. It is observed that the radial de
dence ofrspr

tr (r ) depends somewhat on the energy and
often slightly different fromdr0 /dr, wherer0(r ) expresses
the HF ground-state density. On the other hand, for

FIG. 1. The RPA IS and IV dipole strength in theb-stable
nuclei, ~a! 82

208Pb126 and ~b! 20
40Ca20, as a function of excitation en

ergy. The scale of the IS dipole strength is shown on the right-h
side, while that of the IV dipole strength is denoted on the left-ha
side. The solid line expresses the IS dipole strength, while
dashed line denotes the IV dipole strength. The thick lines are
tained by averaging the calculated RPA strength~denoted by the
respective thin lines! using Eq.~13! with D51 MeV. The strength
appearing below the threshold due to the averaging procedure
no meaning. The SkM* interaction is used.
e-

t-
on
d

ti-

.m.
n-
s

e

higher energy region we have used the expression in wh
the radial dependence ofrspr

tr (r ) is equal to that ofdr0 /dr.
Namely, we first calculate the radial transition densityrn

tr(r )
for the operator~3! and determine the coefficienta so as to
satisfy the condition that the calculated strength for the c
operator should vanish,

E S rn
tr~r !2a

dr0

dr D r 3dr50. ~8!

Then, we evaluate the strength function with the operator~3!,
using the radial transition density,

rn
tr~r !2a

dr0

dr
, ~9!

which is now free from the spurious~c.m.! component. In
fact, the above procedure using Eqs.~8! and~9! is equivalent
to evaluating the strength function of the operator

D̄m
l51,t505(

i

A

~r i
32hr i !Y1m~ r̂ i ! ~10!

whereh5 5
3^r

2&, using the transition densityrn0
tr (rW) that is

calculated for the operatorDm
l51,t50 in Eq. ~3!. In numerical

calculations at all excitation energies we have very carefu
taken away the dipole strength coming from the spurio
component, which could be admixed. After carefully su
tracting the spurious component from the calculated R
strength function, almost all strong sharp peaks in the
dipole strength function of the nuclei40Ca, 90Zr, and 208Pb
that appeared atE&16 MeV in Fig. 5 of Ref.@6#, are no
longer present.

Whether the calculated excitation spectra withDm
l51,t50

in Eq. ~3! contains an appreciable amount of the spurio
component or not may be, in principle, checked by evalu
ing the energy-weighted sum rule~EWSR! for the operator
in Eq. ~3!:

(
n

Enu^nuDm
l51,t50u0&u25

A\2

8pM
11̂ r 4&, ~11!

where the statesun& also include the spurious state. A pro
lem is that we do not exactly know the amount of the co
tribution to the EWSR in Eq.~11! by the spurious state
However, it can be analytically calculated in the harmon
oscillator model. For example, takingN5Z, the contribution
is 55% forNF55 – 7, assuming that all one-particle orbita
with the harmonic oscillator principal quantum number eq
to or less thanNF are occupied. We may expect that fo
208Pb the estimate using the harmonic oscillator mo
works well. On the other hand, assuming that the strengt
Dm

l51,t50 in Eq. ~3! concentrates only on the spurious sta
and one intrinsically excited collective state, the ratio of t
contribution by the spurious state to the total EWSR is
pressed as@5,6#

25
3 ^r 2&2

11̂ r 4&
, ~12!
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FIG. 2. The RPA IS and IV dipole strength as a function of excitation energy in~a! the proton drip line nucleus20
34Ca14 and~b! the neutron

drip line nucleus8
28O20, ~c! 20

60Ca40 and ~d! 6
22C16. See the caption to Fig. 1 for details.
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which is equal to 59% for the HF ground state of208Pb using
the SkM* interaction. The ratio becomes smaller in light
nuclei and in drip line nuclei. We note that even in the h
monic oscillator model ‘‘one collective state’’ is an approx
mation, since not all strength with the 1\v0 excitations for
the operatorDm

l51,t50 belongs to the spurious excitation
Our present numerical calculation indicates that in208Pb the
spurious state consumes up to 68% of the EWSR in Eq.~11!.
We have summed up the contributions from the calcula
intrinsic excitations forEx<90 MeV and obtained only 32%
of the EWSR.

Since our calculated RPA strength function does not c
tain the spreading width, namely the coupling to 2p-2h ~or
more complicated! configurations relative to the groun
states, the calculated width of each peak cannot be dire
compared with experiments. In order to simulate the c
pling to those configurations, in Figs. 1 and 2 we show a
the averaged strength functions,

S̄~E!5E S~E0!r~E2E0!dE0 ~13!

with the weight function

r~E2E0!5
1

p

D

~E2E0!21D2 . ~14!
-

d

-

tly
-
o

In plotting the figures we have used the value ofD
51 MeV, which is somewhat arbitrarily chosen. Th
strength, which appears in the energy region below
threshold due to the averaging procedure, has no meani

In Fig. 1 the calculated RPA strength functions corr
sponding to the IV dipole operatorDm

l51,t51 in Eq. ~2! and
the IS dipole operatorDm

l51,t50 in Eq. ~3! are shown for the
b-stable nuclei,82

208Pb126 and 20
40Ca20. Both the RPA strength

functions~1! and the averaged ones withD51 MeV in Eq.
~13! are shown. The SkM* interaction is used both in the HF
and the RPA calculation. In82

208Pb126 the peak energy of the
ISGDR in the RPA strength function~1! is 25.0 MeV, while
the energy defined by the formula

Ē5
m1

m0
~15!

is equal to 23.4 MeV. In Eq.~15! the energy-weighted mo
mentsmk are defined by

mk5E S~E!EkdE. ~16!

The ISGDR in the energy region of 18 to 30 MeV of Fi
1~a!, which is expressed by the thin solid line, consum
27% of the total EWSR in Eq.~11!, namely, about 85% of
the EWSR coming from the calculated intrinsic excitation
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It is seen from Fig. 1~a! that in 82
208Pb126 the calculated

IVGDR lies energetically about 10 MeV lower than the e
timated ISGDR. The measured peak energy of the IVGDR
13.4 MeV, which is almost equal to our averaged calcula
value,Ē513.3 MeV, while the ISGDR is reported@7# to be
found around 22.5 MeV.

In Fig. 2 we show the IV and the IS dipole strength fun
tions for the proton drip line nucleus20

34Ca14 and the neutron
drip line nuclei8

28O20, 20
60Ca40 and6

22C16. It is well known that
in very light nuclei it is difficult to interpret the observed IV
dipole strength in terms of a single resonance~‘‘IVGDR’’ !
frequency, since the difference between the energies of
evantp-h excitations may be comparable with or even larg
than the width of the possible giant resonance. The mult
peak structure can be seen in the IV dipole strength func
in Fig. 2. Exactly in those light drip line nuclei it is seen th
the major part of the IS dipole transition strength is co
sumed by the threshold strength and lies clearly below
‘‘IVGDR,’’ while the higher-lying IS dipole strength is
hardly observed as a single giant resonance~‘‘ISGDR’’ !
since it becomes so broad, with an extremely large tail

20
34Ca14 and 20

60Ca40 one can recognize the very broad bump

FIG. 3. The RPA dipole response of protons and that of n
trons to the IS operator~3! in ~a! 20

34Ca14 and~b! 20
60Ca40, in compari-

son with the total RPA IS dipole response. In the estimate of
strength function the spurious component is eliminated using
method of Eqs.~8! and ~9! at all energies.
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the high-energy ‘‘ISGDR,’’ though the low-energy IS dipo
strengths just above the threshold appear as stronger and
ter defined peaks. The IVGDR in these nuclei lies energ
cally between the low-energy IS dipole peaks and the v
broad ‘‘ISGDR’’.

In Figs. 3~a! and 3~b! the RPA dipole response of proton
and that of neutrons to the operator~3! are shown for20

34Ca14

and 20
60Ca40, respectively, in comparison with the total RP

IS dipole response. For simplicity, in the estimate of t
strength function the spurious component is eliminated us
the method with Eqs.~8! and ~9! at all energies. The low-
energy threshold strength consists predominantly of pro
excitations in the proton drip line nucleus34Ca, while it
comes exclusively from neutron excitations in the neutr
drip line nuclei such as22C, 28O and60Ca. The unique struc-
ture of the threshold strength, which comes essentially fr
the uncorrelated excitations of protons or neutrons w
small binding energies, is very similar to that for other no
compression multipoles studied previously. However,
Figs. 3~a! and 3~b! it is very interesting to observe that in th
high-energy ‘‘ISGDR’’ region the neutron contribution inte
feres constructively with the proton contribution, as expec
for the IS collective mode. In contrast, in the lower ener
region the neutron and proton contributions almost alw
interfere destructively.

We have performed numerical calculations with seve
Skyrme interactions and confirmed that the conclusio
drawn by using the SkM* interaction remain the same for a
Skyrme interactions, except for numerical details. For
ample, the calculated frequency of the IVGDR is sensitive
the value of the symmetry energy coefficient of the Skyr
interactions used. In contrast, since the ISGDR is a comp
sion mode, the calculated frequency is sensitive to the
compressibility of the Skyrme interaction employed.
higher frequency of the ISGDR is obtained for Skyrme
teractions with a higher incompressibility. For example, t
peak energy of the ISGDR calculated by using the SIII
teraction is considerably higher than that estimated by e
ploying the SkM* interaction. See, for example, Ref.@6#.

After finishing the present work, we received a report@8#
in which the dipole response in nuclei with large neutr
excess is studied using the HF plus RPA model. In the c
culation of Ref.@8# the continuum states were represented
a finite set of oscillator functions and, thus, obtained as d
crete states.

In conclusion, we have studied both the IS and the
dipole strength function of drip line nuclei in compariso
with those ofb-stable nuclei, using the self-consistent H
plus the RPA with Skyrme interactions. The spurious~c.m.!
component, which should be degenerate in the s
consistent calculation but may be admixed into excitat
spectra in practical calculations, is carefully subtracted fr
the calculated spectra. In lighter drip line nuclei the lo
energy threshold strength consumes a considerable pa
the IS dipole strength, while the high-energy ISGDR~com-
pression mode! becomes so broad that it may be difficult
identify it experimentally in a given excitation energy regio
Furthermore, those low-energy IS dipole peaks lie clea
lower than the IVGDR. In contrast, inb-stable nuclei such as
208Pb and 40Ca the frequency of the ISGDR is definite
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much higher than that of the IVGDR. The presence of
low-lying IS dipole peaks in drip line nuclei may play a ve
important role in electron or hadron scattering experime
though it may not have so much effect on photon scatter
e

s,
g.
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