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Response of light drip line nuclei to spin dependent operators
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The response of light drip line nuclei to spin-isospin dependent fields is investigated, using the self-
consistent Hartree-Fock plus the random-phase approximation with Skyrme interactions. Including simulta-
neously both the isoscalar and isovector spin correlation, the random-phase-approximation response function is
estimated in the coordinate space so as to take properly into account the continuum effect. The spin-orbit
splitting, which plays an essential role in the spin-dependent response functions, is examined as a function of
the mass number when we approach the drip line nuclei. It is found that the calculatedM1 peaks in6

8C2 and

2
8He6 are much lower in energy than those expected from our knowledge of theb-stable nucleus6

12C6.
@S0556-2813~99!02212-8#

PACS number~s!: 21.60.Jz, 23.20.Js, 27.20.1n, 27.30.1t
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I. INTRODUCTION

In connection with the recent development of facilities
radioactive nuclear ion beams all over the world, dynam
of nuclei far fromb stability lines has become a very popul
research field. The presence of nucleons, which have sep
tion energies drastically smaller than those in traditio
b-stable nuclei, together with the exotic ratio ofZ/N for a
given mass number, which produces a large difference
tween the Fermi level of neutrons and that of protons, le
to very interesting and unexpected phenomena. Perform
the Hartree-Fock~HF! calculation with Skyrme interaction
and then using the random-phase approximation~RPA!, we
have studied the response functions of drip line nuclei to s
independent fields@1#; see also Refs.@2# and @3#.

The dynamical response of drip line nuclei to spin dep
dent fields is expected to show also the interesting ex
structure, exhibiting the low-lying threshold strength uniq
in those nuclei. Taking into account both the isoscalar~IS!
and isovector~IV ! spin correlation in the self-consistent RP
with Skyrme interactions, which is solved in the coordina
space with the Green’s function method, we study the
sponse functions of light drip line nuclei to spin depend
fields and the magnetic dipole (M1) field.

The structure of the nuclear response to spin depen
dipole fields depends sensitively on the spin-orbit potent
Moreover, it is an interesting question to study how the sp
orbit energy splitting changes as a function of the mass n
ber when we approach the drip line nuclei. The spin-or
potential of the simple form@4#

Vls~r !5Vls r 0
2 ~ lW•sW !

1

r

]

]r
f ~r ! ~1!

is often used, whereVls is a constant andr 0 is the radius
parameter with the nuclear radiusR5r 0A1/3, while f (r ) ex-
presses a radial function of either the density or the cen
real potential. Then, the spin-orbit energy splitting of t
largest l orbitals in the occupied outermost major shell
approximately proportional toA21/3. This is because thel
value is proportional toA1/3, while the expectation value o
0556-2813/99/60~6!/064314~7!/$15.00 60 0643
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R(]/]r ) f (r ) is fairly independent of the particular orbit fo
nucleons bound by about 10 MeV@4#. On the other hand, the
observed spin-orbit energy splitting of the largestl orbitals is
known to be almostA independent going from16O to 208Pb.
Thus the mass-number dependence of the spin-orbit en
splitting is not yet well understood from a theoretical po
of view. Furthermore, it is an open question how the sp
orbit splitting changes in very light nuclei.

The spin-orbit splitting for lowl orbitals is expected to
decrease appreciably as the binding energies of the orb
approach zero. First, we take the potential without a diffus
surface. In Ref.@5# it is shown that for a square-well poten
tial @that is, takingf (r ) to be a step function at the nuclea
surface# the expectation value

^nluR
]

]r
f ~r !unl& ~2!

for l 50 goes to zero in the limit that the binding energy
the (nl) particle approaches zero. On the other hand, in
same limit the value forl 51 becomes about a half of that fo
the particles with the binding energy of 10 MeV, while the
is no such drastic effect forl .2. The decrease of the prob
ability of one-particle wave functions with lowl values
around the nuclear surface makes the expectation value~2!
smaller and thus the spin-orbit splitting smaller. Second, i
found that for neutrons with energiese*21 MeV in HF
calculations the one-particle levels with lower angular m
menta are appreciably pushed down relative to those w
higher angular momenta@6#. This is because the wave func
tions of the orbitals with lower angular momenta can eas
extend to the outside the nuclear surface and, conseque
the kinetic energies of the orbitals decrease. The presenc
a diffused surface in the nuclear potential further helps
extension of those wave functions and thereby the lower
of those energy eigenvalues. At the same time, the exten
wave functions can make use of the tail of the attract
potential. See also Ref.@7#. When a pair of spin-orbit partne
levels approach being unbound, the higher-lying level w
j 5 l 2 1

2 is pushed down more strongly than the lower-lyin
one with j 5 l 1 1

2 . Thus the presence of a diffused surface
©1999 The American Physical Society14-1
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I. HAMAMOTO AND H. SAGAWA PHYSICAL REVIEW C 60 064314
the nuclear potential contributes further to decrease the s
orbit splitting for low l orbitals as the binding energies a
proach zero.

The argument described above can be applicable als
one-particle resonant levels with small widths, since ins
nuclei the behavior of wave functions of those reson
states is similar to that of one-particle bound states w
small binding energies.

From the previous study of the response functions to s
independent fields it is known that particles with smal
orbital angular momental in drip line nuclei are particularly
efficient in producing an appreciable amount of low-lyin
threshold strength. Sinces1/2 orbitals have no spin-orbit part
ners, in the present work we concentrate mainly on the st
of spin excitations ofl 51 particles in light drip line nuclei.
In Sec. II the model and the necessary formulas are
scribed. In Sec. III the HF one-particle level scheme, in p
ticular, the spin-orbit energy splitting of C isotopes from6

8C2

to 6
22C16 is examined. In Sec. IV the magnetic dipole exci

tions of theA58 mirror nuclei, the neutron drip line nucleu

6
8C2 , and the proton drip line nucleus2

8He6 are studied and
compared. In Sec. V the spin-isospin and magnetic dip
excitations in the neutron drip line nucleus6

22C16 are inves-
tigated. In Sec. VI the discussion and conclusion are giv

II. MODEL AND FORMULATION

As a microscopic model, we perform the self-consist
HF1RPA calculations with Skyrme interactions@8#. The
RPA equations are solved in the coordinate space with
Green’s function method in order to take into account pr
erly the coupling to the continuum@9,10#. Both the IS and IV
spin correlations are taken into account simultaneou
which is particularly important to study the response in n
clei near drip lines.

The RPA Green’s functionGRPA is expressed as
Lippmann-Schwinger type equation

GRPA5G(0)1G(0)vphG
RPA5~12G(0)vph!

21G(0), ~3!

wherevph is the residual particle-hole~p-h! interaction. The
unperturbed Green’s functionG(0) is defined in a closed
form:

G(0)~rW,rW 8:v!5(
h

wh* ~rW !^rWu
1

H02eh2v2 ih

1
1

H02eh1v2 ih
urW 8&wh~rW 8! ~4!

with the HF HamiltonianH0. The inverse operator expres
sion in Eq.~4! is nothing but one-body Green’s function an
can be expressed by a product of two solutions~regular and
irregular solutions! of the operator equation in the denom
nator @9,10#. The p-h interactionvph is derived from the
Hamiltonian densitŷ H& of Skyrme interaction by so-calle
Landau procedure,
06431
in-

to
e
t

h

-
r

y

e-
r-

-

le

.

t

e
-

y,
-

vph~rW,rW 8!5(
s50

1

(
t50

1
11sW •sW 81~21!s~12sW •sW 8!

2

3
11tW•tW 81~21! t~12tW•tW 8!

2

d2^H&

drtsdrt 8s 8

5$a1b~¹W p
21¹W h

21¹Q p
21¹Q h

2!

1b~¹Q p2¹Q h!•~¹W p2¹W h!

1c~¹Q p1¹Q h!•~¹W p1¹W h!%d~rW2rW 8!, ~5!

where the coefficientsa, b, and c are functions of Skyrme
parameters:

a5
3

4
t01

1

16
~a12!~a11!t3ra

2
1

48
t3~112x3!a~a21!

~rn2rp!2

r2
ra

2F1

4
t0~112x0!1

1

24
t3~112x3!raGtW•tW 8

2F1

4
t0~122x0!1

1

24
t3~122x3!raGsW •sW 8

2F1

4
t01

1

24
t3raGsW •sW 8tW•tW 8, ~6!

b52
1

32
$3t11t2~514x2!

1@ t2~112x2!2t1~112x1!#tW•tW 8

1@ t2~112x2!2t1~122x1!#sW •sW 8

1~ t22t1!sW •sW 8tW•tW 8%, ~7!

c5
1

32
$3t12t2~15112x2!

2@ t1~112x1!13t2~112x2!#tW•tW 8

2@ t1~122x1!13t2~112x2!#sW •sW 8

2~ t113t2!sW •sW 8tW•tW 8%. ~8!

The spin-dependent p-h interactions depend on the opera
sW ,sW (¹W p

21¹W h
2) andsW •(¹W p6¹W h). For the numerical represen

tation of the Green’s functionG(0)(rW,rW 8:v), we will propa-
gate these spin-dependent operators as well as the gra
operator (¹W p2¹W h), which is needed for calculating the mag
netic orbital strength. In the present calculation the neut
and proton degree of freedom are explicitly introduced in
RPA Green’s function~3! including the IS and IV spin-
dependent interactions simultaneously. Then, the matrix
mension of theG(0)(rW,rW 8:v) will be doubled for each
4-2
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RESPONSE OF LIGHT DRIP LINE NUCLEI TO SPIN . . . PHYSICAL REVIEW C60 064314
propagated operator in the coordinate space. The explici
count of the proton and neutron degree of freedom should
taken in the Green’s function with the IS and IV correlatio
in order to study the coupling and/or decoupling of the
and IV mode of spin excitations. In this paper we study
response to the magnetic dipole operator as well as to
spin and spin-isospin operators. The magnetic dipole op
tor is defined as

O~M1!5(
i
A 3

4p
@gs~ i !sW i1gl~ i ! lW i #, ~9!

where the spin and orbitalg factors are given by

gs~gl !5H 5.58 ~1! for protons

23.82 ~0! for neutrons
~10!

in units ofm5e\/2mpc. The spin and spin-isospin operato
are defined as

O~spin!5(
i

sW i , ~11!

O~spin-isospin!5(
i

sW itzi . ~12!

The transition strengthS(v) for the states above the thres
old can be obtained from the imaginary part ofGRPA as

S~v![ (
n

u^nuO~sW , lW !u0&u2d~E2En!

5
1

p
Im$Tr@O~sW , lW !GRPA~sW , lW;sW 8, lW8;v!O~sW 8, lW8!#%,

~13!

while the strength below the threshold is calculated from
residue of the pole in the real part of the response funct
The transition operators~9!, ~11!, and~12! can be expresse
by a linear combination of spin operatorss0 ,s61 and the
gradient operator¹61 in the helicity representation takin
the intrinsicz axis as the quantization axis@11,8#. Then, for
example, the transition strengthS(v) for the M1 operator is
evaluated by the sum of responses of the RPA Green’s fu
tion to the operatorss0 , s1, and¹1 . The responses to th
s21 and ¹21 operators can be obtained from those ofs1
and ¹1, respectively, due to the symmetry of the Gree
function. The Galilean noninvariant term (¹Q p1¹Q h)•(¹W p

1¹W h) in the interactionvph is discarded in the following
calculations to decrease the number of perturbations for
RPA Green’s functions. It is known that these Galilean no
invariant terms have a minor contribution to the p-h mat
elements and are often dropped out of the RPA response@8#.
In the plane wave approximation which is assumed for
calculations of the Landau-Migdal parameters, these te
disappear due to a cancellation between p and h chan
@12#.
06431
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III. ONE-PARTICLE LEVEL SCHEME OF C ISOTOPES

Since in the present work we are interested in spin-isos
modes, we choose the Skyrme interactionsSIII and SGII,
which are effectively repulsive not only in the (sW •sW )(tW•tW )
channel but also in the (sW •sW ) channel. The Landau-Migda
parameters of the two interactions are found for the spin-
spin-isospin channels to beG050.052 ~0.011! and G08
50.460~0.503! for SIII ( SGII) interaction, respectively. It is
noted that experimental data of nuclear binding energies
radii, which are traditionally used in the determination
Skyrme parameters, are not very sensitive to the parame
in spin-isospin channels. Among those Skyrme interacti
chosen, we find that theSIII interaction gives6

8C2 and 6
22C16

as the proton and neutron drip line nucleus of C isotop
respectively, while the SGII interaction gives6

8C2 and 6
26C20.

Though those Skyrme interactions are not originally su
posed to be employed for such light drip line nuclei, it
rather clear that theSGII interaction produces a too stron
binding in C isotopes.

In Fig. 1 we show the proton and neutron HF one-parti
energies of C isotopes calculated by using theSIII interac-

FIG. 1. One-particle spectra of C isotopes as a function of
neutron number, which are calculated in the HF approximation w
the SIII interaction: ~a! for protons and~b! for neutrons. The posi-
tive one-particle energies express the resonant energies at whic
calculated phase shift increases through (1/2)p.
4-3
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I. HAMAMOTO AND H. SAGAWA PHYSICAL REVIEW C 60 064314
tion as a function of the neutron number, while in Fig.
those estimated by employing theSGII interaction. The posi-
tive one-particle energies plotted express the calculated
ergies of resonant states, at which the calculated phase
increases through (1/2)p. We note that from the left edg
(8C) to the right edge (22C) in Figs. 1 and 2 the mass numb
varies almost by a factor 3. The proton 1p1/2-1p3/2 energy
splitting obtained by using theSIII ( SGII) interaction is
5.09, 6.82, and 5.11 MeV~4.44, 6.38, and 4.71 MeV! for

6
8C2 , 6

12C6, and 6
22C16, respectively. It is seen that goin

from 6
12C6 to 6

22C16 the calculated proton 1p1/2-1p3/2 energy
splitting decreases appreciably stronger thanA21/3, because
the proton one-particle potential becomes slightly deeper
much more diffused, as the neutron number increases
approaches that of the drip line. Going from theb stable
nucleus6

12C6 to the proton drip line nucleus6
8C2, the proton

1p1/2-1p3/2 energy splitting also decreases appreciab
namely varies in the direction opposite to theA21/3 depen-
dence. The decrease comes from the reduced probabili
the 1p3/2 and 1p1/2 proton wave functions around the nucle
surface where the spin-orbit potential is effective, as
binding energy of the one-particle levels becomes smalle
Fig. 3 we illustrate this situation by comparing the prot

FIG. 2. One-particle spectra of C isotopes as a function of
neutron number, which are calculated in the HF approximation w
the SGII interaction: ~a! for protons and~b! for neutrons. See the
caption to Fig. 1.
06431
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density, the total density, and the squared 1p3/2 one-proton
wave function of6

8C2 with those of6
12C6. SinceZ56 is not

a large number, the Coulomb barrier for C isotopes is not
very high. Therefore the proton 1p3/2 wave function of6

8C2

can relatively easily extend to the outside of nuclei.
The neutron one-particle levels shown in Figs. 1~b! and

2~b! should be more carefully interpreted, since the occu
tion of the levels changes as the neutron number increa
Since neither the 1d5/2 level nor the 1d3/2 level is occupied in
both 6

12C6 and 6
8C2, we may compare the neutron 1d3/2-1d5/2

energy splitting. The splitting estimated by theSIII ( SGII)
interaction is 5.03 and 6.95 MeV~4.03 and 5.83 MeV! for

6
8C2 and 6

12C6, respectively. The smaller splitting in6
8C2

comes mainly from the fact that forr .2 fm the proton den-
sity and thus the total density in6

8C2 decrease much mor
slowly than those in6

12C6. Consequently, the neutron one
particle resonant 1d3/2 state in6

8C2 feels a weaker spin-orbi
potential.

IV. MAGNETIC DIPOLE EXCITATIONS OF A58
MIRROR NUCLEI

The HF one-particle energy for the neutron 1p3/2 and
1p1/2 orbital in 2

8He6 is 24.36 and 10.60 (26.17 and
21.12) MeV, respectively, for theSIII ( SGII) interaction.
Thus the spin-orbit splitting is nearly the same~4.96 and
5.05 MeV! for both interactions. In Fig. 4 we show the ca
culated unperturbed~free! and RPA response of2

8He6 to the
M1 field. Since we usegl50 for neutrons, the respons
strength comes only from the spin contribution. The unp
turbed peak slightly below 5 MeV for theSIII interaction is
of a resonance character rather than the threshold stren
while for theSGII interaction the position of the unperturbe
peak below the threshold is indicated by the vertical das
line. After including the RPA spin correlation a relative
broad peak is obtained for theSIII interaction, while for the
SGII interaction the RPA repulsive spin correlation push
up the strength below the threshold to above. The RPA p

e
h

FIG. 3. The proton and total density of12C and8C calculated in
the HF approximation with theSIII interaction. Calculated 1p3/2

proton radial wave functions squared timesr 2 are also shown for
both 12C and 8C.
4-4
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RESPONSE OF LIGHT DRIP LINE NUCLEI TO SPIN . . . PHYSICAL REVIEW C60 064314
energy is 6.3~6.9! MeV for the SIII ( SGII) interaction.
In Fig. 5 the response functions of6

8C2 are shown. Since
the response strength comes from the proton 1p3/2→1p1/2
excitation, theM1 response function consists of the spin a
orbital contribution. For theSIII ( SGII) interaction the pro-
ton 1p3/2 state lies at21.68 (23.45) MeV, while the proton
1p1/2 state is a resonant state at 3.41~0.99! MeV with the
width of about 6.5~0.16! MeV, respectively. The peak of th
unperturbed strength for theSGII interaction is found almost
exactly at 0.992(23.45)54.44 MeV, while that for theSIII
interaction lies about 0.6 MeV lower than the estimate of p
excitation, 3.412(21.68)55.09 MeV. The lowering of the
peak energy is the result of the interference between
small background strength and the excitation involving
one-particle 1p1/2 resonant state with the extremely larg
width. The RPA response function has a peak at 5.6~6.4!
MeV for the SIII ( SGII) interaction, with a broader shap
for the SIII interaction. The peak energy of the RPA re
sponse in6

8C2 is lower than that in2
8He6 by 0.5–0.7 MeV,

which is almost equal to the difference of the unperturb
spin-orbit (1p1/221p3/2) splitting. Due to the nature of the

FIG. 4. Unperturbed~free! and RPAM1 strength function in
8He calculated using the:~a! SIII and ~b! SGII interaction. TheM1
operator is defined in Eqs.~9! and ~10! in units of m5e\/2mpc.
The vertical dashed line at 5.05 MeV in~b! shows the position of
the unperturbed energy of the neutron (1p3/2→1p1/2)n excitation,
which has no width since both the particle and hole state are bo
states. The height of the vertical line is arbitrary.
06431
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spin-flip excitation, 1p3/2→1p1/2, the orbital contribution to
theM1 response, which is proportional to (gs2gl)

2, is rela-
tively small. Since only one configuration is contributing
essence, the spin and orbital RPA response are app
mately proportional to each other at all energies.

The RPA calculations of theb-stable nucleus6
12C6 in the

present model give the IV collective 11 state atEx'10
MeV. The presence of the deformation in6

12C6 pushes up the
11 state to the observed energy atEx515.1 MeV. Based on
the knowledge of 11 states in6

12C6, one might have expecte
that in the presentA58 mirror nuclei the strong M1 strengt
would lie certainly above 10 MeV. Thus the presence of
peak of theM1 strength below 7 MeV in the present calc
lation is unexpected. The calculated lower peak comes pa
from the appreciably smaller spin-orbit splitting in theA
58 drip line nuclei and partly from the small number
particles participating in the excitation.

V. SPIN-ISOSPIN AND MAGNETIC DIPOLE
EXCITATIONS OF 6

22C16

In Fig. 6 the unperturbed and RPA response of6
22C16 to

theM1 field is plotted as a function of the excitation energ
For the SIII @SGII # interaction the unperturbed respon

nd

FIG. 5. Unperturbed~free! and RPA orbital, spin andM1
strength function in8C calculated using the~a! SIII and ~b! SGII
interaction. TheM1 operator is defined in Eqs.~9! and~10! in units
of m5e\/2mpc.
4-5
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I. HAMAMOTO AND H. SAGAWA PHYSICAL REVIEW C 60 064314
consists of the deeply bound proton 1p3/2→1p1/2 excitation
at 226.612(231.72)55.11 @225.082(229.79)54.71#
MeV and the bound-to-resonant neutron 1d5/2→1d3/2 exci-
tation at 2.302(24.07)56.37 @0.242(25.66)55.90#
MeV. After including the RPA spin correlation, the two-pea
structure in the response function remains, though the hig
peak receives a larger strength due to the repulsive natu
the interactions in both the (sW •sW )(tW•tW ) and (sW •sW ) channel.
Most of the orbital contribution coming from the proton e
citation remains in the lower RPA peak, though the wa
function of the higher-lying peak indeed contains a no
negligible amount of the proton component, as seen from
appreciable difference between thes and stz strength in
Fig. 7. In the energy region lower than the two RPA pea
where the orbital response is still very weak, it is seen t
the spin and orbital response contribute constructively to
M1 strength. In all other energy regions they contribute
structively in agreement with the unperturbed proton 1p3/2
→1p1/2 excitation. For both theSIII and SGII interaction a
large M1 peak appears around 8 MeV, with a considera
tail on the high energy side.

FIG. 6. Unperturbed~free! and RPA orbital, spin, andM1
strength function in22C calculated using the~a! SIII and ~b! SGII
interaction. TheM1 operator is defined in Eqs.~9! and~10! in units
of m5e\/2mpc. The vertical lines at 5.11 MeV in~a! and at 4.71
MeV in ~b! show the positions of unperturbed energies of
deeply bound proton excitation (1p3/2→1p1/2)p , which has both
the orbital and spin contribution to theM1 strength.
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In Fig. 7 the RPA response of6
22C16 to the spin and spin-

isospin field, Eqs.~11! and~12!, is shown, which may be o
interest in nuclear reactions instead of electromagnetic fie
The peak positions of respective response can be alre
seen in Fig. 6. In bothSIII and SGII the interaction is more
strongly repulsive in the (sW •sW )(tW•tW ) channel than in the
(sW •sW ) channel. Thus the response to thesW field has a peak
energetically lower than that of thesW tz field. The calculated
response to thesW field contains possibly an appreciable am
biguity, since the Skyrme interaction in the (sW •sW ) channel is
not accurately determined. For example, theSkM* interac-
tion which is often used in the market is attractive in th
channel. In both Figs. 7~a! and 7~b! the lower peak of the
stz strength comes from the proton contribution, while t
higher peak from the neutron contribution. Since the pro
spin excitation consists of the deeply bound one-part
wave functions, the coupling of it with the neutron spin e
citation is rather weak. The weak coupling due to the diff
ence between the neutron and proton wave functions
general feature in drip line nuclei. Since the large RPA pe
of the s strength lies energetically close to the unperturb
neutron 1d5/2→1d3/2 excitation, we examine the collectiv
nature of the higher-lying RPA peak of thestz strength.
When we take the ratio of thes strength to thestz strength

FIG. 7. RPA spin and spin-isospin strength function in22C us-
ing the~a! SIII and ~b! SGII interaction. The operators are define
in Eqs.~11! and ~12!.
4-6
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RESPONSE OF LIGHT DRIP LINE NUCLEI TO SPIN . . . PHYSICAL REVIEW C60 064314
lying in the region of 7.2,Ex,10 MeV, we obtain 0.21 and
0.37 for theSIII and SGII interaction, respectively. The ob
tained ratio may be compared with the value
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50.08. ~14!

The ratio ~14! is obtained from the RPA calculation onl
with the separable (sW •sW )(tW•tW ) interaction on the assump
tion that the unperturbed energy of the proton 1p3/2→1p1/2
excitation is equal to that of the neutron 1d5/2→1d3/2 exci-
tation. The value~14! is appreciably smaller than the ratio o
the IS quadrupole strength lying under the IV quadrup
giant resonance, @(N2Z)/A)25@(1626)/22#2525/121
50.21, which is obtained from a similar model calculati
including only the IV quadrupole RPA correlation with th
degenerate unperturbed neutron and proton excitations.
Ref. @13#. It is clear that our calculated large ratio of thes
strength to thestz strength around the RPA peak of thestz
strength comes from the dominance of neutron compon
in the excitation. In the present6

22C16 case the dominance o
the neutron component comes not only from the lar
strength of the neutron spin excitation but also from
higher unperturbed energy of the neutron excitation as w
as the weak coupling between the neutron and proton
excitations. ForEx.12 MeV the strength consists exclu
sively of the neutron excitation and thus thes strength co-
incides with thestz strength.

The excitation energy 8 MeV of the calculated highe
lying peak of theM1 ~or stz) response in6

22C16 is compared
with about 10 MeV in6

12C6, which is obtained from the sam
type of calculations. The ratio of 10/8 is approximately eq
to (12/22)21/3. From Figs. 1~a! and 2~a! it is seen that going
from 6

12C6 to 6
22C16 the proton 1p1/221p3/2 energy splitting

decreases stronger than the ratio (12/22)21/3; 6.82 ~6.38!
MeV in 6

12C6 and 5.11~4.71! MeV in 6
22C16 for the SIII

(SGII) interaction. On the other hand, the neutron 1d3/2

21d5/2 energy splitting in6
22C16 decreases weaker than th

ratio (12/22)21/3 compared with the 1p1/221p3/2 energy
splitting in 6

12C6; 6.37 ~5.90! MeV in 6
22C16 for the SIII

(SGII) interaction. When the RPA correlation is taken in
account, the difference between the two unperturbed exc
cl.
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tions is averaged out and we obtain approximately theA21/3

dependence.

VI. DISCUSSION AND CONCLUSION

Including simultaneously both the IS and IV spin corre
tion, the self-consistent RPA response function with Skyr
interactions is estimated in the coordinate space. As num
cal examples we have chosen theSIII and SGII interaction,
which are repulsive in both the (sW •sW )(tW•tW ) and (sW •sW )
channel. The spin-orbit splitting, which plays a key role
the spin-dependent response functions, is found to bec
small for low angular momentum orbitals, as one-parti
binding energies decrease considerably from the separa
energy ofb-stable nuclei.

The 1p1/221p3/2 spin-orbit splitting in the HF calcula-
tions of the light mirror nuclei,6

8C2 and 2
8He6, is about 30%

smaller than the one in theb-stable nucleus6
12C6. Conse-

quently, we have obtained the peak of the RPAM1 response
at 5.6~6.4! MeV for 6

8C2 and 6.3~6.9! MeV for 2
8He6, for the

SIII ( SGII) interaction. The obtained peak energies a
much lower than those expected from our knowledge of
b-stable nucleus6

12C6.

We have estimated theM1, sW , andsW tz RPA response of
the neutron drip line nucleus6

22C16. Corresponding to the
unperturbed two-peak~the spin-flip excitations in the proton
p and neutron-d orbitals! structure, twoM1 RPA peaks ap-
pear in the continuum. The higher-lying peak, which get
larger M1 strength, is obtained around 8 MeV with an a
preciable tail on the higher energy side. The dominance
the neutron configuration at the peak of thesW tz response
estimated around 8 MeV is understood as a feature of
neutron drip line nucleus. Thes strength obtained under th
stz peak is much stronger than the simple estimate~14!. The
dominance by the neutron component at thestz peak is due
not only to the weak coupling between the neutron and p
ton excitations but also to a non-negligible difference b
tween the unperturbed energies.
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