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Charge-exchange spin monopole modes
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Using the self-consistent Hartree-Fock plus Tamm-Dancoff approximation with Skyrme interactions, the
response of someb stable closed-shell nuclei to charge-exchange (t6) spin monopole fields is estimated in the
coordinate space. Both the isoscalar and isovector spin-correlation are included simultaneously. The excitation
energy oft1 giant resonance decreases considerably as the neutron excess~and consequently the nuclear mass
number! increases, while that oft2 giant resonance remains nearly constant. We have tried to separate out the
Gamow-Teller strength from the present charge-exchange spin monopole strength, both of which have the
same quantum numbers,Jp511.

PACS number~s!: 21.60.Jz, 23.20.Js, 25.40.Kv
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I. INTRODUCTION

Including simultaneously both the isoscalar~IS! and is-
ovector ~IV ! spin correlation, the response function of t
self-consistent random phase approximation~RPA! based on
Hartree-Fock~HF! calculations to spin-dependent fields
studied in light drip line nuclei in Ref.@1#. The estimate is
made in the coordinate space using the Green’s func
method so as to take properly into account the continu
effect. Using the same kind of technique as in Ref.@1# but
employing the Tamm-Dancoff approximation~TDA! rather
than RPA, in the present work we study the response to
charge-exchange spin monopole fields. The external ope
has the same quantum numberJp511 as the Gamow-Teller
~GT! operator, though the excitation mode is compress
mode, of which the transition density has a radial no
Thus, we try to separate the GT strength from the estima
response to the charge-exchange spin monopole field.

It is stated in Ref.@2# that in order to excite efficiently a
compression mode one needs a strongly absorbed proje
which will not penetrate deeply into the nucleus and will n
probe the entire volume part of the transition density. T
(p6,p0) reactions with the energy around~3,3! resonance
may be such a reaction appropriate for populating the isov
tor compression modes. When the spin degree of freedo
further involved in the mode, the simplest example of wh
is the isovector spin monopole~IVSM! resonance, the reac
tions such as (3He,t) or (p,n) with carefully chosen inciden
energies would be appropriate for the population. Indeed
Ref. @2# the IVSM mode is calculated and the population
it is suggested as an interpretation of the observed ra
large background spectra aroundEx530 MeV of 90Nb at
the forward angle in the90Zr(3He,t)90Nb reaction atElab
5600 MeV. On the other hand, in Ref.@3# the contribution
to the L50 cross section in the (p,n) reaction with Tp
5295 MeV by the IVSM modes is estimated and subtrac
in order to obtain the total GT strength summed over
region up to 50 MeV excitation. In Ref.@4# Auerbach dis-
cusses various conditions of observing isovector~spin-flip or
spin-independent! giant monopole resonances.

The calculation of the IVSM response in90Zr presented
in Ref. @2# was not performed by using the same Skyrm
interaction in both HF and RPA. Moreover, the GT streng
0556-2813/2000/62~2!/024319~6!/$15.00 62 0243
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which may be found in the same energy region may aff
considerably the calculated IVSM response, since the for
was not explicitly subtracted in Ref.@2#. The inclusion of
small amplitudes of the GT response can appreciably cha
the IVSM strength function, when the total amplitudes a
squared. In the present paper we propose a way of elimi
ing efficiently the GT strength from the IVSM response
that we can discuss the pure IVSM response as well as
GT strength remaining in the high-energy region. The m
aim of the present work is to study the dependence of
properties oft6 spin monopole modes on neutron excess a
mass-number. Since the pair correlation is not included
the present work, we study the closed-shell nuclei20

48Ca28,

40
90Zr50, and 82

208Pb126.
In Sec. II the model and necessary formulas are descri

while in Sec. III numerical results and discussions are p
sented. In Sec. IV the conclusion is given.

II. MODEL AND FORMULAS

We perform the self-consistent HF plus TDA calculatio
using Skyrme interactions. The TDA equations are solved
the coordinate space so as to take into account properly
coupling to the continuum. Both the IS and IV spin corre
tions are included simultaneously. The reason why we
TDA instead of RPA is that in the calculation of charg
exchange modes based on the ground state of mother n
the response function below the ground state cannot be
mated by RPA, since the energy of the solution becom
imaginary. The particle-hole (p-h) interaction is derived
from the Hamiltonian of Skyrme interactions by so-call
Landau procedure and is given in Ref.@1#.

The operator of the external field for the IVSM mod
used in the literature is defined as

O1m
6 5(

i
t6~ i !sm~ i !r ~ i !2 ~1!

which is compared with the GT operator

GT1m
6 5(

i
t6~ i !sm~ i !. ~2!
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I. HAMAMOTO AND H. SAGAWA PHYSICAL REVIEW C 62 024319
Since both operators, Eqs.~1! and ~2!, have the same quan
tum numbersJp511, the response function to the operat
~1! naturally accommodates also the possible GT stren
though the major part of GT strength appears in the regio
much lower energy. The spin transition density is defined

drm
6~rW !5(

i
^nut6~ i !sm~ i !d~rW2rW~ i !!u0&. ~3!

In order to eliminate the GT strength, we use the opera
for the t2 IVSM modes

SM1m
2 5(

i
t2~ i !sm~ i !@r ~ i !22^r 2&excess# ~4!

for the nuclei with neutron excess studied, while we emp
for the t1 IVSM modes either

SM1m
1 5(

i
t1~ i !sm~ i !@r ~ i !22^r 2&excess# ~5!

or O1m
1 in ~1!. In Eq. ~4! the average value of̂r 2& for the

excess neutrons is expressed by^r 2&excess. In the construc-
tion of the operator in Eq.~4! we have used the approxima
tion that the radial dependence of the wave functions of p
ton orbitals, which are populated by the GT2 operator acting
on the excess neutrons, is the same as that of the ex
neutron orbitals. For thet1 IVSM modes the response func
tions would be the same for the operatorSM1m

1 andO1m
1 , if

the t1 GT strength is absent in the nucleus. In the clos
shell nuclei studied in the present work thet1 GT strength is
absent if the radial wave functions of neutrons and prot
with the same quantum numbers (n,l , j ) are the same. Thus
the magnitude of possible nonvanishingt1 GT strength in
those nuclei can be exhibited by the difference of the ca
lated response functions for the operatorsSM1m

1 andO1m
1 .

The strength function for the operatorSM1m is defined as

S~E![(
n

u^nuSM1mu0&u2d~E2En!. ~6!

Defining

S2
(O)[(

m
(

n
u^nut2smr 2u0&u2 ~7!

and

S1
(O)[(

m
(

n
u^nut1smr 2u0&u2, ~8!

the non-energy-weighted sum rule is obtained as

S2
(O)2S1

(O)53@N^r 4&n2Z^r 4&p#, ~9!

which contains in principle the contribution by the G
strength. On the other hand, defining

S2
(SM)[(

m
(

n
u^nut2sm~r 22^r 2&excess!u0&u2 ~10!
02431
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and

S1
(SM)[(

m
(

n
u^nut1sm~r 22^r 2&excess!u0&u2, ~11!

the non-energy-weighted sum rule is obtained as

S2
(SM)2S1

(SM)53@N^r 4&n2Z^r 4&p22^r 2&excess

3~N^r 2&n2Z^r 2&p!1^r 2&excess
2 ~N2Z!#

~12!

5H 1880 fm4 for 48Ca,

3524 fm4 for 90Zr,

47560 fm4 for 208Pb.

~13!

The values of Eq.~13! are estimated by using the H
states with the SGII interaction.

III. NUMERICAL RESULTS AND DISCUSSIONS

Among Skyrme interactions available in the literature w
choose to show the numerical results with the SGII inter
tion, which has an acceptable value of the incompressib
of nuclear matterKNM5215 MeV, and which is effectively
repulsive not only in the (sW •sW )(tW•tW ) channel but also in the
(sW •sW ) channel@5#. Those properties of the SGII interactio
may play an important role in the estimated result of char
exchange spin monopole modes.

In Fig. 1 we show the unperturbed and TDA IVSM
strength function of20

48Ca28, 40
90Zr50, and 82

208Pb126, respec-
tively, using the operators~4! and ~5!. Only the strength
above the calculated threshold is plotted in both the unp
turbed and TDA case, since the strength of the excitati
from the bound to bound state has a different dimension.
values of̂ r 2&excessused for48Ca, 90Zr, and 208Pb are 16.71,
23.65, and 36.76 fm2, respectively. The peak position an
shape of the calculatedt2 TDA response of90Zr exhibited in
Fig. 1~b! are qualitatively similar to those shown in Fig. 2 o
Ref. @2#, which were calculated using the operator~1! and an
RPA with a different interaction. See also Ref.@6#. The sharp
peak at 20.6 MeV of thet2 TDA of 208Pb in Fig. 1~c! is in
fact the GT strength coming from the (1i 13/2)n→(1i 11/2)p
excitation, which is difficult to be completely eliminated b
using the operator~4! due to the exceptionally large value o
the radial matrix element̂(1i 11/2)pur 2u(1i 13/2)n&. The sum-
rule values~10! and~11!, for our TDA response are shown i
Table I. The calculated strength summed up tillEx
570 MeV becomes 96.4, 97.3, and 100.7 % of the value
Eq. ~13! for 48Ca, 90Zr, and 208Pb, respectively.

Defining the energy moment of transition strength

mk
6[(

n
~En!ku^nuSM1m

6 u0&u2, ~14!

we obtain the averaged energies of IVSM giant resonanc
9-2
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CHARGE-EXCHANGE SPIN MONOPOLE MODES PHYSICAL REVIEW C62 024319
FIG. 1. Unperturbed and TDA response function to the ope
tors ~4! and ~5!, for ~a! 20

48Ca28, ~b! 40
90Zr50, and ~c! 82

208Pb126. The
energy plotted on thex axis is measured from the ground state
mother nuclei. The energy measured from the ground state
daughter nuclei is obtained by subtracting the respective bind
energy difference, Eq.~16! for t2 modes and Eq.~17! for t1 modes,
from the energy indicated on thex axis. The SGII interaction is
used both in the HF and TDA calculations.
02431
E65
m1

6

m0
6

~15!

which are tabulated in Table II, where for reference we a
show the calculated averaged energies obtained by using
SIII interaction. It is seen that the value ofE1 for the SGII
interaction is about 2 MeV systematically lower than that
the SIII interaction, while theE2 value for the SGII interac-
tion is slightly higher than that for the SIII interaction. Th
systematic difference of theE6 values for the SGII and SIII
interaction is seen already in respective unperturbed e
gies. The spin-orbit splitting obtained by using the SGII a
SIII interaction is nearly the same. However, there is a g
eral tendency that for bound neutrons one-particle orbi
around the Fermi level which are estimated with the SG
interaction are more bound than those with the SIII inter
tion, while for bound protons the formers are less bound th
the latters. Consequently, for example, in208Pb the unper-
turbed energies ofNp54→Nn56 (t1) excitations for the
SGII interaction are appreciably lower than those for the S
interaction, while those ofNn55→Np55 (t2) excitations
for the SGII interaction are higher than those for the S
interaction. However, for thet2 IVSM mode the major un-
perturbed excitations are from theNn55 and 4 shell to the
Np57 and 6 shell, respectively. ThoseDN52 (t2) unper-
turbed excitation energies are in fact nearly the same for
SGII and SIII interaction.

In Fig. 2 the radial part of the TDA transition density o
208Pb is exhibited for thet2 mode calculated at 39.8 MeV
and thet1 mode at 15.3 MeV, respectively. Those energ
are chosen, in which we expect to have the collective tra
tion density of respective IVSM modes in the present n
merical calculation. The transition densities have a rad
node expressing that the modes are compression modes
position of the radial node for thet1 mode lies more inside
than that for thet2 mode, reflecting the fact that thet1 mode

-

of
g-

TABLE I. Integrated sum rule values~10! and ~11! of TDA
response to the operators~4! and ~5!. The TDA strength is inte-
grated up toEx570 MeV. The SGII interaction is used.

S2
(SM) (fm4) S1

(SM) (fm4) S2
(SM)2S1

(SM) (fm4)

48Ca 4.023103 2.213103 1.813103

90Zr 1.213103 7.743103 3.433103

208Pb 6.903104 2.113104 4.793104

TABLE II. Average energy of IVSM giant resonances defin
in Eq. ~15!, calculated by using the SGII and SIII interactions.

SGII SIII
E2 ~MeV! E1 ~MeV! E2 ~MeV! E1 ~MeV!

48Ca 35.7 29.6 35.2 31.5
90Zr 40.0 20.8 39.6 22.1
208Pb 39.9 14.3 38.3 16.5
9-3
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is energetically lower lying. The structure of transition de
sities inside the nuclei comes from the detailed sh
structure of constituentp-h configurations.

The fact that the calculated TDA result is understood
terms of unperturbed excitation energies shows that the
lective correlation effect relevant to the IVSM modes is sim
lar for the SGII and SIII interaction. It is seen that the lar
difference of the nuclear matter incompressibility of the SG
and SIII interaction plays little role in the present IVS
modes, which are the isovector compression modes. S
the experimental data, to which the parameters of Sky
interactions are fitted, are not sensitive to the isovector
compressibility, there may be non-negligible ambiguity
the calculated properties of IVSM modes. In other wor
possible experimental information on charge-excha
IVSM modes can pin down an important parameter of eff
tive interactions.

In Fig. 3 thet1 IVSM strength functions of90Zr obtained
by using the operatorsSM1m

1 and O1m
1 are compared. The

possible difference between the two strength functions in
cates the presence oft1 GT strength in the energy region.
is seen that a small amount oft1 GT strength remains in
both the low and high energy region. The GT strength com
from the small difference of the neutron and proton on
particle wave-functions with the same quantum numb
(n, j ,l ). In the whole energy region the strength for the o
eratorSM1m

1 is appreciably smaller than that forO1m
1 .

In Fig. 4 thet2 IVSM strength functions of90Zr obtained
by using the operatorsSM1m

2 and O1m
2 are compared. The

two sharp peaks atEx58.44 and 16.51 MeV in Fig. 4 origi-
nating from the unperturbed excitations (1g9/2)n→(1g9/2)p
and (1g9/2)n→(1g7/2)p , are almost pure GT strength. Th
position of the GT peak atEx58.44 MeV is indicated,
though the peak lies below the threshold and thus has a
ferent dimension. In the whole energy region ofEx
>20 MeV one may identify the presence oft2 GT strength,
recognizing that the strength for the operatorSM1m

2 is appre-
ciably larger than that forO1m

2 . The constructive and de

FIG. 2. Radial part of TDA spin transition densities~3! of

82
208Pb126 in arbitrary units, which are calculated at 39.8 MeV for t
t2 mode and at 15.3 MeV for thet1 mode, respectively.
02431
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structive relation between the radial matrix elements ofr 2

and2^r 2& for the t2 and t1 case, respectively, come from
the fact that for the same quantum-numbers (n,l , j ) the pro-
ton one-particle radial wave-function is slightly more e
tended than the neutron one.

Since in numerical calculations the response functions
charge exchange modes are estimated based on the gr
states of mother nuclei, the strength functions in Figs. 1
and 4 are plotted as a function of the energy measured f
the ground state of mother nuclei. However, it may be m
appropriate to express the calculated strength function
function of excitation energy of daughter nuclei. The ener
difference between the ground states of the mother

FIG. 3. Comparison between thet1 TDA response function of
90Zr to the operatorSM1m

1 in Eq. ~5! and that toO1m
1 in Eq. ~1!.

The possible difference between the two response functions
given energy indicates the presence oft1 GT strength in the energy
region. The energy plotted on thex axis is measured from the
ground state of mother nuclei.

FIG. 4. Comparison between thet2 TDA response function of
90Zr to the operatorSM1m

2 in Eq. ~4! and that toO1m
2 in Eq. ~1!.

The position of the GT peak at 8.44 MeV is indicated for referen
though the peak lies below the threshold and thus has a diffe
dimension. The energy plotted on thex axis is measured from the
ground state of mother nuclei.
9-4
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CHARGE-EXCHANGE SPIN MONOPOLE MODES PHYSICAL REVIEW C62 024319
daughter nuclei is equal to the difference of the binding
ergies of respective nuclei. In the closed shell nuclei stud
we find in the mass table@7#

B~20
48Ca28!2B~21

48Sc27!50.504 MeV,

B~40
90Zr50!2B~41

90Nb49!56.893 MeV,

B~82
208Pb126!2B~83

208Bi125!53.661 MeV ~16!

for t2 modes, while

B~20
48Ca28!2B~19

48K29!511.308 MeV,

B~40
90Zr50!2B~39

90Y51!51.499 MeV,

B~82
208Pb126!2B~81

208Tl127!54.219 MeV ~17!

for t1 modes. The strong variation of the binding-ener
differences in Eqs.~16! and~17! comes from the fact that th
nucleus 48Ca (90Zr) lies on the neutron-rich~proton-rich!
side of the b stable isotope withZ520 (Z540), while
208Pb lies near the center of the isotope withZ582.

We have obtained the clear tendency that in theb stable
nuclei the average peak energy of thet1 IVSM giant reso-
nance measured from the ground state of mother nuclei
creases sharply as the mass number increases, while th
the t2 IVSM giant resonance remains nearly independen
the mass number. We understand this tendency already i
energy of unperturbedp-h excitations in the following way,
partly using the harmonic oscillator model, of which th
principal quantum number of the last-filled major shell f
neutrons and protons is expressed byNF

n and NF
p , respec-

tively. First of all, we notice that along theb stability line
the difference of the number of neutrons and protons is
proximately expressed@8# by

~N2Z!b-stable'631023A5/3, ~18!

which is obtained by minimizing the total mass for the fix
mass number A. Then, using the relations such as

1

3
~NF

n12!35N and
1

3
~NF

p12!35Z, ~19!

which are valid forNF
n@1 andNF

p@1, we obtain

~NF
n2NF

p !56S 2

3D 2/3

1023A50.0046A. ~20!

On the other hand, inb stable nuclei the separation energy
neutrons is nearly equal to that of protons, namely, neutr
in the NF

n shell have nearly the same separation energy
that of protons in theNF

p shell. Then, taking 2\v0

(580A21/3 MeV) for the excitation energy of the operato
r 2 in IVSM modes and adjusting the energy difference of
neutron and proton last-filled major shell (NF

n2NF
p)\v0

50.183A2/3 MeV, we obtain

~80A21/370.183A2/3! MeV for the t6 mode ~21!
02431
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for the p-h excitation energy of charge-exchange IVS
modes measured from the ground state of mother nuclei.
relative strength of the first and second terms in Eq.~21! is
such that as the mass numberA increases from 90 to 208, th
decrease of the first term is compensated by the increas
the second term in the case of thet2 mode. In the case of the
t1 mode the excitation energy expressed in Eq.~21! de-
creases monotonically asA increases. Typical unperturbe
p-h excitation energies for the operators~4! and~5! obtained
in our HF calculations, which can be read from Fig. 1, a
appreciably larger than those given by the estimate in
schematic model~21!. Nevertheless, the qualitative featur
of our numerical result are well understood by the express
~21!.

IV. CONCLUSION

The self-consistent HF plus TDA response function w
Skyrme interactions to the charge-exchange spin mono
fields is estimated in the coordinate space, including sim
taneously both the IS and IV spin correlation. Numeric
result of someb stable closed-shell nuclei using the SG
interaction is presented. The SGII interaction is chosen, s
it has the value of incompressibility widely accepted a

since it is effectively repulsive not only in the (sW •sW )(tW•tW )

channel but also in the (sW •sW ) channel. However, since th
so-called nuclear-matter incompressibility is the isoscalar
compressibility, we find that it does not affect so much t
correlation relevant to the present IVSM modes. In oth
words, the possible observation of IVSM modes is a n
way to obtain the information on the isovector incompre
ibility. The t1 IVSM giant resonance may be easier to
found in heavier nuclei such as208Pb, since it is expected to
lie energetically lower.

Using the operatorSM1m
2 in Eq. ~4!, we try to eliminate

the possible admixture oft2 GT strength into thet2 IVSM
strength. On the other hand, using two kinds of operato
SM1m

1 andO1m
1 , to evaluate thet1 IVSM strength, we iden-

tify the small portion of thet1 GT strength present in thos
closed-shell nuclei, which is absent in the zeroth order
proximation. The nonvanishingt6 GT strength for the
nucleus90Zr is indeed found in the whole energy region.
the energy region where IVSM strength is appreciable
SM1m

1 strength is weaker than theO1m
1 strength, while the

SM1m
2 strength is stronger than theO1m

2 strength. The exci-
tation energy oft1 IVSM giant resonance decreases dras
cally as the neutron excess~and the mass number! increases,
while that of t2 giant resonance remains almost unchang
independently of mass number.
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