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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 somg stable closed-shell nuclei to charge-exchartgg 6pin monopole fields is estimated in the
coordinate space. Both the isoscalar and isovector spin-correlation are included simultaneously. The excitation
energy oft, giant resonance decreases considerably as the neutron éxcesonsequently the nuclear mass
numbej increases, while that df 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 numberdT=1".

PACS numbgs): 21.60.Jz, 23.20.Js, 25.40.Kv

[. INTRODUCTION which may be found in the same energy region may affect
considerably the calculated IVSM response, since the former

Including simultaneously both the isoscal@®) and is- was not explicitly subtracted in Ref2]. The inclusion of
ovector (IV) spin correlation, the response function of the small amplitudes of the GT response can appreciably change
self-consistent random phase approximati@PA) based on the IVSM strength function, when the total amplitudes are
Hartree-Fock(HF) calculations to spin-dependent fields is Squared. In the present paper we propose a way of eliminat-
studied in light drip line nuclei in Ref.1]. The estimate is ing efficiently the GT strength from the IVSM response so
made in the coordinate space using the Green’s functiothat we can discuss the pure IVSM response as well as the
method so as to take properly into account the continuun§T strength remaining in the high-energy region. The main
effect. Using the same kind of technique as in Ré&j.but ~ aim of the present work is to study the dependence of the
employing the Tamm-Dancoff approximatigiDA) rather ~ properties ot.. spin monopole modes on neutron excess and
than RPA, in the present work we study the response to thehass-number. Since the pair correlation is not included in
charge-exchange spin monopole fields. The external operattite present work, we study the closed-shell nué&tazg,
has the same quantum numi&r=1" as the Gamow-Teller  $5Zrs,, and 399Pby 6.

(GT) operator, though the excitation mode is compression In Sec. Il the model and necessary formulas are described,
mode, of which the transition density has a radial nodewhile in Sec. Ill numerical results and discussions are pre-
Thus, we try to separate the GT strength from the estimatedented. In Sec. IV the conclusion is given.

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 projectile
which will not penetrate deeply into the nucleus and will not  We perform the self-consistent HF plus TDA calculations
probe the entire volume part of the transition density. Theusing Skyrme interactions. The TDA equations are solved in
(7=, mp) reactions with the energy arour{@,3 resonance the coordinate space so as to take into account properly the
may be such a reaction appropriate for populating the isovea@oupling to the continuum. Both the IS and IV spin correla-
tor compression modes. When the spin degree of freedom tfons are included simultaneously. The reason why we use
further involved in the mode, the simplest example of whichTDA instead of RPA is that in the calculation of charge-
is the isovector spin monopol#VSM) resonance, the reac- exchange modes based on the ground state of mother nuclei
tions such as¥He.t) or (p,n) with carefully chosen incident the response function below the ground state cannot be esti-
energies would be appropriate for the population. Indeed, imated by RPA, since the energy of the solution becomes
Ref.[2] the IVSM mode is calculated and the population ofimaginary. The particle-hole pth) interaction is derived
it is suggested as an interpretation of the observed rathdrom the Hamiltonian of Skyrme interactions by so-called
large background spectra arouBg=30 MeV of ®Nb at  Landau procedure and is given in REF].
the forward angle in the®°Zr(®He,t)°™Nb reaction atE,, The operator of the external field for the IVSM modes
=600 MeV. On the other hand, in Rg8] the contribution used in the literature is defined as
to the L=0 cross section in thep(n) reaction with T,
=295 MeV by the IVSM modes is estimated and subtracted N ] o
in order to obtain the total GT strength summed over the Olﬂ:Z te(i)or,(i)r(i) @
region up to 50 MeV excitation. In Ref4] Auerbach dis-
cusses various conditions of observing isove¢spin-flip or
spin-independeitgiant monopole resonances.

The calculation of the IVSM response #Zr presented
in Ref. [2] was not performed by using the same Skyrme GT: :E t.(i)o,(i). )
interaction in both HF and RPA. Moreover, the GT strength el “

II. MODEL AND FORMULAS

which is compared with the GT operator
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Since both operators, Eqgdl) and(2), have the same quan- and

tum numbers)™=1", the response function to the operator

(1) naturally accommodates also the possible GT strength,

though the major part of GT strength appears in the region of S ; (Nt o, (rP = (r)excesd 0% (1D)
much lower energy. The spin transition density is defined as a

L. _ R the non-energy-weighted sum rule is obtained as
8p, (=2 (nlte(Do,()ar—r(N]o). @
I S(—SM)_S(-FSM):3[N<r4>n_Z<r4>p_2<r2>excess

In order to eliminate the GT strength, we use the operator
for thet_ IVSM modes ><(N<r2>n—Z<r2>p)+<r2>§xceSgN—Z)]

12

SMI,FZ t—(i)au(i)[r(i)2_<r2>exces; 4 1880 fnf for “Ca.

for the nuclei with neutron excess studied, while we employ ={ 3524 fnf for *zr, (13
for thet, IVSM modes either 47560 fnf for 29%pp,
SMLZZ t+(i)UM(i)[f(i)2—<r2>exces§l (5) The values of Eq(13) are estimated by using the HF
i

states with the SGII interaction.

or Oy, in (1). In Eq. (4) the average value dfr?) for the

excess neutrons is expressed (p)excess IN the construc- IIl. NUMERICAL RESULTS AND DISCUSSIONS

tion of the operator in Eq4) we have used the approxima-  among Skyrme interactions available in the literature we
tion that the radial dependence of the wave functions of progpgose to show the numerical results with the SGII interac-
ton orbitals, which are populated by the Gdperator acting  jon, which has an acceptable value of the incompressibility

on the excess neutrons, is the same as that of the excesg-nyclear matteK =215 MeV, and which is effectively
neutron orbitals. For the, IVSM modes the response func- . . S - - .
repulsive not only in the&- o) (7 7) channel but also in the

tions would be the same for the opera®M;, andO; , if i _ _ )
" i (o- o) channel[5]. Those properties of the SGII interaction

thet, GT strength is absent in the nucleus. In the closed . : .
shell nuclei studied in the present work theGT strengthis M2 play an Important role in the estimated result of charge-
gxchange spin monopole modes.

absent if the radial wave functions of neutrons and proton h
with the same quantum numbers,(,j) are the same. Thus, In Fig. 1 we Sh%W the 9g‘”pe”“fbe§08§”d TDA IVSM
the magnitude of possible nonvanishihg GT strength in strength function 0f;0Cég, 40Zrs0, and gz Pbios, respec-

those nuclei can be exhibited by the difference of the calculiVely, using the operator$4) and (5). Only the strength
lated response functions for the operatsitdl;, andO; above the calculated threshold is plotted in both the unper-
H e

; : ) turbed and TDA case, since the strength of the excitations
The strength function for the operatBiv,, is defined as from the bound to bound state has a different dimension. The
, values of(r?),cessused for“8Ca, °zr, and 2°%Pb are 16.71,
S(E)=2 [(n|SMy,|0)?8(E-E,). (6)  23.65, and 36.76 ff) respectively. The peak position and
" shape of the calculated TDA response of%Zr exhibited in
Defining Fig. 1(b) are qualitatively similar to those shown in Fig. 2 of
Ref.[2], which were calculated using the operatbrand an
RPA with a different interaction. See also Rgf]. The sharp
(0) — 2 2 Lo L
So —% ; [(n[t_o,r<[0)| (7) " peak at 20.6 MeV of thé_ TDA of 2°%Pb in Fig. 1c) is in
fact the GT strength coming from the i(%),— (Li11/)p
and excitation, which is difficult to be completely eliminated by
using the operatoid) due to the exceptionally large value of
(0)_ 21 (2 the radial matrix elemenf(Li;1/),|r?(liiz2)n). The sum-
S. _%: En: |<n|t+cr#r |0)I*, ®) rule valueq10) and(11), for our TDA response are shown in
Table |. The calculated strength summed up filx
the non-energy-weighted sum rule is obtained as =70 MeV becomes 96.4, 97.3, and 100.7 % of the values in
Eq. (13) for *8Ca, °%Zr, and 2°%Pb, respectively.
o 0)_
SO = SO =3[N(r*)n = Z(r*),1, ©) Defining the energy moment of transition strength

which contains in principle the contribution by the GT
strength. On the other hand, defining me; (En)k|(n|SMfM|0>|2, (14)

SEM= nit_o,(r>—(r? 0> (10
% ; Knft-ou(r=(Dexesd O} (10 we obtain the averaged energies of IVSM giant resonances
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TABLE I. Integrated sum rule value€lO) and (11) of TDA
response to the operatofd) and (5). The TDA strength is inte-
grated up tcE,=70 MeV. The SGII interaction is used.

SEW (fm%)  SBEY (fm*)  SEW_SEM (fm?)
“8Ca 4.0% 10° 2.21x<10° 1.81x 10°
90zr 1.21x 10° 7.74<10° 3.43x10°
208ppy 6.90< 10 2.11x<10* 4.79x< 10
my
E.=—— (15)
Mgy

which are tabulated in Table Il, where for reference we also
show the calculated averaged energies obtained by using the
Slll interaction. It is seen that the value Bf. for the SGII
interaction is about 2 MeV systematically lower than that for
the SllI interaction, while th& _ value for the SGII interac-
tion is slightly higher than that for the Slll interaction. The
systematic difference of the.. values for the SGII and SllI
interaction is seen already in respective unperturbed ener-
gies. The spin-orbit splitting obtained by using the SGII and
Slil interaction is nearly the same. However, there is a gen-
eral tendency that for bound neutrons one-particle orbitals
around the Fermi level which are estimated with the SGII
interaction are more bound than those with the SlII interac-
tion, while for bound protons the formers are less bound than
the latters. Consequently, for example, 3#Pb the unper-
turbed energies oN,=4—N,=6 (t,) excitations for the
SGll interaction are appreciably lower than those for the SllI
interaction, while those oN,=5—N,=5 (t_) excitations

for the SGII interaction are higher than those for the Sllii
interaction. However, for the_ IVSM mode the major un-
perturbed excitations are from tig,=5 and 4 shell to the
Np=7 and 6 shell, respectively. ThodeN=2 (t_) unper-
turbed excitation energies are in fact nearly the same for the
SGIlI and SllI interaction.

In Fig. 2 the radial part of the TDA transition density of
208 s exhibited for thé_ mode calculated at 39.8 MeV
and thet, mode at 15.3 MeV, respectively. Those energies
are chosen, in which we expect to have the collective transi-
tion density of respective IVSM modes in the present nu-
merical calculation. The transition densities have a radial
node expressing that the modes are compression modes. The
position of the radial node for thie, mode lies more inside
than that for thé_ mode, reflecting the fact that the mode

TABLE II. Average energy of IVSM giant resonances defined
in Eq. (15), calculated by using the SGII and SlII interactions.

FIG. 1. Unperturbed and TDA response function to the opera-

tors (4) and (5), for (a) 55Ca, (b) 5%Zrso, and(c) a9Pbysg. The sGll Sl

energy plotted on the axis is measured from the ground state of E_(MeV) E. (MeV) E_(MeV) E, (MeV)
mother nuclei. The energy measured from the ground state of

daughter nuclei is obtained by subtracting the respective binding#éCa 35.7 29.6 35.2 315
energy difference, Eq16) for t_ modes and Eq17) fort, modes, 99z 40.0 20.8 39.6 22.1
from the energy indicated on theaxis. The SGII interaction is 208pp, 39.9 14.3 38.3 16.5

used both in the HF and TDA calculations.
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) . . . FIG. 3. Comparison between the TDA response function of
" FIG. _2. Rgdlal pa_rt of TDA spin transition densiti€3) of %7, to the operatonSMIM in Eq. (5) and that toOIM in Eq. (2).
52 Phyzs in arbitrary units, which are calculated at 39.8 MeV for the The possible difference’ between the two response functions at a
t_ mode and at 15.3 MeV for the. mode, respectively. given energy indicates the presence ofGT strength in the energy

) . . . region. The energy plotted on the axis is measured from the
is energetically lower lying. The structure of transition den-grqund state of mother nuclei.

sities inside the nuclei comes from the detailed shell-

structure of constituerp-h configurations. _ structive relation between the radial matrix elements of
The fact that the calculated TDA result is understood ingq4 _<r2> for thet_ andt. case, respectively, come from

terms of unperturbed excitation energies shows that the coja tact that for the same quantum-numberd §) the pro-
lective correlation effect relevant to the IVSM modes is simi-ton one-particle radial wave-function is slightly more ex-
lar for the SGII and SlII interaction. It is seen that the largeianded than the neutron one.

difference of the nuclear matter incompressibility of the SGIl' gince in numerical calculations the response functions of

and Slil interaction plays little role in the present IVSM charge exchange modes are estimated based on the ground
modes, which are the isovector compression modes. SinGgates of mother nuclei, the strength functions in Figs. 1, 3,
the experimental data, to which the parameters of Skyrm&q 4 are plotted as a function of the energy measured from
interactions are fitted, are not sensitive to the isovector ingye ground state of mother nuclei. However, it may be more
compressibility, there may be non-negligible ambiguity in 555r6priate to express the calculated strength function as a
the calculated properties of IVSM modes. In other wordsnction of excitation energy of daughter nuclei. The energy

possible - experimental information on charge-exchanggjitterence between the ground states of the mother and
IVSM modes can pin down an important parameter of effec-

tive interactions.
In Fig. 3 thet. IVSM strength functions of%Zr obtained

2000

90, 90,
by using the operator§M;, and O;, are compared. The Zr->"Nb
possible difference between the two strength functions indi- spin-monopole
cates the presence tf GT strength in the energy region. It 1500y Slelll
is seen that a small amount of GT strength remainsin ¢ { ] ---- 1.0(’-<r’>) unperturbed

both the low and high energy region. The GT strength comes§ to(-r>) TDA
from the small difference of the neutron and proton one-<:
particle wave-functions with the same quantum numbersy
(n,j,1). In the whole energy region the strength for the op-
eratorSMy, is appreciably smaller than that far;, . 500 -
In Fig. 4 thet_ IVSM strength functions of%r obtained
by using the operatorSM,, and O, are compared. The
two sharp peaks @& x=28.44 and 16.51 MeV in Fig. 4 origi- , ) ) ,
nating from the unperturbed excitationsggl) ,— (1992, 0 10 20 30 40 50 60 70
and (19g;)n—(197),, are almost pure GT strength. The Ex (MeV)

position of the G,T peak aEx=8.44 MeV is indicated, . FIG. 4. Comparison between tlhe TDA response function of
though the peak lies below the threshold and thus has a dikoy, 1 the operatoSMy, in Eq. (4) and that toOy, in Eq. (1)
u . . (D).

ferent dimension. In the whole energy region &X  The position of the GT peak at 8.44 MeV is indicated for reference,
=20 MeV one may identify the presencetof GT strength,  though the peak lies below the threshold and thus has a different
recognizing that the strength for the opere®vl, , is appre-  dimension. The energy plotted on tkeaxis is measured from the
ciably larger than that foO,,. The constructive and de- ground state of mother nuclei.

- Lo:sr2 unperturbed
t.or TDA

1000
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daughter nuclei is equal to the difference of the binding enfor the p-h excitation energy of charge-exchange IVSM
ergies of respective nuclei. In the closed shell nuclei studiegnodes measured from the ground state of mother nuclei. The
we find in the mass tablgr] relative strength of the first and second terms in 4) is

such that as the mass numBeincreases from 90 to 208, the
decrease of the first term is compensated by the increase of
the second term in the case of themode. In the case of the

t. mode the excitation energy expressed in E2fl) de-
creases monotonically a& increases. Typical unperturbed
p-h excitation energies for the operatd@ds and(5) obtained

B(%Cap) — B(23S6,7) =0.504 MeV,
B(3%Zrs0) — B(3Nb,o) = 6.893 MeV,

B(25%Pby,e) — B(33%Bi100 =3.661 MeV (16)

for t_ modes, while in our HF calculations, which can be read from Fig. 1, are
appreciably larger than those given by the estimate in the
B(33Cas) — B(15K,9)=11.308 MeV, schematic modef21). Nevertheless, the qualitative features
of our numerical result are well understood by the expression
B(352rs0) —B(39Y5)=1.499 MeV, (21).

B(52 Pbioe) —B(31 Tlo) =4.219 MeV  (17)
o o IV. CONCLUSION

for t, modes. The strong variation of the binding-energy
differences in Eq9.16) and(17) comes from the fact that the The self-consistent HF plus TDA response function with
nucleus “8Ca (°%Zr) lies on the neutron-riclproton-rich  Skyrme interactions to the charge-exchange spin monopole
side of the B8 stable isotope withz=20 (Z=40), while fields is estimated in the coordinate space, including simul-
20%ph lies near the center of the isotope with: 82. taneously both the IS and IV spin correlation. Numerical

We have obtained the clear tendency that in ghstable  result of someg stable closed-shell nuclei using the SGlI
nuclei the average peak energy of theVSM giant reso- interaction is presented. The SGll interaction is chosen, since
nance measured from the ground state of mother nuclei det has the value of incompressibility widely accepted and
creases sharply as the mass numper increases, while that of . it is effectively repulsive not only in ther{ &) (7 7)
thet_ IVSM giant resonance remains nearly independent o | but also in thed- &) ch | : h
the mass number. We understand this tendency already in tiff@nnel but also in theo(- o) channel. However, since the
energy of unperturbeg-h excitations in the following way so-called nuclear-matter incompressibility is the isoscalar in-
partly using the harmonic oscillator model, of which the compressibility, we find that it does not affect so much the
principal quantum number of the last-filled major shell for Correlation relevant to the present IVSM modes. In other
neutrons and protons is expressed Ny and NP, respec-  Words, the possible observation of IVSM modes is a nice
tively. First of all, we notice that along thg stability line ~ Way to obtain the information on the isovector incompress-
the difference of the number of neutrons and protons is aplbility. The t, IVSM giant resonance may be easier to be

proximately expressefd] by found in heavier nuclei such &8%b, since it is expected to
e lie energetically lower.
(N=2Z) gstapig~6X 107 A, (18) Using the operatoBM;, in Eq. (4), we try to eliminate

the possible admixture df GT strength into the_ IVSM
strength. On the other hand, using two kinds of operators,
SMI’M andOIM, to evaluate the, IVSM strength, we iden-

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

1 . 5 1 o 5 tify the small portion of the , GT strength present in those
3(NE+2)"=N and Z(Ng+2)°=Z, (19 closed-shell nuclei, which is absent in the zeroth order ap-
proximation. The nonvanishing. GT strength for the
which are valid forN?>1 andNP>1, we obtain nucleus®Zr is indeed found in the whole energy region. In

the energy region where IVSM strength is appreciable the
SMy, strength is weaker than th@;, strength, while the
SM,, strength is stronger than ti@, , strength. The exci-

) ) ) tation energy oft, IVSM giant resonance decreases drasti-
On the other hand, i stable nuclei the separation energy of cally as the neutron exceéand the mass numbencreases,

neutrons is nearly equal to that of protons, namely, neutrong e that oft  giant resonance remains almost unchanged
in the NE shell have nearly the same separation energy ahdependently of mass number.

that of protons in theNP shell. Then, taking Zwg
(=80A~ 1% MeV) for the excitation energy of the operator

2/3

3 10 A=0.0046A. (20

(NE—NE)=6(—

r?in IVSM modes and adjusting the energy difference of the ACKNOWLEDGMENTS
neutron and proton last-filled major shelN§—NP)%w,
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