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Isoscalar giant dipole resonance and nuclear matter incompressibility coefficient
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We present results of microscopic calculations of the strength fun8{ih and a-particle excitation cross
sectionso(E) for the isoscalar giant dipole resonarit8GDR). An accurate and general method to eliminate
the contributions of spurious state mixing is presented and used in the calculations. Our results provide a
resolution to the long standing problem that the nuclear matter incompressibility coefficaeduced from
o(E) data for the ISGDR is significantly smaller than that deduced from data for the isoscalar giant monopole

resonance.
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I. INTRODUCTION mixing (SSM), using the method first employed by Shlomo

and co-workers in Ref$10,11]. We provide a simple expla-
Studies of compression modes of nuclei are of particulanation for the long standing discrepancy between theory and
interest since their strength distributioB§E) are sensitive experiment concerning the ISGDR.
to the value of the nuclear matter incompressibility coeffi- In Sec. Il we present a Green’s function based derivation
cientK [1,2]. Over the last two decades, a significant amountf the projection operator method, used in R¢i<,11], to
of experimental work was carried out to identify strengtheliminate the contributions of the SSM 8E) andp,(r) of
distributions of the isoscalar giant monopole resonancéhe ISGDR obtained in HF-RPA calculations for any operator
(ISGMR) in nuclei[3]. At present, Hartree-FocHF) based F. We note that a similar method was first used by Shlomo
random-phase approximatio(RPA) calculations for the and co-workers in Ref.12] in the continuum RPA calcula-
ISGMR reproduce the experimental data for effective intertions of S(E) for the overtone of the ISGMR, where the
actions associated with incompressibilityK =210  projection scattering operator/R)%[1—(r/R)?] was em-
+20 MeV [4]. ployed to eliminatgreduce the contribution of the ISGMR
The study of the isoscalar giant dipole resonanceo S(E). More recently, the method used in our work was
(ISGDR) is very important since this compression mode pro-employed in the calculation &3(E) of the ISGDR in Refs.
vides an independent source of informationKonEarly ex-  [13,14]. This projection method, which is based on the re-
perimental attempts to identify the ISGDR #%b resulted placement of the scattering operafowith a properly modi-
in a value ofE;~21 MeV for the centroid energp,6]. A fied operatoF ,, in the calculation o5(E) andp(r), is quite
similar result forE; in 2°%Pb was obtained in recent experi- general and applicable for any value Bfand for any nu-
ments[7]. Very recent and more accurate data on the ISGDRmerical method used in carrying out the RPA calculation,
obtained for a wide range of nuclgd] seems to indicate that such as configuration space RPA, coordinate sgaoe-
the experimental values fd€, are smaller than the corre- tinuum and discretizgdRPA, and with and without the ad-
sponding HF-RPA results by 3—-5 MeV. dition of smearing. The derivation of the projection scatter-
It was first pointed out in Ref9] that corresponding HF- ing operator is given here for the purpose(dDfdescribing
RPA results forE;, obtained with interactions adjusted to how the method should be implemented correctly and dem-
reproduce the ISGMR data, are higher than the experimentanstrating its accuracyji) understanding when the method
value by more than 3 MeV and thus this discrepancy bebased on subtracting the component of the spurious transi-
tween theory and experiment raises doubts concerning th#n density from that obtained in the HF-RPA calculation is
unambiguous extraction d€ from energies of compression equivalent to the method based on using the projection op-
modes. erator, andiii) why the first serious attempt of RdfL5] to
In this work, we address this discrepancy between theorgorrect for the effect of the SSM d8(E) was not successful.
and experiment by examining the relation betw&¢g) and  In Sec. lll we present results and discussion of our accurate
the excitation cross sectian(E) of the ISGDR obtained by microscopic calculations fo8(E) and foro(E).
a-scattering. We emphasize that it is quite common in theo-
re_tical work on giant resonances to calculat&) _for acer- II. FORMALISM
tain scattering operatdf, whereas in the analysis of experi-
mental data ofo(E) one carries out distorted-wave Born  In self-consistent HF-RPA calculation, one starts by
approximationDWBA) calculations with a certain transition adopting specific effective nucleon-nucleon interactibn,
potential. Here we present results of accurate microscopicarries out the HF calculation for the ground state of the
calculations forS(E) and for o(E) with the folding model nucleus, and then solves the RPA equation using the particle-
(FM) DWBA with transition densitiep,(r) obtained from hole (p-h) interactionV,, that corresponds t&;,. The
HF-RPA calculations and corrected for the spurious staté&RPA Green’s functiorG [16,17] is obtained from
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G=Go(1+VpnGo) 1, (1)  rious state contribution. In general, due to the smearing with
I'/2, the sum in Eq(7) may contain quite a few terms. We
whereGy is the freep-h Green'’s function. For now write p, as
A pa(r)=pas(r)+pa(r), 8
F=2, f(r), 2 . . .
i=1 where p,4(r) is due to SSM, ang,z—associated with the

ISGDR—fulfills the center-of-mass conditiqfor all values
the strength function and transition density are given by  of a)

S(E)=>, |<O|F|n)|25(E—En)=%Im[Tr(fo)], 3 <flpa3>:f f1(r)pas(r)dr=0. 9

From Egs.(7) and (8) we have in an obvious notation

1
f(r’)[;ImG(r’,r,E) dr’. (4 R=R33+ R3;+R13+Ry1, (10

AE
-
pi(1,E) S(E)AE
where Rjj =2 p,i(r) p,j(r'), and the required(E) and py

Note thatp(r,E), as defined in Eq(4), is associated with can be obtained frorRs3 using Egs(4) and(5) with f. Since
the strength in the region &+ AE/2 and is consistent with R, is not known, we look for a projection operator that

) projects outp,4(r),
/ AE. (5)

In fully self-consistent HF-RPA calculations, the spurious
isoscalar dipole T=0L=1) state (associated with the wheref,=f— 5f;. Using Egs.(9) and(10) we have
center-of-mass motigrappears aE=0 and no SSM in the
ISGDR occurs. However, although not always stated in the ~ S,(E)=(f,Rf,)=(fRasf) + 2(fRgf ) +(f,Rysf ).
literature, actual implementations of HF-RR&nd relativis- (12
tic RPA) are not fully self-consistent. One usually makes the
following approximations{i) neglecting the two-body Cou-
lomb interactions and spin-orbit interactions\p.,, (i) ap-
proximating the momentum parts W, (iii) limiting the n=ERuF){F1RF )= (Fpa)(F1par) D (F1par)?,
p-h space in a discretized calculation by a cutoff energy (13)

on s and (iv) introducing a smearing parametére., a

Lorentzian withI'/2). Although the effect of these approxi- and for the last two terms in E¢L2) to vanish we must have
mations on the centroid energies of giant resonances is small
(less than 1 MeY, the effect on the strength function and the (fpar)=n(f1par) forall a. (14)
transition den_sity _of th_e ISGDR is quite St_erious since each Oﬁ'he condition(14) holds in case Eq(7) has only one term
wgrske;ppRreof)ngg%]nstng?f:(éfso?tﬁg'\gg,\}lhgggjﬁélsn th%ccurring in a discretized calculation without smearing or in
. T . . a configuration space calculation. It also holds in case all
ignored and was only considered with regard to the energy- (r) are proportional to the same transition density, L.e
weighted sum ruldEWSR and the derivation of the collec- fhal h pt port tate t ition d Y, 1€,
tive transition density. Similarly, contrary to the statement e coherent spurious state transition denfst
made in Ref[13], the effect of the SSM oB(E) was also apo
ignored in Ref[19]. Par()=agpsdr)= aaWYlM(Q), (15

Let us consider scattering operatQEy. (2)] with

S<E)=fpt<r,E>f<r)dr A
F":; f(r)=F—nFy , (11)

Note that(f,R,f,) is minimum for

B B where pqy is the ground state density of the nucleus. The
FN=1)Ym(Q),  f1(N=rYiu(€D), 6) value of » associated withp, is then given by

and write (14r)ImG as the sum of separable terms n={fps{f1pss- (16)

, 1 , , To determinep, for the ISGDR we first use Eq$4), (7),
R(rE)=_ImG(r',rB)=2 pa(Npa(r). (D (g) (9), and(14) with F,, and obtain

Note that the energy dependenceR{f’,r,E) is included in _ AE i
pa. In the case of a well-defined resonance or in a dis- pyT) VS,(E)AE 2 calpaan) paa(], (A7)

cretized continuum calculation, the sum in Ed@) has only
one term. In this case, is proportional to the transition with c,=(f,p,3). To project out the spurious term from Eq.
density associated with the resonance and may contain a sp(d-7), we make use of Eq9) with p,;= apss @and obtained
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a=(f1p,)(f1ps9. (18

It is important to emphasize that by usifigin Eq. (5) with

pi(r) from Eq.(18), one obtains the requires,(E). This is

due to the fact that the averaging process in @q) was

carried out using-, and notF. Use of F in Eqg. (4) may

produce erroneous results foy(r) in Eq. (18) in case there =~ ~

are several terms in Eq7). &
s
2

pi(r)=p,(r)—apss,

We now limit our discussion to the operatdfs
=38 f5(r;), where f(r)=f3(r)=r3Y,y(Q). For this op-
erator, the value ofy associated with the spurious transition
density(15) is

_ S 2 19
We note that the values of obtained forp, associated with
single p-h transitions in the £ w region and the RPA results

for the spurious statp, differ from that of Eq.(19) by less
than 20%[21].

2.

5
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FIG. 1. Energy-weighted strength functions for ISGDR'fSn,

obtained from Eq(3) for the scattering operatofs (thick line) and

f, (thin line) with »=3(r?=35.6 fnf. Also shown is the ratio

IIl. RESULTS AND DISCUSSION

We have carried out numerical calculations for 8(&),

(fsRf)/(f1Rf;) (dashed ling

pi(r), anda(E) within the FM-DWBA-HF-RPA theory. We  sition densities associated with the operatbs(spurious
used the SL1 Skyrme interacti¢82], which was associated Statg¢ andfs, obtained by using the method adopted in Ref.
with K=230 MeV, and carried out HF calculations using a[ls], coincide in the case of a well-defined resonance, which

spherical box ofR=15 fm. For the RPA calculations we results in the vanishing of the strength function. To under-
used the Green’s function approach with mesh sie  stand how the method should be implemented correctly and

=0.3 fm andp-h maximum energy ofEJ2*=150 MeV to demonstrate its accuracy, we present results of strength

(we included particle states with principle quantum numbefunctions associated with the scattering operatersf s, and
up to 12, since it is well known that in order to extract 5 In Figs. 1 and 2. In Fig. 1, we show the results of the
accuratep(r), Efp* should be much larger than the value ES;(E) and ES,(E) for **%Sn, obtained directly from the

required EM™~50 MeV) to recover the EWSR. Since in RPA Green’s function by using E¢3) with f; and f,, re-

p-h .
our calculations we also neglected the two-body CoulomiPeCtively. Note that from Eqs9) and (10), we getS, (E)

interactions and spin-orbit interactions, the spurious state en-
ergies differed from 0 by a few MeV. We, therefore, renor-
malized the strength of the, by a factor(0.99 and 0.974

for 11%5n and?%%Pb, respectively to place the spurious state

at E=0.2 MeV. We have included a Lorentzian smearing [
(I'/2=1 MeV) and corrected for the SSM as described 1.5
above. We carried out the FM-DWBA calculations o¢E) '
using a density dependent Gaussi@amucleon interaction
with parameters adjusted to reproduce the elastic cross se
tion, with py and p, from HF-RPA(see Ref[25] for details

of the FM-DWBA-HF-RPA calculations of the cross sec-
tions).

Using the operatof =r? for the ISGMR, we calculated
the correspondin@(E) for E up to 60 MeV. We recovered i
100% of the corresponding EWSR and obtained the values 9-3 |
of 17.09 and 14.48 MeV for the centroid energy of the
ISGMR in 1%sn and?%®%b, respectively. The corresponding
recent experimental values are 1600712 and 14.17
+0.28 MeV, respectively23].

The first serious attempt to correct for the effect of the
SSM onS(E) and p;, associated with5(r), was presented
in Ref. [15]. However, the method adopted in this work is  FIG. 2. Strength functions for the ISGDR i#f%b obtained
not accurate and leads to a strong reduction in the ISGDfom Egs. (4), (18), and (5), using f; (dashed ling and f,=f3
strength at low energies. This is due to the fact that the tran— »f, (solid line), with »=52.1 fn?.

2.0""l""l""l""|w---

Fn |
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”H] anzim

=(f;R1f1)=3(f1pa1)?, which provides a measure of the 0.12
contribution of the SSM tdS;(E). The large contribution T
from the Lorentzian tail of the spurious state is clearly seen .09}
in the figure. Also shown in Fig. 1 is the ratio
(f3Rf)/(f1Rf1). At low energy this ratio is very close tg,
reflecting the fact that the transition density at the spurious \
state energy is close to that of E45) [21]. At higher ener- { Y
gies, this ratio exhibits fluctuations due to the non-negligible .03F X )
termsR3; [Eq. (10)]. i A N
Figure 2 shows the results of strength functions for the a0 = l
ISGDR in 2%Pb obtained by first calculating the “corrected”
transition density and then using E&). The solid line de-
scribes the result obtained using the scattering opefgtor
Eq. (4) and then employing Eq.18) to determine the cor-
rected transition density used in E&). As pointed out after
Eqg. (18), this result(solid line) coincides with the correct
strength functiors, (E), obtained directly from E¢(3) using
the projection operatafr,, which is free of the SSM contri-
bution. The dashed line describes an erroneous result ob-
tained using the scattering operatiar in Eq. (4) and then
using Egs.(18) and (5). This erroneous resu{dashed ling
clearly demonstrates that although Ef8) was employed to
“correct” for the SSM, we obtained erroneous transition
densities(and the strength functiorby usingf; in Eq. (4)
(instead off ,)) in determining the “corrected” transition den-
sities. To avoid confusion, we emphasize here that this result
(dashed ling is also different from the incorrect strength
functionS3(E) (see the thick line of Fig.)l deduced directly
from Eq. (3) usingf3. We also find that while usings, the 0 s . .
excitation strengths obtained for certain staigashed ling 10 20 o (Mj‘?) 40 50
are sensitive to the value &f. The result obtained witti,
coincides with that obtained with, for I'—0, as expected, FIG. 3. The ISGDR in'%%sn. The middle panel: maximum
since in this case Eq7) has only one term. Thus the results double differential cross section obtained frpg(RPA). The lower
in Figs. 1 and 2 show that it is important to use the projectiorpanel: maximum cross section obtained witly, (dashed lingand
operatorf,, in the calculation of both the strength function p: (solid ling) normalized to 100% of the EWSR. Upper panel: the
and the transition density of the ISGDR. It is also clear fromsolid and dashed lines represent the ratios of the middle panel curve
Figs. 1 and 2 that even in fully self-consistent HF-RPA cal-With the solid and das.hed lines of.the lower panel, respectively. The
culations, one should adopt the projection operéipin de- experimental data points shown in the upper panel are taken from
termining the ISGDR strength function and transition densityRef' [24].
if a nonzero value of" is used. Only in discretized RPA
calculation ofS(E) andp, of the ISGDR, one may also use E1TO transition densitg..,(r) [2,19] (dashed ling normal-
f3 in Egs.(4) and(18) and correct for the SSM contribution ized to 100% of the E1ITO EWSR. The dashed line in the
before the smearing process. upper panel of the figure is the ratio of the curve in the
As seen from the solid line of Fig. 2, our results for the middle panel and the one in the lower panel. It represents the
ISGDR, S,(E), indicate two main components in agreementfraction of the EITO EWSR per unit energy reconstructed
with the experimental observatig@4]. Similar results were from our “experimental” cross sections. The solid line in the
obtained for other nuclei and in other calculationsupper panel shows the actual fraction of the EITO EWSR per
[10,13,14,21,2F In Fig. 3 we present results of microscopic unit energy as obtained from the HF-RPA calculations. The
calculations of the excitation cross section of theexperimental data points shown in the upper panel are taken
ISGDR, E1TO, in!'®Sn by 240 MeVa-particle scattering, from Ref.[24].
carried out within the FM-DWBA. For details of the FM- It can be seen from Fig. Gop panel that the cross sec-
DWBA-HF-RPA calculations and the procedure for extract-tion analysis based on using.,;(r) tends to overestimate
ing the strength distribution from the cross section, see Rethe E1TO EWSR by at least 10%. Difference in shape be-
[25]. The middle panel of the figure shows the double differ-tween the collective model and the microscopic transition
ential E1TO cross sections obtained with RPA transition deneensities can also lead to deviation of the ISGDR centroid
sity (i.e., our “experimental” data calculated at the first energy deduced from the reconstructed strength distribution
maxima of the E1TO angular distributions. In the lowerfrom the actual centroid energy obtained from microscopic
panel, we show the E1TO cross sections found using the RPéalculations. This shift, however, is of the order of a few
transition density(solid line) and with the collective model percent and thus not very significant. Similar results were

[=)

.06} ] i# A f"“.

E S(E) / EWSR
o

o

do /dQdE (mb/srMeV)

1000

750

500

do/dQ (mb/sr)

250
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obtained for other nucldi21]. troid energy of the ISGDR by about 2.5 Mg¥ee also Ref.

It is seen from the upper panel of Fig. 3 that our HF-RPA[21]). Thus, the results shown in the middle panel of Fig. 3

calculations show significant strength distribution in the re-point out to the existence of a missing strength in the experi-
gion of 5-50 MeV excitation energy as compared to themental data and the results shown in the upper panel indicate
smaller experimental data region of 12—-32 ME®4]. The that less than half of the EWSR was seen experimentally.
experimental value for the centroid energy of the upper comThis missing strength at high excitation energy provides a
ponent is 23 MeV, which is smaller than the HF-RPA valueresolution of the discrepancy between theory and experiment
of 28 MeV (for the region above 16 MeMy 5 MeV. How-  concerning the centroid of the ISGDR. More sensitive ex-
ever, it is clearly seen from the upper panel of Fig. 3 that theperiments and/or with higher-particle energy are thus
experimental values of the fraction of the EWSR are signifi-needed.
cantly larger than the HF-RPA results by about a factor of 3. In summary, we described and applied an accurate and
The experimental data overestimate the EWSR by aboujeneral method to eliminate the SSM contributions from
40%, in disagreement with our calculations that predict lesS(E) and p;. Our results indicatefi) existence of non-
than half of the EWSR in the experimental region of 12—32negligible ISGDR strength at low energy afid) accurate
MeV. A very important result of our calculation which can be determination of the relation betwee3(E) and o(E) re-
seen from the middle panel of Fig. 3 is the following. The solves the long standing problem of the conflicting results
maximum cross section for the ISGDR compression mod@btained forK, deduced from published experimental data
(the region of excitation enerdgg=20—40 MeV) is flat(as ¢ (E) for the ISGDR and data for the ISGMR.
a function ofE), small, and decreases at higho below the
experimental sensitivity of about 2 mb/sr/MeV farlarger
than 34 MeV(29 MeV for 2°%Pb). The region oE above 34
MeV and the region ofE above 30 MeV(the maximum We thank Professor A. Arima and Professor I. Hamamoto
experimental excitation energgontain more than 20% and for interesting discussions. This work was supported in part
40% of the EWSR, respectively. We note that 20% of theby the U.S. Department of Energy under Grant No. DOE-
EWSR in the region of above 34 MeV increases the cen- FG03-93ER40773.
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