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The giant monopole, dipole, and quadrupole responsé¥0a, °°Zr, 12°Sn, and®*®Pb are investigated using
linear response treatment based on a stochastic one-body transport theory. Effects of the coupling to low-lying
surface modegcoherent mechanisnand the incoherent mechanism due to nucleon-nucleon collisions are
included beyond the usual mean-field description. We emphasize the importance of both mechanisms in the
fragmentation and damping of giant resonance. Calculated spectra are compared with experiment in terms of
percentage of energy-weighted sum rules in various energy regions. We obtain reasonable agreement in all
cases. Special attention has been given to the fragmentation of the giant quadrupole resonance in calcium and
lead. In particular, the equal splitting of theé 2n “°Ca is correctly reproduced. In addition, the appearance of
fine structure in the respongd®b is partly described by the calculations in which the coherent mechanism
plays an important role.
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[. INTRODUCTION manner as demonstrated [i23,24] (also se€25,26). We
calculate the giant monopole, dipole, and quadrupole re-
Recent development of high resolution experiments offersponses in*®Ca, °°zr, 1%°%Sn, and?*®Pb, and compare the
the possibility for a deeper understanding of collective mo+esults with experiment in terms of energy-weighted sum-
tion in quantum fermionic systems like nuclei. These experifules distribution. We find that both mechanisms play impor-
ments enable us to determine the fragmentation of théant roles for a proper description of the fragmentation and
nuclear response with a very high resolution up to few kevihe damping of giant resonance excitations. .
[1—4]. Understanding of the fine structure in the nuclear col- N Sec. I, we present a brief description of the linear

lective response, its fragmentation and damping mechanisni§SPONse treatment of collective vibrations based on the sto-
constitutes a major challenge for theoretical modéls§]. chas_tlc one-body transport theory. In Sec. lll, we discuss the
details of the calculations and present the results and com-

ort theories for nuclear dynami¢8, 10] parison with data in Sec. IV. Finally, we give the conclusions
P y - in Sec. V.

In dynamics of nuclear motion, one usually distinguishes
damping due to the coupling to the external and the internal
degrees of freedom. The former one gives rise to cooling of !l LINEAR RESPONSE BASED ON STOCHASTIC
the system by evaporation of particles, while the latter one TRANSPORT THEORY
leads to the dispersion of the well ordered motion through A. Stochastic transport equation

mixing with the internal degrees of freedom. In the latter : .
case, one can again distinguiéh the Landau damping due In the stpcha§t|c transport theor.y, temp_oral gvolutlon of
' the fluctuating single-particle density matrixt) is deter-

to spreading of the collective modes over noncollective .
particle-hole (p-h) excitation, (ii) the coherent mechanism mined by[10]

due to coupling with low-lying surface mod¢s,11], and 9

(iii ) the damping due to coupling with the incoherent 2p-2h i —p()—[h(p),p(1]=K,(p)+ 5K(), (1)
states usually referred to as the collisional dampit213.

Most investigations of the nuclear response carried out S here the left-hand side corresponds to the mean-field evo-
far are based on either the coherent damping mechanism Qfiio in terms of the self-consistent mean-field Hamiltonian
the co_II|S|onaI damping. The coherent mechanism is, partlcuh(p) expressed in terms of the fluctuating density, and the
Iarly, important at low terr_]perature, and accounts for theright-hand side arises from the correlations due to residual
main feature of fragmentatllo.n of the re_sp0|ﬁ3511,1_4—1]’. interactions. The first tern{, (p) ,which is usually referred to
On the other hand, the collisional damping is relatively weakys the pinary collision term, describes the coupling of single-

at. lO\,N temperature[lS], but its magmtu.de becomes Iarge particle excitations with more complicated two-particle two-
with increasing temperature, as shown in recent calculation§g|a states. It can be expressed as

[19-22. In this work, we carry out investigations of nuclear
collective response on the basis of a one-body stochastic ¢
transport theory, which incorporates both the coherent K,(p):f [v,U(t,8)F1(s)UL(t,5)]ds, 2
mechanism and the collisional damping in an consistent to
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whereU ;4(t,s) represents a product of the mean-field propa-term. As a result, Eq(5) provides an extended mean-field
gatorU,,=U,®U, with U(t,s)=exp(—i/A[ih[p(t')]dt’)  description, which goes beyond the extended time-dependent
and Hartree-Fock theory by including a coherent collision term

into the equation of motion in addition to the incoherent

F1o= (1= p1)(1=po)vpipo—p1p2v(1—p1)(1—=p2). @ one.
3

S . ) B. Linear response based on extended mean-field theory
Here pip, represents the antisymmetric product of the ) ) i ) o
single-particle density matrices anddenotes the residual N this section, we consider the small amplitude limit the
interactions. As seen from E(), the collision term, in gen- transport equationt5) and give a brief description of the
eral, involves memory effects due to the time integration“”ear response formalism including both the incoherent and
over the past history from an initial timg to the present the coherent damping terms. A detailed description of the

time t. The second term on the right-hand side of Bq.is  formalism can be found in recent publicatiof#,23.
the initial correlation term, The linear response of the system to an external perturba-

tion can be described by considering the small amplitude
oK (p)=Tr[v,d015(1)], (4)  limit of the transport equation5). The small deviations of
the density matrixdp(t) = p(t) — po around a finite tempera-
where 8o 15(t)=U15(t,to) So1ato) Ul(t,ts) represents the ture equilibrium statep, are determined by the linearized
propagation of the initial correlations froty to t. In the  form of the transport equatiofb),
stochastic transport description, the initial correlations
So15(t) are treated as a Gaussian random quantity. Conse- ihié “[h,8p]—[ U+ A, po]= 5K'(p) + 5K(p)
quently, the initial correlation terndK(t) has a Gaussian at P 0,90 Po p Pl
distribution characterized by a zero mean and a second mo- (7)
ment, which can be determined in accordance with the
fluctuation-dissipation relation of the nonequilibrium statisti- In this expressionA(t) =Aexp(~iwt)+H.c. is a one-body
cal mechanics. harmonic excitation operator containing a small imaginary
In the stochastic transport description, dynamical eVO'“'partZ;=w+i 7, and 8K, (p) and 5K(p) represents the lin-

tion is characterized by constructing an ensemble of soluaarized form of the non-Markovian incoherent and coherent
tions of the stochastic transport equatidn In this manner,  ~qjjision terms respectively.

the theory provides a basis for describing the average evolu- e steady state solution of E€f) can be obtained by

tion, as well as dynamics of density quctuatioqs. In the Semi‘using a development in terms of the RPA functions,
classical approximation, a number of applications have been

carried out for description of multifragmentation in heavy-
ion collisions[27,2§. Furthermore, as demonstrated in re-
cent publication$23,24], the stochastic evolution involves a . oAt . ot
coherent dissipation mechanism arising from the coupling opvhereQ _EDOZ.K 0\~27, O”.' .In .thls expressiorQ, and
single-particle motion with the mean-field fluctuations. ThisOx are the creation and gnn|h|lat|on op(_arators of the_ RPA
can be shown by considering the average evolution of th&!al€\ Of energyfiw,, which are determined by the finite

single-particle density matrix(t) =p(t). The ensemble av- temperature RPA equatiof9),
erage of EqJ(1) is calculated by expressing the mean-field

and the density matrix a®i(p)=h(p)+ sh(t) and p(t)

=F(t)+ dp(t), wheresh(t) and Sp(t) represent the fluctu- \whereh!=(gh/dp)- p] . Substituting the expressig8) into
ating parts of the mean-field and the density matrix, respeceq (7) gives rise to a set of coupled equations for the am-

tively. Then, the ensemble averaging yields a transport equgjitudesz,” andz, coefficients that can be recast into a ma-
tion for the evolution of the average density matrix, trix form [21]

Sp(1)=[Q",polexp —iwt)+H.c., 8

hw,Ol=[hy,0]]+h], (9)

J— _ _ _
i—p(t)—[h(p),p(1)]=K,(p) +Kc(p), 5 - - [z A
PO =[h(p).p()]=Ki(p) +Kc(p) (5 (hw_z(w))( _):(_ ) 19
z A
WhereK|(;) represents the incoherent collision term and the . - . .
additional term arises from the correlations of the mean-fieldvherez”™ andz™ are the amplitude vectors with components

fluctuations and the density fluctuations, z) andz, , A is the forcing vector with components,
- =Tr[ O, ,Alpo andX(w) denotes the self-energy matrix. In
Kelp)=[6h(t),8p(1)], (6)  the small amplitude limit, the self-energy can be separated

and it is referred to as the coherent collision term. For smallnto the incoherent part and the coherent paif )

fluctuations around the average evolution, the density fluc-—__
tuations can be expressed in terms of RPA phonons, and the B
coherent term takes the form of a particle-phonon collision !in the following, we denote the average one-body density p.
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=3, (w)+3c(w). According to[21], the expression of the in- - i 5 ~ . A
coherent part, which also contains the RPA energy, is given S(w)=— ;Im(A A (ho—32(w)) _A* ] (16)
by
o~ o~ The strength function includes both damping mechanisms,
Lo~ o\6u Ty, (@) Ky, () i.e., the collisional damping due to coupling with the inco-
2hulw)= k¥ —W) —wb, —K***(—~*) ' herent 2p-2h states and the coherent mechanism due to cou-
M A T (11  Pling with a low-lying phonon and p-h states.

In our previous studies, we investigated the nuclear col-
In the Hartree-Fock representation, the elements of the incdective response in the basis of the incoherent damping

herent self-energy are given by mechanism. We found that at low temperature, in particular
for light and medium weight nuclei, the incoherent damping

L~ 1 (KI[O\ ,v]lij Xij |[OL 2]kl mechanism has a sizable influence on the strength functions,

Kiu (@) == 4 & ﬁZ’_Asijkl ijkl and it becomes more important at higher temperatures. On

(12) the other hand, in particular for heavy nuclei, the coherent
mechanism due to coupling of giant resonance with phonons

and plus p-h states, plays a dominant role for describing the prop-
erties of cold giant resonance. In this paper, we want to

o~ 1 (K[OG [0, uTlkI) clarify the relative importance of the incoherent and the co-
Kiu (@)= 4 % ﬁZ)_Asijkl ijki herent mechanisms in collective response in cold nuclei. For

(13) this purpose, we present three different calculations by incor-
porating only the coherent mechanism, only the incoherent

with N =(1—n;))(1—n;)nen—nin;(1-ny)(1—n;) and mechanism, and including both mechanisms_in the calcula-
Agjj =& +ej—ex—¢&, Whereg; and n; denote energies tions, and compare the results with the experimental data.
and Fermi-Dirac occupation numbers of the single-particle
states. The collisional self-energy is nondiagonal, and there- Ill. DETAILS OF THE CALCULATION
fore it introduces a coupling between different RPA modes _
through their decay channels, so-called collisional coupling. A. RPA calculation
In the following, we will neglect the nondiagonal part, which  In order to obtain the solution of E410), we first solve
in general introduces a small correction to the strength disthe RPA equatiori9) in a discrete basis. In order to account

tributions. partially for the states in the continuum, particle and hole
According to[23,24], the expression of the coherent self- states are obtained by diagonalizing the Hartree-Fock Hamil-
energy is given by tonian in a large harmonic oscillator representati@]
which includes, respectively, 12 major shell ffica and 15
o~ (i[O, 1)) major shells for other nuclei. We use a fixed imaginary part
Eu(“’)zgj oo —e e M for the forcing frequencyp= ns=0.5 MeV. The Hartree-
S Fock and RPA calculations are performed using the effective
(o, NI Skyrme force SLy431]. We use the standard excitation op-
>, = My i (14 erators for isoscalar and isovector resonances fof (for a
M hotho,— €t e review sed17)),
where .

ALm :E 2 Yo

My = (NJ+1)(1=nP)n?=Ngnd(1-np)  (15) A
17)

and NS denotes the finite temperature boson occupation fac-

tors for the RPA modeN?\zll[expd’zwx/'D—l]. In general, AN Z ty 2 E Ly

the coherent self-energy is also nondiagonal, and it couples LM™A & Fi¥im = rivim,

different RPA modes. Here, we neglect this coupling and

retain only the diagonal part. The coherent mechanismynerey,,, are the spherical harmonics, and for isoscalar

which arises from coupling of the single-particle excitationsgiant monopole resonance, we employ

with the mean-field fluctuations in the stochastic transport

theory, corresponds to the coherent mechanism described in z A

[5,11] and its finite temperature extension using the Matsub- AOO:K 2 r?Y 0. (18

ara formalism in14,15. i=1

We can deduce the response function associated with an . o

excitation operatod, by calculating the expectation value The energy-weighted sum ru{WSR is given by

(AY=TrAdp(t) with the help of the expressiofB). The

corresponding strength d|str|bu}|on is o_btamed by the imagi- m1=2 fiw, | (O AIN)|2. (19)

nary part of the response function and it can be expressed as x
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TABLE I. Density shape parameters used in the calculations of TABLE Il. m; sum rule obtained from standard parametrization
the sum rules. Hartree-Fock rms obtained with the Sly4 force ar®f the rms radii. Sum rules calculated from RPA are reported in
very close to those obtained with the Woods-Saxon parametrizgparentheses.

tion.

Nucleus 0 (MeVfm*) 1~ (MeVfm?) 2% (MeVm?

RO a <r2>$\/125 <r2>|%1/|2: 40

Number (fm) (fm) (fm) (fm) ; Ca 10103(9290 148 (144 10050(9226
4ca[36] 3.65 0.55 3.49 3.40 0.160 %z 26664(26025 330(325 26523(22556
907Zr [35] 490 0515 4.25 4.26 0.177
1205n[35] 555  0.515 4.71 4.70 0.176  1205p 38295(37026 433 (427 38092(26477
120pp[35] 6.67  0.545 5.55 5.55 0.180

208ppy 82633(84572 738(748 82197(76034

When the states are specified in the RPA, it can be calcu-
lated from the Hartree-Fock ground state accordingno B. Computation of self-energies
_1 t . . .
=35([F ,[H,F]])O. For the Skyrme interactions, it leads to 1. Coherent mechanism
the following expression:
In order to incorporate the effect of coupling to surface
242 72 modes, we calculate the RPA response for multipolarities up
mSMR=—— —(r?),,, to L=5. The coherent self-energy given by Ef4) is then
m A . : ;
calculated by coupling collective states to low-lying states
that exhaust at least 1% fraction of the EWSR. Energies and

GDR:iﬁ_Z NZ ) (20) EWSR of collective modes used in the calculation are re-

M 47 2m A 1=« ported in Table Ill. We note that, in particular, energies of
collective 3~ states are overestimated in the RPA calcula-
50 42 72 tions. The percentage of the EWSRs are normalized to the
meR=4— >m K<r2>HFi RPA sum rules. In the calculations of the matrix elements in
™ em Eq. (14), we employ the full SLy4 interaction.
where(r?),,r denotes the root-mean square radiuss) ob- 2 Incoherent mechanism
tained from the Hartree-Fock ground state. In the case of the ) . . .
giant dipole resonance, the Thomas-Reich KGRKR) sum We_ have shown in previous calculations _that Skyrme in-
rule is violated due to the nonlocal term in Skyrme forces feractions are not adequate to compute t'he incoherent part of
and the modification factor is given 32,33 the self-energy due to the_ presence pf high momentum com-
ponent(also, sed13]). As in our previous applicatiofil9],
om 1 1 1 we use a modified Skyrme interaction which is obtained by
_ - - - 3 introducing a Gaussian cutoff factor in the matrix elements
K= 2 [tl Hox)tt 1+2X2) Af pr(M)pp(AT, of the Skyrme forces,
(21
N N B*(a®)|
wherep, and p, are the neutron and proton one-body den- (ij o]kl ={(ij[vgkl)exp — | (23
sity.

In the following, we compare the result of calculations . : , . .
with the experimental EWSR by employing the standard ex-ln this expressionp describes an effective range of the in

. . 2 .
pression and parameters of the sum {@,35. In the stan- teraction and the quantityg®) provides a measure for the

dard approach, the rms radius is approximated using re_lagve krI“Or’;eT“.rT‘ ZV;hICh 5'3 dzefll(r;ed b%/ th_e relation
Woods-Saxon shape for the one-body density, which leads t?)”' (r_)| {a*)=(iilg (r) +4(r)q |. ) with T=r;=r;
the following expression: and g=(p;—p,)/2. A quantitative dlscussm_)n of the influ-
ence of3 can be found if22]. In the following, we uses
=1.4 fm. The size of the HO basis used to expend the par-
, (22) ticle and hole(HF) states has been chosen large enough to

ensure a convergency of the results within a few percent.

7 2

3
(i gR| 1+

ma

C

where R, correspond to the surface position aads the
diffuseness. Different parameters used in the calculations are
reported in Table I. In Table Il, we compare the sum rules We carry out calculations of strength functions for the
obtained by the parametrizatioi22) and k=0 and those giant monopole(GMR), the giant dipole(GDR), and the
results obtained from the RPA calculations of Et). The  giant quadrupoldGQR) response at zero temperature. The
smallness of the difference insures the quality of the RPAesulting strength distributions are presented 4tga (Fig.
calculations. 1), %Zr (Fig. 2, *?%Sn (Fig. 3), and ?°%b (Fig. 4). The left

IV. RESULTS
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TABLE Ill. Collective modes and associated EWSR obtained 10 T T T T T

from RPA that are included in the calculations.

Nucleus J7 E (MeV) % EWSR

40Ca o 17.6 10.4
ot 19.1 12.5
ot 20.7 18.1 -
0* 22.0 18.0 B
0 24.4 15.5 =
1" 16.7 19.5 .
1 17.8 15.0 ﬁ
1- 18.6 22.8 i
2+ 17.1 74.9 ~
3” 5.3 9.5 0
3" 7.3 10.8 =
5 5.2 37 ”

907y ot 17.8 35.1
0o+ 18.6 17.1
1 15.7 50.1
1" 17.9 14.9
2+ 54 54 !
2 16.3 13.5 T > E
2+ 16.4 54.4 POV N
3~ 3.7 4.9 10 15 20 25
g, 97“91 18998 w (MeV) w (MeV)

1205 — FIG. 1. Calculated strength distributions for GM®p), GDR

n (())+ igz 32471 (middle), and GQR(bottom) in “°Ca. Left: strengths obtained in the

1- 14:1 20:1 RPA (dashed lines with the coherent mechanisftthin lines and
1- 145 13.7 the incoherent mechanisfthick lines. Right: comparison between
1~ 16.9 15.7 the RPA(dashed lingsand the extended RP&hick lines, which
2+ 6.0 3.5 includes both the coherent and the incoherent damping mecha-
2% 16.5 23.0 nisms.
2% 16.6 24.0
g_ 28 ?; panels of the figures show the result of RPA calculations
3- 7.6 18.0 (dashed lingsand the calculations performed by including
5~ 7.0 27 only the coherent self-enerdthin lines and only the inco-
5~ 8.3 1.1
5~ 9.5 5.8 30

208py, ot 14.4 33.5 BF
ot 14.7 18.8 20F
0" 15.0 19.5 15E
ot 16.4 14.3
1- 12.8 13.7 101
1 13.2 21.2 “n 5F
1 13.7 13.8 = 30
2+ 37 1.4 % 25F
2+ 6.1 10.2 .
2% 13.0 67.5 o R0F
3- 4.9 21.9 S5k
3” 6.7 2.0 ~ 10E
3" 7.2 5.7 3
3 9.1 1.3 = 5F
4: 6.6 4.0 30
4 8.9 3.1 b
47 9.3 3.1 &5
4+ 9.6 3.1 20
5~ 4.8 1.3 15
5 5.7 2.3 10k
5 5.9 1.1
5~ 6.7 1.1 5¢
5~ 7.7 2.5 = ‘
5 8.2 1.7 5 10 15 20 25 5 10 15 20 25
27 gg %g w (MeV) w (MeV)

FIG. 2. Same as Fig. 1 fot°Zr.

064305-5



DENIS LACROIX, SAKIR AYIK, AND PHILIPPE CHOMAZ

30
25
20
15
10

5
30
25
20
15
10

5
30
25
20
15
10

5
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herent self-energythick lines. The result of calculations
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w (MeV)
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FIG. 3. Same as Fig. 1 fol?°sn.
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AE (MeV)

150 200

50 100
MASS

FIG. 5. Variation of the mean energyE=E,— E,RPA calcu-

performed by including both self-energies are shown in thdated in the energy interval 0-40 MeV for GMRop), GDR

right panel of the figuregthick lines.

A. Interplay between incoherent and coherent mechanism

(middle), and GQR(bottom as a function of mass number. Calcu-
lations performed by including the coherent mechanism, the inco-
herent mechanism, and both coherent and incoherent mechanisms
are indicated by dashed lines, dashed-dotted lines, and solid lines,

In order to quantitatively discuss the effects of differentrespectively.

contributions, it is useful to compute moments of the

strength in a given energy interval,

30
25

20F

15

S(w) (arb. units)
= o= N NN W = = NN W —_
g OO O OO OO0 OO, O O O

T T
I

ZOBPb | O+

\
i
|

=

|
[ Y

r, )

10 15 20
w (MeV)

5

10 15 20
w (MeV)

FIG. 4. Same as Fig. 1 foi°%Pb.

Emax .
mi—[Emin,Emax]:fE _ (hw)'S(W)dw. (24)

From these moments, we can define various mean energies
E;=m,/m,_,. An estimation of the spreading of the strength

is given by the widthl' = \'m,/my— (m, /mg)2. In Fig. 5,

the differenceAE=E,—E,"P* between the mean energy
obtained in different calculations and the mean energy cal-
culated in the RPA is plotted as a function of the mass num-
ber for the different multipolarities. In the figure, calcula-
tions by including the coherent mechanism, the incoherent
mechanism, and the coherent plus incoherent are indicated
by dashed lines, dashed-dotted lines, and solid lines, respec-
tively. In Fig. 6, a similar plot is presented for the deviation

of the width from the RPA responsé&I'=I"—T'RPA In
these calculations, moments of the strength functions are
evaluated over the energy interval 0—40 MeV. From the re-
sults of the calculations, we can draw the following conclu-
sions.

1. Shift of mean energy

The incoherent mechanism induces a reduction of the
mean energy, while the coherent part acts in the opposite
way. The origin of this phenomenon can be found by looking
carefully at Figs. 1-4. Indeed, we note that both coherent
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Re(Z(w))

AT (MeV)

Im(Z(w))

0 5 10 15 20 25 30

_ w (MeV)

— FIG. 7. The real(top) and the imaginarybottom part of the
] coherent(thin line) and the incoherenthick line) part of the self-

| | | |
0.0 50 100 150 200 energies for the GQR if’%Ca.

MASS

2. Increase of spreading width

FIG. 6. Variation of the mean width E = E, — E,"P* calculated Both the coherent and incoherent self-energy induce an
in the energy interval 0—40 MeV for GMRop), GDR (middle),  jncrease of the spreading.
and GQR(bottom as a function of mass number. Calculations per- |, the case of the GQR and GMR, the coherent damping
formed by including the coherent mechanism, the incoherenis 41ways much larger than the incoherent one while for the
mechanism, and both coherent and incoherent mechanisms are i@'DR both are of the same order. For instance, in the GQR
dicated by dashed lines, dashed-dotted lines, and solid lines, respeczce where the strength is in genéral not Landa’u fragmented
tively. we can see that the coupling to surface modes induces a

) o ) . splitting of the main picture of the RPA into different peaks.

and incoherent self-energies induce a shift of the main peakg, the calcium case, this effect can be related to to the pres-
towards lower energy. However, at the same time, a part ofnce of two collective low-lying 3 states strongly coupled
strength is shifted toward higher energy in the coherent casgy te GOR.
which gives rise to a global increase of the average mean The fact that the coherent mechanism induces a larger
energy. Such behavior can be understo_od by looking at Se'ﬁamping can be seen by looking at the bottom panel of Fig.
energies themselves. As an example, in Fig. 7 the coherent | this particular example, we see that the imaginary part
(thin lineg and the m_c%herer(thlck lines self-energies are  f the self-energy is larger for the coherent mechanism than
shown for the GQR irf°Ca. We see that the energy depen-for the incoherent case, which gives a larger damping width.
dence of the real part of the self-energy is different in two  \yhen the strength is already largely Landau fragmented
different mechanisms. While the incoherent mechanism iNflike in the GMR of “°Ca) both incoherent and coherent
duces a global shift of the strength towards lower energiessfiects seem almost negligible. The magnitude of the coher-

the real part of the coherent self-energy changes sign in thent mechanism becomes larger for heavier nuclei.
vicinity of the collective energy. This introduces a shift to-

ward lower energy of the low energy part of the strength
while the high energy part is pushed towards higher energies.
In some cases, we may even expect that a single resonance isThe shift in the mean energ}E, and the increase of the
split into two peaks, as happens for the GQRiga. width, AT", are approximately given by the sum of these
For the GQR and GMR in lighter nuclei, the shift intro- quantities obtained by considering the coherent and incoher-
duced by the incoherent mechanism is stronger than the cent mechanisms separately.
herent one. On the contrary, the tendency goes in the oppo- The effects of both, coherent as well as incoherent mecha-
site direction for heavier nuclei. For the GDR, both effectsnisms, appear to be more significant for the lighter nuclei as
are comparable. seen from Figs. 1-4. This may be due to the fact that in
In all cases, the effect of the incoherent mechanism is ofighter nuclei a large fraction of nucleons resides in the vi-
the same order of magnitude as that of the coherent mechainity of nuclear surface relative to the heavier ones, where
nism and cannot be neglected in contrast to the usual ashe predominant effects of both coherent as well as incoher-
sumption[18]. ent mechanisms occur. Moreover, in light nuclei the energy

3. Additivity of coherent and incoherent effects
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TABLE IV. Properties of GMR in“*’Ca. Top: calculated mean-enerﬁ andE_3 and widthI" obtained
by integrating moments of the strength in different energy intervals. Calculations are carried out within RPA,
and by including the coherent, the incoherent, and the coherent plus incoherent damping mechanisms, which
are indicated in columns undér), (i), and(c+i), respectively. When available, experimental data are also
reported in the right column. We also display the calculated widthyfer 100 keV in parentheses. Bottom:
percentage of the EWSR calculated in different energy intervals. In the right column, if available, the
corresponding experimental sum rules are also reported together with the reactions and references.

Theory
Oca /o RPA (© (i) (c+i) Experiment
E,-[0-40] 21.1 21.1 20.4 20.4
E4-[0-40] 22.6 22.7 22.0 22.2
T-[0-40] 4.64.0 4.84.2) 4.7(4.2) 4.94.4
E_l-[8-29] 20.6 20.5 19.8 19.8 180.1) (a,a’) [36]
E.-[8-29] 21.4 21.4 20.7 20.7 21812 (a, ') [36]
T[8-29] 3.43.1) 3.53.2) 3.43.1) 3.53.2) 4.700.11) (a,a’) [36]
% EWSR % % % % %
[0—40] 87.9 88.4 84.1 83.6
[12.5-22.5] 54.2 54.4 63.8 56.8 50a( ') [36]
[22.5-28.5] 25.6 25.6 18.8 18.6 347 ') [36]
[7.5-28.9] 80.6 80.9 77.1 76.2 92a(,a’) [36]
[11-19] 21.6 221 26.9 27.8 4428.8 (e,e' @) [38]
[10.5-20] 29.1 30.0 36.4 37.0 306 (a,a’) [37]

of the collective states is higher leading to an increase of thetrength functions, we present properties of giant resonances
damping width. spectra in Tables IV—XV. Depending on the fragmentation
of each response, we report average mean energies and width
for different energy intervals. When the strength is divided
into several main peaks, we consider energy intervals around
With the high precision experiments, it is possible to de-the main peaks. Besides the average properties, we also re-
termine fragmentation and fine structure of the strength funcport the main peak positions. We emphasize that, in particu-
tions. In order to characterize systematically the shape odfar for the GQR response, the coherent mechanism induces

B. Fragmentation of response

TABLE V. Same as Table IV for the GDR if°Ca. In addition, in the middle pandt,,. . indicates the
positions of the main peaks of the calculated strengths, and the experimental peak position and the width of

giant resonances are denoted%;andl“.

Theory
“Oca/1” RPA () (i) (c+i) Experiment
E,-[0-40] 18.8 19.1 18.0 17.8
E4-[0-40] 20.3 21.1 20.3 20.9
T-[0-40] 4.43.7) 4.94.4) 5.0(4.6) 5.5(5.0)
Epeax 16.7 16.7 14.6 14.6
18.6 18.4 16.4 17.2 E=19.0[39]
I'= 4.0[39]
% EWSR % % % % %
[0—40] 99.3 98.3 88.9 91.5
[10—21.5] 71.0 71.2 65.7 65.1 585) (e,e’) [40]
63.0 (y,x) [41,42
[21.5-40] 27.9 26.8 22.6 25.9 30.6y(x) [41,49
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TABLE VI. Same as Table IV for the GOR if’Ca.

Theory
Oca /2 RPA () @) (c+i) Experiment
E,-[0-40] 17.7 17.9 16.9 17.3
E5-[0-40] 18.8 19.6 18.5 19.4
T-[0-40] 3.5(2.6) 4.33.6) 4.03.4) 4.84.2)
E,-[10-16] 14.6 14.8 15.0 14.3
E5[10-16] 14.8 14.9 15.1 14.4
E,-[16-22] 17.6 18.7 17.7 18.6
E5[16-22] 17.7 18.9 17.8 18.8
Epeak 17.2 15.4 15.7 14.4 133,40
17.6 17.6 18.043,40
20.0 19.3
% EWSR % % % % %
[0—40] 92.4 86.6 84.7 87.6
[13.2-15.7] 23.4 12.7 10.7 11.1 761.1 (p,p’) [44]
[13.2-16] 29.1 16.3 13.3 14.3 24295 (p,p’) [45]
[10-16] 0.0 26.6 39.1 31.0 387 (e,e'x) [40,46

60(15) (a,a’ ayp) [43]
(compilation from[46])
[16—22] 72.5 51.6 34.7 33.6 2867 (p,p’) [47]
(a,a'apg)~40[43]
44 (p,p’") [45]

an additional fragmentation of the strength. The incoherent C. Low-lying states

mechanism also introduces such a fragmentation, but it is The RPA calculations, most often, overestimate the mean
much weaker than the coherent effect. The incoherent dampmergy of low-lying states. We find that the incoherent
ing strongly influences the peak positions. In any case, for gechanism reduces systematically the mean energy of the
proper description of the fragmentation and the fine structur&QR states for medium and heavy nuclei. In Tables IX, XII,
of the strength distributions, both the coherent and the incoand XV, we can see that the mean energy of the low-lying
herent mechanisms should be taken into the description. 27 states is shifted by-1.3 MeV for °°Zr and *2%Sn, and by

TABLE VII. Same as Table IV for the GMR if°zr.

Theory
90zr /0 RPA (c) 0 (c+i) Experiment
E,-[0-40] 19.0 19.2 18.8 19.0
E4-[0-40] 20.0 20.5 20.0 20.4
T-[0-40] 3.62.9) 4.03.3 3.93.0) 4.23.5
Epeak 17.9 17.7 17.2 17.1 E=16.0[48]
I'=3.3[48]
% EWSR % % % % %
[0-40] 96.6 98.6 93.1 95.6
[12—20] 66.3 70.5 69.3 65.3 4420 (p,p’) [47]

64+ 14 (a,a’) [49]
86=15 (*'0+°zr) [50]
83=14 (*Ne+%zr) [51]
55+ 13 (“°Ar +°Zr) [52]
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TABLE VIIl. Same as Table IV for the GDR if%r.

Theory

90zr/1~ RPA () 0 (c+i) Experiment
E;-[0-40] 16.8 17.2 16.4 16.7
E-[0-40] 18.2 19.0 18.7 19.3
T-[0-40] 3.8(3.0) 4.43.8 4.84.2) 5.24.7)
Epeak 15.7 15.3 14.4 143

17.9 17.8 E=16.85[66]

I'= 4.0[66]

% EWSR % % % % %

[0—40] 96.6 99.7 90.9 93.1

[11-19] 745 69.7 66.7 63.7 57y(x) [53]

68 (y,x) [54]
53+13 (a,a’) [55]
63+ 14 (*°Ne+ %zr) [51]
7028 (“°Ar+°9Zr) [52]

—0.7 MeV in 2%Ph. Such a shift is absent in the calculationsoften analyzed using a fitting plus folding procedure of spec-
with the coherent damping mechanism, while it remainstra which mix different multipolaritieg34]. From this pro-
when both the mechanisms are included in the description.cedure, one extracts energl ), width (I',), and percent-

D. Comparison with experiment

TABLE IX. Same as Table IV for the GQR if%Zr.

age of the EWSR(%EWSRH,]. In order to compare with
experimental data, we convert the experimental data into per-

When the strength is highly fragmented, a direct compari-Centages of the EWSR in given energy intervals, which is

son to experimental data is hardly possible. Experiments argetermmed according to

Theory
90zr 1 2* RPA (0 (i) (c+i) Experiment
E,[11-25) 16.8 16.8 16.2 16.4
Eg-[11-25] 17.0 175 16.7 17.2
T[11-25] 1.91.4) 2.6(2.4) 2.3(1.9 2.82.6)
E,-[0-8] 5.2 5.2 3.9 3.9
E,-[0-8] 5.6 5.4 45 4.6
T-[0-8] 1.30.6) 1.30.6) 1.30.7) 1.30.7)
Epeak 5.6 5.6 3.8 3.8
9.5 9.5 9.5 9.5
13.9 13.7
16.4 16.2 15.5 15.6 E=14.1(0.5)[55]
I'= 4.000.5) [55]
% EWSR % % % % %
[0-40] 84.3 85.1 80.2 80.9
[11-25] 71.7 63.3 71.6 59.1
[0-8] 4.6 4.6 3.1 3.1
[10-18] 57.5 44.7 53.7 43.6 4210 (p,p’) [47]

46+9 (a,a’) [55]

46+ 14 (*Ne+%zr) [51]
23=14 (*°Ar+zr) [52]
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TABLE X. Same as Table IV for the GMR if?%Sn.

PHYSICAL REVIEW C 63 064305

Theory
1205n / 0" RPA (0 (i) (c+i) Experiment
E;-[0-40] 17.4 17.8 17.1 17.6
E5-[0-40] 18.6 19.7 18.6 19.7
T-[0-40] 3.62.7) 4.6(4.0) 3.93.1) 4.84.2)
Epeak 16.8 16.4 16.1 15.9
18.5 17.7 E=15.3[48]
'=3.7[48]
% EWSR % % % % %
[0—40] 95.9 94.7 93.8 91.7
[8—20] 90.2 65.5 77.1 65.0
[12-20] 78.7 63.6 75.0 63.0 6115 (p,p’) [47]

72+ 14 (a,a’) [55]
120 («,a’) [49]
74+15 (a,a’) [56]

64.6-14 (a,a') [57]
94+20 (*"0+*2%n) [50]

In this expressiong runs over different states of considered

(%EWSR[Emm,Ema,ng (YEWSRH, multipolarity, and a Lorentzian shape is assumed for each
mode in the calculations. We note that Gaussian shapes
Emax T /2 rather than Lorentzian only slightly change the reported val-
X JE E—E 2_T2/2’ ues. In Tables IV-XV, we compare the results of our calcu-
min ( o) o lations for the percentage of EWSR with experiments in the
(25 energy interval around the peak energy of the corresponding
TABLE XI. Same as Table IV for the GDR iA?%Sn.
Theory
205n /17 RPA () (i) (c+i) Experiment
E,-[0-40] 14.8 15.2 14.5 14.9
E4-[0-40] 16.6 18.0 17.0 18.2
T-[0-40] 4.43.7) 5.34.8) 4.84.3 5.6(5.1)
E,-[0-8] 3.7 3.7 3.7 3.7
E,-[0-8] 5.2 5.3 5.3 5.3
E,-[10-25] 15.2 15.2 14.8 14.9
E,-[10-25) 15.9 16.0 15.6 15.8
Epeak 2.7 2.7 2.7 2.7
10.3 10.3 10.3 10.2
14.3 134 13.6 13.2
16.9 18.0 17.9 E=15.4[66]
I'=4.89[66]
% EWSR % % % % %
[0—40] 99.0 101.5 97.2 99.6
[0-8] 1.3 1.3 0.8 0.8
[8—20] 85.7 80.6 814 78.1
[13-18] 66.1 55.3 57.1 47.8 62y(x) [58]
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TABLE Xll. Same as Table IV for the GQR if?%Sn.

Theory
120gp /2" RPA (©) @) (c+i) Experiment
E;-[0-40] 15.8 16.3 15.6 16.1
E5-[0-40] 17.8 19.6 18.1 19.7
T-[0-40] 4.84.2) 6.1(5.7) 5.34.8) 6.36.0)
E,-[0-8] 5.8 5.8 4.9 4.9
E,-[0-8] 6.3 6.3 5.5 5.6
E,-[10-25) 16.6 16.6 16.3 16.4
E5-[10-25) 17.1 17.5 16.9 17.3
Epeak 6.0 6.0 47 47
12.8 12.6 E=13.3(0.3)[55]
I'=3.7(0.5)[55]
16.6 15.6 15.7 155
% EWSR % % % % %
[0—40] 69.8 68.1 68.0 67.0
[0-8] 2.7 2.7 2.2 2.3
[8—20] 55.1 43.3 52.5 43.0
[10- 16] 40.0 38.4 415 38.3 5813 (p,p’) [47]
41+9 (a,a’) [56]
36=6 (Y'O+12%n) [50]
TABLE XIIIl. Same as Table IV for the GMR irf%pPb.
Theory
208pp / OF RPA (c) 0 (c+i) Experiment
E,-[0-40] 15.3 16.1 15.0 15.7
E-[0-40] 16.5 185 16.8 18.6
T-[0-40] 3.4(2.5) 4.94.4) 4.03.3 5.34.7)
E,—[0—20] 14.6 14.4 14.0 13.9
E-[0-20] 15.0 14.9 145 145
T-[0-20] 2.2(1.4) 2.41.8) 2.2(1.5) 2.41.9
Epeak 16.3 14.2 13.9 13.6 E~13.6[1,49]
'~ 2.5[1,48]
% EWSR % % % % %
[0—40] 99.2 102.6 96.8 100.1
[0—20] 88.5 70.7 75.9 65.8
[10-16] 66.0 58.4 68.8 59.0 6817 (p,p’) [47]

64+ 13 (a,a’) [55]
61+ 13 (a,a’) [49]
59 (a,a’) [59]

69 (p,p’") [60]

64 (°*He2He) [61]
84+30 (*'0+2%%pb) [62]
92+8 (Y'0+2%pb) [50]
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TABLE XIV. Same as Table IV for the GDR iR%Pb.

PHYSICAL REVIEW C 63 064305

Theory
208pp 1~ RPA () @) (c+i) Experiment
E;-[0-40] 13.2 13.7 12.8 13.3
E5-[0-40] 15.3 16.8 15.9 17.0
T-[0-40] 4.23.5 5.24.7) 4.94.3 5.6(5.1)
Epeak 2.1 2.1 2.1 2.1
13.0 12.5 11.6 11.4
16.7 16.7 16.7 16.7 E=13.5[66]
'=4.0[66]
% EWSR % % % % %
[0—40] 99.2 101.8 95.9 97.2
[0-5] 0.1 0.1 0.1 0.1
[5—15] 70.7 59.8 65.0 59.2
[15— 25] 23.9 32.3 23.2 28.0
[10—17] 75.5 66.0 66.1 61.0 68y(x) [63]
91 (y,x) [64]
90 (y,x) [65]
68 (p,p’) [60]
TABLE XV. Same as Table IV for the GQR iA*%b.
Theory
208pp | 2+ RPA () @) (c+i) Experiment
E,-[0-40] 115 12.4 11.2 12.0
E5-[0-40] 14.6 17.6 15.4 18.0
T-[0-40] 4.94.4) 6.6(6.4) 5.6(5.2) 7.06.9)
E,-[8-20] 13.2 13.0 12.5 12.6
E,-[8-20] 135 13.9 13.0 13.6
T-[8-20] 1.7(1.2) 2.82.6) 1.91.5 2.82.7)
E,-[0-§] 5.1 5.1 4.4 4.4
E,-[0-8] 5.9 5.9 5.1 5.1
r-[0-8] 1.8(1.6) 1.8(1.6) 1.6(1.2) 1.6(1.2
Epeak 6.2 6.1 4.9 4.8
13.0 11.2 12.1 10.8 E=10.9[55]
I'= 2.40.4) [55]
13.8 13.8
% EWSR % % % % %
[0—40] 92.4 93.4 89.0 90.6
[0-8] 10.7 10.5 9.2 9.1
[8—12.5] 15.5 25.2 39.0 27.5 4912 (p,p’) [47]

44=10 (p,p") [67]
44+8 (p,p’) [68]
62=11 (p,p’) [60]

50+8 (O+Pb,H-) [62]

50+5 (a,a’) [55]

33+ 8 (YO+2%D) [50]
36=9 (*Ne+20%b) [51]
3612 (“°Ar+2%%pb) [52]
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TABLE XVI. Experimental energies of peak position, observed
in the GQR of?°®%Pb in (p,p’) and (e,e’) experiments. Calculated

7]
E 30 R of*Pb in _
= peak positions including the coherent, the incoherent, and the co-
P herent plus incoherent self-energies are reported under columns in-
S 204 dicated by(c), (i), and(c+i), respectively.
-+
?; (ee’) [2]  (p.p)[61] (p.p)[3] (ctD) (© ()
a 10 8.9 8.9 8.9
g 9.4 9.3 9.4 9.3 9.3 9.3
8 0 9.6 9.6 9.9 9.9
8 9 10 11 10.1 10.1 10.2 10.3
10.7 10.6 10.7 10.7 10.8
E, (MeV) 115 11.0 11.0  11.3
FIG. 8. Thin line: the strength function for GQR #¥Pb, which 11.9
is calculated including the coherent and the incoherent self-energie
with a smoothing parametey= n,=0.025 MeV. Thick line: the
experimental spectra obtained in the inelastic electron scattering 2. Fine structure in*%Pb
experiment. The calculated strength obtained in our microscopic cal-

culations for the GQR of%%b is displayed in the bottom
giant resonance. In all cases, our calculations provide a godeenel of Fig. 4. As in the case dfCa, global shape of the
description for the experiments. In general, the introductiorstrength exhibits a splitting of the GQR response into two
of coherent and incoherent mechanisms gives a better d8Jain peaks at 10.8 MeV and 13.8 MeV. The first peak is
scription of available experimental data. However, in soméVell known and is correctly reproduced by our calculations,
cases, the percentage of the EWSR obtained in RPA aIreaﬁg”e the RPA alone does not give a correct description.

[ i ; , the fraction of the EWSR is slightly smaller as
gives the good order of magnitude. We pay particular attent'OWEVer (
tion to the GQR excitations irf°Ca and2°®Pb, since both compared to the experimefgee the bottom of Table XV

have been extensively studied experimentally and have giveEhe second peak has never been observed but s also present

long-standing discussiors] in second RPA calculatior|,7].
9 9 ' Our calculation, which assumes a rather large value of the

smoothing parameter, only gives a global shape of the
1. Splitting of the2™ resonance in*°Ca strength distributions. In order to reveal the fine structure on
top of the global shape, we also perform calculations with a

. o . . .
The GQR response iffCa is known to be split into t.WO smaller smoothing parameter= 7= 0.025 MeV which cor-
components with energy around 13.5 and 18 MeV with al- . : .
responds to experimental resolution. The corresponding

I 0 0,
rbncizt an iqu_?rllfr%ctlon. OI. the IfE\t/r\:gﬁfround 3,?? to SfO/o.for strength distribution is presented in Fig. 8 for the collective
oth peakk The description of this fragmentation by micro- energy region 7.6—11.8 MeV. The calculated response is

scopic calculations is a problem. Only recerith,17, mi- ;o mnared with the inelastic electron scattering dataThis
croscopic calculations assuming ground state Correlat'onéxperimental data presents a well-defined fine structure
and coupling to low lying states reproduce a global splitting.yhich is also observed with a one-to-one correspondence in
However, these calculation; describe the g_lobal trend of thg .p') experimentd3]. In Fig. 8, we see that the calcula-
response and do not provide an explanation for the equajons agree with the part of spectral properties of the peaks in
partition of the strength. o the vicinity of the collective energy. However, we note that
Looking at Table VI, we see that our calculation with the e|ow 9 MeV, the fine structure is almost absent in our de-
coherent and incoherent mechanism not only reproducesgription. The peak positions observed experimentally and
splitting of the strength into two main componefee Fig.  gptained in our calculations are reported in Table XVI. We
1) but also gives rise to an equal splitting around the main.ap see from this table that fine structures are already present
peak (31% in the interval 10-16 MeV and 33.6% in the j; the coherent case while they are absent in the incoherent
interval 16-22 MeV, that matches with the experimental 4ne \when both effects are inciuded, it seems that part of the
data. When only the coherent self-energy is included, th‘f)eaks are perfectly located as compared to recprp’}
calculations cannot reproduce the splitting, but give the perayperiments. It has been recently discussed that other peaks
centage of the EWSR, v_vhich is comparable to those obtaineﬁl]ight be coming from dipole excitatiori§9]. It is also pos-
in Ref.[17], i.e., a too high percentage of the EWSR for thegjpje that missing peaks might be due to the fact that part of

second peak and a too low percentage for the first one.  he two-body correlations are neglected in the present de-
~ This particular example demonstrates the necessity of tak:;cription or coming from higher order correlations.
ing both coherent and incoherent damping mechanisms at the

same time and illustrates the complementarity of the two
effects. Indeed, without the coherent mechanism splitting of
the strength is not found while without the incoherent damp- In this article, we carry out a systematic investigation of

ing the EWSR is not reproduced. the effect of coherent and incoherent damping mechanisms

V. CONCLUSION
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on the collective response in spherical nuclei at zero temergies are located very close to the calculated energies.
perature. Our calculations indicate that both mechanisms Our study demonstrates the importance of coupling to
play important roles in a proper description of the nuclearow-lying surface modes for the understanding of fine struc-
collective response. An extensive comparison with experitures in collective response. For this purpose, the extended
mental data is presented in terms of the fraction of exhausteghean-field description that includes both the incoherent and
EWSR for the GMR, GQR, and GDR for a number of nuclei. gnd the coherent mechanisms in a consistent manner appears
We show that the presented calculations are in reasonabig pe a promising tool for the understanding of fine-structure
agreement with the observed collective response. Special giroperties in the fragmentation of giant resonance excita-

tention has been given to the GQR response in calcium angbns. It will be interesting to carry our similar investigations
lead nuclei where a large amount of experimental and theogat finite temperature.

retical work exists. In particular, we show that, while the

usual mean-field theory is unable to explain the equal split-

ting of the 2" state, the inclusion of both coherent and inco- ACKNOWLEDGMENTS
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