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Phonon damping model using random-phase-approximation operators
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A fully microscopic interpretation of the phonon damping mo@DM) is proposed. The phonon operator,
which generates the collective excitation such as giant dipole reso@id®), is constructed from coherent
particle-hole pairs. The phonon energy is determined as the solution of dispersion equation within the random-
phase approximatiofRPA). The phonon structure is found in term of RRAandY amplitudes. The formalism
is illustrated by numerical calculations within a schematic model. The results of calculations demonstrate the
same feature of GDR as a function of temperature obtained previously within PDM-1, which employs struc-
tureless phonons.
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The phonon damping modéPDM) has been proposed . :
recently in a version called PDM{1L], and developed fur- H=2 Eala;—k E ffir BuBirrs fu="fi,
ther to include all the processes up to two-phonon ones in a ° kil (1)
version called PDM-22]. This model has been shown to be
efficient in the description of several important nuclear phewhereBLzalau with (k1) running over all ph), (pp), and
nomena such as the observed increase and saturation of t}gn) indices. The use of the separable force does not reduce
width of giant dipole resonancéGDR) in highly excited  the generality of the results, but it will allow an analytic
nuclei [1-4], the electromagnetic cross sections of doubleso|ytion of the schematic model, which will be considered
GDR (DGDR) in ***Xe and***Pb([5], and the appearance of |ater as an illustration of the formalism. For simplicity, we do
the pygmy dipole resonan¢®DR) in light neutron-rich nu- ot distinguish neutron and proton systems as well as the
clei [6]. The GDR has been generated so far within PDMiggscalar and isovector parts of the paramétén Eq. (1)

using a structureless phonon. As such, the PDM has onlyjiher. Using the standard RPA phonon oper@{)r
three parameters, which are the unperturbed phonon energy

wq, the particle-hole §h) interaction vertexr; at zero tem-
perature T=0), and the particle-particleppp) and hole-hole Ql=> (XEBL = Y4B, 2
(hh) interaction vertexr, at T#0. The parameters, and Ph
F, have been adjusted so that the calculated GDR enerqy
and width atT=0 reproduce their experimentally extracted
values. The value of, is chosen af =0 so that the GDR
energy remains stable &t 0. In order to construct a fully
microscopic version of PDM, it is desirable to calculate the
structure of phonons starting from a microscopic Hamil- H=2) E.ala;—k>, fkl[z fph(xmjuyg;]))}(slﬁ By
tonian with two-body residual interaction. This is the aim of s klv ph

the present work, in which we will construct the phonon x(Q'+Q,)

operator from the coherept pairs within the random-phase ooy
approximation(RPA) using a model Hamiltonian with a re- 2 .
sidual interaction in the form of separable two-body forces. =2 Esalas—k> [E fph(xg;'n)—i_Yg;w))} (QlQ,,

The formalism is illustrated by numerical calculations within S »y' | PR

a schematic model. The results obtained will be discussed in +QVQV'+2Q1QV')- (3)
comparison with the main feature of GDR as a functiofT of

obtained within PDM previously, and observed in experi-The scattering termsk3

e express theph) channel in the residual-interaction part
of Eq. (1) in terms onZ and Q, so that Eq.(1) can be
rewritten as

t
pp,plpifpp,fplpinp,Bplpi and

ments[7]. ! N
We consider the following model Hamiltonian with a two- kzhh’hlh;fhh'fhlh;BrTm'Bhlhi are neglected in the transition
body residual interaction in a separable form: from Egs. (1)—(3). As they contain no one-phonon terms,
they have little influence on the damping of the RPA phonon
excitations atT= 0 in the lowest order, considered in the
*Electronic address: dang@rikaxp.riken.go.jp second term at the right-hand siRHS) of Eqg. (3). It has
"Electronic address: akit@rima@sangiin.go.jp been shown in Ref8] that the effect caused by the scatter-
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ing terms on the RPA phonon energies is negligible excepbnly few of them are collective, which can generate the
for very low-lying states in transitional nuclei. At finite tem- giant resonance such as GDR. They are formed by coherent
perature, an approximate estimation of the effect due to theh components in the subspaf@} of the totalph space,
scattering terms can be made applying the standard methaghich we call collective subspace hereafter. These collective
of lowering the order of Green’s functions within the samephonon excitations form a collection of harmonic oscillators
decoupling scheme, which was used to derive the equationgistriputed around the most collective excitation, which cor-
of the PDM-1[1,9]. We find that the inclusion of these terms responds to the resonance peak within RPA. The mean de-
leads only to the following renormalization of the single- \;iation from the center of this distribution is called the Lan-
particle energyes: dau width (Landau dampingof GDR. Other solutions are

E'—E.— E noncollectiveph states, in which on@h component domi-
s T nates in the RHS of Eq2). The Hamiltonian(5) is nothing
ON+1 but the PDM Hamiltonian, where the first two terms at the
SEs= 211 k>, [fse]%(1—2ng)(sS =pp’ or hh'), RHS represent the noninteracting single-particle and phonon
s s’ @) fields, respectively, while the last term is the coupling be-

tween these two fields. It is this coupling that causes the

where\ is the multipolarity of the phonon. The numerical damping of phonons beyond RPA. The quantities and
estimation carried out for the hot GDR #%Sn has shown F{, which enter PDM as parametets, and F9 [1,2,
that the change due to the effect of such a single-particleagpectively, are now calculated microscopically from the
energy renormalization on the GDR width does not excee

y . ) PA ener , the transition matrix elementg,, the cou-
6% within the temperature intervakOT<6 MeV (see Figs. . consi};arza and the RPA amplitudex®) 3'(”@) All
8 and 9 of Ref[10]). Furthermore, only the term, which piing ' P ph ph -

contains ZQTQ » in the RHS of Eq(3), contributes, together the results of PDM1,2], Fheref.org, are applicable using Eq.
with the single-particle mean fieldhe first term at the RHS ©). 'TS th? thGDRRPXaT]pIng W,:thmthDM IS dcr?kl:sed fby the
of Eqg. (3)], in the procedure of linearizing the equation of coupling ot the phonons to gih, pp, an | configu-
motion to obtain the RPA equation. This givEsw,Q'Q, as rations beyond RI_DA, it is not the Landau damplng discussed
the result, where», is the phonon energy found asythe solu- @bove. The equations of PDM-1 are used in the present work.
tion of RI5A equa;ion. Therefore. in order to avoid double N realistic calculations, the formalism developed above
counting with retaining this term in the form as of the first allows us to use the single-particle energies obtained within a
line of Eq. (3), it must be subtracted from the part of Hamil- self-consistent method such as the Hartree-Fock one, or

tonian linearized after RPA. As the result, we can rewrite the/Vithin a mean-field potential such as the Woods-Saxon one.
Hami|tonian(3) in the fo”owing form: The matrix elementgm can be calculated from the mean-

field potential or by using different kinds of effective forces
_ + ~ .t Nt + such as the Skyrme interactions. The conskaieimains then
H _ES Esa5a5+zy w“QvQVJr% Fl’a@(Q)+Q.), the only parameter of the model. In the present work, as an
(5) illustration, we prefer to carry out the numerical analysis
within a schematic microscopic model similar to what pro-
posed in Ref[11]. This model consists dof single-particle
2 levels with a degeneracy equal to 2, which have an equal
®,=w,~dw, JSw=—2kK > fph(xga)juygvh)) (6)  spacingE, except for_a shell ga_n above thel 4,5th level. .
ph Thus, the single-particle energies measured from the Fermi
energyEg are Ej= (1 —1)Eq—Eg for 1 <l<Lgy,, andE,
=(I—2)Eo+A—Egfor Lyye<I<L. The Fermi energge is
defined atT+# 0 from the condition Zfn,=N. In order to
Fi=—2kf 2 fon(X{D+YED). (7 mimic the GDR, we choose the following values for the
ph parametersiL =200, Lg,,=100, Eq=0.15 MeV, A=6.62
JMeV, andk= —0.18 MeV . The negative value df cor-
[esponds to the repulsive force, which takes place in the case
of GDR. With this parameter’s selection, the Fermi lelZedt

is the “shifted” RPA energy, and

Similar results can be obtained using a nonseparable for
such as the Skyrme interaction or that of the shell-mode

after replacingkfy,f,,;; with a two-body matrix element . ) _ :
PlacingX i e () 1 v(v) 32/ - T=0 is located in the middle of the shell gap, i.e., between
Vigirir - In this casek[ 2, f pn(Xph + YpR) 17 in Eq. (6) obvi- .
v becomess vV (X(")+Y(V))(X(") Ly ) 100'Fh and.lolst Ie_vels. The schematic picture of energy lev-
ously php'h’ Vphp'h'\Aph ™ Yph )W ph ™ Yprnr)- els s similar to Fig. 1a) of Ref. [11]. The values of the
However, the RPA equation in this case does not have ap,,irix elementf,| are chosen to bé,,=0.18 MeV for all

analytic solutpn, but has to_ be dlagonailzeq num_e_rlcally. '”ph transitions, and ,, = f,, =0.4961 MeV for allpp and
Eq;(5) we retain the mean-field paBsEsasas in addition o gnes. We assume that the giant resonance state, which we
EVwVQIQV as the former still and only contributes in the refer to hereafter as the GDR, is generated within RPA in the
derivation that involvesalﬁa| beyond RPA. Therefore, there collective subspac¢C}, which consists ofp and h levels

is no double counting for this term either. In general, the RPAvhose distancé&,—E, is equal toE=12 MeV. The RPA
equation produces many solutions for phonon excitationgphonon energy is then found analytically as
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T T T T T T . o o f D E _E)
o — w—ow—P(w)=0, P(w)=—8k2 le_kz
20 - o -——- - K (Ej—E) "~ w
—_ O+0@® - (10
>
%’ B 1 The strength functiors(w) and the phonon damping(w)
= SRR are calculated according to R¢l] as
T 10 J
[0
L 1 ¥(E,)
5 | . S(E,)= - 2 . 2’
(E,—o)"+[¥(E,)]
0 ] ] ] ! ! I (11)
0 1 2 3 4 5 6 7
E,) =7k, (f)?°D8(E,—E+Ey).
T (MeV) Y(E,) % (fu)Dro(E,—E+Ey)

FIG. 1. The GDR energy as a function of temperature. The solid The calculations have been carried oufTat0—-7 MeV.
line is energyw obtained from Eq(10). The dashed line shows the The & function in the expression for the dampingE,) in
RPA energyw (8), while the dotted line stands for the shifted RPA Eg. (11) is smoothed using(x) = (2ri) " (x—ie) "1+ (x
energyw (6). +ig) 1] with £=0.2 MeV in the calculations. The Fermi

energyEr is found to be almost temperature independent.
5 The RPA energy, the shifted RPA energyp, and the GDR
0=E\/1-8k>, f5:Dpn/E, 8 energyw are shown in Fig. 1 as a function ® The shifts
< gyw are shown in Fig. 1 as a function e shiftéw
is 0.37 — 0.38 MeV, which is only around 3% of the GDR
whereD ;= n,—ny with the single-particle number, given  energy. The RPA energy and the shifted RPA energy are
by t_hle Fermi-Dirac distributionn,={ex{ (Ex—Eg)/T]  found to be almost independent &f The GDR energyw
+1;7". The RPA amplitudeX,, and Yy, with np>ny are  geyiates fromm by at most~0.7 MeV atT=1.5-2 MeV. In

given as general, this figure shows that the GDR energy is rather
stable against varying. This also leads to a very weak in-
X :i fonVDpn Y :i fonvVDpn crease of the matrix elemeff) with increasingT so that
PPN E-o PPN Eto they can be considered to be temperature independent, and

(99 equal toF,,=F;=0.67x10"* MeV, and F,,=Fy,=F,

2\ /EeS 120 =0.17 MeV. .
‘Uph ph“ph Shown in Fig. 2 are the calculated strength function

N= R . S(E,) at several temperatures, and the full width at the half
[E*— o maximum(FWHM) I'=2y(E = w) as a function off. The
. , . . width I" is the total width caused by coupling of GDR pho-
Using Eq.(9), we find that the RPA energy is shifted down 1, 45 ajiph, pp, andhh configurationgsolid line in Fig.
t0 © by dw=—2K(E/®)Z pyf2,VDpr/SpnDpn as given by 2(b)]. The quantal widtt" o due to coupling of GDR phonon
Eq. (6). The Landau damping within this model is zero asto only ph configurations, and the thermal width due to
there is only one phonon state, which generates the GDRsoupling to onlypp andhh configurations aff #0 are also
The resonance centroid energyis found within PDM as the shown in Fig. 2b) as the dashed and dotted lines, respec-
solution of equation for the pole of the Green function fortively. The total widthI" increases sharply with increasiig
phonon propagatiofl], which takes a simple form in this up toT=3-4 MeV, and saturates at>4 MeV in agreement
case with the trend observed in experimertg]. This feature

T (MeV)

E, (MeV) T (MeV)
FIG. 2. Temperature dependence of the strength funcii@nand width(b) of GDR. In (a) solid, short-dashed, long-dashed, dotted,

dash-dotted, and dash—double-dotted lines are results- 8t 1, 1.5, 2, 3, and 5 MeV, respective(p) The thick solid, dashed, and dotted
lines are the total width", the quantal widtH'g, and the thermal widtfi'r, respectively, as described in the text.
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is mostly dictated by the thermal width;. The quantal microscopic Hamiltonian with a two-body residual interac-
width I, decreases with increasing The behavior of the tion, confirming the microscopic foundation of PDM. The
quantal, thermal, and total widths as a functionfaf con-  numerical analysis within a schematic model shows that the
sistent with the results reported and discussed previouslgnergy shift due to exclusion of double counting is not sig-
within PDM [1,2]. Figure 2a) also shows that the low- nificant for GDR as it amounts to only few percents of the
energy part of the GDR shap&(<8-10 Me\) becomes  resonance energy obtained within RPA. This has been actu-
enhanced strongly, while the high-energy té&il,&-17 MeV)  ajly taken into account in Ref§1,2] by adjusting the unper-

is depleted weakly with increasing As T approaches the rhed energyw,, of the structureless phonon so that the cal-
value of the shell gap, the shape of the GDR peak becomesjated GDR energy coincides with the value extracted in
slightly skewed toward a higher energy, but the centroid regyneriments. The numerical results within this simple sche-
mains nearly unchangedee also Fig. 1 We also found that 1\ a4ic model also confirm the general features of GDR as a

the maximal absolute value for the shdE; of the single- function of temperature. They include a position of the GDR,

particle energies in Eq4) is 2.124<10° ' MeV at T=5.5 which is rather stable agai .
N . B gainst and the behavior of the GDR
MeV (with A =1 and the degeneracy 2 1=2). At lowerT width, which increases sharply with increasifigup to T

the shift is much smaller. Such a negligible shift practically:3_4 MeV, and saturates at hightr It is also confirmed

causes no effect on the GDR width. Sthat the quantal widtl' 5 due to coupling of GDR to onlph

In conclusion, we have shown how the phonon operators, <" : N
which PDM uses to generate GDR, can be constructed frorfonfigurations does not stay constant, but decreases with in-

RPA. This allows the PDM Hamiltonian to be derived from a créasingT.
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