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Quantal and Thermal Dampings of Giant Dipole Resonances ifZr, 12°Sn, and 28Pb
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The damping of the giant dipole resonance (GDR) is studietiZn, '>°Sn, and®®Pb as a function
of temperaturel’. The results show that the coupling of GDR to the and hh states is responsible
for the increase of the GDR width with increasifigup to 3 MeV and its saturation at high&t The
guantal width, caused by the couplingsié excitations, decreases slowly with increasing An overall
agreement is found between the theoretical evaluations and the recent experimental data in heavy-ion
fusion reactions and inelastie scattering. At very highl" a behavior similar to the transition from
zero to ordinary sounds is observed. [S0031-9007(98)06119-5]

PACS numbers: 24.30.Cz, 21.10.Pc, 24.10.Pa, 24.60.-k

The giant dipole resonance (GDR), built on compound H =Y Ejala, + Y 0,010,
nuclear states, has been studied intensively during the last 5 q
15 years [1]. The measurements show that the energy + ZFE?/)aTaS/(QT +0,). (1)
of the GDR is rather stable with varying temperature. 59 g 1 1

Its width increases rapidly with increasing excitationthe first term on the right-hand side (RHS) of Eq. (1)
energy E” (or temperaturel) up to around 130 MeV  gecribes the field of independent single particiésand

in Sn isotopes [2—4]. At higheE™ the width increases , = The second term stands for the phonon flgd, 0, }.
slowly and even saturates [3,5-7]. The hgrpund-statqhe last term describes the coupling between the first
GDR (g:s. GDR) acquires an escape widthvia a2y g fields. E, = €, — er, wheree, is the single-particle

or particle emission and a spreading (or quantal) widthynergy and,—the Fermi surface energy. We will simply
I'" by coupling to more complicated configurations. afer to the energyE, as single-particle energy. The
The extension of the microscopic approaches in [8,9] & honon energy is denoted as.

T # 0 shows only a little change of! [10,11]. Shape " \ye introduce the double-time Green’s functions [18],

fluctuations are taken into account to describe thgnich describe (ajhe propagation of a free particle (or
increase in the width al' # 0. The new experimental ole): Gyylt — 1') = <<ay(t).at(t/ MY (b) the propa-

methods involving compound nuclear reactions [12] antyation of a free phonon:G,.,(t — 1) = (Q,(1);
inelastic « scattering [13] allow separating the effects Q}(r’)}); (c) the particle-phonon coupling in the single-
due to thermal fluctuations and due to angular momenyaicle field: ot — 1) = ((as(t)Qq(t);a;r/(t’)», and
tum in the study of hot GDR. The recent caIcuIannsr+ — ) = Uay ()01 (1): 1‘( Y (d) the t ii

in [14], including the thermal shape fluctuations and. ses'\ = ) = (as(1)Qy (1) aplt ; (d) the transition

. : : ; between a nucleon pair and a phono§;,.,(t — ') =
the evaporation width [15], agree nicely with the data ; ss'q .
of [13] Iofor the GDR [Wiglth gin 1209 gnd wpp gt (al(aq(1); 0f(r'))). A hierarchy of coupled equations

I MeV < T =3MeV. The effects of angular mo- for Green'’s functions is o_btai_ned, following the stqndar_d
mentumJ are important only at rather high = 357 procedure: We close thI.S hierarchy to the funct!ons in
at T = 1.5-1.8 MeV and only in a lighter nucleus (a)—(_d) using the de_zcoupllng scheme in [18]. Mak_lng the
1065 [16]. Recently, we have demonstrated in [17]E§5;'erfsair;gggﬁ(tgn ;ﬂ?; za%rgng%ﬁezgdrgls?g
that the coupling of the GDR excitation to thep and themgin terms ofG (E’) andG’ (E), we oztainpa set(?f
hh configurations, which appear &t # 0, leads to the 53’ 4=

thermal damping of the GDR. In this Letter, elaborating:\r’]vo e(}luatiogs rl:oer/(E) and ?q;q’(E)’ Whi(;.h ollesclgibeth
further this concept, we will perform a systematic e p (k) and phonon propagations, respectively. For the

. . L .
study of the width of the hot GDR if°zr, '2°Sn, and pLopagan:)r; of_a S,”:E@ (or h) st.tatesb— s' and a single
28Pp in a large range of temperature up to at leasP1ONON Stalg = ¢ hese equations become

T~ 6Mev. N GA(E) = 5= [E — E, — MJ(E)]™,

The coupling of collective oscillations (phonons) to the 27
field of ph, pp, and hh pairs can be studied using the E) = 1 E— — P (E! 2
model Hamiltonian: GolE) 277[ @ B @

where the mas3/(E) and the polarizationP,(E) op-
erators are

@) pla) [ Vg + 1 = ny ny + vy (¢) lg) Mg — Ny
M (E) = F o Fg + N P,(E) = F i Fg . 3
S( ) % s s's (E _ Es’ — wy E — Es’ + Wy q( ) Z ss/Lsls E — Es’ + E_y ( )

ss!
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Closing the hierarchy to the functions (a)—(d) restricts the coupling4ii) to at mostp 14 configurations if the one-
phonon operator generates the collectiveexcitation. The effects of coupling &p2h configurations can be included

by extending the hierarchy to higher-order Green’s functionslpfl: & phonon” type (Figs. 3 and 4 of [10]) or two-
phonon type (Fig. 1 of [11]), etc. The numerical calculations in [10,11,19] have shown that the effects of these graphs
onI'! depend weakly of. In factI'! in °Zr and>*®Pb have become even smallerfat= 3 MeV in [10]. Therefore,

in the present Letter, in order to avoid the complicated procedure of taking these graphs into account microscopically,
we consider this effect to be independentfoénd include them in the parameters of the model defingd-at0. The
dampingsy,(w) of the single-particle angt,(w) of the phonon states are derived as the imaginary parts of the analytical
continuation in the complex energy plane= w * ie of the mass¥/;(e) and polarization operatofy, (E), respectively:

V)= 7> FOF Dy + 1= n0)d(0 — Ev — wg) + (g + v)8(0 — Ev + w,)], 4)
q/S/

We assume for simplicity that the g.s. GDR is generated
by a structureless phonon with energy, close to the
5) energy Egpr(T = 0). The single-particle energies are

obtained within the Woods-Saxon potentials 7at= 0
The single-particle occupation number (for phononv,) ~ for *°Zr, 1°Sn, and**Pb, whose parameters have been
in Egs. (3)—(5) has the form of a Fermi (Bose) distributiondefined in [21].  The matrix elements of the (CgUplmg to
folded with a Lorentzian with a widtRy,(w)[2y,(w)]  ph, pp, hh configurations are parameterizedl@,% =F
and centered at E; = E, + My(E,)[@, = w, +  for (s,s") = (p,h) and F@9 = F\Y = F, for (s,s) =
Py(&4)]. If 7y, is small, n; can be well approximated (p,p’) or (h,h'). The phonon energy, and F, are
by an exact Fermi distribution function with energy.  chosen so that the empirical quantal widtp and energy
For v, this is not valid becausg, is large. If the GDR  E;pRr(T = 0) [22] are reproducedF; is chosen so that the
is described by a strongly collective vibration, centeredEgpk(T) remains rather stable with varying temperature.
at energyw, = Egpr(T), whereEgpr(7T) is the pole of They are kept unchanged At+ 0. This ensures that all
G,(w) in Eq. (2), the valud'gpr = 2y,[Ecpr(T)]isits  thermal effects are caused by the coupling between the
full width at half maximum (FWHM). AtT =0, ny is  GDR and the single-particle field, but not by changing
equal to 1 for a hole statéZ, < 0) and O for a particle parameters. We also checked that the GDR sum rule was
one (E, > 0). Therefore,I'gpr in Eq. (5) has a non conserved as temperature was varied. FHenctions on
zero value only in the sum overh configurations (the the RHS of Egs. (4) and (5) is replaced with a Lorentzian
quantal damping), where, — n, = 1. As temperature with a smearing parameter It smooths out narrow peaks
increases, the quantal damping, denoted @gsdecreases and therefore allows calculations on a coarse energy mesh.
as the difference;, — n, decreasesfrom1dt=0to0 To avoid spurious resultg has to be chosen sufficiently
atT = «. Atthe same time there appear the andhh  small. Our results are found to be rather stable in the
configurations because the differenege— ny # 0 also  interval0.2 MeV = € = 1.0 MeV. Those, obtained with
for (s,s') = (p,p')or (h,h) atT # 0. The couplingto e = 0.5 MeV, are discussed below.
pp andhh configurations leads to the thermal damplig The averaged single-particle damping widths .
[17], which increases first with increasirfy However, reaches a value of 1.4 MeV iZr, 1.6 MeV in '2°Sn,
because of the factor, — ny, TgpR Will decrease as and 0.9 MeV in?%®Pb atT = 5 MeV in the energy region
O(T~ ') at largeT. Therefore it must reach some plateaubelow the GDR. In the region above the GDR energy,
within a certain region of temperature. This is a naturall’s ,, < 0.6 MeV and rather stable with varyin@’, in
explanation for the width saturation within our model. agreement with the behavierO(T /w) of y;(w) at high
The coupling topp andih configurations is a microscopic T discussed above. The damping widths of the GDR in
way of taking into account thermal shape fluctuations.?°Sn and®®Pb are displayed as a function Bfin Fig. 1
Indeed, app or hh pair operatorB,, = afay can be in comparison with the inelastie scattering data [13].
expanded as a sum of tensor products of two pair The quantal width['y (dashed curve) is obtained via
operators [20]. If oneph pair operatorB,, has the coupling to onlyph states. The thermal widthi; (dotted
angular momentum and parity of the GDR = 17, the  curve) comes from the coupling tep and ik configu-
other ph pair can have the angular momentum and parityrations at7 # 0. The total width I'gpr (solid-with-
of 2%, etc., conserving the total angular momentum andliamond curve) is calculated via coupling to ah, pp,
parity. Hence, the quadrupole shape fluctuations andnd hk configurations, including the effect of single-
higher multipolarities are taken into account. The singleparticle damping. It is seen that the quantal effects
particle dampingy,(w) increases at high temperaturesbecome weaker in hot GDR ab, is slowly getting
asO(T/w) according to Eqg. (4). At higl one obtains smaller with increasing”. A decrease of the spreading
vs(w1) < vs(w,) for w; > ws. width has also been reported in [10] #Azr and 2*Pb
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FIG. 1. Width of GDR as a function of temperature 18tSn i ) _
() and®®Pb (b). Experimental data of [13] are shown by openF!G. 2. Width of GDR in Sn (a) an¥Zr (b) as a function of
squares. The dashed curve denotes the quantal Wigttthe ~ €Xcitation energy. Experimental FWHM from [2,3] (a) and
dotted curve stands for thermal widify; the solid curve with  [4] (b) are represented by open squares, while triangles, and
diamonds represents the total widtapr (see text). The solid crossed-open squares in (a) stand for the data from [5] and [6],
curve is [gpg, calculated without the effect of single-particle respectively. The solid curve with diamonds represents the
damping. The dash-dotted and short-dashed curves represéMdth T'cpr in our model, plotted as a function df, ;. The
the widths obtained within the adiabatic model [14] without dashed curve is the same width, but plotted as a function of
and with the inclusion of the evaporation width, respectively. £r,.- The solid curve with stars is the same width, plotted as
a function ofE” (See text). The solid curve in (b) is the width
I'cpr calculated without the effect of single-particle damping
) ) and plotted againdfy, ;. In (a) the widths, obtained in [24] and
atT = 3 MeV, including the 1p1h ® phonon” graphs. [25], are shown by the solid and dotted curves, respectively.
The thermal damping widtli'7, on the contrary, becomes

rapidly larger asl’ increases. As a result, the total width
increases sharply ag rises up to 3 MeV and slowly comparison with the FWHM of the GDR from the heavy-
at higher temperatures. It reaches a saturation (arouridn fusion data in tin isotopes [2,3,7] and¥Zr [4], and
14 MeVin'?Sn and 11 MeV in®Pb) atT = 4-6 MeV.  from deeply inelastic reactions [5]. The excitation energy
These results show that the GDR width at higis driven  E* is evaluated in two ways: (iEm = €(T) — €(0),
mostly by the thermal widthl'z. Our results agree wheree(T) is the total energy of the system in the thermal
well with the experimental data. This agreement is alsanean field, where the temperatifeenters as a parameter
better than the one given in [14]. The effect of theafter averaging over the grand canonical ensemble [23];
single-particle damping is rather small up to very highand (ii) Er, = AT?/12 from the Fermi-gas model. An
temperature (compare the solid curve with diamonds t@verall agreement between our results and the data is
the solid curves in Fig. 1). seen in the whole region of*, including 250 = E* =
Shown in Fig. 2 is the same widtfgpgr in our model 450 MeV [3,5,6]. The predictions of [24] (solid curve)
for 12°Sn and®°zr, but plotted as a function of£* in  and [25] (dotted curve) are also shown. They are similar
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to ours atE* = 150 MeV. In this region there is a
discrepancy between the dependenced' @fr on E,,;  the width of GDR in®Zr, 12°Sn, and®®®Pb as a function
(solid curve with diamonds) [23] and oBr, (dashed of temperature. An overall agreement between our results
curve). Collective modes, especially the quadrupole oneand the experimental data is found in a large regdios
also enhance the level density [23] and p&hy closer T = 6 MeV. We conclude that the coupling of the GDR
to Ef,.. Therefgge the same width is plotted in Fig. 2 to the pp and ki, responsible for the thermal widthy,
versus the valu&™ = (E, ¢ + Ef,)/2 for comparison. indeed plays a decisive role in the increase of the total
The correspondence betwedh defined in the thermal width at low E* and in its saturation at higit*. The
mean-field and the effectivg, extracted experimentally, quantal widthI'y, caused by the coupling of the GDR to
still requires further investigation. Hence, these threeonly ph configurations, decreases slowly with increasing
dependences may serve as a reference guideline. T. The effect of single-particle damping is rather small
Shown in Fig. 3 is the same widtfgpr as a function up to high excitation energies. The similarity, observed
of Efé.g~ up to EEg = 900 MeV. The width saturation in this work, between the saturation of the GDR width in
is clearly seen in all three nuclei. The widths- = finite nuclei and the phase transition from zero to ordinary
Topr(T = 0) + bT? with b = 1 MeV~! for I'gpr < sounds in a Fermi liquid deserves further studies.
Egpr (zero-sound region) and's = I'gpr(T = 0) +
C(EGDR/T)2 with ¢ =1MeV for I'gpr > EGpR
(ordinary-sound region) from the Landau theory of Fermi
liquids [26] are also plotted with a phase transition
point at T = 4.1, 3.9, and 3.7 MeV for systems with

In summary, we have presented a systematic study of
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