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Pairing effect on the giant dipole resonance width at low temperature
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The width of the giant dipole resonan¢8DR) at finite temperaturd in 12°Sn is calculated within the
phonon damping model including the neutron thermal pairing gap determined from the modified BCS theory.
It is shown that the effect of thermal pairing causes a smaller GDR widkks& MeV as compared to the one
obtained by neglecting pairing. This improves significantly the agreement between theory and experiment,
including the most recent data point&t1 MeV.
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I. INTRODUCTION which is also caused byp andhh configurations at lowT,
. . . . . .may slow down the increase of the GDR width. By including
Iptenswe experimental studies of highly excited nucle|a simplified T-dependent pairing gap in theAsCADE calcu-
during the last two decades have produced many data on trl‘gtions using the PDM strength functions, REf] has im-

evolution of the giant dipole resonan@@DR) as a function proved the agreement between the calculated GDR shapes
of_ temperatureT and spin. The data_ show that the GDR 4,4 experimental ones.
width increases sharply with increasifigfrom T=1 MeV Very recently they decays were measured in coincidence
up to =3 MeV. At higher T a width saturation has been yjith 170 particles scattered inelastically froF’Sn [16]. A
reported(See Ref[1] for the most recent reviewThe in-  GDR width of around 4 MeV has been extracted Tt
crease of the GDR width witfil is described reasonably well =1 MeV, which is smaller than the value of4.9 MeV for
within the thermal shape-fluctuation modg] and the pho- the GDR width afT=0. This result and the existing system-
non damping model(PDM) [3-5. The thermal shape- atic for the GDR width in*?°Sn up toT=2 MeV are signifi-
fluctuation model assumes an adiabatic coupling of GDR taantly lower than the prediction by the thermal shape-
guadrupole degrees of freedom with deformation parametefffuctuation model. Based on this, Heckmam al. [16]
B andyinduced by thermal fluctuations and high spins in theconcluded that the narrow width observed#iSn at lowT
intrinsic frame of reference. Although this model shows anis not understood. The aim of the present work is to show
increase of the GDR width witfi comparable with the ex- that it is thermal pairing that causes the narrow GDR width
perimental Systematic at 1=o1<3 Mev, the GDR Shapes in -1?08n at |OWT For this purpose \-N-e include the thermal
generated using the strength function of this model diffefP@iring gap obtained from the modified-BCS the¢8y-11]
significantly from the experimental ongg]. The PDM con- 1N the PDM [355’ and carry out the calculations for the
siders the coupling of the GDR fap and hh configurations ~ GPR width in- °Sn atT<5 MeV. _ ,
at T+0 as the mechanism of the width increase and satura- 1Ne paper is organized as follows. Section | summarizes
tion. The PDM calculates the GDR width and strength func-the main equations for the GDR including thermal pairing
tion directly in the laboratory frame without any need for anWithin the PDM and discusses in detail the physical assump-
explicit inclusion of thermal fluctuation of shapes. The PDM tions of the PDM. Section Il analyzes the results of calcula-
reproduces fairly well both of the observed wid®4] and ~ tions of GDR width, energy, and cross section féisn at _
shape[5,7] of the GDR atT#0. finite temperature in comparison with the most recent experi-
In general, pairing was neglected in the calculations fo,mental systematic. The paper is summarized in the last sec-
hot GDR as it was believed that the gap vanishesTat {ion, where conclusions are drawn.
=T.<1 MeV according to the temperature BCS theory.
However, it has been shown in R¢8] that thermal fluctua- 1. MAIN EQUATIONS FOR HOT GDR WITHIN PHONON
tions smear out the superfluid-normal phase transition in fi- DAMPING MODEL
nite systems so that the pairing gap survives upTto
>1 MeV. This has been confirmed microscopically in the
recent modified Hartree-Fock-Bogoliub@idFB) theory at
finite T [9], whose limit is the modified-BCS theof{0,11]. The quasiparticle representation of the PDM including
Other approaches such as the static-path approximglt®jn  pairing has been already reported in Réfz]. Therefore we
shell-model calculationfl3], as well as the exact solution of discuss here only the final equations, which will be used in
the pairing problenj14] also show that pairing correlations numerical calculations. According to this formalism the
do not abruptly disappear at+0. It was suggested in Ref. GDR widthI'gpg is presented as the sum of quariiag)) and
[15] that the decrease of the pairing gap with increading thermal(I'y) widths as[3-5,17

A. Equations for GDR width and energy including thermal
pairing
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Pepr=Tq+TI, (1a WhereY}ij) is the RPA backward-going amplitudé is the
multipolarity). Since for collective high-lying excitations
such as GDR one ha#szjJ,')|<l, we expect the value

1ﬂQ_ZWFZE [u A1 - Mp = ) Ecor ~ Ep ~ En), n(T=0) to be negligible.
The GDR energyEgpr is found as the solution of the
(1b) equation
w—wg—P(w) =0, (3)

Iy= 271":2 2 [U ]Z(ns' —Nng 8(Egpr— Es+Ey), (10)

¢ where wq is the unperturbed phonon energy aR() is

the polarization operator:
where(ss)=(pp’) and(hh’) with p andh denoting the orbital

¥ (12~ _
angular momenta, and j;, for particles and holes, respec- P(E) =F2> [u(ph)]z(l ~Mp = Nn) _ ng W
tively. The quantal and thermal widths come from the cou- on  E-Ep-Ej ey E-EtEy
plings of quasiparticle pairfa]®afl v and[al&ay] v to @
the GDR, respectively. At zero pairing they correspond to the

couplings of ph pairs, [l &3] v, and pp (hh) pairs, [al  Note that, in general, there are also backward-going pro-
®dy |Lm, to the GDR, respectivelgThe tilde ~ denotes the cesses leading to the terms d(w+E,+E;) and &w+Es
time-reversal operatign The quasiparticle energids=[(g; -Ey) as has been shown in Eq614) and (15) of Ref.
—_)2+A2]1’2 are found from the modified-BCS equations [17]. However, as the maximum of these terms is located
(39) and (40) of Ref. [11], which determine the modified at )negative energy w=—(E,+E) <0 and w=-(E
thermal gapA and chemical potentials from the single- ~E) <0, respectively, their contr[butlon_ to the GDR,
particle energies; and particle numbeN. From them one which is located at»=Egpr>1 MeV, isnegligible. There-
defines the Bogoliubov coeff|C|ent§ v;, and the combina- fore these backward-going processes are omitted here. It

tionsu™ )—upvh+vpuh, andvsg—ususr vy The quasiparticle is now easy to see that, at zero palrmgto one hasu,

occupatlon numben; is calculated a$4] =1,v,=0, u,=0, v,=1 so thafu)1?=1, [b{/]P=1. As for
the single-particle occupation numbé&t one obtainsf,
1( ne(E)y,(E) =1-n, and f,=n, The PDM equations foA=0 in Refs.

n=_ dE, (2)  [3,4] are then easily recovered from Ed&)—(4).

7 [E-E-ME)F+#(E)
B. Assumptions of phonon damping model

ne(E) = (e¥T+ )7, The PDM is based on the following assumptions.

(i) The matrix elements for the coupling of GDR to non-
where M;(E) is the mass operator ang(E) is the quasi- collective ph configurations, which causes the quantal width
particle damping, which is determined as the imaginaryl'g (1b), are all equal td=;. Those for the coupling of GDR
part of the analytic continuation &fl;(E) into the complex  to pp (hh), which causes the thermal widify (1c), are all
energy plane. These quantities appear due to coupling bequal toF,. The assumption of a constant coupling strength
tween quasiparticles and the GDR. Their explicit expres-is well justified when the width of a collective mode is much
sions are given by Eq93) and (4) of Ref. [3], respec- smaller than the energy randgeE (of order of Egpr) over
tively, in which Eg is now the quasiparticle energy;.  which this mode is coupled to the background stdtes
From Eq.(2) it is seen that the functional form for the so-called weak coupling limit discussed in Refs3,20).
occupation numben; is not given by the Fermi-Dirac dis- (i) It is well established that the microscopic mechanism
tribution ne(E;) for noninteracting quasiparticles. It can be of the quantalspreadingwidth I'q (1b) comes from quantal
approximately so if the quasiparticle dampipgE) is suf-  coupling of ph configurations to more complicated ones,
ficiently small so that the Breit-Wigner-like kernel under such as @2h ones. The calculations performed in Refs.
the integration can be replaced with tAdunction. Equa- [21,22 within two independent microscopic models, where
tion (2) also implies a zero value fay in the ground state, such couplings to [2h configurations were explicitly in-
i.e. nj(T=0)=0. In general, it is not the case because ofcluded, have shown thdt, depends weakly oii. The mi-
ground-state correlationgsee, e.g., Refs[10,18,19). croscopic study in Refl20], where a hierarchy of states of
They lead ton;(T=0) # 0, which should be found by solv- increasing complexity located arouriepg is considered,
ing self-consistently a set of nonlinear equations withinhas also confirmed the near constancy'gflt also indicated
the renormalized random-phase approximatimnormal- that the width of a collective vibration does not depend on
ized RPA. Within the RPA the equation fam; yields the  the detailed coupling to the compound nuclear eigenstates.
approximate expression Therefore, in order to avoid complicated numerical calcula-

tions, which are not essential for the increasd’'gfg at T
. 3 #0, such microscopic mechanism is not included within
ni(T=0) = EJij’ (23+1)/(2) + 1)[Y§J i PDM, assuming thalfg at T=0 is known. The model param-
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eters are then chosen so that the calculdtgdand Egpr ~ and (ii) fit fairly well the experimental systematic for the
reproduce the corresponding experimental valugs=&(see = GDR width including the existing data on the width satura-
below). tion atT=3 MeV. This is partly also due to the large experi-
Assumption(i) is satisfied forF; since the quantal width mental error bars for the extracted GDR width at hig{see,
I'q does not exceed 4.9 MeV. The PDM calculations in facte.g., Refs[23,24). Therefore, af=3 MeV the results ob-
have shown thaf’y decreases from 4.9 MeV af=0 to  tained under these assumptions should be considered as
around 2.5 MeV aff=5 MeV for 12°Sn due to thermal ef- qualitative. This does not affect our present study of the pair-
fects in the factor 1R,-n, (see the dashed line in Fig(al ing effect as the latter is significant only at low temperature
of Ref. [3] for zero pairing. A similar trend was also ob- (T<2.5 MeV).
served in the microscopic calculations of RgF1], where it Within assumptiongi) and ii) the model has only three
was found that the GDR width &=3 MeV is in fact smaller ~ T-independent parameters, which are the unperturbed pho-
than atT=0 (see Figs. 9 and 10 of ReR1] and the discus- Non energyw,, F,, andF,. The parameters), and F, are
sion therem_ That is WhyFQ(T:O) cannot be S|mp|y taken as chosen so that after ﬂ'[ﬂ'\-GDR COUP'Ing is switched on, the
a parameter uniformly added to what is calculatedlfprat ~ Calculated GDR energ¥pr and widthI'gpg reproduce the
T+0 since a widthl'o(T)=I'o(T=0) would lead to a larger corresponding experimental values for GDR in the ground
value for the total widtH'gpr (18) at higherT, worsening the ~ state. AtT#0, the coupling topp and hh configurations is
agreement with the data. activated. Thd~, parameter is then fixed 8t=0 so that the
Assumption(i) becomes poor foF, at T=3 MeV, when  GDR energyEgpr does not change appreciably with varying
the thermal widthl'; is larger than 10 Me\(see the dotted T. The values of the PDM parameters f6fSn are given in
line in Fig. 1(a) of Ref. [3]). Within such a large width one Ref. [4] for the zero-pairing case.
expects a considerable change of the level density of back- In Ref. [4] we have presented an argument that, in our
ground states. To be quantitatively precise, one needs to u&®inion, the effect due to coupling of GDR to noncollective
a self-consistent theory for the strength function, which in-Ph, pp, and hh configurations aff #0 within the PDM is
cludes the Coup”ng to doorway states as in R&@]. Such a tantamount to that of thermal Shape fluctuations. This has
theory is valid for any ratio of'gpr/AE. However, from been demonstrated by expanding the coupling of GDR pho-
assumption(ii) it also follows that the increase dfgpg is ~ NON to noncollectiveph, pp, andhh configurations into cou-
now driven mainly by the thermal width; due to the factor ~plings to different multipole fieldésee pages 437 and 438 of
ny—ns. The change ofy implies a change of the quasiparti- Ref. [4]). In this expansion thep (hh)-pair operatorBlg
cle entropyS,,. The latter is ultimately related to the change Ea;‘as, is expanded in terms of the tensor products of two
of the level density of background states within the realisticph-pair operatorgsee mapping§22) and(23) of Ref. [19]).
mean-field basis. This can be seen as follows. The Comp|8)Each ph-pair operatoerhEapah can be then expressed in
ity of the background states is measured by the informatioferms of the RPA phonon operato@ and Q, with RPA
entropySnf of individual wave fUnCtionS, which reflects the amp"tudesxgh and th_ This leads to Eq(243 in Ref. [4]
complicated relationship between the eigenbasis and repregr the part of the PDM Hamiltonian which describes cou-
sentation basis. Meanwhile, the thermodynamic entrpy  pling between the phonon and single-particle fields. Hence if
of the total system is directly determined by its _statlsucaIQ:r] and Q, are GDR phonon operatorng .Qq} and
weight Q(E)=p(E)4(E) as S$p=In Q(E), where p(E) is the Q! ,Qg,} in Eq. (2.43 of Ref. [4] can have the moment and
level def‘s'ty- In a situation V.V'th incomplete mformqﬂon, garlty equal to(17,2%), (27,3"), etc. to preserve the total mo-
such as in the statistical description of hot nuclei considere e @ . .
here, individual compound systems are replaced with a gran€MumA™=1". Therefore, althougtis, are dipole matrix
canonical ensemble of nuclei in thermal equilibrium. Theelements, the amplitudes}, and Y, (i=1,2 can be calcu-
probability for a quantum system to have a given eigenenlated microscopically, using the dipole-dipole, quadrupole-
ergy is determined by the density matd@ixrather than by a quadrupole, octupole-octupole, etc. components of residual
pure wave function. The expectation vak@) of an obsery-  interaction. This means that coupling pp and hh configu-
able O is given as the statistical average over the grand catations already includes in principle the coupling to different
nonical ensembldO)=Tr(DO), which is derived from the mylltipole-multi[i)ole fields via multiphonon configuration
maximum of the thermodynamic entrofg;=-Tr(D In D).  Mixing atT+0.
The modern shell-model calculations in Rgfil3] have

shown that these three apparently different entropigs, Yn Ref. [25] a version of PDM, which explicitly includes cou-
Sni, and Sy, behave very similarly for the majority of states piing to two-phonon configurations in the second order of the inter-
in the realistic mean field consistent with residual interaC-action vertex, was proposed. Expressiop47) and(2.18) of Ref.
tions (see column Il of Fig. 56 in Ref.13] and the discus- [25] derived for the polarization operator show that the width in-
sion therein. Significant differences between them take crease is still driven mainly by the factan—ng). The calculations
place only when the residual interaction beyond the meamith the GDR coupled to the first quadrupole phongnréquired
field is very weak(see column | of Fig. 56 in Refl13]) or  the energyw,+ and the ratid:Fi(Z)/Fi(l)(izl,Z) to be fixed as addi-
when the quasiparticle mean-field is absey; reaches its tional parameters. A similar quality for the description of the ex-
chaotic limif) (see column Il of Fig. 56 in Ref{13]). This  perimental data for the temperature dependence of the GDR width
might be the reason why the numerical results performed sbas been restored after a reduction of the dipole matrix elements
far within the zero-pairing PDM3-5] using assumption§)  F’=F, andF"=F,.
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CASCADE calculations using PDM strength functions have
produced the GDR shapes in good agreement with the ex-
perimental data fot?°Sn atT>1.54 MeV (see Fig. 2 of Ref.
[7]). The discrepancy &i<1.54 MeV is due to omission or
improper inclusion of pairing at low, which is now studied
in the present work. The splitting of GDR into two peaks is
also clearly seen in the PDM calculations f8¥Sn [26].
These evidences are in favor of the argument discussed
above and in Ref{4]. :

Nonetheless, we recognize that the issue of whether cou- 5 ’ L ; s : s
pling to pp and hh configurations aff #0 is a microscopic
(although indirect interpretation of thermal shape fluctua- T (MeV)
tions within the PDM is still not settled. The question of
whether thermal shape fluctuations need to be included ad- F!G- 1. Neutron pairing gap as a function'dfSolid and dotted
ditionally within PDM or not remains to be investigated. The lines show the modified-BCS gap and BCS gap, respectively.
thermal shape-fluctuation model calculates the time-
correlation function of the GDR by replacing the microca-as 8V, in the modified-BCS gap (see the last term at the
nonical ensemble with an ensemble of macroscopic varitight hand side of Eq(39) of Ref. [11]).
ables, which are the deformation paramet@ssy) in the To analyze the qualitative effect of thermal pairing on the
body-fixed (principal axe$ frame of reference(intrinsic  GDR width we plot the usual single-particle occupation
frame). It parametrizesa priori the dipole correlation tensor number fj=u-2nj+v-2(1—nj) with n; obtained within the
by a frequencyEk:Eoexp{—\s’%ﬁ cos{y+2/3wk)] and a modjfied—BCS theory[y(E)=0] as a function of singlg—
width equal tol,=T,(E,/Ep)*® along eactith semiaxis[2]. par'uclg energy; for the_ neutron IeveI; around the chem.|c_:al
The effect of thermal fluctuations in this model is includedPotential in Fig. 2. It is seen that, in general, the pairing
via fluctuations of shapes by employing the macroscopi€ffect always goes counter to the temperature effect;on
Landau theory of phase transitiofia7]. Therefore, an ex- Causing a steeper dependencefobn ¢. Decreasing with
plicit inclusion of thermal shape fluctuations in the PDM will IncreasingT, this difference becomes small @3 MeV.
bring in additional degrees of freedom, which increase the>INC€ @ smoothef; enhances thep andhh transitions lead-
number of parameters of the model. At the same time, in 419 {0 the thermal widti'y, pairing should reduce the GDR
way similar to that mentioned in the footnote above, this will Width, and this reduction is expected to be stronger at a
certainly require a renormalization of the existing parameterioWer T, provided the GDR energ¥cpr is the same. A
of the PDM to restore the agreement with the experimentafi€viation from this general rule is seen at very Iow
systematic. While this issue is left open for future study, it=0-1 MeV, where the temperature effect is still so weak that
does not affect the study of the role of thermal pairing in thef; obtained atA#0 (solid line) is smoother than that ob-
present paper, since, as will be seen below, in order to ddained at zero pairingdotted ling.
scribe the GDR width at lowf, it is necessary to include
thermal pairing in any model, whether it is the PDM or ther-
mal shape-fluctuation one.

A, (MeV)

I1l. ANALYSIS OF NUMERICAL CALCULATIONS

A. Role of thermal pairing gap at low temperature

Shown in Fig. 1 is thel dependence of the neutron pair-

ing gap A, for '?°Sn, which is obtained from the
modified-BCS equationf9—11] using the single-particle en-
ergies determined within the Woods-Saxon potentidl=.
They span a space from-40 MeV up to ~17 MeV, in-
cluding seven major shells ang, 4, 1i;1, and k;;, levels.
The pairing parametes,, is chosen to be equal to 0.13 MeV,

which yields A(T=0)=A(0)=1.4 MeV. In difference with
the BCS gap (dotted ling, which collapses atT,

=0.79 MeV, the gap\ (solid line) does not vanish, but de-
creases monotonously with increasifigat T=1 MeV, re-
sulting in a long tail up toT=5 MeV. This behavior is

FIG. 2. (Color onling Single-particle occupation numbgras a
function of ¢ for the neutron levels around the chemical potential at
T=0.1,1, and 3 MeV. Results obtained including and without pair-

caused by the thermal fluctuation of quasiparticle numbering are shown by solid and dotted lines, respectivalyhicker line

SN?=3; a\?, where a\?=nj(1-n) is the quasiparticle-
number fluctuation onjth orbital. The latter is incorporated

corresponds to a highel). The horizontal dashed line at
~—6 MeV shows the chemical potential A0 andT=0.
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12 . . their zero-pairing counterpart,—f, andfy —fs, the decrease

of the quantal part-(1-n,—ny) and increase of the thermal
part ~(ns—ny) are much more moderate with increasiig
08 g up to 1 MeV. On the contrary, atdT=3 MeV the decrease
osl @ | of (1-n,—ny) and increase ofns—ny) with increasingT are
steeper than their counterparts/at0. At T>3-4 MeV the

0.4 1 total width approaches the saturation because of the domi-
nating contribution of';, which ceases to increase due to the

1L

Lél1? and VT

= 02 " “ " } T dependence afi;—ng shown in Fig. 8b) [3,4].
A ]
< o ® B. Temperature dependence of GDR width and energy
© B .
c
S e 1 The GDR widthI'gpr and energyEgpg for 12°Sn were
< 04r,7 7 1 calculated from Egq1) and(3), respectively, using the same
< 02 |/ T set of PDM parametersy,, F;, and F,, which have been
- o / ‘ ‘ ‘ ‘ chosen for the zero-pairing cag& 4] (setA). The effect of
0 1 2 3 4 5 quasiparticle damping is included in the calculations by us-
T (MeV) ing Eq. (2). The results are shown as the thin solid lines in

Fig. 4. As seen from Fig.(®), the oscillation of GDR energy

FIG. 3. Combinations of Bogoliubov coefficients and quasi- Ecpr With varying T occurs within the range of
particle occupations numberb). In (a), the thin and thick lines ~*1.5 MeV, which is wider compared with that obtained

) neglecting pairing. The latter is almost independentTof

show [ug;])]z and [v,, ] respectively, for the orbitp=2j7, h ) Pallll’y ! :
=20y, and h'=1dg,. In (b), the corresponding factors fiz—n, [dashed line in Fig. @)]. As expected from the discussion

(thin line) andn,—ny, (thick line) are shown. The factorf,~f,, and above, the GDR energ¥gpr at T=0.1 MeV drops to

fi ~f, for the zero-pairing case are shown as the dotted and dasheft MeV, i.e., by 1.4 MeV lower than the GDR energy mea-
lines, respectively. sured on the ground state. The GDR width increases to

5.3 MeV compared to 4.9 MeV on the ground state as shown
To get an insight into the detail of the change of GDRIn Fig. 4@). At 0=T=0.5 MeV, the above-mentioned com-

width at low T we show in Fig. 3 the Combinaﬁo,{ﬂ(mz petition between the decreasing quantal and increasing ther-
and [v(—)]z of the Bogoliubov coefficientst,, oy, andpvh mal widths makes the total width decrease first to reach a
hhv p Uhs '

together with the factor&l—n.-ny) and (n.—n.) as well as minimum of 3.4 MeV atT=0.2 MeV then increase again
9 - ph o with T. At T=T, the width only increases witf. At 1<T
their zero-pairing counterparfg—f, and f,, —f,, for the par-

ticle p=2j,5, hole h=2dy,, andh'=1d, orbits as functions =<3 MeV the GDR width obtained including pairing is

of T. The hole orbith=2d5, is located just below the chemi- smaller than the one obtained neglecting paiftiashed line

cal potential. Therefore the pairing effect is strongest for the;n Fig. 4@, but this difference decreases with increasing

ph and hh configurations involving this orbit. This figure Sgl tzf;tna;;fc('\)/!ﬁ(\:/_a:”}eﬁsthg %f;me szconﬁljiz nstrlnilr:’et;m:]ee
; + + valu incide. This i ves signifi -
shows a sharp increase ph)]z a.ng[v(sg)]Z atT= 1._2 MeV ment with thg experimental sys[t)ematic a&gIsz.S K/Iev. Ir%J
du.e'to a steep slope of the pairing gap, showing a StoNg,der to have the same value of 4.9 MeV for the GDR width
pairing effect. At very lowT, the(zﬂngmerator of the polariza- T=0, we also carried out the calculation using slightly
tion operator(4) is close to[u,,](E,+E;) because 1R,  readjusted values,=0.967; and F,=1.03F, while keeping
~np=1, while the thermal part-(ns—ny)=0. This value is o samay, (setB). The result obtained is shown in the same
equal to 3.67 MeV aff=0.1 MeV, which is smaller than Fjg 4 as the thick solid lines. The GDR enerypr moves
(en—€p)=4.63 MeV obtained aA=0. The denominator of Eq. up to 16.6 MeV atT=0.1 MeV and afT,<T=<1.2 MeV in
(4) is also smaller than that obtained A0 becauseE, agreement with the value of 16.5+0.7 MeV extractedTat
+E,> &, ¢, due to the gap. Therefore, at very Idwpairing =1 MeV in Ref.[16]. The width atT=1 MeV also becomes
may lead even to a smaller GDR energy. On the other hanglightly smaller, which agrees quite well with the latest ex-
lu17(1-1y-v) andlu 1) ar lso maler than PNl pontisl AT et esusabianed v
fh_fp.and fy =T respectl_vely, the competition of these ef- effect of quantal fluctuationsN? of particle number within
fects in Eq.(1) can result in a larger width in the very low-

ion. AsT i the factor Fe—nr. d hil the BCS theory aff=0, however, is neglected in these re-
region. AS1 increases, the factor Li;=n, decreases whlle - q,ts 1o be precise, this effect should be included using the

[UL?]Z_meeaseS to reach 1 @=2 MeV because of the de- particle-number projection method at finite However, the
creasing gap. This leads to the decrease of the quantal W'd[)Qtter is so computationally intensive that the calculations
I'q. At the same time, coupling tpp and hh configurations  \yere carried out so far only within schematic modedee,
starts to contribute due to the factor,—ny). The combina- e.g., Ref[31]), or one major shell for nuclei with<60 as
tion [U;)]z also increases withT and reaches 1 af  in the shell-model Monte Carlo methd@2]. Therefore, for
=3 MeV. As the result, thermal width'; starts to give an the limited purpose of the present study, assuming &h&t
increasing contribution witil. However, as compared to >1, we applied the approximated projection &0 pro-

044303-5



NGUYEN DINH DANG AND AKITO ARIMA PHYSICAL REVIEW C 68, 044303(2003

16 30 T T T T T
14 %)
/A
s s = /A
: /
2 10 'c% il X
= ~ i / \\\
x 8 2 104 Y/ \
a /) \
O] m / A\
L 6 = S
//// —|
4 0 === s e : =
2 | | | | —~ (b) T=1.54 MeV
= 15|
s (b) 15
. ’\\
—~ 20 I i fﬂ 10 // \
< \
% ~ // \
= /;. / R\
~ m 5 //' \\
% = Y
[a] Z
o 10 - 7
LIJ 0 | Il 1 1 i
5 0 5 10 15 20 25 30
Ey (MeV)
O | | | |
0 1 2 3 4 5

FIG. 5. Experimentalishaded areasand theoretical divided
T (MeV) spectra obtained without pairinglashed linesand including the
gapA (thick solid lineg as for the thick solid line in Fig. 4.
FIG. 4. GDR widthI'gpg (8) and energyEgpg (b) as functions

of T for 2°Sn. The dashed lines show the PDM results obtained
neglecting pairingIn (a) it is the same as the solid line with dia- ) .
monds from Fig. {a) of Ref. [3]). The thin and thick solid lines are tions by two versions of .thermal shape-fluctuation model
the PDM results including the gal, which are obtained using the [2_’28] are also pl_otted n _F'g'(é) as the dash-dotte[_d!]_ and .
parameter set8 andB, respectively. The thick dotted lines are the th|n_d0tted [28] I|ne§. It is seen that these pr_ed|ct|0n_s, In
PDM results including the renormalized g&b (see text Solid particular the c.).ne given by th(.a phenomenologlcgl version in
circles are the lowr data from Ref.[16]. Crosses and open tri- Ref. [28], significantly overestlmatg the GDR W'dth at low
angles in(a) are from Fig. 4 of Ref[28]. The corresponding GDR tempgratu.reTS 1.3 MeV. The predlcteq overall Increase" of
energies decrease from 16 MeV to 14.5 MeV with increaSiras the width is nc_)t as steep as the experimental S_ystematlc and
shown in the shaded rectangle (in). Solid upside-down triangles the PDM predlct_lon. The curvature of t_he trend is also Oppo-
are data from Ref29]. Open squares and stars are higtiata for ~ Site {0 the experimental one and that given by the PDM. It s,
1105 from Refs[23] and [24], respectively. Data at=0 are for  therefore, highly desirable to see how the prediction by the
GDR built on the ground state of tin isotopes with masges thermal shape-fluctuation model would change by taking into
=116-124 from Ref[30]. The predictions by two versions of the account the effect of thermal pairing gap discussed in the
thermal shape-fluctuation model are showiidnas the dash-dotted present work in combination with the use of a specific
[2] and thin dotted28] lines, respectively. Hamiltonian to calculate every quantifg5].

C. Effect of thermal pairing on GDR cross section at low

posed in Ref[33], which leads to the renormalization of the temperature
gap as'K(T):[1+1/5N2]A with 5N2:A(0)22j (j+1/2)/[(¢ lZOSShown in Fig. 5 are GDR cross sections obtained for
24 A2 - - AN (T=0) — n using Eq(1) of Ref. [7]. The experimental cross sec-

P +AOFT] [34]. This y|eIQS AT _0) 15 Mev (N tion are taken from Fig. 2 of Ref7]. They have been gen-
=+4). The PDM results obtained using the gapand the  grated by cascape at excitation energiesE*=30 and
parameter seB are shown in the same Fig. 4 as the thick5g meV, which correspond t@,,,,=1.24, and 1.54 MeV, re-
dotted lines. The GDR width becomes 5 MeV wilizpr  gpectively. The theoretical cross sections have been obtained
=15.3 MeV atT=0 in good agreement WIFh the GDR param- using the PDM strength functic®spr(E,) from Eq.(2.22) of
eters extracted on the ground state. It is seen that the flugyef, [5] at T=T,. This is the low temperatures region, at
tuation of the width af=0.5 MeV is largely suppressed by \hich discrepancies are most pronounced between theory
using this renormalized gap. For comparison, the predic- and experiment(A divided spectrum free from detector re-
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sponse af=1 MeV is not available in Ref[16].) From this  difference with the gap given within the conventional BCS
figure it is seen that thermal pairing clearly offers a better fittheory, which collapses a.=0.79 MeV, the modified-BCS

to the experimental line shape of the GDR at low temperagap never vanishes, but monotonously decreases with in-
ture. As has been discussed in Ré&f, for an absolute com- creasingT up to T=5 MeV. The results obtained show that
parison, the PDM strength functions for all decay steps startthermal pairing indeed plays an important role in lowering
ing from T,,ax down toT=0 MeV should be included in the the width atT=2 MeV as compared to the value obtained
CASCADEto generate a divided spectra, which can be directlywithout pairing. This improves significantly the overall
compared with the experimental ones. It is our wish that suclagreement between theory and experiment, including the

calculations be carried out in collaboration with the authorswidth at T=1 MeV extracted in the latest experimdis].

of Ref. [16] in the near future.

IV. CONCLUSIONS
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