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Abstract

The quasiparticle representation of the phonon damping mode} (PDM)
is developed to include the superfluid pairing correlations microscopi-
cally. The formalism is applied to calculate the photoabsorption and
the electromagnetic (EM} differential cross sections of El excitations
in neutron-rich oxygen and calcium isotopes. The calculated photoab-
sorption cross sections agree reasonably well with the available data for
16180y and *°*®Ca. The results of calculations show that the change of
the fraction of the El integrated strength in the region of pygmy dipole
resonance (PDR) as a function of mass number A with increasing the
neutron number N is in agreement with the recent experimental data,
and does not follow the prediction by the simple cluster model. The
EM differential cross sections obtained within PDM in this work show
prominent PDR peaks below 15 MeV for *>*?0O in agreement with the
recent experimental observation. It is also shown that, using low-energy
RI1 beams at around 50 - 60 MeV /nucleon, one can observe clean and
even enhanced PDR peaks without the admixture with the GDR in the
EM differential cross sections of neutron-rich nuclei.

1 Introduction

I'm grateful to the organizers for inviting me to present a talk at this inter-
national symposium. My talk today is on the giant dipole resonances (GDR)
and the excitations at its low-energy tail, called the pygmy dipole resonance
(PDR), which appears in neutron-rich nuclei .

Although giant resonance is a subject of more than 50 years old, it, contin-
ues to amaze us with new surprises. Those are the GDR in hot nuclei, multiple-
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phonon giant resonance, the extraction of the high-lying tail of Gamow-Teller
resonance (GTR), which recovers the missing part of the Tkeda sum rule, and
PDR in neutron-rich nuclei. This is just to name a few of them. In the first
ten years of the 21st century, we might be able to see the double GTR, or even
giant resonances in hot exotic nuclel. So, this subject will surely continue to
be very attractive.

Today I would like to show you how the features of these resonances,
especially PDR and GDR, can be well described within a simple approach
called the Phonon Damping Model (PDM), which has been proposed three
years ago by Akito Arima and myself3. First, 1 would like to review hriefly
some successes of the PDM in the description of the damping of the GDR at
finite temperature 7' and angular momentum J, in the study of double GDR
(DGDR) and GTR. Next, 1 will show how the PDM is applied to calculate the
photoabsorption and EM cross sections neutron-rich oxygen and calcium
isotopes. For this purpose we will develop the quasiparticle representation of
the PDM to include microscopically the superfluid pairing correlation, which
is important for the description of PDR.
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Figure 1: GDR width as a function of temperature T (a) and angular momentum J (b)
in tin isotopes. In (a) the solid line is the width for 1968n, while the one for 1208n is
given by the dotted line. The data points are taken from [7]. In (b) the thick solid and
dashed lines are results obtained within PDM for 1062 and '29Sn, respectively, while
the corresponding results within the thermal fluctuation model are given by dotted and
dash-dotted lines, respectively.

2  Brief review of some successes of PDM

The PDM has been proved to be quite successful in the description of the width
and the shape of the GDR as a function of temperature T 345 and angular
momentum J 8. An example is shown in Fig. 1.



Shown in Fig. 2 is the prediction by PDM (solid line) in comparison
with the result obtained within a microscopic theory which explicitly includes
coupling to 2p2h configurations in terms of two-phonon configurations (dotted
line) *, and the experimental data (data points with errorbars) 1%, Again, the
agreement between theory and experiment is quite reasonable. The PDM has
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also resolved the long-standing problem with the electromagnetic (EM) cross
sections of the DGDR in '*%Xe and 2°®Pb, in which the prediction by the non-
interacting phonon picture underestimated significantly the observed DGDR
cross sections by the LAND collaboration. The prediction using the strength
functions obtained within PDM is given in Fig. 3 in comparison with the
results of data analyses by LAND collaboration !!. The agreement between
the PDM prediction and the data is remarkable.

Xe on Pb at 0.7 GeV/n Pb on Pb at 0.64 GeV/n

Figure 3: EM cross sections of GDR
Pb~Target and DGDR for 138 Xe and 2°8Pb. The
solid lines are theoretical predictions,
107 {1 in which the DGDR strength functions
et within PDM are used. The data points

{ i are results of the LAND collaboration

i [11]. The dashed lines show the best fit
using x?. The theoretical results have
been folded with the detector response
by K. Boretzky.
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3 Quasiparticle representation of phonon damping model

The quasiparticle representation of the PDM Hamiltonian 34 is obtained by
adding the superfluid pairing interaction in it and expressing the particle (p)
and hole (k) creation and destruction operators, al and a, (s = p, h), in terms
of the quasiparticle operators, ol and ay, using the Bogolyubov’s canonical
transformation. As a result, the PDM Hamiltonian for the description of EA



excitations can be written in spherical basis as

H = Z‘{Jajmaim'l'zwhb,\mbkm 22 Z (A)
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where A = \/2X+ 1. The first term at the right-hand side (RHS) of Hamilto-
nian (1) corresponds to the independent-quasiparticle field. The second term
stands for the phonon field described by phonon operators, b)\ ; and by,
with multipolarity A, which generate the harmonic collective v1brat10ns such
as GDR. Phonons are ideal bosons within PDM, i.e. they have no fermion
structure. The last term is the coupling between quasiparticle and phonon
fields, which is responsible for the microscopic damping of collective excita-
tions.
In Eq. (1) the following standard notations are used

AL Ow) = 37 Gmg'm' dwyal el

BJJ’(’\JU) - - 2(_)J (jﬂ?_} —m |/\[.L> Jma.? m’ (2)
with (Ag) «— (=)*#(X — u). Functions ‘u;;‘) = wujvy + vijuy and vé},) =

ujujr — v vy are combinations of Bogolyubov’s u and v coefficients. The quasi-
particle energy ¢; is calculated from the single-particle energy E; as

ej:\/(éj—EF)g-{—A? ) }_::'jEEJ‘~--'GYUJ2'w (3)

where the pairing gap A and the Fermi energy Ep are defined as solutions
of the BSC equations (See, e.g.,!?) The operators in (2) and their hermitian
conjugates satisfy the following commutation relations within the ensemble
average

<[Ajjf(f\u) AL W) = (1= )oas G [wl oy *éﬂﬁm]
(4)
<[Bjjf(f\#) B] ,(Xu ’)]> = (njr —n;)8n 040 855,85050 (5)



where 1t is assumed that (a}aj:} = 0if j # j'. The quantity n; = (a}a'j)
1s the quasiparticle occupation number defined in within the grand canonical
ensemble at a given temperature T = #~'. It becomes zero at T = 0.

The equation for the propagation of the GDR phonon, which is damped
due to coupling to quasiparticle field, is derived below making use of the double-
time Green’s function method '3, For this purpose, the following double-time
Green’s functions are introduced similarly to the case without pairing within
PDM?3, They are i) The phonon propagation: Gri(t—t") = ((bxp (t);bim(t’))) :

i) The forward-going transition between quasiparticle pair and phonon: gfj,;,\,-

(t—1") = ({Aj; (AR)(2); b;m(t’))) , 1) The backward-going transition between
quasiparticle pair and phonon: gfjt;’\i(t—-t’) = ((A;r.j,(/\,u)(t); b;m.(t’))) ,1v) The
forward-going transition between scattering-quasiparticle pair and phonon:
gﬁ-,;,\i(t —t') = (B (Ap)(t); b&ui(t’))) , v) The backward-going transition be-
tween scattering-quasiparticle pair and phonon: Qﬁ-ft’u(t —-t) = ((B;j,(/\,u.)(t);
b}m(t’))) . Here the conventional notation of the double-time Green's func-
tions '3 is used. Following the standard procedure of deriving the equation
for the double-time Green’s function with respect to the Hamiltonian (1), and
using of the commutation relations (4) and (5), one obtains a closed set of
equations for these Green’s functions. Making the Fourier transform into the
energy plane E| and expressing all the Green functions in the set in terms of
the one-phonon propagation Green function, we obtain the equation for the
latter, G;(E), in the form

1 1
= — 6
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where the explicit form of the polarization operator Py;{E) is

Py(E) 1 Z[f(ﬁ\)]z[(”g}))?(l —nj — )€ +€51)
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The phonon damping x;(w) (w real) is obtained as the imaginary part of the
analytic continuation of the polarization operator P,;(E) into the complex
energy plane I = w £ ie. Its final form 1s

i) = 5o TP 0=y = B(E =€) =8¢y ))-

Ji’



(05)) 2 = g B(E =5 +¢j) = 6(E+ ¢ = eyn}. (8)

At zero temperature all the quasiparticle occupation numbers n; are zero, so
the factor 1 — n; — n;» becomes 1, while the last terms at the RHS of Egs.

(7) and (8), which contain (U;;,))Q‘ vanish. It is also worth noticing that the
contribution to the GDR of the term ~ §(E + ¢; + ¢;+) due to backward-going
process should be negligible as 1ts maximum is at —(¢; + €;1) < 0.

The energy w of giant resonance (damped collective phonon) is found as the
pole of the Green's function (6), i.e. as the solution of the following equation

Q—w_\i—PM(:L‘)IO. (9)

The width T of giant resonance is calculated as twice of the damping ya(w)
at w =, 1.e.

[ = 2va{w), (10)

where A = 1 corresponds to the GDR. As has been discussed previously 34,
the presence of polarization operator (7) due to ph — phonen coupling in the
last term of the RHS of Hamiltonian (1) and the property of the double-
time Green's function. which allows the analytic continuation into the complex
energy plan, allows the damping to be calculated in an explicit and microscopic
way given by Eq. (8}.

The line shape of the GDRis described by the strength function Sapr(w),
which is derived from the spectral intensity in the standard way using the
analytic continuation of the Green function (6)1* and by expanding the polar-
ization operator (7) around & 13 The final form of Sgpr(w} is®

‘?’GDR(W)
w—)? +v¢pr(Ww)

(11)

1
Scor(w) = =1

Note that function (11) has only a Breit-Wigner-like form since the damping
~apr(w) depends on the energy w. The photoabsorption cross section o(E~)
is calculated from the strength function Sgor(E+) as

o(bBy) = c1Sepr(Ey) By (12)

where E, = w 1s used to denote the energy of ~-emission. The normalization
factor ¢ is defined so that the total integrated photoabsorption cross section
o = [ o(Ey)dE, satisfies the GDR sum rule SRgpr, hence

Em&x
1 = SRGDR/] SGDR(E-Y)E«deW . (13)
¢



In heavy nuclei with A > 40, the GDR exhausts the Thomas-Reich-Kuhn
(TRK) sum rule SRgpr = TRK = 60 NZ/A (MeV-mb) at the upper integra-
tion limit Epax ~ 30 MeV, and exceeds TRK (SRgpr > TRK) at Enax > 30
MeV due to the contribution of exchange forces. In some light nuclei, such as
18Q). the observed photoabsorption cross section exhausts only around 60% of
TRK up to Emax = 30 MeV 1,

According to %1% the EM cross section ogwm is calculated from the corre-

sponding photoabsorption cross section ¢{ E.) and the photon spectral function
N(E,) as

TEM :fN(EV)a(E.Y)dEn,, N(E,) zzn/ e MmO N (E,, b)bdb.  (14)

bmin

The expression for the spectrum N (E., b) of virtual photon from a stationary
target as seen by a projectile moving with a velocity 8 = v/e at umpact pa-
rameter b is also given in '®. The mean number of photons absorbed by the
projectile is calculated as m(b) = f.g;an N(Ey, b)o(Ey)dE .

4 Numerical results

The calculations of photoabsorption and EM cross sections have been carried
out for oxygen isotopes with A = 16, 18, 20, 22, and 24, and for calcium iso-
topes with A = 40, 42, 44, 46, 48, 50, 52, and 60. The calculations employ
the spherical-basis single-particle energies E; obtained within the Hartree-Fock
method using the SGII interaction 17 The principal point, which is maintained
throughout our study of GDR in neutron-rich nuclei, is that we extrapolate the
description of closed-shell nuclei within PDM to the region of neutron open-
shell nuclei, assuming they are all spherical. This means that the two PDM
parameters wy (A = 1) and f1 = fj(;,) for all ph indices (j = p,j’ = h) are cho-
sen so that the values of GDR energy Egpr = w and width I'cpr, calculated
from Egs. (9) and (10) for 0 and *%*®Ca, reproduce their corresponding
experimental values gy and TGBg (See ® for more details about the pro-
cedure of choosing parameters within PDM). The values of PDM parameters
for 10 are then fixed in calculations for all oxygen isotopes (N > Z). For
calciums, we used the parameters selected for 404 in calculations for isotopes
with 20 < N < 28, and those selected for 48(7a in calculations with N > 28.
The neutron pairing gap A, is adjusted around the general trend 12/+/A of the
observed pairing gaps in stable nuclei. The adjustment is necessary to keep the
GDR energy remain nearly unchanged with increasing N as the values of pa-
rameters w; and f, are kept fixed for three groups of isotopes 16-240) 4046,
and 48-5°Ca separately. For **0, we found the PDM parameters w; = 22.5



MeV and f; = 0.2850 MeV, which yield the GDR energy Eopr = 23.7 MeV
and width 'qpr = 5.85 MeV. For 4°Ca (*8Ca), the selected values of PDM pa-
rameters are wy; = 19.51 MeV and f; = 0.1396 MeV (0.1867 MeV), which lead
to Egpr = 19.6 MeV (19.4 MeV) and Tgpr = 4.9 MeV (7.15 MeV). The se-
lected values of A are plotted as black squares against the neutron number N in
Fig. 4, which shows that they are within the range of experimental systematic
for neutron pairing gaps in stable nuclei'®. The d-function in the damping (8)

Figure 4: Selected neutron
pairing gaps Ap

—_ (black squares) in compar-
> . . .
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g (grey circles) and the trend
1 A = 12/+/A (solid line).
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is smoothed out using the representation §(z) = [(z —ie)™! — (2 +ie)~1)/(27i)
with ¢ = 0.5 ~ 1 MeV. The averaged quantities such as the energy-weighted
sum (EWS) of E1 strength and shape of GDR do not change significantly using
0.1 € ¢ € 1.5 MeV. The results discussed below are obtained in calculations
using the value of the smearing parameter ¢ equal to 0.5 MeV for oxygens, and
1 MeV for calciums. The normalization factor ¢; from Eq. (13) is defined as
follows. For %0, the factor ¢; is chosen so that SRgpr reproduces the exper-
imental EWS of E1 strength, which amounts to 54% of TRK with Fyyax = 29
MeV. For other oxygen isotopes, ¢; 1s found so that 100% of TRK is exhausted
at Emax = 50 MeV. For calciums, ¢ is defined so that the EWS of E1 strength
fulfills 100% of TRK at Ey.e = 28 MeV for 40< A < 48, and 156+3% of
TRK at Epay = 50 MeV for A > 48. This criterion is an extrapolation of the

experimental values of TRK fraction exhausted in the photoabsorption cross
sections for 40-48(Ca,

Shown in Figs. 5 and 6 are the photoabsorption cross sections ¢( £, ), which
have been obtained within PDM for oxygen and calcium isotopes, respectively.
The shapes of the photoabsorption cross section calculated for stable isotopes
16180 and 1948Ca are found in overall reasonable agreement with available
experimental data®*?? as shown in the left panels of Fig. 7 ((a) - (d)). This
agreement 1s obviously better than those given by several elaborated models
shown in the right panels of Fig. 7 ((e} - (h)), namely the large-scale shell
model (LSSM) ! using Warburton-Brown interaction WB10 (thin solid and



thin dashed lines in (e) and (fy with Te = land 7% = 2 denoting two isospin
components of GDR in ®0), the surface coupling model (SCM) using the
coupling of ph configurations with surface phonon ?? (dotted lines in (e) and
()}, the second RPA (SRPA) % (thick dashed line in (g}), and a microscopic
model including 1p1h&phonon plus continuum (phPC)?* (dash-dotted lines in
(g) and (h)). Experimental photoabsorption cross sections for other oxygens

and calciums in the chains considered here are not available at present. [t
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is seen from Figs. 5 and 6 that the GDR becomes broader for iIsotopes with
N > Z. Tts width is particularly large for 1sotopes between the double closed
shell ones, such as '#2%0, or 52Ca. The increase of GDR. spreading enhances
both of its low- and high-energy tails. In the region £, < 15 MeV, some
weak structure of PDR is visible for 1820220 I the rest of isotopes under
study, except for an extension of the GDR tail toward lower-energy, there is
no visible structure of PDR. This is in contrast with the resuits by some other
approaches, where the GDR spreading width is not explicitly calculated, such
as the one in *® or the LSSM 2!, [n these approaches, prominent peaks in
the GDR strength function are obtained in the region below 10 - 15 MeV in
20.22,240) 21,25 51 891 25, We note, however, that neither 2° nor LSSM can
describe correctly the GDR shape in stable double-closed shell nuclei 50 and
40-48Ca.

The fractions of the EWS of strength exhausted by the low-energy tail
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Figure 6: Photoabsorption cross sections for calcium isotopes obtained within PDM.

of GDR are shown in Figs. 8 The trend obtained within PDM for oxygens
reproduces the one observed in the recent experiments at GSI?, which shows a
clear deviation from the prediction by the cluster sum rule (CSR)} (also called
as molecular dipole sum rule)?®. In calciums, where the GDR is more collective
and exhausts 100% of TRK already below E, = 30 MeV, the prediction by
CSR is fairly reproduced up to A = 52 using Enax = 16 MeV. We notice that
the fractions of EWS of PDR strength are not zero even for double closed-shell
nuclei *0 and *%48Ca because the low-energy tail in photoabsorption cross
sections, which are experimentally observed and obtained as results of calcula-
tions within PDM, spreads below E, = 15 MeV also for these nuclei. The EWS
of strength between 5 and 10 MeV obtained within PDM for *8Ca is 0.52%
of TRK to be compared with the value of 0.29 £ 0.04 % of TRK extracted
in the recent high-photon scattering experiments ?”. The agreement between
the PDM prediction and the experimental data for the photoahsorption cross
sections as well as for the EWS of PDR strength suggests that the mechanism
of the damping of PDR is dictated by the coupling between the GDR phonon
and noncollective ph excitations rather than by the oscillation of a collective
neutron excess against the core. Strong pairing correlations also prevent the
weakly bound neutrons to be decoupled from the rest of the system 28, Only
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Figure 7: Photoabsorption cross sections for 1120 and 4948 Ca obtained within PDM (left
panels) and within other models mentioned in the text (right panels) in comparison with
experimental data from [1] (thick solid line in (a) and (e}}, [1] {(b) and (f)). [19] ({c} and
(g)), and [20] {(d) and (h)).

when the GDR is very collective so that it can be well separated from the
neutron excess, the picture of PDR damping becomes closer to the prediction
by the CM.

The photon spectral function N(E,) in the EM differential cross section
dogm/dEy (Eq. (14)) contains an exponentially decreasing factor e =™} with
increasing E~. It is clear that this behavior enhances the low-energy part of
the El strength in the EM differential cross section. Therefore, the latter can
be used as a magnifying glass for the structure of PDR. These EM differential
cross sections obtained within PDM are shown in Figs. 9 and 10 for oxygens
and calciums, respectively. The calculations were carried out for *°*Pb target
at various projectile energies as shown in these figures. All the values shown
in the figures have been normalized so that the integrated EM cross sections
up to 50 MeV correspond to 100% of TRK. The PDR shows up in the EM
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Figure 8: EWS of PDR strength up to excitation energy Emax for oxygens. Results obtained
within PDM with Enax = 16, 16.5, and 17 MeV are displayed as open boxes connected
with solid line, crosses connected with dash-dotted line, and open circles connected with
thin dashed line, respectively. In (a) the PDM results are shown in units of TRK, while
in (b} they are in units of the total GDR strength integrated up to 30 MeV. Experimental
data (in units of TRK), obtained with Emay = 15 MeV, are shown by full circles connected

with thick dashed line. The dotted line is the prediction by the cluster sum rule (CSR) (in
units of TRK).

cross sections of all neutron-rich isotopes, especially for 29220, where a well
1solated peak located at around 7 MeV is clearly seen. The PDR becomes
depleted when the neutron number approaches a magic number (where the
GDR is most collective) as can be seen in calciums when N increases from
20 to 28. Therefore, the decrease of PDR strength in >0 and °°Ca can be
understood as the depletion on the way toward the next magic number (N = 28
and 50, respectively). It is also important to point out the impact on the EM
differential cross section by the behavior of the photon spectral function N{E.)
at various projectile energies. Indeed, because of the behavior of N(E,), the
decrease of the projectile energy from 700 MeV /nucleon to 300 MeV /nucleon
strongly reduces the EM cross section in the GDR region (above 10 MeV), but
leaves the PDR almost intact, as can be seen in Fig. 9. A further decrease
of projectile energy to 50 MeV /nucleon suppresses completely the GDR peak
and even enhances the PDR peak in some very neutron-rich nuclei 922240 or
2Ca (dash-dotted lines in Figs. 9 and 10). This observation shows that, using
high-intensity RI beams at low energies of around 50 - 60 MeV /nucleon. one
may be able to observe a rather clean and sharp PDR peak in 29?20 in the
region around 7 MeV, and probably a broad peak below 5 MeV in *?Ca. The
preliminary results of recent measurements of EM differential cross sections for
El excitations in %220 at GSI® have shown a peak-like structure at E, ~8
MeV and another bump in the region between 12 and 16 MeV. Qur results for
PDR from Fig. 9 (c¢) and (d) are in qualitative agreement with the GSI data,
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Figure 9: Electromagnetic cross sections of El-excitations within PDM for oxygens on 2°8Pb
target. Different lines display results obtained at different projectile energies, whose values
(in MeV/nucleon) are indicated in the panels.

which have been, however, presented with the detector response folded in.

5 Conclusions

I have shown how the EI resonances in neutron-rich oxygen and calcium iso-
topes are described within the quasiparticle representation of the PDM. From
the results obtained within PDM, the following conclusions can be drawn:

1) The PDM gives the GDR shapes in 1%!80 and %°*8Ca in reasonable
agreement with the experimental data.

2) The change of the fraction of El integrated strength in the region of
PDR as a function of A with increasing N is in agreement with the GSI pre-
liminary data. This suggests that the authentic damping mechanism of giant
resonance 1s the result of coupling between collective phonon and non-collective
ph configurations.

3) The EM differential cross sections may serve as a better probe for PDR
as compared to the photoabsorption cross section. The former show promi-
nent PDR peaks below 15 MeV for ?°220 in agreement with the experimental
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Figure 10: Electromagnetic cross sections of El-excitations within PDM for calciums on
208 PY, garget at 500 MeV /nucleon (solid lines) and 50 MeV /nucleon {dash-dotted lines).

observation.

4) Using low-energy (but intensive) RI beams of energy around 50 - 60
MeV /nucleon, one can observe clean and even enhanced PDR peaks without
admixture with the GDR in the EM differential cross sections of neutron-rich

nuclet.

References

1. J.G. Woodworth et al., Phys. Rev. C 19 (1979) 1667.
9 T. Aumann et al., GSI Scientific Report 1999 (2000} 27.
3. N. Dinh Dang and A. Arima, Phys. Rev. Lett. 80 (1998) 4145, Nucl.

Phys. A 636 (1998} 427.



4

=1

13.
14.
15.
16.
17.
18.

19.
20.
21.
22,
23.
24,

25.
26.

27
28

. N. Dinh Dang. K. Tanabe, and A. Arima, Phys. Rev. C 58 (1998) 3374,
Nucl. Phys. A 645 (1999) 536.

N. Dinh Dang et al., Phy. Rev. C 61 (2000) 027302

N. Dinh Dang, Description of single- and multiple-phonon giant dipole
resonances within the phonon damping model, Invited talk at the inter-
national conference on glant resonances GR2000, Osaka, June 12 - 13,
2000, to appear in Nucl. Phys. A; N. Dinh Dang, A. Ansari, and A.
Arima, Angular-momentum effect on the width of hot giant dipole reso-
nance within the phonon damping model, Preprint RIKEN-AF-NF 361
(2000) (10 pages) (submitted).

T. Baumann et al., Nucl, Phys. A 635 (1998) 428, A649 (1999) 173c.
N. Dinh Dang, T. Suzuki, and A. Arima, Description of Gamow - Teller
resonance within the phonon damping model, Preprint RIKEN-AF-NF
377 (2000) (11 pages) (submitted).

- N. Dinh Dang et al., Nucl. Phys. A 621 (1997) 719.
10.
11.
12.

T. Wakasa et al., Phys. Rev. C 55 (1997) 2909.

K. Boretzky, private communication (2000).

A.V. Ignatyuk, Statistical properties of excited atomic nuclej (Moscow,
Energoatomizdat, 1983).

D.N. Zubarev, Sov. Phys. Uspekhi 3 (1960) 320.

N.N. Bogolyubov and S.V. Tyablikov, Soviet Phys.-Doklady 4 (1959} 60.
W. J. Llope and P. Braun-Muzinger, Phys. Rev. C 41, (1990) 2644.
LA, Pshenichnov ¢t al., Phys. Rev. C 60 (1999) 044901.

N. Van Giai and H. Sagawa, Nucl. Phys. A 371 (1981) 1.

A. Bohr and B.R. Mottelson, Nuclear Structure, vol. 1 (New York, Ben-
Jamin, 1969) p. 170.

J. Ahrens et al., Nucl. Phys. A 251 (1975) 479.

G.J. O’keefe et al., Nucl. Phys. A 649 (1987) 239.

H. Sagawa and T. Suzuki, Phys. Rev. C 59 (1999) 3116.

P.F. Bortignon and R.A. Borglia, Nucl. Phys. A 371 (1981} 405.

S. Nishizaki and J. Wambach, Phys. Lett. B 349 (1995) 7.

S. Kamerdzhiev, J. Speth, and G. Tertychny, Nucl. Phys. A 624 (1997)
328.

P.-G. Reinhard, Nucl. Phys. A 649 (1999) 305¢.

Y. Alhassid, M. Gai, and G.F. Bertsch, Phys. Rev. Lett. 49 (1982)
1482.

. T. Hartmann et al., Phys. Rev. Lett. 85 (2000) 274.

. 5. Mizutori et al., Phys. Rev. C 61 (2000) 044326,



