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FÜR PHYSIK A
c© Springer-Verlag 1997

A quantum chaotic clock and damping of the coherent
nuclear rotation in the 28Si +64Ni dissipative collision

S.Yu. Kun1, V.Yu. Denisov2,3, A.V. Vagov4

1 Department of Theoretical Physics, Research School of Physical Science and Engineering, IAS, The Australian National University, Canberra ACT 0200,
Australia
2 Institute for Nuclear Research, Kiev 252028, Ukraine
3 Laboratoire de Physique Subatomique et des Technologies Assci´ees (SUBATEX), UMR Universit´e, École des Mines, IN2P3-CNRS, 4, rue Alfred Kastler,
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Abstract. We employ the statistical reactions with mem-
ory approach to study oscillating excitation functions in the
28Si(Elab = 120− 126.75 MeV)+64Ni strongly dissipative
reaction and the time evolution of the collision process. The
nonself-averaging of the oscillations in the excitation func-
tions is interpreted as indication of quantum chaos and damp-
ing of the coherent nuclear rotation in dissipative heavy-ion
collisions.

PACS: 24.60.Ky; 25.70.Lm

1 Introduction

The measurement of excitation function oscillations in dissi-
pative heavy-ion collisions (DHIC) [1-16] is a valuable tool in
studying the time volution of the interaction process. The ad-
vantage of analysing excitation functions oscillations is that
the characteristic scales of the observable energy structure
provides direct access to the associated time scales of DHIC.
On the contrary, energy-averaged cross sections are time-
integrated characteristics of the reaction, and therefore can
reveal only indirect information on the time evolution of the
collision process.

There have been already many works devoted to inter-
preting excitation function oscillations by studing the energy
coherence lengths and the shape of the cross section energy
autocorrelation functions in DHIC [2, 17-28]. However these
studies are not completely consistent since the central question
as to why the oscillations are not washed out in spite of the
high excitations of the intermediate system, typical for DHIC,
and the fact that there are a very large number of final micro-
channels has not been answered. A possible solution of this
“intriguing puzzle” of DHIC [29] has been presented recently
in refs. [30-34]. It was suggested that the nonself-averaging
of the excitation function oscillations is due to spontaneous
symmetry breaking resulting in the onset of coherent nuclear
rotation and quantum chaos. Quantum chaos causes damp-
ing of the coherent rotation of the highly excited intermediate
system with strongly overlapping resonances. In this paper

we employ this approach [30-34] to analyse both the excita-
tion function oscillations [1, 2] and the angular distributions
[2, 35] of theZ = 12 and 13 reaction fragments from the
28Si(Elab = 120− 126.75 MeV)+64Ni strongly dissipative
collision. This allows us to determine the angular velocity of
the coherent dinuclear rotation and thereby to reconstruct the
time power spectrum of the decaying intermediate system in
absolute time units. It is found that the decay widthβ of the
S-matrix spin and parity correlations is very small:β = 3.7
keV, which indicates that the coherent nuclear rotation is an
extremely stable nuclear mode. This is consistent with recent
analysis [16, 33, 34] of the19F +89Y system [3], where it was
found thatβ = 3.5 keV.

2 Energy-averaged cross section and time power
spectrum of the collision

In order to interpret the excitation function oscillations in the
28Si+64Nidissipative collision [1, 2], we take the measurable,
summed over very large numberNb̄ →∞ of final microchan-
nels (̄b), cross section of the binary reaction in the form

dσ(E, θ)/dθ ≡ σ(E, θ) =
∑
b̄

σāb̄(E, θ), (1)

where (ā) specifies the microstates of the colliding nuclei,E is
the total energy andθ is the detection angle. The partial cross
section can be written as [31]

σāb̄(E, θ) = |Fāb̄(E, θ)|2 = σ(+)
āb̄

(E, θ) + σ(−)
āb̄

(E, θ)

+ 2Re[F (+)
āb̄

(E, θ)F (−)
āb̄

(E, θ)∗], (2)

where

Fāb̄(E, θ) = F (+)
āb̄

(E, θ) + F (−)
āb̄

(E, θ), (3)

F (±)
āb̄

(E, θ) = exp(±i(θ/2− π/4)) ·∑
J

(W (J, I))1/2 exp(iJ(Φ± θ))S̄Jāb̄(E), (4)

and

σ(±)
āb̄

(E, θ) = |F (±)
āb̄

(E, θ)|2. (5)
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In (2-5),Fāb̄(E, θ) is the total reaction amplitude,F (−)
āb̄

(E, θ)

is the near-side amplitude andF (+)
āb̄

(E, θ) is the far-side ampli-
tude. In (4),J is the total spin,Φ is the deflection angle due to
theJ-dependence of the potential phase shifts in the entrance
and exit channels,̄SJ

āb̄
(E) are the normalizedS-matrix ele-

ments [33, 34] which do not depend on the orbital momenta
or channel spins due to continuum-continuum correlation-
coupling [30, 31, 46]. Equations (2-5) are obtained by using
the asymptotic form of Legendre polynomials forJ À 1 and
θ ≥ 1/J , π− θ ≥ 1/J . Although (2-5) are formally the same
as for the spinless reaction fragments, they still account for the
spins of outgoing fragments [36] provided the channel spin in
the exit channel is approximately perpendicular to the reaction
plane,i.e. the reaction is planar. Therefore the argumentation
of [36] and thereby (2-5) are consistent with the macroscopic
picture of DHIC.

Since the colliding ions are spinless, theJ-value deter-
mines the total parity uniquely. Accordingly, the parity labels
are omitted. The average partial reaction probability is taken
in theJ-window form

W (J, I) ∼ exp[−(J − I)2/d2], (6)

whereI À 1 is the average spin of the intermediate system
andd is theJ-window width.

The excitation function data [1, 2] was taken with finite
angular resolution of∆θ ' 3◦ c.m. due to integration over the
whole energy range of the dissipative yield. Consequently, in
our theoretical analysis, we study the statistical properties of
the angle-averaged cross section

σ(E, θ)
∆θ

= (1/∆θ)
∫ θ+∆θ/2

θ−∆θ/2
dθ′σ(E, θ′)

=
∑
b̄

σāb̄(E, θ)
∆θ
, (7)

where

σāb̄(E, θ)
∆θ

=
∑
J1J2

(W (J1, I)W (J2, I))1/2 ·

S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗QJ1J2(Φ, θ,∆θ) (8)

with

QJ1 6=J2(Φ, θ,∆θ) = exp(iΦ(J1− J2)){(1/((J1− J2)∆θ))

× sin(∆θ(J1−J2)/2) cos(θ(J1−J2))+(1/(J1+J2+1)∆θ)

× sin((J1 + J2 + 1)∆θ/2) sin((J1 + J2 + 1)θ)}, (9)

and

QJ1=J2(Φ, θ,∆θ) = 1/2 + (1/(2J1 + 1)∆θ)

× sin((2J1 + 1)∆θ/2) sin((2J1 + 1)θ). (10)

Using (8) we obtain the energy-averaged cross section in the
form

< σāb̄(E, θ)
∆θ

>E=
∑
J1J2

(W (J1, I)W (J2, I))1/2

× < S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗ >E QJ1J2(Φ, θ,∆θ) (11)

with [31]

< S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗ >E= Γ/(Γ+β|J1−J2|+ih̄ω(J1−J2)).(12)

Here,Γ is the total decay width of the intermediate dinucleus,
β is theS-matrix spin and parity decoherence width andω is
the angular velocity of the coherent nuclear rotation [31].

The time evolution of the collision process is studied in
terms of the time power spectrumP (t, θ) [38]. It is given by
the Fourier component of the amplitude energy autocorrelation
function:

P (t, θ) = (1/2πh̄)
∫ ∞
−∞

dε exp(−iεt/h̄) < Fāb̄(E +
ε

2
, θ)

×Fāb̄(E −
ε

2
, θ)∗ >E

=
∑
J1J2

(W (J1, I)W (J2, I))1/2QJ1J2(Φ, θ,∆θ)

× (1/2πh̄)
∫ ∞
−∞

dε exp(−iεt/h̄) < S̄J1

āb̄
(E +

ε

2
)

× S̄J2

āb̄
(E − ε

2
)∗ >E

= (Γ/h̄) exp(−Γt/h̄)
∑
J1J2

(W (J1, I)W (J2, I))1/2

×QJ1J2(Φ, θ,∆θ)×
exp(−iωt(J1− J2)) exp(−|J1− J2|βt/h̄), (13)

where we have used the relation [31]

< S̄J1

āb̄
(E +

ε

2
)S̄J2

āb̄
(E − ε

2
)∗ >E

= Γ/(Γ + β|J1− J2| + ih̄ω(J1− J2)− iε). (14)

3 The cross section energy autocorrelation function

The energy autocorrelation function of the angle-averaged os-
cillating cross section is given by

C(ε, θ) = (< σ(E +
ε

2
, θ)

∆θ

σ(E − ε

2
, θ)

∆θ

>E −

< σ(E, θ)
∆θ

>2
E)/ < σ(E, θ)

∆θ
>2
E . (15)

It is easy to show that for a very large numberNb̄ → ∞ of
final microchannels contributing in the sum (1),

C(ε, θ) = ρ(ε, θ,∆θ), (16)

where

ρ(ε, θ,∆θ) = (<σāb̄(E +
ε

2
, θ)

∆θ

σāb̄′ (E −
ε

2
, θ)

∆θ

>E

− <σāb̄(E, θ)
∆θ
>E<σāb̄′ (E, θ)

∆θ
>E)

/(<σāb̄(E, θ)
∆θ
>E<σāb̄′ (E, θ)

∆θ
>E) (17)

is the generalized cross-channel energy autocorrelation coef-
ficient which does not depend on a particular pair (b̄ 6= b̄′) of
the exit microchannels [30, 31, 33, 34]. The numerator in the
r.h.s. of (15) can be represented as∑
J1J2J3J4

(W (J1, I)W (J2, I)W (J3, I)W (J4, I))1/2

× QJ1J2(Φ, θ,∆θ)QJ3J4(Φ, θ,∆θ)

× [<S̄J1

āb̄
(E+

ε

2
)S̄J2

āb̄
(E+

ε

2
)∗S̄J3

āb̄′
(E− ε

2
)S̄J4

āb̄′
(E− ε

2
)∗>E

− < S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗ >E< S̄J3

āb̄′
(E)S̄J4

āb̄′
(E)∗ >E ]. (18)
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The expression in square brackets in (14) is calculated by
changing from energy averaging to ensemble averaging [33,
34]. Then, considering theS-matrix elements to be Gaussian
stationary stochastic processes [48-50], we obtain [33, 34]

< S̄J1

āb̄
(E +

ε

2
)S̄J2

āb̄
(E +

ε

2
)∗S̄J3

āb̄′
(E − ε

2
)S̄J4

āb̄′
(E − ε

2
)∗ >E

− < S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗ >E< S̄J3

āb̄′
(E)S̄J4

āb̄′
(E)∗ >E

= S̄J1

āb̄
(E +

ε

2
)S̄J2

āb̄
(E +

ε

2
)∗S̄J3

āb̄′
(E − ε

2
)S̄J4

āb̄′
(E − ε

2
)∗

− S̄J1

āb̄
(E)S̄J2

āb̄
(E)∗ S̄J3

āb̄′
(E)S̄J4

āb̄′
(E)∗

= S̄J1

āb̄
(E +

ε

2
)S̄J4

āb̄′
(E − ε

2
)∗ S̄J2

āb̄
(E +

ε

2
)∗S̄J3

āb̄′
(E − ε

2
),

(19)

where

S̄J
āb̄

(E +
ε

2
)S̄J′
āb̄′

(E − ε

2
)∗

= Γ/(Γ + β|J − J ′| + ih̄ω(J − J ′)− iε)
−Γ/(Γ + β|J − I| + β|J ′ − I| + ih̄ω(J − J ′)− iε). (20)

In (19, 20) the overbars denote the ensemble averaging. Basic
argument in favour of a Gaussian distribution ofS-matrix
elements in DHIC is the following. DHIC are complicated
processes in which an extremely large number of strongly
overlapping resonance states is excited. AccordinglyS-matrix
elements are the sums over a very large number of partial
amplitudes corresponding to different resonance levels. Then
assuming that the phases of the partial amplitudes with fixed
total spin and parity values quickly become randomazed [48-
50] and employing the central limit theorem of probability
theory [41] one arrives to a Gaussian distribution forS-matrix
elements in DHIC.

4 Analysis of experimental data

We consider first the energy-averaged angular distributions

dσ(E, θ)/dΩ =< σ(E, θ)
∆θ

>E / sinθ, (21)

where< σ(E, θ)
∆θ

>E is given by (11). The experimental
angular distributions [2, 35] (see Fig. 1) demonstrate strong
forward peaking. The average deflection angleΦ = 45◦ is in-
dicated by the region of sharpest variation indσ(E, θ)/dΩ. In
order to reproduce this sharp increase aroundΦ = 45◦ we take
d = 15/(2)1/2 ' 11. Finally, from the ratio of experimental
cross sections atθ ' 30◦ − 40◦ andθ ' 60◦ − 70◦, we find
Γ/h̄ω = 2.06. Note thatdσ(E, θ)/dΩ is insensitive to the
average spinI on the studied angular interval providedI ≥ d.

While the analysis of the energy-averaged angular distri-
butions enabled us to determine theΓ/h̄ω-ratio, it can not
provide us with the absolute values ofΓ and h̄ω. Accord-
ingly, analysis ofdσ(E, θ)/dΩ does not allow one to find the
absolute time scales of the coherent rotation of the interme-
diate dinucleus and its average life-time ¯h/Γ . The analysis
of angular distributions is also powerless in the detection of
quantum chaotic phenomena in DHIC, whose indication is a
nonvanishingβ-width [30-34], sincedσ(E, θ)/dΩ is insensi-
tive to the imaginary partβ/h̄ of the angular velocity of the
coherent nuclear rotation providedβ ¿ h̄ω.

Fig. 1.Angular distributions of theZ = 12 and 13 fragments from the28Si+64

Ni dissipative collision. Data is from [2, 35].Solid linesare obtained from
(11) (see text)

Fig. 2. Cross section energy autocorrelation functions forZ = 12 and 13
fragments from the28Si +64 Ni dissipative collision. Data is from [1, 2].
Solid linesare obtained from (16-20) (see text)

In order to findΓ , h̄ω andβ we must turn to the analysis of
the cross section energy autocorrelation functionC(ε, θ) ob-
tained from measurements of excitation function oscillations
[1, 2]. For theZ = 12 and 13 reaction fragments the experi-
mentalC(ε, θ = 37◦)’s are similar and demonstrate quasiperi-
odic structure (see Fig. 2). They were obtained by extracting
the smooth linear background in the measured excitation func-
tions. This linear background was deduced from a least square
fit applied to the data. Such a procedure corresponds to the lin-



        

260

ear approximation in the Pappalardo method [39] of separation
of gross structure against the Ericson compound nucleus fluc-
tuations [40]. Although this quasiperiodicity is considerably
overshadowed by large statistical uncertainties due to the finite
data range, one can still deduce approximately a quasiperiod of
∆ε ' 3− 3.5 MeV. We calculateC(ε, θ < Φ) and find that,
independent onI ≥ d, it is quasiperiodic with quasiperiod
∆ε = 2πh̄/(tf.s − tn.s.) = πh̄ω/θ, wheretf.s. = (Φ + θ)/ω
and tn.s. = (Φ − θ)/ω are the time delays for the decay of
the far-side and near-side rotating wave packets, respectively
[19-21, 38]. Taking from the experiment∆ε = 3.3 MeV we
uniquely obtain ¯hω = 0.68 MeV. This corresponds toI ' 30
calculated with the moment of inertia of two touched nuclei.
Having determined theΓ/h̄ω-ratio from the analysis of the
angular distributions we also obtainΓ = 1.4 MeV.

Finally, from fitting C(ε = 0, θ = 37◦), we uniquely
find β = 3.7 keV. The comparison between the experimental
C(ε, θ = 37◦)’s and those calculated from (16-20) is presented
in Fig. 2. One can see that although the oscillating behaviour
of C(ε, θ = 37◦) with quasiperiod∆ε ' 3.3 MeV is repro-
duced, there is still clear disagreement between the experi-
mental and theoretical energy autocorrelations. Indeed, while
the experimentalC(ε, θ = 37◦)’s are negative in between the
maxima atε = 0 andε ' 3− 3.5 MeV, the theoretical ones
are non-negative for the entireε-interval. The reason for this
is the following. Our present analysis is based on the results
[30, 31, 33, 34], where the theoretical energy autocorrelation
was obtained by performing ensemble averaging, rather than
energy averaging. In order to ensure the equality of the two
averaging, which is referred to as ergodicity of the underlying
stochastic process, one has to perform the averaging on the
energy intervalI, such that [41, 42]

C(ε¿ I, θ)/C(ε = 0, θ)→ 0. (22)

This is not the case for the experimental data [1, 2], which
was obtained on the energy interval 4.7 MeV in c.m. There-
fore, in order to satisfy the above condition (22) one should
considerably increase the energy interval, which would also
reduce statistical uncertainties in the experimentalC(ε, θ)’s.
Alternatively, one should try to develop further the approach
[30, 31, 33, 34] and calculateC(ε, θ) performing the energy
averaging on the finite energy interval. The fact, that one in-
deed can obtain negative values ofC(ε, θ) by carrying out
energy averaging is illustrated in [43, 44, 53] for the case of
one or several final micro-channels. However it is not obvious
at present stage how to generalize these calculations [43, 44] to
the case of a very large number of final micro-channels and to
extend the approach [30, 31, 33, 34] to explicitely performing
an energy averaging on a finite energy interval. The stochastic
modelling of the oscillating excitation functions in the DHIC,
which we intend to develop and apply in the future, may serve
as useful tool in studying deviations from ergodicity in DHIC
and, in general, in statistical processes with memory [30-34,
37, 43-47, 53, 54].

5 Quantum chaos and the dinuclear clock in the
28Si +64Ni dissipative collision

Using (13) we calculate the time power spectra of the collision
at different angles (see Fig. 3). One observes two distinct max-
ima which clearly determine the time delays for the near-side

Fig. 3. Time power spectra reconstructed for the28Si +64 Ni dissipative
collision at different angles.Solid linesare obtained withβ = 3.7 keV, and
dotted linescorrespond toβ/Γ = 0 (see text).Dashed linescorrespond to
exponential compound nucleus decay

and far-side decays of the rotating intermediate system. For
comparison we also depict exponential time power spectra for
the compound nucleus decay.

The fact that we are able to make an absolute normaliza-
tion of the dinuclear clock is due to the analysis of excita-
tion function oscillations which provided us with the absolute
value of the angular velocityω. The presence of any struc-
ture in the excitation functions,i.e. the nonself-averaging of
the excitation function oscillations in spite of the strong over-
lap of the dinuclear resonances and enormous number of final
micro-channels, indicates non-vanishing of theβ-width [30-
34]. Theβ/h̄-rate has a physical meaning as the imaginary
part of the angular velocity of the coherent nuclear rotation
[31]. The origin of the damping of the coherent nuclear rota-
tion is theS-matrix spin and parity decoherence, which is a
typical quantum chaotic phenomenon [30, 31] occurring be-
cause of the statistical relaxation in the discrete spectrum on
finite time intervals [51, 52]. Therefore the quantum chaos and
damping of the coherent nuclear rotation enable us to obtain
an absolute time normalization of the time power spectra and
thereby supply us with the dinuclear clock.

Yet, although being non-vanishing, the damping width of
the coherent rotation is extremely small:β = 3.7 keV. This
implies a very slow time-space delocalization of the highly
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excited dinucleus. Indeed, the difference between the time
power spectra withβ = 3.7 keV andβ/Γ = 0 is practi-
cally invisible in Fig. 3. However the signal from the finite
non-vanishingβ-width is clearly seen due to oscillating, non
smooth and structureless, excitation functions in the28Si +64

Ni dissipative collision [1, 2].
Reduction ofβ results in the suppression of the time-space

delocalization of the dinucleus which improves the precision
of the dinuclear clock. In the limitβ/Γ → 0, i.e. in the limit
of absence of quantum chaos resulting in undamped regular
coherent rotation, any structures in the excitation functions are
washed out. Accordingly, information about the value ofω is
lost and absolute normalization of time is no longer possible.
Thus a dinuclear clock can never be precise, otherwise it be-
comes invisible. However, sinceβ/h̄ω ' 0.005 rad' 0.3◦,
coherent rotation is an extremely stable nuclear mode and thus
a dinuclear clock is still quite reliable.

6 Conclusions

We have analyzed the angular distributions and excitation
function oscillations of theZ = 12 and 13 reaction fragments
in the 28Si(Elab = 120− 126.75 MeV) +64 Ni dissipative
collision. This enabled us to reconstruct the time power spec-
trum of the collision process in absolute time units. We have
interpreted the presence of oscillating structure in the excita-
tion functions as an indication of quantum chaos and damping
of the coherent nuclear rotation in DHIC [30-34]. However
the damping width of the coherent nuclear rotation was found
to be 3.7 keV. This is consistent with recent analysis [16, 33,
34] of the19F +89 Y dissipative collision [3], which resulted
in β=3.5 keV. This indicates that coherent nuclear rotation
is an extremely stable mode in spite of the high excitations
typical for DHIC. On the contrary, collective rotational bands
and, in general, nuclear collective states acquire substantial
spreading widths already at several MeV excitation energy
[50]. Accordingly, since the spreading widths of the highly
excited collective states in DHIC are from about 2-3 MeV to
10-20 MeV [48, 49], these collective modes lose their individ-
uality as excited states very quickly. Therefore, one observes
that, unlike the extremely stable nuclear coherent motion, the
collective nuclear motion in DHIC is strongly overdamped
and thus can not contribute to the nuclear dynamics on time
intervals longer than 10−22 sec.

S.K. is grateful to G. Pappalardo and members of his group for long-term fruit-
ful communications and discussions of variations in the excitation functions
of DHIC. He is also grateful to B.V. Chirikov for illuminating discussions of
the quantum chaotic phenomena. V.D. would like to thank SUBATEX, Nantes
for financial support and hospitality during his visit. Thanks are due to B.A.
Robson for useful discussions.

References

1. De Rosa, A., Inglima, G., Russo, V., Sandoli, M., Fortuna, G., Montag-
noli, G., Signorini, C., Stefanini, A.M., Cardella, G., Pappalardo, G., F.
Rizzo, F.: Phys. Lett. B160, 239 (1985)

2. Pappalardo, G.: Nucl. Phys. A488, 395c (1988)
3. Suomijärvi, T., Berthier, B., Lucas, R., Mermaz, M.C., Coffin, J.P., Guil-

laume, G., Heusch, B., Jundt, F., Rami, F.: Phys. Rev. C36, 181 (1987)

4. De Rosa, A., Inglima, G., Russo, V., Sandoli, M., Fortuna, G., Mon-
tagnoli, G., Signorini, C., Stefanini, A.M., Cardella, G., Pappalardo, G.,
Rizzo, F.: Phys. Rev. C37,1042 (1988)

5. De Rosa, A., Inglima, G., Rosato, E., Sandoli, M., Cardella, G., Papa,
M., Pappalardo, G., Rizzo, F., Fortuna, G., Montagnoli, G., Stefanini,
A.M., Tivelli, A., Signorini, C.: Phys. Rev. C40, 627 (1989)

6. De Rosa, A., Fioretto, E., Inglima, G., Romoli, M., Sandoli, M., Cardella,
G., Papa, M., Rizzo, F., Napoli, D.R., Stefanini, A.M., Signorini, C., Phys.
Rev. C44, 747 (1991)

7. Wang Qi, Li Songlin, Lu Jun, Xu Hushan, Yin Xu, Fan Enjie, Guo
Zhongyan, Zhu Yongtai, Xie Yuanxiang, Li Zhichang, Lu Xiuqin, Hu
Xiaoqing: Chin. Phys. Lett.10, 656 (1993)

8. Wang Qi, Li Songlin, Lu Jun, Xu Hushan, Yin Xu, Fan Enjie, Guo
Zhongyan, Zhu Yongtai, Xie Yuanxiang, Li Zhichang, Lu Xiuqin, Hu
Xiaoqing: Chin. J. Nucl. Phys.15, 113 (1993)

9. Rizzo, F., Cardella, G., De Rosa, A., Di Pietro, A., D’Onofrio, A.,
Fioretto, E., Inglima, G., Musumarra, A., Papa, M., Pappalardo, G., Ro-
mano, M., Romoli, M., Terrasi, F., Sandoli, M.: Z. Phys. A349, 169
(1994)

10. Wang Qi, Li Songlin, Lu Jun, Xu Hushan, Yin Xu, Fan Enjie, Guo
Zhongyan, Zhu Yongtai, Xie Yuanxiang, Li Zhichang, Lu Xiuqin, Hu
Xiaoqing: High Energy Physics and Nuclear Physics18, 25 (1994)

11. Papa, M., Cardella, G., Di Pietro, A., Li, S.L., Musumarra, A., Pap-
palardo, G., Rizzo, F., De Rosa, A., Inglima, G., La Commara, M., Pier-
routsakou, D., Romoli, M.: Z. Phys. A353, 205 (1995)

12. Lu Jun, Wang Qi, Xu Hushan, Li Songlin, Zhu Yongtai, Yin Xu, Fan
Enjie, Zhang Yuhu, Li Zhichang, Zhao Kui, Lu Xiuqin, Hu Xiaoqing:
Chin. Phys. Lett.12, 661 (1995)

13. Wang Qi, Lu Jun, Xu Hushan, Li Songlin, Zhu Yongtai, Yin Xu, Fan
Enjie, Zhang Yuhu, Li Zhichang, Zhao Kui, Lu Xiuqin, Hu Xiaoqing:
High Energy Physics and Nuclear Physics20, 289 (1996)

14. Lu Jun, Wang Qi, Xu Hushan, Li Songlin, Zhu Yongtai, Yin Xu, Fan
Enjie, Zhang Yuhu, Li Zhichang, Zhao Kui, Lu Xiuqin, Hu Xiaoqing:
Chin. J. Nucl. Phys.18, 91 (1996)

15. Wang Qi, Lu Jun, Xu Hushan, Li Songlin, Zhu Yongtai, Fan Enjie, Yin
Xu, Zhang Yuhu, Guo Zhongyan, Li Zhichang, Zhao Kui, Lu Xiuqin, Hu
Xiaoqing: Phys. Lett. B388, 462 (1996)

16. Kun, S.Yu., Hinde, D.J., Dasgupta, M., Leigh, J.R., Mein, J.C., Morton,
C.R., Newton, J.O., Robson, B.A., Timmers, H., Vagov, A.V.: Z. Phys.
A359, ??? (1997)

17. Bonetti, R., Hussein, M.S.: Phys. Rev. Lett.57, 194 (1986)
18. Brink, D.M., Dietrich, K.: Z. Phys. A326, 7 (1987)
19. Cardella, G., Papa, M., Pappalardo, G., Rizzo, F., De Rosa, A., Inglima,

G., Sandoli, M.: Z. Phys. A332, 195 (1989)
20. De Rosa, A., Fioretto, E., Inglima, G., Romoli, M., Sandoli, M., Setola,

R., Cardella, G., Papa, M., Pappalardo, G., Rizzo, F., Wang, Q., Mon-
tagnoli, G., Segato, G.F., Signorini, C., Stefanini, A.M.: Z. Phys. A336,
387 (1990)

21. Kun, S.Yu.: Phys. Lett. B257, 247 (1991)
22. Kun, S.Yu., Weidenm¨uller, H.A.: in Proc. 6th Intern. Conf. on Nuclear

Reaction Mechanisms, Varenna, June 1991, edited by E. Gadioli (Milano,
1991), p. 259

23. Pappalardo, G., Papa, M.: in Proc. of Workshop on Multistep Direct Re-
actions, Faure, October 1991, edited by R.H. Lemmer (World Scientific,
Singapore, 1992), p. 89

24. Kun, S.Yu., N¨orenberg, W.: Z. Phys. A343, 215 (1992)
25. Cardella, G., Papa, M., Rizzo, F., Pappalardo, G., De Rosa, A., Fioretto,

E., Inglima, G., Romoli, M., Sandoli, M.: in Proc. of 30th Intern. Winter
Meeting on Nuclear Physics, Bormio 1992, edited by Iori, I., p. 140

26. Kun, S.Yu., N¨orenberg, W., Papa, M.: Phys. Lett. B298, 273 (1993)
27. Pappalardo, G., Bonasera, A., Cardella, G., De Rosa, A., Fioretto, E.,

Gulminelli, F., Inglima, G., Longo, C., Papa, M., Romoli, M., Rizzo, F.,
Sandoli, M., Agodi, C., Alba, R., Bellia, G., Coniglione, R., Del Zoppo,
A., Finocchiaro, P., Maiolino, C., Migneco, E., Piatteli, P., Russo, G.,
Sapienza, P.: in Perspectives in Heavy Ion Physics, Conference Proc.
Vol. 38, edited by Di Toro, M., and Migneco, E., SIF, Bologna, 1993, p.
253

28. Strutinsky, V.M.: Nucl. Phys. A572, 181 (1994)
29. Feshbach, H.: in Proc. of Workshop on Multistep Direct Reactions, Faure,

October 1991, edited by R.H. Lemmer (World Scientific, Singapore,
1992) p. 225



  

262

30. Kun, S.Yu.: Z. Phys. A357, 255 (1997)
31. Kun, S.Yu.: Z. Phys. A357, 271 (1997)
32. Kun, S.Yu.: Z. Phys. A357, 367 (1997)
33. Kun, S.Yu.: J. Phys. G23, 1359 (1997)
34. Kun, S.Yu., Vagov, A.V.: Z. Phys. A359, 137 (1997)
35. Cardella, G., Papa, M., Pappalardo, G., Rizzo, F., De Rosa, A., Inglima,

G., Sandoli, M., Fortuna, G., Montagnoli, G., Stefanini, A.M., Tivelli,
A., Beghini, S., Signorini, C.: Nucl. Phys. A482, 235c (1988)

36. Strutinsky, V.M., Vydrug-Vlasenko, S.M.: Z. Phys. A294, 281 (1980)
37. Kun, S.Yu.: in Proc. of Workshop on Multistep Direct Reactions, Faure,

October 1991, edited by R.H. Lemmer (World Scientific, Singapore,
1992) p. 114

38. Kun, S.Yu., Papa, M., Robson, B.A.: Z. Phys. A347, 123 (1993)
39. Pappalardo, G.: Phys. Lett.13, 320 (1964)
40. Ericson, T.: Ann. Phys. (N.Y.)23, 390 (1963)
41. Yaglom, M.A., An introduction to the theory of stationary random func-

tions, transl. by R.A. Silverman (Prentice-Hall, Englewood Cliffs, NJ,
1962)

42. French, J.B., Mello, P.A., Pandey, A.: Phys. Lett. B80, 17 (1978)
43. Kun, S.Yu.: Europhys. Lett.26, 505 (1994)

44. Kun, S.Yu.: Nucl. Phys. A583, 275c (1995)
45. Kun, S.Yu.: Phys. Lett. B319, 16 (1993)
46. Kun, S.Yu.: Z. Phys. A348, 273 (1994)
47. Kun, S.Yu.: Acta Physica Slovaca45, 711 (1995)
48. Agassi, D., Ko, C.M., Weidenm¨uller, H.A.: Ann. Phys. (N.Y.)107, 140

(1977)
49. Weidenm¨uller, H.A.: Progr. Part. Nucl. Phys.3,49 (1980)
50. Bohigas, O., Weidenm¨uller, H.A.: Annu. Rev. Nucl. Part. Sci.38, 421

(1988)
51. Casati, G., Chirikov, B.V.: in Quantum Chaos, edited by Casati, G. and

Chirikov, B.V. (Cambridge University Press, Cambridge 1995), p. 3; and
refs. therein

52. Gutzwiller, M.C.: Progress of Theoretical Physics Suppl. No. 116, (1994)
p. 1; and refs. therein

53. Kun, S.Yu., Abbondano, U., Bruno, M., Cindro, N., D’Agostino, M.,
Milazzo, P.M., Ricci, R.A., Ritz, T., Robson, B.A., Scheid, W., Vagov,
A.V., Vannini, G., Vannucci, L.: Z. Phys. A359, 145 (1997)

54. Kun, S.Yu., Vagov, A.V., Marcinkowski, A.: Z. Phys. A358, 69
(1997)


