Z. Phys. A 359, 257-262 (1997) ZEITSCHRIFT
FUR PHYSIK A

© Springer-Verlag 1997

A quantum chaotic clock and damping of the coherent
nuclear rotation in the 2854 +%4 V¢ dissipative collision

S.Yu. Kun?, V.Yu. Deniso3, A.V. Vagov*

1 Department of Theoretical Physics, Research School of Physical Science and Engineering, IAS, The Australian National University, Canbet®a ACT 020
Australia

2 |nstitute for Nuclear Research, Kiev 252028, Ukraine

3 Laboratoire de Physique Subatomique et des Technologiesess(EUBATEX), UMR Universi; Ecole des Mines, IN2P3-CNRS, 4, rue Alfred Kastler,
F-44070 Nantes, France

4 Department of Physics, The University of Western Australia, Nedlands, Perth WA 6907, Australia

Received: 10 December 1996 / Revised version: 15 April 1997
Communicated by X. Campi

Abstract. We employ the statistical reactions with mem- we employ this approach [30-34] to analyse both the excita-
ory approach to study oscillating excitation functions in thetion function oscillations [1, 2] and the angular distributions
285i(Ea, = 120— 12675 MeV)+* N strongly dissipative  [2, 35] of the Z = 12 and 13 reaction fragments from the
reaction and the time evolution of the collision process. The?®Si(FE;,, = 120— 12675 MeV)+**Ni strongly dissipative
nonself-averaging of the oscillations in the excitation func- collision. This allows us to determine the angular velocity of
tions is interpreted as indication of quantum chaos and dampthe coherent dinuclear rotation and thereby to reconstruct the
ing of the coherent nuclear rotation in dissipative heavy-iontime power spectrum of the decaying intermediate system in

collisions. absolute time units. It is found that the decay wigtf the
S-matrix spin and parity correlations is very smail:= 3.7
PACS: 24.60.Ky; 25.70.Lm keV, which indicates that the coherent nuclear rotation is an

extremely stable nuclear mode. This is consistent with recent
analysis [16, 33, 34] of th® F +8°Y system [3], where it was
found thatg = 3.5 keV.

1 Introduction 2 Energy-averaged cross section and time power

o _ o ~__spectrum of the collision
The measurement of excitation function oscillations in dissi-

pative heavy-ion collisions (DHIC) [1-16] is a valuable tool in | order to interpret the excitation function oscillations in the
studying the time volution of the interaction process. The ad-28g; 464 7; dissipative collision [1, 2], we take the measurable,
vantage of analysing excitation functions oscillations is thatsymmed over very large numh&}; — oo of final microchan-

the characteristic scales of the observable energy structurga|s ¢), cross section of the binary reaction in the form
provides direct access to the associated time scales of DHIC.

On the contrary, energy-averaged cross sections are timets(F,0)/df = o(E, 6) = ZJEE(E,Q), Q)
integrated characteristics of the reaction, and therefore can N

reveal only indirect information on the time evolution of the where @ specifies the microstates of the colliding nuclgis

collision process. : ; .
There have been already many works devoted to inter_the total energy and is the detection angle. The partial cross

. o : o . section can be written as [31]
preting excitation function oscillations by studing the energy
coherence lengths and the shape of the cross section energy;(E, 0) = |F55(E, 0)| = 0 (B, ) + 0 (. 6)
autocorrelation functions in DHIC [2, 17-28]. However these + _ .
studies are not completely consistent since the central question + 2Re[Féb’)(E> H)Féb’)(ﬂ o)1, @)
as to why the oscillations are not washed out in spite of thayhere
high excitations of the intermediate system, typical for DHIC, g )
and the fact that there are a very large number of final micro£'a (£, 0) = F3/(E, 0) + F75(E, ), ®)
channels has not been answered. A possible solution of this
“intriguing puzzle” of DHIC [29] has been presented recently F%)(E 0) = expi(0/2 — 7 /4)) -
in refs. [30-34]. It was suggested that the nonself-averaging “ _
of the excitation function oscillations is due to spontaneous Z(W(% D)2 exp(J(® + 0)SIH(E),  (4)
symmetry breaking resulting in the onset of coherent nuclear J
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 papes2(E,6) = |[FE(E, 0)[%. (5)
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In (2-5), F53(E, 6) is the total reaction amplitudé;;) (£, 6)

Here,I' is the total decay width of the intermediate dinucleus,
[ is the S-matrix spin and parity decoherence width ants

is the near-side amplitude adid?(E, 6) is the far-side ampli-

tude. In (4),J is the total sping is the deflection angle due to the angular velocity of the coherent nuclear rotation [31].
the J-dependence of the potential phase shifts in the entrance The time evolution of the collision process is studied in

and exit channelsS{{g(E) are the normalized-matrix ele-

terms of the time power spectruf(t, 6) [38]. It is given by

ments [33, 34] which do not depend on the orbital momentghe Fouriercomponent of the amplitude energy autocorrelation
or channel spins due to continuum-continuum correlation-function:

coupling [30, 31, 46]. Equations (2-5) are obtained by using
the asymptotic form of Legendre polynomials fbrs> 1 and

6 >1/J,7—0 > 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, thievalue deter-
mines the total parity uniquely. Accordingly, the parity labels
are omitted. The average partial reaction probability is taken
in the J-window form

W (J, 1) ~ exp[-(J — I)?/d?], (6)

wherel > 1 is the average spin of the intermediate system
andd is the J-window width.
The excitation function data [1, 2] was taken with finite

angular resolution af\@ ~ 3° c.m. due to integration overthe - ¢

whole energy range of the dissipative yield. Consequently, in

P(t,0) = (1/2xh) /00 de exp(—ict/h) < Fg(E + %,6)

X Fi(E — %,9)* >p
=Y (W (J1, DW (o, 1)2Q"2(2, 6, A6)
J1J2
X (1/277}7)/ de exp(—ict/h) < §£;(E + %)
— E
X SHE - 5) >p

= (T/R)exp=T't/R) Y (W (J1, DW (J2, 1)/
J1J>
x Q1 2(d, 0, AG) x

exp(—iwt(J1 — J2)) exp(~|J1 — J2|Bt/h),  (13)

where we have used the relation [31]

7 €\ o €k
ai(E + E)S(i(E — 5) >p

our theoretical analysis, we study the statistical properties of= 1'/(I" + B|J1 — Jo| + ihw(J1 — J2) — ie). (14)

the angle-averaged cross section

— A0 ora6/2 , 3 The cross section energy autocorrelation function
o(E,0)" =(1/A6) df'o(E,0")
6-Aa6/2 The energy autocorrelation function of the angle-averaged os-
= Z o(E, G)M, (7)  cillating cross section is given by
b =40 A0
Where C(e,0) = (< 0(E+§,9) o(E—E,a) >p —
R — ——— A0 ——— A0
o (B0 =S (W, DW (Jz, I)Y? - <o(B.0) >%)/ <o(B.0) >%. (15)
J1J It is easy to show that for a very large numl¥éy — oo of
S_%(E)ST&_%(E)*QJMZ@, 0, Af) (8)  final microchannels contributing in the sum (1),
with C(e,0) = ple, 0, AD), (16)
QU 7(,0, A0) = exp(@(J1 — J2){(1/ (1 — J2)A0)) where . .,

x Sin(A0(J1—J2)/2) cos@(J1— J2))+(1/(J1+J2+1)A0)

x sin((Jy + J2 + 1)A0/2) sin((J1 + J2 + 1)9)}, (9)
and
QT=2(d,0, A0) = 1/2 + (1/(2J1 + 1)Af)

x sin((2J1 + 1)A0/2) sin((271 + 1)f). (10)

ple,0, A6) = (<oz(B+5.0) oz(E—5.0) >p

2
27
<o B0 s p<o (B0 > p)

N<oa(BB) > p<om (B,0) ' >5)  (17)

is the generalized cross-channel energy autocorrelation coef-
ficient which does not depend on a particular paig (') of

Using (8) we obtain the energy-averaged cross section in ththe exit microchannels [30, 31, 33, 34]. The numerator in the

form

—_— A0
<og(E,0) >p= Y (W(J, HW(J, D)?
J1J2
x < SIME)SHE)* >p QM%(2,0, A0) (11)

with [31]

< SIE)SEE) >p=I/(T+B| 1= Jo|+ihw(J1—J2))-(12)

r.h.s. of (15) can be represented as

> (W, W (T2, W (Ja3, W (Ja, 1)/

J1J2J3J4

x QY(@,0, A0)QT (2,0, A)
a1 ENGh €\ as ENGa
X [<555(E+§)555(E+§) SE—/(E—E)Sf

E *
(E— E) >E
— < SHE)SE(E) >p< S5 (E)SA(E) S5l (18)
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The expression in square brackets in (14) is calculated by
changing from energy averaging to ensemble averaging [33, 100 7Z =12
34]. Then, considering th&-matrix elements to be Gaussian
stationary stochastic processes [48-50], we obtain [33, 34] 1
SIE + 2)SP2(E + 2y 592 (B — £)57% (B — 2)* 2
< Sab( B Z)Saj( 2) Sab’(_ 2)‘~_ga /( 2) >E “é +
— < SIME)SHE) >p< SE(B)SE () >5 =1
; ; o
e .= E.. = E. = 9 =
= SIHE + E)S[;]f(E + E)*S[;]%(E - E)S,;—]% (E—2) = oo
= = = = ®
~ SIHE)SUE)" S22 (E)S: (E)* &
a a a a ~
_ aJ NG v o €\, ol € o 10
=SZHE + E)Sﬁi’(E - E) SZE + E) SZ(E — 5)’ e
(19) 1
where L
= == = 20 30 40 50 60 70 80
J(E + 2)SI(E — 2)*
Sab( Z)Sab/( 2) ﬁcm ( deg. )
—_ / . 1 .
=L/ + BT = T +iho(] = J') — ie) Fig. 1.Angular distributions of thZ = 12 and 13 fragments from tR&Si+64

/(T +B|J = I|+6|J —I|+ihw(J — J') —i€). (20)  Ni dissipative collision. Data is from [2, 35Bolid linesare obtained from
11 text
In (19, 20) the overbars denote the ensemble averaging. Basgc ) (seetex)

argument in favour of a Gaussian distribution $¥matrix
elements in DHIC is the following. DHIC are complicated
processes in which an extremely large number of strongly 0.003 7 =19
overlapping resonance states is excited. Accordifghyatrix
elements are the sums over a very large number of partial I
amplitudes corresponding to different resonance levels. Then  0.001 I
assuming that the phases of the partial amplitudes with fixed ol l

total spin and parity values quickly become randomazed [48-— J

50] and employing the central limit theorem of probability LO\ -0.001 ¢ mm”l
theory [41] one arrives to a Gaussian distribution§ematrix oY .0.002

elements in DHIC. I

0.004

0.002

Q

D 0.004 7 =13

4 Analysis of experimental data o

o 0.002}
We consider first the energy-averaged angular distributions &) ) { [
do(E,0)/d02 =< o(E,0)"" >p /sind, 1) S ons “ ﬂ
where< (F, 0)46 > is given by (11). The experimental 0.004 | {m H
angular distributions [2, 35] (see Fig. 1) demonstrate strong
forward peaking. The average deflection angle 45° is in- 0006 bt
dicated by the region of sharpest variatiodir(E, 6)/df2. In o 1 2 3 4 5
order to reproduce this sharp increase arobrd45° we take
d = 15/(2)%/? ~ 11. Finally, from the ratio of experimental e(MeV) .

cross sections # ~ 30° — 40° andd ~ 60° — 70°, we find Fig. 2. Cross section energy autocorrelation functions o= 12 and 13
I'/hw = 2.06. Note thatdo(F, §)/df? is insensitive to the  fragments from thé8s; +%4 Ni dissipative collision. Data is from [1, 2].
average spitd on the studied angular interval providéd> d. Solid linesare obtained from (16-20) (see text)

While the analysis of the energy-averaged angular distri-
butions enabled us to determine the hw-ratio, it can not
provide us with the absolute values bf and hw. Accord- In order to findl", hw andB we must turn to the analysis of
ingly, analysis oflo(E, 6)/d{2 does not allow one to find the the cross section energy autocorrelation functit(n, ) ob-
absolute time scales of the coherent rotation of the intermetained from measurements of excitation function oscillations
diate dinucleus and its average life-timg[". The analysis [1, 2]. For theZ = 12 and 13 reaction fragments the experi-
of angular distributions is also powerless in the detection ofmentalC/(e, § = 37°)'s are similar and demonstrate quasiperi-
guantum chaotic phenomena in DHIC, whose indication is aodic structure (see Fig. 2). They were obtained by extracting
nonvanishingd-width [30-34], sincelo(E, 0)/dS? isinsensi-  the smooth linear background in the measured excitation func-
tive to the imaginary parf/h of the angular velocity of the tions. This linear background was deduced from a least square
coherent nuclear rotation providgd hew. fit applied to the data. Such a procedure corresponds to the lin-
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ear approximation in the Pappalardo method [39] of separation T
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
datarange, one can still deduce approximately a quasiperiod of
Ae ~ 3 — 3.5 MeV. We calculate” (¢, 0 < &) and find that,
independent od > d, it is quasiperiodic with quasiperiod
Ae = 21h/(tss — tns) = mhw/8, wheret; ;. = (P +6)/w

andt, ;. = (¢ — 0)/w are the time delays for the decay of
the far-side and near-side rotating wave packets, respectively
[19-21, 38]. Taking from the experimente = 3.3 MeV we 'y
uniquely obtainhw = 0.68 MeV. This corresponds tb~ 30 0.8 1%

calculated with the moment of inertia of two touched nuclei. 9=25"
Having determined thé’/ hw-ratio from the analysis of the —~ 06}
angular distributions we also obtain= 1.4 MeV. &

Finally, from fitting C(= = 0,6 = 37°), we uniquely 041
find g = 3.7 keV. The comparison between the experimental 0.2
C(e, 6 = 37)'s and those calculated from (16-20) is presented '
in Fig. 2. One can see that although the oscillating behaviour o N
of C(e, 6 = 37°) with quasiperioddAe ~ 3.3 MeV is repro- B
duced, there is still clear disagreement between the experi- o g|*
mental and theoretical energy autocorrelations. Indeed, while §=15"°
the experimental’(e, 8 = 37°)’s are negative in between the 0.6F
maxima at: = 0 ande ~ 3 — 3.5 MeV, the theoretical ones
are non-negative for the entiteinterval. The reason for this 0.4

is the following. Our present analysis is based on the results
[30, 31, 33, 34], where the theoretical energy autocorrelation 0.2 ¢ ]
was obtained by performing ensemble averaging, rather than ol /. /\

energy averaging. In order to ensure the equality of the two 0 2 4 6 8 101214 16
averaging, which is referred to as ergodicity of the underlying
stochastic process, one has to perform the averaging on the t (10 2 sec.)

energy intervall, such that [41, 42] Fig. 3. Time power spectra reconstructed for ti +64 N4 dissipative
Cle<kZ,0)/C=0,0)—0. (22) collision at different anglesSolid linesare obtained with3 = 3.7 keV, and
dotted linescorrespond tg3/1" = O (see text)Dashed linesorrespond to

This is not the case for the experimental data [1, 2], WhiChexponentiaI compound nucleus decay

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 alsgang far-side decays of the rotating intermediate system. For

reduce statistical uncertainties in the experime6t@l, )'s.  comparison we also depict exponential time power spectra for
Alternatively, one should try to develop further the approachthe compound nucleus decay.
[30, 31, 33, 34] and calculat€(e, 6) performing the energy The fact that we are able to make an absolute normaliza-

averaging on the finite energy interval. The fact, that one inion of the dinuclear clock is due to the analysis of excita-
deed can obtain negative values ©fe, ) by carrying out  jon function oscillations which provided us with the absolute
energy averaging is illustrated in [43, 44, 53] for the case of,5,e of the angular velocity. The presence of any struc-
one or several final micro-channels. However it is not obviousy e in the excitation functions.e. the nonself-averaging of
atpresentstage how to generalize these calculations [43, 44] @e excitation function oscillations in spite of the strong over-
the case of a very large number of final micro-channels and t@y; of the dinuclear resonances and enormous number of final
extend the approach [30, 31, 33, 34] to explicitely perform'”gmicro—channels, indicates non-vanishing of thevidth [30-

an energy averaging on a finite energy interval. The stochastig4]. The3/R-rate has a physical meaning as the imaginary
mo.deIIing_of the oscillating excitation functions in the DHIC, part of the angular velocity of the coherent nuclear rotation
which we intend to develop and apply in the future, may serve31]. The origin of the damping of the coherent nuclear rota-
as useful tool in studying deviations from ergodicity in DHIC tion is the S-matrix spin and parity decoherence, which is a
and, in general, in statistical processes with memory [30'34typical guantum chaotic phenomenon [30, 31] occurring be-
37,43-47, 53, 54]. 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.

Using (13) we calculate the time power spectra of the collision  Yet, although being non-vanishing, the damping width of
at different angles (see Fig. 3). One observes two distinct maxthe coherent rotation is extremely small:= 3.7 keV. This

ima which clearly determine the time delays for the near-sidémplies a very slow time-space delocalization of the highly

5 Quantum chaos and the dinuclear clock in the
288 +64 V4 dissipative collision



excited dinucleus. Indeed, the difference between the timea.

power spectra withs = 3.7 keV andj3/I" = 0 is practi-
cally invisible in Fig. 3. However the signal from the finite
non-vanishing3-width is clearly seen due to oscillating, non
smooth and structureless, excitation functions in’fiss +64
N dissipative collision [1, 2]. 6
Reduction of? results in the suppression of the time-space
delocalization of the dinucleus which improves the precision

of the dinuclear clock. In the limig/I" — 0, i.e.in the limit £

of absence of quantum chaos resulting in undamped regular
coherentrotation, any structures in the excitation functions areg
washed out. Accordingly, information about the valuesaé

lost and absolute normalization of time is no longer possible.

Thus a dinuclear clock can never be precise, otherwise it be-°.

comes invisible. However, singg/ hw ~ 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 285i(F;,, = 120— 12675 MeV) +%* Ni dissipative

collision. This enabled us to reconstruct the time power speci3.

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 foundis.

to be 3.7 keV. This is consistent with recent analysis [16, 33,
34] of thelF +8° Y dissipative collision [3], which resulted

in 5=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 17
and, in general, nuclear collective states acquire substantiak.
spreading widths already at several MeV excitation energyl9.

[50]. Accordingly, since the spreading widths of the highly

excited collective states in DHIC are from about 2-3 MeV to 20

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, thex.
collective nuclear motion in DHIC is strongly overdamped 22.

and thus can not contribute to the nuclear dynamics on time
intervals longer than 162 sec.
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