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Quantum-classical correspondence in microscopic and mesoscopic complex collisions
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We propose a novel method to study quantum-classical correspondence in complex, e.g., heavy-ion, atomic,
molecular, and atomic cluster collisions. The many-body rotating wave packets are formed spontaneously and
their stability is due to the slow decoherence between highly excited strongly overlapping states of the inter-
mediate complex. The phenomenon is illustrated by analyzing the12C124Mg collision. The significant devia-
tions from the random-matrix theory are reproduced in terms of the macroscopically rotating molecule formed
in this collision.
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The search for coherent-state wave packets started in
early days of quantum mechanics@1#. These studies ad
dressed a single-particle problem: the formation of atom
electron wave packets that were spatially localized and m
ing in classical Kepler orbits. Since the 1980’s it has be
shown that such states can be formed using a short l
pulse to excite a coherent superposition of Rydberg sin
electron states@2#. The possibility to produce spatially loca
ized electron wave packets has been generating conside
interest among atomic, molecular, and optical researcher@3#
because it allows one to study the Bohr correspondence p
ciple limit of the Rydberg states and the connection betw
the orbits of a classically chaotic system and the motion
single-particle quantum wave packets.

In this paper we address the quantum-classical corres
dence problem for a highly excited many-body intermedi
system~IS! with strongly overlapping resonances created
complex quantum collisions~CQC!. We show that the pre
condition for producing stable many-body wave packets
slow spin decoherence. In fact, one requires the decoher
width @4,5# to be much smaller than anticipated in th
random-matrix theory~RMT! of many-body systems@6–9#
and the theory of quantum chaotic scattering@10–12#. There-
fore the many-body coherent states identified in this pa
are intimately related to the significant deviations fro
RMT. As time proceeds the decoherence gradually dest
the highly excited coherent condensate~many-body wave
packet! resulting in the regime described by RMT. In th
limiting case of fast decoherence our approach fully recov
the RMT of many-body systems. The spin coherence
tween the highly excited states of the IS occurs sponta
ously @4,5# resembling the spontaneous breaking of ro
tional symmetry and describing the collapse of the initia
delocalized incoherent superposition of the extended re
nance eigenstates into the spatially localized many-b
wave packets. The following slow decoherence, resulting
slow restoration of rotational symmetry and the spreading
the rotating wave packets, is closely related to localizat
within the infinite number of orthogonal subspaces of
Hilbert space@4,5#.

As an example, we demonstrate that the significant de
tions from RMT in 12C124Mg elastic and inelastic CQC
0556-2813/2000/63~1!/014608~5!/$15.00 63 0146
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@13,14# can be interpreted in terms of coherently rotati
wave packets. For these CQC, high intrinsic excitations a
therefore, a strong overlap of resonances of the IS man
themselves in the fact that maxima in the cross sections
elastic and different inelastic channels occur at different
ergies. This is reflected unambigously, in a mod
independent way, by the insignificant, 0.1760.15 @14#,
cross-channel correlation coefficients in these CQC. In c
trast, the excitation of isolated molecular resonances of
IS manifests itself in maxima in the cross sections for ela
and different inelastic channels occurring at the same e
gies and resulting in large,.1, cross-channel correlation co
efficients @15,16#. The above model-independent argume
are consistent with the theoretical evaluation of the aver
level spacingD of the IS. The average total energy of the I
E.35 MeV, consists of the deformation energy, which
mainly given by the Coulomb energy~.13 MeV! of the two
touched ions, the rotational energy~.10 MeV! and the in-
trinsic excitation energyE* . We haveE* >10 MeV corre-
sponding toD<1025 MeV while, as we shall see, the tota
width of the resonance levelsG.0.4 MeV. This means that
even though the intrinsic energy constitutes only.30% of
the total energy, at any fixed energy of the incident beam
observable cross sections are formed by means of inte
ence between>104 partial amplitudes corresponding to th
decay of>104 strongly overlapping resonance levels of t
IS. It should be stressed that even for an unrealistically la
e.g., 10, average number of complete revolutions of the
before its decay, the measured cross sections would sti
formed by means of interference between>103 partial am-
plitudes corresponding to the decay of>103 strongly over-
lapping resonances of the IS.

There is convincing evidence that the effects of compl
ity and stochasticity in nuclear systems are shared by o
many-body systems@9#. Therefore it should be of interest t
experimentally search for a quantum-classical corresp
dence in, e.g., atomic, molecular and atomic cluster co
sions. It should be noted that the manifestation of quant
coherence for hot C60 atomic clusters has been unambig
ously demonstrated in recent experiments@17#. This supports
the conceptual similarity in the quantum mechanical tre
ment of atomic clusters and heavy-ion collisions@18#.
©2000 The American Physical Society08-1
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It should be stressed that the identification of distinct
viations from RMT in this paper does not imply its gene
usefulness in studying highly excited many-body syste
However such identifications do allow one to specify a n
time scale, inverse decoherence width@4,5#, for many-body
systems. Physically this time scale is analogous to the
verse Thouless energy for single-particle motion in dis
dered systems. but it is completely different from the inve
spreading width in many-body systems@9#. For times shorter
than this scale, the RMT of quantum many-body syste
ceases to apply.

For a fixed total spinJ, theSmatrix can be written in the
form @9,12# Sab

J (E)5^Sab
J (E)&1dSab

J (E) with ^dSab
J (E)&

50. The angle brackets denote an average over an en
intervalDE.\/tdir with tdir.R/v, whereR is the character-
istic linear size of the interaction region andv is the relative
velocity of the collision partners. Consequently,^Sab

J (E)&
corresponds to potential scattering or direct reactions. Th
fast processes do not proceed through the formation o
long-lived IS. For the12C124Mg CQC analyzed in this pape
we haveDE.5 MeV. The fluctuations, i.e., the rapid varia
tions with energyE, originate fromdSab

J (E) corresponding
to the formation of a relatively long-lived IS. The formatio
of a deformed IS is supported by the two-center shell mo
and by density-functional calculations for heavy-ion@15,16#
and atomic cluster@19# CQC. The formation of a deforme
IS in CQC is also supported by time-dependent Hartree-F
calculations@20#. The above decomposition of theS matrix
is meaningful ifDE@G, whereG is a characteristic scale fo
the energy variations ofdSab

J (E). As we shall see, this con
dition is consistent with the results of our interpretation
the 12C124Mg CQC, yieldingG50.4 MeV.

We use the unitaryS-matrix representation@21#. The fluc-
tuating S-matrix elementsdSab

J (E)5Sab
J,res(E)2^Sab

J,res(E)&,
originate from the resonance part of the fullS matrix
Sab

J,res(E)522i exp(ifab
J )tab

J,res(E), where tab
J,res(E)

5Smm8gm
Ja@D(J)21#mm8gm8

Jb and @D(J)#mm85dmm8(E2Em
J )

1 iScgm
Jcgm8

Jc . Here,fab
J 5da

J1db
J and da(b)

J are the energy
smooth potential phase shifts in the entrance~exit! channels,
Em

J are the resonance energies andgm
Ja(b) are the partial width

amplitudes. The channel label,b5(b̄,b̃), carries the indices
of the intrinsic state,b̄, of the collision partners andb̃
5( l b , j b), where l b is the orbital momentum andj b is the
channel spin. The cross section energy autocorrelation fu
tion ~EAF! is given in terms of theS or t matrix EAF:

cJJ8(«)5^d t̄ ab
J (E)d t̄ a8b8

J8 (E1«)* &, where ā5ā8, b̄5b̄8,

d t̄ ab
J (E)5dtab

J (E)/@^udtab
J (E)u2&#1/2 are the normalized

dt-matrix elementsdtab
J (E)5tab

J,res(E)2^tab
J,res(E)&, and the

angle brackets denote energy averaging over an intervI
@G. Considering thegm

Ja(b) as Gaussian random variable

@7# we calculatecJJ8(«) by averaging over an ensemble
g’s for a fixedE5Ē rather than performing energy avera
ing. The equivalence of energy averaging and ensemble
eraging has been justified in Refs.@22,23#.

The procedure of ensemble averaging is considera
simplified under the diagonal approximation for@D(J)#mm8 ,
01460
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Scgm
Jcgm8

Jc
5(G/2)dmm8@16O(1/N1/2)#6G(12dmm8)O(1/N1/2)

.dmm8G/2, whereN@1 is the number of open channels an
G52Sc(gm

Jc)2. This approximation is suggested by the no

correlation condition@7#, gm
Jcgm8

Jc
5dmm8(gm

Jc)2, where the

overbars stand for ensemble averaging. We obtaind t̄ ab
J (E)

5(GD/2p)1/2Smḡm
Jāḡm

Jb̄/(E2Em
J 1 iG/2), where we have ne

glected theJ dependence ofG andD. Here, the normalized

ḡm
Jā(b̄)5gm

Ja(b)/@(gm
Ja(b))2#1/2 are taken to beã(b̃) indepen-

dent. The smooth (b̃) dependence ofḡm
Jb is justified due to

the continuum correlation@4,5#, implying that (ã,b̃) depen-
dence ofdSab

J (E) is taken into account by the potentia
phase shiftsfab

J . We use the correlation relation@5#

ḡm
Jāḡm

Jb̄ḡn
J8āḡn

J8b̄2ḡm
Jāḡm

Jb̄ ḡn
J8āḡn

J8b̄

5~1/p!DbuJ2J8u/@~Em
J 2En

J82\v~J2J8!!2

1b2~J2J8!2#, ~1!

wherev is the angular velocity of the coherent rotation a
b@D is the spin decoherence width. We obtain

cJJ8~«!5G/@G1buJ2J8u1 i\v~J2J8!2 i«#. ~2!

The intensity of the correlation~1! is maximal forEm
J 2Erot

J

5En
J82Erot

J8 , i.e., for the same intrinsic excitation energies
the IS having different spin values. Here,Erot

J 5\2J2/2J, J
is the moment of inertia of the IS,Erot

J 2Erot
J8.(J2J8)\v,

v5\(J1J8)/2J.\I /J, uJ2I u, uJ82I u!I and I is the av-
erage spin of the IS.

Since the diagonal approximation for@D(J)#mm8 violates
unitarity of theSmatrix the above derivation is questionabl
The calculation ofcJJ8(«) for the tab

J(res)(E) corresponding to
a unitaryS matrix, i.e., beyond the diagonal approximatio
for @D(J)#mm8 , proceeds through the following main step
~i! Following Ref.@7# we expand@D(J)21#mm8 into a series
over the nondiagonal part of@D(J)#mm8 . ~ii ! We perform
ensemble averaging and resummations within each i

vidual dtab
J (E1«) and dta8b8

J8 (E)* , in complete analogy
with Ref. @7#. ~iii ! Using Eq.~1! we perform ensemble aver
aging of the spin off-diagonal contributions, i.e., of the cro
contracted pairs ofḡ ’s @7# carrying different spin values. The
resultant expression forcJJ8(«) is also given by Eq.~2! but
with G.ND/2p, where\/G is the average lifetime of the IS

We consider first the collision of spinless particl
in the entrance and exit channels. The cross sec
has the form s āb̄(E,u)5s

āb̄

d
(u)1s

āb̄

osc
(E,u)

12 Re@f
āb̄

d
(u)* f

āb̄

osc
(E,u)#, where s

āb̄

d
(u)5u f

āb̄

d
(u)u2 and

s
āb̄

osc
(E,u)5u f

āb̄

osc
(E,u)u2. The energy independent~smooth!

f
āb̄

d
(u) and s

āb̄

d
(u) are determined by the energy averag

S-matrix elements. The energy dependence of the cross
tion originates from the amplitudef

āb̄

osc
(E,u)5SJ(2J

11)W(J)1/2exp(iFJ)d t̄
āb̄

J
(E)PJ(u) with ^ f

āb̄

osc
(E,u)&50.
8-2
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QUANTUM-CLASSICAL CORRESPONDENCE IN . . . PHYSICAL REVIEW C63 014608
HereF[F āb̄5df
āb̄

J
/dJ is the deflection angle due to theJ

dependence of the potential phase shifts,PJ(u) are the Leg-
endre polynomials and the partial reaction probabili
W(J)[Wāb̄(uJ2I u/d)5^udt

āb̄

J
(E)u2&, is taken in theJ win-

dow form with I being the average spin andd!I the
J-window width. We calculate the cross section energy
tocorrelation function~EAF! @6# and obtain

C~«,u!5@ ur~«,u!u212s
āb̄

d
Rer~«,u!#/^s āb̄~E,u!&2,

where

r~«,u!5^d f
āb̄

osc
~E1«,u!d f

āb̄

osc
~E,u!* &,

^s āb̄~E,u!&5s
āb̄

d
~u!1^s āb̄

osc
~E,u!&.

Consider the Fourier component ofC(«,u). We obtain

E
2`

`

d« exp~2 i«t/\!Rer~«,u!

}E
2`

`

d« exp~2 i«t/\!r~«,u!}P~ t,u!

@24#, whereP(t,u) is the time power spectrum~TPS! of the
collision. Sinced f

āb̄

osc
(E,u) are Gaussian stochastic process

we also have *2`
` d« exp(2i«t/\)ur(«,u)u2}*0

`dtP(t,u)P(t
1t,u). This demonstrates thatC(«,u) does indeed contain
information about the TPS of CQC. In calculatingP(t,u)
we use Eq.~2! and the asymptotic form of the Legend
polynomials. For ud>1, we obtain P(t,u)}P(1)(t,u)
1P(2)(t,u) with

P~6 !~ t,u!.exp~2Gt/\!@12exp~22bt/\

22D!#/@12exp@ i ~vt2F7u!2bt/\2D#u2

~3!

and D51/d. For t,\/b, P(t,u) shows maxima attm
.(2pm1F6u)/v>0 with the widths dtm.(btm /\
1D)/v and m50,1, . . . , demonstrating macroscopiclik
rotation of the IS due to the quantum spin coherence.
same physical picture, the lighthouse effect, was obtaine
Ref. @25#. However, unlike Ref.@25# which addressed the
regime of isolated resonances, in this paper the macrosc
rotation ~3! has been obtained in spite of the high intrins
excitations and strong overlap of resonance levels of the
providing b<G and d>223. As time proceeds, the deco
herence results in the spreading of the rotating wave pac
and, for t@\/b, P(t,u)→exp(2Gt/\). Clearly, forG/b!1
or d→0, P(t,u)→exp(2Gt/\) and C(«,u)}1/(11«2/G2)
recovering the RMT result@6,9,12#. Therefore, formation of
the coherently rotating many-body wave packets in C
should manifest itself in distinct deviations of the EAF fro
the Lorentzian angle-independent shape predicted by RM

It can be shown thatP(t,u) has the form~3! also for the
collision products having nonzero intrinsic spins. The on
difference is thatF will depend on the intrinsic spins of th
collision partners.
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Although our method is expected to apply to atomic, m
lecular, and atomic cluster collisions currently the only ava
able data with sufficient accuracy are heavy-ion data.
analyze, as an example,12C124Mg collisions atu5p @13#.
This choice is motivated by previous studies of the sa
system@24# indicating slow decoherence,b/G!1, in these
CQC for higher energy regions. This also enables us to d
onstrate the consistency of the present interpretation and
energy independence of the decoherence rate over the l
12–43 MeV c.m. energy range. In Fig. 1 we presentC(«,p)
obtained@14# from the data@13# by employing the Pappa
lardo trend reduction method with the energy averaging
terval DEc.m.54.26 MeV. The experimental EAFs corre
spond to the c.m. energy range 12.27–22.8 MeV for
elastic channel, and to 11.33–26.4 MeV and 16.53–27
MeV for the 12C124Mg* and 12C* 124Mg inelastic chan-
nels, respectively. The EAFs oscillate with a period
.2.622.8 MeV demonstrating distinct deviations from th
Lorentzian shape predicted by the RMT. SinceC(«50,p)
512yd

2 @6#, where yd5s
āb̄

d
(p)/^s āb̄(E,p)&, then, from

FIG. 1. Experimental~dots and squares! @14# and theoretical
energy autocorrelation functions~left! and time power spectra
~right! for 12C124Mg elastic and inelastic collisions. The tim
power spectra are in arbitrary units. The solid lines are theoret
fits with b.5b,5b and the dotted lines are theoretical fits wi
b.@b, ~see text!. The dashed lines are Lorentzians~left! and
exponents ~right! obtained in the RMT limit G!b with G
50.4 MeV.
8-3
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S. YU. KUN, A. V. VAGOV, AND W. GREINER PHYSICAL REVIEW C63 014608
Fig. 1, yd.0.8. Therefore,P(t,p)}*0
`d« cos(«t/\)C(«,p)

for all the three channels. The main common feature of
normalized experimental TPSs in Fig. 1 is the strong max
at t.1.6310221s. SinceF<ugr.30° @13# it can be ne-
glected for backwards angles. The fits in Fig. 1 are obtai
using Eq.~3! with F50, d53, G50.4 MeV, b510 keV,
\v51.35 MeV for all the three channels.

In Fig. 1 we present the fits of the EAFs,C(«,p)
}Rer(«,p)}Re*0

`dtexp(i«t/\)P(t,p), obtained with the se
of parameters derived from the fit of the TPSs. Foru
.uFu, ud.1, \v.b, an analytical estimate ofr~«, u!,
which can be used for the evaluation of the angle depende
of the C(«,u), yields r(«,u)}r (1)(«,u)1r (2)(«,u)1B.
Here r (6)(«,u)5p exp(2a(6)b)/sinh(pb)(\v2ib), a(6)

5(F6u7p1 iD), b5(G2 i u«u)/(\v2 ib), andB52/(i«
2G). In order to account for the noticeable second peak
t.3.2310221s in the TPS for the elastic channel we ta
the decoherence widthb. between the states with differen
parities~odd uJ2J8u values! to be greater than thatb, be-
tween the states with the same parities~evenuJ2J8u values!
@24#. The corresponding fits withb.50.4 MeV, b,

510 keV and with the same remaining parameters are
sented in Fig. 1. One can see that the fits of the data fo
the three channels do not provide a conclusive indication
the faster restoration of inversion symmetry as comparing
the rate of the restoration of rotational symmetry of the I

For Ec.m..15220 MeV, I .15 @13#. Calculatingv for the
moment of inertia corresponding to two touched sphe
with the radii of 12C and 24Mg we obtain\v.1.5 MeV.
This supports our interpretation yielding\v51.35 MeV
which suggests.~2:1! deformation of the IS formed in the
collision.

The present identification of an extremely small decoh
ence width,b510 keV, between the partial width ampl
tudes of a highly excited IS is in sharp contrast with t
conventional theories of highly excited many-body system
Within these theories@9#, the lower limit of b should be
-

.
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given by b>Gspr, whereGspr is the spreading width. The
inverse spreading width,\/Gspr, has a meaning of the energ
relaxation time, i.e., the time it takes the two-body intera
tion to equally distribute energy between the particles of
system. For highly excited nuclear systems,Gspr>5 MeV
@9#, so that the conventional estimate would beb>5 MeV.
This would mean that the decoherence time\/b is much
smaller than the average lifetime\/G, resulting in the RMT
limit G!b in sharp contrast with the data shown in Fig. 1

It should be noted that, foru@uFu, the position of the
first peak in the TPS~3! is determined by the scatterin
angle:tpeak.u/v54.9u310222s. This offers the possibility
for an unambiguous check of the present interpretation
studying experimentally theu dependence ofC(«,u) and
their Fourier componentsP(t,u). In view of the sharp de-
viation of our interpretation from the conventional theory
highly excited many-body systems, such an experime
check is highly desirable.

The significant deviations from the RMT manifestin
themselves in the oscillating EAFs have been also found
heavier systems@26#. This suggests that the quantum
classical correspondence in CQC may reflect general feat
of highly excited many-body systems rather than being o
system specific origin.

In conclusion we have proposed a novel method to st
quantum-classical correspondence in highly excited ma
body systems. The formation of classical-like wave pack
and slow decoherence are shown to be intimately relate
the significant deviations from RMT. The quantum-classi
correspondence has been illustrated by analyzing12C124Mg
elastic and inelastic collisions. New experiments are be
proposed for an unambiguous test of the quantum-class
correspondence in CQC.
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