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Abstract

We study the effect of finite-time resolution on coherent superpositions of clockwise and anticlockwise rotating wave packets
in the regime of strongly overlapping resonances of the intermediate complex. Such highly excited deformed complexes may be
created in binary collisions of heavy-ions, molecules and atomic clusters. Itis shown that time averaging reduces the interference
fringes acting effectively as dephasing. \Me@pose a simple estimate of the “criticdline averaging interval. For the time
averaging intervals bigger than the critical one the interference fringes wash out appreciably. This is confirmed numerically. We
evaluate minimal energy intervals for measurements of the excitation functions needed to observe the Schrddinger cat states.
These should be easily observable in heavy-ion scattering. Such an experiment is suggested.
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In quantum mechanics a single object can be rep- ference fringes in the position probability distribution.
resented as a superposition of two (or more) spacially This signifies a coherent superposition of the two spa-
separated wave packets. When two wave packets movecially distinct states of the same object. Such coher-
towards each other and overlap this can produce inter- ent superpositions are generally called “Schrodinger

cat states”. Schrodinger cat states have been experi-
mentally created and detected, e.g., for photons in a
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laser-cooled trapped iong8], and macroscopically tified and associated with yariant manifolds in the

large number of non-interacting Cooper pdd$. As classical phase space of the sys{émO].

was commented ifb], the above examples have one It has been unambiguously demonstrated in double-
common feature. Namely, Schrédinger cat stfted] slit like experimentg11] that fullerene beams do in-
are quantum superpositions of a small numbked.Q) deed represent waves. This supports the conceptual
of non-interacting basis states, reflecting either the similarity in the quantum mechanical treatment of
single-particle nature of the systej®,3] or the ab- atomic cluster nanoscale collisions and heavy-ion col-
sence of interaction between different degrees of free- lisions [12]. Therefore the discussion of Schrodinger
dom[1,4]. cat states created in heavy-ion collisions should be rel-

A possible realization of Schrodinger cat states for evant for a study of a possible similar phenomenon in
highly-excited strongly-interacting many-body sys- atomic cluster collisions.
tems has recently been suggested in . In this It follows from the considerations made[is] that
proposal the posisility of formation of coherent su-  Schrddinger cat states manifest themselves in the time
perpositions of clockwise and anticlockwise rotating and scattering angle dependent intensity of a decay
wave packets in the regime of strongly overlapping of the intermediate complex. Unlike the unimolecular
resonances of the intermediate complex has been con+eactions initiated by short laser puldé8,14] real-
sidered. Such highly excited complexes may be cre- time monitoring of the decay of the intermediate com-
ated in binary collisions of heavy-ions, molecules plex is not possible for binary collisions. However, it
and atomic clusters provided the double-folding po- was showrj15,16]that measurements of the cross sec-
tential between the collision partners has a pocket. tions with pure energy resolution enable one to extract
Calculations support the existence of such pock- the information on the time and scattering angle in-
ets for heavy ion[6] and atomic clustef7,8] sys- tensity of the decay of the iatmediate complex. This
tems. When the relative kinetic energy of the collid- information is equivalent to that obtained in real-time
ing partners dissipates into intrinsic excitations they pump/probe laser-pulse experiments, provided the rel-
drop into this pocket, forming a highly-excited de- ative contribution of the direct (fast) processes in the
formed intermediate complex with strongly overlap- energy-averaged cross section is appreciable. Then the
ping resonances. If the phases of the highly-mixed energy dependence of the cross section is mainly de-
resonant states, corresponding to different total spin termined by interference between energy smooth di-
values, are uncorrelated, then the intermediate com-rect reaction amplitude and the fluctuating one, cor-
plex, at any moment of time, is isotropically ori- responding to time delayed process. In this case, the
ented in angular space. However, in the presencetime dependent intensity of the decay is given by the
of system specific spin off-diagonal phase correla- modulus square of the Fourier transform of the energy
tions, the angle and time dependent probability dis- fluctuating component of the double differential cross
tribution of the intermediate complex represent wave section[16].
packets rotating in opposite directions. An exam- It can be seen from Fig. 1 of Ref5] that the
ple of such a reaction mechanism has been consid-angular period of the interference fringes is about
ered[5] for the 12C + 2*Mg collision demonstrating  7/I, where! is the average spin of the intermedi-
the appearance of interference fringes in the time ate complex. Therefore, in order to observe the ef-
and scattering angle dependent intensity of the de- fect experimentally, one must measure the cross sec-
cay, when the clockwise and anticlockwise rotating tion with angular resolution better thary/. Panels
wave packets overlap. It has been evalugtgdthat (f) and (g) in Fig. 1 of Ref[5] also provide an in-
Schrédinger cat states, which can be created in this dication for a strong time dependence of the inter-
collision, involve~ 10* strongly-overlapping highly-  ference fringes. Therefore an unanswered question is:
mixed many-body configurations, each of these being what time resolutionAr is necessary to detect the
a superposition of 10° non-interacting basis (Fock) effect? This question is of a crucial importance for
states. planning the experiment, since the required time res-

It should be noted that stable wave packets in olution determines a minimal energy intenalE =
highly-excited many-body systems have been iden- 7/A¢ on which the cross section measurements must
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be carried out in order to resolve the interference
fringes.

First we suggest a simple estimate for the time aver-
aging intervalAzcr obtained from the required angular
resolution,A0 ~ /I, needed to resolve angular de-
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sponding to different spin values. The partial average
reaction probability is taken in thé-window form,
W(J) = (1857 (E)|?) < exp—(J — 1)?/d?], wherel

is the average spin anti« I is the J-window width.

This means that we assume a peripheral character of

pendence of the interference fringes. The time it takes the collision.

the intermediate complex to rotate by the angld is
w/lw=T/2I, whereT =27 /w is the period of rota-
tion andw is the angular velocity of the intermediate
system. This suggestsicr >~ T/21. In what follows
this qualitative estimate will be tested and confirmed
numerically.

Following Ref.[5], we consider spinless collision

In order to study the effect of time-averaging on the
interference fringes we averadg¥t, 0) in (1), with a
constant weight, on the time interval from- At¢/2
to ¢t + Ar/2. This integration is elementary. Then we
calculate the time averagetlt, 0) numerically.

Like in Ref. [5], we calculateP (¢, 0) with the set
of parameters obtained from the descript{d@s] of

partners in the entrance and exit channels. The time the experimental cross section energy autocorrelation

and angle dependent intensity of the decay, 6),

functions[17] for 12C + 2*Mg elastic and inelastic

can be expressed as the Fourier component of the enscattering af = = [18]. For these collisions the analy-

ergy autocorrelation function of the energy fluctuating
collision amplitude.P (¢, #) has been obtaing®] by
summing over very large number of strongly overlap-
ping resonance levels« i/ D, wherer is the average
life time and D is the average level spacing of the in-
termediate complex. As a resuttz, 6) has the form:

P(t,0) o< H(t)exp(—t/t)

x 3 @7 + D@+ DWW I
JJ'
x expfi (@ — i) (J — J')
—BIJ = J't/n] Py @) Py (6). (1)

Here H(r) is the Heaviside step functior is the
spin phase-relaxation widthy is the angular veloc-
ity of the coherent rotationp is the deflection given
by the total spin { in # units) derivative of the po-
tential (direct reaction) phase shifts, and thg0) are
Legendre polynomials. The essential element in the
derivation of(1) is the non-vanishing correlation be-
tween the energy fluctuating-matrix elements with
different, J = J', spin value$15]: (85’ (E) 857 (E +

&)%) = [(18S7 (E)A)(18S” (E)AM2(h/D) /[ /D) +

BlJ — J'| +ihw(J — J') — ig], where the brackets
stand for averaging over the energy)( The physical
meaning of the inverse spin phase-relaxation width,
h/B, is the characteristic time for the angular spread-
ing of the clockwise and anticlockwise rotating wave
packetd15]. This characteristic time scale also deter-
mines the time for the decay of the correlations be-
tween Fourier components of the fluctuatifignatrix
elements (time-dependent collision amplitudes) corre-

sis of the oscillations in the cross section energy auto-
correlation functiong15] indicates the formation of
stable rotational wave packets in spite of the strong
overlap of resonance levels in the highly-excited inter-
mediate molecule. The set of parametefd§: ® =

0,d =3, =14,=0.01MeV,/iw=1.35MeV, and
7=2.2x 10?1 s, It should be noted that the analysis
of the angular distributionfl 8] supports a peripheral
reaction mechanism, i.ed, < I, in the 2C + 2*Mg
elastic scattering.

In Fig. 1 we demonstrate the dependence of the
quantity A P(r,0)/(c(E,#)) on the time averaging
interval at four moments of time. Herg (E, 0)) «
f0°° dt P(t,0) is the energy average differential cross
section for the time-delayed collision. IRig. 1,
P(t,0) is scaled with(c (E, 0)) for the reason dis-
cussed in Ref[5]. The constantA is derived from
the conditionAP(t =0,06 =0)/{c(E,0 =0)) =1,
where P(t = 0,0 = 0) is not averaged over the time.
Fig. 1(a) shows the two non-overlapping wave pack-
ets rotating in backward direction towards each other.
In panels (b) and (c) dfig. 1, the wave packets over-
lap aroundd = 180> producing interference fringes.
Finally, in panel (d) ofFig. 1the wave packets have
passed each other and move apart rotating in the for-
ward direction. Therefore, frorig. 1it follows that
an increase of the time averaging interval results in a
reduction of the amplitude of the interference fringes.

In Fig. 2we plot the ratioy = P2/ (t = T/2,0)/
PA=0(t = T/2,0), of the time averaged!(r =
7/2,6) and theP2'=0(r = T/2,0) corresponding to
ideal time resolution. The time averaging has been
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Fig. 1. Time and angular dependence of the decay intensity of the higbite@xntermediate complex for di#rent time averaging intervals:
(@)t=T/4; (b)r=7T/16; (c)r =T/2; (d)t = 3T /4. T is the period of one complete revolution of the complex. Black lines correspond to

ideal time resolutiomAr = 0; blue Ar = Atcr; magentaAr = 5Atcr. The biggerAtr the more the spread of the wave packets and the stronger
reduction of the interference fringes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

performed around = 7/2. At this moment, corre- is given by a factor of about 1.5. Since, for the ideal
sponding to a half of a rotational period, the two wave time resolution, the interference maximgminimum
packets overlap arourfd= rr. The constant unity cor-  ratio exceeds one order of magnitude ($ég. 1),
responds to the ideal time resolution. The minima in this ratio is still about a factor 6 after averaging over
Fig. 2reflect the suppression of the peaks of the inter- At In order to have the time resolutiaxy, one has
ference fringes due to the time averaging. One can seeto measure the cross section on the energy interval
that this suppression is not appreciable. The maxima AE >~ i/ At = (I /7)hiw. For the above considered
in Fig. 2 signify filling in of the interference min-  12C + 2*Mg elastic and inelastic scatterifi7,18]we
ima due to the time averaging. One can see that, for have I = 14 andsw = 1.35 MeV [15]. This yields
At = At = T/21, the interference deeps are reduced AE ~ 6 MeV. The measurements of théC + 2*Mg
by a factor<1.5 only. However, forAr = 1.5 x Atey, elastic and inelastic scattering @t = [18] and the
this reduction is given by a factor of about 2.5, and, consequent extraction of the cross section energy au-
for At =2 x Atey, by a factor of about 3.5. Therefore, tocorrelation functionfl7] were performed on energy
for the time averaging intervals bigger than the critical intervals bigger than 10 MeV and 9 MeV, respectively.
one, the interference fringes wash out fast and appre-Clearly, the measurements of the excitation functions
ciably. on such energy intervals for many backward angles
Thus, for the critical time averaging interval, the re-  130° < 6 < 180° with a fine angular resolutiond <
duction of the interference maximyminimum ratio /31 >~ 4-5 degrees and a fine angular step would al-
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Fig. 2. Ratior = PA' (1 = T/2,0)/PA=0(: = T/2, 0) of the time
averagedP®! (t = T/2,6) and theP2'=0(; = T/2, §) correspond-

ing to ideal time resolution. The time averaging has been performed
aroundr = T/2 with T being the period of one complete revolu-
tion of the complex. Black color is for ideal time resolution = 0O;

red Ar = t¢r; greenAr = 3icr/2; blue Ar = 2fcr. The minima of the
curves reflect suppression of thegks of the interference fringes
(seeFig. 1) due to the time averaging. The maxima signify filling
in of the interference minima (sé&g. 1) due to the time averaging.
The bigger the time averaging intervat the greater deviation from
the constant unity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)

low to search for Schrodinger cat stated3@ + 2*Mg

elastic scattering. Such an experiment would be desir-

able since the Schrddinger cat states predif&gdor
12C + 24Mg scattering involve~ 10* many-body con-
figurations of the highly excited intermediate complex.
To the best of our knowledge, the internal interactive

complexity of these quantum macroscopic superpo-

sitions dramatically exceed$] all those previously
experimentally realized.
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