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Coherently rotating hyperdeformed quasimolecules in*’C+ ?*Mg scattering?
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We present an interpretation of oscillations in the energy autocorrelation functioh®Cfer*Mg scattering
assuming that the scattering process can be treated in terms of formation and decay of a dinucleus with strongly
overlapping resonances. It is shown that these oscillations can be interpreted in terms of a slow spin decoher-
ence and time-space localization of a coherently rotating hyperdeformed intermediate system. This coherent
rotation allows us to reconstruct the time evolution of the long-lived intermediate dinucleus back into the past
as far as the moment of its formation. Our analysis indicates that for spin valR@s 25 and at=50 MeV
excitation energy hyperdeformati@B:1) of *®Ar terminates and is replaced g:1) deformation. New ex-
periments are proposed to test our interpretafi§0556-28189)50102-1

PACS numbep): 25.70~z, 24.60.Ky, 24.60.Lz

The structures observed in excitation functions for rela-type have been successfully applied to describe the excita-
tively light heavy-ion scattering are often associated with thedion of isolated quasimolecular resonances in light-heavy-ion
excitation of isolated molecular resonances with fixed totakcattering[1,2,14,13. The calculation demonstrates the ex-
spinJ and paritys values[1,2]. However such an interpre- istence of a pocket in the double-folding potential for the
tation is no longer applicable for heavier colliding systemsrotating *°C+2*Mg system[16]. As the relative kinetic en-
[3] where the maxima in the excitation functions occur dueergy transfers into intrinsic excitation the pocket is expected
to the interference between overlapping molecular levelgo deeperi16], and the ions drop into this pocket forming a
with different (J,ﬂ') Yet the departure from the piCtUre of dinucleus with Over|apping resonanc[ag_lq. The forma-
isolated resonances occurs not only for heavy systems. F@n of a rotating dinucleus in heavy-ion collisions is also
example, the data fol’C+2“Mg elastic and inelastic scatter- supported by TDHF calculatiorfd 7).
ing [4] do not correlate: the maxima in the excitation func-  gince atg=1 the relative contribution of potential scat-
tions for dif_ferent channels_ap_pea_r at different ene_rgies. AIS?ering into the cross section amounts=@0%[4], the oscil-
the analysis of angular d'|str.|but|ons_corrgspondu;zc‘; 10 tgations in the excitation functions originate from the interfer-
maxima of back-angle excitation functions in the€+2*Mg ence between the energy averaged and oscillating

scattering reveale(b] the presence of many partial Waves.amplitudes. This allows us to reconstruct the time power

rather than a single spin value. At first sight, these experi- s . S
mental results indicate a statistical origin of the energy Struc:spectrurT(TPS) of the collision. The TPSs, which are similar

tures in the'2C+24Mg scattering4] suggesting an interpre- for both elastic and inelastic scattering, consist of two notice-
tation within the conventional statistical mod@] and the able peaks indicating slow spin decoherence and coherent

Ericson theory[7]. However such an interpretation is not rotation of the hyperdeformed intermediate nucleus. This is a

consistent because the oscillating cross section energy autfi2nifestation of the previously suggested orbitjd§] and

correlation function§EAFS) are non-Lorentzian, resembling lighthouse[19] effects. Our analysis also indicates that for

— . . . 6
the oscillations in the correlation functions for the magnetod=20—25 and at=50 MeV excitation energy ir’Ar the

conductance of quantum ddi8] due to the relatively slow hyperdeformatiori3:1) terminates and is replaced byz1)
dephasing of the electron wave function. deformation supporting the predicti¢ao]. ,
In this paper we analyze the quasiperiodic oscillations in 1he cross section af(E, ) for elastic SC"’Z‘tte“”g =
the 12C+24Mg back-angle scattering within the approgéfy  has the formo(E,m) = [(f(E,m))+ of(E,m)|*. The energy
developed originally to interpret the forward peaking of (E) averaged amplitudef(E,m)) descrlbes_g]e potential
evaporating particleEL0] and the nonself-averaging of exci- Scattering corresponding to a very short 0™ seg time
tation function oscillationg11,12 in dissipative heavy-ion duration of the collision. There is also a time-delayed
collisions[13]. This approach suggests that in the region ofrgact|on mephamsm assc_>C|ated with the_ formatlpn of a rela-
strongly overlapping resonances of the intermediate systefively long-lived intermediate system. It is described by the
the correlations between the fluctuatiSgmatrix elements €nergy oscillating amplitudef (E, ) ==,(2J+ 1)exgi(®
with different (3, ) values are generated spontaneously. +mJI6S(E), where® is the deflection angle due to the
Our basic assumption is that the heavy-ion scattering cafePendence of the potential phase shifts. The fluctuating
be treated in terms of the formation and decay of a strongly>matrix elementsgS’(E) = W(J)25S’(E), give rise to the
deformed intermediate systefh4,15. This assumption can energy dependence of E, ), whereW(J) =(|5S’(E)|?) is
be justified within the two-center shell model4,15 pro-  the average partial probability of the process @®l(E) is
vided the ion-ion potential has a pocket. Potentials of thighe normalized fluctuatin§matrix. In the region of strongly
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FIG. 1. ExperimentaC(e, ) and theoretical fitg¢solid and dot-
ted lineg for >C+%Mg elastic and inelastic scattering on the  FIG. 2. ExperimentaP(t,7) and theoretical fit§solid and dot-
E.;n=24-35 MeV energy intervalsee text Dashed lines are ted lineg for *C+2"Mg elastic and inelastic scattering on the
Lorentzians with'=130 KeV. E.n=24-35 MeV energy intervalsee text Dashed lines corre-
spond to the exponential decay.

overlapping resonances of the intermediate system the en-

ergy dependence af(E, ) is studied2 in terms of the cross Let us consider the TPS of the collisior®(t,)
= + : % . . .

pecton EAELT) Clerm) (et 2ewBen(s ) exoC st SiceP(r) i resl anc

T g = e ’ ™)) Tdr - —0.m)=0, we have P(t,7)= [ ds coset/f)Rep(s, )

_|<f(E=7T)>| ’ <0-(E17T)>_O-dir+<o-OSC(E17T)>1 and ﬁ_O-OSC o . 0 .

(E,m))=p(=0,m). The Ericson theory yieldssS’(E fquds COS@t/ﬁ)C(s,?T), i.e., the Fourier transf_or_m of the_ex—

+s)5SJ’(E)*>=5 (1—is/T) and, therefore]p(e,m)|2 perimental C(e,7) is the TPS of the collision. Taking
-~ ' APLE W(J)=W(|J—1]/d) in the J-window form, wherel is the

«Rep(e,m)xC(e,m)x(e2+1'?)~1>0, wherel is the total : : . . .
decay width of the intermediate system. average spin and is the J-window width, we obtain

In Fig. 1 we presen€(e,7) for 12C+2*Mg elastic scat-
tering. It is obtained by applying the linear approximation
[12] of the Pappalardo trend reduction metH&i] to the P(t,m)=exp(—T't/7)[1-exp(— 2Bt/ —24)]/|1
priginal data[4] on theE; ,,=24-35 .Me\( interval. For this —exi(wt—®—m)— BtIh—A][2 1)
interval o(E, ) resembles a quasistationary random pro-
cess, while atE.,=35 MeV o(E,w) abruptly decreases

and undergoes a sharp transiti(_)n to noticeably broad%dependent of the actual shape of WéJ). In Eq. (1) A
energy structures for all the elastic and inelastic measured 1/d is the anqular di . f

. . X gular dispersion of the wave packets=a0.
channels. The experimentaC(e,w) (Fig. 1) is not . :
Lorentzian but oscillates taking negative values. This ca or d_>0. (;lngle spin valug and/or I'/5—0 (comppund
also be seen from the Fourier transfotfig. 2) of C(s, ), nucleus limij, P(t,w)—>exp(_—1“t/h). However for finite A
which consists of two distinct peaks instead of having the?"d /B, P(t,7) shows maxima aty,=(®/27+1/2+ m)T,
form exp(-T't/#) typical for the decay of a fully equilibrated Where T=2m/w is the period of one complete dinuclear
compound nucleus. Therefore, oscillationsGge, =) indi- ~ révolution andm=0,1, ... . Since ®= f,=20° [3], to
cate the existence of a stable mode of motion of the interme=T/2 andt,;=3T/2, i.e., t;/t;=3 andt;—ty=2t,=T. In
diate system. The study of medium weight heavy-ion colli-contrast, the experimental TPS indicatgst,~2 andt;
sions suggest§3,11,19 that coherent rotation is a stable —ty=ty=T/2, i.e., the second peak appears earlier, after just
nuclear mode. Coherent rotation originates from the spirone half of a revolution instead of after one complete revo-
correlation  [9] (8SY(E+¢)8S” (E)*)=T/[T+p|3 lution as follows from Eq(1). Even though the indication of
—J'|+ihw(3J—J")—ie], wherew is the angular velocity of the second peak in the experimental TPS may not seem re-
the coherent rotation ang@ is the spin decoherence width. liable the question arises of what additional assumptions are
This spin correlation can be obtained for both strongly overneeded to account for its “wrong” position within the
lapping[9] and partially overlapping22] resonances of an present interpretation. Let us take the decoherence width,
intermediate system although its origin is essentially differ-8~ , between the strongly overlapping states with diffeent
ent for these two regimes. The underlying physical pictureand differents (odd |J—J’|-values to be greater than the
becomes more transparent if we study the Fourier transforrdecoherence width3_ , between the states with differeft
of C(e,m), provided C(¢=0,7)<0.5. In this caselp(e  but the samer (even|J—J’|-values. This yields P(t,)
=0,7)|?°<204,;Rep(e=0,m)andC(e, ) xRep(e, ). o Peoyedt, ) + Pogt, 7) with
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Pevedt,m)=exp(—T't/h)[1—exp —4B8_t/h—4A)]/|1 —_
(=]
—exd 2i(wt—®—7)—2B_t/h—2A7|2, 2
Lo
Poadt,m)=2 exg —T't/#)coq wt— P — 77) I
)
Xexp — B=t/ih—A) o
X (1—exp(—2B-t/fi—2A))/|1— ex 2i (wt 5 ‘
~®—m)—28.t/h— 241, @ o 2 4 o o
which takes the form(1) for 8. = B_=B. For sufficiently e (MeV)

large B~ , Podt=T,m) is negligible, and, ford=<20°,
P(t,7)=Pgp(t,m) has the first maximum at,= (P
+ )/ w=T/2 and the second one ft= (P +27)/w=T S0
thatt, —ty=T/2. However the value gB-. is restricted from
above:f- <hw/(P+A), to insure thaP(t=0,7)—0. This
suggests the following physical picture. At an early stdg
<fhl/B~, the coherently rotating asymmetric dinucleus is
predominantly oriented along th#= wt direction. This cor-
responds to a single “beam” in the “lighthouse” effeld9].

As time proceeds, the dinuclear configuration gradually de
velops a reflection symmetry and, foe#/8-, the asym-
metric dinucleus is oriented in two opposite directions wit

FIG. 3. ExperimentaC(e, ) and theoretical fi{solid line) for
12C+24%Mg elastic scattering on thE, ,,=35-43 MeV energy in-
terval (see text Dotted line is Lorentzian withi’'=0.4 MeV.

o Predicted to appear &t=(® + 7/2)/w=(1.3-1.4) 102
' _sec and the second one &t (®+37/2)/w=(3.9-4.2)
X 102! sec.

Since the value ob is determined by the position of the
first peak in the TPSs the extracted vafue=0.8 MeV is
reliable. On the other hand, foE.,=30 MeV andJ
h=20- 25[5], the use of the moment of inertia of two touch-

equal probability. This corresponds to the appearance of thig'9 spheres, which corresponds-¢2:1) deformation, gives

second “beam of the lighthouse” directed opposite to the’*@=1-5-2 MeV[1]. This indicates that for the energy inter-
first one. g PP val E.,,=24-35 MeV the moment of inertia of the di-

The fit to the experimental TPS in Fig. 2 is obtained with nucleus i_s about a fag:tor of two gfea.ter than that-fge:1)
W(J) =exg —(I—1)%/d?], d=2 (so that the effective number deformation Sl_Jggestlng the exc_ltatlon of hyperdeformed
of the partial waves=3—4 [5]), ®=0, ['=0.13 MeV, 3 =(3:1) [20] excited coherent rotational states BAr.
=10 keV, B.=0.4 MeV ﬁwéo 8 M'eV (solid line) ’and In order to interpret an abrupt transition to broader energy

il > . y . y

hw=0.9 MeV (dotted ling. C(&,7)’s calculated with these structures_atEc_m_z 35 MeV we analyze the expenmental
sets of parameters are presented in Fig. 1. In Figs. 1 and 2 (8’1727) (E'g' 3 and its Fourier componentP3 (Fig. 4
also present the experimental EAF and TPS Rg+2Mg or 2C+2*Mg elastic scgtte_rlng_ for the energy mterval
inelastic (1.36 MeV 2" level of 24Mg) scattering[4]. The E'c_mlz 35—43 MeV. The fits in Figs. 3 and 4 are obtained
corresponding fits are identical to those for the elastic scatW'th d=3,I'=04 MeVI'B<: 10 kev"8.>:.0'4 MeV,®=0,
tering except for a rescaling factor which is the same for théd #@=1.6 MeV. This value offw indicates that forJ
TPS and EAF. One observes that in spite of the insignificant 20— 25 and :3;[:50 MeV excitation energy hyperdeforma-
correlation between the elastic and inelastic excitation function =(3:1) of “Ar terminates and is replaced by the2:1)
tions [4] their EAFs and TPSs are strongly correlated. How-deformation in remarkable agreement with the prediction
ever while the period=1.6—1.8 MeV of oscillations in the [20]. .

experimental EAFs is reproduced the data are rather scat- !N conclusion, we have extended the appro@eh to
tered around the fits. The effect of this discrepancy on the ﬁglterpzrft the oscillations in the excitation functions of
of the TPSs can be evaluated using Fig. 2. One can see that C+>*Mg scattering under the assumption of the formation
for all t, |D(t)|=|/%de cost/h) Cad e, ) — Crele, )] and decay of a dinucleus with strongly overlapping reso-

does not excee®[t=(4—-4.5)x 10" 2! sec, 7] correspond-

ing to the minimum between the peaks in the experimental T T T T T
TPSs. ThereforéD (t)|does not exceed 25% of the height of _ | 12C + Mg
the first peak and 50% of the height of the second peak in the o sk Elastic A
experimental TPSs. This suggests that the backgrDg | = é

does not influence the positions of the peaks in the experi- s 1k .
mental TPSs. A discrepancy between the data and fits could ® 4 N

be due to the finite energy resolutioAE,..= 160 keV c.m) < 8 o5l J
and finite energy stepNEg.;=266 keV c.m) [4] while the : ~
calculatedC(e,m)'s correspond tOAE e, AEge;<I'=130 N .?E\DFN%D-PL

keV. If this is the case then a measurement WKE 0 1 2 3 4 5 6 7
=AEges~50 keV will improve the fits to the data and re- t (10 2o )
duce|D(t)| without however changing the positions of the )
peaks in the experimental TPSs. Another possibility to check FIG. 4. ExperimentaP(t,) and theoretical fitsolid line) for
our interpretation arises from thedependence of TPSs and 12C+24Mg elastic scattering on thE,,=35-43 MeV energy in-
EAFs. For example, fo=m/2, the first peak in TPSs is terval (see text Dotted line corresponds to exponential decay.
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nances. The analysis of the TPSs indicates the slow spigxcitation energy hyperdeformatios(3:1) of 3Ar termi-
decoherence and strong time-space localization of a hypefrates and is replaced by(2:1) deformation. New experi-
deformed COherently I’OtatinﬁAl’. The t|me eVOIUtion Of the ments are proposed to test our interpretation.

collision has been traced back into the past as far as the

moment of the formation of an intermediate system. Our The authors thank B. A. Robson for reading the manu-
analysis also indicates that fde=20-25 and at=50 MeV  script and for useful suggestions.
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