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We have used the asymmetric two-center shell model to calculate the single-neutron energies in
the '2C+!7'80 and '3C+ "0 collisions as a function of the internuclear distance. The periodic
resonancelike structures observed in the angle-integrated inelastic cross sections for these systems
can be understood in terms of the nuclear Landau-Zener promotion of a loosely bound valence
neutron from the 1ds,, (.O.:%) state to the 2s,,, state of the oxygen isotopes. Inclusion of the

effects of a turning point in the Landau-Zener formula is found to give marked improvements in
accounting for the observed angle-integrated inelastic cross sections for these systems. Intermedi-
ate structures in the cross sections are found to arise due to the energy-dependent oscillatory be-
havior of the partial cross sections. While some resonancelike peaks can be attributed to a single
orbital angular momentum, many others arise due to the combined contributions of two or more

angular momenta.

I. INTRODUCTION

One of the interesting aspects of reactions between
light heavy ions is that nuclear molecules can be formed
during the collision process.!~ The narrow resonances
observed in the energy dependence of the *C + '2C reac-
tion have provided the first evidence for the existence of
nuclear molecules.! A nuclear molecule is a system of
two (or more) nuclei which are bound together on their
surfaces in the quasibound states of a quasimolecular po-
tential. In the microscopic two-center model*> a nu-
clear molecule may, therefore, be understood as a state
in which the outermost loosely bound (valence) nucleons
orbit around both nuclei, just like homopolar or covalent
bonding in atomic molecules, such as in O, or N, mole-
cules. Since the bonding of the molecule is described in
terms of molecular single-particle states, these states
should play an important role in understanding the
structure and formation of molecular configurations in
heavy ion collisions.

Realistic two center level diagrams for single-particle
states have been calculated®’ for several heavy ion sys-
tems using the asymmetric two-center shell model
(TCSM).> There are two main excitation mechanisms
between molecular single-particle states, namely those
induced by the radial and rotational couplings. The
enhancement of transitions at avoided crossings which
are caused by the radial coupling is called the nuclear
Landau-Zener promotion mechanism.»® The Landau-
Zener effect is well known in atomic physics.'®

Four years ago, structure has been observed by the
Strasbourg group'! in the yield curve for the 871 keV y
ray of 170 from the *C + 7O reaction but absent for
other observable transitions. Enhanced inelastic excita-
tion of the first 1+ state of 7O were predicted earlier by
Park et al.® as a Landau-Zener promotion effect of the
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valence neutron in 7O from the ground state to the first
17 state at an avoided crossing between the levels near
7-8 fm.

It has been shown later by Abe and Park!? that the
characteristic resonancelike structure observed in the
angle-integrated inelastic cross sections for the *C—'"0
system can be understood as due to a new resonance
mechanism based on the Landau-Zener formula and the
interaction matrix element obtained from the TCSM lev-
els at the point of avoided level crossing produced,
without any free parameters, a series of resonances
which could account for the observed structure qualita-
tively. Milek and Reif'’ used a TCSM which differs
slightly from that of Abe and Park with the avoided lev-
el crossing situated inside of the potential barrier. Their
semiclassical time-dependent calculation, with a set of
four adiabatic molecular single-particle states, showed
that the transition strength between the considered levels
is rather spread over a wider range between 8 and 10 fm.
Recent calculation'* using a time-dependent semiclassi-
cal model with two diabatic single-particle states have
shown that the structures in the angle-integrated inelas-
tic cross section of the 1+ (871 keV) state of 'O in the
reaction of 3C on 7O can be interpreted as caused by
the barriers of the angular momentum-dependent poten-
tials and enhanced transition strength due to the
Landau-Zener effect.

The angular distributions observed!>!® for the inelas-
tic transition of the 'O state by '>C have been also con-
sidered as another experimental evidence for the nuclear
Landau-Zener effect in heavy ion reactions, although less
direct than the periodic resonance structure in the ener-
gy dependence of the inelastic cross sections. Recent in-
tegrated cross section and angular distribution data!” of
the 12C + 7O collisions also suggest the presence of the
Landau-Zener effect in the reaction,!® although Voit and
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FIG. 1. Asymmetric two-center oscillator potential along
the z axis and the associated nuclear shape.

von Oertzen'® have shown recently that the angular dis-
tribution data at E,;, =50 and 62 MeV can be explained
in the framework of distorted-wave Born approximation.

In this paper we present the results for the inelastic
cross sections leading to the first 1+ state of 170 induced
by '2C and '3C nuclei and those leading to the 2% state
at 1.982 MeV of '®0O induced in the '*’C + 'O reaction.
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FIG. 2. The neutron level diagram for '’C + '"O0— ?°Si.

The solid, dotted, dashed, and dash-dotted lines correspond, re-
spectively, to the states with =1, 2, > and ], where Q is the
quantum number of the angular momentum component in the
direction of the internuclear axis.
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FIG. 3. The neutron level diagram for *C + 70— 3%Si.
(See the caption of Fig. 2 for detail).

Present calculations take into account the effects of the
turning points in the Landau-Zener formula. In Sec. II
calculations and results of the level diagrams in the
asymmetric two-center shell model (ATCSM) are given.
The model for the Landau-Zener transition including
turning point effects is presented in Sec. III. Compar-
ison with the y-ray yield data are made in Sec. IV.

II. LEVEL DIAGRAMS IN THE ASYMMETRIC
TWO-CENTER SHELL MODEL

The TCSM (Refs. 4 and 5) is an appropriate and real-
istic framework for a dynamical description of the

single-particle motion in heavy ion collisions. The
12C . 180 - 30 Si
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FIG. 4. The neutron level diagram for '*C 4 '*0—Si.
(See the caption of Fig. 2 for detail).
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TABLE I. Experimental neutron single-particle energies (in MeV) used in the fits of the parameters

of the ATCSM.

Nucleus 1pi 2 1ds,, 251, 1d; ), 1f7,, Ref.

2¢,3¢c —4.95 —1.09 —1.86 19,20,21

170,'8C —4.14 —3.27 0.94 19,22,23
28i —8.47 —17.20 —4.85 19,22,24
0si —10.61 —6.59 —3.45 19,24

single-particle potential of the asymmetric TCSM and
the associated nuclear shape are shown in Fig. 1. The
barrier parameter € is defined by the ratio of the actual
barrier height to that of the asymmetric two-center oscil-
lator, namely, e=E,/E’, and the deformation parame-
ters by the ratio of the axes, 3;,=aq;/b; (i=1,2). The
single-particle energies of the TCSM depend on the in-
ternuclear distance and on the frequency of the poten-
tial. Realistic two-center level diagrams provide the
basis for study of the nuclear Landau-Zener effects in
heavy ion reactions and a microscopic understanding of
the role of individual molecular nucleonic orbitals in
nucleus-nucleus collisions.

We have used the asymmetric TCSM (Ref. 5) to calcu-
late single-particle energies as a function of the internu-
clear distance for collisions of 'O with '213C and col-
lisions of '*0 with '2C. The parameters of the two-
center shell model potential have been determined by
fitting the experimental single-particle energies near the
Fermi levels of the separated nuclei (R — «) and the
corresponding composite nucleus (R =0). Experimental
neutron single-particle energies used in the determina-
tion of the asymmetric TCSM potential are listed in
Table I. The resulting parameters which we have ap-
plied in the calculation of the level diagrams are given in
Table II. In all calculations we used the barrier parame-
ter e=0.68 which was found to give a proper asymptotic
convergence of the magnetic sublevels.>’

Calculated single-neutron levels of the reactions
2C 4 70298, BC+ 70—30i, and 2C + 0—¥sj
are shown in Figs. 2—-4. The solid lines are the Q=1
levels, and dotted, dashed, and dash-dotted lines corre-

spond to the =3, 2, and I levels, respectively, where
) denotes the quantum number of the z component of
angular momentum in the direction of the internuclear
axis. Figure 2 shows the neutron level diagram of the
asymmetric TCSM for the reaction 2C+ 70— %Si. The
loosely bound valence neutron of '’O initially occupies
the 1ds,, level. This level has an avoided crossing with
the 25, ,, level of the 'O near 7.7 fm where the promo-
tion of the valence neutron from the 1d,, level to the
25, ,, level can take place, thus giving rise to the main
contribution to the single-particle inelastic scattering, to
the first excited state of 170, namely,
"0 4+ 2Cc»"70*(1*, 0.871 MeV)+4 2C. The level
crossings which are located well inside the interaction
region, say R <5 fm, are hidden by the centrifugal po-
tentials due to the radial relative motion and by the
strong absorption occurring inside and are not expected
to make any contributions in the collision.

The neutron level diagram for 70 + B3C—3%Si is
shown in Fig. 3. The level structure is very similar to
the previous case of 2C + '"O. Figure 4 shows the neu-
tron level diagram for 80 + >C—3%Si. Again the level
structure is very similar. However, since we used the
ATCSM parameters in this case, which are not similar
to the previous ones, it is seen that the avoided crossing
between the 1ds,, and 2s,,, levels of '®O is now shifted
towards the inside, namely from R, =7.7 fm to R, =6.9
fm for the 17O + '2C case.

The TCSM level diagrams can be used for the predic-
tion of possible single-particle reactions.>’ We can pre-
dict which single-particle inelastic excitations and neu-
tron transfer reactions will be enhanced in heavy ion col-

TABLE II. Parameters of ATCSM potentials for R =0 and R =« (in MeV) and the fitted levels. The single-particle energies

are fitted by the formula (Ref. 6).
N=2n—1)+41. #iw=c/A'?, c=30.0 MeV.

E(n,1,j)=(N+ 30—V, +0.5a[j(j + D —1(1+1)—214+b[I(I+1)— LN (N +3)], with

Reaction Nucleus fiw a b Vo Fitted levels
e 13.10 —5.115 0.980 42.82 191, 251, ds,
2C + "O-%si 70 11.67 —2.418 0.258 42.82 1ds,, 251,
2si 9.77 —2.240 —0.348 44.39 251, 1d,,, 1f7,2
e 12.76 —4.930 0.948 41.78 1p,, 1ds,, 251,
BC 4+ 7Q—%;j 70 11.67 —3.672 0.467 41.78 1ds, 251,
08 9.65 —2.246 0.109 43.86 251, 1d,, 11,
2C 17.60 —7.172 1.468 56.13 1p., 251,
2C 4 03 ) 15.38 —2.034 0.194 56.13 1ds,, 251, 1d,,
0si 12.97 —3.193 —0.128 56.64 251, 1d;,, 1f7,
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lisions. We can understand, microscopically, the selec-
tivity of specific reaction channels without going into the
details of coupled channel calculations which are quite
tedious and difficult when a complete molecular Hamil-
tonian is used. We see here that a systematic study of
level diagrams and promotion effects at level crossings is
useful in order to understand, microscopically, the se-
quence of configurations during the course of multistep
reactions.

III. THE LANDAU-ZENER MODEL
FOR DIABATIC TRANSITIONS,
INCLUDING TURNING POINT EFFECTS

As it is well known in atomic collisions, the Landau-
Zener promotion from one energy level to another can
take place due to a breakdown of adiabatic conditions
around an avoided crossing point of adiabatic energy
curves. According to Landau® and Zener,’ the transition
probability from one adiabatic state to the other by a
two-way passage at a crossing point is given by

Py, =2P,(1—-P), (1)
where,
P,=exp(—27G), (2)
with
_ |Hp|? 3)
fiv | AF |
Here, |AF | is expressed as follows in terms of the

derivative of the difference of adiabatic energies,

2 (Hy —Hy)

[AFT =R

4)

R =R

c

In the derivation of formula (2), it is assumed that the
point of avoided level crossing is far from the turning
point of the relative motion of the nuclei and hence the
relative velocity in the region of level crossing is con-
stant. The relative velocity depends on the incident en-
ergy and impact parameter. The impact parameter can
be expressed in terms of the angular momentum given
by the quantum number. In the following we have used
a phenomenological potential for the calculation of the
time dependence of the internuclear distance and its ve-
locity v:

V(R,LLE.,, )=Vc(R)
—(Vo+V E ) /{14+exp[(R—R,)/a]}
+IU+1)#/(2uR?) . (5)

Here, the Coulomb potential is given by
Z,Z,e*/R for R>R,+R,,

Z,Z,e? 2
2(R;+R;)

Vc(R)= R

R, +R,

for R <R ;+R,,

(6)
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where RizroA,1/3, (i=1,2).

The condition of constant velocity used by Landau
and Zener is not satisfied frequently in low energy
heavy-ion reactions. In the present work, we have used
an improved Landau-Zener formula which takes into ac-
count the effect of an external field on the motion of nu-
clei. The transition probability for the case where the
crossing points are close to the turning point has been
investigated by Nikitin®>2® in the semiclassical approxi-
mation. It has been shown later that the semiclassical
and the quantum-mechanical treatments are equivalent
for the case of linear diabatic potentials connected by a
constant interaction matrix element.?’ In the following
we review the essential points of the derivation of the
formula of Nikitin.?*2¢

By assuming a two-state approximation and the semi-
classical approach, the wave function of a loosely bound
neutron can be expanded in a basis of two diabatic wave
functions ¢;(r,R);

Y[r,R(t,1)]

2
= c;()¢;[r,R(1,])]exp

=1

)]

i t
_Z fO Hi,-dt

The Hamiltonian H is the single-particle Hamiltonian of
the two-center shell model. The matrix elements with
the states ¢, are abbreviated by H;;=(¢;, |H | 4;). In-
serting ¥ into the time-dependent Schrodinger equation

iﬁ%—’f _H[LR(LDW ®)

one obtains the following coupled equations for the
coefficients ¢;(¢) in the diabatic approximation:

. 1 .
ClzﬁHueXP('alz)"z , o
. 1 .
CZZEHZIexp(—zalz)cl ,
where
au:fo’(H,,_Hn)dr/h. (10)

For the energy difference H,, —H,, we used the rela-
tion at the turning point R ,:

0
AF:—a_R(H“—sz) R—R . (11)

P

The expectation values of H coincide at the point of
avoided level crossing at R =R_.. Equations (9) have to
be solved in time with the initial conditions

cl(t—>——~oo)=1, CZ(I—-»—oo):O. (12)

The final probability for the inelastic excitation of the
neutron is obtained as

PUE. )= |c(t—o)]|?. (13)
Here, we have indicated the dependence of probability

on the incident energy and angular momentum.
In our examples, the interaction matrix element
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H,=H,, is a small quantity. Therefore, Egs. (9) can be
solved using the first-order perturbation theory for a
given dependence of R on time,

Hi,
ﬁZ
As shown by Nikitin,? the time-dependent integral can
be analytically solved for classical trajectories which are
obtained for constant effective forces F,(E.. ). We
have assumed in our calculations that these forces can be

approximated by the negative slope of the internuclear
potential at the point of level crossing:

PI(Ec.m. )=

w© 2
fw exp(—iap)dt| . (14)

0H,;

i

78R |R=nr,

(15)

Then the classical trajectory for the radial relative
motion with a radial velocity v;(E_ ) at the point of
level crossing is given by

F,

VAE, )
R(t,LLE ):Etl_u_FR

2F, <

where

}2LU]2(EC.m. )=Ec.m. _V(Rc’l’Ec.m. ), F= !F1F2 l 2

(17)

Inserting the trajectory (16) into Eq. (14), the transition
probability for weak coupling can be obtained in terms

of the Airy function as®>%°
PI(EcAm.):77-2/3‘11/3’41.2(‘61B12/3) ’ (18)
where
. 1 o . -
Az(x)=?7_r— f_ exp[i(xu ++tu’)]ldu , (19)
4H,, |uH,, 2
E = —_ , 2
B[( c.m.) % F[AF ( 0)
E..—V(R,LE..)
2H, F

In terms of 3, and €;, G, defined by Eq. (3) can be ex-
pressed as

G,=B,/(8V€;) . (22)

The oscillation of P, is due to the interference effects
occurring at the incident and outgoing trajectories.

In calculating the cross section, one needs to know the
crossing point R, the interaction matrix element H,,
the difference of forces AF, and the adiabatic potential
V. The former three, namely R., H,,, and AF, can be
extracted directly from the energy diagrams calculated
with the ATCSM (Figs. 2-4). The angle-integrated
cross section for the inelastic excitation is calculated by
using the expression
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E 12¢ + 170

Ec.m.(MeV)

FIG. 5. Partial inelastic cross section o,_y for
2Cc + "0 12C + "0*(1*, 0.87 MeV), illustrating the effect
of the turning point. The solid line is obtained by using (18)
and includes the turning point effect. The dashed line corre-
sponds to the Landau-Zener formula (1) at small values of G,

or €33 >> 1.
! !
max 7Tﬁ2 max
0=3 o)== 3 2+1)P,/3 . (23)
=0 HE.m Do

The factor 1 is due to the fact that only one branch
(Q=4) of the three originating levels from the 1ds,,
state of 'O or ®O has an avoided crossing with the
2s,,, state in all three systems we have studied in the
present work (see Figs. 2-4).

The effect of the turning point on the transition proba-
bility for weak adiabatic coupling can be seen in Fig. 5.
The solid and dashed lines represent the partial inelastic
cross sections o, _g, according to Eq. (23) in terms of the
Airy function formula (18) and the Landau-Zener formu-
la (1) at small values of G or 613,2/3 >> 1, respectively, for
the '>C + 70 reaction.

IV. RESULTS AND DISCUSSION

It has been observed!®!” in the integrated y-ray yields
for the 2C + 'O reaction that pronounced resonantlike
structure appears only in the inelastic channel leading to
the first excited 1+t state (0.87 MeV) of "O. Similar
characteristic resonancelike structures observed!! earlier
for the '*C + 'O reaction were accounted for qualita-
tively by Abe and Park!? using the nuclear Landau-
Zener promotion mechanism, which were discussed ear-
lier by Glas and Mosel?® and Park er al.®’

By extracting the crossing distance R, the interaction
matrix element H,, and the classical force AF from the
energy level diagrams, as shown in Figs. 2—-4, we have
no free parameter in the calculation. The values of the
parameters used in our calculations, including potential
parameters, are listed in Table III.



2346

MOON HOE CHA, JAE YOUNG PARK, AND WERNER SCHEID 36

TABLE III. Values used in the calculation of the inelastic cross sections. (ro=1.34 fm, V;=7.5

MeV, ¥, =0.4 MeV).

Reaction R, (fm) H,, (MeV) F, (MeV/fm) F, (MeV/fm) a (fm)
2c 4+ "0 7.74 0.11 —0.92 0.32 0.58
Bc + Y0 7.72 0.06 —0.83 0.15 0.50
2C 4+ 80 6.88 0.14 —0.45 0.76 0.40

A calculated inelastic cross section leading to the
25, ,, state of 7O in the >C + O reaction is compared
with the observed y-ray yield curve!®!” in Fig. 6. The
data points are connected by a short-dashed line to aid
the eyes. The dashed and solid lines are the calculated
cross sections obtained by using the usual Landau-Zener
formula (1) and the improved Landau-Zener formula (18)
or (23), respectively. It is seen that the solid line, which
includes the effect of the turning point, can reproduce
better most of the peaks of y-ray yield curve including
the intermediate structure for '’C + 17O*(%*; 0.871
MeV) than the usual Landau-Zener formula does.

Figure 7 shows the cross sections for the inelastic ex-
citation of the first 1 (871 keV) state of 70 in the
BC + 0 reaction as a function of the incident energy.
Again, it is seen that the cross section calculated with
the improved formula gives more structure than the usu-
al Landau-Zener formula (1). In comparing with the ex-
perimental data it should be noted that the data are in-
clusive y-ray yield measurements and, although the
main contribution to the cross section is expected to be a
simple inelastic scattering of the first excited state of

12C+17O ' 116
201

6F ‘4 1
i n L I L " L n L L (o]
10 12 14 16 18 20
E c.m. (MeV)
FIG. 6. Inelastic  scattering cross section for

?C+""0—-""C+"70*(;", 0.871 MeV). The short-dashed
line connects the data points. The dashed and solid lines
represent, respectively, the calculated cross sections with the
usual Landau-Zener formula and the improved formula.

170, other possible, but undetermined, contributions in-
volving the excitation of the 3-55 keV level of 7O which
cascades back to the first excited state at 871 keV, for
example, or the mutual excitation or breakup of '*C may
be included. In addition, the data contain a nonresonant
intensity due to the Coulomb excitation of the 7O beam
in the gold target backing. This contribution should in-
crease rapidly with energy and is responsible for much of
the rise in the intensity of the y-ray yield with energy.
At the highest bombarding energy of E,, =60 MeV, the
Coulomb excitation was found to account for approxi-
mately half of the measured cross section.!! Calculated
cross sections compare well with those of Abe and
Park!? and semiclassical calculations of Milek and Rief
and Park er al.'* for the '3C + 7O reaction.

The 'O + 2C reaction has been studied by Basrak
et al.?® and Chan er al.’® They have measured excita-
tion functions using y-ray spectroscopy. Observed struc-
ture?® in the inelastic scattering channel leading to the
BO(@2*—0%) 1982 keV transition is compared with our
calculation in Fig. 8. In the present calculations the de-
formation of '80 is not taken into account and the first
excited 2% state at 1.982 MeV is considered®"3? to have

the neutron configuration of [(1ds,,)'(2s;,,)'],.. The
38 — —_—
i ;' 3¢ 417, » ]
34r ) L
308 ‘ 4 1

Sr 4
1 1 1 1 1 1 1 1 - A
16 18 20 22 24 26
Ec.m.(MeV)
FIG 7. Inelastic  scattering cross section for

BC 4 70—"1C 4 CH*(L*, 0.871 MeV).
Fig. 6 for detail.)

(See the caption of
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32+ :F" e
Fl; 7

28} 1

| 12C +180 |

24r 4
22 24 26 28 30 32

Ec.m.(MeV)
FIG 8. Inelastic  scattering cross  section for

12C 4 BC_,12C 4 180*(2+, 1.982 MeV).
Fig. 6 for detail.)

(See the caption of

y-ray yield data contain a steeply rising contribution of
the Coulomb excitation in the gold backing which
amounts to 55% of the total '*0Q2*—07) inelastic
scattering yield at E,, =80 MeV. It is seen again that
the magnitude of the inelastic cross section and most of
the peaks in the resonancelike structure are well repro-
duced by our calculation which includes the effects of
turning points (solid line). Simple Landau-Zener formu-
la (1) is not satisfactory in reproducing the observed in-
termediate structure.

In order to understand the origin of resonance peaks
in these reactions, contributions of various partial cross
sections to the inelastic cross sections are depicted in
Fig. 9. It is seen that the intermediate structures in the
cross sections are found to arise due to the energy-
dependent oscillatory behavior of several partial cross
sections. We note that some peaks can be attributed to
a single orbital angular momentum which is nearly equal
to the grazing one, while many others arise due to the
combined contributions of two or more angular momen-
ta.

V. CONCLUSIONS

The enhanced excitation at level crossing point due to
the nuclear Landau-Zener effect is a specific molecular
effect.>”12 We have shown that the resonancelike struc-
tures in the inelastic excitation to the 17O"(%Jr, 0.871
MeV) in the 3C + "0 and '?C + 7O systems and to the
80*(2*, 1.982 MeV) in the '*C + !0 reaction, as ob-
served in the y-ray yield measurements, can be interpret-
ed in terms of the Landau-Zener excitation mechanism
at energy level crossings.

Effects of potential barriers on the structure of inelas-
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tic excitations of 'O by 13C have been studied recently.'*
Present calculations demonstrate the importance of the
effects of turning points in reproducing the intermediate
structures observed in y-ray excitation functions of 170
and '®0 as induced by '?C, and those of 'O induced by
3C. The intermediate structures in these reactions are
found to arise due to the energy-dependent oscillatory
behavior of several partial cross sections. Many of the
resonancelike peaks are attributed not due to a single or-

E.m(MeV)
8 T T T T T T T T T T
L (b) 3.7 _
6 | 4

0(mb)

Ecm.(MeV)

FIG. 9. Contributions of various partial cross sections to
the inelastic cross section for (a) '*C + "O0—"C+"70*({",
0.87 MeV), (b) °C + "0—"C + 70*(1 ™, 0.87 MeV), and (c)
2C 4+ 80— 12C 4 '80*(2+, 1.982 MeV).
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bital angular momentum, but to two or more angular
momenta. Since the structures in the inelastic cross sec-
tions are found to depend strongly on the potential bar-
rier, it is desirable to treat the radial relative motion
quantum mechanically. Such calculations**~% based on
the dynamical particle-core model’®3” have been per-
formed for the '>C 4+ '*C system and a similar calcula-
tion for the '2C + 7O reaction is in progress.® Recent-
ly, based on characteristic changes of the angular distri-
butions observed as function of the incident energy,
Imanishi et al.>° have shown that the Landau-Zener
transition also exists in the inelastic scattering of
2C + BC—"2C + ’C*(1 T, 3.086 MeV).

We have shown that a systematic study of two-center
level diagrams and promotion effects at level crossings is
useful and valuable to study excitation of nucleon de-
grees of freedom and the role played by individual
molecular nucleonic orbitals in heavy ion reactions.
Realistic two-center diagrams give us greater microscop-
ic understanding for the selectivity of specific reaction
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channels and the sequence of configurations during the
course of multistep reactions. The present work demon-
strates that the valence nucleons and the molecular
single-particle motion plays an important role in heavy-
ion reactions at low bombarding energies. Present work
provides further evidences for the nuclear Landau-Zener
effects in heavy-ion reactions and a unique signature for
molecular single-particle effects. More experimental
works are needed to firmly establish the nuclear
Landau-Zener effect and the formation of nuclear molec-
ular single-particle orbits in heavy-ion collisions.
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