
PHYSICAL REVIEW C VOLUME 21, NUMBER 3 MARCH 1980

Signatures of molecular single-particle states by level crossings in heavy ion collisions
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In heavy ion collisions, the molecular single-particle motion may cause specific structures in the energy
dependence of the cross sections which arise by the promotion of nucleons at level crossings according to
the Landau-Zener excitation mechanism. In order to examine this effect in asymmetric heavy ion collisions,
we have calculated level diagrams of the two-center shell model for the target projectile combinations
"C+ ' 0 and "C+ ' 0 and analyzed with respect to inelastic excitation and neutron transfer. We select
certain reactions as possible candidates for showing enhanced cross sections for nucleon excitation and
transfer due to real and avoided level crossings near the Fermi level.

NUCLEAR REACTIONS Heavy ion scattering, molecular theory of nucleon
transfer, asymmetric two-center shell model; 3C( 0, 70), calculated level

diagrams.

I. INTRODUCTION

For a microscopic description of fission and
heavy ion collisions two-center shell models
(TCSM) have been developed and applied. ' ' The
TCSM are based on the assumption that the nu-
cleons can be described with molecular states
during-the heavy ion reaction. This means that the
motion of the nuclear centers has to be adiabatical-
ly slow compared with the rearrangement of the
mean field of nucleons. Nucleus-nucleus col-
lisions do not completely satisfy the condition of
adiabaticity since the characteristic reaction and
rearrangement times are of the same order of
magnitude. Therefore, the molecular model for
nucleons remains mainly a theoretical concept
as long as no unique experimental signatures for
molecular single-particle states become avail-
able. A survey of the experimental situation is
summarized in Hef. 4.

In this paper we study the possibility of detect-
ing special signatures of molecular single-particle
states in inelastic and transfer heavy ion cross
sections. One expects enhancements and struc-
tures in the energy dependence of cross sections
due to the Landau-Zener effect at points of real
and avoided crossings of the molecular levels in
the TCSM. ' Such enhancements and structures
are well known in atomic collisions and are ex-
plained by Fano and Lichten' by the effect that
electrons in molecular orbital levels are promoted
to higher states mainly near points of real and
avoided level crossings. For nucleus-nucleus

collisions Glas and Mosel' have calculated the ex-
citation of the compound nucleus in the "0-' Q
scattering by applying the Landau-Zener formula
to the level diagram of the symmetric TCSM. They
found that the main excitation process in heavy
ion collisions is due to the promotion of nucleons
at points of level crossings.

A first step to obtain cross sections for molecu-
lar single-particle transitions is the calculation of
realistic two-center level diagrams. Since sym-
metric systems, such as "0+"0, show only a
very few level crossings near the Fermi level, we
investigate level diagrams of asymmetric sys-
tems such as "C+"Q and "C+' Q. In Sec. II we
present calculations of diagrams for the neutron
levels, carried out with the asymmetric TCSM,
and adjust the various parameters with the experi-
mental single-particle energies of the nuclei under
consideration. In Sec. III we relate the level dia-
grams to inelastic excitations and neutron trans-
fer reactions. Several reaction channels are found
where level crossings occur which may cause
structures in the energy dependence of the cross
section. The measurements of these selected
reactions could possibly give an answer about the
existence of molecular single-particle levels in
heavy ion collisions.

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

We examine the possibility of the nuclear Lan-
dau-Zener mechanism in asymmetric heavy ion
collisions. To do this we calculate single-particle
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The deformation parameters P,. are defined by the
lengths of the axes (see also Fig. 1}:

P, =a, /b, , i=1,2. (4)

Z) Z2

The single-particle energies depend on the inter-
nuclear distance R =z, -z, and on the frequencies
co„, &~ of the potential. In adiabatic collisions
the frequencies have to be adjusted for each inter-
nuclear distance in order that the volume enclosed
in an equipotential surface remains constant
(volume conservation). The parameters of the
two-center potential are determined by fitting the
experimental single-particle levels near the Fer-
mi surface of the separated nuclei (8- ~) and the
compound nucleus (8- 0). The energy eigenvalues
of the two-center shell model with P,. = 0 are given
for R = 0 and R ~ by

E = (N+ 2)%u —V, +a(l ~ s)
FIG. 1. The potential of the asymmetric TCSM along

the z axis and the associated nuclear shape.
+ b(( lg —2N(iV+ 8))—,

where N = 2(n —1}+l, @&u = CA '~ '. lt yields

(6)

energies as a function of the separation distance
between two colliding nuclei. As a shell model we
use the asymmetric two-center shell model
(ATCSM) which has been applied by Maruhn and
Greiner' to study nuclear fission and HI scatter-
ing. The potential along the z axis and the as-
sociated nuclear shape are shown in Fig. 1.

The single-particle Hamiltonian of the ATCSM
is given by3

5
fI = -

2
s+ V(p, z) + V;;(r, p, s}

+ V, 2(r, l) —V,
where

1: I p2 j. 2 2

2(ding

4 +g~40p] P y

z &zy for i = 1 and z &z2 for i= 2

V( "z) ='( zfslGP g
z (1+cgz +d z )

+ ,'m(up, '(1+g—,z")p',

z, & z & 0 for i =1 and 0& z & z 2 for i = 2

E(nlj) = (N+ —,')@4) —Vo+ 0.~(j(j +1) —l(i+1) ——,')
+ b(l(l+ 1) —~N(N+ 8)) . (6)

Since we want to discuss the reactions "C+"Q
and '~C+ "Q in the following, we list the experi-
mental neutron single-particle energies of "C,
"Q, and "Si in Table I. These ener. gies are used
to fit the parameters a, b, C, and V, of Eq. (6).
The parameters, listed in Table II, are inserted
into the ATCSM and interpolated for finite values
of R. The parameter sets I and II of Table II have
the same value V, for the compound nucleus and
the separated nuclei in contrast to set III, where
in addition the 1f,&, level of "Si has been fitted.
The deformation parameters P,. are set P, = 1 (no
deformation) and the barrier parameter e = 0.68
in order to obtain a proper asymptotic conver-
gence of the magnetic sublevels.

Figures 2-4 show the neutron level structure of
the ATCSM for the reactions "C+"Q- "Si and
"C+"Q- ~Si. For the internuclear distance
R = 0 we recognize the single-particle states of
the compound nucleus "Si and for R- ~ the single-
particle states of the separated nuclei ""C and

Q. The level diagrams differ mainly in the

with

z -z„z&0
z' =

z -z~, z &0.

TABLE I. Experimental neutron single-particle ener-
gies {Ref. 20) used in the fits of the parameters of the
asymmetric TCSM {in MeV).

Nucleus 1p&(2 1d5y2 2s~g2 1d3y2 1f7y2

The barrier parameter & is defined by the poten-
tial barriers, as shown in Fig. 1:

-4.95 -1.09 -1.86
-4.14 -3.27 0.943

-10.50 -8.47 -7.20 -4.8$
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TABLE II. Parameters of the ATCSM potential for R =0 and R =~ (in MeV). The parameters Scan, a, b, and Vp are de-
fined in Eqs. (5) and (6).

No. Reaction c= n~~f» Nucleus Vp Fitted levels

f3C + f6p 29Si 39.47
13C
16p
28Si

16.79 -7.123 1.315
15.66 -5.723 0.809
12.85 -l.320 -0.118

54.05
54.05
54.05

1p 1/2, ld 5/» 2sf/2
1d5/2, 2sf/2
1d5/2, 2s1 /2, ld3/2

12C+ 17p 29S.

12C + 17p' 29S.

32.21

20.1G

12C

17p
29Sl

C
17p
29Si

14.07
12.53
10.49

8.78
7.82
6.54

-5.635
-2.500
-l.320

-2.753
-2.044
-1.320

1.069
0.272

-0.118

0.587
0.195

-0.118

45.76
45.76
45.76

29.65
29.65
31.96

lpf/2, 1d g/2, 2s
ld5/2y 2sf/2
1d&/2, 2sf/2, ld3/2

1p f/2, ld5/2, 2sf/2
1d&/2, 2s1/2, ld3/2
ldll/2, 2sf/2, ld3/2, lf7/2

29'; 1~„2

0

16O 13C

position of the lf,~, level of "Si and the lp, ~, level
of "0("0), which are pushed away from the sd
shell with increasing oscillator stiffness. Only
in Fig. 4 does the lf,~, level of "Si have the cor
rect experimental value of -4.85 MeV. In all the
level diagrams the 1p,/, level of ""0is not suf-
ficiently bound. This could only be corrected with
a larger stiffness of the two-center oscillator. In

summary, the level diagrams represent an opti-
mum fit for all the levels near the Fermi level
which are important for our further discussions.

It is important to note that in the shown diagrams
the real and avoided crossings of levels occur
nearly at the same internuclear distances, inde-
pendent of the large variations in the parameter

sets of the ATCSM. The avoided crossings,
called pseudocrossings, are caused by the mutual
repulsion of energy levels having the same quan-
tum number 0 of the z component of angular mo-
mentum. As shown by von Neumann and signer'
crossings of levels of the same symmetry class
are highly improbable.

III. REACTIONS VIA LEVEL CROSSINGS

Reaction theories for molecular single-particle
motion were first developed in atomic physics. "'
Also for nuclear reactions several authors have
studied the excitation of molecular single-particle
states by the relative motion of the nuclei. ""
The level diagrams, discussed in the previous
section, are prerequisites for molecular reaction
theories. Since coupled channel calculations with
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FIG. 2. The neutron levels for 0+ C Si as func-
tions of the internuclear distance. Avoided level cross-
ings are indicated by dashed lines. For large internuc-
lear distances one recognizes the single-particle spec-
tra of 0 and C. The parameters are given by set I
of Table II.
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FIG. 3. The neutron levels for 7Q+ C Si, cal-
culated with the parameters of set II of Table II.
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FIG. 4. The neutron levels for 0+ 0 9Si, cal-
culated with the parameters of set IH of Table II.

6-8 fm with the 2s~~, level of "0 (see Figs. 3 and
4). Therefore, both crossings give rise to the
neutron transfer "C+"0-"C+"0, where the"0nucleus is left in the ground or first excited
state. Both cross sections have been experimen-
taDy observed. " The rotational coupling plays a
role between the 1py/2 level of "C with 0= —,

' and
the 1d,/, level of "0with 0 = —,

' near 5-8 fm and
enhances the neutron transfer "C+"0-"C+"0
(g.s.).

%e expect that the cross sections, obtained in
the framework of coupled channel calculations,
will reveal specific signatures of the avoided and
real level crossings as functions of the incident
energy. Mainly, level crossings which exist in the
range of 4-V fm of the internuclear distance have
a real chance to be observable. The level cross-
ings, which are located more inside, may be hid-
den by the strong absorptive processes occurring
at smaller internuclear distances.

the complete molecular Hamiltonian are tedious,
we first select the important reaction channels
which are enhancea by the promotion process at
points of real and avoided level crossings.

Two velocity-dependent excitation mechanisms
are possible between molecular single-particle
states':

(a} The rotational coupling interacts between
levels with 0 and Q~ 1, where 0 is the quantum
number of the component of angular momentum in
the direction of the internuclear axles,

&nlj, l&'l).

Here j, is the operator of angular momentum of
the single particle.

(b) The radial coupling causes transitions near
avoided crossings between levels with equal values
of Q:

(8}

Let us discuss the possible consequences of level
crossings for the "C+"0scattering, where the
loosely bound neutron first occupies the 1p,/,
level. From Fig. 2 we note that this level has an
avoided crossing with the lpga/2 level of '"0 near
3-4 fm. Therefore, a neutron in the 1pg/2 level
of "0 may be promoted to the 1P~/, level of' C, thus causing a neutron transfer from "0
to ~C, i.e. , ~SC+~ 0- C+ Q. A further avoided
crossing of the 1p,/, level of "C with the 1d,/,
level with Q=~ of "Q occurs near 2-4 fm. The
latter level has a second avoided crossing near

IV. CONCLUDING REMARXS

The enhanced excitation near points of level
c'rossings is a specific molecular effect. It should
be observable in the excitation function for inelas-
tic scattering and transfer of the nucleus. Such
an enhancement cannot easily be described in a
basis of states centered around a single nucleus.
The states of TCSM already include the R depen-
dent deformation of the nuclear shape, whereas
the one-center states have first to be superposed
in order to describe the change of the sheD model
potential due to the second nucleus. Therefore, we
believe that a convincing experimental proof for .

molecular single-particle orbitals may be found in
.the search for structures in the energy dependence
of certain cross sections, where level crossings
are expected to contribute.

In this work each fragmentation, e.g. , "C+'6Q
and C+ 0 is described with gu individual TCSM
having different parameters. It would be worth-
while to develop a hybrid TCSM with a single pa-
rameter set, which describes both fragmentations
in neutron transfer reactions. In the case of the
reaction "C+"0-"C+"0 the hybrid TCSMwould
yield the "C and "0 states for large internuclear
distances. For r -0 it would approach the spec-
trum of "Si. The reaction theory with such a
TCSM can be formulated in analogy with methods
used in molecular chemistry and outlined in Ref.
19.

Coupled channel calculations for cross sections,
applying the level diagrams we have discussed and
the methods outlined in Befs. 16 and 1V, are in
progress.
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