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Dynamical properties of heavy-ion reactions deduced from coupled-channels calculations
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The distribution of the total reaction, fusion, and direct reaction cross section in I space are studied using
coupled-channels calculations. These calculations also provide information about such quantities as the
polarization of highly excited states, the energy dependence of the fusion cross section, and the dependence
of the total kinetic energy loss on the spins of the excited states.

NUCLEAB HEACTlONS Model coupled-channels calculations; deduced o &, 0 z,~~

oD, polarization; dependence on angular momentum transfer and interactions.

I. INTRODUCTION

The decomposition of the angular momentum
space of the incoming wave into fractions each
representing a particular type of reaction (fusion,
deeply inelastic, quasielastic) appears to be one
of the fundamental problems in the interpretation
of experimental results from heavy ion reactions.
For exa.mple, this decomposition is used in the
interpretation of (HI, ~n) reactions, and it is also
required in the technique of Ref. 2 where the de-
flection functions of deeply inelastic reactions
are extracted. The usual method of decomposition
should be considered as rather intuitive: The ini-
tial angular momentum distribution is fractionated
into sharp bins for each type of reaction. Although
it is conceded that the sharp cutoff assumption is
only a rough approximation, the more important
tluestion is whether or not each reaction type is
indeed correlated to an approximately exclusive
range of angular momenia where the contribution
to other reactions can be neglected. In the case of
compound-nucleus reactions, the experimental
evidence" seems to indicate that this is not true.
The compound-nucleus reactions are unique in the
sense that all the orbital angular momentum in the
entrance channel is converted to internal spin,
The latter can be experimentally deduced by, e.g. ,
measuring the multiplicities of the de-exciting y
rays. In all other cases of heavy ion reactions the
incoming angular momenta are distributed among
internal spins of the products gygd their orbital
angular momenta. It is therefore impossible to
relate the residual spins of the products, even if
they can be measured, to any particular incoming
orbital angular momentum.

The relation between the initial angular momen-
tum and the reaction channels could be studied
theoretically within an appropr iate model. Since
realistic models are not solvable with present day
techniques, we have to resort to simplified mod-

els in which some of the relevant features are
properly treated. In the present paper we discuss
the results of such calculations. In order to

l

understand the effect of the angular momentum and
energy transfer, we solve a coupled-channels
system, in which the direct reactions are rep-
resented by collective excitations along a level se-
quence with excitation energies similar to those
of the yrast band. Compound-nucleus channels are
taken into account by the imaginary part of the op-
tical. interaction. By changing the spin sequence of
the excited levels or the strength of the interaction
in the optical model, we are able to study the ef-
fect of the various factors on measurable quanti-
ties. These are, e.g. , the compound and total re-
action cross sections, average kinetic energy
loss, residual polarization and alignment of the
reaction products and their dependence on the
bombarding energy. Apart from this information
we get a detailed picture of the role played by the
various values of the incoming angular momenta
in determining the above mentioned quantities.
We discovered that the general conclusions from
these model calculations can be understood in
terms of simple physical concepts. Vfe therefore
believe that the validity of these conclusions goes
beyond the narrow range of the model and may ap-
ply to more general processes which can occur
in the reactions between heavy ions.

Throughout this study we neglected the possibil-
ity that the imaginary part of the optical model
potential may depend on the incoming angular mo-
mentum. Such dependence is usually introduced
in order to take into account the sharp drop of the
nuclear state density at the yrast line. This ef-
fect was not considered in the present study be-
cause the knowledge of how' to incorporate the nu-
clear state density into the properties of the imag-
inary potential is rather rudimentary and because
we mainly wanted to isolate the dynamical effects
due to the di rect coupling of excited states and spins.
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II. COMPUTATIONAL PROCEDURES

The technique of coupled channels is well known
and needs not be described here. For an intro-
duction the reader is referred to Refs. 5, 6, The
coupled-channel. s program that was used in the
present investigation is based on the formulation
of Ref. 7 and uses the same phase conventions.
The program makes use of some computational
modifications that were described by Raynal. '
The code is written in such a way that it can handle
up to 36 angular momenta in the exit channels that
couple to a given value of the initial angular mo-
mentum. This number of couplings allows one to
treat, for example, a K'=0' rotational band up to
the I'= 10' member. The output of the code con-
sists of the 8 matrix 8, , «, whe~~ J is the total««'ff
angular momentum and I„If are the spins of the
target in the initial or final states and $„lf are
the relative angular momenta in the entrance or
exit channels. We assume that only the target (or
projectile) is excited by the reaction and that the
ground states of target and projectile have I'= 0'.

The S matrix Sag .z g
is the basic gluantity from

which one may calculate other quantities such as .

the scattering amplitudes f»(8„) [see Egl. (4) ofIffy a c
Ref. Vj or the integrated cross section gz, for the
excitation of a specific final state with spin gs.
This cross section is given by

l. f«E«OI l

I

and for the average final angular momentum one
has

The other important quantity is the totat. reaction
cross section. It is expressed in the terms of the
8 matrix elements as

l«

The cr~ is composed of two contributions. The first
is g~. introduced above. The second is the contri-
bution from direct processes which are not treated
explicitly and other processes like the compound-
nucleus formation. Assuming that oD exhausts all
the direct contributions and that the most impor-
tant fraction of the remaining ftux goes into fusion
reactions, one obtains

0'p=- 0'~ —0'g) ~

Finally, one may also study the degree of align-
ment and polarization of a final state that was ex-
cited by the reaction. These may be deduced from
the density matrix

~r = ~I r
=

f f « lff
l« lf

where

and

+g g ff Q ( f/ ) Isog lIyggls«Ks «'ff
's

l«rf

where Kf is the wave number of the exit channel.
This may also be written as

The classical models of,heavy ion reactions pre-
dict' that the spins of the residual fragments will
be polarized in the direction perpendicular to the
reaction plane. The complete polarization in this
classical picture requires that the density matrix
be real and diagonal in the coordinate system C~
which has its z axis. parallel to K,. xKf. We thus
should have

ogygg ff 2( fy+ ) P IS og gr&g&l

The total inelastic cross section which, in our
model, represents the population of channels by
the direct process is given by

IgD= (TI jf
If

where the prime indicates that the ground state is
not included in the summation.

The average initial angular momentum that con-
tributes to the excitation of the final state is

The rotation matrix S„rotates the original sys-Nf mf
tern where z is parallel to the beam axis, into the
system C~. On the other hand, if the states are
completely aligned, the same result applies with
the additional condition P„=P „~

The calculations were performed for the reactionf f
"C+~Mg at several bombarding energies between
13.3 and 90.9 MeV (all energies are given in the
c.m. system). Two sets of states were considered.
The first set, k', consists of a rotational band with
members at the following excitation energies: 0',
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0 MeV; 2', 1.37 MeV; 4', 4.12 MeV; 6', 8.12 MeV;
8', 13.9 MeV; 10', 21 MeV. The second set, 0,
has states with spin 0' at the same excitation en-
ergies. The number of 0' states at a particular
energy is equal toI&+1, where I& is the spin of
the corresponding rotational state at the same ex-
citation energy. Furthermore, the matrix ele-
ments that couple the different states in each set
have the same magnitude and radial dependence.
In this way one can study the influence of level
spins on the properties of the reaction keeping all
other quantities (coupling strength, excitation en-
ergies etc. ) unchanged.

The form factors of the real and imaginary part
of the nuclear potential were assumed to have
Fermi shapes:

v(ft) = + + v„1+exp[(R -R„)/a„] 1+ exp[(B -ft„,)/a ]

where V, represents the Coulomb potential. The
coupling form factor was determined by the first
derivative of the real part of the nuclear potential.
The total strengths of the coupling matrix ele-
ments were calculated within the rotational model'

by using a quadrupole defor mation of P, = 0.4.
These matrix elements were kept constant in all
the calculations. It should also be noted that the
Coulomb excitation was not included in the calcu-
lations. Thus the upper limit in the integration
of the Schrodinger equation was 8„+20'„. It was
checked on several occasions that an increase of
this limit left the S matrix elements unchanged.

The parameters of the optical model were 8„
= 6.98 fm, g„=0.60 fm, g =0.60 fm, and ~= -5
MeV. The values of U and R„were varied. Two
alternative values of U and two alternative values
of B„were used. Altogether we considered four
optical model sets. We denote them by the letters
N, C, S, and I„. The letters N and C stand for the
value of U, which is U= -50 MeV for set Ã and U
=0 MeV for set C. Similarly 8 =6.98 fm for set
S and 8 = 5.17 fm for set I. Thus the potential
NI has U= -50 MeV and A = 5.17 fm, and so on.
The set C was chosen in order to study qualita-
tively, in what way the dominance of the Coulomb
interaction determines the properties of heavy ion
reactions. The change of A was mainly intro-
duced to see whether or not the concept of a crit-
ical radius introduced by Galin et g/. ' is also
valid in these coupled-channels calculations. We
were also interested to see by how much the
coupling of the directly accessible states changes
the behavior of the fusion cross section& These
last two problems are closely related to the model
of Glas et g/. ' which is frequently used to inter-
pret measured fusion cross sections.

For a given bombarding energy, eight calcula-

tions with different sets of optical parameters and
coupled states were carried out. These calcula-
tions are labeled by, e.g. , FNS, the symbols spec-
ifying the particular level sequence and parameter
set that was used. Before proceeding to the next
section it should be mentioned that we also in-
vestigated various approximate methods to solve
ihe coupled-channels problem. Similar problems
to the ones encountered here (a large number of
sta. tes that can be excited) are also familiar in
molecular physics and several approximations
were developed in this field. The most commonly
used approximations are the P-helicity decoupling
approximation" and the dominant-$ approxima-
tion. " Both methods consist of reducing the l
space that may become prohibitively large when
high-spin states are coupled. In our case the
coupled-channels calculations become unfeasible
when a 12' state is coupled to the 10' states. The
reduction of l space, with a simultaneous increase
in level space, is thus an alternative to the more
commonly used technique where the level space is
truncated but all angular momenta are considered.
It was checked systematically either by using the
p-helicity decoupling or dominant-$ approximations
or by reducing the number of coupled states that
the truncation of the level space, with all / values
included, affects the cal.culated values of o~ and

0~ least. It is estimated from this study that the
deviations of O„and 0~ from their exact values
are smaller than 10% at the largest bombarding
energies where the truncation of the level space
is probably of greatest influence.

III. RESULTS AND DISCUSSION

The results of the calculations are arranged into
five subsections, each of which emphasizes a
particular aspect of the reaction dynamics.

A. Energy dependence of the total reaction and fusion
cross sections

The total reaction cross sections increase with
increasing bombarding energy, and this energy
dependence is almost independent of the optical
parameter set (cf. Fig. 1). At the largest bom-
barding energy of 90.9 MeV the total reaction
cross sections are roughly 2 b and they approach
zero at an incident energy of approximately 10
MeV. On the other hand, the fusion cross sections
depend strongly on the shape of the optical poten-
tial and, to a less extent, also on the spins of the
states that are directly coupled to the entrance
channel. From Fig. 1 one recognizes iwo condi-
tions for obtaining a small fusion cross section:
Either-the Coulomb interaction dominates the po-
tential or the absorption radius is small. The
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FIG. 1. Calculated total reaction and fusion cross sections. For the potential parameter sets see text.

latter condition is particularly important at high
incident energies and is responsible for the de-
crease of the calculated o.~ with increasing energy
for some of the parameter sets. This behavior of
o~ is experimentally observed in reactions between
light heavy ions (cf. Ref. 11) and usually int:erpret-
ed in terms of the model of Glas et gl."

The model of Glas et gE. predicts a simple en-
ergy dependence of the fusion cross section at
high and low bombarding energies

mR„'(1 —V„/E),

mR, „q'(1 —V,„,/E),

where the quantity E, is defined by Eq. (19) of
Ref. 11. At high energies the cross section is
determined by a critical radius B„and the value
of the real part of the combined nuclear and Cou-
lomb potentials at this radius. We thus see that

the sign of the slope do~/d(l/E) depends on wheth-
er the value of V„ is positive or negative. At the
other extreme energy range, the parameter which
determines the behavior of the fusion cross sec-
tion is R,„„where the combined real part of the
nuclear and Coulomb potentials attains its maxi-
mum value V,„t.

The results of the present calculations are
consistent with the simple parametrization of Glas
et pl." In Table I we display the values of 8„,
V'„, B,„„and V,„t obtained by extrapolating the
results of the calculations to the limits 1/E= 0 or
o~= 0, respectively. These values are compared
withR, Re] V(R )], R „', and Re [V(R t,')] which are
derived from the optical potential. Deviations of
15% in the R parameters and of 40 MeV in the V
parameters are observed. Nevertheless, and con-
sidering the simplicity of the model of Glas eI, gE. ,
one is led to the conclusion that this model works

TABLE I. Comparison of critical radii and potentials, deduced from the fusion cross sec-
tions, with the input parameters of the calculations. For the abbreviations see text.

Parameter
set

Rtn
{fm)

~in
(MeV) (fm)

Be~V(R„)j
(MeV)

Rout
(fm) (MeV)

Bou~t Be[V(R'o~t)]
(fm) (MeV)

FNS
res
FNI
eel
ONS
0CS
ONI
OCI

7.45
7.04
4.50
5.54
7.50
6.93
5.02
5.33

-3.9
4.7

-70.9
17.9
-2.2

2.6
-34.0

14.5

6.98
6.98
5.17
5.17
6.98
6.98
5.17
5.17

-10.2
14.8

-29.4
18.2

-10.2
14.8

-29.4
18.2

8.90
7.71
8.90
5.23
8.90
7.71
8.90
5.23

15.0 10.35
15.5
15.0 10.35
14.8
15.0 10.35
15.5
15.0 10.35
14.8

10.5

10.5

10.5

10.5
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crs=, (I + 1)', (3a)

(3b)

surprisingly well. In particular the slope of the
fusion cross section at large bombarding energies
appears to indicate whether or not the combined
nuclear and Coulomb potentials are attractive or
repulsive inside the nucleus. It seems particu-
larly important that this information is free of the
ambiguities that one encounters in the analysis of
elastic and inelastic scattering. Qn the other
hand, it should be realized that the fusion cross
section also follows the parametrization (2) if one
of the conditions used in the model. of Glas et gE. ,

"
namely the existence of a potential barrier at
8,'„"„ is not fulfilled (cf. the results for the pa-
rameter set C in Table I).

When the Coulomb interaction dominates, the
calculated fusion cross section decreases. This
result is in accordance with the experimental ob-
servation (cf. Ref. 14) that o~ is negligibly small
for heavy systems. In addition other mechanisms
like the existence of the yrast limit also reduce
o~ It mas pointed out above that this latter me-
chanism was not included in the present calculation.

B. I; distribution of the fusion cross section

Usually it is assumed that the fusion cross sec-
tion exhausts the total reaction cross section for
incident E,. values below a critical value E„and
that the total reaction cross section is equivalent
to the direct reaction cross section for E„&E,.

With these assumptions one obtains E

and E„ through the relations

For four selected parameter sets the distribu-.
tions do+/dI; and do+/dI; are shown in Fig. 2.
Note that these results were averaged over an in-
terval of five E, units in order to remove the ef-
fects of shape resonances in the potential well.
These resonances seem to develop if the damping
in the surface region of the potential is too weak.
Apparently, the direct coupling of 36 partial waves
does not provide sufficient damping. The occur-
rence of resonances is interesting and may be re-
lated to the correlated structures that were ob-
served experimentally in the fusion cross sections
of the reactions "C+"C (Ref. 15), "C+"0 (Ref.
16), and "0+"0 (Ref. 17). This aspect of the cal-
culations was not investigated further.

It is evident from Fig. 2 that the slopes of dos/
dl; at large angular momenta are quite similar
regardless of the potential parameter set or level
sequence. Thus Eq. (3a) appears to provide a use-
ful estimate of the maximum angular momentum
that contributes to 0~. On the other hand, the cor-
responding slopes of do~/dl, l

are very different
and depend on the fusion probability. It is found
that the calculated do+/dl, is of nearly triangular
shape with lower and upper E,. limits of E,.=0 and

E,.= E, respectively. The angular momentum
for which do~/dl, reaches a maximum is given ap-
proximately by

Efus 3

I [o.(I + 2) --,'j+ o. —1
(4)

Emax+ 2

where o = oz/oz is the ratio between the fusion and
total reaction cross sections. [Note that I,„,= l
for ~ = 1, but that ~ = 0 is not consistent with the
derivation of Eq. (4).] For I, ~ I,„, the fusion cross
section. is almost equal to the total reaction cross
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FIG. 2. Calculated distributions of the total reaction and fusion cross sections in the l; space. The shaded areas
correspond to the, direct reaction cross sections. For the potential parameter sets see text.
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section. One thus has to conclude that the sharp
cutoff approximation made to obtain Eq. (Sa) can-
not be used with similar confidence for the fusion
cross section Eq. (Sb). The inadequacy of this ap-
proximation depends on at, the ratio between fusion
and total reaction cross sections.

The broad distribution of v~ in angular momen-
tum space was experimentally observed by Hage-
man et gl. ' and Sarantites et g/. who investigated
the reaction ' Q+' '" Nd and '

Ne+ "ONd, re-
spectively. As mentioned above, the assumption
of a sharp cutoff in the dg~/dI& distribution should
become worse the smaller the fusion cross sec-
tion is with respect to the total reaction cross
section. In the experiments mentioned above the
fusion cross sections amounted to more than 70%
of the reaction cross sections, which cannot be
considered as a small fraction. Experiments with
other systems having a relatively smaller G~ are
crucial in order to support the conclusions from
the present calculation. Note, however, that the
yrast limit might modify the l, distribution of the
fusion cross section.

C. l; and 1f distributions of the direct reaction cross
sections

The quantities o I r and ~l r display broad dis-
tributions in the spaces of E, and $&, respectively.
This is shown in Fig. 3 for two selected parameter
sets. The corresponding mean values (I.)I andf
(lz), are presented in Table IL These values a,ref Iy
expected to be influenced by the resonance phe-
nomena mentioned above. Nevertheless, at close
lnspectlon of Table II one may deduce some gen-
eral trends 'in the behavior of (I,.)l and (l&)~. TheaIy f
mean values (l,)1 depend, for a given excitationf Iy
energy and optical potential, on the spins I&. It
is found that (I,)l only slightly changes with exci-
tation energy if tfie excited states belong to the
rotational band. But (l,), decreases strongly withf Iy
increasing excitation energies if all excited states
have spin O'. Qn the other hand, Table II suggests
that (I&)1 is nearly independent of the spin of the
excited states but depends on their excitation en-
ergies. It also appears that a small fusion cross
section tends to reduce the values of (l,)l and (Lz)1

I I I I I I I I I I I I I I -[ I I I I 1 I I I I I I I I I I I I I I

X

I-
let

0 10 20 30
ANGULAR MOMENTUM LI IN UNITS OF 5

0 10 20 30
ANGULAR MOMENTUM Lg IN UNITS OF

FIG. 3. Calculated distributions of the direct reaction cross sections in the I
&

and 1& space at 38 MeV bombarding
energy. For the potential parameter sets see text.
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TA]3LE II. Average ingoing and outgoing angular momenta for the different parameter sets {see text) and excited
states. The incident energy is 38 MeV.

Q- Q~+

If=2' (set Y)

If——0+ (set 0)
(E & (~&

Q= Q4+
If=4' (set Y)
If= 0' (set 0)
(t, &

Q= Q6.
If=6' (set Y)
If= 0+ (set 0)

(~ ) (Ef)

Q= Q8+
If=8' (set Y)
If= 0+ (set 0)

«, &

If =10' (set Y)
If= 0' (set 0)

«, )

YNS
YCS
YNI
YCI
ONS
OCS
ONI
0CI

28.1
24.9
26.8
22.9
27.8
25.0
26.4
22.6

27.9
24.8
26.6
22.7
27.8
25.0
26.4
22.6

26.1
21.5
23.8
19.4
25.7
21.6
24.3
19.5

24.9
20.8
23 o1

18.4
25.7
21.6
24.3
19.5

24.2
20.3
21.9
19.3
23.3
20.0
21.6
19.5

21.7
17.6
20.3
16.1
23.3
20,0
21.6
19.5

19.5
21.2
17.8
21.6
17.9
17.7
17,6
17.3

18,5
15.9
16.5
15.2
17.9
17.7
17.6
17.3

22.4
18.0
22.2
18.7
12.1
11.4
12.4
11.5

14.4
9.9

14.1
9.9

12.1
11.4
12.4
11.5

inother wise similar conditions(compare YtYSwith

YCS and YNI with YCI; note, however, the exception
Q„). This latter behavior is indeed expected from
the l,. dependence of g~ as discussed in Sec. IIIB.

The distributions of ar, shown ih Fig. 3 and theIflf
corresponding distributions for other parameter
sets indicate that err, becomes independent of theIflf
specific parameter set or the level sequence for
large ES values. The upper boundary l& of the

distribution only depends on the excitationIflf
energy Q and may be estimated from

f&
= 0.228;tI (tJ(E —Re[V(R;„",)] —Q)f'~', (5)

where p, is the reduced mass of the exit channel.
At this value of )s the cr oss sections 01, haveIglf
dropped to 10-1% of their maximum vafues except
for the 10' states of YNS, which is very weakly
excited at 38 MeV bombarding energy.

The relation between &f,.)z and &f&)z has to con-
serve angular momentum, i.e. ,

&~~&r = &~~&r +~y
S S

Table II suggests that for very large excitation en-
ergies (10' state) and/or in cases where az is
small, this relation may be replaced by

&l,.), = &lq), + fq. (6)

Under the conditions specified above, &l,)~ is onlyi If
about 10% smaller than predicted by Eq. (6). A

relation of this kind is usually interpreted as say-
ing that the internal spin gs is perpendicular to the
reaction plane. This can mean either alignment or
polarization of the nuclear states. The classical
picture of heavy ion reactions predicts a strong
polarization. We shall show' below, however, that
this interpretation is not substantiated by a de-
tailed study of the Ms state distribution.

For small excitation energies and small Is, Eq.
(6) does not seem to hold. But we found no case
where &l,.)~ & &lz)z . Thus it appears that under all
conditions one has, at least in the inelastic scat-
tering of light heavy ions,

«,)„&f,&,, «,&„ f, .
It should be noted that the broad distributions of

cr«disagree with the usual assumption that eachf i
Q-value bin can be related to a corresponding l,
window where contributions to other Q values are
of minor importance. It seems a better approxi-
mation of our case to assume that the ratios
(or. , )/(crz, ) are independent of f,. for f, ~ min(l, ~)
where l. ~=)&~+I& The magnitude of these ratiosi
seems to alter from case to case, and our calcu-
lations are not conclusive enough to relate the ra-
tios to other parameters such as the multipl. icity
of the excitation.

D. Dependence of the direct reaction and fusion cross
sections on the spins of the direct1y excited states

) 10I
X

YCl

UJ

6

YCS

LU 4

lX
hJ

I I I I I I I I' I I I I

0. 10 20 30 40 50 60 0 10 20 30 40 50 60

INC|OENT ENERGY E, [MeV]

FIG. 4. Average energy loss due to the direct reac-
tions. For the potential parameter sets see text.

The calculations indicate that the probability to
transform kinetic energy into internal. excitation
depends on the spins of the excited states. Qne
may see from Fig. 4 that the average Q value of
inelastic scattering is larger if the spins of the ex-
cited states are large. This behavior is apparent
under all conditions but strongest if the fusion
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TABLE ID. Polarization PI and alignment Az for the
2' and 10' states at 38 MeV incident energy. The poten-
tial parameter set is FNS. For the definition of PI and

+I see text.

P2. 40.
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

-0.312
0.179

-0.060
-0.156

0.144
-0.281
-0.831

0.207
0.224
0.231
0.201
0.432
0.095
0.922
0.172
0.202

-0.216

0.222
0.519
0.516
0.529
0.391
0.377
0.068
0.631
0.078
0.160
0.615
0.542
0.773
0.032
0.188
0.492
0.456

0.255
0.285
0.407
0.096

-0.035
0.132

-0.269
-0.413

0.058
0.325
0.399
0.637
0.098
0.608

-0.057
-0.070
-0.390

0.458
0.488
0.361
0.823
0.847
0.593
0.482
0.368
0.640
0.529
0.504
0.215
0.754
0.176
0.674
0.407
0.456

cross section is small. The reason for this be-
havior is easy to understand: it was shown in the
preceding subsection that the value of (l&)z isf If
nearly independent of the actual spins of the level
sequence (compare I' sets versus 0 sets). On the
other hand, (I,.)I depends strongly on the spin
sequence and it fs large if high spins (set I'} are
considered. Thus the fraction of the total reaction
cross section that can go into the excitation of a
particular state can become largest if If attains
the largest possible value. Following this argu-
ment to the extreme leads to the conclusion that
a large cross section for large total kinetic energy
losses is only possible if the spins of the residual
fragments are large. The question of what total
kinetic energy loss may be called large depends
on other properties of the reaction such as the de-
gree of deformation at the moment of separation.

There are experimental indications that high-spin
states are particularly important in the dynamics
of heavy ion reactions. For example, a recent
study of the C+ Mg reaetjon~ has shown that the
yrast states are predominantly excited by the in-
elastic scattering. Also multiplicity measure-
ments ' performed in order to determine the spins
of residual fragments seem to indicate that high-
spin states are observed in heavy ion reactions
with large probabilities. Of course, it cannot be
concluded that a large 1m~ will necessarily yield
a large cross section for the production of this
particular reaction channel. Other factors such
as the transition strengths or the level densities
at a given g value also have to be considered.
Nevertheless, it appears that the dependence of

l,.~ on If is an important factor that determines

the cross sections.
It should be mentioned that also the fusion pos-

sibilities slightly increase if high-spin states are
directly coupled to the entrance channel. The in-
crease is largest if the fusion cross section is
small compared to the total reaction cross section
but never amounts to more than 15% in our calcu-
lations. The reason for this behavior is not easy
to find. It is tempting to assume, however, that
the reduction of the centrifugal barrier in the ease
of high-spin excitations is responsible for this re-
sult. This excitation also causes a loss of kinetic
energy, but under special conditions the net result
is a deeper penetration of both nuclei and an en-
hancement of the fusion probability. The enhance-
ment depends on the structure of the nuclei and
their optical potential: The decrease of the kinetic
energy has to be compensated by a much smaller
centrifugal barrier.

E. Polarization of excited states

It was shown in Sec. IIIC that the relation (I,.)~
= (I ) +I& is approximately correct for highly ex-
cited, high-spin states. This relation implies
that the corresponding nuclear states show a high
degree of alignment or polarization perpendicular
to the reaction plane. The classical picture of
heavy ion reactions predicts a strong polarization.
In order to determine the degree of polarization,
we calculated the density matrices p„'"„',(8„)and
p„"'„"(8„)in the coordinate system C . The inci-f f
dent energy was 38 MeV and the optical parameter
set was FNS. It was verified that the p„'9„',(8„)
had the symmetry properties required fear the sys-
tem C~.

" On the other hand, p„'"„',(8„) and
p„"'„',(8„)were nondiagonal at all scattering an-

Nf Nf Ic
gles where the calculations were performed (cf.
Table III). Not unexpectedly, the density matrices
thus did not show the extreme classical behavior
on which Eq. (I}is based. We then calculated,
for the 2' and 10' states, the expectation values
(M(8„})~ and (~M(8„}~)1 which are defined as

and

(M(8„)), = '

The quantity Az (8„)= (~ M(8„)
~ )z —(M(8„})z gives

the expectation value of the component of the spin
projection onto the z axis that is symmetric to the
reaction plane, whereas Pi (8„}=(M(8„})z cor-
responds to the component that is asymmetric to
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the reaction plane. It is convenient to interpret
A~ (8, ) as the degree of alignment and P~ (8,,) as

Ig sc
the degree of polarization. The results, for vari-
ous angles, are presented in Table III. Vfith the
exception of a few angles it is found that the 2' and
10' states are more strongly aligned than polar-
ized. These features become even more evident if
A, , (8„)and P, (8„)are averaged over the scatter-

Ig SC

ing cross sections. We then find

(A„)= 0.629, (P„)= -0.035

(A„.)= 0.549, (P„,)= 0.246.

These results indicate that in the special cases
considered here, Eq. (6) rather reflects a strong
alignment than polarization.

IV. SUMMARY AND CONCLUSION

We have studied the dynamical properties of
heavy ion reactions on the basis of a simplified
model. The model is simplified because it does
not include all the nuclear degrees of freedom, but
it allows one to study the exchange of energy and
angular momentum within a specified subset of nu-
clear states. In view of this restriction it seems
obvious that a direct comparison of, for example,
the calculated cross sections with experimental
data was not the aim of these calculations. Qn the
other hand, we believe that some features of our
calculations, such as the coupling modes between
initial and final angular momenta or tht„depen-
dence of the energy exchange on the angular mo-
mentum exchange, are of a more general nature,
and thus these particular aspects should be impor-
tant for all heavy ion reactions.

The important result of the calculation is that
the concept of sharp angular momentum bins each
related to a specific type of reaction does not
seem to hold. In particular, this relation does
not exist for the fusion process if the assumption
is made that the fusion probability is determined
by a critical radius. In principle it seems that the
total range of angular momenta consistent with the
upper boundaries in the initial and final channels
participate in building up the cross section of each
reaction channel. Estimates of these angular mo-
mentum boundaries are the following: (i) The
maximum angular momentum l may be esti-
mated from the reaction cross section by means of
Eq. (3a). As expected, the dos/dl, distributions
show a certain degree of diffuseness in the angular
momentum range around $ . It was shown in the
preceding paragraph that the slope of do+ /d/, in
this range is very nearly independent of the

potential and the directly excited states. (ii)
The partial fusion cross sections daz/dl, ex-
tend from /,.=0 to E,.= l and reach a maximum
value at l, = l,„, that may be calculated with the
help of Eq. (4). For I,. ~ I,„, the fusion cross sec-
tion is almost equal to the total reaction cross
section. (iii) The maximum value of the exit an-
gular momenta may be estimated from Eq. (5).
The initial angular momenta l, that couple to a
given final angular momentum depend on the spin
of the excited state. The mean values of the ini-
tial angular momenta appear to be restricted in
the range (l&)z & (l,.)z & (I&)z + Iz. The reason forf lg c Ig f Ig
these restrictions seem to be the unitary limit of
the total reaction cross section. For highly ex-
cited, high-spin states or for small fusion cross
sections we found the even closer restriction

f . f.
(l,)z = (l&)z + I~. It was argued that this relation
is a condition for large cross section at large kin-
etic energy losses.

Besides these angular momentum considerations
it was found that the energy dependence of the fu-
sion cross section is in surprising agreement with
the predictions of the simple model of Glas et gl."
Although one cannot expect the interaction poten-
tials obtained through this model to be more than
only estimates of the real values, it still appears
that the slope of the fusion cross section versus
incident energy at large energies allows one to
decide whether or not the interaction potential in-
side the nucleus is attractive or repulsive. To
our knowledge the measurement of the fusion cross
section is the only direct way to obtain this infor-
mation.

The results of our calculations are also inter-
esting in relation to the classical interpretation
of heavy ion reactions. Frequently it is assumed
that the quasielastic and deeply inelastic compo-
nents of such reactions consist of excited states
with opposite polarizations. This concept is in-
timately related to the classical deflection func-
tions of heavy ion reactions. " It was pointed out
that also our calculations suggest the existence of
a possible polarization mechanism although of a
different origin, namely due to the unitary limit
of the total reaction cross section. A more de-
tailed investigation, however, does not confirm
the expectations of the extreme classical pic-
ture: The density matrices are nondiagonal and
the expectation values of polarization are small.
Furthermore, these values strongly vary with
scattering angle. On the other hand, the align-
ment of nuclear states is found to be strong for
low and high excitation energies. It is an un-
solved problem whether this result. is due to the
particular properties of the C+ 2~Mg system 2nd
the potential used or whether this is a more gen-
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eral property of heavy ion reactions. But it seems
obvious that the interpretation of results in terms
of classical pictures requires special caution.
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