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A projection operator method is presented for the calculation of low energy heavy ion
inelastic scattering cross sections. The theory treats both gross and intermediate structure
and is applied to the case of '*)C + 2C—'2C(2%) + 2C(g.s.), where particle-vibration door-
ways of both 2% and 3~ origin are included. The results are in reasonable agreement
with experiment. A discussion of the possible effects of doorways of 0F origin is given.

NUCLEAR REACTIONS '2C + 2C—12C(2+) 4 2C(g.s.),
E=10—30 MeV c.m., projection operator intermediate structure
theory, calculated o).

I. INTRODUCTION

The experimental observation' of resonance
structure in '?C + '2C reactions has lent support to
the hypothesis of nuclear molecular formation.
The effects of such states should be particularly
evident in the inelastic and other reaction channels.
Cormier and collaborators>~* found resonance
structure in the '2C + '2C inelastic channel. Phil-
lips et al.’ have shown that the gross structure in
the inelastic channel can be interpreted in terms of
a diffraction model that does not take into account
molecular formation. In addition, Ref. S suggests
that evidence for nuclear molecular phenomena re-
quires a model capable of producing intermediate
structure. Molecular models have had some suc-
cess in explaining the elastic scattering results.—®
One would expect that the internal excitations of
the 2C nuclei that lead to molecular formation
and the subsequent intermediate resonance struc-
ture should also be present in the inelastic channel.
Kondo et al.’ have applied a band crossing model
to study the '2C + '>C inelastic scattering cross
section. However, they found it necessary to intro-
duce a phenomenological reflection coefficient. In
previous work®!® we developed a formalism to
describe gross and intermediate structure in low
energy heavy ion reactions in terms of a projection
operator method based on the Feshbach idea of
doorway states. This method has been applied® to
the 12C + '2C elastic channel with good results. In
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the present paper we extend our previous elastic
scattering model to inelastic scattering. As a test
case we calculate the inelastic '2C + '2C cross sec-
tion where one nucleus is left in an excited 2+
state and the other is left in its ground state. The
theory is presented in Sec. II and the results are
given in Sec. ITII. Section IV consists of a discus-
sion and conclusions.

II. THEORY

In Refs. 8 and 10 the theoretical development of
the elastic scattering is given in detail. The break-
up of the Hilbert space for inelastic scattering stu-
dies is the same as in the elastic case. We briefly
review this decomposition. The Hilbert space is
divided into two orthogonal subspaces representing,
respectively, the shape elastic continuum space (P)
of the reduced mass and the rest of the Hilbert
space (Q). The projection operators P and Q satis-
fy

P+Q=1. (1)

Further subdivision of the subspaces associated
with these operators can be made by introducing
the mutually orthogonal operators p, R, d, and g so
that

p+R=p, (2a)
and

d+q=0Q . (2b)
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The subdivision into p and R follows the procedure
of Lev and Beres!! as adapted to heavy ion reso-
nances.'® Here R produces the subspace of shape
elastic continuum resonances of the reduced mass
projectile (R) and p produces the orthogonal non-
resonance subspace (p). The operator d produces
the subspace that contains the doorways (d), i.e.,
states which involve a nuclear interaction in addi-
tion to an optical potential, and are one step more
complex than (R). The operator g produces the
states (g) which are more complicated than (d).
We assume that the deviation of the scattering
from pure potential elastic results from the cou-
pling of (R) to (d). The reader should consult Ref.
8 for more details concerning the validity of the
doorway assumptions.

In the case of inelastic scattering the 7" matrix is
given by

T=(Xy |Hy |9, (3)

where ¢'*) is the scattering wave function. This
wave function may be written in terms of the pro-
jection operators as

1/J(+)=p1/l<+)+R¢(+)
+d1/}‘+)+q1/f+) , 4)

where g'*’ will not contribute to T because of the
doorway assumption. The homogeneous part of
py't) is the distorted wave ¥' T satisfying

(E—hy¥' =0, (5)

with & representing a one body Hamiltonian ob-
tained from the effective Hamiltonian in the
manner of Ref. 8. The labeling 4,, follows the
usual projection operator notation. The interaction
Hamiltonian Hj is

H;=V(r)+H,—V.(r), (6)
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where V' (r) contains both the real nuclear potential
and the effective Coulomb potential for the re-
duced mass particle, and H, couples the relative
motion to the internal degrees of freedom of each
ion. The term V(r) is the Coulomb potential
chosen in a two potential formulation to generate
the final state wave function X‘f'). The wave func-
tion X(f*) is the Coulomb scattering state with one
of the nuclei left in the internal excitation state

| Aw) and is given by

Y3 4_7rze—i(a,+1ﬂ/2)(_)lFl(Kr)

KoAu Kr Im

X Yo (B) Yy (F) | M) )

where the subscript f is replaced by the particle
wave number K as well as Au. The resulting T
matrix becomes

T=T,+T,+T5+T,, (8)
where

Ty=X'R ) [H [9(+)) (9a)

Ty=7,Tr , (9b)

Ty=7xTg , (9¢c)
and

Ty=14Tg . (9d)

The quantities Ty, 7,, Tz, and 74 are

(Grs | — 2TV | )

Tr= ; , (10a)
R E—ERJ—ARJ+lFRJ/2 a
7o =R 0 | H1 Gy o | $rs) 5 (10b)
TRz(X(EiAp|H12 |drs) (10c)

and
(10d)

4= E—e,—Ey+iTy/2

nl

The interpretation of these terms in Egs. (9) and
(10) differs from that of the corresponding quanti-
ties in the elastic scattering case of Ref. 8. Most
importantly the inelastic final state | Au ), charac-
terized by an internal excitation of one of the col-
liding ions, determines the contributing doorways;
i.e., only doorways based on |Au) contribute to
the term 7,4 [Eq. (10d)]. However, the width Iy,
in Eq. (10a) is not so restricted and includes the

<X<i-<’),xy| V(P —Velr) | Yig) (Vik | H o | drs)

f

decay of the (R) states to all of the available door-
ways. In addition, T [Eq. (9a)], 7, [Eq. (10b)],
and 7 [Eq. (10c)] involve the coupling H, rather
than a one body interaction as in Ref. 8.

In Eq. (10), gy is the gross resonance state of
energy Egr; and total angular momentum J. The
quantities Ag; and I'g; are the energy shift and
resonance width, respectively, and the Green’s
function associated with Eq. (5) is G',(,H. In the ex-
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ample to be studied, each doorway state W}‘}"} will

be generated by a particle-vibration interaction of
the standard form. It consists of the reduced mass
particle with principal quantum number »n and or-
bital quantum number [/ coupled to the angular
momentum A of the vibrational excited state of one
interacting nucleus. The doorway state energy is

Ej=erx+Ey, , (11

where €, and E,; represent the vibrational and sin-
gle particle energies, respectively. The quantity
I',; is the continuum width of the single particle
resonance.

Finally, the differential cross section is

do m?

dQ a2

where T is given by Egs. (8)—(10) and m is the re-
duced mass.

|T |2, (12)

III. RESULTS

We now apply our theory to the case of
12C 4 12C inelastic scattering and calculate the
cross section for one nucleus left in a A=2% (4.43
MeV) final state. The experimental cross section
for 12C 4 2C—12C(2%) + 2C(g.s.) is the largest of
all the inelastic processes’~* and its calculation
provides a good test of our method. We emphasize
that X (f(‘* ) au [Eq. (7)] must be properly symmetrized
for the case of the two identical '2C nuclei.

The optical potential V() is real and local, and
is taken to be of the Woods-Saxon form with a
linear energy dependence in the depth plus an ef-
fective Coulomb potential obtained from a Fermi
charge distribution. The Woods-Saxon parameters
are taken as in Ref. 8 from Gobbi,!? and the effec-
tive Coulomb parameters are also taken from Ref.
8. One may introduce an absorption term iW, as
was done previously® via

iW=iT} , (13)

to account for the spreading of the doorway states
into the (q) space. .The quantity '} is the spread-
ing width of the doorway and is part of the total
width given by

Ly=Ty+Ty, (14)

with T} representing the continuum width, which
is just I'; of Eq. (10d). The quantity W is treated
as an averaging interval and given the reasonable
value of 400 keV.

For the final state A=2%, the contributing door-
ways to I'r; [Eq. (10a)] are taken as all possible
particle-vibration states formed from both 2+ (4.43
MeV) and 3~ (9.64 MeV) vibrations of >C coupled
to the quasibound resonance states of the reduced
mass particle. The strength of the particle-
vibration coupling H, is obtained from the experi-
mental'® B(E2) and B(E 3) values. The doorway
states of energy E; [Eq. (11)] and widths '} [Eq.
(14)] are taken from Table I of Ref. 8. There are
20 of these states that couple to the gross reso-
nances of total angular momenta 8%+, 10+, 12+,
and 14% of the '2C + '’C system in the energy
range 10—30 MeV c.m. We present in Fig. 1 the
calculated total cross section for inelastic scattering
to the 27 final state of '2C and include for com-
parison the experimental results of Cormier et al.3
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FIG. 1. Comparison of calculated and experimental
(Ref. 3) total cross sections for '2C + '2C inelastic
scattering (2%, g.s.). The solid line shows the calculated
results and the dashed line the experimental. The total
angular momenta from Ref. 3 are shown on the figure
and the associated theoretical values are presented at the
top.
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IV. DISCUSSION

We note that the comparison between theory and
experiment for 2% inelastic scattering as presented
in Fig. 1 is reasonable as to the general features
and assigned angular momenta of the intermediate
structure resonances. Even though the doorway
sum in Eq. (10d) is restricted to 2% as described in
Sec. II, the term T is the most significant contri-
butor to the structure of the cross section. The
term T; [Eq. (9¢)] provides the gross envelope and
the terms Ty [Eq. (9a)] and T, [Eq. (9b)] turn out
to be quite small. In calculating the cross section
for the 14* resonance we found that the 'y =T,
value for the doorway E; =23.15 MeV (A,/=27,
12) was very sensitive to the Woods-Saxon well
depth. This is because the single particle part of
this doorway is close to being a virtual resonance
rather than a quasibound state and thus leads to a
relatively large width. Since the assumption of
molecular resonances is based on the existence of
quasibound doorways, it is unreasonable to have
the cross section depend on the particular form of
the interaction chosen to represent the optical po-
tential. This problem was resolved by slightly
deepening the well of Gobbi'? to effectively make

this doorway quasibound.

It is clear that our model cannot yield all of the
detailed fine structure observed experimentally. At
best we produce the intermediate structure inherent
in the doorway interpretation of the formation of
quasimolecular states. This is manifested in the
averaging interval W described in Eq. (13). An in-
crease in W from 400 keV to 2 MeV, in fact, re-
sulted in an extensive broadening of the widths and
a subsequent decrease in the cross section.

It is well known'# that the 05 (7.68 MeV) excit-
ed state of >C is important in the various reactions
that occur in 2C 4 !2C, especially in the alpha
channel. For the inelastic 2% case, however, the
doorways based on 05 would only contribute in-
directly to 'z in the denominator of Eq. (10a).
Since the 2 and 3~ excitations are much more
likely than that of the 0F state, the contributions
of the latter should be rather small in the present
calculation and it is reasonable to exclude them.

We conclude that based on the 2+ inelastic re-
sults reported here the projection operator method
appears to provide a reasonable way of studying in-
elastic light ion scattering.

This work was supported in parf by the National
Science Foundation via Grant No. Phy. 80-08010.

ISee, e.g., Clustering Aspects of Nuclear Structure and
Nuclear Reactions (Winnipeg, 1978), Proceedings of
the Third International Conference on Clustering As-
pects of Nuclear Structure and Nuclear Reactions,
edited by W. T. H. Van Oers and J. P. Svenne (AIP,
New York, 1978).

2B. R. Fulton, T. M. Cormier, and B. J. Herman, Phys.
Rev. C 21, 198 (1980). '

3T. M. Cormier, C. M. Jachcinski, G. M. Berkowitz, P.
Braun-Munzinger, P. M. Cormier, M. Gai, J. W.
Harris, J. Barrette, and H. E. Wegner, Phys. Rev.
Lett. 40, 924 (1978).

4T. M. Cormier, J. Applegate, G. M. Berkowitz, P.
Braun-Munzinger, P. M. Cormier, J. W. Harris, C.
M. Jachcinski, L. L. Lee Jr., J. Barrette, and H. E.
Wegner, Phys. Rev. Lett. 38, 940 (1977).

S5R. L. Phillips, K. A. Erb, D. A. Bromley, and J.
Weneser, Phys. Rev. Lett. 42, 566 (1979).

6H. J. Fink, W. Scheid, and W. Greiner, Nucl. Phys.
A188, 259 (1972); J. Y. Park, W. Scheid, and W.
Greiner, Phys. Rev. C 10, 967 (1974); J. Y. Park, W.
Greiner, and W. Scheid, ibid. 16, 2276 (1977).

70. Tanimura, Nucl. Phys. A309, 233 (1978).

8T. L. Larry and W. P. Beres, Phys. Rev. C 22, 1145
(1980).

9Y. Kondo, Y. Abe, and T. Matsuse, Phys. Rev. C 19,

1356 (1979); Y. Abe, T. Matsuse, and Y. Kondo, ibid.
19, 1365 (1979); T. Matsuse, Y. Abe, and Y. Kondo,
Prog. Theor. Phys. 59, 1904 (1978); T. Matsuse, Y.
Kondo, and Y. Abe, ibid. 59, 1009 (1978); Y. Abe,
Clustering Aspects of Nuclear Structure and Nuclear
Reactions (Winnipeg, 1978), Proceedings of the Third
International Conference on Clustering Aspects of
Nuclear Structure and Nuclear Reactions, edited by
W. T. H. Van Oers and J. P. Svenne (AIP, New
York, 1978), p. 132.

10T, L. Larry and W. P. Beres, Phys. Rev. C 21, 2675
(1980).

1A ‘Lev and W. P. Beres, Phys. Rev. C 14, 354 (1976).

12A Gobbi, in Proceedings of the Symposium on Heavy
Ion Scattering, Argonne, Illinois, 1971, edited by R.
H. Siemssen et al., Argonne National Laboratory
(ANL) Report No. ANL-7837 (unpublished).

133, J. Skorka, J. Hertel, and T. W. Retz-Schmidt, Nucl.
Data Sect. A2, 347 (1966).

14H. Fesbach, Clustering Aspects of Nuclear Structure
and Nuclear Reactions (Winnipeg, 1978), Proceedings
of the Third International Conference on Clustering
Aspects of Nuclear Structure and Nuclear Reactions,
edited by W. T. H. Van Oers and J. P. Svenne (AIP,
New York, 1978), p. 766.



