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The back-angle yields of the oxygen and carbon particles from the 'P+ ' 0 reaction have been mea-
sured at E&,&( 'P)=135.6 MeV by using reverse kinematics. Comparison with similar data for the

Cl+' C reaction forming the same compound nucleus at the same excitation energy and with a very
similar spin distribution shows very small entrance-channel dependence of back-angle yields. These re-
sults are in contrast to a similar study of the reactions Si+ ' C and Mg+ ' 0. It is evident that the
oxygen and carbon yields from the "P+ ' 0 and "Cl+ ' C reactions have a predominantly compound
nucleus origin in contrast to those from the Si+ ' C and Mg+ ' 0 reactions. Possible connection of
this nonequilibrium entrance channel dependence with the presence of nuclear molecular resonances is
discussed.

Backward-angle measurements of damped reaction
products from the reactions Mg+' C [l], Si+' C [2],

Mg+' 0 [3], and Si+' N [4] have indicated the for-
mation of a long-lived orbiting complex. In these reac-
tions large inelastic cross sections have been observed at
backward angles and the center-of-mass cross sections in-
tegrated over large-Q-value regions vary as l/sin 0,
near 180 . However, a compound-nucleus decay mecha-
nism can also lead to a 1/sin 0, ~ angular distribution.
Measurements of the S+ Mg [5] and Cl+' C [6] sys-
tems show smaller yields of ' C and similar products. A
detailed comparison of the observed cross sections with a
compound-nuclear decay calculation awaits knowledge of
the mass-asymmetric fission barriers which have to be in-
corporated in the statistical calculations. Progress has
been recently made by Sanders et al. [7] who have per-
formed such a calculation of the Ni nucleus. Despite
the uncertainties in the optical-model parameters, the
level-density parameter, the diffuseness parameter of the
compound-nucleus spin distribution, and the angular
momentum cutoff' used, the authors of Refs. [6] and [7]
claim that asymmetric fission is dominant in accounting
for the yields of ' C and similar products in S+ Mg

[5,7] and Cl+' C [6] reactions.
One of the criteria to distinguish between compound-

nuclear and orbiting reactions should be the entrance-
channel dependence of back-angle yields. If a compound
nucleus has been formed, then its decay should be in-
dependent of how it was formed. On the other hand, the
decay of an orbiting complex should depend strongly on
how it was formed. We rely on this criterion to distin-
guish between compound-nucleus and orbiting reactions,
because this criterion is free from the uncertainties of cal-
culation of absolute cross section for the light-ion com-
pound nucleus reaction. The observation [3] of a strong
entrance-channel dependence of back-angle yields of

Si+' C and Mg+' 0 reactions supports the picture
of the formation of a long-lived dinuclear complex whose
structure and decay is dependent on the entrance chan-
nel. It is interesting to find out whether the entrance-
channel dependence of back-angle yields is a general
characteristic of the light heavy-ion reactions in this en-
ergy regime or whether this effect shows up only in some
systems.

We report here an experiment to test whether the
back-angle ' 0 and ' C yields of Cl+' C and 'P+' 0
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reactions are originating in a compound-nucleus process.
We form the V nucleus by the 'P+' 0 reaction at the
same excitation energy and angular momentum as
formed in the Cl+ ' C reaction [6] and compare the rel-
ative back-angle yields of carbon and oxygen with that
obtained from the Cl+' C reaction. The absence of
any significant entrance-channel effect would demon-
strate that the back-angle yield is dominated by a
compound-nucleus process. The Cl+' C system was
previously investigated [6] using a Cl beam at EI,b = 180
MeV. We have measured the angular distribution of oxy-
gen and carbon particles from the ' 0 ( 'P, ' 0) 'P and
' 0( 'P, ' C) Cl reactions at E(,b=135.6 MeV. The ex-
citation energy is 59.1 MeV for both systems, and the
I„;,=(27—28)fi for the two systems as obtained from a
trajectory model calculation [8] is the same within 4%.
This calculation [8] uses a classical trajectory incorporat-
ing the nuclear proximity potential and one-body proxim-
ity friction with radius and diffuseness parameters for the
system obtained from electron-scattering results. The
l„;, value extracted from the Cl+' C evaporation resi-
due measurement [6,9] is in good agreement with the
model calculation.

A supersonic gas-jet ' 0 target [10] was bombarded by
about 10 particle nA of 'P beam from the Oak Ridge
National Laboratory HHIRF tandem accelerator, and
the spectra of the recoiling targetlike particles were stud-
ied at forward angles. This is equivalent to studying the
reaction at backward angle in the center-of-mass frame.
The carbon and oxygen particles were detected by using a
hybrid ionization and focal plane detector [11] in a Enge
spectrograph from 0&,b=6. 5' to 18.5' in steps of 3'. Car-
bon and oxygen particles pass through 100 pg/cm of
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aluminum stripper foil before entering the magnetic spec-
trograph. We find that the carbon ions are essentially
fully stripped and the charge states of oxygen ions are
distributed between 8+ and 7+ states. The contributions
from different charge states are added to obtain the cross
section for that ion. The absolute normalization was ob-
tained by bombarding the ' 0 gas-jet target with a 70-
MeV 'P beam (Coulomb barrier = 71.6 MeV) and
measuring the Rutherford elastic cross section at
e„b——6.5 and 8'.

Figure 1 shows the differential cross sections for oxy-
gen and carbon particles integrated over a —30 & Q &0
MeV bin in the center-of-mass frame. They can be ap-
proximated by I/sin (9, angular distribution as shown
by the smooth curves. In Fig. 2(a} we plot the ratio of ox-
ygen to carbon cross section for bins several MeV wide in
excitation energy versus the corresponding exit-channel
excitation energy and show the results from 'P+ ' 0 and

Cl+' C [6] reactions. To obtain reasonable statistics,
the lowest excitation energy point is obtained by sum-
ming over a 0—11.5-MeV-wide bin in excitation energy
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FIG. 1. Angular distributions for carbon and oxygen yields
in the —30& Q & 0 MeV bin in the center-of-mass frame are
shown. The smooth curves show 1/ sinO dependence.

FIG. 2. Ratio of oxygen to carbon cross sections versus exci-
tation energy for the (a) "P+' O and 'Cl+ ' C systems and (b)

Mg +' Q and $i+' C systems.
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and other points are obtained by summing over 3—4-
MeV-wide bins. In Fig. 2(b) we plot the ratio of oxygen
to carbon cross section for several MeV wide bins in exci-
tation energy versus the corresponding exit-channel exci-
tation energy for Si+ ' C and "Mg+ ' 0 reactions [3].
The 2 Si+' C and 4Mg+' 0 reactions were performed
at E&,b( Si) = 115 MeV and E&,b( Mg) = 79.5 MeV, re-
spectively. The strong entrance-channel effect observed
in the comparison of Si+' C and Mg+' 0 systems
continues to exist at higher energy also [12]. We do not
find any significant entrance-channel effect in the com-
parison of 'P+' 0 and Cl+' C systems compared to
that observed in the comparison of Si+ ' C and

Mg+' 0 systems.
The absolute oxygen and carbon cross sections predict-

ed by the statistical model [13] are sensitive to the values
of /„;, and diffuseness parameters of the compound-
nucleus spin distribution, because the contributions to
the cross section for these heavy-particle emissions come
only from the tail of the compound-nucleus spin distribu-
tion. However, the ratio of the two cross sections is corn-
paratively insensitive to variation of different parameters.
The ratio of the oxygen to carbon cross sections varies by
(20—25)%%uo for a 10%%uo variation of /„;„and it changes by
(30—35)%%uo if the diffuseness parameter of the compound-
nucleus spin distribution is varied by a factor of 4. So the
observed small difference in back-angle yields of oxygen
and carbon particles from the 'P+' 0 and Cl+' C
systems can be mostly explained as a result of the small
difference [(5—10)%] in the spin distributions of the two
systems.

The absolute energy and angle-integrated total cross
sections of carbon and oxygen for the 'P+ ' 0 reaction
at E&,b( 'P) = 135.6 MeV are 3.34 and 1.45 mb, respec-
tively. The uncertainty in determining the absolute cross
section is estimated to be about 20%. The absolute cross
sections of carbon and oxygen as observed [6] in the

Cl+' C system at E&,b=180 MeV are 2.98+0.6 and
0.85+0.35 mb, respectively. So the absolute cross sec-
tions of carbon and oxygen for 3sCl+&2C and 'P+' 0
systems are comparable. However, these yields are much
smaller than the yields expected from the equilibrium or-
biting model [14] (8.76 and 5.86 mb for carbon and oxy-
gen, respectively). Using the method described in Ref.
[3], we find that the contribution of the orbiting yield is
less than 15% of the observed oxygen yield in the
'P+' 0 system. We conclude that the backward-angle-

damped yields of 'P+' 0 and Cl+' C systems are
dominated by the formation of the V compound nucleus
followed by an asymmetric fission process and that there
is no significant entrance-channel effect.

The entrance-channel dependence is one of the main
criteria of the orbiting reaction. It is very interesting to
contrast the dominance of entrance-channel dependence
and orbiting yield in the Si+' C and Mg+' 0 sys-
tems and the lack of this effect in the 'P+' 0 and

Cl+' C systems. The equilibrium orbiting model [14]
can explain the large damped orbiting yield of binary
fragments from the Si+ ' C system, but fails to explain
the observed entrance-channel dependence of the orbiting
yield and the lack of large damped orbiting yield for the

'P+' 0 and Cl+' C systems. One of the main as-
sumptions of the equilibrium orbiting model [14] regard-
ing the formation of an equilibrated sticking
configuration of orbiting nuclei is questionable in view of
the recent alignment measurements [15] in the orbiting
system. However, orbiting characteristics [3,15] as seen
in certain systems are clearly manifestations of a long-
lived noncompound process taking place in those sys-
tems. Although there is no overall quantitative under-
standing of these effects, we can still make a few interest-
ing observations. It is known that the grazing angular
momenta are mostly responsible for the back-angle
binary fragment yields. An estimate of the number of
open channels available to carry away the grazing angu-
lar momentum has been made [9,16] following the
method suggested by Abe and Haas [17]. The number of
open channels for each system was obtained by a triple
summation over all possible two-body mass partitions in
the exit channels, over all possible angular momentum
couplings, and over all possible energy distributions be-
tween fragments and normalized to 1 mb of the grazing
partial-wave Aux. The calculation shows that for the

Cl+' C and 'P+' 0 systems, the number of open
channels available to carry away the grazing angular mo-
menta is about 300 times larger than the number avail-
able in the Si+' C and "Mg+' 0 systems. So the
emission of binary fragments at back-angle from the

Cl+ ' C and 'P+ ' 0 systems is mostly dominated by
statistical compound-nucleus processes. In fact, it ap-
pears that the orbiting yield is dominant in a-like systems
having small number of open channels, where strongly
oscillatory angular distributions and highly regular gross
structures in the excitation function have been observed
[18] at back-angles for the ground and first excited states.
Recently, structures [19] have been seen in the excitation
function of back-angle-damped yield of the Mg+' C
system. Although the interpretation of these gross struc-
tures is far from being clear, it has been suggested [18,
20] that the presence of quasimolecular states might be
responsible for the observed structure and oscillatory an-
gular distribution. These resonances have a dominantly
noncompound dinuclear characteristic and might be re-
sponsible for the large orbiting yield and observed
entrance-channel effect in 2 Si+' C and Mg+' 0 sys-
tems. It also appears that the fusion-fission compound-
nuclear yield dominates in those systems where a very
large number of open channels is available and resonance
characteristics are strongly suppressed.

In conclusion, contrary to the strong entrance-channel
effect observed in the Ca composite system populated
by the Si+' C and Mg+' 0 systems, the back-angle
yields measured in the Cl+' C and 'P+' 0 systems
are the result of the statistical decay of a V compound
nucleus. The disappearance of orbiting yield for the
'P+ ' 0 and Cl+ ' C systems suggests that the orbiting

process might be connected to the presence of quasi-
molecular resonance states and the orbiting process is
dominant in systems where the number of open channels
is small. However, the orbiting characteristics might also
arise from nonresonant processes such as nucleon ex-
change, cz exchange mechanisms, etc. , and the origin of
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orbiting mechanism is still an open question at the
present time.
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