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We have measured cross sections for evaporation residues, fission, and direct and
evaporative ~H and He in reactions of 222-MO-MeV OAr with i'6Sn, Sm, Dy, and
'~ Au. Fusion cross sections are also presented for 77-167-MeV ' C+' W and 187-MeV

Ar+ ' Sn. The Z dependence of the evaporative H /He indicates a breakdown of phase-
space models for fission-evaporation competition. The large cross sections observed
for direct H/He emission force serious consideration of energy dissipation by H/He ejec-
tion during the initial impact.

Since 1960, 'H and ~He have been found to be
emitted with large cross sections in many reac-
tions between complex nuclei. ' Forward-peaked
(direct) emission' seems to dominate for pro-
jectiles of "C, ' N, and "0 and evaporative
emission' (symmetric about 8, =90') for 4'Ar

+ "Se. First interpretations were that the direct
H/He came from projectile breakup, ' but more
xecent evidence~ is for massive transfer or in-
complete fusion (capture of the projectile residue).
Currently there is great interest in gaining an
understanding of complete fusion at high energies,
and it is natural to ask about the possible role of
the incomplete-fusion events. Experimentally,
can one adequately distinguish complete from
incomplete fusion in the measurements, and,
correspondingly, do the reaction models take
adequate account of the fast ejection of H/He dur-
ing the impact processes~ Models currently in
use assume that complete fusion occurs prior to
significant loss of energy or angular momentum
from the composite system. Our new results
along with other data strongly suggest that this
assumption is not valid. We discuss the trends
of a body of new data on fusion cross sections

for several reactions induced by "C and "Ar.
Also, we show a pattern of new results on the
emission of H/He in 'Ar reactions. Extensive
direct and evaporative emission are observed.
We discuss the possible relationships between
direct-emission and fusion cross sections and
between evaporative emission and fission.

The experimental arrangement is described
elsewhere'" so we shall give only a sketch here.
Beams of "C and ~'Ar were obtained from the
Lawrence Berkeley Laboratory BS-in. cyclotron
and SuperHILAC, respectively. Self-supporting
targets of '"Sn, "Sm, "Dy, "%', and '"Au
were used. Three member solid-state telescopes
(Si of 45 p, m, 500 tLm, and 5 mm at solid angles
~ 8 msr) identified and measured H/He; gas-
ionization telescopes (methane at "-20 Torr with
stopping detector of 500 p, m Si at 0.2 or 1 msr)'
determined evaporation residues (ER) and fis-
sion. Data were recorded event by event on mag-
netic tape, and we now report some of the results
taken in the singles mode.

In Fig. 1 we show angular distributions at two
incident energies for 'H/ He and fissionlike
events for a" Dy target. Also, we show the
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FIG. 1. Measured angular dependence of do/dQ and T
for H, He, and do/de for fissionlike events from oAr
+ Dy. The open points are for 274 MeV and the filled
points are for 222 MeV. Results for ' Sn and "Sm tar-
gets are similar; for Au, see Ref. 6.

angular dependence of the effective temperatures
obtained by fitting the spectra to the equation
P(e)oo(e 8) exp-(-e/T), with barrier param-
eters 8 from McMahan and Alexander. ' Results
for the '"Sm and '"Sn targets are similar. In
contrast with the data' for 'Ar+ "Se, there is a
clear forward-peaked component with a high ef-
fective temperature. We have attempted to re-
solve the direct and evaporative components by
fitting to the function, W(&) =A exp(-y&)+8+ C
icos'. We assign to evaporative processes the
integral of the symmetric part (8 + C cos'8) and
the rest to direct processes. The symmetric
emission could be the result of evaporation from
the composite nuclear system or perhaps from
fission fragments with symmetric distributions.
As can be seen from Fig. 1, the direct processes
at 222 MeV so dominate the integrated cross sec-
tions that the evaporation cross sections can be
assigned only with large uncertainties.

The angular distributions for fissionlike events
(as taken from b,E Econtour ma-ps') are not
quite symmetric about 8, = 90'. This is prob-
ably due to the difficulties of separating the so-
called "fission" and "deeply inelastic" reactions. '
Near ~, = 90 one finds that the heavy-fragment
energy spectra resolve into three well-defined
groups that one is tempted to call projectilelike,
targetlike, and fissionlike fragments. Therefore
we assign to the fission cross section the value
o~ = 2s'(dv/d 0), (at e, = 90 ). These values
provide upper limits to the symmetric part of the
fission cross sections.

In Fig. 2 we present the cross sections for 'Ar
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FIG. 2. Integrated cross sections at two excitation
energies for fusion, fission, 'II, He, and ER vs charge
of the composite nucleus, Zcw. Data for a target of
~~Se are from Ref. S.

reactions at bvo excitation energies as functions
of Z of the composite system. As the incident
energies are well over the barrier, the fusion
cross sections (fission plus ER) are relatively
constant (~ 0.6 to "- 1.0 b). However, with increas-
ing Z&&, the fraction of ER drops dramatically
(lower curve). The direct component of 'H/4He
emission is relatively constant (with Z&N) at = 120
and "- 200 mb for excitations of 100 and 140 MeV,
respectively. Presumably, direct H/He ejection
occurs much faster than the subsequent fission
or evaporative decays and is unaffected by them.
By contrast the evaporative component of H/He
must compete with fission and its cross sections
decreases drastically from ZcN= 52 to 84. How-
ever, from Z = 84 to 97 there are actually in-
creases in the evaporative H/He while the ER
cross sections have been reduced tremendously
by fission. These increases are contrary to
statistical-model expectations for evaporation
prior to fission. In Ref. 6 we show that even
for the very fissile system with Zt-. N= 97 the bulk
of this evaporative H/He component must be
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emitted prior to scission and cannot be attributed
to emission from the fission fragments. One
must conclude that it comes from the composite
system with intrinsic rate comparable to fission
regardless of the rapid dependence of the num-
ber of open fission channels on Z. It would then
appear that the fission-evaporation competition
is determined primarily by the reaction dynamics
rather than the available phase space. Hence,
the energy spectra of H/He should reflect the
temperatures and barriers of the composite sys-
tem prior to fission and be largely unmindful of
it. The experimental spectra are consistent with
this argument. Thus, it would appear that these
emissions of H/He are very powerful, if not
unique, reflectors of the early life of the com-
posite system. They may allow testing of many
interesting questions such as the possible per-
sistence of shell effects to very high excitations. "

In Fig. 3 our new data for ER and fission cross
sections are compared to other similar data"'"
and to calculated curves from the semiempirical
systematics of Vaz and Alexander. " These
curves simply provide a common reference and
are not intended as sophisticated models for the
fusion process at high energies. Let us summa-

rize the pattern in Fig. 3. (l) All the data, ap-
proach the reference curves at low energies sim-
ply because the calculations were taken from em-
pirical fusion barriers. (2) With increasing en-
ergy, the data seem to flatten out compared to
the reference curves. This tendency is especial-
ly clear for "C and ' N projectiles and for 'Ar
+Sn, Sm, Dy, and Au. (3) For 'Ar+Pd, Ag and
Sb, there are only small deviations from the ref-
erence curves, while our new measurements for
'"Sn fall below the curve at 222 and 274 MeV,
but agree with the curve at 187 MeV. In the mod-
el of Ref. 12, and others presented so far, the
fusion decision is presumed to precede signifi-
cant particle emission. However, particle ejec-
tion during impact and from a band of l waves
near l„,, would present an element so far unad-
dressed in the models for complete fusion.

Our purpose here is to emphasize the possible
importance of energy dissipation by H/He ejec-
tion during the impact stage. First consider re-
actions with the lighter projectiles "C and '~N.

For energies well over the barrier we know that
forward-peaked H/He emission is very large. '4
Also, we now believe that the projectile residue
often fuses with the target. 4 For ER measure-
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~G. 3. Excitation functions for fusion (filled circles), fission (F), and EB (open symbols as indicated) from this
work (open circles) and other studies (triangles, Ref. 5; inverted triaxgles, Ref. 9; squares, Ref. 11).
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ments near the detection threshold of a gas tele-
scope (e.g. , recoils of a few MeV from reactions
such a ™100-MeV "C+'"W), the heavy residuals
after forward-peaked direct 4He emission may
not be detected. ' As the projectile energy is in-
creased, however, such residual nuclei will of-
ten be detected and possibly included in the inte-
grated cross section assigned to ER. One possi-
ble experimental complication of the trends in
Fig. 3 for the "C and ' N reactions (and for most
published data) is as follows. For energies near
the calculated cross-section maximum, the ob-
served ER cross sections could suffer from com-
petition with incomplete-fusion reactions that are
largely undetected. For higher energies the ob-
served ER cross sections could increase as a re-
sult of an increased detection efficiency for the
incomplete fusion residues. In the case of 4'Ar-
induced reaction, the experiments probably in-
clude most incomplete-fusion reactions along
with the complete fusion; at high energies there
may also be some confusion of fission with deep-
ly inelastic reactions. '

What do we actually want to include in the ex-
perimental fusion cross section? This clearly
depends on the reaction model that we want to
test." References 4 and 6 give evidence that the
probability for direct 4He emission is greatest
for l waves near to or greater than the high-l
cutoff for fusion (I„,,). Therefore, a model cal-
culation of /„,-, must consider in detail both the
nucleon transfers and the particle emissions for
I near E„,, Energy dissipation by nucleon trans-
fer alters both the energy and angular momentum
of the relative motion and therefore the calculat-
ed values of E„,, '4 Experiments show that the
cross sections for direct H/He emission are
often quite large (™1000 mb for 126-MeV "C+Bi;
-200 mb each for H/He for 274-MeV 'Ar), and
could thus perturb collision trajectories for many
E values. Therefore, the role of the incomplete-
fusion residues vi s-~-vi s a "fusion" cross sec-
tion of - 1000 mb has obvious importance. To
our knowledge no current reaction model for fu-
sion includes this aspect; i.e. , energy dissipa-
tion and perturbation of the assumed potential
barrier due to direct particle ejection during the
impact.

This work was supported by the U. S. Depart-
ment of Energy.

t'b&ermanent address: Centre d' Etudes Nucleaires
de Bordeaux-Gradignan, Laboratoire de Chimie
Nucleaire ERA No. 144, Le Haut Vigneau, 33170
Qradignan, France.

Permanent address: Laboratoire de Chimie Nu-
cleaire, Institut de Physique Nucleaire, B. P. No. 1,
91406 Orsay, France.

t ~Present address: Laboratory for Nuclear Science,
Massachusetts Institute of Technology, Cambridge,
Mass. 02139.

'%. U. Schroder and J. R. Huizenga, Annu. Rev.
Nucl. Sci. 27, 465 (1977); A. Pleury and J. M. Alex-
ander, Annu. Rev. Nucl. Sci. 24, 279 (1974), and ref-
erences therein.

'See particularly H. C. Britt and A. R. Quinton, Phys.
Rev. 124, 877 (1961).

J. Galin et al. , Phys. Rev. C 9, 1113, 1126 (1974).
4R. Bimbot et a/. , Nucl. Phys. A189, 193 (1972);

T. Inamura et 4., Phys. Lett. 688, 51 (1977); T. No-
mura et al. , Phys. Rev. Lett. 40, 694 (1978); D. R.
Zolnowski et aE. , Phys. Rev. Lett. 41, 92 (1978);
K. Siwek-Wilczynskaet4. , Phys. Rev. Lett. 42, 1599
(1979); D. G. Sarantites etc/. , Phys. Rev. C 18, 774
(1978).

'J. M. Miller et al. , Phys. Rev. Lett. 40, 1074 (1978).
80. Logan et al. , to be published.
VM. M. Fowler and R. C. Jared, Nucl. Instrum.

Methods 124, 341 (1975).
M. A. McMahan and J. M. Alexander, Phys. Rev.

C (to be published).
~See, for example, H. C. Britt et a/. , Phys. Rev.

C 13, 1483 (1976).
' N. Carjan et at. , Phys. Rev. C 19, 2267 (1979).
~'J. B. Natowitz et al. , Phys. Rev. C 6, 2133 (1972);

M. ¹ Namboodiri etc'. , Phys. Rev. C 11, 401 (1975);
S. Della Negra et 4., Z. Phys. A 282, 65 (1977); ¹ H.
Lu et &., Phys. Rev. C 13, 1496 (1976); V/. Scobel
et a/. , Phys. Rev. C 14, 1808 (1976); H. Gauvin et &.,
Phys. Lett. 58B, 163 (1975); B. Tamain et al, , Nucl.
Phys. A252, 187 (1975); B. Largarde and Y. Le Beyec,
Z. Phys. A 288, 415 (1978); C. Ngo et al. , Z. Phys.

161 (1977)
' L. C. Vaz and J. M. Alexander, Phys. Rev. C 18,

2152 (1978).
3See, for example, M. Lefort, J. Phys. (Paris),

Colloq. 37, C5-57 (1976).
'4J. R. Birkelund et a/. , Phys. Rev. Lett. 40, 1123

(1978).

1493


