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Cross sections for evaporation residues following complete fusion have been measured for
the bombardment of 2’Al with 81-, 105-, 126-, and 168-MeV ®0, 138- and 210-MeV *Ne,
and 336-MeV %2S. The results were obtained using a counter telescope and, in some cases,
differ considerably from previous work with mica track detectors. The experimental criti-
cal angular momenta for fusion are in good agreement with recent theoretical calculations
for the O and Ne bombardments. Our data suggest parameters for the critical distance of
approach which are significantly smaller than previously reported values.

NUCLEAR REACTIONS, COMPLETE FUSION Al1(*%0, *Sc¥), E =81, 105,
126, 168 MeV; 2'A1(®Ne, 'v*), E=138, 210 MeV; 2'Al(%s, °Cu*), E =336
MeV; measured o(0), o for evaporation residues, deduced I.,.

I. INTRODUCTION

The dynamics of compound-nucleus formation
in heavy ion reactions has been the subject of
many experimental and theoretical investigations.
Complete-fusion excitation functions can enhance
our understanding of such reactions, although
only a few such studies have been made previously
with light nuclear systems.'™® In particular, com-
plete-fusion cross sections for °0 and ?°Ne bom-
bardments of 2’Al were measured by Kowalski,
Jodogne, and Miller! (KJM) using mica track de-
tectors. In the present work, we repeat those
experiments using a counter telescope. The cross
section for the complete fusion of 336-MeV S
with ’Al was also measured to complement the
low-energy excitation function reported by Gut-
brod, Winn, and Blann® (GWB) for this system.

A portion of the present work has been reported
elsewhere.*

II. EXPERIMENTAL METHOD AND RESULTS

A self-supporting ?’Al target of 147 ug/cm?
thickness was bombarded with *°0, 2°Ne, and *8
ions from the Yale heavy ion accelerator. The
reaction products were detected using a single-
wire proportional counter (AE) and a Si surface
barrier detector (E-AE). The AE detector has a
Parylene C°® window of thickness 0.31 um and was
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operated with P-10 gas (90% Ar, 10% CH,) at a
nominal thickness of 200 ug/cm? The beam axis
in the scattering chamber was located to within
+0.2° by measuring cross sections for Rutherford
scattering from Au on both sides of the beam.
Pulses from the detectors were processed by con-
ventional electronics and stored on magnetic tape
by the PDP-8 computer in AE vs (E-AE) arrays.
Data normalization was achieved by beam-current
integration and by a monitor detector calibrated
with the current integrator. The over-all normal-
ization is accurate to about +10%.

Elemental separation was clearly seen in the E
vs (E-AE) array resulting from the reaction of
168-MeV %0 +%"Al. The heaviest events having
velocities peaked near the velocity of the original
compound nucleus were interpreted as evaporation
residues following complete fusion. These were
events with Z > 10 and E= 15 MeV. Elemental
ranges of Z> 12 and Z = 18 were used for evapora-
tion residues in the Ne and S bombardments, re-
spectively. The cross section for possible fission
fragments in regions external to these was ob-
served to be <10% of the evaporation residue
cross section for 32S+27Al, and an even smaller
percentage for the Ne and O bombardments. High
Z nuclei at energies <15 MeV that were also ob-
served are interpreted to be the heavy low-energy
recoils from transfer reactions. A distinct sepa-
ration between these recoils and the evaporation
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residues is evident in all our data, although not
many of the recoils are observable at the lowest
bombarding energies. Low-energy portions of the
loci for some of the light transfer-reaction pro-
ducts are also observed.

Typical energy spectra for the evaporation resi-
dues are shown in Figs. 1-3. The peak positions
and widths are consistent with those expected for
evaporation residues having the Z distributions
we observe, i.e., the residues are peaked at
roughly the same velocity as the original compound
nucleus. The spectra shown are for angles near
the most probable angle of emission (i.e., the
maximum of the do/ad distribution). As expected,
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FIG. 1. Energy spectra for evaporation residues fol-
lowing complete fusion of €0 and 2’Al. The laboratory
angles are near the peaks in the do/d6 distributions.
Dashed lines show the approximate point of division be-
tween evaporation residues and low-energy recoils from
transfer reactions. The vertical scales are linear, and
the maxima have from 500 to 2500 counts/5 MeV.
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FIG. 2. Energy spectra for evaporation residues fol-
lowing complete fusion of 2Ne and ¥Al. Peak heights
are approximately 600 and 1000 counts/5 MeV for the
210- and 138-MeV data, respectively. (See also Fig. 1
caption.)

the peak position shifts to lower energies with
increasing angle.

Angular distributions measured for the evapora-
tion residues are shown in Figs. 4—6. The target
was sufficiently thin so that multiple scattering of
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FIG. 3. Energy spectrum for evaporation residues
following complete fusion of 336-MeV °2S and ?'Al at
61, = 6.9°, which is near the peak in the do/d8 distribu-
tion.
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the products will have the largest effect on the
large-angle tails of these distributions but should
be of little significance for the most probable
angle and the distribution about that angle. In de-
termining an angle-integrated cross section (o0,, ),
it is convenient to graphically find the area under
the curve do/df vs 6. Such curves must pass
through the origin since do/d8 = 2r sinf(do/dS).
As is apparent from the example in Fig. 7, any
reasonable extrapolation to 6 =0 will result in the
same area to within a few percent. The evapora-
tion-residue cross sections obtained in the pre-
sent work are listed in Table I along with cor-
responding values for I.,, 0,,/0z, and the peak
of the Z distribution (Z,,,).

III. COMPARISON TO MICA RESULTS

The values for 0,, measured here with a counter
telescope are from 1.5-2.5 times larger than the
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FIG. 4. Angular distributions for evaporation residues
following complete fusion of 10 and 'Al. The curves
are drawn to guide the eye.

mica results of KIM! for bombardments with
168-MeV 80 and both 210- and 138-MeV 2°Ne

(see Table I). We believe these discrepancies
arise because a significant number of evaporation
residues have sufficiently low atomic numbers and
high kinetic energies to escape detection in mica.
Better agreement with the mica data was obtained
for the lower energy '°0 bombardments, where
kinetic energies are lower and atomic numbers
are higher.

An underlying assumption in the work of Ref. 1
was that a conventional evaporation calculation
would predict a fairly accurate Z distribution for
the evaporation residues. However, such is not
the case for high bombarding energies, as can be
seen by comparing the experimental Z distribution
for 210-MeV 2°Ne +27Al with one calculated by the
method of Dostrovsky, Fraenkel, and Friedlander’
(DFF) (Fig. 8). The DFF distribution is repre-
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FIG. 5. Angular distributions for evaporation resi-
dues following complete fusion of 2'Ne and ®’Al. The
curves are drawn to guide the eye.
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FIG. 6. Angular distribution for evaporation resi-

dues following complete fusion of 336-MeV 32S and Al.
The curve is drawn to guide the eye.
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FIG. 7. Angular distribution expressed as do/d6 vs 0
for evaporation residues following the complete fusion
of 168-MeV !0 and Al

sented as a dashed line. The experimental dis-
tribution is just a spectrum from the AE detector
over a narrow range of (E-AE) near 6,,,, and
examination of entire AE~(E -AE) matrices sug-
gests this spectrum is a reasonably good repre-
sentation of the over-all Z distribution.
210-MeV 2°Ne +27Al, the kinetic energies of the
evaporation residues are such that the majority
having Z < 16 would probably not be detectable
using mica.® Thus, one can easily account for

TABLE I. Summary of results for complete fusion of heavy ions with Al.

For

Loy ¢
Ew Ogr (mb) Fission
Reaction  (MeV) Mica®  Counters ° Top /g S0 Exp.©  Friction®  limit' z, . o8
180+ 27A] 81 1550+ 250 1020+ 150 0.77 27+ 2 18
105 1200+ 180 1040+ 120 0.67 31+2 32-34 33 17
126 815+ 120 960+ 120 0.58 33+2 33.5 16
168 500+ 100 860+ 110 0.48 36+2 38-40 35 14
20Ne+2%7A1 138 600+ 120 1170+ 130 0.71 40+ 2 36 18
210 380100 940+ 150 0.55 44+ 4 46-48 39 16
325427141 336 620+ 80 0.33 46+ 3 22

2 Critical value of entrance channel angular momentum for evaporation residues. Values for friction are for all of
complete fusion, including fission.
b See Ref. 1, where it was assumed that Oor=0s.

¢ Present work.

4 Calculated using o values from Refs. 1 and 6.

€ See Ref. 9.
f See Ref. 10.

& Most probable Z for evaporation residues.
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210 - MeV  Ne+ 27Al
E-OE = 55MeV, 6,,, = 10.1°

40—

COUNTS / CHANNEL

//
0 1 I A i I 1 1
30 40 50 60 70 80 20 100 1o
CHANNEL NUMBER

FIG. 8. Spectrum from AE detector for a narrow range of (E-AE) showing elemental distribution of evaporation
residues for 210-MeV 2'Ne +2'Al. The distribution predicted by a Monte Carlo cascade calculation (Ref. 7) is shown
by the dashed curve.

the large discrepancies between the counter tele- larger than nucleons while decaying. Thus, the
scope and mica detectors at high energies. (It evaporation residues have lower atomic numbers
should be noted that the 100% efficiency thresholds than those predicted by the DFF calculation since
of Ref. 8 supersede the higher-energy values in- the calculation does not account for these angular
dicated in Fig. 1 of Ref. 1.) The shifting of the Z momentum effects. Such effects are not so im-
distribution undoubtedly occurs because the com- portant at lower bombarding energies, as is shown
pound nuclei have large angular momenta which by a comparison of the DFF Z distribution with
cause a large fraction of them to emit particles the experimental one for the 81-MeV %0 +27Al
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FIG. 9. Spectrum from AE detector for a narrow range of (E-AE) showing elemental distribution of evaporation
residues for 81-MeV %0+ 2Al. See also Fig. 8 caption.
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system (Fig. 9), and better agreement with mica
results is obtained (Table I).

IV. INTERPRETATION AND DISCUSSION

The cross section for complete fusion can be
written as

ac,=7m22(2l+1)P, . 1)
=0

In the sharp cutoff approximation, where the fusion
probabilities (P, ) are unity for ! <[, and zero
otherwise,

lcr mv,iz
Gop=TA2Y (214 1)=m(zc,+1)2, @)
=0

where E is the initial kinetic energy in the center
of mass. Values of [, obtained in the present
work (assuming o, =0, ) are listed in Table I and
are seen to be in good agreement with calculations
by Gross and Kalinowski,® who employ anisotropic
friction to describe the dynamics of heavy ion
collisions. Our results for '®0+ 27Al are also in
good agreement with those of Plasil and Blann'®
who calculate /., for evaporation residues under
the condition that fission is allowed to compete in
the decay of the compound nucleus. For the 2°Ne
+27Al system, the experimental results are some-
what higher than the calculations of Ref. 10.

If it is assumed that none of the relative energy
or angular momentum is dissipated into excita-
tions in the approach trajectory, one may write

=2 2
E-= V(Rc,)+2ﬁ1-lc,(zc,+1)z V(RC,)+%(1,,,+ 2. (3)
Here, V(R,) contains both nuclear and Coulomb
terms; R, is the classical turning radius for
angular momentum [/ ; and presumably the maxi-
mum separation for which complete fusion can
occur. Using pR_,?for the moment of inertia (I)
and eliminating I., between Eqgs. (2) and (3) yields

O™ nR,_.,2<1 - &%’—v . 4)

Equation (4) may be used as an aid to interpret
complete-fusion data for energies well above the
fusion barrier, in which case R, and V(R,,) should
reflect properties of the nuclear interior. Most

of the present work is in this category. For en-
ergies not far above the fusion barrier, essential-
ly all of the reaction cross section is contained

in oy, so [, in Egs. (2) and (3) is replaced by

! max, the maximum [ value for which reactions
occur. In such cases, it follows that

ocf=1rR82(1 - &;B% (5)

which is identical in form to Eq. (4), but the para-
meters Rz and V(Ry) now refer to the radial posi-
tion and height of the fusion barrier.

For V(R )< V(Rp), which is usually the case,
0. is governed by Eq. (5) up to the energy at
which the combined fusion and angular momentum
barrier at Ry is surpassed by the corresponding
quantity at R,,. For higher energies, Eq. (4) be-
comes operative, If the fusion barrier is low
enough so that V(R,,)> V(Rp), 0, is always de-
scribed by Eq. (4). A detailed discussion of the
variation of o, over a wide range of energies is
given by Glas and Mosel.'!

Calculations of 7, =R, /(A,'/3+A,'/3%), using
Eq. (3) with existing complete-fusion data for Z,
along with potentials obtained from Brueckner
theory in the “sudden approximation” for V, were
performed by Galin ef al.'? for a wide range of
nuclear systems and energies. In the sudden ap-
proximation, it is assumed that both nuclei re-
tain their ground-state density distributions, i.e.,
they suffer no distortions until fusion occurs. It
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FIG. 10. Plot of evaporation residue cross sections
from the present work and the 32S+27Al cross sections
of Ref. 3 vs 1/E [see Eqgs. (4) and (5) in text]. The
straight line of negative slope through most of the data
of Ref. 3 corresponds to 75 =Rp/(32/3+27/3)=1.4 fm
and V(Rp)=29.7 MeV [Eq. (5) in text]. The Ne and O
lines have ordinate intercepts corresponding to #,,=0.75
fm [Eq. @)]. Intercepts for 7, =1.0 fm are indicated by
arrows. Errors shown for Ne and O data are relative
and do not include systematic errors common to all
data points. Absolute errors are shown for the S+Al
data.
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TABLE II. Critical radius parameters and potentials
for complete fusion.

7,, (fm)? VR (MeV)
Upper Best Best
Reaction limit  value R, 7.,=0.75 fm
160 +21A1 0.95 0.76 -55 —61
2Ne + %Al 0.98 0.69 —110 —80
325+2TA] 0.69 0.56 -100

o ERcr/(A11/3+A21/3).
b Includes Coulomb and nuclear potentials. See text
Sec. IV and Fig. 10 for details.

was found that 7, was nearly constant at about
1.0 fm over much of the Periodic Table. We per-
formed calculations using a potential similar to
that of Ref. 12 for our 0 +27Al data and obtained
values for 7, in the range 1.0-1.1 fm. Unfortu-
nately, the critical radius obtained in this way is
strongly dependent on the parameters used in the
potential and, as will be seen shortly, the above
results are not consistent with the general trend
of our experimental data.

A value for the critical radius can be obtained
independently of any assumptions about the poten-
tial if a plot of 0., vs 1/E is a straight line for a
given projectile-target system [see Eq. (4)]. Such
a plot for the data of the present work and the 328
+27A1 data of GWB? is shown in Fig. 10. It appears
from the data presented in that figure that the de-
pendence of 0,, on E ! might be described by two
straight lines for a given system, one for high
energies (E™'<0.015 MeV ™) [Eq. (4)] and one for
low energies (E~'z 0.02 MeV ™) [Eq. (5)]. If this
assumption is made for high energies, the 7,
values obtained from the ordinate intercepts are
0.76 and 0.69 fm for the 80 +27Al and **Ne +27Al
systems, respectively, with upper limits of ap-
proximately 1 fm for each (see Table II). A value
of 0.56 fm is obtained for the 32S+27Al system if
one joins the GWB data point at highest energy
with the one from the present work (dashed line
in Fig. 10). The solid lines labeled Ne and O in
Fig. 10 both have intercepts corresponding to
7, =0.75 fm. The arrows indicate the ordinate
locations for 7, =1.0 fm, which would correspond
roughly to the intercepts for the potential of Ref.
12,

The critical radius parameters deduced above
are considerably smaller than those of Galin
et al.** Also, the values for V(R ) range from
=55 to =110 MeV, which would correspond to
deep attractive potentials. The 7., value for the
328 +27Al system is exceptionally small, although
it is not clear whether either of the data points
used is in a straight line region of o, vs 1/E.

Complete-fusion measurements for this system at
some intermediate energies are needed to settle
this question.

The values of 7., listed in Table II should cor-
respond to a considerable overlap and/or distor-
tion of nuclear matter. Under such conditions,
the validity of the sudden approximation and the
validity of Eqs. (3) and (4) is certainly question~
able. A more realistic treatment of the problem
would include deformations and loss of energy
and angular momentum in the entrance channel,
in which case the relation between 0., R, V(R.,),
and E would undoubtedly be more complex than
implied by Eq. (4). If the dissipating forces are
represented as ordinary friction, the calculations
of Gross and Kalinowski® for the !2C +27Al system
at high energies indicate 0 is still a linear func-
tion of 1/E, but it is not clear whether this is in-
dicative of a constant R.,. In fact, there are also
indications that this friction representation may
be invalid for such light projectile-target combi-
nations as those of the present work.'* In any
case, the positive slope of o, vs 1/E suggests,
at this level of approximation, that the effective
potential for the colliding nuclei is attractive and
possibly quite deep at the fusion radii for high
bombarding energies. More measurements of
0.4 (E) are required, however, before its true
functional form can be firmly established. This,
in addition to more theoretical work, is necessary
before conclusions can be drawn concerning crit~
ical radius parameters for fusion.

V. SUMMARY AND CONCLUSIONS

A comparison of the counter-telescope measure-
ments of complete-fusion cross sections with
those using mica track detectors has shown that,
for light nuclear systems at high bombarding
energies, measurements with mica detectors
should be approached with caution. The problem
appears to be one of nonregistration in mica due
to a combination of low Z and high kinetic energies
for some of the evaporation residues. The low
atomic numbers are most probably the consequence
of angular-momentum-enhanced emission of heavy
particles. At lower bombarding energies, where
atomic numbers are higher and kinetic energies
are lower, the counter telescope and mica re-
sults are in fair agreement.

A critical radius for complete fusion might be
estimated from the intercept of a straight line
drawn through the data plotted as o, vs 1/E (Fig.
10). In the present work, the radii so deduced
are smaller and the associated potentials are much
more attractive than expected from the sudden
approximation. It therefore appears that some
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mechanism for deformation and/or energy dissi-
pation in the entrance channel must be included in
considering the concept of a constant critical
radius parameter. The generally small 7., values
may be partially due to the nuclear structure ef-
fects discussed by Glas and Mosel, since all of
our bombarding projectiles are a-conjugate nuclei
whose single-particle separation energies are
relatively high. Clearly, many more experimental

cross sections are needed, and measurements for
the %25 +27Al system at energies between 132.5
MeV (Ref. 3) and 336 MeV (present work) are of
immediate interest.
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