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Evaporation residues of reactions between 24*>?Mg, *’Al, and 2*Si as targets and 100-170 MeV *Cl and 130
MeV 32S beams and also between **Si and 117.5 MeV #Si ions were measured at small forward angles using a
time-of-flight telescope. The mass distributions of the products show a complex structure, which is shown to
vary smoothly with beam energy and target mass. A dominant decay mode of the compound nucleus can be
assigned to each residue mass using the shape of the angular distribution. An evaporation model calculation
predicts qualitatively the main features of the mass distributions.

NUCLEAR REACTIONS %Cl+ #:25:28\jg, 285i fusion, E=145.6 MeV. 35Cl+ 27Al

fusion, £=100, 110, 120, 130, 140, 145.6, 170 MeV; &(6) at 170 MeV. 328

+2 BB\ 2141, 25 fusion, E =130 MeV; 0(8) for 328 + 27Al. 288 + 23Sj fusion,

E=117.5 MeV. Comparison of mass distribution of evaporation residues with
statistical particle evaporation calculations.

I. INTRODUCTION

Recentexperimental measurements' of heavy ion
reactions have concentrated on total cross sections
for aparticular process (e.g., fusion, “deep inelas-
tic, ” etc.) as a function of energy and angular momen-
tum. The development of detection techniques ade-
quate to distinguish the details of the mass and/or
charge distribution of reaction products, allows the
study of the particle decay of the composite sys-
tem (see, e.g., Refs. 2-6).

The present paper reports data on the mass
systematics of the evaporation residues produced
in the bombardment of %25 26)\o and 2Si targets
with 145.6 MeV *°C1 ions, a 2’Al target with 100—
170 MeV *°Cl ions, 2#2:%Mg, 27Al, and ?Si targets
with 130 MeV 328 ions, and a 28Si target with 117.5
MeV 288i ions. The structure observed in the mass
distribution of the evaporation residues reflects
the competition between a-particle and nucleon
(proton and neutron) evaporation in the deexcitation
of the composite system. Such mass systematics
can be reproduced qualitatively by statistical cal-
culations of multiple particle emission from the
fused system.

II. EXPERIMENTAL PROCEDURE

The three-stage tandem facility of Brookhaven
National Laboratory was used to provide the vari-
ous energy 3°Cl, 323, and 2®Si ions as well as the
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electronic equipment and computer facilities for
data acquisition and analysis. Foils of =100 ug/
cm?, 2% Mg and Si enriched to >98% and on
thin C backings and a 75 pg/cm? self-supporting
natural Al foil were used for targets. The *Cl
+27A1 angular distribution and excitation function
data, however, were obtained with an 800 ug/cm?
self-supporting natural Al target.

The basic experimental method has been de-
scribed previously.>»” Briefly, the mass identifi-
cation was accomplished with a time-of-flight
(TOF) system consisting of a thin scintillator start
detector followed by a silicon-surface-barrier stop
detector at the end of a flight path of approximate-
ly 2 m. Reductions in the efficiency of such a sys-
tem, due to multiple scattering in the scintillator
foil, are negligibly small for the exiting energies
of the evaporation residues in the present work.
The mass and energy calibration of the basic data
was accomplished by the elastic scattering of >V
and *°Fe ions.

A typical variable density mass vs laboratory
energy plot for 145.6 MeV *Cl incident on 27Al is
shown in Fig. 1. The mass scale is provided by
the analog multiplication of the fusion fragment en-
ergy E by the time-of-flight, squared, 2. The mass
lines in the vicinity of a particular fusion region
were sufficiently parallel to warrant a simple en-
ergy sum on the mass axis for detailed analysis.
The yield of the evaporation residues as a function
of mass were then extracted using a multipeak
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FIG. 1. Variable density plot of E¢%~ M data for 145.6
MeV 35Cl jons incident on 2’Al at 7.2° (lab). The varying
size point indicates counts per channel on a scale of 1
to 20 counts. Each full square point indicates = 20 counts.
The oxygen and carbon contaminent fusion regions are
indicated. The inset shows the mass projection for the
35C1+27Al region. The corresponding mass spectrum for
100 MeV °Cl is also shown for comparison.

Gaussian fit to these mass distributions. The er-
ror flags shown with the data reflect statistical
uncertainties as well as an estimate of the errors
from the data analysis.

III. EXPERIMENTAL RESULTS

The systems studied are summarized in Table I,
and the compound system, incident energy, and
angular dependence of the yield of the evaporation
residues as a function of mass are discussed in
subsections A, B, and C, respectively.

A. Mass distribution dependence on compound system

The mass distributions of evaporation residues
at the scattering angle of 7.2° (lab) for the fusion
of 145.6 MeV 3°Cl ions and 130 MeV %28 jons with
2425 20Mo  27Al, and 2®Si are shown in Figs. 2 and

3.

In these figures the highest peaks of each mass

distribution are approximately normalized in order
to emphasize the similarities and differences in
mass distribution. The 7.2° laboratory angle was
chosen because the relative mass distribution at
that angle is similar to that of the total integrated

cross section — see Fig. 4.

The similarity of the differential mass distribu-
tions of the evaporation residues for the same pro-

jectile on the #'%Mg, *7Al, and *Si targets is

TABLE I. Summary of reactions studied.

Incident energy Excitation
Incident Compound (MeV) of compound Ang.
system nucleus lab c.m. system (MeV) dist.
28gj + 28gj N 117.5 58.75 69.67 No
3254 24\ g 56N 130 55.71 69.67 No
325+ BMg TNi 130 57.02 73.92 No
325+ B)g BN 130 58.28 76.29 No
3254 2171 ¥cu 130 59.49 72.64 Yes
32g4 28gj 807n 130 60.67 67.36 No
B5C1+ UMg %cu 145.6 59.23 75.65 No
35c1+ Mg 80cu 145.6 60.67 76.82 No
35C1+ %Mg 81cu 145.6 62.06 78.82 No
35c1+ 2Al 827n 100 43.55 58.46 No
110 47.90 62.81 No
120 52.26 67.17 No
130 56.61 71.53 No
140 60.97 75.88 No
145.6 63.41 78.32 No
170 74.03 88.94 Yes
35C1+ 28si 8Ga 145.6 64.71 70.93 No
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FIG. 2. Evaporation residue mass distributions for
145.6 MeV 35Cl ions incident on 288i, %7Al, and %6:2%24pg
at 7.2° (lab). The compound nucleus excitation for the
fused system is indicated for each case. The solid line
is a multipeak Gaussian least square fit to the data.

striking (see Figs. 2 and 3). However, both in the
%5C1 and in the 328 data the shape of the mass dis-
tribution for the Mg target deviates from that ob-
served for the other isotopes. The same *°Cu com-
pound system is formed by *Cl+2*Mg and 328 +27Al.
For 145.6 MeV *C1 and 130 MeV 328, the com-
pound system is formed at the same excitation en-
ergy and with nearly the same grazing angular
momentum. Hence the 3°Cl+2*Mg and the 328 +27Al
differential mass data are nearly identical (see
Fig. 3), as expected, even though the 3Cl+2*Mg
data deviates from similar mass distribution for
%C1 on the other targets.

Data also were obtained for 28Si+28Si at an inci-
dent energy of 117.8 MeV which populates the **Ni
compound system at the same excitation energy as
130 MeV 325 +2*Mg. The differential mass distribu-
tions measured at a laboratory angle of 7.2° for
these two systems are compared in Fig. 5. The
“shape” of the measured mass distributions is
nearly the same within the experimental errors,
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FIG. 3. Evaporation residue mass distributions for
130 MeV 32 ions incident on *38i, 27Al, and %:25-2Mg at
7.2° (lab). Compound nucleus excitation for the fused
system is indicated for each case. The 3°Cl+ Mg fusion
data from Fig. 2 is superimposed for comparison with
the 32S+27Al data which populate the same compound sy-
stem. The solid line is a multipeak Gaussian least
square fit to the data.

even though, for identical projectile and target
(%881 + 28Si) the compound system is formed only
with even angular momentum.

B. Energy dependence of mass distribution

The energy dependence of the fusion product
mass distribution at 7.2° (lab) for the fusion of
100-170 MeV 35C1 with 27Al is shown in Fig. 6. A
gradual shift of the mass distribution to lighter
masses with increasing energy is observed with a
decrease of 2 mass units for the predominant mass
groups for a change of compound nucleus excitation
energy from 58.5 to 88.9 MeV. This corresponds
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FIG. 4. A shape comparison of differential cross sec-
tion do /dQ and total cross section o for 170 MeV
35C1+ Al at 8° (lab) and 130 MeV 328+ Al at 7.2° (lab).
The o and do/d scales have been normalized arbitrarily
at the maximum cross sections. If an appropriate for-
ward angle is chosen the shape comparison with the
total angle integrated cross section is quite good.

to ~15 MeV/mass unit. Also at higher compound
nucleus excitation energies more strength is dis-
tributed to the lighter mass groups, corresponding
to increased a-particle emission. Even an in-
crease as small as 2.4 MeV in the excitation of the
compound system produces a detectable shift to
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FIG. 5. Evaporation residue mass distribution com-
parison for 130 MeV %28 ions incident on /Mg and 117.5
MeV %8Si ions incident on %8Si at 7.2° (lab).
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FIG. 6. Energy dependence of the evaporation residue
mass distributions for 100—170 MeV %°Cl+ %'Al fusion at
7.2° (lab). The compound nucleus excitation for the fused
system is indicated in each case. The solid line is a
multipeak Gaussian least square fit to the data.

lighter masses (see Fig. 6). At the highest incident
energy, 170 MeV, 3C +27Al data fissionlike cross
sections were observed to compete with light par-
ticle emission in the decay of the compound sys-
tem.®

C. Angular dependence of the mass distribution

The angular dependence of the evaporation resi-
due mass distributions corresponding to 170
MeV *C1 and 130 MeV 23S on ?’Al are shown in
Figs. 7 and 8 and the corresponding angular dis-
tributions are shown in Figs. 9 and 10. The angu-
lar distributions corresponding to the heaviest
mass residues are sharply forward peaked for
both 3C1 and 32S projectiles. At mass 55 for the
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FIG. 7. Angular dependence of evaporation residue
mass distributions for 170 MeV 3°Cl+ 2’Al. The solid
lines are multipeak Gaussian fits to the data used to ex-
tract the strength of individual masses.

35C1 data and mass 53 for the 328 data there is a
marked change in the angular distributions from
sharply forward peaked to level or even to a de-
crease in yield at forward angles. This change in
the angular shape is attributed to the increased
role of o emission in the formation of the lighter
mass residues. Isotropic evaporation of nucleons
does not produce much transverse momentum and
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FIG. 8. Angular dependence of the evaporation residue
mass distributions for 130 MeV %?s+ 27Al. The solid
lines are multipeak Gaussian fits to the data used to ex-
tract the strength of individual masses.

consequently the resulting heavier mass particles
are strongly peaked forward. However, the evapo-
ration of an « particle can produce appreciable
transverse momentum. In fact, the solid angle for
evaporation in the forward and backward direction,
which allows the fusion product to continue in the
forward direction, is small compared to the rest
of the solid angle that results in larger scattering
angles. Consequently, those fusion products
formed by a evaporation are less likely to be found
at 0° than at some finite scattering angle. Similar-
ly, evaporation residues formed by two and three
a-particle evaporations should be found with com-
parable probability at even larger angles as ob-
served.

IV. COMPARISON WITH EVAPORATION CALCULATIONS

The reactions reported in this work are inter-
preted as fusion reactions. It is assumed that
the projectile and target nucleus form a highly
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FIG. 9. Angular distributions of individual evaporation
residue masses for 170 MeV *°Cl ions incident on 2Al.

The various mass groups are offset vertically for clarity.

Error bars are determined by the multipeak fitting pro-
gram. The solid lines are to guide the eye. Proposed
a-particle evaporation corresponding to the different
mass groups are indicated.

excited compound nucleus, which emits a number
of light particles until the excitation energy has
decreased sufficiently so that it only can deexcite
further by v rays. The evaporation residue mass
distributions, which are the main results of this
study, reflect the intensity of the various decay
chains. It has been noted previously that their
structure arises from the competition between nu-
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FIG. 10. Angular distributions of individual fusion
product masses for 130 MeV 32S ions incident on %7Al.
The various mass groups are offset vertically for clarity.
The error bars are determined from the multipeak fitt-
ing program. The solid lines are to guide the eye. Pro-
posed a-particle evaporation corresponding to the dif-
ferent mass groups are indicated.

cleon emission and a decay.*®

Assuming statistical equilibrium, the decay of
the compound system can be calculated from the
Hauser-Feshbach theory. This was done using the
nuclear evaporation code CASCADE.® The code is
organized such that all possible decay sequences
available for neutron, proton, a-particle, and y-
ray emission are followed automatically until the
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excitation energy is below the particle thresholds.
The calculation will be described extensively in

a subsequent publication.® The parameters, there-
fore, are mentioned only briefly in the following
paragraphs.

The initial spin distribution in the compound nu-
cleus was calculated on the basis of a strong-ab-
sorption model from the fusion cross sections
measured by Gutbrod et al.’® using the same dif-
fuseness as that obtained from the optical model*
for the reaction cross section. For example, the
initial spin distribution assumed for 170 MeV *C1
+27Al is shown in Fig. 11. Branching ratios for the
above-mentioned particle decays are determined
by the level densities in the final nuclei and the
corresponding transmission coefficients. The lat-
ter were calculated from average optical potentials
given in the literature.!’ The results are not very
sensitive to the parameter set used, since the
compound-nucleus excitation, and hence the decay
energies, are relatively high. y decay was treated
as described by Grover and Gilat,'? using reduced
decay widths for E1, M1, and E2 transitions as ob-
tained from lifetimes of low-lying states. The
parameters for y decay can usually be altered by
an order of magnitude without a significant change
in the evaporation residue results.

The parameters for the level densities, on the
other hand, must be determined very carefully.
For the analytical form of the level density Lang’s
formula was used, as cited by Gilat and Grover.'3
The parameters a (level density parameter) and A
(shift of the virtual compared with the actual
ground state) were taken from the work of Dilg,
Schantl, and Vonack.* The values given there
were used for determining the parameters for in-
terpolation formulas, which contain a smooth
background as function of A and shell effects in the
vicinity of shell closures (Z =28 and N =28). Near
the ground state some levels were inserted, e.g.,
in an even-even nucleus a 0*,2* 4%, 6" sequence
with average excitation energies. Athighexcitation
energy (E,= 20 MeV) it was assumed that the nu-
clei behave as predicted by the liquid-drop theory,
i.e., the parameter a was set constant (4/8 MeV)
and A was chosen so that the virtual ground state
for the level densities coincided with that of a
spherical liquid drop as calculated from the My-
ers-Swiatecki mass formula' without shell and
pairing corrections. The spin dependence of the
level densities is parametrized using an effective
moment of inertia, which also determines the
shape of the yrast line. At high excitation energy
this was taken to be equal to that of a deformable
liquid drop with the radius parameter 7,=1.27 fm
(Ref. 16) for the sphere. The magnitude of the de-
formation at higher angular momenta was taken
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N 170 MeV 35CI+ 27A|
2 50 + -
- |
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FIG. 11. Yrast line for a nucleus with A=60 calculated
from the rotating-liquid-drop model (Ref. 17). For com-
parison, the spin distribution assumed for the compound
nucleus of the reaction 170 MeV 3°Cl on 27Al is shown at
the appropriate excitation energy.

from the work of Cohen, Plasil, and Swiatecki.'”
The effective moment of inertia was gradually re-
duced by 15% at lower excitation energies. The
resulting yrast line for A =60 is shown in Fig. 11.

The comparison between calculated and experi-
mental mass distributions is shown in Fig. 12 for
the two cases where angle-integrated cross sec-
tions have been obtained. In both cases the compli-
cated structure of the mass distribution is repro-
duced. Calculations for the other systems investi-
gated also were performed with exactly the same
parameters and compared with the differential
cross section data in Fig. 13. The steep slope of
the fusion product angular distributions distorts
the heavy end of the mass distribution as shown in
a comparison of differential and total cross sec-
tion (Fig. 4) and again indicated in this compari-
son. It is observed, however, that the systematic
shift of the peaks for different targets as well as
relative intensity changes including the somewhat
unexpected differences in the shape of the mass
distributions for Mg are qualitatively reproduced.
It is interesting to note the difference in the pre-
diction for the two reactions leading to the same
compound nucleus at the same excitation, 3Cl
+2'Mg and 328 + ?Al. The experimental agreement
is striking (Fig. 3); however, the comparison is
for differential cross section, not total as the cal-
culations.
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FIG. 12. Comparison of angle integrated experimental
cross sections with the predictions of cascabe for 170
MeV 35Cl1+ %Al and 130 MeV 325+ 2"Al. The absolute
cross section scale of Ref. 10 has been used for the ex-
perimental data.

It is suggested in Sec. III that the number of
emitted o particles can be inferred from the shape
of the angular distribution. It is possible to check
this assumption by comparison with the calculations.
Table II shows the number of evaporated particles
corresponding to each evaporation residue mass for
the 170 MeV 3°Cl+27Aldata. For eachmassgroup the
differentpossible decay sequences are given together
with the corresponding predicted cross section in
millibarns. Decay routes having apredicted cross
sectionof < 1 mbare suppressed in the table. For A
=56-58 multinucleon decay is predicted to domi-
nate the cross section in agreement with the sharp-
ly forward peaked angular distributions (see Fig. 9
and the discussion in Sec. III). For A =55 three-a
nucleon decay is predicted to dominate the cross
section in agreement with the broadened angular
distribution. Similarly, the transition from single-
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FIG. 13. Shape comparison of the differential cross
sections of Figs. 2 and 3 with the total cross section
predictions of cascape. The comparisons in each case
are made by normalizing the predictions to the most
predominant peak in the experimental data.

to two-a emission is predicted and observed be-
tween A =53 and 52, and the transition from two-«
to three-a emission is predicted and observed be-
tween A =51 and 49.

It is emphasized that the parameters have not
been individually adjusted in these calculations.
Instead it was tried to fit all experimental mass
distributions with the same average parameters.

Calculations indicate that including discrete lev-
els near the ground state (i.e., below the excita-
tion, A, where the continuous level densities start)
is important in reproducing the magnitude of the
a-particle decay. The large contribution from a-
particle evaporation can be understood by consid-
ering the angular momentum relations for 170 MeV
%C1 or #7Al (Fig. 9). In this mass region, where
the Coulomb barrier for @ emission is sufficiently
low, y decay cannot seriously compete with par-
ticle emission above the particle threshold even
near the yrast line. Thus on the average about
307 of angular momentum are available to be car-
ried away by the four to six particles emitted.

In such fusion reactions, many nuclei with high
spin and excitation are involved during the deexci-
tation process of the compound nucleus. It is ex-
pected that a newunderstanding of such nuclear
systems may be gained through detailed compari-
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TABLE II. Calculated evaporation scheme for the compound nucleus ®2Zn formed at an ex-
citation of 88.9 MeV by the reaction of 170 MeV 3°Cl on ¥’Al. () denotes calculated cross
section in mb (if =21 mb).

Total
Number of emitted particles yield
Ag? 3 4 5 6 7 (mb)
58 3p1n(2) 2
57 2p3n(3) 64
3p2n(47)
4p1n(13)
56 3p3n(40) 79
4p2n(38)
55 1a1p2n(3) 3pan(1) 56
1a2p1n(42) 4p3n(2)
1a3p(8)
54 1a1p3n(2) 190
1a2p2n(72)
1a3pln(115)
53 20:1p(9) 1a2p3n(15) 84
1a3p2n(58)
52 20:2p(2) 1la3p3n(l) 172
20:1p172(103)
20:2n.(66)
51 201p2n(34) 236
20:2p1n(191)
20:3p(11)
50 3a:(13) 2a2p2n(9) 33
203p1n(11)
49 3a1n(34) 137
3a1p(103)
48 3a1p1n(46) 50
3a2p(4)
47 <1
46 4a(11) 11
2 A denotes fusion product mass number.
sons of calculation and experiment over various the mass region discussed in this paper.
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