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The mass and energy distributions for fusion products corresponding to 128.9 MeV 323 on
L2c, Mg, and 40cq targets has been measured at 8° lab using a time-of-flight spectrom-
eter. The heaviest product observed with significant cross section for each system has a
mass five units less than that of the corresponding compound system. Lighter dominant
mass groups are separated by approximately three mass units. Such mass systematics
can be understood in terms of neutron, proton, and o-particle competition in the deexcita-
tion of the compound system and are reproduced qualitatively by particle evaporation

calculations.

I:NUCLEAR REACTIONS 325+12c, %Mg, “Ca fusion, E =128.9 MeV; measured]
mass and energy distribution of products.

I. INTRODUCTION

The advent of more energetic heavy ion beams
from newly upgraded tandem accelerators allows
the fusion of two heavy systems to be studied. Fu-
sion cross sections have been measured for a
variety of beams and targets (see e.g. Refs. 1-7).
In most cases, however, the mass resolution has
not been sufficient to determine the fusion product
mass distribution.® The recent development of a
fast time-of-flight system® at the Brookhaven
National Laboratory tandem accelerator facility
allows fusion products to be studied with a mass
resolution of approximately 1 mass unit in 50.
This system, coupled with the multiparticle accel-
eration capability (for calibration purposes) allows
a precise mass and energy determination for a
large dynamic range of reaction and fusion prod-
ucts.

The present paper reports measurements of the
mass distributions for fusion products at an 8°
lab scattering angle formed by 128.9 MeV *2S ions
incident on2C, Mg, and “°Ca targets. Foralltar-
gets a strikingly similar mass dependence was ob-
served. The heaviest fusion product observed to
be populated with a large yield has a mass five
units less than that of the compound system. Large
cross sections also were observed for lighter
mass groups separated by three mass units. Such
mass systematics for the fusion products can be
understood in terms of neutron, proton, and «
particle competition in the deexcitation of the com-
pound nucleus, and indeed, are reproduced qualita-
tively by particle evaporation calculations.
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II. EXPERIMENTAL PROCEDURES

A 128.9 MeV %3S beam from the Brookhaven
National Laboratory tandem accelerator facility
was used to study the mass distribution of the
fusion products at an 8°1lab scattering angle from
a self-supporting natural C target (~35 ug/cm?)
and from C backed ?*Mg (>95% enrichment) and
natural Ca (96.9% *°Ca) targets of #100 ug/cm?
areal density. The time-of-flight arrangement for
the measurement of the fusion product masses was
similar to that described previously.® Briefly,
fusion products exiting from the target in a small
sliding window target chamber pass through an
~200 ug/cm? Pilot B'° scintillator foil providing
a start signal. After traveling approximately 2 m
beyond the scintillator, they are stopped in a 300
mm? silicon diode detector which provides the
stop pulse as well as the E signal for each detected
event. The time-of-flight spectrometer had a
solid angle of #0.04 msr and an angular resolution
~+0.2°lab.

Two analog multiplier circuits were used to
square the time signal 7" and multiply it by the en-
ergy signal E to form the product ET? which is
proportional to the fragment mass. The mass sig-
nal was then displayed on a 256 channel array in
correlation with the E signal on a 128 channel ar-
ray.

A typical variable density computer plot of the
calcium fusion data measured at an incident energy
of 128.9 MeV and at a laboratory angle of 8°is
shown in Fig. 1. The data points forming the in-
tense vertical line on the left represent 25 ions
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of all energies scattered from the target. The in-
tense peak at the upper extreme is the elastic
group. The parallel lines corresponding to higher
mass groups close to the sulfur mass line are
fusion products formed from the carbon backing
and oxygen impurities in the calcium target. The
three clustered mass groups to the right are prod-
ucts from *S +*°Ca fusion.

The E-ET? matrix was calibrated by scattering
3¢, 51V, %Ni, ®*Zn, and “Ge ions from a 75
wg/cm? Au target at 3° lab. These different mass
beams form vertical mass lines similar to that
observed for sulfur and provide a characteristic
“signature” of a given mass particle over a wide
energy range in different mass regions. Some of
the heavier mass ions also were accelerated at
several different energies ranging from 30 to 100
MeV. The corresponding strong elastic peaks allow
an accurate energy scale to be established for
each of the calibrated mass regions. Since both
the mass and energy responses are not linear over
the entire dynamic range of the products, it is im-
portant that such a mass-energy calibration be

established. At the beginning of the experimental
period the elastic scattering calibration was made
using all of the different ions at a variety of inci-
dent energies. Such a procedure took only a few
hours using the sputter ion source. After the
fusion data were accumulated, the calibration was
checked using the 5'V beam.

III. DATA ANALYSIS

The data were analyzed by taking Y (energy) cuts
through the different mass groups along the X
(mass) axis. A cut in the X direction through the
mass 32 line gives a peak that can be reproduced
by a Gaussian shape establishing the centroid for
that mass group accurate to =0.1 channel. The
centroids and widths of the mass lines correspond-
ing to elastic scattering (see e.g. Fig. 2) character-
ize a single mass line as provided by the acceler~
ated ions after transiting the detection system.
Cuts through the fusion region show a series of
peaks which can be reproduced by a Gaussian
shape. In the case of the fusion products, all of
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FIG. 1. Variable density plot of a portion of the 256x 128 channel spectrum for the reaction; 128.9 MeV 325 +40Cq,
8° lab. The plotted points of variable size correspond to & channel count range of 10 with the solid square correspond-
ing to =50 counts. The intense elastic %2S peak near (57,70) in the upper left-hand corner defines the upper end of the
loci of data points that comprise the mass 32 line which extends down to the electronic cutoff region. Fusion with light
target contaminants and transfer reactions result in other similarly shaped mass lines near mass 32. The points on
the right are the fusion products from the reaction 32S+%Ca. The three dominant mass lines (see Fig. 2) are labeled.
The mass lines are curved because of nonlinearities in the over-all response of the system.
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the fit parameters were allowed to vary with the

restraint that the width of all peaks were the same.

IV. EXPERIMENTAL DATA

A. 328 +40Ca fusion

Figure 2 summarizes the results of such an
analysis for the fusion products formed by 128.9
MeV 328 ions on “°Ca. For comparison, a mass
line corresponding to elastically scattered ®*Zn is
superimposed on the fusion data showing the
characteristic shape of a typical mass line. The
mass calibration was determined using this line
and similar lines from ™“Ge and *Ni scattering not
shown in the figure. A typical mass spectra at
constant energy (corresponding to ¥ equals chan-
nel 22 and indicated by a dashed line) through the
fusion region also is shown at the top of Fig. 2.
The solid line in the mass spectra corresponds to

the best three peak fit to the data, while the dashed
line shows three peaks with the width of a single
mass line as determined from afit to the scattered
54Znline. Since the fitted peaksare~20%wider than
those fitted to the ®*Zn mass line, additional adja-
cent masses must contribute to the width of the
fusion groups. The location of the fitted peak in-
dicates which predominant mass is involved in

that particular cut and what influence other masses
have at that energy. A strong central peak will
tend to force the fitted width of the weaker peaks;
however, the consistency of the centroid location
indicates that certain masses are predominately
involved in the fusion product.

The strong peak in the 3*S +%°Ca data follows the
mass 64 line although it is slightly shifted toward
higher masses indicating that mass 65 products
are important in the fusion process as well al-
though they are not resolved. The mass 67 and 61
centroids are less consistent; however, it still
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FIG. 2. Results of a computer analysis of the fusion product region of Fig. 1. The open circle points superimposed
on the fusion data points correspond to centroid locations determined by a fit to a mass line obtained by scattering bzn
from a Au target. The mass calibration was obtained using the $4Zn line and other scattered heavy ions not shown in
this figure. A cut through the fusion region at Y =22, corresponding to a fusion product energy of approximately 46
MeV, is shown in the upper part of the figure with its corresponding best fit. The single mass resolution of the system
for mass 64 is shown at the fusion mass centroid locations for comparison. The relative energy dependence for the

different mass groups is indicated on the right.



484 GARRETT, WEGNER, CORMIER, COSMAN, AND LAZZARINI 12

can be concluded from the peak locations that the
dominant masses of these groups are 67 and 61.
The relative intensity as a function of energy for
each of these three mass lines is displayed on the
right in Fig. 2.

In summary, the fusion products from 128.9 MeV
323 and *°Ca at 8°lab range in laboratory energy
from 30 to 65 MeV. Masses 67, 64, and 61 have
the largest fusion cross sections with intermediate
masses accounting for 10 to 20% of the dominant
mass group, A=64.

B. 32S+2’Mg fusion

The results of the analysis of the fusion of 128.9
MeV 328 ions with Mg at 8°lab are shown in Fig.
3. Both the elastically scattered *°Sc and *'V mass
lines are superimposed in order to show the char-
acteristic “signature” of a single mass group. The
layout of this figure is similar to that described
above for the “°Ca data shown in Fig. 2. The mass
52 and 47 fusion groups follow the respective mass
lines quite well; however, the centroid of the mass

group corresponding to the largest cross section
varies between mass 49 and mass 50. This group
is considerably wider than the reference mass
groups suggesting that two masses contribute.
There also are indications from the inconsistent
centroid location of the fitted peak that the intensi-
ty of the masses contributing to this group varies
as a function of particle energy. Similarly, a
weak group scatters about mass 44 over most of
its energy range but tends towards mass 43 at
the highest fusion energies. In this case, the en-
ergies of the fusion fragments range from 25 to
90 MeV in the extreme with a mean energy around
58 MeV corresponding to the displayed ¥ cut. Ap-
preciable contributions are observed corresponding
to masses between the fitted mass groups. It
would appear that these intermediate groups are
more important than in the case of **Ca; however,
this may be only an artifact of the better mass
resolution for the lighter 32S+25Mg fusion products.
In summary, the fusion products from 128.9 MeV
325 on 2°Mg at 8°lab range from 25 to 90 MeV lab-
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FIG. 3. Results of a computer analysis for fusion data similar to that of Fig. 1 for the reaction; 128.9 MeV 328 +25Mg,
8°lab. The two open circle data groups labeled *Sc and °!V correspond to the centroid locations determined by fits to
calibration mass lines produced by %S¢ and 5'V beams. The mass calibration lines are determined from the %S¢ and
5y lines as well as other calibration lines not shown. The fusion products from this reaction are represented by the

other data points as indicated for various mass regions.
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oratory energy. The largest cross sections are
observed for masses 52, 49-50, 47, and 43-44.

Apparently both masses 49 and 50 contribute to the

mass group with the largest fusion cross section
at this incident energy and angle.

C. 32S+12C fusion

The results of the analysis of the fusion of 128.9
MeV *8 ions with *2C at 8°1lab are shown in Fig.
4. The superior resolution of this lighter mass
data allows the individual mass groups to be fitted
with the line width of the *2S mass line. A five
peak analysis was used, and although there are

relatively few data points to describe or locate dif-

ferent peaks, the fits for the five peaks was re-
markably consistent. A typical cut through Y =45
(corresponding to a fusion particle energy of
~78 MeV) is displayed.

The fusion products range in energy from ~40
to 110 MeV. The A =38 and 39 mass groups have
the largest fusion cross sections at this angle.

MASS AND ENERGY DISTRIBUTIONS OF FUSION PRODUCTS...
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Two additional mass groups are observed at A =35
and 36. These doublets are consistent with the
suggestion that the dominant mass group observed
for 328 +25Mg fusion also contains contributions
from two masses (see Sec. IVB). The mass 3
separation between strongly populated fusion
products remains in the better resolution '2C
data. The low energy data depart completely
from the characteristic mass shape as defined
by the 32S mass line (also shown in Fig. 4) in-
dicating that other masses contribute when large
amounts of energy are lost by the fragments.

V. DISCUSSION

The dominant masses of the fusion products at 8°
lab determined from the data discussed in Sec. IV
are summarized in Table I. For each system
studied the heaviest fusion product observed to be
formed with a large cross section has a mass five
units less than the corresponding compound sys-
tem. Lighter dominant mass groups are separated

400
o
Z 300 Y=45 E CUT
=
< IN MASS—E PLAIN
5 —325 MAss FIT
< 200
(2]
z
o> |00}
o
© }/\«mn
Ll N bt | T L1 lo—o | ; l
651 4 o - A x MASS 39 FUSION PRODUCTS
% o MASS 38 FUSION PRODUCTS
A MASS 36 FUSION PRODUCTS
37 38 a
60~ 39 oL"d 5 Mass 35 FUSION PRODUCTS
a =] X
a o o x
55 a A X
9ol &% X
DD ))é AA @ o X
50 — of X — A OV o X X
[s] X = AQ [=] X
w g X ) § % o a X
2 5] b4 S 80+ Xy
. 45— or-% ———= L A —— —_— B — — X = —
o ] > A QO ox
=z 8l % © 8p & g X
[s] X a A ¢ Ell-\x
- 40 g ¥ w70 A 0 o x
wi = AA O o X
= [s) X 0 X g
z 9 X w O a®y X
< 35 fs) X
T X < 60 E»?
Q X ] X
> 30 P §
£ 8
50 4,00
25—
- 40
20 39 A8
38
L 37
15 30
o 34
ol L1t 1 1P BB 1 ! 1 1
55 60 65 (0] 50 100 150 200

X-CHANNEL No., Et2~ MASS

RELATIVE INTENSITY

FIG. 4. Results of a computer analysis for the fusion mass lines close to the 32S mass line in Fig. 1 corresponding to
the reaction; 128.9 MeV 32S+12C, 8°lab. In this case the beam providing the fusion reaction is one of the calibration

mass lines.
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TABLE I. Summary of fusion reactions studied.

Compound
system
Compound E . (%5)2 Q valueP E, Dominant ©
Target system (MeV) (MeV) (MeV) masses
2 4y 35.15 11.53 46.68 35, 36, 38, 39
Mg TN 56.54 16.90 73.44 43-44, 47,49~50, 52
0ca Kr 71.61 —4,44 67.2¢ 61, 64,67

3 Corresponds to lab energy of 128.9 MeV .

b Binding energy difference between compound nucleus and 32S plus target.
¢ Dominant masses of fusion products at 8° lab. See Sec. IV and Figs. 2—4.
d Based on masses calculated using Meyers-Swiatecki-Lysekil mass formula.

by approximately three mass units. Preliminary
data'? at other scattering angles indicate that the
mass three separation for the dominant masses
of fusion products is independent of angle.

The observed fusion product mass systematics
can be understood in terms of competition between
multiple neutron, proton, and a-particle emission
in the deexcitation of a compound system at high
excitation energies. The heaviest group of fusion
products correspond to multiple nucleon emission.
The difference in excitation energies of the 5'Ni
(fused 328 +25Mg) and the "?Kr (fused *S+“*°Ca) com-
pound systems studied is small (%6 MeV out of
=70 MeV). Therefore, on the average, about the
same number of nucleons should be emitted from
these two systems if the neutron and proton binding
energies are similar in the two decay chains (see
Table II). Indeed, the heaviest fusion product ob-
served for both 2°Mg and the “°Ca targets has a
mass five units less than that of the corresponding
compound system.'* The lighter mass groups of
fusion products correspond to @ emission plus mul-
tiple nucleon emission. When an « particle is
emitted, sufficient energy is lost so that on the
average one less nucleon decay can take place.
Thus the resulting masses of the most abundant
fusion products from x nucleon; «,x nucleon; and
2a,x nucleon decay are separated by three mass
units. Such systematics would be obtained if at
each stage in the deexcitation process nearly the

same excitation energy is removed from the sys-
tem in neutron, proton, and a-particle emission.
Less kinetic energy is associated with neutron de-
cay than either proton or a-particle decay because
there is no Coulomb barrier for the neutron chan-
nel. The nuclei in the decay chains studied, how-
ever, are neutron deficient; therefore, the neutron
thresholds are higher than either the proton or
a-particle thresholds (see Table II). Thus protons
and «a particles remove nearly the same excitation
energy from the decaying system as the neutron
emission.

Similar enhanced cross sections for fusion prod-
ucts differing by about three mass units might be
expected in other fusion studies leading to neutron
deficient compound systems. Indeed a separation
of three mass units is observed between the maxi-
mum o,x nucleon and x nucleon cross sections
following the fusion of *O with %5%%INi (Ref. 6)
and C and O fusion with rare earth nuclei.”

The observed mass systematics of the differen-
tial cross section is reproduced qualitatively by the
total cross section using the compound nucleus de-
excitation code ALICE,* which includes competi-
tion between neutron, proton, and a-particle emis-
sion, calculated using the statistical formalism of
Weisskopf and Ewing.'® The predicted 32S +*°Ca
fusion cross section as a function of the product
mass is shown in the top portion of Fig. 5. As ob-
served (see Fig. 2), the largest cross sections are

TABLE II. Average and range of binding energies for daughters of 325+ Mg and “Ca.

2§+ Mg 324400y
Decay Av. B.E.? B.E. range® Av. B.E.2 B.E. range?
products (MeV) (MeV) (MeV) (MeV)
n 14.9 11.3--19.1 14.4 12,1-19.9
» 4.2 -0.1- 6.9 1.0 -2.6— 5.3
o 8.2 7.0—- 9.5 2.3 0.1- 9.3

2Binding energies (B.E.) calculated using the Myers-Swiatecki- Lysekil mass formula
for daughters having up to nine nucleons less than the compound nucleus.
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FIG. 5. Predicted total cross sections as a function
of the fusion product mass for the deexcitation of fused
128.9 MeV %2S on #0Ca. The top portion of the figure
shows the standard ALICE calculation which includes com-
petition between %, p, and o emission. The predicted
enhanced yield of products for A =61, 64, and 67 is ob-
served in the experimental data measured at 8° lab angle
(see Fig. 2); however, the details of the relative yield
for the different masses at the angle measured are not
completely reproduced. The middle portion of the figure
shows similar calculations except that the excitation
energy of the system is not reduced for o emission.

The predicted mass three systematics for the yield of
fusion products changes for this nonphysical calculation.
The enhanced yield for the lighter mass products move
to lower masses producing large cross sections for
masses separated by four mass units. The calculation
shown in the bottom portion of the figure only includes
competition between z and p emission and large yields
are predicted only for A= 67+1.

predicted for masses 61, 64, and 67. A similar
calculation for *S induced fusion on 2°Mg correctly
reproduces the observed mass three systematics in
the yield of fusion.products.

A calculation not including a-particle emission is
presented at the bottom of Fig. 5, demonstrating
that the lighter groups of fusion products are as-

sociated with @ emission. In the middle portion of
Fig. 5 another nonphysical calculation is shown
which allows a-particle emission but does not de-
crease the energy of the system when an @ parti-
cle is emitted. When the excitation energy of the
system is not decreased in the a-particle emis-
sion, the mass separation of the predicted fusion
products is predicted to be four mass units as ex-
pected. Therefore, it is apparent that the mass
three systematics observed in the fusion product
yield is associated with @ emission removing suf-
ficient energy from the system so that on the aver-
age one less nucleon is emitted.

V1. SUMMARY

The mass and energy distributions for fusion
products corresponding to 128.9 MeV S on '2C,
2Mg, and “°Ca targets has been measured with a
time-of-flight spectrometer. The system was cal-
ibrated both in mass and energy by scattering vari-
ous ions having'masses and energies near to that
of the fusion products. The heaviest fusion prod-
uct group observed in all systems has a mass five
units less than that of the corresponding compound
system. Lighter dominant mass groups are sep-
arated by approximately three mass units. Such
systematics can be understood in terms of neutron,
proton, and a-particle competition in the deexcita-
tion of the compound system and are reproduced
qualitatively by particie evaporation calculations.
The emission of either a neutron, proton, or «
particle reduces the excitation energy of the com-
pound system by about the same amount. On the
average, then, the same total number of particles
are evaporated. Therefore, when an « particle is
emitted one less neutron or proton usually is evap-
orated resulting in the three mass unit variation in
the observed yield.
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