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Evaporation residues from the fusion reactions of 110 MeV S with **Ni and 132 MeV *’S with °Ge were
observed with the aid of an energy-mass spectrograph. The residues were resolved by mass number, and the
masses observed-in the *’S + **Ni reaction were 4 = 84 (23% +5%), A = 86 (27% +5%), and A = 87
(50% + 10%). The **S +7°Ge reaction yielded 4 = 94 (14% +1%), 4 =95 (23% +1%), A = 96
(14% +1%), A =97 (24% 1+ 1%), A = 98 (21% +1%), and A = 99 (5% + 1%). Angular distributions
and velocity spectra were obtained for each mass, allowing partial reconstruction of the residues’ kinematic
history, and consequently of the particle evaporation modes leading to each residue. Average particle energies
and anisotropies for each residue mass may be inferred from comparison with a Monte Carlo simulation of
the evaporation process. The results are discussed and compared with calculations made with the aid of a

statistical model evaporation code.

NUCLEAR REACTIONS *25(110 MeV, ;) + *®Ni fusion, 25(132 MeV ,,)+ Ge fu-
sion; mass spectra, angular distributions, velocity spectra, and relative total"
cross sections for evaporation residues. :
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I. INTRODUCTION

The formation and subsequent deexcitation of a
compound nucleus are the pivotal concepts in our
current understanding of a heavy-ion fusion re-
action. Detection of evaporation residues, i.e.,
nuclei left after particle evaporation, has for-
merly been accomplished by the use of particle
telescopes of the AE -E type or by time-of-flight
equipment. A review of these techniques is given
in a paper by Goulding and Harvey.! Compound-
nucleus decay, following fusion, has been studied
by means of charged-particle spectroscopy,? and
identification of evaporation residues has been ac-
complished by measurements of characteristic
in-beam ¥ rays and by radiochemical analysis.?

Much has been written about the statistical theory
of the evaporation process?~® and about the influ-
ence of angular momentum, particularly the high-
spin states produced in fusion.””!' Relevant ex-
perimental data have been somewhat ambiguous or
do not tell the full story. Charged particle spec-
troscopy (protons and a particles) reveals neither
the final residual nucleus nor the responsible pro-
cess, which could be projectile fragmentation, pre-
equilibrium emission, contaminant reaction, or
compound-nuclear evaporation. Direct observation
of the fusion product by y spectroscopy or radio-
chemical analysis gives no details of the dynamics
of compound-nuclear deexcitation by particle emis-
sion. Counter telescopes have proved very useful
for lighter reactions'" '? but generally do not

achieve resolution of adjacent masses for mass
numbers larger than A=60.

The MIT energy-mass spectrograph (EMS)®?
installed at the Brookhaven double tandem Van de
Graaff facility and described briefly below was
designed principally to meet the need for better
mass resolution in this kind of study. The first
experiments performed with this instrument were
studies of fusion evaporation residues of compound
nuclei formed by the bombardment of two neutron-
deficient targets **Ne(T, =1) and "°Ge(T, =3) with a
beam of **S(T, =0) ions at energies just above the
Coulomb barrier. These experiments, to be des-
cribed below, yielded relative production cross
sections for the various evaporation residues iden-
tified by mass numbers only (A, not Z) and rela-
tive double-differential cross sections as functions
of residue velocity and angle. The kinematic dis-
tributions provide information about the modes
(nucleons, a particles, or a combination thereof)
of evaporation and their energies, anisotropies,
and sequences. Used in conjunction with the sta-
tistical model, they may also give information
about the angular momentum distribution of the
deexciting nuclei.

II. EXPERIMENTAL PROCEDURE

Figure 1(a) is a simplified diagram of the EMS
which is described in more detail elsewhere,!®
The first component after the scattering chamber
is an E xB veloc ity selector (Wien filter) which
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FIG. 1. (a) Simplified diagram of the EMS showing
velocity selector followed by modified split-pole spectro-
graph. (b) Representation of focal plane showing how
vertical velocity deflection and horizontal p/7 deflection
give rise to diagonal m/q lines in detector area.

deflects, vertically ions with a velocity differing
from v, =E/B. This element is followed by a-mod-
ified split-pole spectrograph deflecting the ions
horizontally and analyzing them according to their
momentum-charge ratio. Figure 1(b) is a simpli-
fied representation of the focal plane of the in-
strument indicating that horizontal displacement

is linear in p/q (very nearly true) and that vertical
displacement is linear in Av =v -, (less ac-
curate). In this approximation all reaction pro-
ducts with a common mass-to-charge ratio fall on
the focal plane along a straight line, called a
mass line, through the origin. In practice, the
mass lines are sharp, but slightly curved. The
slope of the mass lines at a given position of the
focal plane is independent of the electric field E
but depends upon the ratio of the magnetic fields in
the two elements. Generally, the field in the vel-
ocity selector is set at one-third the field in the
split pole. The angle between the mass lines and
the horizontal then varies from 17.3° at the lower
end of the focal plane to 12.0° at the upper end.
The range of velocities accepted by the instrument
in a given exposure is about +5%. For the experi-
ments described here the magnetic fields were
kept constant and the electric field was changed
between exposures in order to cover a larger
range in velocity.

In the first experiment thin **Ni foils (50~120
wg/cm?) were bombarded with a beam of 110-MeV
%25 ions. The electric and magnetic fields of the
spectrograph were adjusted to accept ions close in
velocity v and mass-charge ratio m/q to the com-
pound nucleus *Ru at 39 MeV.

The yields of evaporation residues in the nickel

experiments were normalized to integrated cur-
rent collected on a tantalum beam stop. The nor-
malization procedure was complicated by changes
of target, spectrograph solid angle, and type of
beam stop. These earliest spectra were there-
fore interpreted in terms of relative abundances
of each mass observed. Absolute production cross
sections could, however, be obtained (Sec. III) by
normalizing these relative abundances to the time-
of-flight data. For all subsequent experiments,
including the germanium runs, two surface-bar-
rier detectors at 41° were used to monitor beam
particles elastically scattered from the target.
This ensures that the normalization is independent
of target thickness, beam-charge state, type of
beam stop, and number of secondary electrons
emitted.

Vacuum in the EMS ranged from 107° to 3.5Xx10~°
Torr for these experiments, though better values
(1.1x107° Torr) have subsequently been achieved.

Both the nickel and germanium exposures were
made on Ilford 10-um K — 2 emulsions placed in
the spectrograph focal plane. Tracks from fusion
evaporation residues were scanned through a
microscope and observed to be on the order of
5 um in length, The standard procedure was to
count the number of tracks per mm? as a function

- of plate distance in a 3-mm wide swath along the

length of the focal plane. This produces a mass
(or m/q) spectrum of particles, all having the
same velocity [see Fig. 1(b)]. The scanning was
done both manually at MIT and by machine at the
University of Bergen in Norway. A manually
scanned sample spectrum from the nickel reaction
is shown in Fig. 2. The upper part of the figure
results from 14-MeV sulfur particles (with v =v,)
in the low-energy “tail” of the beam elastically
scattered from the target and from other surfaces
in the same general region. The tracks of these
sulfur particles are just barely distinguishable
from those of the evaporation residues. The sul-
fur lines are quite useful since they provide a
rather precise m/q calibration for a given scan
along the focal plane. The lower part of Fig. 2 is
an m/q spectrum of evaporation residues. The
observed mass numbers are A=84, 86, and 87 with
charge states varying from ¢ =16 to ¢ =21. Similar
m/q spectra were obtained for other velocities and
angles.

For the sulfur-on-germanium reaction the situa-
tion occurs where the measurement of m/q does
not always unambiguously identify a mass (e.g.,
m/q=5.000 could be 100/20 or 95/19). The am-
biguity was resolved by interpolation, making use
of the periodicity of the mass peaks and the fact
that they separate again at other charge states
(i.e., 100/19=5,263 while 95/18 =5.278).
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FIG. 2. Sample spectrum from %3S+ 58Ni reaction. Upper portion of figure is m/g spectrum of low-energy elastically
scattered 3%S of charge states 7 to 10. Lower portion is m/q spectrum of fusion evaporation residues showing mass
numbers A=84, 86, and 87 with charge states from 16 to 21.

III. ANALYSIS

The data were analyzed to give relative double-
differential cross sections d?¢/dvd2. These were
compared with the results of an evaporation kine-
matics code and then integrated over angle and
velocity to yield total cross sections for the var-’
ious mass numbers (A chains) observed.

A. Evaporation kinematics code

To relate the distributions in velocity and angle
to the actual evaporations responsible for them,
a Monte Carlo computer code was written for the
kinematics of particle emission. The adjustable
parameters for each step of the evaporation cas-
cade leading to a given residue are particle mo-
mentum and anisotropy o, (0°/0,, (90°). Guidance
in choosing initial values for these quantities was
obtained from the work of Galin e/ al.,? who per-
formed light-particle spectroscopy on a compound
nucleus in the same range of mass, excitation
energy, and angular momentum as our 323 +"°Ge
reaction. The parameters were then adjusted to
give kinematic distributions corresponding to
those observed in our reactions. An example of
such a simulated kinematic distribution is shown
in Fig. 3. The illustration depicts d?c /dvdQ (lab)
as a function of laboratory velocity (divided by the
compound-nucleus velocity) and angle for A=95
from the **S +"°Ge reaction. The parameters for

producing this distribution will be discussed in
Sec. IV.

B. Differential cross sections

The nickel data were taken at 6,,,=3°5° and the
germanium data at 6,,,=3° 5° and 7°. Operation

\A

Vao/ v, O
T

FIG. 3. Monte Carlo simulation of evaporation residue
kinematic distribution for A =95 from the fusion of 132
MeV 3% with Ge. d%0/dQdv is plotted as a function of
6,4 and vy, /vcy. The curves were obtained from 92000
evaporation cascades, each consisting of three nucleons
with average center-of-mass energies =10, 9, and 8
MeV, and one « particle with average energy =11.8 MeV.
The anisotropies in the center of mass are 1.5 for the
nucleons and 2.9 for the a particle. The apparent for-
ward-backward asymmetry is a purely kinematic effect.
The calculations assume o, (180°) =0, ;. (0°).
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FIG. 4. Double-differential cross sections for the three 4 chains produced in the 32S+ *Ni reaction at 6,,,=3 and 5°.
Error bars extending to d* ¢/dQdv =0 give upper limits only. The curves represent Monte Carlo calculations of the
residue distributions for the parameters given in the illustration. See text for anisotropies.

" at 6, =0 was impossible with nuclear track plate
recorders because of difficulties in discriminating
between evaporation residues and scattered beam
particles, 1t has later proved to be entirely feas-
ible to operate at 6,,, =0 with focal-plane detectors
that have better energy discrimination.

The data points for masses observed in the nickel
and germanium reactions are shown in Figs. 4 and
5, respectively. Any mass not observed, e.g.,
A=85 in 328 +°®Ni, is believed to be of less than 5%
abundance. The reference velocity v, is the cal-
culated velocity of the compound nucleus assuming
an interaction in the middle of the target. The
solid curves are Monte Carlo simulations of the
evaporation process, with particle types, energies,
and anisotropies adjusted to fit the data points. It
should be emphasized that the curves are not fits
in the rigorous sense of the word; they are merely
the results of several successive approximations
giving a reasonably good correspondence with the
data.

C. Total cross sections

‘ Time-of-flight measurements determined the to-
tal cross section for evaporation residues of the
%23 +5°Ni reaction at 110 MeV to be ¢ =310+ 50 mb,
Work performed by the Rochester group using an
EAE counter telescope at approximately the same
energy gave o = 350 mb.'® Absolute cross sections
for each mass may then be obtained from its rela-
tive intensity. o
Since for every mass number the number of

Monte Carlo events was chosen so as to normalize

~ the calculation to the data, the simplest procedure
* for determining the relative intensity of each mass

is to compare the number of Monte Carlo events.
In this way, integration over velocity and angle
has effectively been performed by the computer
code. : . '

Results for the three masses present in the
nickel data are shown in Table I(a). Also shown
are calculations made with the aid of the nuclear
evaporation code ALICE;'® with and without an op-
tion called “JANG,” allowing for the removal of
given amounts of angular momentum (neutron
=2/, proton=3ii, and @ =10%) from the compound
nucleus by the evaporated particles.

No absolute cross section was obtained for the
sulfur-on-germanium reaction because the elastic
scattering cross section at 41°—the monitor posi-
tion—was not accurately known. Relative cross
sections for the observed mass numbers are given
in Table I(b) and compared with the ALICE cal-
culations.

1V. DISCUSSION
A. 328 +58Nj

The masses most strongly observed in the nickel
reaction, A=87 and A=86, conform to the predic-
tions of the ALICE calculations (see Table I) which
favor three- and four-particle evaporation.

The neutron deficiency of the §JRu compound nu-
cleus perturbs the usual binding energies to the
point where protons are preferred for the first
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FIG. 5. (a) Double-differential cross sections for A chains produced by nhucleon (only) evaporation in the 325+ "Ge re-
action. Curves are calculated from the given parameters. See text for anisotropies. (b) Same as (a) for nucleon plus

« evaporation.
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TABLE 1. Relative abundance of fusion evaporation residues.

ALICE

Mass calculation (%)

ALICE with
J-loss option (%)

Experimental
abundances (%)

(a) 110-MeV 325+ %3Ni: Compound nucleus is JJRu, excitation=47.4 MeV

90 e e
89 e s e
88 5
87 58
86 30
85 1
84 5
83 1

(b) 132.14-MeV 325+ VGe:

102 cee
101 cee
100 cee
99 . 10
98 21
97 12
96 11
95 21
94 15
93 3
92 5
91 2

2 s e
53 (50 £10)
37 . (27 +5)

1 e o

6 (23 £5)

2 s

Compound nucleus is 1}3Cd, excitation=72.7 MeV

ces cee

6 (5+1)
22 21+1)
13 (24 1)

9 (14+1)
21 (23+1)
17 (14+1)

4 trace

5 trace

3 trace

three evaporations. The fourth, going to A =86,
could be either a proton or a neutron. The
fairly compact velocity profiles of A =87 and
A=86 (Fig. 3) suggest that the impulse deliver-
ed to the residue by evaporation of three or four
nucleons does not drastically change its velocity
from that of the compound nucleus. In mass 84,
however, we see a marked deviation from simple
three~- or four-nucleon boiloff. Both the relative
absence of A=85 and the binding energies calcula-
ted indicate the probable replacement of a proton
by an o particle in the three-particle evaporation.
A similar effect has been observed in other sys-
tems (e.g., Ref. 17 and references therein). Fig-
ure 3 offers confirmation of this hypothesis and
demonstrates an advantage of the EMS: Not only
is the relative abundance of each residue deter-
mined, but its angle and velocity are given as
well, yielding information on the actual reaction
mechanism leading to the observed residue. The
velocity profile of mass 84 at 5° (1ab) is much
broader that that of 86 and 87. Since evaporation
of an ¢ particle over the Coulomb barrier of the
compound nucleus will deliver a much larger im-
pulse to the residue than evaporation of individual
nucleons, the greater relative abundance of mass
84 at larger velocities serves as a strong indica-
tion that A=84 indeed results from the emission
of an a particle and two nucleons. There is, .in

fact, a reduction in the absolute amount of A=84
observed at velocities close to that of the com-
pound nucleus, which may be taken to mean that
evaporation of two nucleons is generally insuffi-
cient to negate the momentum acquired by emis-
sion of one @ particle. A similar reduction has
been observed in a lighter system (1°0 +27Al) by
other authors using a time-of-flight system.?
Mass 84 is relatively more abundant than would

be predicted by the statistical theory of Weisskopf
and Ewing® as applied in our version of the nuclear
evaporation code ALICE. The model used in these
calculations is, of course, quite crude. However,
the discrepancy for mass 84 is large enough to call
for some speculations as to its cause. A simple
form of the Fermi gas level density used in these
calculations is p(E, J=0)~E~2 exp Z(aE)l/z, where
a is the nuclear level-density parameter, usually
taken to be about A/8 MeV ™!, It is then assumed
that p(E, J) =(2J +1) p(E,J =0). This is known as

" the “infinite moment of inertia” or “s-wave” ap--
proximation. A more correct formulation would
employ an excitation energy reduced by the amount
of rotational energy in the nucleus!®; i.e., p(E)
~p(E - E,;). When the JRu compound nucleus
with high spin (rms rotational energy ~10 MeV)
loses excitation energy through evaporation, E
approaches E,,. The level density of prospective
daughter nuclei, which is very sensitive to the ex-
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ponential term, then effectively vanishes for all
possible evaporations save those which are capable
of drastically reducing E,,, i.e., @ emission.
(Competition of y deexcitation is not discussed
here. For details see Refs. 7, 9, and 10,)

Based on the above reasoning, particles and en-
‘ergies were proposed for the computer simulation,
and the curves of Fig. 4 were obtained. For A
=87, three-proton evaporation with average energy
Ey=11.3 MeV and average anisotropy o.m. (0°)/

0., (90°)=1.6 fits well. In the case of A=86, four-
nucleon evaporation with E, =11,0 MeV (aniso-
tropy =1.6) was selected, but this was done only to
fit the data points for the purposes of integration.
In fact, @-value considerations do not allow as
much kinetic energy for the nucleons as would be
required to reproduce the breadth of the observed
kinematic distribution. This breadth may be ac-
counted for by a small component of o or d2p
evaporation. Finally, two protons and one @ par-
ticle give the desired curve for A=84 with E
=12.5 MeV (anisotropy =1.4) and E , = 14.0 MeV
(anisotropy =2.8).

B. 328+ 7Ge

From velocity profiles of the type shown in Fig.
5(a), it is evident that masses 97, 98, and 99 have
the compact distribution characteristic of indi-
vidual-nucleon evaporation, while masses 94, 95,
and 96 [ Fig. 5(b)] have the broader distribution in-
dicative of the evaporation of one o particle plus
several nucleons. At larger laboratory angles and
more extreme velocities, traces of masses 91,
92, and 93 were also observed. Their even broad-
er and weaker kinematic distribution would logi~
cally come from two-a evaporation. The occur-
rence of these “groups of three” (for 0,1, or 2 a
particles) offers further corroboration of the a -
substitution phenomenon discussed earlier.

For this reaction, no ambiguities were encount-
ered of the type discussed in the previous section
for A=86. Masses 99 to 97 [ Fig. 5(a)l fit very
well with simulations of three- four-, andfive-nu-
cleon evaporation withaverage nucleon energies E
=9.5, 8.0, and 7.3 MeV (+ 10%), respectively. Aver-
age anisotropies were 1.2, 1.5; and 1.5 (+ 20%). For
A=96-94[Fig. 5(b)] a particle plus two- to four-nu-
cleon emissiongives excellent results. E, =11.5,
8.8, and 7.9 MeV (anisotropies of 1.2, 1.5, and 1.5) and
E_,=11.0, 11.8,and 12.0 MeV (anisotropies of 3.0,
2.9, and 3.0); errors correspond to those for
simple nucleon emission.

Several salient features emerge from this analy-
sis. First of all, the observed a energies of 11 to
12 MeV indicate emission below the Coulomb bar-
rier (~14 MeV). Second, the average kinetic en-
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FIG. 6. Average energies of nucleons evaporated from
the 192Cd compound nuclear (*S+"°Ge) at 72.7 MeV exci-
tation. Note that the average energies depend on the
number of nucleons evaporated only, and not on whether
an additional « particle is emitted.

ergy per nucleon appears to be a function of the
number of emitted nucleons and independent of «
emission. Figure 6 shows the nucleons’ average
kinetic energy as a function of number emitted.
Note that additional emission of an a particle
makes no significant difference. From these two
points, we may surmise that these sub-Coulomb
barrier a particles are emitted last and are of the
type predicted by Grover and Gilat,® namely those
required for reduction of angular momentum from
points on the E-J plane for which y-ray deexcita-
tion is impossible or too slow.

Some of the velocity distributions presented in
Fig. 5(b) indicate a forward-backward asymmetry
of the cross section over and above the calculated
“kinematic” asymmetry for residues produced by
o -plus-nucleon evaporations (e.g., A=96 at 5° and
7°). If this effect is real, it presumably indicates
a pre-equilibrium evaporation of an o particle in
the backward direction. No similar effect can be
discovered in our own time-of-flight data from the
323 +58Ni reaction, nor in the angular distributions
obtained by Galin e/ al.? We therefore tentatively
discount these observations and assign them to
experimental uncertainties. We intend to make
more accurate measurements, at'zero degrees,
when a large electronic focal-plane detector is
ready.
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V. CONCLUSION

Use of the EMS to investigate the compound nu-
cleus formation-deexcitation mechanism in these
sulfur-induced reactions on neutron-deficient iso-
topes of nickel and germanium has provided pre-
viously unobtainable data concerning the evapora-
tion residues. In addition to the relative abundance
of these residues, their kinematic coordinates are
also supplied, allowing one to draw conclusions
about the deexcitation mechanism.

Specifically, it was found, as had been predicted
by theory, that the probability of o particle evap-
oration may be enhanced when the availability of
energy levels in the daughter nucleus is contingent
upon the removal of angular momentum by the em-
itted particle. Confirmation of the “replacement”
phenomenon in charged-particle evaporation,
whereby an « particle is emitted in place of a
nucleon, was also obtained. Furthermore, a com-
puter simulation of evaporation mechanics shows

that the structure observed in the residue cross
sections is a kinematic effect in agreement with
(but more specific than) results of light-ion spec-
troscopy, making it possible to start with EMS
double-differential cross sections for each resi-
due work back through the dynamics of the evapor-
ation cascadé, assigning certain evaporation pro-
cesses, particles, and energies to each residual
mass.
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