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Excitation functions for evaporation residues from the 37C1+"'Tm fusion reaction
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Zero-degree excitation functions of evaporation residues formed primarily by neutron boiloA from the ' Rn
compound nucleus in the "Cl+ '"Tm fusion reaction were measured from 148.5 to 186 MeV beam energy. The
evaporation residues were identified by their alpha&ecay energies. Cross sections associated with 2n, 3n, 4n, 3n 1p,
5n, and 4n 1p emission peak at 155, 157, 165, 168, 177, and 182 MeV, respectively. 3n la emission was also observed
and shows hints of forward-backward asymmetry. A maximum total evaporation residue cross section of 1.6~0.5
mb was observed at 165 MeV. A comparison of these results to statistical evaporation theory predictions was made,
showing fair agreement, except for the 2n cross section which was considerably larger than predicted.

NUCLEAR REACTIONS Complete fusion, ~C1+ ~Tm, E= 147 to 185 MeV lab,
excitation functions for evaporation residues.

I. INTRODUCTION

In heavy-ion reactions producing compound nu-
clei with Z&80 only a very small fraction of the
fusion cross section results in particle boiloff.
The great majority of the compound nuclei decay
by fission. It is of interest to study such reactions
in detail, i.e. , to measure the excitation function
for the evaporation residues (residual nuclei) pro-
duced by emission of 2 neutrons, 3 neutrons, 2

neutrons-one proton, etc. It is hoped that such
data may eventually help point the way to the pro-
duction of super-heavy elements. Computer pro-
grams such as ALICE, MB2, or CASCADE3 can
be used for extrapolating cross section data to
other target-projectile combinations once the ad-
justable parameters have been reliably deter-
mined. These reactions are also used to produce
new nuclides far from the line of stability and to
yield new spectroscopic data on known nuclides.

This work is a study of evaporation residue
cross sections associated with 2n, 3n, 4n, 5n, 6n,,
3nlp, 4nlt), 3nln, and 4@in emission from the "6Rn

compound nucleus following the fusion of "Cl with
'"Tm. Excitation functions for these processes
were measured at zero degree from 148.5 to 186
MeV beam energy utilizing components of the MIT-
BNI energy-mass spectrograph. " The evapora-
tion residues were identified by the aid of their
alpha-decay energies. Angular distributions and
velocity distributions were measured at 176 MeV,
and the total evaporation residue cross section,
integrated over velocity and angle, was determined
at that energy.

This reaction also served to test a lifetime mea-
suring procedure that is well suited for evapora-

tion residues which decay by alpha emission or
spontaneous fission with half-lives in the range of
10 ' to 10 seconds.

II. EXPERIMENTAL METHOD

The MIT-BNL energy-mass spectrograph (EMS),
as described in Refs. 4 and 5, consists of a
crossed field velocity selector (Wien filter) fol-
lowed by a modified split-pole spectrograph.
Because of its relatively large momentum disper-
sion it is not a practical instrument when it is de-
sirable to collect recoiling evaporation residues
for further study. Alternate arrangements of the
equipment have therefore been devised. In the
present ' Cl+'"Tm fusion reaction, the evapora-
tion residues are formed through particle (primar-
ily neutron) cascades from the '~Rn compound
nucleus. The residual nuclei decay predominantly
by alpha-particle emission with some competition
from electron capture. They are readily identified
by their alpha-particle energies. Successive. neu-
tron boiloffs give the evaporation residues an an-
gular distribution which is sharply peaked at about
zero degree. Proton and alpha-particle boiloff
modifies this picture somewhat, as discussed la-
ter. However, it is clear that a detection system
that offers full rejection of the beam to allow zero
degree operation and spacial focusing of the evapo-
ration residues onto a single solid state detector is
well suited for this experiment.

The split-pole spectrograph was therefore not
used. As shown in Fig. 1, the separation sys-
tem consists of a modified velocity selector and
two magnetic quadrupole doublets. 20-cm long
sections of the electrostatic deflector plates have
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FIG. 1. Beam trap and velocity selector for separation of the beam from evaporation residues at zero degree.

been cut off and mounted separately closer to the
target. This effectively separates the main beam
from the evaporation residues before these enter
the velocity selector proper. The first quadru-
pole pair produces an image of the target in the
middle of the velocity selector, and the second
quadrupole pair refocuses this image on the de-
tector. Correct focusing only takes place for the
mean charge state and mean velocity of the evap-
oration residues, and chromatic focusing errors
play an important role in the determination of the
"effective solid angle" and hence in cross-sec-
tion calculations (see below).

Beam rejection of the system is excellent. In
recent day-long experimental runs, no particles
with energies higher than those of the evapora-
tion residues (=30 MeV) were recorded, indicating
that the rejection of beam particles above 30 MeV
is better than 1 part in 10' . In the range 6 to 30
MeV a few bacl~round events, possibly produced
by beam particles, were recorded. The device
does, however, allow the passage through the
system, at zero degree, of some (typically 200
sec ') low-energy scattered beam particles with
velocity comparable to that of the fusion prod-
ucts, i.e. , with energies of approximately 5
MeV.

The fusion products embed themselves in the
solid state detector and subsequently decay,
primarily by alpha emission. If the alpha part-
icles are stopped in the depletion layer, they
give rise to full energy peaks. However, since
the range of the alphas is approximately 5.6 times
greater than the average range of the evapora-

tion residues, about 43 percent of the alphas,
emitted largely in the backward direction, es-
cape through the surface of the detector. Hence,
about 57 percent of the particles deposit the full
energy in the detector. The rest are registered
as a background of lower-energy events, mostly
at energies far below the lowest-energy alpha
peak. Only the events in the peaks could be
identified, and a correction factor of 1/0. 57 was
applied in the cross-section calculations.

The low-energy beam tail referred to above
does interfere to a certain extent with the low-
energy part of the alpha spectrum. In order to
eliminate this background, a ~E gas detector
was installed in front of the E detector for the
latest exposures. The &E detector created an
anticoincidence gate completely eliminating the
beam background.

The detector system was energy calibrated with
an ' 'Am alpha source and the electronics tested
for linearity with a pulser. Energy shifts of the
calibration peak due to dead layers on the detec-
tor and source surfaces were studied by orienting
each separately at 60' to the normal of the other.
The total effect produced a 30-keV shift in the
peak energy. Since the alpha decay in the pres-
ent experiment takes place inside the depletion
layer of the detector, the recoil of the alpha
daughter also contributes to the pulse height. The
recoil energy is about 130 keV, but because of the
large pulse height defect at these energies, only
a small fraction is observed in the pulse height.
The pulse height defect was estimated from a graph
published by Haines and Whitehead to be about
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86'%%uz of 130 keV, leaving 18 keV as a contribution.
With this correction included, the measurements
of alpha energies in this work agree with pub-
lished values' to better than ~10 keV. Because
of the uncertainties involved in the correction,
we are, in this paper, adopting the published
values rather than our own.

Although half-lives of the evaporation residues
formed in the present study are well known, the
reaction was also employed as a test of a method
for lifetime measurements. In this procedure,
the evaporation residue pulse simultaneously
started a multiscaler and triggered an electro-
static deflector that cut off the beam. Data was
recorded in a 2-D time vs energy mode. The
beam was held off for a duration equal. to several
half-lives of the parent nuclide. Although this is
not an optimal way to obtain lifetime information
when the fusion product count rate is high and
lifetimes are greater than several seconds, the
method is very well suited for measuring short
half-lives when the counting rate is low. The
flight time through the system is of the order
of 1 p,sec, so this sets the lower limit for such
lifetime measurements.

The evaporation residue cross section was ob-
tained at 176 MeV by measuring both velocity
profile at zero degree and angular distribution
of individual evaporation residues. The velocity
distribution is measured by varying the ratio of
the electric field to magnetic field. All fields
are varied in a precalculated fashion assuming
constant mass m but a mean charge state q that
varies with velocity in a known fashion. Folded
into the results of such measurements is the
velocity-acceptance function of the instrument.
This function was determined as follows.

When the electric and magnetic fields of the
device are set for particles of given m, v, and q,
the effective solid angle for these particles is
determined simply by geometry. For other vel-
ocities and/or mass to charge ratios, the effec-
tive solid angle rapidly diminishes because of the
selectivity of the velocity selector and because
of chromatic focusing errors. These effects have
been calculated with the program RAYTRAQE. ~O

We have also determined the effective solid ang-
le experimentally in the following way. A gold
beam with energy 33 MeV, roughly matching
that of the evaporation residues, was elastically
scattered from a thin gold target and detected
in the separator, which was set at an angle of
21.8'. This angle is the same as the angle of
the two surface-barrier monitor detectors. The
ratio of counting rates then directly gives the
effective solid angle of the device relative to
the solid angle of the monitors. The elastically

scattered gold particles have a sharp velocity
spectrum but the charge state distribution is
approximately the same as for the evaporation
residues. By varying the electric- to- magnetic
field ratio, a velocity profile is produced (Fig.
2). Each point represents the effective solid
angle integrated over the charge state distribu-
tion for a sharp velocity. To determine the to-
tal cross section for evaporation residue forma-
tion one needs to measure the velocity distribu-
tion and unfold the result with use of the accep-
tance function shown in Fig. 2. The '"Tm
target thickness was approximately 400 gg/cm .
At this thickness the velocity spread caused
by energy degradation of the fusion products in
the target is comparable to the velocity accep-
tance of the system. The thick target also con-
tributes considerably to the width of the mea-
sured angular distribution because of multiple
scattering.

III. EXPERIMENTAL RESULTS

Figure 3(a) shows a spectrum of alpha particles
from evaporation residues embedded in a 600
mm surface-barrier detector. Part of the spec-
trum is obscured by the low-energy beam part-
icles that make it through the system. In Fig.
3(b) is shown the same spectrum taken with a
450 mm' detector (better resolution) and in anti-
coincidence with the gas ionization counter.

Figure 4 is a simplified section of the Chart
of Nuclides with the alpha lines observed in this
work. As mentioned earlier, the alpha energies
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FIG. 2. Effective solid angle vs velocity measured
with elastically scattered Au ions with an energy of
28.5 MeV at 8=21.8 .
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FIG. 3. Alpha spectra from evaporation residues
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quoted here are taken from the Table of Iso
(of es. '

The character of the alpha particle spectrum
changes notably with increasing beam energy as
the number of evaporated particles changes and

new nuclides are formed. Parent and daughter
alpha group intensities resonate in unison with

changing beam energy.

Figure 5(a) shows excitation functions for par-
ent alphas observed with the apparatus at zero
degree and with the velocity selector adjusted
to accept particles with velocities centered about
the velocity of the compound nucleus. As ex-
plained further below, this practically excludes
evaporation residues from reactions such as
3nln, in which a frrompt alpha particle is emit-
ted, because the nucleus then recoils out of the
acceptance momentum space of the apparatus.

Most of the nuclides produced in the reaction
studied have half-lives of less than one min. In

hour-long exposures we therefore also observe
the alpha-emitting daughter nuclides. Figure
5(b) shows excitation functions for the daughters.
A comparison between the intensities of the
daughter lines and parent lines yields directly
the alpha branching ratio for the daughter nu-

clides, provided the "daughter" is not also cre-
ated as an evaporation residue in an xnla reac-
tion, i.e. , with a prompt alpha particle emitted
at the target position rather than in the detec-
tor. This contribution is made negligibly small
by making branching ratio measurements near
the peak in the excitation function of the parent
(since the prompt alpha process with the same
number of neutrons peak approximately 10 MeV
higher in incident bea.m energy) and at the vel-
ocity of the center-of-mass (since the evapora-
tion residues associated with prompt alphas
gives a negligible contribution here). The pub-
lished alpha branching ratios for all the nuclei
identified are listed in Table I, and those mea-
sured in the present experiment are listed for the
daughters. The agreement between our measure-
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Neutron Number N

FIG. 4. Part of the Chart of Nuclides showing evaporation modes (heavy lines) and alpha lines observed in this work

(light lines).
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TABLE I. Alpha b'ranching ratio values in this and previous experiments.

Nucleus E (MeV)'
Alpha branching ratios

Present Previous Source

2ooRn

Rn
2 5Rnm
2 02RQ

2IRn
203R m

2MRn

'"At
202At

Po
197po
& 97POm

'~Po
199 porn

6.91
6.72
6.77
6.636

6.500
6.548
6.41 7

6.345
6.136

6.520
6.281
6.395
6.180
6.057

0.44 + 0.07
0.84 + 0.09
0.63+ 0.02
0.41 + 0.05

O 98b
o.sob
0 90

&0.70b

0.85 +0.15
0.66 + 0.09
(1.00)
0.70 + 0.02
0,71 + 0,07
0.15 +0.03
0.12 + 0.008
O.95b
0.9 + 0.1
0.85 b

0.70 + 0.08
0.39 + 0.04
0.275 + 0.02

Ref. 12
Ref. 12
Ref. 12
Ref. 12
Ref. 13
Refs. 12 and 14
Ref. 12
Ref. 12
Ref. 15
Ref. 15
Ref. 16
Ref. 12
Ref. 12
Ref. 12
Ref. 12
Ref. 12
Ref. 15

Energies were taken from the Chart of the Nuclides, Ref. 7.
P-strength function systematics from Ref. 11 were used for estimating the partial P half-

lives in Ref. 12.
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FIG. 5. Excitation functions of alpha lines seen in
transitions from (a) parent nuclei and {b) daughter nuclei.

ments and published data is generally good, ex-
cept for the case of ' 'Po, for which we measure
a branching ratio for alphas of 0.44+0.07, where-
as the published value is 0.9+0.1.

Representative theoretical velocity distribu-
tions and angular distributions of evaporation
residues from the ' Cl+ ' Tm fusion reaction
calculated with the kinematic code BETH are
shown in Figs. 6 and 7, respectively. There are
distinct differences in the shapes of the velocity
and angular distributions depending upon if the
reaction proceeds via xn, xnlp, or xn1n evapora-
tion. These distribution shapes are quite helpful
in identifying new nuclear species. The mea-
sured velocity and angular distributions will be
somewhat less distinct due to target thickness
effects (energy loss, straggling, and multiple
scattering) and due to the roughly 6-percent
width of the velocity acceptance function of the
separato r system (

Fig�.

2) .
Figure 8 shows measured velocity profiles at

a beam energy of 176 MeV. All velocity dis-
tributions have been normalized to the same peak
height for shape comparison (with the exception
of the 3nla case, which is normalized at half the
peak height). The 4n (6.36 Mev alpha}, 5n
(6.720), and 5n" (6.770) cases are displayed in
Fig. 8(a) with the daughter distributions shown
directly below in Fig. 8(c}[4n~(6.180), Sn~(6.280),
and 5nf(6.385)t. The dashed curve plotted
through the 4n data points in Fig. 8(a) is redrawn
in Fig. 8(c) normalized at the peak point. The
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counts may include a small contribution of "Tm
nuclei knocked out of the target by 180' elastic
scattering of the lower-energy "Cl in the beam
"tail. " Such "background" events are estimated
from a comparison run of 'Cl on ' 'Au to be less
than 10% of the measured evaporation-residue
counting rate in the present experiment.

Experimental absolute cross sections for the
evaporation residues from the "Cl+" Tm fusion
reaction are presented in Fig. 11 as solid curves.
These cross sections are obtained by integrating
the angular distributions of the parent alphas,
correcting for the branching ratios and the 1/0.57
factor, and utilizing the solid angle versus vel-
ocity for the recoil-mass selector RMS system
(Fig. 2). Excitation functions of absolute cross

sections are derived from the 6=0' and Av/v=0%
excitation functions normalized to an absolute
cross section scale at 176 MeV. This procedure
is valid since the velocity and angular distribu-
tions do not change appreciably over an individual
excitation function. The dashed curves are
evaporation residue cross sections calculated
with the ALICE program. These calculations will
be discussed in the following section. Since ex-
citation functions do not exist for the 3nln and
4nl+ cases, the shapes of these functions as
drawn in Fig. 11 (solid curves) are determined
from the theoretical curves at 176 MeV, where
data. exist. In the normalization procedure, one
also relies on the fa.ct that elastic scattering of
"Cl from ' Tm is predominantly Rutherford scat-
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FIG. 9. Angular distributions of evaporation residues integrated over velocity. The symbols are the same as in Fig.

tering at the 21.8 degree angle of the monitors.
By summing the individual excitation functions,

the total evaporation residue cross section in
Fig. 12 is obtained. At the optimum beam
energy, 165 MeV, the 1.6-mb cross section
represents only about 0.2% of the total (calcula-
ted) cross section. The rest of the compound
nuclei presumably fission.

Figure 13 shows results of timing measurement
made for one alpha line in accordance with the

procedure described in the previous section.
The straight line represents a half-life of 9.9
sec, which is the same as the published value.

IV. DISCUSSION

The nuclides produced in this work have all
been observed earlier by other authors. The
alpha energies measured are in agreement with
earlier work and so are the alpha branching ratios
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except in one instance: the ratio for 'Po is
0.44 +0.07, in disagreement with the value 0.9
+0.1 quoted on the Chart of Nuclides. In the
present work the nuclei are imbedded in the active
volume of the solid state detector and the mea-
surements are recorded over many half-lives of
parent and daughter. The ratio is measured di-
rectly as a ratio of alpha yields from ' 'Po, the
daughter, and from 'Rn, the parent. Direct
formation of the daughter by 5nln emission is
virtually excluded because the measurements were
made at zero degree and at the central velocity
and at a beam energy that substantially enhanced
5n production over 5nla production. The only
substantial errors in the quoted ratio are there-
fore the statistical ones.

The principal reason for studying this reaction
was to obtain information about the fusion pro-
cess in this region of the nuclidic chart, partic-
ularly the survival from fission. The results
have been compared with the computer codeALICE,
even though more sophisticated codes were avail-
able to us (but more expensive to run). We are
basically using the code to determine the breakup
branches 3n, 4n, 3nlp, etc. , that survive fission.
In the present study, presumably, only relativ-
ely low-angular momentum compound states con-
tribute to the evaporation residue cross section,
so correct accounting for angular momentum as
is done in the more sophisticated codes is not
extremely important.

The most glaring discrepancies between the
experimental results and the ALICE calculations
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FIG. 11. Comparison between excitation functions as
measured and as calculated with the evaporation code
ALICE ~

are the stronger experimental preference for
the xn breakups than for the xnlIt) and xn1+ break-
ups (Fig. 11). With our choice of adjustable
parameters forALICE, the calculated 3n, 4n, and
5n cross sections are within a factor of 2 of the
observed ones and generally on the low side.
For the +nip and xnln reactions the calculated
cross sections are generally a factor of 5 too
high. Only the relative cross sections are mean-
ingful because a slight change in the adjustable
parameters (e.g. , the fission barrier) will
change all the calculated absolute cross sections
substantially.

Another difference between experiment and cal-
culations is the systematic trend of experimental
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enhancement of the few-neutron cross section, in
particular the 2n cross section. With the chosen
parameters the calculated value for g(2n) at the
peak (151 MeV) is 0.24 pb, whereas the measured
value at the peak (155 MeV) is 18 pb. The ex-
citation energy of the compound nucleus at E,
= 155 MeV is 43.1 MeV and the sum of the binding
energies of the two first neutrons is 17.5 MeV,
leaving 25.8 MeV to be shared between neutron
kinetic energy and gamma rays. Presumably all
compound states with high angular momenta de-
cay by fission. The yrast energy for the states
that decay by 2n emission is therefore quite low.
Each of the two neutrons emitted need to have a
kinetic energy of almost 8 MeV in order to leave
the system within 10 MeV of the yrast line. This
is far out on the tail of neutron evaporation spec-
tra. Using standard semiempirical formulas '
for such spectra. , one finds that the probability
for evaporation of an 8-MeV neutron is 2 orders
of magnitude lower than the probability for evap-
oration of a 1-MeV neutron (near the maximum).
These arguments and, of course, more quan-
titatively, the disagreement with the ALICE cal-
culations, do raise some serious questions about
whether or not the compound nucleus is equil-
ibrated before the emission of these neutrons.

As mentioned earlier, the angular distributions
of the Sn residues are significantly narrower than
the 4n distributions (Fig. 9). This may at first
glance be puzzling, but may actually only be re-
flecting the fact that, since the excitation energy
of the compound nucleus is fixed, more kinetic
energy is carried away by the four neutrons than

FIG. 13. Lifetime measurement for the nuclide Rn.

by the five neutrons. Indeed, assuming isotropy,
the width of the angular and velocity distribu-
tions, corrected for atomic effects in the target,
is a measure of the average total kinetic energy
carried away by the neutrons.

There is also a probable difference between
the widths of the 5n and 5n+ distributions ~ This
may be taken as a somewhat inconclusive evi-
dence that the formations of ' Rn and 'Rn fol-
low different gamma ray cascades already from
the start, since the excitation energies after
neutron boiloff presumably are different. If the
neutrons are emitted from the compound nucleus
isotropically, one should see a similar difference
in the zero-degree velocity distributions. This
difference appears to be less significant (Fig.
8), hinting that the 5n distribution is more for-
ward-backward peaked than the 5n" distribution.
This does not alter the tentative conclusion about
different gamma- ray paths.

In an earlier communication from this group'
we have shown a hint of forward-backward asym-
metry )in the center-of-mass system (cms) }of
the residues recoiling from an xn& evaporation.
When corrected for kinematic effects the 4nln
reaction [Fig. 8(c), dotted curve] does not show
such an asymmetry, however, the 3nln reaction
does. The circles in Fig. 8(d) are experimental
points, uncorrected for kinematic effects. The
crosses represent relative cross section in
center-of -mass units. There is some evidence of
asymmetry, but, again, because of the poor sta-
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tistics, the evidence is not conclusive.
The reaction is the first of a series that we

have studied involving 'Cl and heavy target nuclei.
The evaporation-residue cross sections for these
reactions decrease very rapidly with Z /A. For
the most neutron-rich target nuclei, the cross
section decreases by about a factor of 6 for each
unit of & /A. This does not give much promise
for superheavies produced by heavy-ion fusion
although it should be noted that of all the comb-
inations of stable or sernistable nuclei that can
be fused to form the compound nucleus "Rn, the

combination chosen here leaves the compound
nucleus at the highest excitation energy when fus-
ion takes place at the Coulomb barrier. In
other words, it is a poor choice if the objective
is to produce a "cold" compound nucleus. '
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