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Differential cross sections for evaporation residues and fission fragments for 35A, 100A, 130A and 155A
MeV 14N on targets ranging from154Sm to 197Au have been measured. The angle-integrated cross sections
larger than what might be expected. The fission fragment-fission fragment folding angle correlations for 3A,
100A MeV 14N and 25A MeV 16O on similar targets were also measured. The average linear moment
transfer has been deduced from both the fission angle correlation and from the fore-aft asymmetry of the fi
angular distributions in the laboratory system. The data are all consistent with a picture where pre-equilib
particle emission removes an increasing fraction of the orbital angular momentum as the bombarding e
increases. This allows a large range of partial waves to contribute to formation of a composite nucleus w
finite fission barrier.

PACS number~s!: 25.70.Jj
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I. INTRODUCTION

The mechanisms of an intermediate energy heavy ion
action are very dependent on the impact parameter of
collision. The largest impact parameters lead to quasiela
reactions, with somewhat smaller impact parameters lead
to more deeply inelastic collisions. A wide range of impa
parameters leads to complete and incomplete fusion~fusion-
like! processes. In the study of reaction mechanisms it
very valuable to have a tag which measures the impact
rameter of a particular collision. A variety of tagging tech
niques have been suggested or applied, depending on
bombarding energy and the impact parameter range of in
est @1–3#. g-ray multiplicities can be used at low energie
and small impact parameter, but become nonmonotonic
larger impact parameters as theg-ray multiplicity starts to
drop with increasing impact parameter. Light charged p
ticle ~LCP! multiplicities are the most popular tag at inter
mediate energies, but they are most useful at large imp
parameter and for heavy systems. For impact parame
within the fusionlike range the fluctuations in the LCP mu
tiplicity becomes larger than the variation in the mean mu
tiplicity over this range of impact parameters@1#. A similar
situation holds for the variation of the mean linear mome
tum transfer in this impact parameter regime. A new taggi
technique for defining different mean impact parameter
gions within the fusionlike regime has been proposed a
used in a previous study@4#. It is based on the angular mo
mentum dependence of evaporation residue-fission comp
tion in theA 5 160–210 region. Low impact parameter~and
hence low angular momentum! events lead to evaporation
residues, and higher impact parameter~higher angular mo-
mentum! events lead to fission. Detection of residues or fi
5313/96/53~1!/243~6!/$06.00
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sion fragments in a particular event allows tagging. Th
mean impact parameter for a particular kind of tag can b
adjusted by changing slightly the mass and charge of t
target and therefore changing the fissionability of the com
posite system. In order to know the mean angular momentu
for a particular kind of tag it is necessary to know the abso
lute evaporation residue and fission cross sections for ea
target at every bombarding energy of interest. This pap
reports the results of such measurements. They will be us
in the analysis of an experiment which has been perform
to study the impact parameter dependence of producing d
ferent light charged particles and intermediate mass fra
ments and to determine the lifetime of hot, well-
characterized systems. They are also of importance in t
planning of future experiments to measure the sign of th
deflection angle at high bombarding energy@5#.

In addition to determining the division of the fusionlike
cross section between evaporation residues and fission, i
important to also characterize the momentum transfer to t
composite system. The probability for complete fusion o
projectile and target nucleus becomes vanishingly small f
heavy ion collisions in the intermediate energy domain be
tween 20 and 100 MeV per nucleon@6–9#. Pre-equilibrium
particle emission results in the final formation of a composit
nucleus with fewer nucleons than the sum of the projecti
and target nucleons, and with less momentum and excitati
energy than would have resulted from complete capture
the projectile. The mean momentum transfer can be det
mined from the fission fragment-fission fragment folding
angle correlation function. It can also be deduced from th
fore-aft asymmetry of the fission fragment singles distribu
tions in the laboratory frame. The results of these measu
ments will be given here.
243 © 1996 The American Physical Society
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II. EXPERIMENT

In this paper we report the results of an experiment p
formed at the National Superconducting Cyclotron Labor
tory at Michigan State University using the Miniball arra
@10#. The K1200 Cyclotron was used to deliver 35A, 100A,
130A, and 155A MeV 14N beams on four targets,154Sm,
159Tb, 181Ta, and197Au, respectively 0.63, 1.5, 1.2, and 1.
mg/cm2 thick. Linear momentum transfer measuremen
were also made with a 25A MeV 16O beam.

The evaporation residue~ER! angular distributions were
measured using two different groups of detectors. The fi
group was placed at the most forward angles~3°–24°! and
consisted of 4 Si telescopes. The first element~20–400mm
thick! was thick enough to stop all the ER and fission fra
ments~FF! and gave us an energy and a time signal. T
second element~400–1000mm thick! was used as a veto
detector. The ER and FF were identified through their d
tinctive signature in a two-dimensional plot of energy vers
time of flight.

The second group of detectors consisted of 10 ion cha
ber ~IC! detectors placed at fixed angles from 12.5° to 150
Each IC consisted of 3 sections, gas, Si, and CsI. The eva
ration residues were stopped in the gas detector while the
could punch through it and reach the Si detector. The C
was used as a veto. As in the previous case, two-dimensio
plots (Egas vs ESi) were used to separate the ER from FF.

To measure the fission folding angle we also used t
Miniball phoswich detectors to identify the coincident frag
ment@10–12#. This was achieved by exploiting the fact tha
the fission fragments deposited almost all of their energy
the first thin plastic element and very little in the second C
element of the phoswich detector. We also required that th
complementary FF be co-planar to the primary fragment d
tected in one of the IC’s. The relative azimuthal angular co
relation showed most complementary FF to be within 30°
the fission plane. The background outside the co-plana
region was uniform and estimated to be less than 5%.

Finally, 4 additional Si detectors were placed at a po
angle of 2.75° and azimuthal angles of 0°, 90°, 180°, a
270° and used as monitors.

III. CROSS SECTION AND ANGULAR DISTRIBUTIONS

The ER and FF angular distributions were measured
14N at 35A, 100A MeV on 154Sm, 159Tb, 197Au, and 14N at
130A, 155A MeV on 154Sm, 197Au.

A check was made for14N at 35A MeV on the Sm, Tb,
and Au targets to see if the experimental elastic cross sect
obtained from the beam current integrator, the target thic
ness and assuming charge state5 7, was comparable to tha
predicted by Rutherford scattering. At this energy the ER a
FF experimental cross sections can be obtained using ei
the information from the monitors or from the beam curre
integrator plus the target thickness to normalize them. T
values obtained with these two different methods agr
within 2%.

At the higher energies, 100A, 130A and 155A MeV, there
were discrepancies between the experimental elastic cr
section and the Rutherford one, due to the fact that the gr
ing angle was getting close to that of the monitors. The
fore, the beam current integrator was used to get the cr
er-
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sections. The check at the lowest energy gives us some co
fidence in this procedure. The relative solid angles wer
checked using a228Th a source.

Typical ER angular distributions are shown in Fig. 1. The
parameters of a Gaussian were adjusted to match the E
differential cross sections with a least squares minimizatio
procedure. The optimum fit was integrated over angle to ge
the total ER cross sections, which are listed in Table I.

The total fission cross section at a given energy was ob
tained by transforming the angular distributions from the
laboratory frame to the center of mass frame. The transfo
mation was made assuming that the target captures a fracti
of the projectile~to simulate pre-equilibrium particle emis-
sion! and then undergoes symmetric fission. The effectiv
projectile that was assumed to be captured had the sam
velocity as the projectile and was obtained by requiring tha
the resulting transformed angular distribution be symmetri
in the c.m. system. Each angular distribution was fitted with
a Legendre polynomial of even terms up to order 4 and in
tegrated. A typical FF angular distribution is shown in Fig. 2,
and the FF cross sections are listed in Table I. The fusio
cross section, defined assER1s FF, is listed in Table I. The
ratio of the masses of the effective projectile captured an
that of the projectile gives us an estimate of the averag
linear momentum transfered~LMT ! and is listed in Table II.

IV. FISSION FRAGMENT COINCIDENCE
DISTRIBUTIONS

The fission fragment folding angles, (u f5uFF1
lab1uFF2

lab )

were analyzed for the reactions 35A and 100A MeV 14N on
181Ta. We are also presenting results of 25A MeV 16O on the
same target. Ion chamber detectors placed at 45°, 57°, a
72° were used as triggers, leading to the coincident fragme
being detected in the Miniball.

A Monte Carlo simulation was developed to reproduce th
experimental folding angle distributions and extract the mea
LMT ^v&/^v0& to the fissioning nucleus,v is the emitter

FIG. 1. Angular distributions of evaporation residues for the
14N1154Sm system at 35A, 100A, 130A, and 155A MeV. The open
circles represent data taken with the Si detectors, and the op
squares are from the ion chamber detectors. The full curve is a
used to obtain the angle-integrated cross section.
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TABLE I. ER, FF, and total fusion cross sections determined in this work. Also tabulated are the criticall values for evaporation residue
formation (l c

er) and for fusion (l c
fus)deduced by the sharp cutoff model. The meanl , ^l &, for ER and FF is also calculated using the sam

model. The last column gives the maximum angular momentum left in the composite system. The FF cross sections from the197Au target
have some deeply inelastic fission contamination and the asterisks were used to indicate the quantities affected by this fact.

System sER sFF sFUS l c
er ^l & ER l c

fus ^l &FF Jm

35A MeV 14N1154Sm 12006180 70610 12706180 10467 69 10767 106 92
14N1159Tb 10406160 160620 12006160 9767 65 10567 102 90
14N1197Au 300640 14206190* 17206200* 5363 35 12767* 96* 72*

100A MeV 14N1154Sm 570670 60610 630670 12167 81 12967 126 55
14N1159Tb 6106100 110620 7206100 126611 84 137610 133 59
14N1197Au 470690 480640* 9506100* 112610 75 15968* 138* 46*

130A MeV 14N1154Sm 470690 70610 540690 125612 84 135611 129 58
14N1197Au 330670 320630* 650680* 10769 71 15168* 131* 44*

155A MeV 14N1154Sm 3806120 80630 4606120 123619 82 136618 130 59
14N1197Au 3206100 270670* 5906120* 115617 77 157616* 138* 45*
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velocity for a given fraction of LMT andv0 is the velocity of
the composite system resulting from fusion with full LMT
This fraction^v&/^v0& is determined not only by the mass o
the pre-equilibrium particle but also by the momentum th
the particle can carry away as one can see in the follow
description. First the projectile-target system, the beam
ergy, and the detector geometry were described by the in
Then, event by event, we parametrize the incomplete fus
by prompt particle emission using a Poisson distributio
Since the proportion of different prompt particles (p,d,t,a)
does not change much with bombarding energy, the o
parameter that was varied was the average multiplicity. T
distribution of momentum carried away by each pr
equilibrium particle is described by a Gaussian center
about (3/4)vp and a standard deviations5(1/4)vp , where
vp is the projectile velocity. This choice is somewhat arb

FIG. 2. Fission fragments angular distribution for th
14N1154Sm system at 35A MeV. The velocity of the center of mass
was obtained by requiring fore-aft symmetry in the c.m. frame a
corresponds to capture of 12/14 of the projectile. The full curve is
fit used to obtain the angle integrated cross section.
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trary, but the LMT is mainly sensitive to the combination of
the velocity and the multiplicity of the emitting particles.

The mass and momentum transferred to the target chara
terizes the fissioning composite system via complete fusion
A Gaussian was used to describe the symmetric mass split
the excited system with as5(1/4)Afus, whereAfus refers the
mass of the fissioning system. The total kinetic energy of th
FF was calculated using Viola systematics@13#. Finally, the
FF angular distribution was weighted by 1/sinuc.m., and their
energy Elab

FF and directionsu lab and f lab were checked for
geometry and energy threshold requirements. The expe
mental folding angle distributions were then compared to th
calculated ones based on a minimization approach.

The results of these fits as well as the^v&/^v0& extracted
are shown in Fig. 3 for a trigger angle of (u IC557.5°). The
experimental folding anglesu f

exp are represented by circle
symbols. The statistical and systematic errors associated w
them are also reported here. The dashed histogram represe
the minimized fit. As expected,^v&/^v0& decreases with in-
creasing bombarding energy. This trend was observed for a
trigger angles.

Finally, in Fig. 4 we summarize our results by presenting
the variation of̂ v&/^v0& as a function of the relative velocity
of the system at the contact point. These points were ob
tained by averaging over 3 trigger angles~45°, 57°, and 72°!
and the error associated with them were estimated from th
angular resolution.

V. DISCUSSION

There are not many published results for fusion cross se
tions in this energy and mass range. There is one study f
14N1 154Sm at 19A MeV and 35A MeV @14# the latter of
which can be directly compared with our results. They mea
sured ER differential cross sections which are about half o
our values and have a somewhat different shape. Also, the
integrated ER cross section at 19A MeV ~around 700 mb!
seems to be smaller than what one would expect on the ba
of other measurements in that mass and energy range@15#.
The system20Ne~30A MeV!1 165Ho was studied in Ref.
@16#, where they report ER and FF cross sections of 1550 m
and 805 mb, values close to the present work.
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The fission cross section for14N~35A MeV!1 197Au
~1400 mb! is somewhat large when compared to the oth
systems. It is however comparable to the values of 900 a
400 mb for the slightly less fissionable composite syste
formed in 35A MeV and 85A MeV 12C1 197Au reported in
@17#. We believe that this enhancement is due to a contrib
tion of fission following deeply inelastic scattering. The fis
sionability of the197Au target is much larger than that of the
other targets. This interpretation is supported by the anom
lously small values of the LMT required to symmetrize th
fission fragment angular distribution~Table II!. In a study of
the system20Ne~30A MeV!1 197Au @18#, the fusion-fission
cross section, where the contribution from low-momentum
transfer fission was removed, was measured to be 1600

The fission cross sections for different targets and proje
tiles at 20A MeV can be found in@19#. They are in good
agreement with an extrapolation of our results at the low
energies.

TABLE II. Nucleus captured at beam velocity which gives
momentum transfer consistent with the fore-aft asymmetry of t
laboratory fission fragment angular distributions and the cor
sponding percentage of linear momentum transfer. The FF cr
sections from the197Au target have some deeply inelastic fissio
contamination and the asterisks were used to indicate the quant
affected by this fact.

System % LMT

35A MeV 14N1154Sm 8667
14N1159Tb 8667
14N1197Au 57614*

100A MeV 14N1154Sm 4367
14N1159Tb 4367
14N1197Au 29614*

130A MeV 14N1154Sm 43614
14N1197Au 29614*

155A MeV 14N1154Sm 43614
14N1197Au 29614*

FIG. 3. Examples of experimental fission fragment folding ang
distributions for 25A MeV 16O1181Ta, 35A MeV 14N1181Ta and
100A MeV 14N1181Ta. One of the fission fragments was detecte
with the ion chamber at 57.5°. The dashed curves represent the
fits.
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The critical l values for fusion,l c
fus, determined from

the sum of the ER and FF cross sections, increase with bo
barding energy and considerably exceed thel value for
which the fission barrier goes to zero (l Bf50;80). This
might be at first troubling but we must remember that th
l value here refers to the angular momentum of the incom
ing partial wave, not the angular momentum deposited in th
composite nucleus. Pre-equilibrium particle emission in
creases with increasing bombarding energy and is respo
sible for loss of both linear momentum and angular mome
tum. We can make use of our results on LMT to estimate th
mean and maximum values of angular momentum left in th
composite system after pre-equilibrium particle emission.
the impact parameter~over the range of impact parameters
leading to fusion! dependence of pre-equilibrium particle
emission is neglected, the maximum angular momentumJm
resulting froml c

fus can be obtained simply from the average
momentum transfer by assuming that the fraction of angul
momentum retained by the composite system is the same
the fraction of linear momentum retained. These values a
indicated in Table I. It can be seen that they are genera
comparable to or less than the angular momentum for whi
the fission barrier vanishes (l Bf50;80).

One can qualitatively account for the bombarding energ
dependence of the fusion cross section by incorporating th
incomplete fusion picture into a model proposed by Bas
@20#. In this model, the criterion for fusion is whether the
attractive nuclear force exceeds the repulsive Coulomb a
centrifugal forces at the contact point after kinetic energ
and angular momentum dissipation by friction. Compariso
between calculations and experimental data is shown in F
5 for 14N1 154Sm and14N1 197Au, which are the only sys-
tems for which the fusion cross section was measured in t
entire energy range. The dashed curve in Fig. 5 is the calc
lated fusion cross section as a function of the center of ma
energy using as the ‘‘projectile’’ that fraction of the true pro
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FIG. 4. Ratio of composite system velocity to velocity for com
plete fusion as a function of the relative velocity at contact. Th
crosses represent data from fission fragment folding angle distrib
tions and the squares represent data from symmetrizing fission fr
ment angular distribution. The circles are deduced from the line
momentum carried away by light pre-equilibrium particles. Th
curves are from the systematics of Viola and Leray as discussed
the text.
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jectile mass required to give a LMT consistent with the Vio
systematics@6# for LMT. There are two adjustable param
eters, one of which is the fraction of the initial orbital angu
lar momentumf not transfered into internal rotation by fric-
tion. To reproduce the overall magnitude of the cross secti
we have takenf50.55 for 154Sm andf50.5 for 197Au, val-
ues which are intermediate between the rolling~5/750.7!
and the sticking~0.3! limits. A similar calculation assuming
complete fusion is indicated by the full curve. The oth
parameter is the diffuseness of the nuclear potential and
data are not sensitive to reasonable variations on it so we
it equal to 1 fm.

The above picture, if it is assumed that incomplete fusi
is only occurring for the largest partial waves, is not corre
as in fact pre-equilibrium particle emission occurs for a
partial waves and the angular momentumJ deposited in the
composite system will in general be less thanl for each
partial wave. The expected final result is sketched in Fig.
The dashed curve gives the expected finalJ distribution for a
partial wave distribution given by the full line. One sees th
the partial cross sections for making a composite system
angular momentumJ after pre-equilibrium particle emission
exceed the unitary limit in the absence of pre-equilibriu
particle emission, an effect that was anticipated some ti
ago @21#.

It is important to point out that studies using the foldin
angle technique on highly fissionable targets@22–24# might
suggest that the fusion cross section would vanish at ener
higher than 50 MeV per nucleon. The results reported h
seem to disagree with these previous findings, however
must remember that for highly fissionable targets like U
Th, most of the fission events are produced after inelas
collisions where little linear momentum is transfered and t
folding angle takes a value close to 180°. As a result, t
folding angle distribution becomes dominated by the pre
ence of the low-momentum transfer peak and fission eve
from fusion reactions are difficult to distinguish. Therefor

FIG. 5. Bombarding energy dependence of fusion cross sec
for the 14N1154Sm and14N1197Au systems. The open squares rep
resent our experimental data. The full curve is a Bass model ca
lation assuming complete fusion of the projectile. The dashed cu
assumes capture of that fraction of the projectile required to rep
duce the linear momentum transfer given by the Viola systemat
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the disappearance of fusion should not be tested using
folding angle technique with highly fissionable targets.

We turn now to a discussion of the LMT values. One
should keep in mind that because of the low fissionability o
Sm, Tb, and Ta, we do not expect them to fission followin
deeply inelastic scattering. Au however is sufficiently fis
sionable that one can expect some contribution for fissio
following deeply inelastic scattering, as well as following
fusion. This expectation is supported by the large fissio
cross section we measured and the small value of LMT r
quired to symmetrize the fission fragment angular distribu
tion for this target.

The bombarding energy dependence of the LMT in fusio
reactions, expressed as the ratio of the observed compo
system velocity to that expected from complete fusion,
illustrated in Fig. 4, where Au is excluded. A good agreemen
is seen between the LMT values coming from the symmetr
zation of the FF angular distribution and the folding angl
technique.

Leray has suggested@25# that the LMT scales as the rela-
tive velocity at contact, and this is the parameter we hav
used as the abscissa in Fig. 4. The dotted line represents
fit Leray obtained to a broad range of data. For highly fis
sionable targets such as Th or U it is more appropriate
compare with the most probable momentum transfer, reflec
ing fusionlike processes, rather than the average moment
transfer which includes contributions from very periphera
quasi- and deeply-inelastic scattering. The dashed dot cu
in Fig. 4 is the trend exhibited by12C and14N fission of U as
summarized by Viola@26#. Our results are in good agreemen
with these. They are also in reasonable agreement with t
original systematics of Violaet al. @6# in the range where it
originally extended, noted by a full line. A dashed line indi
cates an extrapolation to higher values ofE/A and it overes-
timates the experimental values, something that is also o
served by Fahliet al. @9#. The LMT value for Au can be
compared with the average LMT measured for highly fis
sionable targets reported by Viola in@26# and a good agree-
ment was observed.

One can estimate the LMT separately for the parts of th
fusion cross section leading to fission and that leading

on
-
u-
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s.

FIG. 6. Illustration of initial projectile partial wave cross section
s l and composite system partial spin cross sectionsJ when only
half of the projectile with beam velocity is captured.
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evaporation residues by making use of the information
pre-equilibrium particle emission obtained as part of this e
periment. The pre-equilibrium particle data will be present
elsewhere, but we have made a preliminary estimate of
linear momentum lost to pre-equilibrium particle emissio
using the source velocity and multiplicities deduced fro
p,d,t, anda energy and angular distributions. A small co
rection was made for neutrons which were not detect
These values are in reasonable agreement with the va
obtained from the fission fragment-fission fragment foldin
angle distributions and for symmetrizing the fission fragme
anisotropy data. The TAMU group@14# also measured the
fraction of LMT for 14N1 154Sm at 35A MeV by measuring
the ER velocities and reported 0.61120.07, a value smaller
than ours.

In summary, a consistent picture has emerged where
on
x-
ed
the
n
m
r-
ed.
lues
g
nt

as

the bombarding energy increases, fusionlike processes c
occur for an increasing number of partial waves withl c

fus

well beyond the angular momentum value for which the fis
sion barrier of the composite system goes to zero. This o
curs because the angular momentum finally appearing in t
composite system is reduced by pre-equilibrium partic
emission to values which the system can accommodate wi
out instantly fissioning. The relatively large fusion cross sec
tions even at bombarding energies exceeding 100A MeV
make possible a number of interesting experiments using f
sion products as tags for central collisions.
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