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Evaporation residue, fission cross sections, and linear momentum transfer
for N induced reactions from 3% to 155A MeV
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Differential cross sections for evaporation residues and fission fragments Aorl8®A, 130A and 152\
MeV N on targets ranging from®‘Sm to 1%’Au have been measured. The angle-integrated cross sections are
larger than what might be expected. The fission fragment-fission fragment folding angle correlations,for 35
100A MeV N and 2%\ MeV 0 on similar targets were also measured. The average linear momentum
transfer has been deduced from both the fission angle correlation and from the fore-aft asymmetry of the fission
angular distributions in the laboratory system. The data are all consistent with a picture where pre-equilibrium
particle emission removes an increasing fraction of the orbital angular momentum as the bombarding energy
increases. This allows a large range of partial waves to contribute to formation of a composite nucleus with a
finite fission barrier.

PACS numbss): 25.70.Jj

[. INTRODUCTION sion fragments in a particular event allows tagging. The
mean impact parameter for a particular kind of tag can be
The mechanisms of an intermediate energy heavy ion readjusted by changing slightly the mass and charge of the
action are very dependent on the impact parameter of th&rget and therefore changing the fissionability of the com-
collision. The largest impact parameters lead to quasielastiposite system. In order to know the mean angular momentum
reactions, with somewhat smaller impact parameters leadinfpr a particular kind of tag it is necessary to know the abso-
to more deeply inelastic collisions. A wide range of impactlute evaporation residue and fission cross sections for each
parameters leads to complete and incomplete fu€imion-  target at every bombarding energy of interest. This paper
like) processes. In the study of reaction mechanisms it iseports the results of such measurements. They will be used
very valuable to have a tag which measures the impact pan the analysis of an experiment which has been performed
rameter of a particular collision. A variety of tagging tech- to study the impact parameter dependence of producing dif-
nigues have been suggested or applied, depending on tlferent light charged particles and intermediate mass frag-
bombarding energy and the impact parameter range of intemments and to determine the lifetime of hot, well-
est[1-3]. y-ray multiplicities can be used at low energies characterized systems. They are also of importance in the
and small impact parameter, but become nonmonotonic gilanning of future experiments to measure the sign of the
larger impact parameters as theray multiplicity starts to  deflection angle at high bombarding enef&y.
drop with increasing impact parameter. Light charged par- In addition to determining the division of the fusionlike
ticle (LCP) multiplicities are the most popular tag at inter- cross section between evaporation residues and fission, it is
mediate energies, but they are most useful at large impadémportant to also characterize the momentum transfer to the
parameter and for heavy systems. For impact parameter®mposite system. The probability for complete fusion of
within the fusionlike range the fluctuations in the LCP mul- projectile and target nucleus becomes vanishingly small for
tiplicity becomes larger than the variation in the mean mul-heavy ion collisions in the intermediate energy domain be-
tiplicity over this range of impact parametdr|. A similar  tween 20 and 100 MeV per nucle¢6—9]. Pre-equilibrium
situation holds for the variation of the mean linear momen-article emission results in the final formation of a composite
tum transfer in this impact parameter regime. A new taggingiucleus with fewer nucleons than the sum of the projectile
technique for defining different mean impact parameter reand target nucleons, and with less momentum and excitation
gions within the fusionlike regime has been proposed anenergy than would have resulted from complete capture of
used in a previous study]. It is based on the angular mo- the projectile. The mean momentum transfer can be deter-
mentum dependence of evaporation residue-fission competirined from the fission fragment-fission fragment folding
tion in theA = 160-210 region. Low impact parametand  angle correlation function. It can also be deduced from the
hence low angular momentynevents lead to evaporation fore-aft asymmetry of the fission fragment singles distribu-
residues, and higher impact paramefeigher angular mo- tions in the laboratory frame. The results of these measure-
mentum) events lead to fission. Detection of residues or fis-ments will be given here.
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II. EXPERIMENT

101....l..i.l...‘....l....
35 A MeV

14 154,

N + " Sm

In this paper we report the results of an experiment per-
formed at the National Superconducting Cyclotron Labora-  10°
tory at Michigan State University using the Miniball array
[10]. The K1200 Cyclotron was used to deliver/35100A, 101
1307, and 153 MeV N beams on four targets:>*Sm,
1591, 184, and'¥’Au, respectively 0.63, 1.5, 1.2, and 1.5
mg/cn? thick. Linear momentum transfer measurements
were also made with a 26MeV 0 beam.

The evaporation residu@R) angular distributions were
measured using two different groups of detectors. The first
group was placed at the most forward angla%-249 and 10~
consisted of 4 Si telescopes. The first elem@®—400um
thick) was thick enough to stop all the ER and fission frag- 107° o '1|O' — '2|0 — 'Slo' — '4|0 SR
ments(FF) and gave us an energy and a time signal. The P (deg)
second element400—1000um thick) was used as a veto lab
detector. The ER and FF were identified through their dis- FIG. 1. Angular distributions of evaporation residues for the

tinctive signature in a two-dimensional plot of energy versusia , 154, system at 35, 1007, 1304, and 158 MeV. The open

time of flight. _ _ circles represent data taken with the Si detectors, and the open
The second group of detectors consisted of 10 ion chamsgares are from the ion chamber detectors. The full curve is a fit

ber (IC) detectors placed at fixed angles from 12.5° to 150°sed to obtain the angle-integrated cross section.

Each IC consisted of 3 sections, gas, Si, and Csl. The evapo-

ration residues were spopped in the gas d_etector while the FE& tions. The check at the lowest energy gives us some con-

could punch through it and reach the Si detector. The CSfiqence in this procedure. The relative solid angles were

was used as a veto. As in the previous case, two-dimensiongf,acked using #28Th « source.

plots (EgasVs Es) were used to separate the ER from FF.  rynical ER angular distributions are shown in Fig. 1. The
_To measure the fission folding angle we also used the,rameters of a Gaussian were adjusted to match the ER

Miniball phoswich detectors to identify the coincident frag- yiterential cross sections with a least squares minimization

ment[10-13. This was achieved by exploiting the fact that ,rocequre. The optimum fit was integrated over angle to get

the fission fragments deposited almost all of their energy inye total ER cross sections, which are listed in Table |.

the first thin plastic element and very little in the second Csl  1he total fission cross section at a given energy was ob-

element of the phoswich detector. We also required that thesgneq by transforming the angular distributions from the

complementary FF be co-planar to the primary fragment dep,oratory frame to the center of mass frame. The transfor-

tected in one of the IC’s. The relative azimuthal angular coration was made assuming that the target captures a fraction

relation showed most complementary FF to be within 30° 0fsf the projectile(to simulate pre-equilibrium particle emis-
the fission plane. The background outside the co-planarityion) and then undergoes symmetric fission. The effective
region was uniform and estimated to be less than 5%.  yrgiectile that was assumed to be captured had the same
Finally, 4 additional Si detectors were placed at a polang|qcity as the projectile and was obtained by requiring that
angle of 2.75° and azimuthal angles of 0°, 90°, 180°, anGne resulting transformed angular distribution be symmetric
270° and used as monitors. in the c.m. system. Each angular distribution was fitted with

a Legendre polynomial of even terms up to order 4 and in-
ll. CROSS SECTION AND ANGULAR DISTRIBUTIONS tegrated. A typical FF angular distribution is shown in Fig. 2,

The ER and FF angular distributions were measured foiamd the FF cross sections are listed in Table I. The fusion
14N at 357 100A MeV on 15%Sm. 159Tb. 197Ay and 14N at ~ ©'OSS section, defined @ERT O R, is Iiste_d in_ Table I. The
1304 155& MeV on 15%sm 197AL| ’ ’ ratio of the masses of the effective projectile captured and

A check was made foN at 35 MeV on the Sm, Tb, that of the projectile gives us an estimate of the average

and Au targets to see if the experimental elastic cross sectioH,near momentum transfergdMT) and is listed in Table II.

obtained from the beam current integrator, the target thick-

ness and assuming charge statd§, was comparable to that IV. FISSION FRAGMENT COINCIDENCE

predicted by Rutherford scattering. At this energy the ER and DISTRIBUTIONS

FF experimental cross sections can be obtained using either o , lab . Alab

the information from the monitors or from the beam current 1he fission fragment folding angles 1= O, + 6,

integrator plus the target thickness to normalize them. Thavere analyzed for the reactions/8%nd 108 MeV N on

values obtained with these two different methods agreé®Ta. We are also presenting results oA28leV %0 on the

within 2%. same target. lon chamber detectors placed at 45°, 57°, and
At the higher energies, 180 130A and 153 MeV, there  72° were used as triggers, leading to the coincident fragment

were discrepancies between the experimental elastic crogeing detected in the Miniball.

section and the Rutherford one, due to the fact that the graz- A Monte Carlo simulation was developed to reproduce the

ing angle was getting close to that of the monitors. Thereexperimental folding angle distributions and extract the mean

fore, the beam current integrator was used to get the crodsMT (v)/(vo) to the fissioning nucleus; is the emitter

‘ ||u|m| T T

100 A MeV x 0.1

130 A MeV x 0.01

155 A MeV x 0.001
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TABLE I. ER, FF, and total fusion cross sections determined in this work. Also tabulated are the gtitighies for evaporation residue
formation (/') and for fusion (fc”s)deduced by the sharp cutoff model. The mear/’), for ER and FF is also calculated using the same
model. The last column gives the maximum angular momentum left in the composite system. The FF cross sections'fféun thrget
have some deeply inelastic fission contamination and the asterisks were used to indicate the quantities affected by this fact.

System OER OFF Orus g (/) er /e (“Vee Jm
35A MeV N+ 15%5m 1200:180 70+10 1270+180 104-7 69 1077 106 92
UN+1%°Th  1040+160 160~ 20 1200~ 160 977 65 105-7 102 90
N+ 1970 300+ 40 1420-190* 1720+ 200* 53+3 35 127 7% 96* 72%
100A MeV N+ 1%%5m 570+ 70 60+ 10 630+ 70 1217 81 1297 126 55
1N+ 15°Th 610+ 100 110+ 20 720+100 126+ 11 84 13710 133 59
BN+ 190 470+90 480+ 40* 950+ 100* 112+10 75 159 8* 138* 46*
130A MeV N+ 1%95m 47090 70+ 10 540+ 90 125¢12 84 135-11 129 58
BN+ 190 330+ 70 320+ 30* 650 80* 107+9 71 151+ 8* 131* 44*
155A MeV N+ 1%5m 380+ 120 80+ 30 460+ 120 123-19 82 136-18 130 59
1N+ 1970 320100 270 70* 590+ 120* 115+17 77 157 16* 138* 45*

velocity for a given fraction of LMT ana is the velocity of  trary, but the LMT is mainly sensitive to the combination of
the composite system resulting from fusion with full LMT. the velocity and the multiplicity of the emitting particles.

This fraction{v)/(v,) is determined not only by the mass of =~ The mass and momentum transferred to the target charac-
the pre-equilibrium particle but also by the momentum thatterizes the fissioning composite system via complete fusion.
the particle can carry away as one can see in the following\ Gaussian was used to describe the symmetric mass split of
description. First the projectile-target system, the beam erthe excited system with @= (1/4)As, WhereAg s refers the
ergy, and the detector geometry were described by the inputnass of the fissioning system. The total kinetic energy of the
Then, event by event, we parametrize the incomplete fusiofF was calculated using Viola systematjidg]. Finally, the

by prompt particle emission using a Poisson distribution.FF angular distribution was weighted by 1/&ip, , and their
Since the proportion of different prompt particlgs,q,t, «) energy E} and directionsé,,, and ¢ ,, were checked for
does not change much with bombarding energy, the onlgeometry and energy threshold requirements. The experi-
parameter that was varied was the average multiplicity. Thenental folding angle distributions were then compared to the
distribution of momentum carried away by each pre-calculated ones based on a minimization approach.
equilibrium particle is described by a Gaussian centered The results of these fits as well as the/(v,) extracted
about (3/4p, and a standard deviatiom=(1/4)v,, where  are shown in Fig. 3 for a trigger angle of,¢=57.5°). The

Up is the projectile velocity. This choice is somewhat arbi- experimental folding angle@?xr’ are represented by circle

symbols. The statistical and systematic errors associated with

0.100 B T ) them are also reported here. The dashed histogram represents
r : the minimized fit. As expectedp)/(v) decreases with in-
0.050 L 14N n 154Sm ] creasing bombarding energy. This trend was observed for all

0.010

0.005

35 A MeV

0.001

em. (deg)

trigger angles.

Finally, in Fig. 4 we summarize our results by presenting
the variation ofv )/{v) as a function of the relative velocity
of the system at the contact point. These points were ob-
tained by averaging over 3 trigger angld$°, 57°, and 72°
and the error associated with them were estimated from the
angular resolution.

V. DISCUSSION

There are not many published results for fusion cross sec-
tions in this energy and mass range. There is one study for
UN+1%%Sm at 18\ MeV and 3R MeV [14] the latter of
which can be directly compared with our results. They mea-
sured ER differential cross sections which are about half of
our values and have a somewhat different shape. Also, their
integrated ER cross section atA%eV (around 700 mp

FIG. 2. Fission fragments angular distribution for the S€ems to be smaller than what one would expect on the basis
14N +1545m system at 38 MeV. The velocity of the center of mass Of other me%%urements in thaitsmass and energy rptigje
was obtained by requiring fore-aft symmetry in the c.m. frame andThe system“Ne(30A MeV)+'®*Ho was studied in Ref.
corresponds to capture of 12/14 of the projectile. The full curve is 416], where they report ER and FF cross sections of 1550 mb
fit used to obtain the angle integrated cross section.

and 805 mb, values close to the present work.
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TABLE Il. Nucleus captured at beam velocity which gives a L2 (T T T
momentum transfer consistent with the fore-aft asymmetry of the r ]
laboratory fission fragment angular distributions and the corre- 10 F -
sponding percentage of linear momentum transfer. The FF cross C ]
sections from the'®’Au target have some deeply inelastic fission L ]
contamination and the asterisks were used to indicate the quantities, 08 o ~_ B
affected by this fact. o C T~ - ]

Vv 0.6 — ~ - -]
System % LMT > [ % FFs Angular Correlation ~4
35A MeV 14N+ 154Sm 86+ 7 \:7 0.4 E— D FFs Anglflfar 'distr‘ijbution —;
14N+ 159.|_b 86+7 - _O Pre—equilibrium light particles .
LN+ 2977 57+ 14 0% [~ - Vil E
100A MeV 14N + 1545m 43-7 P S | | | ]
YN+ 19T 43x7 00 o1 0z 03 o4 05 os
N+ 97A0 29+ 14* Veen/C
130A MeV 1N+ 15Sm 43-14
1N+ 197Au 29+ 14* FIG. 4. Ratio of composite system velocity to velocity for com-
155A MeV N+ 1%95m 43-14 plete fusion as a function of the relative velocity at contact. The
14N+ 1978y 29+ 14* crosses represent data from fission fragment folding angle distribu-

tions and the squares represent data from symmetrizing fission frag-
ment angular distribution. The circles are deduced from the linear
The fission cross section for*N(35A MeV)+ 7Au momentum carried away by light pre-equilibrium particles. The

(1400 mb is somewhat large when compared to the othefcUrves are from the systematics of Viola and Leray as discussed in
systems. It is however comparable to the values of 900 antpe text.

400 mb for the slightly less fissionable composite system
formed in 33\ MeV and 8 MeV 2C+ °7Au reported in
[17]. We believe that this enhancement is due to a contribu

tlpn of _f!SS|on foll(g);/vmg deep_ly inelastic scattering. The fis- which the fission barrier goes to zer'd;_o~80). This
sionability of the. Au target is ml.JCh larger than that of the might be at first troubling but we must remember that the
|Othe|r targeltls. T|h|s |ntfrf]retat|on IS supgorted by the anorr]nai value here refers to the angular momentum of the incom-
ously small values of the LMT required to symmetrize the : A
fission fragment angular distributidifable 1I). In a study of ing partial wave, not the angular momentum deposited in the

0 197 L composite nucleus. Pre-equilibrium particle emission in-
::r;gsssy:teecrtriirll\le\fviogel\ﬂtﬁ;/)g:)ntr'i&t\)%t%ﬁ]}rg]rﬁ lfg\?v'?mn(:'nsgr?:]m_creases with increasing bombarding energy and is respon-
’ ible for loss of both linear momentum and angular momen-

transfer fission was removed, was measured to be 1600 m m. We can make use of our results on LMT to estimate the

The fission cross sections for different targets and projec- . .
tiles at 20\ MeV can be found if19]. They are in good mean and maximum values of angular momentum left in the

agreement with an extrapolation of our results at the lowe omposite system after pre-equilibrium particle emission. If
9 P e impact parametdiover the range of impact parameters

The critical / values for fusion/™*, determined from

'Ehe sum of the ER and FF cross sections, increase with bom-
barding energy and considerably exceed thevalue for

nergies. . . o .
energies leading to fusiom dependence of pre-equilibrium particle
emission is neglected, the maximum angular momenigm
025 A MeV)+®Ta FN(S5 A MeV)+Ta EN(100 A MeV)+ T resulting from/™S can be obtained simply from the average
150 A LA R R Al AL LA LA A R LAk L L AR momentum transfer by assuming that the fraCtion Of angu|ar

L

3

<> /v = 0.97 P <v>/<v> = 05

60 l({ﬁ({)

momentum retained by the composite system is the same as
the fraction of linear momentum retained. These values are
indicated in Table I. It can be seen that they are generally
comparable to or less than the angular momentum for which
the fission barrier vanishes’§;—,~ 80).
One can qualitatively account for the bombarding energy
\ dependence of the fusion cross section by incorporating this
: incomplete fusion picture into a model proposed by Bass
P [20]. In this model, the criterion for fusion is whether the
. L Vo attractive nuclear force exceeds the repulsive Coulomb and
. Eo e ] . b ] o Lol i) centrifugal forces at the contact point after kinetic energy
80,100120140150180 80, 100120140160180, 80 100120 140160150, and angular momentum d|SS|paF|0n by fr|ct|o_n. Compa}rlsqn
between calculations and experimental data is shown in Fig.
FIG. 3. Examples of experimental fission fragment folding angle5 for XN+ 1*Sm and**N+ '’Au, which are the only sys-
distributions for 28 MeV 0+ 18Ta, 358 MeV “N+18Ta and  tems for which the fusion cross section was measured in the
100A MeV N+ 8%Ta. One of the fission fragments was detectedentire energy range. The dashed curve in Fig. 5 is the calcu-
with the ion chamber at 57.5°. The dashed curves represent the bdated fusion cross section as a function of the center of mass
fits. energy using as the “projectile” that fraction of the true pro-
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FIG. 5. Bombarding energy dependence of fusion cross section FIG. 6. lllustration of initial projectile partial wave cross section
for the YN+ 5Sm and**N + 1°’Au systems. The open squares rep- 0, and composite system partial spin cross sectigrwhen only
resent our experimental data. The full curve is a Bass model calcihalf of the projectile with beam velocity is captured.
lation assuming complete fusion of the projectile. The dashed curve
assumes capture of that fraction of the projectile required to reprothe disappearance of fusion should not be tested using the
duce the linear momentum transfer given by the Viola systematicdolding 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 of
jectile mass required to give a LMT consistent with the ViolaSm, Tb, and Ta, we do not expect them to fission following
systematicd6] for LMT. There are two adjustable param- deeply inelastic scattering. Au however is sufficiently fis-
eters, one of which is the fraction of the initial orbital angu- sionable that one can expect some contribution for fission
lar momentumf not transfered into internal rotation by fric- following deeply inelastic scattering, as well as following
tion. To reproduce the overall magnitude of the cross sectiorfusion. This expectation is supported by the large fission
we have takerf =0.55 for 1%*Sm andf=0.5 for 1%/Au, val-  cross section we measured and the small value of LMT re-
ues which are intermediate between the rolli{5g7=0.7) quired to symmetrize the fission fragment angular distribu-
and the sticking0.3) limits. A similar calculation assuming tion for this target.
complete fusion is indicated by the full curve. The other The bombarding energy dependence of the LMT in fusion
parameter is the diffuseness of the nuclear potential and oueactions, expressed as the ratio of the observed composite
data are not sensitive to reasonable variations on it so we seystem velocity to that expected from complete fusion, is
it equal to 1 fm. illustrated in Fig. 4, where Au is excluded. A good agreement

The above picture, if it is assumed that incomplete fusiornis seen between the LMT values coming from the symmetri-
is only occurring for the largest partial waves, is not correctzation of the FF angular distribution and the folding angle
as in fact pre-equilibrium particle emission occurs for alltechnique.
partial waves and the angular momentdrdeposited in the Leray has suggestd@5] that the LMT scales as the rela-
composite system will in general be less thanfor each tive velocity at contact, and this is the parameter we have
partial wave. The expected final result is sketched in Fig. 6used as the abscissa in Fig. 4. The dotted line represents the
The dashed curve gives the expected fihdistribution fora  fit Leray obtained to a broad range of data. For highly fis-
partial wave distribution given by the full line. One sees thatsionable targets such as Th or U it is more appropriate to
the partial cross sections for making a composite system afompare with the most probable momentum transfer, reflect-
angular momentund after pre-equilibrium particle emission ing fusionlike processes, rather than the average momentum
exceed the unitary limit in the absence of pre-equilibriumtransfer which includes contributions from very peripheral,
particle emission, an effect that was anticipated some timguasi- and deeply-inelastic scattering. The dashed dot curve
ago[21]. in Fig. 4 is the trend exhibited b}?C and'*N fission of U as

It is important to point out that studies using the folding summarized by Viol§26]. Our results are in good agreement
angle technique on highly fissionable targe22—24 might  with these. They are also in reasonable agreement with the
suggest that the fusion cross section would vanish at energi@siginal systematics of Violat al. [6] in the range where it
higher than 50 MeV per nucleon. The results reported hereriginally extended, noted by a full line. A dashed line indi-
seem to disagree with these previous findings, however ongates an extrapolation to higher values=df\ and it overes-
must remember that for highly fissionable targets like U ortimates the experimental values, something that is also ob-
Th, most of the fission events are produced after inelastiserved by Fabhliet al. [9]. The LMT value for Au can be
collisions where little linear momentum is transfered and thecompared with the average LMT measured for highly fis-
folding angle takes a value close to 180°. As a result, thesionable targets reported by Viola i#6] and a good agree-
folding angle distribution becomes dominated by the presment was observed.
ence of the low-momentum transfer peak and fission events One can estimate the LMT separately for the parts of the
from fusion reactions are difficult to distinguish. Therefore fusion cross section leading to fission and that leading to
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evaporation residues by making use of the information orthe bombarding energy increases, fusionlike processes can
pre-equilibrium particle emission obtained as part of this ex-occur for an increasing number of partial waves Wffﬁfs
periment. The pre-equilibrium particle data will be presentedyell beyond the angular momentum value for which the fis-
elsewhere, but we have made a preliminary estimate of thgion barrier of the composite system goes to zero. This oc-
linear momentum lost to pre-equilibrium particle emissioncurs because the angular momentum finally appearing in the
using the source velocity and multiplicities deduced fromcomposite system is reduced by pre-equilibrium particle
p.d,t, anda energy and angular distributions. A small cor- emission to values which the system can accommodate with-
rection was made for neutrons which were not detectedout instantly fissioning. The relatively large fusion cross sec-
These values are in reasonable agreement with the valu@®ns even at bombarding energies exceedingAlBleV
obtained from the fission fragment-fission fragment foldingmake possible a number of interesting experiments using fu-
angle distributions and for symmetrizing the fission fragmenision products as tags for central collisions.
anisotropy data. The TAMU groufl4] also measured the
fraction of LMT for N+ 1%*Sm at 3%\ MeV by measuring
the ER velocities and reported 0.61-0.07, a value smaller
than ours. This work was supported in part by the U.S. Department
In summary, a consistent picture has emerged where a¥f Energy and the National Science Foundation.
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