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Preequilibrium particle emission and the giant-dipole resonance in Sn nuclei

M. P. Kelly, J. F. Liang, A. A. Sonzogni, K. A. Snover, J. P. S. van Schagen, and J. P. Lestone
Nuclear Physics Laboratory, University of Washington, Seattle, Washington 98195

~Received 16 June 1997!

Light charged particles from18O1100Mo reactions at 200 MeV bombarding energy have been measured in
singles and in coincidence with high-energyg rays (>10 MeV) produced primarily in the decay of the
giant-dipole resonance. Particle spectra are analyzed in terms of a moving source fit to decompose preequilib-
rium and evaporative components. Preequilibrium particle multiplicities and energies indicate a reduction in
the compound nucleus excitation energy of approximately 20% and a loss of mass of approximately three mass
units relative to complete fusion. The energy lost to preequilibrium emission is shown to affect significantly the
strength, width, and centroid energy of the giant-dipole resonance deduced from fits to high-energyg-ray
emission spectra. Evaporation residue cross sections were measured for the same reaction from 100 to 217
MeV in order to determine the fusionlike event cross section.@S0556-2813~97!03911-3#

PACS number~s!: 25.70.Jj, 25.70.Gh, 24.30.Cz
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I. INTRODUCTION

The proper characterization of hot nuclei formed
heavy-ion collisions is essential to an understanding of
giant-dipole resonance~GDR! at high excitation energy
Measurements in the past ten years indicate a saturatio
the GDRg-ray yield above an excitation energy of approx
mately 250 MeV in massA;110 nuclei and have been use
as evidence of a limiting temperature for collective motion
hot nuclei@1–3#. There remains much uncertainty in the b
havior of the GDR width with increasing excitation energ
Experimental studies of Sn nuclei and nearby masses, h
ever, show evidence for a saturation of the width at a te
perature of approximatelyT;3 MeV @4–6#. Theoretically,
the contributions to the width from thermal shape fluctu
tions and spin-induced deformations are expected to satu
@7,8#. The role of the spreading width of the GDR, whic
may increase with excitation energy, is less well underst
@9,10#. In addition, there is a contribution to the width of th
GDR strength function of~twice! the particle evaporation
width @11#.

Any experimental investigation of the GDR relies o
knowledge of the properties of the initial compound nucle
in particular, the excitation energy, mass, and charge. In
dition, if one plans to deduce the GDR strength from t
absolute cross section for high-energyg-ray production, then
the fusion cross section must be known. One technique u
to estimate the initial excitation energy involves measu
ment of the velocities of fusionlike residues and, through
use of a model, a calculation of the excitation energy. Ho
ever, the separation of single nucleon preequilibrium eve
is difficult due to straggling in the target and the unavoida
smearing of the residue spectrum from particle evaporat
Another method uses the temperature deduced from b
ward angle particle spectra. This second method depend
knowledge of the exact value of the nuclear level dens
parameter in addition to an accurate extraction of the eva
rative particle component. The large systematics that ex
for linear momentum transfer in heavy-ion collisions@12,13#
have also been used to estimate the amount of incomp
560556-2813/97/56~6!/3201~9!/$10.00
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fusion. This technique will tend to underestimate the eff
of the energy loss due to incomplete fusion as it is larg
insensitive to single nucleon preequilibrium emission.

This work presents the direct measurement of lig
charged particles both in singles and in coincidence w
high-energyg rays from GDR decay, where theg rays are
used as a tag for fusionlike-evaporation events. The coi
dence measurement addresses the question of what fra
of the preequilibrium particles are associated with fusionl
~complete1incomplete fusion! events. Previous measure
ments have used discreteg-ray lines characteristic of the
decay of individual residual nuclei to associate preequi
rium particles with specific decay channels@14,15#. Such
measurements show a decrease in the evaporative pa
multiplicity due to preequilibrium emission. Inclusive pa
ticle measurements over a wide range of bombarding e
gies and target-projectile combinations indicate an inse
tivity of preequilibrium emission to the details of th
projectile and the target@16# and a scaling of the preequilib
rium particle multiplicity with the bombarding energy abov
the Coulomb barrier@17#. A small contribution to preequi-
librium emission from fragments heavier than thea particle
has been identified@18#. This is unlikely to be important in
the current analysis as the cross sections are expected
small compared to those of light particles, and in additio
the energy carried away by heavy preequilibrium fragme
is large and thus greatly reduces the likelihood of hig
energy GDRg-ray emission.

The goal of this investigation was to measure experim
tally the preequilibrium charged particles associated with
sionlike events and, in a separate measurement of evap
tion residues, to determine the evaporation residue excita
function for 18O1100Mo. A detailed analysis of the effect o
preequilibrium emission on GDR parameters deduced fr
g-ray emission spectra is presented. The react
18O1100Mo→118Sn ~in the case of complete fusion! was
chosen for study as compound nuclei in the Sn mass re
have been and continue to be the subject of GDR stu
@2–4,19#. GDR emission in this reaction is also the subject
a current study@20#.
3201 © 1997 The American Physical Society
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II. EXPERIMENT

The measurements were performed at the University
Washington Nuclear Physics Laboratory using the FN T
dem Van de Graaff as injector for the Superconducting L
ear Accelerator. For particle-g-ray coincidence measure
ments, a 200 MeV18O beam was incident on a 5 mg/cm2

self-supporting target enriched to 97.27% in100Mo. Singles
particle spectra were measured at 169 and 200 MeV b
barding energy for the same system.

The geometry of the experimental apparatus is shown
Fig. 1. Angular distributions of light charged particles
laboratory angles of 20°, 30°, 40°, 50°, 90°, and 140° w
measured using three 1 cm thick CsI crystals coupled to
diode detectors. The size of the CsI detectors has been e
gerated in Fig. 1 for clarity. The actual acceptances of
three detectors were measured to be 1.3631022,
1.3631022, and 2.7231022 sr going from forward to back-
ward angles. Data were collected with the CsI detector
20°, 40°, and 140° and, in a second set of measuremen
30°, 50°, and 90°. Light charged particles were identifi
using a pulse shape discrimination technique@21#. A typical
spectrum of pulse shape versus energy is shown in Fig
The energy calibration was performed using elastically s
tered proton anda-particle beams from a thin Au target.

g rays were detected in a 25 cm325 cm cylindrical NaI
crystal placed at an angle of 110° relative to the beam a
and a distance of 23 cm from the target. The total so
angle3efficiency product for detection of a high-energyg
ray was approximately 5% of 4p. The crystal was shielded
on the sides by a minimum of 10 cm of lead and from t
beam dump by an additional 75 cm of paraffin. An aluminu
shield approximately 5 cm thick was placed between
target and the NaI crystal to reduce the count rate for lo
energy g rays. Target-out measurements showed that
background from the beam dump, collimator, and tar
frame scattering was negligible. High-energyg rays were
separated from fast neutrons using a pulsed beam and
measured time-of-flight. The LINAC RF was used as a ti
reference. NaI energy spectra were calibrated using the
and 1.33 MeVg rays from 60Co and the 4.44 MeVg ray
from a composite241Am29Be source. This procedure wa

FIG. 1. Schematic of experimental apparatus for the coincide
measurements.
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sufficient for present purposes since a precise calibratio
higher energies was not needed.

To minimize the likelihood of accidental particle-g-ray
coincidences a time-of-flight spectrum for particles relat
to g rays was measured and the requirement that parti
andg rays be coincident within a 150 ns window was mad
An accidental coincidence spectrum corresponding to a
incidence between ag ray and a particle from a following
beam burst was accumulated, and a background due to
dental coincidences of approximately 3% of the total yie
was subtracted from the particle spectra. The nearly co
plete suppression of elastically scattered beam in the 20°
coincidence spectra as compared to the singles spectra
fied that the accidental coincidence rate was small.

In a separate measurement, anE-DE telescope consisting
of silicon surface barrier detectors, was used to measure
angular distribution of evaporation residues fromu lab54° to
37°. Residues resulting from collisions at bombarding en
gies from 100 to 217 MeV were measured. Evaporation re
dues were identified using energy and time-of-flight inform
tion and the data were normalized to the Rutherfo
scattering cross section measured by monitor detector
67° to the beam direction.

III. DATA ANALYSIS

A. Coincidence measurements

Coincidences betweeng rays and light charged particle
were recorded event by event and later analyzed to cons
only those events where theg-ray energy was 10 MeV or
greater. This effectively filters out the nonfusion even
which produce few high-energyg rays.

An unwanted effect when requiring detection of a hig
energyg ray in coincidence with a particle is a bias towar
detection of low-energy particles relative to high-energy p

e

FIG. 2. Typical singles CsI pulse shape versus energy atu lab

520°.
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56 3203PREEQUILIBRIUM PARTICLE EMISSION AND THE . . .
ticles. The origin of this bias may be understood as follow
When a preequilibrium particle is emitted, energy is lost
the compound system, leaving less energy for production
high-energy GDRg rays. Clearly, the higher the energy
the emitted particle, the smaller the likelihood for subsequ
emission of a high-energyg ray. This leads to a differentia
suppression of high-energy particles relative to low-ene
particles in the coincidence measurement. A quantitative
timate of the effect was made using the statistical mo
code CASCADE. First, a g-ray spectrum for18O1100Mo at
200 MeV bombarding energy was calculated at the full
sion excitation energy of 174 MeV. Next,g-ray spectra were
calculated at successively lower compound nucleus exc
tion energies and mass, reduced by either onea particle or
one proton, reflecting the energy and mass loss due to
equilibrium emission. The calculated ratio of the high-ene
g ray yield at the reduced excitation energy to the yield at
complete fusion excitation energy is the factor by which
preequilibrium particle yield is suppressed in the coincide
measurements. In these estimates we assumed preeq
rium particles of a given energy carried away the same
gular momentum as evaporated particles of the same ene
The results of this calculation applied to thea-particle spec-
tra contained in Fig. 3 are shown in the same figure. It can
seen from Fig. 3 that the reduction is less than 15% below
MeV particle energy and becomes large only at very h
particle energies where the total charged particle cross
tion is small. Particle multiplicities extracted using coinc
dence data have been corrected for this effect, while d
shown in Figs. 4, 5, 6, and 7 are raw data and have not b
corrected.

B. Moving source analysis

Though statistical model calculations may be used to p
dict evaporated particle cross sections, there exists no a
rate model for the calculation of fast particle emission in
region of 10 MeV/nucleon bombarding energy. Fermi
model calculations@22# have been used with success
higher energies for single nucleon preequilibrium emiss
@23#, but overpredict the yield at lower energies@24#. Even in
statistical model codes, uncertainty in particle transmiss

FIG. 3. Solid lines: angle integrated singlesa-particle spectra
extracted from moving source fits for18O1100Mo at 200 MeV bom-
barding energy. Dot-dashed lines: expected spectral shape fa
particles in coincidence with high-energyg rays ~see text!.
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coefficients and level densities can lead to uncertainties o
to 50% in the absolute yield of evaporated particles. In t
work we employ a phenomenological technique commo
used in the analysis of particle data; namely, the decomp
tion of particle spectra into fast and evaporative compone
based on a moving source fit@15,24#. Two ‘‘thermal’’
sources, one fixed at the compound nucleus velocity,
other with an adjustable velocity intermediate between
compound nucleus and the projectile velocity, are assum
For the compound nucleus source we allow for a nonzeroa2
coefficient @15# while the fast source is assumed to be is
tropic in its rest frame. This parametrization is justified
the observation that particle spectra produced in calculat
based on relatively detailed physical models, such as thos
CASCADE and the Fermi jet model, can be reasonably para
etrized in terms of a thermal source. The energy distribut
of evaporated particles in the rest frame of the source
assumed to be Maxwellian and is given by

FIG. 4. Points: measured inclusivea-particle spectra~labora-
tory frame! for 18O1100Mo at 200 MeV bombarding energy
Dashed line: fit to the evaporative component. Dotted line: fit to
preequilibrium component. Solid line: the sum.

FIG. 5. Same as in Fig. 4 but for protons. At 20° and 30° t
highest energy protons were not stopped in the CsI detectors.
region was not included in the fits.
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3204 56M. P. KELLY et al.
d2N

dVdE
5

N

4pT2 ~E2Vc!

3exp@2~E2Vc!/T#@11a2P2~cosu!#, ~1!

whereE is the particle energy,T is the apparent source tem
perature,Vc is associated with the height of the Coulom
barrier for particle emission, andu is the center-of-mass
emission angle. Thea2 coefficient was fixed using the rela
tive yields at 90° and 140°, where the evaporative com
nent is most accurately extracted. Integration over ene
and solid angle givesN, the total number of evaporated pa
ticles. The distribution of fast particles is taken to be that
volume emission from a thermal source. Before consid
ation of the Coulomb barrier, the distribution of preequili
rium particles is written

d2Npreeq

dVdE
5

Npreeq

2~pTpreeq!
3/2E1/2exp@2E/Tpreeq# ~2!

in the emitting frame. This source is then transformed to
laboratory frame where the substitutionElab→Elab2Vc is
made. It should be emphasized that taking into account
Coulomb energy after transforming to the laboratory fra
assumes that, at the time of preequilibrium particle emiss
the Coulomb field is at rest in the laboratory frame. A
equivalent statement is that, relative to the laboratory fra

FIG. 6. Spectrum of protons emitted atu lab5140° for
18O1100Mo at 200 MeV. Solid line: evaporative source spectru
from the moving source fit. Dashed line:CASCADE spectrum trans-
formed tou lab5140°. TheCASCADE yield has been renormalized t
match the peak of the data.
-
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the rest frame of the Coulomb field moves much mo
slowly than the rest frame of the preequilibrium source. It
in fact, plausible that the Coulomb field, because it is gen
ated by all charges in the colliding system, moves m

slowly than the preequilibrium source (velocity; 1
2vbeam),

which presumably involves only a small subset of all t
target and projectile nucleons. In any case, this parametr
tion gives the best fit results to particle data in the region
the Coulomb energy. In fact, the parametrization allows us
fit the observed preequilibrium particles at forward angles
both low and high energies. Taking the Coulomb energy
each source to be in the source rest frame permits reason
fits to particle spectra at high energy but is unsatisfactory
the region of the Coulomb barrier.

The expressions for each source were transformed to
laboratory using the relation

d2Nlab

dV labdElab
5S Elab

E8 D 1/2 d2N8

dV8dE8
, ~3!

and fit to the measured particle data. It was found that
data could be fit with the same value ofVc for both sources.
In addition, the evaporative source velocity was fixed to
that of the 18O1100Mo center of mass. The remaining s
parameters, listed in Table I, were treated as fit variab
Because a single particle spectrum measured at one angl

FIG. 7. Particle spectra~laboratory frame! in coincidence with a
g ray of energy 10 MeV or greater for18O1100Mo at 200 MeV
bombarding energy. Left three panels:a spectra. Right three panels
proton spectra. The dashed, dotted, and solid lines are the eva
tive, preequilibrium, and summed components, respectively,
tracted from a moving source fit.
of
-
ource
r

TABLE I. Moving source fit parameters for the fits shown in Figs. 4 and 5. ‘‘Ratio’’ is the total yield
preequilibrium particles divided by the total yield of evaporated particles.Vc is the Coulomb energy param
eter. v1 ,v2 ,T1 ,T2 are the evaporative source velocity, preequilibrium source velocity, evaporative s
temperature, and preequilibrium source temperature, respectively.vc.m. is the center-of-mass velocity fo
complete fusion.a2 is an angular distribution coefficient@see Eq.~1!#.

Ratio Vc ~MeV! v1 /vc.m. v2 /vc.m. T1 ~MeV! T2 ~MeV! a2

a 1.460.2 10.8 1.0 3.5 3.2 6.1 0.660.2
proton 0.360.1 4.1 1.0 5.0 2.8 4.0 0.060.1
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56 3205PREEQUILIBRIUM PARTICLE EMISSION AND THE . . .
not always permit independent determination of all six p
rameters, the following procedure was used. First, spectr
u lab5140° were fit with only the evaporative source to d
termine the Coulomb energy, multiplicity, and appare
source temperature for evaporative particle emission.
backward angle fits were found to be insensitive to the up
limit of energy in the fit, which is consistent with preequ
librium emission being a small contribution to the total yie
at u lab5140°. Second, parameters for the evaporative sou
were fixed and forward angle data were fit by varying t
multiplicity, apparent temperature, and velocity of the p
equilibrium source. The result is a fit based on six parame
that simultaneously describes the measured particle sp
at all angles. It should be pointed out that this prescription
phenomenological and the fit parameters may be o
loosely associated with real physical quantities.

C. Particle cross sections

The close proximity of the monitor to the target as sho
in Fig. 1 meant that small shifts in the beam position
target or small shifts in the angle of the beam incident
target could lead to considerable error in the angle of
monitor to the beam direction. From considerations of det
tor and collimator geometry, it is estimated that the tr
monitor angle relative to the beam could differ by nea
61° from the nominal value of 10°, which would introduc
a large error when normalizing to the differential Rutherfo
scattering yield observed in the monitor. Thus, in a sepa
measurement, it was decided to measure the particle c
section accurately at one angle with a much improved de
tor geometry and use this measurement for normaliza
purposes. In this measurement monitors were placed at67°
relative to the beam axis and the distance from the targe
the monitors was increased from 10 to 60 cm. The result
that systematic errors due to error in the monitor angle w
reduced to the 1% level. With this improved geometry,
differential a-particle cross section was measured atu lab
5140° using a single strip of area 3.5 cm2 of a segmented
silicon surface barrier detector at a distance of 34 cm. Ene
versus time-of-flight information was used for particle ide
tification. The evaporated particle differential cross sect
from this measurement combined with the spectral sha
from u lab520° to u lab5140° in the CsI measurements we
used to obtain the particle cross sections.

IV. RESULTS AND DISCUSSION

Inclusive a-particle and proton spectra produced in t
reactions of18O incident on100Mo at 200 MeV bombarding
energy are shown in Figs. 4 and 5. The large excess of h
energy particles at forward angles is due to preequilibri
particle emission, while backward angle data are consis
with emission mostly from a single source, namely, t
equilibrated compound nucleus. The moving source fit
rameters for these data are given in Table I. To verify t
the decomposition was reasonable, the extracted compo
for evaporated protons anda particles was compared wit
the spectral shapes predicted by the statistical model c
CASCADE run at the full fusion excitation energy and usin
Reisdorf’s formulation of the level density parameter@25#.
The spectral shapes were found to be very similar with
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main differences being a slightly hotter temperature and
elevated Coulomb energy for theCASCADE calculated spectra
as shown in Fig. 6 for protons atu lab5140°. The slightly
lower experimental Coulomb energy might be due to
large thermally induced shape fluctuations which are igno
in the CASCADE calculations and, to a lesser extent, by t
charge lost to preequilibrium emission.

g-ray tagged particle spectra along with moving sou
fits are shown in Fig. 7. The parameter of most interest is
ratio of the integrated yield of preequilibrium particles to th
of evaporated particles. For18O1100Mo at 200 MeV bom-
barding energy the ratio was determined to be 0.760.1 for
the g-ray taggeda-particle spectra and 0.2560.05 for the
tagged proton spectra. The corresponding ratios for the
tagged singles spectra are 1.460.2 for a particles and
0.2760.04 for protons. Interestingly, the coincidencea spec-
tra show only half as many preequilibriuma particles rela-
tive to evaporative particles as the singles spectra indica
that only approximately half of the preequilibriuma yield is
associated with fusionlike events. This contrasts with the
sults of Gershelet al. @26# at a lower energy of 7.8 MeV/
nucleon for 16O1124Sn where 90% of the fasta yield was
associated with fusionlike events. For singles proton spec
the ratio of preequilibrium to evaporated protons is 0.27,
same ratio found in the coincidence measurement within
perimental uncertainty. To convert these ratios into char
particle multiplicities two additional quantities, the evap
rated particle cross sections and the total cross section
fusionlike events, are needed. Here we define multiplicity
be the number of particles per fusionlike event, where
fusionlike event we mean all complete1incomplete fusion
events leading to a compound nucleus with most of the av
able energy and mass. From the second measurement
the improved detector geometry, the differentiala-particle
cross section was measured to be 8962 mb/sr at u lab
5140° and taken to be completely evaporative. The ang
distribution in the laboratory is given approximately b
Wevap(u)5A0@11a1P1(cosu)1a2P2(cosu)# wherea2 is the
value given in Table I. Thea1 coefficient comes from kine-
matics and was calculated to be 0.22 averaged overa-
particle energy. This angular distribution gives an angle
tegrated yield of 1060680 mb for the evaporateda-particle
cross section. Similarly for protons, the total evapora
cross section is determined to be 18506150 mb. Indicated
errors are dominated by the uncertainty in thea2 coefficient
~see Table I! used to obtain the integrated cross sections

A. Fusionlike event cross sections

The angular distribution of evaporation residues
18O1100Mo at 200 MeV bombarding energy is shown in Fi
8. Similar distributions were measured at 100, 150, 169, 1
and 217 MeV. The fusionlike cross section is parametriz
as a sum of two Gaussians@27#. The narrow Gaussian result
from nuclei that have decayed by only neutron and pro
channels while the broader Gaussian accounts for nuclei
one or morea particles in the decay chain. The measur
fusion excitation function is shown in Fig. 9 along with th
default evaporation residue excitation function used in
statistical model codeCASCADE which assumes a rotatin
liquid drop fission barrier@28#. For comparison, the calcu
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3206 56M. P. KELLY et al.
lated residue excitation function using the Bass fusion mo
@29# together with the Sierk fission barrier@30# is also
shown. The most striking feature of the measured excita
function is that the cross section continues to climb slow
up to the maximum measured bombarding energy of
MeV. If one naively considers the 1700 mb of residue cro
section at 200 MeV bombarding energy to be complete
sion and assumes a sharp-cutoff model, one concludes
spin states up to 82\ are populated, in conflict with liquid
drop model calculations of the limiting angular momentu
for fusion @28#. A more realistic interpretation is that colli
sions with very high relative orbital angular momentum le
primarily to incomplete fusion events where the fragme
that does not fuse carries off some angular momentum. T
is corroborated by earlier studies indicating that fasta-
particle emission, a large contributor to preequilibrium em
sion in these measurements, occurs in peripheral collis
@24,32–34#.

FIG. 8. Points: measured evaporation residue angular distr
tion for 18O1100Mo at 200 MeV. The error bars are statistical. So
curve: two Gaussian fit to the data. Dashed curves: individ
Gaussian components.

FIG. 9. Points: measured cross sections for fusionlike resid
for from 18O1100Mo as a function of bombarding energy. Erro
bars are calculated from the uncertainty in the Gaussian fit par
eters~see Fig. 8!. Solid line: the default fusion excitation functio
from CASCADE. Dashed line: Residue excitation function using Ba
fusion together with the Sierk fission barrier.
el

n
y
7
s
-

hat

t
is

-
ns

B. Preequilibrium particle multiplicities

Evaporative particle multiplicities are found by dividin
the evaporative particle cross sections by the residue c
section. The product of the evaporative particle multiplic
and the ratio of preequilibrium to evaporated particles
g-ray tagged events gives the preequilibrium proton anda-
particle multiplicities. These values, along with the avera
preequilibrium proton anda-particle kinetic energies and th
average energy lost to the compound system per preequ
rium particle type are listed in Table II.

Preequilibrium neutron emission is known to exist in t
bombarding energy region of 10 MeV/nucleon. Here we u
the ratio of neutrons to protons from a Fermi jet model c
culation together with our measured proton multiplicity
get a result for the neutron multiplicity reasonably consist
with previous experimental studies of light projectiles
heavy targets in the region of 10 MeV/nucleon bombard
energy.

Young et al. @15# determined the ratio of fast to evapor
tive neutrons to be 0.17 for16O1154Sm at 9.5 MeV/nucleon
bombarding energy by performing a two source fit to me
sured neutron spectra. UsingCASCADE to calculate the
evaporated neutron multiplicity for this reaction, one d
duces a fast neutron multiplicity of 1.3. In another measu
ment by Gavronet al. of 13C1157Gd at 10.8 and 12.3 MeV
nucleon bombarding energies@35#, the prompt neutron
multiplicity was found, using a moving source analysis, to
1.1 and 1.5, respectively. If one takes the ratio of preequi
rium neutrons to preequilibrium protons from a Fermi
model calculation for18O1100Mo at 200 MeV bombarding
energy, which is 3.22, together with our earlier result
0.2760.06 fast protons per fusionlike event, one ge
0.8760.19 fast neutrons per fusionlike collision. For calc
lation of the energy lost to fast neutron emission we use
value of 0.87 for the multiplicity with an average kinet
energy of 11.4 MeV, as predicted by the Fermi jet mod
calculation.

The mean energy lost to the compound system per
equilibrium particle type is obtained by summing the avera
particle kinetic energy with its separation energy from118Sn
and taking the product of this quantity and the particle m
tiplicity. The total average energy lost to the compound s
tem per fusionlike event is obtained by summing over
particle types~neutron, proton, anda!. For the compound
system formed in18O1100Mo at 200 MeV bombarding en

u-

l

es

-

s

TABLE II. Average kinetic energyEk , binding energyEbind,
preequilibrium multiplicityM fast, and average total energy lostElost

to the compound system for each preequilibrium particle type. M
tiplicities are those forg-ray tagged data.Ek and Ebind are per
preequilibrium particle.Elost is the average energy lost to particle
with the indicated multiplicity per fusionlike event.

Ek ~MeV! Ebind ~MeV! M fast Elost ~MeV!

a 24.560.5 4.1 0.4560.07 12.962.0
proton 13.860.3 10.0 0.2760.06 6.461.4
neutron 11.4a 9.3 0.8760.19b 18.063.9

aFrom a Fermi jet model calculation.
bThe ratio of neutrons to protons from a Fermi jet model calculat
multiplied by the measured proton multiplicity.
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ergy, the average energy lost to preequilibrium emission
found to be 37 MeV. This corresponds to about a 20%
duction in excitation energy relative to the complete fus
value of 174 MeV. Rounding to the nearestZ and A ~see
Table II!, on average preequilibrium emission reduces
charge of the compound system by one unit and the mas
three units corresponding to the compound nucleus115In.

C. Linear momentum transfer and fusionlike residues

As mentioned, both linear momentum transfer and tags
fusionlike residues have been used previously to estimate
compound nucleus excitation energy in heavy-ion collisio
In this section we calculate both the linear momentum tra
fer along the beam direction and the approximate velo
distribution of fusionlike residues using our preequilibriu
particle multiplicities and excitation energies determined
18O1100Mo at 200 MeV.

As in our calculation of the mean energy lost to the co
pound system, we calculate the mean momentum remo
from the compound system by taking the product of the
erage preequilibrium particle momentum with its multiplici
and then summing over particle types. UsingA5118 for the
mass of a compound nucleus following complete fusion a
A5115 for the average mass for all fusionlike residues,
find a value of 92% of full linear momentum transfer,
good agreement with measured systematics@12,13#. We note
that while the linear momentum transfer is reduced by o
8% relative to the complete fusion value, the excitation
ergy is reduced by the much larger factor of 20%.

Figure 10 shows an estimate of the residue velocity d
tribution, again using the determined multiplicities and en
gies for preequilibrium particles from18O1100Mo at 200
MeV. The calculation assumes that the preequilibrium p
ticle emission probabilities are Poisson distributed about
average multiplicity and that there are no correlations
tween particles. The solid curves correspond to different p
equilibrium particle emission channels and the area un
each curve gives the relative probability for that chann
The shape of the distribution for complete fusion comes fr

FIG. 10. Dashed line: evaporation residue velocity distribut
from a PACE calculation for18O1100Mo at 200 MeV assuming
complete fusion. Solid lines: residue velocity distributions for t
six most important preequilibrium emission channels. The area
der each of the curves represents the relative probability of c
plete fusion and preequilibrium emission in the indicated chann
s
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a Gaussian fit to a PACE calculation. The velocity distrib
tions of the other channels are assumed to be the same e
for a shift in average velocity and a scaling of the amplitud
In Fig. 10 one sees that the residue velocity distributions
both complete and incomplete fusion channels are broad
overlapping, making it difficult to use residue velocities
select events with a well-defined initial excitation energ
We note that any improvement in our simplifying assum
tions of uncorrelated particle emission and constant velo
distributions will tend to make residues associated with co
plete fusion more difficult to separate from residues ass
ated with preequilibrium events. In addition, these distrib
tions are expected to become further broadened at hig
bombarding energies.

D. The GDR

Since the earliest observations of the GDR built on e
cited nuclear states, it was realized that the parameters w
characterize the GDR in hot nuclei, the strength, width, a
centroid energy are determined by the properties of the
clei on which the resonance is built@36#. At relatively low
bombarding energies, around 5 MeV/nucleon, it is a go
approximation to say that all fusionlike events are, in fa
complete fusion events@37# so that the properties of the ini
tial compound nucleus are well determined. This allows
rather straightforward analysis of measured GDR spectr
terms of a statistical model calculation. From bombard
energies of approximately 10 MeV/nucleon upward t
range of masses and excitation energies correspondin
both complete and incomplete fusion should be taken i
account when analyzing GDRg-ray spectra from heavy-ion
collisions.

It is well known that heavy-ion collisions in excess of 1
MeV/nucleon bombarding energy lead to a range of mas
and excitation energies for the compound system. As a s
ing point, we represent the compound nuclei formed
18O1100Mo at 200 MeV bombarding energy by a compou
nucleus with the averageZ, A, and excitation energy for al
compound systems formed in the collisions. For the ab
reaction this was determined to be115In with an initial exci-
tation energy of 137 MeV. To estimate the effect of preeq
librium emission on the deduced GDR parameters, ag-ray
spectrum for115In at this reduced excitation energy is ge
erated usingCASCADE, assuming reasonable GDR param
eters @31,38,39#. This g-ray spectrum is then fit using th
complete fusion values for mass and excitation energy. C
parison of the fitted GDR parameters to the assumed par
eters gives an estimate of the effect of preequilibrium em
sion on the deduced GDR parameters. The results of
calculation are summarized in Table III. Interestingly, bo
the deduced GDR width and strength are 15–20 % lowe
one fails to account for mass and energy lost to preequ
rium emission while the GDR centroid decreases by o
3%. These same reductions would be seen in a GDR ana
based on data normalized tog-ray multiplicity per fusionlike
event.

We note that if one had assumed complete fusion toge
with the CASCADE default fusion cross section, the deduc
GDR strength would be nearly the same as a correct ana
which takes into account preequilibrium emission and

n-
-

s.
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TABLE III. Results of aCASCADE calculation to estimate the effects of preequilibrium energy loss on
GDR parameters. In the first row theZ, A, E* , ands fus were determined experimentally for the reactio
18O1100Mo at 200 MeV bombarding energy. Reasonable GDR parametersS, G, andE0 , were chosen for
115In. The g-ray spectrum for the decay of115In is then fit assuming the decay of118Sn at the full fusion
excitation energy, and the deduced GDR fit parameters are shown.

Nucleus E* ~MeV! s fus ~mb! S G ~MeV! E0 ~MeV!

115In 137 1700 1.00 9.00 15.00
118Sn 174 1700 0.8160.01 7.760.1 14.5360.04
e
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measured fusion cross section. This comes about, in this
ample, as an accidental cancellation between the increa
the fusionlike event cross section and the decrease in
average excitation energy due to incomplete fusion.

V. SUMMARY

In this work we have measured preequilibrium lig
charged particles and fusionlike residue cross sections
18O1100Mo at 200 MeV bombarding energy. Preequilibriu
particle multiplicities and energies, along with the measu
fusion cross sections, permit a more realistic characteriza
of compound nuclei produced in these collisions. It w
found that, on average, the compound nucleus excitation
ergy was reduced by approximately 20% and the mass
three nucleons relative to the complete fusion values. If
glected when performing a statistical model analysis,
mass and energy lost to preequilibrium emission at 200 M
bombarding energy lead to a GDR width and strength t
are 15–20 % smaller than the values obtained taking
account preequilibrium emission.
.
F

.
N.

.
c

.
.

N.

.
c

n

k

x-
in

he

or

d
n

s
n-
y
-

e
V
at
to

Many GDR studies have been done involving project
energies well in excess of 10 MeV/nucleon bombarding
ergy where incomplete fusion is certainly the dominant re
tion channel leading to GDRg-ray emission. Because pre
equilibrium emission must be increasingly large at high
bombarding energies, it is necessary to understand this e
well in order to interpret GDR spectra measured at h
bombarding energy in terms of width and/or strength satu
tion. It is possible, in light of evidence that incomplete fusi
is insensitive to the details of the target or projectile, th
some general preequilibrium mass and excitation energy
systematics can be developed for use in the study of he
ion collisions.
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