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Preequilibrium particle emission and the giant-dipole resonance in Sn nuclei
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Light charged particles from0+1%Mo reactions at 200 MeV bombarding energy have been measured in
singles and in coincidence with high-energyrays (=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-gmaygy
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 secti80556-281@7)03911-3

PACS numbsg(s): 25.70.Jj, 25.70.Gh, 24.30.Cz

I. INTRODUCTION fusion. This technique will tend to underestimate the effect
of the energy loss due to incomplete fusion as it is largely
The proper characterization of hot nuclei formed ininsensitive to single nucleon preequilibrium emission.
heavy-ion collisions is essential to an understanding of the This work presents the direct measurement of light
giant-dipole resonancéGDR) at high excitation energy. charged particles both in singles and in coincidence with
Measurements in the past ten years indicate a saturation bfgh-energyy rays from GDR decay, where thgrays are
the GDRy-ray yield above an excitation energy of approxi- used as a tag for fusionlike-evaporation events. The coinci-
mately 250 MeV in masA~ 110 nuclei and have been used dence measurement addresses the question of what fraction
as evidence of a limiting temperature for collective motion inof the preequilibrium particles are associated with fusionlike
hot nuclei[1-3]. There remains much uncertainty in the be-(completerincomplete fusioh events. Previous measure-
havior of the GDR width with increasing excitation energy. ments have used discreteray lines characteristic of the
Experimental studies of Sn nuclei and nearby masses, howdlecay of individual residual nuclei to associate preequilib-
ever, show evidence for a saturation of the width at a temfium particles with specific decay channdit4,15. Such
perature of approximatelif ~3 MeV [4-6]. Theoretically, measurements show a decrease in the evaporative particle
the contributions to the width from thermal shape fluctua-multiplicity due to preequilibrium emission. Inclusive par-
tions and spin-induced deformations are expected to saturatele measurements over a wide range of bombarding ener-
[7,8]. The role of the spreading width of the GDR, which gies and target-projectile combinations indicate an insensi-
may increase with excitation energy, is less well understoodivity of preequilibrium emission to the details of the
[9,10]. In addition, there is a contribution to the width of the projectile and the targét.6] and a scaling of the preequilib-
GDR strength function oftwice) the particle evaporation rium particle multiplicity with the bombarding energy above
width [11]. the Coulomb barrief17]. A small contribution to preequi-
Any experimental investigation of the GDR relies on librium emission from fragments heavier than tagarticle
knowledge of the properties of the initial compound nucleushas been identifiefiL8]. This is unlikely to be important in
in particular, the excitation energy, mass, and charge. In adhe current analysis as the cross sections are expected to be
dition, if one plans to deduce the GDR strength from thesmall compared to those of light particles, and in addition,
absolute cross section for high-energyay production, then the energy carried away by heavy preequilibrium fragments
the fusion cross section must be known. One technique usdd large and thus greatly reduces the likelihood of high-
to estimate the initial excitation energy involves measure€nergy GDRy-ray emission.
ment of the velocities of fusionlike residues and, through the The goal of this investigation was to measure experimen-
use of a model, a calculation of the excitation energy. How-ally the preequilibrium charged particles associated with fu-
ever, the separation of single nucleon preequilibrium eventsionlike events and, in a separate measurement of evapora-
is difficult due to straggling in the target and the unavoidabletion residues, to determine the evaporation residue excitation
smearing of the residue spectrum from particle evaporatiorfunction for 0+1%Mo. A detailed analysis of the effect of
Another method uses the temperature deduced from backreequilibrium emission on GDR parameters deduced from
ward angle particle spectra. This second method depends gnray emission spectra is presented. The reaction
knowledge of the exact value of the nuclear level density'®0+°Mo—!%Sn (in the case of complete fusiprwas
parameter in addition to an accurate extraction of the evapashosen for study as compound nuclei in the Sn mass region
rative particle component. The large systematics that existsave been and continue to be the subject of GDR studies
for linear momentum transfer in heavy-ion collisidi2,13  [2—4,19. GDR emission in this reaction is also the subject of
have also been used to estimate the amount of incomplet current study20].
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FIG. 1. Schematic of experimental apparatus for the coincidence
measurements.

Il. EXPERIMENT

The measurements were performed at the University of E (light output)
Washington Nuclear Physics Laboratory using the FN Tan-
dem Van de Graaff as injector for the Superconducting Lin- FIG. 2. Typical singles Csl pulse shape versus energggt
ear Accelerator. For particleray coincidence measure- =20°
ments, a 200 MeV¥0 beam was incident on a 5 mg/ém o _ _ o
self-supporting target enriched to 97.27%Mo. Singles syfflment for 'present purposes since a precise calibration at
particle spectra were measured at 169 and 200 MeV bonfligher energies was not needed. _
barding energy for the same system. To minimize t_he Ilkell_hood of accidental pz_irncl)eray _
The geometry of the experimental apparatus is shown igoincidences a time-of-flight spectrum for particles relaplve
Fig. 1. Angular distributions of light charged particles att0 ¥ rays was measured and the requirement that particles
laboratory angles of 20°, 30°, 40°, 50°, 90°, and 140° weréndy rays be commdent within a 150 ns window was made.
measured using three 1 cm thick Csl crystals coupled to p||~_6\n_ac0|dental coincidence spectrum_correspondlng to a co-
diode detectors. The size of the Csl detectors has been exafjcidence between & ray and a particle from a following
gerated in Fig. 1 for clarity. The actual acceptances of thd&am burst was accumulated, and a background due to acci-
three detectors were measured to be X362 dental coincidences of approximately 3% of the total yield
1.36x10°2, and 2.7 102 sr going from forward to back- Was subtracteq from the_particle spectra. The. nearly com-
ward angles. Data were collected with the Csl detectors dRl€té suppression of elastically scattered beam in the 20° Csl
20°, 40°, and 140° and, in a second set of measurements, ggincidence spectra as compared to the singles spectra veri-
30°, 50°, and 90°. Light charged particles were identifiedfied that the accidental coincidence rate was small. o
using a pulse shape discrimination techniRg]. A typical In a separate measurement,E2\E telescope consisting
spectrum of pulse shape versus energy is shown in Fig. Hf silicon _sur_fac_e barrier detectprs, was used to measure the
The energy calibration was performed using elastically scatdngular distribution of evaporation residues frépg,=4° to
tered proton and-particle beams from a thin Au target. 3_7°. Residues resulting from collisions at bombardmg ener-
y rays were detected in a 25 ¢f@5 cm cylindrical Nal ~ 91€S from 1'00 tq 217 MeV were measured. Evapora_tlon resi-
crystal placed at an angle of 110° relative to the beam axi§ues were identified using energy and time-of-flight informa-
and a distance of 23 cm from the target. The total solidion and the data were normalized to the Rutherford
anglexefficiency product for detection of a high-energy scattering cross sgctlor) measured by monitor detectors at
ray was approximately 5% of# The crystal was shielded *7° to the beam direction.
on the sides by a minimum of 10 cm of lead and from the
beam dump by an additional 75 cm of paraffin. An aluminum I1l. DATA ANALYSIS
shield approximately 5 cm thick was placed between the
target and the Nal crystal to reduce the count rate for low-
energy y rays. Target-out measurements showed that the Coincidences between rays and light charged particles
background from the beam dump, collimator, and targewvere recorded event by event and later analyzed to consider
frame scattering was negligible. High-energyrays were only those events where thgray energy was 10 MeV or
separated from fast neutrons using a pulsed beam and tlggeater. This effectively filters out the nonfusion events,
measured time-of-flight. The LINAC RF was used as a timewhich produce few high-energy rays.
reference. Nal energy spectra were calibrated using the 1.17 An unwanted effect when requiring detection of a high-
and 1.33 MeVy rays from ®°Co and the 4.44 MeVy ray  energyy ray in coincidence with a particle is a bias towards
from a composite?’Am—°Be source. This procedure was detection of low-energy particles relative to high-energy par-

A. Coincidence measurements
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FIG. 3. Solid lines: angle integrated singlesparticle spectra Eu(MeV) Ea(MeV)

extracted from moving source fits f6%0+°Mo at 200 MeV bom-

barding energy. Dot-dashed lines: expected spectral shape for  FIG. 4. Points: measured inclusiveparticle spectrglabora-

particles in coincidence with high-energyrays (see text tory frame for 0+%Mo at 200 MeV bombarding energy.
Dashed line: fit to the evaporative component. Dotted line: fit to the

ticles. The origin of this bias may be understood as follows preequilibrium component. Solid line: the sum.

When a preequilibrium particle is emitted, energy is lost to

the compound system, leaving less energy for production ofgefficients and level densities can lead to uncertainties of up
high-energy GDRy rays. Clearly, the higher the energy of , 5094 in the absolute yield of evaporated particles. In this
the emitted particle, the smaller the likelihood for subsequen\tNork we employ a phenomenological technique commonly
emission of a high-energy ray. This leads to a differential 5o in the analysis of particle data; namely, the decomposi-
suppression of high-energy particles relative to low-energyjo, of particle spectra into fast and evaporative components
particles in the coincidence measurement. A quantitative $aseq on a moving source fitl5,24. Two “thermal”
timate of the effect was made using the statistical mOOIE'EEources, one fixed at the compound nucleus velocity, the
code CASCADE. First, a y-ray spectrum for'®O+*Mo at  qiher with an adjustable velocity intermediate between the
200 MeV bombarding energy was calculated at the full fu-comn6und nucleus and the projectile velocity, are assumed.
sion excitation energy of 174 MeV. Nexjsray spectra wereé  rqr the compound nucleus source we allow for a nonagro
calculated at successively lower compound nucleus excitgsyefficient[15] while the fast source is assumed to be iso-
tion energies and mass, reduced by either argarticle or i in its rest frame. This parametrization is justified by
one_lprqton, refleqtmg tL]e enlergljy and r_nasfs Losf],dﬁe 10 Prere observation that particle spectra produced in calculations
equilibrium emission. The calculated ratio of the high-energy,,qeq on relatively detailed physical models, such as those in
yray yield at the reduced excitation energy to the yield at the. s ape and the Fermi jet model, can be reasonably param-
complete fusion excitation energy is the factor by which thegyrizeq in terms of a thermal source. The energy distribution

preequilibrium particle yield is_suppressed in the coincidenq_f evaporated particles in the rest frame of the source is
measurements. In these estimates we assumed preequil ssumed to be Maxwellian and is given by

rium particles of a given energy carried away the same an-
gular momentum as evaporated particles of the same energy.
The results of this calculation applied to theparticle spec-

tra contained in Fig. 3 are shown in the same figure. It can be
seen from Fig. 3 that the reduction is less than 15% below 40
MeV particle energy and becomes large only at very high
particle energies where the total charged particle cross sec-
tion is small. Particle multiplicities extracted using coinci-
dence data have been corrected for this effect, while data
shown in Figs. 4, 5, 6, and 7 are raw data and have not been
corrected.
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B. Moving source analysis

Though statistical model calculations may be used to pre-
dict evaporated particle cross sections, there exists no accu- e R
rate model for the calculation of fast particle emission in the 20 40
region of 10 MeV/nucleon bombarding energy. Fermi jet E_(MeV) E_(MeV)
model calculationg22] have been used with success at P P
higher energies for single nucleon preequilibrium emission F|G. 5. Same as in Fig. 4 but for protons. At 20° and 30° the
[23], but overpredict the yield at lower energ[@sl]. Evenin  highest energy protons were not stopped in the Csl detectors. This
statistical model codes, uncertainty in particle transmissiomegion was not included in the fits.
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) FIG. 7. Particle spectrdaboratory framgin coincidence with a
FIG. 6. Spectrum of protons emitted al,=140° for o ray of energy 10 MeV or greater fofO+1Mo at 200 MeV
1%0+1%Mo at 200 MeV. Solid line: evaporative source spectrum homparding energy. Left three panedsspectra. Right three panels:
from the moving source fit. Dashed lin@ASCADE spectrum trans-  proton spectra. The dashed, dotted, and solid lines are the evapora-
formed to6,,,= 140°. ThecascaDpEyield has been renormalized to tive, preequilibrium, and summed components, respectively, ex-

match the peak of the data. tracted from a moving source fit.
d®N __N (E-V.) the rest frame of the Coulomb field moves much more
dQdE 47T? ¢ slowly than the rest frame of the preequilibrium source. It is,

in fact, plausible that the Coulomb field, because it is gener-
Xexg —(E—Vo)/T][1+azPa(cos)], (1) ated by all charges in the colliding system, moves more

slowly than the preequilibrium source (velocitgv hean),
which presumably involves only a small subset of all the
target and projectile nucleons. In any case, this parametriza-
tion gives the best fit results to particle data in the region of
the Coulomb energy. In fact, the parametrization allows us to
it the observed preequilibrium particles at forward angles at
oth low and high energies. Taking the Coulomb energy for
ticles. The distribution of fast particles is taken to be that forefach source to be in the source rest framg perm|t§ reasona}ble
volume emission from a thermal source. Before considerf'ts to particle spectra at high energy but is unsatisfactory in

ation of the Coulomb barrier, the distribution of preequilib- theTrheglon of th_e Co;Jlomb Eamer. ¢ ; d to th
rium particles is written e expressions for each source were transformed to the

laboratory using the relation

whereE is the particle energyl is the apparent source tem-
perature,V. is associated with the height of the Coulomb
barrier for particle emission, and is the center-of-mass
emission angle. Tha, coefficient was fixed using the rela-
tive yields at 90° and 140°, where the evaporative compo
nent is most accurately extracted. Integration over energ
and solid angle giveBl, the total number of evaporated par-

d2N N
preeq_ preeq 1/2 . 2
dOdE 2( WTpreet} 32 E EX[{ E/Tpreetil (2) w B

dQadEap

@) 1/2 dZNr (3)

E' dQ'dE"’

in the emitting frame. This source is then transformed to the

laboratory frame where the substitutidf),,—E.,,— V. is  and fit to the measured particle data. It was found that the
made. It should be emphasized that taking into account thdata could be fit with the same value \¢f for both sources.
Coulomb energy after transforming to the laboratory frameln addition, the evaporative source velocity was fixed to be
assumes that, at the time of preequilibrium particle emissiorthat of the *0+°Mo center of mass. The remaining six
the Coulomb field is at rest in the laboratory frame. Anparameters, listed in Table |, were treated as fit variables.
equivalent statement is that, relative to the laboratory frameBecause a single particle spectrum measured at one angle did

TABLE I. Moving source fit parameters for the fits shown in Figs. 4 and 5. “Ratio” is the total yield of
preequilibrium particles divided by the total yield of evaporated partisfess the Coulomb energy param-
eter.v,,v,,T1,T, are the evaporative source velocity, preequilibrium source velocity, evaporative source
temperature, and preequilibrium source temperature, respectivgly.is the center-of-mass velocity for
complete fusiona, is an angular distribution coefficiefsee Eq.(1)].

Ratio V. (MeV) vilvem, Volvem, T, (MeV) T, (MeV) a,

a 1.4+0.2 10.8 1.0 3.5 3.2 6.1 0#60.2
proton 0.3:0.1 4.1 1.0 5.0 2.8 4.0 0:00.1
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not always permit independent determination of all six padnain differences being a slightly hotter temperature and an
rameters, the following procedure was used. First, spectra alevated Coulomb energy for tliascADE calculated spectra
0,ap=140° were fit with only the evaporative source to de-as shown in Fig. 6 for protons &,,=140°. The slightly
termine the Coulomb energy, multiplicity, and apparentlower experimental Coulomb energy might be due to the
source temperature for evaporative particle emission. Thiarge thermally induced shape fluctuations which are ignored
backward angle fits were found to be insensitive to the uppein the CASCADE calculations and, to a lesser extent, by the
limit of energy in the fit, which is consistent with preequi- charge lost to preequilibrium emission.

librium emission being a small contribution to the total yield -ray tagged particle spectra along with moving source
at 6,,,=140°. Second, parameters for the evaporative sourchts are shown in Fig. 7. The parameter of most interest is the
were fixed and forward angle data were fit by varying theratio of the integrated yield of preequilibrium particles to that
multiplicity, apparent temperature, and velocity of the pre-of evaporated particles. Fdf0+1%Mo at 200 MeV bom-
equilibrium source. The result is a fit based on six parametersarding energy the ratio was determined to bex®D71 for
that simultaneously describes the measured particle spectiiae y-ray taggedae-particle spectra and 0.250.05 for the

at all angles. It should be pointed out that this prescription igagged proton spectra. The corresponding ratios for the un-
phenomenological and the fit parameters may be onlyagged singles spectra are 1.@.2 for « particles and

loosely associated with real physical quantities. 0.27+0.04 for protons. Interestingly, the coincidenespec-
tra show only half as many preequilibrium particles rela-
C. Particle cross sections tive to evaporative particles as the singles spectra indicating

The close proximity of the monitor to the target as shownthat °T"V app.rox'm?te'Y half of the pr(_eequmbnumy@ld IS
N o » associated with fusionlike events. This contrasts with the re-
in Fig. 1 meant that small shifts in the beam position on
i S sults of Gershekt al. [26] at a lower energy of 7.8 MeV/
target or small shifts in the angle of the beam incident on 16~ 1 12 .
. . nucleon for %0+1%Sn where 90% of the fast yield was
target could lead to considerable error in the angle of the X : - .
; o . . associated with fusionlike events. For singles proton spectra,
monitor to the beam direction. From considerations of detec:,

tor and collimator geometry, it is estimated that the truethe ratio of preequilibrium to evaporated protons is 0.27, the

. : . same ratio found in the coincidence measurement within ex-
monitor angle relative to the beam could differ by nearly

+1° from the nominal value of 10°. which would introduce perimental uncertainty. To convert these ratios into charged
; large error when normalizing to tﬁe differential Rutherfordpart'cIe multiplicities two additional quantities, the evapo-

scattering vield observed in the monitor. Thus. in a se aratrated particle cross sections and the total cross section for

g yield . ' ' separaty qionlike events, are needed. Here we define multiplicity to
measurement, it was decided to measure the particle cro % the number of particles per fusionlike event, where by
section accurately at one angle with a much improved detecf— '

. .__..fusionlike event we mean all completéncomplete fusion
tor geometry and use this measurement for normalization

. ) events leading to a compound nucleus with most of the avail-
purposes. In this measurement monitors were placed7at .
able energy and mass. From the second measurement with

relative to the beam axis and the distance from the target tfﬁe improved detector geometry, the differentiaparticle

the monitors was increased from 10 to 60 cm. The result was .
. . . Ccross section was measured to bex&mb/sr at 6,y
that systematic errors due to error in the monitor angle weré

reduced to the 1% level. With this improved geometry, the . 14.0 z_ind 'Faken to be complefcely _evaporatwe._The angular

; . X . distribution in the laboratory is given approximately by
differential a-particle cross section was measured 6a}, Woyad 8) = Agl 1+ 1P (C0S 6) + a,P5(cos 6)] wherea, is the
=140° using a single strip of area 3.5 twf a segmented evad 0) = Ao 1 22 2

silicon surface barrier detector at a distance of 34 cm. Energ\g]a;l:iﬁsg';ﬁg ICv;sabéZI::.u-Ir;tgé ct(c))ef;gneontzgo;"nveesr;rc;rg ﬁr
versus time-of-flight information was used for particle iden- : 9

tification. The evaporated particle differential cross sectio article energy. This angular distribution gives an angle in-

from this measurement combined with the spectral shape? grated y|gld of 106880 mh for the evaporated-particle
from 5= 20° 10 B5=140° in the Csl measurements were cross section. Similarly for protons, the total evaporated

. - - cross section is determined to be 18560 mb. Indicated
in th rticle cr ions. ; . . L
used to obtain the particle cross sections errors are dominated by the uncertainty in thecoefficient

(see Table)lused to obtain the integrated cross sections.
IV. RESULTS AND DISCUSSION

Inclusive a-particle and proton spectra produced in the
reactions of'®0 incident on'®Mo at 200 MeV bombarding
energy are shown in Figs. 4 and 5. The large excess of high- The angular distribution of evaporation residues for
energy particles at forward angles is due to preequilibrium*®0-+1%Mo at 200 MeV bombarding energy is shown in Fig.
particle emission, while backward angle data are consister8. Similar distributions were measured at 100, 150, 169, 185,
with emission mostly from a single source, namely, theand 217 MeV. The fusionlike cross section is parametrized
equilibrated compound nucleus. The moving source fit paas a sum of two Gaussiaf7]. The narrow Gaussian results
rameters for these data are given in Table I. To verify thafrom nuclei that have decayed by only neutron and proton
the decomposition was reasonable, the extracted componetitannels while the broader Gaussian accounts for nuclei with
for evaporated protons and particles was compared with one or morea particles in the decay chain. The measured
the spectral shapes predicted by the statistical model codesion excitation function is shown in Fig. 9 along with the
CASCADE run at the full fusion excitation energy and using default evaporation residue excitation function used in the
Reisdorf's formulation of the level density paramef2b]. statistical model codecASCADE which assumes a rotating
The spectral shapes were found to be very similar with théiquid drop fission barrief28]. For comparison, the calcu-

A. Fusionlike event cross sections
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T T T T T T T TABLE II. Average kinetic energ\e,, binding energyEyinq,
preequilibrium multiplicityM¢,s;, and average total energy |dst;

to the compound system for each preequilibrium particle type. Mul-
tiplicities are those fory-ray tagged datak, and E;,q are per
preequilibrium particleE, is the average energy lost to particles
with the indicated multiplicity per fusionlike event.

Ex (MeV)  Eyjng (MeV) Miast Elost (MeV)

@ 24.5+0.5 4.1 0.4%30.07 12.9-2.0
proton 13.8:0.3 10.0 0.2%0.06 6.4:1.4
neutron 11.2 9.3 0.87:0.19 18.0+3.9

0 10 20 30
0. (degrees)
lab

I
[e]

8From a Fermi jet model calculation.
bThe ratio of neutrons to protons from a Fermi jet model calculation
multiplied by the measured proton multiplicity.

FIG. 8. Points: measured evaporation residue angular distribu- B. Preequilibrium particle multiplicities
tion for 80+1%Mo at 200 MeV. The error bars are statistical. Solid

curve: two Gaussian fit to the data. Dashed curves: individual Evaporative particle multiplicities are found by dividing
Gaussian components. the evaporative particle cross sections by the residue cross

section. The product of the evaporative particle multiplicity
efimd the ratio of preequilibrium to evaporated particles for
v-ray tagged events gives the preequilibrium proton and

Harticle multiplicities. These values, along with the average

lated residue excitation function using the Bass fusion mod
[29] together with the Sierk fission barrigB0] is also

shown. The most striking feature of the measured excitatio i . L .
A ! : . preequilibrium proton and-particle kinetic energies and the
function is that the cross section continues to climb slowly

up to the maximum measured bombarding energy of o1 7verage energy lost to.the c_ompound system per preequilib-
rium particle type are listed in Table IlI.

MeV. If one naively considers the 1700 mb of residue cross L Lo L
Preequilibrium neutron emission is known to exist in the

section at 200 MeV bombarding energy to be complete fu'b?mbarding energy region of 10 MeV/nucleon. Here we use
sion and assumes a sharp-cutoff model, one concludes th

spin states up to &are populated, in conflict with liquid fhe ratio of neutrons to protons from & Fermi jet mode_:l cal-
- ) culation together with our measured proton multiplicity to

drop model calculations of the limiting angular momentum It for th ltiolici bl ;

for fusion[28]. A more realistic interpretation is that colli- get a result for the neutron muttiplicity reasonably consistent

X . . ; : with previous experimental studies of light projectiles on
sions with very high relative orbital angular momentum lead , . :

. . : heavy targets in the region of 10 MeV/nucleon bombarding
primarily to incomplete fusion events where the fragment

; energy.
that does not fuse carries off some angular momentum. This Younget al. [15] determined the ratio of fast to evapora-

is corroborated by earlier studies indicating that fast .. 15
particle emission, a large contributor to preequilibrium emis-tlve neutr_ons to be 0.17 fof*O+ . ‘Smat 9.5 MeV/r!ucIeon
sion in these measurements, occurs in peripheral coIlision%ombard'ngJ energy by perfo_rmlng a two source fit 1o mea-
[24,32-34, Sured neutron spectra. _Us_lr_ngSCADE_ to cak_:ulate the
evaporated neutron multiplicity for this reaction, one de-
duces a fast neutron multiplicity of 1.3. In another measure-
LA ment by Gavroret al. of *3C+°'Gd at 10.8 and 12.3 MeV/
1900 |- N nucleon bombarding energiel85], the prompt neutron
I multiplicity was found, using a moving source analysis, to be
I 1.1 and 1.5, respectively. If one takes the ratio of preequilib-
rium neutrons to preequilibrium protons from a Fermi jet
model calculation for'®0+1%Mo at 200 MeV bombarding
energy, which is 3.22, together with our earlier result of
0.27£0.06 fast protons per fusionlike event, one gets
0.87+0.19 fast neutrons per fusionlike collision. For calcu-
lation of the energy lost to fast neutron emission we use the
B u value of 0.87 for the multiplicity with an average kinetic
900 b b L b Lo 1 energy of 11.4 MeV, as predicted by the Fermi jet model
90 115 140 165 190 215 calculation.
Elab. (MeV) The mean energy lost to the compound system per pre-
pro) equilibrium particle type is obtained by summing the average

FIG. 9. Points: measured cross sections for fusionlike residueB@rticle kinetic energy with its separation energy fré_?'FSn
for from 80+°Mo as a function of bombarding energy. Error @nd taking the product of this quantity and the particle mul-
bars are calculated from the uncertainty in the Gaussian fit paranfiplicity. The total average energy lost to the compound sys-
eters(see Fig. 8 Solid line: the default fusion excitation function tem per fusionlike event is obtained by summing over the
from cascape Dashed line: Residue excitation function using Bassparticle typegneutron, proton, andr). For the compound
fusion together with the Sierk fission barrier. system formed int®0+1%Mo at 200 MeV bombarding en-
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T " T " T " a Gaussian fit to a PACE calculation. The velocity distribu-
tions of the other channels are assumed to be the same except
for a shift in average velocity and a scaling of the amplitude.
In Fig. 10 one sees that the residue velocity distributions for
both complete and incomplete fusion channels are broad and
overlapping, making it difficult to use residue velocities to
1 select events with a well-defined initial excitation energy.
We note that any improvement in our simplifying assump-
tions of uncorrelated particle emission and constant velocity
distributions will tend to make residues associated with com-
plete fusion more difficult to separate from residues associ-
1.1 ated with preequilibrium events. In addition, these distribu-
tions are expected to become further broadened at higher
bombarding energies.

—
o

©
th

yield (arb. units)

velocity (cm/ns)

FIG. 10. Dashed line: evaporation residue velocity distribution
from a PACE calculation for0+'%Mo at 200 MeV assuming D. The GDR

complete fusion. Solid lines: residue velocity distributions for the Si h i b . f th buil
six most important preequilibrium emission channels. The area un- ince the earliest observations of the GDR built on ex-

der each of the curves represents the relative probability of comCit€d nuclear states, it was realized that the parameters which
plete fusion and preequilibrium emission in the indicated channels¢haracterize the GDR in hot nuclei, the strength, width, and
centroid energy are determined by the properties of the nu-

ergy, the average energy lost to preequilibrium emission wa; lei on W.h'Ch the resonance is buiB6]. At relati\{ely low
found to be 37 MeV. This corresponds to about a 20% re- ombarding energies, around 5 MeV/nucleon, it is a good

duction in excitation energy relative to the complete fusionapproxmatlo_n to say that all fusionlike even_ts are, in .fa.‘Ct’
value of 174 MeV. Rounding to the nearéstand A (see complete fusion even{87] so that the properties of the ini-
tial compound nucleus are well determined. This allows a

Iﬁ ::genz)'f ?hne i\éfrr]?)%ﬁn%ressg,?elxjrt;?rgnzmﬁistg?] dr?ﬁg(ﬁzstshf[ ther straightfqrvyard analysis of me.asured GDR spectra in
three units corresponding to the compound nuclt, rms_of a statlstlca_l model calculation. From bombarding
energies of approximately 10 MeV/nucleon upward the

range of masses and excitation energies corresponding to
both complete and incomplete fusion should be taken into

As mentioned, both linear momentum transfer and tags oaccount when analyzing GDRRray spectra from heavy-ion
fusionlike residues have been used previously to estimate thellisions.
compound nucleus excitation energy in heavy-ion collisions. It is well known that heavy-ion collisions in excess of 10
In this section we calculate both the linear momentum transMeV/nucleon bombarding energy lead to a range of masses
fer along the beam direction and the approximate velocityand excitation energies for the compound system. As a start-
distribution of fusionlike residues using our preequilibriuming point, we represent the compound nuclei formed in
particle multiplicities and excitation energies determined for'%0+1°Mo at 200 MeV bombarding energy by a compound
180+10%\o at 200 MeV. nucleus with the averagg, A, and excitation energy for all

As in our calculation of the mean energy lost to the com-compound systems formed in the collisions. For the above
pound system, we calculate the mean momentum removeeaction this was determined to B&In with an initial exci-
from the compound system by taking the product of the aviation energy of 137 MeV. To estimate the effect of preequi-
erage preequilibrium particle momentum with its multiplicity librium emission on the deduced GDR parameterg:ray
and then summing over particle types. Usihg 118 for the  spectrum for'*n at this reduced excitation energy is gen-
mass of a compound nucleus following complete fusion anekrated usingCASCADE, assuming reasonable GDR param-
A=115 for the average mass for all fusionlike residues, weeters[31,38,39. This y-ray spectrum is then fit using the
find a value of 92% of full linear momentum transfer, in complete fusion values for mass and excitation energy. Com-
good agreement with measured systemdti@13. We note  parison of the fited GDR parameters to the assumed param-
that while the linear momentum transfer is reduced by onlyeters gives an estimate of the effect of preequilibrium emis-
8% relative to the complete fusion value, the excitation ension on the deduced GDR parameters. The results of this
ergy is reduced by the much larger factor of 20%. calculation are summarized in Table Ill. Interestingly, both

Figure 10 shows an estimate of the residue velocity disthe deduced GDR width and strength are 15—20 % lower if
tribution, again using the determined multiplicities and ener-one fails to account for mass and energy lost to preequilib-
gies for preequilibrium particles fromf®0+1%Mo at 200 rium emission while the GDR centroid decreases by only
MeV. The calculation assumes that the preequilibrium par3%. These same reductions would be seen in a GDR analysis
ticle emission probabilities are Poisson distributed about théased on data normalized feray multiplicity per fusionlike
average multiplicity and that there are no correlations beevent.
tween particles. The solid curves correspond to different pre- We note that if one had assumed complete fusion together
equilibrium particle emission channels and the area undewith the CASCADE default fusion cross section, the deduced
each curve gives the relative probability for that channel GDR strength would be nearly the same as a correct analysis
The shape of the distribution for complete fusion comes fronwhich takes into account preequilibrium emission and the

C. Linear momentum transfer and fusionlike residues
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TABLE Ill. Results of acAscADE calculation to estimate the effects of preequilibrium energy loss on the
GDR parameters. In the first row thg A, E*, and oy, were determined experimentally for the reaction
180+1%\Mo at 200 MeV bombarding energy. Reasonable GDR param8teFs andE,, were chosen for
119N, The y-ray spectrum for the decay df9n is then fit assuming the decay &t%Sn at the full fusion
excitation energy, and the deduced GDR fit parameters are shown.

Nucleus E* (MeV) os (Mb) S I' (MeV) E, (MeV)
19n 137 1700 1.00 9.00 15.00
183 174 1700 0.810.01 7.70.1 14.53-0.04

measured fusion cross section. This comes about, in this ex- Many GDR studies have been done involving projectile
ample, as an accidental cancellation between the increase @émergies well in excess of 10 MeV/nucleon bombarding en-
the fusionlike event cross section and the decrease in thergy where incomplete fusion is certainly the dominant reac-

average excitation energy due to incomplete fusion. tion channel leading to GDR~ray emission. Because pre-
equilibrium emission must be increasingly large at higher
V. SUMMARY bombarding energies, it is necessary to understand this effect

) o ~well in order to interpret GDR spectra measured at high
In this work we have measured preequilibrium light homparding energy in terms of width and/or strength satura-
‘ig‘argfod particles and fusionlike residue cross sections fqjon. It is possible, in light of evidence that incomplete fusion
O+1%Mo at 200 MeV bombarding energy. Preequilibrium is insensitive to the details of the target or projectile, that
particle multiplicities and energies, along with the measuredome general preequilibrium mass and excitation energy loss

fusion cross sections, permit a more realistic characterizatiogystematics can be developed for use in the study of heavy-
of compound nuclei produced in these collisions. It wasjgn collisions.

found that, on average, the compound nucleus excitation en-
ergy was reduced by approximately 20% and the mass by
three nucleons relative to the complete fusion values. If ne-
glected when performing a statistical model analysis, the
mass and energy lost to preequilibrium emission at 200 MeV The authors gratefully acknowledge the input of Bob
bombarding energy lead to a GDR width and strength tha¥Vandenbosch and extend thanks for the use of the Fermi jet
are 15-20 % smaller than the values obtained taking int@ode. This work was supported in part by the U.S. Depart-
account preequilibrium emission. ment of Energy.
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