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on Th, Ta, and Au and 3%A MeV N on Sm and Ta

D. Prindle, A. Elmaani, C. Hyde-Wright, W. Jiang, A. A. Sonzogni, and R. Vandenbosch
Nuclear Physics Laboratory, University of Washington, Seattle, Washington 98195

D. Bowman, G. Cron, P. Danielewicz, J. Dinius, W. Hsi, W. G. Lynch, C. Montoya, G. Peaslee, C. Schwarz, M. B. Tsang,
and C. Williams
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824

R. T. de Souza, D. Fox, and T. Moore
Indiana University Cyclotron Facility, Indiana University, Bloomington, Indiana 47405
(Received 1 August 1997

The impact parameter dependence of light charged partixlke t, «) emission has been studied using an
impact parameter selection based on coincident detection of residues or fission fragments. The energy spectra
at twelve angles between 20° and 150° have been fit by a multiple moving source parametrization. The angle
and energy integrated preequilibrium proton multiplicities decrease with increasing impact parameter in quali-
tative agreement with a Fermi jet calculation. The preequilibrifip andt/p multiplicities increase slowly
with increasing impact parameter and are nearly identical at the two bombarding energies. The preequilibrium
alp ratio shows a less consistent dependency on impact parameter but decreases significantly with increasing
bombardment energy. A calculation of tig andt/p multiplicity ratios with a transport model incorporating
complex particle emission is quite successful in reproducing the absolute magnitude, impact parameter depen-
dence, and bombarding energy dependence of the experimental total multipli&688§6-28138)05203-0

PACS numbegps): 25.70.Jj

[. INTRODUCTION deuteron[1] and triton[2] formation has been modeled in
terms of inverse breakup induced by collisions with nucle-
Particle emission can take place during and after the fuens. Incorporation of this mechanism in a thermal transport
sion process in intermediate energy heavy ion reactions. Thaodel allows study of the impact parameter dependence of
higher energy particles are typically emitted before the comdeuteron and triton formation.
pound nucleus equilibrates and are often referred to as pre- The mechanisms of an intermediate energy heavy ion re-
equilibrium particles. After fusion the excited compound action vary with the impact parameter of the collision. The
nucleus evaporates particles. If the compound nucleus fidargest impact parameters lead to quasielastic reactions, with
sions then each of the fragments can emit particles. All theseomewhat smaller impact parameters leading to more deeply
sources overlap in angle and energy so it is not possible tmelastic collisions. A wide range of impact parameters leads
identify on a particle-by-particle basis which source the parto complete and incomplete fusidfusionlike) processes. A
ticle came from. In practice one decomposes the observegew tagging technique for defining different mean impact
spectra by fitting the data to a moving source parameterizgparameter regions within the fusionlike regime has been pro-
tion using multiple sources to describe preequilibrium, composed and used in a previous stU®y. It is based on the
pound nucleus and fission fragment evaporation sources. angular momentum dependence of evaporation residue-
In this report our primary interest is the preequilibrium fission competition in théd=160-210 region. Low impact
emission of light charged particlde CPS. Preequilibrium  parametefand hence low angular momentusvents lead to
emission of nucleongprotons and neutrohshas been de- evaporation residues, and higher impact paramgtesher
scribed quite successfully with a Fermi jet model. In thisangular momentujrevents lead to fission fragments. Detec-
model the collision process builds a neck between the protion of evaporation residues or fission fragments in a particu-
jectile and target. As particles pass through the neck theilar event allows tagging on mean impact parameter. The
Fermi motion is coupled to the projectile velocity and theymean impact parameter for a particular type of tag can be
can pass through the target nucleus, perhaps undergoingadjusted by changing slightly the mass and charge of the
scattering, and emerge with relatively high energy. target and therefore changing the fissionability of the com-
Less well understood are the mechanisms contributing tposite system.
the production of preequilibrium complex light charged par- The organization of this paper is as follows. In Sec. Il we
ticles such as deuterons, tritons and alphas. The shape of tdescribe the experiment. We start with a general overview
complex particle energy spectra can be related to the protoand then describe the fission fragment selection in Sec. Il A,
energy spectrum using a coalescence model, but the absolutee evaporation residue selection in Sec. Il B, the LCP selec-
multiplicities depend on arbitrary fitting parameters, the coation in Sec. Il C and the impact parameter determination in
lescence radii. This model also cannot predict the impacSec. I D. In Sec. Il we discuss the experimental results,
parameter dependence of the multiplicities. More recentlystarting with the raw multiplicities in Sec. lll A, moving
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source fits in Sec. Ill B and comparison of the data to model
calculations in Sec. lll C. In Sec. IV we summarize the ex-
perimental results. Important kinematic correlations arising
because of the coincident detection of LCPs and evaporation <
residues or fission fragments are discussed in Appendix A. €
We describe the moving source fits in some detail in Appen-
dix B.

120

DC channel)

80

Il. EXPERIMENT |
In this paper we report the results of an experiment per- T
formed at the National Superconducting Cyclotron Labora-
tory at Michigan State University using the Miniball array w0 L
[4]. The K1200 Cyclotron was used to deliver -
25A MeV €0 on three targetst®°Tb, ®'Ta, and*®"Au, re- I
spectively 1.5, 1.2, and 1.5 mg/érthick, and 3% MeV %\ 20 -
on two targets, 1%Sm, ¥Ta, respectively 0.665 and I
1.2 mg/cn thick. P AR
This experiment relied on the detection of fission frag- 20 30 40 50 60 70 80
ments and evaporation residues in coincidence with LCPs. TOF (ADC channel)
Each of these particle types was detected in a different de- i 1. Energy deposited in the front Si detector versus time of

tector system which we describe in the next three subsegygn for one of the Si telescopes. We have already excluded events
tions. in which energy is deposited in the back detector. The TDC start is
timed to the beam bunch and the stop is on the energy deposition in
A. Fission fragment selection the front Si detector. We expect ER energies up to 30 MeV and
él_ight times up to 80 ns.

Fission fragments were detected in 10 ion chamber dete
tors [5] covering angles from 16.5° to 160° from the beam
and sampling azimuthal angles. Each ion chamber consisteds the bombarding energy increases the angular momentum
of 3 sections; a gas ionization chamber, a Si surface barri€toes not increase as it has already saturated, whereas the
detector and a Csl scintillation detector. A forward goingtemperature of the system increases diluting the anisotropy.
fission fragment usually reached the Si detector while the
backward going fission fragments were often stopped in the B. Evaporation residue selection
gas. In both cases the ionization created by the fission frag-

. . ) Evaporation residues were detected in a set of 9 Si tele-
ments in the gas region was substantial.

. L . .__scopes covering angles ranging from 5° to 12° from the
The likely backgrounds to fission fragments in the ion beam and distributed uniformly azimuthally. The first ele-

chamber detectors were evaporation residues, intermediafe. + s the telescop@0—400 wm thick) was thick enough

mass frfagnjent_s, and LCPs. T_he_ LCPs always created Very stop all the evaporation residues and gave us an energy
little ionization in the gas. In principle we could have vetoedand a time signal. The second elemegHD0—1000 xm

thnertrr\] W'ithnfseticﬁrg)’ butit:nnprif]\ctt;]ce a on\(,av dll’T\]/er;SIO?fa| g:’/t thick) was used as a veto detector. The evaporation residues
on the lonization depositio € gas was very ellective, o e identified through their distinctive signature in a two

The evaporation residues were apparent only at forwar imensional plot of energy versus time of flight.

angles. Even though they have a higher charge than do fis- The evaporation residue trigger required a signal in the

sion fragments, their ionization was smaller because of thelfront Si detector and no signal in the back detector of the
lower velocities. Again a one dimensional cut on the ioniza-,

tion deposition in the gas was sufficient to remove theseteleSCOpe' In Fig. 1 we show the deposited energy versus the
This leaves the intermediate mass fragments which have tme of flight for one of the telescopes after applying the

much lower cross section than fission fragments at these en- to. There are two time bands. This is because the time
ergies 9 Between bunches (79 ns for the83MeV 14N beam, 93 ns

16, H
We verify the fission fragment identification by examin- for the 2 MeV O beam was less than the maximum

. S0 ) vaporation residue flight time so a fast trigger from the
ing the angular distributions. In transforming to the center Of‘raniniball could come one time bunch early. Thus we made

mass we assumed an 85% linear momentum transfer for tr}ﬁe evaporation residue trigger coincidence two beam
0 L
254 MeV data and B0% for the 35 MeV data. This linear bunches wide. In the data analysis we further required the

o, T o s anal 0 all Wihi 3 gale draun i the Wwo-dmensionl
tion symmetric arou.nd 90°. The anisotropies vary as eX:ume of_fllg_ht versusE_scatter _plot. This rejected a small
pected. The 38 MeV N data has a lower anisotropy than contamination due to light particles that were not vetoed.
the 25\ MeV %0 data, and for a given beam energy the
lower mass systems have a larger anisotropy. At a given
bombarding energy lower mass targets have higher fission The LCPs were detected and identified by the miniball
barriers and the angular momentum window contributing taarray[4]. This array consists of rings of phoswich detectors,
fission has a higher mean square angular momentum valueach detector consisting of a thin fast plastic in front of a Csl

C. Light charged particle selection
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TABLE |. Measured cross sections and deduced mean impac,

~10
parameters. ‘s .
5 10
25A MeV %0 ?}m
210
Target aer(Mb) (beg)(fm) are(mb) (bep) (fm) g 10"
Tb 1020 3.75 700 6.87 5
Ta 410 2.47 1290 6.06
Au 169 1.66
35A MeV N
Target ogr(Mb)  (bgr)(fm) ope(mb)  (bep)(fm)
Sm 1380 4.20 96 6.30
Ta 780 3.37 673 5.74
crystal. The miniball array covered the angles from 16.5° to
160° from the beam and all angles in azimuth. Some of the
detectors were replaced by ion chamber detectong per
ring). The solid angle useful for LCP dectection in this ex-

perement was 65% of#. The Csl pulse shape depends on
particle type. We collect charge during a gate extending from
400 ns to 800 ns after the start of the sigfebw gate and
also during a gate from lus to 2 us (tail gate. Thep,d,t, FIG. 2. Proton energy spectra for 5MeV %0 on Ta at rep-
and a were selected by using a 2D gate in this slow versusesentative angles as listed in each panel. The three panels on the
tail space. Above about 40 MeV we can separidte from  left are protons in coincidence with evaporation residues and the
“He. Since we cannot distinguistHe from *He at lower three panels on the right are protons in coincidence with fission
energies we add them together and treat therfikisin the  fragments. The data are the open circles. The solid line is the sum
analysis. In the reactions studied here fitée yield is less of the moving source fit components. The dot-dashed line is the
than 1/5 of the*He vyield in the energy region where they Projectilelike source, the dotted line is the prompt source, and the
could be separated. dashed line is the compound nucleus source. Evaporation from the
The miniball energy response was calibrated using a sdission fragments is the solid histogram at low energies in the right
of runs with mixed?H and “He particles elastically scattered Panels-
from a Au target and alsd’C particles on a Chitarget. Al

Residue Tagged Fission Tagged

L ! ; have omitted that data set from this paper. The uncertainties
calibration beams were obtained av2MeV. Different en- iy the apsolute cross sections are 10 to 20%, leading to un-

ergies of the mixed beam were obtained by passing itertainties in the mean impact parameter of 5 to 10%.
through an Al degrader 0.072 inches thick rotated to various

angles befo_re scattering off t_he Au target. A typ_lcal counter”l. LIGHT CHARGED PARTICLE CHARACTERIZATION
ended up with five proton calibration points ranging from 35
MeV to 75 MeV, nine deuteron calibration points ranging  Samples of LCP energy spectra are shown in Figs. 2 and
from near threshold to 44 MeV and four alpha calibration3. These figures show proton and alpha spectra at represen-
points ranging from 20 MeV to 88 MeV. tative angles for the 25 MeV %0 on Ta data samples.
The elastic scattering used for the energy calibration onlyThere is a low energy peak which is due to particle evapo-
gave us data at forward angles. We moved most of the backation from the compound nucleus and this component has
ward detectors to forward positions and repeated the calibrasnly a weak dependence on angle. The high energy compo-
tion runs. A few of the counters ended up with no calibrationnent of the spectra, due to preequilibrium emission, drops off
data. We determined the calibration constants for theseather quickly with increasing angle. This is especially true
counters by forcing their proton spectra to agree with adjafor « particles. The moving source parameterization of these

cent counters that were calibrated. spectra is discussed in Sec. IlI B 1.
The energy calibration should be accurate to within 2 to 3
MeV over the range covered by the calibration points. A. Raw multiplicities

The raw multiplicities are the number of LCPs observed
divided by the total number of events in the sample after

The mean impact parameters for the evaporation residueorrecting for the solid angléassuming isotropyby scaling
and fission fragment tags have been deduced in the shayp by 1/0.65. Raw multiplicities are affected by nonisotropic
cutoff approximation from fission and evaporation residueangular distributions and energy thresholds. Since the mini-
cross sections measured as part of this study. The procedureasll covers a large solid angle and measures LCP energies
used and some cross sections aA3bleV have been re- over most of the region kinematically allowed in this experi-
ported previously{6]. The measured cross sections and de-ment, the raw multiplicities are a reasonable measure of the
duced impact parameters are summarized in Table I. total multiplicity.

The Au fission fragment data sample is expected to have a The raw multiplicities of evaporation residue and fission
large contribution due to deep inelastic scattering, so wédragment samples for the 25MeV and 3%\ MeV data are

D. Impact parameter determination
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TABLE Ill. Raw multiplicities for LCPs in coincidence with

—10
= evaporation residues or fission fragments for thé 3deV data
> 10 14N. Statistical errors are about210~ 2 for the evaporation residue
210 data and 5 102 for the fission fragment data. We have corrected
%10 for solid angle assuming 65% coverage.
S0
o R - T LCP Ta ER Sm ER Ta FF Sm FF
8, =7205F 9, =725°
* a “ Proton 2.168 2.133 1.605 1.643
Deuteron 0.740 0.757 0.614 0.630
Triton 0.388 0.387 0.343 0.329
f He 1.633 1.445 1.135 1.230
RN MM
6,=130° 8, =130° . .

o F o equal tok. Thus for a set of events in which we detected
particlesn times the relationship between the observed,
and emittedN, numbers of particles is

mof
N P I B — Ko o 1\i—KNJ.
00 150 100 150 nk_;k (k)e (e=1)"Ni )
E (MeV)
Residue Tagged Fission Tagged

FIG. 3. « particle energy spectra for BMeV %0 on Ta at wherem is large enough thal,,<1. The actual and ob-
representative angles as listed in each panel. The three panels on terved distributions are related by an upper triagonal matrix
left area particles in coincidence with evaporation residues and thewvhich allows us to solve foN by back-substitution. A more
three panels on the right areparticles in coincidence with fission detailed treatment of this subject can be foundi4h
fragments. The data are the open circles. The solid line is the sum |f the LCPs are emitted independently we expect the emit-
of the moving source fit components. The dot-dashed line is theed multiplicities to follow a Poisson distribution. In Fig. 4
projectilelike source, the dotted line is the prompt source, and thgye show an example of Poisson fits to thé\25eV 160 on
dashed line is the compound nucleus source. Evaporation from theg target data, after the observed particle distributions have
fission fragments is the solid histogram at low energies in the righlyaen corrected for solid angle. The mean determined by the
panels. Poisson fit is typically within 1% of the raw multiplicity
listed in Table II. The fits are reasonable, although the Pois-

roughly equal, with deuteron multiplicities about a factor of son distribu_tion is slightly broad_er than the data. If the data
three smaller and triton multiplicities another factor of two are co_nstramed by_ a conservation Iaw,_ such as energy con-
smaller. servation, the multiplicity distribution will be narrowd@].
Another way to determine the average multiplicity is to fit
the distribution of multiplicities. Assuming all particles are
detected independently with a fixed efficienay, we can
infer the emitted distribution of multiplicities from the ob-
served distribution. The probability of detectikgparticles
when there werd\ emitted is given by the binomial distri- i
bution: s

listed in Tables Il and Ill. Proton and alpha multiplicities are

Probability

deuterons

N k N—k E ;
pk:kf(f_l) . (1) f|H‘H..‘..H|;|‘.‘|H‘

In an event for which we detectédparticles the actual num- o
ber of particles emitted may be any number higher than or

tritons

TABLE Il. Raw multiplicities for LCP in coincidence with 00 i
evaporation residues or fission fragments for thé 28eV 0 St F
data. Statistical errors are typically less tharr 10we have cor- 10 o 3
rected for solid angle assuming 65% coverage. 10 ¢ e

-7E F
10 Lo b b v ™ v by e b b

LCP AUER TaER TbER TaFF TbFF .
Proton 1677 1796 1991 1252  1.436 FIG. 4. Probability functions of LCPs. The data are the circles,
Deuteron 0.541 0.561 0.580 0.429 0.449 filled for evaporation residue coincident, hollow for fission frag-
Triton 0.265 0.280 0.260 0.231 0.208 ment coincident. The curves are Poisson distribution fits to the
He 1.919 1.605 1.509 1.019 1.051 evaporation residue coincident data. The data have been corrected

for solid angle acceptance as described in the text.
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The data being narrower than the Poisson distribution is arelations between the different sources.

indication that the LCPs are not emitted completely indepen- Although moving source fits are a standard analysis tech-

dently. nique there are a number of variations on how they are done
It is interesting that in every case the multiplicity of LCPs and this makes it difficult to compare results of different

in coincidence with evaporation residues is larger than thexperiments. In Appendix B we describe in detail how we do
the multiplicity of LCPs in coincidence with fission frag- the moving source fits.

ments. The larger evaporation residue tagged multiplicity has
been observed in other systef8$. This “excess” multiplic- 1. Results of moving source fits
ity is concentrated in low energy particles, which can be seen . '
by comparing evaporation residue coincident particles Samples of moving source fits are shown superposed on
with fission fragment coincident particles as plotted in Fig. e data in Figs. 2 and 3. The fits do a reasonable job of
3. For backward angles, which is almost completely evapof€Producing the data. At the most forward angle the high
rative from the compound nucleus, the yieldwoparticles in ~ €nergy LCPs are dominated by the projectilelike component,
coincidence with evaporation residues is roughly twice the?ut this drops off in angle very quickly compared to the
yield of a particles in coincidence with fission fragments. Prompt source. This angular dependence of the projectilelike
This is an indication that fission occurs before the compoungomponent is especially noticeable far particles which
nucleus exhausts its energy in LCP evaporation. Presumabliave a stronger kinematic focusing because of their larger
the fission fragments evaporate a larger fraction of their exmass. At far backward angles the prompt source is very
citation energy in neutrons since they are more neutron riclsmall compared to the compound nucleus source whose
than the compound nucleus. The data at forward angles haseanission is nearly isotropic. The fission fragment evapora-
low energy peak due to evaporation from the compoundive source is only important for the low energy LCPs. While
nucleus and a high energy component from prompt emissionhe fission fragment contribution to the proton and alpha
The yield of prompt particles is very similar for the two tags. spectra is significant, there is no clear signal that evaporation
Studies of particle-particle correlations in similar systemsfrom the fission fragments contributes to the deuteron and
[10] indicate that the most energetic LCPs are emitted withintriton spectra.
a few tens of fmé while the least energetic LCPs have emis-  The fit parameters are listed in Tables IV and V. Tffe
sion times of thousands of fm/ Fission occurring after hun-  yalues are not 1.0, but depend on the statistics, indicating
dreds of fm£ is consistent with these observations. The im-that the moving source parametrization is not a perfect de-
plications of fission occurring before the LCP evaporationscription of the data. This is to be expected as we have re-
chain is completed are discussed more in Sec. Il B 1. placed a continuum of source velocities with three discrete
source velocities. However the parameters follow the ex-
pected trends, and where we can compare to other experi-
ments we get similar results, indicating this is a useful pa-
A standard way to describe the LCP spectra and theirameterization.
angular dependence is to assume particle emission from a The Coulomb barrierVq, is around 6 MeV forp, d,
thermal source moving with some velocity in the laboratoryandt and 12 MeV fora emission. Heavier systems, which
[11,12. A thermal source is described by a temperaturehave more charge, have a highég,,. Somewhat unex-
Tsource and multiplicity, Msoyce The source velocity, pected is thatVeq, is appreciably lower than one would
Usource 1S @ third parameter and since the LCPs are chargedalculate for the Coulomb energy of touching spheres, where
the Coulomb barrierVs,ce IS @ fourth parameter. one sphere is the compound nucleus and the other sphere is
For beam energies lower than abouA1®eV it is suf-  the LCP. Low Coulomb barriers for particle emission from
ficient to use a single equilibrium source with,; fixed at ~ the compound nucleus have been observed in other experi-
the compound nucleus velocity. When the compoundments[9,13]. Ve is closer to the calculated values for touch-
nucleus fissions each of the fragments evaporates LCPs froing spheres than ¥, but is still low.
its surface withvr equal to the fragment velocities. For ~ The prompt source velocities are between 40% and 50%
beam energies above aboutALMeV it is necessary to in- of the beam velocity, consistent with other findirfd®,14].
troduce a “prompt” source withy,ompe N€@r one half the Using the prompt and projectilelike source velocities and
beam velocity. This source is usually taken to be a volumeanultiplicities listed in Table IV we calculate that the preequi-
source. We find that at 26 MeV and 33 MeV we need to librium LCPs carry 10 to 15% of the beam momentum for
introduce an additional “projectilelike” source with,,  the 25A MeV 180 and 15 to 20% of the beam momentum
near the beam velocity. We fix,; at 90% of the beam for the 3% MeV *N. Assuming the rest of the beam mo-
velocity. We attribute the need for this source to the emissiormentum goes into the compound nucleus velocity we find the
of particles from the projectile early in its stopping process.evaporation residue and fission fragment events have very
We should emphasize that while thermal moving sourcesimilar linear momentum transfer and we have good agree-
parameterizations of LCP emissions give a reasonably accument with a folding angle analysis of the fission fragments
rate description of the angular and energy distributions of th¢6]. We estimate v¢qyii/vpeam Should be 0.07 for the
LCPs in terms of parameters which are easily understoo®5A MeV %0 on Ta data and 0.06 for the 85MeV N
they are of course not a rigorous description. A microscopi®n Ta data with an inverse dependence on the target mass.
description of the physics will not factor into these few The fitted evaporative source velocities are all quite consis-
sources with discrete velocities. Another note of caution intent with these values and show the correct target mass de-
the comparison of the fitted parameters is that there are copendence.

B. Moving source fits
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TABLE IV. Moving source fit parameters for preequilibrium components. Statistical efeodosed in
parenthesg@sare omitted when smaller than the least significant digit.

LCP Beam Tag Target x, M proj Toroj Moompt Tprompt  Vprompt/ Vb

proton  25A MeV 0 ER Au 216 0158 393 0.384 10.677) 0.391)
Ta 821 0.175 462 0420 10.7®) 0.38

Tb 11.94 0.187 523 0.469 10.4(@®) 0.36

FF Ta 552 0160 523 0.312 10.88) 0.47

Tb 206 0156 568 0.279 10.78) 0.461)

35A MeV N ER Ta 454 0248 6.88) 0.592 13.607) 0.32

Sm 6.01 0288 7.08) 0590 12.845) 0.30

FF  Ta 195 0.264) 7.029) 0.5361) 13.7413) 0.411)

Sm  1.07 0.21@) 7.3533 0.4583) 13.3247) 0.494)

deuteron 25A MeV O ER Au 152 0042 3.6600 0.165 11.447) 0.501)
Ta 449 0.062 453 0199 12.1M) 0.46

Tbh  6.29 0.069 53 0.226 12.3®) 0.43

FF Ta 366 0068 563 0.195 12.5%) 0.45

Tb 151 0.064 6.10) 0190 12.2%) 0.42

35A MeV N ER Ta 246 0122 7.89) 0.268  15.927) 0.39

Sm 344 0154 879 0274 15.366) 0.37

FF  Ta 139 0.167 9.235 0.281 15.8013) 0.401)

Sm  0.98 0.10® 9.5372 0.2611) 16.0441) 0.4903)

triton 25A MeVv O ER Au 137 0014 35200 0.143 10.2%) 0.39
Ta 406 0.022 44 0.159 10.98) 0.41

Tb 498 0.023 495 0.163 11.612) 0.41

FF  Ta 371 0031 517 0.153 11.9®) 0.42

Tb 151 0.028 6.4@4 0.142 11.3%) 0.37

35A MeV N ER Ta 222 0.063 9921) 0.182 15.3%) 0.36

Sm 3.02 0.076 10445 0.185 14.2(5) 0.39

FF  Ta 136 0112 12123 0.195 14.1810) 0.35

Sm  0.87 0.11@) 12.7357) 0.2091) 12.4732) 0.261)

alpha 25A MeVv O ER Au 151 0055 3.520) 0.414 12114 0.43
Ta 474 0.073 369 0394 128(® 0.43

Tb 565 0074 413 0412 13.2®) 0.43

FF  Ta 215 0121 4200 0.353 12.0(®) 0.44

Tb 097 0.075 45B) 0.305 12.009) 0.43

35A MeV N ER Ta 212 0.082 8130 0.353 17.365) 0.41

Sm 257 0121 9.0% 0.350 16.44) 0.41

FF  Ta 097 0125 87I1) 0350 16.117) 0.42

Sm 059 0.095 15.683) 0.3251) 16.8427) 0.391)

The source temperatures aik,~4 MeV, Tyomp: represent nonequilibrium processes the temperatures associ-
~ 11 MeV, andT¢q,~4 MeV for the 2R MeV 180 data  ated with these sources should be considered phenomeno-
and  Tp~8 MeV, Tyompr=14 MeV, and Tgq logical rather than the temperature of a thermally equili-
~4.5 MeV for the 33\ MeV “N data. Other experiments brated systemT yompe ShOws no target dependence and a
using three source fits find similar temperatures when fittingveak dependence on the beam enefBy,; does show a
to LCP[12,14 and neutror{15] distributions. One expects target dependence, the more peripheral collisions exhibiting
that Tequi(t) > Tequi(d) > Tequi(P) due to the heavier par- a higher projectilelike temperaturg,; also shows a depen-
ticles being emitted earlier. This trend is observed for thedence on beam energy.
evaporation residue coincident data. The fission fragment co- We are primarily interested in the preequilibrium multi-
incident Teqy are higher than the evaporation residue coin-plicities. For protons and alphas the equilibrium source is
cident Teq, consistent with fission terminating the evapo- dominant. For deuterons the equilibrium and prompt sources
ration chain. Ty, has a very weak dependence on beamhave roughly equal multiplicities and for tritons the prompt
energy which is expected since the energy deposition onlgource is the largest one. The equilibrium multiplicities of
increases slowly with increasing bombarding energy as @rotons and alphas in coincidence with evaporation residues
larger fraction of the bombarding energy goes into preequiare about two times the multiplicities in coincidence with
librium emission. Since the prompt and projectilelike sourcedission fragments, indicating that fission occurs before the
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TABLE V. Moving source fit parameters for equilibrium components. Statistical eff@mslosed in
parenthesg@sare omitted when smaller than the least significant digit.

LCP Beam Tag Target Meqy Tequi VequillVb  Vequi Mer Ter Vee

proton %0 ER Au 0.835 35® 0.07 6.362)
Ta 0.893 3.48) 0.07 5.701)
Th 1.054 3.181) 0.07  4.901)
FF  Ta 0561 4.18) 0.09 6.342) 0.110 1.083) 5.165)
Tb  0.6331) 4.223) 0.10 5426 0.163 1.386) 3.817)
YN ER Ta 0922 3.6) 0.04 5.591)
Sm 0.852 3.38) 0.05 4.761)
FF  Ta 05421) 4.736) 0.05 5999 0.1551) 1.50100 5.5414)
Sm  0.54%6) 6.4224) 0.06 4.4659) 0.2443) 1.6222) 4.1334)
deuteron 0 ER Au 0.262 5.08) 0.09 5783
Ta 0.233  4.08) 0.08 6.281)
Th 0.242 3.7p1) 0.08 5.981)
FF  Ta 0197 3.7@d) 0.08 6.291) 0.001 0.79200 7.3424)
Th 0.196 3.6 0.08 5893 0.003 0.1049 6.3257)
YN ER Ta 0.260 4.1®) 0.06 6.282)
Sm 0239 3.6@ 0.06 5.982)
FF  Ta 0.234 3.98) 006 6.214 0000 0.03) 7.5915
Sm 0.3681) 5.3214) 0.08 4.7813 0.0091) 0.73*) 7.22*)
triton %0 ER Au 0.074 4.1® 0.06 8.603)
Ta 0.072 4.4®) 007 8.262)
Th 0.067 4.612) 0.07 7.581)
FF  Ta 0.057 4.76) 0.08 7.861) 0.002 1.9086) 14.5154)
Th 0.036 3.7”17) 0.07 7.98) 0.003 3.1%66) 8.7771)
YN ER Ta 0.118 4.93) 0.04 8.372
Sm 0.108 5.2B) 0.05 7.862)
FF  Ta 0.092 4.2@3 0.04 8544 0.000 2.28*) 17.24*)
Sm 0.0661) 3.9428 0.05 8.2414 0.019 43.44+) 5.33*)
alpha %0 ER Au 1272 3.68) 0.07 13.57)
Ta 1.042 35@) 0.07 12.87)
Th 1.007 3.52 0.08  11.%6)
FF  Ta 0575 3.98) 0.09 125(1) 0.065 0.321) 12.251)
Tb 0565 4.0 0.10 10.9%3) 0.089 1.4110) 8.7617)
YN ER Ta 1.019 403 006 12.372)
Sm 0.839 3.84) 0.06 10.8%1)
FF  Ta 0.6241) 4.414) 0.08 11.475) 0.083 2.4219 10.4432)
Sm 0.5623) 4.9517) 0.08 9.3821) 0.1512) 3.3639) 7.0676)

particle evaporation chain is done. Subtracting the energfrom the fragments, but the multiplicity of deuteron and tri-
going into the production of prompt LCPs leaves these syston evaporation from the fragments is at least 30 times
tems with from 260 to 340 MeV of excitation energy. As- smaller than that of the protons.

suming fission occurs when the system drops to 100 MeV of The preequilibrium multiplicities are plotted in Fig. 5.
excitation energy and that each evaporated particle takeBanel(a) of this figure shows the proton preequilibrium mul-
away a fixed amount of energy we expect that the ratio ofiplicities and panelgb), (c), and(d) show the ratios of the
evaporation residue coincident to fission fragment coincidentl, t, and « to the p preequilibrium multiplicities. We nor-
equilibrium multiplicites will be about 1.5 for the malize to the proton preequilibrium multiplicities in order to
35A MeV systems and around 1.8 for the&R5MeV sys-  minimize possible systematic errors due to the different ki-
tems. The proton and alpha equilibrium multiplicity ratios nematic corrections of the fission fragment and evaporation
are reasonably close to these values. After fission the fragesidue tags. We see a possible discontinuity in the
ments should share the rest of the excitation energy so org&bA MeV proton multiplicities when going from the fission
might expect the LCP emission from the fragments wouldfragment tag to the evaporation residue tag. The prompt deu-
make up for the fission fragment equilibrium multiplicity teron to proton and triton to proton ratios are rather smooth,
deficit, however these fragments are neutron rich so most afhowing a small decrease for more central impacts. This be-
this excitation energy actually goes into neutron productionhavior is very similar to that observed in our earlier work at
We do see a clear indication of proton and alpha evaporatioi4dA MeV [3]. Interestingly the 2B MeV and the
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but again the multiplicities are the same within 5%. Thus

E‘:‘* O  25AMeV 160 @ 7 O 25AMeV 160 ®) SD. s ! e .
Fermi jet: 160 06| m 35AMY 14N 5 13 total light charged particle multiplicities are not sensitive to
Plom e ::N Tosk "a | = the impact parameter in the fusionlike domain of impact pa-
P A | o " rameter for the energies and projectile masses studied in this
=" . “rooo I paper. IN17] Tsanget al. have used the Boltzmann equation
sf =0 = ol ] to calculate the total nucleon multiplicity and find that for
\O 02| ] light projectiles such ag®0 there is no dependence on im-
osr . Toal | pact parameter for impact parameters less than about 5 fm.
For larger impact parameters and energies higher than
2 [0 mamey teo] * T | [0 ol @ |£ 35 MeV they do find that the total nucleon multiplicity
3 o] m avey L ANy BN | %  depends on impact parameter.
051+ n B °
oal wo 17 o . ° C. Comparison of preequilibrium data to models
03k 5 O mom Jost an "' 1. Comparison of preequilibrium proton spectra
o2r 7 with a Fermi jet model
031 4
o i In this section we compare our data with a nucleon trans-
T L T a— port model[18] which has been quite successful in account-
b () b (tm) ing for multiplicities and energy spectra of preequilibrium

FIG. 5. Preequilibriump multiplicity [in panel(a)] and the ra- neutrons a_nd pr_OtonS in the :_I'O to 40 MeV bombardlng en-
tios ofd, t, ande to p preequilibrium multiplicitieg[in panels(b), ergy domain. Brlef!y, the partlcl_e-target interactions are fol-
(©), and (d)] as a function of mean impact parameter. Thelowed along classical trajectories. As a neck develops be-
25A MeV 160 data are the circles, 35 MeV “N data are the tween the reactants nucleons are exchanged and the resulting

squares. The preequilibrium multiplicities are the sum of the pro-One-body dissipation damps the kinetic energy of relative
jectilelike and prompt sources, taken from Table IV. The full and Motion into internal thermal excitation energy. For purposes
dashed curves are for preequilibrium protons originating in the proof calculating the preequilibrium emission at each time step
jectile as calculated by a Fermi jet model described in Sec. Il C 1along the trajectory the flux of transferred particles is
The mean impact parameter values are deduced from the evaporgampled and individual nucleons are propagated through the
tion residue and fission fragment cross sections as listed in Table teceptor nucleus. Nucleon-nucleon collisions occur on a ran-
Meanb values less than 5 fm are associated with evaporation resddlom basis depending on the nucleon-nucleon cross section.
dues and those with values greater than 5 fm with fission fragmentsf scattering occurs before a particular nucleon reaches the
nuclear surface, both the original and scattered nuclei are
35A MeV ratios seem to fall on the same curve. The com-propagated until either they reach the surface and are emitted
mon d/p and t/p ratios at 2% MeV and 3R MeV are or until they are degraded in energy below the energy re-
however greater than at A4MeV, indicating a saturation in quired to escape. After escape the particle energies are
the ratio by 23 MeV. The prompta/p ratios do not follow  boosted to the laboratory frame and sorted into energy and
a smooth trend, showing a discontinuity when going fromangle bins. The calculations presented here are calculated as
the evaporation residue to the fission fragment tag. This bedescribed irf19] and there was no parameter adjustment.
havior was also observed atA4MeV. It is also interesting Calculations for both impact parameter ranges associated
to note that then/p ratio decreases monotonically with en- with evaporation residue and fission fragment tags are shown
ergy, in contrast to the behavior of tl#p andt/p ratios.  for the 250 MeV 0 on Ta in Fig. 6 and for the 35 MeV
This suggests the contribution of a somewhat different fordata in Fig. 7. The model distinguishes the contributions
mation mechanism for the: particles as compared to the from nucleons originating in the projectilevhich dominate
lighter complex particles. the forward angle specirand the nucleons which originate
Another interesting aspect of this work is the possibilityin the target(which dominate the backward angle spertra
to test another popular technique for impact parameter seledhe model provides an excellent account of both the magni-
tion. It is often assumed that there is an inverse monotonitude and the spectral shape at forward angles. At the most
dependence of the light charged particle multiplicity on im-backward angles however the calculation predicts too many
pact parametdrl6]. Although this is a plausible expectation particles originating from the target and propagated back
for peripheral collisions where the energy deposition isthrough the projectile. The reason for this discrepancy is not
changing rapidly with impact parameter, its validity for more understood. There are few previous studies where spectra
central impact parameters is not well established. We can tebtave been measured over as complete an angular range as in
this sensitivity of the total LCP multiplicity using our evapo- this study so this aspect of backward emission has not been
ration residue coincident datélhe fission fragment coinci- sufficiently tested. It is made more difficult because the ther-
dent LCP multiplicities are lower due to termination of the mal and preequilibrium components largely overlap in en-
charged particle evaporation after fissjoWe sum the ergy at the backward angles. The model does not address the
p,d,t,3He and“He multiplicities to get the total LCP multi- thermal contribution. There is also a problem with the model
plicity. At 25A MeYV this total LCP multiplicity changes by calculations at backward angles in correcting for the spurious
less than 5% over the range where the mean impact paramemission associated with the approximate treatment of the
eter changes by a factor of two. At 85MeV the mean diffuse momentum distributiofil9]. The subtraction of the
impact parameter of our tags for different targets differs lessgontribution of spurious off-energy-shell emission can lead
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to negative probabilities for some angles and energies for

_: 0 particles originating in the projectile and appearing at back
2, angles. This is responsible for the target contribution being
a . larger than the total in the sixth panel of Fig. 7. Nevertheless
410 the excellent agreement with the forward angle spectra where
E 0 most of the energetic preequilibrium particles appear is grati-

fying. The impact parameter dependence of the total multi-
plicity for the preequilibrium protons originating in the pro-
jectile are compared with the data in Fig. 5, pat@l The
trends are reproduced but the absolute multiplicities are un-
derpredicted, presumably due to emission of particles initi-
ated by transfer from the target to the projectile.

2. Comparison of p d, and t multiplicities with a transport
model incorporating complex particle formation

The description of cluster formation and propagation in
nuclear matter is a much more challenging problem than that
of free nucleons. Danielewicz and Bertsit] have devel-
oped a model for deuteron formation based on the inverse of
deuteron breakup induced by collision with a nucleon. Thus

this corresponds to a three-nucleon interaction where two of

FIG. 6. Fermi jet calculation for the 26 MeV 0 on Ta data. th | bind to f deut d the third |
The three panels on the left are protons in coincidence with evapo- € nucleons bind to form a deuteron an € third nucieon

ration residues and the three panels on the right are protons jponserves energy and mO_mentl_Jm. This appro_ach has been
coincidence with fission fragments. The data are the open circle€Xt€nded to tritons by Danielewicz and Fa3. Triton for-

The dashed histogram shows the contributions from nucleons origihation is modeled as a four-nucleon process, but with the
nating in the projectile, the dotted histogram shows the nucleon§trength adjusted in such a way as to include contributions of
which originate in the target, and the solid histogram is the sum oPreakup into deuterons as well as the inverse process. These

these contributions.

o T e T T Y
> O

d*M/dEAQ (MeV's™)
>

~—
<

ft

E' 0999000000000

Residue Tagged

Fission Tagged

60
E (MeV)

processes have been incorporated into a transport model
based on the Boltzmann-Uehling-Uhlenbe@&UU) equa-
tion.

We have used this code to calculate the proton, deuteron,
and triton production for some of our data samples. For con-
sistency with our Fermi jet model calculations we have used
nucleon-nucleon cross sections one half of the free nucleon-
nucleon cross sections. The spectra produced with this modi-
fication are barely discernible from spectra produced with the
full nucleon-nucleon cross sections. Otherwise there are no
free parameters in this calculation. For ourA2$leV €0
on Ta data we used an impact parameter of 2.3 fm to com-
pare with our evaporation residue coincident sample and an
impact parameter of 6.1 fm to compare with our fission frag-
ment coincident sample. For our85MeV N on Sm data
we used impact parameters of 4.2 and 6.3 fm to compare
with our evaporation residue and fission fragment tagged
samples. We show samples of the calculations superposed on
our proton, deuteron and triton data in Figs. 8 and 9.

The BUU calculations give a multiplicity roughly twice
that of our data. This is particularly obvious at back angles
and at low energies for all angles. The calculations were
given enough time steps that they include production of
evaporative particles from the compound nucleus and this
low energy evaporative part seems to be primarily respon-
sible for the large multiplicities. The high energy particle

FIG. 7. Fermi jet calculation for the 26 MeV 1“N on Sm data. ! )
The three panels on the left are protons in coincidence with evapd2roduction at forward angles does have an impact parameter
ration residues and the three panels on the right are protons iePendence. The calculation seems to have a larger impact
coincidence with fission fragments. The data are the open circled@rameter dependence than the data shows.

The dashed histogram shows the contributions from nucleons origi- The back-angle discrepancy is reminiscent of the excess
nating in the projectile, the dotted histogram shows the nucleon®f back-angle yields in the Fermi jet model for transfers
which originate in the target, and the solid histogram is the sum obriginating in the target and propagating back through the
these contributions. projectile.
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FIG. 8. BUU calculations for the 26 MeV %0 on Ta evapo-
ration residue coincider¥=1 data. The data are the open circles.
The histograms are BUU calculations binned into 10 MeV wide
bins. These calculations assume an impact parameter of 2.3 fm

FIG. 10. Ratios of deuteron and triton total multiplicity to pro-
ton total multiplicity as a function of impact parameter. The data
" points (open symbolsare plotted at the mean impact parameters

Although the calculated energy spectra exhibit more ther_and connected by solid lines. The data are from Tables Il and I

o S and the impact parameters from Table I. The BUU calculations
mallzatlon than the data, and the absolutg mUIt'p“CItle.S ar?solid symbol$ are performed for the two impact parameters and
overpredicted, the calculatetip andt/p ratios are in quite ., nected by dashed lines.
good agreement with experiment considering the complexity
of the calculation and the absence of adjustable parameterisiclude most of the equilibrium emission. The calculated val-
This is demonstrated in Fig. 10 where we compare the calues are for single impact parameters corresponding to the
culatedd/p andt/p ratios with the experimental values. The mean impact parameter of the tagged data. This is reasonable
latter values are taken from Tables Il and IIl and correspondn that the calculation indicates a very weak dependence on
to the total multiplicities including the equilibrium compo- impact parameter in the region explored.
nent, as the calculation follows the cascade long enough to

IV. SUMMARY

itons The dependence of the energy spectra and multiplicities
of light charged particles on impact parameter within the
fusionlike impact parameter range have been determined at
25A MeV and 33\ MeV bombarding energy. The energy
spectra and their dependence on angle can be reasonably
accounted for by assuming contributions from three sources,
one with a velocity near the beam velocity, one with an
intermediate velocity, and one with the velocity of an equili-
brated source following incomplete fusion. Particular atten-
tion has been focused on the summed contributions of the
first two sources, associated with preequilibrium emission. A
nucleon exchange modéFermi jet model calculation for
nucleons originating in the projectile accounts reasonably
well for the forward and intermediate angle spectra. Inclu-

deuterons |

protons

~
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~
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M/EIQ (MeV s

~
>

.57
10

10°

o}

070 A 8 i o si_on of nucleons originating in the target _Ieads to an overpre-
E © E E diction at backward angles. The preequilibrium proton mul-
i 313'133000 ; i %% tiplicities fall off more slowly with increasing impact
,0-8‘......‘.\.9 A wrararr B parameter than observed in a previous study & MeV.
25 50 75 25 50 75 25 S50 75

The preequilibriurd/p andt/p ratios also vary more slowly
with impact parameter than at the lower energy. Thibge

FIG. 9. BUU calculations for the 35 MeV “N on Sm evapo- andt/p ratios appear to have reached saturation values of
ration residue coinciderif=1 data. The data are the open circles. about 0.5 and 0.3 by 26 MeV and do not increase at
The histograms are BUU calculations in 10 MeV wide bins. These35A MeV, whereas they were somewhat Ilower at
calculations assume an impact parameter of 4.2 fm. 14A MeV.

E (MeV)
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000 T X 0=57.5° in coincidence with fission fragments detected in
i SR L O = 195 selected ion chambers. The particles have a strongep
3000 oo, o o o dependence than the protons and the fission fragment-LCP
C correlation is strongest wheffy~70°. We also find that the
2000 |- %0 o0 000 higher energy LCPs have a stronger correlation with the fis-
¥ ¥ sion fragment plane, as previously obsery2d].
e A close look at Fig. 11 shows that there are margar-
r r o0 Og=T725 ticles at 180° in¢ away from the detected fission fragment
3000 °° o 5 L o than in the direction of the fission fragment. This is a kine-
: o o5 o [o = o matic effect due to the recoil of the compound nucleus from
2000 L ¢ po o o the emitteda particle. In[21] Wilson et al. see a similar
’ L o000 o kinematic effect. They use the LCPs to determine the reac-
A R S B B B tion plane and to deduce the target and projectile sides. They
B, = 130° | 8., = 130° see an enhancement of LCPs away from the projectile side,
similar to our enhancement away from the side on which the
oo 00 fission fragment was detected. It is worth noting that when
000 L OO D - o° o ol doing commd_e_nce measurements the kinematic correlations
i i can be surprisingly strong.
S Since the ion chamber detectors are distributed through-
1000 5 100 200 300 0 100 200 300 out ¢ we could ignore the fission fragment-LGP correla-
protons a,th;;’ “Oer(degrees)  ions and still get a reasonable fit to a moving source param-
etrization. The primary concern is that t# 180°)W(90°)

FIG. 11. Proton and alphé& distributions as a function of de- anisotropy of thex particles will cause a more forward peak-
tected fission fragment angle for the/28MeV *°0 on*®Tadata. ing of the a particle distribution and result in an anoma-
The protons and alphas are detected at 57.5° from the beam. Th§ysly large preequilibrium multiplicity. Our solution is to
fission fragments were detected at the angles listed in each panghq|ude the fission fragment-LCP dependence in the moving
Thg zero has been suppressed to emphasize the dependence Onéaﬁrce parametrization. We parameterize the fission
fission fragment angle. fragment-LCP correlations in the data, then apply this pa-

) i __rameterization to the moving source calculation during the
A BUU transport model incorporating cluster formation ¥2 minimization.

based on the inverse of collision-induced breakup has be€n \ya exnect thes dependence of the LCPs to
compared with the data. The model predicts more thermali- P e dep be2]

Counts,

3000 |- o -
Co

zation and higher absolute multiplicities than observed, but exd — 8 Sin2(¢>ch— o ], (A1)
does a reasonable job of accounting for thigp and t/p
ratios and their dependence on impact parameter. where¢gg is the azimuthal angle of the detected fission frag-

ment. We expeciB to depend on the polar angles of the
fission fragment and LCP and the LCP energy as well as
having a weak dependence on target. Binning the LCPs ac-
This work was supported in part by the U.S. Departmentcording to energy and and fitting each bin for each fission
of Energy and the National Science Foundation. fragment tag according to E¢A1) we find that our data are
well described by

ACKNOWLEDGMENTS

APPENDIX A: TAG-LIGHT CHARGED PARTICLE : : CM
=0.004 sig 6 sin(0z2)E, cp. A2
KINEMATIC CORRELATIONS B 101.cpSINCOEE) Evce (A2)
1. Fission fragment-light charged particle correlations The constant 0.004 was extracted for thé\25leV 0 on

. . o Ta data. We expect a weak dependence on target and beam

One manifestation of the compound nucleus spin is thg;nce the fission fragment anisotropies have this dependence.
W(180°)W(90 .) fission anisotropy. The spin of the COM- However including this correlation in the moving source fits

pound nucleus is always perpendicular to the beam directiof;ins out to have a small effect on the parameters so we use

(neglecting preequilibrium emissiprand the fission frag- Eq. (A2) for all our fission fragment coincident data fits.
ments are emitted preferentially perpendicular to the spin

direction. Averaging over compound nucleus spin directions
there is more opportunity for the fission fragment to be emit-
ted at an angle of 0° or 180° than at 90° from the beam
direction. The width of the fission fragment distribution rela- ~ Since the initial linear momentum is along the beam di-
tive to the spin direction is typically around 25°, so as therection, the only way a residue will be observed in this ex-
fission fragment is measured closer to the beam the determperiment is through recoil from particle emission and or mul-
nation of the spin direction gets worse. tiple Coulomb scattering. For the evaporation residues and
The LCPs are also preferentially emitted perpendicular tdarget thicknesses in this experiment we expect the rms scat-
the compound nucleus spin, in the same plane as the fissidaring angle to be around 6°. Since most of the evaporation
fragments. We demonstrate this in Fig. 11. In this figure weresidue detectors were at 7° and 11° recoil from particle
show the ¢ cp— ¢er dependence of LCPs detected atemission is important. We demonstrate this in Fig. 12 where

2. Evaporation residue-light charged particle kinematic
correlations
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1000 ¢

prompt LCPs, then equilibrium LCPs. In addition to the
LCPs we include neutron evaporation from the compound
nucleus by assuming a multiplicity of 15 and the same tem-
perature and source velocity as the evaporated protons. After
LCP emission from each source we update the compound
nucleus assuming mass and momentum conservation. The
evaporation residue then undergoes multiple Coulomb scat-
tering in the target. For each of the LCPs in the event we
calculate the recoil direction. The difference between the re-

Counts

900 £

PPN R B I Y A ! B A R
0 100 200 300 0 100 200 300

9, - gy, (dogrees) @, - Oy (degrees) coil direction and the Monte-Carlo evaporation residue direc-
2500 ER g a0 =84 o0 ERiag a9 =155 tion is a sample of the evaporation residue angular distribu-
S50 E o £ g . tion, which we histogram and parameterize.
S E : S6000 "

Camo £ A : We calculate the recoil direction from each of the LCPs
1750 | - ‘ B ‘ : assuming momentum conservation. In order to center the re-
1500 coil direction on the Monte-Carlo evaporation residue direc-
P tion we need to assume 85% linear momentum transfer for
750 el == the 250 MeV Monte-Carlo and 80% for the 36 MeV
500 1S Monte-Carlo. In other words the LCPs carry away approxi-
woE (QQ, mately 15% of the beam momentum for theA2®eV €0

00 200 300 " 00 200 300 data and 20% of the beam momentum for the
ER mgateta;.ggk(degrees) ERtagateiaI;.‘f;R e 35A MeV 14N data.
If the evaporation residue enters a residue detector we

FIG. 12. ¢ distribution of « particles detected a#=35° in  count this event as detected. The average evaporation residue
coincidence with evaporation residues. The evaporation feSidUGéfficiency,(eER), is the fraction of Monte-Carlo events that
were detected at the angles listed under each panel. The open circlgge detected. The coincidence efficieneygr(LCP), is the
are « particles in coincidence with evaporation residues from thefraction of the evaporation residue recoil distribution that is
25A MeV %0 on Ta data sample. The solid histogram is from acovered by residue detectors. In the moving source(diés
Monte-Carlo sample which used the LCP parameters extracted fro@cribed in Sec. 1l Bwe bin each LCP species # ¢, and
moving source fits to the data. The dashed histogram is from %nergy. We correct the number of counts in each of these
Monte-Carlo calculation in which we have arbitrarily reduced alll bins by the raticegs(LCP)/ egr), thereby normalizing to the
multiplicities by a factor of two. y ER \€ER/ =0y horm 9

average evaporation residue detection efficiency.

We verify this procedure is reasonable by fitting the
Monte-Carlo event samples and extracting parameters close
c}o the values of the parameters used to generate the sample.
In Fig. 12 we explore the evaporation residue-LCP corre-
on dependence on the LCP distributions. We have ex-

tracted source parameters from the daiaing the multi-
source fif and generated Monte Carlo events with the LCPs

(A3) distributed according to these parameters. The solid line in

Fig. 12 shows the LCR distributions for selected evapora-

is the number of LCPs observed in coincidence Withtion re_si(_jue tags, and we observe that the Monte-Carlo is

an evaporation residue. As long asep depends only on very S|m|Iar_ to the data. We generate a second Monte _Ca'rlp

solid angle coverage and energy thresholds it is caIcuIateqata SEt_ using the.same parameters except for the multiplici-
implicitly by the moving source fitNgg is the number of tes, Wh'c.h we a_rb|trar|Iy reduce by a tactor of two. Thesg
events, and the difficulty is that the evaporation residue gepavrticle d|str|but|on§, shown by the dotted curve, are notice-
tection probability depends on the emitted LCPs. For certail"f‘bIy harrower. 'Th|s Qemongtrates that the width of th.e
angles and energies of LCP emission the recoil can be dgvaporation residue d'S"'bU“‘?U?f dep?”d on the LCP emis-
rectly toward a residue detector giving a greatly enhanced " and we have some sensitivity to it.

efficiency for tagging that event. We take this into account

by correctingNer by APPENDIX B: MOVING SOURCE FIT DETAILS

4000 £
3000 E
2000 [

w000 =

we plot the¢ distribution of o particles in coincidence with
an evaporation residue from the Ta data.

This correlation implies that the evaporation residue an
LCP detection efficiencies are not independent. Schemati:a,[i
cally, we determine the multiplicity as

M = Neg-Lcp/ fLCP.
Ner

NER-LCP

(€er) €eriLep) » (Ad) In the source frame particle evaporation from a volume
source has the form
where(egg) is the average evaporation residue detection ef-
ficiency andegg(LCP), the correlated efficiency, reflecting FEN M N
the improved knowledge of the evaporation residue detection _ __sourceTtag VE—Veurer
efficiency by virtue of having detected the particular LCP. dEdQ  2( 7Ty e0¥? souree
We calculate this ratio of efficiencies using Monte-Carlo
techniques. For each Monte-Carlo event we generate a set of Xexf — (E—Vsourcd! Tsourcd (B1)
LCPs distributed according to a set of moving source param-
eters. We generate the projectilelike LCPs first, followed byand evaporation from a surface has the form
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d2N M N In practice the Coulomb barriers of these sources is poorly
TEd0 " e (E— Veoured®XH — (E— Vooured/ Tsoured,  determined by the data so we constrain them to be the same
A7 Tsource as the Coulomb barrier of the compound nucleus evaporative

(B2)  source which is well determined.

where Ny, is the number of observed LCPH el the To determine the source parameters we minimizeythe

multiplicity, an_d Tsource @NA Vgouree are the temperature and [Nopd E,MB) — Npred E,M B)]?
Coulomb barriers. The transformation from the source to Y= > , (B10
laboratory frames is different if the Coulomb barrier is con- E MB Nored E.MB)

sidered to be in the source frame or the laboratory frame. For . .
evaporation from the compound nucleus and fission frag?/here NoodE,MB) is the number of measured LCPs in
ments it makes sense to think of the Coulomb barrier in thdniniball detectorMB in the energy birE. Nyed E,MB) is

source frame. These are both surface emission and thdif€ sum of the contributions from all the sources with a cor-
functional form is rection to account for correlations between the tag and the

LCP detection. We also convoluké,.{E,MB) by a Gauss-

d2N M coureNia ian with c=2 MeV. We do this because the different mini-
dEdO > 9" VEa/E" exp( — E"/ Tsourca- ball counters have slightly different energy thresholds and
labt3 218 A7 Tguce this convolution smears the threshold effects enough that the

(B3) it is insensitive to the lower energy limit of the fit which we
can set very low.

When the Coulomb barrier is in the source fraBleandE” . .
For the evaporation residue tag we have

are defined as

(eer) [( d°N d?N
, 1 2 1 2 Npred E.MB) = +| ==x
E'=Ejap—2 ElabE MRV sourc€0S ) + 5 MLcPV source eer(LCP) | dEdQ projectile dEdQ prompt
(B4) 2
+|——| |AEAQ B11
and d EdQ) o ' (B11)
E"=E’~Vsource (B5)  where we use 1 MeV bins faxE andAQ is the solid angle

. . . . of the articular miniball detector. The factor
Usource IS the magnitude of the source velocity and is takenci b

. . i eer)/ eer(LCP) corrects for the kinematic effect that the
along the beam direction for evaporation from the compound ¥’ “ER . . ; .
nuclgus or the fission fragmenrt) direction for evapoFr)ation vaporation residue recoiling from this particular LCP has a
d

f the f ts0 is th e f th directi ifferent detection efficiency than an “average” evaporation
rom the fragmentse 1S the angle Irom the source direction oqiqe and this is calculated using Monte-Carlo techniques
to the detected LCP.

We think of the prompt and projectilelike source emissionas described in Sec. A 2. This efficiency correction has a

ina durina the fusi d bef iib small effect on all parameters except for the prompt and
as occurring during e fusion process and betore equil ra[SrojectiIeIike sources of the triton and alpha multiplicities.

tion. The majority of the el_ectnc charge originates from theAS mentioned previously, we fix the projectilelike and
target and must be essentially at rest compared to the sour%?

L ) .prompt sources to have the same Coulomb barrier as the
velocities, so it makes sense to assume the Coulomb barri

A . Bmpound nucleus source, and we fix the projectilelike
s in the laboratory frame. In this case the proryiume source velocity to be 90% of the beam velocity. Thus we
source has the form

have a total of nine parameters to fit the energyand ¢
42N M N dependence of each LCP type.
— S 9 e Texp(— E"/ Teoucd (B6) For the fission fragment coincident data we include fission
AEapdQian  2( 7 Teoued®? soue fragment sources so we have

and the projectildsurface source has the form

Npred E,MB) = [ > (exil —0.00& sir(¢— dep)])
N MaoureNiag ©

VE'E"exp( —E"/Tsource -

dEadQian 4772, . | A dz_N) TA 0|2_N>
(B7) " dEd) projectile “dEdQ prompt
When the Coulomb barrier is in the laboratory frafeand d?N
E” are defined as +As m)CN
E"=Eiab— Vsource (B8) 5 d2N \esn
and Ic m) FF] ’ (B12)
/= E 2\ M EuncbS )% 5 Micmionce  becaces of e dependent ncor. There oo o chan

(B9) ber detectors and with their complementary fragments, a to-
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tal of 20 fission fragment sources. We treat all these fissiofatio of efficiencies, ( egr)/ €er(LCP), introduced for the
fragment sources identically except for the normalization beevaporation residue coincident data is a correction to the
ing the number of fission fragments actually detected in thahumber of evaporation residue tags, so although it depends
ion chamber and the source velocity being along the ioron the LCPs it should be kept outside of the energy and
chamber counter direction and the expected complementagngle integrations. On the other hand the inclusion of¢he
angle. Additionally we fix the source velocity aR1MeV in correlations,> ,cexf —0.00& sir?(¢— ¢er) ], for the fission
the compound nucleus frame. Thus we introduce only anfragment coincident data would cause the moving source
other three parameters, the temperature, multiplicity an@quations to not be normalized without the inclusion of
Coulomb barrier. Ai, A,, and A;. We numerically integrate to determine
Without the kinematic correlation corrections one can ex-these constants. Because the ion chamber counters are nearly
plicitly integrate the moving source equations and verify thatuniformly distributed in¢ this correction turns out to be
the parameteM gy e iS the number of LCPs per tag. The small in practice.
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