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Classical tests for statistical evaporation at 680 MeV40Ar1 natAg
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Measurements of the partial linear momentum transfer and production cross sections for light charged
particles are reported for the reaction 680 MeV40Ar1natAg. From examination of light charged particle
invariant cross section maps and comparison of experimental angular distributions and energy spectra to a
reaction kinematics simulation, an average value of 85% linear momentum transfer is deduced, with a spin
range of~0–75!\. Integration over energy and angle yields single and coincident light charged particle pro-
duction cross sections.@S0556-2813~96!02812-9#

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

Heavy-ion collisions provide the primary experimen
method used to study energy dissipation in hot nuclei. T
extent to which nuclei can contain and distribute inter
excitation energy among their constituents is of great inte
for elucidating nuclear properties and reaction mechanis
For bombarding energies less than 10A MeV, central colli-
sions in the 40Ar1natAg reaction involve predominantly
complete fusion of projectile and target@1,2#. This complete
fusion process leads to the formation of an equilibra
compound-nucleus emission source for the light charged
ticles ~LCP’s! and neutrons. Large angle LCP coincidenc
provide information on the equilibration and angular m
mentum of the source@1#.

At bombarding energies of 17A MeV, studies of small
angle correlations indicate that the lifetimes of compos
sources decrease substantially from that of 8A MeV @3–5#.
In the context of the statistical model, a shortening of li
times for particle emission is indicative of increasing exci
tion energy. In order for these lifetimes to be reliable, t
source of the emitted LCP’s must be properly characteriz
especially since evidence for partial linear momentum tra
fer has been previously noted in other systems~@6#, e.g.!. An
extensive set of publications exists which studies
40Ar1natAg system for bombarding energies of 7A–34A
MeV, providing much detailed information about sour
characteristics@7–17#. These studies portray a predominan
equilibrated system emitting many charged particles dur
the deexcitation chain. The excitation energy of the comp
ite system continues to increase as a function of bombar
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energy. Evidence for partial linear momentum transfer h
been noted via two different methods: measurement of
fission folding angle @10# and residue velocity spectr
@14,17#.

This paper uses the detailed analysis of LCP emiss
patterns to deduce linear momentum transfer~LMT !, multi-
plicities, and spin range of a composite emitter. LCP’s ha
been used extensively to probe the nature and exten
equilibration. Symmetry about 90° in the emitter frame
LCP angular distributions is an effective indication of the
malization@18#. Coincident LCP measurements provide s
nificant additional constraints on the angular momentum
tracted by comparison to kinematic simulations. Furth
more, detailed examination of energy spectra yields accu
information on source velocity, as well as angular mome
tum, excitation energy, and empirical LCP emission barrie
These techniques, used in conjunction with one another,
used in this paper to extract a detailed picture of react
dynamics, complementary to previous studies.

II. EXPERIMENTAL DETAILS

The experiment was conducted at the 88-Inch Cyclot
at Lawrence Berkeley Laboratory. A schematic diagram
the reaction chamber configuration is shown in Fig. 1. Th
types of detector telescopes were used. Solid state telesc
~SST’s! consisting of three segments of silicon surfac
barrier detectors were placed at 65°, 85°, and 155° p
angles. Each telescope was comprised of silicon detecto
thickness'50, 500, and 5000mm. Single-element gas ion
ization chambers~GT’s!, consisting of aDE gas section pre-
ceding a 300mm silicon detector, were placed at 25° an
45° in plane and 45° out of plane~OOP! above the beam
Two wedge detectors@19#, consisting of five silicon detec
tors each, with thicknesses of 500mm to 3 mm, spaced 10°
apart, and sharing a commonDE gas ionization chamber
were placed spanning polar angles of 65°–105° and 11
155°. The gas sections of the wedges and GT’s were m
tained at pressures of 20 and 40 torr isobutane, respectiv
Each had an active length of'5 cm. Both wedges and GT’s
detected alpha particles and intermediate mass fragm
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54 3057CLASSICAL TESTS FOR STATISTICAL EVAPORATION . . .
~IMF’s!, while the SST’s detected protons, deuterons, trito
and alpha particles.

Detectors were placed in a large scattering chambe
approximately 1 m diameter~the Polish chamber!. Detectors
on either side of the beam were mounted on separate ta
which were rotated to provide consistency checks betw
detectors. Solid angles subtended by each detector were
sured in three ways: by geometrical measurement, by ra
active sources of known activity, and by elastic scatteri
All three methods were in good agreement, with the g
metrical and source measurements giving consistent ag
ment of less than 5% variation. Typical solid angles we
'1.5 msr for the GT’s and'5 msr for each SST and wedg
element. A natural silver target of 0.932 mg/cm2 areal den-
sity was used throughout the experiment. The target th
ness was measured by Rutherford scattering and by we
ing; both methods yielded consistent results. Corrections
energy loss in the target were made.

Energy calibrations were made by means of radioac
sources and the elastic scattering of low energy nitrog
neon, and argon beams generated via the ‘‘cocktail’’ meth
developed at LBL@20#. This calibration procedure provide
energy markers in a range extending from 3 to 50 MeV, th
alleviating typical uncertainties stemming from a long e
trapolation of the calibration line from a few low energ
points. Coincidences were recorded for particles from sev
beam bursts for the purpose of evaluating the contribution
random or uncorrelated coincidences. Experimental d
were written to 8 mm magnetic tape and analyzed off lin

III. STUDIES OF LINEAR MOMENTUM TRANSFER

Several systematic studies have noted the increasing
of partial linear momentum transfer~LMT ! in central colli-
sions between nuclei at bombarding energies greater
'10A MeV @6, 7, 21–23, for example#. The most direct
method of determining the degree of LMT is to measure
velocity distribution of the heavy residual nuclei. While th
method is the most intuitive, it is by no means unique in
capability to determine source velocity.

Invariant cross-section maps are commonly used to c

FIG. 1. A schematic diagram of the detector configurat
within the reaction chamber is depicted. Abbreviations and desc
tions of the detectors are given in the text.
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acterize the velocity of an emitting source or sources@24, for
example#. The invariant cross section is defined as

F 1pc d2s

dVde G
lab

.

When there is only one isotropically emitting source, co
stant values of the invariant cross section lie on a circle c
tered at the source velocity when plotted as a function of
parallel and perpendicular velocities of the detected parti
Deviations from this isotropic pattern can indicate anisot
pies in the particle emission, prethermal emission in the f
ward direction, or even multiple sources as for periphe
collisions. An invariant cross-section map for inclusive alp
particles is plotted in Fig. 2. Data are shown as points a
the arcs are drawn centered on a source velocity of 85%
the center-of-mass velocity of the composite system~'1.31
cm/ns!. This figure provides a qualitative overview of a
emission pattern for alpha particles in which the data
reasonably represented by an emitter of velocity 85% LM
Departures from an isotropic pattern reveal anisotropy ab
90° in the emitter frame, as expected from a rotating sou
~see Fig. 3!. Note also the forward peaking of the cross se
tion at 25° and 45° in the laboratory, attributable to preth
mal emission.

The qualitative nature of conclusions based on invari
cross-section maps limits their effectiveness in providing
clear picture of reaction dynamics. Much more detailed a
quantitative information can be gleaned by close exami
tion of energy spectra and angular distributions. Obser
tions of the sensitivity to such properties as partial line
momentum transfer are facilitated by the use of a kinem
simulation. To this end, the simulation codeGANESwas em-
ployed to provide comparisons to data. The simulat
GANES @25# is an extensively tested two-step model whi
simulates the emission of light charged particles from
highly excited, rapidly rotating source. Energy spectra a
angular distributions are fitted empirically by varying th

p-
FIG. 2. An invariant cross-section map for inclusive alpha p

ticles is shown. Data are represented by points correspondin
labeled values of the invariant cross section. Arcs are drawn c
tered on a source velocity of 85% full momentum transfer and
provided for comparison to data.
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3058 54C. J. GELDERLOOSet al.
spin range and a fractional energy loss parameter. The f
tional energy loss parameter determines an average ex
tion energy of an effective compound nucleus at the time
emission of the two particles of interest. It is used to char
terize the effects of a finite emission chain in which partic
are emitted over a range of excitation energies. High qua
fits can be obtained for an assortment of experimental
servables. The quality of fit is also dependent on the velo
of the emitting source; hence, detailed comparisons of si
lation calculations and data provide a basis for determin
the LMT.

Figure 3 shows inclusive alpha particle polar angular d
tributions in both laboratory and emitter frames. The resu
of several simulation calculations in which the spin ran
and fractional energy loss are held constant while the em
velocity is varied are drawn as solid curves. Overall, angu
distributions in the emitter frame exhibit a pattern typica
associated with the emission of particles from a compo
nuclear spinning source, namely, anisotropy about a m
mum at uEF590°. The calculated angular distribution
shown by the solid curves, vary as a function of LM
Comparison to data indicates a partial LMT of 85%65%.
This value is in general agreement with other publish
measurements using various techniques@14, 17, 26, for ex-
ample#.

IV. CHARACTERIZATION OF LIGHT CHARGED
PARTICLE EMISSION

Both single and coincident light charged particle da
were collected. By analyzing the results with the aid of sim

FIG. 3. Angular distributions with various assumptions of line
momentum transfer~LMT ! are shown in both laboratory and emi
ter frames for the inclusive detection of alpha particles. Data
shown as points;GANES calculations are shown as solid curves.
value of 85%65% LMT is inferred, with an anisotropy of'2.6.
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lations, a picture emerges of a largely thermalized rotat
emitter. For both protons and alpha particles emitted eit
singly or in coincidence, comparisons withGANES calcula-
tions imply an average fractional energy loss of'0.5 prior to
emission and an angular momentum range of~0–75!\. This
value of average fractional energy loss implies an aver
emitter mass of 124 amu, assuming an average of 12 Me
carried away per emitted nucleon. This is consistent w
other measurements of emitter mass@11#. Barriers were em-
pirically chosen as 4.0 and 11.0 MeV for protons and alph
respectively. A best fit of 85% LMT is indicated by compar
son to simulation calculations. These parameters yield
best overall correspondence between data and simulation
large set of observables. A sample of these comparison
shown in the figures of this section.

Figure 4 shows angular distributions in both laborato
and emitter frames for protons detected in singles. Data
drawn as open circles and the results ofGANES calculations
are shown as solid curves. The distribution is nearly isotro
in the emitter frame, with an anisotropy of 1.3. Protons a
not strongly constrained by the angular momentum of
emitter and therefore do not reflect the anisotropy that ch
acterizes the emission of heavier particles. The associ
energy spectra are shown in Fig. 5. Simulation calculati
reproduce the measurements in both spectral shape an
tensity as shown by the solid curves. A single normalizat
factor is used for all calculated energy spectra. For prot
there is only a slight hint of a forward-peaked contribution
the smallest polar angles.

Coincidence data are also well characterized by the
sumption of an equilibrated rotating source. Figure 6 show
series of angular distributions of coincidences between
alpha particles with various trigger conditions. Both in-pla
and out-of-plane~OOP! triggering was used.GANES simula-
tion results for each angle are plotted as an ‘‘3.’’ Several
observations can be made about Fig. 6. Isotropy is exhib

r

e

FIG. 4. Angular distributions for protons detected in singles
both laboratory and emitter frames are shown. Open circles re
sent the data; solid curves representGANES calculations.



i

ur
pe
w
ric

ha
ibit

tor

m
am.
th

he

t
n-
of
lar
bil-
ck-
ard
of
se-
ane
n.
par-
sed
en
f
of
ted

of
on
on

he
tter
the
u-
s
it-
ne
ge
ata
-

as-
icle
ing
cles
at
e-
ck-
l
s is
y
45°
rv-
os-

ow

in
u
le
tic

-

54 3059CLASSICAL TESTS FOR STATISTICAL EVAPORATION . . .
by the in-plane coincidence angular distributions in the em
ter frame for polar angles greater than'90° ~open and solid
circles in the lower plot!. This isotropy in the backward
hemisphere suggests emission from a thermalized so
whose angular momentum vector is constrained nearly
pendicular to the emission plane. The requirement of t
particles detected in plane is sufficient to significantly rest

FIG. 5. Energy spectra for protons detected in singles are sh
in both the laboratory and emitter frames.GANES calculations are
shown as solid curves.

FIG. 6. Angular distributions for two alpha particles detected
coincidence are plotted in laboratory and emitter frames. Res
from three different triggering conditions are plotted: open circ
denote coincidences triggered by the detection of an alpha par
at u lab565° in plane, solid circles atu lab545° in plane, and open
squares atu lab545° out of plane. Each3 denotes simulation re
sults.
t-

ce
r-
o
t

the direction of the angular momentum vector. For alp
particles detected in singles the angular distributions exh
an inherent anisotropy~see Fig. 3!. This reflects the lack of
restriction on the direction of the angular momentum vec
when only one alpha particle is detected~i.e., the emission
plane is not known!; thus, classically the angular momentu
vector can lie anywhere in a plane perpendicular to the be
In the context of the statisitical model, the emission wid
dG is

dG}exp~b2sin
2f!,

wheref is the angle between the emission direction of t
particle and the angular momentum vector, andb2 is the
ratio of the rotational energy and the temperature@25, 27,
and references therein#. This emission width indicates tha
the maximum emission probability is in directions perpe
dicular to the angular momentum vector. The summation
contributions from all possible orientations of the angu
momentum vector results in an enhancement in the proba
ity of an alpha being detected in either the forward or ba
ward directions. The detection of the first alpha at a sidew
angle in the emitter frame, however, restricts the direction
the angular momentum, enhancing the likelihood that sub
quent particle emission is in the same plane. Thus, in-pl
emission is nearly isotropic, having no preferred directio
The cross section for the detection of the second alpha
ticle out of plane is reduced due to the restrictions impo
by the direction of the angular momentum. This is first se
by noting the two points labeled ‘‘OOP’’ in the lower plot o
Fig. 6, near a polar angle of 60°. A more revealing effect
out-of-plane coincidences is seen in the distribution deno
by open squares in the lower plot, labeledu trig

OOP545°, in
which the trigger alpha particle is detected at 45° out
plane. There is more anisotropy exhibited in this distributi
than in the in-plane distributions; the in-plane distributi
triggered at 45°~65°) has an anisotropy of 1.6~1.3!, whereas
the out-of-plane distribution has an anisotropy of 3.2. T
larger out-of-plane anisotropy is as expected for an emi
whose angular momentum is not aligned perpendicular to
plane of the detectors. Application of the kinematical sim
lation GANES allows for reproduction of in-plane isotropie
and out-of-plane anisotropies for a proper choice of the em
ter angular momentum. The anisotropy in the out-of-pla
distribution provides a stringent constraint on the spin ran
of the emitter. The agreement between simulation and d
indicates that a spin range of~0–75!\ is a good character
ization.

Simulated coincident energy spectra also constrain the
sumed angular momentum of the emitter, since the part
energy is enhanced by the spin-off energy from the rotat
source. Figure 7 shows energy spectra for alpha parti
triggered by the detection of another alpha particle
u lab565° in the laboratory. Good agreement is shown b
tween simulation calculations and data, especially at ba
ward angles.~Note that the inability of the statistical mode
to predict the broadening of the spectra at low energie
epidemic@1, e.g.#.! Similar agreement is exhibited for energ
spectra triggered by the detection of an alpha particle at
in or out of plane. Such broad agreement in many obse
ables gives confidence in the characterization of the comp
ite system.
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3060 54C. J. GELDERLOOSet al.
Angle-integrated cross sections for evaporative single
coincident light charged particle production have also b
calculated. Values are shown in Table I. Only statistical
rors are shown; due to the detailed knowledge of dete
solid angles, however, systematic errors are estimated t
small, &15%. These values show general consistency
;25% with other published values@5#. From the study of
multiplicity distributions from the AMPHORA 4p detector,
Magdaet al. @8# have concluded that there is a central co
sion group of reactions~with a cross section of;2 b! that
emit H and He with an average multiplicitŷmH,He&58.5. In
a more recent study@17# this group found that the reaction
with the largest LCP multiplicities were associated w
evaporationlike residues witĥmH,He& values of;8 from
evaporationlike emission and;2 from forward-peaked emis
sion. From the present study of the singles and coincide
cross sections~Table I! one can use the procedure of Ref.@1#
to calculate that the hard central collisions have a sub
cross sectionsA of 1.560.1 b with ^mLCP&58.460.5 for

FIG. 7. Energy spectra for coincident alpha particles trigge
by the detection of one of the particles atu lab565° in plane are
shown in laboratory and emitter frames. Points denote data; s
curves show the results of simulation calculations.
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evaporationlike emission. The individual average multipli
ties for evaporationlike H and He particles are^mp&53.6,
^md&50.8, ^mt&50.4, and^ma&53.7 ~each with a standard
deviation of;15%!.

V. CONCLUSIONS

Evidence is provided for light charged particle emissi
from a predominantly thermalized source with an angu
momentum of~0–75!\. Energy spectra and angular distrib
tions for light charged particles detected singly and in co
cidence are well described by a two-step model, assumin
linear momentum transfer of 85% of the projectile mome
tum and an average fractional energy loss of approxima
half of the available excitation energy before emission. C
culated multiplicities from angle-integrated cross sectio
are in excellent agreement with 4p measurements of the
same reaction.

Financial support has been provided by the U.S. Dep
ment of Energy and the National Science Foundation.

d

lid

TABLE I. Angle-integrated light charged particle cross sectio
for singles and coincidences in 17AMeV 40Ar1natAg reactions. All
numbers are given in units of barns. Uncertainties shown are st
tical only.

Single-particle cross sections~b!

sp 5.6960.02
sd 1.1360.01
s t 0.50160.004
sa 6.2460.03

Particle-particle cross sections~b!

spp 18.260.5
spd 3.8460.12
spt 1.7960.08
spa 19.560.5
sdd 0.89160.075
sdt 0.35660.033
sda 4.6560.16
s tt 0.09160.023
s ta 2.2660.10
saa 16.960.6
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