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Classical tests for statistical evaporation at 680 MeV*°Ar + "*Ag
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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 Mé&%Wr+"Ag. 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 section§S0556-28136)02812-9

PACS numbd(s): 25.70.Gh

[. INTRODUCTION energy. Evidence for partial linear momentum transfer has
been noted via two different methods: measurement of the
Heavy-ion collisions provide the primary experimental fission folding angle[10] and residue velocity spectra
method used to study energy dissipation in hot nuclei. Th¢14,17.
extent to which nuclei can contain and distribute internal This paper uses the detailed analysis of LCP emission
excitation energy among their constituents is of great interegpatterns to deduce linear momentum transfevT), multi-
for elucidating nuclear properties and reaction mechanismsalicities, and spin range of a composite emitter. LCP’s have
For bombarding energies less thanAl®eV, central colli- been used extensively to probe the nature and extent of
sions in the “°Ar+"¥Ag reaction involve predominantly equilibration. Symmetry about 90° in the emitter frame in
complete fusion of projectile and targgt,2]. This complete LCP angular distributions is an effective indication of ther-
fusion process leads to the formation of an equilibratednalization[18]. Coincident LCP measurements provide sig-
compound-nucleus emission source for the light charged panificant additional constraints on the angular momentum ex-
ticles (LCP’s) and neutrons. Large angle LCP coincidencestracted by comparison to kinematic simulations. Further-
provide information on the equilibration and angular mo-more, detailed examination of energy spectra yields accurate
mentum of the sourcfl]. information on source velocity, as well as angular momen-
At bombarding energies of 27 MeV, studies of small tum, excitation energy, and empirical LCP emission barriers.
angle correlations indicate that the lifetimes of compositeThese techniques, used in conjunction with one another, are
sources decrease substantially from that AfMeV [3-5].  used in this paper to extract a detailed picture of reaction
In the context of the statistical model, a shortening of life-dynamics, complementary to previous studies.
times for particle emission is indicative of increasing excita-
tion energy. In order for these lifetimes to be reliable, the
source of the emitted LCP’s must be properly characterized,
especially since evidence for partial linear momentum trans- The experiment was conducted at the 88-Inch Cyclotron
fer has been previously noted in other systéff$ e.g). An  at Lawrence Berkeley Laboratory. A schematic diagram of
extensive set of publications exists which studies thehe reaction chamber configuration is shown in Fig. 1. Three
40ar+nafag system for bombarding energies oAZ34A  types of detector telescopes were used. Solid state telescopes
MeV, providing much detailed information about source(SST'9 consisting of three segments of silicon surface-
characteristic§7—17]. These studies portray a predominantly barrier detectors were placed at 65°, 85°, and 155° polar
equilibrated system emitting many charged particles duringngles. Each telescope was comprised of silicon detectors of
the deexcitation chain. The excitation energy of the composthickness~50, 500, and 500@&m. Single-element gas ion-
ite system continues to increase as a function of bombardinigation chamberéGT's), consisting of aAE gas section pre-
ceding a 300um silicon detector, were placed at 25° and
45° in plane and 45° out of plan@®OP above the beam.
“Present address: Nuclear Physics Laboratory, University of ColoTwo wedge detectorfl9], consisting of five silicon detec-

Il. EXPERIMENTAL DETAILS

rado, Boulder, Colorado 80309-0446. tors each, with thicknesses of 5@@n to 3 mm, spaced 10°
TPresent address: Department of Chemistry, Brookhaven Nationapart, and sharing a commaXE gas ionization chamber,
Laboratory, Upton, New York 11973. were placed spanning polar angles of 65°-105° and 115°—
*Present address: United Nations Development Program, 55 Lodi55°. The gas sections of the wedges and GT's were main-
Estate, New Delhi 110003 India. tained at pressures of 20 and 40 torr isobutane, respectively.
$present address: Battelle Pacific Northwest National LaboratoryEach had an active length ef5 cm. Both wedges and GT’s
Richland, Washington 99352. detected alpha particles and intermediate mass fragments
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FIG. 1. A schematic diagram of the detector configuration FIG. 2. An invariant cross-section map for inclusive alpha par-

within the reaction chamber is depicted. Abbreviations and descripg |es is shown. Data are represented by points corresponding to

tions of the detectors are given in the text. labeled values of the invariant cross section. Arcs are drawn cen-

, . , . tered on a source velocity of 85% full momentum transfer and are
(IMF’s), while the SST’s detected protons, deuterons, t”tonsprovided for comparison to data.

and alpha particles.

Detectors were placed in a large scattering chamber ofiqyize the velocity of an emitting source or sour@s for
approximatef 1 m diametexthe Polish chambgrDetectors oy onyh1a The invariant cross section is defined as
on either side of the beam were mounted on separate tables

which were rotated to provide consistency checks between
detectors. Solid angles subtended by each detector were mea-
sured in three ways: by geometrical measurement, by radio-
active sources of known activity, and by elastic scattering. ) ] ) o
All three methods were in good agreement, with the geo¥Vhen there is only one isotropically emitting source, con-
metrical and source measurements g|V|ng consistent agreétant values of the |nvar|ant cross section lie on a C.|rC|e cen-
ment of less than 5% variation. Typical solid angles weref€red at the source velocity when plotted as a function of the
~1.5 msr for the GT’s ané=5 msr for each SST and wedge Parallel and perpendicular velocities of the detected particle.
element. A natural silver target of 0.932 mg/trareal den- D_evu_atlons frorr_l this isotropic pattern can |n_d|c_ate_anisotro-
sity was used throughout the experiment. The target thickPi€S in Fhe partlcle emission, prethermal emission in t_he for-
ness was measured by Rutherford scattering and by weigitard direction, or even multiple sources as for peripheral
ing; both methods yielded consistent results. Corrections fof°lliSions. An invariant cross-section map for inclusive alpha
energy loss in the target were made. particles is plotted in Fig. 2. Data are shown as points and

Energy calibrations were made by means of radioactivdn€ arcs are drawn centered on a source velocity of 85% of
sources and the elastic scattering of low energy nitrogerfh® center-of-mass velocity of the composite systert.31
neon, and argon beams generated via the “cocktail” metho¢M/N9. This figure provides a qualitative overview of an
developed at LBL[20]. This calibration procedure provides €mission pattern for alpha particles in which the data are
energy markers in a range extending from 3 to 50 MeV, thugeasonably represented by an emitter of velocity 85% LMT.
alleviating typical uncertainties stemming from a long ex-Departures from an isotropic pattern reveal anisotropy about
trapolation of the calibration line from a few low energy 90° in the emitter frame, as expected from a rotating source
points. Coincidences were recorded for particles from severdf€e Fig. 3 Note also the forward peaking of the cross sec-
beam bursts for the purpose of evaluating the contribution ofon at 25° and 45° in the laboratory, attributable to prether-
random or uncorrelated coincidences. Experimental datg'@ emission.

were written to 8 mm magnetic tape and analyzed off line. ~ The qualitative nature of conclusions based on invariant
cross-section maps limits their effectiveness in providing a

clear picture of reaction dynamics. Much more detailed and
quantitative information can be gleaned by close examina-
Several systematic studies have noted the increasing rot®n of energy spectra and angular distributions. Observa-
of partial linear momentum transfétMT) in central colli-  tions of the sensitivity to such properties as partial linear
sions between nuclei at bombarding energies greater thamomentum transfer are facilitated by the use of a kinematic
~10A MeV [6, 7, 21-23, for example The most direct simulation. To this end, the simulation codeNEs was em-
method of determining the degree of LMT is to measure theployed to provide comparisons to data. The simulation
velocity distribution of the heavy residual nuclei. While this GANES [25] is an extensively tested two-step model which
method is the most intuitive, it is by no means unique in itssimulates the emission of light charged particles from a
capability to determine source velocity. highly excited, rapidly rotating source. Energy spectra and
Invariant cross-section maps are commonly used to chaangular distributions are fitted empirically by varying the
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Polar Angle 6 (deg) sent the data; solid curves represeaNEs calculations.

lations, a picture emerges of a largely thermalized rotating

FIG. 3. Angular distributions with various assumptions of linear emitter. For both protons and alpha particles emitted either
momentum transfefLMT) are shown in both laboratory and emit- singly or in coincidence, comparisons WiiaNES calcula-
ter frames for the inclusive detection of alpha particles. Data argjong imply an average fractional energy loss<di.5 prior to
shown as pointsGANES calculations are shown as solid curves. A emission and an angular momentum rangé0sf75%. This

value of 85%6-5% LMT is inferred, with an anisotropy o+2.6. value of average fractional energy loss implies an average

spin range and a fractional energy loss parameter. The fra@mitter mass of 124 amu, assuming an average of 12 MeV is
tional energy loss parameter determines an average excitgarried away per emitted nucleon. This is consistent with
tion energy of an effective compound nucleus at the time obther measurements of emitter ma$$]. Barriers were em-
emission of the two particles of interest. It is used to characpirically chosen as 4.0 and 11.0 MeV for protons and alphas,
terize the effects of a finite emission chain in which particlesrespectively. A best fit of 85% LMT is indicated by compari-
are emitted over a range of excitation energies. High qualityson to simulation calculations. These parameters yield the
fits can be obtained for an assortment of experimental obbest overall correspondence between data and simulation to a
servables. The quality of fit is also dependent on the velocityarge set of observables. A sample of these comparisons is
of the emitting source; hence, detailed comparisons of simushown in the figures of this section.
lation calculations and data provide a basis for determining Figure 4 shows angular distributions in both laboratory
the '_-MT- ] ) ) ~and emitter frames for protons detected in singles. Data are
Figure 3 shows inclusive alpha particle polar angular diSrawn as open circles and the resultssaives calculations

tributions in both laboratory and emitter frames. The results; e shown as solid curves. The distribution is nearly isotropic

of several simulation calculations in which the spin rang&, yhe emjtter frame, with an anisotropy of 1.3. Protons are

and fractional energy loss are held constant while the emitteﬁOt strongly constrained by the angular momentum of the
velocity is varied are drawn as solid curves. Overall, angular

oo : . o . i heref fl h i hat char-
distributions in the emitter frame exhibit a pattern typically emitter and therefore do not reflect the anisotropy that char

. . S ) ? acterizes the emission of heavier particles. The associated
assomated_Wlm the emission of partlples from a Compos."t.%nergy spectra are shown in Fig. 5. Simulation calculations
nucleartseplnilggoso%ce, n?mlelyt/,danlsotrtl)py ;‘.b?%[ ? rnlnlFeproduce the measurements in both spectral shape and in-
Q%Tvnaby Ech_e soii d cSerZCLi/:rs asnglil?r:cti; ”ofu I'_OI\;_T_’ tensity as shown by the solid curves. A single normalization

) A . " factor is used for all calculated energy spectra. For protons
Comparison to data indicates a partial LMT of 85%6. g9y sb P

This value is in general agreement with other publishe here is only a slight hint of a forward-peaked contribution at

> . . he smallest polar angles.
?;zslsdurements using various techniqls, 17, 26, for ex- Coincidence data are also well characterized by the as-

sumption of an equilibrated rotating source. Figure 6 shows a
IV. CHARACTERIZATION OF LIGHT CHARGED series of angular distributions of coincidences between two
PARTICLE EMISSION alpha particles with various trigger conditions. Both in-plane
and out-of-plan€OOP) triggering was usedsANES simula-
Both single and coincident light charged particle datation results for each angle are plotted as ax.” Several
were collected. By analyzing the results with the aid of simu-observations can be made about Fig. 6. Isotropy is exhibited
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the direction of the angular momentum vector. For alpha
particles detected in singles the angular distributions exhibit
an inherent anisotropfsee Fig. 3. This reflects the lack of
restriction on the direction of the angular momentum vector
when only one alpha particle is detectée., the emission
plane is not know) thus, classically the angular momentum
vector can lie anywhere in a plane perpendicular to the beam.
In the context of the statisitical model, the emission width
dr is

17A MeV *°Ar + "**Ag > 'H (0)

dlcexp( B,sirt ¢),

where ¢ is the angle between the emission direction of the
particle and the angular momentum vector, a®dis the
ratio of the rotational energy and the temperat{, 27,
and references therdinThis emission width indicates that
the maximum emission probability is in directions perpen-
AT T N T T dicular to the angular momentum vector. The summation of
0 20 40 60 O 20 40 60 80 contributions from all possible orientations of the angular
E.,, MeV) Epp (MeV) momentum vector results in an enhancement in the probabil-
ity of an alpha being detected in either the forward or back-
FIG. 5. Energy spectra for protons detected in singles are showWard directions. The detection of the first alpha at a sideward
in both the laboratory and emitter framesaNEs calculations are  angle in the emitter frame, however, restricts the direction of
shown as solid curves. the angular momentum, enhancing the likelihood that subse-
guent particle emission is in the same plane. Thus, in-plane
by the in-plane coincidence angular distributions in the emitemission is nearly isotropic, having no preferred direction.
ter frame for polar angles greater thas90° (open and solid The cross section for the detection of the second alpha par-
circles in the lower plot This isotropy in the backward ticle out of plane is reduced due to the restrictions imposed
hemisphere suggests emission from a thermalized sourd® the direction of the angular momentum. This is first seen
whose angular momentum vector is constrained nearly peRy noting the two points labeled “OOP” in the lower plot of
pendicular to the emission plane. The requirement of twd-ig. 6, near a polar angle of 60°. A more revealing effect of

particles detected in plane is sufficient to significantly restrictout-of-plane coincidences is seen in the distribution denoted
by open squares in the lower plot, labeléfjg"=45°, in

which the trigger alpha particle is detected at 45° out of

(d%0/d0de)/2 (mb/sr MeV)
)

10

17A MeV 40Ar+natAg N 4He(6m )+4He(9) pIane_. Therg is more alnisptro'py exhibitgd in this djstr_ibut_ion
& than in the in-plane distributions; the in-plane distribution
- Lab Frame triggered at 45{65°) has an anisotropy of 1(&.3), whereas
E 2R, Bt (MeV) < 48 the out-of-plane distribution has an anisotropy of 3.2. The
10 E 2 ’ Sa o larger out-of-plane anisotropy is as expected for an emitter
07: 10 E & fe, . V%5 whose angular momentum is not aligned perpendicular to the
& JE TOE i . oy <10 plane of the detectors. Application of the kinematical simu-
'E 10 g B x B <10 lation GANES allows for reproduction of in-plane isotropies
~ T I RPN and out-of-plane anisotropies for a proper choice of the emit-
o 30 60 90 120 150 ter angular momentum. The anisotropy in the out-of-plane
g _ distribution provides a stringent constraint on the spin range
3 - ggnitter (F;a\r];’i (f:g’% LMT) of the emitter. The agreement between simulation and data
o . F ) “er (NC !ndipates that a spin range @—79% is a good character-
s 10g % S wsgs awsss Oy= 65 Ization. o -
10' fraot® 0o watne 0 = 45° Simulated coincident energy spectra also constrain the as-
NE g R ¢ sumed angular momentum of the emitter, since the particle
10 §X102m m I Oirig= 45° energy is enhanced by the spin-off energy from the rotating
. s T source. Figure 7 shows energy spectra for alpha particles
30 60 90 120 150 triggered by the detection of another alpha particle at
Polar Angle 9 (deg) 0,.="65° in the laboratory. Good agreement is shown be-

tween simulation calculations and data, especially at back-
FIG. 6. Angular distributions for two alpha particles detected inWard angles(Note that the inability of the statistical model
coincidence are plotted in laboratory and emitter frames. Resultt® Ppredict the broadening of the spectra at low energies is
from three different triggering conditions are plotted: open circlesepidemic[1, e.g].) Similar agreement is exhibited for energy

denote coincidences triggered by the detection of an alpha particiépectra triggered by the detection of an alpha particle at 45°
at 6,,,=65° in plane, solid circles af,,=45° in plane, and open in or out of plane. Such broad agreement in many observ-

squares a#b,,,=45° out of plane. Eactx denotes simulation re- ables gives confidence in the characterization of the compos-
sults. ite system.
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TABLE I. Angle-integrated light charged particle cross sections

40 nat. 4 o 4
I7A MeV “Ar + Ag - "He(657) + "He(0) for singles and coincidences inAMeV “°Ar+"¥Ag reactions. Al

5 AR EaAN Aas numbers are given in units of barns. Uncertainties shown are statis-
6L . HLab tical only.
= 107 g —
e, ¢ o
= e égp Single-particle cross sectiorflb)
C\IS_‘ E
T t 85° op 5.690.02
£ Y, oy 1.13+0.01
- b o5° E oy 0.5010.004
<. 10° E 2 T 6.24+0.03
= i 125° E Particle-particle cross sectiofis)
2 3 E
S o F 135° B Tpp 18.2+0.5
2 107 E E +0.12
c} E 145° E Opd 3.84+0.
B . 2 Tt 1.79+0.08
_QE 159 ] Tpa 19.5+:0.5
10 NP I H W I WIS IS S VS o s S N
0 20 40 60 80 O 20 40 60 80 Odqd 0.891+0.075
Elp (MeV)  Eg (MeV) Tat 0.356-0.033
Tda 4.65+0.16
FIG. 7. Energy spectra for coincident alpha particles triggered T 0.091+0.023
by the detection of one of the particles @,=65° in plane are Otq 2.26+0.10
shown in laboratory and emitter frames. Points denote data; solid Oaa 16.9+0.6

curves show the results of simulation calculations.

: . . . vaporationlike emission. The individual average multiplici-
Angle-integrated cross sections for evaporative single anﬁeS for evaporationlike H and He particles g@,)=3.6
p/ =9-9

coincident light charged particle production have also been,, y=0.8, (m,)=0.4, and(m,)=3.7 (each with a standard
calculated. Values are shown in Table I. Only statistical er'de\(jiation ’of~t15%). ’ *

rors are shown; due to the detailed knowledge of detector

solid angles, however, systematic errors are estimated to be V. CONCLUSIONS
small, =15%. These values show general consistency to . . . . . L.
~25% with other published valug§]. From the study of Evidence is provided for light charged particle emission

from a predominantly thermalized source with an angular
momentum of(0—759%. Energy spectra and angular distribu-
tions for light charged particles detected singly and in coin-
cidence are well described by a two-step model, assuming a
linear momentum transfer of 85% of the projectile momen-
with the largest LCP multiplicities were associated with tum and an average fraptiqnal energy loss of ap'prqximately
half of the available excitation energy before emission. Cal-

evaporationlike residues witimy, ;o) values of ~8 from L : )
o L : . culated multiplicities from angle-integrated cross sections
evaporationlike emission and2 from forward-peaked emis- . 4
are in excellent agreement withmmeasurements of the

sion. From the present study of the singles and coincidenc ;
cross sectiongTable |) one can use the procedure of Rdf] same reaction.

to calculate that the hard central collisions have a subset Financial support has been provided by the U.S. Depart-
cross sectiono, of 1.5+0.1 b with (m cp)=8.4+0.5 for  ment of Energy and the National Science Foundation.

multiplicity distributions from the AMPHORA 4 detector,
Magdaet al.[8] have concluded that there is a central colli-
sion group of reactiongwith a cross section of-2 b) that
emit H and He with an average multiplicityn, ) =8.5. In
a more recent studyl7] this group found that the reactions
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