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ABSTRACT

A STUDY OF THE MECHANISM OF l6o-INDUCED

REACTIONS BETWEEN 140 AND 315 MeV INCIDENT ENERGIES

By

l Terry Clayton Awes

Reactions induced by 160 ions on 238U at incident

energies of E/As=20 MeV have been studied. In coincidence

l

l'\ with fission fragments, projectile residues (Li,...,0) have

Q}

1‘ been measured near the grazing angle and double differential

‘Kg cross sections have been measured for energetic p,d,t, and

a-particles. The folding-angle between the two coincident

fission fragments is shown to provide information on the

linear momentum transfer to the target nucleus.

The emission of energetic light particles into the

forward direction is shown to be an important aspect of the

mechanism of projectile residue emission. However, light

particles emitted in coincidence with projectile residues

are not the result of a simple quasi-elastic breakup of the

projectile. This is shown by a kinematical analysis which

demonstrates that a large amount of linear momentum is

transferred to the target residue prior to fission. Using

the folding-angle information in coincidence with the

observation of energetic light particles, it is concluded

L e rm___..
 



that the majority of these particles result from fusion—like

"central" collisions with no projectile residue in the exit

channel. It is suggested that these particles most likely

are emitted during the early stages of the reaction.

Double differential cross sections have also been

measured for energetic p,d,t, and a-particles emitted in

16O-induced reactions on targets of Al, Zr, and Au at

incident energies of 140, 215, and 310 MeV. The energy and

angular distributions are well described by isotropic

emission from a moving thermal source. The extracted

temperature and velocity parameters are found to vary

systematically with the incident energy per nucleon above the

Coulomb barrier. The observed trend cannot be explained by

compound nucleus emission but instead suggest emission from

a source which consists of comparable contributions from

target and projectile. Alternatively, the proton energy

spectra are compared with a rotating hot spot model, a

precompound model, and with a simple knock—out model. The

d,t, and a—particle cross sections are also described using

the proton cross sections in terms of a generalized

coalescence relation which takes into account Coulomb

repulsion from the target nucleus.
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CHAPTER I

INTRODUCTION

A. Motivation
 

Heavy ion reactions have been studied intensively in

recent years at bombarding energies below 10 MeV/nucleon

and at relativistic energies above 200 MeV/nucleon. At low

energies of a few MeV/nucleon above the Coulomb barrier

processes known as deeply inelastic collisions have been

shown to make a major contribution to the reaction cross

section [Ar 73, Sc 77, V0 78, Go 80]. These reactions are

collisions of a two-body nature with a large overlap of

target and projectile and cover the range between compound

nucleus formation and direct reactions. They are typically

characterized by a partial memory loss of the incident

channel due to extensive kinetic energy dissipation and

substantial diffusion of nucleons between the interacting

nuclei. As a result of the dissipative nature of these

reactions, the outgoing nuclei exhibit a high degree of

equilibration. At relativistic energies, on the other hand,

the interaction time is short preventing any substantial

1



 

communication between target and projectile. In particular,

peripheral collisions are largely associated with fragmen-

tation process in which the surviving target and projectile

fragments act as mere spectators in the reaction while the

overlapping participant nuclear matter becomes a highly

excited subsystem moving independent of the target and

projectile [Gr 75, Cu 76].

In the intermediate energy region between 10 and

200 MeV/nucleon a transition is expected to occur from the

mean field description of low energy interactions to the

nucleon-nucleon scattering behavior characteristic of high

energy collisions [Sc 81a]. This transition is expected to

result when the velocity of the colliding nucleons

surpasses both the Fermi velocity and the velocity of

nuclear sound. Indications of the onset of such a

transitional behavior have been reported for reactions of

160 on 208Pb already at incident energies of E/A==20 MeV

[Ge 78]. Here, the element production cross sections for

projectile fragments were observed to resemble more closely

the production cross sections at E/A==2.l GeV incident

energy than at E/A==lO MeV incident energy. In addition,

the main features of the projectile residue energy spectra

could be explained in terms of intrinsic motion of the

excited projectile in a manner similar to the projectile

fragmentation interpretation formulated for relativistic

energies [Ge 77]. These observations suggest that the

transition to high energy behavior might begin already at



incident energies of only a few tens of MeV per nucleon.

The current generation of nuclear accelerators now nearing

completion, including the super-conducting cyclotron

facility here at Michigan State University, will be well

suited to study this region of transition between 10 and

200 MeV/nucleon.

A useful method for studying the development of the

heavy ion reaction mechanism from energies just above the

Coulomb barrier up to relativistic energies is through the

observation of energetic light particles (n,p,d,t, and a).

At relativistic energies several systematic studies of

inclusive light particle emission [Go 77, Sa 80, Na 81]

have resulted in a great deal of theoretical interest. The

models which have been proposed to explain the light

particle spectra range from single scattering knock-out

models [Ko 77, Ha 79] to the fireball [We 76] or firestreak

[My 78] models in which thermal emission is assumed to

occur from the highly excited and independently moving

participant matter. The inclusive data are found to carry

sufficient information to rule out either single scattering

or thermal emission as the sole source of light particles

[Na 81]. Instead the data suggest a model in which both

direct and thermal components are included either explicitly

[Ch 80] or by including contributions from single and

multiple collisions as in linear cascade models [Hfi 77,

Ra 78, Cu 81] or in fully three-dimensional cascade models

[Ya 79a,Cu 80, Ya 81].



At low energies (E/A425 MeV above the Coulomb barrier)

detailed studies of neutron emission in heavy systems have

shown that the neutrons are explained by statistical

evaporation from the compound nucleus or from fully

accelerated reaction partners of deeply inelastic collisions

[By 78, Hi 79, Ta 79, Go 80a]. At somewhat higher energies

there exists evidence for nonequilibrium neutron emission

[Hi 78, We 78, Ge 80, Ga 81, Ts 81, Be 81, Yo 81]. Non-

equilibrium charged particle emission has also been observed

in inclusive measurements [Br 61, Ba 78, Sy 80] as well as

in various coincidence experiments. Many of these

coincidence studies have involved the observation of light

particles in coincidence with projectile fragments [Ha 77,

Ho 77, Ge 77a, Ga 78, Bh 79, Ho 80]. Unfortunately, the

interpretation of these experiments is dependent upon

assumptions about the origin of the light particles. For

example, if they are assumed to result from the sequential

decay of excited projectile fragments, then one must also

make assumptions about the primary distribution of the

projectile fragments [Bi 80]. As a result, systems similar

to those which have been associated with nonequilibrium

effects have also been shown to be consistent with

equilibrium emission from excited reaction partners [Bi 80,

Yo 80, Se 81]. In less kinematically restrictive experi—

ments in which coincident fusion products were identified

using y-ray techniques [In 77, 20 78, Ya 79, Si 79a,Ba€Mkfl

it has been demonstrated that energetic light particles



are emitted in processes that cannot be associated with

equilibrium emission from either the compound nucleus or

from fully accelerated reaction partners. Instead, it has

been shown that reactions in which a major portion of the

projectile mass is transferred to the target nucleus make

an important contribution to the light particle emission.

These reactions have been termed ”massive transfer”

[Z0 78, Ya 79] or "incomplete fusion" [Si 79% reactions.

The models which have been developed to explain the

light particle spectra observed in low-energy heavy ion

induced reactions are closely analogous to the models used

at relativistic energies. Following the original suggestion

of Bethe [Be 38], there exist several models which assume

thermal emission from a locally heated region or "hot spot”

on the nuclear surface [Ho 77, We 77, Go 7hr No 78, Go 79,

Ut 80, Ga 80, Ga 80a, Mo 80, Mo 81]. Such a "hot spot”

corresponds directly to the highly excited participant

matter in a relativistic collision but at low-energies does

not have sufficient translational energy to become

dissociated from the target and projectile nuclei. This

heated region of the nuclear surface would attain much

higher temperatures than the compound nucleus and,

immediately after its formation, would decay by thermal

diffusion into the adjacent nuclear matter or by the

emission of energetic light particles. Rather good agree-

ment with experimental data has been obtained using such an



interpretation in several instances [No 78, Ut 80, Ga 80].

Alternatively, it has been proposed that promptly emitted

particles or ”PEPs" resulting from a nucleon-nucleon single

scattering process might explain the energetic light

particles as the result of a velocity addition effect in

which the Fermi velocity couples with the relative velocity

to yield the observed high energies [Bo 79, B0 80]. In

between these two extreme points of view are models which

consider the time development of the approach to equilibrium

such as the cascade [Be 76] and precompound [B1 75, B1 81]

models. Most of these theories are formulated to predict

single particle inclusive cross sections. On the other

hand, as noted above, most of the experimental effort in

low—energy light particle emission has been devoted to

coincidence studies which are generally very phase space

selective. The resulting coincidence cross sections are

very difficult to relate to the inclusive cross sections.

As a result, it has not been possible to provide a

sufficiently stringent test to differentiate between the

various models.

B. Scope
 

The emphasis of the present study has been in two

directions. In the first place, it has sought to determine

the degree to which the reaction mechanism operating in

heavy ion reactions at 20 MeV/nucleon is comparable to the



mechanism of relativistic energies. Previous results at

this incident energy [Ge 78] have suggested that the energy

and element distributions of projectile-like fragments have

features which are characteristic of relativistic collisions.

In order to investigate this similarity further we have

obtained information on the momentum transferred to the

target residue and its excitation energy. With this infor-

mation it is possible to determine whether the role of the

target residue is that of a mere spectator, as believed for

relativistic energies, or whether it is actively involved in

the reaction. The other direction of emphasis in the

present research has been toward understanding the

characteristics of light particle emission in heavy ion

reactions in the range of incident energies between 10 and

20 MeV/nucleon. The present results should help to

discriminate between the various models proposed to explain

light particle production in this range of incident energies.

The research described here is the result of four

experiments, each of which has been published previously

[Dy 79, Aw 79, Ba 80, Aw 80, Aw 81, Ka 81, Aw 81a, Aw 82].

In the first three experiments reactions resulting from the

bombardment of a 238U target with 160 ions of E/A==20 MeV

incident energy have been studied. In these studies one or

both fission fragments were observed in coincidence with

other reaction products. For this reason, we have chosen

an actinide target because of its low fission threshold.



As a consequence, fission is the dominant decay mode of the

target residue and only the most quasi-elastic collisions

will be excluded by the fission coincidence requirement.

Furthermore, because the fission fragment distribution is

dominated by the inherent kinetic energy release of the

fission process and not the kinematics of the reaction,

only a small kinematic bias is imposed on the reaction by

the coincidence requirement. This allows the study of

rather global features of the reaction. In particular,

the folding-angle between the two outgoing fission frag-

ments is closely related to the amount of linear momentum

transferred to the fissioning system [Si 62, Vi 76]. This

information can be used to discriminate between "peripheral”

collisions such as inelastic scattering, breakup, or

transfer reactions and "central” collisions, such as

massive transfer, complete and incomplete fusion. In

addition, the fission fragment mass distribution can be

used to some degree as a measure of the excitation energy

of the fissioning system.

In the first of these three experiments, projectile-

like fragments were observed in coincidence with both

fission fragments [Dy 79, Aw 79, Ba 80]. This enabled a

rather complete kinematic understanding of those reactions

which produce projectile-like residues. In the second

experiment both fission fragments were again observed but

in coincidence with light particles (protons, deuterons,



tritons, and alphas) [Aw 80, Aw 81]. It was thereby

possible to determine the relative contributions of

processes such as breakup or incomplete fusion to the

emission of light particles. The third experiment involved

the observation of either protons or neutrons in coincidence

with a single fission fragment [Ka 81]. The purpose here

was to compare proton and neutron spectra directly in order

to better understand the mechanism through which composite

particles such as the deuteron are produced. The fourth

and final experiment of this study was an investigation of

the incident energy and target dependence of light particle

production. For this purpose inclusive measurements were

made of light particles emitted in 160 induced reactions on

targets of 27Al, 902r, and 197Au at incident energies of

140, 215, and 310 MeV [Aw 81a, Aw 82].

C. Organization
 

The next two chapters of this dissertation present the

experimental details of the current study. In Chapter II

the experimental setup of each of the four experiments and

the calibration procedures are described. Chapter III

describes the method of data analysis including kinematic

considerations and normalization procedures. The results

and interpretation of reactions involving the emission of

projectile-like residues are described in Chapter IV.
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At the present time there exists no satisfactory

theoretical framework for the description of light particle

emission in heavy ion induced reactions. Instead, the

theoretical approaches tend to be rather phenomenological

drawing motivation from specific features of the light

particle spectra. For this reason, the theoretical models

are discussed in the context of the experimental results

in Chapter V. In this chapter we discuss four different

models of light particle emission, including a single

scattering knock-out model, two models making assumptions

of thermal emission, and a precompound model which considers

the time development of the approach to equilibrium.

Chapter VI discusses the production of the various composite

particles. A coalescence description is applied in which

the composite particles are assumed to result from a

condensation or coalescence of free nucleons [Sc 63, Cu 76].

The last chapter is a summary of the present results. In

addition, five appendices are included to provide detailed

information about experimental corrections and the models

applied.



CHAPTER II

EXPERIMENTAL PROCEDURES

A. Introduction
 

The general objective of the present study was to

investigate details of the reaction mechanism operating in

heavy ion collisions at E/A==20 MeV. The experiments have

been performed at the 88-inch cyclotron of the Lawrence

Berkeley Laboratory (LBL) where an 1606+ beam of 315 MeV

incident energy is available. Four experiments have been

performed with the following specific objectives:

1) to investigate those reactions in which a projectile-

like fragment is emitted, 2) to determine which processes

result in light particle emission, 3) to make a direct

comparison of proton and neutron spectra, and 4) to study

the systematics of light particle production. All of these

experiments except the neutron comparison experiment were

performed using the LBL 36-inch scattering chamber. The

neutron experiment was completed using the spectrograph

vault. A detailed summary of the experimental arrangements

11
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in the first three experiments is given in Tables II-l,

II-2, and II-3. Included here are estimates of the

dynamic ranges of the various particle telescopes. In

each of the four experiments the raw data were recorded

event by event on magnetic tape using the LBL Modcomp

computer system. The data were analyzed off-line on the

Sigma—7 computer system at MSU using the program SCANDIA.

B. Experimental Arrangement 

l. Projectile-like Fragment Experiment 

This experiment was performed using 160 beams of

140 MeV and 315 MeV incident energy. The target consisted

of 200 ug/cm2 of 238UF4 evaporated onto a 50 ug/cm2 carbon

foil. The detector arrangement is illustrated in

Figure II-l and details of the experimental arrangement are

presented in Table II-l. The emphasis in this experiment

was toward detecting projectile—like fragments (PLFs) in

coincidence with fission fragments. For this purpose two

commercially available ORTEC position sensitive solid state

detectors (PSDs) of 8 mm x 47 mm active area were placed on

opposite sides of the beam axis at O§==-OZ==80°. These

detectors allowed the measurement of the energy and angle

of the two coincident fission fragments resulting from the

sequential fission decay of the target residue. A heavy

ion telescope placed at e==15° relative to the beam axis

was used to detect projectile residues in coincidence with
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fission fragments. In addition to projectile-like

fragments, light particles were observed in three light

particle telescopes. One telescope consisted of a 375 um

thick surface barrier solid state detector backed by a

3.8 cm deep NaI(Tl) scintillation detector. This NaI-

telescope was located at an angle of ONaI==-l4° relative to

the beam axis and subtended a solid angle of QNaI==7.6 msr.

An Al cover foil of 400 um thickness was placed in front of

this telescope to stop elastically scattered particles in

order to reduce the count rate and prevent radiation

damage. A second telesc0pe, used for detecting alpha—

particles, consisted of a 200 pm thick AE-detector and a

5 mm thick E-detector. This telescope was placed at

Ga1==30°. An additional alpha-particle telescope was

located out of the reaction plane at the angles Oa2==26°,

©02==90°. The light particle results of this experiment

will be discussed only superficially, however, since the

second experiment of the present study deals with the

question of light particle emission more thoroughly.

A valid coincidence event consisted of a coincidence

between both fission detectors and a projectile residue or

a light particle (detected in any of the four telescopes).

For each event, 17 parameters were measured and recorded

on magnetic tape. The parameters are: the energy signals

of all eleven detectors, the two position dependent

signals for the position sensitive fission detectors and
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the time to amplitude converter outputs that correspond to

the time spectra measured between the fission detector

PSDA and the four particle telescopes. In addition, the

relative time spectra between the two fission detectors

were monitored. Since these spectra contained only a

negligible number of events corresponding to random

coincidences (mlO4 real—to-random ratio), this parameter

was not stored on magnetic tape.

2. Light Particle Coincidence Experiment 

In this experiment a self-supporting metallic 238U

target of approximately 500 pg/cm2 areal density was

bombarded by 1606+ ions at 315 MeV with a beam current of

N3 nA. A schematic drawing of the experimental layout is

shown in Figure II-2 and experimental details are presented

in Table II—2. Four AE-E light particle telescopes were

mounted in the plane of two position sensitive solid state

fission detectors. All detectors were mounted on a

movable table inside the scattering chamber. Each of the

four AE-E telescopes consisted of a 400 um surface barrier

Si detector and a 7.6 cm thick NaI detector. Two experi—

mental geometries were used. In geometry 1, shown in

Figure II-2, the light particle telescopes were placed at

the scattering angles of -95°, —25°, 70°, and 140°. The

position sensitive detectors were located at og==~60° and

O§==100° with each subtending an angular range of about

:20°. For geometry II, the entire arrangement was rotated
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by -15° to give four additional angles (-110°, —40°, 55°,

125°) for light particle observation. Accordingly, the

fission detectors were then centered at OZ==-75° and

O§==85°. In geometry I, one telescope was moved for a

portion of the run to the forward angle of 15°. At this

angle an aluminum absorber of 640 um thickness was placed

in front of the telescope to prevent pile-up and radiation

damage by the high flux of elastically scattered 16o

nuclei.

In this experiment, sixteen parameters were recorded

on magnetic tape: the energy signals of all ten detectors,

the two position dependent signals of the position

sensitive fission detectors, and the four timing signals

corresponding to the time separation between fission

detector A and the four light particle telescopes. In

addition the coincidence time signal between the two

fission detectors was monitored and used to gate the

computer to ensure that two fission fragments were detected

for each event. Since only a negligible number of random

coincidences between the two fission detectors were

observed, this parameter was not recorded on tape.

A "coincidence event" was defined as a coincidence

between the two fission fragments and at least one of the

light particle telescopes. In addition to coincidence

events, "inclusive fission events" were recorded on tape

at a downscaled rate for normalization purposes. An

_. "mvt-Sith-—' -———
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inclusive fission event was defined as a coincidence

between two fission fragments.

3. Neutron Experiment
 

The emission of energetic neutrons and protons was

measured in coincidence with fission fragments for the

reactions 238U (160, nf) and 238U (160, pf). A 238UF4

target of 320 ug/cm2 thickness, mounted on an 80 ug/cm2

carbon backing was irradiated by l606+ ions of 310 MeV

incident energy. The experiment was performed in a large

experimental area in order to have long neutron flight paths

for improved energy resolution and also to minimize the

background due to the rescattering of neutrons from the

walls. Details of the experimental setup are given in

Table II-3. To minimize the rescattering of neutrons, a

thin-walled aluminum scattering chamber was used [Hi 79].

Fission fragments were detected inside this chamber with a

surface barrier detector mounted at an angle of ef==90°

with respect to the beam axis and at a distance of 1.5 cm

from the center of the target. The primary purpose of the

fission detection was to provide a time signal with which

to perform the neutron time-of—flight measurement. This

was necessary because the time structure of the cyclotron

beam.pulse was not sufficient for this purpose.

In the first part of the experiment, four liquid

scintillation detectors (NE 213) were used to detect

neutrons emitted at angles with respect to the beam of
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-25°, -40°, -55° and -95° respectively, in coincidence

with fission fragments. The flight paths were 2.05 m. In

order to reduce the background due to extraneous sources

and due to scattering in the experimental vault, these

detectors were placed inside shields constructed of lead,

concrete and paraffin. The background remaining was

determined by measurements with a tapered steel bar of 60

cm length placed halfway between the target and each

detector. This ”shadow bar" completely filled the detector

solid angle so that neutrons originating in the target were

absorbed but extraneous neutrons were allowed to reach the

detector. Energetic charged particles were discriminated

by an anticoincidence requirement using transmission-

mounted solid state detectors placed outside the scattering

chamber. Pulse shape information from each scintillator

was obtained by means of Canberra Model 2160 pulse shape

discriminators [Sp 74].

In the second part of the experiment, coincident

protons were detected with two AE—E telescopes positioned

at angles of Op==-25° and —55°. Each of these telescopes

consisted of a 400 um thick surface barrier detector and

a 7.6 cm thick NaI(Tl) detector. The detectors were

placed outside two exit ports of the scattering chamber

which were covered with 50 pm thick mylar windows.

Downscaled fission singles data were recorded

simultaneously with the coincidence data. For each event,
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the pulse heights of all detector signals were recorded on

magnetic tape; in addition, the time difference between

light particle and fission detector signals was recorded

together with the output of the pulse shape information

circuit for each neutron detector.

4. Inclusive Light Particle Experiment
 

The aim of this experiment was to study the energy and

target dependence of inclusive light particle cross sections.

For this reason, 160 beams of 140, 215, and 310 MeV incident

energies were used with typical intensities of 20, l, and

0.5 nA, respectively. Measurements were made using three

different targets spanning a large mass range. An 27Al

target of 1.6 mg/cm2 thickness was used at all three bom-

barding energies. A 9OZr foil of 20.9 mg/cm2 thickness

and a 10.6 mg/cm2 thick 197Au foil were each irradiated at

215 and 310 MeV incident energies. In addition, a thin

197Au target of 1.2 mg/cm2 thickness was bombarded at

140 MeV incident energy. This target was found to have a

hydrogen contaminant which gave rise to a distant peak in

the forward angle proton spectra. This contribution has

been removed in the analysis.

Light particles (p,d,t, and a) were detected with two

AE-E telescopes mounted on a movable table inside the

scattering chamber. Each telescope subtended a solid

angle of 22 msr and consisted of a 400 um thick surface

barrier detector and a 7.6 cm thick NaI(Tl) detector.
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The entrance window of the Nal detector consisted of a

Havar foil of about 75 um thickness. The AE and E energy

signals of the two telescopes were recorded event by event

on magnetic tape for off-line analysis.

C. Calibration Procedures
 

1. Energy Calibration of Fission Fragment Detectors
 

The energy calibration of the position sensitive

fission detectors used in the PLF and light particle experi-

ments was obtained by recording the pulse height spectrum

from the spontaneous fission of 252Cf and using the Schmitt

calibration procedure [Sc 65]. This procedure takes into

account the mass dependent response (known as the pulse

height defect or mass defect) of surface barrier detectors

to heavy ions and fission fragments by employing a mass

dependent energy calibration of the form

E=(a+a'M)P+(b+b'M) . (II-1)

Here E and M are the ion energy and mass, respectively, and

P is the corresponding pulse height. For a given detector

the constants a, a', b, and b' may be obtained directly by

making a minimum of two measurements of pulse height

versus energy for at least two different ion masses.

However, such a calibration procedure would be difficult

and time consuming to perform in every experiment.
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Schmitt et. al. have overcome this problem by using

the pulse height spectrum from 2520f spontaneous fission

fragments to uniquely define two pulse heights PL and PH.

Due to the dominance of asymmetric fission, the 252Cf

pulse height spectrum is a bi—modal distribution with the

peak at large pulse height corresponding to the light

fission fragment and the peak at low pulse height corres-

ponding to the heavy fragment. The pulse height PL is then

defined as the midpoint between the 3/4-maximum points in

the light fragment peak and the pulse height PH corresponds

to the midpoint between the 3/4-maximum points in the

heavy fragment peak.

The pulse height locations PL and PH are uniquely
 

defined independent of the detector response. As a result,

the energies EL,M and EH M associated with these pulse

height positions for a fragment of mass M and for a given
 

detector will be associated with the same pulse height

positions in any similar detector. Having once determined
 

the energies EL,M and EH,M for a fragment of mass M it is

never necessary to do so again. It is only necessary to

determine the actual pulse height values PL and PH which

will depend on a particular detector's response. By using

any four energies EL,M1’ EH,M1 and EL,M2° EH,M2’ associated

with any two fragment masses M1 and M2, it is possible to

solve for the four constants of Eq. (II-l). In particular,

Schmitt et. al. [Sc 65] determined the Br (M==80) and
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I (M==127) energies corresponding to each pulse height

location PL and PH. Using these four energies in

Eq. (II~1) the resulting four simultaneous equations may be

solved in terms of PL and PH to obtain

a = 24.0203/(PL - PH),

a' = 0.03574/(P - P ).

L H (II-2)
b = 89.6083 - aPL,

b'==0.l370-—a'PL.

This procedure allows the energy calibration of surface

barrier fission detectors to be performed quickly and

efficiently.

The surface barrier fission detector used in the

neutron experiment was not energy calibrated since its only

purpose was to provide a timing signal when a fission

fragment was observed. The pulse height resolution was

sufficient to distinguish alpha-particles from fission

fragments and to observe the light and heavy fragment

components of the fission pulse height spectrum.

2. Position Calibration of Position Sensitive Detectors
 

The position calibration of the PSDs was obtained by

viewing a 252Cf source through a mask with 15 equally

spaced slits of 0.8 mm width placed over each detector. A

third order calibration polynomial was used with the form

s==aO-+alx-Fa2x2-ta3x3 (II-3)
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where s is the position along the detector and x is the

position signal defined by the ratio x = (position

x energy signal)/(energy signal) for each detected particle.

Due to the pulse height defect of the PSDs (see II.C.1) it

was necessary to allow for the energy dependence, viz.

mass dependence, of the parameters ai of Eq. (II-3)

according to

ai==bi-+biP (II-4)

where P is the pulse height of the energy signal. The

constants bi and bi were obtained by gating the 252Cf

energy pulse height spectrum with several energy windows

and fitting the centroids of the slit locations in the

position spectrum to the known mask positions.

This calibration procedure gave good position resolu—

tion of As 50.5 mm corresponding to a typical angular

resolution of better than 0.3 degrees in our experimental

geometry. However, in order to achieve good efficiency for

the detection of fission coincidences, it was necessary to

mount the fission detectors close to the target (see

Figures II-l and II-2). This close geometry renders the

angle calibration quite sensitive to systematic errors

resulting from small uncertainties in the beam and target

positions. To minimize such systematic errors we have

measured the folding-angle distributions in each experiment

for four different target positions. (The fission fragment
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folding-angle, GAB, is defined as the angle of emission

between two coincident fission fragments). As shown in

Appendix A, this allows measurement and correction for

displacements of the beam and target from the center of the

scattering chamber. In the projectile-like fragment

experiment the folding-angle calibration was further

verified by requiring that the fission fragment folding—

angle (and hence target recoil momentum) observed in

coincidence with inelastically scattered 160 ions

(Q:>-15 MeV) be consistent with a pure two—body reaction

followed by the fission decay of the target nucleus. With

these corrections taken into account, it is estimated that

the fission fragment folding—angle is measured with an

accuracy of AOAB;510 (see Appendix A).

3. Energy Calibration of NaI Detectors
 

Previous observations [Ba 78, Sy 80] of energetic

light particle emission in heavy ion reactions have shown

that protons are emitted at forward angles with energies of

up to four times the incident energy/nucleon of the beam.

These protons, having energies greater than 80 MeV, would

require over 2.5 cm of Si in order to be stopped. The

expense of such thick Si surface barrier detectors prohibits

their use as stopping detectors but makes thick NaI(Tl)

detectors appear highly attractive. Unfortunately, the

large amount of energy deposited by these energetic

particles would quickly saturate a photomultiplier tube at
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normal operating voltages. Therefore, in order to prevent

saturation, we have shortened the dynode chain of the

photomultiplier tubes used in the present study. For a

typical Nal detector the energy signals were taken from

the fifth dynode of the photomultiplier tube.

In all four experiments except the neutron experiment,

the NaI detectors were placed in the scattering chamber

under vacuum. Since the NaI detectors were electrically

insulated and therefore in poor thermal contact with the

scattering chamber it was necessary to monitor them for

possible gain shifts due to resistive heating in the

photomultiplier tube base. In the experiment emphasizing

projectile fragment emission, the NaI detector stability

was monitored by observing the peak position of elastically

scattered 160 ions which entered the detector through a

1.6 mm diameter hole in the aluminum cover foil. In the

light particle coincidence experiment and the light

particle inclusive experiment the gain stability was

monitored by recording the y-ray spectra of 22Na and 60Co,

respectively, during ion source changes. Due to the long

term gain shifts, the overall accuracy of the NaI energy

calibrations is estimated to be about 3%.

In the experiment in which light particles were

measured inclusively, the energy calibration of the NaI

detectors for hydrogen isotopes was established by measur-

ing the elastic scattering of protons on a l97Au target
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at the incident energies of 10, 20 and 45 MeV. The result—

ing energy calibration was found to be linear over this

energy range and was extrapolated toward high energies. An

independent energy calibration was established for alpha-

particles by measuring the elastic scattering of alpha-

particles on 197Au at 40, 80 and 120 MeV. The resulting

energy calibration was found to be slightly non—linear

with a decreasing response toward high energies. These

calibration points and the chosen calibration curves are

shown in Figure II-3 for one of the NaI(Tl) detectors.

From this figure the rather large pulse height defect of

these detectors is evident. The pulse height defect

between the various hydrogen isotopes has been assumed to

be negligible [Wa 60].

In the three fission coincidence experiments the NaI

detectors were not calibrated as thoroughly due to beam

time constraints. In the light particle coincidence

experiment the energy calibration for hydrogen isotopes was

established by measuring the elastic scattering of protons

on a 197Au target at incident energies of 20 MeV and

45 MeV. The energy calibration for alpha-particles was

obtained by measuring the elastic scattering of alpha-

particles on a 197Au target of 80 MeV. This gave a fixed

point for the calibration. The energy deposited in the AE

detector was then used to determine the thickness of the

AE detector. The response of the NaI detector to
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alpha-particles was then established from a continuum

spectrum by setting gates on the AE signal and calculating

[CMap] the alpha-particle energy corresponding to the

measured AE signal. The overall accuracy of this procedure

is about 5%.

In the neutron experiment, the energy calibration of

the NaI detectors was established by observing 45 MeV

protons elastically scattered from a gold target. The

shapes of the high energy tails of the proton spectra

measured in coincidence with fission fragments were con-

sistent with the spectra of the previous light particle

coincidence experiment. In the projectile-like fragment

experiment the energy calibration of the NaI telescope for

hydrogen isotopes was obtained by measuring the elastic

scattering of protons on gold at 21 MeV and measuring the

p(a,p) reaction at 79 MeV incident energy using a hydro-

carbon target. The alpha-particle energy calibration was

assumed to be parallel to the calibration for hydrogen

isotopes and to pass through the fixed point obtained by

measuring the elastic scattering of alpha—particles on

238U at 79 MeV.

4. Energy Calibration of Solid State Detectors
 

Solid state silicon detectors were used in the present

study as AE detectors in front of the NaI detectors and

also as both AE and E detectors in the alpha-particle and

heavy ion telescopes of the projectile-like fragment
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experiment. These detectors were energy calibrated and the

linearity of the electronics was checked by injecting a

known amount of charge using a calibrated pulser into the

input stage of the detector preamplifiers. From the

measured value of the ionization energy of silicon

(3.67 eV/ion pair) this amount of charge can be directly

related to an equivalent amount of energy deposited in the

detector. These pulser calibrations were verified by

measuring the alpha-particle energy spectra resulting from

the decay of 228Th, 241Am, or 252Cf sources and/or by

calculating [CMap] the energy lost in the AE detectors

corresponding to the measured AE signals of the elastically

scattered proton and alpha beams.

5. Neutron Time-of—Flight Calibration
 

In the neutron coincidence experiment the neutron

energy was determined by measuring the neutron flight-time.

The flight times were recorded using time to amplitude

converters (TACs) with start signals derived from the anode

signal of the neutron detector photomultiplier tubes and

with a stop signal derived from the fission detector. The

TAC spectra were calibrated using a pulser system with a

set of calibrated delays. A time calibration of the form

T= c0+clt+c2t2+C3t3 (II-5)

was assumed where T is the calibrated time corresponding to

the channel t of the TAC spectrum. The coefficients c2
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and c3 of the non-linear terms were relatively small. The

neutron time-of-flight, Tn, is then given by

Tn==TY-T-td/c (II-6)

where TY is the arrival time of the prompt y-rays which

was used as a reference time and, d/c, the flight path

divided by the speed of light, is the time-of—flight of the

y-rays. The neutron energy was calculated according to

E =mc2(y - l) (II-7)

2 . _ 2 -% -
where mc 18 the neutron rest mass and y-—(1-—B ) w1th

B==(d/Tn)/c.

In order to improve the time resolution and hence the

energy resolution, the neutron-fission timing signals were

corrected for the flight time of the fission fragments.

This was accomplished by gating the fission fragment pulse

height spectrum into four bins. These bins of increasing

pulse height then correspond to four bins of decreasing

fragment mass. Since the heavier fragments have longer

flight times their time spectra will be shifted relative to

the light fragment time spectra. By using separate

reference times TY for each of the four fission pulse height

gates it was thereby possible to achieve an overall time

resolution of 1.0 nsec (fwhm), corresponding to an energy

resolution of 5 MeV (fwhm) at 50 MeV.



CHAPTER III

DATA ANALYSIS

A. Normalizations and Corrections
 

1. Projectile—like Fragment Experiment
 

The coincidence spectra and calculated quantities of

this experiment have been corrected for accidental coinci-

dences. The spectra for accidental events were obtained by

gating the relative time spectrum between the fission

detector and particle telescope on the random coincidence

peaks. The envelope of the random coincidences has a max-

imum at the real coincidence peak. It is therefore necessary

to renormalize the random spectra obtained from the random

peaks to the maximum of the envelope. The relative contri-

bution of accidentals in the real coincidence peak was

deduced from the contribution of elastically scattered 16O

which cannot occur as a true coincidence with fission. The

spectrum of the accidentals, Nae: in the real coincidence

peak was then calculated as

__(Nel.)ac

Nac Nrn (III-l)

-—(Nel.)rn

36
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where (NaI.)ac and (Nel.)rn are the elastic contributions

in the real and random coincidence peaks, respectively, and

Nrn is the spectrum of random events obtained from the

random coincidence peaks. The resulting random corrections

were typically less than 3%. In addition, the fission

fragment folding-angle distributions have been corrected

for the geometrical detection efficiency. The coincident

cross sections are presented as the raw number of counts.

2. Light Particle Coincidence Experiment
 

The fission fragment folding-angle distributions, GAB»

have been corrected for the geometrical efficiency of the

fission detection system. The coincident light particle

spectra were also corrected for the fission detection

efficiency on an event by event basis. The detection

efficiency, shown in Figure III—l, was determined by a

computer simulation of the fission decay of 254Fm

(Appendix B). In this simulation, the total momentum

vector of the recoiling 254Fm nucleus was assumed to be

directed parallel to the beam axis. This assumption is

necessarily fulfilled for compound nucleus reactions. For

noncompound reactions, however, the recoil momentum

components perpendicular to the beam axis could be

appreciable. In this case, the momentum vectors of the

fission fragments could span a plane that does not contain

the beam axis and our calculations would overestflmate the

detection efficiency. Since the transverse momentum
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distribution of the target residue is not known, a

correction for this effect could not be made.

The coincident spectra have also been corrected for

accidental coincidences. The coincident light particle

cross sections are presented as the differential multiplicity

per fission event, that is, as the number of light particle

coincidences normalized to the number of inclusive fission

events Nf.

3. Neutron Experiment
 

In the off-line analysis, two-dimensional gates were

set in the pulse height versus pulse-shape spectra to dis-

tinguish y-rays from neutrons. The neutron detection

efficiency was calculated with a modified version of a

computer code originally developed by Kurz [RJKu]. For a

given detector thickness, the efficiency depends primarily

on the threshold set on the pulse height distribution. The

threshold for each detector was chosen to be higher than

the electronic threshold, and two different values of

threshold for each detector were tried to check the calcu-

lated efficiency. The accuracy of the absolute neutron

efficiency is estimated to be i15%.

A 10—15% contribution of background neutrons was sub-

tracted from the neutron spectra. The background was

determined during runs in which the ”shadow bars" were in

place. The spectra were also corrected for accidental

coincidences. The coincident neutron and proton cross
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sections are presented as the number of coincidence events

normalized to the number of inclusive fission events Nf.

4. Inclusive Light Particle Egperiment
 

Differential cross sections were determined using the

measured target thicknesses and integrated beam current.

The dead time of the system was monitored by injecting a

pulse into the detector preamplifiers at a rate which was

proportional to the beam current. The resulting dead time

corrections were usually less than 4%. The absolute mag—

nitude of the cross sections is estimated to be accurate

to within 35%.

B. Particle Identification
 

Mass and charge identification of the particles

observed in each telescope was obtained by using a standard

particle identification (PI) function of the form [Go 75]

PI o: (E + AE)Y - EY . (III-2)

Here AE and E are the measured energy loss and residual

energy of the particle and y is a parameter which is optim-

ized to give minimum energy dependence of the PI function.

Generally, y varies from 1.6 to 1.8.

A typical PI spectrum observed in the inclusive light

particle experiment is shown in Figure III-2. Here the NaI

energy calibration for hydrogen isotopes was used to
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separate the individual hydrogen isotopes and identify

helium. When a helium particle was identified, the alpha-

particle energy calibration was applied and a new PI was

calculated which allowed resolution of 3He and alpha-

particles. However, the spectra of 3He have not been

analyzed in the present study due to non-negligible contri-

butions from the abundant alpha-particles. In the light

particle coincidence experiment a contribution of approxi-

mately 10% 3He was included in the 4He spectra.

C. Fission Reaction Kinematics
 

The projectile-like fragment coincidence data have been

analyzed off-line on an event by event basis in order to

extract the amount of linear momentum transferred to the

target residue prior to fission. In this experiment, the

energy and outgoing direction were the only parameters

determined for each fission fragment. Because the fragment

masses were not measured the reconstruction of the

kinematics of the fission reaction is not possible unless

two further assumptions are made to determine these two

parameters. In our analysis we have made specific assump-

tions about the sum mass of the primary fission fragments

and about the target residue momentum component Pfi’perpen-

dicular to the beam axis. In this section we give a

detailed discussion of our kinematical analysis and the

validity of our approximations.



43

We consider the fission decay of the recoiling nucleus

as an isolated event, i.e., we assume a truly sequential

fission process. Momentum conservation in the laboratory

system then gives the following two equations

Pg==PA cos @A-FPB cos GB, (111-3)

and

Pfi==PA sin °A"PB sin GB, (III-4)

where Pg and Pfi denote the parallel and perpendicular

momentum.components of the recoiling system with respect to

the beam axis. The magnitude and angle of the momentum of

fragment A with respect to the beam axis are denoted PA and

0A, respectively. A similar notation is adopted for the

momentum of fragment B. Mass conservation during the

fission decay can be expressed as

MR=MA+MB (III-5)

where MR, MA and MB are the masses of the recoil nucleus

and the primary fragments A and B, respectively. The

momenta of the primary fission fragments are given by

PA: (2 MA EA)1° (III—6a)

PB= (2 MB EB)1° (III-6b)

where EA and EB denote the primary fragment kinetic energies.

(For the discussion of the corrections for neutron
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evaporation from the primary fragments, see below). It is

clear that two more equations are needed to determine the

momentum of the target residue.

If the primary reaction between the projectile and

target residue were a pure two body process we would have

the additional relations

H= ll
PR P1 - P3 (III-7a)

1%: 4%; (III-7b)

MR=M1+M2 -M3 (III-7c)

where the indices 1, 2 and 3 denote the projectile, the

target and the outgoing projectile residue, respectively.

Since only two relations are needed to determine the

kinematics unambiguously, we have measured one redundant

parameter in this case, which can then be used to test the

assumption of a primary two-body reaction.

In the general case we are dealing with more than

three particles in the exit channel and Equations (III—7)

are no longer fulfilled. If we denote the total mass and

momentum of all undetected particles by the "missing mass”,

Mm, and the ”missing momentum”, Pm, we have instead

(see Figure III-3)
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II II II
PR = P1 - P3 - Pm (III-88.)

1%: 4% — 1% (III—8b)

MR=M1+M2 -M3 -Mm. (III—8c)

In the following we will show that the momentum compo—

nents parallel to the beam axis, Pg and PE, are quite well

determined by the present measurement, whereas the momentum

components perpendicular to the beam axis are only poorly

known. This is primarily a result of placing the position

sensitive detectors symmetrically about the beam axis,

which gives <OA> =<OB>. For an average event we can

therefore write (see Equations (III-3) and (III—4)).

pg =[V2MAEA + 2MBEB J cos<OA> (III-9a)

PfizwzhAEA - V2MBEB ] sin<eA> (III-9b)

The energies EA and EB are measured directly, but the masses

MA and MB are in principle unknown. An increase in the

first term in Eq. (III-9a), due to the assumption of a

large MA, will be compensated by a decrease in the second

term via MB due to mass conservation. For the same reason,

the perpendicular component of the recoil momentum, Pfi, is

very sensitive to the fragment masses MA and MB, see

Eq. (III-9b).
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For events that were detected in coincidence with a

projectile residue (Li,...,0) we have made the following

assumptions in order to be able to calculate the complete

kinematics for each event

MR=M2 (i.e., Mm=M1-M3) (III-10)

and

Pfi=-P§ (i.e., P,,i,=0) (III-11)

The first assumption introduces only minor uncertainties in

the mass of the target residue prior to fission. The

sensitivity to the second assumption was investigated in

more detail by replacing it by the more general assumption

of a constant value, Om, of the direction of the missing

momentum vectors

Pé/Pfl==tan em==const. (III-12)

Defining

—> ~> —> —> —>

P4==Pl-P3==PthPm (III-l3)

and using Equations (III-8) we can rewrite Equation (III-12)

Pfi==Pg tan GmfFP4 (sin @4-cos 04 tan Om). (III-14)

I
By inserting the expressions for PR and Pfi from Eq. (III—3)

and Eq. (III-4) we find
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chfi = [2,022+ PZCZ - ZCAC4PAP4, (III-15)

where

CA==sin OA-cos 9A tan em,

CB==sin eB-tcos OB tan Gm, (III-16)

C4==sin @4-—cos O4 tan 9m-

Rewriting Eqs. (III-5) and (III-6) gives

 

PB =\/(2MR-Pi/EA)EB , (III-l7)

and with Eq. (III—15)

2 2 EB 2 2 2 2
cA+cB f1: PA - 2CAC4P4PA + can - ch MREB = o. (III-l8)

The solution to this equation is

 

 

E E

2 2 B 2 2 B

C C P + C ‘J2M E (C + C ——) - C P -——
P _ A 4 4 B R B A B EA 4 4 EA . (III-19)

A _

E
2 2 B

C + C ——
A B EA

The remaining unknown quantities can then be obtained from

the following relations

MA: Pi/ZEA (III-20a)

MB=MR -MA (III-20b)

and from Eqs. (III-3), (III-4), and (III-8).
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Mass dependent corrections for pulse height defects in

the position sensitive detectors and for neutron evapora-

tion from the fission fragments are performed by means of

an iterative procedure for each event. In this procedure,

an initial guess is made for the post-neutron evaporation

fission masses and the pulse height defect correction

described in Section II.C.l. is applied to determine the

fragment energies. These energies are used to calculate

the primary fission fragment masses according to the

kinematic relations described above. The average number of

neutrons emitted from each fragment is then calculated to

obtain a better approximation for the post-neutron evapora-

tion masses. These steps are repeated until convergence is

attained. The average number of neutrons emitted per

fission is assumed to be

U(MR, E*)==0.1l8 (MR-220)-t0.l33 E* (III—21)

where E* is the excitation energy of the fissioning system.

This formula represents a reasonable average fit to experi-

mental data [Va 73].

The number of neutrons emitted from each fragment is

furthermore assumed to be proportional to the primary

fragment mass

M
V(MR, BA, MA) =fi§ V(MR, EA) (III-22)
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The dependence of the extracted mean values of Pm
l I

and PR

on the correction for neutron evaporation from the frag-

‘ments is rather insignificant. However, it should be kept

in mind that the widths of the Pg distributions are

artificially widened because neutron evaporation intro-

duces random fluctuations on the angles 9A and GB and on

the final fragment energies and masses.

The momentum component <PR> is rather insensitive to

the choice of 9m while the <Pfi> component has a rather

strong dependence. This is illustrated in Figure III-4

where the dependence of the average momentum components

<Pfi> and <PR>, on am is shown for the reaction

238U (160, loBf). It is seen that only momentum components

parallel to the beam axis are relatively independent of our

kinematic assumptions. The range of acceptable chaices of

9m can be determined from the requirement that, on the

average, both detectors should see equal amounts of light

and heavy fission fragments, i.e , <MB-MA>==0. This

requirement is a consequence of assuming that the fission

decay occurs as a truly sequential process. This dependence

of <MB-MA> on 9m is shown in the upper part of

Figure III-4. Within the accuracy of this experiment, the

range of acceptable values for 9m falls between —30° and

+5°. Very similar observations are made for other exit

channels in which a projectile residue was detected in

coincidence with two fission fragments. In all cases the
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Figure III—4. The average mass difference <MB"MA> of

fission fragments detected in the two

fission counters, the average transverse

momentum of the recoiling nucleus <Pi> and

the average longitudinal recoil momentum

<P§> are shown as a function of the assumed

angle of emission of the missin mass. Note

the extreme insensitivity of <PR> on 0m over

the range of 0m, where approximate balance

of fission fragment masses in the two

detectors is achieved.
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value Gm==0 was found to lie within the range of acceptable

values of 9m» as deduced from the requirement <MB"MA>==O-

We have, therefore, proceeded by using Om==0, i.e.,

Eq. (III-11), for the analysis of projectile residue -

fission fragment coincidences. The uncertainties in the

deduced momenta were estimated by varying the value of em

in the range between -30° and +30°.

The fission fragment folding-angle is defined as the

angle of emission between two coincident fission fragments,

OAB==°A7*°B- The folding—angle is mainly determined by the

projection, Pg, of the target recoil momentum.onto the beam

axis. This is illustrated in Figure III-5 where the

experimental data are shown in a two—dimensional contour

plot of PE versus GAB for reactions in which a coincident

projectile residue (Li,.. ,0) is observed. (For the

calculation of PE, assumptions corresponding to

Eqs. (III-10) and (III-ll) have been made). For comparison,

the expected average values of GAB have been calculated

(solid curves of Figure III-5) by computer simulation

(Appendix B) for the fission decay of either 238U or 254Fm

nuclei moving parallel to the beam axis. The average

folding-angles are seen to be approximately linearly related

to Pg. The finite width of the distribution of folding-

angles for a given recoil momentum is partially due to the

distribution of fission momenta which results from the

fission fragment mass distribution. The folding-angle
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(III-ll) have been used for the analysis.
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average quantities for the fission of 23 U

and 4Fm nuclei moving parallel to the beam

axis.
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distribution is also broadened as a result of neutron eva-

poration from the fission fragments.

The relatively small difference between the two cal-

culated curves illustrates the small uncertainty that is

introduced by the assumption of Eq. (III—10). The two

curves are expected to provide limiting cases of the actual

relationship between PE and <°AB>' The curve for the

fission of 254Fm will be valid for the case of complete

fusion of target and projectile and the 238U curve will

hold in the event that no mass is transferred to the target.

Consequently, the curve for 238U will be more realistic for

small momentum transfers (PH/Plko) as in Figure III-5. 0n

the other hand, the curve for 254Fm will be more realistic

for large momentum transfers (PE/Pl%l). This is

illustrated in Figure III-6 where the calculated curves are

compared with the PE versus GAB distribution of inclusive

fission events. For the analysis of inclusive fission

events and of events involving only a coincident light

particle (p,d,t,a) the assumptions of Eqs. (III—10) and

(III-ll) have been replaced by the relations

P£==0 (III-23a)

MR=M1+M2 (III-23b)

These assumptions are in fact exact if a compound nucleus is

formed. They are good for reactions involving large

transfers of linear momentum and mass, but are poor for
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peripheral reactions.

The results shown in Figures (III-5) and (III-6)

illustrate that the simple measurement of the folding-angle

between coincident fission fragments provides a good

estimate of the mean momentum transferred to the target

residue. In what follows in this study we shall use the

solid curve corresponding to fission of 254Fm to establish

an approximate relationship between the measured value of

GAB and <Pg>.



CHAPTER IV

PROJECTILE-LIKE FRAGMENT RESULTS

A. Projectile Residue Energy Spectra
 

Energy spectra of projectile-like fragments observed

at 15° in coincidence with fission fragments are shown in

Figure IV—l. These spectra were recorded close to the

grazing angle of Oggjl9° and exhibit close similarities to

inclusive spectra of projectile residues [Ge 78] observed

at 15° in 160 induced reactions on 208Pb at 315 MeV. From

this qualitative similarity we conclude that the require-

ment of a fission coincidence does not impose a serious

kinematical bias on the spectra. Such a bias is only

present in the 160 spectrum which, of course, exhibits a

sharp cut-off corresponding to the fission threshold of

238U.

The energy spectra shown in Figure IV—l have maxima

which correspond to projectile residue velocities near

to the beam velocity (marked by arrows). The widths of

the energy spectra increase with decreasing atomic

numbers of the outgoing projectile residues. These

57
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Figure IV—l. Laboratory energy spectra of projectile frag-

ments (Li — 0) detected in the heavy ion tele-

scope at 0: 15°, in coincidence with fission

fragments.
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observations are similar to the ones for inclusive spectra

[Ge 78] which could be explained within the framework of a

simple model for projectile fragmentation. It has been

shown [Ge 77, Go 74] that the widths of these energy spectra

can either be explained in terms of the Fermi momenta of

the nucleons in the projectile if a fast breakup process is

assumed or they can be explained in terms of the thermal

kinetic energy of the nucleons in the projectile if the

reaction proceeds via the sequential decay of an excited

and completely thermalized projectile.

Such inclusive energy spectra have prompted explana-

tions in terms of several partially conflicting models

[A1 79, Ud 79, Mc 80] ranging from simple transfer reactions

to breakup processes. Recent measurements of light

particles in coincidence with projectile fragments

[Ha 77, Ho 77, Ge 77a, Ga 78, Bh 79, Ho 80] have sought to

limit the possible interpretations of these reactions.

Unfortunately, these experiments cannot distinguish

kinematically between sequential decay and projectile break-

up unless the final state is completely determined or unless

in- and out—of—plane angular correlations are obtained. As

a result, the interpretation of these experiments is often

model dependent [Bi 80, Yo 80]. Although such measurements

can provide detailed information, this is not necessarily

advantageous in the early stages of investigating the

reaction mechanism since focus might be placed on rather
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uncharacteristic processes [Fr 81] due to the strong phase

space selections which result simply from the placement of

the detectors. Furthermore, from these measurements it is

difficult to estimate the significance of processes with

only a projectile fragment or only a light particle in the

exit channel. From such investigations it has become

apparent that the type of experiments required are those

which will provide more detailed information than simple

inclusive measurements and yet allow overall features of

the reactions to be observed in a manner characteristic of

an inclusive measurement.

B. Fission Fragment Folding-Angle Distributions
 

Several aspects of the reaction mechanism operating in

reactions of 160-I-238U at 315 MeV are directly observable

by studying the folding-angle distribution of fission

fragments as illustrated in Figure IV—2. The folding-angle,

GAB» is defined as the angle of emission between the two

fission fragments measured in the laboratory system. The

upper scale of the figure gives the corresponding values of

the recoil momentum PE expressed in units of the beam

momentum P1. This scale has been calculated assuming

fission of the compound nucleus 254Fm and corresponds to

the solid lines marked as 254Fm in Figures III-5 and III-6.

The mean folding-angle expected for fission of the compound

nucleus (Pfl==P1) is OAB==144.4°. The folding—angle
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Figure IV-2. Folding—angle distributions of fission frag-

ments measured inclusively (top) and in coin—

cidence with projectile residues (Li-—0) in

the heavy ion telescope at O==15°. The

momentum scale at the top of the figure

corresponds to the solid curve of Figures

III—5 and 111-6.
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distribution for inclusive fission events exhibits two

clearly separated components. The strongest component

centered at OAB==148° corresponds to m92% of the beam

momentum being transferred to the fissioning system. At

incident energies of 140 MeV for the same system this

component of the folding-angle distribution is centered at

m100% of the full momentum transfer limit (see Appendix A).

This shift away from full momentum transfer with increasing

energy suggests the increasing importance of processes

such as "incomplete fusion” [Si 79d and ”massive transfer”

[Ya 79] in which a portion of the projectile escapes the

fusion process. (This observation raises doubt about the

method of calculating the fusion cross section by measuring

evaporation residues since an incomplete fusion product is

indistinguishable from an evaporation residue unless the

accompanying light particle distributions are measured).

The deviation from complete fusion has recently been

observed to become even more pronounced at higher energies

[Sa 81]. We shall associate this component of the folding-

angle distribution with ”central" collisions corresponding

to a large overlap of target and projectile.

The second component in the folding-angle distribu-

tion, centered around eAB==173°, we attribute to

”peripheral” reactions in which the major part of the

projectile momentum is carried off by heavy projectile

residues emitted at small angles [Ge 78]. The minimum in
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the folding-angle distribution reflects the fact that, for

peripheral reactions, the largest cross sections are

observed for nitrogen and carbon fragments and larger mass

transfers are less likely. This is seen in Figure IV-3 in

which folding-angle distributions measured in coincidence

with projectile-like fragments (Li,Be,B,C,N,0) at 15° are

shown. With decreasing mass of the outgoing projectile

residue the folding—angle distributions have maxima at

angles further from OAB==180°. This is expected from

simple momentum conservation requirements if a sizeable

fraction of the momentum lost by the projectile is

transferred to the target. This observation immediately

rules out an extreme participant—spectator model in which

the projectile fragments after minimal interaction with the

target.

In the following section a more detailed analysis of

the data shows that the momentum carried off by the

projectile-like fragment is not sufficient, however, to

account for the difference between the beam momentum and

the recoil momentum of the fissioning system. This

”missing momentum” is very likely carried off by light

particles emitted into the forward direction. Possible

evidence for such an interpretation is given in Figure IV-4

where the folding-angle distributions observed in

coincidence with light charged particles (p,d,t,0) at

0= 14° are shown. For reference the inclusive distribution
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and the distribution measured in coincidence with

projectile-like fragments are also shown. Light particles

are seen to be emitted at forward angles in events with

momentum transfers (GABle70°) similar to the ones in

which a projectile residue is observed. More intriguing

is the observation that most of the p,d, and t's near the

grazing angle result from processes with large momentum

transfers (OAB$5150°) which cannot be interpreted as

projectile breakup or sequential decay reactions. This

result was investigated further in the second experiment

where only light particles were detected in coincidence

with fission fragments and will be discussed in detail in

Chapter V. (The arrows in Figure IV-4 are discussed in

Section V.A).

C. Kinematical Analysis
 

1. Missing Momentum Distributions
 

A more detailed description of the reaction mechanism

can be obtained by performing an event by event recon-

struction of the kinematics of the reaction using the

method described in Section III.C. This type of analysis

has been applied to reactions in which a projectile-like

fragment (Li,...,0) was detected at 0==15° in coincidence

with both fission fragments. Through this analysis it is

possible to obtain momentum distributions of the
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unobserved particles and mass distributions of the fission

fragments.

Missing momentum distributions are shown in

Figures IV-5, IV-6, IV-7, and IV-8 for various projectile

residues and cuts in the energy spectra. The missing

momentum distribution for the highest energy cut on

inelastically scattered 160 ions is centered around zero

since only pure inelastic scattering (followed by fission)

is energetically possible. However, the missing momentum

distributions for the two lowest energies of the scattered

l6O-ions show a clear shift away from zero missing

momentum. Similar trends are observed for lighter

projectile fragments as illustrated in Figures IV-6, IV-7,

and IV-8. Arrows in the figures represent the missing

momentum expected for quasi-elastic projectile break-up

reactions in which the projectile breaks up into two or

more fragments which all continue with the beam velocity.

The missing momentum distributions are peaked between the

pure two-body reaction limit <PQ>==0 and the quasi-elastic

. . . . II Ml‘M3
prOJectlle break-up limit <Pm>= Ml

narrow widths of the PM distribution indicate that the

 

P1. The rather

main reaction mechanism is not simply a superposition of

simple transfer reactions and quasi-elastic break—up

reactions.
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2. Systematics of Momentum Transfer
 

The systematics of the average missing momentum as a

function of the energy of the projectile residueeuxashown

in Figure IV-9. The data points are scattered around a

line with a negative slope of <Pfl>/P1<E3>==l.0)<10'3 MeV-l.

The missing momentum increases with increasing energy loss

of the projectile residue. Such a behavior is consistent

with any mechanism that associates the energy loss with

the emission of light particles into the forward direction.

In particular, the sequential decay of the projectile

residue by light particle emission would be consistent with

the trends observed in Figure IV-9. In this case, larger

energy losses would be associated with higher excitation

energies of the projectile residue which would lead to the

emission of a higher multiplicity of light particles.

The dependence of the average value of the recoil

momentum <PR> on the average momentum of the projectile

residue <P3> is shown in Figure IV-lO. For a pure two-

body reaction (followed by fission of the target residue)

one has: P1==PflfFPg. For orientation, this limit is

shown by the solid line in the figure. The data clearly

rule out this limit as was already obvious from

Figures IV—5, IV—6, IV—7, and IV—8. The extreme limit of

quasi—elastic projectile breakup, where the target nucleus

acts as a mere spectator, corresponds to negligibly small

values of PR, similar to the ones observed for inelastic
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scattering. This interpretation was consistent with the

single particle inclusive spectra [Ge 77], but it is not

consistent with the rather large values of PR observed here.

The reaction, instead, involves significant interaction

between projectile and target. Therefore, our results

cannot support the participant-spectator model [We 76] at

incident energies of E/A==20 MeV. Similar conclusions have

been reached in recent measurements [Eg 81] of the

momentum.widths of projectile residues in the reaction

20Ne-I-197Au. However, this study concentrated on the 160

exit channel which may be strongly influenced by the

a-cluster nature of the projectile. Other recent results

[Na 81a] suggest that the pure fragmentation model is still

valid at energies as low as E/A==43 MeV. Further

coincidence investigations at these energies will be

necessary to determine whether the momentum transfer to the

target residue is in fact small, as suggested by the extreme

participant-spectator model, or whether it is rather large

as we have shown for reactions at E/A==20 MeV.

3. Fission Fragment Mass Distributions
 

An estimate of the excitation energy of the fissioning

system can be obtained from the mass distribution of

fission fragments. The mass distributions measured in

coincidence with the projectile residues Li,...,0 are shown

in Figures IV-ll, IV—lZ, IV-13 and IV-14 for several

regions of the outgoing particle energies. For the high
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kinetic energy region of the oxygen and nitrogen spectra we

observe very asymmetric mass distributions, with large

(>20) peak-to—valley ratios. Such asymmetric mass distri—

butions are typical for the fission of actinide nuclei at

relatively low excitation energies. The valley correspond-

ing to symmetric fission (the mass of the fissioning nucleus

was assumed to be MR==238 in this analysis) is seen to fill

in for increasing energy losses. This indicates that

fission takes place from a more highly excited nucleus.

One can put this qualitative observation on a more

quantitative basis by comparing the peak-to—valley ratios

of these asymmetric mass distributions with the ones

observed in reactions where the excitation of the fission—

ing nucleus is known, and thus obtain an estimate of the

excitation energy for each ejectile energy bin. This

provides one of the few direct measurements of the target

excitation energy. The results of such a comparison with

mass distributions obtained in measurements of fission

following compound nucleus formation in the a-bombardment

of a 238U target [Co 61] (see Figure IV-lS) are presented in

Table IV-l.

For the smallest energy losses, as observed for high

energy oxygen and nitrogen nuclei, the target residue

excitation energy, which is deduced from the fission

fragment mass distributions, is slightly larger than allowed

even for a two-body reaction. The reason for this is the
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Table IV-l. Estimates of excitation energy of the

fissioning nucleus.

 

 

 

Ejectile E <E*(E )>a) <E*(P/V)>b)
1% 3

(Me ) (MeV) (MeV)

160 300-310 7.4 14

280-300 22.2 16

250-280 46.6 18

210-250 78.7 35

15N 280—310 16.5 20

250-280 39.0 28

200-250 75.3 33

14N 280-310 14.0 17

250-280 34.3 25

200-250 67.7 35

13c 250-300 38.7 33

 

a)Average excitation energy of the fissioning system

estimated from the ejectile energy assuming two-body

kinematics.

b)Average excitation energy of the fissioning system

estimated from the peak/valley ratio of the mass

distribution when compared to a-F238U data of Colby et. al.

[Co 61].
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relatively poor energy resolution of the position sensitive

fission detectors, which fills in the valley between the

two mass peaks. However, for larger energy losses of the

outgoing projectile residues the fission fragment mass

distributions observed experimentally are more asymmetric

than expected from an estimate of the excitation energy on

the basis of two-body kinematics. In fact, the assumption

of two-body kinematics can lead to a significant over-

estimate of the target residue excitation energy. On the

other hand, it is also clear that the amount of excitation

energy deposited in the target residue is by no means

negligible. This corroborates the conclusion drawn from

the large momentum transfers to the target residue that

inelastic interactions with the target are an important

aspect of the reaction mechanism. Quasi-elastic breakup

is not the dominant reaction mechanism. Similar con-

clusions had been drawn [Ge 773] from the measurement of

alpha—particle projectile residue coincidences. The

analysis of that experiment, however, had to rely on the

validity of three-body kinematics in order to deduce the

excitation energy of the target residue.



  



CHAPTER V

LIGHT PARTICLE RESULTS

A. Fission Fragment Folding-Angle Distributions
 

l. Inclusive Folding-Angle Distributions
 

The fission fragment folding-angle, GAB» is defined as

the angle of emission between two coincident fission frag-

ments measured in the laboratory system. The distribution

of folding-angles measured for inclusive fission events is

shown in Figure V-l. The distributions are shown for the

two experimental geometries of the light particle

coincidence experiment and also for the geometry of the

projectile-like fragment experiment (®§==-®Xé=80°). The

inclusive distributions exhibit two clearly distinct

components. As discussed in Section IV.B, the strongest

component centered in the region of GAB£BISO° corresponds to

large recoil momenta and is therefore associated with

"central” collisions. The location of this maximum shifts

with fission detector geometry in exactly the manner

predicted by computer simulation. This is shown in

Figure V-2 where the average values of GAB have been

84
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calculated for geometry I (@X==-60°, ®§==lOO°) and geometry

II (OX=='750’ 9§==85°) by simulation of the fission of

either 238U or 254Fm nuclei moving parallel to the beam

axis. (These calculations are analogous to those shown in

Figures III-5 and III-6 for the geometry ©§==—®Xfi=800). It

is seen from the calculation that, exactly as observed, a

shift of approximately 20 is expected in the region of full

momentum transfer when going from geometry I to geometry II.

The other component in the folding—angle distribution

peaks in the region of OAB==173°. We attribute this

component to ”peripheral" collisions (Section IV.B) such as

inelastic scattering, breakup, and transfer reactions in

which a projectile residue escapes. As noted previously,

the minimum in the folding-angle distribution is a

consequence of the fact that, for peripheral collisions,

the largest cross sections are observed for nitrogen and

carbon fragments. For the very asymmetric detector

arrangement this minimum is less pronounced, mainly due to

pileup in the forward fission detector which extended

forward to 40° and was subjected to high count rates.

2. FoldingeAngle Distributions in Coincidence with Light

Particles
 

The distribution of fission fragment folding-angles

measured in coincidence with light charged particles

(p,d,t,a) are shown in Figures V—3, V-4, V—S, and V-6. For

reference, the inclusive distributions for geometries I
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Figure V—4. Folding-angle distributions of fission frag—

ments measured inclusively and in coincidence

with deuterons for experimental geometries I

and II. The detection angles of the coincident

deuterons are given in the figure.
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and II (from Figure V-l) are shown at the t0p of each

figure. The folding-angle distributions observed in

coincidence with light particles are shown below the in-

clusive distribution for the same geometry. The detection

angle of the coincident light particle is indicated.

When light particles are observed at forward angles,

the coincident fission fragment folding-angle distribution

exhibits both central and peripheral components. This

indicates that light particles are produced not only in

massive transfer or incomplete fusion reactions, but also

in peripheral reactions where a major portion of the beam

momentum is carried off by projectile-like fragments.

Protons, deuterons, and tritons are produced predominantly

in central collisions whereas alpha-particles have about

equal contributions from both central and peripheral

reactions. The large alpha-particle cross sections

observed for peripheral collisions at forward angles may be

explained as due to significant contributions from

a-particle breakup of the 16O projectile [Ge 77a]. As the

detection angle is increased, the contribution from

peripheral processes is observed to decrease rapidly to the

point of being insignificant beyond about 50°, as expected

intuitively for breakup reactions.

If we assume that any unobserved particles are emitted

isotropically, (as is the case for thermal emission at low

angular momenta) then the average recoil momentum.can be
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calculated as the difference between the beam momentum and

the average momentum.of the observed light particle. The

relationship between recoil momentum and folding-angle

(see Figure V-2) can then be used to determine the average

folding-angle which would be expected in this case. These

average folding-angles are marked by arrows in Figures IV-4,

V-3, V-4, V-S, and V—6. They coincide with the correspond-

ing peak locations of the large momentum transfer component.

Therefore this component must be associated with a low

multiplicity of precompound light particles. Since this

component dominates the light particle distributions at

all angles the emission of light particles is dominated by

processes in which the target residue absorbs the major

part of the beam momentum. This is in accordance with the

pictures implied by the terms "incomplete fusion" or

"massive transfer”.

B. ”Central" Versus ”Peripheral" Reactions
 

1. Light Particle Angular Distributions
 

The folding-angle between the two fission fragments can

be used to classify ”central” (or fusion-like) and

”peripheral” (or transfer-like) collisions and study the

corresponding light particle spectra. For this purpose a

cut corresponding to PR/P1==5O% (see Figure V-2) has been

introduced in the inclusive folding-angle distributions.

Those events with larger recoil momenta (smaller GAB) were
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defined as ”central” collisions and events with smaller

recoil momenta (larger GAB) as "peripheral” collisions.

For the different detector geometries of this experiment

this cut on GAB was adjusted to keep the ratio of central

to peripheral components in the inclusive distributions

constant. The light particle angular distributions, gated

on central and peripheral collisions are shown in

Figure V-7. The contribution from central collisions

dominates the light particle cross sections at all angles

with the exception of the forward angle a—particle

emission. Here comparable cross sections are observed for

peripheral and central processes. For central collisions

the cross sections for the emission of deuterons and

tritons are comparable in magnitude to the ones for proton

and alpha-particle emission. This is in contrast to

expectations for compound nucleus evaporation in which

deuteron and triton emission is generally considered to be

of minor importance [Pu 77]. The angular distributions for

light particles produced in peripheral collisions exhibit

a significantly steeper falloff toward large angles than

the corresponding cross sections for central collisions.

2. Light Particle Multiplicity
 

The multiplicity of light particles per fission event

can be estimated by assuming the angular correlations to be

symmetric about the beam axis. Integrating the angular

distributions of Figure V-7, rather low multiplicities of
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M(p)==0.39, M(d)==0.l8, M(t)==0.15 and M(a)==0.44 are ob-

tained. This is consistent with the qualitative conclusions

reached by consideration of the momentum balance (see

Section V.A.2). The multiplicities of hydrogen isotopes

that are observed in peripheral reactions are lower by

about a factor of two than the ones observed in central

reactions. For our particular choice of gates we obtain:

Mp(p)==0.21, Mc(p)==0.47; Mp(d)==0.09, Mc(d)==0.21;

Mp(t)==0.lO, Mc(t)==O.l6, where the subscripts p and c

denote peripheral and central events. This observation

might be explained by the fact that the peripheral gate in-

cludes inelastic scattering and rearrangement reactions that

do not involve preequilibrium emission of light particles.

The alpha-particle multiplicity of peripheral reactions, on

the other hand, is larger than that of central reactions:

Mp(a)==0.67 versus MC(a)==O.33. This again indicates the

importance of breakup reactions or sequential alpha-

particle decay of the projectile residue for peripheral

reactions induced by 160 ions.

3. Light Particle Energy Spectra
 

As noted above, we can use the folding-angle between

the fission fragments to classify "central" and ”peripheral”

collisions and study the corresponding spectra of coincident

light particles. Energy spectra of light particles (p,d,t,

and a) emitted at eNaI==l4° are shown in Figure V—8 for both

"central” (@AB<160°) and ”peripheral" (GAB>16O°) events.



Figure V-8.
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Although there are differences in the low energy regions of

these spectra, it is remarkable that the slopes of the high

energy regions are very similar for central and peripheral

collisions and for all light particle species. This ob—

servation was verified to be independent of the particular

choice of division between central and peripheral events.

In Figure V—9 it is demonstrated that the similarity of

spectral shapes for central collisions and peripheral

collisions persists over the full angular range of observa—

tion. This similarity in the spectra strongly suggests that

light particles observed in central and peripheral collisions

are of similar origin. A natural explanation is that the

light particles originate from the early stages of the

collision before the final fate of the projectile residue

has been determined. Thus after the light particle is

emitted, the projectile residue could either fuse with the

target nucleus, resulting in a large momentum transfer, or

interact relatively weakly by inelastic scattering or few

nucleon transfer. We can not, however, rule out the possi—

bility that the light particles observed in peripheral

collisions result from sequential decay of the excited pro-

jectile residue (as suggested in Section IV.C.2). In fact,

both direct and sequential breakup processes are known to

contribute [Sh 81]. If sequential decay were the dominant

mechanism, however, it would require that the similarly

shaped energy spectra of central collisions be produced by

an entirely different process (since there is no projectile
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residue to decay sequentially in a central collision.

Although this is entirely possible it would seem to be

rather unlikely.

Since we find that the central contribution typically

dominates the light particle energy spectra and since there

are no characteristics unique to either component of the

light particle energy spectra, we shall henceforth make no

distinction between the two components and simply sum their

contributions. After using the fission coincidence

technique to demonstrate the dominant role of central

collisions (or incomplete fusion reactions) in light particle

emission, we then made an investigation of the energy and

target dependence of inclusive light particle production.

C. Energy and Target Dependence
 

1. Light Particle Angular Distributions
 

The light particle angular distributions from the

present study are shown in Figures V-lO, V-ll, and V—12 for

reactions of 16O on 197Au, 90Zr, and 27A1 at three incident

energies. The distributions were obtained by summing

over all energies with the lower threshold set at 12 MeV

for the hydrogen isotopes and at 30 MeV for alpha-particles.

The cross sections increase with increasing incident

energy. The angular distributions are forward peaked

at all energies and for all light particles. The slope

of the angular distributions increases monotonically
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with the mass of the outgoing light particle. The shape

of the angular distributions appears to be nearly

independent of the incident energy, but become progressively

more isotropic with increasing mass of the target nucleus.

An interpretation of some of these features as well as a

description of the dashed curves in Figures V-lO, V—ll,

and V-lZ will be given in Section V.E.2.

2. Light Particle Integrated Cross Sections

Total inclusive cross sections integrated over light

particle energy and angle are listed in Table V-l. The

integration over energy has been made with a 12 MeV

threshold for hydrogen isotopes and a 30 MeV threshold for

alpha—particles and thereby emphasizes the nonequilibrium

contributions to the cross sections. Also shown in

Table V-l are the total reaction cross sections as

calculated using the heavy—ion optical model code HOP II

[JGCr] with the Optical potentials [Ba 75, Re 75, Cr 76]

listed in Table V-2. The calculated reaction cross

sections were found to be rather independent of the details

of the optical potential parameters. For example, inter-

changing potentials between the targets resulted in only

10% changes in the calculated total reaction cross

sections. From Table V-l it is seen that the cross

sections for producing protons and alpha-particles are

comparable for each target and incident energy. On the

other hand, the cross section for the production of



T
a
b
l
e

V
-
l
.

T
o
t
a
l

i
n
c
l
u
s
i
v
e

c
r
o
s
s

s
e
c
t
i
o
n
s

(
m
b
)

f
o
r

l
i
g
h
t

p
a
r
t
i
c
l
e

e
m
i
s
s
i
o
n
.

e
r
r
o
r
s

o
f

a
b
s
o
l
u
t
e

v
a
l
u
e
s

a
r
e

a
b
o
u
t

3
5
%
.

p
a
r
t
i
c
l
e

s
p
e
c
i
e
s

a
r
e

a
b
o
u
t

1
0
%
.

S
y
s
t
e
m
a
t
i
c

R
e
l
a
t
i
v
e

e
r
r
o
r
s

b
e
t
w
e
e
n

l
i
g
h
t

 

T
a
r
g
e
t

E
n
e
r
g
y

(
M
e
V
)

P
r
o
t
o
n
s
a
)

D
e
u
t
e
r
o
n
s
a
)

T
r
i
t
o
n
s
a
)

H
y
d
r
o
g
e
n

I
s
o
t
o
p
e
s
a
)

A
l
p
h
a
s
b
)

  

1
9
7
A
u

g
o
z
r

2
7
A
1

1
4
0

2
1
5

3
1
0

2
1
5

3
1
0

1
4
0

2
1
5

3
1
0

7
6

3
2
7

1
4
1
4

5
4
5

1
9
7
1

2
5
3

5
2
8

1
1
5
5

1
5

8
5

4
9
7

1
1
9

6
4
9

5
8

1
7
2

4
3
7

6
5

3
4
0

4
9

3
0
4

1
4

5
2

1
5
8

9
9

4
7
7

2
2
5
1

7
1
3

2
9
2
4

3
2
5

7
5
2

1
7
5
0

7
2

2
4
1

1
1
6
2

1
9
1

1
4
4
8

1
4
0

5
2
4

1
7
8
1

2
2
5
9

3
0
7
5

3
5
2
0

2
4
8
7

2
6
4
2

1
7
4
2

1
8
2
0

1
8
4
6

 

a
)
I
n
t
e
g
r
a
t
e
d

o
v
e
r

E
>
1
2

M
e
V
.

b
)
I
n
t
e
g
r
a
t
e
d

o
v
e
r

E
>
3
0

M
e
V
.

C
)
T
o
t
a
l

r
e
a
c
t
i
o
n

c
r
o
s
s

s
e
c
t
i
o
n
s

c
a
l
c
u
l
a
t
e
d

u
s
i
n
g

t
h
e

o
p
t
i
c
a
l

m
o
d
e
l

c
o
d
e

H
O
P

w
i
t
h

t
h
e

p
a
r
a
m
e
t
e
r
s

o
f

T
a
b
l
e

V
-
2
.

I
I

[
J
G
C
r
]

105



T
a
b
l
e

V
-
2
.

O
p
t
i
c
a
l
m
o
d
e
l

p
o
t
e
n
t
i
a
l

p
a
r
a
m
e
t
e
r
s

u
s
e
d

i
n

c
a
l
c
u
l
a
t
i
o
n

o
f

t
o
t
a
l

r
e
a
c
t
i
o
n

c
r
o
s
s

s
e
c
t
i
o
n
s

(
u
n
i
t
s

o
f
M
e
V

a
n
d

f
m
)
.

T
h
e

o
p
t
i
c
a
l

p
o
t
e
n
t
i
a
l

w
a
s

p
a
r
a
m
e
t
e
r
i
z
e
d

i
n

t
h
e

f
o
r
m
:

1

U
(
r
)
=
=
V
o
{
l
+
e
x
p
[
(
r
-
R
O
)
/
a
o
]
}
-
l

+
w
o
{
l
+
e
x
p
[
(
r
-
R
I
)
/
a
1
]
}
_

,
w
i
t
h

R
O
=
=
r
O
(
A
%
/
3

+
A
é
/
3
)
,

R
I
=
=
r
I
(
A
%
/
3

+
A
%
/
3
)
.

 

T
a
r
g
e
t

V
O

r
O

a
O

W
0

r
I

a
1

  

1
9
7
A
u
a
>

4
0

1
.
2
2
6

.
6
3
4

3
5

1
.
2
2
6

.
6
3
4

9
0
2
r
b
)

1
0
0

1
.
1
4
8

.
6
3
5

2
0

1
.
2
4
5

.
5
2
1

2
7
4
1
0
)

1
0

1
.
3
5

.
6
1
8

2
3
.
4

1
.
2
3

.
5
5
2

 

a
)
P
o
t
e
n
t
i
a
l

f
o
r

e
l
a
s
t
i
c

s
c
a
t
t
e
r
i
n
g

o
f

1
6
O

o
n

2
0
8
P
b
E
B
a

7
5
]
.

b
)
P
o
t
e
n
t
i
a
l

f
o
r

e
l
a
s
t
i
c

s
c
a
t
t
e
r
i
n
g

o
f

1
6
O

o
n

9
2
M
o
[
R
e

7
5
]
.

C
)
P
o
t
e
n
t
i
a
l

f
o
r

e
l
a
s
t
i
c

s
c
a
t
t
e
r
i
n
g

o
f

1
6
O

o
n

2
8
S
i
f
C
r

7
6
]
.

106



107

deuterons is typically inhibited over proton emission by a

factor of 3 to 4 with triton emission inhibited by another

factor of about 2. The cross sections for light particle

emission are observed to constitute a significant fraction

of the total reaction cross section and even exceed it at

the highest energies indicating mean multiplicities

comparable to one.

The dependence of the average proton multiplicity,

op/oR, on target mass and incident energy per nucleon

above the barrier is shown in Figure V-13. Also included

in the figure is the multiplicity of the summed hydrogen

isotopes. The Coulomb barrier in the laboratory was

calculated according to

  

v _ (Ap+At) zp 2t 6.2 (V-l)

C At ro(A%/3 +A2-j73)

where AP, At and Zp, Zt are the mass and atomic numbers of

the projectile and target and ro==l.44 fm. The proton

multiplicity is observed to be essentially independent of

target and to increase smoothly with increasing available

energy per nucleon. Therefore, we may conclude that the

light particle multiplicities, excluding low energy

contributions, depend only little on the details of the

target nucleus but mainly on the incident energy per

nucleon above the Coulomb barrier.
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3. Light Particle Energy Distributions
 

Some of the general features of the light particle

energy spectra observed in the present study may be seen in

Figures V-l4, V—lS, and V-l6. In Figure V-l4, the light

particle spectra for reactions of 140 MeV 16O on 197Au are

shown by solid points at three selected angles which span

the full angular range of observation. Also shown are the

corresponding energy spectra for reactions on 27Al. In

order to facilitate a comparison of the spectral shapes,

the 27Al cross sections have been renormalized for each

angle at 20 MeV for the isotopes of hydrogen and at 40 MeV

for alpha-particles. In Figures V-15 and V-l6 similar

comparisons are made for the incident energies of 215 and

310 MeV, respectively. (Although the features of the

energy spectra for the 197Au(16O,p) reaction at 310 MeV

are qualitatively similar to those reported by Symons

et. a1. [Sy 80] for the same system, our data are observed

to differ in slope. The reason for this difference is not

understood, however we were able to reproduce our results

at 310 MeV in two independently calibrated experiments).

It is observed that these different target nuclei give

rise to light particle spectra with very similar character-

istics. Reactions on both 27Al and 197Au targets show

smooth structureless energy spectra which extend well

beyond the incident energy per nucleon of the beam and

show a distinct shouldering at the most forward angles.
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Both targets also display nearly exponential tails which

are very similar at each angle for all light particle

species and which become progressively steeper toward

backward angles. The only persistent difference between

the light particle energy spectra resulting from reactions

on the two targets is that in the case of 27Al the energy

spectra have slightly flatter slopes. This might be

explained by the fact that the incident energy per nucleon

above the Coulomb barrier is slightly higher for reactions

on Al than on Au due to the lower Coulomb barrier of the

Al target. These observations suggest that the light

particle spectra depend mainly on the available energy per

nucleon above the Coulomb barrier rather than on the

characteristics of the target nucleus.

D. Rotating Hot Spot Model
 

It has been proposed [Ho 77, No 78, Ut 80] that light

particle energy spectra having exponential slopes which

are angle dependent may be understood in terms of emission

from.a nuclear "hot spot" which cools as it rotates. In

this model, large frictional forces rapidly convert the

relative motion of target and projectile into the excita-

tion of internal degrees of freedom. This causes local

heating in the region of contact. Simultaneously, part of

the tangential motion of the system is transformed into

collective rotational energy. Particle emission is
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assumed to occur from the heated region in the average

direction of the tangential velocity at the surface.

Because the emission angle can be related to the reaction

time, the nuclear temperature deduced from the energy

spectra will show an increasing degree of energy relaxation

as the scattering angle is increased.

Particle evaporation in the frame of the composite

system is assumed to occur from the hot spot following the

statistical formula of Erickson [Er 60]

d2N

dflcmd'—Ecm°‘Ecm Oinv (Ecru) exp <-Ecm/T> (v-2)

where Ecm is the kinetic energy of the evaporated

particle, Oinv the inverse cross section, and T the nuclear

temperature. Since the major energy dependence of Oinv

is a cutoff at the Coulomb barrier we have simply included

the effect of Coulomb repulsion from the target residue and

treated Uinv as a normalization constant. After trans-

forming to the laboratory frame and including the effects

of the Coulomb barrier we obtain

iffilj=N E'2(E'-2E'%E%coso-FE )1/2 (V-3)

deE 0 1 1

)cexp[—(E'-2E'%E%cosei-El)/T]

Where NO is a normalization constant for each spectrum,

E'==E--ZEC is the energy before acceleration in the Coulomb

field, EC the Coulomb energy per unit charge, Z the charge
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of the emitted particle, TO the angle dependent nuclear

temperature and E1==mv2/2 is the kinetic energy of the

particle of mass m at rest in the center of mass frame

moving at velocity v.

Using Eq. (V-3) with the compound nucleus velocity

v==.013c and with EC==lO MeV it is possible to obtain

quite satisfactory fits to the data (Figures V-l7, V-l8,

V-l9, and V—ZO). At forward angles the agreement is some-

what worse, possibly due to contributions from nonthermal

processes which are not included in this picture. The

normalizations and temperatures used for the calculations

of Figures V-l7 through V—ZO are displayed in Table V-3.

Except at forward angles, there is little variation of

normalization with angle (Nomura et. al. [No 78] assumed

the normalization to be constant with angle). The angle

dependent temperatures To extracted from the fits are

shown in Figure V-Zl.

As a simple illustration of how such a model might be

extended we assume that the ”hot spot” is at a uniform

temperature and cools predominantly by convection with the

surrounding nuclear matter. Classically, according to

Newton's Law of Cooling, the rate of heat loss, dQ/dt, is

proportional to the temperature difference, AT==T-—To,

between the hot region and its surroundings

3% cc AT. (V-4)
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Figure V-21.
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Angular dependence of the temperature To,

obtained by fitting the p,d,t, and a energy

spectra (Figures V—17 through V—20) with the

rotating hot spot model.
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Ignoring the time and temperature dependence of the

proportionality constant we find that after a time, At, the

temperature difference, AT, is related to the initial

temperature difference, ATi, by

AT: ATiexp(-At/T) (V—S)

where T is the characteristic decay time. The relaxation

time, TR, is related to the decay time by integrating

Eq. (v-4) [Ch 67, Lu 68, We 77]

TR

Q== I dQ(t)==Qo[l-exp(-TR/r)] . (V-6)

Thus for practical purposes the relaxation time is a few

times the decay time.

Classically, the decay time is given by [Ch 67, Lu 68]

T==DCR2/KNNU where p is the density, c the heat capacity,

K the thermal conductivity, R a characteristic length, and

NNu a dimensionless number dependent on geometry known as

Nusselt's number. Substituting the thermal conductivity

of nuclear matter [We 77], K*’pCVFA, where VF is the Fermi

velocity and A the nucleon mean free path, we obtain

[Sc 78]

.413
R VFA (V'7)

in agreement with Weiner and Westrom [We 77].
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Substituting w==A®/At into Eq. (V—S) we find

AT= ATiexp[-A0/(wr)] (V—8)

which is in accord with the experimentally observed

decrease in temperature with angle (Figure V-21). If the

hot region is assumed to cool toward the compound nucleus as

the rest of the nucleus warms then TO should be taken as

the compound nucleus temperature, TO==Tcn==3 MeV. In

Figure V—22 it is shown that if one considers only the

region where the relative contribution from peripheral

processes is insignificant (i.e. beyond about 30°), the

quantity ln(T®-TO) is linearly related to O for all light

particles. Moreover, for deuterons, tritons and alpha—

particles the slope and intercept are very similar. For

protons a flatter slope and smaller intercept are obtained

which might be due to a larger compound nucleus contri-

bution. The observed slope corresponds to mr==45.5 degrees.

Assuming a rotational velocity corresponding to a grazing

collision with the moment of inertia of two touching

spheres we obtain a decay time of the order of

T==3}(10-22 sec. This is about an order of magnitude

shorter than observed at lower incident energy [Ho 77].

The corresponding relaxation time of the "hot spot" is then

of the order TRle‘21 sec which is in rough agreement with

other estimates [B1 76].

The rotating hot spot model fits the experimental data
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TO==Tcn==3 MeV and T0 is the temperature in

MeV (Figure V—21) obtained by fitting the p,d,

t, and a energy spectra according to the

rotating hot spot model. The curve shown has

a slope of -0.022 deg.“l and an intercept

corresponding to Ti==22 MeV.
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quite well and offers a physical explanation for several

features of the data. However, in order to explain the

experimental fact that the greatest temperatures are

observed in the forward direction it was necessary to assume

that the light particles are emitted tangentially from the

hot spot. The physical justification for such an

assumption is not clear. If the target and projectile are

assumed to stick together as they rotate, then due to

absorption in the perpendicular directions the light

particles should be emitted primarily in the tangential

plane between the two nuclei. In this picture, the light

particle energy spectra should display an angle dependent

temperature which is symmetric about 90°. Instead, the

observed light particle energy spectra display temperatures

which decrease continuously beyond 90°. Alternatively, the

tangential emission might be a result of the rotational

motion of the hot spot. However, in the present experiment

the rotational energy at the nuclear surface is not

expected to exceed about one MeV per nucleon and therefore

will not dominate the thermal emission. (If very high

rotational velocities of the hot spot could occur,

Eq. (V-3) would have to be modified to take the effect of

rotation into account explicitly. Similar to Nomura et. al.

[No 78] we have ignored this rotational velocity of the

source with the result that the local nuclear temperature

might be somewhat overestimated.)
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E. Moving Source Model
 

1. Energy Distributions
 

After having doubts about the justification for the

rotating hot spot model, we search for an alternative

explanation for the light particle emission. Some qualita-

tive insight on the overall trends of the light particle

spectra may be obtained by presenting the Lorentz invariant

cross sections, Eggg, as a contour plot in the velocity

dp

plane. By means of such a diagram one can easily determine

whether or not a rest frame exists from which the emission

appears isotropic. If such a frame existed the contours of

constant cross section would appear as circles centered on

the velocity of that frame. For emission from the compound

nucleus in the reaction l6O-I-238U at 315 MeV, these

circular contours would be centered on the compound nucleus

velocity, vcn==0.013c. For emission from the projectile

the contours would be centered on the beam velocity

vB==0.205c. A contour diagram of the Lorentz invariant

proton cross sections is shown in Figure V-23. Levels of

constant invariant cross sections are indicated by the

solid and open points. The points of equal cross section

fall approximately on circles which are slightly

flattened in the 90° region and are centered on a velocity

of slightly less than half of the beam velocity.

We first investigate the question of whether it is

possible that the protons are emitted from both the
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Figure V-23. Contour plot of the Lorentz invariant proton

cross section. The contours are in the ratios

l:4:4:4:2. The experimental data are given by

circles. The curves in part (a) represent the

cross sections calculated for thermal emission

from two sources, one moving with the beam

velocity and the other moving with the

compound nucleus velocity (see also solid

curves in Figure V—25). The curves in part

(b) describe the emission from a single

thermal source moving with slightly less than

half the beam velocity (see solid curves in

Figure V—26).
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projectile and the compound nucleus giving a sum distri-

bution which has the appearance of nearly isotropic

emission from a single source at an intermediate velocity.

In Figure V-24 we present contours of the Lorentz invariant

proton cross sections gated on central or peripheral

collisions. One might expect that such a gate should

separate the compound nucleus contribution (central

component) and the projectile contribution (peripheral

component). It is evident from the figure that the gated

contours do not follow these expectations, although the

weaker peripheral component does exhibit a slight enhance-

ment of emission from the projectile. The dominant feature

of the Lorentz invariant contours, however, indicates

nearly isotropic emission from a source which moves at

slightly less than half of the beam velocity.

To be more precise, we assume that light particles are

emitted with a Maxwellian distribution in the rest frame of

a source [Sy 80] which is at temperature T.

N(E) a 121/2 exp (-E/T). (v-9)

(Note that we use the E% factor corresponding to volume

emission [Go 78] instead of the factor E corresponding to

surface emission. The difference between the two

expressions would hardly be discernible except at low

energies.) Transforming into the laboratory and correcting

for the Coulomb repulsion of the light particle from the



0H

0.2

0.'-+

0.2

0.0

Figure V-24.

129

MSUX-80-5I7

 

I I I I I I I

O] 160+238U—>p+f

315 MeV

Cen+rol

 
l 1 J

T I Iu
—
4
I
—

A
I
—

d
r
—

—
I

 

 

b] 160+238U—>p+f

315 MeV

Peripherol

   
—0.2 030 0.2 0.L+

v“ /C

Contour plot of the Lorentz invariant proton

cross section. The contours are in the ratios

l:4:4:4:2. The curves describe the emission

from a single thermal source moving with

slightly less than half the beam velocity.

The cross sections for ”central" collisions

are shown in part (a), the ones for
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target residue we obtain non-relativistically

dZN _ f _ 1/2
m—NO (V,T,EC)—NO(E-ZEC)

x exp {-[(E - ZEC) + E1 - 2E?(E - ZEC)°cose]/T} (v-10)

where El==%mv2 is the kinetic energy of a particle at rest

in the frame of the moving source, 0 is the laboratory

angle, NO is an overall normalization constant, and ZEC is

the Coulomb energy of the light particle with charge Z.

The curves in Figure V-23a represent contours which

were produced assuming contributions from two sources

dZN
afiafi==Ncnf(Vcn,Tcn,Ec,cn)‘Fpr(Vp»Tp2Ec,p) (V-ll)

One source was assumed to correspond to emission from the

compound nucleus; the corresponding parameters are

vcn==0.013c and Ec,cn==10 MeV. The other source was assumed

to correspond to emission from the fully accelerated

projectile fragments which were assumed to move with the

projectile velocity, vp==0.205c, and have negligible

Coulomb barrier, Ec,p==0° At the most backward angles,

e==l40°, emission from the projectile is negligible and the

parameters for emission from the compound nucleus can be

determined rather unambiguously as Tcn==4.58 MeV and

Ncné=3l9. (This temperature is, of course, too high for

true compound nucleus emission). Correspondingly,

emission from.the compound nucleus gives only minor
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contributions to the most forward angles. Here the para-

meters for projectile emission can be determined rather

unambiguously as Tp==3.85 MeV and Np==309. The resulting

energy and angle integrated relative contribution from the

projectile-like source was found to be 75% of the compound

nucleus source contribution. The calculation reproduces

the data very well at forward and backward angles but

significantly underestimates the cross section in the 90°

region. Furthermore, the overall shapes of the contour

lines predicted by this calculation are not observed

experimentally.

A better description of the experimental data may be

obtained by assuming isotropic emission in a rest frame

which moves with a velocity intermediate between projectile

and target. The temperature of such a source as well as its

velocity are treated as free parameters to give an optimum

description of the data. The results of such a calcula-

tion, obtained with Eq. (V-lO), are shown in Figure V-23b

(and, for comparison, also in Figures V-24a and V-24b).

The Coulomb energy was fixed at EC==lO MeV and the source

which best reproduced the proton energy spectra at all

angles was determined to have a temperature of T==7.0 MeV

and a velocity of slightly less than half of the beam

velocity (v==0.09lc). The single source calculation gives

satisfactory fits for large transverse momenta but becomes

slightly worse in the forward and backward directions.

The overall agreement is seen to be surprisingly good.
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To make the discussion more quantitative we compare

these calculations with the measured energy spectra for

reactions of l6O-I-238U at 315 MeV. In Figure V-25 the

proton energy spectra are shown with the cross sections

calculated using Eq. (V—ll) for two moving sources. The

solid curves were obtained with the same parameters as

were used for the calculated contours of Figure V-23a. The

dashed curves correspond to emission from the projectile

at the distance of closest approach to the target. The

projectile-like source was assumed to move with the

velocity, vp==0.l8c, corresponding to the velocity of the

160 nuclei after deceleration in the Coulomb field of the

target nucleus. A Coulomb barrier of Ec,p==10 MeV was

chosen and a temperature of T==3.94 MeV was obtained by

fitting the proton data at 15°. In this case the integrated

contribution from the projectile-like source was 59% of the

compound nucleus source contribution. With either calcu-

lation the agreement with the data is quite good at both

forward and backward angles but disagrees by as much as an

order of magnitude in the intermediate angle region.

In Figure V-26 the solid curves have been calculated

using Eq. (V-lO) with the same parameters as for the

calculated contours of Figure V-23b. The overall agreement

with the proton data is seen to be remarkably good

assuming only a single moving source. The agreement is

certainly no worse than for the two source calculation.
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Obviously, better reproduction of the data could be

obtained by using two sources in which both source

velocities were allowed to vary or by using three sources

with one source allowed to vary freely and the other two

fixed at the compound nucleus and projectile velocities.

At this point such a procedure would lead to complications

and uncertainties of interpretation. Therefore, we proceed

using the single source model and try to assess the

significance of the resulting parameters.

It must be remembered that the dominant process of

light particle emission involves the transfer of nearly

the entire beam momentum to the target residue

(see Sections V.A.2 and V.B.l). As a consequence, any

substantial source of nucleons must ultimately be absorbed

by the target nucleus. This observation would preclude the

existence of an independently moving thermal source as

suggested by the fireball [We 76] and firestreak [My 78]

models for collisions at relativistic energies. The

successful application of the moving source parameterization

should not, therefore, be taken as evidence for thermal

emission from a hot gas of nucleons separated from the

target nucleus. Instead, it simply indicates that the

light particle velocities are randomized in a rest frame

different from the compound nucleus frame.

In Figures V-26, V-27, V—28, and V-29 the curves were

calculated by a least-squares minimization using Eq. (V-lO)
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for a single moving source. The solid curves were obtained

using a Coulomb repulsion per unit charge which had been

chosen as EC==10 MeV. The dashed curves have been cal-

culated by neglecting the Coulomb repulsion from the

target residue. Clearly, the description of the data in

the low energy region is better when the Coulomb effects

are taken into account.

The thermal sources which best describe the light

particle spectra are found to have very similar velocities

and temperatures. The rest frames in which the light

particle emission appears isotropic have velocities of

v/c==0.09l, 0.096, 0.084, and 0.097 for p,d,t, and

a-particles, respectively. It is interesting that these

velocities closely coincide with the velocity, v==0.089c,

of the nucleon-nucleon center of mass frame if the slowing

down of the 160 nuclei in the Coulomb field of the 238D

target nuclei is taken into account. Source temperatures

of T==7.0, 8.14, 8.8 and 7.7 MeV are determined for p,d,t,

and a-particles, respectively. These temperatures are

significantly larger than the temperature Tcn==3 MeV

expected for the compound nucleus.

In order to better assess the significance of the

moving source parameters we have also used the moving source

model to describe the inclusive light particle spectra. As

seen by the solid curves of Figures V-30, V—3l, and V-32,

this parameterization provides a good description of the
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proton spectra for all targets and incident energies. The

temperatures obtained are typically greater than those of

the compound nucleus and the velocities are intermediate

between the projectile and compound nucleus velocity. In

this analysis, the temperature and velocity parameters have

been determined by a least-squares minimization while the

Coulomb threshold parameters EC have been chosen at values

of EC==O, 5, and 10 MeV for the Al, Zr, and Au targets,

respectively. In the fitting procedure each data point was

given an additional 10% error to reduce the statistical

weight of the low energy regions of the spectra. As a

result, the high energy regions of the inclusive spectra

are fit better than the high energy regions of the spectra

from the 16O+238U reaction. This also explains the

differences in the extracted temperature parameters

between the similar reactions l60-1-238U at 315 MeV and

1604—197Au at 310 MeV (see for example, Figures V-26 and

2-minima is shownV—30). An example of the shape of the X

in Figure V-33 for the 197Au(l60,p) reaction at 310 MeV.

Here the reduced XZ—values are shown for variations in the

temperature, velocity and Coulomb parameters. In general,

changes of about 5% in the temperature or about 10% in the

velocity parameter increase the reduced Xz-values by

about 20%. In addition, the velocity parameter is found

to be quite sensitive to the angular range over which the

data are fit. For example, by considering only the region
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from 20°--80O for the 27Al(160,p) reaction at 140 MeV,

values of v==0.07lc and T==3.84 MeV were obtained as

compared to the values of v==0.049c and T==3.96 MeV obtained

by considering the full angular range. This observation

explains the comparatively large source velocity extracted

for reactions on the 197Au target at 140 MeV where only a

restricted angular range of data was measured.

Energy spectra and moving source calculations for

deuteron, triton, and alpha-particle emission are presented

in Figures V-34, V-35, V-36, Figures V-37, V-38, V-39, and

Figures V—40, V-4l, V-42, respectively. The moving source

parameterization gives quite a reasonable description of

the composite particle energy spectra although the

reproduction of the angular dependence becomes somewhat

worse with increasing mass of the outgoing composite

particle. The most persistent discrepancy between the

moving source model and experiment occurs at forward angles

for the higher incident energies. Here the increasing

contributions from direct processes such as projectile

breakup are likely to become significant [Na 81, Na 81a].

A summary of the moving source parameters extracted

from the inclusive light particle energy spectra is given

in Table V-4. From this table it is observed that, for

each reaction, the extracted velocity parameters are very

similar for all light particle species whereas the tempera-

ture parameters are slightly lower for protons than for
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Figure V-35. Energy spectra of deuterons in the

9OZr (160, d) reaction. The data are fitted

with the moving source model of Eq. (V-lO).

The laboratory angles and the moving source

parameters are indicated.
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reaction. The data are fitted with the

moving source model of Eq. (V—lO). The

laboratory angles and the moving source para-

meters are indicated.
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Figure V—él. Energy spectra of alpha~particles in the

9OZr (150, a) reaction. The data are fitted

with the moving source model of Eq. (V—lO).

The laboratory angles and the moving source

parameters are indicated.
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the composite particles. These features, as well as the

dependence of the parameters on target and incident energy,

will be discussed in detail in Section V.E.3.

2. Angular Distributions
 

The angular distribution expected within the moving

source parameterization can be obtained by integrating

Eq. (V—lO) over energy. With a low-energy threshold, ET,

the following expression for the moving source angular

distribution is obtained

N o

%% = .2_: (wT)3/2e'E151n2®/T{ (1+2X2)

(V-12)

2

+ [(1+2x2)erf(x-y)+fj (x+y)e‘ 0“” ]}

where x==(El/T)%cos® and y==[(ET-EC)/T]%. For ET==EC we

have y==O and observe that the first term in Eq. (V-12) is

symmetric in x about 900 while the second term is anti-

symmetric and accounts for the observed forward peaking of

the angular distributions. The calculated moving source

angular distributions are shown by the dashed curves in

Figures V-lO, V—ll, and V—12. These curves have been

calculated at 310 MeV incident energy for all light

particles with the indicated low-energy thresholds and

using the proton velocity and temperature parameters

(see Table V-4). The differences in the angular distri-

butions of the various light particles are essentially

accounted for by the kinematic effect of the differing
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masses. This is reflected in the dependence of Eq. (V-12)

on the ratio of El/T==%mv2/T which reduces to a pure mass

dependence due to the similarity of the velocity and

temperature parameters for all particle types in a

particular reaction (see Table V-4). Within this model,

one expects the source velocity to be the same for all

light particles while the thermal velocity should be

inversely proportional to the particle mass. As a conse-

quence, the angular distributions exhibit steeper slopes

with increasing mass of the emitted particles.

The moving source light particle cross sections can be

calculated by integrating Eq. (V-lO) over energy from

E==EC and over angles to obtain

0 = 2NO(nT)3/2. (v-13)

These calculated cross sections have been included in

Table V-4 and should be compared with those listed in

Table V-l as an indication of the amount of cross section

falling below the low-energy cut-offs introduced in

Table V—l.

3. Systematics of Moving Source Parameters
 

The dependence of the moving source parameters on

target and incident energy is shown in Figure V-43. The

temperature and velocity parameters exhibit an approxi-

mately linear dependence on.KE-Vc)/AJ% or equivalently, on
)

the relative velocity of target and projectile at the
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Figure V-43. Incident energy and target dependence of the

moving source temperature and velocity para—

meters are shown in parts (a) and (b),

respectively. The Coulomb barrier, VC, has

been calculated using Eq. (V-l). The depen-

dence expected for compound nucleus emission

is indicated by the dashed curves. The solid

curve in part (a) denoted by T==Tnn was

calculated according to Eq. (V-16). The solid

curve marked v==vnn in part (b) was calculated

using Eq. (V-l7).
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point of contact. Here, VC is the recoil-corrected Coulomb

barrier calculated according to Eq. (V-l) and A is the mass

number of the projectile. As indicated by the dashed

curves of Figure V-43, such a dependence cannot be

explained by compound nucleus emission. Instead it

suggests more rapid processes such as knock-out or the

formation of a hot subsystem of nucleons. In fact, the

observed linear dependence on the relative velocity can be

understood if one assumes the formation of a hot Fermi gas

consisting of equal nucleon contributions from target and

projectile [GFBe].

For an ideal Fermi gas, the internal energy per

nucleon, U/N, is given to lowest order in T by the

relation [Pa 72]

2 T 2

£3? 8F [1+éllf<en;) J (V-M)

where 8F is the Fermi energy. For a system of N nucleons

consisting of equal contributions from target and

 

projectile nuclei, Nt==Np==N/2, the internal energy per

nucleon for the system can alternatively be written as

Z
I
C
L
'

3 E* 3 m Vrel 2
=§€F+W=§€F+fizg<T>

(V-15)

where E* is the excitation energy of the N nucleons, m0 is

the nucleon mass, and vrel==[2(E-VC)/mOA)]% is the

relative velocity between target and projectile at the

point of contact. From Eqs. (V-l4) and (V-15) the



162

temperature of such a system is given by

In 8F $55

< 232)

Furthermore, due to equal target and projectile contri-

butions, nucleon emission should be isotropic in the

nucleon-nucleon rest frame. The velocity of this frame

after accounting for target recoil, is given by

 
Vrel Ap Vrel _

Vnn: 2 +(At+Ap7 (VB'Vre1)=—2 (V 17)

where VB is the beam velocity and Ap and At are the mass

numbers of projectile and target. According to the solid

curves of Figure V-43 the temperature and velocity para-

meters are 25% lower than the equal contributions limit

given by Eqs. (V-l6) and (V-l7).

It is interesting to investigate whether the observed

trends can be extrapolated toward relativistic energies

where similar thermal models [We 76, Go 77, Na 81] have

been used to describe the light particle spectra. With

this in mind we have determined temperature and velocity

parameters for the reaction 2ONe+NaF+p at incident

energies of E/A==400 and 800 MeV [Na 81]. This has been

done in a manner consistent with our low energy treatment

by using the relativistic generalization of Eq. (V-lO) for

the Lorentz-invariant cross section

2

5% é%é%==Noy(E-chose)exp[-y(E-chos©)/T] (V-18)
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where 8 is the velocity of the source (c=l), y=(l—BZ)‘%,

and E=(p2+mg)%. In order to minimize the contribution from

fragmentation and knockout [Na 81] we have restricted our

consideration to the data at large transverse momenta

(62:450). Despite the simplicity of the present para-

meterization, it provides an acceptable description of the

experimental data (as seen in Figure V-44).

The trend of the temperature parameter observed at

low energies may be connected smoothly to the temperatures

obtained for the Ne-kNaF reaction at relativistic energies.

This is shown in Figure V-45 where, for orientation, the

solid and dashed curves have been calculated for relativis-

tic Fermi and Boltzmann gases consisting of equal nucleon

contributions from target and projectile. In this case,

the excitation energy per nucleon, 5*, is related to the

incident kinetic energy per nucleon above the Coulomb

barrier, (E-Vc)/A, according to

4__ 2 }
eK—[mo-{~%mo(E—VC)/A]2--mO , (V-l9)

where m0 is the nucleon rest mass. Alternatively, the

excitation energy per nucleon of the gas may be written as

e*==<e(T)>-<5(T=O)> , (V-ZO)

where <e(T)> is the average kinetic energy per nucleon at

temperature T with <e(T=O)>=O for a Boltzmann gas and

<e(T=O)>=3/5€F for a Fermi gas. Combining Eqs. (V-l9) and
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Figure V-44. Energy spectra of protons in the Ne-FNaF

reaction at incident energies of E/A==400 and

800 MeV. The data (from Nagamiya et. al.

[Na 81]) are fitted with the relativistic

moving source of Eq. (V-18). The laboratory

angles and the moving source parameters are

indicated.
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(V-ZO) one obtains the desired relation between temperature

and incident kinetic energy.

The average kinetic energy is calculated using

<e(T)>==% 2fl§h3 I E(P)f(P,T)P2dP - (V-Zl)

O

 

Here g is the spin-isospin degeneracy factor,

E(p)==(p2+m‘Z-)%-mO is the kinetic energy of the nucleon

and f(p,T) is the distribution function given by

l

“1"”: a+exp{[E(pY- uCTn/T} ”‘22)
 

with a==0 for Boltzmann statistics and a==l for Fermi

statistics. The chemical potential u(T) is determined

from

N __s__ m 2
-= f ,T d , V-23)v 2n2h3Jr (p )p p (

0

by assuming normal nuclear density, N/V==O.l7 fm'3. We

note that, at low energies, the temperature will be given

by Eq. (V-l6) for a Fermi gas and by T==2/3 5* for a

Boltzmann gas.

The general trend of the experimental temperature

parameters is seen to follow approximately that depicted by

the Fermi gas calculation. Recent inclusive measurements

for 12C on 60Ni at several energies confirm our low-energy

temperature dependence [RLAu]. Other recent measurements

(ZONe~FNi, Ag, and Ta at E/A==43 MeV [Na 81a], 12C-I-C, Al,

Cu, Ag, and Au at E/A==58 and 86 MeV [Ja 81], and 4He-I-Al



167

and Ta at E/A==180 MeV [Co 81]) follow the trend of the

Fermi gas curve in the intermediate energy region with

temperatures of 13-l6 MeV, 11 MeV, ll-l6 MeV, and 26 MeV

at incident energies of E/A==43, 58, 86, and 180 MeV,

respectively. These values deviate somewhat from a smooth

trend but this is most likely because the various authors

have used different approaches to extract the temperatures.

Taken literally, the observed trend suggests the thermali-

zation of a subset of nucleons. However, because features

of inclusive measurements may be reproduced by models

having rather different assumptions [Sy 80, Sa 80, Co 81,

Na 81] it should be investigated whether the observed trend

can be reproduced by alternative approaches such as single-

scattering or precompound models. We will consider this

question in the following two sections.

As a final comment, we draw attention to the insert of

Figure V-45 which demonstrates that the temperatures

extracted for deuterons and tritons are systematically

larger than those for protons. This may be because the

proton spectra contain larger contributions from more

equilibrated processes such as compound nucleus evaporation.

Further investigations with different target projectile

combinations and at higher energies are necessary to

elucidate the origin of this systematic temperature

difference.
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F. Knock-out Model
 

The results of the previous two sections suggest that

many of the features of the light particle spectra may be

interpreted as evidence for thermal emission from a hot

subsystem of nucleons. However, before adopting such an

interpretation we must investigate whether the observed

characteristics can be explained by alternative methods.

Our motivation derives from the moving source analysis of

Section V.E which suggested that equal contributions of

nucleons from target and projectile were involved in the

production of light particles. This analysis also

demonstrated that the proton emission was nearly isotropic

in the nucleon—nucleon rest frame. These properties are

very suggestive of a single-scattering knock-out process

for the production of energetic protons. At relativistic

energies it is observed that while many features of the

proton spectra can be explained by fully thermal models

[We 76, My 78], it is also possible to explain several

features as resulting from single nucleon—nucleon

scattering processes [Ko 77, Ha 79]. In this section a

schematic single-scattering knock-out model is considered

[Ch 79] to determine whether the inclusive proton energy

and angular distributions might result from such a process.

At the incident energies of the present study, we

envision a peripheral reaction in which a single nucleon of

the projectile scatters in a quasi—free manner with a
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nucleon in the surface of the target. Following this inter-

action, one of the nucleons escapes and, as suggested by

the rather low nucleon multiplicities observed

(see Table V-l), the other nucleon is absorbed by the

target or projectile. Describing the incoming and outgoing

particles by plane waves, and using a zero-range nucleon-

nucleon interaction, the differential cross section

[Ch 79] for observing the emitted nucleon with energy E is

(see Appendix C)

d2 k 1 ~ —> + —> ~—> —>

amqfi .. K: [d3K[K|FA(A(KO+K+k)) I 2PB(-BKO-K)

(V-24)

1 ~ —> —> + 2 ~-> +

+§|FB(B(-KO+K+k))| PA(AKO-K) 5(Ef-Ei)

._>.

In this expression K0 is the incoming momentum of the

projectile in the center of mass and k is the momentum of

the knocked out nucleon. The quantities A and B are given

by A==(A-1)/A and B==(B-l)/B where A and B are the mass

numbers of the projectile and target, respectively. The

first term in Eq. (V-24) represents knock-out from the

target (see Figure C-l) with PB(q) being the momentum

distribution of a nucleon in the target

PB<EZ> = 21% (E?) I2 <v-25>

B

and FA(q) is the form factor of the density distribution,

pA(;), of the projectile
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FA<E>=fd3r e-i<3-‘r’>pA<¥> . <v-26>

Similarly, the second term of Eq. (V—24) represents knock-

out from the projectile.

—> —>

To evaluate P(q) and P(q) we use the harmonic

oscillator s— and p-shell wavefunctions for 16O to obtain

_. 2 2
P16(C1) =4[—§g]3<1+2b2q2>e’b ‘1 <V-27>

+ 2 2

F16<q> =4<4-%b2q2>e‘b ‘1 /‘* <v-28>

with size parameter b=l.84 fm. Because the interactions

are assumed to occur in the nuclear surface, the function

P(q) and F(q) for the target nuclei should be similar to

those for 160. Therefore, we have used the above

functions for the target nuclei as well as for the 16O

projectile.

The knock-out calculation for the 197Au(160,p)

reaction (solid curves in Figure V-46) is found to re-

produce the observed angular distribution in the low-

energy region but falls off slightly faster than experiment

in the high-energy region. The curves have been calculated

using Eq. (C-23) of Appendix C with P(q) and F(q) as

described above. In addition, the calculated curves have

been shifted by 8 MeV to approximate the Coulomb repulsion

of the emitted proton from the target residue.

Although the similarity between knock-out calculation

and experiment for the 197Au target is encouraging, the
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knock-out model gives much steeper energy spectra than

found experimentally for the 27Al(160,p) reactions, see

Figure V-47. Furthermore, when seemingly more realistic

calculations were made by including all of the filled

harmonic oscillator orbitals in P(q) and F(q) for the

target nuclei, the calculated energy spectra were observed

to fall—off much faster than experiment and showed an

enhanced oscillatory structure (due primarily to F(a))

which is not observed in the experimental data. Qualita-

tively similar results were obtained by using Woods-Saxon

wavefunctions instead of the harmonic oscillator wave-

functions described above. Much steeper energy spectra

were also obtained when both nucleons were assumed to

escape. We conclude that although the above schematic

knock-out model cannot rule out a single-scattering inter-

pretation of the proton spectra, it makes such an inter-

pretation unlikely. It will be necessary to perform a

more detailed analysis including distorted waves in the

final state to determine the overall magnitude and details

of the knock—out process.

G. Precompound Calculation
 

In the previous two sections we have considered two

extreme explanations for the light particle emission. At

one extreme a completely thermal model was applied and at

the other a single-scattering model. In this section we
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consider a compromising viewpoint and allow both direct and

thermal contributions. At relativistic energies models

which include both contributions either explictly [Ch 80]

or by following the development of the collision process, as

in cascade calculations [Hi 77, Ra 78, Ya 79a,Cu 80, Cu 81,

Ya 81] have been most successful in reproducing the

experimental light particle spectra [Na 81]. At low

energies, the preequilibrium [B1 75] and cascade [Be 76]

calculations which follow the time development of the

system toward equilibrium have been quite successful in

reproducing the light particle spectra resulting from

light-ion induced reactions. Until now, however, there

have not been sufficient inclusive light particle measure—

ments to adequately test the recent generalization [B1 81]

of the preequilibrium model to heavy-ion induced reactions.

In the generalization of the precompound model to

heavy-ion collisions the Boltzmann master equation approach

of Harp, Miller, and Berne [Ha 68, Ha 71] is applied with an

additional term included to represent the time dependent

addition of projectile nucleons to the equilibrating system

as the fusion process develops. The master equation for a

one-fermion type gas is represented by the set of

differential equations
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d(n.g.)
l 1

_ . _ . . .

dt ==:E wkl+ij gknkglnl<l nl)(1 nJ)gng

j1k1l
'

'22 wij+kl ginigjnj<l-nk)(1-nl)skgl
(v-29)

j,k,l

' nigiwi+i'gi"Ié% (nigi)fus

where ni the average occupation number and 8i the number of

single particle states per MeV in an energy interval

centered at i MeV above the bottom of the nuclear well.

The well of the compound nucleus is assumed. The wab+cd

are the transition rates for nucleons in initial states

a and b to scatter to final states c and d, and are

evaluated from free nucleon-nucleon scattering cross

sections. The w- 1 gives the rate for a particle at energy
1+i

i within the nucleus to go to an energy i' outside the

nucleus. The first two terms of Eq. (V-29) give the rates

for scattering particles into and out of the energy

interval i by two-body collisions. The fractional occupa-

tion numbers (l—nm) take into account the Pauli blocking

of the final states. The third term in this equation gives

the rate of emission into the continuum. The rate of

precompound emission at the early stages of the reaction

as well as the rate of equilibrium emission at later

stages follows from this term as

dNi.

‘aE—‘=nigiwi+i'gi - (V'30)
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The fourth term of Eq. (V—29) is the modification of the

master equation for heavy ion reactions. It represents the

time-dependent addition of nucleons from the coalescing

projectile to the energy interval i of the composite

system. The number of projectile nucleons nt which enter

the reaction region at each time interval is calculated

from the geometrical volume of the projectile which passes

through the tangential plane between target and projectile

at the initial point of contact. Only S-wave collisions

are considered, and the fusion rate is determined by the

relative velocity at the point of contact. The nt

projectile nucleons entering the system in a given time

interval are assumed to be distributed according to

[Un0‘1-<U-AU)n0'1J

(E*)n0—1

 N(U)AU = nt (v-31)

where N(U)AU represents the number of nucleons in an exci-

tation interval AU centered at U MeV of excitation, E* is

the compound nucleus excitation, and n0 is the number of

degrees of freedom over which the excitation energy is

partitioned. In light ion induced reactions nO corresponds

to the initial number of particles and holes, or excitons,

and is typically equal to the projectile mass number plus

one particle and one hole in the target. In heavy-ion

reactions it might also be expected that the projectile

nucleons partition all of the excitation energy and so we
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should have no :l6-—18 for l6O—induced reactions. However

this is likely to underestimate the true degrees of

freedom since nucleons could transfer from the target

nucleus to the projectile or part of the excitation energy

could go into collective modes. In either event, we expect

that no should be rather independent of incident energy.

In the actual calculations Eqs. (V—29), (V-30), and (V-31)

are generalized to a two—fermion type gas of neutrons and

protons. This model does not calculate angular distribu—

tions nor composite particle emission although it might be

generalized to do so with further assumptions [Ma 76, Ma 79,

Ma 80, Sy 80, B1 81].

The angle—integrated energy distributions as observed

in the center-of-mass system for the 197Au(160,p) reaction

at 140, 215 and 310 MeV incident energies are compared in

Figure V-48 with results of the heavy-ion precompound

model [B1 81]. The precompound calculations have been

normalized using the total reaction cross sections of

Table V-l instead of the fusion cross sections and therefore

are an overestimate of the expected proton cross sections.

The calculations were performed using 60 steps over a

relaxation interval of 1.3xlO'2l sec (following Blann

[Bl 81]) and assuming available excitation energies of

E*==97, 162 and 254 MeV at the three incident energies,

respectively. In one case, the parameter no which

determines the distribution function (we will call no the
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310 MeV incident energies. The calculated
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exciton number although it may include collective degrees

of freedom) has been arbitrarily chosen at no==20 and was

assumed to be independent of energy. This calculation

(see solid curves of Figure V-48 labelled no==20) is seen

to yield energy slopes which are too steep at 140 MeV and

too flat at 215 and 310 MeV. In order to reproduce the

observed spectral shapes, exciton numbers of about

nozzlS, 25, and 30 must be assumed at the energies of 140,

215, and 310 MeV (solid curves Figure V-48 labelled

no==18, 25, 30). Under the present assumptions of the

model it is not possible to describe the proton spectra

with an exciton number parameter which is independent of

the incident energy.

In order to investigate those assumptions of the model

which might be improved we have made two additional calcula-

tions which illustrate the effects governing the fusion

process. Because evidence from deeply inelastic scattering

suggests that the intermediate complex may be rather long-

lived we have performed a calculation in which the fusion

process is assumed to occur at one fifth of the rate

expected from the relative velocities. This calculation

yielded results which were virtually identical to the above

results implying that the model is rather insensitive to

the time scale of the fusion process. This suggests that

the interactions of an excited nucleon with cold nucleons

are much more important than the interactions with other



180

excited nucleons. The assumption of only S-wave collisions

has been investigated by decreasing the available excita-

tion energy by the rotational energy for fusion occurring

at the angular momentum limit. Following the classical

model of Bass [Ba 7Mwfl we have used rotational energies

of Erot==l7, 34, and 34 MeV, respectively. These calcula—

tions, using an initial exciton number of no==l6, are

shown by the dotted curves in Figure V-48. Removing the

rotational energy from the available excitation energy has

the same effect as sharing the excitation energy among

more excitons. However, it is still necessary to vary the

number of excitons with incident energy in order to fit the

data.

In order to improve the agreement of the precompound

model and remove the strong energy dependence of the

exciton number, we should use the information available in

the proton angular distributions. As we have noted

previously, the angular distributions imply that the protons

are emitted from the nucleon—nucleon rest frame rather than

the compound nucleus frame. The excitation energy in this

frame would be lower and hence lower values of nO would be

obtained. Although we have demonstrated that the pre-

compound results are independent of the rate at which

nucleons are added to the equilibrating system, it appears

to be important to account for the local velocity of the

fusing system. Further work will be necessary in order to
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understand the energy dependence of no.

Also shown by the dashed curves in Figure V-48 are the

energy distributions expected from the moving source model.

These distributions were calculated according to

 

d0 ZNNOT , y }
as: ,/ exp[-(E-EC+E1)/T]81nh[2(E1)2(E-EC)2/T] (V-32)

E2

1

which is obtained by integrating Eq. (V-lO) over solid

angle. The calculations were performed using the para-

meters listed in Table V-4 which fit the double differential

cross sections (Figure V-30). With the exception of the

310 MeV data the agreement with experiment is excellent.

Here an additional component is observed in the experi-

mental spectra at proton energies of about 50 MeV. This is

the same component which was observed at forward angles in

the double differential cross sections (Figure V—30) and

is most likely due to a direct contribution.



CHAPTER VI

COMPOSITE PARTICLE PRODUCTION

A. Light Particle Ratios
 

It has been suggested that the relative production of

protons and composite particles provides information about

the bulk properties of nuclei in relativistic heavy ion

collisions. If the protons and composite particles in the

region of interaction are assumed to be in chemical

equilibrium then it has been proposed that the relative

abundances of the various light particle species may be

used to determine the entropy produced in the reaction

[Si 79] and hence to investigate the equation of state of

nuclear matter and search for possible phase transitions.

Alternatively, it has been proposed that the relative

abundances may be used to determine the volume of the

region of interaction [Me 77, Me 78, Me 80, Sa Ehfl. In

this section we present the energy dependence of the rela—

tive light particle yields and in the following section we

discuss the implications toward entropy production.
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The proton to deuteron ratios of the present study are

shown by the solid points in Figure VI—l as a function of

the incident energy per nucleon above the Coulomb barrier.

The ratios were calculated using the cross sections of

Table V-l with a low—energy cut-off of 12 MeV. With this

rather high cut-off the p to d ratio is found to be rather

independent of target. As the solid curve indicates, the

ratio decreases smoothly from a value of 5 at the lowest

energies to about 2.5 at the highest energies. This value

is very similar to the values obtained at 400 MeV/nucleon

incident energies which vary between 2 and 3 depending on

the target-projectile system [Na 81].

The open circles in Figure VI-l show the proton to

deuteron ratios with the low—energy cut-offs lowered to

near the detector thresholds at 8 and 10 MeV for proton

and deuterons, respectively. The corresponding p/d—ratios,

therefore, include larger contributions from.possible

compound nucleus evaporation. Including these contribu-

tions removes the degeneracy between the various targets.

The reactions on the 90Zr target contain the largest low-

energy proton component (indicating the largest compound

nucleus contribution), and the 197Au target gives the

smallest low-energy contribution due to its large Coulomb

barrier. The proton to deuteron ratios are observed to

increase toward lower incident energies which we may

interpret as due to the increasing importance of compound
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nucleus reactions for which proton evaporation will be

favored over deuteron emission [Pu 77].

The proton to composite particle ratios are summarized

in Table VI-l. The p/t and p/a—ratios show an increase

toward low bombarding energies similar to the trend of the

p/d-ratio. These ratios also show a clear target dependence.

Like the p/d-ratios, the p/t-ratios are rather similar to

those observed at relativistic energies [Na 81]. In

contrast, the p/a-ratios of relativistic energies are

larger by l to 2 orders of magnitude than the present

values.

B. Entropy Production
 

It has been suggested that the proton to deuteron ratio

might offer a means of determining the amount of entropy

produced in the region of overlap in relativistic heavy-ion

reactions [Si 79]. An excess production of entropy over

that expected might provide an indication for an abnormal

process such as a pion condensate or a phase transition to

quark matter [Si 79, Mi 80]. With increasing incident

energy one expects the system to access more degrees of

freedom and hence produce more entropy. Therefore, since

composite particles have fewer degrees of freedom than the

sum of their constituent nucleons, one would expect an

increase in the ratio of nucleon emission to composite

particle production as the bombarding energy is increased.



T
a
b
l
e

V
I
-
l
.

P
r
o
t
o
n

t
o

c
o
m
p
o
s
i
t
e

p
a
r
t
i
c
l
e

r
a
t
i
o
s
I

o
f

t
h
e

p
r
e
s
e
n
t

s
t
u
d
y
.

 

E
n
e
r
g
y
(
M
e
V
)

T
a
r
g
e
t

0
(
p
)
/
o
(
d
)

0
(
p
)
/
o
(
t
)

0
(
p
)
/
o
(
a
)

  

1
4
0

A
1

1
8
.

.
8
1

.
0
6

.
0
1

A
u

2
1
5

A
l

Z
r

.
8
5

.
3
6

r-lLfi

A
u

.
6
5

.
3
6

.
2
2

3
1
0

A
l

Z
r

A
u

r-l r—lr—l N H OHr—l O

H LON H C) MWN \O

\‘f 1—4 H \000 \0000 N

\‘T mm \‘1' m N MN N

r\\O<I'N

3
1
5

U
.
8
9

 

1
L
C
a
l
c
u
l
a
t
e
d
u
s
i
n
g

t
h
e

i
n
t
e
g
r
a
t
e
d

c
r
o
s
s

s
e
c
t
i
o
n
s

o
f

T
a
b
l
e

V
-
l

a
n
d

t
h
e
m
u
l
t
i
p
l
i
c
i
t
i
e
s

o
f

S
e
c
t
i
o
n

V
.
B
.
2
.

F
o
r

t
h
e

A
l
,

Z
r
,

a
n
d
A
u

t
a
r
g
e
t
s

t
h
e

l
o
w

e
n
e
r
g
y

t
h
r
e
s
h
o
l
d
s

w
e
r
e

a
t

1
2
M
e
V

f
o
r
h
y
d
r
o
g
e
n

i
s
o
t
o
p
e
s

a
n
d

a
t

3
0
M
e
V

f
o
r

a
l
p
h
a
-
p
a
r
t
i
c
l
e
s
.

F
o
r

t
h
e

U
t
a
r
g
e
t

a
f
i
s
s
i
o
n

c
o
i
n
c
i
d
e
n
c
e

w
a
s

r
e
q
u
i
r
e
d

a
n
d

t
h
e

l
o
w

e
n
e
r
g
y

t
h
r
e
s
h
o
l
d
s

w
e
r
e

a
t

1
5
M
e
V

f
o
r

h
y
d
r
o
g
e
n

i
s
o
t
o
p
e
s

a
n
d

a
t

3
5
M
e
V

f
o
r

a
l
p
h
a
-
p
a
r
t
i
c
l
e
s
.

186



187

On a quantitative basis, it is assumed that the heated

gas of nucleons expands after the initial stage of the

reaction. During this expansion phase, chemical and thermal

equilibrium are assumed to persist until the composite

particle freeze-out density is reached. If the system of

nucleons can be described in terms of an ideal gas then the

entropy per nucleon is given by the Sackur—Tetrode equation

S/N==5/2-—up/T (VI-l)

where “p is the proton chemical potential. The chemical

potential of a composite particle of A nucleons, “A' is

given by [Pa 72]

nA
UAlen —-- -€A (VI-2)

“f:

where nA and EA are the density and binding energy of

species A and n: is the critical density or inverse cube of

the thermal wavelength for species A

c (mAT )3” (VI 3)n = . "

A gA 21m?

 

Here gA and InA are the spin degeneracy and the mass of the

composite particle. Assuming that all nucleons and

composite particles are in chemical equilibrium, uA==AuD,

the entropy per nucleon follows as [Si 79, Mi 80]

1 8A mA 3”
S/N(A:p)=5/2+-(m €A/T+1n g—p' I‘fi; —ln (NA/Np)

(VI-4)
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where NA/Np is the ratio of composite particles of A

nucleons to protons. If the expansion of the fireball is

further assumed to be nearly isentropic this entropy then

corresponds to the entropy produced in the early stages of

the reaction. Neglecting the deuteron binding energy

Eq. (VI—4) becomes

S/N(d:p) = 3.95 - 1n (Gd/O (VI-5)p)

with the deuteron to proton ratio od/op.

An entropy of S/N(d p)==5 O is obtained from Eq. (VI-5)

using the p/d-ratio of Table VI-l for the l604-197Au

reaction at 310 MeV incident energy. This value is shown

in Figure VI-2. It is very similar to values observed at

relativistic energies and is much larger than the expected

entropy production [Si 79, Mi 80, St 80]. The entropy per

nucleon should not depend on which composite particle

species is used in Eq. (VI—4). However, by using our

particle ratios for the l6O+197Au reaction at 310 MeV

(Table VI-l) we obtain S/N(d:p)==5.4, S/N(t:p)==4.8, and

S/N(a:p)==4.6. Although these discrepancies appear to be

rather small, they imply that the observed particle ratios

deviate significantly (due to the logarithmic dependence of

Eq. (VI—4) on NA/Np) from the ratios which would be expected

for an ideal gas in chemical equilibrium.

A possible reason why the predicted entropy production

(see curves marked Sn and SS in Figure VI—2) is not
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entropy (taken from Stocker [St 80]) as calcu—

lated for a viscous (Sn) and an inviscid fluid

(S ). Also shown are the ”entropy” values,

”8', calculated using the measured d/p-ratios

via Eq. (VI—5). The measured values are taken

from Nagamiya et. a1. [Na 81], Wu et. a1.

[Wu 79] (ul-Bi at E/A==25 MeV) and from the

present study (l6O-FAu at E/A==20 MeV). The

solid (dashed) lines denoted by n= 1.2

(n: 1.0) represent the viscous (inviscid)

calculation of ”S" from the calculated

d/p-ratios.
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obtained using Eq. (VI-4) with the observed particle ratios

is that the ideal gas approximation used in the derivation

is unjustified. In order to justify a treatment in terms

of an ideal gas, the density of the system of nucleons

must be much less than the critical density

 

3/2

n <<g mOT2 (VI-6)

Znh

where m0 is the nucleon mass, T the temperature of the

system, and g is the nucleon degeneracy factor. In the

present analysis, with T =10 MeV we must have n<<0.09nO

where no==0.l7 fm‘3 is the normal nuclear density. This

condition is unlikely to be satisfied. Even at tempera—

tures of T==50 MeV, as observed at incident energies of

E/A =4OO MeV, the strong condition n<<nO might not be well

fulfilled. As a consequence, thermodynamic treatments

which use the ideal gas formalism such as the present model

should be treated with care at relativistic energies and,

probably, should not be applied in the nonrelativistic

regime.

It has recently been shown [St 80] that large proton

to deuteron ratios can be obtained in a hydrodynamic cal—

culation which includes nucleon decay from excited states of

composite particles. These decays effectively increase the

proton to deuteron ratio to give good agreement with the

experimentally observed ratios over the full range of
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incident energies. This is indicated by the curves marked

rI=1.2 and n==1.0 in Figure VI-2 in which the quantity ”S”

of Eq. (VI-5) (not necessarily the entropy) has been

determined from the calculated proton to deuteron ratio.

It is also likely that final state interactions might

have a large effect on the observed composite particle

ratios. In fact, it has recently been proposed that the

deuterons result from pickup in the nuclear surface [Ha 80]

and, therefore, have little relation to the concepts of

chemical equilibrium or entropy production.

C. Coalescence Model 

As discussed in Chapter V, the slopes of the energy

spectra of the various light particle species are very

similar for a given target and energy. In the context of

the moving source model discussed in Section V.E, this

implied particle emission from a source of rather well

defined temperature. As a consequence one expects the

validity of a simple power law relating composite particle

spectra to the proton spectra according to

e'E/Tlv(e'E/AT)A. (VI-7)

Similar observations [Cu 76, Go 77, Le 79, Na 81] have

been made for light particles emitted in relativistic

heavy ion collisions. As a result, several models have
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been proposed which relate the emission of composite

particles to proton emission via a power law [Bu 63, Sc 63,

Cu 76, B0 77, Go 77, Me 77, Me 78, Ka 80, Me 80, Sa8la].

In the coalescence model the complex particles are assumed

to be synthesized by the coalescence of free nucleons which

happen to occupy the same region of momentum space [Sc 63].

This model is a pure phase space approach and makes no

assumption about the dynamics of the reaction. It involves

a single free parameter, the coalescence radius, P which0,

is the radius of the sphere in momentum space within which

the coalescence occurs. There have been several attempts

[Bo 77, Me 77, Me 78, Ka 80, Me 80, Saéfljfl to arrive at a

dynamical understanding of the coalescence relation but at

present the question of its dynamical basis must be

considered open.

Since the coalescence prescription has had great

success in reproducing the composite particle spectra at

relativistic energies, it is interesting to investigate

the validity of the model at non—relativistic energies.

However, at lower energies the influence of the Coulomb

field of the target residue cannot be neglected as has

been done at relativistic energies (see Section V.E). If

the effect of the Coulomb repulsion of the charged

particles from the target residue is taken into account

one obtains a generalized coalescence relation
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d2N(Z,N,EA) Nt+Np N A-1 531‘— P2

7 dEdn

A—l A

dE dn “”2+2 NlZl 3 1v [dZNG'O'm] (VH3)
A t p {2mO(E-EC)}2

 

The derivation of this relation is given in Appendices D

and E. Here Nt,Np and Zt,Zp are the neutron and proton

numbers of target and projectile respectively, 1110 is the

nucleon rest mass, d2N(Z,N,EA)/dEAdQ is the differential

multiplicity of nuclei composed of Z protons and N=A-Z

neutrons, and EA=AE-NEC where EC is the Coulomb repulsion

per unit charge.

The differential multiplicity for a given event is not

a measured quantity. In practice, it is approximated by

the average differential multiplicity [Cu 76, Go 77]

d2N(Z,N) z; d20(Z,N) (VI_9)

dEAdQ OR dEAdQ

where “R is the total reaction cross section. In the

analysis of the inclusive light particle results we use

Eq. (VI-9) with the total reaction cross sections listed

in Table V—l. For the analysis of the fission coincidence

results we use the corresponding approximatiOn

2 dZN (Z,N)
d .N._(___Z:N) = L f , (VI-10)
dEAdQ Nf dEAdQ

 

where Nf(Z,N) is the number of light particles observed in

coincidence with fission and Nf is the total number of

fission events.
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The physical picture underlying Eq. (VI—8) is that the

coalescing neutrons and protons are emitted with the same

energy distributions in the vicinity of the target residue.

The light particles of charge Z then receive a Coulomb

boost of energy ZEC as they roll down the Coulomb barrier of

the target residue. More explicitly, it is assumed that the

neutron energy distribution is related to the proton

distribution according to

d2N(l,O,E+EC)

dEdn

  

(VI—11)

d2N(O,l,E)__ Nt'th

dEdn Zt—sz

 

We shall demonstrate that this assumption provides an

adequate description of the composite particle spectra for

reactions on 238U, 197Au, and 27A1 at all energies of the

present study.

In Figure VI-3 the energy spectra of deuterons (solid

points) are compared with the predictions of the

coalescence model which has not been modified to take

Coulomb effects into account (dashed lines). Without the

Coulomb modifications the coalescence model is unable to

relate the composite particle cross sections to the proton

cross sections.

In Figure VI-3, VI-4, and VI-5 the energy spectra of

deuterons, tritons and alphas (solid points) are compared

with the predictions of the Coulombdmodified coalescence

relation (open squares). For deuterons and tritons the
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agreement with the data is excellent except at the most

backward angles. For the alpha-particle spectra

(Figure VI-S) the coalescence predictions are also in fair

agreement with the data. Here discrepancies are expected

to occur also at forward angles, because of the enhanced

contributions from projectile breakup reactions.

In Figure VI—6 the energy spectra of light particles

(solid points) are shown for reactions on 197Au at 140 MeV.

The spectra of the composite particles are compared with

the predictions of the coalescence model (open squares)

obtained from the experimental proton spectra shown in the

upper left quadrant of the figure. The coalescence relation

can reproduce the high energy tails of the composite

particle spectra very well but becomes somewhat worse in

the low energy region, especially for tritons. At incident

energies of 215 and 310 MeV (see Figures VI-7 and VI-8,

respectively) the coalescence relation describes the

composite particle spectra from reactions on l97Au quite

well, although the general agreement becomes slightly worse

with increasing incident energy.

The composite particle spectra are compared to the

coalescence relation for reactions on 27A1 at 140, 215, and

310 MeV in Figures VI-9, VI-lO, and VI—ll. The agreement

between experiment and calculation is qualitatively similar

to that observed for reactions on 197Au.

The energy spectra of deuterons and tritons for



  



199

MSUX- E 033

100 Y T T T T y Y Tfi f! I r 7 r [
 

 

   

1" l .7.
q: 00+ 9 W a x, I4OMeV . EXPERIMENT

10 E ¥ 0 COALESCENCE g

~o. EC: 7 MQV i~ ..
.1,

C

1 : 0......
:E C113D

:

C 0.... . 1: 000

01’ x=p " "‘9 H
a 'E- . O .. if ~ g

\ , EE . o. . 55 0'53... 12.-PO = |84 M816“: 5

A ; 0 o 9 : ODD.
‘L710 _2 F .. C...

EE- DD . 0:. ‘9’:
—4

> . .* zoo - 0.9.3?3*C, , R110 0 o

210—3 b 830W Mfr? J\. E ”L 1?
3

_Q C
0 mo 20° 1

.
80 50°

10*+ ‘

r: : x = d I X Z a :

Ls 10? 80: 459 4eV/c 1; .1 PO: 302 K46*“(121\ P
_ 0‘30

1
b »

"* ..
1(\J »

"” .0

'C) 1E %
if . ..P

'3+- N
it'— .. O

J
I a

I 0 e
:

0 1 x
Co" 0

o E‘ ~

F
. P

E ‘5 35‘5” E ‘3 809’ ”p 3

10*2 ‘4. 0" "'9. l m 3' D_ 3 D r

_ Q Qanéhfi r
gfiafoo g_3?

200 '0-

:1

10 E 15 ‘

C a 50° it 050°_ 1 80°

10 i . 

0‘210‘8‘0 810‘ 0 ‘20 L10 ‘880 80 100

ENERGY<NQV>

Figure VI-6. Energy spectra of light particles in reactions

of 140 MeV 166O on 1 The open squares are

spectra predicted by the coalescence model of

Eq. (VI-8).



100

200

N‘E'- /—9’-C'3
 

 

 

I 7 PT 7 T T 1 Y T 1 r w ‘ 1 T T 3

E '00 + '97Au —> x, 245 MeV o EXPERE".4ENT 3

10 ‘ a COALESC NCE‘

5 y E =7N%V 1
: : ~ C

. ..o.q.. ._ 1

1 E a... a"... 3? X : l

5 * . P = 21314.er
I o'fl‘fl. t 0 O 1

0 1 ' °- '0 ° -° \
0 E g . -.: O C, 3

z . o. 0.. “E a 0' q

E 0 0 .00 * .0 % 'fi ‘3‘]

_2 P- . . O. 1 .0 ‘ Q ”Do

10 g -. , «4 g— -..o 1w...
A E § §50° :1, Q; ? é "

510—3; *0 7480‘) 1 a} l: 5'” a

> E [40 =_ f? 80° fi

m : 1

E
mo° .

\ 10 H 4 1r T % % if 1 + %% + 1 1 1T 1 1

'E : 2: 5

V 10: X Z d 1: X = a :

E PO=168M€V/C 3.? PO=299 MeV/C ;

'5 2: ;

C3 C It :

E3 1 ’ Cfigfo a

_O o D .500 9% l

\ .0 D ~00 Q 1

b O . D o. ‘3

CJ 01
F C. ..C] OJ] 1

U E O’ 0 '00 .00

2
~00 . D .000

10—
_ . D D Q, -:«

_ 49¢ g , _

18*+

 
|40° 4+ 4  
 

Figure VI-7.

11..1111.1.11111.

020 ”40 60 020 L+0 60 80100

ENERGY<NkV>

Energy spectra of light particles in reactions

of 215 MeV 16O on 19 Au. The open squares are

spectra predicted by the coalescence model of

Eq. (VI-8).



 



 

Q..

lAAA
LLA

A A

C)

¢—-4

0
~

0
.

g
9

g
«I
f
2
0
°

.0

t

. o

1—1

C)

‘3-

0. .

f

A
1
0
2
:

'
3
5
0
°

.
5+

1
8
0
°

Lu JAAA

|
5
5
°

JAAAIAJ

m

l

C)

r-4

‘
1
'

V
1

'
Y

'
7

Y
Y

'
'

0
E
X
P
E
R
I
M
E
N
T

U
C
O
A
L
E
S
C
E
N
C
E

E
C
?

7
M
e
V

Y
[ALAAAAJ A

rrrYYYT 1 YVYYVYYY T TrYYVjVV V

LMA

TTYTY

LAA

IVY

A

Y

 

MAAA A

WYIV? T

M
S
U
X

-
8
I

0
.
3
5

Y
1

v
‘

 

LAAAAAAA hAAAlAAA In 1 14 LA A

C) '—* .—4 (\l
O

,_4 I

O O

{—4

A LA

00

O

C)

1—‘

|
5
5
°

. p b  
4

l

 

#-

db-

y

.L

b

-0-

p

AAA A

YYY 1 Y

ALLLLLALAJ JAAAAAAA

WYYW WY

A

1 Y

L; AAA AAA

TTTVY'IT'

LAAALA A A

 
8
0
°

5
0
°

2
0
°

TrrTTYYT T TV'TYI’YY

LAAAAA A ¢  

v Y WYVYY TYYYY Trrrvyv‘v Y v Y TYVV‘, WVTVY V 1'va

WV

 
 

F
i
g
u
r
e

V
I
-
8
.

0
‘
2
‘
0

‘
a
‘
o
i
s
‘
o

‘
8
‘
0

1
0
0
‘

E
N
E
R
G
Y
(
N
@
V
)

E
n
e
r
g
y

s
p
e
c
t
r
a

o
f

l
i
g
h
t

p
a
r
t
i
c
l
e
s

i
n

r
e
a
c
t
i
o
n
s

o
f

3
1
0

M
e
V

1
6
O

o
n

1
9
7
A
u
.

0
+
2
6
#
0

‘
6
0
8
6
4
1
6
0
1
2
0
1
4
6
1
6
0

T
h
e

o
p
e
n

s
q
u
a
r
e
s

a
r
e

s
p
e
c
t
r
a

p
r
e
d
i
c
t
e
d

b
y

t
h
e

c
o
a
l
e
s
c
e
n
c
e

m
o
d
e
l

o
f

E
q
.

(
V
I
-
8
)
.

201



202

 

 

  

MSUX-Bl-O3O

100 , , Y a T , Y , , T , T r , 1 , T

’ '60+27m—> mom. X, EV ' EXPERIMENT I

10 F r.’ o COALESCENCE

: .... EC:OM€V i

. o. ..o.. 1

1 :r ..... .0. .0. X : p X :T E

o3, -, P0 = 99 MeV/C a

0.1 ; ‘ztztfl‘: S::?~§Hk :

: . . z'g; ‘5 35 0 i

O C. . . . b % "

210-2 . o .0 . .0 ‘55 ~ ‘
(.D E: O o . Q g. D 9 E:

> r 0 Q 0 § I! h {a '3

Q) _3 : o 9 9’ 20° g (9 j

2 10 E— 0 f 500 t? % 20° 3

B 0 80° fl

Em-L+ 45?: i 1+ #8311507 I I

g 10: x=d x=o 5

Lg g PO: 88MeV/c 's. PO=I67 MeV/C

T) : 0‘3sz 1

(\J 1 g. r

U E 0 ..° .6 1:
: o. 000:, '9? :

001E . ca cbcfi
3’. v 3.

* a C? .0 a. ‘2 ‘3

_2b a Cb DC, %. C’ O ‘2 ~

10 r 99 Ca CE. 6 60 Q5 .20 1

:3 cg, (29% $200 &. . 9 ..

10"3F ‘20 C3! C5 9 ’v a? _

,0 ‘20 0° 59% {if} 20°-

104‘} J '5150 90:: l$80" 80° 0 50°
 

0 20 Mo‘sb ‘ 0 ‘20 Mb Es‘o ‘8‘0 ‘100

ENERGY (MeV)

Figure VI-9. Energy spectra of light particles in reactions

of 140 MeV 150 on 27A1. The open squares are

spectra predicted by the coalescence model of

Eq. (VI—8).



 



203

MSIV')‘ -8=-33|

 

 
 

100i
b I60+ 271“ __>

: x, 2I5 MeV . EXPERIMENT

10 a COALESCENCE

E 35%., EC=OMeV 3

C ' . $0 ‘

1 0.0 o. '0 on

E? 0.. 0. 0... ...~ X 3 p w X :T . if

r '. 3. 00,6. ‘3'», PO: l [6 Mew/c:

0 O1 E: O .0. ...~ ..fl
.~.0 c0~0.~ \

33

A * o o
0 0° 0 1

x. _ O . O 0 ~ 0 O .

2010 2F - e» a,” . 00. “’03,, 8 _
f

5 ° 9 o 3f ? fi ‘
i I ~ fff f § 0* Dog 11 1

210—3 - g 500 20° on H D + 20° _

B if” t T? ‘ 1 it: a: ‘0 ‘

E10-L+ + 4 $4901 + :h 1490fi4% 0%00 580 %

‘O 10 . a, x = Q ‘

Lit—J) _g 3; O: [83 MeV/C?
\ I 3': 1‘

b I r. .5 ‘

N‘O 1E 1E 03% £9 1
z = 8.. 9.0 r

: ch '3 ‘
. o. o~ V T

0°15 °oo. as: "a- ”-. ‘aa '3
: I . 00 1

_ 4» 0~ 9 4

10-2? Ea E:— °% 00:” figs

_ i 0 20°~
; 200;: o cfl¥ 3

103' “‘43! 1; ° " ”i f ° ‘
E D 500 E: T ETD j

: I40° 80° 1: 0

104+» * A 080f L50: 
 

   

  
 

Figure VI-lO.

0 ‘2‘0 #0 ‘6’0 ‘8‘0‘ 0 20 1+0 *6‘0 80 100120

ENERGY (MeV)

Energy spectra of light particles in

reactions of 215 MeV 160 on 27A1. The open

squares are spectra predicted by the
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reactions of 16O on 9OZr at 215 and 310 MeV incident

energies are shown in Figure VI-12. The coalescence

results with EC==O MeV are shown by the solid curves. The

coalescence model is seen to give a poor reproduction of

the experimental spectra, especially at low energies where

the calculated spectra appear to have the wrong slope. This

discrepancy at low energies is due to the relatively large

low-energy compound nucleus component in the proton spectra

which has no counterpart in the composite particle spectra,

(see also the discussion of Figure VI-l). In fact, if we

ignore the low-energy region of the proton spectra below

20 MeV then we should compare coalescence calculation and

experiment in the region above 40 MeV for deuterons and

above 60 MeV for tritons. The agreement between coalescence

calculation and experiment is much better in this region.

A summary of the coalescence radii obtained in the

present study is given in Table VI-Z. Allowing for the 10%

uncertainty in the coalescence radii due to the 35%

uncertainty in the absolute cross sections (see Eq. (VI—8))

we cannot present conclusive evidence for an incident

energy dependence of the coalescence parameter. The order

of magnitude of the coalescence radii and the quality of

the fits are similar to those obtained at relativistic

energies [Le 79]. However, in contrast to the general

trends observed at relativistic energies [Le 79, Na 81] we

extract smaller coalescence radii PO for reactions on the
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light target A1 than for the heavy Au target.

If the thermodynamic interpretation of the coalescence

model applies, the momentum radius PO can be related to the

volume of the thermal system at the freeze-out density where

formation and breakup of composite particles ceases [Me 77,

Me 78, Le 79, Me 80]

3 3
Z!N!A l/.A-l 3h

V = _—§A—_ gA exp(eA/T) ( )ZEEE- (VI-12)

Here EA is the binding energy and 8A is the spin degeneracy

factor of the composite particle. Expressing the volume V

in terms of an equivalent sphere, the spatial radius is seen

to be inversely proportional to the coalescence radius. In

the density matrix formulation [Saéihfl a similar inverse

relationship is also expected. The spatial radii calculated

according to Eq. (VI-12) have been included in Table VI-2.

Since the interaction radius should increase with increasing

target mass, we would expect decreasing values of PO. This

target dependence is observed at high energies. The smaller

values of PO observed for the lighter target in the present

study might indicate a change in the mechanism of composite

particle production at low energies such as to a mechanism

of nucleon pickup from the nuclear surface [Ha 80]. Alterna-

tively, the different target dependence at low incident

energies might be an artifact of the Coulomb modification of

the coalescence relation. Further experimental and theoreti-

cal studies of the energy, projectile and target dependence

of composite light particle emission will be necessary to
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clarify the underlying reaction mechanism.

In performing the coalescence calculations Coulomb para-

meters of EC==7 and 10 MeV were found to give the best agree-

ment with experiment for reactions on 197Au and 238U,

respectively. These values are significantly smaller than

expected for emission of the charged particle from the sur-

face of the composite nucleus. The low values of EC may be

due to large deformations of the target residue or to

emission from the surface of the 160. However, the Coulomb

parameter might not strictly reflect the difference in the

proton and neutron distributions. In order to assess the

validity of the Coulomb modifications of Eq. (VI-8) we have

made a direct comparison of the energy spectra of protons

and neutrons emitted in coincidence with fission fragments

in the reaction 16O+238U at 310 MeV incident energy.

The differential neutron multiplicities per fission

event, dZN/NdedQ, are shown in Figure VI-13. At low

energies, the spectra are dominated by a low temperature

component which has no apparent counterpart in the proton

spectra (see Section V E.1). This component is consistent

with the statistical evaporation of neutrons from

equilibrated target residues and fission fragments. At

higher neutron energies the energy spectra fall off less

rapidly with increasing energy than expected of statistical

emission from fully equilibrated heavy nuclei. The high

energy regions of the neutron spectra exhibit characteris—

tics that are qualitatively similar to those observed for
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ENERGV[MeV]

Differential neutron multiplicities per

fission event measured for the reaction

238v (160, nf) at 310 MeV. The solid and

dashed lines show the decomposition into

equilibrium and nonequilibrium components,

respectively. The dotted lines indicate the

estimated errors within which the high energy

regions of the neutron spectra are

established. These limits are used for the

comparison with the proton spectra in

Figure VI—14.
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the emission of energetic charged particles: with increas-

ing scattering angle the cross sections decrease and the

energy spectra become steeper.

In order to facilitate the comparison of proton and

neutron cross sections, we have decomposed each neutron

spectrum into two components by fitting the energy spectra

with the following function

2
£1_N_(_E_l= —E/T % -E/T1 _
NdedQ NO e o + N1E2e . (VI 13)

The first term, which omits an energy factor, adequately

represents the low energy component, and the second term

describes the high energy component which we associate with

preequilibrium processes. The constants NO, T N1, T1 are0,

adjustable parameters. This decomposition is shown in

Figure VI—13 by the solid and dashed curves. The correspond-

ing parameters are given in Table VI-3. The dotted lines

included in the figure show the uncertainties within which

the high energy regions of the neutron spectra are believed

to be established. The limits defined by these dotted lines

will be used for the comparison with the proton cross

sections shown in Figure VI-14.

The proton cross sections measured with the same

experimental geometry are compared to the corresponding

neutron cross sections in Figure VI-14. The proton data are

represented by solid points and the preequilibrium neutron

components are given by the shaded area in Figure VI—l4a.
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Table VI-3. Parameters of Eq. (VI-13) used for the decom-

position of equilibrium and non-equilibrium

components shown in Figure VI-13.

 

0n NO(Mev-sr)‘1 TO(MeV) N1(MeV3/2-sr)'l T1(MeV)

 

 

250 1.35 2.45 0.036 7.60

40 1.85 2.35 0.025 7.4

55 2.00 2.20 0.024 6.2

95 1.78 1.85 0.038 4.0
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Differential proton multiplicities per

fission event measured for the reaction

238U (160, nf) at 310 MeV. The shaded areas

represent the measured pre-equilibrium

neutron multiplicities (part a) and their

predicted transformation into proton multi-

plicities according to Eq.

text (part b).
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The shapes of the proton and neutron spectra exhibit signif—

icant differences. Steeper slopes are observed for the

neutron spectra than for the proton spectra. At lower

energies (E;s30 MeV) the neutron cross sections exceed the

proton cross sections. However, the neutron cross section

drops below the proton cross section at higher energies

(E 330 MeV).

The differences between the low energy part of the

proton and neutron spectra are most likely due to barrier

penetration effects. To illustrate this point, we have

transformed the neutron spectra of Figure VI-l4a according

to the relation

d2N(E):=Oinv(p)(E) d2N(E) , (VI-l4)

NdedQ Oinv(n)(E) NdedQ

  

Here, the inverse reaction cross sections, oinV(E),

were calculated from the optical model by using the

potentials of Becchetti and Greenlees [Be 69]. The use of

Eq. (VI—l4) implies that the partial waves are added

incoherently and have the same statistical weight as for the

inverse reactions. Although these assumptions may not be

entirely correct, they should illustrate the penetrability

effect in the low-energy region. The resulting cross

sections are shown by the shaded areas in Figure VI—l4b.

Reasonable agreement with the proton cross sections is

obtained at low neutron energies. The high energy part of
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the spectrum is only slightly modified since OinV(p)::OinV(n)

at high energies. Therefore, a simple barrier penetration

effect cannot explain the depletion of high energy neutrons.

Precompound model calculations [B1 81] are able to

obtain qualitative agreement with our data. In Figure VI-15,

the (angle-integrated) neutron spectrum predicted for 160

induced reactions on 197Au at 310 MeV incident energy is

compared with the experimental proton spectrum of the

present study and the calculated precompound proton spectrum

(see Section V.G). The calculation predicts lower neutron

cross sections in the high energy tail of the spectrum

and larger neutron cross sections in the low energy part of

the spectrum when compared to the proton spectrum. While

these features are in qualitative agreement with the data

of Figure IV-l4a they are not predicted by recent ”hot spot”

calculations [Mo 80] of nucleon emission from the interface

of the colliding nuclei. This calculation predicts that the

neutron-to—proton cross section ratio should scale with the

neutron-to-proton ratio of the emitting system.

It is clear from Figure VI-14a that the assumption of

Eq. (VI-11) is inconsistent with the observed neutron

spectra. The neutron spectra are not equivalent to the

proton spectra after Coulomb shifting and weighting by the

N/Z-ratio of the composite system. Similar observations

have been made at relativistic energies [Sc 79]. As a

result, a coalescence calculation in which the deuteron
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Comparison of neutron and proton angle-
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frame calculated with the precompound model

of Blann [B1 81]. The calculation and the

experimental data are the same as shown in

Figure V-48 for nO==30 and E*==254 MeV.
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cross section is calculated as a product of the proton and

neutron cross sections will not reproduce the data.

Therefore, we have yet to understand the success of the

coalescence formula of Eq. (VI—8) which uses the assumption

of Eq. (VI-ll). Investigating possible alternative

explanations for composite particle formation remains an

interesting subject for future research.



CHAPTER VII

SUMMARY AND CONCLUSIONS

A. Summary of Results
 

The emission of projectile residues and light particles

in coincidence with fission fragments has been studied in

l6O-induced reactions on 238U at E/A==20 MeV incident energy.

The measured folding-angle between the two coincident fission

fragments was used to estimate the amount of linear momentum

transferred to the target residue prior to fission. This

information has been used to provide a simple operational

classification of the reaction into ”central" and ”peripheral”

collisions corresponding to large and small momentum trans-

fers to the target residue.

A kinematical estimate of the unobserved momentum and of

the fission fragment mass distributions observed in coinci—

dence with projectile residues near the grazing angle has

provided clear evidence for the inadequacy of the assumption

of two-body kinematics. The emission of light particles

into the forward direction is an important aspect of the

mechanism of projectile residue emission. The light
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particle emission is not, however, due to a quasi-elastic

breakup process where the target nucleus acts as a mere

spectator. Instead, large amounts of linear momentum and

excitation energy are transferred to the target nucleus

during the collision. Such information could not be obtained

from the study of single particle inclusive energy spectra,

which could be rather well described by quasi-elastic

projectile breakup processes [Ge 77, Ud 79, Mc 80]. Future

extensions of models for heavy ion breakup reactions will

have to include this large inelasticity of the reaction. It

will be interesting to perform similar coincidence measure-

ments at higher incident energies where the participant-

spectator models have been most successfully applied to the

single particle inclusive cross sections.

Although light particle emission is an important aspect

of peripheral collisions in which projectile-like fragments

are emitted, it has been shown that most energetic light

particles are associated with central collisions in which

nearly the entire beam momentum is transferred to the

target residue. The angular distributions of light particles

emitted in central collisions are not as sharply forward

peaked as those of peripheral reactions. On the other hand,

the energy spectra have been shown to be rather similar for

the two processes. The similarity of the energy spectra

suggests a reaction mechanism in which the light particles

are emitted at an early stage of the reaction.
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The energy and target dependence of the inclusive

light particle cross sections has been studied in 16O-induced

reactions on targets of 197Au, 90Zr, and 27A1 at incident

energies of 140, 215, and 310 MeV. The light particle

spectra can be parameterized in terms of a single thermal

source which moves with slightly less than half of the beam

velocity. The extracted velocity and temperature para-

meters do not follow the trend expected of compound nucleus

emission, but instead, exhibit a systematic variation with

the incident energy per nucleon above the Coulomb barrier.

The trend of the temperature parameter can be extrapolated

to temperatures observed in relativistic heavy-ion

collisions. This systematic behavior follows the trend

expected for the formation of a Fermi gas consisting of

about equal contributions of nucleons from target and

projectile. At present it is not clear why deuterons and

tritons exhibit larger temperature parameters than protons.

Since the temperature and velocity parameters of the

moving source model suggested an interpretation in which

each interacting nucleon of the projectile was paired with

a nucleon of the target, a single-scattering knock-out

model has been investigated. These calculations, which

involved a plane wave approximation, demonstrated that a

direct mechanism is unlikely to account for all of the

features of the energy distributions. It will be necessary

to perform more detailed calculations with distorted waves
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in order to determine the magnitude and details of the

knock-out contribution.

The proton energy spectra for reactions on l97Au have

also been compared with the results of precompound calcu-

lations. It was shown that the spectra could not be

described with a single energy-independent exciton number.

Although the energy dependence of the exciton number was not

due to assumptions on the rate of the fusion process, it

might be explained by accounting for the local velocity and

excitation of the system as the fusion process develops.

The light particle multiplicities were observed to

increase smoothly with incident energy approaching unity at

the highest energies. 0n the other hand, the proton to

deuteron ratio was observed to decrease with energy to a

value very similar to that observed at relativistic energies.

This observation might indicate that the proton to deuteron

ratio is largely determined by final state effects rather

than by chemical equilibrium. Future theoretical and

experimental investigations will be necessary to clarify

whether this ratio can be used to extract information about

the entropy produced in heavy-ion collisions.

It has been shown that the composite particle spectra

may be understood in terms of the proton spectra via a

coalescence relation which has been modified to include the

effects of Coulomb distortion. With this modification the

coalescence model has been extended to incident energies of
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less than E/A==lO MeV with values of the coalescence para-

meter similar to those obtained at relativistic energies.

However, a large low-energy contribution in the proton

spectra prohibited a satisfactory application of the

coalescence relation to the composite particle spectra for

reactions on the 9OZr target. It was found that the 197Au

target resulted in the largest coalescence radii. This

appears to be in contrast to the situation at relativistic

energies where the coalescence radii generally decrease with

increasing target mass. However, this new trend may be a

simple result of the Coulomb modification of the coalescence

relation which was necessary at the energies of the present

study. At present, the details of the production of

composite light particles are not fully understood. In

particular, a direct comparison of neutron and proton spectra

has shown that the assumption underlying the Coulomb-modified

form of the coalescence relation cannot be supported. On the

other hand, a simple multiplication of the proton and neutron

spectra, as the coalescence model would suggest, will not

reproduce the observed deuteron spectra. Clarification of

the mechanism responsible for composite particle emission

remains an interesting topic for future investigations.

B. Conclusions
 

In the present study, a large portion of the linear

momentum lost by the projectile residue was observed to be
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transferred to the target residue. This is not consistent

with a pure projectile breakup reaction in which all out-

going fragments are emitted as free particles. Instead, it

indicates a strong interaction between target and projectile

with a large probability for absorbing a portion of the

projectile. Although inclusive measurements were well

described by quasi-free breakup processes [Ge 78, Wu 78,

Wu 79, Ud 79, Mc 80], the observations of the present

study are consistent with other recent results which

indicate, instead, that breakup reactions are dominated by

”inelastic” and ”absorptive” breakup for light ion induced

reactions [Bu 78, Ko 79, Sh 79, Ca 80], and by "breakup-

fusion” reactions in heavy ion induced reactions [Re 79,

Ta 81].

The observation that light particles with very

similar energy spectra result from "peripheral” collisions

accompanied by projectile residues, as well as from

”central” collisions in which a large portion of the

projectile is absorbed by the target nucleus, suggests that

a common reaction mechanism might underlie all of these

phenomena. This mechanism might involve the breakup of

the projectile accompanied by a strong interaction with the

target nucleus. The interaction could occur via absorption

of one of the projectile fragments, by inelastic excitation

of the target or by nucleon transfer. The successful

application and systematic behavior of the moving source

parameterization suggests that the reaction is of a
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localized nature and that the mechanism evolves smoothly

with incident energy and independently of the target

characteristics. Furthermore, the success of the

coalescence relation for describing composite particle

emission indicates that the mechanism of composite particle

production is closely tied to that of nucleon emission.

Incorporating these observations into a suitable model of

the heavy ion reaction mechanism presents a challenging

theoretical problem for the future.



APPENDICES



APPENDIX A: CORRECTION FOR SYSTEMATIC FOLDING-ANGLE ERRORS

The small size (8 x 47 mm) of commercially available

(ORTEC) position sensitive solid state detectors demands

a close geometry of the experimental set-up in order to

facilitate a complete coverage of the folding-angle

distributions. This, in turn, renders the experimental

determination of the folding-angles very susceptible to

alignment errors. Two main contributions to the

systematic folding-angle error arise from the fact that

l) the target plane might be slightly offset from the

center of the chamber by an amount x and 2) the beam

misses the true center of the chamber by an amount y. A

possible geometry is shown in Figure A-l. The actual

intercept of the beam with the target is denoted I and is

located at a distance r and angle 0 with respect to the

true center, C, of the scattering chamber. The quantities

r and 0 are related (see Figure A—l) to the target offset

x, the beam offset y, and the target angle at according to

the relations

rsin¢ =y (A'l)

and

x-Fy cos Gt

 
rcos cp = (A—2)

Sin at
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Figure A-l.

A

W

.1380 A4

Illustration of the effects of beam spot off-

sets. Trigonometric relations used to derive

the angle corrections are discussed in the

text.
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I

For fission fragment A the true emission angle, 0A, is

related to the measured angle, GA, by

O'A=®A+a . (A-3)

The correction term a can be obtained from trigonometric

relations between quantities pertaining to the triangle

ACI of Figure A-l. Here the point A denotes the position

where the fragment is detected in the PSD. The unknown

distance, a', is related to the calibrated distance, a,

according to

a' 2 = a2 +r2 - 2ar cos (@A+ 0) . (A-4)

With the relation

I

a sina=rsin (®A+¢>) (A-5)

the correction term is obtained as

 

(A-6)

r sin (OA+ ¢)

a==arcsin < .

[a2 +r2 - 2ar cos (®A+ (5)];5

The solution in the interval [-n/2,7ufifi]should be used.

For fission fragment B the true emission angle is

Oi3=OB+B . (A-7)

The correction 8 can similarly be written as

 

r'sin.(GB-<b)

) (A-8)B =arcsin< 5’

[b2 +r2 - 2br cos (OB — 45)]2
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Again only the solution in the interval [~n/2, n/2]

is to be used.

By measuring the inclusive folding-angle distribu-

tions for four angles of the target with respect to the

beam axis, for example at O, n-o, «+0, and 2n-0 we can

determine the two contributions to the systematic error

rather accurately by requiring the corrected folding—

angle distributions to remain independent of target

angle. Three settings of the target angle are in fact

sufficient for a determination of the two offsets and the

true folding-angle distribution, and consequently the

fourth target angle setting serves as a consistency check

of the measurement.

To check this correction procedure as well as the

calibration of the PSDs, measurements were made of the

inclusive fission fragment folding-angle distribution

resulting from reactions of 140 MeV 160 ions incident

on 238U. At this energy, complete fusion of target and

projectile is expected to be a dominant reaction

mechanism. In addition, the previous measurements of

Sikkeland et. al. [Si 62] for the same system were

available for comparison.

The inclusive folding—angle distribution obtained

in the present study is shown in Figure A-2. These

data, which are the sum of four target settings, have
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been corrected for systematic errors due to target and

beam offsets. The maximum in the distribution is located

at OAB==155.5°. This is in good agreement with a

theoretical estimate of Oxgeo==155.8° obtained by assuming

full momentum transfer to the compound nucleus, 254Fm,

folllowed by asymmetric fission at the most probably

mass division and at the measured total kinetic energy

release of 195.1 MeV [Gi 77].

In the previous measurements of Sikkeland et. al.

[Si 62] the maximum in the fission yield curve was located

at a folding—angle of ®AB==156.6°. The discrepancy between

this result and our measurement is a consequence of using

different experimental geometries for the fission

detectors (for an example of the consequences of different

experimental geometries see Figures V-l and V-2). A

calculation of the expected most probable folding-angle

under these experimental circumstances (see Appendix B)

accounts for the mlo discrepancy between the two experimental

results. We therefore conclude that the folding-angle

‘measurements of the present study are accurate to within

11°.



APPENDIX B: SIMULATION OF FISSION COINCIDENCE

EXPERIMENTS

When performing coincidence studies it is important

to understand the kinematic bias which is introduced in

the result as a consequence of the location and geometry

of the various detectors. For this purpose, a computer

program called EFFY has been written in order to simulate

the experimental situation of the present fission

coincidence measurements. The program simulates the

detection of both fission fragments which result from the

sequential fission decay of the target residue, and in

addition, allows for the possibility of detecting a

coincident projectile residue. As input, the program

requires the Specification of the location and geometry

of the two position-sensitive fission fragment detectors,

the mass distribution of the fission products, and the

average total kinetic energy release for a given fission

fragment mass division. In the fission—inclusive mode,

in which a projectile-like fragment is not observed, the

recoil momentum is specified in the beam.direction and

the efficiency for detecting both fragments and the

average folding-angle, <OAB>, between them are calculated.

This allows a determination of the detection efficiency

as a function of the average folding-angle (see Figure III-l)

which can then be used to perform the efficiency correction
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to the observed folding-angle distributions. It also

allows a determination of the expected relationship between

the recoil momentum and average folding-angle and an

investigation of the dependence of this relationship on

experimental geometry and on the identity of the system

assumed to be fissioning (see Figure III-5, III-6, and

V-2). In the coincidence mode, an initial two-body reaction

is assumed followed by the sequential fission decay of the

target residue. In this case, the mass and energy of the

incident projectile, the mass and scattering angle of the

projectile-like fragment, and the Q-value of the reaction

are all specified. From this information the recoil

momentum, detection efficiency, average folding-angle, and

average mass asymmetry between the two fission detectors,

<MB-MA>, can be calculated. These quantities can be

compared to those obtained from the fission-inclusive cal-

culation to determine whether they are biased as a result

of the asymmetry of the recoil directions imposed by

detecting the projectile-like fragment. For the present

study, this calculation reveals that there is little

kinematic bias as a result of detecting the projectile

residue due to the fact that it was observed at a forward

angle of 15°.

Details of the equations and calculational procedure

used in the program EFFY are as follows:
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CALCULATE DETECTOR GEOMETRY. Input the distances a,

O

A

Figure B-l for detector A. The angular acceptance of

dA, and dA and the angles 0 and 0A defined in

the detector is calculated as

 

 

- d sin¢
minzz o _ A A _
GA GA arctan (a-FdAc030A > (B la)

d'sin¢

egax==OX-tarctan.< ‘A, 'A ) (B-lb)

a-dAcos¢A

The angular acceptance of detector B is calculated in a

similar fashion.

CALCULATE THE RECOIL MOMENTUM PR. This is done in

either a fission-inclusive mode or in a coincidence

mode:

a. Fission-inclusive mode. The target residue is

assumed to recoil into zero degrees and the

magnitude of IPRI is input.

b. Coincidence mode. Specify ml, E1, m3, G3, mR, and

Q, that is, the mass and energy of the projectile,

the mass and scattering angle of the projectile

residue, the recoil mass and the reaction Q-value,

respectively. From energy conservation

2 2 2

P1 PR P3
___= +—

2m1 2mR 2m3

 

- Q (B-Z)
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Figure B-l. Illustration of the quantities which define

the geometry of the position sensitive fission

fragment detectors.
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and from momentum conservation

-> + —>

P1=PR+P (B-3)

—> —> +

where P1 is the momentum of the beam and PR and P3

are the momenta of the recoiling target and

projectile fragment, respectively. These equations

can be combined to yield the quadratic equation

1 1 2 2P1 1 1 2

Here, the positive root for P3 is to be taken.

The recoil momentum PR follows from Eq. (B-3).

CALCULATE CENTER OF MASS VELOCITIES. In the present

study we have simulated fission of the target nucleus

238U, as expected for the most peripheral collisions,

using the experimental fission fragment mass and total

kinetic energy distributions observed for proton-

induced fission of 238U [Bi 70]. At the other extreme

of complete fusion reactions we have used either the

experimental distributions for spontaneous fission of

254Fm [Gi 77] or the more symmetric distributions for

spontaneous fission of 257Fm [Ba 71]. From the chosen

mass distribution a fragment of mass mA is assumed to

be emitted toward detector A and a fragment of mass

mB==mR-mA toward detector B. Using the average total
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kinetic energy release TKE corresponding to this mass

division calculate

2m m

2.: A B 'T E B-
p (mA-FmB) ( 5)

 

from which the fission fragment velocities in the

center of mass of the target recoil are calculated as

ngg=gi
(B-6a)

and

cm==JL _
VB mB . (B 6b)

CALCULATE LABORATORY ANGLES OF FISSION FRAGMENTS. For

a particular angle of emission of fragment A in the

recoil frame, ofim, the laboratory angles of fragments A

and B are seen from Figure B-2 to be given by

 

 

vzmsinegm

_ = + 0 (B-7a)0A arctan cm Gem R

and

vgmsinefim

OB==arctan "OR (B-7b)

cm _cm

VRF'VB COSOA

where we have used the fact that Ogm==n-®Xm.

CALCULATE THE DETECTION EFFICIENCY 6(mA,0§m). The

relative out of plane width, wA(GA), of detector A

at the angle 9A is given by



237

 

Figure B-2.

 

Relationship between the angles and velocities

of the fission fragments in the rest frame of

the recoiling target residue and in the

laboratory frame.
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wXSin(®XfF¢A-OA)/sin¢A for 92in5®AfemaX

wA(OA)==

(B-8)

0 otherwise

where wX is the width of the fission detector. A

similar expression applies for the relative out of

plane width, wB(®B), of detector B. (Note for

¢A==90° we have Sin(OX4-¢A-OA)/sin¢Afi=cos(Og-GA)).

Accounting for the angular acceptance and out of plane

width of the fission detectors, the efficiency for

simultaneously observing both fission fragments is then

defined as the minimum width at the two locations

struck

e(mA,0§m)==min[wA(6A), WB(OB)] . (B-9)

AVERAGE OVER EMISSION ANGLES egm . Repeat steps 4

and 5 for N increments of Ogm over the interval

[0,21]. Evaluate the efficiency for detecting a

coincident fragment of mass mA in detector A as

e(mA)==:E e(mA,6§m) . (B-lO)

aim

The angle-averaged value of a quantity f(mA,O:m) (for

example, f(mA,O§m) = GAB = OA+ GB or f(mA,OXm) =mB - mA)

is defined as
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f(mA) =[Z f(mA,6§m).e(mA,6§m)]/e(mA) . (B-ll)

0C“)

A

And finally,

7. AVERAGE OVER FISSION PRODUCTS. Repeat steps 3

through 6 for each mass, mA, in the fission mass

distribution. Corresponding to the recoil momentum,

—>

PR, the average value of the quantity f(mA) is

<f> =Zf(mA) -P(mA) (B-12)

mA

where P(mA) is the relative yield of fission fragments

of mass mA satisfying

2 P(mA) = 1. (B-l3)

mA

+

The efficiency for observing the recoil momentum PR is

obtained according to Eq. (B-12) as

<e> =2 e(mA) -P(mA) . (B-14)

mA

There are at least two shortcomings in the simulation

procedure described here. In the first place, it neglects

neutron evaporation from the fission fragments which might

result in a non—colinear emission of the fragments in the

center of mass frame. Due to the resulting loss of
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coplanarity in the laboratory this would most likely decrease

the overall detection efficiency but would do so uniformly

for all recoil momenta (or folding-angles). However,

neutron emission increases with excitation energy of the

fissioning system and so this would give rise to an

excitation energy dependent efficiency correction. The

neglect of neutron emission probably has only a minor effect

on the calculated average quantities. The simulation

program also neglects the possibility of target recoils out

of the plane of the fission detectors. These transverse

momentum transfers would also decrease the detection

efficiency but in a non-uniform manner. For complete fusion

reactions there could be no transverse momentum transfer

and so the efficiency would be calculated accurately, however

in peripheral reactions, the neglect of transverse components

of the momentum transfer would result in an overestimate of

the detection efficiency.

The accuracy of the calculation is subject to

additional uncertainties due to the assumed mass and energy

distributions of the fission fragments. For a given

fissioning nucleus the mass distribution can range from very

asymmetric at low excitation energy to quite symmetric at

large excitations (cf. Figure IV-15). Depending on the

choice of fission distributions this can result in an

uncertainty in the average folding-angle of about AO==il°

at full momentum transfer.



APPENDIX C: KNOCK-OUT MECHANISM IN LOW-ENERGY HEAVY-ION

COLLISIONS

We wish to investigate the role of a knock-out

mechanism in heavy-ion reactions at incident energies of

about 20 MeV/nucleon. At these energies we envision a

peripheral process in which a single nucleon from the

projectile scatters in a quasi-free manner with a nucleon

of the target. This is followed by the escape of one

nucleon and the subsequent absorption of the other nucleon

by either the target (Figure C-la) or the projectile

(Figure C-lb). A simple plane wave approximation is applied

in order to determine whether such a Single-scattering

process can account for the observed Shapes of the energy

and angular distributions.

We consider first the process of nucleon knock-out

from the target (Figure C-lb). The incoming projectile of

mass number A and target of mass number B are described by

plane waves of momenta R0 and -R0, respectively. The final

state is similarly approximated by plane waves with wave

vectors R,RA, and R3 for the emitted nucleon, the outgoing

projectile, and the target residue of mass number B-l,

respectively. The initial and final wavefunctions Ii> and

[f> are written as

.—> —> —>

elKO ' (RA ‘ RE)
1 -> + -+

11> = 11' 1,01; - R...) 18 (rb - Rb) (H)
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and

.+ 7 .3 3 .+ +

|f>==6§72 elKA'RA eiKB°Rb eik°rb 9&(ga"§a) (C-2)

where V is the normalization volume of the plane waves and

0a and 9B are the wavefunctions for the relative motion of

the interacting nucleon within the projectile and target

nucleus, respectively. Here RA and R3 are the coordinates

of projectile and target, fa and fb are the coordinates of

the interacting projectile and target nucleons, and Ra and

Rb are the coordinates of the projectile and target residues

consisting of A-1 and B-1 nucleons, respectively. These

coordinates are related by

-> —+ —>

ARA: (A - l) Ra+ ra (C-3a)

B RB = (B - 1) Rb + lib (C-3b)

+——> —> —>

Using Ra, Rb, r and rb as independent variables and
a,

expressing the bound state wavefunctions in terms of their

Fourier components the initial and final state wavefunctions

become

—>

,+ A-l 4 ra + (3-1) + £2

=_L3—81K°'[£T)_R3+T]e-KO°[ B Rb+B]
(2N) V

 

11>

+ —> + —> -> —>

Xifd3kad3kb¢e(ka)¢s(kb)
elka°(ra"Ra) elkb°(rb"Rb) (C‘4)
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and

+

.—> A-l + ra .-+ + .+ ->

1 RA. [LI-l Ra + T] elKB°Rb elk’rb

lf> = (27,)3/2V3/2 91
 

:xjfdgq eia°(?a"fia)¢d(q) . (C-5)

The interaction matrix element <f|vli> is evaluated

. , , —> -> «-> +

by assuming a zero range interaction, v(ra,rb)==v06(ra-rb).

between the interacting nucleons. Using Eqs. (C-4) and

(C-5) one obtains

. 1 V0 3 3 3 7': I I "<flv|i>==?§;;g7z V37? d qd kad kb¢w(Q)¢a(ka)¢8(kb)

.I A-l I T A-1 + _,
xfd3Ra el[K0( A )-ka'I‘A( A )+q]° Ra

. '* (B-l) 3’ + +

xfd3Rb el[-K" B -kb- KB].Rb

, + r K KO KA + + -+

X.jfd3ra e1[ka-Fkb-+jf--—§—--Zr-k-q ]-ra . (C-6)

 

 

 

By rewriting the spatial integrals in terms of 6-functions

and integrating over d3ka and d3kb the following

expression is obtained

 

9/2

. (2") V0 3 7': —-> ~ —> —> —> ~—> ~>

<flV|l> = 5/2 d (143(1' (q)¢a(A(Ko - KA) +q>¢8 (-BKO- KB)

V

+ —> —>

X 6(KA+KB+k) . (C-7)

Here we have introduced the quantities A==(A-l)/A and

~==(B-l)/B. The G-function in Eq. (C-7) insures momentum
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conservation. We make the replacement

3 J; + —> + 3 _'I—E,+ + —> '*

d q¢a1(q)¢a (q+K) = d re 1 r<15;",i'(r)<1o,(r)= 00,10, (K). (C-8)

With this substitution Eq. (C-7) becomes

 

2 9/2 ~ -> + ~—+ + —> —> —>

<flVl i> =( Nils/2V0 Gala (A(KO - KA))¢B (~BKO- KB)5 (KA+ KB +k)

(Cl-9)

The transition rate is given according to Golden rule

No. 2 by

2n . 2

dr==§¥ I<f|v|i>| dN 0(Ef-Ei) (C-lO)

where dN is the density of final states. For three free

particles in the final state

3
V d3K d3KBd3k . (C-ll)dN==

(2N)9 A

 

Therefore the transition rate for emitting a nucleon of

—).

momentum k within the momentum element d3k is

 

3
53%:2?“ |<f|v|i>|2 (2V)9 d3KAd3KB 6(Ef-Ei) . (C-12)

TT

Substituting Eq. (C—9) into Eq. (C-12) yields

 3 3 “ I + 2 "I I 2d KAd I<13l110,.o,(A(KO - KA))| I¢B(-BK6 - KBH

+ —> ~> —> —> ->

x6(KA+KB+k)<S(KA+KB+k)<S(Ef-Ei) . (C-13)
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We sum over final states jd3KAd3KB and assume that the

absorbed nucleon iS reabsorbed into the same state w=0 .

Performing the integration over d3KA gives

dF
Zn V3 3 ~ + —> -> 2 ~—> —> 2 —>

dk=’f1—-—VT dKBIDaa(A(KO+KB+k))| |¢B(‘BKO‘KB)| 9(0)

X6 (Ef - Ei) . (C-l4)

But 6(0) is evaluated as

0(O)== 
l 3 V

d r== (C-15)

(21)3 if (211)3

The transition rate then becomes

2
(11" V0 [3 ~ —> —> —+ 2

= d K p (A(K +K +k))

d3k (2n)26v Bl 8“ O B l

 

x l1B «EEO - KB) I26 (Ef - Ei) . (C-16)

We average over initial states a and B noting that

since the target and projectile are initially in their

ground states the scattering can occur from A possible orbits

in the projectile and B possible orbits in the target.

Furthermore, we make a coherent average over the initial

projectile states 0 since these states cannot be observed

due to the reabsorption. The transition rate is then

 

2
dl‘ vo [d3 12 2

d3k (21)2hV’ BIA “3 B I

1 ~->

XE; 11,80on - RB)|2a (Ef — Ei) . (C-l7)
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We then introduce the momentum distribution PB(q) of the

target nucleons

PEG) =2: I18 (21’) I2 <c-18>

B

and the density form factor FA(q) of the projectile nucleus

—+ -+ _° .

FA(q) =me, (q) = fd3r e 1‘1 1': |<1>(,,(3:’)|2 . (C-19)

3",; 0L

Dividing the transition rate by the incident flux density

1* (A+B) 'hKo

[Jincl = AB mV (0'20)
 

yields the differential cross section for the knock-out

of a nucleon from the target nucleus

  
dzo _11112 k V3 (A+13)‘l 3 ~ + -> + 2

dEdO 1,17; R; (2,)2 A d KBIFA(A(KO+KB+k))I

~—> —>

x PB(-BKO - KB)6 (Ef - Ei) . (C-21)

The contribution of knock-out from the projectile

(Figure C-la) is similarly found to be

 

 

2 2 V2 ’1 ~ —> ->d 0 _IE_ L o (A+B) 3 —> 2

dEdsz'Bfi KO (2,”)2 B [‘1 KAIFB(B('KO+KA+k))|

~—> +

X PA(AKO - KA)O (Ef - Bi) . (C-22)

Combining Eqs. (C-21) and (C-22) the total differential

cross section for Single nucleon knock-out is given by
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dzo 2 V2_ k 0 -1 3 ]_ ~ -+ —> —>

m—‘EZK—gm (A+B) de[X|FA(A(I(O+K+k))l2

~—> + B 1 ~ —> —> -+

x PB(-BKO - 106 (Ef - E1) +§IFB(B(-Ko +K+k>> |2

x PA(AKO - R)d (E’f‘ - ED]

where the initial energy Ei is given by

.= (A+B) ’hZKg

El AB 2m

 

and the final energies E? and E? are given as

 

.2 2 I I 2
A_n K (K +k) 2 A
Ef"25 [(A-—l)_+ B 1+'k ] + EO

and

2 I 7 2 2

.331 M K 2 B

I313 ‘26 A +TB"-—71 + k + E0

 

(C-23)

(c-24)

(C-25a)

(C-25b)

where E? and E? are the binding energies of the nucleon

removed from the projectile and target, respectively.

Equation (C—23) can be evaluated after the momentum

distribution P(k) and the density form factor F(§) are

obtained within the framework of a suitable model of

,__>

nuclear structure. It Should be clear that P(k) enters at

the vertex of Figure C-l where the nucleon is removed from

_>

the nucleus while |F(q)l2 enters at the vertex where the

other nucleon is removed but absorbed again.



 



APPENDIX D: COALESCENCE MODEL FOR POISSON

MULTIPLICITY DISTRIBUTION

The basic assumption of the coalescence model is that

complex particles are formed by the coalescence of

nucleons which happen to Share the same volume element

of momentum space [Sc 63]. The critical radius, PO,

within which coalescence occurs is treated as a free

parameter. The probability, P, for finding one primary

nucleon in the coalescence volume centered at a momentum

per nucleon, E, is given by the product of this volume

with the Single nucleon momentum density

3

+

p = %; pO d3N(p) , (D-1)l

E dp3

where Sigéfil represents the differential nucleon

multiplggity and m is the average nucleon multiplicity.

For a given multiplicity, m, i.e. when m nucleons

are produced in an event, the probability of finding n

of them (ngm) in the coalescence volume will be given by

the binomial distribution

P(nlm) = (§)Pn(1 - mm“n . (0-2)

In actuality, each multiplicity will have a probability

f(m) of occurrence. Summing over this distribution of

multiplicities we obtain the average probability for

finding n nucleons in the coalescence volume.
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<P<n>> = Z f(m>P<n|m> = Zf<m> (33>1>n<1-P>""‘n . (15-3)
mzn min

In the case of low average multiplicities, m, as in

the present experiment, it is reasonable to assume a

Poisson distribution of multiplicities

(£10m -61f(m) —-—7fir— e (D-4)

Substituting Eq. (D—4) into Eq. (D-3) we obtain an

average probability given by

 

 

 

' m _' 1 -n
(pom = 111; Lil.)— e m “($551 Pn<1 -P>m

(”maile- 1:0 '51-,— ((l - 1660‘) (0-5)

(fip)“e‘fiP

n!

Eq. (D-5) is exact for a Poisson multiplicity

distribution. In the case of a non-Poisson multiplicity

distribution it is assumed that Eq. (D-3) can be

approximated by

<P<n>> = P(nlfio = (Emma—P)“ 01-6)

Then if P10<1 and mrn>n the binomial distribution becomes

Poisson in form which again results in Eq. (D-5).

Typically, the exponential term in Eq. (D-5) can

be ignored Since mP is small. This gives the average
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probability for having N neutrons and Z protons in the

coalescence sphere to be

(filmz (5113)”
N NZ Z

<P<N,Z)> — Z! N! : (D-7)

 

where we have assumed that the probabilities for the

observation of neutrons and protons are independent. In

the context of the coalescence model P(N,Z) represents

the probability of forming a composite particle with

momentum per nucleon 5.

Since the neutron distributions typically are not

measured, we assume that they have the same shape as the

proton distributions but are weighted by the N/Z ratio

of the composite system

d3N(0,l) =<Nt+Np>d3N(l,0) (D-8)

op? zt+zp dp3 '

Substituting Eqs. (D-1) and (D-8) into Eq. (D-7) and

dividing by the coalescence volume we obtain the composite

particle momentum distribution in the form of the usual

coalescence relation [Gu 76, Go 77, Le 79] used at

relativistic energies

3 li-+N N A-l 3 A
d N(Z,N) z t P. 1 411,3 d N(l,0) (0—9)

dp3 Zt+zp N!Z! 3 0 dp3

  

It is important to note that the differential nucleon
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multiplicity per event, d3N/dp3, is chosen by normalizing

the experimentally observed momentum distribution to the

class of events of interest

3

0
.
.

t
»

2 C
L

_1_
O
O

O . (D—10)

"al
l

31

At relativistic energies this class of events has been

chosen to consist of all possible reactions [Gu 76, Go 77,

Le 79]. Therefore, the total reaction cross section, OR,

is substituted for 60. In the fission coincidence

experiment of this study, we have analogously chosen to

normalize our momentum distributions to inclusive fission

events (see Eq. (VI-10)). It Should be clear from

Eqs. (D-9) and (D-lO) that this choice of normalization

enters directly into the interpretation of PO.



APPENDIX E: MODIFICATION OF COALESCENCE

RELATION BY COULOMB FIELD

We calculate the modification to the coalescence

relation of Appendix D (Eq. D-9) which results when the

coalescence occurs in the vicinity of a stationary

Coulomb source [Gy 81] such as at the nuclear surface.

The energy balance for a particle of charge Z and mass

number A can be written as

2 p2

pA Ao

23K = 2mA

 

+ ZEC (E-l)

where EC is the Coulomb energy per unit charge of the

composite particle, pAO is the momentum of the composite

particle at the nuclear surface, and pA is the momentum

of the particle in the laboratory. Eq. (E-l) can be

rewritten as

2mAZEC %

PA = PA(1 ‘ ———3——) . (E'Z)

O pA

From Eq. (E-l) we see that

pAdpA = pAOdpAO (E-3)

Then using Eq. (E-2) we obtain

2 d = d = (1 zmAZEC % 2 E 4PAC PAO pAOPA PA - —-;3—-) pAdpA ( - )

A
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Analogously for a proton we have Z==A==l which gives

 

2mEC }

Pgdpo = (1 - 2 )zpzdp (E-S)

P

We then assume that

pA = Apo (E'6)

O

and also that the Coulomb field does not change the

angular directions

dOA = dOA , do = do (E-7)
O O

The coalescence relation of Eq. (D-9) then states

that, at the nuclear surface, the composite particle cross

section is related to the proton cross section according

  

t0

3 3 Ad N(Z,N) = C d N(1,0) (E-8)

dpg dpg

where

N 4—N N

C = t . P _J;”(fll P§)A‘1 (E-9)
zt+zp N121 3

Transforming the light particle cross sections into the

laboratory by using Eqs. (E—4) (E-S) and (E-7) we

obtain the Coulomb modified coalescence relation in

momentum space
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2 U.-2mmE 2% 2 A
d N(Z,N) = CA'3 o/PA) (d N(l,0)) (E_10)

pfidpAdQ (1 - ZmEC/p2)A/2 pzdde

We now transform Eq. (E-lO) into energy space by first

rewriting it as

 
  

   
 

 
 

 

2 }

d2N(Z1N) e CA-3 (FA ‘ ZmAZEo>2 (d2N(l,0))A (E-11)
pAdpAdQ (p2 _ 2mEC)A/2 pdde

and then using

p: = 2mAEA, p2 = 2mE (E—12)

and

pAdpA = mAdEA, pdp = de (E-13)

This gives

1/

d2N(z,N) = CA"3 (AEA-ZAEC)2 (d2N(l,0))A (E_14)

A-l 2 AmAdEAdO (2m)( )/ (E-EC) /2 ded0

or

5

d2N(Z,N) = CA"1 ((EA ' ZEc>/A)2<d2N(1,O))A (E_15)

dEAdQ (2m3)(A-l)/2 (E _ Ec)A/2 dEdQ

Finally noting that

0

EA - 2EC = EAO = AB = A(E - EC) (E-l6)
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we obtain a coalescence relation which is valid when

the coalescence occurs in the vicinity of a Coulomb field

   
 

4” 3 A—l

dZN(Z»N»EA) = Nt+Np N A'1 ‘3" Po d2N(1,0,E) A (E-17)

C
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