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ABSTRACT

COMPOSITE PARTICLE PRODUCTION

IN INTERMEDIATE ENERGY HEAVY ION COLLISIONS

By

Michael William Curtin

In this thesis, we present experimental and theoretical

studies of composite fragment production in intermediate energy

heavy ion collisions. Inclusive yield measurements were undertaken

to differentiate between the various theoretical approaches. The

14N + natAg at incident energies of 20A, 30A, and 35A MeVreaction

leading to complex fragments in the range 3 5 Z 5 24 was examined.

Our theoretical studies had suggested that the production cross

sections of such complex fragments might provide evidence for the

occurrence of a liquid—gas phase transition in nuclear systems.

Since other reactions mechanisms also lead to complex fragment

production, these processes were also investigated.

The coalescence and thermal models, for example, predict

complex fragment cross sections that depend on the proton production

cross section raised to the power A, where A is the mass of the

complex fragment. This formalism underpredicts our measured yields,

but the discrepancy can be explained by other models. Several Of

these approaches are discussed, including Compound Nucleus Fission,



Cold Shattering of the Spectator, Mechanical Instability, a Coulomb

Tunneling Model, as well as the Liquid-Gas Phase Transition. Pos-

sible applications Of percolation theory, which also predict

critical behavior, are discussed. The nonthermal nature of this

theory, and related ramifications, could make it an important

approach for nuclear collisions where the degree of thermalization

is still a topic of current debate. The time scales are discussed

as are several complicating experimental caveats.

The experimental data indicate that further experiments are

required before a definitive conclusion can be reached regarding the

occurrence of critical phenomena such as predicted in the phase

transition theories. Our results suggest that further experiments

on heavy ion reactions are necessary in the energy range 40A MeV i

Einc 5 100A MeV.

The critical behavior discussed in this thesis is less exotic

than the phase transitions conjectured to occur at much higher

incident energies, for example when hadronic matter is compressed

and heated to a quark-gluon plasma. The significance of this work

rests on the fact that it may help in understanding the conditions

relating to this more exotic behavior and, in doing so, lead us to

experimentally accessible signatures.
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CHAPTER 1

INTRODUCTION

The primary motivation for the present endeavor is the

interest in the equation of state Of nuclear matter under extreme

conditions of temperature and density. Figure 1.1 depicts the

anticipated behavior Of nuclear matter as a function of temperature,

T, and density, p (CUG 84a). The current state of knowledge is

restricted to essentially two points: (00, T = O), i.e. normal

nuclear density and zero temperature corresponding to the cold

nuclear matter comprising nuclei of the matter around us; and the

physically uninteresting, extremely dilute nuclear gas of (p = O,

T = O). In light of the present knowledge, or lack thereof, it is

most instructive to delineate boundaries where the domination of one

aspect of physics gives way to another, thus resulting in a phase

transition. Figure 1.1 denotes the current estimates of where the

ambient temperature and density are sufficiently large that com-

posite nuclear systems (liquid droplets) are no longer stable,

resulting in a phase transition from a liquid to a hadronic gas

composed primarily of individual nucleons. Further increases in

density could result in the formation of free pions as opposed to

the virtual pions familiar as a mediator of the nuclear force at low

energy. Still further increases in temperature and density may

liberate the constituent quarks and gluons comprising the
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individual nucleons, pions, and other particles. The finite width

of the boundaries reflects not only the uncertainties associated

with extrapolation to such extreme states from our present knowledge

but also the belief that such transitions may not take place

abruptly.

The topic of this thesis concerns composite particle produc-

tion in intermediate energy heavy ion collisions, defined roughly as

the energy range from 10A to 250A MeV. As alluded to earlier,

composite particle production represents an unstable condition of

nuclear matter for a temperature T > TC 2 20 MeV, i.e. the region of

Figure 1.1 outside the two—phase region. The intermediate energy

regime is conjectured to produce energy densities equivalent to

temperatures roughly in the 5 5 T 5 50 MeV range, thus providing a

fertile testing ground for a liquid-gas phase transition. However,

the interest in the intermediate energy regime is not confined

solely to this phase instability, since collisions at intermediate

energy are also expected to encompass regions where the average

energy density per nucleon exceeds the binding energy per particle

(2 8 MeV/A at p = PO) as well as the Fermi energy (2 38 MeV for

P = PO), which marks the nominal boundary between the quantal

behavior of fermions or bosons and classical physics. Another

interesting threshold encompassed by nuclear collisions in this

energy regime is the velocity of sound in normal density nuclear

matter (2 .2c).



Heavy ion collisions can serve as a possible probe of extreme

states of nuclear matter, though by no means is their usefulness

limited to this purpose. It is important to recall some charac-

teristics of the heavy ion reaction mechanism which will be impor-

tant in the interpretation of the observables. One important

feature of heavy ion collisions, as Opposed to proton induced col-

lisions, is the possibility of a compressional phase. The overlap

region between the projectile and the target of a heavy ion col-

lision will produce densities of the order ZpO while a corresponding

collision involving a proton will result in a system where p 3 p0.

One generally anticipates that the energy density will increase with

increasing incident energy, for both proton and heavy ion induced

collisions, although the amount of energy deposited may saturate, a

phenomenon commonly referred to as limiting fragmentation.

The inherent ephemeral nature of collision phenomena may

introduce complications in their use as a probe of static or quasi-

static descriptions of nuclear matter. Possible measures of the

transient nature of such collisions are the interaction times or the

decay time of the resultant system which are energy dependent. A

measure of the time necessary for quasi-static behavior to manifest

itself is the relaxation time of the system. It has been estab-

lished for relatively low energy collisions that compound nuclear

complexes are formed with subsequent emission of radiation charac-

teristic of global equilibration; on the other hand, collisions at

higher energy exhibit only localized equilibration in the nuclear



fireball or hot spot (SCO 80). If time scales are considered rele-

vant then dynamics may also influence the physical observables.

Several dynamical scenarios are being developed which demonstrate

the resultant modifications to quasi-static behavior; these include

various hydrodynamical descriptions (STO 81) and intranuclear

cascade codes (BER 81). However, one very interesting, inherently

dynamical, self-consistent field theoretical model has recently been

developed (KNO 84) which predicts dynamical instabilities during the

expansion phase that follows the compressional phase in a heavy ion

collision.

To understand one of the major advantages of such a dynamical

description it is necessary to digress for a moment. Experimen-

tally, the detection of nuclear fragments occurs at p E 0. However,

since strongly interacting nucleons have relatively short interac-

tion ranges, when their separation becomes commensurate with the

internucleon separation, the system is said to have "frozen out."

Aside from final state interactions and sequential decays, the

fragments then travel undisturbed to the detectors. Thus the

physics observed at the detectors is reminiscent of the physics

which occurred at o = of, rather than at p = O. The freeze out

density is a loosely defined term and is most likely dependent on

fragment mass and energy density. It is also likely that the freeze

out mechanism is not very abrupt. The mass and energy dependences

of the freeze out density can be ascertained from coincidence

experiments (CHI 85). The dynamical model obviates the necessity of



a freeze out concept, since it models each individual collision

directly. From our point Of view in this thesis, it is intriguing

that the result of such a calculation predicts critical behavior of

mass spectra similar to that predicted in quasi-static macroscopic

approaches and in the same general temperature range. Due to the

finite number effects, however, the transition is broadened con-

siderably (600 83).

As stated earlier, for increasing incident energy the fraction

of the system which equilibrates may decrease. Figure 1.2 illus-

trates schematically how this localization of the deposited energy

may occur. If fragments are emitted on the average before attain-

ment of global equilibrium, then these fragments will carry a signa-

ture of emission from a localized source. This behavior is depicted

in Figures 1.2b and c. Figure 1.2a reflects the condition of global

equilibration and Figure 1.2d illustrates the fireball geometry

where the geometric overlap of the projectile and target defines

three distinct entities. Firstly, a projectile remnant composed of

projectile nucleons whose trajectories do not coincide with the

target nucleon trajectories, may be formed. This projectile-like

fragment will possess a velocity near the beam velocity and will

carry a small transverse momentum. Secondly, the target remnant

will be composed of fragments travelling with a very small velocity

compared to the projectile velocity. These fragments are classified

as spectators. We now consider the intermediate participant

nucleons. These are comprised of both projectile and target
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illustration oi nuclear collisions at various energies and impact parameters.

a] At relatively small incident energy the proiectile involved in a central

collision produces a compound nucleus where the energy density has

suilicient time to equilibrate b) Peripheral collisions at low incident energies

must equilibrate ditlerent degrees oi ireedom across the neck oi the dinuclear

system: thus the degree oi equilibration will vary depending on energy, impact

parameter and relaxation time scales c) in this collision the time scales do not

permit global equilibration prior to “break-up." d) A lireball geometry where

the high energy density region breaks away. Shaded regions denote higher

than normal energy densities.



nucleons in the overlap region, possessing a velocity intermediate

between that of the projectile and that of the target. If a suf-

ficient number of collisions takes place among the constituent

participant nucleons, the system will achieve thermalization. Thus,

the participant system forms a heated, dense, finite system of

nuclear matter. The gross features of the fireball, as this system

is generally referred to, are determined by simple kinematical con-

siderations. The inelasticity of the collision determines the

amount of energy supplied to the thermal degrees of freedom of the

system. Proton emission is described utilizing a Boltzmann dis-

tribution of the nucleon velocities. Composite particle production

was initially described by superimposing a coalescence mechanism

upon the statistical distribution of nucleon momenta, i.e. if the

relative momenta of the two nucleons lie within a sphere of radius

defined by pO (the coalescence radius in momentum space) then the

nucleons form a composite fragment such as a deuteron. Larger

fragments are formed in an analogous manner (MEK 81).

At incident energies far in excess of typical nuclear binding

energies, for example in high energy collisions (E > 250A MeV) at

the Bevalac, the fireball model works quite well (003 77). However,

it is less clear for the intermediate energy regime

(10A MeV 5 E 5 100A MeV) that this approach remains valid. Rather,

the localization, if it occurs, in this energy domain may be

described by hot spot formation (FIE 84). With the advent of

accelerators capable of accessing this energy regime, the intrinsic



interest in critical phenomema and in energy localization, for

example, has been rekindled. A multitude of physically relevant

benchmarks regarding nuclear matter fall into this realm, e.g. the

Fermi Energy (2 38 MeV), velocity of sound (v 2 .2c), and the criti-

cal temperature (2 20 MeV).

Let us consider some of the interesting speculations. Nuclear

scattering experiments demonstrate that the nuclear force has both a

long range attractive and a short range repulsive nature. It is

well known from mechanics and from atomic and molecular physics that

such forces give rise to regions of instability. In nuclear matter

the nuclear incompressibility modulus, K, plays a crucial role in

determining the boundary between the stable and unstable regimes.

Phenomenological parameterizations (ZAM 73) of the nuclear force

indicate the region for which the nuclear matter should be unstable.

However, the manner in which the instability manifests itself is a

subject of current debate. A mechanical instability (BER 83) pic-

tures the disassembly as a large scale monopole oscillation along a

given isentrope until the system enters an unstable region whereupon

it fractures into light composite fragments. The proponents of

models of liquid-gas phase transitions (CUR 83a; FIN 82; MIN 82)

envision an evolution of the system where compression leads to the

formation of the liquid component and the ensuing expansion gives

rise to the gaseous component, the constituent ratios of which are

determined by the temperature and density of the system. The system

proceeds until it reaches the freeze-out density (MEK 81) where the
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liquid and gas primary distribution is "frozen." The theory further

contends that the fragments thus produced travel undisturbed, aside

from final state interactions, to the detectors. If the temperature

is sufficiently high at freeze-out then only a gaseous system will

remain since the system can no longer support a liquid phase.

Another interesting model (AIC 84a; AIC 84b) has been proposed

which describes the evolution of the system in terms of a localized,

hot subset of nucleons which emitsenergetic nucleons. These in turn

are absorbed by the surrounding cold nuclear matter thus exciting it

above the Coulomb energy threshold necessary for the cold nuclear

matter to shatter. The latter is similar in nature to the shatter-

ing of glass, thereby displaying an aspect of the nucleus charac-

teristic of a solid as opposed to a liquid or gas. These concepts

led to the experiments to measure fragment production which are

described in this thesis.

The thesis is organized in the following manner. In Chapter 2

we examine two types of nuclear instabilities. First, we discuss a

liquid-gas phase instability and the predicted complex fragment

yield of such a model. Second, we discuss a mechanical instability.

We then focus our attention on the relevant time scales for each of

these phenomena. We estimate the time necessary for each to develop

and compare to the time estimated for disassembly. In addition, we

will discuss briefly several complicating factors such as Coulomb

tunneling effects on mass yields, finite number effects, evaporation

and final state effects and how each will modify conclusions and
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predictions. Chapter 3 describes other theories of complex particle

production; early statistical models (thermal and coalescence), as

well as Compound Nucleus Fission and the Cold Shattering Model are

discussed, together with the associated predictions of the resultant

fragments. Subsequently, in Chapter 4 our experiments on complex

fragment production in heavy ion reactions are described. In

Chapter 5 the results and interpretations of the experiments are

presented, and placed in the context Of other experiments. Detailed

comparisons of the data are made with the predictions of the

Compound Nucleus Model, the Cold Shattering Model, and Liquid-Gas

Model. In Chapter 6 we present our conclusions regarding the

different models, and suggest future experiments and theoretical

avenues to pursue.

In conclusion, our present knowledge of nuclear matter

centers around (0 a O, T E O) and (00 2 .17 fm'3, T s 0), thus indi-

cating that the logical course to pursue entails investigating

phenomena relatively close to familiar conditions, where theoretical

extrapolations and experimental complications are minimal. It is

our belief that an understanding of a lower density, lower tempera-

ture phase transition can serve as a springboard to eXplore even

more exotic and interesting states of nuclear matter. (A recent

review is given by Cugnon (CUG 84a).)



CHAPTER 2

CHEMICAL AND MECHANICAL INSTABILITIES

2.1 Introduction
 

In this chapter we examine the chemical and mechanical insta-

bilities associated with hot, dense nuclear matter. Time scales

relevant to these instabilities will also be discussed. Most of

the contents of this Chapter are the theoretical contribution of

the author to the field.

First, the chemical instability will be examined utilizing a

Skyrme interaction. (A simpler treatment has been given by Boal

(80A 84b).) Since this approach does not readily yield information

regarding experimental observables, it was necessary to augment our

investigation using a macroscopic approach. Our phenomenological

approach to phase instabilities also stimulated the application of

percolation theory to nuclear collisions, and we, therefore, include

a brief description of the underlying tenets and predictions.

Surface and Coulomb effects on the liquid-gas phase instability are

also presented. Second, the mechanical instability is presented in

a manner analogous to the chemical instability and the alternate

physical interpretation of the negative incompressibility region is

emphasized. The experimental observables are then explored.

Several effects that could influence the application of this theory

to nuclear systems are enumerated. Finally, the time scales

12
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relevant to thermal and chemical equilibration are compared to

typical nuclear transit times and the oscillation times charac-

teristic of the mechanical instability.

2.2 Chemical Instability
 

2.2.1 Theoretical Formulation for Nuclear Physics
 

To derive the condition for a liquid-gas instability, we start

from the relation (CUR 83a)

k2 -1
— - u

o = 4 [d3k 1+ exp(2m , (2.2.1)
3 T

(2")

from which the chemical potential, u, is determined as a function of

 
 

the density P and the temperature T. The thermal contribution to

the internal energy is given by

 
 

2 -— - u
_T = 4 [dBk -k—l-n 1+ exp 2m , (2.2.2)

using the calculated values of u. The pressure due to the thermal

motion is then ZET/3V corresponding to a zero point pressure of

% €F(p), where eF is the Fermi energy. The total pressure is the

sum of the thermal pressure and the pressure, Pv, due to the inter-

action among the constituents of the system. To derive Pv we

express the energy per nucleon in the form (ZAM 73) obtained from a

Skyrme type interaction, ignoring the effective mass contribution,
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E

7% = —A0 + §p°+1 (2.2.3)

where A and 8 are constants determined by the constraint E/A =

-16 MeV (for nuclear matter) where p = PO, together with the further

condition for stability Of normal density nuclear matter,

8(E/A)/ap = 0.

Solving for A and with CF(o = 00) = 38 MeV and o = 2/3 we8

find Apo = 74.2 MeV and 803/3 = 35.4 MeV. In general A and 8 have

some temperature dependence but here we assume that the thermal and

interaction energies and pressures are separable. The pressure due

to the interaction (at T = O) is 02 (E/A)/ao, resulting in

_—5-
- -AD +‘3 BO . (2.2.4)

The total pressure as a function Of density for constant

temperature is plotted in Figure 2.2.1, which shows that the equa-

tion of state has the form typical of a Van der Waal's system with

liquid and gaseous phases. For the unphysical region (shown only

for T = 15 MeV) where the slope is negative (implying a negative

incompressibility) a Maxwellian construction is employed, along

which the liquid and gas phases coexist. The region of coexistence

is indicated in Figure 2.2.1. The range of densities compatible

with coexistence becomes smaller as the temperature increases until

the apex of the coexistence region coincides with the inflection

point of the critical temperature curve. At this critical
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Nuclear pressure versus density tor iixed temperature is plotted. Solid

curves indicate paths traversed by a system with iixed T. Liquid, gas. and

coexistence (hatched) regions are indicated. The significance at p, pc, and

T are discussed in the text .
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temperature, TC 2 20 MeV, the coexistence of liquid and gas phases

is possible only at pc = 0.07 fm'3 and only a gaseous phase exists

for all higher temperatures. Our results are in good agreement with

recent calculations (FRI 81; ROP 82).

Our choice of parameters leads to an incompressibility of

312 MeV (K s 168 + 216 o; PRE 75). Current estimates from nuclear

monopole excitations indicate that the incompressibility is approxi-

mately 210 MeV (SER 80). In our calculation we let E/A = -16 MeV

(ignoring surface effects) and o = 2/3 in the Skyrme interaction.

The thermodynamic treatment implies a large system and hence E/A is

approximately fixed at -16 MeV. If 0 is allowed to change to repro-

duce K = 210 MeV, a critical temperature of 17 MeV is predicted.

In order to discuss the observable consequences of the phase

instability at Tc’ several points must be assessed. First, the

relevance of the isotherms in Figure 2.2.1 to the actual evolution

of the disassembling nuclear system must be assessed. According to

cascade model calculations (GUD 79) at incident energies 5 250A MeV,

the temperature does not vary rapidly as a function of time and

consequently the time evolution of the system may be considered

isothermic for a temperature in the critical region of 20 MeV,

corresponding to incident energies of s 100A MeV. In contrast to

the cascade model, hydrodynamical calculations indicate that

entropy, as opposed to temperature, may remain constant during

expansion. Recent hydrodynamical calculations (STO 81) indicate

that constant temperature in the critical range is, however, a
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plausible assumption. IrIthis section we assume that a constant

temperature is appropriate to the disassembly process.

Finally, we must note that during the disassembly phase of the

hot region, the density decreases until the thermal freeze out

density (of) is reached. This density is roughly defined when the

mean free path becomes commensurate with the physical size of the

hot region. Collisions cease at pf and the fragments travel undis-

turbed to the detectors aside from final state interactions

(MEK 81). To observe both liquid and gas phases at a given tempera-

ture, the Maxwellian construction must encompass the region of

freezeout, defined by pf. If pf is large then the system will be in

the liquid phase at freeze out, whereas if of is small only the gas

phase will exist signifying that the system has traversed the

coexistence portion of the isotherm and the liquid phase no longer

exists.

In the event that of < pc the system will enter the gas phase

prior to freeze out leading to an erroneous interpretation of T' as

the critical temperature Tc (CUR 83a). Further inspection of

Figure 2.2.1 indicates that for of 3 pc the temperature Tc will be

correctly identified. It is physically unlikely that freeze out

will occur for densities greater than the critical density since

this is a density for which the liquid phase exists, and therefore

an interaction is required in contradiction to the nature of the

freeze out concept.
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The arguments presented do not at present lend themselves

readily to predictions of complex fragment yields. Hence it is

necessary to examine a macroscopic model for specific, experimen-

tally accessible predictions of a liquid-gas phase transition.

2.2.2 Macroscopic Approach
 

The probability of forming a cluster Of size A is (FIS 67)

Y(A) « A’ke(“'FI/T (2.2.5)

where F is the Helmholtz free energy and

F = E - TS . (2.2.6)

If the energy and entropy are divided into volume and surface com-

ponents, they are expressed mathematically as

2/3
eVA + eSA (2.2.7)M

i
i

2/3
SVA + SSA ,M

I
I

where ev, es, SV’ SS are the specific volume and surface energy and

entropy, respectively. The probability can be rearranged in the

following convenient manner:

Y(A) « A”k - xA - yA (2.2.8)

- T

x = exp I- (Sé—T——:§)( (2.2.9)

where
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- T

Aexp )- (LT—Sl)( (2.2.9)

exp(u/T)

‘
< n

>
1

II

The set of points {a} at which condensation occurs satisfy the

relations

y = 1 x = 1 (2.2.10)

whereby Y(A) is determined as

Y(A) « A"k . (2.2.11)

This power law dependence is not confined solely to the critical

point. If of < pC the power law dependence would still hold in this

formulation, albeit at a temperature T' < TC (see Figure 2.2.1).

The condensation points {0} constitute the boundary between the

gaseous and coexistence regions and are illustrated in Figure 2.2.2.

The surface free energy is zero at the critical point. Thus, the

surface component of eq. (2.2.6) yields

TC - EETT—T (2.2.12)

and hence the surface physics determines the critical behavior. For

regions other than those of condensation, the following relations

hold:
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coexistence

 
 )>

condensation pts p

Figure 2.2.2 The boundary between the gaseous and coexistence regions is emboldened.

This interiace constitutes the set oi points where condensation begins .
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y < 1 gaseous phase

y > 1 liquid phase

x<1 T<TC

x = 1 T = T
c

x>1 T>T
c

The possibility of a phase transition in an equilibrated

nuclear system was previously considered theoretically in a number

of papers (CUR 83a; PAN 84; PAN 85; DAN 79 and references therein).

Examination of light-ion production cross sections over a wide range

Of incident energies has indicated that it will also be necessary to

measure intermediate mass fragment cross sections in order to

obtain an unambiguous experimental signature of phase transitions

(CUR 83a). It has already been suggested in a number of recent

papers that the power law dependence, Y(A) ; A'T, Of the fragment

distributions may constitute a signature for the occurrence of phase

transition phenomena near a critical point (MIN 82; FIN 82; HIR 84).

The widely differing systems which exhibit this characteristic power

law dependence suggest that phase transitions are not specific to

the projectile-target combination, but dependent only on the energy

per particle imparted to the interacting system. However, the

temperatures of the reported systems vary between about 8 MeV

(CHI 83) and 15 MeV (FIN 82). Clearly, all Of these systems cannot

be near the critical point.
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To understand the temperature dependence, we first fitted the

existing data on fragment distributions with a power law dependence

Of the form Y(A) z A'T, where r is the "apparent" exponent. In this

approximation, the effects of any temperature—dependent factors are

absorbed into the power law exponent. Therefore, this apparent

exponent will vary with the temperature.

For some of the analyzed data the temperature of the system

has been extracted from moving source fits to the fragment energy

distributions (see e.g. Fields et al. (FIE 84)). Where the tempera-

ture was not determined in this manner, we determined it either from

the slope of the tail of the 90° fragment energy distributions, or

from the ideal Fermi gas, assuming the size Of the emitting system

to be in the range of 2 to 3 times the largest emitted fragment

mass. The fragment masses used to determine the power law exponent

were in the range of 3 5 Z 5 22 for all systems; care was taken to

avoid contributions from the tail of possible fission fragments.

Table 1 summarizes the data used and the values obtained by the fit.

In Figure 2.2.3 we plot the apparent exponent, 1, determined

from a least-squares fit to the fragment distributions as a function

of the temperature of the emitting system. Nominal error bars of

t 1 MeV were used in our analysis. We Observe a dramatic tempera-

ture dependence of the apparent exponent, which decreases as the

temperature increases to about 11-12 MeV, after which the trend

reverses. The exponent reaches a minimum value of about 1.7 at a

temperature in the region of 11-12 MeV, which may be indicative of a
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phase transition as we show shortly. This conclusion is in dis-

agreement with the result TC = 3.3 MeV (MIN 82), Obtained from the

isotope distributions, but it is in agreement with calculations for

finite nuclear systems, which predict TC in the range of 9-13 MeV

(JAQ 83; JAQ 84). It is possible that the temperatures deduced from

isotope distributions require correction for the effects of sequen-

tial decay.

Since the deexcitation processes of the emitted fragments may

make it difficult to Obtain accurate information from lighter frag-

ments, we restricted the range of the fragment charge to Z 3 5 to

obtain the power law apparent exponent (see Table 1). This new set

of data produced the same dramatic features as the full set shown in

Figure 2.2.3.

This behavior Of the temperature dependence of the fragment

yield prompted us to fit the fragment distributions with expressions

obtained from a theory of condensation in excited nuclear matter, in

which the probability for fragment formation of size A is given by

(see eqs. (2.2.8) and (2.2.9))

-a'S(T)A2/3 - a;(T)A + u(T)A

T (2.2.13) Y(A) « A'kexp

where k is the critical exponent, a;(T) = eS(T) - TsS is the surface

free energy per particle, a (T) = e (T) - Tsv is the volume free
i v

<energy per particle, and u T) is the chemical potential per par-

ticle. The above relation can be written in the following form:
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2/3

Y(A) a A X y (2.2.14)

where

 

(2.2.15)
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In the region I < Tc’ where gas and liquid phases coexist, the

sum of the volume energy per particle in the liquid phase and the

Gibbs free energy per particle in the gaseous phase is equal to

zero, i.e., a;(T) — u(T) = 0. Therefore, the exponential factors

are y = 1 and x < 1, and the probability Y(A) can be written as

-a'(T)A2/3

Y(A) « A'kexp T (2.2.16)
 

At the critical point, determined by T = T , the surface free
c

energy term is equal to zero, a;(T) = 0, and in addition a;(T) -

u(T) = 0. Therefore, both exponential factors give x = 1 and

y = 1, and the probability assumes the pure power-law form

-k
Y(A) « A (2.2.17)

Finally, for T > Tc’ corresponding to a gaseous phase, we

assume that the surface free energy is very small, a;(T) e 0, while
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a;(T) - p(T) > 0. Therefore, the exponential factors are x z 1 and

y < 1, and the probability Y(A) assumes the form

[a;(T) - u(T)]A

T

 Y(A) . A’kexp - (2.2.18)

  

We note that the exponential factors x and y, at temperatures

T < TC and T > TC, respectively, modulate the power-law dependence

of the fragment distribution. Figure 2.2.4 illustrates the expected

behavior Of cross section versus fragment mass for temperatures less

than, greater than, and equal to the critical temperature (SIE 83).

We parameterized the temperature dependence of the surface

free energy as

a;(T) = c(1 - T/TC)2 (2.2.19)

where c = 18.4 MeV since a;(T = 0) = 18.4 MeV, the cold nuclear

matter surface free energy, and a;(T = TC) = 0. For the volume and

the Gibbs free energies we take

a¢(T) - u(T) = b(1 - T/TC)2 (2.2.20)

where b is a coefficient, the value of which is not known a priori;

a value in the range 8-10 MeV was determined by the fitting

routine. A least-squares fit to the fragment distributions was

undertaken by using expressions (2.2.16) and (2.2.18) with the

parameterizations (2.2.19) and (2.2.20), respectively, and letting
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the exponent, k, take successively the values 1.6, 1.7, 1.8, 2.0,

2.33 to yield corresponding TC values. For the temperature Of each

system we used T = T' t 1 MeV, where T' is the averaged temperature

for all emitted fragments used in each fit. This variation in T,

resulting from the uncertainty in establishing the temperature Of

the source, produced a variation in the calculated TC (i .5 MeV).

Figure 2.2.5 shows the extracted critical temperature as a

function of the critical exponent, k. We Observe that for k between

1.7 and 1.8 the calculated TC values for both T < TC and T > TC

coincide, while for both lower and higher k values they diverge. We

are, therefore, inclined to accept k s 1.7 as the critical exponent

and Tc = 12.0 t 0.2 MeV as the critical temperature. The uncer-

tainty in the critical temperature allows the possibility that the

critical exponent k may take on values between 1.7 and 1.8, which is

lower than the theoretical minimum value 2.0 for an infinite system

(FIS 67). This lower value may reflect the finite nature Of the

systems considered and needs further theoretical investigation. We

note, however, that this choice of parameterization reproduces the

essential features of Figure 2.2.3. Calculations of thermal proper-

ties of nuclei, using the thermal Hartree-Fock approximation and the

Skyrme III interaction (SAU 76), yield a critical temperature

TC = 12.58 MeV, close to the temperature extracted by our analysis.

The similarity of the power-law dependence (2.5 < T < 2.7) of

the fragment distributions at very different temperatures (8 5 T

5 15 MeV) can now be understood in our picture; these points lie on
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either side of the critical temperature and the power-law is about

equally modified by the temperature-dependent exponential factors x

and y, implying that the surface and volume contributions have

approximately equal importance in determining mass distributions.

In this section it has been essential to assume the formation

of thermalized hot matter of nuclear dimensions in the temperature

range of 5 to 20 MeV. Furthermore, we have to rely on the freeze

out concept, which ensures that the experimentally observed

mass distributions reflect the configuration at the freeze out

density of nuclear matter. Although both of the above concepts are

generally accepted at very high energies (E > 250A MeV), they have

to be confirmed by careful examination of the experimental data at

intermediate energies. It is very encouraging, however, to find

that the simple ansatz, taken from the theory of condensation, works

very well in this wide energy range and for very different systems.

Our analysis made use of fragment distributions from widely

different systems and with appreciable uncertainty in the tempera-

ture of the source. To circumvent this inherent difficulty it is

preferable to choose a single projectile-target combination and

measure fragment yields as a function of the incident energy in the

region roughly corresponding to the critical temperature, i.e. from

approximately 9 to 14 MeV. From such a study one may also be able

to infer more accurately the form of the T dependence of the free

energies very close to TC, providing information concerning the

equation of state of nuclear systems.
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2.2.3 Percolation Theory
 

It is important to note that a liquid-gas phase transition is

not the only theory which predicts a power law dependence of the

yields of the form given in eq. (2.2.11). Recently, it has been

suggested that a nonthermal phase transition based on percolation

theory could also exhibit this behavior (BAU 85; CAM 85). (An

excellent review is given by Stauffer (STA 79).) The percolation

theory presented is not the work Of the author. Figure 2.2.6 com-

pares the prediction Of a percolation calculation with experimental

data (CAM 85). In this approach the nuclear matter is described in

terms of a set of lattice sites. Two different interpretations

based on percolation theory have been proposed. One describes the

critical behavior in terms of the normalized probability that bonds

between adjacent sites are broken (BAU 85) while the other refers to

the normalized probability that a given lattice site is occupied

(CAM 85).

The basic approach is as follows. Define p as the normalized

probability that a site is occupied. If p = 1 then all sites are

occupied and the cluster exists as one macrOSCOpic droplet. Con-

versely, if p s 0 then most sites are vacant and lattice sites

behave independently, thus resembling a gaseous state. Now let us

explore the region 0 < p < 1. A pictorial representation is shown

in Figure 2.2.7. For a given system, the value of p fixes the

global number of occupied sites which are randomly distributed

between possible lattice sites. Only nearest neighbor bonds are
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Figure 2.2.7 illustration oi the percolation phase transition. Three cases are shown ior

0< p<l where p is the traction oi sites occupied in a lattice. a] The p~o case

where many small iragments exist with no single large cluster,

b) pang, and cl pa‘x’l where one large connected cluster exists.
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permitted. All interconnected lattice sites are considered part of

the same entity which we will identify with a fragment. For an

infinite lattice, where p > pc, one large cluster exists whereas for

p < pC no such cluster is found. Hence the system exhibits critical

behavior as a function of p, in much the same way a liquid gas

system behaves as a function of temperature. However, it is impor-

tant to realize that nowhere does this theory mention thermalization

or chemical equilibrium. Finite systems exhibit a noticeable

softening of the percolation transition as can be seen upon examina-

tion of Figure 2.2.8. However, typical heavy ion systems should

exhibit a clear differentiation between the p < pC and p > pC

regimes. The experiment studied in this thesis (N + Ag) corresponds

to an 11 x 11 percolation lattice, intermediate to the first two

cases illustrated in Figure 2.2.8.

The percolation theory is a purely geometrical theory while

the physical observables of a heavy ion collision are subject to the

constraints of nuclear physics. The following constraints were

imposed on the percolation theory in an effort to adapt it to

nuclear collisions:

1) The nearest neighbor interparticle distance must be

5 2.5 fm.

A

+ 1 +

2) “Di-7F gka -<— pf:

where

pi = nucleon momentum



Figure 2.2.8

 

 

  
 

Average largest cluster size (normalized to the number oi lattice sites) ior

square lattices containing: 8 x 8 sites (dashed line]; 14 x 14 sites (dash dot]

and 20 x 20 sites [continuous line). An lniinite system would correspond to a

theta iunction [<p f): o ior p<pc and <p E) = l ior p>pc]. The

experimental conditions oi the experiments in thEs thesis would correspond

to an it x it site square lattice (can 85) .
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AF = number of nucleons in the fragment

pF = Fermi momentum

1/3
3) rA 5 (1 + .15)rOAF

F

(The last condition prevents counting of fragments which possess

excessive surface excitation energies.) Figure 2.2.9a illustrates

the effects of these constraints. The importance of the dimension

of the lattice under consideration is discernible in Figure 2.2.9b.

Recall that an important Characteristic of nuclear matter is satura—

tion. The number Of nearest neighbor sites differs for different

physical geometries (such as a simple cubic versus body-centered

cubic). The investigation of different physical configurations in

an attempt to simulate the saturation effects present in nuclear

matter might also be Of value.

The determination of the best fit to the predicted yields with

an apparent exponent as function of p is shown in Figure 2.2.10.

The resemblance to both the liquid-gas phase transition prediction

and the data presented in Figure 2.2.3 is apparent. For an estimate

of the equivalent temperature where critical behavior sets in, note

that the occupation of each site corresponds to the release Of

z 8 MeV and hence the total energy supplied to the system is 8Np,

where N is the total number of possible lattice sites and here Np is

the number of occupied sites. The energy of a system of A fermions

at temperature T is given by AT2/8, and we may identify A with

number of vacancies in the system, i.e. N(1 - p). Thus we see
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that the effective critical temperature associated with a percola-

tion theory is 8(pC/1 - pC)1/2. Examination of three-dimensional

I
I
I

systems yields a value pC 0.7 corresponding to a critical behavior

in the vicinity of 12 MeV effective critical temperature. This

result is in good agreement with the experimental data. It is, of

course, incorrect to interpret this quantity as a true temperature;

rather it allows the reader to relate this theory to the framework

we have used to describe the data.

2.2.4 Complicating Factors
 

The preceding section dealt primarily with infinite nuclear

matter properties. For real nuclei, there are a number of compli-

cating factors which will lead to a misinterpretation of TC from

experimental data. In this section we explore a few of the most

important factors.

The importance of surface properties can be deduced from

observation of nuclear binding energies. We know that the binding

energy per nucleon in real nuclei is approximately 8 MeV rather than

the value of 16 MeV Characteristic of nuclear matter. The nuclear

force saturates and hence "sees" only neighbors within a given

radius; a nucleon residing in the interior portion of a nucleus has

a full complement of nearest neighbors whereas a nucleon residing

near the surface has less than the allowable maximum of nearest

neighbors. We assume here that the surface effects are the largest

contributor to systematic errors in determining binding energies

from nuclear matter considerations, though other effects will become
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significant when discussing critical phenomena. If we reassess our

estimation of the critical temperature we would estimate that

8.1 5 TC(finite) 5 13 MeV (JAQ 83; JAQ 84) while pc remains essen-

tially unchanged.

It is also important to comment that, even in finite matter,

surfaces can exist such as a bubble interface with a liquid, or

conversely a liquid droplet within a gaseous environment. At the

critical point the free energy of the surface contribution is iden-

tically zero. Hence

F(TC,pC) = E(TC,pC) - TCS(TC,pC) = 0 (2.2.21)

implying

E(Tcspc)

T =

C SITC’OCI

Thus we see that the critical behavior is a true surface effect.

Indeed this behavior is indicative of the condensation points (the

coexistence-gas boundary) in general. It is obvious therefore that

the surface effects are inherently important.

Coulomb and isospin asymmetry effects can also become impor-

tant near the critical point since the differences between the

"nuclear matter" pressure and the gas pressure tend to zero as does

the surface pressure. Figure 2.2.11 illustrates the competing

pressures within a droplet. As the system approaches the critical

temperature, an - Pgas + 0 and PS + 0 leaving the Coulomb pressure

unbalanced (BON 84). Examination of Figure 2.2.12 illustrates how

this effect can alter the definition of an unbound droplet thus
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Figure 2.2.1 1. The pressure on a nuclear droplet is illustrated. in a) the balancing

attractive and hard core repulsive potentials which comprise the nuclear

matter pressure are shown; and in b) the other pressures such as suriace,

Coulomb. and external gas pressures are shown .



D I

-| n +Ps-P“.I

'cout

Fight! 2.2.12.

43

   
  
Pressure on a nuclear droplet (excluding the Coulomb pressure) as a

iunction at temperature (solid line). As can be seen irom observation oi the

critical behavior, the Coulombic pressure can be important. T‘w“ is the

critical temperature when Coulomb eiiects are taken into account.
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causing an abrupt disassociation at TEOUL as opposed to a more

gradual disassociation at TC. The effect is most important near the

critical point, since P >> P + PS - P
coul gas nm'

It is important to note that as of decreases the internal

Coulomb pressure will actually increase even though the average

density decreases. This behavior arises because the density of the

liquid, pl, increases as of decreases thereby increasing the prox-

imity of the charged nucleons and enhancing the repulsion within the

droplet. It is therefore conceivable that the Coulomb unbinding

effects could propagate to regions far removed from the critical

point.

The estimates of Tc range from 16-20 MeV (JAQ 84) in one

phenomenological approach and between 8 and 13 MeV in another

(BON 84). The discrepancies between different formulations are

attributed to the imprecision inherent in the determination Of the

parameters based on information derived at T = O and P = PO.

A further complicating factor comes from finite number effects

which will tend to soften any abrupt transition. A thorough exami-

nation of this complication can be found in the work of Goodman

et al. (GOO 83).

2.3 Mechanical Instability
 

2.3.1 General Formulation
 

In the preceding sections the unphysical portion of the pres-

sure versus density isotherms were avoided by employing a Maxwellian

construction to eliminate the undesired region (K < 0). The
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motivation underlying this construction comes from the fact that the

unphysical region is indicative of a chemical instability Of the

system at the phase separation. Such a chemical instability is not

the only interpretation of the unphysical behavior of the nuclear

equation of state. It is possible that matter might also undergo a

mechanical instability similar to the shattering of hot nuclear

matter (BER 83; CUR 83b).

We shall now describe the theory of a mechanical instability.

The effects of damping are neglected initially; however these

effects will be taken into account in Section 2.3.3. The derivation

begins by evaluating the excitation energy per nucleon as a function

of the density. First, the chemical potential must be derived from

the density:

2 -1

4 d3k 1 + exp 2m V (2.3.1)

(2103

  

where the potential energy is Obtained from the Skyrme interaction

(ignoring effective mass corrections):

7} = -A(Jl) +i§(—P—)5/3 . (2.3.2)
P P
0 0

The constants A and 8 can be determined from nuclear matter proper-

ties in the following manner. The total energy is the sum of the

thermal and potential energy contributions (E = ET + EV), which for

T = 0 has the form
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2/3 5/3

H?) - A(—”—) + 8( ") (2.3.3)

O

D

O

D

o
l

where CF is the Fermi energy of normal nuclear matter (2 38 MeV).

Nuclear matter considerations require E = -16A MeV and 3(E/A)/3p = 0

at p = 90 and T = 0. The values Obtained are A = 74.2 MeV and

B = 35.4 MeV (CUR 83b). The thermal contribution to the system can

be calculated using

k2 -1

E 2 - + E - u

-vl . _4_§ d3), 5.“. 1. exp (2“ T V ) . (2.3.4)

(2T)

Utilizing thermodynamics one can calculate the entropy and pressure

 

from the following relations

E

s = SITE (2.3.5)

0

3

P = 92(5%)S . (2.3.6)

The results are presented in Figure 2.3.1, where several isentropes

are plotted as a function of the density. From the initial excited

compressed state formed in a heavy ion collision the system will

oscillate along an isentrope in a harmonic fashion similar to a

monopole oscillation in the absence Of collision damping. If,

during the oscillation, the pressure becomes positive then the

system will disassociate. In practice, if the incident projectiles

are protons or heavy ions they are expected to create conditions of
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The energy per nucleon versus density tor various values at the entropy per

nucleon. The unstable region (Dill is indicated. This region is deiined bythe

condition that the system will evolve. or has evolved, to a condition such that

the pressure remains positive; hence the system disassembles. Two

boundaries tor the everstressed region are drawn: no damping (labelled r=

iii and minimal damping (i‘ = 0.27) (Gilli 83h) .
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normal or greater than normal nuclear densities, respectively. It is

therefore possible tO define an overstressed region such that, under

harmonic oscillation, the system will enter the region where the

pressure will become positive on the return portion of the oscilla-

tion. The unstable (P > 0) region defines the conditions of tem-

perature and density for which the system will disassemble and this

region is also depicted in Figure 2.3.1.

To understand the conditions under which the system will

disassemble it is necessary to refer to Figure 2.3.2 which illus-

trates the functional dependence Of the pressure on the density.

Focusing attention on the isentrope with S/A = 0 it is seen that for

normal nuclear density the pressure is zero as expected. Decreasing

density corresponds to decreasing pressure until a maximal negative

pressure point is reached, whereupon the pressure increases with

further decrease of the density. Once the pressure exceeds zero the

pressure Of the system remains positive for all further decrements

in the density. Stable equilibrium is attained only when the

pressure is zero and where the energy is a local minimum. A system,

characterized by values of o and S/A, such that it is located along

the negative incompressibility portion of the isentrope (indicated

in Figure 2.3.2), will move toward the lower density, zero pressure

point. Once the system attains zero pressure it has acquired an

outward momentum and the energy is not a local minimum; hence the

system continues to expand until the density approaches zero (see

Figure 2.3.3). Therefore the boundary of the unstable zone is
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defined by successive points Of maximal negative pressure for

increasing isentropes (see Figure 2.3.2).

The system still possesses negative excitaiton energy and

therefore is likely to disassemble into light bound clusters. Since

a deuteron is favored from entropy considerations, but is severely

disfavored energetically, it is most likely that the system will

disassemble into slightly heavier fragments, most probably alpha

particles.

2.3.2 Experimentally Determinable Quantities
 

One experimentally determinable feature may be the relatively

rapid onset Of deuteron and proton production. The region of insta-

bility encompasses a region of negative excitation energy which

indicates that the resultant breakup must produce bound clusters

consistent with the average negative excitation energy at the

unstable boundary. We note that the a-particle has an average

binding energy of 7.1 MeV/nucleon which is commensurate with the

average binding energy per nucleon Of heavier nuclei and yet is

still favored by considerations of entropy. As the incident energy

is increased, the entropy and temperature also increase, thereby

increasing the average kinetic energy of the participants, where

they become less off shell. Once the average negative excitation

energy is s 1 MeV/ nucleon, deuteron production becomes feasible.

With a small additional investment of incident energy the individual

nucleons will come on shell resulting predominantly in nucleon

production.
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Another feature of the mechanical instability is the expected

marked difference between proton and heavy ion induced reactions.

Proton induced reactions prepare the system essentially at p0, i.e.

with no compression, whereas the heavy ion induced reaction may lead

to significant compression and a reduction of the incident energy

per nucleon necessary to traverse the boundary of the overstressed

region.

Since proton induced collisions will not produce an initial

compressed system, any subsequent oscillation would appear to be

prohibited. One must note, however, that the oscillation occurs

because the system is at a nonequilibrium density. In a proton

induced collision, the entropy increases but the density remains

essentially constant. However, the equilibrium density for an isen-

trope decreases as a function of increasing entropy. In other

words, the equilibrium density of the new isentrOpe (S/A f 0) moves

out from under the point of normal nuclear density and zero entropy.

To adequately describe the behavior within this framework, the

system should have an entropy such that S/A < 2; the dynamics become

featureless for larger entropies (BER 81; BER 83). The intermediate

energy regime should therefore provide an ideal experimental testing

ground for such an instability.

2.3.3 Caveats

There are at least three obvious complicating factors which

may obscure the manifestation of the mechanical instability in heavy

ion collisions.
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Firstly, damping will modify the conclusions (CUR 83b). The

empirical full width at half maximum (FWHM) of the monopole excita-

tion is typically 4 MeV for an excitation energy of 15 MeV (YOU 81).

Let us define the damping constant T as the ratio of the full width

at half maximum of the monopole excitation and the excitation energy

of the oscillation. In Figure 2.3.1 the overstressed region is

redefined assuming that the damping constant remains fixed at

r = 0.27 (reflecting T = 0 damping) and is not a function of

temperature. Note that the minimum temperature required for the

system to reach the unstable region can be determined from informa-

tion contained in Figure 2.3.1. The minimum excitation energy of the

overstressed region occurs at the intersection of the overstressed

region boundary and the S/A = O isentrope. Since energy is con-

served, the line of constant energy can be followed to the boundary

of the unstable region, allowing the corresponding temperature to be

deduced from the corresponding density and energy. The resulting

minimum observable temperature for a disassembly of this nature is

5.5 MeV. This is the minimum amount of energy transferred from the

collective motion to the random thermal motion, consistent with the

damping deduced from the width of the monopole oscillation. This

damping process also generates entropy, the minimum values of which

can be calculated in a fashion similar to the minimum temperature;

the final entropy at the boundary of the unstable region is 0.9.

Hence a mechanical instability generates a minimum temperature of

5.5 MeV and a minimum entropy of 0.9 prior to disassembly. The
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minimum excitation energy of the overstressed region is 4.75 MeV

above the binding energy of normal nuclear matter (E =—16A MeV) and

p e 1.5 p0. The minimum incident energy required for an equal mass

projectile and target system is 4 times this excitation energy, i.e.

19A MeV. If this incident energy is insufficient to generate a

system Of 1.5 p0 then the experimental minimum will be even larger

(CUR 83b). Initial entropies Of greater than 2.0 appear to be much

less affected than lower values Of the initial entropy; hence our

results do not contradict the cascade model calculations performed

at higher energies which predict that entropy remains essentially

constant during the expansion process (BER 81).

A second complication concerns possible coupling to the con-

tinuum, more commonly referred to as evaporation. This process may

modify the conclusions on account Of the fact that the evaporated

particles carry away energy and modify the density and entropy

profiles. Since the evaporation time is comparable to the expansion

time, the probability of evaporating a nucleon is significant

(CUR 83b). The evaporation also affects the treatment of damping,

leading to the following modification. The damping constant

(F s 0.27) is attributable to both the damping and coupling to the

continuum in approximately equal partitioning. The monopole oscil-

lation is a T 2 0, small amplitude phenomenon, while the large

amplitude oscillation occurs at much higher temperatures; thus the

Pauli Blocking factor is reduced hence further enhancing the col-

lision damping aspects. Thus, as we move generally upward on the
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energy and pressure versus density diagram it is anticipated that

collision damping will become increasingly important.

Thirdly, there exists the possibility that a liquid-gas phase

transition may develop as we discussed in Section 2.2, thus

modifying the behavior expected in our simple treatment of a

mechanical instability.

2.4 Time Scales
 

2.4.1 Thermal Equilibration
 

First, we will obtain an estimate of the time required for

thermalization and then compare this time to the time required for

the system to disassemble based on experimentally determined excita-

tion energies of monopole oscillations. Estimating the time

required for thermalization from the average velocity of the

nucleons and the mean free path yields

 - 1 .1.
tequi] = (DUNN) - v (2.4.1)

where CNN (2 20 mb) is the average nucleon-nucleon cross section

corrected for Pauli Blocking (DIG 80). The average velocity of the

incoming projectile in the intermediate energy regime,

(20A MeV 5 Einc 5 100A MeV), is 0.7vF 5 Vinc 5 1.6vF, while the

average nucleon velocity of a target nucleon is - 0.8vF. Hence

v a v is a reasonable value to assign v in eq. (2.4.1). The
F

density varies depending on the projectile; a minimum density of
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P 3 DD = 0.17 fm'3 will be considered here. The resulting

equilibrium time is

, .-23
tequil - 3 10 sec (2.4.2)

which is less than or Of the order of the nuclear transit time for

intermediate energy projectiles.

Comparison of the derived equilibrium time estimate with the

compression and subsequent expansion times will indicate whether

thermalization is relevant to the present discussion (CUR 83b).

Since a harmonic oscillator period is amplitude independent it is

possible to draw an analogy between the small amplitude monopole

oscillation and the large amplitude oscillation encountered in the

compression and expansion phases Of the participant region of a

heavy ion collision. More sophisticated calculations of the large

amplitude oscillation are in general agreement with the estimation

made here (CUG 84b). The energy associated with monopole oscilla-

tions in medium mass nuclei is (YOU 81),

Emonopole z hwo ; 15 MeV (2.4.3)

resulting in a half oscillation period,

_ JL ~ _ -22
Tmonopole - wO = 1.4 10 sec (2.4.4)

which is consistent with cascade estimates of disassembly times

(KRU 83). Note that the thermal equilibration may also take place

along the compression phase of the oscillation.
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Since the thermal equilibration time is a factor Of 10 smaller

than the corresponding oscillation period of the system, the thermal

models are not inconsistent with the time scales associated with the

decay of the participant region.

2.4.2 Chemical Equilibration
 

As we discussed previously, it is also possible that during

the process Of rarefaction, following the initial compression, the

system may enter a state of lower than normal nuclear density, where

the conditions Of temperature and density necessary for a liquid-gas

coexistence may develop. If heavy ions are to be adequate probes Of

these states, two conditions must be satisfied: the thermalization

time and the time necessary for this state to develop must be less

than or of the order of the disassembly time. Firstly, we assume

that the system has a sufficiently short mean free path to allow the

system to equilibrate in a time commensurate with the collision time

of the heavy ions (see the preceding section). Secondly, any phase

transition, for example a liquid-gas phase instability, must

establish itself prior to disassembly if it is to have a discernible

eXperimental consequence. It is important therefore to estimate the

time scale for the system to disassemble and to compare it with the

time scale necessary for the establishment Of chemical equilibrium

(CUR 83b).

If a "chemical" instability, such as a liquid-gas phase insta-

bility, is to exist there must be sufficient time for equilibration

to be established across the phase boundary. The time required for
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this equilibration to occur is of the same order as the evaporation

time. To estimate the evaporation time we use the expression

characteristic of thermionic emission. Thus, the current density

can be eXpressed as (BLA 74),

2
J = (1 - r) e'WT (2.4.5) 

em T

2.7113

where r is the quantum mechanical reflection coefficient (taken as

O), W is the work function (taken between 0 MeV and 8 MeV), and T

is the temperature. By definition

L
. n

I
>

l
>
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o

D
i
r
-
0

(2.4.6)

where A is the surface area of the emitting source. If we set

Aq = e (equivalent to the emission of one nucleon) then At = Tevap.

Assuming a spherical geometry, so that A = 4nR2 where R s 3.5 fm as

determined from the participant-spectator model for intermediate

impact parameters (SCO 81) and consistent with determinations from

pion interferometry measurements (NAG 81), the evaporation time for

a single nucleon is found to be,

'21 —L ~ew/T (sec) . (2.4.7)

The resulting values are given in Table 2. The values for

W = 8 MeV are in gOOd agreement with results deduced from empirical
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Table 2. Nucleon evaporation times as a function of temperature

assuming work functions of 8 MeV and 0 MeV.

 

 

T (MeV) 5 10 15 20

22
t (XIO- 8 MeV 6.9 0.78 0.27 0.13

-22

sec), W

t (x10 sec), W = 0 MeV 1.4 0.35 0.16 0.09
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fits to the measured widths of compound nuclei for A = 20-100

(80H 70). Comparing the evaporation time with the time required for

disassembly we find that for T 3 8.1 MeV (henceforth referred to

as the breakeven temperature for W = 8 MeV) the liquid-gas phase

instability may develop. The range of breakeven temperatures,

deduced from work functions of 0 MeV and 8 MeV, are given in Table 3

as a function of sequential evaporation times required to achieve

chemical equilibrium.

Since the liquid-gas phase instability exists only for tem-

peratures below the critical temperature and above the breakeven

temperature, it is likely that if the breakeven temperature were

higher than the critical temperature, the liquid-gas instability

would never develop. The critical temperature of 20 MeV, predicted

in (CUR 83a), assumed a binding energy per nucleon in nuclear matter

Of 16 MeV compared to the phenomenological binding energy per

nucleon of 8 MeV for finite nuclei. A more thorough treatment of

this question and Of effective mass considerations is given in

(JAQ 84), where it is shown that in finite nuclei the predicted

critical temperature lies between 8.1 MeV and 13.4 MeV depending on

the choice Of effective mass. Thus for temperatures above 8 MeV the

liquid—gas instability may develop and there is sufficient time for

it to do so.

A more thorough treatment is given by Cugnon (CUG 84b) where

the incompressibility is allowed to vary as a function of the den-

sity. The times for the decompression phase alone are,
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Table 3. Breakeven temperatures as a function of the number of

sequential evaporations and the work function. The

numbers in parentheses are breakeven temperatures deter-

mined from an estimate of the time scale of 2 5-10'22 sec

(CUG 84b).

Minimum Maximum

No. of sequential Tb. . (MeV) Tb.e. (MeV)

evaporations (W = 0 MeV) (W = 8 MeV)

1 5.0 (2.6) 8.1 (5.5)

3 8.7 (4.6) 12.1 (7.7)

10 15.8 (8.4) 19.4 (11.8)
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texpansion 2 3-5 -10‘22 sec (2.4.8)

which are approximately a factor of 2-3 times larger than in the

harmonic oscillator approximation. This is expected since, by

definition, the unstable solution must enter the region where K < O,

i.e. where the restoring force will become zero. Thus the "oscilla-

tion" period tends to infinity, whereas in the harmonic oscillator

approximation, K is a constant determined by the curvature of the

isentrope at the equilibrium density, which in the monopole example

is K (p = p0) = 210 MeV. The breakeven temperatures are calculated

(CUR 83b) for several cases utilizing the results obtained when

these effects are incorporated. It is interesting to note from

Table 3 that emission could occur (without damping) at T = 2.6 MeV.

Collision damping has been neglected throughout this discus-

sion. As mentioned earlier, damping will not alter the definition

of the unstable region, however it will alter the definition of the

overstressed region. A simple approach to the problem begins with

the equation for a damped, nondriven oscillator,

2x = 0 (2.4.9)A + YA + mo

where

X : p ‘ OminIS)

and y is the viscous damping coefficient. In addition, we define
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T‘ Y

2 2

($2,,l_)1/

0 4

where T is the damping coefficient (assumed constant) and wo is

frequency Of the undamped harmonic oscillator.

The damping factor results in an enhancement of the time

required for the system to reach the breakup region. The enhance-

ment factor is

(2.4.10)

resulting in an enhancement of about 37%. Since Pauli Blocking

decreases with increasing temperature, the damping constant should

also increase, further increasing the time available for chemical

equilibration. The effects of different damping constants are tabu-

lated in Table 4.

In concluding this section, it is interesting to note that

recent TDHF calculations, which are much more sophisticated than the

simple treatments given here, show a fragment clustering that may

signal droplet formation setting in at times of s 48 fm/c or

-22
1.6 '10 sec (STR 84).
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Table 4. Breakeven temperatures for various values of the

normalized damping constant and work function assuming

emission of a single nucleon.

T/r (T a O) 0 5 10 20

Tbreakeven (MeV), W = 8 MeV 8.1 7.6 6.9 5.8

Tbreakeven (MeV), W = 0 MeV 5.0 4.6 3.9 2.9

 



CHAPTER 3

OTHER THEORIES AND COMPLICATING FACTORS

3.1 Introduction
 

In this chapter, we focus on other theories which predict

complex fragment yields. These approaches do not rely on the

mechanical and chemical instabilities characteristic of the theories

described in the previous chapter. Complicating effects which make

experimental measurements difficult to interpret are also discussed.

Firstly, the conventional statistical models are described. The

single phase thermal and coalescence model assumptions and predic-

tions are stated. Although these models give similar predictions,

they are based on different physical interpretations which are

explored. These approaches are followed with a description of

binary reactions. In particular, compound nucleus fission is

described and the basic predictions are given. Thirdly, the cold

shattering model is considered. This two step dynamical process is

explained and the assumptions inherent in the yield predictions are

given. A contrast between the predictions of complex fragment

yields of this model and the macroscopic liquid-gas model is pointed

out. Finally, complicating factors which obscure the ready inter-

pretation of experimental results with the theories currently

available are considered. Coulomb tunneling effects are predicted

65
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and their characteristic behavior compared to the data. Although

the system "freezes out as it expands which, as we noted in

Chapter 2, indicates that the fragments no longer interact, sequen-

tial decays can continue to change the primary distributions.

Therefore, these effects are also touched upon. A discussion of

in-medium effects is also given in this section.

3.2 Conventional Statistical Models
 

3.2.1 Classical Single Phase Thermal Model
 

If the incident energy is sufficiently large (E 3 400A MeV)

the emission in the source rest frame may be adequately described by

a Boltzmann distribution. In the momentum representation (MEK 81),

O
.

3

N (u -6 )/T
V

-—§A = —§ gAe A A (3.2.1)

pA hQ

where 9A is a spin degeneracy factor, A is the mass of the composite

fragment, and Z, N are the number of protons and neutrons

respectively.

Assuming

”A = Nun + Zup EA = Nan + Zep

MA 5 NMn + ZMp (3.2.2)

_ A =
PA Pp pp momentum Of a proton

we Obtain



 

d3NA V (211 +Nun)/T -€A/T

3 . ‘3 9A8 e
dpA h

(3.2.3)

- T -c /T
_ 1L Ep/ 2 n N

T h3 gA(Ape 7 (A e I

3 3
:19 £3 dN 2(h3 dNn>N

h3 A V9 dp: Vgn dpg

Furthermore, it is assumed that the momentum distributions of neu-

trons and protons are identical apart from a constant scale factor,

Anp’ which reflects the ratio of neutrons to protons present in the

system. Thus,

(3.2.4)

3.2.2 Coalescence Model
 

In contrast to the single phase gaseous thermal model of the

preceding section, we now explore a coalescence model prediction of

complex fragment production. A comparison is made between the two

models at the end of this section.

The coalescence model is based on the assumption that any

proton and neutron emitted with a relative momentum less than p0(d),

the maximum coalescence momentum consistent with deuteron produc-

tion, will coalesce to form a deuteron. Similarly, if a proton and
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two neutrons are emitted whose relative momenta all lie within a

sphere of radius p0(t), the maximum coalescence momentum consistent

with triton production, a triton will be formed. If all composites

are formed in this manner then the coalescence radii are inherent

prOperties of the composite produced and are independent of the size

of the projectile and target.

The predicted distribution of this theory (MEK 81) is

 

d3N(Z N) = Nt + N N. (gnp81A'l . d3Np A (3 2 5)

dp3 Zt + Zp ZIN! dp3 ° ’

P P

where

Nt = number of neutrons in the target

Np = number of neutrons in the projectile

Zp = number of protons in the projectile

Zt = number Of protons in the target

N = number Of neutrons in the composite

Z = number of protons in the composite

A = number of nucleons in the composite .

Caution must be used when interpreting the coalescence radius,

p0, since it contains at least two implicit factors. For two par-

ticles to form a deuteron the spin assignments must also be correct.

Most light nuclei have no bound excited states, and therefore the

portion Of randomly oriented spins having the correct combinations

A
to form a ground state composite is (25 + 1)/2 . Thus we may define
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a new coalescence radius (p0) which has the geometrical factors

removed in the following manner:

- + ~ _

(133145 A3 - 1__12$2A1 - (133)" 1 . (3.2.6)

Thus we arrive at a result similar to the thermodynamical

model, i.e.

(3.2.7)

Figures 3.2.1a and 3.2.1b contrast the different physical

interpretations of the related volumes in the two models. The

coalescence volume (60 : h/[ZnL] from the uncertainty principle) is

characteristic of the composite system formed, whereas the thermal

freeze out volume is the volume at which the mean free path of a

participant is commensurate with size of the system, i.e. the par-

ticipants no longer collide and exchange energy and momentum.

Both the single gaseous and coalescence models predict that

the cross section for producing a fragment of mass A depends on the

cross section for a single nucleon raised to the power A. However,

as can be ascertained from Figure 3.2.2, this behavior is exhibited

only at incident energies in excess of 150A MeV, where the fragment

yield does indeed fall Off monotonically with increasing mass in
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Figure 3.2.1.

III

Physical interpretations ot a) the coalescence momentum space representa-

tion where p. and p. are the proton and neutron momenta and h] the

physical space representation at the single phase thermal model as a

iunction at time.
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contrast to the behavior at lower incident energies (CUR 82a). The

behavior at energies below 150A MeV indicates the presence of other

reaction mechanisms. Indeed, the increase in a-particles provided

the original motivation for exploring the liquid-gas phase transi-

tion. However, there can also exist ambiguities due to binding

energy considerations, as discussed by Curtin et al. (CUR 82b;

CUR 83a), which led to the idea that measurements of heavier frag-

ments would be required to resolve the ambiguities.

3.3 Compound Nucleus Fission
 

The principle focus of this thesis is on multifragmentation.

However, it is important when discussing inclusive yield measure-

ments to bear in mind also the possibility of binary reactions. For

example, a compound nucleus may form (for simplicity we assume the

t = 0 case) and then proceed to fission after reaching global

equilibrium.

The energy required to liberate a fragment of charge ZF and

mass AF from the recoiling system (ZR, AR) is (NOR 80)

AE = E(ZF,AF) + E(ZR,AR) + VCB - E(CN)(ZTOT’AT0T) . (3.3.1)

In the liquid droplet model,

2 2
- 2

E(Z,A) = [1 - 1.79(——NA 2)2] .(-avA + 654/31“? e Z1/3
rOA

2 2 2
it e o. 2 Z_ _2_ T (_) A (3.3.2)

rOO
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where

1.205 fm15.677 MeV0
3

<

n

.
5

O

.546 fm .18.56 MeV a0
) I
I

The Coulomb Barrier energy in the approximation of touching

spheres is,

 

1.44 zeR
v = (MeV). (3 3.3)

CB 0.5 + 1.36(A%/3+ Aé/3)

The results of the calculation of AE in eq. (3.3.1) are displayed in

Figure 3.3.1. The yields are anticipated to behave as (SOB 85b;

MOR 85)

0F = oOexp(-AE/TCN) (3.3.4)

where TCN is the compound nucleus temperature. Also, in this type

of reaction, do/dO plotted versus 0C M Of the compound system will

be flat.

3.4 Cold Shattering Model
 

Another possible interpretation of intermediate mass fragment

production in heavy ion collisions involves the breakup of the cold

spectator residues (AIC 84a; AIC 84b). The basic idea is as

follows. A high energy projectile impinges upon a stationary target

which reaches thermal equilibrium and creates a hot, dense fireball

involving the geometrically overlapping nucleons referred to as
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participants. The fireball proceeds through the surrounding cold

nuclear matter causing global destabilization and emitting nucleons

into the spectator material. The nucleon velocity distribution is

assumed to have a Maxwellian form characteristic of the fireball

temperature. If, perchance, the mean free path is sufficiently

short, then the nucleon may be absorbed, thus creating a local

excitation which, if coupled with the global destabilization, may be

great enough to overcome the Coulomb Barrier. A fragment can sub-

sequently be emitted. The destabilized matter then cracks and

breaks apart emitting large, relatively cold pieces of nuclear

matter with kinetic energy imparted to the system from the partici-

pant nucleon minus the energy required to break the requisite

nuclear bonds in liberating the fragment. The fragment may also

evaporate a few nucleons since it is excited, albeit at a low level.

The participant region will decay essentially emitting light par-

ticles (protons to alphas). This type of breakup has been described

as analogous to the shattering of glass.

One of the significant differences between this model and the

models of the mechanical and chemical instabilities presented in the

preceding chapter is that the primary distribution of fragments is

composed of essentially cold nuclear matter. Hence it should give

rise to less sequential emission than the correspondingly hotter

primary fragments produced in the theories of chemical and

mechanical instability. The emitting source is also moving slower

than the counterpart in the other theories. In the event this model
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is correct, then heavy fragment production has no relevant informa-

tional content regarding nuclear matter under extreme conditions but

is rather an artifact of the type of probe we are utilizing, i.e.

heavy ion collisions.

The shape of the yield versus charge curve can be derived from

maximal entropy considerations and charge conservation. The

physical mechanism consists of a simple two step process. First,

the projectile drills a hole in the target nucleus knocking out

Z nucleons in the forward direction and leaving 20 nucleons in
fast

the system, where

ZO = Z + Z - Zfast . (3.4.1)
P T

Secondly, the system of Z0 charges decays into any possible combina-

tion of fragments thus maximizing the entropy. The prediction of

yields as a function of fragment charge for this theory is

 6(2) = 00 (3.4.2)

1.28Z/\/ZO '

e - 1

We note that if the condition

(3.4.3)

 

holds then the last term of the denominator in eq. (3.4.2) is

negligible; hence
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1nd 2 + In 00 . (3.4.4)
_ 1.28 Z

V20

Thus, we see that there exists a marked difference between the

prediction of this theory and a liquid-gas theory which gives rise

to the form (see eq. (2.2.17) and Fisher (FIS 67)),

1n 0 z - Tan + ln 00 . (3.4.5)

Eq. (3.4.2) should exhibit an approximately linear behavior

for large Z with slight upward curvature for the low Z fragments

when displayed on a semi-log plot.

3.5 Complicating Factors
 

3.5.1 Introduction
 

The ensuing discussion will emphasize the mechanisms that may

disturb the system before freeze out. One effect that influences

nuclear matter possessing a net charge is Coulomb Tunneling.

Another effect which influences physical observables prior to freeze

out is the in-medium corrections. Since actual experimental

observables are measured at macroscopic distances (p z 0), it is

also necessary to bear in mind that the subsequent, post-freeze-out

behavior of the system may effect the actual measurement. One

possibility is that subsequent evaporation effects could alter the

resultant distribution, thus shifting the average fragment mass to

lower values. The anticipated effects of these processes will be

elaborated upon in the following sections.
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3.5.2 Coulomb Tunneling Effect on Mass Yield
 

The effect of Coulomb Tunneling as a function of mass, or more

specifically of charge, and of energy of the emitted fragment is

derived in this section. (More extensive treatments are given by

8081 (80A 84a).)

In a nucleus-nucleus collision, the nucleons which undergo a

sufficient number of multiple scattering processes will thermalize.

We assume a Boltzmann-like distribution with a primary mass distri-

bution of the form A'k, where k is a constant independent of

incident energy. Since the Coulomb Barrier that a given fragment

experiences is dependent on its charge and on the charge of the

remnant, the resultant distribution will depend on Zf and Af.

Assuming that the fragment N/Z ratio reflects the projectile-target

combination, Af can be deduced for any Zf value. The dependence on

incident energy arises since the distance through which the fragment

must tunnel decreases as a function of increasing fragment energy.

As the incident energy increases the temperature will increase thus

populating higher energy states more frequently and reducing the

attenuation due to Coulomb effects.

Figure 3.5.1 illustrates the Coulomb Barrier for a given frag-

ment and remnant; along the ordinate the probability of populating a

given energy for a given temperature, and hence fixed incident

energy, is also shown. Since each fragment energy "sees" a dif-

ferent Coulomb Barrier tunneling distance, it is necessary to

integrate over energy for a fixed fragment mass to obtain the
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the Coulomb Barrier at any given energy.
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temperature dependence of the percentage of fragments emerging from

the system.

The transmission coefficient is

1/2

.T-exp:2f:Fdr[ 2mc22(v - a] (3.5.1)

[(AC)2

where RT and RF are pictured in Figure 2.8.1 and are given mathe-

 

matically as

 

 

 

: 1/3 1/3
RT — O. 5 + 1. 36[A +(AS - F) 1 (fm)

(3.5.2)

R = ZF(ZS ' Zr) , e2 . VCAT

F E E

where VC’ the Coulomb Barrier energy, is

2
- ZFAZS ‘ ZF)e

VC - R .

T (3.5.3)

The potential energy V is assumed to have the form

_ VCRT s
V — r r _ AT

(3.5.4)

= O r < R

A calculation of the transmission coefficient yields



1/2

(2M C AFE V
= _ p _ _C 1/2 C T

T exp 2 hc RT(E 1) +

Sin-1<(1 ViIl/ZH

C

For a given mass A,

v(V ) m

A'FT = AEA dv P(v)T + dv P(v)

L 0 We) -

where r is the apparent exponent of the observed yield.

 

 

tion of probability implies

v(VC)

0

hence

-1 _ -k

AF ’ AF

 b

1+

v(VC)

dv P(v)(T - 1)

 I

 

(3.5.5)

(3.5.6)

Conserva-

(3.5.7)

(3.5.8)

assuming perfect transmission for velocities greater than v(VC).

Integrating over the Boltzmann distribution, one obtains

-k-1-

where

(3.5.9)
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2vC 1/2

( I

931AF AF931 3/2 2 -AF-931-82

X - 1 + 0 d8 ' 4" ZUT ' 8 exp 2T

931AFB 2vC 1/2 2chT

EXPTZTTm— ‘Rt——2'1 “—7
AF-931-B AF9318

. _1 AF93182 1/2

° Sln I-T -1 . (3.5.1.0)

A calculation of this quantity for different masses allows a fit of

the resultant yields to a power law dependence, and leads to the

behavior illustrated in Figure 3.5.2. Obviously the Coulomb effects

always lead to decreasing value of T with increasing energy, in

contrast to the experimental data which suggests a decrease followed

by an increase.

3.5.3 In-Medium Corrections, Evaporation

and Final State Interactions

 

 

It is appropriate and instructive to discuss the background

effects that will tend to obscure the idealized signatures of the

reaction mechanisms described in the preceding sections of this

chapter.

In-medium corrections occur prior to freeze out and can alter

physical observables such as gamma or particle emission. If the

ambient energy is sufficiently low, composites may form and come

into thermodynamical equilibrium with the surrounding nucleon gas.
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Figure 3.5.2. The apparent exponent as a iunction at temperature tor a system

characterized by a iixed rt (k = constant] initial distribution which is

subsequently subjected to the Coulomb tunneling eiiects described in the

text (solid line). The Coulomb tunneling prediction is compared to the data

given in Table i.
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It is important to note that the internal temperature of the com-

posite is equal to the ambient nucleon gas temperature and therefore

the density is not that of a nucleus residing in the vacuum (where

p = ,0 z 0.17 fm'3). Figure 3.5.3 illustrates the two different

situations, while Figure 3.5.4 denotes the density and temperature

associated with the liquid and gaseous components of a coexistence

mixture. An important point is that the composites illustrated

(13*, IT '5') in Figure 3.5.3 are at a different density and

temperature than their vacuum counterparts. In fact, if the vacuum

counterparts were placed in the nucleon gas they would be

thermodynamically unstable; they exist even out of the range of

metastability for most temperatures if not for all temperatures.

Examination of Figure 3.5.5 illustrates how the potential

well, and hence the excited state levels, will change as the system

expands until it traverses the freeze out density whereupon

Figure 3.5.5c becomes applicable. Since emission can occur anywhere

along the evolution, the distribution of gamma radiation can possess

a sampling from each stage. Figure 3.5.6 shows a possible dynamical

path of the participant region which would generate the conditions

depicted in the preceding figure.

In-medium corrections are inherent to an equilibrium liquid—

gas coexistence and cannot be neglected, especially when attempting

to describe droplet structure characteristics such as y emission.

It will ultimately be necessary to perform a self-consistent

Brueckner-Hartree-Fock calculation to ascertain the perturbations



Figure 3.5.3.
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induced due to p and T and then subsequent calculations describing

the dynamical aspects so that the values of p, T for the ambient

environment can be ascertained. An experiment was recently per-

formed which attempted to measure the temperature of the interaction

region by measuring the relative population of two low lying nuclear

states (see MOR 84 and the further brief description given in

Chapter 6). Utilizing the Boltzmann factor

"(Ez’EII/T

P(E E2) = e (3.5.11)1;

the temperature can be deduced once the relative populations of the

two energy levels are known. This experiment deduced the relative

populations by observing a y emission characteristic of the energy

separation of two levels of a nucleus, the energy levels of which

had been determined from earlier experiments. Temperatures deduced

in this manner were much lower than temperatures determined from

moving source fits to the double differential cross sections. How-

ever, as explained in the preceding paragraphs, the separation of

the energy levels of this "nucleus" may change due to in-medium

corrections. This calls into question the validity of using the

characteristic v-emission to determine the relative populations of

the two states. Hence, although this method of measuring tempera-

ture superficially appears more reliable than the conventional

method of utilizing the slope of the energy spectra, in practice the

derived temperatures must be viewed with caution. Indeed, recent

studies by Pochodzalla et al. (POC 85) have extended the approach to
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the measurement of the relative populations of states in 5Li and 8Be

through subsequent particle decay. They find that the deduced

temperatures depend on the type Of decay particle. As a final

caution we note that it is also necessary to describe composite-

composite interactions if the number of composites produced is not

negligible compared to proton and neutron production.

Another complication may develop if, as one intuitively

believes, the freeze out is dependent on the mean free path. Since

different composite systems have different mean free paths, due in

part to different geometrical sizes, the freeze out density may

therefore be fragment dependent. It is also related to the number

of nucleons present since the composites must freeze out from the

surrounding system of nucleons with which they are in equilibrium.

Thermal models utilize a freeze-out concept to describe the point at

which the constituents of the system no longer interact with one

another and beyond which they travel undisturbed to the detectors.

Thus all the interactions that transpire after of tend to obscure

the physics at of.

As described in the discussion of chemical equilibrium time

scales (Section 2.4), the higher the internal energy, the higher the

temperature, and the greater the deviation of a given fragment

cross-section from the primary distribution. This implies that

sequential evaporation following a mechanical or chemical instability

will exhibit greater deviations from the primary distribution than

the target-like fragments produced in the Cold Shattering Model.
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For intermediate mass fragments, the most likely evaporation

will be a proton or an alpha particle, leaving a large residue. If

the primary fragment evaporates only a few times, then the primary

distribution will generally shift to lighter masses by 1-4 nucleons

while the light ions (1 5 A 5 4) will possess the primary distribu-

tions combined with contributions from the entire intermediate mass

regime (see Figure 3.5.7). For this reason it is more advantageous

to study intermediate mass fragments when attempting to observe a

liquid-gas phase transition. Signatures of a mechanical instability

are likely to be more apparent in light fragment production and are

consequently the most difficult to observe. Even very light systems

can break up, for example 3He + t + p and t + d + p, thus obscuring

even further the primary distribution of light particles. This

effect, together with sequential freeze out densities, will tend to

Obscure correlations between different fragments.

Coalescence can also obscure the physics since single nucleons

can form composites if they possess small relative momenta (see

Section 3.2.2). This process is totally dominated by statistical

emission patterns at of and hence should be present as a background.

In fact, the coalescence model should always be the limiting

behavior of both the single phase and liquid-gas thermal models as

the incident energy increases to high values.
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ei mass are displayed by dashed and solid lines. respectively. it is

anticipated that the sequential decays will resemble thermal. asymmetric

iission hence producing copious light iragments and only slightly reducing

the anticipated heavy iragment yields.



CHAPTER 4

EXPERIMENTS AND DATA ANALYSIS

4.1 Introduction
 

Initially the experimental program was designed to study the

behavior of light fragments produced in collisions of heavy ions in

the intermediate energy range. A large body of data was studied

over a wide range of incident energies (CUR 83a and references

therein; WES 82; WES 83). Upon examination of these light fragment

data, which appeared to possess a spatially localized signature, we

noticed that the lower incident energy data exhibited some inter-

esting and possibly profound behavior (see Figure 3.2.2). The yield

of alpha particles relative to proton yields increased as the inci-

dent energy decreased, in contradiction to the coalescence mechanism

which explained composite particle production at higher incident

energies (CUR 83a). These light fragment experiments led to the

speculation that a liquid-gas phase transition might occur in heavy

ion collisions. However, binding energy effects obscured any clean

interpretation, and hence it was decided that the production of

heavier fragments might be less ambiguous (CUR 82a).

The philosophy of the heavy fragment experimental program

consisted of measuring the inclusive yield of complex fragments as a

function of incident energy for a given projectile-target

93
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combination. The Purdue-Fermi Lab and other groups had provided

data from proton induced reactions over a large range of energies,

which were interpreted as evidence for a liquid-gas phase transition

(FIN 82; MIN 82). However, as we noted earlier, the proton may not

provide enough compression or energy deposition to create conditions

necessary for differentiating between different models.

We studied reactions with a relatively light projectile on a

natAg) at energies of 20A, 30A,medium heavy target nucleus (IAN +

and 35A MeV using the Superconducting Cyclotron at MSU. The experi-

ments were designed to measure inclusive yields of heavy fragments

of charge 6 5 Z 5 24.

Since a significant difference between the Cold Shattering,

Coulomb Tunneling, the Mechanical Instability, and Liquid-Gas Models

is that the first two deal primarily with charge distributions, and

the second two deal primarily with mass distributions (see Chapter 2

and Chapter 3), it behooves us to attempt isotopic separation as

well as charge identification. Furthermore, since the main objec-

tive was to ascertain total yields it is also desirable to measure

energy spectra down to the Coulomb Barrier energy. The range of

incident and emitted particles and energies required a variety of

separate detector arrangements comprising telescopes of ion chambers

(IC), solid state detectors ($50), as well as a time of flight

apparatus (TOF). The experiment was therefore designed to measure

both a wide range of energies of emitted fragments and a large range

of charge (6 5 Z 5 24).
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NAT
4.2 NSCL Experiment (IAN + Ag; 204, 30A, 35A MeV)
 

4.2.1 Facilities
 

The experiment was performed with the superconducting K500

cyclotron at the National Superconducting Cyclotron Laboratory

(NSCL) on the Michigan State University campus. The K500 (Phase I)

cyclotron consists of a three sector superconducting cyclotron with

a conventional PIG ion source. Eventually the K500 will inject

beams into a much larger K800 (Phase II) cyclotron which should be

capable of accelerating nuclei as heavy as Uranium over the entire

intermediate energy regime. At present, however, the K500 is a

"stand alone" cyclotron.

The experiment was performed in the scattering chamber on the

S320 Spectrograph beam line. Figure 4.2.1 illustrates the floor

plan for the experimental area.

4.2.2 Detectors

Four separate detector systems were used consisting of: two

, TOF systems, a three element 550 telesc0pe, and one IC-SSD tele-

scope. These systems are briefly described in turn.

Firstly, two TOF detector systems were positioned in the

wedge, with a general design similar to the system described by

Spieler (SP1 82). The order in which detectors are discussed

reflects the detected particle trajectory. The start detectors were

Argonne designed microchannel plate (MCP) assemblies (CUR 82c). The

first AE detector was a gas filled ion chamber of E 10 cm gas path

length (see Table 5 for exact values and relevant quantities). The



96

 

 

 
  

-’ .- T 11 '" "L'TI" ;_-__;;.I;1
 

   
   

[ 1 pa [1.] ‘4‘" IjrfIII ‘(

. / ‘ Li.- «A 7;... ,

11 . . are
.____ | 11 ,49 . /- ....)

I 11'] /// (‘1 651°." (2’//

[7) R[—- 7 I] . ,1.” U’ 5%; _ ...

x‘ y/Zvy'h‘j' .417 .. --....J

{‘x /."/‘: ‘ I. I x, .

 
 

 

Figure 4.2.1.

 

    

  
 

layout at the ISCl. experimental iaciiitles. The heavy iragment experiment

was periermed on the 8320 line.
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Table 5. Relevant dimensions and associated flight times for TOF

systems in the 1“N + natAg experiment.

 

 

Beam Velocity

 

S’Stem (E/A)BEAM dSTART dTOF d6A5 tT0F[(E/A)BEAM] tT0F[1 ”EV/u]

(MeV/u) (cm) (cm) (cm) (nsec) (nsec)

TOF 1 20 42.6 88.2 9.47 14.5 63.7

30 11.9

35 11.0

TOF 2 20 30.5 90.1 9.78 14.8 65.1

30 12.2

35 11.3
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two ion chamber gas lines were connected in series and used P10 gas,

which has a composition of 90% Argon-10% methane (CH4), at 70 Torr.

The ion chamber in TOF1, placed at more forward angles, was a

Grenoble designed ion chamber while TOF2 utilized a Heidelberg

designed ion chamber. The stop detectors were 400u surface barrier

detectors. A comment is in order regarding the interplay between

the TOF measurement and AE-E measurement. Since the low energy

component comprises the bulk of the cross section for the inter-

mediate mass fragments, it was deemed important to measure fragments

down to the Coulomb Barrier energy, and this requirement led to the

choice of ion chambers. The energy loss was designed to be

extremely small (:5 0.5-10 MeV) in the ion chamber, and thus the

flight time was not appreciably altered by coupling the TOF measure-

ment with the energy measurement. If the 550 stop detectors had

been placed in front of the ion chamber then it would not have been

possible to measure down to the Coulomb Barrier. The E detectors

were 5 mm Lithium drift detectors. The solid angle subtended by

each TOF detector system was defined by the aperture of the ion

chamber window support to be .15 msr. The Grenoble ion chamber

window was a 50 ug/cm2 mesh supported polypropelene window, while

the Heidelberg ion chamber window consisted of an unsupported 200-

250 ug/cmz aluminized mylar window.

Secondly, a three element solid state detector arrangement was

also used to obtain mass identification for light masses (A 5 15)
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while preserving high efficiency and subtending a comparatively

large solid angle (6.5 msr).

Thirdly, a two element Lawrence Berkeley Laboratory (LBL) ion

chamber (for a review see Barrette et al. (BAR 75)) was used to

measure intermediate mass fragments (6 5 Z 5 24). Although it was

indeed possible to measure low energy heavy mass fragments, only Z

resolution was obtainable. Two advantages of this detector system

were its relatively large solid angle (5.8 msr) and yet small

physical size permitting operation within the scattering chamber.

The path length of gas traversed by a fragment was s 6.8 cm.

Again, P10 was used at pressures of 70 and 90 Torr, corresponding to

more backward and more forward angles respectively. The E detector

was a partially depleted 1 mm surface barrier detector. The window

was a mesh supported polyprOpelene window (2 100 ug/cmz).

4.2.3 Physical Arrangement
 

The physical relationship of the detectors, chamber, wedge,

and target are illustrated in Figure 4.2.2. The TOF detectors

required 1 meter flight paths; therefore they were situated in the

wedge. The large angular range of the wedge assembly permitted the

larger angle TOF measurements. The smaller detectors were placed

closer to the target inside the scattering chamber, which allowed

them to be moved independently of the Spectrograph assembly. The

close-in geometry detectors (three element SSD and two element LBL

1C) are situated in the target chamber and are positioned on a

cylindrical collar which is attached to the target ladder assembly.



100

 

 

 

 
 

TOF I.c.

ens nauouuc noucuiuc srrcrno cas nauouuc

svsrtu Punr cnaru svsrcm

liElDELBEiiG

I-C- cnenoetr

to.

N I

E E

from

men

20

so

3 ElementSSfl l0li.C.

 

T0 /

CYCLOTRON

Figure 4.2.2. Physical arrangement oi the detector systems tor the heavy iragment NSCL

experiment. The experiment was periormed using the 8320 line and the

associated target chamber and wedge assembly.



101

Two radial arms project from the cylindrical collar on which the two

detectors are mounted. The TOF assemblies are mounted in the wedge

and rotate with the spectrograph, independently of the target move-

ments. The wedge contains a removeable plate with radial grooves in

which we mounted trays for both the MCPs and the ICs which allowed

radial alignment with a transit. The quadrupole magnets did not

permit use of the transit in the alignment of TOFl directly; instead

it was necessary to position a laser with an appropriate x-z mount

and a position indicator which reflected the laser light so that it

could be ultimately cross referenced to the transit. After careful

alignment, the horizontal position of the target-MCP-IC was accurate

to t 1 mm while the vertical position was accurate to within

2 1.5 mm.

Roughing vacuum was achieved by a mechanical roughing pump and

normal operating vacuum was maintained by a cryO-pump which was

positioned on the wedge. The vacuum required by the MCP is 2 1°10-6

Torr, and preferably 5-10-7 Torr. Since our detectors employed gas

filled ICs, vacuum monitoring of the target chamber was essential.

The sliding seal provided good vacuum when stationary. However,

during Spectrograph rotations it was neccessary to lower the

voltages on the MCPS. To preserve our targets, carbon foils, and IC

windows we found it necessary to regulate venting and pump down

rates very carefully. Two MSU built gas handling systems were used

to maintain an even flow rate and correct pressure within the TOF

ICs and the two element 1C.
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4.2.4 Experimental Procedure
 

Three incident energies, 204, 30A, and 35A MeV, of 14N were

2 natAg target. The thickness and uni-run utilizing a 1.0 mg/cm

formity were checked using an a source and an SSD to measure the

shift in energy centroids due to passage through the target. The

computer program DONNA was used to determine the thickness which

agreed with the nominal thickness to within 10%; uniformity was

better than 4% over the target face. The two element ion chamber

and three element 550 telescopes covered angles 2 20°—60° at 10°

intervals while TOF measurements were made at angles a 20°-50°, also

at 10° intervals. Pressures in the TOF ion chambers were fixed at

70 Torr of P10 (90% Argon and 10% Methane) while the close-in

geometry ion chamber was run at 90 Torr for 20° and 30° and 70 Torr

for 40°, 50°, and 60° since less energetic particles are emitted at

these backward angles.

The TOF time resolution was determined to be 2 400 ps from

14 197
elastic scattering of 20A MeV N on Au. The on-line efficien—

I
I
I

cies were determined to be 7% averaged over all fragments, with

energy dependence of the efficiency measured in one of the TOF

telescopes for charges 4 5 Z 5 10 as shown in Figure 4.2.3. This

was obtained by comparison of the start-stop coincidence scaler and

the stop scaler,assuming the stop detector (580) was 100% efficient.

The behavior of the efficiencies mirrors the dependence of energy

loss on energy and fragment charge, i.e. the energy loss increases

with increasing fragment charge and decreases with increasing
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incident energy for a given charge. We conclude that the efficien-

cies reflect the amount of energy lost in the carbon foil by the

fragment. If less energy is deposited then fewer secondary

electrons are ejected, hence producing a weaker signal.

A typical spot size was roughly 3mm x 5mm on target. Typical

beam intensities available during our run were:

20A MeV 14m : 150 enA

30A MeV 14w : 50-150 enA

35A MeV 14m : 10-15 enA

Blank target frames were inserted to estimate the contribution

from the background and stray beam particles or "halo" striking the

supporting frame. Since the beam was well collimated, these effects

were found to be negligible. Measurements were also taken with a

carbon target since carbon deposits were noticed on the target as

the experiment progressed.

4.2.5 Data Reduction
 

Immediately after the experiment a pulser-chopper and Time to

Amplitude Converter (TAC) calibrator were used to determine energy

and time calibrations, respectively. The solid state detector was

calibrated using a calibrated capacitor-chopper unit driven by a

tail pulse generator. In the case of the ion chamber the calibra-

tion was determined by constructing several narrow energy gates on

the energy spectra of the solid state detector immediately behind

the ion chamber and projecting the resultant ion chamber spectra.
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The peaks corresponding to different charges were compared to a

range energy calculation (DONNA) to determine an energy calibration.

Analysis of the spectra was carried out with the program SMAUG

(a data analysis tool developed at NSCL). One particularly useful

feature of this program is its capability for setting a gate on a

two dimensional spectrum and projecting onto either axis. The two

element ion chamber analysis consisted of setting gates on the

individual charge spectrum of a AEIC-E (= AEIC + AESSD) plot and

projecting the energy spectrum onto the E axis. An example of a two

dimensional AEIC-E plot is displayed in Figure 4.2.4.

The direct result of gating and projection onto the E axis is

shown in Figure 4.2.5 for energy bins of 1 MeV for the case of

carbon isotopes at e = 60°. Differential cross sections as a
LAB

function of energy exhibit a steady exponential increase for

decreasing energy until a maximum is reached at an energy attributed

to the Coulomb barrier, beyond which the cross section falls off.

However, as the energy is decreased beyond approximately 25 MeV the

cross section appears to increase once again. This increase occurs

for all fragments measured. The reason for this behavior becomes

evident from an examination of the AEl - AEZ color display (not

shown). A bright band corresponding to high statistics extends over

the entire AEI energy range where fragments were detected. However,

the AE2 energy range is confined to the narrow range corresponding

to particles. Therefore, we ascribe this bright band, not to an

actual increase in the cross section, but rather to an accidental
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coincidence of a heavy fragment detected in the gas (AE1) (but not

the $50 (AE2)) and an a particle detected in both elements (AEl and

AEZ). For this reason, the low energy portions of the spectra are

truncated, but the determination of the cross section is not sig-

nificantly influenced since this region is well below the Coulomb

Barrier energy. The Coulomb Barrier in the lab frame is lowest for

the lightest element (Z = 6) measured at the most backward angle

(SLAB = 60°), due to the decreasing effects of kinematical energy

shifts in the laboratory frame.

The analysis of the three element solid state detector was

more complicated, since a valid event was defined in this case from

the second element, thus introducing a pedestal into the spectra of

the third detector when a particle stopped in the second detector.

To circumvent this problem, gated AEl - AETOT (= AEl+~AE2) spectra

were created with a gate set around the pedestal in the AEZ - AE3

two dimensional spectra. The particles which punched through the

second detector, leaving a discernible signal in the third detector,

are identified by creating a complementary gate excluding both the

pedestal and a particles, which gave rise to accidental coincidences

of high energy particles with low energy heavy ions stopping in

the first detector. The filtered data were subsequently used to

generate a AEl - ETOT (= AEI + AEZ + AE3) gated Spectrum. All iso-

topic Spectra are created by projecting onto the total energy axis.

The low and high energy spectra are then combined to produce the

total energy spectra. A sample gated two dimensional spectrum of
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the three element solid state detector telescope is shown in

Figure 4.2.6.

The time of flight energy calibration was performed in the

same manner as for the two element ion chamber calibration. As can

be seen in Figure 4.2.7, mass separation was achieved for masses

with A 5 18 by means of the t-E plot. The technique for
TOT

separating isotopes was to create a t-ETOT two dimensional plot

gated on individual charges determined from the AEIC -ETOT plot.

The individual mass lines are then identified to complete the

isotope identification, and used to project the associated spectrum

onto the ETOT axis. However, the low statistics prohibited useful

spectra from being obtained. The beryllium isotopes were used to

calibrate the mass identification, since the instability of the 8Be

isotope leads to a "hole" in the gated t - ETOT spectra. Inci-

dentally, this missing mass also serves to identify the charge,

Z = 4, in the AEIC - ETOT plots.

To assess the contamination due to carbon build-up on the

target, spectra at two angles were measured at 35A MeV (30° and 50°)

and five angles were measured at 30A MeV (20°, 30°, 40°, 50°, and

60°). The 30A MeV Ag run was the last run of the experiment. Since

carbon accumulates on the target as a function of the integrated

beam current, the carbon deposit should be greatest at the conclu-

sion of the experiment (30A MeV run). The observed 14N + 12C cross

sections increase well below the Coulomb Barrier energies of the Ag

target fragments; therefore it is possible to obtain an upper limit
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on the carbon contamination by selecting a charge from an Ag run

(30A MeV) and attributing all of the cross section observed at an

energy below the Coulomb Barrier to the carbon contamination

present. The resultant maximum at the end of the experiment was

25 ug/sz. At the outset of the experiment, no visible indica-

tions of carbon contamination existed, implying a contamination of

< 2 ug/cmz. If the resultant maximal errors are computed assuming a

linear increase as a function of integrated beam current, we find

that for Z Z 7 the contribution for carbon in the differential cross

section is i 6%, while for Z = 6 it increases to E 20% for the

35A MeV data.



CHAPTER 5

RESULTS AND INTERPRETATION

5.1 Introduction
 

The results of the NSCL experiment designed to measure complex

14 nat
fragment production in reactions of N + A9 at incident energies

of 20A, 30A, and 35A MeV are presented in this chapter. The heavy

fragment (Z 3 6) differential cross sections for the two element ion

chamber are presented for all energies measured. A logarithmic

interpolation is constructed for the purpose of integrating the data

over the measured angular interval. The results are presented and

discussed, and predictions of the Compound Nucleus, Cold Shatter-

ing, and Liquid-Gas Models are compared with the data.

5.2 Heavy Fragment Results and Interpretations
 

Two dimensional AE-E ion chamber data at incident energies of

20A, 30A, and 35A were gated by charge and diSplayed for the angles

measured, which result in energy spectra similar to Figure 5.2.1.

These spectra were subsequently integrated over energy to produce

the differential cross sections. The cross sections as a function

of angle were determined after correcting for dead time and down-

scale factors, and the angle the target presents to the beam. The

double differential cross sections as a function of E and SLAB for

all particles and for all incident energies are shown in Appendix B.
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93

do’

Figures 5.2.2, 5.2.3, and 5.2.4 as a function of angle for indi-

Energy integrated cross sections, are shown in

vidual elements at Einc = 20A, 30A, and 35A MeV, respectively. The

differential cross sections are found to fall faster than 2 l/sin 6,

thus implying that g% is not constant in the center of mass frame.

To illustrate this point, a prediction of the differential cross

section in the lab frame for a fully equilibrated Compound Nucleus

is shown for Z = 9 in Figure 5.2.2. The prediction is normalized to

the 20° data point (an explanation of transformations between the

C.M. and lab frames can be found in Marion (MAR 70)). (We recall

from Section 3.3 that Compound Nucleus Fission predicts

do/de = constant in the center of mass frame.)

Best fits are obtained for all data utilizing the following

functional form

do- 52135 - ooexp(-e/60)
( ° ° )

where 00 and 60 are constants to be determined. Results are tabu-

lated in Table 6. Once the best fit constants 00 and 90 are deter-

mined, it is possible to obtain integrated cross sections. To

confirm that the best fit representation accurately mirrors the

behavior of the data, the data were also integrated point by point

using the same functional form. This numerical integration yielded

a t 2% variation on average, the worst case being a 4.6% deviation,

from the best fit estimations.
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The functional form of eq. (5.2.1) was fitted to the data

shown in Figures 5.2.2-5.2.4. The best fit values for 00

(1 10% Z 5 14; 1 15% Z a 15) and 00 (i .5% Z 5 14; i 2.5%

Z 2 15) are given for all measured charges at all incident

energies. Incident energies are shown in parentheses.

 

 

N 00 (20A) 60 (20A) 00 (30A) 60 (30A) 00 (35A) 60 (35A)

 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

59

15

14.0 51 23.6 81 21.0

15.4 35 20.5 40 19.7

.2 19.2 20 21.8 20 21.5

.0 20.9 8.2 23.3 11 20.5

.2 25.5 7.4 23.8 10 21.0

.87 26.5 5.5 24.0 5.9 23.3

.66 30.9 4.4 25.6 6.3 22.2

.48 32.1 3.2 25.8 4.3 22.7

.41 37.0 2.4 29.5 3.6 24.4

.28 39.5 2.0 25.9 1.7 31.4

.20 51.3 2.1 24.9 1.3 37.2

.17 57.1 1.6 25.9 1.8 25.8

.15 62.1 1.4 26.8 1.3 28.6

.13 71.9 1.4 26.1 1.3 27.6

2.3 20.5 1.2 28.1

2.2 21.0 0.95 30.3

1.4 25.1

0.80 33.3

0.98 25.6
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A further word is in order regarding the functional form. An

alternate functional form was tried,
a
l
e
.

Q

9 = C exp(-B/BO) , (5.2.2)

but the resultant x2 values were significantly worse than for the

form in eq. (5.2.1). The two methods agreed to within 1 5% total

yield, however.

The specific functional form chosen was used only to inter-

polate between data points; thus integrated cross sections are given

only over the angular range actually measured. Cross section dif-

ferences attributable to variations in the gate contours produced a

maximal difference of s 6% while cross section checks between the

ion chamber and the three element $30 at the same angle yielded 1 5%

differences. Cross calibration with the TOF system versus the ion

chamber and the three element SSD yielded differences of 8.6% and

9.6% respectively. The Einc = 35A MeV data were compared to similar

data obtained in another experiment (GEL 85) utilizing the same

projectile and target combination at 35A MeV and good agreement was

obtained.

A comment is necessary on the differential cross section

versus energy spectra. As can be seen in Figure 5.2.1, for Z = 8,

the 30° sub-Coulomb barrier cross section appears to fall below the

corresponding 40° cross section. Our data at energies both higher

and lower than 30A MeV do not behave in this fashion (see
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Appendix B). Hence the integrated 30A MeV data at 300 may be low.

In fact, the data are low for all Z at 30°, as can be seen in

Figure 5.2.3. This behavior may be either a real physical effect or

indicative of an experimental problem with the normalization. How-

ever, for the purposes of the thesis, only the relative Z—to-Z cross

sections are important. All integrated cross sections were compared

to the total cross sections extracted from the best moving source

fits (see Figure A.3), which have been used with considerable

success to extrapolate total cross sections from measurements taken

over limited angular ranges and energy. Appendix A gives the

derivation of the method for calculating isotropic emission from a

moving thermal source, with a functional form which corresponds to

surface emission. The results of a single moving source fit to the

present data can also be found in Appendix A. The results are shown

in Table 7. Thus, we see that the Z-to-Z relative cross sections

are stable for a given incident energy. Therefore, we claim that

the relative Z-to-Z cross section uncertainties are less than or

equal to 10%.

It is important to note that the relative Z-to-Z cross

sections determine the value of the apparent exponent and Z0, the

number of charges in the fragmenting system. (A fit using the

moving source results yields values of the apparent exponent viz.,

2.8 (20A MeV), 2.9 (30A MeV), and 2.7 (35A MeV), commensurate with

the results of this chapter; further explanation can be found in

Appendix A.) The relative cross sections define the shape whereas
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Table 7. A comparison of Ao(30°-60°) to OTOT (moving source) for

each energy is given. The maximum deviation of any given

element from the average is given in parentheses. The

maximal Z-to-Z uncertainty in the data is 7% when compared

to the single moving source model.

 

 

Ao (30°-60°)
 

 

(E/A)inc (MeV/u) AZ 0 (moving source) .100
TOT

20 6-14 42 1 5% (7%)

30 6-17 46 t 3% (7%)

35 6-20 51 t 3% (7%)
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the absolute cross sections determine the normalization constants

present in each of the predictions. The predictions that are

central to this thesis rely on the stability of the relative Z-to-Z

cross sections.

The total measured cross sections as a function of increasing

charge are given in Figures 5.2.5, 5.2.6, and 5.2.7 for incident

energies of 20A, 30A, and 35A MeV, respectively. If the best fit

parameters are used to extrapolate to all angles, the total cross

sections can be estimated. It is also useful to estimate the per-

centage of cross section actually measured. We find that the

percentage remains constant as a function of Z and incident energy,

and over the 30°-60° range the percentage is typically 33%-37%. The

carbon and nitrogen yields at 20A MeV are the only exceptions and

they are 24% and 27% respectively. Since the percentage of data

measured is approximately constant with respect to the total, the

apparent exponents should remain constant and this is indeed the

case. The apparent exponent of the 20A MeV data increases slightly

as anticipated, since the fraction of data measured decreased for

Z = 6 and 7. Utilizing both the moving source best fit and the

functional form of eq. (5.2.1) to extrapolate total cross sections

indicates that the fraction of the cross section actually measured

is relatively constant for all charges for any given energy. How-

ever, the absolute cross sections predicted by the moving source

model are consistently smaller than those predicted utilizing

eq. (5.2.1). Since lighter fragments are expected to originate from
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the total measured cross sections as a iunction at increasing charge (a) tor

the 20 I let data the host lit parameterizations ior the compound nucleus

(D), cold shattering model in), and a macroscopic liuuid gas

parameterization with an apparent exponent (o) are also depicted. Error

hars are shown at 10% .
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a different mechanism and since the data from the three element 550

do not include the Coulomb energy region where most of the yield

occurs, only 2 3 6 cross sections are fitted to the apparent

exponent. Subsequently the Z 3 6 data were fitted to the functional

form Y = CZ'T, where I is the apparent exponent, analogous to the

procedure described in Section 2.2.2.

The resultant best fit parameters are tabulated in Table 8 and

the resultant fits displayed, together with the associated data, in

Figures 5.2.5, 5.2.6, and 5.2.7. The values of the apparent

exponent obtained in the current work (N + Ag at 280, 420, and

490 MeV incident energy) are shown in Figures 5.2.8 and 5.2.9, in

the context of other values obtained in heavy ion and proton induced

collisions (GRE 80; GRE; HES 78; FIN 82; P03 71; CHI 83). Several

18o + Au, Ag at 1.5 GeV; c + Au, Ag at 0.58,additional data points (

1.0 GeV; Ne + Au, Ag at 960 MeV) have been recently measured

(SAN 84; TRO 85) and are included in Figures 5.2.8 and 5.2.9. The

range of Z measured in these cases is small (3 i Z i 13) and hence

the apparent exponent uncertainty is large. A discrepancy regarding

18O + Ag data at 84A MeV incidentthe temperature assignment of the

energy remains. In the work of Sann et al. (SAN 84) a temperature

of 15.5 MeV was assigned, while Trockel et al. (TRO 85) assign a

17.4 MeV temperature. This single high energy data point is the

only data point not clustered about T E 15 MeV.

For our data, the temperatures were determined in the same way

we described in Section 2.2.2, i.e. a Fermi gas approximation was
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Table 8. The best fit values of C and T, the apparent exponent, are

tabulated. The functional form is Y(Z) = C-Z’T.

 

 

 

(E/A)inC(MeV/u) C (mb) T

20 765 2.89

30 1,380 2.68

35 1,130 2.54
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used to determine the temperature of the emitting system. A source

size of 80 nucleons, approximately twice the size of the largest

emitted fragment, was assumed. The temperature assignment probably

represents the largest uncertainty regarding the conditions under

which the fragments were formed. However, as stated in Sec-

tion 2.2.2, the temperature of a given projectile-target system is

expected to increase monotonically with increasing incident energy.

The low energy behavior (E 5 35A MeV) has now been explored with
inc

a consistent projectile-target combination, while the high energy

branch is composed of several projectile-target combinations, none

of which spans an appreciable temperature range. The recent results

for the high energy branch, in conjunction with our added results

for the low energy branch in Figure 5.2.8, serve to highlight the

anomalous behavior between 10 and 14 MeV, but is is less clear that

the complete assembly of data demonstrate the existence of the

minimum of Figure 2.2.3. Thus, experiments utilizing the same

projectile-target combination (N + Ag) at incident energies

2 40A MeV would be very useful. The heavy ion data are displayed in

Figure 5.2.8 along with the Coulomb Tunneling predictions. It is

readily apparent that if we are to rely solely on heavy ion induced

reaction data, the range of temperatures between 10 and 15 MeV must

be explored to ascertain whether a minimum or a saturation occurs.

Recall that in Section 2.2.2, one characteristic of a liquid-gas

phase instability is just such a minimum and that this minimum

should occur at ” 12 MeV.
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Although several arguments against utilizing proton induced

reactions have been mentioned, for completeness we also compare the

apparent eXponent obtained with our results, bearing in mind these

caveats (e.g. possible lack of compressional effects and limited

energy deposition). The results are displayed in Figure 5.2.9. It

has been pointed out that the two points for p + U, which are much

lower than the remaining data points, may be anomalous because the

emitted fragments must tunnel through a much larger Coulumb Barrier

(BOA 84a). However, this argument may itself be flawed in light of

the more recently acquired data (e.g. the 18O and Ne + Au data)

which have values of the apparent exponent similar to the other data

and possess a comparable Coulomb Barrier.

The data are fitted to the functional form of eq. (2.2.16) and

the parameterization (2.2.19) (PAN 84), viz.

1 7
Y(Z) = cz‘ ° exp[-b(1 - 222”] (5.2.3)

T

TE)

allowing only the normalization and the parameter b to vary, while

keeping the critical exponent constant (k = 1.7) and the critical

temperature constant (TC = 12 MeV). Since T < TC the surface form

of the macroscopic liquid-gas formulation is used. The best fit

values of C and b are listed in Table 9; the best fits from this

functional form are found to be worse than the values obtained with

the Y = CZ"T functional form.

Compound nucleus predictions of the form
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Table 9. The best fit values used in the Fisher model of a liquid-

gas phase transition where k and T are fixed a priori at

the values 1.7 and 12 MeV as obtained by Panagiotou

et al. (PAN 84). The temperatures are deduced from a

Fermi gas approximation assuming a source size of 80

 

 

 

nucleons.

(E/A)inc (MeV/u) C (mb) 6 T (MeV)

20 765.1 3.7 7.5

30 1,380.2 7.9 9.2

35 1,130.0 12.0 9.9
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0(2) = 00 exp(-AE/T) (5.2.4)

are also plotted in Figures 5.2.5, 5.2.6, and 5.2.7 where the mass

of the fragment is assumed to reflect the N/Z ratio of the projec-

tile target combination and 0E is the energy released during

compound nucleus formation (see Section 3.3). The compound nucleus

temperatures calculated by means of a Fermi gas approximation are

6.1, 7.5, and 8.0 MeV for incident energies of 20A, 30A, and

35A MeV, respectively. The normalization is considered a free

parameter.

If the differential cross sections, do/de, are plotted as a

function of the center of mass angle of the compound system, then it

is clear that all cross sections fall at backward angles; hence the

emission occurs prior to full equilibration of the compound

nucleus. This can also be seen upon examination of do/dO

(= (2n sin o)‘1 do/de) versus SLAB (see Figure 5.2.2).

A best fit to the cross section predicted by the Shattering

Model (see Section 3.4) as a function of Z is also depicted in

Figures 5.2.5-5.2.7; the corresponding best fit parameters are

tabulated in Table 10. Clearly, the approximately linear behavior

of large 2 fragments predicted in eq. (3.4.4), viz.,

m z - 1—'—2§ z + moo (5.2.5)

Z0

is not observed.



Table 10.
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The best fit values are tabulated for the Cold Shattering

Model as applied to the current data. 00 is a normaliza-

tion constant while 20 is indicative of the number of

charges in the fragmenting system.

 

 

 

(E/A)inc (MeV/u) 00 (mb) Z0

20 11.77 29.57

30 25.74 37.81

35 20.32 49.74
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Finally, the cross sections for elements 6 5 Z 5 19 are

plotted as a function of increasing total incident energy imparted

to the colliding system in Figure 5.2.10. It is interesting to note

that the production cross sections rise sharply between 20A MeV and

30A MeV incident energy and appear to saturate between 30A MeV and

35A MeV incident energy. This could be interpreted as evidence for

the onset of limiting fragmentation. Limiting fragmentation

(BEN 69; SCO 80) is defined as a saturation of the production cross

section as the incident energy supplied to the system increases.

This behavior may indicate that only a limited amount of energy can

be supplied to the system using heavy ion collisions.

A note of caution regarding this interpretation is in order,

since only the cross sections over the 30° to 60° angular range are

shown. The fraction of the total cross section represented by this

finite angular range may vary as a function of the incident energy.

The best fit with the functional form of eq. (5.2.1) indicates that

the fraction of data in the 30° to 60° range is relatively constant.

However, further experiments which measure cross sections over a

larger angular range will be required before a definitive conclusion

can be reached.
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CHAPTER 6

CONCLUSIONS AND FUTURE PROSPECTS

A variety of light ion fragment experiments (MES 82; WES 83)

show that reactions at high incident energies dominantly produce

fragments with 1 i A i 4 as anticipated from thermal and coalescence

model predictions. However, as the incident energy is decreased the

relative yield of 0 particles increases relative to the lighter

fragment production cross sections. Two possible explanations were

proposed (CUR 83a) which raise some ambiguities regarding light

fragment production and subsequent interactions. One possible

explanation of the increase in yield stems from the greater relative

importance of binding energy effects at low energy densities

(CUR 82a). Another explanation is a possible liquid-gas phase tran-

sition. It was believed that measurements of heavier fragments

could help to resolve the ambiguities. A further unattractive

feature of the light fragments is the subsequent contamination of

the primary distribution by sequential decays of heavier fragments.

A simple Compound Nuclear model does not agree well with the

data, predicting as it does an essentially flat distribution of

ln (Z) as a function of Z for Z 3 12 whereas the data continue to

fall with increasing 2 as can be seen in Figures 5.2.5-5.2.7. The

angular distributions also indicate that full compound nuclear

138
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equilibration does not take place and that only a fraction of the

total system is thermalized.

Coincidence experiments could clarify whether the reactions

under consideration are binary or not. Further theoretical work

exploring the effects of angular momentum on fission processes is

also necessary. (We recall that the simplified treatment shown in

Section 3.3 ignored contributions from angular momenta other than

1 = 0.)

The macroscopic model of a Liquid-Gas Phase Transition shows a

measure of agreement with the data; however, the data only reinforce

the original observation that the region 10 i T 5 15 MeV is the

critical region of interest. The heavy ion data, at present, do not

clearly indicate whether or not the apparent exponent decreases with

increasing energy and then abruptly saturates at a constant level,

or decreases and then increases for further incident energy incre-

ments. The new data (SAN 84; TRO 85) do, however, indicate a very

rapid change of the apparent exponent over a small temperature

interval near T = 15 MeV. It is interesting to note that the data

obtained over incident energies from 48A MeV to 84A MeV produce

little variation of the deduced temperature. This behavior could

indicate an onset of saturation of the temperature. It is clear

from our results, combined with other recent experiments, that

further information pertinent to a liquid-gas phase transition will

come from heavy ion collisions at 35A 3 Einc 5 50A MeV. Higher
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energy measurements should also serve to indicate whether the

behavior approaches the limit of the coalescence model.

Sequential decays will depopulate the heavier fragments while

populating the lighter fragments, thus increasing the apparent

exponent. This effect will become more pronounced as the tempera-

ture increases. If the temperature increases with increasing inci—

dent energy then the net result will be to reduce the increase in

the apparent exponent. This effect could tend to mask the signature

of a liquid-gas phase transition.

It is also useful to remove ambiguities associated with tem-

perature assignments to various reactions. To this end, it is

desirable to use a single projectile—target combination over a wide

range of incident energies. Our work marks the first step in such a

program. The light projectiles and medium mass targets provide

kinematically clean spectra and a large 2 range which is uncon-

taminated by fission processes. Observation of the yields versus

12C + 197
fragment charge in the reaction Au at incident energies of

15A and 30A MeV (cwu 83), exhibit the characteristic:exponential fall

off for increasing Z until a minimum is attained followed by an

increase in the yields for further increments in Z. A similar trend

is observed for other reactions on many targets (GRO 82; HUF 84).

It is generally believed that this increase is due to fission

processes.

One proposed feature of the liquid-gas phase transition is a

diminishing size of the largest emitted fragment mass as a function
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of increasing temperature (SCH 83). The theory predicts that as the

temperature of the system increases the size of the largest stable

fragment diminishes until the largest fragment consists of a single

nucleon which defines the critical temperature (TC). The formula-

tion is similar to an in-medium evaporation model. However, the

data in Figures 5.2.5 through 5.2.7 and Table 6 seem to indicate

that the maximum fragment size produced increases slightly as the

incident energy increases, in contradiction to this prediction.

It would appear that the cross sections saturate with

increasing total incident energy. One possible effect of limiting

fragmentation is that only a limited amount of the initial projec-

tile kinetic energy can be deposited in the overlap region. If this

limited amount of energy produces a temperature less than the

critical temperature required for a liquid gas phase transition then

the possibility of observing such a transition utilizing heavy ion

collisions is remote. It is important to note that this comment

does not address whether a system of nuclear matter undergoes a

phase transition or not, but rather whether heavy ion collisions

will convey information pertinent to such a transition.

One possible observable of a mechanical instability, as

Opposed to a chemical instability, is the rapid onset of d and t

production with increasing incident energy; however, the data do not

clearly indicate that this occurs. A new version of the mechanical

instability model (LOP 84) which combines an initial mechanical

instability and a subsequent chemical instability at or near "freeze
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out“ has been proposed. Coincidence measurements will be needed to

ascertain possible energy dependences of the "freeze out" volumes

(CHI 85). The yields presumably will have a similar behavior to

those anticipated for a liquid-gas phase transition. Thus the

present results are not inconsistent with this model. While it is

difficult to imagine an evaporative model reproducing the observed

behavior of the apparent exponent, this possibility cannot be defi-

nitely ruled out, given that predictions exist only for Z 5 10 (see

Friedman and Lynch (FRI 83) and Chitwood et al. (CHI 83) for a

comparison to data). Equally difficult is the task of reconciling

the data with the Coulomb Tunneling Model which predicts a less

severe fall off for the apparent exponent as a function of

increasing temperature than indicated in the data, and furthermore

predicts no minimum or discontinuity in the apparent exponent.

Currently some controversy exists regarding the basic assump-

tions of the theoretical approach based on information theory which

is inherent in the Cold Shattering Model of the cold breakup of

nuclear matter. A more elaborate treatment may significantly alter

the conclusions which were drawn from previous data (SOB 85a).

Aside from this particular controversy, a fundamental discrepancy

exists regarding the absence of characteristic y rays (see Sec-

tion 3.5.3 and Morrissey et al. (MOR 84)) anticipated if p = p0

nuclear systems are produced by a system at a given temperature.

The temperatures deduced from such experiments (< 1 MeV) are much

lower than temperatures deduced from moving source fits (2 8-9 MeV).



143

The argument relies on the fact that a given pair of quantum levels,

which are not daughters of higher lying states, should be populated

in a true thermal system, to an extent allowed by the Boltzmann

factor. If the higher state cannot be fed from higher lying states

and decays only to the ground state then the relative population of

the two states, after normalizing the ground state for population

enhancement due to other decay channels, should yield a determina-

tion of the temperature. One must be careful to ensure that no

particle unstable states decay into the higher lying state, or else

that these decays are adequately taken into account in order to

ensure that the measurement applies to the initial system. Since

the cold nuclear matter breakup involves p==po matter, it is diffi-

cult to explain observations in terms of this model. However,

models involving changes in the density have no such difficulty

since the quantum levels are themselves altered. This point was

discussed in Section 3.5.3 in dealing with experimentally compli-

cating factors.

Even setting aside these objections, it seems clear that

comparison of the data with a theory, based on a minimal information

approach for the yields versus charge, indicates that this is not

the mechanism responsible for the observed yields. As stated in

Section 3.4, the prediction of the theory is approximately linear in

the 2.3 10 region on a semilog plot of cross section versus 2. It

was established that a power law yields a superior fit to the data.
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It is important to note that the liquid-gas phase transition

is not the only theory which predicts the critical behavior of an

apparent exponent. Recently, it was shown that a percolation phase

transition, which predicts behavior similar to the trends of the

inclusive fragment yields, could also explain the data (BAU 85;

CAM 85). This is a nonequilibrium phase transition in contrast to

the equilibrium liquid gas phase transition.

In the percolation model (as discussed in Section 2.2.3), the

nuclear medium is described in terms of a lattice. Two applications

of the percolation philosophy have been proposed. One describes the

critical behavior in terms of the normalized probability that bonds

between adjacent points are intact or broken (BAU 85) while the

other describes the normalized probability that a given lattice site

is occupied or vacant (CAM 85). The functional form of the yields

behave exactly as described in the Fisher prescription (FIS 67).

Insofar as the functional forms of the percolation and liquid gas

phase transition predictions are the same, the comments regarding a

comparison of the liquid gas theory to the data are also equally

applicable to the percolation theory predictions. Additional con-

straints attempting to simulate nuclear bonds and the behavior of

nuclear fragments have been incorporated into the traditional

percolation theory (CAM 85). For an estimate of the equivalent

temperature where critical behavior manifests itself, note that each

occupied site corresponds to the release of E 8 MeV, and hence the

total energy supplied to the system is 8Np, where N is the maximum
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number of possible occupied sites. A Fermi energy corresponds to

AT2/8 MeV where A becomes the number of vacant sites remaining in

the system; hence A is equal to N(1 - p). Thus we see that the

effective critical temperature associated with a percolation

theory is 8[pC/(1 - pc)]1/2. Examination of three dimensional

systems yields a value pC E 0.7 inferring critical behavior could be

anticipated at an effective critical temperature of approximately

12 MeV. This result is in good agreement with our experimental

data. Of course, it is not correct to interpret this quantity as a

true temperature; rather the comparison allows the reader to inter-

pret the percolation theory within the framework we have used to

describe the data.

‘ Interatomic potentials exhibit long range attractive and short

range repulsive characteristics similar in nature to the nuclear

potential. Recently, such a potential was used to simulate heavy

ion collisions (VIC 84). Although the apparent exponent in this

model also exhibits a minimum as a function of the incident energy,

it is asserted that the minimum does not correspond to behavior near

a critical point. Possibly the behavior is more reminiscent of the

Mechanical Instability discussed in Section 2.3.

Further comparisons of these various experimental approaches

are clearly desirable. Certainly, more experimental data are

required to clearly establish when and if an abrupt (transition to

multifragmentation processes occurs, and whether a phase transition

at the critical temperature for a liquid-gas model exists. It is

-
(
T
a
i
t
:

.-
"
L

I
"
;

 



146

also important to gain further insight into the final state

interactions which govern the evolution from the primary fragment

distributions to the fragment distributions observed in our

detectors. This will not only require extensive experimental

investigation, but also theoretical calculations of the evolution,

which becomes especially difficult if greater than normal nuclear

densities are involved. And if the barriers to reaching the goal of

experimentally accessible signatures are eventually overcome, sub-

sequent refinements of the theoretical framework of phase transi-

tions will also be essential.
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APPENDIX A

SINGLE MOVING SOURCE ANALYSIS

We assume isotropic emission in the rest frame of the emitting

system, given by

 
= 00E exp(-E/T) (A.1)

where T is the ambient temperature of the emitting system, E is the

kinetic energy in the rest frame of the source, and 00 is a normali-

zation constant. This form corresponds to surface emission. Upon

transformation to the laboratory system one obtains the following

non-relativistic form (FIE 84),

 
dzo

1/2

dEdO = 00[(Elab - VC)E] exp(-E/T) (A.2)

where

-
1/2

E - E1ab - VC + ES - 2[ES(Elab ' Vc)] COS Blab

and

E = 2 2
S AF(M0c )BS/Z
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The quantity Elab is the fragment kinetic energy in the lab frame

and BS is the velocity of the moving source divided by the speed of

light.

The differential cross sections of each individual isotope

(for the three element solid state telescope) and charge (for the

ion chamber) were fitted individually. The resultant source tem-

peratures, masses, and cross sections for the SSD telescope are

tabulated in Tables 11 through 13 and the results for the ion

chamber data are plotted in Figures A.1 through A.4. Since the

angular range sampled in this particular experiment is quite narrow,

the extraction of source parameters must be viewed with some

caution.

The temperatures of the light fragments are almost constant

though the heavier fragments appear to originate from larger sources

(see Figure A.1), moving with smaller velocities (see Figure A.2),

for the 20A MeV data while the 30A and 35A MeV data show more

uniformity. To illustrate the cautionary note of the preceding

paragraph, we note that for Z 3 16 at 35A MeV incident energy, the

source size parameter exceeds the compound nucleus size which is an

absolute upper bound. We must also exercise caution when inter-

preting the cross section extrapolations for light fragments

(Z 5 5), since we did not measure down to the Coulomb barrier for

these fragments.

The fits for the heavy fragments show the characteristic A-k

dependence yielding values of 2.8 (20A MeV), 2.9 (30A MeV), and 2.7

 



149

 

 

 

Table 11. Best fit moving source parameters for the light fragments

measured using the triple element 550 telescope for

20A MeV incident energy.

Element OTOT(mb) T (MGV) AS vS/c

611 7.2 7.7 32 .089

711 8.9 8.2 34 .085

78a 2.3 8.6 30 .096

9Be 2.8 9.6 37 .078

10Be 1.3 10.1 37 .078

108 2.2 9.4 34 .085

118 3.5 10.0 34 .085

110 0.64 8.8 33 .088

12C 2.2 9.6 37 .078

13c 1.4 9.9 38 .076

14c 0.42 9.9 40 .072

14N 0.45 10.6 38 .076

150 0.83 10.4 43 .067
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Table 12. Best fit moving source parameters for the light fragments

measured using the triple element SSO telescope for

30A MeV incident energy.

Element 6T0T(mb) T (MGV) AS VS/c

78a 18.5 10.51 40 .089

9Be 18.6 10.55 50 .071

10Be 9.8 10.88 46 .077

108 13.8 10.94 43 .082

118 23.2 10.98 46 .077

128 3.0 10.47 50 .071

11C 4.0 11.6 42 .084

12C 14.8 12.3 46 .077

13c 8.6 12.09 46 .077

14c 3.2 12.63 54 .066

14M 2.9 11.39 38 .093

15A 5.7 11.71 44 .081
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Table 13. Best fit moving source parameters for the light fragments

measured using the triple element 830 telescope for

35A MeV incident energy.

Element OTOT(mb) T (MeV) AS Vs/C

108 14.1 14.8 56 .068

118 25.1 13.9 59 .065

11C 3.7 12.7 43 .089

12C 13.0 12.2 48 .08

13c 9.6 11.9 51 .075

14c 3.2 12.1 54 .071

14M 2.9 14.0 46 .083

15M 8.1 10.8 43 .089
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(35A MeV), which are commensurate with the results obtained by

interpolation over the finite angular range measured (see

Figure A.3). Figure A.4 indicates steadily falling temperatures for

increasing fragment charge. The velocities were calculated by

equating the nonrelativistic momenta of the projectile and the best

fit moving source assuming all momentum is imparted to this source.

The velocities, thus deduced, are almost constant for a given Z over

our range of incident energies (see Figure A.2). However, one can

notice a decrease in source velocity as Z increases, perhaps indi-

cating a larger, cooler emitting source.  

m5. ‘1 1' <1
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APPENDIX B

ENERGY SPECTRA

The double differential cross sections versus energy for the

reaction 14N + natAg at incident energies of 20A, 30A, and 35A MeV

are presented. Accompanying the data are their best single moving

source fits.

The light fragment data from the 20A MeV experiment can be

found in Figures 8.1 through 8.4. Heavy fragment data from this

experiment can be found in Figures B.5 through B.8.

The light fragment data from the BOA MeV experiment can be

found in Figures 8.9 through 8.11. Heavy fragment data from this

experiment can be found in Figures B.12 through 8.15.

The light fragment data from the 35A MeV experiment can be

found in Figures B.16 and 8.17. Heavy fragment data from this

experiment can be found in Figures B.18 through 8.21.
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