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FOREWARD

This publication contains manuscripts of invited talks and con-
tributed abstracts which formed the substance of a Topical Conference on
Heavy lon Collisions held at Fall Creek Falls Inn, Fall Creek Falls State
Park, Pikeville, Tennessee from June 13 through June 17, 1977. Many of
the contributed abstracts were discussed in short ora. presentations
during the plenary sessions or in more specialized afternoon workshops.

The manuscripts of the invited taiks and contributed papers are re-
produced here as submitted by the authors, without additional editing.
The abstracts are arranged in alphabetic order of the first author's name,
except for the last three abstracts, which form a sequence of three
closely related reports.

The publication of these Proceedings was accomplished with the
assistance of the Graphic Arts and Technical Publications sections of
Oak Ridge National Laboratory. In particular, the cover was drawn by
Alice D. Richardson. The budgetary and logistics work for the meeting
was done with the assistance of the Conference Office of Oak Ridge
National Laboratory, in particular, Sandra Vaughan. Finally, we are
especially grateful to Althea Tate, of the ORNL Physics Division, for her

expert handling of many clerical :.nd administrative details of the
conference.

The Organizing Committee
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NUCLEAR FERMI DYNAMICS:
PHYSICAL CONTERT VERSUS THEORETICAL APPROACH

*
James J. Griffinf
Department of Physics and Astronomy
University of Maryland, College Park, Maryland 20742 U.S.A.

ABSTRACT

Those qualitative properties of nuclei, and of their energetic
collisions, which seew of most importance for the flow of nuclear matter
in these collisions are listed and briefly discussed. It is suggested
that nuclear matter flow is novel among fluid dynamical problems. The
name, Nuclear Fermi Dynsmics, is proposed as an appropriate unambiguous
label. The Principle of Commensurability, which suggests the measure-
ment of the theoretical content of an approach against its expected pre-
dictive range is set forth and discussed. Several of the current ap-
proaches to the nuclear matter flow problem are listed and subjected to
such a test. It is found the the Time-Dependent Hartree-Fock (TDHF)
description, alone of ali the ma‘or theoretical approaches currently in
vogue, incorporates each of the major qualitative features within its
very concise single mathematical assumption.

Some iimitations of the conventional TDHF method are noted, and
ona particular defect is discussed in detaiil: the Spurious Cross Chan-
nel Correlations which arise whenever several asymptotic reaction
channels must be simultaneously described by a single determinant. A
reformulated Time—Dependent—j—Matrix Hartree-Fock Theory is proposed,
which obviates this difficulty. It is noted that the structure of
TDj‘-HF can be applied to a more general class of non-linear wave mechan-

ical problems than simply TDHF,

Physical requirements minimal to assure that TD-‘FHF represents a
sensible reaction theory are utilized to prescribe the dofinition of
acceptable asymptotic channels. That definition, in turn, defines the
physical range of the TD-$-HF theory as the description of collisions
of certain mathematically well-defined objects of mized quantal and
classical character, the "TIDHF droplets."

tWork supported by U. S. Energy Research and Development Administration.

*The TD-¥-HF reformulation is a collaborative effort with Drs. P.
Lichtner and M. Dworzecka. Dr. T. Tamura and Dr. Kit-Keung Kan have also

recently studied the physical content of TDHF., We appreciate conversa-
tions with them and a prepublication copy of their work.



INTRODUCTIGN
This report comprises four subsections, with suvbtitles as follows:

IA. IB. Nuclear Fermi Dynamics and the Commensurability Critique.
For example,

II. One Limitation of Conventional Numerical TDHF: Spurious
Cross Channel Correlations, which suggests the

III. Reformulation of the Theory into TDﬁerF, whence one
defines

Iv. "Channels' in the TD“E}HF Theory and its Physical Range:
the collisions of the (mixed quantum-classical) "TDHF
Droplets."

I.A. NUCLEAR FERMI DYNAMICS

RELEVANT FPROPERTIES OF NUCLEI

In part I, we discuss briefly three nuclear properties and two
circumstances of nuclear heavy ion collisions which promise to be of
qualitative significance in the description of the matter flow during
such collisions. Table 1 lists these items and identifies them briefly.
Of the three, the SMALL and FINITE properties are two which are unique
to nuclei and promise to set nuclear matter dynamics apart from the flow
of matter in other physical systems.

The nucleus is said to be "small" by virtue of the fact that the
dimensionless size parameter, R/A (where ) is the mean free path of a
nucleon ingide the nucleus) is le?s than one * , for a substantial
range of low nuclear temperatures .

The long mean free path is, of course, the result of the Fermi
statistics of nucleons and the resulting Pauli exclusion principle.
This same property provides the theoretical validation of the shell
model description of nuclear structure [5-6], We believe, therefore,
that it warrants prime consideration in the construction of any theory

of nuclear matter flow.[7],

* This mean free path, A, can be estimated to be ~13 Fm fur neutrons in-
coming with 10 MeV kinetic energy on the basis of the imaginary part of the
optical model inside the nucleus as fit to measurements by Greenlees and
Bechetti. {1]. Such a value is qualitatively substantiated by the theoreti-

cal calculations of Vimh-Mau and Bouyssy [2].
+ Kind, et al., [3] have calculated as a function of temperature the

mean path of a nucleon in a nuclear degenerate Fermi gas of temperature,T,
and report that the mean free path exceeds the nuclear radius for tempera-
ture up to about 7MeV, for incoming nucleon energies up to 35 MeV, Collins,
[4] is currently re-analyzing this problem.



The SMALLNESS of nuclei, on the other hand, offers a substantial
obstacle to any assumption of local equilibrium in any small volume
inside the nucleus, and would seem to exclude the possibility of a

( Text continues on fcllowing page ).

LR TR TS T

TAELE I: SALIENT FEATURES OF NUCLEAR FERMI DYNAMICS
A. Three Nuclear Properties
1. FERMI » SMALL, R/X < 1; implies

No Local Equilibrium
Collisions of Particles with Walls are Crucial

2. FINITE-A, GRANULAR; implies

STRUTINSKY GENERALIZED SHELL EFFECTS on
POTENTIAL, INERTIAL, and DISSIPATIVE parameters

3. LIQUID~SELF-BOUND:

System responds self-consistently to its own motion.

B. Two Circumstances

1. NON-EQUILIBRIUM <= DISSIPATIVE

Suppressed degrees of freedom serve as dissipative sink

2. MASS-DYNAMICAL <— GLOBAL

Matter flow substantially alters average field duving
process.
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*
hydrodynamical description( ) via equations of the Navier-Stokes type.
For such theories deal with intensive variables which are assumed to
vary smoothly across the nucleus.

In addition, NUCLEAR SMALLNESS focuses one's attention on the
collisions of nucleons with the walls of the nucleus, since these are
the only collisions left when the mean free path becomes very large.
This qualitative feature [7] is elevated to an exclusive role in the
"wall formula" recently recommended by W. J. Swiatecki [10].and plays
an important part in the various other one body approaches to dissipa-~

tion {11-~13].

The second prcperty listed is the FINITE~-A, or GRANULARITY property
of nuclei which arises from the discreteness of their quantum descrip-
tion. This property leads to spherical [14]and generzlized [15] shell
deviations of the nuclear collective potential energy from its smooth
liquid drop value. It arises from the fact that A (v102) particles allow
substantial relative fluctuations from a smooth average as compared with
a true many-body system (A+w ). For macroscopic systems with A~ 1023,
e.g., the generalized shell corrections would be much smaller, relatively,
and the smooth liquid drop limit much more nearly realized.

We already know that in nuclear physics these generalized shell
corrections are sufficient to effect qualitative alterations on the pro-
cess of nuclear deformation in reaction processes. Especially in the
case of fission they supply the currently accepted basis for understand-
ing the mass asymmetry of the fission of heavy nuclei at low and moderate

excitation energy [16-19].

(*) We reserve the word Hydrodynamical for water-like matter flows,
well described by the Navier-Stokes equation. The label, Fluid
Dynamical, on the other hand, denotes the broadest class of matter flow
problem, unrestricted to any particular dynamical equation. It should
also be noted that the conservation laws (of matter, energy and momentum)
must prevail for any physical system[8] , and impose upon any dynamical
theory a certain general structure sometimes referred to (we think,
imprecisely) as "hydrodynamics." The usage here would replace "hydro"
by "fluid," except when the tensors involved in the expressions of the
conservation laws exhibit the properties (especially locality) which
are assumed in the Chapman¥inskog [9] derivation of the Navier-Stokes

equations.



In aditicn, it has been shown that the inertial tensor for nuclear
mass flow will alse exhibit Stiutinsky-type structure in N, 7, and
deformatioaf20]which czn be understood as effecting a locally com-
pressible fiow for the nuclear matter[21]. Finally, one must anticipate
that in a theory whicsh calculates dissipative parameters from micro-
scopic properties, such parameters also will reflect the effects of
Strutinsky's generalized shells (*), Thus, the fact that the nucleus is
a GRANULAR system will influence the potential, inertial and the dis-
sipative parameters - which is to say, every aspect - of the ultimate
description of nuclear Fermi dynamics.

The thirZ property listed, that the nucleus is a self-bound liquid,
emphasizes the fact that as nuclear matter flows the average binding
field alters in accordance with the matter distribution. The nuclear
flocw shares this nrarticular property with other physical liquids, but
not with gases,nor with the flow of electrons in an atom, where a strong
external field (the Coulomb field of the nuclear charge) is unresponsive
to the flow of the electron matter.

RELEVANT CIRCUMSTANCES OF NUCLEAR HEAVY ION COLLSIONS

In addition to the above three nuclear properties, two circumstances
of the nuclear heavy ion reactions seam essential. The first is that
the colliding system is initially extremely DIS-EQUILIBRIZED - contain-
ing, in fact, all of its free energy in the single degree of freedom
describing the distance between the two nuclei about to collide. Ome
can therefore be certain that, immediately upon collision, this energy
will begin flowing into other degrees of freedom, with a strong ten-
dency towards equilibration. The theoretical description of the sub-
sequent motion, since practical considerations require it to involve
some number of dynamical variables less than the complete set, will
involve from time to time the transfer of energy, momentum, or other
physical quantities into degrees of freedom which are being suppressed
in the theory. Such transfers which leave the limited space of the
retained variables must be considered "dissipation.'" We therefore
expect to deal ultimately in this problem not simplv with one "dissipa-
tion" but, rather, wi+h several alternative possible dissipative schemes,

(*) Recent work by Koonin and Randrup [13] to be discussed in this con-
ference relates the dissipation kernel to the trajectories of classical

particles. These in turn are connected with the degeneracies of a
wave mechanical system byBloch, Balian et al [22]. Thus already ome
specific path for describing the influence of generalized shells upon
dissipation parameters is available.




corresponding to the various numbers of explicit degrees of freedom
which we may wish to retain ir a particular description, the remainder
of which, having been suppressed, provide the sinks for the dissipated

quantities.

The second important circumstance of hard(*) nuclear heavy ion
collisions arises from the fact that the substantial mass flow can
occur in such reaction processes on a short time scale, and can, there-
fore, imply substantial readjustment of thes average shell-model field
during the time of the collision. This requirement of a knowledge of
the nuclear shell model properties over a finite region of nuclear
shapes (including shapes describing ruptured configurations) we refer
to as the GLOBAL property of such collisions. We contrast it with che
fact that traditional nuclear structure studies generally require no
rore than a knowledge of nuclear properties (and one or two derivatives)
at an equilibrium point. This GLOBAL-MASS-DYNAMICAL property may, as
the descripticn of nuclear heavy ion collisions moves forward, come to
place demands upon our maihematical capacity, which can not be met with
the techniques currently available. But it is also possible that the
dissipative processes in nuclear Fermi dynamics will be so dominant
over the mass flow properties as to substantially alleviate, and even
qualitatively alter, the Fermi dynamical problem into a dissipation-
dominated process, rather than a kinetic-dominated wass flow problem.
This expectation has been vigorously advanced by W. J. Swiaiecki, in

particular [23].
COMPARISON AMONG SOME CURRENT THEORIES

In Table II, we tabulate four current theoretical approaches to
nuclear heavy ion collisions, Time-Dependent Hartree-Fock{[24] Navier-
Stokes Hydrodynamics [25] ,Transport Theory [26] (including[10] the
"window formula") and the "wall formula' [10],and the five features
just discussed. A '"Yes" is entered for each feature which a given
theory meets; a "No" for each feature which a given theoretical
approach omits. In a few cases neither a Yes nor a No seems adequate:

(*) The emphasis throughout this talk is upon the matter flow, and
therefore the “'soft" long-distance collisions of heavy ions are not

the focus of attention.



TABLE II: QUALITATIVE PROPERTIES INCORPORATED INTO VARIOUS THEORIES
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(a) The transport theory description of energy charge and mass
equilibrization beiween two fragments in deep inelastic contact
might describe systems with long mean free paths or short mean
free paths by incorporating their respective effects into its
phenomenological transport coefficients;

(b) The wall formula [10)(which is an extension of the piston model [11]
to the complete 4w nruclear solid angle) incorporates the long
mean free paths by omitting all collisions excep? those with the
wall. On the other hand, it is a classical description and in-
corporates no further effects of the Pauli exclusion effects
upon the Fermi particles. Therefore the response: ''Yes?."

(¢) The wall formula is narrowly aimed at dissipation., Therefore
it dues not imply, nor exclude, any particular matter flow

description.

We emphasize that the successful incorporation of all the impor-
tant qualitative physical aspects into a single concise assumption,
which the Time-Dependent Hartree-Fock method achieves, is no assurance
that the resulting description will adequately describe observed nuclear
data. Indeed, Comensurability, as discussed below, might
dim one's hope to get so much from so little. Even so, the TDHF is of
great interest, precisely because of the very economy of its assump-
tions, as a theorists' theory, to teach one how to look at problems
in Fermi dynamics and what reasonably to expect from them. It is for

this reason, rather than from an expectation of any successful con-

frontation between TDHF and observed data, that we devote some con-
siderable discussion to this model below.

I.B. COMMENSURABILITY IN THE ASSESSMENT OF
DESCRIPTIONS OF COMPLICATED PHENOMENA

We note that one can formulate the present outlook consciously
into a methed of assessment of theories for complicated processes such
as the present physical problem poses. This method employs The
Principle of Commensurability[27] stated as follows:

) A sound theoretical model should only yield
information commensurate with its input and its struciure.

We consider this statement to be self-evident. However, it
implies immediately the practical corollary that models which give too
much may be erroneous, or may involve hidden assumptions. In addition
it leads one to evaluate theoretical models, and especially complicated



models, by emphasizing the "commensurability" between the input, the
structure and the predictive capacity of the model. Such an evaluation
can be helpful in focussing the search for limitations and/or short-

comings in any proposed theoretical description.

Finally, for a model characterized completely by mathematical
assumptions, the principle of commensurability suggests the question:
What is the physical range of the model? This question becowes the
more difficult (and its answer the more useful), the more concise and
compact is the assumptive mathematical basis of a given model. 1In
particular, as Table I illustvates forcefully, the single-determinant
assumption of the Time-Dependent Hartree-Fock description provides an
appropriate specific example of a very concise assumptive axiomatic
basis for a model, which is able (cf. Table II) to incorporate an
impressive range of appropriate physical property, but whose phrysical
implications are not immediately transparent.

II. LIMITS OF THE TDHF DESCRIPTION OF COMPLEX REACTIONS:
SPURIOUS CROSS CHANNEL CORRELATIONS

CONVENTIONAL TDHF DESCRIPTION

We turn now to a discussion of the numerical Time-Dependent
Hartree-Fock method [24] shich so economically and completely incorpoz-
ates the qualitative features of Nuclear Fermi dynamics into the
single assumption that the exact solution will be approximated as

¥ v d , a single determinant . (1)

This assumption, imposed as a restriction on the variational principle
whose unrestricted variation yields the Time-Dependent Schrddinger

Equation,

HKy = HY (2)
leads to the Time-Dependent Hartree-Fock Equation, [28]
ihée) =HF(o(r)) - o(r) . (3)

to describe the time evolution of the determinantal wave function.
Then the specification that
d(t) = @ (4)

t=ti

gives the initial condition, whence equation (3) specifies the solution
¢(t) for all subsequent times.
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Thus the TDHF problem, once posed and once subjected to initial
conditions, appears to be an axiomatically complete structure whose
predictions are inexhorable and unalterable. Indeed it is this very
compact and closed character of the TDHF problem which enhances its
interest for theoretical analysis. For, once the initial values are
given and the method of propagation forward in time is prescribed, one
seems committed to a specific outcome and is allowed, apparently, no
freedom for reinterpretation or creative restructuring of the physical
content of the description. One could easily be persuaded that sub-
stantial phenomenological success in such a tightly constrained theo-
retical realm should be considered as very significant. (By Commen-
surability, on the other hand, one expects that such a drastic simpli-
fication of the Schrédinger theory could not fail to lose some essential

features of the nuclear physics.)

In spite of its apparent rigidity, we shall here propose a re-
formulation of the TDHF description for problems involving reaction
from and into asymptotic reaction channels. For, as a reaction theory,
the TDHF is not so inflexible as it might at first seem. 1In fact, its
basic assumption that the wave function shall be a single determimant
can be imposed on reactions in more than cne way. We propose here a
reformulated method which is physically more reasonable than the more
direct method used so far in numerical analyses by the TDHF method.

We should mention also the practical basis for great current
interest in Numerical TDHF: the fact that the numerical solution of
the TDHF problem with nuclear model forces of the Skyrme type {29,30]
was shown in recent years to be possible and became therefore the object
of substantial effort, and that it continues to command considerable
attention [24]. Thus, TDHF is now a practical object for numerical

experiment.

We enphasize that in spite of the remarkable incorporation of the
main qualitative nuclear properties into the TDHF method (as exhibited
in Table II), the method is still an gpproximate method. Its re-
striction to a single determinant limits the accuracy of TDHF in each
of the three phases of its time dependent description [27]:

(1) The specification of the initilal wave function'ﬂ(ti) by a
single determinant approximation is inexact, ané inflexible;

(ii) its ﬁ§opagation forward in time to and through the collision
by}! instead of Hgxacy is approximate (omitting, e.g., some
two-nucleon correlations);

*Items (i) and (ii) are discussed further in references[31-32},




11

(iii) the post-breakup determinant, ¢(t) (t>> 0j, is too simple
to describe the many channels of the exact outgoing state,
and, to date, lacks any specific proposed interpretation.

SPURIOUS CROSS CHANNEL CORRELATICNS

Here we focus upon the third item, and a remedy for the incommen-
surability between the single TDHF determinant and the outgeing multi-
channel state of the true Schrédinger system. In particular, we argue
that, after the collision and breakup into two spatially separate
densities, the TDHF wave functicn involves spvrious cross-channel
correlations, because it attempts to describe [33)a "coherent super-
position of outgoing channels." The available reaction channels
correspond to different pairs of nuclei, and/or for each pair a range
of possible excited states, which, if they were allowed to propagate
independently, would surely be found at large distances to be separating
with a variety of relative velocities. But in TDHF only one relative
velocity (that prescribed by the relative velocity of the separating
potential wells) enters, even though the wave function must purport to

describe all channels.

We show now that the single determinantal limitation of the
Hartree-Fock description, and the consequent calculation of the single
self-consistent potential by means of that single determinant, results
for a multi-channel situation in contributions to the potential energy
which do not occur in the asymptotic channels of the exact linear
Schrddinger theory and which, therefore, we label "spurious.” These
spurious interactions exert a distorting influence on the physical con-
tent of the final phase of the reaction - a phase which ought to be
very simple since 1t involves merely the translation in space of well-
separated fragments which have been formed from the reaction process.

Consider ¢(t) of the Time-Dependent Hartree-Fock description to
be expanded in a complete set of exact channel wave function, ¥g, for
the Schrddinger problem:

o(e) = ] g ¥ (t) for £>>0. (5)
f

[Never mind here the complication that the coefficients w; must surely
q%pendlon time.] In particular, if the reaction were initiated as

v+ 0, then one label, f, should denote, e.g., the 2831 + “He
channel. Then consider tlL.. (direct term of the) Hartree-Fock potential



i2

Ve ® = [VEE) o} a%, (6)

2 VO-O + |w

IW l l 2 3i-He He-Si
0-0 HF

(Vgr Ve ] (7

Si-He

Here Vﬁ}o denotes the self-consistent potential for a 32 x 32 determinant
bP'lt by anti-symmetrizing two 16 x 16 subdeterminants each describing
0in its Harcree-Fock ground state well separated in space. This is
exactly the potential which arose in the incoming channel of this same
reaction. On the other hand, Vﬁl‘He is the self-consistent potential
for a 32x 32 determinant built from a 4 x4 determinant describing the
“He ground state and a 28 x 28 determinant for 28Si. Equation (7) demon-
strates the fact that the Hartree-Fock potential even in the asymptotic
region, is a mixture of potentials for the several channels 1t attempts

to desecribe.

A very similar argument shows that only channels which happen to
have the same relative velocity as the separation velocity of the two
parts of the Hartree-Fock Potential can have even a possibility of
adequate description by the conventional TDHF.

We conclude from the existence of these spurious cross channel
correlations in the late stages of a multi-channel process as described
by TDHF, that the TDHF description, as conventionally applied, is not
able to provide a self-consistent propagation ir. time for any one of
several outgoing open channels in the final stages of a reaction process.
Only in the trivial case of a single channel (mass and energy elastic)
collision will the outgoing TDHF state provide the best single deter-
minant description of any particular pair of separating fragments.

From these considerations we are led to propose the following re-
formulation of the conventional TDHF description,- the TD:‘}HF descrip~-
tion, - which obviates these spurious cross channel correlative effects
in the final stages of the reaction.

ITI. THE TIME—DEPENDENTﬂx—MATRIX HARTREE-FOCK
DESCRIPTION OF MANY-PARTICLE REACTIONS

We first make a simple renotation of the Time-Dzpendent Hartree-
Fock wave function evolved from the initial state, i, by the Hartree-
Fock propagation forward in time. Let

o0) = 070 = v (e,e) ofP (e (®)
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be the familiar TDHF solution where the propagator U; represents the
(nonlinear) Hartree-Fock process of propagating the wave function ¢§0)
forward in time from the initial time t; to the time t. Analogously,
we define the wave function

-} _ (=) (0)

o (t)—Uf (t,tf)cbf (tf) (9)
tc be the wave function evolved backwards in time via a similar, but
time-reversed TDHF process from Qfo)(tf).

THE (TIME-DEPENDENT) CURLY -,8 MATRIX

We then construct the following analog of the scattering matrix:

3.0 - <PwoPws . (20)

Were the wave function8¢£') and ¢{+) to be replaced by the exact solu-
tions, %4/ and W(+>, to the Schrddinger equation, this integral would
yield the (time-independent) S-matrix element which gives the amplitude
for the wave packet evolved from the initial state, i, to be found in
the state which will evolve to the final state, f. We therefore con-
sider fi(t) to be the amplitude that the TDHF "state," o (H)(v), is
found at time t to be the TDHF '"state," ¢p”/(t), which will evolve under
TDHF to the final state 000) qt t = tp without spurious cross channel
correlations with channelg other than” f. Then we propose that*

-— T
S
“{gi B 21;[: dtl}i(t) (11)

(*) The time derivative of & in equation (6) can be estimated from
those of ¢i, 9¢ to be of order (6)‘1 times of the difference between
the corresponding matrix elements cf the two distinct Hartree-Fock
Hamiltonians, H; and H¢, at time, t. Since their diagonal elements are
n -8 A= 103MeV, this derivative might easily have a magnitude as large
as (100 MeV) /& = 1023/sec. We therefore consider any attempt to
utilize‘?(t), unaveraged in time, as futile.

(+) The physical implications of equation (11) should not depend upon
the value of the parameter, T, which must therefore be chosen large enough
to include all times during which transitions from i can occur to any
channel, f. One hopes that for a range of walues of T larger than this
minimum value, the relative physical transition amplitudes will be in-
sensitive to the specific value of T. (This question is discussed in more

detail in reference [34]).
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describes the (relative) amplitude that the TDHF state i which evolves
from ¢£0 at t=ti<<0 will be found in the state, dbg » at t=tg>>0,

Normalized (since there is no structural compulsion for unitarity in
this theory) for the incoming channel i, this becomes

2

4 . 1/
in B ‘Z;/[%in £1) , (12)

the operational analog of the unitary S matrix in the 'I'D—:—HF theory.
Equation (12) compleies the required reformulation of the time-dependent
reaction theory within the Hartree-Fock framework.

Note that the result (11) applies independent of the particular
prescription for the time evolution operations, p(# , in equations (8)
and (9). It represents therefore an alternative to the use of equation
(8) alone, not just for the Hartree-Fock problem, but for any approxi-
mate description of the time evolution of a reaction process by means
of a wave function to which the statistical interpretation of quantum
mechanics, equation (10), is expected to apply.

We note the following features of TDﬁjLHF:
. +
1. The once only multi-outgoing-channel TDHF calculation of ¢§ )(t)
is replaced by one time-reversed incoming calculation of

¢§“)(t) for each final channel.

2. A time integral of the overlap
G RN CO I
<o “’i >-47fi(t) 4 a3

vields the (unnormalized) }-fi, and normalization yields Ifi’ the

S-matrix analog.
-

3. No spurious cross channel correlations enter into ;: separated
configurations are propagated only by single-channei self-consistent
Hartree-Fock Hamiltonians.

It is remarkable that this reformulation of the TDHF description
for multi-channel processes is able still to conform to the requirement
that each wave function at each moment be described as a single deter-
minant. Still, it obviates the spurious correlation difficulty of &
single determinantal description of a multi-channel physical situation
- a difficulty which seems inescapable in the straightforward time-
integration of the TDHF equation from the initial incoming state to a
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postbreakup time. Since here a time-reversed calculaticn is used to
propagate each of the outgoing configurations backwards into the inter-
action reglon, spurious cross channel correlations never enter in the

description of well-separated fragments.

In addition, the new theory exhibits a structure symmetric in
time, which fits naturally with the time reversal invariance of the scatter-
ing theory and provides a framework which requires for both initial and
final states precise labels which are appropriate for the elementar;
objects which the scattering process describes. In contrast, the direct
TDHF method, in which only the nearly unique initial state needs to be
constructed, allows one to evade the question of what labels are re-
quired to characterize its asymptotic states.

We turn next to a consideration of what these labels should com-
prise, and obtain therefrom a statement of what a "channel" in the
TDﬁSFHF description is to specify. The sought after result is a clear
and concise definition of the physical range of the TD-Z-HF.

IV. 'CHANNELS" IN THE TD-&-HF REFORMULATION

MINIMAL REQUIREMENTS OF A REACTION THEORY

To have a reasonable reaction theory, we need at least to be sure
that our predictions are (a) specific and unambiguous, and (b) that
they do not depend upon the distance of the measurement apparatus from
the collision region. 1In Schr3dinger theory, these conditions follow
at once from the superposition principle, which in turn is guaranteed
by the linearity of the theory. For non-linear theories like TDijHF
or TDHF, however, even such basic properties are not automatic, and
cannot be guaranteed unless they have been specifically built into the

theory.

Within the TDﬁJLHF framework, we can attempt to guarantee these
requirements by the choice of ''reaction channels." Alternatively, one
could say that these conditions require a certain specific choice for
these channels. Then its rational structure determines the theory's
physical range, as discussed above. We follow such an approach here.

Specifically, we demand that an asymptotic channel, (f), specify

(i) completely, two well-separated sub-determinants at sume
(arbitrary) large standard initiation distance Ry and at
the time te for the initiation of the channel reaction; and

that
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(ii) the subdeterminants so specified must translate in time
and space under TDHF propagation without change of their

internal structure.

APPLICATION TO H4RTREE-FOCK

We note that condition (ii) can be satisfied only by the Hartree-

Fock ground state, or by another state which is stationary with re-
spect to variation of the Hartree-Fock determinantal wave function.
Unfortunately, the set of states composed of all such stationary states
for a given exact Hamiltonian are not orthogonal. {(Their inclusion
would imply, according to equation (10), spontaneous transitions to
other channels, even in the far asymptotic region.) They would there-
fore seem to be unsuitable labels for the identification of a set of
excitations for the initial (or final) nuclear projectile and target.

Thus the literal imposition of condition (ii), together with the
proposed interpretation ofjgf (t) in equation (10), would require that
we restrict the range of Hartree-Fock theory to mass and energy elastic
scattering of the Hartree-Fock ground state, to the set of (orthogonal)
Hartree-Fock ground states corresponding to all the different mass
division of a given A-nucleon system, or to some other arbitrarily
selected subset of orthogonal stationary states. Such a restriction
would trivialize the theory unacceptally *).

However, the requirement of stability for the asymptotic channel
amplitudes against spontaneous change during free translation can be
met, perhaps adequately, by requiring that it prevail not instant by
instant, but instead only on a time averaged basis. Thus the demand

that
1 +T
Lim —— dtj (t) =0 (14)
t 2T fi
aad t-T
for
t-1>> + T or t+7T1<< -T (l4a)

insures that asymptotic stability of thechannel amplitudes on a time-~
averaged basis.

(*) Note that a Gram-Schmidt orthonormalization of the Bartree-Fock
stationary states is self-defeating here, because linear combination
of stationary states are not stationary in general, as a result, again,
of the non-linearity of the Hartree-Fock problem.
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Therefore, we here adopt this alternative: That the condition
(ii), requiring no change of the internal wave function as it trans-
lates freely in space, be applied not as an exact cecndition, at every
time, but instead only on a time-averaged basis. Then

(iii) Cyclie, self-consistent oscillations of the subdeterminants
for target and projectile become acceptable in the asymptotic
reaction channels, since such oscillations imply no change
in the time-averaged intrinsic structure as the system

translates.

We then arrive at the foll?wing set of labels for describing the
channel wave function(*) ¢f0)(tf) as follows:

£) = (A,,S8,,A.,S

e =<
1’ 1’ 2’ R ,V ’tf;EA ’¢A ’EA ,EA ) . (15)

L]
2T AT T AT

This set of labels describes:

1. A single (A1+A2):<(A1+A2) determinant constructed by anti-
symmetrizing:

2.  An (A; xA;) determinant describing the Slth stationary solution
of the isolated Al-particle Hartree-Fock system , and

3. An analogous (A21<A2) determinant Sentered at time t=tg at some
fixed (large!) standard distance, Rf, in the center of mass frame

from the center of mass of Al.
4. Each subdeterminant at the time tf describes
(a) a Hartree-Fock stationary state, labelled Si, which is

(b) translating at velocity, Vf, (relative to its partner in the
center-of-mass frame), and

(c) wvibrating (in small TDHF self-consistent oscillatioms) at
its various R.P.A. normal frequencies, Wy s with amplitudes €

and

(d) at time t =t. has phase angles, ¢,, for these oscillations.

(*) We restrict ourselves to small amplitudes in the TDHF vibrations,
where their properties have been extensively studies. See especially

reference [33].
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We thus arrive at the conclusion that THE PHYSICAL RANGE of
TD;‘—HF is the collisions of "TDHF Droplets', where a "TDHF Droplet" is
completely defined dynamically by its Hartree-Fock stationary states
and the classical self-consistent TDHF oscillations(*/ therevf. That
is, the TDHF droplet is completely defined + by its spectrum of
Hartree-Fock stationary states and of its R.P.A. normal modes.

We note that this statement of the physical content of the
TD—}&—HF scattering theory indicates that that theory is a description
of droplets which exhibit a discrete spectrum of stationary states
in addition to a set of classical oscillations. We say "classical,"
since the small amplitude TDHF self-consistent oscillations around a
stationary state are allowed to have arbitrary amplitude and phase,
since the Time-Dependent Hartree-Fock Theory compels no discretiza-
tion for these vibrational amplitudes. Of course, one might wish in
some cases to quantize these classical vibrations to obtain (in the
multi-boson, harmonic oscillator approximation) eigenenergies spaced
at intervals, hw, where w, is the frequency of a given R.P.A. mode,
Such a decision would represent an addition (indeed, perhaps, a most
reasonable one) to the theory, not required by its intrinsic structure.

Thus, we conclude the TDHF mathematics describes the approach,
the interaction f(including possible mass exchange), and the separation
of TDHF droplets, whose stable points are prescribed by the stationary
solutions of the Hartree-Fock equations, and whose normal mode fre-
quencies for small amplitude oscillation are prescribed by the R.P.A.
frequency spectra of oscillations around the stationary states.

In other words, the TDHF description of nuclear scattering pro-
cesses replaces the nuclei by a very special kind of fluid droplet,
which exhibits both stationary states of discrete energy and self-
consistent vibrations around them of continuous energy,

(*) See footnote on preceding page.
(+) The question whether the droplet 1s thereby overspecified is open.

(++) The realization that all Hartree~Fock stationary states must

be considered on an equal basis, and could be incorporated under
condition (c), occurred after this talk was presented, partly, indeed,
stimulated by a question from Dr. S. Krieger on this point. This
question 1is discussed further in reference[34] .
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Each pair of droplets 1is specified by the list of numbers, (15),
which suffice to characterize uniquely the single determinantal
"channel" wave functions at large separation distances (i.e., the
dynamical behavior of the determinants as isolated systems) and
appropriate translational properties. We thus arrive at the remark-
able result that the TD-X-HF reaction theory describes the collision
such mixed classical-quantum mechanical TDHF droplets in terms of a
wave mechanical amplitude, g , calculated from the overlap of two
determinantal wave functions., This remarkable result seems suffic-
iently intriguing to warrant further attention.

V. SUMMARY

To recapitulate the content of this paper we recall that in
order to remove the spurious crcas channel correlations, we were led
to reformulate the TDHF reaction theory into the TDﬁfLMatrix—HF Theory.

The resulting structure overflows the limits of its origins and
emerges as a general scheme, equation (11), for extracting reaction
amplitudes from (non-linear) time dependent theories for which the
superposition principle does not apply, but where the wave function
at each instant can still be assumed to define the amplitudes for
the results of measurements defined by a complete linearly independent
set of wave functions, according to equation (1Q),

Then certain minimal requirements for the reaction theory to
make physical sense prescribes certain properties for the asympt%gic
channels, which in the small amplitude limit for TDHF vibrations s
can be satisfied by channels which can be defined by the set of labels
(15).

The resulting definition of reaction channels in the new TD—jLHF
theory defines its physical range to be the collision of "TDHF droplets”,
those objects whose structure when isolated is described by the TDHF
theory. One thus arrives at the very commensurable conclusion that pre-
cisely the physical content of the self-consistent TDHF description of
an isolated nucleus can be incorporated into the TD-d-HF theory of re-
actions - no more, and no less, This clear qualitative characterization
of the physical implications of the single determinantal assumption for
reaction theories should be useful in measuring the achievements of
and in prescribing the expectations for the TD-;[—HF reaction theory.

(*) New knowledge of the large amplitude cyclic TDHF vibrations of an
isolated TDHF droplets could require alteration of this channel defini-
tion without undermining the essential proposal for TijFHF; namely,
that equation (11) defines the (relative) transition amplitudes for

reaction.
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HEAVY ION REACTIONS - AN EXPERIMENTAL VISTA

*

R. G. Stokstad

Oak Ridge National Laboratory
(ak Ridge, Tennessee 37830

ABSTRACT

Examples of recent experiments in the areas of fusion and deep-
inelastic scattering are presented and discussed. Emphasis is
placed on the importance of individual nucleons in the fusion process,
the effects of high angular momentum, and our understanding of compound
nuclear decay. Experiments on deep inelastic scattering are entering
a new stage in which important parameters of the reaction mechanism
are now open to investigation. Primarily through coincidence measure-
ments, direct information on the angular momentum transferred in a
collision and on the time scale of decay is being obtained.

I. INTRODUCTION

The rate at which our understanding of heavy-ion reaction mechanisms
increases is astounding and exciting. It would be impossible to keep
up with, let alone contribute effectively to, this rapidly developing
field without the personal communication and interaction provided

by topical conferences.

This meeting at Fall Creek Falls will emphasize, in the words
of our organizing committee, ''theoretical descriptions.'" I note however
that about half of the scheduled talks are to be delivered by experi-
mentalists, This recognizes, I believe, that we are ultimately con-
cerned with theoretical descriptions of experimental data. If the
necessary data do not exist, then we must acquire them. (The comple-
tion of GSI, the scheduled upgrading of the Bevelac, and the accelera-
tor projects at Daresbury, Caen and Oak Ridge represent a strong commit-
ment to this.) If new measurements exist, but the theoretical descrip-
tions have not been brought to the level of a gquantitative comparison,
then this is also a challenge to be met. The interfacing of these two
complementary approaches to '"understanding" is one of the reasons
why we are here. The talks you will hear from my experimentalist
colleagues in the coming sessions will provide a broad view of what
is new and exciting in current experimental work. In a real sense, it
is the sum of all these presentations which will constitute the '"vista"
provided by experimental studies of heavy-ion collisions.

*
Work supported by U.S. Energy Research and Development Administration
under contract with the Union Carbide Corporation.
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I have selected a number of experiments which illustrate the kinds
of information now being obtained in the areas of fusion and deep
inelastic scattering. As you will see, these experiments involve
reactions throughout the periodic table and bombarding energies ranging
over more than two orders of magnitude.

Much of the data you will
see is not yet published, and I
refer you to the acknowledge- EUSTION
ments for recognition of those
who have very kindly communi-
cated their results prior to
publication. AncULAR MOMENTUM LIMITATIONS

Microscopic ASPECTS

Figure 1 outlines the Compound NucLeus Decay
physics I wish to cover. I
have opted to mention a large
number of experiments,
describing only their essen- DEEP IBELASTIIL SCLATIERING
tial features and results,
rather than concentrating on
only a few. (Regrettably, it
is not possible to describe
some of the elegant and so-
phisticated experimental techni- FIG. 1. Topics to be discussed.
ques which have made some of
these results possible.)

ALIGNMENT AND ANGULAR MOMENTUM TRANSFER

TiMe ScALE AND MecHanisms For Mecay

Section IV gives a summary which attempts to tie t:is altegether.

II. FUSION

A. Microscopic Aspects

Even though the fundamental constituents of the nucleus are protons
and neutrons, surprisingly litile is known about the importance of
individual nucleons in processes such as fusion. Perhaps this should
be taken as an indication that the effects of individual nucleonic
motion are not of importance in determining the fusion cross section,
and that macrosconic and collective variables are all that matter.
Macroscopic properties (radii, deformation, potentials, etc.) may
be derived from microscopic models, however, and such calculations
provide a motivation for the experiments I will discuss. The two-
center shell model calculations of Glas and Mosel (GL 74), for example,
suggest that the fusion cross section might denmend on which shell
model orbitals are occupied, and hence on the valence nucleons of
the target and projectile. Figure 2 shows the energies of shell model
configurations for the two-center 169_160 system as a function of the
separation between the centers of the oscillator wells. Nuclear
interactions leading to fusion occur at level crossings and are esti-
mated with the Landau-Zener approximation. If we argue that the
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A MICROSCOPIC BASIS FOR FUSION
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FIG. 2. Configuration energies calcu-
lated with the two-center shell model as
a function of the separation of the cen-
ters. At distances less than 3.4 fm,
the lowest energy configuration is the
3235 ground state, at larger distances
it is the !60-160 ground state. Fusion
is initiated at such level crossings
(Gl 74,76).

first level crossing (circled
in Fig. 2) in some way deter-
mines a critical radius for
fusion, then changes in the
fusion cross section might

be observed as individual
nucleons are added or sub-
tracted from the target or
projectile. To be considered
as c¢vidence for microscopic
processes in fusion, we require
that these changes be in addi-
tion to those expected on

the basis of changes in Cou-
lomb barrier or macroscopic
"A1/3—type" changes in radius.

Recent experimental re-
sults on fusion cross sections
have much to say on this ques-
tion. Figure 3 illustrates
the characteristic energy
regions for fusion. This
one-dimensional classification
is valid for relatively light
heavy-ion systems for which
the dynamical path for fusion
lies inside the saddle point
for fission (M8 76). In
region 1, for small values of
Ofyss penetration of the
Coulomb barrier is the mecha-
nism governing the order of
magnitude of the cross sec-
tion. In region 2, direct re-
actions begin to compete, and
Ofys €an experience a maxi-
mum value and then decrease
slowly. We shall consider
each of these regions in turn
but will postpone the discus-
sion of the third vregion to
Section IIB.

The high currents and availability of low energy Van de Graaff
accelerators has enabled the measurement of fusion cross sections

covering the extreme range of tens of nanobarns to ~ 1 barn,

Recently,

systematic studies of a large number of systems have become available

(8t 76, Cu 76, Hi 76, 77b).

Fig. 4 for the !2C + 13¢ system (Da 76b).

Typical experimental results are shown in

The fusion cross section is
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deduced from the observation of discrete y-ray lines in the residue of
the compound nucleus. The full curve which is compared with the sum of
the cross sections to all bound states in 23Na, 20Ne and !70 represents
the effect of barrier penetration as given by an optical model calcu-
lation of the entrance channel transmission coefficients and a statis-
tical model calculation of the decay of the compound nucleus. It is
the deviation of the cross section from this prediction which is of
interest. In the following presentation of the experimental results,
the total fusion cross section was first deduced from experiment and
was then divided by the cross secEion calculated with the optical model
using a single set of parameters. The energy scale in the center of

z,2,e?
mass has been shifted by an amount E = ——~—— where
/3 ,1/3 Coul — R
R=1.7(A + A7) fm.
1 2
Figures 5 and 6 present the quantity R = 0g;5i0n/%pt.mod. VS-
Ec.m. - Ecoul for 14 heavy-ion systems with projectiles and targets

in the 1p shell. 1In Fig. 5 we see that the cross sections involving

the isotopes of 10B and 1B are all reproduced very well by the
""'standard" optical model. There is perhaps a small decrease in R(L)

at the lower energies for !*N + 198, but it is not marked. Given our
operational definition above, one would not cite anyv evidence for
microscopic effects based on a comparison of the lower six excitation
functions shown in Fig. 5. The energy dependence for 1809 + 9Be (Sw 77b),
however is quite different, with R rising by a factor of 2 from the
lowest to the highest energy. It is interesting to note that this
system, as does 12C + 9Be (Cu 77}, has a direct reaction channel in-
volving neutron transfer to the heavy partner which far exceeds the
fusion cross section at low energies. In Fig. 6 the values of R for
systems involving projectiles and targets both with masses > 12 are
shown. The difference between Fig. 5 and Fig. 6 is striking. A

general feature for the systems in Fig. 6 is that R decreases at lower
energies even though the detailed behavior in all systems is by no means
identical. (The narrow resonances in !2C + 12C and to a lesser extent
in 160 + 12¢ are noteworthy, but that is another story; we are concerned
here with the energy-avera§ed behavior of the data.) The average energy
dependence of R for 60 + I*N is quite different from that of 1°0 + 160,
The systems !N + 12¢, 13¢ + 12¢ and 12¢ + 12C are all different. The

differences referred to can be quite large also, up to factors of two.

The message of Figs. 5 and 6 is simply stated. The addition or
subtraction of one or two nucleons from the projectile or target can

*V = 50 MeV, W = 10 MeV, rq = 1.27 fm, a = 0.4 fm; matching radius =
15a + the larger of R or D, where R is the nuclear radius and D is the

distance of closest approach.
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SUB-COULOMB FUSION
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FIG. 5. The ratio of measured fusion cross sections to a standard
optical model prediction for sub-Coulomb energies. The energy scale
in each case has been shifted such that 0 MeV corresponds to Eq p. =
lezez/R MeV where R = 1.7(A{ 3 4 A; 3) fm. The experimental data are
taken from: 10 + 10, 1lg + 10g 1lg + 11y (Hi 76); 10B + 12¢,
11g + 12¢ (pa 76, Hi 77b); 14N + 10B (Hi 77b); %0 + 9Be (Sw 77b).
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160 (sw 77a);
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have a profound effect upon the energy dependence for fusion.

This is a strong indication that the valence nucleons play an

important role in the mechanisms leading to fusion. At present

there is no qualitative or quantitative explanation for the disparate
results shown in Figs. 5 and 6. Quantitative microscopic calculations
for comparison with these data are needed. 1In one case (Wi 77), a
folding model calculation of the real pctential for the different
systems has been made. The imaginary potential was taken to be a Woods
Saxon with W = 10 MeV, r, = 1.27 fm, and a = 0.4 fm. This procedure
yields values of R = % eolded potential/oopt.mod. v 1 for all reactions.
Thus, the microscopic effects may well be contained in the imaginary
potential,

The real interaction potentials for 12C + 12C and !0 + 160 have
been calculated in the two-center shell model (Pr 70) and in the TDHF
approximation (Ma 76, Ko 77). Generally, the calculations now available
are for closed shell systems or even-even nuclei and comparisons with
the low energy data has not been extensive. Recently, a macroscopic
treatment of the potentials has been presented (Ar 76). Phenomenological
comparisons with the data for the a-conjugate systems are found in refs.
Ch 77, Mi 72 and Fo 75.

In summary, the experimental results shown in Figs. 5 and 6 together
with those to be discussed next provide an excellent opportunity for
testing microscopic calculations of the fusion process.

The value of ofyg in region 2 of Fig. 3, the energy region over
the Coulomb barrier, provides another opportunity for observing the
effects of individual nucleons on the fusion process. The experimental
technique used in this region differs in that the residues of compound
nucleus decay are observed directly with a AE-E counier telescope. This
technique can be sufficiently precise that the rather small changes
in the fusion cross section associated with the Al/3 dependence of the
nuclear radius can be observed, even with the addition of only one
nucleon. Figure 7 shows measurements of og,g for 16,17,18g 4+ 27p1
just above the Coulomb barrier (Ei 77). The straight lines repregent
fits to the data using the classical expression Srus = nRé(l - E—Ji»).

c.m.
The small changes (v~ 5-10%) in the fusion cross section in this
energy region are consistent with the increase in size of the cxygen

nucleus as neutrons are added.

A more dramatic change in behavior of the fusion cross section
at energies well above the Coulomb barrier is illustrated in Fig. 8
(Vi 76, Sp 76a,b). When the small resonances in the 12¢ 4+ 180 data
are averaged by fitting the data with, e.g., the expression of Glas
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FIG. 8. Fusion cross sec-
tions for l2Cc + 160, 12¢ +
180 (vi 76, Sp 76a, Sp 76b,
Ei 77). The curved lines are
fits to the data using the
formula of Glas and Mosel
(Gl 75).
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and Mosel (Gl 75), a difference of about 200 mb or 20% in the value
of the maximum fusion cross section is noted. (We would exqect an
increase of 5 5% based on the Al/3 change in radius of 180-160.)
Systematic studies of the value of ofyq(max) in this mass region
led to the suggestion that the 200 mb increase was associated with
the addition of one or more nucleons in the s-d shell (Sp 76b).

The addition of nucleons into a major oscillator shell presumably
could cause an abrupt change in the mean-square radius. Figure 9
summarizes the experimental data currently available for the maxinum
fusion cross section in the region above the Coulomb barrier. The
correlation of the abrupt change in the fusion cross section of ~
200 mb with the introduction of a nucleus in the s-d shell is upset
by the recent measurement of the !5N + 12C fusion cross section (Co
76). This value is v~ 15% larger than that of !N + 12C and much
closer to the value prevalent when one of the reaction partners is
in the s-d shell.

It appears that the manner in which valence nucleons affect the
magnitude and the energy dependence of the fusion cross section
for these light heavy ions is yet to be understood. Perhaps the
role played by these nucleons is complex - indeed, the complexity
of Fig. 2 suggests this - and coupling to direct reactions or collec-
tive modes of motion may be important (Pe 76).

1800 (= - = e e -

{ 169
S I i o e &
1000 __’____+_ _______ +_‘+_‘, .
% 800 ;

600 } 12¢  12¢ 12 12¢ 12¢ 2 12 16 6g &g t6g ~
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FIG. 9. Measured values of the maximum fusion cross section for
different systems. Cases in which both the projectile and target are
in the p shell are in the left hand portion of the figure, as indi-
cated. The apparent systematics ofyg ©~ 1000 mb for p shell nuclei and
Ofys v 1200 mb for s-d shell targets, is upset by the large value of
Ifus for 15N + 12C, The experimental data are taken from: !2C + 12C
12¢74 160, 189 4+ 12¢  12¢ 4 19p 160 4 2%,26Mg (Vi 76, Sp 76a, Sp 76b,
Sc 77, Ta 77), 12C + 1N (Co 76, St 77, Sc 77), 12C + 15N (Co 76, Sc 77);
12¢ 4+ 2771 (Be 76), 60 + 160 (We 76), 160 + 27a1 (Ba 77). Unpublished
values and their errors are preliminary and subject to revision.
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B. Angular Momentum Limitations

A macroscopic view of the fusion process enables an "understanding"
of the gross behavior of og,5 in regions (1) and (2) (Fig. 3) in
terms of a barrier. At low energies, it is the Coulomb barrier.
At high energies, region 2, it is predominantly the centrifugal
barrier. The degree of penetration required for fusion is determined
by a hypothetical critical radius (Ga 74, Gl 75) which is nearly
equivalent to an energy dependent critical angular momentum (Ba
73). This approach and” somewhat more sophisticated one dimensional
calculations (Gr 74) have been extremely successful in reproducing
experimental data over a wide range of energy and mass for which
the dynamical path to fusion lies inside the saddle point for fission.
There remains the possibility of an additional limitation on the
fusion mechanism, however, which has been harder to detect experimen-
tally. This limit would occur in region 3 of Fig. 2, and is a Yrast
limit., That is, the compound nucleus cannot be formed if, at that
excitation energy, a state with angular momentum J does not eXxist.
This "absolute' upper limit on the angular momentum is usually calcu-
lated with the rotating liquid drop model (Co 74). Previous measurements
where the angular momentum introduced at the critical radius approaches
that of the liquid drop limit are described in refs. Na 75, Br 76b,

and Vi 76,

Results of a recent experiment (St 77} in which both the effect
of penetration to a critical radius and, apparently, that of a Yrast
limit are present are shown in Fig. 10. At the right hand portion
of the figure (low bombarding energies) the beginning of the drop
in ofyg is just on scale. In the region 0.012 f_E‘l < 0.05 (180 >
E > 43 MeV), ogys varies linearly with E-!, consistent with
penetration to a critical radius. At the highest bombarding energy,
E1y, = 248 MeV, a significant decrease in the value of og,g of about

200 mb is observed.

Two dimensional TDHF calculations (Ma 77) have been performed
and compared to these data. The theoretical cross sections for
ofys decrease from about 1150 mb at E;lm = 0.02 to 900 mb at E;lm =

0.009.

The results of Fig. 10 may be plotted in a different manner
by converting og,g to a critical angular momentum J using the sharp
cutoff relation opyg = ¥ x2 £J + 1)4 and plotting the results versus
excitation energy in 2671 (E" = Eqc.m. *+ 15 MeV separation energy).
The maximum angular momentum for which fusion occurs is seen to
change only very little with excitation energy for the two highest
energy data points. The solid vertical line at Jp,, = 26.6 h represents
the prediction of the rotating liquid drop model, which is consistent
with the experimental data. The trend of the experimental results
in Fig. 11 suggests that the maximum angular momentum which a 26Al



MOO 17711 7 1T T T T T

“f e gl

e T P

=
E
S 800 — 14 12
FUSION OF "N+ C
L e ORNL
A ORNL-LBL
700 +—
<= -
) S AN Y A A N N AN AN S N B
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
1/Ec m (Mev)™!

FIG. 10. The fusion cross section for “N + 12¢ at 1*N bombarding
energies from 34 MeV to 248 MeV. The solid line for 0.012 < E, , <
.05 is a straight line fit to the data in that region. The solid line
for Ec.m. < 0.012 corresponds to the fusion cross section expected for
a Yrast limit of ~ 27 KA (St 77).

MO T T T T 1 1 mrTT
- - seen P A FIG. 11. The criti-
max ~ . /
20 Y cal angular momenta for
/ 12¢ + 1N deduced from
~ - / — the measured values of
(" / Ofys using ofyg =
s | l . us us
£ 100 / TX2(J+1)2, (St 77).
& L — The angular momentum
o corresponding to the
2 _| L .
= 80 — liquid drop limit (Co
5 L | 78) Jpay = 26.6 K, is
= shown.
C 60 -
o 18 12
3L FUSIONOF "N+'C |
® ORNL
40 A ORNL-LBL —
I S Y Y I Y B VI

0 200 400 600 800 1000
JJ+5) (h?)



35

compound nucleus may have (at any excitation energy) has been observed
and is v 1 H/nucleon.

C. Compound Nucleus Decay

Several important properties of the compound nucleus become
accessible through the measurement and analysic of the decay products.
Such quantities are the temperature, distribution of angular momenta
and moments of inertia and the degree of equilibration. Analysis
of the reaction products usually involves comparison of the data
with the predictions of an evaporation calculation, i.e. a statisti-
cal model. Significant progress has been made both in the range
and quality of experimental data and the sophistication of the computer
codes used for the analysis (Pi 77, Go 77, Hi 77). As an example,
the mass distributicns obtained from the fusion of 19F and 27Al1
are shown for four different bombarding energies in Fig. 12 (Put 77).
The experimental data were obtained with a time-of-flight spectrometer
as described in ref. Pii 75. The main decay mode leading to several
of the residual masses is indicated. The production of lighter
residues and the increased importance of multiple a-particle emission
as the bombarding energy is increased is immediately apparent. That
the increased a-particle emission is associated with higher angular
momentum rather than higher excitation energy is illustrated in
Fig. 13 in which calculated mass distributions as a function of
compound nucleus angular momentum are presented. Thus, the residues
corresponding to a-particle emission probe the region of the energy-
angular momentum plane nearer the Yrast line of the compound nucleus.
Analysis of the relative intensity of these products indicates that
the compound nuclei in this mass region and their immediate daughters
are quite deformed at high excitation energy and angular momenta
(Pt 77, see also St 77).

The mass distribution obtained from the decay of a much heavier
system, !°1Tb, formed in the reaction 65Ccu + 86Kr (716 MeV) is shown
in Fig. 14 (Br 76b, Br 76c, P1 77). An evaporation calculation
(P1 75, P1 77) reproduces the distribution of residues rather well.

Since a large amount of experimental data on the mass and/or
charge distributions of evaporation residues is available it is
of interest to examine the systematics of a simple quantity such
as the average amount of mass evaporatad versus excitation energy.
(This has been done for the case of 15ity, P1 77 ). In Fig. 15,
results from some 14 different compound systems are shown. The
ordinate is AA = Ay - Aresidue where A is the average mass of
the evaporation residues. In cases where Z-distributions were
measured, the conversion to mass was made using the N/Z ratio
appropriate for nuclei near the most probable Z-value. Several
features of this plot are of interest. Typical values of the
excitation energy removed per mass unit range from ~ 7-12 MeV/amu.
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FIG. 15. The average evaporated mass (in amu) versus compound
nucleus excitation energy for a variety of compound nuclei produced
in heavy ion reactions. Very light systems evaporate more mass per
uni* excitation energy than do heavier systems. This can be attri-
buted to the larger angular momenta with which the heavier nuclei are
produced. The data are taken from 2“Mg (Na 75), 26A1 (St 77), 27-2%a1
(Co 76b), 28si (wWe 76), 3!p (Pu 75, Ko 77b), 32S (We 76), “6Ti (Pu 77),
62Zn (Co 77), ®8Ga (Na 75), 1%9,1511p (Br 76b, Pl 77).
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These values are reasonable considering separation energies, tempera-
tures and the fact that a-particles as well as nucleons are emitted.
Systematic trends are also evident. The heavier nuclei, e.g. A R

40 tend to lie on one curve whereas lighter compound nuclei emit,

on the average, more mass per unit excitation energy. There are

two reasons why a heavier system should emit fewer particles to

remove a given amount of excitation energy. Both reasons are connected
with the fact that they are formed (in these heavy ion reactions)

with much larger angular momenta. High angular momentum and heavy
nuclei favor y-ray emission which means less mass is evaporated. The
main reason, however, is that the removal of angular momentum requires
particles to be emitted with energies greater than the sum of the
Coulomb repulsion and thermal energies. Since each particle then
carries off on the averag=e more energy, fewer particles are emitted

in removing a given amount of excitation energy. Statistical model
calculations reproduce thesz trends fairly well.

It appears that, over a wide range of compound nuclear masses,
excitation energies, and angular momenta, the decay of the compound
nucleus can be adequately explained on the basis of an equilibrated
nucleus and statistical decay. This statement has a practical signifi-
cance which is in addition to the obvious importance of understanding
the decay of the compound nucleus. It facilitates the comparison
of theoretical calculations of heavy-ion reactions, in which large
amounts of energy are converted into excitation of the fragments,
to results obtained in the laboratory. The excited reaction products
will emit some number of particles before being detected and this
must be taken into account as best as possible before comparing
theoretical calculations with experiment.

Of course, a general statement such as the one beginning the
foregoing paragraph cries out for an exception. It is well known
(B1 75) that, for nucleon and o-particle induced reactions, light
particles are emitted from the compound system before equilibrium
is attained. This pre-equilibrium emission is identified as a
departure from the predictions for equilibrium decay. In particular,
an excess number of particles appears with higher-than-average kinetic
energies. Evidence for such pre-equilibrium emission (from the
compound system) in heavy-ion induced reactions is scant and probably
reflects the fact that the excitation energy is more easily spread
over a larger number of nucleons in a heavy ion reaction. A possible
exception is illustrated in Fig. 16 (Sa 77). The top row of the
figure shows the probability of emitting x neutrons depending on
whether the same compound nucleus is formed in the reactions 20Ne +
150Nd or 12¢c + 158Gd. Below is shown the average number y-rays <M>
emitted as a function of x. The 20Ne results are consistent with
statistical expectations. Assuming that the neutrons have a statistical
distribution of energies, then the average number of y-rays should
increase as fewer neutrons are emitted. This behavior is also observed
for 12C + 158Gd at lower bombarding energies. At an excitation
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energy of 121.7 MeV, however, one observes that <M>, decreases with
decreasing x. Part of this effect may arise from the opening of axn
channels which compete with the /n and 6n channels, lowering the
average compound nucleus angular momentum associated with these decays.
However, it seems likely that the neutrons associated with the 6n

and 7n decays now have a higher average kinetic energy (and most
likely carry off more angular momentum). A plausible explanation for
this is that the first neutron emitted had an anomalously large
energy and therefore was emitted before equilibrium was attained.

This could be verified by measuring the neutron spectra in coincidence
with the residues. The cross section associated with this effect is

of the order of 100 mb/sr.

The observation and further study of pre-equilibrium phenomena
in heavy ion reactions is important in that it probes the eariy
stages of compound nucleus formation. It is not clear how successful
in these cases will be the theories developed for nucleon induced
reactions, nor is it clear what are the best approximations to be
made in treating the heavy-ion case. (The experimental results
for “He projectiles and 12¢ projectiles at the same MeV/nucleon
are different.) The study, both experimental and theoretical, of
pre-equilibrium emission in heavy ion reactions is thus at an early
stage and should prove an exciting area in the future as the region
of bombarding energy between 20 and 200 MeV/nucleon becomes accessible.

IITI. DEEP INELASTIC SCATTERING

Since the phenomenon of deep inelastic scattering began to attract
attention in the early 1970's, an extremely large amount of experimental
and theoretical work has bheen done. The basic features of the process
have been established and the dependence of these features on the
bombarding energy and charges of projectile and target has been mapped.
The subject has been reviewed at the Caen Conference (Ga 76, Mo 76)
and recently by Schr¥der and Huizenga (Sc 77b).

Most of the information gained so far in deep inelastic scattering
is based on measurements of the energy, angle, and charge (or mass)
of one of the fragments. These "first generation' experiments have
been extremely productive. In the last year or two experiments have
become more complex as more detailed questions are asked about the
reaction mechanism. I want to select two aspects of the reaction
mechanism and present, briefly, a number of recent experiments which
focus on them. First we will consider the (spin) alignment of the
fragments after collision and the amount of angular momentum transfer.
The second aspect deals with the time scale of the collision and
the mechanisms by which the damped energy is ultimately dissipated.
The first topic is of relevance to theory insofar as the transfer
of angular momentum is induced by nonconservative forces, i.e. by
friction or viscosity, and this is of very current interest. The
second aspect relates to the degree of equilibration of the rotating
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di-nuclear complex (RDC) as we like to call the projectile-target
system up to the point of scission., Simple and graphic questions
are: Does the RDC emit particles before it scissions? Are there
local hot spots (e.g. at the walls or in the neck) or does the system
achieve a uniform tempsrature?

We ask what experiment can tell us.

A. Alignment and Angular Momentum Transfer

1) Particle experiments

In a simple classical picture of the deep inelastic reaction
in which a portion of the angular momentum of relative motion is
transferred to intrinsic degrees of freedom, the two fragments produced
in the collision should have their angular momenta aligned perpendicular
to the reaction plane defined by the beam and one of the fragments.
The particles emitted by an excited fragment should exhibit an angular
correlation which is indicative of this alignment. In particular,
particles should be preferentially emitted in the reaction plane
if the nucleus is aligned perpendicular to this plane. The situation
is illustrated schematically in Figs. 17a and 17b. 1In Fig. 17a we

OUT-OF -PLANVE
ANEVLAR CORRELATION FIG. 17. {a) Particles
released from the surface of
a rotating sphere, all move
in the equatorial plane pro-
vided their rotational ve-
locity greatly exceeds the
average radial velocity
associated with their tem-
perature. The angle of
emission with respect to the
equatorial plane is denoted
by ¢. (b) When the tem-
perature and rotational energy
are comparable, the out-of-
plane correlation is broad-
ened. The dashed arrows
denote the components of the
velocity due to temperature
and the centrifugal force.
The correlation function is
given by Ericson and
Strutinsky (Er 58).

W) ~ T (i Gur cosg)
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consider a cold, rotating nucleus. The centrifugal force on any
particle is parallel to the equatorial plan of the rotating nucleus
which also lies in the reaction plane. If the nucleus has a tempera-
ture T, the emitted particles will have a radial velocity component
which will smear out the sharp correlation of Fig. 17a and produce

a correlation like that shown in Fig. 17b. Ericson and Strutinsky
have derived the indicated expression for the angular correlation

(Er 58). The quantity determining the anisotropy is the ratio of
the emitted particles' rotational energy to the temperature of the
compound nucleus.

An experiment to measure the angular correlation and intensity
of alpha particles in coincidence with the projectile-like fragment
has been made by Ho et al. (Ho 77}, for the reaction 58Ni + 160 (96
MeV). The experimental configuration is illustrated schematically in
Fig. 18, The heavy-ion detector was at an angle of 35° with respect
to the beam. The out-of-plane correlation was measured by moving
the a-particle detector in a plane which cuts the reaction plane
at angles of 6, = 35° for ¢, = 0°, and 6, = -145° for ¢, = 180°.

The results are shown in Fig. 19 for a-particles in coincidence with
carbon ions (solid points) and oxygen ions (open circles). (The
data have been converted to the rest frame of the heavy fragment.)
There is a clear out-of-plane correlation. The correlation is not
symmetric about ¢, = 90°, however, as would be expected for equilibrium
decay; we shall return to this point in Section IIIB. An analysis
of the portion of the correlation from ¢, = 90° to by = 180° yields
a ratio of rotational energy to temperature¢ which implies a spin

J of 13 K for a temperature T = 2 MeV. (Complete alignment of J
perpendicular to the reaction plane is assumed in deriving a value
of J.) This value for the temperature is consistent with statistical
model predictions and the shapes of the a-spectra (for ¢, > 90°).
The value of 13 H agrees with results obtained from the measured
y-ray multiplicity (Al 75). Regardless of the precision with which
the transferred angular momentum can be deduced by this procedure,
the results shown in Fig. 19 demonstrate that the spin of the heavy
fragment produced in this deep inelastic collision is aligned.

Light-particle emission is not the only possible mode of decay.
In systems much heavier than mass 60, fission is an important de-
excitation mechanism, and has the advantage of a well-developed theory
of angular correlation and of previous experimental study (Va 73). This
has been exgloited in a recent experiment by Dyer et al. (Dy 77)
in which a 209Bi target was bombarded by 610 MeV 8°Kr ions. The
experimental arrangement is shown schematically in Fig. 20. The
angular correlation of one of the fission fragments in coincidence
with the projectile-like fragment was measured both in plane and
out of plane, Classical arguments similar to those applied in the
previous example tell »s that the fission fragments should be most
intense in the reaction plane provided that the target-like fragment
has a large angular momentum perpendicular to the reaction plane

before scission.
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FIG. 18. Schematic
representation of the
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action °°Ni + 160 (96
MeV) (Ho 77). Note that
P, is the polar angle
between the emitted a-
particle and the reaction
plane.

T 1T 1 T T T TI=
Nt 160 . 58: 3
\ 96 Mev 160 +S8ni |~
'\‘+ out of plane g
| S
- N
‘%«
ty
S -
‘\ .\. }/’+
\\+ \‘. +// LT
= \‘é\' Ll’, -
‘?L;:Jf ,,/lf %
[T S R A R R
0 30 60 90 120 150 180
o8

The measured out-of-plane correlation. The angle ¢§

The ordinate is the differential a-particle

multiplicity (coincident o-particles per projectile-like fragment

detected at 35°).

The dashed lines are to guide the eye.



45

FIsSIon FRAGHENT
DETECTOR —t»

ARENEVT
rarcron

)

FIG. 20. Schematic diagram of the experimental arrangement used to
measure the angular correlation of fission fragments in coincidence
with the krypton-like fragment in the reaction 20°Bi + 86kr (610 MeV)

(Dy 77).

The out-of-plane angular correlation for the fission fragments
depends now on an additional quantum number K, the projection of
the total angular momentum on the symmetry axis of the fissioning
nucleus at scission. Thus we have

J J 2
W (8) = (29 + 1) | dy (9) |

and

yield « I P(J) P(M) P(K) Wy ()
IMK

The distributions P(K), P(M) and P(J) represent the probability for
finding the system with these quantum numbers and are obtained as

follows.




46

i) P(K): This is a property of the fissioning nucleus and

K2
P(K) « exp (- — ) .
2KO

Ko can be inferred from previous fission fragment angular
correlation experiments.

ii) P(M): The alignment of the system is determined by the
reaction mechanism. As a first estimate, complete alignment
perpendicular to the reaction plane is assumed, M = J.

iii) P(J): The probability that the target-like fragment has
total angular momentum J. The determination of this is
the goal of the experiment. Assuming that the amount of
angular momentum transferred, J, is proportional to the
initial orbital angular momentum, %, one has for deep
inelastic collisions of Kr + Bi, P(J) « 2J + 1. This is
because the partial cross section GE'I' « 20+1. This
distribution has an upper limit Jg,, which is the
quantity to be determined by comparison with the data.

In Fig. 21 both the out-of-plane and in-plane angular correlations
are shown. The in-plane counting rate is ~ 25 times more intense
than the rate perpendicular to the reaction plane. There is a slight
in-plane correlation which should not be present if the system is
completely aligned with M = J. An analysis has been made of both
correlations allowing for less than complete alignment and other
factors such as nonequatorial collisions and the existence of a lower
limit (Jpjp = 18 H) on the angular momentum transferred in deep
inelastic collision. The result is shown by the dotted lines and
yields a value of Jpyyx = 58 A. Dyer et al. are able to conclude
that the maximum angular momentum transferred is between 50 and 70 H.
Jnax is estimated to be about 68 H in the limit that the Kr and
Bi stick together and 39 H is the rolling limit. Thus the angular
momentum transfer is larger than the rolling limit, less than (but
consistent with) the sticking limit, and indicates that tangential
friction is very important. A calculation of Jpax has been made
for this system by Gross et al. (Gr 75) and their prediction, Jpax =
38 K, underestimates the transferred angular momentum. Agreement
with experiment would presumably require increasing the tangential
component of the friction. In any case, this experimental value for
the transferred angular momentum represents an important datum for
testing models for friction or viscosity in deep inelastic reactioms.
(The foregoing discussion is based on ref. Dy 77.)
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2} y-ray experiments

After the excited fragments produced in the deep inelastic collision
no longer have sufficient energy available for particle decay, y-ray
emission begins and completes the deexcitation process. The relative
importance of y-ray emission (in terms of the amount of excitation energy
and angular momentum removed) varies with the mass and angular momentum
of the excited fragment. In heavy nuclei where neutron emission is
favored, y-rays can carry away most of the angular momentum. Thus, the
properties of the deep inelastic reaction products after scission can be
reflected in the y-ray emission. The problem, however, is how quantita-
tively to relate the experimental observations to the properties of the
deep inelastic fragments before particle emission began.

Let us sidestep this problem for the moment, however, and first
discuss two experiments which demonstrate that the residual nuclei
can still be aligned when y-ray emission commences. If the a-particle
detector in the schematic diagram of Fig. 18 is replaced by a Ge-li
detector, the angular correlation for specific y-ray transitions
in the heavy fragment can be measured as a function of the species
and energy of the light fragment. This has been done for the reaction
2771 0 (100 MeV) by Van Bibber et al. (Va 77). Gamma-ray yields
obtained in plane (¢, = 0, solid data points) and out of plane
(¢ L | open circles) are shown in Fig., 22. The y-ray angular
correlatlons expected for a nucleus aligned perpendicular to the
reaction plane depend on the multipolarity of the radiation and
are quite different for A = 1 and A = 2. Note in Fig. 22 that the

yields of A = 2 transitions !2c(2* - 0%) and 2L*Mg(z*' - 0%) are largest
7+

for ¢, = 0 while the Ml transition 31P(—~- -) is most intense per-
pendicular to the reaction plane. Although®not all the E2 and Ml
transitions in other nuclei observed in this work show the same pro-
nounced anisotropy, these data are sufficient to demonstrate that
some alignment exists. This experiment also shows that y-ray angular
correlations measured with a detector which records all y-rays will
in general be attenuated because E2 and Ml transitions will be summed.

The second experiment to be mentioned shows not only that the
fragments retain alignment but are also polarized in the direction
perpendicular to the reaction plane. The goal of the experiment,
by Trautman, de Boer et al.(Tr 77),was to measure the direction of
rotation of the fragments for quasielastic and deep inelastic scat-
tering and thereby test the negative-angle-scattering proposal of
Wilczynski (Wi 73). +y-rays emitted in stretched transitions, regardless
of multipolarity, will be circularly polarized in the direction of
the angular momentum of the emitting nucleus. The amount of polari-
zation varies as the cosine of the angle between the direction of
the nuclear spin and the direction of the y-ray. The direction of
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FIG. 22. The yield of
specific y-ray transi-
tions in coincidence with
Z=6 Z=7 Z=6and Z = 7 ions pro-
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YIELD RELATIVE TO PARTICLE SINGLES

the circular polarization can be measured by scattering the emitted
y-rays from the polarized electrons in magnetized iron. (The cross
section for compton scattering av forward angles is larger if the
electrons and vy rays are polarized in opposite directions.) Two
polarimeters were employed in a symmetric configuration normal

to the plane defined by two heavy ion counters at * 35° with respect
to the beam. (One reason for this is that the experimental effect
to be measured is small, of the order of one percent, because only

2 out of the 26 electrons in an ion atom are polarized, and a very
efficient system is needed.) The aEgaratus they used is sketched

in Fig. 23. The reaction was Ag + "YAr (v 300 MeV) and was measured
at GSI. They observed an asymmetry in the count rate which was of
opposite sign for the quasielastic and deep inelastic components
indicating that che fragments produced in the quasielastic and

deep inelastic collisions spin in opposite directions. This confirms
that deep inelastic scattering in this reaction is associated with

a negative classical deflection angle. The degree of polarization
was much larger for the quasielastic component than for the deep
inelastic. This suggests that particle emission and other possible
mechanisms we shall mention later contribute to a loss of polari-

zation and alignment.
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FIG. 23. Schematic diagram of the
apparatus used by Trautmann, de Boer
et al. (Tr 77) to measure the circular
polarization of y-rays emitted in quasi-
elastic and deep inelastic reactions.

We return now to
the question of relating
Y-ray emission to the pro-
perties of the fragments
before particle emission
began.

The paths followed by
the nuclei on the way to
their ground states, and by
the experimenter on the way
back to the initial condi-
tions, are illustrated in Fig.
24, The compound system is
the votating dinuclear com-
plex which then separates
into a heavy and a light frag-
ment each having an average
excitation energy and angu-
lar momentum. After particle
emission ceases, an average
number of y-rays My and My,
are emitted by the heavy and
light fragment, respecti-
vely. The sum of these two
multiplicities is observed
in coincidence with
the light fragment as
recorded by a counter tele-
scope. The problem of work-
ing backwards from the
observed average y-ray multi-
plicity and average y-ray
energy to the quantities of
interest involves estimating
or measuring the effects of
particle emission. Statisti-
cal model estimates can be
made for very heavy nuclei
which decay only by neutron
emission. In lighter systems
this procedure would seem
less reliable and the
empirical approach is pre-
ferred. One measures the
multiplicities for evapora-
tion residues in which the
E and J (of Fig. 24} are
known. A functional depend-
ence of My on E* and J can
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thus be deduced. The crucial assumption is that the decay of the deep
inelastic fragment follows the same rules as that of a compound nucleus.

Measurements of the average y-ray multiplicity, My, have been
made on a number of systems (Al 75, Ish 76, Bo 76, Gl 77, Pe 77, Da
77) (see Pe 77 for a recent review). The manner in which the various
authors have estimated the effects of particle emission has varied,
but the end results have generally yielded values of the angular momentum
transfer in between those corresponding to rolling and sticking. Several

examples are as follows.

The value of M, in the reaction “N + 33Nb at Eqy, = 120 MeV
has been measured by Ishihara et al. (Ish 76). The results are shown
in Fig. 25 for bLoth the deep inelastic component and the quasielastic
component as a function of the mass of the light product. The dashed
line is a prediction of assuming the reaction partners reach a
stage in which their surfaces stick together and the system undergoes
rigid rotation before scissioning. The solid line pertains to quasi-
elastic reactions in which the exchange of mass is assumed responsible
for a transfer of angular momercum. In relating the transferred
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angular momentum J to the y-ray multiplicity, the equation J = 2.4 MY’
was used. A portion of this amount, J = 1.7 My represents the angular
momentum associated with y ray emission alone whereas the remainder
J=20.7 MY corresponds to the angular momentum carried off by particle
emission. The latter was estimated with a statistical model.

Qualitatively similar results were obtained for a somewhat heavier
system, Ag + 20Ne (175 MeV) by Glissel et al. (Gl 77). Figure 26
shows the multiplicity measured as a function of the light-fragment
atomic number for several scattering angles. The more damped the
energy of a reaction product, the higher the multiplicity. M, increases
in general for larger scattering angles suggesting that the compound
system has lived longer and therefore had more time to approach a
sticking limit. The agreement for smaller values of Z is better with
a sticking limit obtained from a lower initial orbital angular momentum
(50 R). This is interpreted as a consequence of the lower Z reaction
products being preferentially produced by lower f%-waves. The relation-
ship between M, and transferred angular momentum in this case is assumed
to be J = 2 , the argument being that y-ray multipolarities less
than 2 are offset by the neglect of the angular momenta carried off
by neutrons. The results, again, lie in between the rolling and sticking

limits.
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The results for a much heavier system, Au + Cu (443 MeV) are
shown in Figs. 27 and 28 (Be 76b, Pe 77). The value of My as a function
of the energy of particles detected at 49° is given in Fig. 27. The
multiplicity increases as a function of energy loss through the range
of events corresponding to partial and complete damping. In Fig.
28 the value of M, measured at two angles is plotted versus mass asymuetry
and compared with various sticking model predictions assuming J =
2 . The prediction includes the effect of deformation at the scission
point. The initial orbital angular momentum £; = 124 is near the weighted
average of angular momenta over the range £; = 0 (assuming no fusion)
to £ = 175 (the maximum %-value contributing to the deep inelastic
collision). The value %4 = 175/2 is shown for additional reference.

In the reaction °8Ni + “0Ar (280 MeV), the measured multiplicities
are below the rolling limit if J = 2 and no correction for particle
emission is made (Bo 76). These authors have also measured the a-
particle multiplicity and suggest that the amount of angular momentum
removed by particle emission together with a more realistic calculation
of the transferred angular momentum (i.e. one including deformation)
would bring theory and experiment much closer together.

While most of our information on angular momentum transfer has
come from coincidence experiments observing the decay products of
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F1G., 28. The nulti-
443MeV Cu v A plicity of the deep
inelastic products as
a function of the
masses of the reaction
products (Be 76b, Pe
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the primary fragments, it should be noted that there is one experiment
in which angular momentum transfer has been deduced from the measurement
of the total kinetic energies of the primary fragments as a function

of bombarding energy. This has been done by Braun-Munzinger et al.

(Br 76, Co 77b). The analysis assumes that the Coulomb separation
energy is independent of bombarding energy and that the amount of
transferred angular momentum (which reduces the rotational portion

of the total kinetic energy)} is proportional to the initial orbital
angular momentum. The deduced constant of proportionality agrees

well with the sticking model.

The measurements of the average y-ray multiplicity described
above are valuable in that they provide (albeit with accompanying
assumptions and uncertainties) a measure of the amount of angular
momentum transfer. Measurements of the angular correlation of the
y-rays, averaged over all y-ray energies, in principle give informa-
tion on the degree of alignment, but it is here that things begin to be
more complicated than the foregoing descriptions of the experiments
and their interpretations would suggest. Measurements of the out-
of-plane v-ray angular correlation averaged over all y-ray energies)
for the reactions N + 93Nb (Ish 76), Ar + Ni (Bo 76}, and Cu + Au
(Pe 77) indicate a rather small anisotropy, i.e. the out-of-plane
count rate is generally ~ 80-90% of the in-plane count rate. Perrin
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and Peter (Pe 77) suggest (particularly for the heavy system Cu +

Au) that this lack of alignment may arise from sources other than

M1-E2 mixed multipolarity or misalignment caused by particle emission.
Making the analogy with fission, the fragments at scission can, through
bending, wriggling, or twisting modes of motion (Ni 65), induce angular
momenta in the primary fragments which are not in the plane of the
reaction defined by the beam and one of the fragments. For the first
two modes of motion, the induced angular momentum would be perpendicular
to the direction of the separating fragments; in the third case, it
would parallel this direction. Measurements of angular correlations

of discrete y-rays in the spontaneous fission of 252¢f by Wolf and
Cheifitz (Wo 76) suggest that twisting is not an important mode of
motion and that bending and/or wriggling dominate. The results of

Dyer et al. (Dy 77), (Fig. 21) should enable an upper limit to be
placed on these bending and wriggling contributions and it would be
very interesting to see what a quantitative analysis would yield.
However the induction of additional angular momenta in the fragments
through dynamical processes at scission does not imply that current
analyse< of y-ray multiplicity experiments overestimate the amount

of angular momentum transferred through friction in the portion of

the reaction leading up to scission. This is because the average
angular momentum (i.e. the first moment of the distribution) obtained
after averaging the vector sum of the aligned component and the induced
comporent over all directions of the induced angular momentum would

not be much different than that due to the aligned component alone.

The second moment, or width, of the angular momentum distribution

would be verv different, however. This brings us to the consideration
of higher moments of the multiplicity distribution.

Just as the average number of y-rays reflects an average angular
momentum, the distribution of the number of y-rays about the average
reflects a distribution in angular momenta. Knowledge of the distri-
bution of angular momenta in the reaction products is very desirable.
Higher moments of the multiplicity have been reported for compound
nucleus decay (Ha 75, Sa 76) and used to deduce spin distributions.

In the case of deep inelastic collisions, the second and third
moments of the y-ray multiglicity have been measured by Dayras et al.
(Da 77) for the reaction ©3Cu + 2ONe (164 MeV). Data were also obtained
for the evaporation residues produced in the reaction ®3cu + 12C (130
MeV). The results are shown in Fig. 2¢. The moments of the y-ray
multiplicity are in each case evaluated at a single scattering angle
and over a narrow energy window at the peak intensity of the deep
inelastic yield for each atomic number. (In this portion of the spectrum,
the contribution from reactions induced on carbon and oxygen contaminants
in the target is small). One would expect that the width of the multi-
plicity distribution would be less in the case of the deep inelastic
coliision; the argument is as follows. The evaporation residues

contain angular momenta from 0 to lcrit and, for a (2&+1) triangular
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FIG. 29. The multiplicity M, width ¢, and skewness S measured for the
deep inelastic scattering of 63cu + 20Ne (164 MeV), (Da 77). The
straight lines are to guide the eye. The projectile-like fragments
with atomic number Z were detected at 20° lab. M, o, and S are evalu-
ated for those particles having energies at the peak of the deep
inelastic yield. The trend of M to decrease with Z is in agreement with
the sticking model. Also shown are the results for evaporation residues
produced in the fusion of ®3Cu + 12C (130 MeV). Note that the limit of
M, o, and S as Z decreases approaches that of compound nucleus decay.
The quantities M, S and o are defined in ref. Sa 76.
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distribution, we would expect ;%i-g_/§'3 2.8. We observe a value

of 2.3 and attribute the discrepancy to additional broadening arising
from particle emission and statistical cascades. In the case of deep
inelastic scattering we would expect a narrower distribution of angular
momenta varying from f x L.pjt to f x 25 where f represents the fraction
of angular momentum transferred. Indee§, this should represent an upper
limit on the width since we have selacted a narrow angular and energy
region of deep inelastic products and, if anything, this would narrow the
range of impact parameter. Neglecting broadening from particle emission
and from other effects such as statistical cascades, a variance

02 % 0.6 would be expected for the multiplicity distribution. Assuming
the broadening of the distribution by the effects mentioned above can

be derived from the value deduced from the evaporatlon residues, a
variance of o2 ~ 7.6 is predicted. Yet this value is only about one
half of the measured variance. For example, o? = 15 for

deep inelastic products with Z = 5. This 1mp11ege£%mg %1ona1
broadening of the transferred angular momentum distribution. Possible

explanations for this are as follows.

i) The distribution of initial angular momenta contributing
to deep inelastic scattering is much broader than
Lcrit » %gr. Even if this were the case, however, the
selection of reaction products at a given energy and
scattering angle should correspond to a narrow popu-
lation of initial angular momenta. This follows pro-
vided that the angular momentum transfer J is propor-
tional to the initial orbital angular momentum,
J=fx g

ii) The constant f in the relation J = £ x 2 is not a constant
but has itself a distribution. This would imply statistical
processes in the transfer of angular momentum, a proposi-
tion which does not seem unreasonable.

iii)} There are additional angular momenta induced at scission
(the bending and wriggling just discussed) which would
certainly broaden the angular momentum distribution while
not greatly affecting the average value. This possibility
has been suggested by Perrin and Peter (Pr 77).

iv) We have assumed that the excited fragments produced in the
deep inelastic collision reach equilibrium and decay in
the same manner as compound nuclei produced in fusion
reactions. This assumption may not be valid.

The last item introduces another (and our last) topic. What in
fact are the modes of decay by which the deep inelastic complex and
its fragments rid themselves of cxcess energy and angular momentum?
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B, Time Scale and Mechanisms for Decay

The length of time for which the system produced in a heavy-
ion collision holds together is a basic parameter. Although it cannot
be measured directly, (at least not for the short time scales of deep
inelastic collisions) it can be inferred from analyses of the reaction
products and orbit calculations (see, e.g. Bo 75) and from correlations
of energy loss and mass transfer (Hu 76). However, rough estimates
of the time scale can be made using very simple arguments.

Considering the rotational motion, we have an angular velocity
w, and an angle of rotation € through which the fragments remain in

contact.

T., = 8/w

DI

We can estimate a rotational energy, an orbital angular momentum &,
and a moment of inertia, & and use

w = ZEROT/ﬁR
or
w = H/%

to obtain w. For example, we could take 2 % E—Qgr corresponding to

rolling fragments and Epgt = E¢ . - Ecoul * 5. A typical angle
8 would be ~ 1 radian for a forward peaked reaction.

Considering the radial motion, the time for the fragments to
move together and apart is governed by the Coulomb force f and the
radial velocity, v (Mo 76}

rad 2 v
rad _ V2 KR

o1 = °F - E
coul coul

Most of the reactions studied exgerimentally thus far have collision
times in the range of 4-20 (10-22 sec).

We can also make estimates of the time it takes an equilibrated
excited nucleus to emit a particle (proton, neutron or a-particle).
An empirical fit to measured widths of compound nuclei in the mass

range A = 20 - 100 yields (St 74)
T (MeV) = 14 exp (-4.69 VAJE* )

where E* is the excitation energy of a nucleus with mass A. Relating

the temperature T to the excitation energy as E* = aT? where a = A/7.5,




we have

Tpart v 0.5 exp (13/T7)

where T is in MeV and Tpapt is in units of 1022 sec. An excitation
energy of 1.2 MeV/A yie?ds a temperature of 3 MeV and a lifetime

v 40 x 10-22 MeV sec.

Figure 30 relates w, T, E*/A and T for an angular rotation of
1 radian. We see from this figure that if local temperatures of ~
3-5 MeV, i.e. excitation energies of ~ 1 - 4 MeV per nucleon should
be produced in a deep inelastic collision, then the lifetime for
particle emission will be sufficiently short that the complex will
eject light particles before it scissions. We say local temperatures
because total center-of-mass bombarding energies in most experiments
are less than ~ 7 MeV/Apppjectile and therefore the achievement of,
say, 3 MeV/A nucleon in some region requires a pronounced concentration
of energy, i.e. what might be called a "hot spot'.
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FIG. 30. Relationship of the excitation energy/nucleon and equivalent
temperature to the lifetime T against particle decay of a system in
statistical equilibrium. w is the angular velocity of the rotating di-
nuclear system. Given either abscissa (t or w), either of the ordinates
then yields the temperature or excitation energy/amu for which the
lifetime against statistical particle emission is equal to the lifetime <
of the dinuclear complex or to the time it takes the system to rotate
one radian., Most deep inelastic collisions studied to date have life-
times in the region indicated.
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Experimental evidence for such phenomena would consist of a
departure of observed yields (energy distributions, angular distri-
butions) from what would be expected if equilibrium had been attained.

In the experiment by Ho et al. (see Figs. 18, 19) a departure
from equilibrium manifests itself by an excess yield of a-particles at
forward angles. This appears in the out-of-plane correlation shown
in Fig. 19 and also in Fig. 31, which presents the yield of a-particles
in the reaction plane. There is a strong peaking of the yield at
forward angles, in contrast to the isotropic angular distribution
which would have been expected in the classical picture of emission
from a completely equilibrated and aligned rotating nucleus. Using

the simple expression we have just given (w = H2/&) and 6 = 209 where

og is the experimental standard deviation of the angular distribution

in Fig. 31, the result is 14 < 20 X 10-22 sec independent of whether

it is the deep inelastic complex with 33 units of angular momentum
(before scission) which emits the a-particle or an excited 58Ni fragment
with 12 units of (transferred) angular momentum. In Fig. 30 we see

that such a lifetime corresponds to a local temperature of ] 3.3 MeV.

A statistical analysis of the a-particle energy spectra (intensity «
exp(- Ey/T) yields temperatures of 3-4 MeV for the a-particles emitted
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FIG. 31. The in-
plane anguiar correla-
L tion of a-particles

$ in coincidence with

carbon ions (solid
points} or oxygen ions
(open circles) detected
at -35° lab (Ho 77).
The angle with respect
to the beam is measured
in the frame of the
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in the forward hemisphere and a temperature, as we have already noted,
of 2 MeV for particles emitted in the back hemisphere. Thus, these
features of the reaction (angular distributions and shapes of energy
spectra) suggest emission of a-particles either before scission of the
deep inelastic system or immediately thereafter and before the heavy
fragment had time to equilibrate. Note that the fraction of the alpha
particle yield corresponding to preequilibrium emission is ~ 50%.
However, this does not represent a major fraction of the total decay
since the o particle rultiplicity itself is only ~ 10% {(for detected 0)
and v 20% (for detected C).

A kinematic analysis of the most probable a-particle energy indi-
cates that this energy is independent of angle if it is calculated in
the rest frame of the heavy fragment. Provided that this would not also
be the case if the rest frame of the dinuclear complex (i.e. 160 + 58Ni)
were used instead, this suggests that the a-particles are emitted
after scission. (This analysis also rules out projectile breakup
as an important mechanism.) To explain these features, Ho et al.
propose the formation of a local hot spot with a temperature of T v
. 3.5 MeV, and an area covering ~ 20% of the sphere to explain the cbserved
angular correlation, energy spectra and a-particle multiplicities.

Mechanisms for the production of preequilibrium a-pariicles have
been discussed recently by Gross and Wilcyznski (Gr 77). In their
model, a strong radial friction induces a-particle emission on the
opposite side of the nucleus from where projectile and target first
come into contact. Such a picture could be consistent with the data

of Ho et al.

Other experiments of this type have been reported by Harris et al.
(Ha 77), 27A1 + 180 (65 MeV), and Ishihara et al. (Ish 76b) 93Nb +
14N (95 MeV). They all have in common the fact that anisotropic in-
plane correlations between the emitted light particle (p or a) and
the light fragment are observed.

The emission of 1light charged particles in a deep inelastic colli-
sion involving much heavier nuclei is being studied by a group at
the SuperHilac (Al 77). Krypton-like products are detected at a forward
angle of 36° or 42° and light charged particles are observed with
a counter telescope at angles varying from 81° to 315° in the reaction
plane. The approach is to use the knowledge (including empirical
systematics) of compound nucleus decay to identify that portion of
the o-particle yield consistent with decay of equilibrated Kr and
Au fragments. The purpose of the experiment, then, is to determine
the amount, if any, and properties of charged particle emission which

might correspond to preequilibrium emission.

The velocity-vector diagram of Fig. 32 shows how the kinematics
of the reaction is used to identify the evaporation products. The
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FIG. 32. Velocity vector diagram illustrating the kinematics for
statistical a-particle emission in the reaction Au + 86Ky (724 MeV)
(Al 77). The scattered Kr ion is detected at 36° by a gas telescope
(GT) and has an average velocity of 2.3 cm/ns. An alpha particle
evaporated from the Kr would have a velocity of 2.6 cm/ns. Only the
solid state telescope positioned at 81° could therefore detect a-
particles evaporated from Kr. A similar kinematic circle for the a-
particle evaporated from the Au fragment is also shown.



64

threshold for detection of an wa-particle in this experiment is ~ 9 MeV
or v 2.1 cm/ns. The average velocity of an evaporated a particle

is the sum of its velocity reziative to the Kr or Au which emitted

it and the velocity of the Xr or Au. Because of the higher Coulomb
barrier, a-particles evaporated from the Au-like fragment can be well
above the threshold in the detectors located at 200°-315°. a-particles
evaporated from the Kr will only be observed in the detector at 81°.

The following results are preliminary. The a-spectra observed at
225° and 270°, when transformed to the frame of the Au fragment, are
just what one expects for evaporation of a's from an excited but
equilibrated Au-like nucleus. This evaporation portion is subtracted
bin by bin from the spectra at other angles. The a-spectra at 81°,
when transformed to the Kr frame, is entirely consistent with a-
evaporation from a Kr-like fragment. This evaporation spectrum is then
subtracted from the spectra at other angles. (The subtraction is done
in individual energy bins because of the 9 MeV threshold.) At angles
other than 81°, 225°, and 270° there is a significant number of events
left over after subtraction of the evaporation component. These a-
particles have 2 higher average cnergy than that expected for evapora-
tion from either of the fragments - in fact, this energy is ~ 40 MeV,
slightly above the Coulomb barrier for Z = 36 + 79 = 115. Figure 33
shows the measured energy-integrated yields above threshold in the
various detectors before and after subtraction of the evaporation com-
ponent vs. the average center-of-mass angle between the a-particle and
the detected Kr fragment. The magnitude of the total yield at some angles
is affected by the 9 MeV threshold. The preequilibrium yield is not
strongly affected since the energies are higher. The preequilibrium
a-particles are preferentially observed at angles near 90° and 270°, i.e.
normal to the direction of motion of the Au and Kr fragments. This is
illustrated schematically in Fig. 34 and is a situation similar to that
encountered in fission where fast o particles appear to be ejected at
scission at right angles to the neck focussed by the Coulomb force of
the two fragments. In the present case, however, the a-particle energies
are higher (Va 73). Although there is some evidence for the preequilib-
rium emission of protons in this experiment, (when the heavy-ion detector
was at 42°) it does not seem to be as large a portion of the yield as
is the case with the a-particles.

The experiments on 160 + Ni and Kr + Au which we have just discussed
indicate that the emission of light particles can occur on the same
time scale as the deep inelastic collision. In both experiments there
is evidence that this "preequilibrium'" emission takes place at or
immediately after the point at which the two fragments separate.
(Preequilibrium decay does not happen exclusively, however. Many
of the events correspond to the excited fragments reaching equilibrium
before decay.) The preequilibrium particles are +he means we have
for studying the properties of nuclear systems under extreme conditions

of temperature.
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FIG. 33. Preliminary
results of coincidence
measurements (Al 77)
with the gas telescope
at 35.7° and at 41.7°.
The circles and crosses
represent the total
number of a's above the
detector threshold. The
lines are only to guide
the eye. The abscissa
is the average center-
of-mass angle between
the emitted o and the
Kr-like fragment. The
vertical bars represent
the a-particle yield
remaining after the con-
tribution due to evapo-
ration from either
fragment has been sub-
tracted (solid bars,
41.7°; hatched bars,
35.7°). There is a pref-
erence for a-particles
to be emitted at nearly
right angles to the
direction of the Kr ion.

FIG. 34. Illustration
of the emissjion of a-
particle at right angles
to the axis of symmetry
at scission. The Coulomb
forces of the two main
fragments can '"focus"
the alpha particles to
angles near 90°,
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IV. SUMMARY AN CONCLISIONS

We have just seen the results of & very large number of experi-
ments. What are their distinguishing features, what <o they tell
us about heavy-ion collisions and how do they relate to nuclear theory?

A. Fusion

The process of fusion represents the most complex of heavy-ion
collision processes in that the final state has all degrees of freedom
excited in a statistical way. Phenomenologically, however, fusion
has been the process most easily described with a small number of
degrees of freedom and very few parameters. We wish to extend our
knowledge of fusion”beyond the stage of phenomenology and proceed
further toward the final state. The initial stages of fusion as the
two ions approach must involve low nuclear densities and therefore
only a few nucleons. We ask whether the nature of the fusion process
is such that the valence nucleons affect the outcome. Microscopic
calculations suggest this might happen. Experiments on the fusion of
light heavy ions at sub-Coulomb energies show in some cases pronounced
changes in the energy dependence of og;s. These changes occur with
variations of one or two units in the mass number of the colliding
system (Figs. 5, 6). Microscopic calculations of the complex potential
as well as of the real potcntial will probably be necessary to understand
the changes in behavior from system to system.

Fusion cross sections measured at energies above the Cculomb
barrier at the point where direct reactions become an important part
of the reaction cross section also show large variations with mass
number of the colliding system (Fig. 9). These variations, of the
order of 200 mb, are much larger than variations in Al/3, Until the
measurement of og,. for 15N + 12¢ there was an apparent systematic
dependence of ogys on the shell closure at 160, These experimental
data on fusion cross sections both above and below the Coulomb barrier
provide an opportunity for testing microsconic theories of heavy-ion

fusion,

In heavy-ion systems studied with projectiles of A < 40 the most
important factor limiting fusion has been the dynamics of the entrance
channel. These dynamical requirements for fusion have been condensed
into a one dimensional prescription - penetration to a critical radius.
By measuring ogyg at a sufficiently high bombarding (ElqN v 18 MeV/A)
it has been possible to observe a decrease in ofys indicating a limita-
tion more restrictive than penetration to a critical radius (Fig. 10).
The maximum angular momentum with which it has been possible to form
26A1 (Fig. 11) is consistent with value predicted by the rotating
liquid drop model. Because the number of nucleons in a system as
light as 2°Al1, is relatively small, microscopic calculations are more
manageable and economical. Differences between macroscopic and micro-
scopic treatments can be explored in a system for which such differences
are more likely, and for which there is an experimental result.
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The distribution of residues of the compound system can be calcu-
lated rather well (Fig. 12). These calculations suggest that highly
excited compound nuclei undergo rigid rotation for large angular momenta
and are deformed. This is consistent with measurements of the critical
angular momentum as a function of excitation energy. Statistical
calculations are of value in identifying non-compound processes such
as preequilibrium decay (Fig. 16) and enable the understanding of
systematic features of the compound nucleus decay over a wide mass
region (Fig. 15). Preequilibrium emission of particles in fusion
reactions seems to be much more prevalent for reactions induced by
a-particles or lighter ions. Nevertheless, some evidence for such
effects scems to be emerging (Fig. 16). The cross sections associated
with preequilibrium decay are not a major fraction of the overall
reaction cross section.

B. Deep Inelastic Scattering

Deep inelastic scattering and fusion differ mainly in the degree
to which the initial kinetic energy of relative motion is converted
into internal degrees of freedom. The initial stages of each of
these processes are probably similar. The two types of reactions are
sometimes distinguished in that the deep inelastic collisiuvn results
in a binary fragmentation whereas fusion need not. The sharpness
of this distinction diminishes as the size of the projectile-likc
fragment decreases (or if the compound nucleus fissions). The deep
inelastic reaction offers the possibility to probe the early and middle
stages of a reaction in which frictional or viscous forces convert
kinetic energy to heat; the light fragment may be thought of as the
probe. Energy loss is not the only result of the nonconservative
forces - angular momentum is transferred as well and enables one to
distinguish different components of the frictional force (i.e. radial
friction and tangential friction). The study of angular momentum
transfer is of great importance for further understanding of heavy
ion collisions, and a number of experimental methods have been brought

to bear on this problem.

The preferential emission of charged particles in the reaction
plane shows the fragments to be aligned as a result of the collision
(Fig. 19). An estimate of the transferred angular momentum can be
obtained through knowledge of the temperature and moment of inertia
of the emitting nucleus. The angular correlation of fission fragments
produced in the reaction Kr + Bi has enabled a determination of the
angular momentum transfer for a heavy system (Fig. 21). The results
indicate a coefficient of tangential friction larger than that used
in a global set of calculations (Gr 75). The deduction of a coefficient
of friction from a decp inelastic scattering measurement requires
a theoretical treatment of the entire scattering orbit.

The angular momentum transfer has been deduced from measurements
of the average number of y-rays emitted. Because the y-rays appear
after particle emission (Fig. 24) corrections for the excitation energy




68

and angular momentum removed by particles have to be applied. In
spite of these difficulties a number of features of the reaction have
emerged. In one (particularly light) system 180 + 27A1 evidence for
fragment alignment has been obtained from the angular correlation of
discrete y-ray lines (Fig. 22). Measurements on a number of systems
(Figs. 25-28) suggest that the compound system lives sufficiently
long for the frictional forces to bring the system to nearly rigid
rotation (sticking limit) before scission occurs. Measurements of
the higher moments of the distribution of y-rays for a deep inelastic
collision reveal a broader distribution of y-rays than is suggested
by an ana1y51s assuming similar decay mechanisms for the compound
nucleus 73Br and the fragments produced in the deep inelastic collision

of 20Ne + 83cu (Fig. 29).

The time scale for deep inelastic collisions can be roughly estimated
on general grounds. We expect that the ejection of particles before
the fragments have equilibrated or even before scission may occur if
high local temperatures (T ~ 3-6 MeV) are produced (Fig. 30). Although
the bulk of the decay process can be accounted for by equilibrium
mechanisms, there is some experimental evidence for such preequilibrium
processes. These measurements are still few in number and much further
work is necessary. However, measurement of the angular correlation
between o-particles and the projectile-like fragment (Figs. 31,33)
indicates the emission of a-particles on a time scale comparable to or
shorter than that of the lifetime of the compound system. In one
case 160 + 98Ni the particles are ejected preferentially in the forward
direction, in the other case, Kr + Au, they appear perpendicular to the
direction of the separating fragments. These '"preequilibrium'' particles
are probes for studying nuclear matter under extreme conditions of

temperature.

ACKNOWLEDGEMENTS

Many people responded swiftly and generously to a request for
their latest experimental results. Without their cooperation and
help it would not have been possible to present such a breadth of
current experimental information. (Unfortunately it was not possible
because of length restrictions tu include all of the interesting contri-
butions I received.) I should like to express my thanks to Drs. J. M.
Alexander, T. Cormier, B. Cujec, J. de Boer, M. Deleplanque, P. Dyer,
P. Glissel, A. Gobbi, M. Lefort, F. Plasil, F. Plhlhofer, D. Sarantites,
J. P. Schiffer, Z. Switkowski, K. Van Bibber, and J. P. Wurm, for
information they sent me which has been incorporated in this article.
Dr. Roland Dayras acted as critic in a number of stimulating conversa-
tions on the experiments described herein and is also thanked for a
careful reading of the manuscript. Finally, I would especially like
to thank Mrs. Christine Wallace for her help in preparing the camera-

ready manuscript.



Al

Al

Ar

Ba

Ba

Be

Be

Bl

Bo

Bo

Br

Br

Br

Ch
Co
Co
Co
Co
Co
Cu

Cu
Da

76)
73)

77)
76)
76b)
75)
75)

76)

76)

76b)

76c)

77)
74)
76)
76b)
77)
77b)
76)

77)
76)

69

REFERENCES

R. Albrecht, W, Dunnweber, G. Graw, H. Ho, S. G. Steadman, and
J. P. Wurm, Phys. Rev. Lett. .4, 1400 (1975).

J. M. Alexander, private communication; J. M. Miller, G. Catche,
Logan, M. Rajagopalan, J. M. Alexander, M. Kaplan, and M. S.
Zisman, work in progress.

M. Arnould and W. M. Howard, Nucl. Phys. A274, 295 (1976).

R. Bass, Phys. Letters 47B, 135 (1973); Nucl. Phys, A231, 45
(1974).

B. Back et al., preprint (1977).

R. R. Betts, W. A. Lanford, M. H. Mortensen, and R. L. White,
Proc. Symp. on Macroscopic Features of Heavy Ion Collisicns,
Argonne Natl. Lab. 1976 (ANL/PHY-76-2), unpublished, p. 443,

M. Berlanger, M. A. Deleplanque, C. Cerschel, F. Hanappe, M.
Leblanc, J. F. Mayault, C. Ngbé, D. Paya, N. Perrin, J. Peter,
B. Tanain, and L. Valentin, J. Phys. Lettres 37, L-323 (1976).
M. Blann, Ann. Rev. Nucl. Sci. 25, 123 (1975).

J. P. Bondorf, J. R. Huizenga, M. I. Sobel, and D. Sperber,
Phys. Rev. C 11, 1265 (1975).

R. Boch, B. Fischer, A. Gobbi,* K. Hildenbrand, W. Kohl, V.,
Lynen, I. Rode, H. Stelzer, G. Auger, J. Galin, J. M. lLagrange,
R. Albrecht, and B. B. Back. ™Presented at the IX Masurian
School in Nuclear Physics, Mikolaiki, August 1976. See also
Proc. Caen Conf., p. 167 (1976).

P. Braun-Munzinger, T. M. Cormier, and C. K. Gelbke, Phys. Rev.
Lett. 37, 1582 (1976).

s

H. C. Britt, B. H. Erkkila, R. H. Stokes, K. H. Gutbrod, F.
Plasil, R. L. Ferguson, and M. Blann, Phys. Rev. C 13, 1483
(1976) .

H. C. Britt, B. H. Erkkila, P. D. Goldstone, R. H. Stokes, F.
Plasil, R. L. Ferguson, and H. H. Gutbrod, Proc. Symp. on
Macroscopic Features of Heavy-Ion Collisions, Argonne Natl,.
Lab. 1976 (ANL/PHY-76-2), unpublished, p. 491.

P. R. Christensen and Z. E. Switkowski, Nucl. Phys. A280, 205
(1977).

S. Cohen, F. Plasil, W. T. Swiatecki, Ann. Phys. (N.Y.) 82, 557
(1974).

M. Conjeaud, S. Gary, S. Harar, and J. P. Wieleckzo, European
Conf. on Nuclear Physics with Heavy Ions, Caen, 1976, p. 116.
J. P. Coffin, P. Engeistein, and P. Wagner, Proc. European
Conf. on Nuclear Physics with Heavy Ions, Caen, 1976, p. 127.
T. M. Cormier, E. R. Cosman, A. J. Lazzasini, d. E. Wegner,

J. D. Garrett, and F. Puihlhofer, Phys. Rev. C 15, 654 (1977).
T. M. Cormier, P. Braun-Munzinger, P. M. Cormier, J. W. Harris,
and L. L. Lee, Jr., to be published in Phys. Rev. C.

B. Cujec and C. A, Barnes, Nucl. Phys. A266, 461 (1976).

B. Cujec, private communication.

R. A. Dayras, R. G. Stokstad, Z. E. switkowski, and R. M.
Wieland, Nucl. Phys. A261, 478 (1976).



Da

Da

Dy

Ei

Er
Fo

Ga
Ga
Gl
Gl
Gl

Go

Gr
Gr

Gr
Ha

Ha

Hi
Hi

Hi
Ho

76b)

77)

77)

77)

58)
75)

74)
76)

74,
76)

75)
77)
77)

74)
75)

77)
75)

77)

76)
77)

77b)
77)

70

R. A. Dayras, R. G. Stokstad, Z. E. Switkowski, and R. M.
Wieland, Nucl. Phys. A265, 153 (1976).

R. A. Dayras, R. G. Stokstad, M. L, Halbert, D. C. Hensley,

C. B. Fulmer, R. Robinson, A. Y. 5nell, D. G. Sarantites, and
L. Westerberg, ORNL Physics Division 1976 Ann. Report.

P. Dyer, R. J. Puigh, R Vandenbosch, T. D. Thomas, and M. S.
Zisman, to be published {1977), private communication.

Y. Eisen, I. Tserruya, Y. Eyal, Z. Fraenkel, and M, Hillman,
Weizmann Institute of Science Preprint WIS 77/19-Ph. See also
Y. Eyal, M. Beckerman, R. Chechik, Z. Fraenkel, and H. Stocker,
Phys. Rev. C 13, 1527 (1976).

T. Ericson and V. M, Strutinski, Nucl. Phys. 8, 284 (1958),.

W. A. Fowler, G. R. Caughlan, and B. A. Zimmerman, Ann. Rev.
Astron. and Astrophys. 13, 69 (1975).

J. Galin, D. Guerreau, M. Lefort, and X. Tarrago, Phys. Rev. C
9, 1018 (1974).

J. Galin, Proc. European Conference on Nuclear Physics with
Heavy Ions, Caen, 1976; J. de Physique C5-37, 83 (1976).

D. Glas and U. Mosel, Phys. Letters 49B, 301 (1974); Nucl. Phys.
A264, 268 (1976). —

D. Glas and U. Mosel, Nucl. Phys. A275, 429 (1975).

P. Glissel, R. S. Simon, R. M, Diamond, R. C. Jared, I. Y. Lee,
L. G. Moretto, J. O. Newton, R. Schmitt, and F. S. Stephens,
Phys. Rev. Lett. 38, 331 (1977).

J. Gomez del Campo, LILITA - A Monte-Carlo Hauser-Feshbach
Computer Code, Phys. Rev. Lett. 36, 1529 (1976).

D. H. E. Gross and H. Kalinowski, Phys. Letters 48B, 302 (1974) .
D. H. E. Gross, H. Kalinowski, and J. N. De in '"Classical and
Quantum Mechanical Aspects of Heavy-Ion Collisions,'" H. L.
Harney, P. Braun-Munzinger and C. K. Gelbke, Eds., Lecture Notes
in Physics, Vol. 33, p. 194 (Springer-Verlag) 1975.

D. H. E. Gross and J. Wilczynski, Phys, Letts. gjgj 1 (1977).

G. B. Hageman, R. Broda, B. Herskind, M, Ishihara, S. Oga:za,

and H. Ryde, Nucl. Phys. A245, 166 (1975).

J. W. Harris, T. M. Cormier, D. F. Geesaman, L. L. Lee, Jr.,

R. L. McGrath, and J. P. Wurm, preprint; Proc. Symposium on
Macroscopic Features of Heavy-Ion Collisions, Argonne, Vol. II,
p. 609 (1976).

M. D. High and B. Cujec, Nucl. Phys. A259, 513 (1976).

M. Hillman and Y. Eyal, JULIAN - A Monte-Carlo Hauser-Feshbach
Computer Code, Proc. European Conf. on Heavy Ions, Caen (1976),
p. 109.

M. D, High and B. Cujec, Nucl. Phys. A278, 149 (1977).

H. Ho, R. Albrecht, W, Dlinnweber, G. Graw, S. G. Steadman,

J. P. Wurm, D. Disdier, V. Rauch, and F. Scheibling, preprint.
Proc. European Conf. on Nuclear Reactions with Heavy Ions,

Caen, p. 159.




Hu

76)

Ish 76)

Ish 76b)

Ko
Ko
Ma
Ma
Ma
Mi

Mo
Mo

Na

Ni
Pe

Pe
P1
P1

Pr
PU

Pil
Sa

Sa

o

Sc
Sc

Sp

77)
77b)
73)
76)
77)
72)

76)
76)

75)

65)
76)

77)
75)
77)

70)
75)

77)
76)
77)
77)
77b)

74)
76a)

71

J. R. Huizenga, J. R. Birkelund, W. U. Schréder, K. L. Wolf, and
V. E. Viola, Jr., Phys. Rev. Lett. 37, 885 (1976)}.

M. Ishihara, T. Numao, T. Fukada, K. Tanaka, and T. Inamura,
IPCR-Cyclotron Report 35, May 1976, Proc. Argonne Symposium,
1976.

M. Ishihara, K. Kamitsubo, T. Shimoda, T. Fukada, T. Motobayashi,
T. Ohi, and I. Kohno, Proc. Caen Conf. Communications, p. 157.
S. E. Koonin, K. T. R. Plavies, V. Maruhn-Rezwani, H. Feldmeier,
S. J. Krieger, and J. W. Negele, Phys. Rev. C 15, 1359 (1977).
B. Kohlmeyer, W. Pfeffer, and F. Puhlhofer, preprint.

M. Mazarakis and W. E. Stephens, Phys. Rev. C 7, 1280 (1973).

J. A. Maruhn, R. Y. Cusson, and R. K. Smith, Nucl. Phys. A270,
471 (1976).

V. Maruhn-Rezwani, K. T. R. Davies, and S. E. Koonin, Phys.
Letters 67B, 134 (1977).

G. J. Michaud and E. W. Vogt, Phys. Rev. C 5, 350 (1972).

P, MSller and J. R. Nix, Nucl. Phys. A272, 502 (1976).

L. G. Moretto and R. Schmitt, Proc. European Conference on
Nuclear Physics with Heavy Ions, Caen, 1976; J. Physique

C5-37, 109 (1976).

M, N. Namboodiri, E. T. Chulick, J. B. Natowitz, R. A. Kenefick,
Phys. Rev. C 11, 401 (1975). M. N. Namboodiri, E. T. Chulick,
J. B. Natowitz, Nucl. Phys. A263, 491 (1976). J. B. Natowitz,
E. T. Chulick, M. N. Namboodiri, Phys. Rev. Lett. 31, 643 (1973).
J. R. Nix and W. J. Swiatecki, Nucl. Phys. 71, 1 (1965).

D. Pelte and U. Smilansky, European Conference on Nuclear Physics
with Heavy Ions, Caen, 1976, p. 103.

N. Perrin and J. Peter, Institut de Physique Nucleaire Orsay
Preprint IPNO-RC-77-02, presented at Winter School on Nuclear
Physics Zakopane (Poland) 2/77.

F. Plasil and M. Blarnn, Phys. Rev. C 11, 508 (1975).

F. Plasil, paper presented at the Winter Meeting on Nuclear
Physics, Bormio, Italy, Jan. 17-21, 1977, unpublished.

K. Preuss and W. Greiner, Phys. Letters 33B, 197 (1970).

F. Pithlhofer, W. Pfeffer, B. Kohlmeyer, and W. F. W. Schneider,
Nucl. Phys. A244, 329 (1975).

F. Piihlhofer, Nucl. Phys. A280, 267 (1977).

D. G. Sarantites, J. H. Barker, M. L. Halbert, D. C. Hensley,

R. A. Dayras, E. Eichler, N. R. Johnson, and S. A. Gronemeyer,
Phys. Rev. C 14, 2138 (1976).

D. G. Sarantites, J. H. Barker, L. Westerberg, R. A. Dayras,
Halbert, and D. C. Hersley, to be published.

Schiffer, private communication.

Schréder and J. R. Huizenga, to be published in Annual
Review of Nuclear Science, Vol. 27. University of Rochester
preprint UR-NSRL-144,

H. Spinka and H. Winkler, Nucl. Phys. A233, 456 (1974).

P, Sperr, S. Vigdor, Y. Eisen, W. Henning, D. G. Kovar, T. R.
Ophel, and B. Zeidman, Phys. Rev. Lett. 36, 405 (1976).

M.
J.
W.

oo



Sp

St

St

St

Sw
Sw
Sw
Ta

Tr

Va

Va

We

Wi
Wi

Wo

76b)

74)

76)

77)

76¢)
77a)
77b)
77)

77)

73)
77)

76)

76)

73)
77)

76)

72

P. Sperr, T. H. Braid, Y. Eisen, D. G. Kovar, F. W. Prosser,

J. P, Schiffer, S. L. Tabor, and S. Vigdor, Phys. Rev. Lett.

37, 321 (1976).

R. G. Stokstad, Proc. Int. Conf. on Reactions between Complex
Nuclei, Nashville, Tenn., Vol. II, p. 327, North Helland Co.
(1974).

R. G. Stokstad, Z. E. 3witkowski, R. A. Dayras, and R. M, Wieland,
Phys. Rev. Lett. 37, 888 (1976).

R. G. Stckstad, R. A. Dayras, J. Gomez del Campo, P. H. Stelson,
C. Olmer, M. S. Zisman, preprint. R. G, Stokstad, J. w.omez del
Campo, J. A. Biggerstaff, A. H. Snell, and P. H. Stelson, Phys.
Rev. Lett. 36, 1529 (1976).

Z. E. Switkowski, R. G. Stokstad, and R. M. Wieland, Nucl. Phys.

A274, 202 (1976).

Z. E. Switkowski, R. G. Stokstad, and R. M. Wieland, Nucl. Phys.
A279, 502 (1977).

Z. E. Switkowski, Shiu-Chin Wu, J. C. Overly, and C. A. Barnes,
Caltech preprint LAP-157 (1976).

S. L. Tabor, D. F. Geesaman, W. Henning, D. G. Kovar, K. E. Rehm,
and F. W. Prosser, Jr., BAPS 22, 630 (1977).

W. Trautmann, J. de Boer, W. Dinnweber, G. Graw, R. Kopp, C.
Lauterbach, H. Puchta, and U. Lynen, work in progress; J. de Boer,
private communication.

R. Vandenbosch and J. R. Huizenga, Nuclear Fission, Academic
Press, N.Y. (1973).

K. Van Bibber, R. Ledoux, S. G. Steadman, F. Videbaek, G. Young,
and C. Flaum, Phys. Rev. Lett. 38, 334 (1977).

S. Vigdor in Proc. Symp. on Macroscopic Features of Heavy Ion
Collisions Argonne Nat. Lab. 1976 (ANL/PHY-76-2), unpublished,
p. 95.

A. Weidinger, F. Busch, G. Gaul, W. Trautmann, and W. Zipper,
Nucl. Phys. A263, 511 (1976).

J. Wilczynski, Physics Letters 47B, 484 (1973).

R. M. Wieland, R. G. Stokstad, and G. R. Satchler, private
communication.

A, Wolf and E. Cheifetz, Phys. Rev. C 13, 1952 (1976).




OVERVIEW OF THE TIME DEPENDENT MEAN~FIELD THEORY¥*
J. W. Negelet
Center for Theoretical Physics, Massachusetts Institute
of Technology, Cambridge, Massachusetts 02139

I. Introduction

The mifcroscopic theory of the dyramics of self-bound
composite systems is of fundamental importance to a variety
of areas of theoretical physics. For example, one of the
outstanding problems of particle physics is to replace the
"shell model" theory of quarks confined within a phenomeno-
logical bag or well with a microscopic theory arising from
interactions between the gquarks, and the primary impediment
is our present ineptitude with relativistic many-body theory,
Turning to more tractable non-relativistic applications, the
potentially fascinating investigation of finite drops of
liquid He® and He" is presently limited by a lack of suf-
ficient experimental data. Thus, nuclear physics, possessing
a rich phenomenology of collective and single-particle pro-
perties, and being confined to the context of non-relativis-
tic many-body theory, provides an ideal and unique opportunity
to explore a systematic, microscopic dynamical theory.

The time-dependent mean field approximation is one
possible starting point for such a theory and, if successful,
offers the possibility of providing a unified description of
such diverse phenomena as nuclear ground states, rotational
and vibrational excited states, large amplitude collective
motion, fusion, compound nucleus formation, fission, fragmen-

tation, and dissipation.

a. The Mean Field Approximation for Stationary States

To elucidate the essentidl features of the time-dependent
problem, it is useful to recall some salient aspects of con-
ventional many-body perturbation “heory. Assume that in the
fully interacting ground state each particle has probability €
for excitation out of its unperturbed shell-model orbital.
Then, the shell model wave function has exponentially small
overlap with the exact wave function (1 - ¢)N n e~N€, although

*This work is supported in part through funds provided by
ERDA under Contract EY-~76-C-02-3069.%000,

+A1fred P. Sloan Foundation Research Fellow.
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it yields expectation values of few body operators valid to
order €. We hence give up all pretense of calculating the
wave function, and instead, develop perturbation expansions
for observables of interest like the energy and density.

Due to the strong repulsion between nucleons at short
range, standard perturbation theory is reorganized in terms
of an effective interaction, which sums all virtual re-
scatterings between two interacting nucleons in the presence
of the surrounding particles. The mean field approximation
with this effective interaction, often loosely referred to
as the Hartree Fock (HF} approximation, yields an excellent
description of ground state and single particle energies,
radial density distributions in spherical nuclei, and shapes
of deformed nuclei throughout the periodic table 1) rFor
simplicity in subsequent discussions, however, we will
henceforth drop the crucial distinction between the true
two-body interaction and the effective interaction.

There are seven features of the stationary state mean
field theory which are particularly relevant to our discus-
sion of the time~dependent theory:

1) The intuitive argument of Hartree suggests that the
motion of each particle should be governed by the mean field
of the others.

2) The theory avoids arbitrary parameterization of the
shell model potential by oscillator or Woods-Saxon wells,

3) Instead, the system and H uniquely specify the energy,
shape, and radlal distribution.

4) Single particle equations may be derived variation-
ally from 6<[HT¢>/<¢[¢> Restricting § to be 2z Slater
determinant replaces the Schrodinger equation by the coupled
set of single particle equations (T + W)¢, = €qbq s Where T
is the kinetic energy and W is the instanganeous mean field.

5) The structure of linear quantum mechanics has been
replaced by a system of coupled non-linear equations,

6) The single particle wave functions in (4) provide an
optimal basis for systematic perturbation corrections.

7) The theory has unavoidable semiclassicai aspects. The
localized center of mass wave function represents a wave
packet of momentum eigenstates and a deformed HF wave function
must be understood as a wave packet of angular momentum

eigenstates.

b, The Time~Dependent Mean Field Approximation

Each of these seven features has a precise analog in the
time~depencd ‘nt theory:

1) Intuitively, the mean field is the most obvious
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mechanism to communicate collective information.

2) The theory avoids arbitrary selection of collective
and intrinsic variables and the need for parameterizing
shapes.

3) Instead, the initial conditions and H uniquely
specify the dynamics.

4) Single particle equations may be derived variational-
ly from the stationarity of the action

.3
<y (t) ]15-,&- -H|y(t)>.

Restricting ¢y to be a Slater determinant replaces the time-
dependent Schrodinger equation by the coupled set of single

particle equations 3 (+ - T W (+ .
lﬁ'(barrt)"'( (barl)-

5) Linear quantum mechanics has again been replaced by a
system of coupled non-linear equations.

6) The basis of time dependent single particle wave
functions provides an optimal basis and definition of
reactior channels. In contrast to the usual optical model
description in terms of ground states of the scattering
nuclei, no one-particle one-hole amplitudes remove probabil-
ity from the entrance channel.

7) As before, the initial conditions represent a wave
packet for the impact parameter and orientation of two
interacting nuclei. The final state evolved by the equa-
tions of motion approximates the final wave packet evolving
from the original packet.

Thus, the time~dependent mean field apgroximation, or
time dependent Hartree Fock approximation( ) (TDHF) , is the
obvious generalization of the mean field theory to dynamics.
The equations automatically conserve energy and maintain
orthonormality of the single particle wave functions, thus
incorporating the Pauli principle exactly. In the limit of
infinitesimal deviations away from the ground state, TDHF is
equivalent to the random phase approximation (RPA), so it is
already known to be reliable in one important limit(3),

As stressed previously for stationary states, this ap-
proximate time-~dependent perturbation theory can, at most,
yield valid expectation values for few body operators. 1In
this regard, we encounter one crucial new feature in the
time-dependent case. Whereas experimentalists are generally
content to restrict their attention to few body operators
such as energies and density distributions when dealing with
stationary states, in treating nuclear reactions they insist
on far too mucn specificity a.'d confront theorists with S-
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matrix elements representing the overlap of two complete
many body wave functions. Thus, in the context of TDHF, we
must give up all pretense of describing such data, and
rather restrict ourselves to addressing mean values such as
multiplicities, mean excitation energies, dispersion in
proton and neutron number and similar quantities.

c. Single Particle Propagation in the Mean Field

The essential features of TDHF dynamics are most easily
understood by considering the propagation of single particle
wave functions in the collective mean field. Cclliding
slabs of matter provide an adequately realistic system which
is particularly simple to visualize: wave functions for
transverse plane waves decouple completely and one simply
considers a one-dimensional wave function evolving in a
rather smooth, time-dependent well of maximum depth of about
50 Mev(4), At low energies, orbitals from the left and

et S St Sl SRR Bt S e bRt )

right wells bounce back and oop T e sttt
forth in the compound slab T orol /”‘ 10|
potential at different vel- FOF J\\\L/ AN
ocities ~-~ ranging from - -0.08]
almost zero for the most- o ' S
bound orbitals to the fermi —{//—”’ ‘“\\\fms
velocity for the least-bound. - o T oza
Under these conditions, ran- i ]
domization occurs quickly and
the excited compound slab
remains intact. At higher
energies, sufficient transla-
tional motion is superimposed
upon the single particle
motion that the orbitals of
one slab traverse the poten-
tial of the other as a group
and actually emerge from the

3

PAZILT

far side, giving rise to L .
break-up of the compound slab I -
into two excited final state Figure 1. Density pro-
fragments. The density and fiTes p(z,t) for E/A =
two single particle wave func- 3.5 Mev, (Ref. 4).

tions for such a case at a c.m.

energy of 2.5 MeV per particle

are shown in Figs. 1 and 2. &As is evident, considerable
reflection and orbital distortion still occur at this energy,
yielding significant dissipation which is highly suggestive
of the strong dissipation observed in heavy 1ion reactions at
comparable energies. Precisely when the transition from
compound-slab to break up occurs is a delicate gquestion
subject to significant influence by single particle motion.
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Figure 2. Contributions of
individual single-particle or-
bitals to the density at varicus
times for the 4 ; =Ay = 1.4 fm—2
system at E/A = 3.5 MeV. 1In the
seven upper graphs, the solid
and short-dashed lines denote
the contributions of the lowest
and third lowest orbitals origi-
nating in the left-hand slab.
The contributions of the second
and fourth orbitals originating
in this left slab are shown at
t=0.56 in the lowest graph. 1In
all cases, the long-dashed
curves denote the one-body
potential W(z,t). (Ref., 4).

{MeV}

Wiz}

If there happens to be an excess of particles in the neck
region at the instant when scission should occur, it is
inhibited; if single particle effects generate a depletion,

it should be enhanced.

Such single particle

resonance effects in
slab collisions are
quite obvious in the
plot of the ratio of
final translational
kinetic energy to the
incident translation-
al kinetic energy in
Figure 3, where fusion

is indicated by a ratio

of zero. The recent
discovery(5,6) of
resonances in the
fusion cross sections
in light ion reactions
on !2C thus cries out
as a significant test
of the mean field
theory. As shown in

ES™/ER (percenn
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x
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€74 (Mev)

Figure 3. The ratio of final tran-
slational Kinitic energy to initial
translational ener as a function of
E/A for the 1.4 fm~2 plus 1.4 fm~2
system. Calculated points are de-
noted by a cross. A value of zero de-
notes fusion. (Ref, 4).



Figs. 4 and 5, dramatic
fusion cross section
fluctuations are observed
with €0 and !2C projectiles
in the energy regime studied
in Fig. 3, and structureless
cross sections occur for !0
and !'°F. If the theory is
in fact successful in repro-
ducing this phenomenology,
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it should give significant in-

sight into themechanism where-~
bg +he valence nucleons in
189 and !°F increase and
smooth the fusion cross
sections,

Another important
feature evident in slab
collisions is single
particle emission, arising
from excitation of high
momentum components in the
single particle orbitals of
one nucleus due to the
rapid passage of the
potential generated by the
other nucleus. Fig. &
shows the density during
a 2.4 MeV per particle c.m.
collision on a logarithmic
scale, and the correspond-
ing velocity distribution.
At t=0.32x10"%?! sec., the
dashed line shows a high
energy particle distribution
at about one percent of the
central density beginning
to emerge from the compound
slab. By the time scission
occurs, the solid line
shows the high energy tail
clearly separating with
particle velocities rangin
well above the incident
velocity of 21.5 fm/lO‘ZISec.

Roughly 2/3 of the probability

comes from the least bound
single particle orbital,
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Figure 4. Total fusion
cross section for '®0 +
120 a5 a function of the
c.m. energy. (Ref., 5).
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Figure 5. Total fusion
cross section for !2c+!?c,
180+12¢, and '°F+!'2%C, as a
function of the c.m. energy.
(Ref. 6).
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1/4 from the next and the remaining 1/12 from the deepest
two levels. 1In a more realistic calculation, George Bertsch

v

has calculated the probability thai. the Yy, component of a

pk

orbital in !*N is excited above 10 or 20 MeV by the pas-

sage of a '®0 potential, with the results shown in Figure 7.
It should be quite interesting to compare the angular and
energy distributions from such calculations with experimental

results,

— -

C/n = 241V
A4 2

[V
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Figure 6. Density and velocity
profiles showing the emergence
of high energy particles after
a slab collision at 2.4 MeV
per particle in the c.m.

d. Relation to Hydrodynamics
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Figure 7. The probabil-
Ity P for escape of a
p¥2 particle in '*N
with energy E after
colliding with 'f0 at
incident lab energy E;n
(Ref. 7).

Although the time dependent mean field approximation and
hydrodvnamics obey the same mass, energy, and momentum con-
servation equations, they differ fundamentally with respect
to equilibration. In the mean-field theory, equilibration
arises slowly from repeated collisions with the edges of the
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potential, whereas in hydrodynamics, one imposes from the
outset the assumption of complete instantaneous local equili-
bration.

During collisions, the shapes of intermediate configura-
tions in the two theories may differ significantly. In head-
on hydrodynamic collisions, longitudinal momentum is immed-
iately equilibrated in the transverse direction, leading to
transverse motion which produces either an oblate configura-
tion or transverse mass ejection. In contrast, the mean
field theory produces very little transverse momentum, yield-
ing a prolate compound system, This system is elongated by
the pressure of high longitudinal momentum components, and
only gradually broadens from an increasing transverse pres-
sure,

The central density in a high energy collision may rise
far above twice nuclear density in a hydrodynamic theory,
depending on the details of the equation of state and possible
inclusion of relativistic kinematics. In the mean field
theory, single particles in one nucleus experience significant
scattering from the mean field of the other nucleus, since the
potential at twice nuclear density is roughly 100 MeV more
repulsive than at nuclear density with our interaction. How-
ever, at sufficiently high energy, the nuclear density at
most doubles, corresponding to intuitively plausible interpre-
tation. As already discussed, the interpenetrating fragments
still experience a strong pulse from each other, leading to
excitation and subsequent particle emission and fragmentation.

One means of visualizing the degree of equilibration
during an interaction is to plot the one body density matrix

. e-imvs s S

6(z,8) =7y Ly, (24 3 Vv, z - 35
where we have normalized to the density at c¢.m. coordinate 2z
and removed the overall phase associated with the local mean
velocity v. The density matrix as a function of relative
coordinate s is displayed in Fig. 8 during and after a slab
collision. At the earliest time, ¢ agrees quite well with
the Slater density pgjz,, since that region of the nucleus has
not yet been disturbed by the reaction. At later times, o
differs significantly from a thermal density matrix for a
hot fermi gas, either by virture of a large imaginary part
or because the overshoot beyond the first zeroc is much too
large. Thus, during the relevant interaction time, collisions
at this and other energies we have investigated are not
fully equilibrated.
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II. An Exactly Soluble Model
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Figure 8. Normalized
one-body density
matrices for E/A=2.5MeV.
The left-hand plots pre-
sent the one-dimensional
Fermi gas results (short-
dashed curves) and real
and imaginary parts of
the calculated density
matrices (solid and
long-dashed curves) at
the position z3 denoted
on the density distri-
butions graphed on the
right. (Ref. 4).

A number of the conceptual questions one might raise
concerning the time dependent mean field theory may be
investigated quantitatively for the exactly soluble problem
of bosons in one dimension interacting with attractive §-

function forces. (8)

This model problem directly confronts

the question of final state interpretation and whether the
approximation degrades in time.
trolled case, one can see whether there is trouble because
the time dependent variational principle is a stationary,

rather than minimum principle,

In at least this one con-

Finally, the model provides

a testing ground for any qualitative arguments or conjectured
criteria regarding regions of validity of the theory.

With the Hamiltonian

N , N
1 4
H = —E z dX.Z -V z
i=1  * i<j=1
(9,10)

the exact ground state is

d(xi—xj)
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v
-5 I 'Xi'xj'
by = Nt -1yt N e <3
with energy
B o= - N(N?-1)v?
N 24
and one-body density(ll)
N-1
-vnN | x|
- vy 2 3 D+l n e
Py () = vah® ) DT T
—_—
N2v 1
N+ {1+0(3 + ...}
4cosh? (%) N

The scat%%ring of N particles by N particles yields no
breakup. From the exact elastic scatterlng phase shift,
one obtains the time delay

1 3

A = §x g O (K)
N-1
_ _4v ) m _ 2v
- 4 Loyl
“NK =1 4K +m*v K (4K2+N2v?2)
— - 4 N+ ol
N-»e0 NvK N

Turning now to the mean field theory, assuming the
product wave function

= /N H 9 (x;)
i=]1

yields the Hartree equation

2
—% EE? -v(N-1) {¢$!2 =€} ¢ =

The solution

¢ = v(N=-1)v

2coshfi§:%lzﬁ}
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Yields the Hartree energy(ll)
g - “N(N-1)?v?
N 24
and one body density(ll) .
H . N(N-L)v
Py (X) = =
N 4 coshz{ig—%lzz}
Thus, as one can also prove from a diagrammatic analysis(s),

the energy and one-body density are asymptotically exact in
the large N limit. The time-dependent Hartree equation for
2N particles occupying the single particle wave function ¢ is

d2

i 5% + 5 307 + (28-1v[6]236 = 0

which is exactly soluble(l3). The resulting time delay is

H_ _ -4 (2N-1) ?v?
AT = r-1yvg vl F e ]

4 LnN
> T QR AN + 0(N2 )

which agrees with the exact result in the large N limit.

It is important to note that we have only characterized
the final state in terms of few-body operators. The time-
delay, for example, may be extracted from the one-~body
density, and the mean number of particles and final transla-
tional kinetic energy are expectation values of one-body
operators, It is certainly true that in the large N limit,
the Hartree wave function has negligible overlap with the
exact wave function and the "lifetime"(14) of the determinant
(<H?>-<H>2)-12 jg zero. Thus for this model problem we have
only substantiated guantitatively in the large N limit the
modest claim stated at the outset that the mean field theory
applies to the expectation values of few-body operators.

III. Applications to Nuclear Systems

a. The Role of Symmetries

Before discussing specific applications, it is useful to
review an important fact associated with symmetries in the
mean f_eld theory: Any symmetry of the wave function which
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occurs in the mean field is preserved in time. For example,
if one selects an initial condition with reflection, inversion,
spin, isospin, or axial symmetry, this symmetry will be pre-
served in time. Such solutions are very special. Not only
are they especially cheap to calculate because they evolve in
a limited space but for the same reason they also have much
less freedom for randomization and thus dissipation and
equilibration. The essential fact to bear in mind is that in
considering a realistic ensemble of initial conditions, these
special symmetric cases receive negligible weight. Thus, al-
though those of us cursed with impoverished computer budgets
must often restrict ourselves to such symmetric cases, we must
at least be alert to the possikle unrealistic consequences of
such symmetries.

A case in point is the restriction to axial symmetry.

Macroscoplcally, one recognizes that the realistic shapes
sketched in Fig. 9 must be replaced by rather different shapes

MACROSCOPIC MICROSCOPIC

O6 J@O D e B
O & F o7 g0 o

Figure 9. Sketch of macroscopic and microscopic conse-
quences of axial symmetry.

if one postulates axial symmetry with respect to the axis
joining the centers of two interacting nuclei. Since such
deformation modes are reasonably soft, one may expect such
macroscopic restrictions to be benign. Microscopically,
however, as also sketched in Fig. 9, single particle orbitals
bouncing around on non-closed random trajectories may be
expected to exhibit considerably greater disSipation than

the periodic longitudinal trajectories imposed by axial sym-
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metry. We shall subseguently see suggestive recent evidence
that this is the case.

Even with this caveat, it 1s a non-trivial guestion how
to implement the axial symmetric hypothesis in a dynamical
theory. A particularly appealing variational formulation b{
H. Feldmeier arose from discussion at Oak Ridge last year. ( 3)

One assumes the variational wave function

. Z »
- iex (¥, 2, 9) im, ¢,
Y = e lLYn e 1" ii1 Jqﬂwk(ri’zi)e AT1

which is axially symmetric in an intrinsic frame that may be
freely rotated by an angle n and which has a collective
velocity potential x. Using the periodicity of ¥, the action is

S=fd3r dt{H(wiwx*dEwA*g%wx + g;plvxlz -ﬁpéy-rxVx}

Variation with respect to n yields

a f ~ _
I Jd3r pey-rxVx = 0 »<Ly> = const = L

and variaton with respect to <Ly> yields

S B 12
" T 3<Lys Zm JOIVXI
Thus, L is the dynamical variable conjugate to n and all other
degrees of freedom in x are static degrees of freedom (16,17),
Defining

8 = ay
then
- . —v-e—
L = fpey rx =3
and

I . ) 1.2
S = Jd r dt {H‘wiwx) -12wxggwk +

£ |ve|? - nL}
[£p8, - rx76]? 2m

Thus, the equation of motion is in canonical form with

1 2
= folve|

2
A o=t + 5 -2
[foey-rxvel2
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The Hamiltonian equations n = == and L = %ﬂ simply repro-
duce the previous equation of m3tion, and We define the co-
efficient of L? as the inverse of the moment of inertia.
This momentof ¢ inertia corresponds to irrotational flow and
attains the proper form in the limit of two nuclei passing
by and for a spherical nucleus. Modification of the usual
TDHF equations is straightforward. Variaton with respect to
SY* yields an additional potential for the evolution the
single particle wave functions:

2 2 2 2 ~
Lo velr  ___Jolvelt g3
[fpey-rxve]2 [fpey-rxve]2

Variation with respect to 69 yields an equation which deter-
mines the velocity field at each time:

2V-pVE = fo|ve|® 2e_-rxVp = 2amne_-rxVp
fpey-rxve Y Y

As an alternative to this formulation, one may postulate a

Hamiltonian functional with a physically plausible moment of

inertia. For example, Koonin(l8) has suggested the use of

- 3 2,1 >
Irigid mjd r pl(r) [z +5r ]
and - - §1+A2 n2
point A1+A2

at appropriate stages of a reaction. Note that these two
orescriptions make physically different assumptions about the
post-scission rotation of two fragments, as sketched in Fig. 10.

RIGID POINT

Figure 10. Comparison of rigid and point post-scission
moment of inertia assumptions.
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b. Collisions

The time evolution of a collision of “°Ca on *°Ca is
displayed witnh contour plots of the density at evenly spaced
time intervals in Fig. 1l1.

226y A Hen

Fucks Fission B o L7 eV 2o 20h
. Figure 11. Contour plots
)y of the nuclear density at
o evenly spaced time inter-
vals during induced fis-
sion and a heavy-ion
collision. The outermost
three so0lid lines denote
densities of 0.02, 0.08,
and 0.14 fm~3 and thus
display the shape and
extent of the surface.
Interior density fluctua-
tions are shown by dashed
and solid lines which
denote densities of 0.16
and 0.14 £fm-3 respectively.

(6- Da

VG0 T e

@)

Correspcnding calculations(la) at a variety of impact para-
meters for '®0 and “°Ca are summarized on the polar plots in
Fig. 12. The familiar behavior of nearly elastic peripheral
Coulomb trajectories, dissipative orbiting trajectories and
highly dissipative central collisions is gqualitatively repro-
duced. The resultlng deflection functions and energy loss
curves are shown in Fig. 13. In !®0, the final energy is
comparable to the Coulomb energy for most interior impact
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Figure 12. Polar plot of trajectories for representative
10 + %0 and “°Ca + “°Ca reactions.
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Figure 13. The deflection and energy-loss functions for
the reactions of Fig. 12. The dotted line represents
elastic scattering. (Ref. 18).

parameters, so not much more dissipation is required for
fusion. 1In the case of “°Ca, however, near the orbiting
impact parameter the axially symmetric calculation yields si?-
nificantly less dissipation than observed experimentally. (19
Roughly averaging over all interior impact parameters yields
about 70% of the required dissipation.
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In this connection, it is interesting to report pre-
liminary three dimensional results for similar collisions by
Flocard and Weiss. (20) For !0 + !%0 at a lower energy of
110 MeV in the lab, fusion occurs between £ = 13 and 29x.
This is qualitatively consistent with the earlier remark that
the non~closed three dimensional trajectories in an arhitrary
shaped well for non-central collisions should randomize and
dissipate significantly more than for the closed longitudinal
trajectories for central collisions. 1In the case of “'Ca,
which is directly comparable to the axially symmetric cal-
culation of Fig. 13, a three dimensional calculation appears
to fuse at 2=30 and 70/i. Hence, preliminary evidence is
strongly suggestive that the remaining 30% of the dissipation
may be accounted for in three dimensions. Clearly exactly
comparable systems and forces should be compared in detail to
guantitatively assess the limitations n»f axial symmetry.

The distribution in particle number in the “°%Ca + "“°Ca
calculatinon is compared with experiment in Fig. 14. Even when
corrected for evaporation, it is eviden%t that the number
dispersion is significantly less than observed experimentally.
It will be particularly interesting to see to what extent this
is also the result of imposing axial symmetry.

A more com?lete comparison between theory and experiment
is afforded by '“N + !2C. Results for the angular distrikution
for direct inelastic reaction products and fusion cross
sections in an axially symmetric calculation(21l) are shown in
Figures1l5 and 16. The discrepancy at large angles arises from
the fact that the fusion channel is not being adequately de-~

scribed.
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Figure 14. Fragment charge Figure 15. Theoretical and
distribution relative to experimental cross sections
Zz=18 for final states for direct inelastic pro-
measured in Ref. 19 and cal- ducts. The !*N bombarding
culated due to evaporation. energy is 145.5 MeV and the
(Ref. 18). data are the yield for z=7.

(Ref. 21;.
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c. FPission

Induced fission near threshold is an ideal application of
the mean field theory, because the initial condition is con-
ceptually well specified and because fission systematics offer
a quantitative test of dissipation. After excitation, a
fissioning nucleus is understood to rattle around statistical-
ly until it finally happens to gather essentially all of its
excitation energy in the fission deyree of freedom. After
progressing up the fission barrier, its most likely path is
to pass slowly past the saddle point configuration before
beginning its decent to scission. Thus, the appropriate
initial condition is to release a constrained static HF
solution slightly beyond the saddle point. Since the saddle
point is rigorously independent of the form of the constraint,
the initial condition is essentially unique.

The results of such a fission calculation(zz) are shown in
FPig. 11, and represent the first such microscopic calculation
of fission. Unfortunately, the calculation falls somewhat
short of the intended definitive test of the mean-field theory,
ayain because of the limitations of axial symmetry.

By symmetry, the Hamiltonian does not connect different
angular momentum projection and parity subspaces, so in con-
trast to the case with finite axial asymmetry, level crossing
occurs, as sketched in Fig. 17. Hence, an axially symmetric
initial condition slightly beyond the saddle point would be-
come trapped forever in a concave upward well. Clearly, then,
some tractable technical device must be chosen to introduce
matrix elements to prevent level crossing. The most simple
device to_accomplish this effect is to assume constant gap
pairing, (23) However, it must be understood from the outset
that one deals with an effective gap A or pairing strength G
which actually is intended to mock up the average effect of
symmetry breaking mean field matrix elements as well as the
residual interaction.
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(o)

Figure 17. Sketch of the energy as a function of
deformation for an axially symmetric determinant
(a) and with axial asymmetry and/or pairing (b).

The equations of motion derived from applying the time
dependent variational principle to a BCS wave function with
the assumption of a constant gap are very simple. (23} The
single particle wave functions evolve according to

idy = W-ep) o

and the u,'s and vg's are determined by
i(vy?) = bltuyvy) - (v, vy )*]

i(ugvy) = 2 up vy (£4=2) +A(2v22—1)
where
€y = j%* &7

and the lagrange multiplier X is defined to conserve particle
number

AN R teglugugt ugvgt) 001/ B (ugvy 4 ayvy®)

The sequence of densities obtained with A = 2.0 MeV have
already been presented in Fig. 11. Particularly salient
features are the fact that the time scale is rapid, essential-
ly an order of magnitude fastor than with the classical one-
body dissipation formula(24) and that the neck is much more
elongated than with one-body dissipation. Shapes close to the
scission point for A = 6.0 and A = 0.7 MeV are shown in Fig. 18,
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Figure 18. Pre-scission and post~scission configura-

tions for 23%°U with A =

with A =

6.0 MeV
0.7 MeV (right frames).

(left frames) and

Here one observes that the formation of an alpha-like

cluster at the neck arises when the matrix element is suf-
ficiently weak that the relevant central orbitals are not
completely depopulated.

TRANSLATIONAL RINETIC ENERGY (MeV)

3°°IIFI]FIII|IIIITI|II
| ya
| ~——nonviscous ]
[~ === INFINITL TWO-RODY VISCUSITY af 7
— ONE-H00Y DISSITATION, af S
259 FERMI-GAS VALUL /
ZDOL_
,
|- VR
150]— ./"/_‘ )
- gpg—rrsr10o |
4 ]
— -~
L o~ -1
I PPty
wor— W =T —
r. ot
s0f—
b d oo e baaa e
% 500 - 1000 500 2000

23

Figure 19. Final frag-
ment translational

kinetic energy as a
function of fissility,
with TDHF fission
results for 2%%y de-
noted by X for A =

6.0 MeV and + for A =
2.0 MeV. (Ref. 24).
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The dissipation for various values of A is displayed
in Fig. 19. Unfortunately, dissipation is completely
dominated by the strength of A, with weak matrix elements
yielding far too much dissipation (i.e., probability is
trapped in highly excited orbitals) and very strong pairing
(A=6.0) required to agree with the experimental result. In
the space employed in this calculation, A=2 MeV corresponds
to a two-body matrix element G * 0.28 MeV. For comparison,
23/A yields G = 0.1 and realistic reaction matrix elements
yield values ranging from 0 to 0.4 MeV in this region of the

periodic table.

Because of the phenomenological nature of A, the present
calculation does not provide a definitive test of the mean
field theory. However, the results do appear both plausible
and encouraging. Because of the neglect of axial asymmetry,
the effective matrix element should be larger than specified
by the residual interaction, and a factor of two is not un-
reasonable. Averaging over a wave packet of asymmetric
initial conditions roughly corresponds to averaging over A
with an appropriate weighting function. Occasionally, for
almost symmetric initial conditions, the effective A should
be very small, leading to an o particle from the neck which
is observed experimentally roughly one time in 600. The
particle number dispersion in the fragments has not yet been
calculated, but provides another poss:ible test of the theory.
Thus, fission provides a rich orportunity for futare investi-

gations.

d. Pion Condensation in Heavy Ion Collisions

The time-dependent mean field theory is also capable of
describing other interesting dynamics which have yet to be
observed experimentally. There is abundant theoretical
evidence that slightly beyond nuclear density, nuclear matter
becomes unstakle with respect to spin-isospin fluctuations
with a wave length on the order of several fermis. (26 Such
fluctuations, often obscured by unnecessarily fancy pion
condensation language, are quite adegquately described by
TDHF (in fact they are usually calculated in the RPA ap-
proximation). Thus, TDHF affords the ideal framework for
describing both the heavy-ion collision giving rise to dense
matter and the ensuing dynamics of spin-isospinr modes of the
short-lived dense intermediate state, and such calculations
are presently tunder way.

The pion propagator in the nuclear medium is sketched in
Fig. 20. Near threshold, the pions between particle hole
have w=0 and thus may be replaced by static potential inter-
actions. Thus, the growth of the spin-isospinr instability
corresponding to pion condensatior may be described by adding
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Figure 20. Pion propagator in the RPA approxi-
mation.

the following terms to the effective Hamiltonian:

“UX 12 *
_f2 M, 5. ok * j_ k e L j R
T JJd r d’r v (iwa(l)r1 o “¥, (1)) 5V (ég (2)T202¢(2))

(e o™ (1) 3ok * 2y eiok
+g, |ar Iy (1Toly, (D2 (2) 0 g (2)

To determine whether the spin isospin density source term
l=ads to a unique signature in the observed distribution of
emitted pions, one simply constructs an effective operator of
the form indicated in the box in Fig. 20. An off-mass shell
pion characterized by k, w is allowed to scatter from all
occupied states h and one sums over all final states p such
that an on-mass shell pion is emitted with k' and w'.
Integrating the instantaneous emission throughout the inter-
action should give a first approximation to the observable
effects of a pion condensate.

The essential gquestion, of course, is whether the high
density region lasts long enough during collisions for sig-
nificant growth of such instabilities. The present theory
appears to be the only formulation which simultaneously treats
the dynamics of the nuclear matter distribution and the in-
stability, and thus offers a unique opportunity for investi-
gating the possibility of observing pion condensation in
laboratory experiments.
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IV, Open Questions

It should be evident from this brief overview that
investigaticns of the time-dependent mean field theory to

date have raised a number oif challenging problems and
guestions.

Experimentally, the most crucial gquestion is to think of
observables corresponding to expectation values of few body
operators which can definitively distinguish the mean field
theory from other approximations. It is one thing for
theorists in their fairy tale world to draw pictures showing
how different intermediate density shapes look in TDHF and
hydrodynamics, but quite another to design an experiment which
can discriminate between the two cases. The key features to
consider in comparing the mean field theory with other approx-
imations are the relatively small transverse momentum trans-
fer, the dominance of single particle effects in appropriate
regimes, and the lack of complete equilibration during the

interaction time.

Another open guestion concerns the limitations of sym-
metry restrictions, such as axial symmetry, relative to the
limitations of the mean field thegry._ Although fragmentary
three dimensional results exist, (4072 what is definitely
required is a thoreougly systematic investigation of two and
three dimensional calculations of identical collisions with
identical forces. (For zero impact parameter, the results
should be identical, allowing a direct check on the separate
technologies.) Only in this way can one determine, in Jim
Griffin's language, when the additional expense of three
dimensicnal calculations is in fact commensurable with the
additional physics.

The criteria for validity of the mean field theory have
vet to be clarified. Simple estimates of the decay time for
the end caps of two fermi spheres of interacting matte.
suggest that at 2.5 MeV per particle in the c.m., slabs (28)
would interpenetrate 10 fm before significant decay occurs.
This i1s certainly not the whole story, however, as indicated
by the surprising result that for the boscn model discusced
above, the approximation was asymptotically exact at all
energies without any Pauli effects. Thus, more ccuplete and
precise criteria are needed.

Another possibility for future work is to find wviable
approximations to TDHF which clearly separate collective,
statistical, and single particle effects. To the extent to
which a collection of single particle orbitals bouncing
aroung in a well is purely statistical, TDHF codes are the
worlds most expeasive random number generators. Thus, a
clean separation of statistical aspects of the problem would
be most welcome.2? Several notes of caution, however, appear
warranted. What is required is a theoreticallv sound, system-
atic reduction of the TDHF theory. Thus, unmotivated ansatze
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like time dependent Thomas~Fermi are not likely to be very
instructive. Furthermore, we have demcnstrated that in many
cases, TDHF is not statistical during the xelevant time scale,
so at the least, some viable criteria and restrictions for
application of statistical approximations are regquired.

The most essential problem, in many respects, is the
formulation of a practical general theory such chat the mean
field theory is a first approximation which can be system-
atically improved. 1In this context, the generator coordinate
method appears unsuitable since although certain specific
generalizations of the trial wave function appear natural,
there is no practical scheme for systematic generalization.

A coupled~-channel formulation in the mean-field basis has the
advantage of utilizing an optimal definition of the entrance
channel, but the complete coupled-channel problem is as
intractable as ever, and we have no guidance as to how to
systematically expand the space of included channels. The
most promising alternative appears to be the systematic
truncation of some appropriate hierarchy of eguatlons, SB
as the tir:-dependent generalization of the e hlerarchy( )
or the Martin-Schwinger Greens function equations, (31) both
of which yield the mean field theory in lowest order. One
complication is to choose truncations which are number,
energy, and momentum conserving order by order. Although, in
the Greens funcglon language, well known conserving approxi-
mations exist, the computational difficulty relative to
alternative methods is significant. In any event, an appro-
priate systematic formulation of corrections appears crucial
to our ultimate understanding of the theory.

In conclusion, I believe many exciting possibilities lie
ahead. The ultimate goal is far more than simply fitting
this angular distribution or reproducing that fusion cross
section. Rather, we are embarking on a fundamental investi-
gation of the dynamics of self-bound composite systems, and
I am optimistic that the mean-field theory is an appropriate

firsit step.
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QUANTAL THEORY OF HEAVY ION SCATTERING IN A
THREE-DIMENSIONAL TDHF MODEL

R.Y. Cusson, Duke University, Dur Ham, North Carolina 27706

Introduction

Heavy Ion inelastic collisions have been describedl)
as collisions of two bodies moving along classical trajec-—~
tories with elastic and frictional forces. This picture
is more accurate for a heavy systeT4such as Ar+Th éFig. 1)
than for a lighter system such as N+12¢ or O, which
are currently being studied?) . Fig. 1 1llustrates what can
be obtained from such a classical picture. The ordinate
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Figure 1

is the cm kinetic energy of the projectile-like XK ion and
the abcissa shows the cm angle of this ion. The contour
lines show constant values of the double differential
cross-section dzc/deE, while the open dots represent the
classical values of outgoing energy and angle for a given
incoming cm angular momentum £, ranging from about 250 K
at high energy to & ~ 180 M at the highest (near-orbital)
angle. The cm orbital angular momentum is related classi-
cally to the impact parameter b and the incoming energy by
the usual kinematic relations

- E
2 78
2 = uvb , V=J1-n—§:— (1)

929
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where pu is the reduced mass, v the relative velocity, Eg
the laboratory energy and m A, the total mass of the pro-
jectile. Although the classical trajectory does seem to
follow the ridges in the yield contours, it does not ex-
plain the height of the yield contour nor the energy
width of those ridges. It also leaves open the possibil-
ity of interference between trajectories of different
energles (different 2%-values) and same scattering angle.
The main purpose of the present work4!) is to take this
classical model one step further and to study semiquantal

expressions of the form

2
d"o 2
anag = |£0.B)]

where f(6,E) is a scattering amplitude expressed as a sum
over partial waves; it also involves the classical de-
flection function 9(2), the energy loss function E; and
some additional information regarding the energy width of
the scission doorway states. It will be convenient to
take 6(2) and Ep from a 3-dimensional TDHF calculation
but one could also obtain them from other physical models
such as hydrodynam1c3 or potential scattering with

fr1ctlon

Since the approach to heavy ion scattering involves
the use of classical 8(%) and E functions, it removes
the usual objections concerning the use of the TDHF
scheme on the grounds that it yields only a classical
prescription for the motion of the cm of the two ions.
This therefore enhances the value of TDHF calculations of
the trajectories and should eventually allow a detailed
test of our ability to predict correct trajectories.
After describing briefly the fast fourier transform and
predictor corrector method Lsed to s?lve the TDHF equa-
tions for the reactions N+12¢ and 100+160 at 8 MeV/A
we show the resulting plot of dzc/deE We find some
interesting explanations for the fact that, for these
lighter systems, the yield surfaces appear rather differ-
ent from those of heavier systems such as in Fig. 1.
also compare th gresent results with data from ORNL4) for
the reaction 2c at 145 Mev bombarding energy.
Reasonable agreement is found in view of the approxima-

tions made.

We end with a mention of further calculations which
are suggested by the present developments, such as hydro-
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dynamic approaches to the solution of the equation of mo-
tion ip = [H,p], prefusion neck formation at energies near
the Coulomb barrier5), multi-Slater determinant theories
from variational principles®! and other topics of inter-

est.
II. Quantal Expression for dzo/deE.

Let us first consider the usual partial wave expan-
sion for the elastic scattering of Bpin zero fragments.

The cross section is do/dQ = [£(8) [ with
2 .
c . 2i6
£() = 3 L2474 _1yp (cose) (2)
_ 2ik L
2=0
%2 2 .
where E = m k™ is the cm total kinetic energy and §, is
2i8
the elastic phase shift so that e is the scattering S
218
matrix. If there is some absorption e . is replaced by

216
e QCQ, where CZ is the amplitude for remaining in the

elastic channel. The cut-off angular momentum ZC is large

enough that ¢, = 0. If the Coulomb phase shift.is in-
c
cluded in 62, the introduction of a cut-off Rc means that

f(8) will be correct only for angles 8 > 1/

Our aim is to modify Eq. (2) so that it will describe
£f(9,E) the amplitude for scattering at an angle 6 and out-
going kinetic energy E smaller than the incoming energy
E;. We begin this by noting that the various partial
waves are allowed to int :fere in Eg. (2) because they are
coming out at the same energy and 6 but not ¢ is observed.
If we were dealing with inelastic scattering such that
each partial wave has a different energy eigenvalue, each
£ wculd be an independent channel and the sum over % would
be outside the square. The actual situation in heavy ion
scattering is intermediate between these two limiting
cases, namely each partial wave can be thought of as
having a certain mean energy Eg and mean width I'. Thus if
we detect particles at energy E there is an amplitude
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g, (E) = ‘"t:;L—_—- ' (3
E-Ez-ir/z

for observing a state with an angular momentum £ and mean
energy Ey. For each angular momentum £ we are saying that
there is a scattering doorway state which can be repre-
sented as the two ion configurations at the instant of
scission. The lifetime 1 of this scission configuration
should obey the uncertainty relation I't = K. By inspec-
tion of the time development of semi-classical TDHF heavy
ion scattering we see that T is of the order of 10 fm/c

(1 fm/c = 3.3 x 10-24 s.). 1In the work we will discuss
here we have therefore used I' = 20 MeV. We should keep in
mind that T' could be adjusted to fit experiment and could
even depend on the angular momentum &. The amplitude
gz(E) should be normalized so that

+ oo 2
delgl(E)[ =1 . (4)

The extension of Eq. (2) to take into account the
amplitude gy (E) can now be carried out. As discussed
above, the procedure for doing this can not be to use a
multichannel theory where states of different final energy
are represented by independent channels, since states of
different % values are not energy eigenstates. We use a
different formulation. We simply allow the various part-
ial waves to interfere according to the amplitude gz(E),

by setting

2 2ié
c 28+1 2
£(6,E) 220 51k © ngz(E)Pl(cose) . (5)
lc 22+1
We have neglected the sum I RN x 1x Pz(cose) which
2=0 <t

contributes to elastic diffraction scattering and whose
effect is appreciable only at angles 6 < 1/%~. We need to
stay backward of these angles to avoid the diffraction
effects. The expression (5) includes the amplitude Cy for
remaining in the direct inelastic channel. The probabili-
ty that the scattering be exactly elastic or that the sys-
tem will undergo complete fusion is thus 1-C2. For the 2
lighter systems with compound atomic number < 100, 1 - Cj
is dominated by the complete fusion cross section, so we

set
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Qc 5
T (22+l)(l~C2) . (6)
=0

= I

O'f—

-
AN

2

The expression (5) is expected to be meaningful for
reactions which are described mainly by the semiclassical
ligquid drop scattering with friction. For such systems
the most probable result of a scattering at a given im-
pact parameter (or £ value) is an inelastic deflection by
some angle 9(2). Our scattering cross section should
therefore_converge to the classical cross section ex-
pressions7) vs. 6(L). We can insure this by using the
guantal approximation

§ = -

3 S () 48 . (7)
+

1/2

M“—'

The Egs. (3,5,7) now allow us to obtain the double differ-
ential scattering amplitude f£(6,E) in terms of three
functions of £, 6(%), Eg and Cy. For very heavy systems
such as the one of Fig. 1, the complete fusion cross
section is negligible because of liquid drop instabili-
ties8) and, neglecting all other channels, we can then

set CQ = 1.

The functions 6(2) and E; will be _obtained from a
TDHF calculation for 160+1%0 and 14n+12¢c. The only way we
could obtain Cy from TDHF would be to add a fusion channel
which would be represented by at least one more Slater
determinant. A multi-Slater determinant theory could be
worked out from the variational principle®’/. Here we fol-
low a simpler procedure. We consider a model in which
complete fusion would take place whenever enough collect-
ive energy is lost by nucleon emission to prevent the
fragments from coming out. The internal excitation ener-
gies of the fragments we will be dealing with is less than
20 MeV so the most probable event is single nucleon eva-
poration. We have used the statistical model formula of
Eberhard, et al.9) to calculate an instantaneous width To
for single nucleon emission. This 'y depends on the
instantaneous internal excitation energy E,(t) and ~n the
level den51ty parameter, among other thlngs. The energy
Eyx(t) is extracted from the TDHF runs and the level dens-
1ty parameter was adjusted to yield reasonable results for
of and a2 0/dQdE. These will be described in the next
sections. Having obtained Po(t) we then compute C, as
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t
C, = expi{ - -—1f: I'O(Ex(t))dt} (8)

where t; and tf are the contact and scission times during
which complete fusion can take place. We will return
later to the possibility of observing complete fusion
(capture) in the single Slater determinant theory itself.
¥Yor now we discuss some of the features of our 3-dimen-
sional TDHF calculation.

III. Three-Dimensional TDHF Calculations.
The TDHF method for computing the semi-classical or-

bit and energy loss function 8 (%) and Eﬁ consists in
solving the time dependent Hartree-Fock egquations

a‘p (r,
V2 + vy (r)+v (r); ¢ (r,t)=+i} 517—————- (9)

a
Nl‘,s:

where v, is the Coulomb potential and vy is the nuclear
single~-particle average potential and is taken from the
simplified Skyrme interaction as

vy (r) = -ap(r) + bp®(x) (10)

with a = 817.5 MeV fm> and b = 3241.5 MeV £m°. p(r) is
the total density given by

a/4 )
plr,t) = = 4 |¥, (r,t)] . (11)
A=1

The factors of 4 are incorporated because we assume spin
and isospin saturation. This expression for p comes from
the assumption that the total wave function of the Aj+Ay=A
compound system is a single Slater determinant. This
forces the cm of the clusters to move along classical or-
bits. Thus the TDHF method is quantized and microscopic
in its description of the internal motion but it is class-~
ical in the external motion of the clusters. The method
also neglects two body residual collisions which may con-
tribute to the overall viscosity. Only the single particle
viscosity is included in the model. The consequences of
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that will be discussed later. An effective charge of 1/2
is assumed for all particles and only the direct part of
the Coulomb potential is considered.

The initial wavefunctions should be the self-consis-
tent solutions of the HF 2quations for the initial clus-
ters. We have approximated the§e by oscillator wave-
functiong with KHw=37.55 MeV/A The occupied orbits
for the 160 clusters are (nx,ny = (0,0,0), (1,0,0),
(0,1,0), (0,0,1). For 14N and’12&, the three p-shell
orbits are given constant occupatlon of 10/3 and 8/3
respectively instead of 4 as in 160. The complete initial
single particle wavefunctions have the form

ikA°r
?A(f,t=0) =e "7 ¢A(5) ’ (12)

where k) is the appropriate initial momentum of the clus-
ter nucleons and ¢A(r) is the real oscillator wavefunc-

tion.

The Hamiltonian in Eg. {1l1l) is time dependent so
that the solutions are not just of the form

expl[-i/ ﬁ dthpA(r t=0), because [H(t;),H(t,)] # 0. These
are the familiar time ordering difficulties of scattering
theory. An accurate solution of the equation can be ob-
tained by using the predictor-corrector methodl0®) consist-
ing of the following two steps

1) predictor of order n(n=6 in this work):

n-1 °
by (t+nat) =y, (t+(n-1)At) + At 2 p}’: by (E+kat) , (13)
k=0
2) correctors of order n:
n o
by (ttadt) =, (£+(g=1)8t) + At 3 n‘bx(t+kAt). (14)
k=1
1<g<n

The time step used here was At = 1.25 fm/c and the deri-
vative ¢ is just -i/MHY, as given by Eg. (9). The kinetic
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energy is diagonal in momentum space whereas the potential
is diagonal_ in cocrdinate space. An accurate method of
generating ¥ c?nsists in using the Fast Fourier Transform
(FFT) algorithll) to transfer back and forth from coox-
dinate to momentum space using the finite Fourier trans-

form relation

N-1 .
1 5 wx(xm't) e 2ﬂ1m£/N’ (15)

W aAx m=0

in one dimension with -N/2 < § < N/2+1. The values of the
coordinate x, and momentum k; on their respective grids

are given by

= - 2T %
X, =m Ax, kg = =8 (16)
We have used Ax = 1 fm, and N, = 16 = 24 N, = 24 =

3x23. The v,z plane is taken to be the scaztering plane.
With these parameters the norm and total energy were con-
served to about 1 part in 10° during a complete collision.

All the calculations were started at an initial sep-
aration of 10 fm for the cm of the clusters and were
stopped when the separation of the clusters was again
about 10 fm. Classical Coulomb trajectories were matched
before and after these points. The final kinetic energy
is obtained by computing the total momentum of the indi-
vidual clusters after separatior.. This gives us Ep. The
final angle after matching to Coulomb orbits gives 6(2).
The initial £ 1is used to determine the initial impact
parameter according to Eg. (1) and the final internal spin
was neglected, so that £ was assumed to be the total orbi-
tal angular momentum both before and after the collision.
More complex expressionslz) for £(6,E) will be needed if
the internal spin is included. The loss of kinetic energy
is assumed to go to internal energy. By computing the
collective kinetic energy vs time an internal energy Ey
vs time is also obtained so that C2 can be computed from

Eq. (8).
IV. Results.

Before we present our results for the double differ-
ential cross section d20/dRdE it is of interest to look at
the density and velocity fields as a function of time.
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The Figs. (2-a,b,c) show some density contours for_ 9 dif-
ferent times into the collision. The reaction is N+1<4C
at Eg/A, = 8 MeV and an impact parameter b=1 fm, which
corresponds to & = 4{. The 14N fragment is initially on
top. The contours show equal values of the integrated

density
prly.2z) = faxp(x,y,2) . (17)

The increment from one contour line to the other is about
0.15 nucleons/fm2. The field of arrows corresponding to
each density represents the velocity field v(gr)=J(r)/p(r)
(and not the current as labelled in the figures) in the
scattering plane x=0. The velocity vy (x=0,y,z) vanishes
and vy and v, are shown by the arrows, on a grid, at every
fermi, The third frame at T=70 fm/c is already past the
maximum compression point since the velocity arrows have
already changed sign. From the fifth frame on (T=110fm/c)
we see that the system does not fuse and that the heavy
fragment is now in the bottom. This type of scattering is
called vibrational instability scattering and has been ob-
served in the scattering of classical liquid dropsl3). A
neck of about 0.4 nucleons/fm2 forms around T=110 fm/c

and survives until T = 160 fm/c. The neck breaks off
(scission) from T = 160 to T = 80 fm/c and at T = 190 fm/c
one can observe a fairly complex internal velocity field.

We next show in Fig. (3-a,b,c) a different type of
event corresponding to rotational instability scattering
in the classical case and to deep inelastic scattering
for the reaction of Fig. 1. We study the case 160+160 at
Eg/Ap, = 8 MeV and b = 5 fm which corresponds to % = 254
and 1is slightly above the orbiting value. From T = 60
fm/c to T = 150 fm/c there is u quite well defined v=wxr
guasi-stationary rigid rotational velocity pattern. The
density shape is correspondingly stable. However from
T = 180 fm/c on the necking instability sets in and at
T = 320 fm/c the fragments have come apart and the usual

internal octupole vibrations can be seen.

The Fig 4 shgws the cm :flection function 6 (&) in
degrees for l4n+lec at Eg/Ap = 8 MeV. The grazing angle
occurs at & = 284 and is about 9.4°. The deflection angle
then becomes negative so that there is a possibility of
Franhofer interference between the positive and negative
angle orbits. A single quasi-orbiting angular momentum
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of 2 = 184 is present and the deflection comes back to zero
as 2+0. Such a curve is quite similar to what we would get
from ordinary f%-independent potential scattering.

~80
N

scaltering angle 8 (deg)
<180

-270
i

-360

5 1 15 2 >
angular momentum ! (CK)

Figure !

The Fig. 5 shows the percentage cluster kinetic ener-
gy loss after the scattering, in the cm, as a function of
the cm angular momentum (solid line). Most of the energy
is lost before the orbital & is reached. The dotted
curve shows the amplitude Cy for remaining in the TDHF
channel. It has a =zero at the orbiting angular momentum
but it rises again at lower % values because of the vibra-
tional instability. We can get an estimate of the amount
of complete fusion cross-section lost to vibrational in-
stability by computing first the complete fusion cross-
section with the curve as shown inserted in Eq. (6) for
of; this gives of = 860 mb. We can also compute Of as-
suming that Cy¢ is zero for & < 18. This gives og =_1030
mb. _The experimental complete fusion cross-sectionld) for
14N+12¢ at this energy is 900 % 100 mb.

The Fig. 6 shows the laboratory double differential
cross-section d20/dQdE, with the vertical axis in mb/MeV-
sr and the two horizontal axes being the laboratory scat-
tering angle in degrees and the final laboratory kinetic
energy of the heavy (Nitrogen-like) fragment.
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The low energy peak receives most of its contribution from
the vibrational instability scattering. This was verified
by plotting a similar cross-section in Fig. (7) but with
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The yield is then attenuated by about 1

Cyg = 0 for & < 18.
In

order of magnitude at low energies (Elab < 50 MevV).

this instance the vibrational instability falls in the same
energy range as the residues of the fused system after

evaporation and is therefore difficult to detect. The high
energy peak (E1ab > 50 MeV) comprises both the positive and

negative parts of the orbit. This system is not heavy
enough and does not loose enough energy to separate these
two parts of the orbits. In fact they interfere with each
other. This is illustrated in Fig. (8), where we show as

a solid line the energy integrated cross-section from 50
MeV on up (to eliminate the vibrational part) as a function
of the laboratory scattering angle elab of the heavy frag-

The vertical axis of that figure is in

ment, in degrees. .
mb/sr. The strong oscillations at forward angles have the
form sin2(kR8), with kR = & .. The exponential damp-

grazing
ing at larger angles is again a guantal effect and comes
from the absorbtion of the flux into the complete fusion
channel (Cp>0) near & 4., ;- The dotted line shows the

integrated cross-section for the vibrational part at
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Elab < 50 MeV. The triangles represent unpublished ex-

perimental data_ from ORNL on the direct inelastic scatter-
ing of 14N on 12¢ at Eg/Ap(14N) = 10 MeV/A. The data are
summed over Z values near Z=7. The absence of oscilla-
tions at forward angles probably means that the sum over
the final spins of the fragments, which was neglected
here, is incoherent. The slope of the exponential is in
reasonable agreement with the calculation, but the cal-
culated cross-section is too large by about a factor of 2.
The normalization of do/dQ is very sensitive to the de-
tails of the amplitude Cy;. A more detailed comparison
must await a better calculation of Cp. The present re-
sult nonetheless represents a considerable improvement
over the 1/sinf result that one would obtain by using the
classical formula b db/d cos6é for the direct inelastic
scattering cross-section.

V. Prospects for Future Calculations.

There are two main directions which our efforts
should take. The first one is to compute the deflection
and energy loss functions for heavy systems such as in
Fig. (l1). The complete fusion cross-~section is negligi-
ble there so that one should have a better comparison with
experiment. The energy loss is also larger with respect
to the doorway state width of about 20 MeV so that the
positive and negative angle parts of the trajectories can
be resolved. Recent developments in Berkeley, Livermore,
and ORNL show promise of being able to handle up to about
100 orbits, in 3-dimensions, with a reasonable amount of
computing time. The second direction is to include more
than one Slater determinant in order to account for the
dominant complete fusion cross-section in the systems
with compound atomic numbers < 100. The TDHF equations
of motion for these more complex configurations can in
principle be derived from time-~dependent variational

principles®).
Some calculations of interest are:

i) Hydrodynamic approach where the TDHF equations
for the wavefunctions are replaced by coupled equations

for p,J,Tij, etc.

ii) The low energy bkehaviour of the complete fusion
cross-section depends on the dynamics of the neck forma-
tion prior to fusion. This dynamic can be studied in the

TDHF model.
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iii) The dynamics of fission from states of the com-
pound system which lie above the fission barrier can be
studied in the single Slater determinant theory.

iv) The effects of the spin of the final fragments
on the scattering can be studied.

v} In the more distant future we can expect to
study the relation between heavy ion scattering and the
conventional shell model spectroscopy of the fragments
and on the compound system; for instance one could study
the shell corrections to the complete fusion cross-section

in the p and s-d shells.
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Introduction
This paper is a survey of the current information on the nuclear
reactions induced by 12C, 14N and 16O projectiles with kinetic energies
of 15 to 20 MeV/nucleon. Such projectiles are the highest energy "low
energy" heavy ion projectiles presently available for experimental
studies. 1In confrast, the lowest energy "high energy" heavy ion pro-
jectiles now available have energies~ 200 MeV/nucleon.
The particular interest in reaction studies with such projectiles
can perhaps best be indicated by use of a schematic classification of
nuclear reaction space suggested by W. Swiateckil and presented in
Figure 1. The dominant phenomena expected to occur in different regions
of the space are indicated by the labeling of those regions. The shaded
bands represent transition regions in which the underlying physics
describing the nuclear interactions 1is expected co change gualitatively.
The dark circle on the figure represents the portion of reaction
space which is the subject of this paper. In terms of this classification
scheme, such reactions mark the peoint of transition into the region
dominated by macroscopic effectsz'3 as the nuclear size increases and
irto the region where supersonic effects4'5 should become important as
the nuclear velocity increases beyond the average fermi velocity of the
nucleons in the nuclei. 2 major goal of the present survey is to
indicate the extent to which the expected transitions are observable in
the reactions induced by 15 to 20 MeV/nucleon 12C, 14N and 16O projectiles.
Counter telescopes provide an excellent experimental tool for the

simultaneous study of the large variety of reaction mechanisms which are

possible when two heavy nuclei collide. An example of the types of data
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which may be obtained with such telescopes is presented in Figure 2. The
intensities of reaction products emitted at a lab anglg of 10° following
the reactions of 262 MeV 14N with Ni are represented as a function of AE
and E,the energies deposited in the transmission and stopping detectors.
This angle is near the grazing angle. The relative yields and the

energy distributions observed in this figure suggest that at least three
qualitatively different types of reaction mechanisms are involved in the
colliéions of 14N with Ni. The products of highest atomic number,
approaching that of the composite system have high yields and low kinetic
energies. The energies are comparable to the kinetic energy expected

for recoiling compound nuclei produced in total momentum transfer collisions.
These products of highest atomic number appear to be primarily evaporation
residues of Br nuclei produced in complete fusion reactions.

Products with lower atomic number, intermediate between that of the
compound nucleus and of the projectile appear with lower intensities and
have narrow distributions in kine  '¢ energy with average energies which
are comparable to the Coulomd repulsion energies which would be observed
in products of two body breakup of the composite system. Such products
then appear to resuvlt from fission-like reactions.

The products having atomic number near that of the projectile have
large yields and kinetic energy distributions extending to high energies
approaching that of the elastically scattered projectile. These observations
suggest that such products result from reaction processes which are more
direct than those already mentioned.

In Figure 3, a comparison is made of the laboratory angular distributiosns

do/dQ for products selected from each of the qualitatively different
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regions of Figure 2. Even in the laboratory frame, with the large
center of mass velocity imposed on the distributions there are clear
differences in the product angular distributions. The projectile-like
products represented by C have very forward peaked angular distributions
which gradually decrease in slope at large angles. The evaporation
residues represented by Cr have angular distcibutions which are less
strongly forward peaked but decrease more rapidly with increasing angle
of observation. Finally, the Si angular distribution, characteristic of
the fission like reactions decreases relatively slowly with increasing
angle.

The tentative conclusions which were reached about the gqualitative
differences in the predominant reaction mechanisms leading to products
in the different groups are supported by observations of the angular
distributions associated with these products. For convenience we shall
discuss each of these three types of reactions separately, always recognizing
that the dominance of one reaction mechanism does not preclude contributions

from others, i.e. that the boundaries between certain types of collision

phenomena are not perfectly distinct.

Complete Fusion Reactions

Complete fusion reactions still account for a large fraction of the
total reaction cross section for 15 to 20 MeV/amu projectiles. This is
evidenced in Figures 4, 5, and 6 where evaporation residue cross section

6,7,8,9 are presented for the reactions of 12C with 12C, 12C with

data
27 16 ... 40 .
Al and O with Ca. These data are plotted as a function of l/Ecm'

the reciprocal of the center of mass energy. As has been emphasized by
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Glas and Mosel,lo'll for energies such that (Ecm - VI) >> Aw, where VI is
the potential energy at the interaction distance, RI' where nuclear
reactions first begin to occur and hw characterizes the width of the

potential barrier, the total reaction cross section, OR' may be represented

as

\Y
2 I
OR = TR, (1 - E__)' (1)

1 cm
Thus a plnt of UR versus 1/ECm should define a straight line whose slope
and intercept determine RI and VI' Since fusion is a very probable
reaction at least at energies just above the interaction barrier, the
fusion cross section is expected to show the same energy dependence
initially. Ngo and co-workers have recently presented a convenient
parameterization of RI and VI in terms of the product of zp and ZT
the projectile and target atomic number.12 Solid lines in Figures 4-6
represent the expected total reaction cross sections based upon that
parameterization.

At higher energies, if the probability of fusion is controlled by the

necessity to reach the critical fusion distancelB’14 RF the cross section
for fusion UF would be
V.
2 F
OF = "RF (1 - E——) (2)
cm

where VF is the potential energy barrier at RF’ At high energy then, a
plot of the fusion cross section versus 1/Ecm should produce a different
straight line wpose slope and intercept define VF and RF'

Under the assumption of no dissipation until the critical distance is
reached,15 information on the interaction distance, the critical fusion
distance and the nuclear potential at those distances may be extracted.

For example, a least squares fit to the 12c + 27Al fusion reaction data
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of Figure 5 leads to the result that RF = 5.44 fm and VF = -11.0 MeV.
This critical distance for fusion is consistent with the large body
of data which has accumulated indicating that the critical distance is

essentially that distance corresponding to the sum of the half density

radii of the two nuclei.l3'l4'15'16

For % = 0O, VF = VN + VC where VN is the potential arising from the

nuclear force and V_ is the Coulomb potential energy, assuming that VC =

1.438 ZPZT/RF

In Figure 7, this extracted value of the nuclear potential is

1 = =131
we find VN 31.6 MeV at RF'

compared with several proposed ion-ion potentials derived from liquid drop

model arguments.l7'18'19

The result is in excellent agreement with the semiempirical potential

recently proposed by Bass.19 It should be noted that this potential

differs from that originally proposedls in that the nuclear potential

has been parameterized as

€%

g(s) (3)
+C

T = -
]N CT
where CP and CT are the half density radii of the target and projectile
nuclei. The function g(s) assum=d to be a universal functioh of s, the
distance of separation between the surfaces defined by the half density
radii, has been determined from recent experimental data, generally
at lower energies than 10 MeV/nucleon. In Figure 8, the derived function
g(s)19 is presented together with a comparison with the function which
represents the potential proposed earlier.

In Figures 4-6, fusion cross sections calculated with the Bass

potential and with the proximity potential are presented for comparison.

The critical distance model provides a useful tool for predicting fusion

cross sections.
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Figure 9 is presented in order to focus on fusion data obtained for
the highest energy l2C, 14N and 16O projectiles for which such measurements
have been made. For this purpose we have assumed that fusion reactions
occur preferentially for the lowest impact parameter collisions. In
that case, the fusion cross section is related to the maximum angular
momentum of the fusion product by the sharp cut off approximation expression

[(2 + l)tz] = 2y EcmoF (4)
It is the limiting angular momenta derived from the evaporation residue
cross section measurements which have been plotted in Figure 9. Once
again calculations using the Bass potential are presented for compariswn.
As indicated previously, the calculations are in good agreement with the
data. Of course, if any significant fusion-fission probability exists
it should be added to the evaporation residue cross section for such
comparisons. In fact, as we shall note in the next section such cross
sections are very low in the mass range for which evaporation residue
measurements are presented in Figure 9.

For comparison to the experimental data, Figure 9 also contains the
predicted 2-limit to nuclear stability which arises when the angular
momentum dependent fission barrier drops to zero.21 One would expect
that this constitutes a limit to the production of compound nuclei which
decay by statistical evaporation processes and signal a rapid increase

in fission-like reactions as the angular momentum increases above this

22,23

value. It is possible that such effects have been observed but

considerably more data are required to establish this point.

The data presented in Figure 9 indicate the production of compound

nuclei with large angular momenta. Such nuclei offer the opportunity to
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test other theoretical predictions of the properties of nuclei having

high angular momenta. Notable among these is the calculated rapidly
increasing deformation as the angular momentum of the nucleus increases.
Such deformation should have significant effects on the excitation

energy dependence of the yrast line and on level densities and therefore

on the de-excitation modes which are followed. Studies of y~ray emission
from some of these nuclei demonstrate that the angular momentum dissipation
occurs predominantly in the particle emission cascade25 and therefore it

is probably necessary to focus on studies of the emitted particles,

particularly © particles, or on the product yield distribution to study

such effects in the light to medium mass region.

Fission-like Reactions

The classical deflection function26 for the interaction of 262 MeV
14N ions with 1OgAg is shown in Figure 10. For this purpose, the
Bass ion-ion potential, which was found in the preceding section to be
in agreement with the fusion cross-section data, was employed in the
calculation . In Figure 11 the trajectories corresponding to partial
waves of & = 5 to 200 are depicted. The circle on this figure has a
radius equal to the sum of two half-density radii of the target and
projectile nuclei.

These figures emphasize the fact that partial waves with £ just
above zfus interact strongly with the target nucleus. It is natural to
associate such trajectories with the reactions in which large kinetic

energy losses and large mass transfers are observed,such as those leading

to the intermediate-atomic-number products of Figure 2.
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Such reactions have been observed in the reactions of 10 to 20
MeV/amu 12C, 14N and 160 projectiles with a variety of targets.27'28'29
Except at very forward angles, the most probable kinetic energies of the
products of these reactions are close to the energies which are expected
from Coulomb repulsion.

In Figuce 12 are the most probable kinetic energies of products of
fission like reactions ©i 197 MeV l2C with Ni, Y, Ag, Tb and Au targets.
For the reactions with Ni, Ag and Au, the trend of kinetic energies
calculated assuming two spherical nuclei in contact are also presented.
Those energies agree very well with the experimentally determined energies
for low 2 products but overestimate the kinetic energies of high 2
products. The observed energies have not been corrected for mass changes
which occur during de-excitation of the primary fragments. Even so the
data indicate rather large distortions of the more symmetric dinuclear
systems at the time of scission.

For the fission~liike reactions of 262 MeV 14N witl. Ag, product
angular distributions corresponding to complete damping are presented in
Figure 13.30 Constant values of (do/de)cm with angle indicate that the
product results from the decay of a system having a lifetime which is
comparable to or longer than the rotational period. Such angular
distributions are observed for the heavier reaction products and may
indicate a fusion-fission reaction mechanism. However for the lighter
products, even though the kinetic energy damping is complete, the angular
distributions are distinctly forward peaked. The gradual change of *he

angular distributions with increasing mass transfer has been interpreted

as resulting from the evolution of the composite systems along the
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mass asymmetry degree of freedom. The great sensitivity of the mass asymmetry
potential to the angular momentum of the system is obvious in Figure 14.
There, for the composite system 1201, the mass asymmetry potentials
for two rotating spherical nuclei in contact are shown as a function of
mass asymmetry and angular momentum. For comparison, the initial
asymmetry corresponding to 12C + 108Ag is indicated. Such potentials
clearly favor fusion into a single spherical nucleus at low angular
momentum but increasing possibility of evolution towards a symmetric
dinuclear system at high angular momentum. Extensive calculations have
been performed using diffusion models to study the evolution of such
systems.3l
Integration over the angular distribution presented in Figure 13
(assuming constant values of (do/de)cm at angles greater than those for
which experimental data are available) leads to a cross section for
fission-like reactions producing elements with 10 £ 2 £ 27 of 40 mb.
This cross section is equivalent to the cross section associated
with ~1 partial wave with Zzgfus' The reactions are of course not
necessarily confined to such a limited £ space.
In Figure 15 center of mass angular distributions (dO/de\cm for
the reactions of 262 MeV 14N with Ni, Ag and Au targets are compared.
The cross sections correspond to the emission at center of mass angles
near 35°. The relative importance of deep inelastic collisions decreases
with increasing asymmetry of the initial collision. However the fraction
of the deep inelastic yield which is accounted for by each element is

relatively constant as evidenced by the very similar shapes of the cross

section curves in the region of the lighter product elements.
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In summary the observation of such reactions appears to signal
entrance into the region of macroscopic reaction processes in which di-

nuclear composite systems evolve towards more symmetric configurations.

Direct Reactions

Reactions leading to products with atomic number near that of the
projectile apparently reflect the more peripheral nucleus-nucleus col-
lisions. What is the basic nature of such collisions?

Certainly simple few-nucleon transfer reactions will make a contri-
bution to the cross section for peripheral collisions. However, the evi-
dence is that the cross sections for such transfers are low.32'33

Near the grazing angle the center-of-mass kinetic energies of the
light products have relatively high kinetic energies and broad energy
distributions. These reaciions have been termed quasi-elastic or partially
damped. Since the most probable energies and the widths of the energy
spectra decrease rapidly with increasing angle, these partially~damped
collisions may reflect break-up of the composite system in early stages of
its evolution before relaxation is complete.27 Various dynamical models
have been proposed to describe the energy damping in such reactions.

Recently, Gelbke and his co-workers at LBL have made an extensive
study of the reactions of 315 MeV 160 with several target nuclei.

Their investigation of the systematics of light ion production in these
reactions discloses several interesting. features. In Figure 16 the cross
section data which they obtained for the reactions of 16O with 208Pb

are compared with similar data taken at projectile energies of 140 MeV

and 33.6 GeV by plotting the cross section ratios. Part (a) of the

figure shows that as the projectile energy is increased from 140 MeV to
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315 MeV the relative probability of producing light fragments increases with
increasing removal of nucleons. In contrast, this relative probability remains
essentially constant as the projectile energy increases from 315 MeV to
33.6 Gev. These data suggest that a qualitative change in the reaction
mechanism takes place between 140 MeV and 315 MeV.

In Figure 17 similar cross section data measured for the interactions
of 315 MeV 160 projectiles with other targets are compared with the data
for the 208Pb target nucleus. There it will be noted that the production
cross sections for light fragments are essentially independent of the
target nucleus, “hat is, factorization is observed to be a valid concept.

Additional information on the reaction mechanism results if the
fragment energy spectra, observed at energies near the grazing angle,
are investigated. Such energy spectra are presented in Figure 18 for
the 16O + 208Pb reactions.

There are several energies which might be employed to characterize
the products resulting from different reaction mechanisms. Two-body
transfer reactions leading to the production of the final nuclei in
their ground states will lead to fragments of relatively high final
kinetic en=rgies. This energy is designated g.s. in Figurec 18. 1In
contrast, two-body reactions leading to the maximum excitation energias
of the two product nuclei would lead to fragment kinetic energies repre-
sentative of the exit channel Coulomb barrier. This energy is designated
Vc in the figure. Products of projectile break-up into fragments with
velocities equal to that of the initial beam would have energies such as
those designated Ep in the pluc. For fragments of atomic number close

to that of the projectile, energies close to EP are observed. For lower

Z fragments energies significantly lower are observed.
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In the projectile frame of reference, a fragment with the beam
velocity has a momentum P which is identically zero. At high energies,
a fragment produced by the decay of an excited projectile is predicted

to have a mean momentum PO in the fragment frame which is just
(E.* + E_*) (5)

where MF is the mass of the observed fragment, MP the projectile mass;

V, the beam velocity and EP* and ET* are the excitation energies of the

projectile and target nuclei. The projectile excitation energy EP* is

Es + EK where Es is the separation energy of the projectile into the

fragments and EK is the kinetic energy of the fragments. The latter is
expected36 to be 3/2 T where T is the nuclear temperature.
Further, the distribution of fragment momenta in the projectile

frame is of the form37

(-2 )°
N(P) o exp [- —-—-?;—4 (6)
20
M_(M_-M_)
The width 02 =g 2 —EL—EL—£L= (7}
fo) MP-l

Using values T = 7.2 MeV and co = 80 MeV/C which are very close to the
corresponding values derived from the reaction data at 33.6 GeV,38 the
Berkeley group have determined the average expected laboratory energies,
E_, and the distributions expected for pure projectile excitation. These
results are presented in Figure 18 where they are found to be in very
good agreement with the observed distributions, supporting the idea that
such reactions might be interpreted as projectile fragmentation. This

would be consistent with entry into a gqualitatively different region of

reactions, at least for peripheral collisions, when 20 MeV/amu heavy ions
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are employed as projectiles.
The limiting angular momentum for "central collisions™ in the

208Pb also appears in Figure 8. This

reactions of 315 MeV 16O with
value was derived by subtracting the measured cross section for
"peripheral collisions" from the total reaction cross section. This
limit is in agreement with the calculated fusion cross section limit but
no detailed studies on the mechanisms of the reaction in these central
collisions exist.

Since the projectile velocities of 15 to 20 MeV/amu correspond to
the theoretical threshold region for the onset of density compression
effects39 some efforts have been made to search for such effects in

40,41

central collisions at these energies. So far these experiments do

not provide any evidence for compression.

Summarg

Studies of reactions induced by 15 to 20 MeV/amu heavy ion projectiles
provide new information on the ion-ion potentlal, on the effect of
angular momentum on the evolution of a nuclear reaction and the subsequent
decay of the reaction products, and on the changing charucter of

reaction mechanisms which occur at high energy.
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Appendix

Visual presentation of data has long been recognized as a very
effective technique for maximizing the transfer of information.

The preceding paper, and indeed most of the papers presented in this
conference rely heavily upon this method.

Bearing this in mind, it is perhaps useful to emphasize certain
limitations inherent in the technique. This is attempted in Figure 19
where a common object has been plotted using various combinations of
scales for the ordinate and abcissa. The scales used are linear, log,
exponential, square and square root. In this case, the linear-linear
plot which appears at the center is perhaps the most useful representation
of the data although other combinations of scale might well be chosen to
emphasize certain features such as the striking resemblance of a pig to

a buffalo (lower right), a monkey (upper right) or a coyote (upper

left).

Figure Caption

Figure 19. Pig (Ref. 42).
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Figure Captions

Fig. 1 A classification of nuclear reactions according to the qualitatively
different phenomena which are expected to be dominant for particular
projectile masses (plotted as Al/3) and projectile velocities
(plotted as energy/amu). The region corresponding to the reactions
discussed in the text is indicated by the solid circle.

Fig. 2 Product intensities observed at eL = 10° for identified products
of the reactions of 262 MeV 14N with Ni. The data are presented
as a function of AE and E, the energies deposited in the two
detectors of the counter telescope.

Fig. 3 Laboratory angular distributions (dg/1Q) for C, Si and Cr nuclei

produced in the reactions of 262 MeV 14N projectiles with Ni.

Fig. 4 Fusion cross sections for the reactions of 12C with 12C. The
data from reference 6 are represented by the chin solid line.
A typical data point from that work is represented by the
open circle. The solid circles represent data from reference
7 with relative errors indicated. For comparison, totzl reaction
cross sections (heavy solid line) and fusion cross sections
(dashed lines) have been calculated as indicated in the text.

Fig. 5 Fusion cross section data for the reactions of 12C with 27Al.
The solid circles represent data from reference 8. 'Relative
errors are indicated. The solid squares represent the total
reaction cross section measurements of reference 20. For
comparison, tctal reaction cross sections (solid lines) and

fusion cross sections (dashed lines) have been calculated as

indicated in the text.
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Fig. 6 Fusion cross section data for the reactions of 16O with
40Ca. The solid circles represent data from reference 9.

For comparison, total reaction cross sections (solid line)

and fusion cross sections (dashed line) have been calculated

as indicated in the text.

Fig. 7 Nuclear potentials for the interaction of 12C with 27Al.

Three different potentials based on liquid drop model
considerations are presented. The solid point represents the
determination of RF and VN from the data in Figure 5 and the
assumption that VC = 1.438 ZPZT/RF'

Fig. 8 The empirical potential function g(s) suggested by Bass.
References to the data employed in determining this function
appear in reference 19. The lines labeled 1 and 2 indicate the
equivalent function corresponding to the potential proposed
in reference 15 assuming l:xb = 1,00 fm and 2: r, = 1.07 £m.

Fig. 9 Sharp cut-off limiting angular momenta derived from evaporation
residue cross-section measurements. The points indicate the
experimental data. Calculated fusion cross sections as a function
of ACN the mass of the compound nucleus are presented for
reactions with 197 MeV 12C, 262 MeV 14N and 310 Mev 16O projectiles.
The dashed line indicates the theoretical angular momentum
at which the fission barrier disappears. The data point

for 315 MeV 16O projectiles is derived from the cross section

for peripheral collisions.
Fig. 10 Classical deflection function for the interaction of 262 MeV

14N with logAg. The solid line indicates the deflaction function
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calculated assuming the nuclear potential proposed in reference
19. The dashed line indicates the Coulomb deflection function.
Projectile trajectories corresponding to the deflection function
presented in Figure 10. The circle indicated on the figure

has & radius equal to ths sum of the half dernsity radii of the
interacting nuclei.

Most probable kinetic energies for products of fission-like
reactions of 197 MeV 12C projectiles with Ni, ¥, Ag, Tb and

Au targets. The predicted trend of kinetic energies for the
Coulomt repulsion of two spherical nuclei in coantact is also
shown for the Ni, Ag and Au targets.

Center of mass angular distributions (dg/df) for products of
the completely damped collisions of 262 MeV l4N with logAg.
Statistical error bars are indicated where they are larger
than the data points.

Mass asymmetry potentials calculated for the composite system
l201. The potentials calculated for two spherical nuclei in
contact and undergoing rigid rotation are presented as a
function of AL/(AH + AL) where AL is the mass of the light
partner and A, that of the heavy partner. All values are

H

relative to that of the spherical nucleus. The initial

asymmetry for 12C + loaAg is indicated by the heavy vertical

line on the asymmetry scale.

Cross sections (do/de)cm for products of the reactions of completely

damped reactions of 262 MeVv 14N with Ni, Ag and Au. The center

of mass angles vary with product but are near 35°.
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Fig. 16 Cross section ratios for light products produced in the inter-
action of 160 with 208Pb at projectile energies of 140 MeV,
315 MeV and 33.6 GeV. In part (a) the ratios of the isotopic
and elemental yields observed at 140 MeV projectile energy
to those observed at 315 MeV are plotted. 1In part (b) the
analogous ratios for data taken at 315 MeV and 33.6 GeV
are presented. Data are from reference 35.

Fig. 17 A comparison of isotopic and elemental yields of light products

produced in the reactions of 315 MeV 160 with 94Zr, 197Au,

2OBPb and 232Th.

Fig. 18 Energy spectra of light elements in the reactions of 315 MeV

16 . 208 . . .
0 with Pb. Expected energies corresponding to various
assumptions (see text) are indicated by arrows. The dotted

line is the distribution calculated from a projectile fragmentation

model.
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THE FLUID-DYNAMICAL MODEL FOR HEAVY-ION
REACTIONS IN THREE DIMENSIONS
J. A. Maruhn

Oak Ridge National Laboratory*
Oak Ridge, Tennessee 37830

I. Introduction

The purpose of this talk is to give a short overview of some of the
work that has been done in the area of general fluid dynamical models of
heavy-ion collisions, focusing mainly on the very general calculations
of three~dimensional collisions performed by the Los Alamos groupl’“

and by our group at Oak Ridge.

A simple characterization of the differences between the two cal-
culations, aside from the technical one of different numerical methods,
might be given by stating that the Los Alamos group solves the relati-
vistic Euler equations without full treatment of binding effects, where-
as we solve the non-relativistic Navier-Stokes equations with correct
treatment of binding. We intend tc extend our code to relativistic

situations, however.

II, Fluid Dynamics as a Branch of Continuum Mechanics

Before trying to describe nuclei in a fluid-dynamical model, let us
take a glance at related branches of classical physics that might be
useful for model descriptions of nuclei.

The most general theory encompassing the field is continuum
mechanics, which considers all material systems that may be described by
macroscopically smooth fields like density p, velocity ¥, and energy
density. The dynamics of these fields is governed by conservation laws,
e.g. conservation of mass

3p

>
3¢ + V-(pv) =0

and momentum

= (V) + V- (ow) = T,

*
Research sponsored by the U.S. Energy Research and Development
Administration under contract with Union Carbide Corporation.
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where<§’is the stress tensor, and a set of constitutive equations de-
pending cn the properties of the materials, which serve to complete the
macroscopic description. The most familiar example of these is the
equagipn of state; for the two+equations given above, we would have to
give S as a function of p and v+ to complete the description.

Let us just mention in pzssing that there may be several inter-
acting components in a continuum system, such as different chemical com-
pounds or phases. This may be described easily by the use of several
fields p, ¥, etc. An example of a two-component system will be en~-
countered later in the two-fluid model for nuclear collisions.

Continuum mechanics may be subdivided intg three branches, de-
pending on the properties of the stress tensor S:

Solid Mechanics: *g.depends on the deformation only. Example:
elastic solids obeying Hooke's law.

Fluid Mechanics: <§>depends only on the rate of deformation.
Example: Newtonian fluid.

Rheology: This name covers everyEﬂ}ng not included in the two
special branches mentioned. S may depend on the deformation
and its time change in any way and may also be modified by the
history of the system,

In the following, we shall only be concerned with the special case
of a fluid dynamical description. One should, however, always bear in
mind that more general models are available in this field and might be

considered for describing nuclei.

I1I. Properties of the Nuclear Fluid

Let us assume for the moment that nuclear matter can be described
as a classical fluid (the conditions for this will be discussed later).
It is then of utmost interest to examine the properties of this fluid in
a collision situation in order to decide how general a dynamical treat-
ment is needed. Some of these decisions may be stated as simple alter-

natives:

1. Compressible or Incompressible fluid? -- The criterion for this
is whether flow velocities are comparable to the speed of sound.
For nuclear matter with an incompressibility K (in MeV), the
speed of sound is

_ 1/2
Cg = (K/9mo)

and the projectile energy per nucleon above the Coulomb barrier
in the lab system needed to reach such a relative velocity in a
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heavy-ion collision is
E/A = K/18,

so that for the typical range of estimates for K between 150 and
300 MeV we obtain Cg between 0.13c and 0.19c (c is the speed of
light) and E/A between 8 MeV and 17 MeV. Apparently compressi-
bility will be important at least in the "intermediate' and
"high" energy ranges. It should be mentioned, however, that an
incompressible fluid drop must have a sharp surface since the
interior density is by definition constant; thus a realistic
treatment of the nuclear surface requires a compressible fluid

model at any speed.

Viscous or Inviscid? -- The experimental data on fission and
strongly-damped collisions seem to indicate that viscous effects
play an important role in nuclear collisions. The introduction
of damping into a fluid-~dynamical model, however, is not with-
out problems; a microscopic damping caused by one-body dissipa-
tion cannot be incorporated easily into the model; on the other
hand, even an inviscid fluid shows strong energy dissipation in
shock fronts. We shall disregard one-body dissipation and
assume the presence of an explicit viscous force in the model
equations. We then have to decide whether the fluid is

Newtonian or Non-Newtonian?, i.e., whether the viscous
stress tensor is of the special form

2 > >

S;. = -p6.. + JV, LV, -7 Ve . . .
ij P ij n(BJvl + Ble 3 VGiJ) tZv VGiJ
where p is the scalar pressure and n and g are the coefficients
of viscosity. Since there is no experimental or theoretical
information on this point, and since this form is the simplest
possible one for a fluid, we shall adopt it for the time being.
Whereas 7 is completely unknown, there are estimates on n based
on fission calculations. The latest estimate® is n ; 0.03 K fm~3.
This yields a Reynolds number of

mopvd

x 270 <
C

Re =
n

where p ~ 0.17 fm-3, d » 10 fm was used to characterize a nuclear
collision. The classical limit for the transition to turbulent
flow is for Reynolds numbers of the order of a thousand, so

that we are well below this limit. Since a strong. dependence

of n on temperature cannot be excluded, however, the possi-
bility of turbulence cannot now be dismissed definitely.

Thermoconducting or not? -- On the problem of the
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thermoconductivity of nuclear matter, there is even less defini-
tive knowledge than on the viscous properties. The calculation
of the coefficient of thermoconductivity « based on a Fermi gas
model® yields, in the low temperature limit (kT << eF),

E3/2
7 F 11 2
K = l/ZEa— s Q1z2.17 fm
48 7 /2 L 1
. el?
4 o F 1 Q, * 1.06 £m2,

It should be noted that both quantities become infinite near
T = 0, which is improbable for nuclei because of their super-
conducting behaviour near the ground state. (For a more de-
tailed discussion of these problems, see ref. 7.) To get an
idea of the importance of thermal conduction, one may compute

the Prandtl number

_.Lcn=_3_5..(_22.:2
K 32 Q1

Pr =

2
where the heat capacity at constant pressure Cp = T x T2/m ep
for a Fermi gas was used. The product of the Reynolds and
Prandtl numbers measures the ratio of convective heat transfer
to thermal conduction. In our case we have

Re*Pr = 500 -E—,

so that at moderate velocities convective heat transfer should
dominate, at least as far as the pure Fermi gas model is accu-
rate. Since the situation 1s by no means conclusive, and to
allow for heat conduction in model calculations is not ex-
pensive, 1t seems best to provide for that possibility.

IV, Validity of the Fluid Model

There has been some discussion in recent years as to the validity
of a fluid dynamical description for the collision of two pieces of
nuclear matter3:8-9), All of the arguments found, whether presented in
favor of or against the fluid model, seem to Indicate that the physical
quantities concerned are just at the borderline of validity of fluid
dynamics, Because of this and of the possibility of additional physical
effects like pion condensation, which may change the arguments en-
tirelylo), it may be best to try to use a comparison of experimental data
with the model results to obtain information on the validity of the
assumptions made. Let us therefore just glance at the basic criteria
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and elementary estimates of their validity:

1) Validity of continuum description

"There should be a large number of microscopic degrees of
freedom in each volume of macroscopic dimensions" ~- In a heavy-ion
reaction we may have several hundred nucleons, but only on the average
one in a cube of size (2 fm)3. It thus seems doubtful whether a fluid

dynamical description could give details of that scale.

2) Local equilibrium

"The mean free path of the microscopic particles should be
small compared to the macroscopic scale" —- Estimates using the free
nucleon-nucleon cross section3) indicate a mean free path of the order
of 3 fm, which 1is only five to ten times smaller than the size of the
compound system. This value is for ~ 250 MeV per nucleon; because of
Pauli exclusion effects, it increases for lower energies and because of
the diminishing nucleon-nucleon cross section also at higher energies.

Barring unknown effects like pion condensation, etc., the fluid
dynamical model thus should describe at most the larger-scale effects in
a collision. However, one should not forget that the basic quantum
mechanical description bears a close resemblance to fluid mechanics ),
and suitable constitutive equations could conceivably make fluid
dynamics a viable description in spite of its possible non-validity in
the classical sense presented above,

One final aspect of this is whether, 1f the collision situation
does not lead to almost instantaneous equilibration of the two colliding
fluids to form one thermally excited mixed fluid, where all the directed
motion of the initial system has been transformed into random thermal
motion, one might not be better off describing the two ions as made up
of two distinguishable kinds of fluid that are allowed to interpenetrate
interacting via a drag force that will eventually force formation of one
single fluid at equilibrium. Some work done by the Los Alamos group in
this "two-fluid” model®) will be discussed later. One should note, how-
ever, that the one-fluid model does not require instantaneous equilibra-
tion with infinitely narrow shock fronts; it is known empirically that
the macroscopic Navier-Stokes equations work surprisingly well in the
description of the internal structure of shock fronts spread over
several mean free path lengths.

V. Definition of the Model

In the non-relativistic case the equations of motion used for the
fluid-dynamical model are the Navier-Stokes equations, which describe
the conservation of particle number,
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] . ->
e+ Vv =0,
momentum,
a—at- (mpv) + Ve (movv) = =¥+ -~ p¥V

and energy,

Ve (KVT) - Ve+(S+v) - pveUV.

f

2= (oB) + V- (EV)

To complete this set of equatiqg§, a number of constitutive equations are
needed, viz. the stress tensor S, the+pgmperature T+and the potential V
have to be given in terms of p(r,t), v(r,t), and E(r,t).

To this purpose, we investigate the internal energy per particle of
nuclear matter, w(p,0), where o(¥,t) is the entropy demnsity. w is re-
lated to the total energy per particle E via

E = -%_-—mv2 + w(p,0).

Thus E determines the magnitude of w, and standard thermodynamic rela-
tions then give the pressure

2 3w
ap

p=0r
o

and the temperature

The stress tensor is then completed with the Newtonian viscosity as
given in Chapter III.

It still remains to fix the functional form of w(p,o0). Since
little is known about its behaviour for p distinct from the equilibrium
density of infinite unclear matter, and for any non-zero o, one has to
proceed with a simple assumption about w. The choice made by both the
Los Alamos and Oak Ridge groups is to split up w into a ground state
(zero—entropy) part wg and a thermal part,

wlp,a) = wo(o) + wl(p,c)-

wg is expressed as a polynomial in p1/3:
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n .
we®) = 1 a, o173,
i=2

In our case, n was taken to be 5, and thiy allows the determination of
the a;'s in terms of the equilibrium density, the equilibrium binding

energy per particle, and the incompressibility at equilibriumlz).

For wj(p,0), the expression for a Fermi gas at low temperatures is
used:

6 (0,0) = |2 23 622 2 a3
1’ 4 * 2 e :
m cC

The functional form of w1 already determines the maximum non—
relativistic shock compression ratio as 4. Relativistically, however,
there is no limit on compression ratios obtainable in a shock

frontls:lu).

Figure 1 shows the binding energy per nucleon, the pressure, and
the speed of sound as functions of the nucleon density for an equation
of state of the type considered, and at zero entropy. Note that, since
below equilibrium density nuclear matter tends to contract rather than
to expand, the pressure is negative in this range. Also, sound propaga-
tion is possible only at densities where ap/aplo > 0, i.e. where matter
is stable with respect to density perturbations. Thus, there is no
speed of sound at low densities.

Finally, the potential V in the equations of motion is a sum of a
Coulomb potential Vc determined via

W @) = -4 ze)? @
(r) = ~4m |5 p(r)

from the nucleon density (equal spatial distributions of protons and
neutrons assumed), and a Yukawa part Vy, given by

vvy(?) - o? vy(?) = ~4nBo(2).

The Yukawa potential has the important advantage of allowing ground
states with a non-sharp surface. In the absence of such a potential,
equilibrium is guaranteed by the zero pressure at equilibrium matter
density, which agrees with the surrounding vacuum pressure on a sharp
surface. The Yukawa potential smoothens the surface density. A realis-~
tic surface thickness was obtained with the parameters o = 2.1 fm~l and
B = =280 MeV fm.

In relativistic calculations, such as done by the Los Alamos group,
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the inclusion of potentials causes severe problems, most notably the re-
tardation effect, which would complicate the calculation immensely.
Therefore, potentials are not used in those calculations. Since their
main advantage is to create a smooth surface, their omission is not ex-
pected to be critical at bombarding energies in the 100 MeV to 1 GeV per

nucleon range.

VI. Remarks on Numerical Solutions

The use of a purely numerical finite-difference solution to the
fluid flow equations may at first seem somewhat of an overkill with its
large requirements of computer and programmer time. However, there are

important advantages to be gained:

1) Numerical accuracy is the only restriction on the type of so-
lution allowed. There are no additional assumptions about the dynamical
behaviour of the system aside from the basic equations of motion and
constitutive equation. In particular, there is no restriction on the
surface shape, local compression zones, geometry of shock waves, etc.

2} The model can be changed easily; e.g., it is extremely easy to
vary the equation of state.

The main drawbacks are that the procedure is very expensive and
that the advantages of more analytic solutions are lost; e.g., the de-
pendence of the collision result on parameters such as viscosity or even
the impact parameter is not transparent. However, one of the most ef-
fective uses of the fully numerical solution might be to find more re-
stricted descriptions like a selection of the most important surface
modes. Only a full study of the numerical solution in a wide range of
collision situations will provide enough data to extract such
information.

VII. Comparison with TDHF

Since a comparison of fluid dynamics and TDHF has been given in an
earlier paper in these proceedingsls), I shall only add some late re-
sults here, which may help to clarify the situation.

As fluid dynamics 1s based on the assumption of instantaneous local
equilibrium, it is interesting to see whether TDHF approaches local
equilibrium during a collision. For this purpose, we have studied the
Wigner function for a one~dimensional TDHF collision. In terms of the
one-particle density matrix

> >
r

A > %k
o(r,r'; = izl REIMERD
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one may define the associated Wigner function as

g ]
W@, k) = C J FRIPTIPSLLRNPY AN Nl g i)

with a constant C (arbitrary for our purpose). 1Its properties may be
summed up as follows:

1) w(?,ﬁ) is a real function of ; and E. It is the closest
quantum~mechanical counterpart to the classical phase-space distribution
function. Because of the uncertainty principle, it is not quite a
probability density itself (w may become negative!) but its integral over
a volume in phase space big enough not to violate the uncertainty re-
striction may be intezpreted as a progability. S fuw d3r d3k is the ex—
pegtgtion value of any function f of r or k alone, whereas e.g.

J r-desrd3k+yield§ ghe average of the quantum-mechanical expectation

values of ?-k and k-r.

Figure 2 shows the results for a collision of two slabs of thick-
ness 2 fm~2. The lower part of each small graph shows the density at a
given time, and the upper part contains the Wigner function as a func-
tion of k at the center of the collision. Only at the beginning of the
collision we show instead the Wigner function at the center of each slab,
giving an idea of the equilibrium shape and the relative displacement
due to the motion of the slabs. To guide the eye, this curve is then
repeated as a dashed line in each graph, but centered at k = 0, since the
center of a symmetric collision should have an equilibrium distribution
around k = 0. Clearly, the distribution comes closer to something re-
sembling equilibrium in the course of the collision (because of higher
density and excitation, it should be wider than the dashed line, though),
albeit there is always a division into two humps. However, in the final
staga the sides of the distribution have been depleted, because the fast
wave functions literally have moved out to the sides to form the frag-
ments. Although these data do not cover all aspects of the equilibra-
tion process yet, it seems clear that TDHF does not exhibit strong
enough equilibration to resemble the fluid behaviour. The most striking
case 1s the head~on collision of two heavy ions, whaere TDHF lets the two
nuclei pass through each other at higher energy, whereas fluid dynamics
will always generate a hot shock zone at the center of the collision
that is a very effective dissipation mechanism.

VIII. Relativistic Fluid Dynamics

Let us now take a look at the important results of the Los Alamos
group for the relativistic case3). The relativistic equations of motion
are practically identical with those given in Chapter V without viscos-
ity and thermoconduction; it is mainly in the constitutive equations
thiat relativity plays a role. The equation of state is defined in the
local rest frame and takes the form
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p0
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with W, a Fermi-gas thermal energy similar to the one given in Chapter
V. The pressure cau be jefined straightforwardly, and the transforma-

tion to the lab frame (primed) is as follows:

e' = 1vyp

=¥
]

2 ->
Y" (pE+p)V'

Y2 (pE+p) - p.

D'E'

Here vy = (1 - V,Z/CZ)-IIZ’ as usual. The need to go forth and back be-
tween lab and rest frame introduces some numerical difficulties but no
essential prcblemsz).

The numerical method emplo¥ed to solve the equations is the
Particle in Cell (PIC) method!®). 1In this method the fluid density is
represented by point particles of given mass (no relation to the nucleon
mass) moving in a finite-difference mesh, represented by cells in space,
under the influence of the fluid pressure. The fluid aspect enters the
method through the averaging over one cell, e.g. the density in a cell
1s simply obtained by counting the number of particles in the cell, and
this density then determines the pressure. The point particles are thus
purely fictitious numerical devices, and one should bear this in mind
when interpreting rthe results that may give the impression of a classi-
cal interacting particie model as reported elsewhere in this
conferencel”),

Figure 3 shows the time dependence of the density as represented by
the distributions of the numerical particles, as a function of time for
different impact parzmeters in the 20ne + 238y system at 250 MeV per
nucleon. The plots are done in the lab system, so that the incident
20Ne-nucleus appears relativistically contracted. Also, because of the
absence of potentials, both nuclei have sharp surfaces and a constant

density inside.

For the near-central collision (labeled 0.1) the 20Nc nucleus pene-
trates into the target aucleus and sets off a strong shock wave (clearly
visible at 5.1 x 10~23 sec). Subsequently, most of the erergy of the
projectile 1s thermalized and the nucleus expands in response to the
high thermal pressure. The calculations do not allow for the formation
of a residual nucleus since there is no attractive potential and also
negative pressures are set equal to zero. Tests allowing for negative
pressure ylelded small clusters in the iinal state, but these did not
appear to be physically meaningfulz).
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For the intermediate impact parameter (0.5) the behaviour is gimi-
lar. The main difference is that the projectile is not completely ab-
sorbed in the target, but part of it flies off, giving a far from iso-
tropic behaviour in the final state. Both projectile and target have
been excited so strongly that they expand rapidly.

The peripheral collision (0.9) shows a different behaviour. A
small part of the proiectile is ~heared off by the contact with the tar-
get nucleus and sets waves running through it, which, after thermaliza-
tion, will again cause the target to expand. The projectile itself is
also excited. (Its darker shading at t = 13.5 % 1023 sec does not in-
dicate a higher density; initially the numerical particles were aligned
and several of them appeared as one dot only when viewed from above.)

To make a comparison with experiment, one may look at the final
state, which always contains an expanding cloud of nucleons, and compute
the expected angular distribution, interpreting the fluid density as a
probability density for nucleons. Averaging over impact parameters, one
then obtains a differential cross section for outgoing nucleons. Under
the assumption of equal behaviour of protons and neutrons, a comparison
can finally be made to proton-inclusive cross sections (fig. 4). Ap-
parently the general trend of the data is well reproduced, but there is
a definite quantitative discrepancy both at very forward angles, where
the theoretical cross section is too small, and at backward ones, where

it is too large.

This shift of the theoretical yield to backward angles compared to
experiment seems to indicate that there is "too much interaction", i.e.
too much forward momentum is converted into transverse momentum. Since
the assumption of local equilibrium implies a fast conversion of
directed into random momentum, this assumption may have to be modified,

at least for this energy range.

Thus, the Los Alamos group recently did some two~fluid calcula-
tions*). The basic concept of the two-fluid model is to describe the
two nuclei as distinct fluids which are allowed to interpenetrate with-
out losing their separate identities, but do interact via a drag force,
which is proportional to the relative velocity with a strength factor
depending on its magnitude and on the density. The strength is adjusted
such as to reproduce the stopping length expected from free nucleon-
nucleon cross sections,

One problem with this approach is that omne would like to have a
transition to the regular one-fluid description, whenever the relative
velocity of the two fluids becomes small., In this case, for example,
there should be only one pressure depending on the total density instead
of the two partial pressures. In the calculations this was achieved by
interpolation in the relative velocity, but if comparison to experiment
makes more refined two~fluid calculaticns desirable, this aspect de-
serves some study for a more cogent solution.
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The first results of the model are encouraging though they do not
appear to completely solve the problems. The cross section in the back-
ward direction is lowered to much better agreement with experiment, but
in the forward direction there is no definite improvement. It should be
kept in mind, however, that the parameters of the model have not been
fitted to these data, but have been taken over from different areas of
nuclear physics, so this result may be regarded essentially as a

parameter-free calculation.

IX. Low-Energy Results

The calculations by our own group in Oak Ridge have just gotten off
the ground, so that we can show only sample results at present.

We utilize the full set of equations given in Chapter V, including
viscosity and potentials, but for the non-relativistic case. The nu-
merical method employed is the "flux-corrected transport" method de-
veloped by Boris and Book at NRL18), Although this method eliminates
the most severe problem facing the numerical fluid dynamicist, insta-
bility, even in the presence of very steep shnck waves, there were still
many technical problems, notably the transition to zero density in the
surrounding vacuum and the short range of the Yukawa force of < 0.5 fm,
which forced us to go to a spatial mesh finer than that limit., 1In fact,
many test calculations were done with a coarser mesh of 0.8 fm separa-
tion, and these turned out to be quite adequate in qualitative results,
but showed unphysical effects such as squarish deformations in detail.
Since these calculations are still quite cheap, they may well be useful
for exploring the general behaviour of the system as a function of the
various parameters.

For now, however, let us take a glance at the first high-accuragy
results obtained with a newly developed codel?), 1t works on a
cartesian mesh of 64 x 64 x 33 points with a spacing of 0.4 fm, and the
physical situation corresponds to a collision of 160 + 160 at a relative
velocity of 0.2c¢ (corresponding to 18.8 MeV per nucleon in the lab},
with an impact parameter of 2 fm. The type of nucleus does not really
enter drastically, only the relative surface thickness and the Coulomb
effects will change smoothly with mass and/or charge number. The
equation of state employed corresponded to an incompressibility of 134
MeV, so that the initial Mach number for this collision is 1.54 for the
regions of equilibrium density. It is thus expected that the flow will
show the typical phenomena of supersonic flow -~ strong compressive ef-
fects, shock waves, and the lack of upstream propagation of information.

Figure 5 shows the system close to the initial state. The lower
two subgraphs show the density and velocity field viewed facing the
collision plane (the density graph actually shows the integral of the
density in that direction to give an impression of total thickness,
whereas the velocity vectors are plotted in the scattering plane. The
two additional graphs show the integrated density from above (upper

&
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lJeft) and from the right (upper right) relative to the scattering plane
plot already discussed.

Figure 6 shows the situvation at t = 21.6 fm/c. At the center a
shock front has formed with very small velocities, and matter has al-
ready started to flow out to the sides from there. The rest of the
initial nuclei, however, is quite undisturbed, as is characteristic of
supersonic flow (there are small internal motions caused by the imper-
fection of the initial equilibrium).

Figure 7 at 37.1 fm/c has a small part of the initial nuclei still
streaming into the collision zone, but there is also now a strong
current to the sides. Note that matter from both initial nuclei mixes
in each outgoing direction. At the same time, however, as is visible in
the top two graphs, the systems expand perpendicular to the scattering
plane and thus seem to flatten into a pancake shape.

This development is quite striking in the final fig. 8 at 76.7 fm/c.
The system is now very elongated in the scattering plane with the main
direction of motion outward. 1If one had only this viewpoint, one might
expert it to fission soon, but the fully 3-dimensional representation
shows that it is rather a very flat disk.

At this point, we had to stop the calculation. Whether it will re-
bound into a prolate shape (as observed in ref. 7), or has lost so much
energy that it may rather break up in the oblate form, cannot be decided
yet. The upper left graph in fig. 8 seems to show a slight necking-in,
but it cannot yet be said whether this will lead to fission.

This, however, leads to an important point on the interpretation of
the final state. It is well known from fission calculations’»20) that
the fluid-dynamical model likes to form very long necks. Although it is
expected that in the present compressible calculation low~-density areas
will break up spontaneously because of the negative pressures, the final
state may still be quite diffuse and require a long time before final
breakup., If this should happen in the calculations, we shall have to
try to add some extraneous arguments to be able to extract the final
masses, scattering angles, etc. Also, one would have to distrust calcu-
lational results that show, e.g., a flat disk with thickness a fraction
of a nucleon diameter., Thus, all results should be scrutinized using
physical intuition before being accepted as predictions of the model.

The recults of a few additional collisions at different impact
parameters and relative velocities are shown in table 1. E" is the
thermal energy reached in the final state (in those cases where the sys-
tem had not separated again, this number is probably still meaningful,
because most of the dissipation of energy takes place in the shock
waves, and only a few MeV are dissipated later). The ratio of densities
gives the maximum compression reached; these numbers are, of course,
below the theoretical maximal ratiocs given in ref. 14,
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X. Conclusion

The results presented in this paper have demonstrated that three-
dimensional fluid-dynamical calculations are feasible and can be done
with sufficient accuracy. The Los Alamos group has already done a com-
parison to experimental data for proton~inclusive spectra, whereas our
calculations are not yet at that stage. Additional experimental data
that may provide useful testing grounds are the fusion cross sections
and, as far as they are reducible to classical deflection functions,
differential cross sections for deep-inelastic collisions at lower ener-
gies. One problem one may encounter is that all of these data may not
give sufficient information to distinguish between models; e.g., the
fusion cross section really tells only the critical impact parameter and
can certainly be fitted with the freedom available in fluid dynamics.

In our own calculations, one of the first things we would like to
try in the future is to use a more complicated equation of state with a
density isomer, and to see how that affects the collision. Among other
possible extensions one might think about treating protons and neutrons,
or the different spin states, separately, thus again going over to a
two- or multi-fluid theory. Also, it is relatively easy to describe the
production of additional particles, such as pions, or the excitation of
nucleons, again by a many-fluid approach.

The author wishes to thank Drs. T. A. Welton, C. Y. Wong, and J. R.
Nix for stimulating discussions and communication of results.
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Table 1

Summary of Sample Collision Studies

(init)

Vinit/c .E Ekin EL_ (O/OO)mqi
0.1 0.0 37 MeV 28 MeV 1.3
" 2.5 " 13 MeV 1.2
" 5.0 " 6 MeV 1.2
" 6.5 " 4 MeV 1.1
0.2 0.0 146 MeV 66 MeV 1.5
" 2.5 " 61 MeV 1.4
" 5.0 " 30 MeV 1.2
" 6.5 " 9 MeV 1.1
0.4 n.0 586 330 MeV 2.1
" 2.5 " 306 MeV 2.1
" 5.0 " 138 MeV 2.0
" 6.5 " 39 MeV 1.1
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Departments of Chemistry and Physics and
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ABSTRACT

Correlations of experimental observables with kiretic energy loss
and fragment mass for damped heavy ion reactions are emphasized in this
paper. Angular-momentum-dependent interaction times are deduced giving
a time scale for the evaluation of nucleon diffusion coefficients. The
energy dissipated per nucleon exchange in Kr- and Xe-induced reactions
is shown to decrease with increasing kinetic energy loss. These
results are compared with predictions of a one-body dissipation mecha.ism
and microscopic transport theory for heavy ion collisions. The relative
decrease of energy dissipation due to nucleon exchange with decreasing
bombarding energy is a new experimental feature that is unaccounted for
by the above theories.

I. INTRODUCTION

There has been a large number of experimental studies of damped
reactions involving a range of targets and projectiles.' The charac~
teristic experimental features of heavy ion collisions which define this
new reaction mechanism are:

a. Binary Process -- The damped reaction mechanism produces two
massive primary fragments in the exit channel. However, liglit particles
may be emitted from the intermediate system or, after itsg breakup, from
the target-like or projectile~like primary fragments.

b. Energy Loss -- Damping of the initial relative kinetic energy
of the target and projectile nuclei resulting in a range of kinetic
energies down to the Coulomb energies for charge centers of highly de-
formed fragments. The broad energy distribution observed in experiments
is the most distinctive property of damped reactions.

c. Nucleon Exchange -~ Nucleon diffusion occurs during the short
time the two nuclei are in contact. For the heavier ion reactions, the
fragment mass distributions are peaked in the vicinity of the projectile
and target masses.

d. Angular Distributions ~- The angular distributions for products
with projectile-~like masses have properties of a fast peripheral or
direct reaction process. The heavy systems usually rotate less than -180
degrees. Substantial sideways-peaking is observed for a number of systems
while a forward rising angular distribution is a characteristic feature
of other systems.




e. Angular Momentum Tramsfer —- The primary fragments resulting
from a damped collision may hava rather large intrinsic angular

momenta.

f. Light Particles and y-rays -- As stated in (a) light particles
(e.g., p, n and o particles) may be emitted from the intermediate
system or, after its breakup, from the target-like or projectile-like
primary fragments. The emission of y~rays is mainly confined to the
final stages of the fragment de-excitation.

In spite of the large number of experimental studies! of heavy ion

reactions which report one or more of the characteristic features of
damped reactions summarized above, only a relatively small number of
studies have been performed where correlations of experimental observa-
bles, such as kinetic energy loss and fragment mass, are deduced. Hence,
these correlations will be emphasized here. Angular-momentum dependent
interaction times are deduced from experimental angular distributions.
The angular momentum £ is related to the experimental kinetic-energy

loss assuming the energy loss to increase monotonically with decreasing
£, i.e., increasing overlap of the matter distributions of projectile

and target. The progressive increase in the variance of the charge
distribution as a function of increasing kinetic energy loss is a feature
common to all very heavy ion reactions studied so far. A quantitative
correlation between the measured variance of the charge distributions

and the amount of kinetic energy loss is employed to calculate the kinet-
ic energy loss associated with the exchange of a single nucleon. The
energy dependence of this quantity is compared with different theoreti-
cal models. Assuming the above time scale, nucleon diffusion coeffi~
cients are deduced from experimental fragment charge distributions.

II. ANGULAR, ENERGY AND MASS DISTRIBUTIONS
FROM DAMPED REACTIONS

For illustration of the properties of damped collisions, we choose
the 2%%Bi + !38Xe reaction which has been studied extensively. Some of
the relevant parameters are listed below.

E = 1130 MeV

Ec.m. = 684 MeV = 1.6x ECOul
X = 0.019 fm; 2a = 9.4 fm
n = ZIZZEZ/ﬁV = afX = 245

01/ = 54° (c.m.)

RSA = 15.2 fm
OR =2.8b
= 484K
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The anguiar distribution of all lighter projectile-like fragments?
in the total kinetic energy window, 300 < TKE < 650 MeV, is shown in
Fig. 1. The angular distribution peaks at 50° (c.m.) and is relatively
narrow in width. There is no orbiting for this w~eaction, a phenomenon
well known for selected lighter ion reactions. The charge distribution
of the lighter fragments®? for the above energy window and the angular
range 25<0c,yp, <75 is shown in Fig. 2. The drop of the charge distri-
bution beyond symmetry (Z=70) is due to experimental detection limits
Some contributions to the cross section for the lightest Z fragments is
due to sequential fission of the heavy damped fragment., The continual
range of total kinetic energy damping for the very heavy ion reactions®
is illustrated in Fig. 3 where the differential cross section in milli-
barns per MeV of total kinetic energy loss is plotted versus the total
kinetic energy loss. Hence, in speaking of damped heavy ion collisions
we refer to a wide range of events with energy losses from a few MeV to
hundreds of MeV. The kinetic energy loss indicated by each arrow in
Fig. 3 corresponds to a final kinetic energy equivalent to the Coulomb
energy at the strong absorption radius Rga.
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,I 5 - 7098! ’lloxe . —
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A
< 10 7
% i ﬂ
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) IR i gy s o t
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III. CORRELATION OF EXPERIMENTAL OBSERVABLES
IN DAMPED REACTIONS

A. Angular Distributions: Dependence on Mass Exchange and Energy

Damping

The angular distributions for damped heavy ion collisions depend

on mass (or charge) exchange and energy damping. In Fig. 4 is shown
a contour plot of the
double-differential cross

section d%0/dQd (TKE) as a

209 , 136
b e Fuag 130 MeV dnﬁiEind] function of angle 8¢ ., for
700 — the 299Bi+ !3%%Xe reaction.?
550 - Diagrams of this type‘werek
first drawn by Wilczynski.
= %7 Y, For this reaction there is
£ 50 a cross section ridge that
v w0 moves down in energy at
o an almost constant angle
450 . leading to what is known
100- e as strong angular focusing.
Depending on the bombarding
350 o 5 o energy and parameters of
300 . b . ? } o i J the system, the cross sec-
» % 0 00 0 80 tion ridge in an energy-
Fig. 4 B (deg)] angle contour plot may

move forward, stay constant

or move backward in angle.
For some of the lighter systems, an additional ridge at low energies
moving backward in angle is observed. This is commonly interpreted as
the reflection of the low-energy ridge at negative angles (orbiting).

The angular distributions for fixed TKE bins (50 MeV wide) are
shown? in Fig. 5. Again one sees that the angular distributions are
sideways-peaked for small energy losses and rather flat for large energy
losses, although the maximum stays essentially comstant at 50° c.m..
The angular distributions for fixed Z bins (3 Z units wide) are dis-
played in Fig. 6. For fragments near the projectile, the angular
distributions are sideways-peaked and become less peaked for fragments
far from the projectile. However, it is important to note that the
angular distributions for fragments near the projectile change marked-
1y with energy damping in much the same way as illustrated in Fig. 5
for all fragments. This is illustrated in Fig. 7 for Z=53-55 and
energy bins of 50 MeV width.? The observed dependence of the angular
distribution on the fragment Z is only an apparent correlation which
is due to the fact that the energy spectra corresponding to various
fragments are somewhat different, as will be discussed below. Hence,
the energy loss is a fundamental observable specifying the properties
of the reaction. This is also shown in Fig. 8 where the full width
at half maximum (FWHM) in the charge distribution is plotted as a
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B. Mass Exchange: Dependence on Energy Damping

There is by now considerable experimental evidence for an inti-
mate correlation between the kinetic energy loss and the angular-
mowmentum dependeni interaction time. Hence, it is important to study
mass correlations as a function of kinetic energy loss. An alter: ate
parameter to the kinetic-energy loss is the dissipated kinetic encigy.
The two quantities are related by Egiss = TKEioss + [Vc(f) - Vc(i)] and
are approximately the same when the differences between the Coulomb
energies of the final and initial fragments are small.

The differential cross section d20/dZd(TKE) iec plotted as a
function of total kinetic energy (TKE) for differ .nt element bins in
Fig. 9 for 2°%Bi +!3®Xe reaction.
Corrections for the emission of
neutrons emitted during the de-

excitation of the fragments have 200 18
also been applied to the data. {42 ?+=ﬁ%~mv

For Z values near the projectile - ZY?®uns&r‘
the spectra contain sizablz high- : a i

energy components and as Z de-
creases or increases, the spectra
become softer. Hence, the degree
of energy damping is a function
of the mass of the product. For
7Z values near the projectile,

the spectra contain events of a
very wide range of kinetic
energies, whereas large net Z
transfers are correlated with
high degrees of damping. Exit
channel Coulomb energies for
spherical fragments are indicated
by the arrows. It is interesting

d’o/d Zd[TKE) (ARBITRARY UNITS)
T
;\i '.“: o1 P ’j
( i

to notice that (net) stripping and %9
pickup both lead to roughly the B { .
same energy spectrum and cross
section. [ I DA R SO S T S B |
300 400 500 600 700
One of the most informative TOTAL KINETIC ENERGY(MeV)
ways to examine the relationship Fig.9

between the charge (or mass) dis-

tribution and the final kinetic

energy is a plot of the differential cross section d?5/d74d(TKE) as a
function of Z for different final kinetic energy bins. Such a plot

is shown in Fig. 10 where the energy bins are 50 MeV wide. The curves
represent gaussian fits to the experimental data. It is readily seen
that the width in the charge distribution increases markedly as the
kinetic energy decreases. However, the centroid of the charge distri-
bution stays constant at Z =55 for a wide range of energy damping.
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Such symmetric fragment Z distributions are very suggestive of a dif-
fusive process evolving in time while kinetic energy is lost progres-

sively.

A quantitative correlation between the measured variances of the
charge distribution and the amount of kinetic energy loss is shown
in Fig. 11 for four different heavy ion reactions. Although the mass
distributions are in general angle-dependent, in the case of Xe-
induced reactions, the variance is independent of reaction angle for
events of the same kinetic energy loss (see Fig. 8). The variance of
the charge distribution increases smoothly with increasing total kinetic
energy loss. However, the slope of the energy dissipation as a function
of variance is largest for small variances and decreases as the variance

increases.
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The observed correlation between energy loss and the variance of
the fragment Z distribution is of basic importance for understanding
the damped reaction mechanism. Since many reaction channels are open,
such reactions are clearly subject to statistical considerations.
Regarding nucleon exchange in damped reactions as a random-walk pro-
the variance of the mass c¢r Z distribution increases as a func-
tion of interaction time. Classical dynamical caleulations®*® suggest
that the interaction time increases with decreasing 2. The mean rate
of nucleon exchange has also to increase with decreasing 2% because
the degree of matter overlap increases. Therefore, different &
waves corresponding to different interaction times will certainly lead
to different values oz of the variance of the Z distribution. Hence,
the U% axis on Fig. 11 represents a macroscopic time or £ scale for
the damped heavy-ion collisions under consideration. It is conceivable

cess,
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that in a nucleon exchange process kinetic energy does not always

have to be lost but may also be gained, e.g., by decreasing the
Coulomb energy. However, the important conclusion to be drawn from
the experimental correlation displayed in Fig. 11 is that on the
average kinetic energy is lost monotonically with decreasing £ and
increasing interaction time, at least for a range of low and inter-
mediate energy losses. This relation will be used in the following
section to actually deduce the macroscopic time scale of damped heavy-

ion reactions.

IV. INTERACTION TIMES OF DAMPED COLLISIONS

Little information is available on the interaction time scale on
which heavy-ion collisions occur with various degrees of kinetic energy
damping. A knowledge of these interaction times is essential for an
understanding of the mass, kinetic energy loss and angular distributions
of the reaction products from heavy~ion collisions. Strong focusing of
the angular distribution for very heavy-ion reactions (see Fig. 1)
suggests an angular-momentum dependence of the interaction time since
many impact parameters lead to the same reaction angle.

Experimental evidence on fragment Z distributions, such as present-
ed in the preceding section, suggests that during the time the two
constituents of the intermediate double-nucleus system interact with
each other, a mass equilibration process proceeds which is accompanied
by a damping of the relative kinetic energy into other degrees-of-
freedom. Since the equilibration processes are not completed during
the short interaction times encountered in collisions between the very
heavy ions under consideration, the amount of kinetic energy lost
signifies the stage of evolution of the system and, hence, the total
interaction time experienced. This view is supported by classical
dynamical calculations’’® which show that the energy loss is a mono-
tonic function of the initisl angular momentum and the total inter-
action time. Associated with each interaction time is a Z distribu-
tion which is characterized by a variance oj.

In the present analysis’ we assume, following the discussion of
Fig. 11 in the previous section, a monotonic increase in the total
kinetic energy (TKE) loss with decreasing values of the impact parameter
(see the first paragraph of IIIB). For simplicity we employ a sharp
cutoff model where the cross section for angular momenta up to £j is
given by o3 =WK2(2j-F1)2. Using the experimental results on the heavy-
ion reaction cross section as a function of TKE loss, do/d(TKE loss).
the angular momeatum is related to the TKE loss by

2, = {(2, +1)2 iliii}llz 1 1
i j TTKZ (1

where Aoij =05-0;3 is the cross section in a TKE window Ej < TKE < Ej.
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The procedure for converting energy loss to & is illustrated in
Fig. 12. Starting with 2p5yx and zero TKE loss, a deflection function
is constructed from the experimental data, for a range of the higher %

values. Examples of such deflec-
tion functions are shown as solid
lines in Figs. 13 and 14 for the
16500 + ®*Kr (Epap = 714 MeV) and
20983 + !38%e (Epap = 1130 MeV)
reactions, respectively. The
plotted angles represent the
angles where the cross section

is at a maximum for a particular
kinetic energy loss. For the
first reaction the emission angle
of the lighter fragment decreases
as % decreases, whereas for the
second reac:tion the emission
angle is almost independent of

2. For each reaction the energy
damping and the variance in the 2
distribution both increase as %
decreases.
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The angular-momentum~dependent interaction time is calculated with

the expression

T(R) = AB(R) F (L) /HL (2)

where A®(2) is the difference between the Coulomb deflection angle
8c(4) and “~he actual reaction angle eexp(z) and %£(2) is the moment-of-
inertia of the double-nucleus system. The Coulomb deflection angle



is estimated by
6.(2) = 180° - 8;-03 (3)

where the subscripts refer to the entrance and exit channels, respec-
tively, and

1 K.+R.
6.=+arccos————*]—-—l(forj=l and 3) (4)
3 Ej EjRj

In Equation 4 the parameters £ and K are determined by

€ = 1 + _gg&gﬁi_ 1/2 (5)
u(ZpZre?)?
I 5
" pzZpZpe? ©

The above procedure for estimation of A8(R) is illustrated in
Fig. 15. The evaluation of 1(2) requires the adoption of a colli~
sion model. Here we
present the results of
calculations with two
rather different models
which are labelled as
"nonsticking" (NS) and
"sticking" (S) colli-
sions. A sticking
collision is defined by
rigid rotation of the
double-nucleus system

agil}- 8, (ly-eup(!)
8, - n- (6" ¢°)-(8f- o4

as a whole. By a NS z({) =08 () Iimd
collision we specify he * m R
that the entrance and i =&5Q5WﬁﬁMﬁ5

exit channel orbital 5

angular momenta are
the same (4§ =li) and
the momgnt-of—lnertla Fig. 15

INS = uR“ where

u=MMy/(M; +M,) and R is the contact radius of the double-nucleus
system (in the calculation the strong absorption radius Rgp is used).
In contrast to a nonsticking collision, the final orbital angular
momentum is inserted into Eq. 2 for a stickin% collision, where

2g = (Ing/I5)24 and 5 =Iy3+ (2/5) (MR 2 +MyRy%).  The moment-of-
inertia to be substituted into Eq. 2 is again SNS‘ In the calcula-
tions presented, any variation in SNS with angular momentum or time
is neglected. 1In Figs. 13 and 14, Coulomb deflection functions are
shown for the "nonsticking" (NS) model.




The above definition of the deflection during the reaction im-
plies that no kinetic-energy loss due to dissipation or dynamical
deformation effects occurs at separation distances larger than the
strong-absorption radius Rg,. The agreement of realistic deflection
function calculations witﬁ experimental angular distributions for the
heavy systems considered here suggests that the deviation of the tra-
jectory with 2==Zmax from a pure Coulomb trajectory is small. This
indicates that all trajectories are similar to Coulomb orbits up to
the strong-absorption radius. Hence, for £ < fpsx, the difference be-
tween Coulomb and observed deflection is used to evaluate the angle
through which the intermediate system rotates during the nuclear inter-

action.

It should, however, be realized that it is, in principle, impos-
sible to characterize the reaction hetween very heavy ions by a single
deflection function. TFor such systems there are many intrinsic degrees-
of-freedom coupled to the collective motion, and many different reaction
paths may lead to similar values of a given experimental observable.
Therefore, selecting a certain value of one experimental variable leads
to a distribution of values of another variable fluctuating around its
mean value. In this sense, the deflection functions derived above
represent only average experimental deflection functions.

The angular-momentum—dependent interaction times calculated by the
above procedure (see Eq. 2) are displayed ia Fig. 16 for the nonstick-
ing model. Multiplicati-n of
the angular momentum & by the
factor [lOs(AT-+AP)1/3/(ZT-kZP)Z]'
(1/%max) produces straight lines on
a semilog plot of approximately
the same slope for the three
reactions. The angular momentum NON - STICKING MODEL
range for the 209p4 4 136xe A\\w
reaction shown in Fig. 16 is
120<2<430. For both the
sticking and nonsticking models
the interaction time is given
empirically by the relation
() =10 exp (-of). Values of
Tg and o for the three reactions wore . 1oa
shown in Fig. 16 are listed in 10t ngiﬁﬁ
Table 1. o "Ho ke

=]
T
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TABLE 1

Functional parameters of the interaction times as deduced from a fit
of the relation T(R) = 1o exp(-af) to the data.

Reaction E(lab) Model Ty (sec) o
209g4 + 136%e 1130 S 1.86 x 10720 0.00974
NS 2.18 x1072° 0.0118
209g4 + 84y 712 S 5.16 x 10”20 0.0171
NS 6.62x10720 0.0205
165y, + 84%kr 714 S 1.65x10 *° 0.0224
NS 1.62 x1071° 0.0244

V. NUCLEON DIFFUSION

The experimental charge distributions shown in Fig. 10 are sug-
gestive of a diffusion process and have been analyzed with a Fokker-
Planck equation in terms of the variance ¢z. In its simplest form with
one observable x and constant drift and diffusion coefficients, v and
D, respectively, the Fokker-Planck equation has Gaussian solutions®

P(x,t) = (47Dt)~1/2 exp{~(x-vt)2/4 Dt} (7)

The centroid X, =vt and the variance oc? =2Dt are linear functions of
the interaction time. The drift coefficient vp is related to the dif-
fusion coefficient through the Einstein relation,

vy(A1) = ~ 3D, =Ty &) (8)

where Uy denotes the ground-state energy of the combined system with
relative angular momentum £ and €fragmentation A;. The local tempera-
ture T is determined by the excitation energy.

A relationship between experimental values of the total kinetic
energy loss and the variance c% of the fragment charge distributions
for very heavy damped collisions is shown in Fig. 11. This relation-
ship in conjunction with the experimental cross sections as a function
of the total kinetic energy loss is used to calculate angular-momentum-
dependent values of the vgriance cz(l). In the above theory of nucleon
diffusion, the value of 07(4) is related to the interaction time t(%)
by

o;(z) = 20, (V) T(R) (9)

The interpretation of the experimental fragment Z distributions
in terms of Eq. 9 is subject to similar observations as made above for
the construction of an experimental deflection function. The experi-
mental variance 0% of the Z distribution is an average value determined
by the range of % waves contributing to a given TKE window. A factori-~
zation of oz according to Eq. 9 into mean values of Dz and T applies
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only if Dz(L) is a slowly varying function of both Z and 2 because the
above analysis suggests that the total interaction time () is a
rapidly varying function decreasing exponentially with increasing &.
This requirement cu Dz(R) seems, indeed, to be fulfilled as indicated
by model calculations and an experimentally observed smail drift

coefficient Vg,

The value t(2) entering Eq. 9 is the mean value of the time dur-
ing which the nucleon diffusion mechanism operates. In this analysis
it is assumed that t(&) is the total interaction time evaluated by the
procedure outlined above. However, it is conceivable that nucleon
diffusion occurs only during a part of this time, although there is
presently no experimental evidence for such a division of the total

interaction time.
Values of t(%) and 02(2) determined for the !¢3Ho + 8“Kr (Etap =

714 MeV) and the 299Bi+ !3°Xe (Ep,p =1130 MeV) reactions are plotted
in Figs. 17 and 18, respectively.’ The two different sets of values

NS} 60
(5)
°

p a5+

0%, ,138 Xe

Erge < 130Mev

15,1, 484y,

Ei 714MeV

e L

30 40

0 10

20
i) {19%sec)

T T Ty lAAﬁJ Fig. 18
T} (10%ec)

Fig. 17
of t(1) for each reaction in this figure are based on the above NS and
S models. The values of the diffusion coefficients for three heavy ion
reactions determined by the slope of the line fitted to the oz(L) vs
7(%) data are given in Table 2 for each cf the above two models. The
proton number diffusion coefficient does not refer to proton diffusion
alone, but to mass diffusion measured by the number of transferred
protons. Assuming a conservation of the equilibrium Z/A ratio, the
proton number (Dz) and mass number (Dj) diffusion coefficients are

related by Dy = (Z/A)*Da.
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Table 2

Proton number (Dz) and mass number (Dp) diffusion coefficients in units
of 10%22 gsec™! for Kr- and Xe-induced reactions.’ The proton number
diffusion coefficient does not refer to proton diffusicn alone, but to
mass diffusion measured by the number of transferred protons; hence,
Dz==(Z/A)2DA for a constant Z/A ratio. The diffusion coefficients
listed in this table are calculated from the slopes of l<aes drawm
through plots of oz(R) vs 1{2) over a range of ¢ values. In the case
of the sticking model, for example, the points for the highest & waves
do not lie on a line which passes through the origin (see Figs. 17 and
18). Individual values of Dz(2) for the sticking model are £ dependent
and increase initially as & decreases. The Kr- and Xe-projectile
energies (lab) are 714 and 1130 MeV, respectively. The errors in the
diffusion coefficients are of the order of 30%. However, the values
scale with the contact radius (see Eqgs. 2 and 9) which for the report.d
values is acsumed to be the strong absorption radius, Rgp-

Reaction Sticking Model Nonsticking Model
D, Dy D, Dy
20983 + 136%e 0.75 4.8 1.1 7.0
209pj + 8hgy 0.62 3.7 0.87 5.3
16540 + 84gr 0.55 3.2 0.74 4.3

V. MECHANISMS OF KINETIC ENERGY DISSTPATION

In previous sections evidence has been presented to show that
kinetic energy loss and mass exchange are strongly correlated. This
result is consistent with the view that nucleon diffusion evolves in
a continuous fashion as energy is dissipated and supports a close
correspondence of the time scales governing energy dissipation and
nucleon erchange. In this section we employ the microscopic time scale
provided by the nucleon exchange process to study the energy dissipa-
tion mechanism.

At the heavy-ion bombarding energies discussed here and moderate
excitation energies, one expects that nucleon exchange and particle-
hole excitation without nucleon exchange are mediated by the one-body
interaction given by the single particle field. Such a mechanism gives
rise to classical friction forces proportional to the relative velocity

v of the two ioms,!%"12
N S (20)

In general, k is an anisotropic tensor dependent on the separation
distance of the two ions, which is equivalent to an implicit time
dependence of k. ‘The importance of one-~body friction in nuclear
fission and heavy-ion reactions has been discussed also by other
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authors.!3"17 Two~body friction induced by inelastic scattering of
individual nucleons of target and projectile, which may also play a
role in energy dissipation, has in general a velocity dependence more
complicated!® than that implied by Eq. 10.

The energy loss rate associated with Eq. 10 is

-dE/dt = 2(k/n)E 11)

where y is the reduced mass. Integration of Eq. 11 with a constant
coefficient k gives

2n(Eg/E) = 2(k/mw)t 12)

where Ep =E. . —Eg , E=Eg-Ejogs and E. ., and Eg are the
incident c.m. kinetic and Coulomb energies, respectively. Employing
the microscopic time scale provided by the nucleon exchange process,

namely
2
do,/dt = 2Dz(t) (13)

and substituting this relation into Eq. 11 and integrating leads to
a relation

gn(Eg/E) = (k/uby)os (14)

provided that the ratio (k/Dy) is independent of tige. Hence, a

linear relation is predicted between 2n(Ey/E) and oz. Such a plot is
shown i.a Fig. 19 where Eg is calculated at the strong absorption radius.
Good agreement between experiment and this simple theory is obtained

for energy losses up to 200 MeV. If k/Dyz is the same for Kr- and Xe-
induced reactions at a bombarding energy of 8.5 MeV/auu, the slopes of

Fig. 19 lead to
k/Dg = (0.9+0.3) x10™*% MeV sec? fm™ 2. (15)

25 Theﬂr?sult of a constant friction
209, Py o coer§1c1?nt rather than a strongly
185 + ey K varying form factor as suggested
2095 4 B4k, e J by classical dynamical calcula-
LY , tions!!>12519 can be understood as
Py being due to the fact that in the
/ analysis reference was made to a
o 51 / T nucleon diffusion mechanism in
oe s/ a order go derive a microscopic time
- ‘o scale. Although it is presently
S / not quite clear to what extent the
_%_ ’ one-body dissipation mechanism
/

¢ p OO

2.0r

4 applies, the experimental results
are consistent with the view that
’ energy dissipation mediated by

I nucleon exchange and the other

) ) . possible dissipation mechanisms
%; 5 10 15 proceed on a similar microscopic
oy time scale and have a similar

Fig. 19
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dependence on the separation distance of the two ions and the angular
momentum. In principle, a fast dissipittion mechanism?°® operating
only during a small initial part of the total interaction time cannot
be excluded. However, it has to lead to a friction-like relation
between the energy loss and the total interaction time which is
similar to Eq. 11 in order to fit the data.

An interesting new experimental observation®!:?? is that k/Dy
increases as the bombarding energy decreases. For example, as the
bombarding energy is reduced from 1130 to 970 MeV for the 2%°Bi+ 136xe
reaction, the value of k/Dgz increases?®! by a factor of more than 2.

Kinetic energy is kmown to be lost in nucleon exchange between
target and projectile.23 In a simple version of a one-body nucleon
exchange processla, where a nucleon of mass m is assumed to be loose-
ly bound and at rest with respect to the donor nucleus, its relative
momentum Ap =mv is dissipated in the transfer. The resulting loss of
total kinetic energy per nucleon exchange 8Eex is then proportional
to the kinetic energy available prior to exchange®”,

SEex = (m/u)(Ec.m. —~EB - Eloss) = (m/p)E (16)

where 8Egy = (~dEey/dt)/(dN/dt) and dN is the number of exchanged
nucleons per unit time dt. Consequently, the energy loss rate for
nucleon exchange alone is

~dEgy/dt = (m/u)E(dN/dt) = kexv? 17y
This energy loss rate is equivalent to that due a friction force
Fex = ~kexVv (see Eq. 10) with a frictional coefficient,

kex = (m/2)(dN/dt) (18)

where (dN/dt) = 2(A/Z)Dy. The_ total number N of nucleon exchanges is
obtained from the number Nz =0z of protons exchanged by scaling Nz
according to the mass-to-charge ratio, Nﬁ=(A/Z)U%. This is justi-
fied by the experimental observation of a fast equilibration! of

the mass~to-charge asymmetry degree-of-freedom in damped heavy-ion
reactions which indicates that neutron and proton exchange rates are
similar. Substitution of dN/dt into Eq. 18 gives

(kex/Dz) = m (A/Z) a9

. . . 2 -
where m is the nucleon mass. Converting the units of erg sec” cm 2

to MeV sec? fm 2
(kex/Dz) = 0.1044 x10™"3 (A/Z) MeV sec? fm™? (20)

For the 2°%9Bi+ !3%Xe reaction at a bombarding energy of 1130 MeV, it
follows that key/Dz is approximately 30% of k/Dy (see iq. 15). Hence,
energy dissipation caused directly by the nucleon exchange process
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represents only a fraction of the total energy dissipation. Further~
more, this fraction decreases as the bombarding energy is reduced.

If one denotes the friction force coefficient due to one-body
dissipation processes such as particle~hole excitation without nucleon
exchange by kpex, the resulting total energy dissipation rate (in
analogy to Eq. 11) is

-dE/dt = (2/u) (knex *+kex) E (21)

It may be expected that the rates of one~body processes without and
with nucleon exchange represented by the friction coefficients kpey
and koy, respectively, are somewhat different in magnitude. However,
since both processes are induced by the same time-dependent single-—
particle potential, the two friction coefficients are expected to have
the same time dependence. This is equivalent to both friction forces
having the same spatial form factor. Under this condition, the energy
loss rates due to particle-hole excitation and nucleon exchange are
proportional to each other. The microscopic time scale corresponding
to the nucleon exchange mechanism may then be used to calculate the
total energy loss during the time necessary for one-nucleon exchange.
Consequently, this total energy loss associated with a single exchanged

nucleon, SE, is given by
8E = -d(Epex *+Eex)/dN = (m/u)[1+ (kpex/kex)]E (22)

Similar argumerts apply to the case of two-body friction and exchange
which, in general, give rise to a more complicated energy dependence.!®
Experimental results for the energy loss ger nucleon exchanged for

the reactions? 16SHo-i-B'*Kr, 16545 4+ 13%%e and ?%%Bi+!%%%: '+ a bombard-
ing energy of 8.5 MeV/amu and for the reaction®’ !9%7Au+ ®%%Xr at 7.2
MeV/amu are presented in Fig. 20. The R
values of SE were obtained by differ- 1
entiating curves of Ejgsg vs N fitted o g iy
to the experimental data points. The I « T
estimated errors are, therefore, corre- O o+ Sk
lated. The ?7Au+ 8%Kr data were -e T
transformed into the center-of-mass
system assuming ®“Kr-kinematics for
all fragments.

Jfﬁﬁﬁawﬁad

The most important observation tec
be made from the data is that the 4
energy 8E dissipated during the time L
necessary for the exchange of a single N
nucleon decreases with decreasing
available kinetic energy E (i.e. in~ i&é §
creasing energy loss and total exci-~ 0 f

tation energy of the system). The -l 0 ! 2 3
WL (MeV/nucleon]
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data points follow a straight line intercepting the abscissa at

(m/u) E=0 as predicted by Eq. 22 over an unexpectedly wide range of
available energies. For small available energies the data points
deviate from these lines. This indicates that large energy losses
may lead to a highly deformed intermediate system. Hence, the Coulomb
energy may be much lower than the one in the entrance channel, which
is used to calculate the available energy. On the other hand, the
one~body mechanism may also lose importance at high excitation ener-
gies, where the Pauli principle is less inhibitive for two-body

nucleon collisions.

As is indicated by the dashed line in Fig. 20 corresponding to
Eq. 16 (or to Eq. 22 with kpex =0), energy dissipation by nucieon
exchange alone can account for ~30% of the total energy loss for the
8.5 MeV/amn data and for ~15% for those at 7.2 MeV/amu. The good
description of the data by the linear relation predicted by the one-
body mechanism suggests that the ratio knex/kex is, indeed, constant
over a wide range of excitation energies and £ values. Although the
19740+ 8®Kr data?® exhibit a linear dependence on the available energy,
they do not lie on the line determined by the 8.5 MeV/amu reaction
data. Studies?':22 of similar reactions at various bombarding ener-
gies indicate that nucleon exchange accounts for a smaller fraction
of the total energy loss as the bombarding energy is reduced.

The diffusion model proposed by Norenmberg and collaborators?®-28
treats nucleon exchange and energy loss on the same basis accounting
for the dependence of the transport coefficients on excitation energy
or energy loss. WNoticing that the rates of energy loss and nucleon
exchange are determined by the energy drift coefficient v and the
mass diffusion coefficient Dy accoerding to dE/dt =-vp and dN/dt =
(2Z/A)D,p, one obtains?®

_AYE _ A (51 +82) /2 1/3 1/3y2 p=1/2
O =79, "7z 8 Gent/? & tE 1) g (23)

for the total energy dissipated during the exchange of one nucleon.
Here, A= 2.5 MeV is a mean value of the energy dissipated in one
nucleon exchange or particle-hole excitation process, and 3k==Ak/12
are the single-particle level density parameters of the two ions.

Theoretical curves represented by Eq. 23 are compared in Fig. 21
with the experimental energy loss per nucleon as a function of energy
loss. The lavel density parameters were calculated for the projectile-
target combination of fragments. As can be seen in Fig. 21, the
diffusion model can account for the high energy loss observed per
nucleon exchange for low values of kinetic energy loss corivesponding
to small interaction times.?2 However, the predicted functional
dependence (Eq. 23) is not supported by the data. It is interesting
to notice that on this plot also the 19744 + 8%kr data follow the
experimental systematics for small values of E1oss* If the diffusion
model is modified to account for the reaction dynamics employing



velocity-proportional friction

. . I

forces, the result is quite 2 oo T
similar to one-body dissipation. ]
10X | a 0.1 29,413, -

0,2 165H5 4136 %

In conclusion, the observed
correlation between nucleon
exchange and energy loss sug-
gests that the microscopic
time scale previdod by the
exchange mechanism can be
used to study the energy
dissipation mechanism in
heavy~ion reactions. The
experimental energy loss 2L
associated with a single L % 4
nucleon exchange exhibits + éb
a linear dependence on the o s E—
available kinetic energy, ) Eloss MeV)
as predicted by a one-body Fig. 21
dissipation mechanism. The
diffusion model can account for high amounts of energy dissipated
per nucleon, 8E, for low energy losses; however, it does not predict
correctly the decrease of SE with increasing energy loss. Neither
model accounts directly for the increase of kpex/kex (or k/Dyz) with

decreasing bombarding energy.

&3 Hav 8
a4 ¥4y + 80K,

OF (MeV/mucleon)
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DESCRIPTION OF DEEPLY INELASTIC COLLISIONS
IN TERMS OF A TRANSPORT EQUATION

Hans A. Weidenmiiller+

Max-Planck-Institut flir Kernphysik, Heidelberg, W. Germany

Abstract. A transport equation for deeply inelastic collisions is
derived from a random-matrix model for the form factors for inelastic
scattering and transfer reactions. The parametrization of these form
factors is discussed. Results in one dimension indicate the importance
of quantum fluetuations, and limitations of other approaches to the
same problem. Results in three dimensions are compared with the data.

1. Introduction

Reasonably successful fits of friction models to cross-—-section
datal) and of diffusion models to the observed mass distribution?
suggest that deeply inelastic collisions (DIC) can perhaps be descrited
in a rather simrle way. It may be sufficient to follow the development
in time of a few select degrees of freedom (relative motion, shape
degrees of freedom and the like) and to describe the coupling of these
modes with the multitude of excited states of heavy nuclear systems
available at excitation energies exceeding a few MeV by friction and
diffusion coefficients, viscosity coefficients etc. This view, if
correct, defines the task of the theory. It consists in finding the
Hamiltonian for large-scale collective motion of nuclear systems The
necessary steps are the fcllowing. The relevant collective degrees of
freedom have to be identified. The collective Hamiltonian has to be
set up by calculating the inertia parameters and potential energies
for these modes. In addition, the coupling of these modes to the large
number of non-collective intrinsic excitations has to be analysed.
Under suitable conditions, this coupling can be expressed in terms of
transport coefficients (friction coefficients, diffusion constants ete)
the knowledge of which completes the description of large-scale
collective motion.

The present paper aims at contributing towards this goal. While
methods to calculate energies and inertia parameters for collective
nuclear motion have been studied for a long time3s%4), the calculation
of transport coeffig%ents has only recently become a challenge for
nuclear theorists??*®/, It is the purpose of this contributicn to show

* Invited paper presented at the Fall Creek Falls Meeting on Heavy-Ion
Collisions, Pikeville, Tennessee, June 13-17, 1977.

The author acknowledges partial support for attending the Conference
from Oak Ridge National Laboratory.
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bow such a calculation can be done for realistic values of the relevant
input parameters. We pay no attention to some open problems in the
theory of inertia parameters!’/ and focus attention entirely on the
transport properties. The calculation is carried through for a specific
choice of the collective variable. Nevertheless, we believe that the
techniques developed for this case have general applicability in
nuclear physics. The work summarized below wag carr&ed through in
collaboration with Dan Agassi and Che-Ming Ko Some of the
numerical results were obtained by David Saloner. The calculation of
the second moment of the form factors is presently done jointly with

B.R. Barrett and S. Shlomo.
2. Qualitative Description of the Model.

As the ccllective variable, we choose the distance '? between the
centers of mass of projectile and target. Thereby, we neglect other
collective ?egrees of freedom, particularly shape deformations, which
are known!! to play an important role especially towards the end of
the DIC. We assume the two nuclei to remain spherical throughout the
collision. This is done not because we consider this a realistic
approximation, but because we wish to calculate transport coefficients
first in the simplest possible model. The inertia parameter is taken
to be the reduced mass u of projectile and target. Changes of u
due to mass transfer are neglected, and the problem of calculating
the inertia parameter ab initio is avoided. The potential U{r) between
the two fragments consists of the Coulomb interaction and a real nuclear
potential. The latter is taken to be iadependent of the excitation
energy of either fragment. Details of its choice are given in section

5 below.

As the two heavy ions approach each other, they excite one another
by Coulomb excitation and, as the nuclear density distributions begin
to overlap, by inelastic nuclear scattering and nuclear transfer
reactions. The latter two processes soon dominate and can each be
described by a matric element of DWBA type. We thus view the DIC es-
sentially and aside from the initial stage(to which we pay no attention
in the sequel) as a sequence of a large number ot DWbA—type collisions.
Each collision term contains the form factor Vgi(¥) connecting the
eigenstates Is> and !t> of intrinsic motion (these two states are
products of eigenstates of the intrinsic Hamiltonians of either
fragment). At excitation energies exceeding several MeV for either
fragment, the states !s> can no longer be described individually
and microscopically. Rather, they attain properties which must be

cribed with statistical methods. This is demonstrated by the success
of random-matrix models in nuclear spectroscopy in general, and in
neutron time-of-flight spectroscopy and preequilibrium decay in parti-
cular12), Therefore, we replace the detailed description of the
behaviour of the form factors Vst(?) by a statistical one, assuming
the form factors to have a Gaussian distribution centered at zero.
This assumption is consistent with random~matrix models, as is the
vanishing of the mean value for s # t . (The elastic form factors
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Vsg(¥) are not considered here as they form part of the real nuclear
potential contained in U(r).) To specify the distribution of the

Vot (¥) _completely, we only have to give the value of the second
moment, Vgt(r) Vg’ ¢(¥) . This is done below. We thus view the DIC as
a sequence of random collisions of DWBA type, and calculate the mean
value of the cross section. This statistical view is in keeping with
the general physical principle by which perturbation theory is adequate
for weakly interacting systems, statistical mechanics for strongly
interacting ones like the nucleus. Note, however, that we avoid intro-
ducing a temperature (and thereby assume partial equilibration). We
replace the concept of a heat bath and its associated temperature by
the statistical assumption on the form factors.

3. Derivation of the Transport Eguation.

The distribution of the form factors is specified completely by
assuming them to form a Gaussian random-matrix ensemble with mean value

zero and second moment

' 17, Lmax
Ve Ve (39 = ( oot S + Sep Sper) ( DDy : ?___: w, b (3+) 4

x op |- (5~ 2)/28} op {- (v-¥)"/25"} {{5(”"‘)}'(3.”

The bar denotes the ensemble average. Space does not permit me to
justify the r.h.s. of eq. (3.1) in detail8). calculations based@ on a
shell-model expansion of the states 's> and lt> with B.R. Barrett
and S. Shlomo are under way to determine precise values of the para-
meters wp, 0 and A . Suffice it to say that f 1is related to the
overlap of the two mass distributions, A = 5 to 7 MeV to the mean
energy transfer per collision (roughly given by the harmonic oscil-
lator energy hw), o =2 to 4 fm to the correlation length (roughly
given by pi over tne inverse Fermi momentum), and wy T 10 MeV to
the strength of a collision in which the angular momentum AL 1is
transferred to intrinsic motion, with AlLpgy the maximum value,
Shell-model estimates yield Lpgx ™ 10 . The quantity Dg is the
mean level spacing at the excitation_energy eg of state ls> . The
factor (DSDt)”2 makes sure that V;t(?) (DSDt)‘T/Z which can te
viewed roughly as a spreading width, is independent of excitation
energy. (In writing eq. (3.1), we have skipped complications

arising from angular-momentum algebra and the Wigner-Eckart theorem).
Similarly, eq. (3.1) can be generalized to include mass transfer.
Note that all the physics of our model is contained in the assumption
(3.1) on the statistics of the form factors, and in the values of the

parameters o, A, wr.

Upon the introduction of the random—matrix model for the form
factors, the Hamiltonian for DIC is replaced by an ensemble of random
Hamiltonians. In the representation in which the intrinsic Hamiltonians
of either fragment are diagonal, this ensemble has the form
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HS{' = (T—l + 'u('f )65 ES {;Q‘ + \/S%(?)
(3.2)

Here, T, is the kinetic energy of relativ: motion, all other symbols
were introduced above. It is straightforward to express the scattering
matrix (and thus the cross section) formally in terms of Hgt « In
calculatlng the mean value of the cross section over energy, we use
the equaiity 13 of energy average and ensemble average and determine
the latter with the methods described in ref.8). After summation over
intrinsic spins, the result cam be written as follows. Let Tpu, b = a,
be the transition matrix leading from the incident channel a to the
final channel b . Then,

»

Lo ——
| T ¥ = 22 | TP (3.30)

he |

(3.30)
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Eq. (3.3a) shows that !Pbalz is a sum of terms, each of which
describes n collisions of DWBA type leading from state a to stat: b.
Eg. (3.3b) shows the structure of the n-collision term. Here, b opt ()
are the optical-model wave functions with the usual boundary condltlons
for outgoing (+) or incoming (~) scattered spherical waves, and Ggort
is the optical-model Green function. It is defined by

opt _ o —— r~_‘?$r1 opt
G = G + 2_;—- Vse Ge vts G: ) (3.ka)

-t
G: = [EH:— g — Ta- U('r)] ) (3.Lb)

Expanding eq. (3.ka) into a series,
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we see that GSoPt describes all processes where scattering into inter-
mediate states takes flux out of channel s .The last term shown ex-
plicitly in eq. (3.k4c) describes a process in which the scattering
process tq > t, > 14 takes place before the scattering process

s »tq >s 1s completed. The term preceding is describes a sequence

of two collisions beginning and terminating in channel s . The optical-
model wave functions are determined by a Hamiltonian containing

Tg, U(R), and the "optical-model potential™ I Vgt GyOPt Vig .
Returning to eq. (3.3b), we see that each of the two matrix elements
appearing on its r.h.s. does have the form expected for an n-fold DWBA
collision. The one modification which arises is caused by the fact that
the form factors appear pairwise in the matrix element and its complex
conjugate, each pair being replaced by its mean value as indicated by
the bars. This is a consequence of the random nature of the interactiom.
It implies that the transfer of energy and angular momentum from rela-
tive motion to intrinsic excitation is the same in each collision for
the matrix element and its complex conjugate. In other words, this
transfer is incoherent. This is demonstrated oy the fact that the inter-~
mediatas state energies s4, So, ..., Sp-1 are the same in both matrix
elemerts, and by the appearance of the Legendre polynomial Pr( 1) in
eq. (2.1)., Aside from these incoherent terms, the probability (3.3)

of going from channel a to channel b also contains coherent
features. Indeed, ¢a°Pt is a coherent sum of all relevant angular-
momentum amplitudes, and so are Gg:%Pt, Gg OPt’ , and ¢b°Pt(‘) .
Moreover, in each colli.ion, the angular momentum 2 before the
collision is vector-coupled with the transferred apgulgr mopentum L
to yileld the angular momentum of relative motion 2" T+ 1 after the
collision, just as in any DWBA matrix element. No further restriction
exists on the value of 2'. In particular there exists no condition
that would force the angular momentum in Gg;°P% and in Gg;OP'™ to be
the same for any 1 = 2 «sss n . Therefore, the final anguiar momenta
in OP'E and ¢bopt )X ore added coherently. This is necessary to
produce the narrow angular distribution peaked in the forward hemisphere
often observed in DIC. (An incoherent summation over angular momenta
would lead to angular distributions symmetric about 90° c.m.)
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We now cast eg. (3.3) into the form of a transport equation which
can be solved numerically. We define the mean value of the density

matrix,

S (*,4) l¢°ﬁ(+)>< ¢°fl'(¢l

ot &5 — apt
v Z 6TV RV c,”,
(3.5)

It isanot difficult to see that for large values of fr! and !r'.
pp(T,r') becomes proportional to |Tpg E. Instead of the density matrix,

ve introduce the Wigner transform

6 = ()™ i § (Resd, 43 wpl-08) | 3.6)

!

In the classical limit, F; can be interpreted as the joint probability
density of finding the two heavy ions at a relative distance R with
relative momentum 4K and intrinsic excitation energy €4 . It follows
from eqs. (3.3) to (3.6) that Fg obeys the following transport

equation

(Kp' KT - G V) K (@, K)
I’ - - - < - A 4) = ’_‘.
=3 S*‘R'de{ O, R,k ERF Ry - 2 R0 R }
t

The left-hand side of this equation has a simple interpretation. Let

us con51der for a moment classical trajectories defined by uR = mk R
FE = -VRU . Tt,.is easy to check that the l.h.s. of eq. (3.7) is then
nothing but &= F (R(3), k(t). More generally, this l.h.s. is the

rate of change of FS(R,Fﬁ along a classical trajectory. The right-
hand side has the form familiar from a Master equation. It consists of
a gain term prQpgrtional to @f o, describing collisions that populate
the state (s,R,k), and of a loss term preportional to ‘:st de-
scribing collisions that depopulate the same state. Both gst and(st
can simply be expressed in terms of GtOP and of st Ves « It is
intuitively clear why we have termed eq. (3.7) the "probabillty balance
equation‘. It has to be solved with the boundary condition that the in-
comlqg current is knownj; we look for the asymptotic behaviour of

F (R,E) which directly yields the cross section for DIC.

L, Results in One Dimension

Typical features of the solutions of eq. {(3.7) can be exhibited9)
by suppressing the complications due to angular momentum, and by
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replacing ﬁ and ? by one~diemsnional quantities =z and k ,
respectively, and by putting U = 0 . Eq. (3.4a) for GgPt can be
solved in nuclear matter and cssentially yields the mean free path A

as a function of w_, A, and o . One finds?’ that A is roughly
inversely proportioral to w,, and depends weakly on A and o , a
typical value of A Dbeing 0.25 to 0.5 fm (see Fig.1}. The behaviour

of the solutions of eq. {3.7) depends on the ratio o/A. For o < A

(weak coupling), we find that mean intrinsic excitation energy , ,

e(z) = z {dk es Fglz,k) and mean kinetic energy #Xk2> :E‘:.jdk %F’(z'k)

. . h2<k2> 2u
satisfy energy conservation ————— + e(z) = E to %ﬁgggd degree of
accuracy. More generally, in BHis case Fg(z,k)=6(eg+ E——-‘E) Fg (k)
which greatly simplifies the problem ?nd leads to the &lassical
equations of motion studied earlier1h . Unfortunately, o > XA (strong
coupling) is the more realistic case, since we expect o/A=8 ., In this
regime Fg(z,k) 1is driven off-shell in the interaction region, the
energy conservation relation just given being violated by as much as
60 or 80 MeV for an incident energy of 200 MeV (see Figure 2). This
shows that not only statistical fluctuations, but also quantum fluctu-
ations are important for the problem. As a consequence, approximations
used in previous treatments of the problem are of gquestionable validity:
The description of the system of internal coordinates in terms of a
heat bath cannot rely on local energy conservation to determine the
temperature. The use of lowest—order perturbation theory (weak coupling
limit) is not justified. The use of classical trajectories and of
friction coefficients is meaningful only in this 1imit. The Einstein
relation between drift and diffusion coefficients does not give more
than an order-of-magnitude estimate of the latter. Correlation length
o and energy spread A must be viewed as independent physical para-
meters which describe very different aspects of the process.

Aside from these findings, the study of the one-dimensional
system also leads to two results which are important for constructing
approximate solutions in three dimensions. (i) To withip a very good
approximation, it is possible to replace the variable R' in Fg Lend
Fi on the r.h.s. of eq. (3.7) by R . (ii) The solution Fg(R,k)
has nearly Gaussian shape (see Figs.3 and 4),

5. Results in Three Dimensions.

Using the results just described, we have transcribed eq. (3.7)
into a system of coupled linear fir;gjgrder differential equations for
tne first and second moments of Fg(R,k) -,all we need to describe a
Gaussian. In so doing, we have assumed Fg(R,k) to be on shell, in
spite of the remarks made above. Our justification is this. The one-
dimensional model yields results which show that the fully off-shell
results typical for strong coupling lead to cross—cections which can
be simulated in terms of a weak-coupling calculation if the parameters
are suitably renormalised. In spite of the limitations mentioned at
the beginning of section 2, it may be instructive to compare the
results obtained in this way with the experimental data. We have ex-
tended the theory so as to desecribe also charge transfer.
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We first comment on the input parameters used, and on the
dependence of our results on these parameters. For the real nuclear
potential, we have used a Woods-Saxon shape with depth Vg = 127 MeV,
radius Ry = 12 fm and diffuseness a = 1.415 fm. These last two
numbers ro?ghly correspond to the reaction 4Opr + 232Th, the first DIC
observed 1> s to which we confine ourselves throughout. The other para-
meters were chosen A = 5 MeV, wo T wq ¥ woSe- = 7.2 MeV, 0 = | fm,
Lmax = 7 . (The approximate equality signs are caused by the intro-
duction of an approximation explained in refs. 8 and 10 the details
of which exceed the present frame). For these parameters, the one-
dimensional model yields a value A £.25 fm for the mean free path
which was used in the optical-model Green's function (3.%4a) in three
dimensions. For reasons explained in ref. 10 , the radial friction
constant was multiplied by the factor 1.25 . The overlap function
f(R) appearing in eq. (3.1) was taken to have Woods-Saxon form, with
a radius parameter of 14 fm and the same diffuseness a = 1.41% fm
as used above. Another constant was adapted to the mass exchange. For
the level density, we used its being proportional . to exp (2/0E) with
E the excitation energy in MeV and o = 3% MeV '. These parameters
completely determine the calculations. The calculations reported below
give the cross section of DIC due to impact parameters < 11 fm. Larger
impact parameters give rise to a sharp peak of quasielastic events

which we did not calculate,

The distribution function F (ﬁ;ﬁ) being Gaussian, it is meaning—
ful to discuss first the mean deflection angle ©(b) and the associated
mean kinetic energy E(h) after the collision as function of the impact
parameter b . Both E(b) and 0(b) depend very sensitively upon the
details of the overlap function and of the real nuclear potential. This
strong dependence implies a similarly strong dependence of the doubly
differential cross section for DIC. Therefore, a truly meaningful
comparison with the data can only be made if many different energies
and masses of projectile and target are considered simultaneously, and
a smooth A-dependence of the relevant parameters is used. This we have
not done yet. We are confident that shell-model calculations as referrel
to above will help in reducing very substantially the present ambiguities
in the choice of w , A, o, and f(R). We hope that the choice of the real
nuclear potential can be similarly confined.

Fig.5 shows some of our results. The solid upper curve gives 0(b)
versus b for the pnarameters given above. The long-short dashed curve
gijss 0(b) versus b for a slightly different set of parameter values,
Wy = e = wy, = T MeV, no multiplicative factor 1.25 in front of
radial friction, but a diffuseness a = 1.25 and a radius Ry = 14 fm
for the real nuclear potential. We note that the deflection function
turns over more steeply. This has the consequence of making the cross
section for large energy loss smaller, since it is proportional to
Ibdb. The reduction can be very substantial. The cross section origi-
nating from the full ©(b) curve between - 10° and +10° deflection
angle is roughly proportional to b% - b§§121 mb (we used by = 9,65 fm,
bo = 9 fm) while for the long-short dashed curve the cross section
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between ~ 10° and + 10° is only proportional to 34.8 mb (b1 = 9.75 fm,
bo = 9.58 fm). The lower full curve gives the final kinetic mean energy
E%b) for our choice of parameters. Although the curve is roughly the
same for both deflection functions shown, the mean kinetic energy at

- 10° deflection angle is quite different (180 MeV and 200 MeV) for
the two curves. Additional complications arise if other parameters are
also varied. Generally speaking, on= has to strike a proper balance
between keeping the 0(b) tunction from getting too steep on the one
hand, and getting too little energy loss on the other. In the inte-—
gration over impact parameter values, we have used as a lower cutoff
R_ the point where o(b) either turns over, or tends to minus in-
finity. The reason is that we feel smaller b values would mainly
contribute to fusion and could not be dealt with anyway with the model

developed above.

Some of the results of our calculation are shown_in Figs.6 and 7.
Fig. 6 gives the doubly differential CrOﬁS section d%0/dE4AQ in mb/
(MeV sr) for K ions produced in 388 MeV “OAr + 232Th, with parameters
as given above and R« =9 fm . The cross section values are
plotted for various c.m. scattering angles versus c.m. kinetic energy
in MeV of the reaction products on a linear scale. This was done
because our calculations cannot claim an overall accuracy better than
a few percent of the peak values. When comparing with the results of
ref. 15 , we have to keep in mind that the latter are given in the lab
system. Our 9° c.m. data show a peak at ~ 165 MeV c.n. ( = 220 MeV lab
system) with a F.W.H.M. of ~ 110 MeV, Both values are in excellent
agreement with ref. 15, and so is - within a factor of two - the peak
value of the cross section. The 27° c.m. data show the deep inelastic
peak at ~ 100 MeV c.m. { 2= 160 MeV lab) with a value of abt. .15 mb /
(MeV sr), and the quasi-elastic peak. The latter is cut off because of
our restriction to impact parameter values < 11 fm. At the cut-off
value of 220 MeV c.m. {~ 280 MeV lab), the value is 1.8 mb/(MeV sr).
Aside from the last value which is perhaps somewhat large by a factor
of 3 or so, the agreement again is very good. The 18%°.m. results are
in between these two sets of results and show an overall agreement of
similar quality. Note the shoulder indicating deeply inelastic con-
tributions. The 36° c.m. results show the quasi-elastic peak at 280 MeV
c.m. {= 340 MeV lab) with a cross section peak value which is roughly
a factor 5 too large. This we attribute to the choice of the surface
behaviour of potential and overlap function f(R) both of which to-
gether determine the behaviour near the grazing angle.{Note that at
fixed 1lab energy of 360 MeV, the experimental cross section changes
by two orders of magnitude between 35° and 4Q° lab!). The
deep inelastic ccmponent at 36° c.m. is in nice agreement with the
data. Note that this component has a tendency to peak at smaller
energies with increasing angle, in keeping with the data. In view of
the uncertainties in potential and overlap function and of the
dependences shown in Fig. 5, we consider the overall agreement ex-—

cellent,

a
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Fig. 7 gives the same kind of plot for 160 ions produced in the
reaction. We see that the deep inelastic peak moves towards smaller
mean kinetic energies with increasing c.m. scatiering angle. This
behaviour as well as the size, position and width of the peak are in
rough agreement with the data. The curves plotted show that there is
also a mass diffusion contribution to cross section values correspond-

ing to large outgoing energies. This second peak is conspicuously
absent in data. We believe that this feature of our calculations as
well as the large cross section values shown in Fig. 6 near the quasi-
elastic peak must be attributed to the same cause, i.e., too strong
friction and too much mass transfer in the outer domsin (b > 10 fm)
of the interaction region. Since these calculations were done,
evidence was obtained from the shell-model studies referred to above
that the second moment of the form factors decreases monotonically
and exponentially for distances > 8 fm, in contrast to the behaviour
used in our calculations. This feature would probably change the
results of our calculations in the right direction, but it has not
yet been incorporated in the programme.

6. Conclusions.

We have shown that a random-matrix model for the nuclear form
factors leads to a transport equation for DIC. The parameters in this
equation are confined within a fairly narrow margin by shell-model
studies. An analysis of the transport equation in one dimension in-
dicates the importance of off-shell effects and limitations of previous
theoretical treatments of the problem. Calculations of doubly~differ-
ential cross sections in three dimensions show a strong dependence on
the input parameters and especially on the real nuclear potential
which at present is only poorly known. Save for reactions with a large
mass transfer, they yield a very satisfactory agreement with the data.
To assess the significance of this agreement, and to obtain solid
evidence for or against the participation of other collective modes
in DIC, work along the following lines is required. (i) The freedom
in choosing the input parameters of the model must be reduced by
suitable theoretical studies. (ii) The errors incurred in solving
the transport equation approximately must be determined, and better
approximations avoiding classical concepts must be found. (iii) The
analysis of the experimental results must include a large body of data
to cover a wide range of bombarding energies and mass numbers,

(iv) The mechanism of large mass transfer must be understood better.

Work on these problems is under way.
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Figure Captions

-1 . . . .
2n = A versus coupling strength w_ i1n a one-dimensional
model for various values of the parameters A and o.

The full thigk %ine gives e(z), the long~dashed thick line
gives E - A°<k“>/2u . The difference between the two curves
shows the importance of off~shell effects for strong coupling.

For more details, cf. ref.9).
‘Fg(z,k)dk versus €g = E for various values of z .
SFS(z,k)dk versus =z for various values of Eg o

Mean deflection function and mean kinetic energy versus
impact parameter.

Doubly differential cross section (in mb/{MeVs¥)) versus
c.m. energy (in MeV) for various c.m. angles and outgoing

K ions.

The same as Fig. 6 for outgoing O ions.
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1. Introduction

In concert with the rapidly accumulating wealth of
experimental data on nuclear collisions, the theoreti-
cal efforts to understand the nuclear dynamical proper-
ties have greatly intensified in recent years. Up to
now, only fragments of a full dynamical theory of large-
scale nuclear collective motion have been established.
Best understood is the nuclear potential energy of
deformation which can now be calculated to within a few
MeV on a purely microscopic basis or by way of a ma-
croscopic-microscopic method. The efforts devoted to
the understanding of the nuclear collective masses have
so far yielded only relatively modest results and a
quantitatively reliable theory for nuclear inertias is
not yet available. Until recently, the third ingre-
dient in a full dynamical theory, namely the dissipa-
tion, was largely ignored; the few discussions made of
nuclear dissipation were based on the concept of a two-
body viscosity, in analogy with ordinary gases and
liguids. From its dormant state, the field was recent-
ly aroused into whirling development by the realization
(1) that the independent-particle model provides a
relevant framework for the discussion not only of the

nuclear statics but also of the nuclear dynamics. The
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dominant dissipation mechanism is then the collision of
the individual nucleons with the changing one-body mean

field, rather than the collision of two nucleons di-

rectly. This talk will present a brief account of the
most recent progress in our understanding of the dyna-
mical properties of nuclei, with particular emphasis

on the nuclear dissipation mechanism. Substantial parts
of the work reported here were carried out in intimate

collaboration with S. E. Koonin.

2. Idealized dissipation formulas

Before turning to the general theoretical treat-
ment we shall discuss briefly the nuclear one-body
dissipation in two idealized cases, in order to give a

feeling for the magnitude and character of this type of

damping.

2.1 Wall formula

As was first pointed out by Swiatecki (1), a
natural starting point for the discussion of nuclear
dynamics is to consider the nucleus as a collection of
independent particles confined by a common container

whose shape is changing slowly in the course of time.




The collision of the particles with the moving bound-
ary wall gives rise to a velocity-dependent pressure
on the wall and hence to an energy dissipation. From
elementary kinetic considerations it follows that the
dissipation rate is given by the "wall formula" (2)

v § a%a u(a)2

In order for this expression to be valid over times
longer than a typical single-particle transversal time
it is necessary to assume the presence of some ran-
domizing agent such that the particles carry no memory
with them about past collisions on their journey to-
wards future encounters with the wall. This assump-
tion may conflict with that of a long mean free path
and we shall discuss this point in some detail later
on.

The constant entering in the dissipation formula
is the nuclear mass density p times the average nu-
cleonic speed v ; these quantities are well known
from nuclear statics. Thus there is no room for in-
troducing an adjustable friction coefficient as is
necessary in attempts to calculate the nuclear dissipa-

tion on the basis of ordinary hydrodynamical two-body
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viscosity. Because of the single-particle nature of
the dissipation mechanism the characteristic damping
time is of the order R/v . This time is short com-
pared with the typical duration of the collective mo-
tion encountered in fission or deep-inelastic colli-
sions and hence one expects the motion to proceed in a
strongly damped manner. Moreover, the wall formula is
insensitive to the wave length of the surface velocity
field; this is in contrast to ordinary two-body vis-

cosity which preferentially damps distortions c¢f short

wave length.

2.1.1 Macroscopic fission

Macroscopic calculations of fission have been car-
ried out with the wall dissipation (2,3). In accordance
with expectations the shape evoiution is overdamped and
leads to relatively compact scission configurations.

The results for the fragment kinetic energies (Fig. 1)
are in amazing agreement with experiment considering
that no parameters have been adjusted; this was a great
encouragement at the early stages of the development.
However, as will be evident from the discussion later
on, the validity of the simple wall formula is yet not

clarified and a conclusive comparison with experiment
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must await more refined calculations.

2.2 Window formula

Simple estimates can be made in a similar manner
for the dissipation occurring in the collision of two
heavy nuclei. Here the nuclei are pictured as two
separate gases of independent nucleons moving with a
small relative velocity and communicating through a
small window between them (4). The particles exchanged
through the window carry with them and eventually de-
posit the momentum resulting from the velocity mis-
match, thus producing a friction fcrce. The associated
dissipation rate may be written (2,5)

. 2 2

Qwindow =N (2 Un + Ue )

where u and u, are the normal and tangential com-

ponents of the relative velocity U between the two
nuclei. The friction' coefficient N = % (N, + N_)

is the average static flux of mass between the two
systems. For a fully open window of cross section g
betwcen two identical systems this mass flux is

N = n,o where n, = L 5% is the bulk flux in ordinary

- 4

nuclear matter. If the two systems have different com-

position there will be a net flux N, - N_ providing
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a driving force in the mass-asymmetry direction and the
independent~particle description thus has a bearing on
the dynamical mass flow between the twn nuclei; even

when the net mass flux is zero the random-walk type mi-
croscopic exchange of nucleons will cause the mass

distribution to spread in time.

2.2.1 Proximity friction

The window formula can be refined to take account
of the finite diffuseness of the n. .ear surface (5).
As the two nuclei approach, the window gradually opens
up allowing at first only the most energetic nucleons
to be exchanged; consequently, the friction will be a
very sensitive function of the separation. Following
the same line of argument that led to the nuclear
proximity potential (6) one obtains the following ex-

pression for the nuclear proximity flux (5)
N=2rn R by (CO)

Here b is the surface diffuseness and 1/R = l/C]+l/C2
is the mean curvature of the gap between the two nuclei.
Furthermore, the dimensionless function V¥(r) 1is the

incomplete integral of the mass flux per unit area
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between two parallel semi-infinite systems of nuclear
matter; Y is measured in units of n, and is a func-
tion of the dimensionless surface separation ¢ = s/b .
This function is displayed in fig. 2 as calculated on
the basis of the nuclear Thomas-Fermi model (5-8).

The replacement of the simple window formula by the
proximity friction is a quentitative improvement ana-

logous to that obtained by replacing the simple sur-

face energy by the proximity potential (6).

2.2.2 Idealized collisions

The effect of the one-body friction can be illu-
strated by considering the collision of idealized nu-
clei which are simply spheres interacting with the
conservative Coulomb and proximity potential and sub-
ject to the proximity friction. This is certainly not
an adequate description of a real nuclear collision;
in particular the neglect of the intrinsic shape de-
grees of freedom prevents the neck from developing and
the exit channel barrier cannot be reduced relative to
that of the entrance channel in conflict with the
evidence from the final fragment kinetic energies.
However, the simpie model of two srheres subject to the

proximity friction may provide the injection conditions
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for a more refined calculation in a multi-dimensional
deformation space. In the present context we shall
merely use these idealized collisions to illustrate
gualitatively the size of the one-body damping.

For this purpose consider 8®Kr on !°7au. Fig. 3
displays the final orbital angular momentum lf versus
the initial angular momentum li . for three different
bombarding energies. It is seen that the major part of
the cross section is associated with fully damped col-
lisiongs which in this model means that the velocity
mismatch at the window vanishes. Only a relatively
narrow £-band around grazing leads to partial damping.

The amount of damping in the collision can also be
illustrated by plotting the final CM kinetic energy
TCM versus the CM scattering angle BCM as is done
in fig. 4. It is apparent that the system dissipates
a major fraction of the available energy. The rate of

energy dissipation during the approach phase can be

estimated by the formula

T redT n b ¥ (g,) T

0

= |

where 3 1s the reduced mass of the two nuclei; the

rate typically amounts to = 50 MeV/lO“22 sec.

From such preliminary comparisons one gains the
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impression that the one-body dissipation may in fact
dominate nuclear dynamics. However, before a quanti-
tative confrontation with experiment would be meaning-
ful a better theoretical foundation of the one-body
dynamics is required. We turn therefore now to the
recent progress on this front; the work reported in the

following was done in collaboration with S. E. Koonin.

3. Classical theory for one-body d:issipation

A classical theory of one-body nuclear dynamics
was recently put forth (9). In this approach, one
starts out by specifying an appropriate one-body
Hamiltonian H(t) , varying slowly in time, and
then proceeds to solve the classical equations of mo-
tion by first-order time-dependent perturbation theory.
Assuming that the phase-space distribution f(;,E;t)
remains close to equilibrium, i.e. £ = f(H) only,
one can apply the techniques of linear response theory

and arrives at the following formula for the dissipa-

tion rate

~

a(t) = - <H(t) (J dat' u (t')) ﬁ(t) 2f
. 0 Bt



The brackets denote the integration over phase space

~

and the evolution operator ﬂo (t') advances a par-

ticle along its classical trajectory for a time t  ;
the subscript indicates that these classical trajec-
tories are to be calculated in the constant field cor-
responding to the Hamiltonian remaining frozen at its
value H(t) at time t .

The above expression lends itself to the following
physical interpretation: Particles originating from
any point (;,5) in the phase space contribute a dis-
sipation rate equal to the product of the initial im-
pulse received é(;,;;t) and the sum of all impulses
received subsequently along the entire (unperturbed)
trajectory. The weighting factor 9f/9H ensures that
for a Fermi-Dirac distribution only particles near the
Fermi surface contribute. These features explicitly
indicate the assumptions of a long (infinite) mean-
free path and slow collective motion. It is also ap-
parent that the dissipation mechanism has in general a

very non-local character.

3.1 Leptodermous systems

For leptodermous systems it is possible to cast

the expression for the dissipation rate in a tractable
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form. The perturbation then corresponds to a velocity
field imposed on the container walls and hence has the

form

iy 3
H =-uf(a) 5%

where wufa) is the normal velocity of the surface at
the point a and - %% is the normal force generated
by the unperturbed container at that point on the sur-
face. Moreover, the time integral can be written as
the sum of the separate impulses received by the par-
ticle during its successive encounters with the nuclear
surface along its trajectory. The first of these im-
pulses gives rise to a local contribution to the dissi-
pation which will turn out to be identical to the wall
formula while the subsequent impulses yield the non-
local contributions.

In general, the dissipation rate for a leptoder-

mous system can be written in the form of a double

surface integral
o 2 2
Q = j d°a j d“b uf(a) y(a,b) u(b)

Here the dissipation kernel <y contains all the in-

formation about the dissipative properties of the
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system; it plays a role analogous to that of the iner-
tial tensor for the collective kinetic energy. By ele-
mentary, but somewhat lengthy, calculation it can be
shown that the full classical dissipation kernel is

given by

Yy(a,b) = pg(dz(a—b) + % 2 c0526a cos eb 5
paths db

As stated above the first term is recognized as that
leading to the wall formula. The non-local contribu-
tion to y 1is expressed in terms of the classical
paths leading from a to b with weights depending on
the angles of emission ea and absorption eb as well
as on the focusing properties along the trajectory (ex-

azqQ
pressed by the jacobian 2

3.1.1 General properties

The dissipation kernel is independent of the pre-
cise profile of the surface region as long as the
system remains leptodermous. Furthermore, the de-
pendence on the distribution only enters via the over-
all strength pv ; in particular, the temperature de-
pendence is only very slight (which is in drastic con-

trast to ordinary viscosity).



The non-local part of vy has a complicated de-
pendence on the nuclear shape and can produce a sizable
reduction of the dissipation rate. This is most
strikingly brought out when the nucleus is subjected
a uniform translation or rotation in which case the
non-local contributions counteract completely the local
term, resulting in vanishing dissipation.

The derivation of the dissipation formula relies
on the assumption that the response function has a ra-
pidly converging long-time behaviour. This behaviour
is related to the rate at which the trajectories of the
unperturbed Hamiltonian explore the available phase
space. For a given trajectory this phase space is
limited by the conservation of energy and whichever
other single-particle constants of motion are present.
It is necessary to modify the above expression for the
dissipation kernel to take account of the pathological
long-time behaviour arising when special symmetries are

present.

3.1.2 Multipole oscillations

The theory is well illustrated by the multipole
oscillations of a spherical nucleus. In this simple

case the unperturbed trajectories are easily classified



and, for the case of zero temperature, the resulting

formula for Yy can be written

v = 2% 1im s - 2 Lo
R” sin ¥ t-w 37

+ %251“3 £ €05 ¢ g(t-2n £ sin ¢)}
F

Here R 1is the nuclear radius and ¥ 1s the angular
separation between the two surface points a and b .
Furthermore, ¢ is half the angle between the succes-
sive reflections of a given trajectory and n is the
number of segments. The formula is somewhat modified
relative to the general formula above because the
spherical symmetry imposes angular momentum conserva-
tion on the single-particle orbits which in turn strong-
ly limits the available phase space and consequently
violates the assumption of quick randomization.

The associated dissipation is most easily discussed

in terms of the Legendre transforms i, given by

2nR2 7
= J d¥ sin V¥ PL {cos Y¥) ¥y (V¥)

In terms of these coefficients the dissipation rate may

be written
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- — ]_* » 2
Q=povR ] fa,l7xy
M LM L
where the coefficients &LM occur in the expansion of

the velocity field on spherical harmonics,

The normalization is such that the wall formula alone

would yield Y, = 1 for all L .

The coefficients are displayed in fig. 5. As

L
expected, the effect of the non-locality in the dissipa-

tion kernel decreases with increasing L . Thus, as L

becomes large and the surface velocity field grows in-

creasingly complicated, the wall formula becomes an

ever better approximation. The effect of non-locality

is largest for the even multipoles where for L = 0

and L = 2 it completely cancels the local contribu-

tion. It is probable that YL vanishes for these

modes because they preserve the separability of the
spherical potential. The vanishing of Y, is a

manifestation of the translational invariance men-

tioned above. We note that incompressible, irrota-

tional viscous hydrodynamics gives Y, L-1 .

In order to illustrate the convergence properties
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of the expression for <y we consider in fig. 6 the
value of Yy, as a function of the upper limit t , YE .
For the dipole mode, the most striking structure is the
persistent "sloshing" with a period equal to the "echo”
time 4R/vF . If present in nature, this phenomenon
would have observable implications for heavy-ion colli-
sions. The gross structure of the octupole function
shows a close resemblance with that of the dipole, al-
though the smaller amplitudes and finer micro-struc-
ture are both consequences of the more complex surface
velocity field. The even multipoles exhibit a faster
decay of the gross structure and are quickly reduced to
small amplitude oscillations around the asymptotic
value.

The response function itself can be obtained di-
rectly from YE by differentiating this function and
dividing by t . The relaxation behaviour of YE is
therefore indicative of this property of the response

function. For real nuclei,'R/vF ~ 6 fm/ (8 fm/lO_22

sec) = 0.75 x 10-22 sec, while typical collective time

scales are = 10 ! sec. Since the yE can hardly be
said to be asymptotic by the time t = 10 R/vF (at
least for the low multipoles), the short relaxation-

time assumption will be marginal at best. However, the




relaxation time is expected to be shorter for shapes
less symmetric than the sphere, due to a more efficient

randomization of the multiple reflection series.

4. Quantal treatment

The theory described in the preceeding is based
on a classical approach. It is therefore devoid of any
shell effects. In analogy with the shell-correction
method for potential energy surfaces, the classical
theory is expected to provide the smooth macroscopic
background to which fluctuating quantal corrections
inust be applied.

The general tools for the quantal treatment of
one-body dissipation were established recently (10).
On the basis of quantal linear response theory the

dissipation rate can be written
- - 2 ]
0 =2nh gm £le ) [<n[H[m>|" 6 (e - ¢€)

Here n,m denote the guantum states and €n'En their
enerdy. As in the classical formula the occupation

probability f(en) is assumed to depend only on ener-

gy-



For a leptodermous system the dissipation kernel
following from the above expression can be written, in
the case of zero temperature,

y{a,b) = (Im a(a,b))2

i1 u

~

where G 1is the double normal derivative of the Green

function associated with the potential considered,

Gla,b) = (a+V) (b+¥) G(a,bjey)

G(a,bjeg) = lim <a
n+ot

€
In the case of finite temperature a Sommerfeld expan-
sion can be employed involving also the second deri-
vative of G with respect to € . This allows one to
exploit the powerful techniques developed for calculat-

ing the Green function.

4.1 Semi-infinite system

In the simple case of a semi~infinite system it is

readily found that
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in the case of zero temperature. (§ =a - g.)

This expression tends to the classical expression when
ks -+ « but gives in general rise to a spatial smearing
due to the finite wave length of the nucleons (fig. 7).
This in turn causes a substantial reduction of the dis-
sipation rate when the wave length of the induced sur-
face ripples is comparable to or smaller than the nu-
cleon size (fig. 8). It can also be shown that while
the dissipation rate is independent of the surface pro-
file when the wave length of the velocity field is in-
finite, the dissipation exhibits a decrease as a func-
tion of surface diffuseness when the distorting wave
length is finite (fig. 9).

Moreover, the semi-infinite geometry can be used
to calculate the curvature corrections to the planar
dissipation kernel above; this curvature correction de-
pends on the orientation of S relative to the local
principal system of curvature. In general the curva-
ture reduces the dissipation, and quite appreciably so

in realistic cases (fig. 10).
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4.2 General shapes

On the basis of the Lippmann-Schwinger equation it

is possible to derive an integral equation for the func-

tion G :
G(a,b) = 2 G (a,b) + 3[) d2p K(a,p) a(p.b)

Here G0 is the double normal derivative of the free

Green function G, and the integral kernel K is

given in terms of G0 as

K(a,b) = - (5-3) G, (a,b) - §(a-b)

==

The above integral equation provides a natural starting
point for studying the one-body dissipation of general
shapes.

Iteration of the integral equation for E yields

~

an expression for G in terms of multiple surface inte-
grals involving the kernel K and the function Eo .
The evaluation of these integrals by the stationary-
phase method in the limit kR >> 1 results is an ex-
pansion for E(a,b) in terms of the classical trajec-

tories between a and b . In the extreme limit

kR = = the different paths contribute incoherently and
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the classical expression for the dissipation kernel vy
is recovered; this is an alternate way of deriving
the classical dissipation formula (9).

In fig. 11 is shown the exact gquantum-mechanical
result for the dissipation coefficient Y, corre-
spcnding to an octupole oscillation. One notes that
while large oscillations occur the average agrees well
with the classical wvalue in the limit kR >> 1 . The
quantum oscillations are sensitive to the nuclear tem-
perature and quickly wash out for temperatures ex-
ceeding a few MeV. But for smaller temperatures the
quantum oscillations can be of the same order as the
smooth background. This is contrary to the shell cor-
rection to the nuclear potential energy and is a conse-
quence of the fact that only nucleons near the Fermi
surface contribute to the dissipation while all of the
nucle;gicontribute to the binding energy. Shell ef-
fects may thus substantially affect the dissipative

properties of a specific nucleus.

4.2.1 Semi-classical approach to shell effects

The shell effects in the one-body dissipation may
be studied in a semi-classical approach (11). A semi-~

classical treatment of the dissipation can be made by
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retaining the phase coherence in the classical path
sum for E . This permits the different classical
paths to interfere and thus produce the quantum oscil-
lations. This approach makes it possible to interpret
the shell effects in terms of distinct classical or-
bits in the potential considered. Preliminary results
have been obtained with this simple semi-classical
treatment and the approach holds promise for providing

a quantitative method for extracting the shell struc-

ture in the nuclear dissipation.

S. Discussion

In the preceeding we have discussed the nuclear
dissipation in the extreme one-body limit. The approach
was based on the application of linear response tech-
niques to the independent-particle description of the
nucleus, ignoring all residual inter-nucleon interac-
tions. The entire approach can be carried through in
an analogous manner to yield the proper one-body re-
sult for the inertial-mass parameters, thus completing
the one-body description of the collective nuclear dy-

namics (9).

For leptodermous systems, the collective kinetic
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energy and the rate of energy dissipation for slow but
arbitrary collective motion are given in terms of mass
and dissipation kernels coupling the velocity of dif-
ferent pcints on the nucleg; surface. In the large-nu-
cleus limit, these kernels are independent of the sur-
face diffuseness of the single-particle potential and
are simply and only weakly dependent on the nuclear
temperature. For a given nuclear shape, the kernels
can be expressed in terms of the classical trajectories
for nucleons within the nucleus. These results can
also be derived by taking the stationary-phase (large-
nucleus) limit of an entirely gquantal formulation.
Modifications are necessary in case there are special
symmetries in the single-—-particle Hamiltonian. The
one-body mass and dissipation coefficients differ sig-
nificantly from those of incompressible, irrotational
hydrodynamics.

The approach rests on the validity of two related
assumptions. These are the use of a perturbative treat-
ment and the possibility of a temporally local reduc-
tion of the dynamical equations. These questions are
intimately related to the self-consistency between the
nucleons and the time-dependent nuclear single-particle

potential. For collective motion slow in comparison to
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the single-particle relaxation time (see Fig. 6 for an
estimate of this quantity), reflections of the nucleons
within a sufficiently asymmetric nuclear shape will
serve to gquickly randomize the phase-space distribution
function. Consequently, both a perturbative approach
about a distribution function characterized by a time-
“ependent temperature and the local reduction of the
generally non-local linear response equations are
valid. For relatively rapid collective motion the
distribution function does not have sufficient time to
relax, so that perturbation theory breaks down and non-
linear self-consistency becomes important; a temporally
local description then becomes impossible. However, it
should be noted that the generally large damping pro-
duced by the one-body mechanism is expected to result
in slow collective motion, justifying a posteriori this
assumption.

If indeed the collective motion is dissipation
dominated the nuclear shape will develop in a creeping
fashion and the inertial forces will be negligible.
Then the dynamical motion is governed by the balancing
of the conservative and dissipative forces alone, leading
to a first-order equation of motion (2). The validity

of such a superdamped huclear macro-dynamics is
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presently an exciting prospect; whether and under which
conditions nuclei actually do behave in this simple
manner is not yet clear. In order to answer that fun-
damental question it is necessary to perform more
elaborate dynamical calculations, including several
collective degrees of freedom simultaneously and, in
particular, taking due account of the non-local effects

discussed in the preceeding.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Comparison of experimental most probable fis-
sion~fragment kinetic energies with results
calculated with the wall dissipation formula.
This dissipation corresponds to a very over;
damped system. The results for infinite two-
body viscosity are shown as a dashed line to
illustrate the different effects of large dis-

sipation in the two models (2,3).

The universal proximity flux function Y(z)

as calculated in the nuclear Thomas-Fermi

model (5).

The final orbital angular momentum Rf as a
function of the initial angular momentum Ri
for the idealized collision of 86Kr and 197Au,

at three different bombarding energies (2)

The final fragment kinetic energy TCM versus
the scattering angle GCM (both in the center-
of-mass system) for the idealized colision of
86Kr and 1"‘37Au, at three different bombarding

energies. The values of the total angular mo-

mentum are indicated (2).



Fig. 5

Fig. 6

Fig. 8

]
=~
[92

The dissipation coefficients Y for multi-
pole distortions of a sphere, as calculated in
the classical one-body theory (9). The open
dots indicate the value obtained when only the
local term in the dissipation kernel y(¥) is
retained (the wall formula). The full dots
indicate the value resulting when the non-local

terms are included.

Dissipation coefficients YE for multipole
distortions of a sphere, as a function of the
upper limit t in the time integral. The
marks on the vertical scale are positioned at
intervals of 0.5 and the value of all curves

is unity at t =0 (9).

The dissipation kernel +vy(s) for semi-infinite
nuclear matter. The curves are normalized by
the zero~temperature value for s = 0 . The
distance scale alorg the top assumes

1

kF = 1.4 fm {10).

The dissipation kernel y(q) for semi-infinite
nuclear matter. The curves are normalized by

the zero—-temperature value at g =0 (10).



Fig. 9

Fig. 10

Fig. 11
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The influence of surface diffuseness on the
dissipation kernel. The parameter o is a
dimensionless measure of the surface diffuse-

ness (10).

Curvature effects in the planar dissipation
kernel, Y(g) , adopting |<+/kF = 0.2 ,

K_/kF = 0.1 . The solid line is the zero-tem-—
perature planar result. The hatched region
indicates the variation of Y(g) with the
orientation of & relative to the principal
axes of curvature. The lower {(upper) limit of
this region corresponds to ¢ oriented along
the axis with the larger (smaller) radius of
curvature. The curves are normalized to the

planar result at s =0 (10).

The dissipation coefficient Y, for octupole
distortion of a sphere of radius R , as cal-
culated in the exact quantal treatment. The
complex Fermi energy was taken as

40 + 2i MeV; results for the temperatures

]

E

T 1,4 MeV are shown. As indicated, the

peaks can be associated with specific single-

particle transitions |[n&> > [n'2'> (11).
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Introduction

In this review we would like to concentrate on deep inelastic
reactions. They are found in experiments where the kinetic energy oF re-
lative motion is between one and a few time the interaction barrier!).
These deep inelastic collisions show features which one did not encounter
in nuclear physics before. During the reaction a lerge amount of kinetic
energy in the relative motion is lost during the process. This can amount
to more than 100 MeV. It is hard to believe such processes to be possible
without sharing the energy among many excitations of the intrinsic system
and exciting some collective modes. Whereas this feature might indicate a
compound like reaction, the anguler distribution of the final products
tells us that the exit channel remembers somehow the initial configura-
tion. This may also be concluded from the fact that for the most probable
events, the masses of the products are close to the masses of the projec-

tile and of the target.

The simplest way to describe these characteristics is in terms of
equations of motion for macroscopic degrees. We may cdefine them as those
degrees which determine directly the quantities measured in experiments
like angle, kinetic energy of the fragments as well as their mass asymme-
try, spins etc... As mentioned before, these degrees will not reech
thermal equilibrium but they keep the memory of the entrance channel. We
shall refer to them as the slow degrees of Lhe system. Since they always
describe a motion of many nucleons they are’ 51r11qr in nature to the

collective degrees in the nuclear collective mogel?). we will consider
the words macroscopic and collective as synonymous hencefarth.

To guess the form of the eguations of motion one hes borrowed from
pictures which have been very successtful in many fields o+ physics wnere
statistical phenomena take place. The energy loss is described as a
dissipative or frictional processal. The friction force taken to be cro-
portional to the velocity is inserted into classical Newton equaticns“™!9)
The classical limit being justified because the De Broglie wavelengtn is
much smaller than the typical dimensions of the system. The exchange of
nucleons, on the other hand, is sometimes cescribed as a Jiffusion pro-
::)i“The equations of motion are then of Fokker-Planck (or master)

luy

cess
type

In trajectory calculations (which sre based on the Newton egua-
tions)} ona gets informations for the mean values of the mecroscopic de-
grees. Such calculations reproduce guslitatively the cbserveao energy
loss if the two ions remain spherical during the whole process“s5+7) . The
agreement becomes better when deformaticns in the exit chennel are in-
cluded either explicitely®+®) or implicitely®*'%). wWith such calculations
one also obtains an idea of the angular distribution do/d®, axcept in the
vicinity of the rainbow angles where the classical cross section becames

infinite.

With @ Fokker Planck eguation, it is cossibie to describe the time
evolution of fluctuatians. By working with some simple approximation, one
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has been able to understand qualitatively the increase in time of the
widths of mass (or atomic number} and energy distributions as well as the
variation of the position cf their maximum! 17 1*), In some favoured cases
a correlation between these guartities and the detection angle is also

obtained!1s12),

One would guess, however, that the coupling of relative motion to
such "diffusion"” processes should be treated more carefully. This amounts
to say that a connection should be established between dissipation which
is accounted for in trajectory calculations, and "diffusion” phenomena.
Indeed, if these statistical processes are of the same nature as those
found in real macroscopic bodies {like gases, lijuids or solids), one
would expect a strong relationship between dissipation and fluctuations.
This fact is even established in a theorem, the so called fluctuation
dissipation theorem. The gquestion then arises whether and how these pic-
tures can be applied to nuclear physics.

This problem was attacked in ref.15,16} in trying to extend the
nuclear collective model to include dissipative phenomena. The tool for
it was linear response theory. In this way the question of "how” was
solved, for the other part, cne has only hints so far without a definite

answer.

In the following we shall concentrate on this approach. We want
however to draw attention on the work of Agasi, Ko and Weldenmiller® ')
who attacked the problem in a different way using a random matrix model
and refer to the review given by Pr. Weidenmilller at this conference'®).

I) Application of linear response theory to deep inelastic collisions
{ref.15,16,19].

For an understancing of such complex situations we are faced with
in deep inelastic reactions, it 1s desirable to have a description in
terms of single physical ideas. We certainly have to base heavily on sim-
plifying assumptions. To find the right ones, we have to lock at the
goal we are aiming at end, more impartant, at the given physical situa-
tion.

We want to get equations of motion for the macroscopic degr:zes.
Therefore, it is not only convenient, but almost pecessary to start with
a model hamiltonian which contains these degrees explicitely from the

very beginning. The hamiltonian is assumed to have the following form :

A - - - -~ -
% = ACR;,B;) *+ VIR,,Q) + ALQ,P) (13

Here and in the following, we restrict the discussion to the case of cne
collective degree § (its conjugate momentum is called P). The intrinsic
degrees_and their momenta are respectively dencted by xj and pj. The ope-
rators h and H represent the hsemiltonians for the bare colleciive and
intrinsic motion. The coupling between both is given by v.
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Everybody will agree on this procedure if we introduce the vector
of relative motion as the only macroscopic coordinates. But the assump-
tion is less abvious for other degrees, like mass asymmetry for instance.

As for the physical situation we should have in mind two things.
Firstly the excitation becomes so big that most likely statisticel
assumptions can be made. Secondly the kinetic energy of the macroscopic
degrees counted per rucleon, Egip/A, is small compared to the Fermi ener-
gy. Here, an upper limit is certainly given by the example of relative
motion. As already mentioned, for this case Exin/A is at most a few MeV
in the neighborhood of the barrier. This is certainly small compared to
the magnitude of the Fermi energy (2 37 MeV).

From the latter observation, two inferences can be drawn

1) It is likely that the coupling of the intrinsic motion to the
macroscopic degrees is mainly governed by single particle fields. That
is to say V(x;,Q3) can be assumed to be a deformed single particle poten-
tial. It could for instance represent a two center shell modeli potential.
Another possibility would be to say that H represents the two unperturted
ions and V is constructed from the fact that the density of one nucleus
feels the potential of the other. It should however be noted, in passing,
that the formal theory also applies if H and V(xi,Q) contain residual two
body interactions.

2) The second inference is that indeed the time scale for the in-
trinsic degrees seems to be shorter than that for the macroscopic degrees.

These considerations have been used to formulate the assumptions
of the theory. The most drastic one is to require that at any time the
intrinsic system relaxes very fast to statistical equilibrium. This equi-
librium is paremetrized by a temperature T. During the reaction, this
temperature increases in time, &ccording to the increasing energy loss.
The long time behaviour of the system is then described completely in
terms of the time evolution of the temperature and that of the mean values
of the collective degrees. A microscopic study of the intrinsic moticn is
only necessary for a period of the arder of the relaxation time T since
the system cannot remember for a longer time. Such a microscopic study
will be used to determine the induced forces, that is to say the complete
equations for the collective degrees.

According to our assumption, T will be much shorter than a
typical time Tgg1) for the collective or macroscopic mation.
T << Tgony (2)
In other words we assume that the system can be divided in slow modes
(macroscopic degrees) and fast ones (intrinsic degrees). This fact can
be used tc justify a perturbation approach for the microscapic motion.
Suppose we want to study the system in the interval

tg <t < tg+ St (3)
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with T < 8t << Teoll (4)
For this let us rearrange some terms in the hamiltonian (1} :
A
& - H+ Vi%;,8,) +8V+ A (5)
with 8V = Uik, ,0) - V(X.,0) (6}
i i’7o

Here we have introduced the mean value of the collective degree

-

Qlt) = <[3>t (73

taken at time tg : Qo = Qltg) &

The hamiltonian for the intrinsic motion is now considered to be given
by :
Hint(xi.pi.ool =H+ V(xi.mol {8)

It depends on the mean value of @[t). According to our assumption of a
small relaxation time, the density operator for the intrinsic system will

be supposed to have the canonical form :

‘Hint[xi ;Dl 'QO)

~ 4
pint(QD,TD]-E-exp To (9]
-Fis
with Z = Tr exp int
To

It depends on Qg but also on the temperature T of the intrinsic system

at this time t . We assume here and in the following that T does not
change during the interval 8§t as defimed in (4). If we now again make use
of the inequalities (2)-(4), we see that &V cen be considered as a small
perturbation on the intrinsic motion.

It is important to note that the use of perturbation theory is
made possible only by redefining the hamiltonian as well as the density
pperator of the intrinsic system as described above. It 1s anly in this
sense that we can benefit from the so called weak coupling limit. To our
opiniuon, this has to be considered before one wants to compare with
other approaches as for instance with the one of ref.17,18) in which the
definition of the intrinsic system and its hamiltonian remains unchanged
during the whole reaction.

in treating 8V to lowest order time dependent perturbation theory
we have achieved the linearization of the problem. Before we however can
benefit from the tools of linear response theory, 8V has to be brought



in a separable form :

-

SV = 5 Av(Q] F (Xi) (10)

In the following we will assume that this form is obtained from a Taylor
expansion of 8V around g to first order :

8V = (9-0,) Flx;,00) (11)
(A more general case is discussed and used in ref.139].

For our problem the most interesting guantity to be computed using
linear response theory is the expectation value of the operator F at time
tg. It is the property of the intrinsic system which first of all is
excited by the collective motion. In addition -<F>; is egual to the indu-
ced force exerted back on the collective degree.

In terms of the response function i(t], <I;>t can bte written as

+00
<F>, = <ﬁzq-1/r X(s) (U(t-s)-0_)ds (12}

-0
The response function can be computed from the time dependent ope-

rator EI(t) in the intersction representation.
ey = MMt o7t (13)
for positive times %(t) is given by
~ s - =I =
x(t] = 1Tr‘pint[Q0,TO) [F7(t),F] {14)

It is seen that ¥(t) only depends on properties of the intrinsic svstem
as defined at @, but not on Q(t].

The second term on the right of eqg.(12) determines ta first order

in 8V the deviation of <F>t from the egquilibrium value :

<> = 5
F eq r pint

(QD,TO] F(xi,QO) (15]

It can be used to measure thz relaxation of the intrinsic excita-
tion to equilibrium. Indeed, assuming for a moment the excitation to be
produzed by a sharp knack : QIt) - Qg =6(t) , then &<F>=<pf> - <F>eq
is given by &<F>=-%(t). (To satisfy causality the response function
X(t) is different from zera only for positive times (see belaw)). So the
response function contains all the information needed to check whether
the approach 1s consistent or not. By computing it,the relaxation time
can be for instance obtained.
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Such a computation relies on the model for gint- In terms of its
efgenstates and energiles, one obtains from (14) :

Em

g -
X(t) =2 El zT j<m[F [n>|? sin(E -E )t (17)
n,m m

Clearly the guestion whether and how fast X(t) decays to negligibly small
values depends on the spectrum E, and on the coupling matrix elements.

Suppose for the latter we take the estimates of ref.17,18), then
we find the response function to be proportional (strictly speaking this
is only true for high excitations which is the case here) to e-A%t?/2
and that thus the relaxation time t is given by A”'. Taking their value
of A=7 MeV, we find 7=10"%%s . The fact that we indeed find a decaying
behavior for ¥X(t) is easily understood if we remember that the level spec-
trum was assumed to be gquasi continuous. This 1s certeinly justified for
high intrinsic excitation. For lower excitations (as given at the begin-
ning of the heavy ion collision or in the fission process} the knowledge
of the detsiled intrinsic structure will be more importent. Then we have
to be more specific about the model choice of H:npt. Such a procedure is
desirable also for another reason : estimates like ths one cf ref.17,18)
necessarily will be very rough especially as far as the dependence on the
collective degree is concerned. This dependence con the other hand deter-
mines the form factors for the friction forces. Their knowledge is very
important for an application of the theory. The authors of ref.13) thire-
fore went a step further and approximated H by a single particle hamilto-
nian. Then H; ¢ is indeed of exactly the same nature as the one used in
the collective model to generate the equetions of moticn. However it is
less clear that in this way a finite value for a friction coefficient can
be found. Indeed, the computed response function showed irregular oscilla-
tions also for very leng times. They were remaved by a cut off procedure.
For a heavy jon reaction the latter is justified since the total reaction
time T is finite (indeed, the cut off time necessary to make the proce-
dure consistent was of the seme order as 1R : R 10"%'s). For short times,
the computed %(t) indeed showed a decaying hehaviour. The relaxation time
infered in this way was equal to 2.107%%s (for & head on collision of !®0
on 238). we may thus conclude thst as a preliminary velue for T we find
& 10"%2s, More careful computations might change this reswult. For ins-
tance, inclusion of configurations more compliceted than of p- h type
are expected to decrease it.

If we estimate Top1] by TR, we would then say thet as a lower
limit, the ratio T/Tg;; is of the order of 1/10.

Let us now go back to eq.(12) in order to study the nature of the
forces induced by the coupling 8V. For the force to be made local in time,
we have to use again that the memory of the intrinsic system is small
compared to the time scale af collective motion (see eqg.(2)]). The inte-

gral can then be spproximately computed by expanding Q(t-s) around s=0 :
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. 2.,
o(t-s)=m[t)-so[t)+§m(t)+... (18)

By inserting into eq.(12) and defining the coefficients :

+00 + 00

C@_.7,) =f X(s)ds =f X' (s)ds (19)
-0 -0
+ o0 +00
Y(Qo‘To] =J(. X(s)sds =1 X"(s)sds (20)
~00 -
1 +00 1 + oo
= . e by 2 . > 2
m(QO.TO) Zf x(s)s“ds 2[ x'{s)s“ds (21)
~00 -00
we obtain
<F>t= <F>eq-C(Q-OOJ*-YO(t]+ mQ(t) (22)

By recalling that the induced force is given by -<F>t we see that y can
be interpreted as a friction coefficient, C and m as a renormalisation
of the stiffness and inertia already present in h(Q,P). In egs.(18) to
(21) we used an impuitant property of linear response theory. Namely
that the function %(t) can be split in :

X(t) = X' (t) + ix"(t) (23)

where iTt] determines a reactive process (as given by virtual excita-
tions) and X"{t) a dissipative process {as given by real sxcitations of
the intrinsic system)®%). Since ¥'(t) is an even function and X"{t] and
odd one, we see that indeed the conservative ferces (preoportional to C
and m} are determined by X'(t) whereas y is determined by X"{(t).

So far we have found all the forces which enter the Newton egua-
tions. As mentioned before, there must be forces which create statistical
fluctuations of the collective degrees. Physically, the reason for this
is obvious : we have assumed that the intrinsic excitation is of statis-
tical nature. That means, for instance, that the quantity F will exhibit
statistical fluctuations. But F is directlv coupled to Q (see the defini-
tion of the coupling operator éV). Therefore, also @ must exhibit statis-
tical fluctuations.

Formally this comes about in the following way. One may start with
the von Neumann equation for the density operator gy of the total sys-
tem. Then one can reduce this equation to one for the densitv operator d
of the sibsystem of the collective degrees by averaging with respect to
the intrinsic degrees. In this way there appear terms which represent the

forces discussed above. They are 1nduced by the interaction
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§V are determined by the response function. In addition there appear in-
duced forces which are determined by moments of the faollaowing function :

Tr p

= £l £
pit) = @,.7,) (FECL),F], (24)

A
2 int
It is a correlation function for the guantity F. As we shall see below
the terms in the equation for d which are determined by this function
represent indeed the fluctuating forces for the collective degrees.

The strong connection between dissipation on one hand and fluctua-
tions on the other is established in the co called fluctuation dissipation
theorem. It relates the Fourrier transforms of %"(t)} {(the dissipative par
of X(t))} and Y(t) :

X" (w) = tgh(%%) S{w) (25)

This relation can now be use to connect the moments of ¥(t) (which deter-
mine the forces introduced above) and those of Y(t). This connection be-
comes especially simple if the temperature is not too small. (Precisely,
one has to compare the temperature with the locally defined frequency of
the collective degrees. Roughly the following inequality must be fulfilled:
Wen1] << 3.5T). Such an assumption was made tc obtain the final eq.(96) of
ref.16) which was also used for practical applications in ref.20,21).

Under this condition of high temperature, the neglection of moments of

X{(t) higher than n implies that moments of Y(t) higher than (n-1) can be
neglected too’®]. (Note that there is no countemert for C= SY(t)dt).

In the applicetions of the theory, we have neglected a renormali-
sation of the reduced mass py (i.e we omitted the last term of eq.(22)
proportionagl to m). So the unly fluctuating force taken into account has
the coefficient :

+00
o =-21f dt wlit) (26)

-0

According to the fluctuation dissipation theaorem (25), it cen be
related to the friction coefficient as

D= yT (27)

which is the famous Einstein relation.

It should be strengthened at this point that this assumption of
high temperature has been made only for simplifying reasons. This assump-
tion, of course, is certainly not fulfilled at the beginning of the reac-
tion. Ye have checked,however, that the final result does not change very
much if we assume a finite iv~mperature from the very beginning.

The equation for the reduced density operator d contains guantal
effects. Since they are not expected to be essential (see introduction),
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the classical limit is performed. Then the eguation becomes the followlng
Fokker Planck equation

ad(t) __P 3ace) [ . _\aort)
% U o0 (KC(DC) LI Qc]) 5P
3 (e 3
*YfQC] —5,3-(? T(OC) Sg)d(tJ (28)

It describes the time evolution of the density distribution d(t} = d(G,P,t)
in the classical phase space of the collective degrees. The quantity Q
is defined as the solution of the classical Newton equations. It 1s iden-
tical to the first mament of Q :

0 (t) =J/thP d(@,P,t)o (29)
It replaces the mean value of § introduced in eq. (7).
The fact that G_ as well as
PC(t] =./;OdP alq,P,tlipP (30)

together follow classical trajectory reflects the assumption that the
fluctuations around the mean value, namely

wit) = %fd(’JdP (P-P_(£))2d(0,P,t) (31)
wit) = %dedP (P-P_(£)) (0-0_(t))e(0,P,t) (32)
x(t] = —}fdadp (0-9_(£))2a(9,P, ) (33)

{(p(t) and Xx(t) should nct be confused with the correlation and the res-
ponse function used above) must be relatively small. Otherwise the defi-
nition of a trajectory is meaningless. Furthermore, the parametrisation
of the intrinsic system by Q,=Q¢{tgy) as done abave without using also
¥x{t) would be impossible. Lastly the Fokker Planck egquation would contain
terms of higher orader than the first in @ and P. The assumption of small
fluctuations was tested numerically and found to be satisfied??).

Equation [28) is easily solvable. It is a gaussian entirely deter-
mined by its first and second moments as defined in egs.(29) to (33). The
second moments fulfill a coupled set of linear first order differantial
equations. They can be solved numerically together with the l.ewton equa-
tions for Qg and P.. In addition one has to compute simultaneously the
temperature T(Qg) = T(t) by using for instance the simple expression as
given by the Fermi gas model.

_ As this stage we wani to draw atrtention to an importart point. The
theory gives the solution for the fluctuations of a few collective degrees
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which built a subsystem of the total system. For instance, we cen compute
directly the fluctuations of the kinetic energy of the relative motion,
which of course is also observed directlv experimentally. We do not intend
to calculate fluctuations of the intrinsic system as is done in ref.17,18).
This should not be confused with the use of the concept of a temperature.
By doing so the intrinsic energy artificially is ascertained with a big
fluctuation. The latter is unphysical and has nothing to do with the one
we are computing. The use of a tempersture is justified only in this sense
that we only want to look explicitely at a subsystem. Then the use of a
canonical or microcanonical ensemble give the same results??),

I1] Experimental results

Before we apply the theory of section I to the computation of crass
sections, we would like ta briefly summarize the gross features of the ex-
perimental results concerning deep inelastic reactions. We feel that sec-
tion necessary becasuse of two reasons. The first one is that a model should
reproduce simultanecusly all the basic features experimentally encountered
in deep inelastic collisions. Therefore it seems to us necessary to see
clearly to which extend this situation is reached. The second reason is
that further simplications will be made before the theory of section I is
applied and the exp :rimental situation will give us some clue for some of

them.

As the deep inelastic process is binary [(neglecting some possible
light particles (nucleons,a) preemission), it is sufficient to focus
attention on the experimental properties of the light fregment, the pro-
perties of which, for technical reasons, being more easily measured.

The most striking feature of deep inelastic reactions is the large
energy loss observed in the relative moticn. As proposed in ref.23), it
is very convenient to plot the differential cross section d30/dOdEdZ for
a given atomic number, versus the kinetic energy E and the detection an-
gle 6 in the center of mass system. Such two dimensional plots are dis-
played in fig.1 for the 280 MeV *YAr+®®Ni system which has been studied
by Galin et al.?"). For the plot corresponding to Z=19 which only corres-
ponds to one charge transfer (and conseguently to a smsll mass transfer],
a large emount of cross section is observed in the region corresponging
to the grazing angle () 30°) and for an energy close to the initial
energy. This region corresponds to quasi elastic reactions. Another area
can be seen at low energy, extending over a wide angular range. It cor-
responds to completely energy relaxed products because for these, the
memary of the initial enhergy has been completely lost. Between these
two regions, there is no clear a separation but rather a continuous eva-
lution between them due to incompletely energy relaxed products. Now the
important point is that when the mass transfer increases, the quasi elas-
tic area gradually disappears as well as the incompletely energy relaxed
region (when more than four charges have been transferred, in this parti-
cular case) and there only remains the campletely energy relaxed component.
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From these pictures, we can very likely draw the inference that
the energy transfer is a faster process than the trensfer of nucleons (at
least if we look at 80% of the total energy which can be dissipated?®))
because as soon as a small number of nucleans have been transferred,only
the completely energy relaxed component can be observed. (For an extended
discussion of this pgint, we refer the reader to the talk given by

Moretto in Caen')]].

The total kinetic energy of completely energy relaxed deep inelas-
tic products is smaller than the value of the interaction barrier in the
gntrance channel. For instance, it has been measured, in ref.2B6), for the
83cu+1%7ay system at two different bombarding energies 365 MeV and 443
MeV a total kinetic energy of 4 205 MeV for the quasi fission products
corresponding to almost no mass transfer. This value is much smaller than
the interaction barrier in the entrance channel which is § 250 MeV. This
means that the end of the process corresponds to two deformed fragments
in a scission configuration. Therefore deformations in the exit channel
are important to be considered and they have tc be treated either expli-
citely®:®) or simulated®:!%) in a model which wants to gquantitetively

explain the energy loss.
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Fig.2 corresponds to guasi fission products (completely energy

relaxed deep inelastic events) detected in the 365 MeV Cu+Au reaction!®26),
There, the differential

cross section d?c/dfdM has
-1 been plotted versus the mass
M of the product and the de-
- tection angle 6. This system
is interesting because the
complete fusion cross section
is venishingly small compa-
red to the guasi fission
one, therefore the spectra
presented here contains only,
40 I 830, . 1974y ) if any, a negligeable contri-
bution from fission follow-
20 =  Ejop =365MeV n ing complete fusion products.

T L T T 1 T
120

[e)
T

80

Mass (om.y.)

60

L L 1 1 ! . L We observe that when
20 40 60 80 100 20 140 180 the detection angle decreases
Ocm, (degrees) from the grazing value (which
is araund 110°) toward smaill
Fig.2. CDntDI:Jl‘ pl?t of the center of mass angles, the position of the
cross section d“0/d8dM (mb/a.m.u/rd) maximum of the mass distri-

for quasi fission products of the 365 : . i
Mev S’Cu*’97;u system. Results from bution is shifted toward
ref.1?), larger masses and simulta-

neously the FWHM of the dis-
tribution increases. As these two guantities always evolve as a functian
of the detection angle without reaching any equilibrium value, this is
very likely tu indicate that the relaxstion time Tyx associeted to the
mass asymmetry degree of freedom is much larger thaen the typical colli-
sion time Tge The shift of the position of the maximum which always
occurs in the same direction is likely to be a hint that one has to deal
with an overdsmped motion along the mass asymmetry coordinate.

Backwards the grazing angle, still a large amount of cross section
can be observed which is praobably related to fluctuations.

If we pow look at a given mass, we chserve that as the mass trans-
fer increases, the anguler distribution becomes flatter and flatter which
is an indication that the system lives longer and longer and therefore
forget more and more about tre entrance channel direction.

Initially, for a given system, the ratio of the number of neutrons
over the number of protons for the target and for the projectile are ge-

.
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nerally different. The neutron excess
seems to be a very fast collective
mode?7). Indeed in fig.3 are shown
contour plots where, for a given ato-
mic number, the number cf detected
events is plotted versus their mass
and their energy for angles close to
the grazing. This is done for two
systems corresponding to different
neutron excess for the projectile,
but leading to almost the same compo-
site system. The results are taken

from ref.27).

Two main area can be noticed in
each case. The location of the first
one with respect to the mass number
depends on the entrance channel (guasi
elastic events)., The second one, cor-
responding to deep inelastic events,
does not depend on the entrance
channel indicating that the memory cf
the initial neutrpn excess is comple-
tely lost. This seems to indicate that
the relaxation time Tnyz of the neutron
excess is much smaller than the typical
collision time Tp. In addition, the
equilibrium value of the neutron excess
is reached before the energy loss has
become important. This is likely to
indicate that Tpy7 1s smaller than the
relaxation time connected to the
energy transfer Tg. Galinl!) gave
N 1072%s for 1y,; which is of the same
order as the response time for the in-
trinsic degrees given in section I.

to be several time greater than this value

and conseqguently it seems hopeful to treat energy transfer as a slow degree.

III) Macroscopic model for deep inelastic reactions

1) Basic features

In this section, we want to show how it is possible to easily
apply the theory described in section I to the computation of experimen-
tal quantities corresponding to collective degreas which can be considered
as slow compared to the intrinsic ones. The assumption of slow collective
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degree is certainly velid for mass asymmetry but certainly not for the
neutron excess which has to be treated by another method. As far as the
energy loss is concerned we have seen in the previous section indications
that it could be likely considered as & slow degree. Although the theory
cannot be applied at the very beginning of the process, we hope neverthe-
less that this first stage of the reaction, where a statistical treatment
cannot be applied, has only a small influence on the final results.

We are interested in the computation of experimental guantities.
In order to do that, the distribution function d(QH,P  ,t} of the col-
lective degrees has to be known.We know from section I that it satisfies
a Fokker Planck eqguation the solution of which is a gaussian entirely
determined by the first and second moments of the collective variables.
The first moments satisfy Newton eguations in which enters the friction
tensor y,; , the inertis tensor mHY and the stiffness tensor Cyy» Al-
though these quantities can be microscopically calculated as proposed in
ref.16), we did not perform such a calculation but rather proceeded as

foliows :

- As far as the relative motion is concerned, we can take for
these tensors a phznomenclogical model as those of ref.4-10). Such models
provide us with the mean values of the collective variables describing
the relative motion which are the first moments needed. The second mo-
ments which describe statistical fiuctuations of the collective variables
satisfy a coupled set of linear differential equations in which no new
parameters enter except for the temperature which has to be calculated
from the intrinsic excitation energy.

- We have seen in section II that the mass asymmetry degree of
freedom plays an important role in deep inelastic collisions. As its
motion seems to be overdemped, it can be treated in a very simple way.
Indeed, Kramers2®) showed that in this case, the Fokker Planck equation
(28) reduces to a Smoluchowski equation. This equation has already be
used alone in ref.11-14) to describe the diffusion process along the mass
asymmetry coordinate. This is eguivalent to the neglect of the accelera-
tion terms entering the differential equation for the first moment. In
our approach, this motion along the mass asymmetry coordinate is coupled
to the relative motion and this lead to interesting features.

From the distribution function d(QH,P ,t) for t=e, it is pos-
sible to compute cross sections for any physically observable quantity
which can be expressed as function of the collective degrees QM taken
into accaount and of their conjugate momenta P, . In order to do this we
have to integrate over the remaining degrees and the impact parameter.
Simple farms can then be obtained and we shall give a typical example
which will be used in the next paragraph.

The differential cross section d%20/dfdx , where 6 is the scatter-
ing angle and x the mass asymmetry is given by21]:
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2
d’o =f21Tdbd2.im

1 0o Bx 2 66
exp —-——[(8-6 12 x77-208-8 ) (x-x_) x  +(x-x_)%x ]g
dfdx ta0 41/R ; 4A C C c c

(34)

with Aty = ¥ e,on o - (Fem)? s

variables with subscript c correspond to their classical values (first
moments]. x“v are the second moments as defined by :

X ieby = 2 <[oH-akee ) (-l (36)

The first and second maoments depend on the time t as well as on the impact
parameter b.

If we are only interested in the angular distribution do/dd we have
to integrate expression (34) over x which gives?%) :

(6-6_)2
%% =f27rdbd Rim exp2~ ———é—é——% (37)
troo /AmryP0 a4

When the fluctuations vanish, we can easily check that the preceeding
expression goes to the classical limit

do _ 1
FT E ZTTbn a9 (38)
<
db
n

However farmula (37) gives a finite contribution to the differential
cross section do/d6 at rainbow angles at variance to the classical for-
mula (38) which becomes infinite.

3) Practical application of the madel

As a first numerical application we choosed for the phenomenologi-
cal classical model describing the relative motion the one of ref.4).
There only two degrees of freedom are considered: the relative distance
between the two ions r and the polar engle 6. The two colliding ions are
assumed to remain spherical during the whole collision, therefore, with
such a model it is not possible to gquantitatively reproduce the experi-
mental energy loss. We shall therefore not compute cross sections where
the energy is involved as for instance d%0/d8dEdx . Calculations were
defaormations are simulated in the exit channel in the way proposed in
ref. 9) are in progress®?).
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In the model of ref.4), the friction tensor is diagonal in the
system of polar coordinates (yrr =Cr f(r) and Yog = Cer2 f(rl). The ra-
dial and tengential friction constants Cp and Cy, as well as the form
factor flr) have been taken to be thaose of refli4) (Cp.=.0025, Cy = 1073
and f(r) = [BUN/BFJ“, where Uy is the nuclear part of the interaction po-
tential)}. For tke nuclear part of tne interaction potential we used the
simple approximate analytical form of the energy density potential of
ref.30).

For the mass asymmetry degree of freedom x which is added to the
preceeding variables, we also only consider the diagonal te.m yxx Of the
friction tensor. The further assumption we made is to consider relative
motion and mass exchange as statistically uncorrelated [xex=0]. This
means, we assume the totel Fokker Planck eguation to be separable, i.e.
the total solution to be given by :

d(r,8,x,Pr,Pg,t) = du(r,8,P ,Pg,t)d, (x,t) (39)

However we do not neglect the coupliing between mass exchange and relative
motion for the first moments. Consequently we treat explicitely the ef-
fect of mass exchange on relative motion and vice versa as far as the
mean values are concerned. Since we have seen in section 2 that generally
Tx >> Tg, We expect this decoupling to be a fair approximation.

In order to compute the fluctuations, the tecimperature of the in-
trinsic system is needed. We simply took tie usual relation
2 - " _ AithAg
aTc(t} Eint(tJ with a 0 (40}
which relates the temperature T(t) to the intrinsic excitation energy
Esnt(t). One has to note that these guantities depenc on the time.

We finally need a connection between the mass and atomic number
of the fragments. We use the fact that in deep inelastic reactions the
neutron excess collective degree is very fast?7?}(see section II). Conse-
guently we assumed this degree to be equilibreted just before the mass
transfer starts and treat it after like en intrinsic degree.

4) Results

We performed a numerical calculation along the lines dnscribed
above for the 365 MeV CutAu system. In fig.4 is displayed the differen-
tial cross section d?0/dBdx versus the detection angle and the mass
asymmetry., Different from ref.21), this calculatiorn has beern performed
using for mass asymmetry the same form factor as the one in the radial
motion f(r} instead of using a step function (now Yy,, = 15000 Mev.10723s),
In addition the radius parameter r of the nuclear potential has been de-
creased by 2.5% in order to get a better agreement for the complete fu-
slon cross section.
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Before we compare ig.4 to fig.3, we must have the following things
in mind which tell us to what extend ths comparison can be made :

- The calculation presented in fig.4 corresponds to all deep ine-

T T T
120 7
3 100 - - Fig.4.Calculated con-
S tour plot of the
R center of mass cross
» 80 | B section d?0/d8cM (mb/
§ a.m.u/rd) for ceep
co L i inelastic products of
the 365 Mev S3cu+197ay
system.
a0 - 630, 075, ~
Eiqb = 365Mev
20 | l
1 1 1 1 L | 1 !

¢ 20 40 60 80 100 120 140 160 180
B¢ (degrees)

lastic products including those which are associated to a small energy
loss. In fig.4, the latter are concentrated at the top of the hill which
is located in the vicinity of the grazing angle (v 110°) and around the
mass of the projectile, Have we selected deep inelastic events corres-
ponding to some given energy loss, then the top of the hill will be dis-
placed toward smaller angle (it can be displaced by about 10° if we only
consider deep inelastic products corresponding to a large energy ioss).

- Fig.3 corresponds to guasi fission products (completely energy
relaxed products) extracted according ta ref.26)). It is not possible in
the calculation to select the same kind of events because the energy
loss is not quantitatively reproduced. But, as indicated above, there
should only be a difference for small mass transfer in the grazing re-
gion. This difference cen clearly be seen by comparing the figures be-
cause the top of the hill is not located at the same place.

~ Fig.3 corresponds to guasi fission products detected after de-
excitation. A large part of the de-excitation is done by neutron evapo-
ration for the primary quasi fission products. Therefore at a given angle,
an additional broadening of the mass distributions is obtained which is
not taken into account in the calculstion.

Having these things in mind, if we now compare the two figures
(the typical exrerimental error is about 30% in fig.3) we see that the
pattern is very similar and that the experimental features described in
section II are qualitatively and to some extend guantitatively reproduced
although no fit has been searched. In particular the calculation clearly
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shows that deep inelastic events are to be observed backward the grazing
angle which is indeed observed experimentally. Such a feature could not
be explained using a classical model and it is due to statisticel fluc-

tuations.
One of us (HH) wants to thank the Institut <. Physigue Nucléaire
for kind hospitaliity and financial suppert.
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introduction

One and a half yzars ago the UNILAC accelerator started to deliver
heavy ion beams of 5.9 MeV/amu, which is a sufficient energy to over-
come the Coulomb barrier and so to study nucliear interactions. Today,
bombarding energies up to 8.5 MeV/amu are commonly available for a
variety of beams including the very heavy projectiles 1ike uranium and
lead. This unique facility has opened up at GSI during the past year

a broad spectrum of activities including the search for superheavy
nuclei, for the spontaneous emission of positrons in the overcritical
electric field, for yrast traps, etc.

'"What we shall report here will be on the shadow side of these real
highlights, but if one thinks of the moon. the back side is as
interesting as the enlighted cne. The present talk will concentrate

on a survey study of deep inelastic collisions and will not at all
reflect the general spectrum of activities at GSI (GSI 76)The reactions
investigated are summarized with a number of characteristic quantities
in table. 1. It is a survey study performed for a wide span of tergets
and projectiles so as to recogrize the general features of the
collision and their trends, while moving from the already known 11ighter
systems to the heaviest possible target projectiie combination U on u.

Several symmetric ingoing channels (Xe-Sn, Pb-Pb and U-U) were chosen
as well as a number of asymmetric systems (Kr-Sn, Kr-Er, Xe-Au, Xe-U,
U-Pb). The original 5.9 MeV/amu were not sufficient to reach the
Coulomb barrier for the heaviest combinations and it was only at the
end of 1976 that we were able ‘to move on into the new region. Taking
advantage of what we learned from this general survey we have recently
started to investigate some more specific questions by observing the
y-multiplicity and the bombarding energy dependence of the deep in-
elastic process (Kr-Sn, Kr-Er).

Table 1 shows that the Coulomb barrier is typically exceeded by a
factor of 1.3; in the energy dependent study we scan a region between
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Table 1: List of the reactions investigated

Proj | Target ELab ECM g* ECM/ ]max n'*)
(MeV/amu) | (MeV)|(MeV) /ECou] (h)

86k 1205, | 4.9 250 | 50 | 1.24 140 | 375
5.99 30| 99 | 1.50 199 | 265
7.2 360 | 160 | 1.80 252 | 208
8.2 a11 | 210 | 2.04 289 | 182
86y | 166k, | 7.9 283 | 25| 1.10 112 | 71
5.9 339 | 81| 1.32 203 | 397
7.2 207 | 150 | 1.58 276 | 293
8.2 464 | 206 | 1.80 323 | 249
132y, i395n 5.9 370 | 90| 1.32 227 | 516
roqhu | 7.55 596 | 184 | 1.47 402 | 571
208p | 7.55 610 | 190 | 1.46 412 | 583
U 7.55 641 | 118 | 1.40 423 | 831
208, Sggpb 7.5 780 | 188 | 1.32 499 | 702
e 7.5 832 | 183 | 1.29 521 | 798
U238, 7.5 892 | 180 | 1.26 546 | 956

1.1 and 2. The corresponding kinetic energy above the Coulomb
barrier, after the nuclei have already been slowed down in the
Coulomb field is typically between 100 and 200 MeV: this is roughly
the total kinetic energy available for the internal excitation of
the interacting nuclei. The maximum angular momentum in the relative
motion for grazing partial waves, is of the order of 200 to 500, and
even if only a certain fraction (v2/7) can be absorbed, a large
amount of angular momentum is also available to the internal degrees
of freedom of the nuclei. ‘

The variety of kinetic energies and target projectile combinaticns
available make of these reactions a powerful tool to study many
average properties of nuclear matter, while the interacting nuclei
are strongly overlapping. From this point of view we are pursuing

to the heavier systems the interesting investigations of the deep
inelastic reaction and of the diffusion mechanism previously studied
at Orsay (Le76, Ga76, Ng77), Berkeley (Hu77, Mo76) and Dubna (Ar 73).
Typical to these reactions is, among other aspects, the increasing
classical behaviour reflected by the Sommerfeld parameter n' and the
vanishing fusion cross section, so that the whole total cross
section undergoes the deep inelastic process. Also characteristic

of the heavier systems is the presence of fission as a possible

I, . .
*”715 evaluated using the relative velocity at the Coulomb barrier.
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decay mode of the excited primary products after the collision:
this is usually called the sequential fission.

Summarizing, the general interest of this study lies in the reaction
mechanism and the mass diffusion process, without forgetting possible
nuclear structure effects. Expecially interesting is to investigate
the mass transfer process for the heaviest systems (U on U), into
the transuranic region, to determine the primary population probabi-
1ity as well as the decay properties of these nuclei.

The content of the report will be subdivided as following:

1. Experimental device.
2. A systematic study of the deflection function: a direct test of
nuclear forces.

3. The nuclear diffusion process between heavy nuclei.
4. Results of the y-multiplicity measurements.

1. The experimental device

The kinematic coincidence apparatus is schematically illustrated on
fig. 1. A position sensitive ionisation chamber (Sa 75) is centered
at the grazing angle of the reaction and is used as a trigger counter.
For each particle the chamber measures scattering angle (x, y-read-
out), totai energy, energy loss and time of arrival. The distance

-~

from the target is 1 m, the substended solid angie .7 msr.

Fig. 1: Experimental apparatus. IC ionisation chamber
RC recoil counter, St start detector, Nal 3"x3"

sodium idide crystal.
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The start signal is delivered by the secondary electrons ejected from
a thin carbon foil placed 7 cm from the target: the electrons are
amplified in a channel plate after deflection in a magnetic field

(Re 77).

On the opposite side of the ionisation chamber a 250 msr detector

(St 77) observes the particies emitted in the direction of the recoi-
ling nuclei: it consists of a multiwire proportional counter which
measures scattering angles (x-y-coordinates) and energy loss. It is
followed by parallel plate detectors which deliver a stop signal.

Up to 3 Nal crystals were used to determine the y-multiplicity in
coincidence with the trigger counter information.

The data obtaired up to now were collected during a total running time
of 7 days. Most of the inforuation, extracted from the data was gained
from the ionisation chamber. The determination of scattering angle and
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Fig. 2: Fig. 3:

Proton number identification.

Only the .events inside the triangle

are identified. On the outside, to the right,
are scen the particles which are not fully
stopped in the ionisation chamber.

Two dimensional plots of energy loss versus
total energy. In part a) are displaved Jight
elements below 2 =240, while in part b) from
the top to the bottom the elements Pb, Ho, Sn
Cu, Fe and Al can be recognized.



total energy is quite straightforward, while the Z identification is
more elaborated; it follows in the usual way from the relation between
energy loss and total energy deposited in the counter. Fig. 2 shows

two energy loss vs energy plots. The single charges can be resolved

up to about Z=35 (fig. 2a), whigh is a good resolution considering

the large cperture of 40 x 6 cm® of the counter. For the heavier
systems, where the single charges are no more distinguishable, we

found very useful to take, as calibration lines, the recoiling

products emerging from thick wires of different elements hit by the
beam (fig. 2b). In figure 3a is shown how we first matched a grid to the
measured calibration line. The grid is calculated on the basis of a
semiempirical dE/dx formula and then used to interpolate the data and
extract the Z values for each event (fig. 3b). At present the shape of
the dE/dx curve for a given Z is well reproduced by the formula, how-
ever, the spacing between adjacent Z for Z > 75 is focund to deviate
from the extrapolation based on the light elements: additional
calibration work is in progress. The data of figure 3b are obtained
from the U-U collision. Such a Z identification is essential in order
to determine small deviations from the proton number of the projectile,
while investigating the nucleons diffusion process.
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Fig. 4: On-line results from the storage display.
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The plots of fig. 4 will demonstrate the advantages of the experi-
mental device when applied to the deep inelastic reactions. The results
of the Kr on Sn reactions are shown as they appear, on the storage
display, during the data acquisition after 5 minutes of accumulation.
The same event is plotted twice: in an energy loss vs total energy
(fig. 4a) and in a total energy vs laboratory angle piot (fig. 4b).
Through the density of the accumulated points it is easy to recognize
the correlations between the 3 measured quantities. At small scattering
angles. emerges a strong elastic scattering: the energy decreases
toward  larger angles because of the kinematic dependence in the la-
boratory system for the elastic process. The empty spaces originate
from the window support of the gas counter. At the grazing angle, where
the nuclear interaction starts, the elastic scattering drops drastically
in intensity. Just before the grazing angle, the increasing attractive
nuclear forces constrain the scattered particles on a trajectory toward
smaller angles (fig. 5). At the same time, due to the nuclear int~r-

action, the nuclei are excited.

This takes energy from the re-

lative motion, the observed ki-

netic energy drops continuously

as the excitation energy in-

creases. This is how the deep b4
inelastic process develops,

coming from the elastic, partly _“l___._____ CTERRNG -
damped going to the deep in- = ceeeeeo % 2
elastic component. The events, 422?7£
which have a laboratory energy

smaller than 300 MeV can be

attributed to the fully re-

laxed component. It is not E
possibie to tell directly s

from these data what is the e AB %)
deflection angie of the fully S
relaxed or so called orbiting — e E.
component: if it has been
scattered from the same side -9 +0
of the nucleus as the partly

damped component, if it . ) . ] N )
comes from a negative angle Fig. S: Z?ggg‘;:‘f(eaien%;.ra,}ector\es of a Wilczynski
trajectory, or if the com- )

posite system has already made

many turns as in the fusion fission process. As we shall see later,
such a question cannot be answered in general for all systems and,
even for a given system different contributions may be present at

once.

A complementary information on the mass diffusion is obtained from
the AE vs E diagram of figure 4b. For decreasing energy we observe a
spreading and a shift on the AE scale, which correspond to an in-
creased mass diffusion as the nuclei are excited, with a tendency

to populate a symmetric fragmentation of two roughly equal nuclei.
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This is not oniy a quite efficient way to accumulate data, but it also
makes possible to follow continuously the evolution of the distributions
and, in a few minutes, t1 recognize the main features of the collision
process for a given target projectile combination at a given bombard1ng
energy. This type of representation underlines the continuity of the
whole process from the grazing collisions to the compound nucleus
formation: this is certainly a challenge for a general scattering

theory.

The three measured quantities o, E, Z are sufficient to transform the
two body kinematic quantities frcm the laboratory into the CM system.
The mass is deduced from Z over a 1 to 1 correspondence, which follows
the g-stability valley. The light part1c]es evaporat1on is neglected
in the transformation.

The results of the event by event transformation are shown on part d)
and c) of figure 4. The new calculated quantities are the total kinetic
energy TKE and the center of mass scattering angle ocyM. The so called
Wilczynski diagram (li 73)  1is obtained by plotting TKE vs 6gym. From
such a representation it is easy to read out the energy of the re-
laxed component, which corresponds roughly to the repulsion energy

of the Coulomb barrier. The TKE vs' Z diagram illustrate again the
charge diffusion with a tendency toward symmetry. While considering
the data in the CM system, it should be remembered that the limited
range of observation in the laboratory introduces diffuse cuts on the
distributions. The recoiiing nuclei are usually not detected because
their grazina angle in the laboratory system is out of the observation
range of the detector and even if they hit the detector their kinetic
energy is so low, that it is very hard to identify them.

In the following we shall study the evolution of the deflection function
from the elastic to the fully relaxed component for six different
systems. This will clarify the relative motion of the colliding heavy
particles. Afterwards we shall consider, for the same systems, the
evolution of the proton number as a function of the total kinetic

energy loss (TKEL) and this will illustrate the mass diffusion process
overimposed on the motion of the colliding objects.

2. A systematic study of the deflection function

Figure 6 shows three asymmetric Kr-Er, Xe-Au, U-Pb and three symmetric
systems Xe-Sn, Pb-Pb and U-U. They are ordered for increasing
strength of the Coulomb repulsion. The Coulomb barrier is exceeded

by a factor of 1.25 to 1.4 which is a lower value as the 1.5 of the

Kr on Sn system of figure 4. This explains the absence of an orbiting

component {MO 76}.

With Kr on Er and Xe on Sn we compare an asymmetric (fig. 6b) with a
symmetric ingoing channel (fig. 6a) at the same total energy of the
composite nucleus. They both display a quite similar trind: the nuclear
attraction takes the upper hand against Coutomb repulsion; the
particles are constrained to smaller scattering angles, while the

overlap increases.
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Fig. 6: Wilczynski diagrams of 6 different reactions.

Moving on toward stronger Coulomb fields the Xe on Au scattering

(fig. 6¢) shows a particular balance between repulsive and attractive
forces: the particles are scattered around a fix mean angle value.

This is usually called the focusing effect (Hu 76). In the next heavier
system Pb on Pb (fig. 6b) we observe a monotonic iacrease of the
scattering angle for increasing TKEL. Because of the identity of tje
ingoing particles, we observe two distributions symmetric about 90
(CM), which cross at 900. The same behaviour is also present in the
U-Pb system (fig. 6d). From the left to the right we observe how the

Pb component develops; in the right upper corner we see the uranium



289

component which should, in principle, be mirror symmetric about 90°
to the lead component. Because of the sequential fission, the highly
excited uranium-1ike nuclei, which have low kinetic energies, are
missing in the diagram. Therefore, in the asymmetrich U-Pb system,
it is possible to distinguish the projectile-l1ike from the recoil-
like~nuclei and the trends are more readily recognized.

In the U-U-scattering we observed, as it will be shown in same details
later, a dominance of the sequential fission: this can already be anti-
cipated form the Pb-U interaction. The Wilczynski plot is shown in

fig. 5e for selected ternary processes, by requiring a coincident
fission fragment in the recoil counter. In this way it is possible

to drastically reduce the elastic events, which otherwise would over-
whelm the plot. It seems that the general trend of the deflection
function towards larger scattering angles is stil? present in the
U-U-scattering, although very few events survive the sequential

fission at high excitation energies.

From the observation of figure 6 we deduce that a gradual trend

exist, where between the lighter systems (Kr-Sn) and the heavy systems
(Pb-Pb) the deflection function, after the first rainbow but before
the grazing -angle, possibly describes a second rainbow angle (De 75):
this second rainbow angle moves toward larger angles for the heavier
masses. In addition the relation between impact parameter and
scattering angle seems to be washed out in the fully relaxed com-

ponent.

The general interest of these deflection function studies can be
summarized in two main points:

1. Test of nuclear forces: Through the delicate balance between Coulomb,
centrifugal and nuclear forces of the rotating dinuclear molecular
system (fig. 7) it should be possible to deduce form the known
Coulomb and centrifugal forces the nuclear attraction as a function
of the strength of the overlap integral. The important degrees of
freedom to be considered are besides the dependence from the impact
parameter, the time dependent changes of the overlap integial be-
cause of deformations, and the change of the centrifugal forces
because of tangential frictional forces during the slowing down
process. This dynamical situation of the dinuclear molecular system
is also essential to understand the 1imits onto the compound
nucleus formation.

One interesting aspect of this inverse scattering problem for the
reconstruction of the interacting potential, is the fact that there
is no missing cross section over a large range of observation; so
there is no absorption, we are observing all elements of the
scattering matrix. In this sense we have a situation very different
from an elastic scattering study of the interaction potential where
only one single channel is investigated and where the absorption
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prevents the analysis of the interior. The price to be paid comes
from the superposition of the mass diffusion process on top of the
relative motion process, so that both are intimately correlated
and cannot be easily unfolded. The mass diffusion will be treated

in same details in the next chapter.

FZen’fr. ™

F. Zenir,

Fig. 7: The rotating dinclear molecular system.

2. Determination of the time scale of the interaction: The interaction

time can be obtained from the scattering angle thorugh an inte-
gration along the trajectory of the relation

1 =1 .he/

rel At

which describes the angular velocity of the dinuclear molecule
(Hu 77, %0 76). The moment of inertia I(t) depends on the shapes the
system assumes. The relative angular momentum 1pej(t) depends on the
internal spin absorbed by the fragments. The trajectories of the
U-U collision are illustrated in figure 8. Part a) considers a
grazing situation, while part b) shows a fully damped collision at
small impact parameters. The scattering angle is roughly the same
in both cases but the nuclei are mostly deflected in the Coulomb
field for a peripheral collision and in the overlapping nuclear
field for the central ccllision. We expect from this consideration
the U-U interaction time to be similar to the one of the Xe-Bi
reaction analyzeg in some deta1ls by Huizenga (Hu 77), which is of
the order of 10722 to 10-21 sec. The knowledge of such a time
scale is important for the prediction, through the diffusion model,
of the strength of the mass transfer in the transuranic region.

The derivation of a time scale can be of considerable help not only
in understanding the diffusion process but also the relaxation
phenomena of the various degrees of freedom.
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Fig. 8: The trajectories in the U-U collisions.

3. The diffusion of nucleons between heavy nuclei.

Figure 9 illustrates the evolution of the nucleons diffusion as a
function of the loss on total kinetic energy. The same symmetric and
asymmetric systems of figure 6 are reconsidered. The Xe on Sn reaction
shows a nice symmetric. distribution, which monotonically widens as
the kinetic energy decreases. The corresponding asymmetric. ingoing
channe shows a preferential population of the heavier masses: this is
usually called a driving force toward symmetry. The Xe on Au combination
behaves very similarly to Kr on Er. A weak .component of the sequential
fission of Au is seen at low kinetic energies. If the Pb-Pb distri-
butions are compared to the Xe on Sn case, one observes a shift to the
lower proton numbers. The same trend is present on the U-U case, al-
though few events are observed at the high excitation energies. The
same is also true in the U-Pb scattering,which directly iliustrates
the drastic change taking place for the heavy masses above lead. Frcm
potential energy surface we would expect that the primary masses
produced in the Pb-Pb, and U-U interaction would be similar to the
Xe-Sn interaction. The question to be discussed Tater will be if the
sequential fission can explain the missing part of the Z distribution
for the heavier elements. Before investigating these questions let us
understand better the lighter systems where the decay of the primary
excited masses is limited to the neutron evaporation, so it dcesn't

alter the Z distribution.

"'ntil now we have been rather qualitative in the description of the
data, the following figures shall give a quantitative reprecentation
of the results after normalization to the Rutherford cross section.
Instead of the usuel do/d2 we have chosen a do/do representation, be-
cause the later is proportional to the total reaction cross section
when the whole angular range is observed. Figure 10 displays the
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Fig. 9: The nucleons diffusion as a function of the

TKEL. The distributions are measured for a
given setting of the position gensitive
ionisation chamber, which is centered arouna
the grazing angle of the reaction and ob-
serves the projectile-like fragments. The
recoil-like fragments are observed partially
in the U-Pb reaction.

absolute cross sections for the Kr on Er reaction. The proton number-
and angular-distributions are shown on a logarithmic scale for
several cuts as a function of the total kinetic energy loss (TKEL).
For lower excitation energies the Z-distribution is narrow as well as
the angular distribution. As we move up in energy,we observe a
broadening and an increasing slope on the heavy element side above the
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Fig.lo: Absolute differential cross sections of the Kr-Er collision, The
number to the right of each Z-distribution indicates the averaae
total kinetic energy loss of the considered events. The number dis-
played to the left is the cscaling factor. If all reaction products
would be observed and identified,symmetric Z-distributions (about
Z=52) would also be observed, centered at the Z of the recoil

products (Z=68).

Z-value of the projectile; we observe a shift and a broadening for the
angular distribution. These are the same general features considered
before on the two dime ional plots of the Wilczynski- and of the

diffusion-diagrams (fig. 6 resp. 9).

What we want to Tearn now on a quantitative scale is how the width of
the distributions, the 022 value, changes as a function of the TKEL,

85 suggested by Huizenga in his systematic work (Hu 76) for a
number of similar systems. We want to investigate if there is a
general relation followed by the mass diffusion process.

It is rather instructive to compare the symmetric Xe-Sn system to the
asymmetric Kr-Er system (figure 11). The Xe on Sn distributions remain
Gaussian in shape, fully symmetric independently from the TKEL: the
system is symmetric from the beginning and there is no driving force
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a multiple of {lo .

expected from a potential energy surface:; the centrifugal

barrier tends to conserve the symmetry. There are good reasons to study
symmetric, as well as asymmetric ingoing systems. The symmetric case
dispalys a number of simplifying features. Let us compare these
experimental results to the most simple form of a diffusion theory.

We assume a frozen geometry between two overlapping nuclei and we

apply the transport theory with the Fokker Planck equation as
suggested by Norenberg (Ng 76). It gives the proton number occupation
probability as a function of time

P(Z,‘[‘,) = (4n'DZ-t)-1/2 exp[-(Z-Zo—vl-t)z / 4'01'tj

where V¥, is the charge drift coefficient and D, the diffusion co-
efficient. The measured variance ¢,2 of the proton number distribution
is related to the drift coefficient by

022 = 2‘Dz't
In this picture, for the Xe on Sn reaction, Vz 1s approximately zero

and we test the diffusion coefficient D, alone. In the framework of
this model it seems difficult to explain why, in the Kr on Er



reaction we observe only
a change in the skewness
of the Z distribution
without a drift of the
centroid value: we ob-
serve that the cuts on
TKEL do not sample only
a given time intervall,
overlap strength and im-
pact parameter, but that
these Z distributions may
pnssibly come from a super-
pasition of the different
componerits of figure 12,
with changing weighting
factors. The unfolding

of a time scale and tha
assaciation of given im-
pact parameters to well
defined TKEL appear to

be quite difficult 1in
these cases.

The Xe on Au results of
figure 13 represent also,
for different r22sons, an
interesting piece of in-
formation. Like in the
Kr-tr system, we observe
a broadening and a de-
creasing slope as the TKEL
increases, but in addition
notice the puzzling shift
of the maximum in a di-
rection opposite to the
one expected from a
driving force toward
symmetry which is pre-
dicted from simple

liquid drop model con-
sideration. We believe
that this is due to a
shell structure effect
where both Xe and Au

feel a coherent driving
force toward close
shells: Xe toward Z=50
and Au toward Z=82.

These observations are
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consistent with recent radiochemical measurements of Kratz et al.
(Kr 77) where both 1ight and heavy fragment were observed. It can
nevertheless not be completely ruled out, at this point, that a
1ight charged particles evaporation also contributes to the observed
shift. However, these results are certainly of considerable interest
and should stimulate additional experimental and theoretical work
because the Xe on Au systems display optimum conditions for the ob-
servation of shell structure effects.

The next question to be considered is how the Xe-Sn, Kr-Er and Xe-Au
results do fit into the present general understanding of the mass
diffusion as investigated by Huizenga (Hu 77). The next figure (14)
gives the relation between the variance 6% of the proton number dis-
stribution and the TKEL.

The results of the original
Berkeley measurements are
summarized by the full line. It

should be pointed out that for TKEL i
the Berkeley data the Coulomb 300 - =
barrier is exceeded by 200 to Z
270 MeV, while for Kr on Er (MeV) =
the total available kinetic o
energy was 85 Mev, for Xe a
on Sn 95 MeV and for Xe 200+

on Au 190 MeV. The com-

parison shows that all

measurements roughly match %, 166

on the TKEL scale as long [ & o Kr-"Er

as the energy dumping has 100F 4 & ,-- . 120

not reached the fully re- v a Xe- Sn

laxed component. It is Bye ¥y

also interesting to com-

pare these same results oLe

in terms of a simple 0 a0
friction model (one body @ «0 G; %0 0
dissipation model) along

th? same 1ine followed by Fig.14: General relation between tctal kinetic
Huizenga, where the rate fr_)ergy loss and mass diffusicn. The full

of energy dissipation per ine curve sunu:\ariz‘es the results of

unit of time is proportional e o ket 77) for she reactions

at each instant to the re-

maining available energy. 2
This leads to the diagram of figure 15 where 6z is plotted versus

In(Eo/El The quantity E, is the total available energy and E the
avai?ab]e energy at eacﬁ moment; Oz is assumed to be a measure of the
time scale. These results show that the slope depends on the total
available energy, this means that the friction force (the slope gives
the frictional coefficient) is not velocity dependent. At low bom-
barding energies the friction coefficient is larger as compared to

higher energies.
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An energy dependent study done for 25
different bombarding energies, as /A
it has b2en performed for Kr on Sn /
and Kr on Er, should be of con- 20/ HE .
siderable help in order to clarify S 4

the nature of the energy dissipation — / P4
mechanism. The accumulated data re /

not yet fully analyzed, but we have 15k 1/ g
learned from the presented data that
the simple frictional model is not
valid, that the amount of energy 10kL/; o
dissipated per exchange is too large f :
to be accounted for by a simple
frictional force. The microscopic
nature of the energy dissipation
remains quite an oper question:

is it due te particle hole exci-
tation with the promotion of
nucleons to higher shells (Wei 77),
due to collective excitation in- F1a.15: Fate of eneray | it SN
cluding the giant mode (Wi 77),  Ti9: = o O O o excharger. che muontio

or is it just based on Q-window E, is the total availabie energy above tra
matching and phase space con- barrier, while £ is the availatie enercy
for each energy loss. The straight lina

siderations? corresponds to the observed beraviour of

the reaction Xe-Bi and Xe-Ho (Hu 76).
Additional information on the energy dissipation will be presented with
the results of the y-multiplicity measurements in the last chapter.
We shall now first move on to the question of the mass diffusion for
the heavier systems with the Pb-Pb, Pb-U and U-U interacticn.

GSI- P1-77-0110-4

In (E./E

15

Until now we were considering primary products in the mass region be-
tween 80 and 200 amu, which are known from compound nucleus studies

to decay predominantly by neutron emission: the measured Z-dis-
tributions were therefore fully representative of the primary Z-dis-
stributions. For nuclei with masses A >200 it is known both from
compound nucleus decay studies and from the 1iquid drop calculations
of Cchen, Plasil and Swiatecki (fig.16) that the excited fragments can
easily decay by sequential fission. The aim of the present investi-
gations is therefore on one side to delucidate if the heaviest
systems follow the general trend displayed in fig. 14, to determine
the primary population as a function of excitation energy in the
transuranic region, and on the other side to investigate which new
phenomena will occur. It is for example unknown, whether during the
collision of very heavy nuclei fission will occur on a much faster time
scale comparable to the interaction time, or whether the strongly de-
fO{med nuciei might favor the emission of charged particles during the
collision.

The results of the three reactions U-U, U-Pb and Pb-Pb are shown in
fig. 17 on a logarithmic scale for comparable observation angles and
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Fig.16: Liquid drop model predictions (Ca 74} of

the fission barrier for Q = 0 {full line)
and Q =~8 MeV. The dashed line shows
where the fission-startsto compete with
the neutron decay mode.

bombarding energies. In each spectrum
we see after elimination of the
elastically scattered events two peaks:
one, close to the Z of the projectile,
is narrower and asymmetric and corres-
ponds to the normal deep inelastic
scattering, whereas the second,
broader, is roughly centered at half
the proton number of the heavy frag-
ments and can be associated with the
sequential fission of the excited
primary products (Kr 74). Fig.17

Counts/ 7

° )i

0

0 © 20 0 & S 60 7 & 9% 10

. s > Overall results of the Pb-b, Pb-U and u-%
Compamng the three S-yStems, it is clear reactions. The broad bump is originated
that the part of the reaction cross by the Sequential fission but his shape
section which undergoes sequential ;:go?fﬂly;emvsmnauvebeamsethe

. . . 7 . . st fission fragments are not npleted;
fission increases with increasing mass. gtopped in the decectar comietels
The deep inelastic component has in all three cases a steep slope to-
wards heavier elements, and a much flatter one towards lighter ele-
ments, the latter falling off much slower for U-U than for the two
other reactions. The dashed Tines in fig. 17 indicate the experimental
resolution determined from the elastic scattering.

For comparison the Z-distribution of deep inelastic collision of Xe on
Sn, where no sequential fission is observed, is shown in fig. 18.
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This distribution is fully symmetric.

r-:132 120 - -
In fig. 19 the Z-distributions for [ Xe— Sn. T
Xe-Sn and Pb-Pb are plotted for .. 59 MeV,
different values of TKEL. With in- AMU
creasing energy aissipation for
Pb-Pb the distributions become
mcre and more asymmetric, which
can be explained by the fission
barrier shifting to lighter nuclei.
The fission probability as a
function of Z can be determined
from the large area recoil de-
tector if the corresponding light .
reaction fragments are seen in SRS | 3
the ionisation chamber. The re- P T
sults are shown in fig. 20. For L e - S
the reaction Pb-Pb the fission . h
probability rises steeply from 0 1 20 30 40 S0 60 70_ 80
5 % for Z=83 to 75 % for Z=87. —Z

-
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Fig.18: Same data as in figure ila, but integr2lec
over all non elastic events.
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Fig.21: Primary and final distributions of the Pb-Pb and U-U reactions.
The primary Z-distributions are guessed by assuming the same
shape as in the Xe-Sn data of figure 19: The integral of the
distribution is normalized to the total reaction cross section

as determined by the grazing angle (quarte:-point procedure).
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In figure 21 a) the Z-distributions of the deep inelastic fragments are
compared more closely for U-u and Pb-Pb. From studies perfermed with
lighter systems, from potential energy surface arguments and especially
from the fact that the two systems are symmetric, there is no reason

to believe that the primary Z-distributions should not be symmetric
(fig. 21). Ye therefore would expect similar if not identical primary
yields for element Z = 87, which is in the middle between Pb and U.
This intensity ratio should also not be changed by sequential fission
as long as.the general relation between nuclear excitation and width of
the Z-distribution (fig. 14)is the same in both reactions. From fig. 21
it can however be seen that the yield of element Z = 87 is about 40
times larger in U-U than in Pb-Pb. One possible explanation would be
the emission of 1ight charged particles during or after the primary
fragmentation. An alternative explanation would be that in the reaction
U-U the mass transfer already occurs at lower excitation energies than
in Pb-Pb. This would be of considerable importance for the production
of transuranic elements and might be due to nuclear structure: Pb being
doubly magic and U being deformed. Additional experiments will be per-

formed to clarify these questions.

100 I
OA - ] 8
U-u 75 MeV/AMU:5
I R
a
v o
Ry 2
04+ = - §
T
- 3
s [ )
z C—
i t
z
1 14
01 T T v T r
40 60 80 —>BCM
T T T T 1 T T .
2, 22 20 18 17 16 MmN
{fm)

Fig.22: Coulomb fission measurement. The distance
of closest approach rpax is evaluated for

t
pure classical Coulomb trajectories.
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The strongest possible Coulomb forces exist between two Uranium nuclei,
so that this reaction is best suited for the investigation of Coulomb
fission. The present measurement has been performed at a bombarding
energy well above the Coulomb barrier (Ecy =1.26 Epgyy)s however by
selecting "elastic" scattered events at sufficient?y small scattering
angles (fig. 6f) it is possible to select collisions with large impact
parameters for which the overlap of nuclear matter is vanishing.

The energy and angle of these "quasielastic" events have been deter-
mined with the ionisation chamber and the recoil detector (RC in

fig. 1) was used to determine the fission probability of the recoiling
nuclei. The measured fission probability is displayed in fig. 22.

We observe an important fission cross section even at large impact
parameters. It is not possible, at present, to exclude experimentally

a contribution, to the measured cross section of the subcoulomb

neutron transfer induced fission. However, in our case, the contri-
bution of such a transfer is less important on a relative scale, than
the one observed in recent subcoulomb fission measurements with Tighter
projectiles (Co 76, Sp 77, Kr 77). Theoretical calculations (Gr 73,

Wi 75, 0b 77) should be extended to this heavy system.

4. Results of the y-multiplicity measurenents

The y-multiplicity can be considered as a measure of the total spin

of the fragments after the collision, although the reconstruction of
the absolute spin values from a y-multiplicity is rather compliex

(Ha 75, A1 75, Ba 76, G1 77, Pe 77, Is 76). The total spin depends

on the initial angular momentum, on the slow down process and on the
time scale of the interaction, which are important hidden quantities,
not directly measurable: So it could turn out that the y-multiplicty
studies bring new insight into these processes and allow to distinguish

between models.

We present here the results for the Kr-Sn and Kr-Er systems: they are
summarized on figure 22, 23. The dependence of <My>on angle is shown
(22c) for the three branches of figure 22a: the elastic, the partly
dumped and the fully relaxed. Due to tangential friction, there is a
steep increase along the partly dumped component. Sticking, if any,
is only achieved in the completely relaxed component. This can also
be seen on figure 22d, where <My> is plotted as a function of the
TKEL. The differences in <My> at low TKEL between Kr on Er and Kr on
Sn, which have nearly equal lp,x values indicate the presence of
nuclear structure effects: the deformed Er nucleus can be easily ex-
cited in the Coulomb field, while the spherical Sn nucleus remains
unsxcited at large impact parameters (fig. 2lc). The relation between
oz and the TKEL of figure 14 is again displayed on figure 22b. This
shows how the energy and the angular momentum are simultaneously in-
troduced into the internal degrees of freedom of the system. The fact
that for small energy loss the dissipated energy per exchange is in-
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Fig.23: Results of the -multiplicity measurcment. Part <) of the figure
shows how the average y-muitiplicity of the reection Kr-Sa in-
creases as a function of the laboratory scattering angle for
the three teanches illustrated in part a): tne eiastic, the
partly dumpec and the fully relaxed <cmponent. The elastic
component for the reaction Xr-Er is also snown in pari ¢)
nf the figure.

dependent from the pombarding energy indicates that not only velocity
dependent friction forces have to be considered. This shows already
a limitation of the simple classical model.

The same y-multiplicity data of the Kr on Er reaction can also be
analyzed as a function of the proton transfer. This is displayed in
figure 24 for different bins of the TKEL. A dependence on the number
of transferred protons is only present in the partly damped component
where the system is not equilibrated. In the fully relaxed component
the value of <My> is independent from Z over the observed range: this
is not expected in a simple sticking model picture, which predicts

an increase toward asymmetric fragmentation (Bo 76).

It is of particular importance for a y-multiplicity measurement to
investigate the dependence from the impact parameter (ingoing angular
monentum). Although it is difficult to associate the observed events
to the ingoing angular momentum (1;,), a possible approach consists
to integrate the observed total cross section, as a function of the
TKEL, after normalization to the Rutherford scattering (Hu 77). The
results of such a derivation are drawn as a full line on figure 26a.
This shows that the partly damped events cover a main fraction of

the total reaction cross section. If a sharp correspondence exists

between ]in and TKEL, then the fully relaxed component has to be



associated to angular momenta
smaller than 95, with

an average value of 6o-

The corresponding internal

spin would be, in the sticking
model, of about 22. This is

a value much too small to
explain the observed multip-
licity value of 20. It leads
to two possible consequénces:
the nuclei are able to ac-
comodate in the internal degree
of freedom more angular mo-
mentum than the sticking model
predicts or the correspondence
between 15, and TKEL is quite
broad and ?arge‘impact para-
meters can lead to fully re-
laxed events. This last ex-
planation seems to be more
1ikely, however, the limi-
tations of the simple classical
model are disclosed here again.
A number of explanations for
the observed behaviour can

be found 1inthe framework of
the fluctuation theory (Ngo 77)
or in a microscopic quantum
mechanical treatment (Wei 77,
No 77).
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Another interesting information, which can be derived from the data
consists in associating the observed low kinetic energies to the
deformation at thescission point. In figure 25a are indicated E?e
barrier heights for two touching spheres (R = 1.50 {A;1/3 + A,1/3})
in a non sticking (NS) and in a sticking configuration (S). The ob-
served TKE is small, which suggests that deformation effects can be
of importance, not only in the fully relaxed component but even at
an earlier stage in the partially domped component. This can be
interpreted in terms of cojlective excitation modes (Wi 77) or in
terms of a neck formation between elongated fragments (Bo 77). -
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Conclusions

A systematic survey of deep inelastic reactions was performed for
colliding nuclei of masses between 80 and 240 amu.

The application of large surface detectors and, particularly, of a
position sensitive ionisation chamber, has proved to be very effective

and appropriate for this type of investigations.

The Wilczynski diagrams describing the relative motion between the
colliding objects shows a gradual trend as a function of growing masses
of target and projectile where the trajectories Tead the particles not
toward negative scattering angles but increasingly into the direction
around and above the grazing angle. lle attribute this behaviour to a
delicate balance between Coulomb and nuclear forces.

The energy dumping as a function of the mass transfer strength matches
a general law between total kinetic energy loss and the variance of
the proton number distribution. For the partly damped component this
relation seems to hold independently from the choice of ingoing channel
and bombarding energy. The dissipation of the kinetic energy does not
depend only on the relative velocity of the impinging nucliei, and the
simple friction model is not appropriate to describe these processes.

The y-nultiplicity measurement displays a rapid increase as a function
of scattering angle and total kinetic energy loss, which give new
insights to the process and indicate the necessity of microscopic
quantum mechanical calcuiations of the interaction.

In the U-U collision large mass transfers are present which nossibly
populate with relatively large cross sections the transuranic elements.
In the Pb-Pb reaction the mass transfer is more restricted. The decay
probability by fission of the primary masses increases strongly for
growing masses and excitation energies. The presented investigations
are by no means completed and hoid promise of additional surprises

and excitements.
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Introduction

In part I we give a brief account of the essentials of the
equation-of-motion (EOM) approach and of some of its significant and interesting
results. In part II we attempt to provide a framework for the theoretical
description of high-energy heavy~ion (HE-HI) collisions; in particular we give
a critical assessment of various approaches: EOM calculations, Boltzmann

equations/ cascade calculations, and hydrodynamics — their relationships and

their respective domains of applical.ility--if any~~to HE~HI collisions.

I. EQUATIONS~OF-MOTION (EOM) CALCULATIONS

The EOM approach (refs. 1—5) is essentially an application to
HE-HI collisions of the method of molecular dynamics, used to study classical

liquids. The justification for this application depends on 1. the probable

need for a microscopic description (mean free path A ¥ 2fm and shock thickness
% A of the order of nuclear dimensions, i.e. large transparency), 2. the
denseness of nuclear matter especially as produced in central collisions, and
3. the possibility of an approximately valid classical description at high

energies (laboratory energies EL g 200 MeV). Critical discussion of these

points is given in pari II,
Pion production has been neglected and relativistic effects when

2
included (ref. 5) are considered only to order v /c2. We have then restricted

ourselves to laboratory energies EL ~ 500 MeV/nucleon (for equal mass target and

projectile, Ap = AT),——i.e. to "fast" collisions in Hiifner's terminology. Such

energies are sufficiently high that hot dense nuclear matter is expected to be

produced in central collisions., On the other hand the energies are still sufficiently

low that potential energy and correlation effects are expected to be quite large

and that one can thus expect to obtain significant information related to

interaction effects for the equation of state, Furthermore, the energies
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are sufficiently low that a theoretical understanding in terms of more or less

conventional nuclear forces may still be possible,

The essence of the EOM approach is the calculation of the A = Ap + AT

trajectories by integration of the classical equitions of motion with 2-body
forces between all pairs of nucleons, This is computationally feasible for

quite large A (% 500 for Newton's equations). W2 will almost entirely consider

the equal mass case, Ap = AL The c.m. cnergy/ricleon is then EL/4
E
(nonrelativistic) or 1/4 EL(l - L 2) (relativiscic to order v2/c ,
8mc
m = nucleon mass). The following discussion is nainly based on the EOM

calculations as described in ref. 4 and on recent developments of these calculations.

An ensemble of N initial nucleon distributions is preparcd appropriate

to the initial projectile and target nuclei. The spatial distributions for the
R : ; 1/3 . .
initial nuclei have a radius R = roA (rO % 1.l fm), a uniform (Fermi)
momentum distribution with an average kinctic energy/nucleon % 25 MeV and
2-body potentials (see below) such that the binding energy/nucleon & 8 MeV,
These classical nuclei are not at zero temperature because of the kinetic
energy and also because the potentials give saturation at a density
3 -3 N
p>p.= (3/4ﬂro ) % 0.18 fm ~. However,the 2-body corrclations have been
relaxed as much as possible and the nuclei are as cold as possible consistent
with the above recquirements. These nuclei therefore condense and evaporate.
These effects are small during the nucleus-nucleus collision time for AP=AT=
20, 50 and have been carefully monitored. In particular, calculations are
made for the "no-mutual-interaction' case, i.c. when the two nuclei are allowed to
interpenetrate each other without any interactions between target and projectile
nucleons., (This is the case of extreme transparency when the only changes--

for classical nuclei--are those due to evaporation and condensation in ecach

nucleus). For a given impact parameter b the projectile and target nuclei are
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initially almest touching in order to minimize the effects of evaporation and
condensation. As discussed in 1I, the correct s: turation properties for the
initial nuclei are not particularly reclevant for HE-HI collisions.

The nucleon-nuclcon potentials are chosens

1. To have physically reasonable attractive and repulsive
parts (based on potentials of Beth: and Johnson).

2, To give a binding energy/nucleon A 8 MeV.

(2)

- . 2 . .
3. To fit the empirical sin”9 weighted cross section o
(isospin averaged over pp and np cross sections) for

50 % EL X 500 MeV by use of 2-body classical trajectory

S

calculations. . J (l-cosne)bdb where v (b)

is the c.m. deflection function, b the impact parameter.
2) . . . . .
0( ) is chosen because it determin:es the viscosity and

thermal conductivity (for dilute svstems) which in particular

determine shock structure in hydrodynamics (sece Part 11).

(2)

Results for o are shown in fig. 1 for a static potential VSt

and for a potential vret which includes (momentun~dependent) retarded terms.

. R 2,2 .
For the latter the calculations are relativistic to order v ' /c~. Both potentials

depend on four parameters, The static potentials are of the form

“H,T -, r
R E R VA e A" .
r r

Vo kD) =V (1) = Vylr) + V() =V
There is no unique way to obtain the relativistic (retarded) corrcctions
2,2
to order v /c” for a given static potential. However, if an underlying
field-theory is assumed such that the repulsive and attractive parts in

vV (i.e. VV and VS) are attributed to vector and scalar fields, respectively,

then the retarded correction is uniquely dectermined (ref. 6). Then
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Vret = Vo + V2:

T S
(p, ) (p,e1)

> 2 N S S . __J,___.jé___ av -]

V2(r’P1:p2) - 4 2 2{[(p1 P2) VV(I) - v der

mc
NS SR -
+ e > 2 -+ Y e V (pl')-)(pz.r) d\ls ?,'o
( (pl—pz) pl pz) S(r) - r dr d t’ P

[The relativistic character of Vret appears throigh the fact that Vret is not

invariant to Galilean boosts (thus it depends on the momenta not only through

I 2, 2
Py -pz) but is invariant, to O(v /c”), to Lorent:z boosts.]

V, does not introduce additional parameters, but the parameters VA’ Hpo

2
VA’ Mo must be readjusted so that Vret fits the empirical values of 0(2).
It is interesting, although probably not significant, that a better fit to

is obtained with Vret; in particular this can give a more nearly constant

2 . . .
0( ), in agreement with the empirical value, than can Vst' The retarded

terms V,_, generally give a net repulcive contrivution., However, we alrcady

2’
. . . 1
note here that the longitudinal momentum-loss cross section 0( ) (ref. 7)

may be more appropriate for conditions of large transparency (e.g. the initial

(1

stage in central collisions--see below)., The value of o for Vst and Vr

ct
is then less than the cempirical value, i.e., these potentials will give somewhat

@ is somewhat less for V than for V .
st ret

too much transparency. Alsoso
indicating that the latter gives relatively more transverse scottering.

We remark that Wilets et al. (ref. 3) bhave made a very
ingenious proposal for obtaining a momcntur~dependent 2-body "Pauli' potcential
which allows them to obtain cold nuclei with approximately the empirical
saturation properties. (Thus for the state of minimum cnergy the momenta
These nuclei in their state

are not zero even though the velocities are.)

of lowest cnergy are then frosen and do not condense or evaporate when left

on their own,

~
(&}

(2)
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Further critical discussim of the choice of potentials in the EOM
approach is given in part II.

Trajectory calculations are made by solving cither Newton's equations

(nonrelativistic, static potentials) or Hamilton's equations (relativisticor
momentum-dependent potentials). The relativistic calculations are to order
2, 2 e . . . .
v“/c”. Thus the relativistic kinetic energy and Lorentz transformations to
this order are used (the latter is needed e,g. when transforming between

the lab., and c.m, systems), and the potential for consistency should be

v « Thus
ret
i = If\(p12+pi4 17 Vo (T, ,B.B) (a)
= ) |+ — > ) RS o PG o a
i=1 2 8 SCZ 2 1,54 ret "ij’"i’"j
5 5
x; =V, H , p; =<- V, H (i =1,...0 . (b)
P, X
i i

However "relativistic" calculations can also be mude for vst' These are then
very close to the corresponding nonrelativistic calculations since only

. . . 2, 2 .
kinematic and kinetic-energy effects to O(v /c”) are included.

The 10 conserved quantities H, B = 23., L= 2(§.x3.), K = MR-tP
i i™i

. >

are monitored. K corresponds to conservation of the c.m. velocity (M is the

total mass including relativistic and interaction contributionf to lowest order

)

* .
and R is the c.m. position. Thus MR = Xm.;. with mf = m(1+-—£—
. i1 i 2 2
i 2m ¢
1 .‘_, e s !’
+-——§-\ z V(r, ), and K = 0 together with M ©H = 0 and P = 0 then gives
AP o' i,
2¢” j(¥1i) j
-
P

=y

/M = constant,
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Note, if Hamilton's equations (») are solved exactly for the approximately

. . . 2 - .
relativistic H of eq. (2), then 1, P, L will be couserved cxactly, but K

. . 2,2 > > .
only approximately to order v /c”). P and L are in fact conserved very
accuratelyy conservation of H to within about 1 % is achieved by suitable
choice of step length in the integration algorithm (th order predictor-
corrector Nordsicck methad).

Another check of the accuracy of the integration procedures uscd is

to reverse the motion at some time T and check how accurately the initial
conditions at t = Q are recovered by the time-reversed motion. This is in

fact recovered very accurately (for Ap = AT = 20) e¢ven for central collisions

(for both static and retarded potentials) and for times (T = 25 and 50 fm/c)

long after the collision is over. It is amusing to change the conditions
at T slightly from those attained in the forward motion and see to what extent

the time reversed motion now '"misses”" the original conditions at t = O.

Thus if (for Ap = AT = 20, EL = 500 McV/nucleon, b = 0) the positions at

T = 25 fm/c are randomized by an amount within #0.1 {m for each n.icleon,

then the original initial conditions at t = 0 are missed by a sizable anmount,

although for some time the reversed motion (especially the density) resaables
the original one. Because of the strong interactions between the nucleorns,

one must "aim" very accurately if one is to recover the conditions at t = 0.

This is an example of the instability of the dynamics of many-particle
systems with respect to the precise initial conditions and is related {(for @
closed system) to the property of '"mixing" irn phase space. This also indicates
that, for reasonably large A, there is effective.y considerable averaging

even for a particular initial distribution,

Analysis and Averaging. The A trajectories obtained for any given initial

distribution are analyzed to give cnergies, populations, hydrodynamic-type
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averages such as densities, average velocities, ctc., all as a function of

t. These results are then averaged over the N members of the initial ensemble,

= 10 and

For our (nonrelativistic) calculations for Ap = AT = 50 we used I

the impact parameter was varicd from b = O to b = 2R in steps of 0.25 R.

Nonrelativistic calculations in progress for AP = 20, AT = 238, EL =

250 MeV/nucleon use N = 12, Relativistic calculations to date have been

made only for individual distributions for Ap = AT = 20, b = 0, R and mostly

for EL = 500 MeV/nucleon. Angular distributions and other quantities for

given Ap’ AT, EL are obtained by integration of the results over b {(with
weighting b).
There are —-unanswered-~ questions about the size, choice and

sampling of the initial cnsemble., Hopefully, any related inadequacies are

alleviated by the mixing property discussed above.

Results of EOM Calcuvlations.

We give some examples to illustrate the results obtained with the

EOM approach. The most comprehensive results are nonrelativistic calculations

for Ap = AL = 50 and E = 117 and 300 MeV/nucleon (relative velocity vic = 0.5

and 0.8, respectively), reported in ref. 4. We also present some relativistic

a9
(unpublished) results (ref. 5) for Ap = AT = 20 (i.e., ZONe + ”ONC) for both

V _ and Vrct' For both sets of results, cvaporation and consensation are

minor problems,
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Central (b T 0.5R) or near central collisions (b TRY. There is an dnitjal stage

V]

.

when the relative displacement of the nuclei is Az 5 23 ™ 4y, The nuclei
effectively pass through each other without much change (especially figs. 2,4).

This stage is characterized by large transparency.

Subsequently there is a stoge of larpe overlap, characterized by

strong dissipation (the translational cnergy T is rapidly dissipated, the

distributions rapidly become near isotropic as indicated by the change in the

velocity asymmetry w). The densities become quite large, p 7 p (figs. 2,5)
¢

with associated large internal kinetic energies; the projectile and target

nucleons become intermingled (e,g. fig. 2) and there appears to be approximate

thermalization,

Finally there is an "explosive" adiabatic expansion (fig. 2). This

stage seems to retain little memory of the initial stage, indicating again that

an appreciable degree of thermal equilibrium occurred during the previous

stage.

Noteworthy is the large repulsive contribution due to retardation
(fig. 3) during the stage of large overlap. This presumably makes the

equation of state relatively "hard" as compared {or a static potential. An

interesting related feature {(not yet conclusively established) with possible

important observational consequences is the prounounced sideways peaking

of the c.m, angular distribution for vrct (fig. 4). This is also indicated by

1/2 . , .
the final velocity "asymmetry" we = <v2Z / vf:>/ ‘v 0,8, This sideways pcaking
is reminescent of some hydrodynamic predictions (ref.8) and of the sideways

splashing of two colliding incompressible drops. For comparison the static

potential gives an essentially isotropic angular distribution, (fig. 4) and

correspondingly we % 1., We consider this difference in angular distribution,
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which we conjecture is related to a differcnce in equaicion of state, Lo be
significant. lowever, for a more precise test of such potential dependeat effcents
it is necessary to compare results for potentials which give the same scatterin,,
i.e. the same deflection function.

It seems also of interest that even for quite light nuclei (Ap = AT = 20)
the central collisions are explosive and not dominated by transparcncy effects
(for EL X 500 Mev).

Another possibly significant feature are the large final fused
residues with A % 60 found for Ap = AT = 50 at EL = 117 MeV/nucleon and for
near central collisions, b & 0.25R (figss. 5 and 8). These arc described in ref.
and indicate that at the stage of maximum compression there is the possibility

of rapid transfer (by thermal conduction) of rhe large thermal energy of the

nucleons in the interior rcgion to those on the outside which are explusively

blown off.

Noncentral (b & R and peripheral (b & 1.5R) collisions. As L is increased

transparency effects rapidly increase and become dominant for b & R. 1In fact

transparency effects are already evident for quite small b. Thus (fig. 9),
the c.m. angular distributions vs. b become rapidly forward-backward pealed

with increasing b. For larger b the nuclei retain much of their identity after

the collision (figs. 6~8) especially for b 3 1.5R. Correspondingly, much less

of the initial translational energy is dissipated (fig. 8). Nevertheless

for b & R there are still an appreciable number of fast (explosive-typc) nucleons.,

The general resumblance (for large b £ 1.5R) to the experimentally observed

fragmentation collisions (ref., 9) is evident. The coverall c.m. angular

distributions are dominated by the distributions for large b and hence are

strongly forward-backward peaked.
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Ceneral Conclusions.  Clearly, for EOM calenlations based on the froe L

interaction, transparency and nonequilibriuv  e¢ffects are important or cven

dominant for most impact parameters (at lessi for the collision of cqual mass
medium nuclei). At least for Ap = AT £ 50, there scem on average Lo be only
relatively few collisions/nucleon even for b = 0. A wmicroscopic description,
such as the EOM appreoach, is therefore required for a unified description.

Furthermore, hydrodynamic conditions, corrciponding to lecal, or approxiamately

local, thermodynamic equilibrium (sce Part 1I) are probably never fully attained

although the kinetic encrgy may be approximately thermalized. Thus even for

quite small b there is probably a complicated interplay of equilibrium and
transparcncy effects corresponding to important nonequilibrium features,
them

It will be important to elucidate these and extract information about

from the cxperimental data, This may, in particular, allow determination
of tramsport effects and a determination of the effective mean free path A.
It will clearly be of great intercst o establish potential dependent eifects.

These are expected to show up most strongly in central collisions and are

further discussed in part II.
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I1. MICPOSCOPIC AND HYDROBYNAMLIC LLSCRIPTTOXNS OF

HIGH=-EXNERGY HLAVY-10N COLLLISION

In this part we attcempt to provide a framework fur the theorctical
description of HE-HI collisions. In particular this will involve a critique of
the various approaches mentioned in the introduction, their relation to cach

other and their respective domains of zapplicability, and also a search for

justified simplifications at high‘cncrgies (=% 500 MeV/nucleon), Our understanding

of HE-HI collisions will be greatly helped by one or more such simplifications.
At low energies (o few MeV/nucleon) the mean free path A is large
(% 10 fm), the cffective nuclear forces being weak., The approximate validity
of single-particle motion may then provide a great simpli’ tion of nuclear
dynamics., A meaningful separation between single particle and collective
motions is possible. Useful and valid descriptions, discussed extensively
at this conference, may be a time-~dependent lartree-TFock descripiion (with
dissipative effects perhaps dominated by one-body viscosity) or stochastic
descriptions involving only a few collective degrees of freedom, with partial
equilibration and dissipation as a result of the particle degrees of frecdom
not explicitly included.
At higher energies, comparable to or greater than the Fermi energy
E_, most or all particle degrees of freedom must be treated on an equal
footing, A & 2 fm (for not too high cnergies) and one essentially has tle
strong interaction picture of Niels pohr.
One may then ask whethcr at higher enecrgies (% few hundred MeV/nucleon)
there are one or more justified simplifications of the assumed underlying
A-body quantum mechanical description (A-body Schrddinger or density-matrix

equations, non relativistic or approximately relativistic, with more-or-less

conventional forces.) If this is not the case then an adequate understanding

of HI=NI collisions may prove very diff{icult.
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Possible simplifications are associated with the smallness of various

non-dimensional quantities. Thus one has,broadly,the following three physical

simplifications and associated non-dimensional quantities.

1. Classical microscopic descriptions, especially EOM method (Mh % 0"):

3 .
nAT , EL/L

is the thermal de Broglie wavelength; Gdiff’ U1ags ATC ‘ypical

P A/ro, Gdiffloclass << 1 (n is the particle density, ZT

diffraction and classical scattering angles. More dctailed definitions
are given below).

2, Dilute systems (impulse approximation effecctively valid), especially
Boltzmann and Uehling~Uhlenbeck (U2) equations and corresponding
cascade calculations: nd3 << 1 (d = range of nuclear forces).

3. "small" density velocity or thermal gradients, i.e., local, or
approximately local, thermodynamic equilibrium; hydrodynamics:

A/L << 1 (L = length of nuclear dimension).

Note that the various nondimensional quantitics may involve not only

lengths or times but, e.g., also energies, Thus, e.g.,Oclass = C(IV}/EL),

where V is a typical KN intcraction strengths also the effective force

range d will depend on energy through V/EL.

We first consider 2. and 3. and defer counsideration of quantum-
mechanical effects till later.

Length and time scales and associated nondimensional gquantities (for h = 0).

Length scales for HE-HI collisions are: d = force range. This depends on

energy but typically is about 1 fm for EL fy 200---500 Mev/uucleon. d may

become quite small for large E].

2 . . R -
A = mean frce path (¥ 1/nud”). A characterizes the relaxation or dissipative

effects. Again for E X 200--500 MeV/nucleon, A A2 fm,
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"macroscopic" length characteristic of nucleus-nucleus collisions.

™~
I

L ¥ 2-4 fm for noncentral or peripheral collisions.
% 4-6 fm for central or near-central collisions.
Time scales are obtained by usc of a typical velocity, v @ 0.5 ¢. Thus
T % d/v is the NN collision time,
T % A/v is the mean free or relaxation time,
TX L/v is the macroscopic, nuclcus-nucleus collision time.

The pertinent nondimensional quantities (for h = 0) are the following:

The Knudsen number, Kn = T/T = A/L % l/ndZL. This is a measurc of the relative

variation (over a distance ~ A) of thermal, density or velocity gradients. If
Kn <<l onc has local, or approximately local, thermodynamic equilibrium as a
consequence of the smallness of the relaxation time., Correspondingly, one

has a hydrodynamic description, i.,e., a contracted description involving only

n, the average flow velocity u = <3> and the internal encrgy e all as functions

of ;, t, and determined by hydrodynamic equations.

27 2

The diluteness or (covolume), w = -3-—-d3/2r0 % t/T % d/A. w << ) corresponds

to dilute systems for which the collision time 1 is short compared to the time

T between collisions. Potential energy and correlation effects are then

negligible, corresponding effectively to the validity of the impulse approximation.
Classically, a Boltzmann-equation or cascade~-calculation description is then
valid.

The table shows length and time scales and Kn, w for classical fluids

and for HE-HI collisions. For macroscopic volumes of classical fluids there is

always a hydrodynamic regime, L >> A, 1In contrast, for HE~HI collisions
it is striking that there is no clear diffcrentiation of time and length scales.

Orne has a coalescence of time and length scales such that for not too high encrgies
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both Kn, w = 0(1). Thus neither hydrodynasiics (Ko - 1Y nor o deseription ™.
(such as the Boltzmann equation) appropriate tor o dilute systan (o << 1) .
is expected to be adequate for HI-HI collisions. Note that since the velooity

corresponding to the Fermi momentum is vy ~ 0.3¢, the corresponding time

LA _ is also comparable to T.

Time and length scales and related nondimencsional quantities

Lengths

Kn W

vnits d A L TN/ L R/

air (1078 em) 1 10° 10% 1073 1077

liquid (1078 cm) 1 2-10 10° 1077 0.5

nuclei () 1 2 2-5 1-0.4 0.5
Times .

v _ t <__“ ‘__'J‘ I

air  (s) 300 m/s 10712 1077 107"
liquid (s) 300 m/s 10712 1071 1074
nuclei (fm/c) 0.5 ¢ 2 4 4--10

Kinetic Equations and Hydrodvnamics

For a more precise and quantitative understanding we consider kinetic
equations axd the associated derived hiydrodvnamis equations. The problem of the
derivation of kinetic equations (e.g., from the A-body density-matrix or
Liouville equations) is a difficult one, cven for classical fluids in the
thermodynamic limit, which we will not consider (sce, c.g. refs. 10, 11).
However, kinetic equations nay be considered as very useful quantitative nedels

of physical effects more qualitatively chara~t.rized by the nowdivncion?
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quantities discussed above. This is especially so becausc of the close
correspondence between kinetic equations and the related cascade calculations.

A kinetic equation may thus be considered as the representative of the related

cascade calculation.

Kinetic equations are equations for the one-particlce distribution function

A
f(x,v,t) (or quantum mechanically for the Wigner function). Thus

> > 3. .3, : . - . 3
f(x,v,t) d"x d7v is the number of particles with position in range d”x about

-> . . 3 o> ng . . . .
¥ and velocity in range d”v about v (= p/m) at time t. (The Wigner function

only has a probability interpretation if integrated over ¥ or 5.) Kinetic
equations imply the validity of a contracted descripticn involving just £,
implying that the system is in the so-called kinetic stage (t & T) where
it is independent of the initial corrclations. Formilly, one requires the
Bogoliubov functional assumption that the time dcpendence of the two- and
more-particle distribution functions occurs only through their functional
dependence on the one-body distribution function £, It is not at all obvious

that a kinetic-equation description can be rigorously justified for HE-HI

collisions in view of the shortness of the kinetic stage and the fact that

one is dealing with finite systems of a few particles for which one is far

= A/volume = constant).

from the thermodynamic limit (i.e., A > =, volume - =, but n

Quite generally une has

Df _ ?f | -~ of

Medalvg- gD @)
coll

D/Dt is the free streaming operator (cxternal forces assumed absent) and

Df/Dt = 0 represents free streaming (straight-line trajectories) appropriate

for conditions of extreme transparency. (.'~I'/8t;)co]1 gives the change in

due to collisions.
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For dilute systems (nd3 << 1) only binary collisions

are important and one has the Boltzmann cquation for which

(2£ = J(ff) = J+ - J = JI{rte -1y )ivibdhd:d3v (2a)
3t 1 1 1
coll
<SF(EVE " =£5 ) |v]o (0)alia’s 2b)
1 171 R

J+ is the gain term due to (restitution) collisions between particles with
velocities v' and 3i, impact parameter b and aximuth ¢, which populate the

number of particles ahout ; and 3; J” is the loss term due to the (direct)
collisions between particles with 3 and 3', etc., which decrease the

number.esee [v| is the relative velocity (ecuial before and after elastic
collisions which are the only ones we consider), The form (2b) uses the (c.m.)
differential cross section directly and is equivalent to (2a) if the trajectories
are described classically,

The Boltzmann equation is valid for dilute systems when only binary
collisions are important, i.e., when nd~ << 1. The interactions cnter oulyindirectly,
namely threugh o(9) in giving rise to (Bf/Bt)cnll. Thus potential energy
and correlation effects are neglected, and the equation of state is that of an
ideal gas. One has straight-line trajectories between collisions, with the
collision time 1 << T the time between collisions. These are just the ingredients
which enter into cascade calculations (neglecting exclusion-priunciple effects)
and there is clearly a close correspondencc, if uot precise equivalence, butween
cascade calculations and the Boltzmann equation. We shall regard them as

effectively equivalent for the purposes of our discussion. The validity of the

Boltzmann equation/cascade calculations is also closely related (and effcctively
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physically equivalent to that of the impulse approximation (1 << T), binding

effects neglected, use of on-shell amplitudes - c.f. use of o(¢) in J({{));

however some off-shell and binding effects can be included as in ref. 14,

For very high energics (relativistic collisions) the range d

may effectively become quite swall and nd’ << 1 (impulse approximation valid,

potential energy effects small) and a Boltzmann cquation/cascade description

may become adequate.,

3

For dense systems, » v nd” = 0(1l), the effccts of multiple collisions

must be included and potential energy and correlation cffects become

important. Thus

of (3)

(gzﬁ = J(ff) + K(fff) + ...

coll

where K(fff) is due to triple collisions, etc. (The derivation of such an
expansion in collision orders is related to a cluster-type expansion in
powers of w " nd3, sce e.g. refs, 10, 11), The best known and studied example
of a kinetic equation for dense systems is the Enskog equation for rigid
spheres (of diametcr d). Very little is known about kinetic equations for
potentials with an attractive component and in practice one must use

Monte-Carlo methods (for equilibrium conditions) or molecular dynzmics metheds

(for equilibrium and nonequilibrium conditions).

Hydrodynamics

Quite generally one obtains, from a kinetic equation, the following

conservation equations
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1 d,) _ -r ; .
T = vV .u (mass)
d—’ “r
0 g4 - _y. P (moment um) 4)
dt
d _ <-r .
a%_ = - (7 - 5 +P: 7w (energy) .

-> -
(p = mn = mass density, u = <v> = flow velocity, e = intcrnal energy; these are

S S ->
all velocity averages over f(x, v, t) and thus {unctions of x,t).

L <o “—r . -> -> -»> ; N
P = PK + PV is the pressure tensor, q = 4 + 9y the heat flow vector, hoth given
by velocity averages over the one and two-particle distribution functions
< ¥ -
(the latter in turn a function of f). BV’qK arc the kinetic, i.e. translational,
N

‘A) g - . .
contrihutions and RV, q, are the potentiul contributions, For the Boltzmznn
equation (and also for cascade calculations) only the kinetic contributions enter
and transfer of moumentum and cnergy can only occur via translation.
The conservation equations (4) are quitc general, but purely formal
. <> —-> . . . . .
since P, q depend on the one and two-particle distribution functions. One

obtains hydrodynamic equations, i.e. a contracted description involving only

-> > >
p, u, e (or the temperature T), only if P, q can bec expressed in terms of

-
P, Uu, e.

For A/L << 1, the Chapman-Enskog method, which is an expansion
->
in powecrs of the rclative gradients of ¢, u, T, i.c. essentially an expansion
in powers of A/L, allows one to derive hydrodynamic equations from kinetic

equations. Corresponding to increasing powers of L/L one obtains hydrodynamic

equations which involve increasingly higher spatial derivatives. We do not

give details (sce c.g., refs. 10--13  for these) but only give some pertinent
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results for the Boltzmann cquation (w << 1} and,in order to illustrate the
dependence on wsalso for the Zuskoy equation (¢ 0(1)). Quantum mechanical
effects will be discussed later but it must he erphasized that the Chapman-
Enslkog method can Le applied to kindiic eguation: whicih include quantun
mechanical effects and that hydrodynamics,as is well known,can thus include
such effects. Quite generally, phcnomenolopical hydrodynamic equations may be

<~F -
obtained by the use ol phenomenological equaiion; relating P,q to n,

u and

e or T (cquation of state and constitutive relations). However, in our
discussion we emphasize the derivation of hydreodimamic {rom the corresponding
kinetic equations in order to make clear thce relation between microscopic

and hydrodynamic approaches. For further discussion of hydrodynomics,

especially in its phenomenological aspects, sce the talk by Maruhn (ref. 13)

and also rcfs. 8 and 16,

o . . . . . .
(A/L)" - Euler equations of inviscid compressible hydrodvnamics

Boltzmann equation (w << 1) Enskop equaticu (. = Q(1))

Local thermodynamic equilibrium

f = f(o) = n(m/ZTrkT)B/2 exp(—m(g-:)z/ZkT) local equilibrium distribution
> >
n, u, T functions of x, t

+F(O) = p*f, a =0 Tf = unit teusor)

no viscosity or heat conductivity

p = nkT - %-nz J %% r g (r) d3r (eq. of state)

e %~k 1 +-% n S v(r) g (r) d3r (internal energy)

N 2
2-body correlation function, i.c. n(gl,x?) =n" g(r),

(g(r)

>
where n(xl,x?) is 2~particle position distribution function)
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Euler equations of inviscid compressible hydrodvnamics:

, ) . > «~>  -r
conservation equations (4) with P = p 1, g = 0.

> > =z . - .
p (x,t), u (x,t), e(x,t) determined hv Euler cquations and

equation of state.

Euler eqs. for ideal gas Euler eqgs. for dense fluid
p = nkT p = nkT (1 + O(w))

ideal gas equations % 1.7 nkT for w ~ 0.5
e=2u e =2k (1+0(w)

The characteristic nondimensional quantity of inviscid compressible hydrodynamics
is the Mach number, M = v/cs, e, = sound velocity = (dp/dp)s (adiabatic

compressibility). For M > 1 one can have discontinuous shocks whose properties

are determined by the Rankine-Hugoniot relations (conservation relations across
shock) together with the equation of state, There is thus a rather direct

connection of the flow (and resultant angular distributions for HE-HI collisions)

with the equation of state (refs. 8, 15, 16)., Dissipation occurs only through
shocks (otherwise entropy S is constant along stream lines).

1
)

- Navier-Stokes equations of viscous hvdrodynamics

(A/L

Approximate local thermodvnamic equilibrium

1

=
— V *u
n

_ (0 1= 1o
£=f (140D, p=-=4& v1ong-n%’.vu
Thus f now has corrections depending or the gradients of T and 3.

> >
( A,B, T are determined from a linearized Boltzmann

equation and determine the transport coefficients n, k, A)
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~> <>
+} = p‘E*— 2n S + K(V.g> I, E =~ AV T
: du du
(4—§ =-L B Qa 1 >

of 2 +-— = ={(v,u)é = rite of shear tensor)

axa Ei.x.‘3 3 af

n = coefficient of shear viscosity

A = coefficient of thermal conductivity
x = coefficient of bulk viscosity

Navier-Stokes equations of viscous compressible hydrodynamics: These are

<> -
obtained from the conservation equations with P and g as above and with the
equation of state as for the Euler equations. Quite generally there is

now dissipation; shocks have a finite thickness (0(A)) and are (qualitatively)

described by the Navier-Stokes equations. Thus the rate of entropy

production/unit volume is (for «k = 0)

-g—i = A|ViogT|? + (/1) 38

The transport coefficients are as follows:

Boltzmann equation Enskog equation (w % 0.5)
; 1/2
md Q"2
O RIFEINO A 140w %16

v</n(0> 0 (m2> % 0.35



(2)

(2,2)* . . . o 2 A
is nondimensional and is determined by o = 2nf51n 0 o(v)y d(cust);

Here Q

2 *
Q( 2% 1 for rigid spheres of diameter d. Thus we have some justification for
procedure used to fit potentials in the EOM approach - at least for dilute
conditions not too far frowm equilibrium. Note thz well known (Maxwell)

1
independence of n(o), A(O) of ¢ (e.g., n(o)“'(mT)z n A, A r"l/ndz).

With the above expressions for the transport coefficients one may
estimate typical dissipations during a HE~HI collision. Yor AP = AT Y 50,

¥ 300 MeV/nucleon, b = 0, d % 1 fm one has 5 ® S()fm_2 MeV cml

EL
(or equivalently %0.25 h fm—B), Afk X 0,24 c%m,—z,K X 12 fm"zMch—l
(%0.06 h fm'3) ; then
shear viscous worl/nucleon X 15 MeVv
heat transfer/iucleon % 10 MeV
dilatation viscous work/nucleon Y3 MeV
Total dissipation/nucleon & 28 MeV (c.f., EL/4 A 75 MeV).

Thus dissipation cannot be neglected in central or near central HE-HI collisions.

Hot nuclear matter is a viscous and thermally cornductive fluid,and for

hydrodynamics (with transport coefficients based on the free NN interaction) one

should use the Navier-Stokes equations. The large dissipative cifects are a

consequence of A/L = 0(1), i.e. of large thermal,velocity and density gradients.
An important nondimensional quantity associated with viscous

hydrodynamics is the Reynolds number:

Re = vL p/n ™ inertial forces/viscous forces
¥ M/ (A/L)
%5 =10 (M3 2,A/L % 0.5).
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These small Reynolds numbers reflect lurge viscous effects and are ajpein a
consequence of A/L = 0(l)., For comparison, the critical Reynolds numboers above
which a flow becomes turhulent are in the range 100-1000. This one cupects
laminar flows for HE-HI collisions becrause of the stebhilizin, cffects of the
large viscous forces,

The Navier-Stokes equations give a good description of shocks for
M not too large; for larger M they give a qualitatively rcasonuble description.

To order (A/L)z, (;'./L)3 one ohtaine the Burnett ond super-Burnett
equations, respectively, which involve higher spatial derivatives, The Loundary
and initial value problems, especially for the supcr-Burnett cquations are
not well understood and it is not cleer that these higher-ordor equations give
any significant improvement over the Ravier~-Stores cquations.

0f course, transparency effects,which are large for the initial
stage and for noncentral collisions,cannot be represented hy any (one fluid)
hydrodynamic cquations even if these include dissipative effects as the
Navier-Stokes equationg do.

Thus becausc Xn = A/L = 0(1) onc needs a microscopic description

to provide a unified description of all collision stages. The avpropriate
p & Ah bpropriate

microscopic description then depends on the dilutoness, i.e. on whether

w v nd3 << 1 or 0(1).

For w << 1 one has the Boltzmann equation/cascade calculations, (If quantum-
mechanical effects are important the corresponding equation is the Uchling-
Uhlenbeck equation as discussed below). In the hydrodynamic linit the
Boltzmann equation/cascade calculations can only give results corresponding

to the Euler equations for an ideal gas (ideal gas equation oi state and density

independent transport cocfficients), The Boltumann cquation and thus wlso
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cascade calculations can give shocks, but the shock relations, in particular the

compressions across a shock, can only bc those appropriate to an ideal gas.
(Nonrelativistically, the maximum compression for an ideal wonatomic vas is 4).
Also note that the full nonlinear collision term is required for the desceription
of shocks.

Tor w = 0(1) potential encrgy and corrclation effects are important
and one must usc either kinetic equations for dense systems (in practice only
the Enskog equation for rigid spheres) or the EOM approach, the only cne
available for realistic potentials.

Hydrodynamics is to be understood as a 'macroscopic" contracted
description valid for conditions of local, or approximately local, thcrmal
equilibrium. Because A/L = 0(1) (unless there arc large modifications of the
free NN interaction as considered in ref. 18), dissipative effects will be
large and the Navicr-Stokes equations should be used for hydrodynamic calenlations
of HE-HI collisions. Hydrodynamics can include quantum mechanical effects

through the equation of state and transport cocfficients (see also beclow) and

has the great merit that one can investigatc the effect of model equations

of state.
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Densencss of huclear Matter in HE-HT Collisions

The nondimensionless measurce of this (as, e.g. uscd for the Euskog

4ar 3 3 3

equation) is w = %l-d3/ 3 2 = d /2rO . TFor realistic potentlials the range

d will depend on energy. Thus for sufficiently high EL, d may effectively

become quite small.
For EL X 500 MeV some estimate of the magnitude of d and w nay
be obtained from the following two considerations.
1. Equation of state and intcrnal encrgy e as obtained from EOM
calculations. In particular, we have results pertinent for e, nauwely

average potential (P.E.) and kinetic (K.E.) encrgices/nucleon for the

stage of large overlap in central collisions (for which p 2 0.3 fm ).

(Recall that for equilibrium e =-% T + % n f V(r)g(r)djr = kinetic
+ potentinl contributions).
E /4 K.E./A [ P.E.| /A | PoEL] /KLE.
(MeV (MeV) (MeV)
40 0.8 Ret.
100 50
55 1.1 St.
35 0.4 Ret.
300 90
60 0.7 St.
30 0.2 Ret.
500 140

60 0.4 St.
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Thus even at EL = 500 MeV/nucleon there are large potential energy contri-
butions and correspondingly one has to dcal with a dense {luid.

2. Empirical values of &M 27/ (l=cos"0)0(0)d(cos®) for n = 1,2, It

is convenient to use reduced nondimensional cross secti:zns:
* * 3
O O N A O

*
For rigid spheres of diameter d, O(n) = 1. The empirical values are shown
in fig. 10 for d = 1 fm. It is seen that d 3 1 fm; in particular d T 1.1

%

fm for 300 % B £ 500 MeV and thus w % 0.5 for r, = 1 fm,and correspondingly

larger for smaller ry for p & 3p0 (rO % 0.,76) one has w t 0.85 !

Thus (for E,_ﬁ 500 MeV) one has w = 0(1); and conditions correspond

to a

dense nuclear fluid and one must use an appropriate microscopic description.

. . 2 . :
In particular,approaches which use the Boltzmann (U~ equation if quantum
mechanical effects are included) or equivalent cascade calculations are
inadequate especially for central collisions for which large densities are

expected to occur. There are then two general possibilities:

1. Kinetic equations for a dense fluid (or the equivalent cascade

calculations). 1In practice this means a kinetic equation for rigid spheres
which includes the effects of triple collisions. The Enskog equation is
then a good approximation (for not too large w) and is well studied with a
known equation of state and transport coefficient (refs. 10-13). The
corresponding cascade calculations are those of Halbert et al. (ref. 1) for
of rigid spheres. There is of course no binding, the forces are impulsive,
and the trajectories are straight lines between collisions; alsc
o(l)*, 0(2)* are constant instead of decreasing with energy as do the
empirical values.

As already mentioned, there is the general question about the

validity of any kinetic equaticn for HE-HI collisions. (Kinetic stage too

the case
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short for memory of initial correlations to have been lost, i.e. no justification
Jogoli unctional ascumption, a finite system o ew particles an

for Bogeliubov functional ascumpt , af t t ff particl d

no thermodynamic limit).

2. The classical 1O approach. This s essentially the nolecular

dynamics approach used to study classical liquics, 1t is the only one
available for realistic potentials with attract on, Note that for a given
potential the equation of statc and the transpo 't coefficients are not known
a priori and should bLe obtained,

For dense conditions qualitatively ncew effccts arise because of
the possibility of transport via the poteatial (viz. the termsfﬁv, HV which
are zero for dilutce conditions and which give the p dependence of 1, A
for the Enskog equation). For dilute conditiors (Boltzmann and Uz equation)

transport propertics are entirely deternined by the {ree cross section ¢(f). Tor

dense_conditions transport will depend on (finite range) properties of the

potential which are not uniquely determined by ¢(6). Thus for HE-HI collisions

one may expect differences in angular distributions for different potentials
which give the same {rece 2-body o(8). (See the remarks in I abhem:t the diffierences in

and Vr .) To more precisely investigate this dependence on

results for V
s et

t
potential one needs potentials which give Lhe same scattering.
Classically this means potentials which give the same deflection function
e(b;EL) at all energies. Such families of classically "elastically-cquivalent”
(momentum—-dependent) potentials can be obtained by means of canonical point
transformations which distort the radial scale within a finite range {(ref. 17).
A (probably difficult) goal for the EOM calculations is to investigate
potentials which give an adequate represcntation of the free NN scattering

and at the same time give some desired equation of state (e.g. one with a

second minimum for p > p , corresponding to a density isomer),
0
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Ability of Classical 2-boadv TT”inluE};SELUWIMIIE)HH to reprosent NN Scntterin:.

If classical 2-body calculations could reproduce the empirjcal N scattering,
in particular o(8), then for dilute conditions (nd3 << 1) the EOM calculations
would be equivalent (and at least as good) as Doltzmann equation/cascadc
calculations which use the empirical o(0) direcctly. Tor such dilute conditions
quantum-nmechanical "diffraction" effects for o(y) (discussed below) would
then not be relevant since the classical calculations would reproduce the
empirical o(9).

The approach, so far, in the EOM calculations has been to consider
adequate fits to 0(2) as the criterion for the ability of a peotential, when
used in trajectory calculations, to reproduce the empirical scattering. One nav,

more stringently, rocquire that a potential reproduce the empirical calues of

1 2 , 2) . .
both 0( ) and 0( ). Thus, assuming that o( ) is adequately fitted, the
: . (2)y*, (L* _
relevant mecasure is then the ratior = g /a » The empirical value

(isospin average as well as the individual np and pp valuecs) is r % 0.95 and varies

little for 30 % EL T 500 MeV. Tor 50 & EL £ 200 MeV, r varies from % 1.8 to 1.5

for both the static a:d retarded potentials discussed in I, whereas for
200 = EL < 500, onc has 1,55 I r 5 1.9 for Vret and v & 1.45 @lmost const ant)

for Vs . (Thus as mentioned in I, Vr gives somewhat more transverse

t et
scattering than VsL at the higher enecrgies,)

The rather slight variations of r with EL indicate that the
difference between the enpirical and calculated ratios is unlikely to be
due to diffraction cffects which vary quite rapidly with EL (see below). In
fact the pp and np angular distributions imply exchange and momentum dependent
forces. Hopefully, it may prove possible to simulate such effects classically
by the use of momcentunm depcendent potentials. In particular one may hope to
o) )

and o Such

ohtain potentials which fit the empirical values of beth



potentials would then be morc adequate also for transparent collision

(1)

conditions. ' For such conditions, ¢ s J.e. the longitudinal-moncntum loss
cross section (ref. 7), may be more appropriate than 0(2) which is appropriate for
conditions of approximate thermalization.
(2)

Since our potentials were fitted to o » comparison of the

calculated and empirical values of r shows that the calculated values of
o(l) are too small., Thus transparency c{fects may be somewhat overcestimated
in our present EOM calculations. (However, this may partially simulate

the increased transparcncy due to the cxclusion principle,)

Very high energies, It is of interest to briefly discuss very high energies

(3 1 GeV). Recat! that Kn ~ A/Ln l/ndzL “u r03/d2L and w Vv d3/r03. Thus if
d << 1 fm at high cnergies (impulse approximation valid) then Kn >> 1, i.e.
large transparency (linearized kinetic equation applicable-see below) and

also w << 1, i.e., also a dilute system (Boltzmann or U2 equation/cascade
calculations applicable). Thus if d should effectively become small at very
high energies (as suggested by the behavior of the cruoss section o(l) and
discussed in ref., 7) one has great simplifications but correspondingly little

significant physics! Note that pion and other particle production and/or

collective effects such as pion condensation (ref. 18) could change this conclusion.

Quantum—-mechanical Lifects, Equation of State, etc,

Different aspects of h # 0 are associated with the following

nondimensional quantities: x = nkT3/4 Ly ATB/rO3, AT/ro (degeneracy, validity

of Boltzmann statistics), EF/EL (exclusion principle effects for transparent

/9 (diffraction effects for NN scattering).

conditions), A/ro, Bdiff class

Here x is the Sommerfeld degeneracy parameter, i.e. the average occupation

in a volume h3 in phase space: AT = (ZWhZ/nkTié is the thermal de Broglie

wavelength; Odiff’ sclass are typical diffraction and classical scattering

tigles., The factor 4 for x is the degeneracy (n,p, spin up, spin down).
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3 . . . . .
For dilute systems (nd” << 1) the appropriate kinctic equation ix

the Uchling-Uhlenbeck (U2) equation for fermions (refs. 13,19}

bf _ af, = J(EF) + S (§ff)
3t FD
coll

. . . 2.3 >
= ff[f'(l-f)il'(l—fl) - {(1-f )fl(l--f1 )) [vic(v) d7sd vy

(The quartic terms cancel,) The U2 equation is thus obtained by making the follvwiing
replacements in the Boltzmann collision term J(ff).

1. Statistics: £ » £(1-f%). This allows for the occupation of

final states (blocking) on the collision rate. These effects

(vEff) imply statistical correclations important at densities such

that nx’ = 0(1).

2. "Diffraction" effects for (frec) 2-body scattering:

b db » o(8)d(cos0), i.e., use of the quantum mechanically

calculated c(6).

If only the zecond replacement is made then one has just the
Boltzmann equation but with o0(6) calculated quantum mechanically instead of
classically; in particular one still has the ideal gas cquation of state
and density inuependent transport cocfficients. However, the latter are
now calculated using the quantum mechanical values for c(z) (refs. 11-13).

This is then equivalent to cascade calculations at high energics which use

0(0) directly and which ignore the exclusion principle.
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Statistics for conditions of approximate thermal equilibrium.

Such conditions may be attained in the large overlap regime in central or

near-central collisions. One may then apply tle Chapman-Enskog expansion

to the U2 equation (valid for nd3 << 1). Local thermal equilibrium

[(A/L)o, (Bf/at)coll = 0] now corresponds to a Jocal Fermi-Dirac distribution:

f(o) = fFD v [1 + exp(E - EF)/kT]_l. The equat .on of state is that of a

(noninteracting) Fermi gas: p = nkTF(nAT3) = nkT(1 + nAT3/23/A + eee)e

The (isospin averaged) correlation function (for x << 1) is

g(r) = [1 - %-exp(~2nr2/AT2)]. These expressions illustrate the effects

of statistical correlations on the equilibrium propertics of a (slightly
degenerate) Fermi gas.
1
To order (A/L)  one again obtains the Navier-Stokes equations with the

above Fermi-gas equation of state but with transport coefficients which now

depend on n: n/n(o), A/A(O) =140 (nAT3). The leading corrections, to order

\
nAT3, are again determined by 0(2’(refs. 13, 19).,

Boltzmann statistics and the ideal gas values are a reasonable

The table shows values appropriate for the stage of

1/2

approximation i{ x 5 1.
large overlap for Ap Y AT C% kT = E, /4, AT(fm) = 16.15 T with T in MeV),
It is seen that Boltzmann statistics is expected to be a fair approximation

for E % 250 MeV for T, X1 fm (p % po) but possibly only for E % 500 MeV

X 3 It should be noted that for dense systems the energies at which

for p «

Boltzmann statistics become reasonable may be significantly different from

those for an ideal gas.
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; 2
EL(MeV) T(MeV) AT(fm) ;(ro—lfm) exp(~2n/AT )
100 17 3.92 3.51 0.66
300 50 2,28 0.71 0.30
500 85 1.75 0.32 0,13

Effects of exclusion principle for large transparency. For dilute conditions

(nd3 << 1) such effects are described by the U2 equation or equivalent cascade

calculations., One can distinguish two effects:

1z, P. ¥ 270 MeV/c, i.e. for E, R 150 MeV, then

F

there is no overlap between the Fermi spheres of the initial projectile and

1. If P = (m EL/Z)

target nuclei and there is no consistency problen for the inilial overall momentum
distribution of all A nucleons.

2. Blocking of nucleon states as a result of the initial collisions betwecen
projectile and target nucleons. The relative importance (from estimates

of the reduction in the effective cross section due to the excluded plase

space) is expected to be n (3—4)EF/EL for central collisions, i.e. possibly

as much as 30% even for E. = 500 MeV (although an average over all impact

L
parameters may reduce this). Such blocking effects can give rise to:

a. An initial increase in A, i,e. in transparency

which could be of significance for details of central

collisions.

b. Depleticn of forward-backward scattered nucleons

. < " .
(in the c.m.) for angles 6 £ ecrit & pF/pcm<§1n9>.

For E. = 500 MeV one has 6 . « 30° (based on
L crit

<sin6> « 0.8 as obtained from EOM calculations). Again,
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averaging over b may reduce this. This estimate secms
consistent with a recent calculation by Koonin (ref. 20)
which is effectively equivalent to the use of the
U2 cquation for the initial knockfout nucleus.
c. Two-nucleon correlations characteristic of quasifrce
knockout nucleons, as pointed out by Koonin (ref. 20).
To obtain estimates for the above effects it will be of interest to compare
results for the Boltzmann and U2 equations (or equivalently, cascade
calculations with and without the exclusion principle).

Linearized kinetic equations., For conditions of large transparency a

linearized kinetic equation may be a pood approximation., Thus, if the colliding

nuclei are not much changed by the collision (slight depletion, % 1

collision/nucleon between projcctile and target nucleons) then

f= f(o) (1 + 9), wherc ¢ is small and f(o) is a solution of the collisionless

(

. . . 0 _ (0 ,> >
kinetic equatiore Df /Dt = 0. (Thus,f (x,v,t) corresponds to the

no-mutual-interaction case for the EOM calculations). To lowest order one

then obtains a linearized integro-differential equation for ¢:

D¢/Dt = I(f(o),¢). Such a description is expected to be useful for coliision
regimes corresponding roughly to less than about vne collision, on average,
between the projectile and target nucleons, i.e. for the initial stage of
central collisions or for noncentral collisions. A (relativistic) lincarized
Boltzmann equation seems to be closely equivalent to a Glauber-model

approximation as used by Hiifner et al., (ref. 21).
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Role of equation of state. The cquation of state is clearly not very relevant

for transparent conditions dominated on average by not morce than about once
collision between projectile and target nucleons. Conditions arc then far from
equilibrjum and a linearized kinetic equation, as discussed above, may provide
a suitable description. Thus there is not too much physical significance in
having the correct T = 0 equation of state for the initjal nuclei (i.e. the
correct saturation properties) for microscopic calculations. In particular
for the EOM calculation the correct saturation properties for the initial
nuclei are not particularly relevant, although it is important to have realistic
initial position and momentum distributions.

For the stage of strong overlap in central collisions one has
large densities and perhaps approximatc thermalization of the kinetic
energy, but probably not complete thermal equilibrium. Teatures of the
interaction important for the equation of state {complete thermal cquilibrium)
are then expected to be more relevant. However, even then the connection with
the equation of state cannot be assumed to be as direct as for hydrodyramics
since nonequilibrium features are not expected to be negligible. This may
be so especially if potential and correlation contributions are important
as is in fact expected., Thus although the momentum distribution may then be

approximately thermally relaxed, this may be much less true for the correlations,

Exclusion principle and effective (Pauli) 2-body forces. It is clear from

the above discussion (e.g., from the above equilibrium expression for g(r) for
¥ << 1, or from the well-known expression for g(r) for T = Q)

that the exclusion principle is a many~-body effect. In particular, the
Plocking of final states depends on the occupation of these states by particles
other than the two which are scattered (e.g., the collisicn term in the

U2 equation). It is not clear to what extent effective momentum-dependent
2-body "Pauli' forces (ref. 3) can represent such blocking effects;

at best this can o1ly be true in some average sense.
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"piffraction" effects for NN scattering. For dilute conditions,

"diffraction" effects for the collision term of the Boltzmann or U™ equation

are allowed for by usc of the quantum mechanical o(92) (instcad of the

classically calculated value b/g%SiHﬁ, where 6(b) is the deflection function),
Diffraction scattering is predominantly forward at high energies

v A/d). A typical angle for classical scattering is the rainbow

Cgies
Our classical 2-body trajectory calculations for our fitted

/logl & 0.2

angle BR.

1/2

. . vooen/e o s "hu s .
potentials give GR o JO/hL(MeV) (IIVI/LL). Thus Odiff

For EL % 100 MeV this is always greater than onc and increases with E; .

Thus diffraction effects are never small, essentiully because the NN potential

is rather weak (the phase shifts 6L are mostly small and the--nonclassical—-

Born approximation is fairly good for most 6L). Thu~ although » is quite

small, it is not clear that there is any energy range for which classical

trajectory calculations are justificd. However, the situation is in fact more

favorable for these calculations because transverse momentunm transfers are emphasized

and the forward diffraction scattering is deempbhasized. Thus for a dilute

gas, for conditions of approximate local thermal equilibrium, the transport

(2)

coefficients n, A are determined by o , whereas for transparcut conditions

1

the longitudinal momentum-loss cross section o may be more appropriate.

The adequacy of a classical calculation is then indicated by the ratios

q(n) = G(n)(class.)/c(n)(q.mech.). Figure J1 ghows q(l), q(2) for the

static potential VSt descr ihed in 1. For EL % 300 MeV one has q(n) g 0.8,

and a classical description of the free NN scattering is then not unrcasonable.
As already discussed, if one could find potentials which classically reproduce
the empirical ¢(6) then for dilute conditions diffraction effects would

not be relevant and the EOM calculations would be as good as Boltzmann

equation/cascade calculations.
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Quantum-mechanical cffects jor dense systems. Above we have only considered

the adequacy of trajectory calculations for representing the free NN cross
section appropriate for dilute systems. For densc conditions multiple
collisions will be important and several nucleons may interact simultancously;
in particular a nucleon scattering successively with scveral other nucleons
may not be out of the range of interaction of the first nucleon before it
starts scattering (interacting) with another nucleon. Thus, off-encrgy shell
effects may be significant for dense systcoms, Even though quantum-mechanical

(1) @

effects are relatively unimportant for ¢ s for EL 2 300 MeV,there is

no guarantece that a similar result will be true for the multiple scattering

effects important for dense systems.

Relativistic Effects

Apart from quantum field theory ("Nirvana"), there are the following

possibilities. Relativistic hydrodynamic calculations can and have been made

(refs. 8, 16).
For dilute systems one has microscopic approaches which use the
Boltzmann or U2 equations (ref. 10) or relativistic cascade calculations. The

former involve the use of relativistic kinematics and invariant c¢rcss sections

in the collision term. Relativistic cascade calculations (ref. 14) car recadily

include particle production.

For dense systems (classical) kinetic equations which include potential
efects (e.g., a relativistic gecneralization of the Enskog equation) scem not
to be known. The problem is one of obtaining a relavivistic description

involving (finite range) interactions between particles.
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Such (retarded) interactions betwcen particles can be obtained to order
2,2 . . . . - L .
v7/c” as described in part I. Since a classical (EOM) description with
explicit inciusion of ficlds (in addition to particles) seems
exceedingly difficult computationally, the only fcasible relativistic microscopic
descri ption for dcnse systems therefore seens to be an EOM approach which uscs

retarded potentials and which is valid to O(v2/c2).

Conclusions

Theoretical descriptions of HE-HI collisions based on the frec KN
interaction imply a coalescence of length and time scales such that neither A/L
nor nd3 v d3/r03 are small compared to unity. Thus neither the
simplifications of hydrodynamics (A/L << 1; local, or approximately local,
thermal equilibrium) nor that of microscopic descriptions appropriate for
dilute systems (nd3 << 1) - i.e, use of Boltzmann or Uehling-Uhlenbeck
equations or of cascade calculations~ are adequate. Hydrodynamics if used should
include dissipation, and at least the Navier-Stokes equations shiould be used.
For dense systcms, corresponding to the case of HE-HI collisions at not
too high energies, the only available microscopic approach for realistic potentials
with attraction is the EOM approach which assumes the simplification
"h = 0". Quantum mechanical effects although perhaps not of domirnant
importance at higher energies (2300 MeV/nucleon) are probably not negligible.
It is thus not clear that there are any fully justified simplifications of a
general quantum mechanical A~body description of HE-HI collisions at not too
high energies.

To distinguish between features appropriate to different

descriptions one may have to look at more detail than just the single
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proton inclusive data (ref. 22) since this may not in fact provide a very
sensitive test (ref., 23). Thus cross sections ‘or th» productjen cf light
nuclei with A 2 2 (ref. 22) or two-nuclcon correlations (ref. 20) may be
much more informative., The latter, may for cxanple, be quite scnsitive to
finite~range potential effects., The determination of trunsport cocfficients
and hence of the cffective mean free path, or tic determination of the
dependence of transparency e¢ffccts ou impact par-amcter, is expected to shed
light on the basic question of whether descript:ons based on the frece BR
interaction are justified, or whether there are important collective effects,
A

such as pior condensation (ref. 18), which could significantly roduce £

and hence give conditicns more favorable for hydrodynamics.
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Figurc Captions

(2)

Figure 1. Empirical and calculated cress sections o . The paramcters

= 2.4069, VX = 2569.6, uw_ = 3.356, V= £569.5;
£

for VSt are | R R

A

for v tu, = 2.401 with Lhe other values the same as for V
ret A st

(u in fm—l, V in MeV).

Figure 2. C.M. quantities vs, time for relativistic calculations for

A = AT = 20, EL = 500 MeV/nucleon, b = 0 and for Vret'

P
2) . . R ; .
p( ) is the average density inside a radius 2 fu with c.m. as

A .
origin; R = 2 Z r.Z/A\l/Z is the radius of the equivalent
3 i1 1 / 9

uniform distribution of all nucleons; R T that of the target
1

P
’ 2\1/2/ 2" /2
. . N . — 7 ¥ 1o ) i v
or projectile nucleons; w = v, /\YL /> is the velocity
asymmetry., Note the constancy of RP T and the correspondingdecrease of
2

R during the initial transparent state (t & 5 fm/c), and the rapid

increase of R, correspondiny to the final explosive stage, which

follows the stage of maximum compression for which p(z) & 300.

Figure 3. Energies in the c.m. vs. t for the same conditions as for Fig. 2.

Ap
T = % m[ Z \;i/AP]2 is the collisional translational energy/
i=1

nucleon of the projectile (and also the target) nuclecons; wret is

the magnitude of the average potential energy/nuclcon; wo that

due to only the static part V. of V .
0 ret

Fig. 4. C.M. angular distributions for relativistic calculations for

= = 2 P = S and = 0, ) :
Ap AT 0, FL 500 MeV/nucleon and b 0. The values are

averages over the correspending forwsrd and backward intervals.

Fig. 4b {for Vr . Note the transverse peaking

Fig. 4a is for VS et

t!

for the latter,
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Figure 5. . Time-decpendent ¢.m., results for EL = 117 MeV/nucleou
(v/c = 0.5) and b = 0., The results >f Figs, 5-9 arc all for the
nonrelativistic calculations for AP = AT = 50, described in
Ref. 4. 0(3) is the average density inside a radius 3 fm
with c.m. as origin; pNI(3) is the value in thc abscnce of
mutual interaction between projectile and target nucleons.
T is the collisional translational energy/nucleon (seec caption
for Fig., 3) and W is the magnitude of the average potential
energy/nucleon. The large persistent values of W and 0(3)
for t ? 40 fm/c arc a reflection of large fused residues.
Figure 6. The density 0(3) in the c.m. systen vs. t for v/c = 0.5 and

for b =R ard 1.5 R, Here and in sabsequent figures R

denotes the initial radius of the projectile or target nuclei,

Figure 7. The final velocity.asymmetry wy (see caption for Fig. 2) in
the c.m. system vs. b/R. The veclocities are in units of ¢
(v/e = 0.8 correspunds, nonrelativisticalliy, to E = 300 MeV/nucleon),
Note that we is close to unity for small b, indicating near
isotropy for central collisions. The values labelled
"no mutual interaction" are also the initial values. Note
that we approaches this value more rapidly, as a function of
b/R, for v/c = 0.8 than for 0.5, indicating greater traunsparency

for v/c = 0.8,
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Figure 8, | The inelasticity If and the ratio wf/wi vs b/R. The subscripts
i, f denote initial and final values, respectively. Note that
for small b almost 4ll the initial collisional translational
energy is dissipated; also that lf decreases more rapidly with
b for v/c = 0.8 than for v/c¢ = 0.5, again indicating greater
transparcncy for the former, The large values of wf/wi for
v/c = 0.5 and for small b are again a reflection of large fused
residucs; for v/c = 0.8 there are only some small final
fragments., The large values of wf/wi for large b reflect the

correspondingly large transparency and that the nuclei are

relatively unaffected by the collision if this is peripheral.

Figure 9, C.M. angular distributions for v/c = 0.5 for nucleons of all

.
(]

final energies vs. b/R. The labels 1, ...5 dcnote the

following intervals of cos0: 1-0.8(1), 0.8-0.6 2), 0.6-0.4 (3),
0.4-0.2 (4), 0.2-0 (5). N denotes the number of uucleons, the
normalization being such that the total number of nucleons for

0 £ cosB = 1 is 50 for each value of b/R. The values arc averages
over the corresponding forward and backvnrd intervals, the

angular distributions being symmetrical about 90° to within

the expected small fluctuations. Note the rapidly increasiag

forward peaking with b, indicative of large transparency effects.

Fig. 10. The empirical reduced (nondimensional) cross sections

* * *
0(1) s 0(2) Vs, EL. 0(n) are the values of c(n) relative

to those for rigid spheres of diamcter d = 1 fm (see text).
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. . . n n . (n .
Fig, 11. “The ratios q( ) = (J( )(('1:1551‘:31)/‘; ) (quantum mechonicat)
vs. EL for the static potential ‘\’pr deser ihed in part 1,
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AN INTRANUCLEAR CASCADE DESCRIPTION OF
RELATIVISTIC HEAVY-ION COLLISIONS

R. K. Smith, Duke Uxniversity, Durham, North Carolina 27706
and M. Danos, National Bureau of Standards, Washington,

D.C. 20234

The possibility of compressing nuclear matter during
heavy ion collisions has stimulated considerable theoreti-
call) and experimenta12‘3) interest in relativistic heavy
ion collisions. We have constructed a microscopic theory

of such collisions, based upon the intranuclear cascade
model®). The underlying structure OE our model approaches
an effective Lagrangian field theory ).

For relativistic heavy ion collisions, it is essen-
tial that both composite ions be treated on the same foot-
ing. For this purpose, a particle in a cell technique is
used. Integrating the local density over the cell gives
the probability of finding a nucleon within each cell. As
the collision proceeds in time, the projectile and target
cells overlap. From the nucleon probabilities and the
total cross-section, the probability that a collision
occurs within a cell is constructed. The final outcome is
determined by a Monte Carlo technique. While =nergy and
momentum are conserved for each collision, assumed to be
pcintlike in space and time, the angular distr’bution of
the final particles are determined from the free differ-
ential cross-sections. The final momentum distribution
is required to be consistent with the Pauli exclusion
principle. To insure baryon conservation, the continuous
nuclear density distributions, which are difuse, are
depleted using a Gaussian weighting factor centered about
every collision site. The range of this distribution is
determined self-consistently from the local nucleon densi-
ty. Pion production occurs through the production and
subsequent decay of nuclear isobars, primarily the Aj3;
resonance. Pion absorption proceeds through the inverse

process.

The initial momentum of both projectile and target
nucleons is selected from a zero temperature Fermi distri-
bution. To encorporate single particle binding energy and
evaporation effects, all nucleons are placed off their
mass shell. 1In the first collision between a projectile
nucleon and a target nucleon, an initial "off mass" is
selected from a Gaussian distribution, centered below the
physical nucleon mass, to reproduce the average binding

A
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energy. Since the final collision partners are permitted
to interact with all other particles in the system, the
final off mass distribution is centered about the physical
nucleon mass to avoid double counting. Such a treatment
of binding effects is consistent with a propogator ap-
proach to scattering theoryG). Since the ground state of
the nuclear system is assumed to contain no mesons, the
meson off mass distribution is centered about the physical

pion mass.

We have studied 20Ne + 238U collisions both as a

function of impact parameter and bombarding energies for
projectile energies between 100-900 MeV/nucleon. The
proton inclusive double differential cross-section for 250
and 400 §?V/nucleon is compared with the experimental
spectrum in Fig. 1. The theoretical histograms are ab-
solute cross-sections with no applied normalization.
Except for the low energy spectrum at forward angles for
250 MeV/nucleon, the theory gquantatively reproduces the
experimental spectrum. Within this low energv region, the
theory lies above the experimental data by at most a fac-
tor of 2.

In order to understand the collision process the re-
sults of a single collision are shown in Fig. 2. The
total number of nucleons, N, that have interacted at least
once is plotted as a function of time. This number is
decomposed into the nucleons originating from the vroject-
ile, Np, and those originating from the target, Np. In
addition, we also consider the number of pions, N-, the
number of bound particles, Ng, and the number of free
particles, Np. The collision process can be divided into
roughly three regions. The first few collisions are due
to the diffuse surface. Here we find onlv one or two
collisions. Once the nuclear densities overlap, proiject-
ile-target interactions dominate. Since the proijectile
cnergy is large, these collisions are characterized by
direct excitation into the continuum, i.e., all varticles
arc placed on their mass shell. The Pauli principle has
little effect due to the large available phase svace.

This process continucs until all particles from the pro-
jectile have interacted at least once. Due to a finito
mean freoe path, the nuclear density gradually increases to
a maximum of ﬂ/ﬂQ + 3-5. Since the averaae number of col-
lisions por particle is ¢ 2, a highly compressed, non-
cquilibrated nuclear matter distribation onters the sccond

region.,
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Due to the large internal velocities, the compressed
nuclear matter begins to expand. As the nucleons trans-
verse the target, this distribution tends to thermalize
due to collisions with target nucleons. Unlike the first
region, the spatial location of these collisions is not
concentrated about the projectile but instead distributed
throughout the entire target. Thus the number of target
nucleons that have interacted continues to increase.
Again, there is sufficient energy to excite these nucleons
into the continuum. However, since the available phase
space is reduced, the Pauli principle prevents some colli-
sions from occurring. During this thermalization process,
nucleons are ejected from the target. During the last
stage of the collision, free particle production essent-
ially ends. The continually increasing number of inter-
acting particles is primarily due to bound state colli-
sions. The slight increase in Np is due to target eva-

poration.

The results of collisions at different impact para-
meters is shown in Fig. 3 At an intermediate impact para-
meter, b = 5 fm, the results are similar to central colli-
sions. After about 10 fm/C, the projectile is depleted
and a state of highly compressed nuclear matter exists.
This occurs after the projectile has traversed approxi-
mately the same distance as for central collisions. How-
ever, the finite geometry of both the projectile and the
target reduces the nuclear environment and, therefore,
the thermalization of this distribution. First of all,
the distance traversed by the projectile is reduced re-
sulting in fewer collisions with the target. Secondly,
particles moving away from the target are immediately
ejected whereas particles moving toward the target will
experience many more collisions before escaping. Thus
the degree of thermalization of the system is substantial-

ly reduced.

For a peripheral collision, b = 9 fm, most nucleons
are ejected after only one collision. In addition, nu-
cleons may be transferred from the projectile to the tar-
get resulting in both target and projectile fragmentation.

The beam energy dependence for central collisions is
shown in Fig. 4. As the beam energy increases, the total
multiplicity increases which is a reflection of the chang-
ing nucleon-nucleon mean free path. As the beam energy
increases, so does the available phase space resulting in
a surpression of the Pauli exclusion principle. Thus
while the free nucleon-nucleon cross-section has a minimum
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at ® 250 MeV the effective mean free path decreases mono-
tonically with beam energy. The degree of thermalization
then increases with beam energy.

For the larger ion energies, inelastic channels (pion
production) become important. Even for beam energies be-
low the pion threshold, pion production is possible due
to the internal momentum distributions of the collision
partners. The effect of pi production is illustrated by
considering the 870 MeV/nucleon collision. Pion produc-
tion is most prevalent during the first collision between
a projectile nucleon and a target nucleon. Thus in every
collision there is a 50% chance of producing a pion with
an averade total energy of 200-300 MeV. This results in
a removal of 10-15% of the projectile energy per nucleon.
However, since the mean free path for a pion is smaller
than for a nucleon, more target nucleons participate in
collisions with pions. Thus there is not a substantial
increase in the average number of collisions per particle
but instead an increase in the nucleon multiplicity. Pion
and nucleon multiplicities are given in Table I.

The effects of these phenomenon upon the experimental
spectrum may be illustrated by considering the transverse
momentum and rapidity spectrum. A convenient representa-
tion for this spectrum is to consider a Lorentz invariant

cross-section

1 dzo

nmz dvfdy

as a function of rapidity y = tan h 1(Bz) and vi = Pj/m
where B, is the longitudinal velocity and P} is the trans-
verse momentum. The advantage of such a representation
may be illustrated by considering the nonrelativistic re-

duction of these variables.

Thus a Galilean transformation results in just a change of
origin. Furthermore, contours of constant energy are semi-
circles centered about the emitting source. The advantage
of rapidity is that a Lorentz transformation along the

beam axis simply changes the origin of the distribution.
For example, suppose the projectile moving at relativistic
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energies 1is simply excited. For nonrelativistic energies
in the projectile frame, a Boltzman distribution becomes

1 2 2
1 a% _ Ttot LA ymyp) eI/

ﬂmz dvfdy m2(2WT/m)3/2

where T is the temperature. Any isotropic distribution
centered along the beam axis will have the same distribu-
tion except centered about a different rapidity.

Since the above Boltzman distribution factors, we
consider the v, and y spectrums separately. The impact
parameter dependence of these distributions is shown in
FPig. 5. By matching the area, i.e., the total cross-
section, and the first two moments, Boltzman distributions
are constructed for each distribution. While such a dis-
tribution (solid lines) reproduces the gross structure of
the spectrum, noticeable deviations exist for low trans-
verse momentum and low rapidity. This may reflect the non-
equilibration of the system. Since the transverse and
longitudinal directions are treated separately, a single
temperature distribution is characterized by a temperature
T =T = Tq1- While a single temperature seems adequate
for centra} collisions, the longitudinal temperatures
are almost a factor of two larger for peripheral colli-
sions. In addition, the transverse temperature is ini-
tially increased by 20% for an intermediate impact para-
meter and then remains relatively independent of impact
parameter. Such a dependence is contrary to the predic-
tions of the fireball model. While the distributions for
the total spectrum (integrated over impact parameter) re-
semble the intermediate impact parameter, the longitudinal
temperature is significantly larger. These features are a
resul: of a larger degree of thermalization of the nucleon
spectrum for central collisions.

The spectrum as a function of v and y is shown in
Fig. 6 and Fig. 7 for central and peripheral collisions.
No preferential enhancement in the v| -y plane is observed
for central collisions. However, the low velocity en-
hancement is clearly indicated. For b = 9 fm, a three
peaked distribution is observed for low transverse veloci-
ties. For larger transverse velocities onlythe central
peak survives. This distribution reflects a low tempera-

ture projectile and target evaporation as well as a direct
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excitation distribution. Statistics prevent a quantitative
examination of these three distributions.

The differential cross-section for these impact para-
meters is shown in Fig. 8. The distribution for nucleon
energies less than 40 MeV is characterized by a very broad
peak near 55° with a width of = 100°. On the other hand,
the total spectrum is peaked at a forward angle at 45° with
approximately the same width. As a function of impact
parameters, the peaks move more toward forward angles, and

become much narrower.

The differential cross-sections for central collisions
as a function of ion energy is shown in Fig. 9. The solid
lines are calculated from a single temperature Boltzman
distribution moving along the beam axis. As the ion energy
increases the degree of thermalization increases due to
the decreasing mean free path. The best single tempera-
ture representation of the data occurs for 400 MeV/nucleon.
However, this agreement deteriorates as pion production
becomes more important. While all the spectra appear
very similar, there is a slight shift of the peak toward
the backward angles as the ion energy increases.

These results indicate that for central collisions,
nuclear matter is initially highly compressed but in a
non-equilibrium state. As this distribution expands, due
to collisions with the surrounding nuclear environment,
the system tends to thermalize. Due to the decreasing
mean free path, as the ion energy increases, better ther-
malization is achieved until pion production becomes im-
portant. However, there are indications that such an
equilibration is not complete, even for central collisions.
At intermediate impact parameters, this thermalization is
surovressed due to the finite geometry of both the project-
ile and the target. Such an interpretation suggests that
the spectrum when integrated over impact parameters may be
a more sensitive probe of highly dense nuclear matter than

central collisions.
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Figure Captions

1.

Double differential proton inclusive energy spectra.
Experimental points are taken from Ref. 3. The error

bars are statistical.

Number of particles, N, that have interacted at least
once as a function of time. This is decomposed into
those particles originating from the target, Nq, and
the projectile, Np, as well as those particles that
are free, Ny, and bound, Np. The diagram gives the
location of the projectile if there were no inter-
actions.

Same as 2 for different impact parameters.
Same as 2 for different projectile energies.
Transverseand longitudinal distributions for differ-

ent impact parameters and the total spectrum. The
solid curves are Boltzman distributions constructed

from the data.
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Distributions in the v -y plane for central collisions.

Distributions in the v -y plane for peripheral colli-
sionks.

Angular distributions for three different impact para-
meters.

Angular distributions for central collisions as a
function of projectile energy.
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E. _/Nucleon 110 250 400 870
ion
nucleon multiplicity 70 103 118 138
pion multiplicity 0.02 0.12 1.46 12.34
Bll OilO 0.11 0.13 0.18
T11 (MeV) 31.6 33.0 38.7 63.3
T, (MeV] 29.3 31.9 38.0 52.9

Collisions prevent
by Pauli Principle 34% 19¢% 15% 7%

Table I. Characteristics for central collisions as a
function of projectile energy.
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MULTIPLICITY AND CHARGED PARTICLE EMISSION IN
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H. H. Gutbrod, J. Gosset, W. G. Meyer, A. M. Poskanzer
A. Sandoval, R. Stock and G. D. Westfall

Lawrence Berkeley Laboratory, Berkeley, CA 94720
Gesellschaft fiir Schwerionenforschung, Darmstadt, Germany
Fachbereich Physik, Universitat Marburg, Marburg, Germany

The ™ data were taken by S. Nagamiya, et al.?) and we are
grateful to the authors to allow us to present them here.

I. Introduction

After nearly three years of Bevalac research, the interest has shifted
from the peripheral reactions -- studied 1nten41ve1f by the Heckman/Grelner
group and described successfully by the abrasion-ablation model 7) -- to near-
central collisions® Whereas peripheral reactions proczed with relatively
small transfer of momentum and energy, the near-central collision 1is charac-
terized at high incident energies with an almost complete dissociation of
both target and projectile, as made visible in some streamer chamber

p1ctures

It has been generally accepted that a high multiplicity of fragments
and pions at large angles and intermediate energies may be used as a dis-
tinctive feature that allows one to select near-central collisions of rela-
tivistic nuclei. Since many motivations for the relativistic heavy ion
physics have and will be given by the theorists present at this conference,
we can cut this introduction short and focus immediately onto experimental
facts and observations available now after about two years of central col-
lision studies at the Bevalac. We will have to leave the bheautiful ''star-
observations' to the next two speakers and will concentrate onto single
particle inclusive cross sections of precisely identified fragments (as to
their charge, mass, energy, and emission angle) together with associated
multiplicities of fast charged particies.

We will see that all the observed fragment spectra are structureless
and more or less exponentially decaying throughout the range of studied
fragment masses. We will give a catalogue of experimentally found qualita-
tive features and will look then into the applicability of simple statistical
thermodynamic models by tracing down in the spectra kinematical effects in
the framework of a source of a temperature T
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and a velocity B. This leads directly to the "nuclear fireball-
model"") we presented nearly a year ago.

The production of complex particles will be discussed next.
A simple mass dependence in the cross section of the fragments
is observed®) and leads us to the question if a stuck pro-
jectile and the explosion of a "compound nucleus" would make
any sense.

II. Experimental Techniques

The basic layout of the experimental setup consisted of
a particle telescope mounted on a movable arm inside a scat-
tering chamber, a monitcr telescope fixed at 90°, used to
obtain the relative normalization, and an array of fifteen
plastic scintillator paddles (tag counters) placed outside
the scattering chamber, subtending the angles between 15° and
60° with respect to the beam direction, and about one-third
of the azimuth. This array was used to determine the multi-
plicity of charged particles, with energies above 50 MeV/
nucleon, associated with each event measured in the telescope.

Several different telescopes have been used to measure
the large spectrum of masses and energies in this experiment.
Evaporation~like fragments were detected in thin AE-E sili~-
con detector telescopes with thicknesses of 22 um, 205 um,
and 177 um and 1500 um. The high energy components of helium
and hydrogen isotopes were neasured with a AE-E telescope con-
sisting of a2 2 mm AE-silicon detector and a 10 cm, conically
shaped scintillator coupled to a 2.5 cm phototube as an E

detector.

The yields of the elements between lithium and oxygen
above an energy of about 100 MeV were measured with a three
element telescope, Fig. 1, consisting of a large area of thin
S5i AE dctectors (180 uym)} fol-
lowed by the same area of 3 mm
thick intrinsic germanium which
was followed by the 3rd element
an 8 mm intrinsic germanium
detector. This AE;-AE;~E tele- ss5.mHaar
scope was in the Si elements
subgrouped into six angular
bins so that six angular
steps could be measured
simultaneously. Particle iden- Sl
tifier spectra of these tele- &
scopes are shown in Fig. 2. <
As a result of the quality of
these detectors, we can give
the precise mass, charge, and Fig. 1 4L 773- 545

{

e
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-0 a0 80 120 160 200
Particle identifier {channels)

Fig. 2

energy as well as the reaction Lol T [ Sy
angle of the detected particles [ﬂ: V 4
up to *He. From Li on we have
isotope resolution only where
indicated in the figures.

We have recently improved .
our setup by placing 80 photo- Fig. 3
multipliers with scintillators
around a thin spherical scattering chamber, Fig. 3, which
silows us to recognize much better the pattern of the star-
event. The lower part of the figure shows the multiplicity-
ring pattern looking in beam direction. Also in this new
setup, we do exclude from the measured multiplicity all
particles below an energy of 25 MeV/n. Thus we are sure not
to measure low evaporation like fragments in the associated
multiplicity. Furthermore we built a new telescope capable
of detecting nt from 17 to 100 MeV and protons from 5 to 209
MeV etc. Some of the data I show are already from this vin-
tage. The 7~ distributions are taken from ref. 2) and were

measured in a magnetic spectrometer.
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IIT. Experimental Results

Let us have first a look at the low~energy or evapora-
tion like fragments. Figure 4 shows the 90° energg spectra
of He to Be isotopes in the low energy region for ?°Ne bom-
bardment of U at 2.1 GeV/nucleon. These energy spectra show
a Maxwellian shape with the peak position shifting tow.rds
higher erergies as the atomic number of the fragment in-
creases. For a given element, the most neutron deficient
isotope displays a more prominent high energy comgonent.

This trend is most obvious in Fig. 4 for °Li and 'Be. It is
also observed for the He isotopes as will be indicated below.

The cross section for the evaporation like a-particle is
so high that--from an estimate of the integrated low energy
o-particle yield--on the average about 7 o-particles are
emitted per interaction. These low energy particles are not
included in the later discussed associated multiplicities.

At high ._ragment energies the double differential cross
sections f~r ?°Ne on U at 400 MeV/nucleon as an example pre-
sented in i ig. 5 are smooth and exponentially decaying with
increasing energy, being flattest for the protons and becoming
steeper as the mass of the fragment in-
creases. For a given fragment the slope
of the energy spectra rapidly increases
with increasing angle, and the yield of
each fragment decreases as the mass or
charge of the fragment increases. A
deviation from this general trend is

20Ng .U
400 MeV/nuct.

d2 o /dSIdE {mb/sr MeV/nuct)

o dn ! 407130766 " 2ae Elab (MeV / nuct.)
Lob energy (Mevt e

Fig. 4 Fig. 5
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observed in the vicinity of the evaporation region where the
yield is higher for “He than for *He. 1In turn, *He exhibits
a relatively more prominent high energy ciross section. 1In
this respect, the He isotope cross sections follow the trend
of neutron deficient isotope cross sections, as described

earlier.

The proton energy spectra from ?°Ne on U at forward
angles are extremely flat in the measured energy range. It
is surprising to find that the usual kinematical argument
that would predict more forward peaked angular distributions
the higher the combarding energy does not apply. In fact the
trend is opposite for all the fragments as shown in Fig. 6
in the angular distributions labeled a, b, c, which are 3He
fragments integrated in the indicated energy windows from Ne
on U at 2100, 400, 250 MeV/nucleon respectively. At the
highest bombarding energy the cross section changes by less
than an order of magnitude from 20 to 13C degrees, while for
the 250 MeV/nucleon bombarding energy it changes by more than
two orders of magnitude. Similar *He angular distributions
are observed in the energy window from 50 to 100 MeV/nucleon.
The overall features are the same but all slcpes are steeper.
A comparison at 2100 MeV/nucleon between (a) uranium and
(b)Al as target shows that for light targets the backward
hemisphere is depleted. At 400 MeV/nucleon incident (e) “He
and (b) ?°Ne on uranium there is no significant difference
in the shape of the angular distributions. Note that curves
{d) and (e) are raised in absolute value by a factor of 10
for better graphical representation.

In general for fixed

L N . O T

. e T target, projectile, and
“—h-\:;':i \3\0'5OM8‘.//HUCI ' -?*V§@5'|OOM6V/HUC| . incgde;ltpengrgy t}-’le anu_
N W NN . !
\\$C\\f g \QC\ : lar distributions of all
NN \\\\ : fragments become more for-

ward peaked the higher the
energy window considered.
Therefore, the value of
angular distributions of
integrated spectra in these
experiments 1s small and
the presentation of double
differential cross sections
should be preferred.

do/d2{mb/sr)

Looking now at the
heavier fragments at inter-
mediate energies in Fig. 7,
the slopes of the spectra
also get steeper with
increase in reaction angle

ey



\\\m°
=r T TN N ]
X . 30°
, o . 60°
o3 120°% 80" 1 - 4 _
\ao®
60" 90°
10-4 - +120°\ 90° \+ 120° -
. § i i 1 3 4 i Fi i L L L i i
v ¥ 7 ¥ T Ll 1 T ml T 1 1) L] T
107 - ¢ L N
1072 1+

420 /d0dE (mb/sr - MeV)

386

20Ne + U, 400MeV /nucl.

0%}
\‘ ...l
ot VY +
\\QW

LR R A T

\ Li 4

T

T 1 1
"Be

4 .4
20°

Ll T 1 T T
910ge

8 |

= 200 J—
300

1073 -+
60°

\ 20° |
\ 60° 3090
90° i

10-4 o P —4—
120° 60"
Lo I A W | R | [ S |
0 200 400 o} 200 400 o) 200 400
Egp (MeV)
XBL 771- 218
Fig. 7
0
ZNe + U
103 L S A s St B B B

&% /48l dm (mb/sr)

3

10-2_

S

T TTTT T T
E 2.1 GeV/nucl.

102

ol N L S ST NN S A T B R R R A

400 MeV/n.

|

.

0

Fig.

150

m

8

&l

Ll
5

XBL 773-694

for a fixed fragment. The
changes of the slopes with
fracment mass at a given
angle are less pronounced
than before, but note that
here the spectra are
plotted in MeV instead of
MeV/nucleon as in the case
of hydrogen and helium isc-
topes previously shown.

The associated multi-
plicities should give us a
hint whether we are indeed
observing near central col-
lisions. Figure 8 shows
from the 15 tag counter
array m-fold coincidence
Ccross sections associated
with three different frag-
ments detected in the
telescope at 90°. For all
fragments the average mul-
tiplicity is large reflec-
ting quite a large trans-
verse momentum transfer
since the tag array is
sensitive to particles like
protons above 50 MeV. 1In
the new experimental set-up
the selection of various
multiplicity patterns is
possible.

In Fig. 9(a) the pad-
dle histogram is shown on
the top associated with
Si-Ge telescope events on
the bottom associated with
the monitor telescope.
Monitor telescope and
Si-Ge telescope are placed
opposite of each other at
90°. We observe clearly
in ring A and B a large
angle--two particle--corre-
lation between fragments
in the telescope and frag-
ments in the paddles
enhancing the yield in the
forward angles opposite to
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the detected fragment. Note
that we are looking here at
star events with average total

. ¥0p0 "G multiplicities of at least 12
3 high energyy particles in the
$ Telescope- 9°-80° forward hemisphere. We
~ ‘j are presently studying this
b gvem correlation as a function of
St s s angle 8 of the telescope and
T n T M fragment energy. Figure 9(b)
A Tl shows the difference in the
T H paddle histogram for *’Ar on Ca
A B C and U. For '°Ar on Ca the
prongs are much more forward
bte 30 1 30 peaked than for U.
L In order to ease the dis-
? Mowitor - cussion the main characteristic
& evenis features of the data may be
i summarized in the following
;a way:
S I U
T n Summary of Qualitative Features
A B C of the Data
1) All light fragment energy
L e | 30 a‘b{“wf‘g spectra are smooth except for
r an "evaporation peak" at very
low enerqgies.
Fi 9 (a) 2) The most neutron deficient
g- isotopes exhibit spectra with
v Yoo Mll//mud(wwAVjau
-0
\g on 7/ U and om [ Ca
& 'fc/ts(o/:() at 70°
e -
&
V)
[000' ”%E;ﬁ 7 7
" %@ ¢ Fig. 9 (b)
(11 7
4
o W
A B C
Il 16 1 30 | 30

f:add!wumbcr
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a relatively higher cross section in the high energy tail.

3) The slope of the fragment spectra in the intermediate
enerdgy range gets steeper with increasing detection angle.
Angular distributions are forward peaked.

4) The double differential cross sections for Ne on U at

30° are approximately independent of the incident energy

for a given fragment. At larger angles the yield increases
and the slope decreases with increasing bombarding energy.

5) The slope of the fragment spectra in energy/nucleon at

a given angle gets steeper with increase in fragment mass.

6) The total yields of light fragments fall off with in-
crease in mass. At energies of 30-50 MeV/nucleon cluster
emission comprises a significant fraction (about 50%) cf the
total baryonic cross section. Towards higher energies pro-
tons become predominant.

7) Increasing the projectile mass at a fixed incident

energy per nucleon leads to a small increase in the cross
section for low energy fragments but to a larger increase

at high fragment energies, especially for the heavier
clusters.

8) In Ne and Ar bombardment of U, Ca, and Al targets besides
the difference in overall absolute cross section, one finds
for Ca and Al a depletion of cross section at back angles.

9) For all particles detected at angles between 20° and 160°
the mean associated multiplicity is high and not changing
remarkably with fragment mass or energy.

10) The mean associated multiplicity increases with the pro-
jectile mass and with the target mass.

11) Large angle emission of energetic fragments is enhanced

in high multiplicity events.

IV. Discussion of the Data

In the peripheral reactions it is rather easy to deter-
mine where the particles originated by just looking at around
0° and at a fragment velocity equivalent to that of the pro-
jectile. Here, however, we cover a large spectrum of longi-
tudinal velocities and need therefore an appropriate repre-
sentation of the longitudinal and transverse momenta of the

fragments.

In Figs. 10 and 11 contours of constant invariant cross

. 1 d-o . . .
sections b dEaq are given in a (y,pl) plane for different

fragments from ?°Ne on U at 400 MeV/nucleon and for He frag-
ments from 2°Ne on U at different bombarding energies. vy is
the rapidity of the fragment defined as

y = 5 inl(E+p))/(E-p) ].

This variable is simply shifted by a constant value if
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expressed in a moving frame. y is approximately equal to B
for small velocities. p] 1is the transverse momentum per

nucleon of a fragmcant. In the contours the spacing betrween
the lines corresponds to a constant factor in cross section.
The thick lines are labelled »y the common logarithm of the
invariant cross sections. Su .a contour plots are invariant
with respect to Lorentz transformations, except for a shift

of the rapidity axis.

In these contour plots the maximum p; on a given contour
line lies at a value of y which can be attributed to the
velocity of an apparent source. In Fig. 10 it is clear that
at low p| values the apparent source velocities are close to
zero but that as we go up in p| the associated y goes up
too. (Note that we plot here pj| /nucleon.) Thus it is clear
that these fragments are not emitted isotropically from one
unique moving source, which would give contour lines all cen-
tered around the rapidity of that source. In a peripheral
collision the fragments from target. and projectile would be



390

represented by two steep "mountains” symmetric about the tar-
get and projectile rapidities. It is obvious that the present
data do not cover the region of projectile fragmentation.
Target fragmentation products may be part of the cross sec-
tion only for the lowest vaiues of Py and y. Most of nur

data thus represent fragments from non-peripheral collisions.

The maximum of the invariant cross section at a given
-level of p; occurs at increasing values of the rapidity for
increasing p;. Due to the shift of the contour lines towards
intermediate rapidities with wider spacing, there is clear
indication for at least two qualitatively different sources
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participating in the fragment emission. One source is moving
slowly in the lab with a rapidity smaller than about 0.1. It
accounts for the emission both of protons and clusters at
small transverse momenta, pj/nucleon $250 MeV/c (explosion of
the total target and projectile system and/or target specta-
tor decay). The other source moves with a rapidity inter-
mediate between those of the target and projnctile, and its
decay products extend towards higher transverse momenta,
corresponding to the highest energy and momentum transfer
between the target and the projectile.

Before we go to the fireball modei which tries to repro-
duce these findings, I show you again a {(y,pl) contour plot,
Fig. 12, this time for 7~ emitted from 800 MeV/nucleon C on
C and U, measured by S. Nagamiya, et al. The picture here
is totally different from that just seen. There is no dif-
ference between C and C--which is in a kinematical point of
view a nucleon-nucleon system--and C on Pb., Therefore one is
led to conclude that the source of pions at these transverse
momenta 1is purely of nucleon-nucleon nature and does not
reflect any collective effects, in contrast to that of the
charged particle distributions which cannot be described with
one single longitudinal source velocity.

V. Fireball and Coalescence

The change in slope of the spectra as a function of
angle gave a clear hint to try a thermodynamic model based
on a moving source with velocity B and temperature T.
Since the observed rapidities were much higher than that of
the center of mass of projectile and target, subsystems had
to be found with higher apparent velocity. This led directly
to the nuclear fireball model presented nearly a year ago"),
which will be outlined shortly in the following:

When a relativistic heavy ion projectile collides with
a target nucleus there should be during a primary fast stage
a localization of the interaction to the overlapping domain
of target and projectile densities while the rest of the two
nuclei remain relatively undisturbed. On a secondary time
scale, dissipation of compressional and surface energy, as
well as reabsorption of pions and nucleons emitted from the
primary interaction region will excite these remnants, re-
sulting in their subsequent decay that should be charac-
terized by moderately low energies. This idea leads to the
separation of the nucleons in the system into participants
and spectators with respect to the time scale of the fast
interaction stage. The nuclear fireball model deals only
with the participant nucleons, i.e., it refers to a sub-set
of the emitted particles. The model assumes that the two
nuclei sweep out cylindrical cuts through each other, Fig. 13.
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mass system of all the participant o orern
nucleons forming a fireball which
moves forward in the lab at a veloc-
Fig. 14

ity intermediate between those of
target and projectile. Its average
internal kinetic energy per nucleon is much higher than the
binding energy per nucleon. The participant nucleon fireball
is then treated as an equilibrated non-rotating ideal gas
characterized by a temperature, which expands isotropically
in the center of mass of the fireball with a Maxwellian dis-
tribution in energy. The number of participants is calcu-
lated for each impact parameter. For nonsymmetric systems
the effective center of mass of the participants is impact
parameter dependent as is the fireball temperature. Only for
symmetric systems like “°Ar on *’Ca exists a unique Bfjrepa]l
and Tfireball " Figure 14 shows the geometrical quantities as
a function o% impact parameter. Np/Nt is the ratio of pro-
jectile to target participant nucleons, Nproton is the number
of participant protons, and 27bNpyroton is the weight given to
each impact parameter. The solig lines represent the case of
Ne on U and the dashed line an equal mass projectile-target
combination. The arrow on the abscissa indicates the radius
of uranium and the arrow labeled bpy, indicates the impact
parameter with the maximum weight.

Figure 15 shows kinematical quantities as a function of
impact parameter calculated in the fireball model. The
velocity of the fireball in the 1lab is B8 and £ is the avail-
able kinetic energy per nucleon in the fireball. The com-
parison of the data with that model, integrated over all
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impact parameters, is shown in Fig. 16 for

20Ne+U at 400 MeV/nucleon, 250 MeV/nucleon 01 ; 400MeVcl :
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Going back to Figs. 10 and 11 for
400 MeV/nucleon 2°Ne+U, the fireball
rapidity is 0.28 for the most probable
weight and fits well with simply extracted
values of y for high pj values. For the 7~ data in Fig. 12
we see that the fireball rapidity for C+Pb is totally off from
the extracted value of 0.6, equivalent to that in C+C.

Contemplating over such a simple model one often ques-
tions first the assumption of clear cylindrical cuts. Shoot-
ing holes into nuclei does not sound reasonable in the face
of nucleon mean-free-path arguments. Yet, a single molecule
hitting a thick wooden plate with a velocity of 1 km/sec has
no chance to go through, but if this molecule travels as part
of a bullet it easily can make it to the other side. From
this viewpoint the nuclear fireball model should be more suc-
cessful the heavier the projectile mass is. Surprisingly,
however, the model can even describe double differential
spectra of protons from p on Bi at 450 MeV.

The presented fireball model has been extended to include
complex particle production®:!). This will raise the tempera-
ture in the fireball, since in the chemical equilibrium fewer
degrees of freedom are available if clusters do exist. Our
data do indicate (see Figs. 10 and 11} that the low p; frag-
ments do come from slow moving sources with velocities from
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that of the target-projectile ) a T T ]
center-of-mass down to zero. B
If one looks at boron (Fig. 17) 3
then a two parameter fit of a
moving source with a velocity
B = 0.6 and a temperature
T = 27 MeV yields fair agree-
ment with the data. This
velocity and temperature com-
bination, however, is clos2 to
that of a formed compound sys-
tem, i.e., the projectile gets
stuck in the target nucleus
and randomizes totally its
energy. If such a picture
would be true the tremendous
angular momenta in that system
(nearly 500h for Ne+U at 54
400 MeV/nucleon) would change ;
the decay pattern of the frag- 1200
ments and lower the temperature L L { I
due to the rotational energy. 100 200 300 400 500
E(MeV)

If one assumes that protons YL 77485
at a given momentum are produced
by the same mechanism as the
heavier fragments at the same
momentum/nucleon then one can,
as we did®), try to express the
complex particles in terms of nucleon double differential

cross sections.

S,
J

S
f

d%5/dEAQ (mb/MeV- sr)

Fig. 17

Our first attempt to explain the emission of high energy
light nuclei in relativistic heavy ion collisions was by
final state interactions, or coalescence of emitted nucleons.
In this model, if any number of protons and neutrons corre-
sponding to a bound nucleus are emitted in a reaction with
momenta differing by less than a coalescence radius pgo, these
nucleons are assumed to coalesce and form a nucleus. The
cross sections for the emission of light nuclei are then
simply related to the cross sections for the emission of
nucleons at the same momentum per nucleon, namely,

2 3 A-1 2 A
; .
pZapae 2\ 3% p2dpan
Both cross sections op, for emission of a light nucleus formed

with A nucleons, and 03, for emission of a single nucleon, are
evaluated at the same momentum per nucleon p with Lorentz
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culation and our data is N \PT.X\
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largest dlsrrepancy being for 0.
*He fragments at the lowest )
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angles, The values of the Ep (MeV/nuct)
parameter pg are remarkably

uniforn and of reasonable

magnitude, between 126 and

147 MeV/¢, since they are Fig. 18

smaller than the Fermi momen- :

ta of ‘he clusters. It

© 250 Mev/nucl.

should be noticed that this Ne + U 400 MeV/nucl
simple phase space calcula- 0. o
tion does not explicitly :

include many factors, like % Li Be
spin and isospin couplings, Y

integration over configura- %% B 0NV p, =135 Mev/e

tion space (not only momentum
space) and time. All these
factors are hidden in the pg
value. 1In Fig. 19 it is
shown that a similar calcula-
tion leads to a similar
agreement with our data for
heavier fragments, namely the

lithium isotopes (our data ¢ X

include all isotopes, but the o . .
‘ . 60

assuming mass 6) and ’‘Be, e \ 90°

d2o/dEdQ(mb/MeV sr )

calculation has been done

with a pp of the same order e . 4 S
of magnitude as that found 0 Mo A0 300 40 0 w0 20 300 46 S0 600
from the light fragments. E (MeV)

For the heaviest fragments,
221080 to 0, the overlap be-

tween the energy per nucleon Fig. 19
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nge of these data and the range of our proton data is too

all to make useful comparisons.

The success of the coalescence model, however, has to
be looked at as a first glance into the mass dependence of
the fragment distribution. The correct treatment of a final
state interaction model has to start with a primary nucleon
distribution which is different from our procedure. In
fact if one guesses such a primary proton distribution one
gets smaller values of pg and destroys the simple dependence
of light nuclei cross sections on nucleon cross sections.

It is very interesting to note that the observed power-
law between proton- and cluster cross sections is valid in a
thermodynamical picture like that of the fireball. There,
the double differential cross secticn in momentum space for
emitting any cluster consisting of A nucleons decreases
exponentially with the total kinetic energy E of the cluster
like exp(-E/t) where 1 is the temperature. Hence with
respect to the kinetic energy per nucleon E/A it behaves

like (exp - Eﬁf‘-)A which is proportional to the Ath power

of the cross section for nmlttlng a single nucleon at this
energy per nucleon E/A, 1in contrast to the coalescence model.
In the thermodynamical model we do not have to guess a
primary nucleon distribution in momentum space. There is
interesting physical information in the thermodynamic model,
since the yeilds of different nuclear species measured in
relativistic heavy ion collisions can be used to obtain the
freeze-out density®) of their emitting systems, namely the
density below which the hot matter expands freely.

In summary, fragments from near central collisions of
relativistic heavy ions may originate from several quali-
tatively different sybsystems of the overall decaying nuclear
system, such as the fireball, the target spectators, or
alternatively, an explosion of the fused target-projectile
system. There is strong support of the validity of thermo-
dynamical models in the production of all fragments observed
and the large amount of theorists in this field is promising
exciting insights in the near future. The charged particles
seem to have clear fingerprints of a collective reaction
mechanism whereas the m~ data observed at high pion energies
seems not to be different from nucleon-nucleon collisions.
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EXPERIMENTAL SEARCH FOR COMPRESSION PHENOMENA IN
FAST NUCLEUS-NUCLEUS COLLISIONS

E. SchopperX), H.G. Baumgardt, E. Obst
Institut filir Kernphysik
der J.W. Goethe-Universitdt, Frankfurt/Main

Soon after the discovery of heavy nuclei in cosmic
radiation in 1948, investigations of high energetic nucleus-
nucleus interactions have been undertaken, mainly with
nuclear emulsion as detector and target. A remarkable
amount of data exists. They are, however, suffering from
being averaged in general over a more or less broad range
of energies and charges of the projectile, and of the
nuclides of the emulsion.

The situation changed when heavy projectiles of de-
finite energies in the GeV/N region became available from
accelerators,which made accessible such investigations
also to multiparametric electronic devices. One of the very
actual questions arising was the occurence of compression
phenomena and shock waves, connected with the increase of
the density of the nuclear matter during the interpenetra-
tion of two fast nuclei.

This paper was provided to review current experiments
dealing with this problem. Since two big experimental groups
from Berkeley are presenting results by their own (H.H. Gut-
brod, H. Heckman), these need not to be covered in detail
by this paper; it will be restricted to experiments with
particle track-detectors (nuclear emulsions,and the silver-
chloride detectors of the Frankfurt group),

Before considering the mechanism of the interpenetra-
tion of two fast nuclei, which is obviously rather complex,
it may be useful to throw a glance on more simple situations,
i.e. proton~-proton interactions, then to envelop them with
nuclear matter, considering proton-nucleus interactions.

We only shall describe very general features, which may
give us suggestions for the understanding of the nucleus-
nucleus impact.

1. Proton-proton and proton-nucleus collisions
The shower particles in the jet generated in a p-p

impact (fig. 1), consisting mainly of w-mesons, are
characterized by velocities 8 > 0.7; they have been in-

X) invited speaker
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vestigated over a wide range of energies of the projectile-
nucleon. They exhibit the following features:

pp and pN inter-
actions schema-
tically

The multiplicity, i.e. the
numker ng of shower particles
depends on the projectile
energy E5 (in the L-system)
as

1/4. (1)

ns)o]a)
The jet always contains a
so~called ieading nucleon
(proton; LP in fig. 1).

The constancy of the trans-
verse momenta p ~ 300 MeV/

of the shower particles,

and the constant ratioc of

n/K mesons valid in _the range
of 10 GeV < E, < 10 Gev of
the projectile energy,
suggested the model of the
fireball:

In the pp impact a hadronic
state is generated which
decays into the shower

particles of the jet and the leading particle.

A peripheral p~N interaction which leads to a star
without heavy secondaries Nj (8 < 0.7) - a so-called clean
event - represents an analogue to the pp-interaction.

What is the situation with nonperipheral p-N interactions
in particular with central

at small impact parameters,

collisions? Accelerator experiments with nuclear emulsions
up to energles of 400 GeV by several collaboration

groups’

have yielded valuable data. For instance, the

multiplicity ng,a of shower particles emitted from pN
collisions with'a nucleus of A nucleons, compared to ng p
fromnpp-lnteractlons at the same energy: !

s,A

S,p
and depends only weakly on A:

R =

is surprisingly low, ~ 1

.7 at 200 and 300 GeV,

2

Ng,a ~ A% ; this contra-

dicts the development of a 1arge intranuclear cascade.

The shower multiplicity can be partitioned,
posed by Andersson and Otterlund4),

as pro-
into the components
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n = . 9 -
s,A ns'p (1 + vy (v 1))
with y ~ 0.3
3 =0.7 - a%928 - nean number of collisions

of the projectile

the first term being attributed to a fixed leading particle
contribution like in pp-collisions, the second one to
"repeated collisions" of the projectile. In other words,
the hadronic fireball-state seems to consist of a per-
sisting component and a dropping out - part generating
the ng,pA - excess, according to the Gottfried-model3).
This behaviour shows up too, in the relation between
ng,a and the mean number of heavy secondaries Np (fig. 2)

Fig. 2 :

B T T
mean number Ny

20— - of secondaries versus
shower multiplicity

n
225 GeV R = _S:A
n
S,p
in pN-collisions

(Andersson et al.4))

200 GeV o
. 300Gev e . _ _

1 1 |
1.0 20 30 40

Reg

The mechanism generating the ng a-excess, seems not to
start before the number of showér particles, correspon-
ding to pp-collisions a. the same energy, has developed
(R = 1 in fig. 2).

Central collisions with very small impact parameters
lead to a complete disintegration of the target nucleus
with high transverse momenta of the disintegration frag-

ments (fig. 3).

The probability of such central collisions with
complete decay has been determined by Badaway et al.6).
For p-N interactions concerning Ag and Br nuclei it is,
independent of the projectile energy, 2.5 % between
6.2 GeV and 200 GeV; for a~N collisions at 3.85 GeV/N
7.2 ¢ of all events.
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Fig. 3 :

Complete disintegration of a
Pb-nucleus in a central
collision with a proton of
momentum P = 70 GeV/c.

Emulsion soaked with Pb-salt.
(courtesy of Prof. K.D. Tolstov,
Dubna)

Puc. 6. Jeesoa ¢ N, - 66, N =22,

2. Nucleus-nucleus collisions

The energy range considered in the case of p-N
interactions is admittedly higher than that of the
NN-collisions which we are now discussing. It is the high
energy end of a region which, between 0.1 GeV/N and
5 GeV/N, could be regarded as a transition region, with
respect to pionic contributions for example. On the other
hand the relativistically contracted A nucleons of the
projectile will behave in a way different from free
particles, at least after the first collision, and generate
high energy density and baryonic states in the reaction
zone, comparable to the fireball state of the proton-
projectile.

In our search for compression phenomena amongst the
achievable mechanisms involved in a nucleus-nucleus
collision, we used as a guide-line the model depicted
in fig. 4.

We are excluding peripheral collisions, which are
leading either to pure fragmentation of the projectile
with only one or two heavy recoils, or to a mixed event
from the overlap-area. We are investigating non-peri-
pheral collisions, defined as collisions with full over-
lap of target and projectile area. They are selected by
a required minimum number of prongs of recoil secondaries
Ny, as described below.

The final stage of all these collisions is
characterized by the deexcitation or decay of the target
or the residual nucleus, respectively. Except perhaps
the very central collisions which result in a complete
decay of the target, this final stage is characterized
by the emission of low energetic particles, evaporating
with a "temperature spectrum" corresponding to T ~ 4 - 8 MeV,
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N-N collisions schematic

compressi0on phenomena
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(eveporation)

p~ 002

and very low forward momenta of the particles; this
corresponds to a forward velocity Breg of the residual
nucleus 8 ~ 0.02 (fig. 5a,b) in the energy range from
100 MeV/N to 15 GeV/N
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Fig. 5 : p,-momentum distribution of evaporation

particles in N-N collisions: C,N,0 projectiles
on Ag, Br - nuclei in the energy range
a) 100 ~ 500 MeV/N, b) 2 - 15 GeV/N
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As a foregoing stage in the N-N collision, we have
to consider the reaction-zone of the projectile which
- whatever its state may be - is expected to consist of
hot baryonic matter and composite particles. It may be a
particular state, as postulated by the Frankfurt group of
W. Greiner10), combined with a quickly equilibrizing pion
condensate or a fireball-like system proposed by the
Berkeley group12).

The question is, what are and how can we find
signatures for compression phenomena? We can expect to
draw information either from the investigation of the
particles from the fast projectile-system (the "actor"
particles) or from the nuclear matter of the surrounding
target system. If we assume that the high compression
caused by the interpenetration of the nuclei propagate as
a Mach-shock wave, it will lead to a preferential angular
distribution of secondaries 13). Following theoretical
considerations, the propagation velocity of the com-
pression wave will be vy < 0.6 ¢ in the considered ringe
of projectile energies between 0.2 GeV/N and 4.2 GeV/N.
We have therefore to look for the Nh-particle group of
medium energy amongst the secondaries.

14)
14

The energy distribution of the Np-group
schematically depicted in fig. 6, shows in the low energy
part the typical evaporation spectrum (a and c¢) for H and
He particles, with a tail (b andc) towards higher energies,
not belonging to the evaporation spectrum.

Fig. 6 :

Energy spectra
of Np-particles
left: He

right: H
{schematic)

It is much broader for the proton group than for the
He-group; may be on account of the higher "temperature”
of the protons or on account of an admixture of protons

from the projectile system.

The tail of the He~group is predominantly connected
with large stars with a large number of Ny-particlesl4),
which are due to collisions with the heavy nuclei Ag
{(or Br in emulsion) at small impact parameters. In such
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stars the proton group exhibits a broad distribution of
high transverse momenta, and a rather flat angular
distribution, compared to the much steeper one of the
He-group (see fig. 11c).

Hence we regarded this He-group as candidate for
signatures of compression phenomena.

3. Experimental results

Sheets of silverchloride detectors on gquartz glass
and stacks of nuclear emulsion (for comparison) were ex-
posed to the heavy-ion beam parallel to the surface of
the sheets with a total flux of about 105 particle/cm2.

Stars occurring at the nuclides of the detector
are observed in 4n-geometry event by event. The dis-
advantage of the time-consuming scanning of the events
in these detectors has been strongly reduced by our video-
electronic analyzing system, developed for the special
purpose of track measurements

In nuclear emulsion technique tracks are classified
following the energy loss of the particles by ionization
and the corresponding density of the track in white (s),
grey (g) and black (b) tracks which belong to certain
energy ranges of the particle; s-tracks correspord to
shower particles, g and b tracks to the secondaries
Nh = ng + n,. In fig. 6 we have inserted the corresponding
energy ranges of g and b-tracks for a-particles and pro-
tons in K5 emulsion, in comparison to the less sensitive
AgCl-detectors with the track-classification 1,2,3. On
account of their sensitivity threshold, the AgCl-detectors
are recording protons only from the evaporation group. We
are recording neither the proton tail d, nor fast protons
from the projectile above E = 30 MeV, in other words, we
are recording the evaporation groups a and c¢ and the
o-tail b, suppressing the proton tail d.

In order to find the angular distribution of the
oa-group, we have to subtract the evaporaticn components.
Measuring only particles of class 1 and 2, we are in-
creasing the relative contribution of the a-tail (energy
window) .

In order to select central collisions on Ag-nuclei,
and to eliminate Cl-ceollisions and peripherical collisions,
we require the prong number of a star Nh > 12 (prong
wirdow); this corresponds to a star with Ny > 28 prongs in
nuclear emulsion: The mean number of prongs of this star,
falling into the groups a,b,c,d would be ng, = 3.5,
np = 1.5, e = 7, fig = 17; this means in stars in AgCl
with m = 12 prongs we find an average number of 1.5 par-
ticles of the a-tail.
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The simplicity of the experiment allowed us, with
the kind help of our colleagues in BerkeleyX) and in
DubnaXX) to expose,in favor of systematics, detectors over
a wide range of energies, from 0.2 GeV/N up to 4.2 GeV/N,
between 1.1 GeV/N and 2.6 GeV/N in 300 MeV/N steps, mainly
with He, C and O projectiles.

Figure 7 contains as idiograms angular distributions
do/d0, measured in AgCl-detectors, with C, O projectiles
and He-projectiles at different energies. The curves in-
serted are belonging to fitted evaporation components,
adjusted by X2-fits with parameters following the Le Couteur-
theory, by Baumgardt16). The remaining component belongs
to the a-tail of the energy spectrum (fig. 5) and shows
a shift toward 75° at 2.1 GeV/N and a return to 600 at
4.0 GeV/N. These results have been confirmed by new expo-
sures evaluated by nur analyzir device, shown in figs. 9

and 10.

Figure 8 shows measurements in nuclear emulsion, by
Ootterlund?®) et al.: the angular distribution dAN/dO of the
black prongs reflects the shift to larger angles with in-
creasing energy of the projectile.

In order to elucidate the peak of the angular
distribution originating from the «a~tail, we have de-
picted it in fig. 11a as difference between the histogram
and the evaporation component (x). It can be reproduced (o)
from a theoretical distribution, calculated on the basis
of a microscopic theory by Smith 18), which represents
the angular distribution of nucleons (disregarding composite
particles) from a Ne-N-collision at 0.87 GeV/N. Assuming
that this distribution contains our ca-particles, we can
deduce their intensity and angular distribution, using the
absolute cross sections measured by Gutbrod, Poskanzer
et al. 19) of fig. 11c. The peak is due to the much
steeper angular distribution of the He-component towards
backward angles compared to protons. We would not have
"seen" it, if we had not excluded the proton-component.

The steep angular distribution of the He-group,
which contains a surprisingly high amount of 3He—particles
(fig. 11¢c) 1is interesting. We may conclude that it reflects
lower temperature of composite particles of larger masses
in hot nuclear matter. In the picture of a compression
wave, it means that a-particles have a better alignment
to the direction of its propagation. In addition, in
nuclear matter of high temperature, g-particles can hardly
be scattered morefold without dissociating. Hence if
a~particles are emitted, they either stem from the sur-
face region of the nucleus or, if coming from inner zones,
they have escaped unscattered. In both cases they have the
better "remember" of their direction. We therefore conclude
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that their angular distribution and its shift reveal in-
formation about compression effects. They will be discussed

in the paper given by W. Greiner.
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NON-PERIPHERAL COLLISIONS OF HEAVY IONS IN NUCLEAR EMULSION
H.H. Heckman, H.J. Crawford, D.E. Greiner, P.J. Lindsirom, and L.W. Wilson

Lawrence Berkeley Laboratory and Space Sciences Laboratory
University of California, Berkeley, California 94720 U.S.A.

Inthoduction: Because of the large range of ionization and multiplicities
of fragments that are produced in collisions between heavy ions, electron-
sensitive nuclear track emulsions are particularly suited for studies of heavy
ion interactions owing to their high spatial resolution and unrestricted sensi-
tivity to rates of energy loss. We are presently carrying out an experimental
study using the emulsion technique to examine the angular and momentum
distributions of fragments emitted from non-peripheral collisions between
emulsion nuclei (AgBr) and heavy-ion projectiles “He, 150, and “0Ar in the range

of energies 0.2 to 2.1 GeV/A. The beams and their specific energies used for

the experiment are:

Beam Energy(GeV/A)
“He 2.1, 1.05
160 2.1, 0.20
40Ar 1.8

Sefection Criteria: The selection criterion we have adopted for a non-
peripheral collision is that the interaction exhibits an absence of projectil:
fragmentation, i.e., an interaction where no beam-velocity fragments (ZF =1

from “He interactions, Zp =2 from 169 and “OAr interactions) are produced

. . o _ o =
within 5° (when Ebeam = 1.05 and 2.1 GeV/A) or 10" (when Ebeam = 0.20 GeV/A) of

the incident beam direction. Interactions selected under this criterion are
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deemed to be ''central' collisions between the projectile and target nuclei,

qualitatively characterized by impact parameters that are in the range 0 < b

< |Rp - Rpl-

Scanning and Measuring: Both along-the-track and volume scanning techniques
were used to locate events. All track-coordinate measurements were made under
oil-immersion objectives, 1000x total magnification, using three.coordinate

digitally-encoded microscopes.

Measurements: For those heavy-ion interactions that satisfied the selection
criterion, the following measurements of angle and track range were carried out
for each beam nucleus:

1) The production angles were measured for all secondary fragments

having a restricted grain density g = after correcting

2 Bmin®
for the dip angle. (A Z=1 particle with g =2 2 €min has an energy
E < 250 MeV/A.)

2} Track ranges and angles were measured for a subset of fragments
with ranges < 4 mm, with no minimum range cutoff except that due
to obscuration of short tracks at the point of interaction. (A
4 mm range in emulsion corresponds to proton and “He energies
equal to 31 MeV/A.)

3) Each fragment measured under (1) was classified as to whether its
potential range was less or greater than 4 mm. This visual
estimate of potential range was made by the scanner-measurer
by observing the grain density (g = 10 €nin for protons) and

multiple scattering of the track in the pellicle containing

the event.
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In order to identify data measured under the above procedures, we shall
use the notation ”Ep<:" to signify data whose energy limits are made either by
measurements of grain density (1), or by estimated range (3). Data identified
by R <4 mm (2), for which € = E/A = 31 MeV/A for protons and “He, will signify

that the data are based on actual range measurements.

Analytic Procedwre: Owing to the high excitation energies and the large
average number of particles that partake in non-peripheral (central) collisions
of the type selected for this investigation, we make the practical assumption
that the system we are considering is large enough and the mutual interactions
are strong enough so that it can be described statistically, based on the
hypothesis of equal a piiorl probabilites in phase space. Such a statistical
distribution is the Maxwell-Boltzmann distribution. This distribution, expressed
in a covariant, non-relativistic form, in terms of the velocity B of the emitted

fragments appropriate for the range of velocities we consider in this experiment

is as follows:

’(32-2BBIF)/302
s (1

d?N/dRdp = B? e

where Eh is the longitudinal velocity of the particle-emitting system, p = cos8,
where 6 is the laboratory angle between the momenta of the fragment of mass M
and the incident projectile, and E; = /7?7ﬁ;'is the characteristic spectral
velocity of Maxwell-Boltzmann distribution. The effective 'temperature! of

the system is t(MeV/A), for a fragment of mass M = AMn’

We now express Eq. 1 in terms of range R and u, the two quantities

measured in this experiment. In general, the velocity B(®= P/M) of a particle
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with mass M and charge z, having a residual range R is given by the relation
B = f£(Rz?/M). (2)

To good approximation, the R-g relation for nuclear emulsion is given by the

power-law expression
8 = k(Rz2/m)" (3)

where k = 0.174, n = 0.29, R is in mm, and z and m are the atomic mass number

and mass of the fragment, respectively, the latter being in units of the proton

mess, i.e., m = M/Mp. In terms of range R and y = cosf, the Maxwell-Boltzmann

distribution (Eq. 1) becomes

2p2 n 2
d2N/dRdy o« (22/m) " RO 1 (KRTP-2KRTB 1O/, 4)

where

B,= 8 (/22)" and g = B (m/2)". (5a)

It follows that the parameter we shall denote as
Xo = B”/BO = -5"/-6—0’ {(5b)

which is the ratio of the longitudinal veiocity of the center of mass 3" to the
characteristic spectral velocity B of the fragmenting system, is common to

both the velocity and range spectra, and is independent of (m,z).
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Thus, the longitudinal velocity B” and spectral velocity Bo that
characterize the range spectrum of unidentified fragments (Eq. 4) are related
to the corresponding quantities for the velocity spectrum (Eq. 1) for any
fragment (m,z) by the quantity (m/zz)n, where n is the range-velocity index.
In this experiment, the parameters B” and By are determined from the range and
angle data using Eq. 4, assuming m/z2 = 1, for which E; = Bo and Eh = B”. By
fitting the measured range and angle data to evaluate B” and B, We are
effectively testing how well such data can be described given the following
assumptions:

i) the observed range and angle distributions are interpretable in terms
of a single Maxwellian-range (velocity) distribution,

ii) the isotopic distribution of fragments is dominated by one species,
i.e., protons, thereby minimizing any significant difficulties in defining B,
in the Maxwell distribution (Eq. 1}, and

iii) to the extent that (ii) is satisfied, the 8" and Bo parameters
that characterize the range and angular distributions are the same as ihose

that describe the velocity distribution for nucleons.

Experimental Resulis:

A. Prong numben distrnibutions. Figure 1 presents the distributions
of prong number per event, N _, for the interactions of each heavy ion beam
(“*He and 160 at 2.1 GeV/A, “OAr at 1.8 GeV/A) selected under the criteria
previously described. The prong distributions for the lower energy “He and 160
beams are similar to those shown. The distributions pertain to charged prongs
having restricted grain densities g =2 8nin® i.e., equivalent to proton
energies < 250 MeV, emitted from events selected only when the projectile

was fully occulted by the target nucleus. If we first consider the multiplicity
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distributions of prongs arising from *%Ar and 16g collisions, we note that

each distribution shows a single max. .1 and is approximately symmetric about
its mean-prong number. In contrast, the Np-distribution for “He projectiles
shows two maxima, one in the region of Np = 6 to 8, and the other at Np ~ 19,
We attribute the low-prong-number peak to collisions between the “He projectile
and CNO (light) nuclei, and the high-prong-number peak to collisions with

AgBr (heavy) nuclei because “He can be océulted in CNO as well as in AgBr
collisions. The absence of a CNO peak in the 160 and “CAr prong distributions
indicates that the non-occultation of these projectiles by the light CNO

target nuclei invariably shows visual evidence for projectile fragmentation.
Thus, by eliminating prong numbers Np < 9 from the “He data, we limit the
interactions of high energy “He, 10, and “0Ar nuclei to near-central collisions

with Ag and Br with little, if any, contribution to the data from collisions with

lighter emulsion nuclei.

B. Range and angular distributions: R < 4 mm. Measurements of the
ranges and angular distribution of the fragments with R < 4 mm permit us to
determine the velocity-parameters B” and Bo’ and therefore Xg by least-squares
fits of these data to Eq. 4. These parameters are tabulated in Table I. One
of the features of these data is the near independence of the range and
angular distributions for fragments with R < 4 mm, with respect to the mass of
the projectile at beam energy 2.1 (1.8) GeV/A, as indicated by the approximate
constancy of each of the fitted parameters. The longitudinal velocities of
the particle-emitting systems, B“, increase with decreasing beam energy, whereas
the spectral velocities appear to be equal to within 10%, irrespective of

the mass and energy of the projectile. The values of B" are in close agreement
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with those measured for low-energy fragment-emitting systems produced in a
variety of nucleus-nucleus and proton-nucleus collisions over a broad range
of energies.l’2 The temperature t implied by the velocities 8 = /7?_7ﬁ;
are typically 6-7 MeV/A, characteristic of the binding energies of nuclei, and

>

also compatible with the temperatures associated with projectile fragmentation.

In Fig. 2 we present an example of the range-angle data obtained at beam
energies 2.1 (1.8) GeV/A in terms of the rapidity variable y = BL (y = tanh'lsL),
where BL is the longitudinal component of the quantity B = k(RzZ/m)n, assuming
z2/m = 1. The mean value (y )= B" is indicated for each distribution, as is
the standard deviation ¢ = BO/J:’?'= /?7ﬁ;l The average standard deviation of the
three rapidity distributions is (o) = 0.082 + 0.001, which corresponds to a
longitudinal momentum P, = 77 MeV/c per nucleon.

C. Anguwlarn distributions. Examples of the angular distributions
observed for fragments with energies Ep-< 31 MeV and Ep < 250 MeV obtained with
2.1 (1.8)-GeV/A beam projectiles are shown in Figs. 3 and 4, respectively.

The distributions are presented as functions of both 8 and cos6. Drawn through
the data are curves derived from the fitted Maxwell-Boltzmann distributions.
Because the angular distributions of the low energy fragments Ep=< 31 MeV (Fig.

3) were taken without knowledge of particle ranges, subject only to the

condition that Ep < 31 MeV, we found that the minimum x2-fits did not yield

unique values for B“ and Bo’ but rather gave values of B” and 80 that were
linearly coupled. Thus, we chose to fix Bo at the value determined previously
from the range-angle data and evaluate B”. The values thus obtained are indicated

in Fig. 3 , along with the appropriate 8 's taken from Table I.
P o
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When the angi'lar distribution of fragments is measured without regard
to fragment velocity, dN/dp (Eq. 1) becomes a function of Xo = B“/B0 only.
We have fitted the measured angular distribution for fragments with Ep < 250

MeV to this asymptotic form of the angular distribution to obtain one-parameter

fits to the data (Fig. 4).

Figs. 5 and 6 show the angular distributions dN/dcos® vs. cos@ for Ep <

31 MeV and Ep < 250 MeV, respectively, for the lowest beam energy, 60 at 0.20
GeV/A. The notable difference between the 160-produced frzgments at 2.1 and

0.2 GeV/A is the significant increase in the relative production of fragments

E < 31 and E_ < 250 MeV, in the forward hemisphere as the beam energy decreases.
The shift of the angular distribution of the low energy fragments Ep‘< 31 MeV

to smaller forward angles is due to an increase in 3”, 0.017 to 0.039, while

the spectral velocity (temperature}, based on the results of the R < 4 mm data
(Table I}, remains essentially constant, i.e., 0.106-0.115 (5.3-6.2 MeV/A}.

For energies E_ < 250 MeV, the distribution of fragments produced by 0.20 GeV/A
180 is increasingly peaked forward, indicated by the fact that Xo = q‘/so

increases from 0.26 to 0.62 as the beam energy decreases from 2.1 to 0.20 GeV/A.

The beam-energy dependénce of the angular distribution data for “He and
16 0 projectiles are summarized in Tables II and III. Here we give the values

of the parameter Xg = B”/Bo obtained by fitting the angular distributions in

the backward, forward and combined hemispheres, for Ep < 31 and Ep < 250 MeV,

respectively.

Salient features of the angular distributions are:

For EP < 31 MeV,
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1) The values of Xo for the combined hemispheres, -1 <y < 1, increase

with decreasing Ebeam'

2) The change in xo(-l <y < 1) is primarily due to the increase in Xo
for the forward hemisphere, i.e., the angular distribution becomes
more anisotropic.
3) At 2.1 GeV/A beam energy, the fragments are consistent with isotropy
in the laboratory, XO(0‘< p<1) =0. (This is illustrated in Fig. 3.)
4) The angular distribution in the backward hemisphere is essentially
invariant with respect to beam and energy. Note the near equality of

the values of x (-1 <u < 0) for the pairs of “He and 16C data, Table

IT.

For Ep < 250 MeV,

1) The angular distributions are more anisotropic than those at Ep-< 31
MeV.

2) The shape of the angular distributions in backward hemisphere remains
invariant with respect to beam and energy. The values XO(—l <u<0)
for “He and 190 are, pairwise, the same.

3) The values of XO(O < py < 1) increase with decreasing beam energy. At
2.1 GeV/A, fragment production continues to be more isotropic in the

forward, reiutive to the backward, hemisphere (Fig. 4).

Some general conclusions of the experiment are (not all of which are obvious
from this preview of the data):
1) There is no unique particle-emitting system, characterized by a
center-of-mass velocity B“ and spectral velocity B, = /??7ﬁ;} that
accounts for the spectra of fragment ranges (momenta) and angles.

2) The dN/d8 distributions are broad, Maxwellian-like, with maxima that
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shift toward smaller angles as the fragment energy increases, and
as beam energy decreises.
3) No statistically significant structure, attributable to well-defined
collective phenomena, is observed in the range or angular distributions.
4) By invoking the results of Ref. 5, there is no evidence that the
angular distribution for low.energy fragments depends on the impact
parameters of the collision between heavy ions at Speam = 2.1 GeV/A.
5) At beam energy 2.1 (1.8) GeV/A, the number of fragments per event
that are emitted in the backward hemisphere is insensitive to the

projectile mass, e.g. 6.8, 6.7, and 7.1 for “He, 160, and “CAr,

respectively.

Acknowfedgements. We thank Margret Banks, Hester Yee, and Robert Turner
for their assistance in scanning the nuclear emulsions. We also appreciate
the guidance and advice given us by Dr. T.F, Hoang in the analysis and inter-
pretation of the data. This work was carried out under the auspices of U.S.
Energy Research and Development Administration, Contract W-7405-ENG-48 and the

National Aeronautics and Space Administration, Grant NGR 05-003-513.




421

REFERENCES
E.K. Hyde, G.W. Butler, and A ,M. Poskanzer, Phys. Rev. C 4, 1759 (1971).

H.H. Heckman, LBL Report 6561 (to be published).

D.E. Greiner, P.J. Lindstrom, H,H. Heckman, Bruce Cork, and F.S, Bieser,
Phys. Rev. Lett. 35, 152 (1975).

A.S. Goldhaber, Phys. Lett. 53B, 306 (1974),

G.M. Chernov, K.G. Gulamov, U.G, Gulyamov, S.K. Nasyrov, and L.N.
Svechnikova, Nucl. Phys. A280, 478 (1977).



TABLE I. Fitted parameters B", 8o and Xo = Su/BO obtained from the range and
1]

angular distributions of fragments, R <4 mm (€ = 31 MeV/A).

?5237;\) e B i
2.1 (1.8) B" 0.016 * 0.004 0.015 = 0.002 0.012 £ 9.002
Bo 0.117 * 0,002 0,115 £ 0.002 0.117 * 0.002
X 0.14 * 0,04 0.13 * 0.02 0.10 % 0.02
1.05 B” 0.021 = 0.001
BO 0.116 = 0.002
Xo 0,18 * 0.01
0.20 B“ 0.38 * 0.003
BO 0.106 * 0.002
X 0.36 * 0.03

Ty



TABLE 11. Parameter X = B‘/B0 for the Maxwellian distribution (Eq. 1) fittea to the
angular distributions of fragments with Ep «Z 31 MeV. The values of

Bo are given for the backward, forward, and combined hemispheres.

Ebeam Beam A1<u<o0 0SSy <1 1< pE1l

0.20 16g 0.33 + 0.10 0.35 + 0.05 0.37 + 0.02
1.05 “He 0.22 + 0.07 0.20 + 0.05 0.22 + 0.06
2.1 16¢ 0.31 + 0.10 0.07 + 0.07 0.15 + 0.04

2.1 “He 0.25 + 0.07 0.05 + 0.10 0.16 + 0.02

1 N4



TABLE I1I. Parameter X for the Maxwellian distribution fitted to the observed

angular distribution of fragments with g > 2 gnin (Ep > 250 MeV). The

values of x, are given for the backward, forward, and combined hemispheres.

Ebeam Beam -1<u<0 Ogugl -lgugl
0.20 16 0.41 £ 0.08 0.70 £ 0.04 0.62 * 0.02
1,05 “He 0.31 * 0.09 0.34 £ 0,04 0.34 * 0,02
2.1 16¢ 0.37 % 0,09 0.18 £ 0.03 0.26 £ 0.02
2.1 “He 0.31 * 0.08 0.24 £ 0.04 0.28 £ 0.03

ey



Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Fig. 6
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FIGURE CAPTIONS

Distribution of number of prongs (fragments) per event emitted from
non-peripheral collisions with restricted grain densities g -~ 2 Erin®
corresponding to proton energies Ep.< 250 MeV. Beam energies are

2.1 GeV/A for “He and 0, and 1.8 GeV/A for “"Ar. The mean number
of prongs/event,(n ), are indicated. The CNO peak (Ng~ 6-8) is not

included in the value of {n ) for “He.

Rapidity distributions y = BL of fragments with ranges R< 4 mnm,
assuming m/z2 = 1. Cut-off values of BL = 0.26 are indicated by the
arrows on the abscissa. Values of %l and BO = V20 are given in

Table 1, = 2.1 (1.8) GeV/A.

Ebeams

Angular distributions for fragments, Ep.< 31 MeV. Sclid curves are
fits of the data to Eq. 1, -1 cosé g 1, using the parameters

indicated. The dashed and dotted curves are fits to the data, for
the backward and forward hemispheres, respectively.
Angular distributions for fragments with g . 2 8nin’ Ep'< 250 MeV.

See caption Fig. 3 for identification of the plotted curves.

Angular distribution dN/dcos® vs. cos8 for fragments, Ep.< 31 MeV.

Projectile nucleus is 160 at 0.2 GeV/A. The parameters of the fitted

curve are ﬁ|= 0.039 and Bo = 0.106.

Angular distribution dN/dcos€ vs. cos® for fragments with g> 2 &min
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(Ep <{ 250 MeV). Projectile nucleus is 180 at 0.2 GeV/A. The

parameter for the fitted curve is Xg = 0.62. The data point at

cosf = 0.9 was not included in the fit, owing to a background of

Z=1 fragments of the projectile not excluded by our selection

criteria,.
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PHYSICS OF HIGHLY DENSE NUCLEAR MATTER FORMED IN
RELATIVISTIC NUCLEUS NUCLEUS COLLISIONS

* % *
Horst Stocker, Werner Scheid , and Walter Greiner **

Institut fiir Theoretische Physik
der Johann Wolfgang Goethe Universitat
Frankfurt am Main, Germany

Abstract: High Density Nuclear Mach Shock Waves (HDNMSW)
occuring in central heavy ion collisions of high energy
are up to now the only tool to produce and investigate
bulks of highly excited and strongly compressed nuclear
matter. Due to strong meson bm—30=.¥ condensates phase
transitions of dense nuclear matter into density isomeric
states (superdense nuclei) can be expected. We discuss
the occurence of pion condensation in - and the influence
of phase transitions on - relativistic nucleus nucleus
collisions. We calculate the propagation of HDNMSW in a
relativistic dynamical model. The comparison of the
calculated angular -~ and energy distributions for the
emission of matter with recent experimental data seems to
indicate a phase transition in nuclear matter at densities
of about BPb.

1. Introduction:

Early speiuﬁagigns on the existence of abnormal super-
dense nuclei ’“?”?" ("Density Isomers") have recently been
explorggignd founded by field theoretical model calcula-
tions, which show that compressed nuclear matter

(P/pp2 & ) due to meson (Tc~ 0--) condensation may become un-
stable. Then it may undergo a phase transition into a new
form of matter with densities, binding energies andi(a/leG
ratios several times the nuclear groundstate values ’

(see Fig. 1a). At even higher densities ( p/p, 2z 8-15)

pha§9 transitions from baryon to quark matter can be discuss-
ed.

Although the stability of superdense nuclei is question-
able because of their high surface energiesl8 there Tgy
exist at least metastable superdense nuclear states.

Up to now the only feasible way to produce bulks of strong-
ly compressed nuclear matter consists in the creation of
nuclear shock waves14,19-31 yhich occur in head-on
collisions of two nuclei, when their relative velocity
exceeds the nuclear sound velocity (Cs/¢ o 0.2 ). The
nucleog Pauli principle then forces their wavefunctions
apart, 9 which can be interpreted phenomenologically as

433
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compression energy. At higher energies the hard core of
the nucleon nucleon potential, which may stem from the
Pauli principle for guark matter, gives strong repulsion.

Contrary to sound waves in nuclear matter nuclear
shock waves are connected with strong, demsity dependent
maiter flows with flow velocity velp) . The shock front
propagates with shock velocity wv;{(p), also strongly
dependent on the compression amplitude. Hence very non-
linear phenomena appear for very large amplitudes, both
vs(p) and v.(p) tend to the velocity of light c, while
for small perturbations they approach the linear limit
for sound waves(see Fig. 1b)
Cs = V5 (po) = Vs (p>g.) £ C

o= VF(Po) £ Vp(f) fo) £ Vs (P>P°’ <G

The formation of nuclear shock waves calls for the vali-
dity of hydrodynamical concepts, which means that fast
thermalization (short mean free path or more precisely:
short longitudinal momentum decay length) during high
energy heavy ion collisions must occur. High relative
momenta between two nuclei, signifying no overlap in
phase space, as well as long longitudinal momentum decay
length calculated from the free n-n scattering cross
sections were interpreted as disease for nuclear shock 27
waves at bombarding energies above one GeV per nucleon.
However, in the "formation flight" of ensembles of nucleons
collective phenomena become important: Piomic waves,
produced in inelastic n-n collisions by the creation and
decay of nuclear isobars (nucleon resonances) by processes
of the type N+N-—>N+N¥*—-> N+ +N->N*¥+N—>... may lead to ra-~
pid randomization of longitudinal momentum and energy and
thus to sho ag.free_ path and to the generation of
shock waves.ga'gg’g5’§8’38

2. Pion Condensation and the Nuclear Equation of State

Another important process for randomization is the
critical scattering of ¥gc§iog§ in the vicinity of a
phase transition point,*2272% This is analogous to
the critical opalescence, which is e.g. characterized
by the great enhancement of the scattering cross section
of light near a liquid-gas phase transition or the criti-
cal scattering of neutrons in ferromagnets near the Curie
point or - as the last example -~ by the critical scattering
appearing in two colliding plasma beams when the drift
velocity of the two plasmas exceeds a critical value. Then
unstable plasmor modes appear, resulting in the growth of
strong electric fields, greatly reducing the penetration
depth of the two plasma beams in comparison with estimat-
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ed values from simple twobody collisions,

Thus the vicinity of a phase transition point, as the
onset of pion condensation, is expected to be marked by
the occurence of critical nucleon ggattering, i.e. a
large enhancement (a factor 2 ~ 4) of the density
dependent n-n-cross section and a sudden reduction of the
longitudinal momentum decay leggth. Recently this has
experimentally been confirmed26,34-40 Theoretically the
onse* of pion condensation is often described as the
decay of the Hartree-Fock groundstate into ordered zero
frequency (null energy) particle-hole excitations carry-
ing pionic quantum numbers. In the new phase at high
density ithe groundstate nuclear matter consists of
nucleons forming a spin-isospin latticell, This can
phenomenologically be interpreted as a phase transition
from the nuclear liquid to a nuclear spin - isospin -
crystal.

The occvrrence of a pion condensate in high energy
heavy ion collisions depends strongly on the question
of temperature, finite size and time scale during such
collisions:15,31,33 The critical temperature T.(p) above
which the thermal excitationsdestroy the ordered spin -
isospin lattice lie substantially above those expected
in shock waves (see Fig. 1c).

As the ccndensate occurs at finite momentum k¢~ 2 Mg,
the critical distance R¢~ kI’ 1§~Thus a dense system of
dimension =~ 2fmcould support a condensate.

The relaxation time of the pion condensate can be
estimated from T,,J?=mox|2 Im wl , where w is the com-
pPlex zero of the pion propagator4ﬁ32§n nuclear matter.,
This EiVesS Tegnd =T,"OF With T, = 1077 sec and A'§‘>’={p~?c\/Po
As the collision time is of the order of 57T, and . ewd = T,
the time scale is not too good. More detailed calcula-
tions were needed. We refer to the paper by Gyulassy at
this meeting.

In the following we use a phenomenological description
of nuclear matter, where phase transitions of first order
(density isomers) and second order can be described as
secondary minima or bends respectively in the density -
dependent binding energy per nucleon E.(p) (see Fig.1a)
¥We treat the colliding nuclei as drops of nuclear matter,
neglecting guantum mechanical effects as pairing, shell
corrections and surface - as well as Coulomb energies,
which are of the order of a few MeV per nucleon, while
we are dealing with bombarding energies in the
0.1 - 4,2 GeV/N range! Furthermore,as the de Broglie
wave length at these energies is small compared to the
nuclear dimensions, classical calculations are justified.
Substantially below about 100 MeV/N, taese approximations
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will become worse. Taking care of the possibility of
thermal .expgitgtign.pf nucleons into baryonic reso-
nancesl'O §§ §8 ég 8, we write the energy per baryon as
a function of density and temperature T as

W T) = Mot + E, (pT= 0)+i(ET +E; ) A

where M c2 = 939 MeV is the rest mass of a free nucleon,
Ec (pT = 0) gives the binding energy per nucleon,

E,. P_p S T itk Bi=ZTim)% Mi et Ahe ) -e./r

is the ihermal energy at the i-th phase, TC; and A= %x 77
are statistical factors respectively, while E; = (M =M, c
is the excitation energy of the i-th resonance. Here we
used for E,.; the first term of a nonrelativistic non-
interacting Fermi gg; expansion, which is in good
approximation valid for T= 100 MeV. Later we shall show
results also for other temperature-depenrndent energy
functionals, as e.g. a Boltzmam gas. It is assumed that T
is the same for all different phases., This is true for
equilibrium thermodynamics and should be good for non ~
equilibrium states as long as Mj= Mo. Furthermore it is
assumed that the excitation probability of the i-th
resonance is given by a Boltzmann distribution. This
means that we accept equilibrium thermodynamics as a
f1rst approximation.
§ is practically unknown: Only Ec (O) = O and

Ec ( ==-16 MeV (groundstate nuclear matter) are fairly
certaln. (See Fig. 1a). At higher densities the binding
energy will smoothly increase up toc a possible critical
point, where a phase transition occurs. (See Fig. 1a)
This can be a phase transiiion of the first or second kind:
The second order transitions can be described by a bend
in E¢ (p), the pressure is positive during the transition
(1>>0) Phase transitions of the first kind have a strong
secondary minimum in E. (p), with a density region of 14
negative pressure (p<o0). This has drastic consequences
on the propagation of shock waves, as will be discussed
below. Also the coexistence of two phases with different
energies at the same densities is iu principle possible,
which can lead to two different shock waves in the first
and second phase. The curvature in the first minimum atpo
is connected with the nuclear compression constant

K= 9p* 3*W/3p* |o © o ) T=0, comek cntropy™ 2002 100 M

which determines the sound velocity for groundstate nuclear

matter 4y
esre = (PF5e)™ lw‘e,m.,r;(’(/ﬁ\n/o)/xo.a
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where = pr a\/\//af lf-o"\n*-e/vd'fcp = Pc +Pr =
: ARl
P%QEC/Q?“FQO/aT?/BZ {% ofT/L: OLT}

is the pressure, €= Wp is ‘the energy density and
Wo= W( Pr T = 05 2~ 923 MeV is the nucleon's groundstate

energy.

3. The Relativistic_Shock Equations

The state variables at the two sides of a shock front
have to fulfill the following requirements: Energy -,
momentum -, and baryon - number - flux -~ density have to
be conserved by passing through the shock front. This
yields the following consistency condition for the state
variables in the rest system of the "shocked" and un-
disturbed gﬁrounqitate) nuclear matter.

\l\/(PoT) —\’Jo + 'P(?lT)(\A/(f,T)/P -wo/?o)zo
This equation is called the relativistic shock equation25’26,
which for W - W,>>W, becomes L(W-Wo)+p(1/0-1/0)=0
i.e. the (non-relativistic) Rankine-Hugoniot equationi***

The shock front velocity Vg(¢) and the velocity for matter
flow M@(f)with respect to the undisturbed matter are then
given by

4
Vs/c = (- W-p /LLWP = Wo ) Wo po +’P)))4//2
Vi/e = (p+ (P W —poWo ) OW (P + 0o Wo)) ) 2

respectively. One recognizes_that Vv, and V. are proportional
tO'ﬂ@ where the pressurelih'gﬁi. So in the presence of a
phase transition, where the pfessure becomes negative
during the collapse, the shock phenomena must vanish. This
is of great impgztance for the possible detection of a
density isomer. For a nugéegg 535’ excluding resonances
and their "cooling'effects““*“"*7", we can find an unique
analytical relation between thermal energy and density in
the compressed matter 26

E.= [B+ (e*-4Aac)4] /QA)
A= A+ )B"(Wo*‘EcB'({“"X)+'Pc/f7"°(\"/of3/()°)
C’:(\'\/o*Ec)l- W;L + Wo’Pc (4/F' 4/?0)"’ Ec/P ‘Pc

and p=0 ET, which with a = 2/3 is valid for as well
ideal~ and Fermi-gases. Now we have a connection between
all state variables behind the shock front and the
velocities with the density P (see Fig. 1b).

whexre
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4., Central High Energy Collision of Small Projectile
and Heavy Target

Our model describes phenomenologically the geometry
and dynamical variables during a central high energy
collision of a smaller projectile and a heavy target
as well as the angular- and energy distribution of the
reaction fragments. We carried out the calculations in
the lab-frame (target at rest). There are mainly threﬁq 26
different phases of evolution during such a collision™ ™’

(see Fig. 2).

a}

Fig, 2 shows th§6various stages of a_head-on collision
of a 870 MeV/N °0-nucleus with a 1°7Ag-nucleus (which
is at rest in the laboratory frame), calculated within
our relativistic dynamical model.

b) the diving phase: The kinematically contracted pro-
jectile enters the target, becomes highly compressea
a nd excited. In the diving process a splashing
(backwards directed) tide wave should lead to emission of
matter.

c) the penetrating stage: The projectile interpenetrates
the target, pushing matter to the side; thus initiating
the sidewards travelling strongly compressed Mach shock
wave,

d) The evaporation phase: The projectile~ and Mach shock
matter leaves the residual target which now evaporates,
while projectile and Mach shock explode because of their
very high excitation energies which correspond to
temperatures from 20 ~ 60 MeV.

The explosion of the head shock wave which contains at the

end of the collision more than double the nucleons of the in-

coming projectile, can be identified with the explosion of
the nuclear fireball, which has recently been used to
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explain angular- and energy distrgyutions in non-central
high energy heavy ion collisions.

It may also be possible, that the strongly compressed
and highly excited projectile explodes inside the target
during the interpenetrating stage. This will lead to
superstars with enormous multiplicities., In this case
the Mach angle will be washed outi and can not be seen.
This will be taken into account in a further calculation.

To restrict the number cof degrees of freedom, we para-—

metrize the compression zone by two paraboloids,

z =a,r*+ 2, , z=a,r* + 2z , which describe the shock
front and the backside of the compression zone respectively.
The undisturbed part of the target nucleus is described by
the part of a spheroid of radius B up to the shock front
(paraboloid 1), while the residual nucleus is described by
a spheroid up to the backside of the compression zone
(paraboloid 2) with a drilled hole of radius Ry in it. The
residual nucleus has not yet been incorporated in our
present calculations. The projectile (head shock wave) is
divided from the Mach shock zone by a third paraboloid

z = -a,r* + 1z, (see Fig. 2).
So the geometry of the system is determined by four
variables: a, , ap , 2z, , Zg .

The dynamical variables (energy density, mcmentum,
pressure, temperature, density) are obtained by assuming
homogeneous density-, velocity-, and temperature fields
in each compression region. Thus for the sake of simplicity
we concentrate on the mean values of the physical ob-
servables in the different regions as a function of time.

The shock equations yield an unique relation between
energy, pressure, temperature, velocities, and the rest
density P in the compression zZone., Using these, we can
describe the stage of our system by the four geometrical
variables and the density in the Mach-~ and head shock
region,

To describe the evolution of the system in time, we need
six differential equations for these six variables:

The surface points on the paraboloids shall fulfil the
shock equations. They move with the shock velocities:

dF _ ?F .2 - :
di e TVF=0 A 2 Vo () ) 2= Ve (p,)

ag= (velp - (144l "'é)?- Ve (pa) ) /
d4=(V5(g°4)'(4+'+05f, fk[):')'g'— vS(P4)// fer

where F is the surface.
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The time derivatives of the Mach- and head shock demnsities
are determined by use of the conservation of the total

baryon number A, and the total energy Eq

CL) Aq: ,A“,C-:.’/A‘p = Lf P'(x) CI}X
Q") E = (AT+A'p) \J\s//' + ELAB' A‘P sz'(X) W‘(F(x)'T(g'(x))) 0{3)(
2 Px \"/ V v

There j 1nd1cates the d1fferent density regions. The primes
indicate the quantities in the lab frame. They are connect-
€d by Lorentz-~-transformations with the quantities in the

respective rest frame:

B JP(") W (p e, T(p) /(1= VE(p))) A >x

The 1nd1ces 0, 1, 2 are connected with the rest target,
hecad- and Mach shock respectively. The differentiation
of a) and b) with respect to time yields:

D ol - 15 6 o g 0
é.a..(AT-TAP-POVO_?\.q /\/l'
Qr)ou:f)‘“—{zf’&dt (W -\~ M)}
[v (\MP'B\;{-(W& ))}
A
Lrhone ,a;’)‘;’ {093 K”W‘X"E{XA P&faf

oih Xx' (1= vEpp)~ %

amd V f’*(Z)dz
£
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The V; are calculated using the rotat%onal symmetry around
the z-axis. The time derivatives of V; depend on the
geometrical parameters and their time derivatives only,

The quantities p;, W,, Vg in the rest system are calculated
by numerical iteration from the primedlab-quantities.

Also the densities, velocities, and geometrical parameters
are iteratively calculated in their starting points by
requiring the correct total energy and baryon number.

The time evolution of the physical quantities is ob-
tained by simultaneous numerical integration of the six
differential equations in time-steps of At = 0.1 fm/c,
whichis sufficiently exact to ensure energy- and baryon -
number conservation better than one per cent.

5. The Results of the Calculations

The head- and the Mach shock densities p, and p,
as a function of time are shown in Fig. 3 for various
energies; In the beginning, the projectile is strongly
compressed, but this compression is substantially decreased
later on. The Mach shock density Pl is about lfgbelow PA

respectively.
The mean compression in the head- and Mach shock (each

at t = 5 fm/e) is shown in Fig. 4a as function of the bom-
barding energy. The mean kineiic energy £ m:{{a—‘ﬁ?)'ﬁ—A).y%
of the emitted particles (Fig. 4b) after the collision is
smaller than 200 MeV/N for Mach shock particles up to bom-
barding energies of 5 GeV/N, while it is larger than this
experimentally important threshold for the projectile

(head shock) at higher energies. The temperature in head-
and Mach shock just after the collision is shown in gég. 4e.
It has been corrected within a one~dimensional model by
the cooling influence of nuclear isobars which were not yet
included in our present calculations.

As the mean head shock densities are approximate1§6equal
to those calculated within the one-~-dimensional model®™", we
make use of the later model to yield the pion production
rate from the decay of nuclear isobars (see Fig. 5).

The Mach shock angle is depicted as a function of lab -
energy in Fig. 7a. It smoothly decreases from about 60
degrees at 0.1 GeV/N to 35 degrees at 4 GeV/N. It is smeared
out very much because of the temperature in the ggch shock
and because of the curvature of the Mach-"cone". The
explosion of the highly excited head shock causes strong
emission of fast particles into forward directions, which
may hinder the visibility of the Mach shceck peak at small
bombarding energies. The energy spectra of the exploding
projectiles (head shock) drawn in Fig. 6 were calculated
by relativistic addition of the flow velocity and the
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thermal velocity in the head shock after the collision,
taking into account the isotropic decay cross section
in the rest system of the projectile.

6. The Influence of a Density Isomer on the Reactions

1f we assume a density isomer at p/p,~ 3,the above
picture applies only below E;,g7 0.2 GeV/N, as then the
projectile density reaches the phase transition region,
i.e. the region of negative pressure ~ oW/ ap <0
(see Figs. 1a and 4a). The projectile collapses into the
density isomeric state. Thus the quasi-stable nuclear
crystal can move with rather small dispersion through the
surrounding normal nuclear fluid. One may vhink on a
piece of ice which moves through water - this is important
for the appearance of the Mach shock wave, since a water
droplet dumping into water would produce too high friction
and therefore soon damp out the collective motion, This,
in fact, can to some extenﬁgbe seen in the hydrodynamic
calculations of Nix et al.™" .

As during the phase transition the head shock velocity
becomes small, the Mach shock angle T> substantially de-
creases in this energy region, since ‘the Mach shock moves
faster than the collapsing head shock during this time
period. The crystallization of the projectile causes a
much more pronounced Mach shock peak at higher energy,
because the projectile moves with much less friciion

through the target.
At bombarding energies between 1-2 GeV/N the Mach 14

shock density approaches the phase tramnsition region.

ow the Mach shock matter collapses into the isomeric
state: the pressure is negative and the shock phenomena
vanish. Then no Mach shock peak is observable.

At even higher energies, the Mach shock density again

increases. As soon as the Mach shock density is above

the secondary minimum, the shock phenomena reappear again.
The Mach angle here sets in at large angles (around 90°),
as vgigland Wiﬂ)are very small in this region. This mzans
small kinetic energies of the emitted fragments. At even
higher energies the Mach shock angle shall decrease again,
as both y(gand ve(p)increase up to the light velocity c at
very high densities, so that y~» O for very high energies,
Also one may think that higher phase transitions do occur,
which may again produce a characteristic dependence of the
Mach angle \f on the bombarding energy.
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Comparison of Our Calculations with the Experimental
Observations

HDNMSW should be observable in central collisions of

high energy collisions of light projectiles with heavy
targets:

1)

2)

3)

In azimuthally symmetric central collisions, which can
be identified e.g. by many prong stars in AgCl - de- 26
tectors, a preferential emission angle must be observed™ .

The kinetic energy of these particles will be smaller
than 200 MeV/N. It will be decreased to even lower
values, if the Mach shock density is in the secondary

minimum,

The Mach shock peak and the decay of the head shock

should predominantly be seen in the a-particle channel

for three reasons:

a) A pion condensate with a structure of a spin-isospin
lattice preferentially decays into a-particles as
smallest lattice cells.

b) When the Mach shock wave approaches the nuclear sur-
face, it kicks out the a-particles contained enhanced

in the nuclear surface.

c) During the individual collisions of the constituent
particles in the high temperature zone of the Mach
shock, only those a-particles (and heavier clusters)
survive, which have not undergone a scattering. Thus
the Mach angle is conserved by those clusters, while
scattered and unscattered nucleons cannot be distin

guished.
One should find fast pions emitted by highly excited

nuclear isobars. The occurence of pion condensation
should also lead to a large enhancement of the pion

production cross section,
In the presence of a pion condensate the Mach shock

peak should be more clearly pronounced and also should
have the above prggigéegedggendence on energy. Recent
’ ’ -

experimental data)

which fulfil the above

criteria on centrality, energy- and a-particle windows,
show a peak in the angular distributions of the reaction
fragments. The systematic shift of this preferential angle
with energy can be interpreted in comparison with our
calculations as indication for a phase transition in

dense nuclear matter at F/P&= 3 (see Fig. 7a and 7b,

and figure caption).
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8, Summary and Conclusions

HDNMSW can be used as a tool to study bulks of highly
excited and strongly compressed nuclear matter, which
means the investigation of the nuclear equation of state
under extreme conditions. We have shown, that HDNMSW
show specific effects, when phase transitions of nuclear
matter into the pion condensate or demsity isomer occur
at high densities., We can study the properties of the
so-formed highly excited isobaric gas (eventuvally quark
gas), and we can look for a possible limiting temperature
TMax = 120 MeV, first mentioned by Hagedorn and recently

discussed in the context of shock waves.
Besides that,information on the compressibility constant

K and sound velocitycin ground state nuclear matter can be
gained, It thus seems that high energy heavy ion physics
can furnish fundamental information about nuclear matter.

This may lead to an exciting future.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

1ia: shows various possible forms of the binding
energy E. (P) per nucleon (as described in the
text).

1b: Here the influence of a density isomer on the
ropagation of nuclear shock waves is depictied
?solid curves). The dashed curves show the

shock velocity and the flow velocity as function

of the compression, if no phase transitions
occur.
1c: Phase diagram of nuclear matter, which shows,
that the critical temperature T (p) above
which a possible pion condensate cannot be
formed, is always much higher than the
temperature occuring in nuclear shock waves. So
pion condensateiscan occur in high energy heavy
ion collisions.
2; shows the vario*g stages of a head-on collision
of a 870 MeV/N "“0-nucleus with a 107Ag-nucleus
(which is at rest in the laboratory frame),
calculated within our relativistic dynamical
model.
3a and b: show the head- and Mach shock densities
a function of time for various bombarding
energies indicated by the number (in
GeV/N) at each curve.
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Fig. 4a: The mean density of the head- and the Mach
shock (at t = 5 fm/c respectively) as function
cf the bombarding energy is depicted. An indi-
cated phase transition at a given density will
affect the headshock formation for relatively
low energies, while the Mach shock will reach
this phase transition region at much higher
energies,

Fig. 4b: The kinetic energy E,; per nucleon of the
reaction fragments stemming from Lhe head- and
Mach shock respectively is drawn as a function
of the bombarding energy.

Fig. 4c: The temperatures of the head- and Mach shock
before their explosion is shown. The dashed
lines are the temperatures taking into account
the cooling influence of the production of
nuclear isobars,

Fig. 5: The number of pions produced by the decay of
resonances is depicted as function of the
bombarding energy. This has been calculated
by use of the corrected temperatures of Fig. 4c.

Fig. 6: The energy spectrum of the projectile, which
explodes because of its high excitation energy
when it leaves the target, is shown for Epap/N =0.25
and 4 GeV/N.

Fig. 7a: The solid line shows the energy dependent position
of the Mach shock peak calculated without a
density isomer in E¢ (p). The dashed line shows
the influence of a phase transition point at
p/po= 3: At 0.25 GeV/N the projectile dives
into the density isomeric state (crystallization)
which results in a smaller angle than expected
without density isomer. At energies between 1
and 2 GeV, the Mach shock reaches the phase
transition region: The shock phenomena break off
and reappear again at angles around 90, tending
to smaller angles for even higher energies.

The dots represent the peak position in recent
experiments of E. Schopper, H. Heckman (squares)
and I. Otterlund (crosses) and their collaborators.
They show just the behaviour which can be expected
within our model. This seems to indicate the
existence of a phase transition (density isomer)

in nuclear matter around 3 p/p,.

Fig. 7b: shows the Mach shock velocity calculated as a
function of the bombarding energy in the pre-
sence of a density isomer; the points are deduced
from the experimental data by use of
projectile. It can be seen that in the phase
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transition region the shock phenomena vanish
and reappear again with small velocities at
higher bombarding energies.
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PIONIC INSTABILITIES IN HIGH-ENERGY HEAVY ION COLLISIONS*

Miklos Gyulassy
Nuclear Science Division, Lawrence Berkeley Lab,
University of California, Berkeley CA 94720

I. Introduction

Heavy ion scattering at energies 0.2 - 2.0 GeV/nucleon provides a
unique opportunity to study properties of nuclear systems far outside
the realm of conventional nuclear physics. In such collisions nuclear
rm% ter could be compressed to densities p~ (2-4)ppwhere py=0.17 fm~
m;/2. At these densities collective phenomena may become important,
leading to phaie transitions in the nuclear system. Indeed, model
calculationsl»% for cold nuclear systems (T =0) indicate that above some
critical density pcﬂ:(l-Z)po, the pion field acquires a finite ground
state expectation value. This phase transition, called pion condensa-
tion, would lead to a spin-isospin lattice, < w*(x)c T (X) > =

o exp(l kcx) with wavelength 2n/k.~ (3 - 5) m% in the nuclear system.
Wﬁlle densities > p. could easily be reached in heavy ion collisions,
these high den51t1es are produced only at the*prlce of high exc1tat10n
energies E” as well. For these collisions, E” is typically on the order

of 50-100 MeV/nucleon.

Q

One may expect that such high excitation energies would tend to
inhibit, if not eliminate, any possible collective instabilities
involving the coherent interaction of many nucleons. This is certainly
the case if the system has come to thermal equilibrium. In ;hat case
E” is converted into random motion of the nucleons, and as E” increases,
so does the disorder in the gystem. Long range correlations will then
eventuallz be destroyed as E° increases. However, in non-equilibrium
systems E® can be tied up in ordered motion, e.g. half of the nucleons
have momentum =~ P, while the other half have momentum = - p,. In this
case, collective instabilities may actually be enhanced as E* increases!

The most familiar example that illustrates this dependence on E*
is colliding plasma beams.3 Below some critical velocity v, all plasmon
modes are stable. However, as the relative velocity v increases beyond
Ve, certain plasmon modes become unstable. This instability leads then
to the growth of strong, collective electric fields with a growth rate
that increases as a function of v-v.. The instability exists, however,
only in the non-equilibrium stage of the collision. As the plasma beams
thermalize through the interactions with these collective fields, the
plasmon instabilities disappear.

In heavy ion collisions we look for analogous collective
instabilities. The analogue of the electric field in nuclear systems is
the pion field. The program then is

(1) to determine whether pionic instabilities can exist at the
densities and excitation energies expected in heavy ion collisions,
(2) te calculate growth rates of unstable pion modes, and
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(3) to determine the effect such instabilities would have on the
dynamics in heavy ion collisions.

II. Unstable pion modes in excited nuclear matter

The existence of pionic instabilities in excited nuclear matter
was first investigated for themmal equilibrated systems.* The critical
temperature T.ri¢(p) is shown in Fig. I. For a given density p , nuclear
matter is unstable with respect to pion condensation for T <T..;i+(p).
The details of the calculation of TErit are given in Ref. (4).
paths AB and BC follow the hydrodynamic compression and decompression of
nuclear matter in heavy ion collisions. Curve AB is taken from Reri. (5)
and corresponds to the solution of the Rankine shock equation for
compressibility K = 300 MeV including also Azz isobar production. Curve
BC is a guess for the decompression path noting that as the system
expands, the compression energy Eco%g at point B is converted into

t

thermal energy E7 m by point C. imates in Ref. (5) indicate
1 ?8. As the system expands it also cools down through

/E A
e%gggra%ggﬁmof nucleons. Beyond point C the system becomes so diffuse
that local thermal equilibration can no longer be -assumed. The
important point to note in Fig. I is that for the maximum densities,
pg, expected at these energies (see Fig. 14 of Ref. (5)), the
temperature Tg is less than T rit(pB). Therefore, pion condensation is
likely to occur in spite of the relatively high temperatures in heavy

ion collisions.

We turn now to the question of whether pionic instabilities can
also occur during the non-equilibrium stage of the collision. We are
then looking for the pion field analogue of the two beam instability
in plasmas.5 The following considerations motivate our study of non-
equilibrium systems. First, the stopging distance A, of a nucleon in
nuclear matter is estimated to be A\ % 4 fm for Ej;p 21 GeV. The
thermalization time Ty, is then roughly Tepv2Xp, /Vpe v 2 - 3x 10723 sec.
Therefore, a substantial fraction_of the total interaction time
Tint'uz Ry, et/Vrel n 3-6x10"23 sec involves non-equilibrium
dynamics. §§cond, the effects of collective instabilities on the
dynamics may in fact be greatest during that non-equilibrium stage of
the collision. Depending on the ratio of the growth rate I, of
collective fields tg the two body scattering rate Ig.,¢, the éynamics
will be categorized7 either by (1) wave-particle interactions as in
collisionless plasmas or (2) particle-particle interactions as in hydro-
dynamics. We discuss this point further in section IV,

As a model of the initial, non-equilibrium momentum distribution
of nucleons we take?

n@) =, + By * oG - By &)
with n  (P) = e(pF-]ﬁl) as illustrated in Fig. II. To look for pionic
instabilities, we search for complex poles of the pion propagator
A(w,k).
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In nuclear matter, A(w, k) differs from the {ree space propagator
Ao(w,K) = (w - k2 -1-+1€) 1 because of the polarizability of the medium
as shown in Fig. IIla. In terms of the polarization operatorl,2 MI(w,k),

-1 _ -1

A= - . (2)
The dominant interactions that must be included in T arels?2 (1) the
P-wave 7NN interaction, (2) the P-wave wNA resonance interaction, and
(3) hard core NN, NA and AA interactions that lead to nucleon and isolar
correlations. In symmetric nuclear matter the S-wave 7N interaction
does not contribute in lowest order.

The NN interaction leads to a contribution Ip; to the polarization
operator due to the excitation of nucleon particle-hole states. We
consider here only spin-isospin saturated nuclear systems having

refl%cgion symmetric momentum distributions (n(p) = n(-p)). In that
casetr4s

Mo (0,8) = 14 £4Z 2 (w,K) f 4 Sy(P) Sy®+k) (3a)

3
PN I PN o P
4£5PF 2 (0, ) f(zn)3 n(F) (1-n@E+k))

x 1__ . 1 (3b)

_1 e v 1 1
- Fl[: o’ INN(w'k) w-w'+ie  wtw -ie (3¢)

The non-relativistic nucleon propagator SN is

=Y = n(p) ., _A-n(@)j
SNWPorP) = pe () IE T Byoey (I +IE , (4)

with EN(p) being the single particle energles In eq. (3b),
O N(p+k)-—sN(p) The 7NN coupling £2 ;2 and the form factor

Fﬂ(w,i) is taken to be

E (k) = 8- 1)/0% - o*+¥) (5)
with A~My/m;=6.7. Dipole form factors® with A~8.3 differ by
< 10% for the w,k considered here.
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In the dispersion relation form, eq. (3c), I,,, measures the
discontinuity of Iy across cuts in the upper and &"gwer half w plane.
These cuts arise because a pion of momentum k and energy w = w, can
decay into a one particle - one hole excitation conserving energy-

momentum,

Through the resonant 7wNA interaction, a pion can excite not only
nucleon particie-hole states via Iy but also A-particle-nucleon hole
states via a2 where

- - 4
HNA(m,k) =-i fA2 kzFﬁfw,k)f(_i—wp)q } Sy(P) Sy (p+k)

+ 5,(0) S, (p—k)l . (6)
)
In. eq. (6), the A intermediate state is included in both s and u channels

(direct + cxo;s graphs) . }'he nNA coupling (including spin-isospin
factors) isi»/ f 2 8m;"“. The form factor is taken to be the same as

the nNN form factor, eq. (5), as suggested by fits to vp~+ u A** data.
For the A propagator we take

Sy (g :B) = (py - €,(@) - ilm X, (py,B) + ie) ", Q)

where the A self energy Z is included to account for the finite A
width. The real part of ZA is absorbed into ¢ A(fj) , which we

approximate by €,(B) =m, + p2/2m ,» withm, = 8.8 m . ImZ:A # 0 when
the A can decay to a free pion and nucleon, i.e., when p(";—p2 2 (mN+mW)2.

We ignore the relatively small modification of 2., due to the presence
of nuclear matterl0 and take the free space value of Z . The effect of
Im ZA is to smear out the A mass. We therefore write

5,00 = f “an o, @)s,m , ®)
where
52, 5oy
S,lp,m) = (py-m ", ie) ®

Then computing Im SA from egs. (7,8,9), the A spectral density is seen
to be

1 . 2 - c, Yp(m)
ppm) = - = In S, (py = m+p/2my , B) = —B20

(m- A)Z + YAZ(m)
The p dependence of p, and y, in eqs. (8,10) can be neglected because of

» (10)
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the small A width Ty = 2yp(my) =120 MeV = Ya/mp << 1. Then y,(m) =
- ImEA(mz) . For the moment c,=1/m. e note that canonical anti-

commutation stations for the A field require that
f pp(m)dm = 1 (11)
o

As long as (po,ﬁ) in eq. (8) is not near threshold (m = my * mj,
a good approximation for Sp(p) is obtained by taking p,(m) to be
Lorenzian, i.e., setting

YA(m) = e(mmmN-mH) G(ZmA-mN-mﬂ-m) YA(mA) . (12)

The upper mass cut off is chosen to give a symmetric weight of masses
in eq. (8) about m,. Larger mass are estimated to contribute only "10%
to the sum rule, eq. (11), as a result of the small A width, yp=.43 m,.
With eq. (12), Cy in eq. (10) is then determined so that eq. (11) is
satisfied.

With eqs. (6,8) we then get for Iy,
Ty (0,K) = £2K%F (w,K) fo dm p, (m) [UNA(w,R;m) + UNA(-w,-R;m)J (13)

where the NA Lindhard function is

3 ~
=y - [4P n(p)
,kym) = ~ . 14
UNA(w m) (21\‘)3 pz (1_3 N k)z - (14)
w+ (my-m) + Iy - N +ie

Note, eq. (13) reduces to eq. (4.4) of Ref. (7) when pA(m) = 6(m-—mA).

The inclusion of the finite A width will be important when we estimate
on-shell pion production rates in section III. As in eq. (3c), it is
convenient to write

L@ =L [ Ly, @5 1 1 (15)
NAY? mJ NA 4 w-w' + 1e w+w'-1e :

Expressions for scattering rates become more compact in terms of I
and INA in section III.
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Note that 1 '+HV is the pion-nmucleon forward scattering amplitude
summed over all tH@ nutfeons in the medium; I, is the Born term
involving only a single nucleon intermediate §§ate while Ty, is a model
for the contribution from #N continuum intermediate states. The strong
distortion of the =N continuum near the A;, resonance is described by
pp(m) in eq. (10). The propagation of a plon in the medium via eq. (2)
with II = T, +7ys then consists of a series of elastic nN scatterings.
However, in this multiple scattering series only one pion exchange (OPE)
is included between successive collisions. Clearly, multiple meson
exchange must also be included, especially the exchange of vector mesons
p,w that give rise to the hard core repulsion between nucleons. These
interactions tend to keep nucleons apart and lead to short range
correlations in the medium.

_ Such correlations are included in Il via an effective interaction
G. (k) as }llustrated in Fig. IIIb. The correlated polarization operator

is then

My (w,K) + Ty, (w,K)
(@K + T, (0 (16)

N(w,k) = = -
1 - G (k) (Tygy (@, K) + Ty, (@,K))

Detailed calculations11 show that Gc(k) ~ g/kz, where the correlation
parameter g = 0.5 + 0.1. This form of G_ follows’ when the wNN and wNA
vertices are included in the definition of IL,, and I as in eqgs. (3,13).
The parameter g measures the strength of the repulsive hard core NN, NA,
and AA interactions. A value of g = 1/3 would just remove the

attractive §(x) part of the OPE potential.2 A value of g = 2/3 would
then reverse the sign of that §(x) part of OPE.

Evaluating eq. (16) for the system specified by eq. (1), the
singularities of A(w,k) in eq. (2) and hence the pion spectrum can be
determined. These singularities are analyzed in detail in Ref. 7. To
look for unstable_pion modes, we search for complex roots -

w = Rew: (k) +iy(k) of 8 1(w,k) = 0. As discussed in Ref. (7), y(k) can
be interpreted as the rate for spontaneous m*w~ or wOr© phonon pair  _
creation where one phonon carries momentum k while the other carries -k.
The rates y(k) computed for typical non-equilibrium configurations,

eq. (1), encountered in heavy ion collisions are presented in Figs. IV-
VI. The contour lines define surfaces k,(8,) in the pion phase space
on which y(ky(®,), 6;,4;) = a, where a is a constant. In these figures,
a is chosen to be multiples of 0.1 _m,. The angle 6_ refers to the angle
between the pion wavevector k and Pan in eq. (1). The symmetry of n(p)
in eq. (1) implies that y(k,9,¢) is 1ndependent of ¢ and y(k,8) =

Y(k,"'e) .

The regions of phase space where unstable pion modes exist are
bounded by critical surfaces k_(8) = lim k,(6) for a + 0*. In Figs. IV-
VI, we find up to three distinft regions for pionic instabilities. These
regions are differentiated from one another by the real parts of the
frequencies, Re w.(k), for those unstable modes. In region I, Re wc = 0;
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in region II, Re w. ~ 0.5 m; ; in region III, Re w. { m;. Only the zero
frequency modes (I? were con51dered in Ref. (7). Tﬁe finite frequency
instabilities (II,III) are the analogues of the two beam plasma
instabilities3 that we sought for these non-equilibrium configurations.
The phase space for these instabilities is seen to decrease with
decreasing pey and vanishes once the system comes to thermal equilibrium.
This is in contrast to the zero frequency instabilities (I) that survive
in equilibrated system if T<T.(p) in Fig. I. Further discussion ot the
differences between instabilities in these regions will be given

elsewhere.

The essential feature we want to note here is that the typical
phonon pair creation rates y(k) are in the range (0.1-0.2) m;. The
number of phonons created per unstable mode k is then on the order of
one per 1.5x 10723 sec. Therefore, there is enough tlme during the
characteristic (thermallzatlon) time Ty~ (2-3) x 107 23 sec, that
specifies the duration of the non- equ111br1um phase of the COlllSlOD
for such pionic instabilities to develop. However, the number of
phonons created per mode during this time is small, ~1-2, and thus the
term pion condensation is not really appropriate for such systems.

The total number of unstable pion modes is’

A [ I , a7

nt .
crit (An)S crit

where V is the volume of nuclear matter where eq. (1) applies.

Typically, we estimate V = Ap/p = 2Ap = volume of projectile
nucleus. The critical volume Cr1t de¥1ned by eq. (17) is calculated

to be in the range (0.5-1.0G) mﬂ3 = nCrlt ~ (2-4) Ap' The total number

of ﬂi,ﬂp phonons that are created ia the non-equilibrium phase is then
. - -
estimated to be <y> it Tth - 4Ap.

It is important to note the sensitivity of these estimates to the
value of the correlation parameter g in eq. (16). Except for Fig. Vb,
all calculations were made with g = 0.5. In Fig. Vb, we took g = 0.6.
Compared to Fig. Va, the phase space of instabilities is seen to
decrease very much. In fact, the pair productlon ratg per unit volume7,
Teo1/V = <v>/Verits decreases from 0.18 mTr to 0.025 m when g is increased

from 0.5 to 0.6. For g 2 0.65, no %nfiabllltles are fbund. Therefore,
with 20% uncertainties in estlmates »++ for g, the above calculations
with g = 0.5 can be considered only as order of magnitude estimates for

<y> and Vg ;-

Finally, we note in Figs. IV-VI that the wavenumbers k of unstable
modes are typically ~(2-3) m .. This is of course due to the P-wave
nature of the 7N interaction in egs. (3,13). The wavelengths
21/k ~ (3-5) fm of such modes are then comparable or less than the
dimensions of nuclear systems involved in heavy ion collisions.
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Therefore, infinite nuclear matter calculations, eqs. (2,16), can be
applied to heavy ion collisions only as a result of the large values
of k for pionic instabilities.

I11I. Effects of Pionic Instabilities on the Dynamics

Collective instabilities effect the dynamics in two essential ways:
(1) through the growth of collective fields via spontaneous phonon pair
creation, and (2) through the modification of two body scattering rates
via phonon rather than bare meson exchange. To evaluate the importance
of each effect, we first seek a formalism that incorporates them both.
A convenient formalism was found in Ref. (7) that involves the calcula-
tion of the complex correlation energy density,ﬂﬁu%k,of the system in the
Random Phase Approximation. In terms of Mppa > the decay rate T

of an excited many body state is given by7

= -2VIm MRPA . (18)

Diagrammatically, M A is the sum of connected ring diagrams as shown in
Fig. VII. A generaEP term in this sum consists of a product of n
bubbles and n interactions, where each bubble represents Iy * s and

each interaction represents Ao-+GC. Evaluating Mppa » the decay rate per

unit volume is found to be7

4
/v = Rede k4 log e(w,k) . (19)
(2w)
wliere

ew,k) =1 - (8, +G) (T * Tyyy) (20)

is the generalized 'dielectric" function for the nuclear system. In
non-equilibrium systems, the singularities of e(w,k) include overlapping
cuts in the w plane. as seen fram eqs. (3c,15), and isolated zeros at

w = Rew_ (k) + iy(k) as found in section II. Equation (19) is then most
easily évaluated by first integrating over w by parts giving

3 - 4
v =) 38K i@ -3 34K 10 -4 1@ Iacl%)

em® T ant
= Pcol/V * Iqscat:/V ’ 21
where .
I(w,k) = Ty (w,k) + Iy, (0,5 (22)

is defined via eqs. (3c,15), and
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b (,K) = (B, (w,K) + G (K))/e(w,k) (23)

is the correlated pion propagator. Equation (21) allows us to calculate
the growth rate of collective fields via I'.j; and the scattering rate
Fscat in non-equilibrium systems, eq. (1). A {urther decomposition of

s
Psggt is possible noting that the integrand vanishes unless I(w)I(-w)#0.

Then

rscat = FNN * rINA * FAA (24)
where
My Ty () Ty ()
4 2
3vatKk ] 2
My ."(2 X 4 Ty (@) Ty (w) § P,k [A,+6 | , (25)
Tan Ing @Iy, (-0)

and the polarization form factor P is

- log(1l -4 I{(w) 1(-w)|Ac|2)
41(w) 1(-w) |8, +G_|?

(26)

P(w,k) =

PNN is the effective elastic NN -+ NN scattering rate, while Tna and Tap

are the effective inelastic NN - NA and NN + AA rates in the medium.
In the low density limit, Iy + Miyp > 0 = P(w,k) + 1 , and Ijj reduce to
rates calculated with free space cross sections, do©, i.e.

0 -2 o}
Tij/V}::B Tij/V._p <O - ij Vrel > . (27)
Dlagrammatlcally, only the third term in Fig._VII contributes to Fl
in the low density limit, giving do® « [A,+G_|“ . At high J

densities effective two body (elastic and 1ne1astic) Cross sections,
dog g, Can be derived’ from eq. (25) giving

do_,.. = P(w,k) do® , (28)

eff
where (w,k) are the energy-momentum transfers in the process. Therefore,
P(w,k) contains the density and configuration dependence of the effective
Cross sect;ons in the medium. For systems close to equilibrium, P
reduces to

Plw,k) ¥ — . (29)
le(w,k) |
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as is found in the kinetic theory of plasmas.12 The important point to

note about eq. (28) is that the existence of collective instabilities
implies that there cxist certain critical values of (w¢,k.) such that
P(we,ke) » = and hence dogge » = if the energy-momentum transfer (wc,ke)

is kinematically allowed. This is known as critical scattering
phenomena and is extensively discussed in Ref. (7). Thus the presence
of the polarization factor in eq. (28) leads to enhanced scattering rates

if instabilities are present.

As_an example of the kind of enhancements pionic instabilities lead
to, P{w,k) = doggg/doC is plotted in Fig. VIII for Pem = 4m; in eq. (1).
This figure is taken from Ref. 7 and corresponds to tﬂe elastic (w=0)
scattering of a nucleon of momentum p., with another of momentum - p,
in the medium. Kinematically, k is constrained by k = 2 p, cos 8.
Logarithmic divergencies of doggg at k ~ 1.5 and 2.0 arise when
kinematically allowed values of {k,eﬂ) lie on the boundary of region I
of unstable pion modes {see Fig. AIV of Ref. 7 and Fig. Va here).
Figure VIII illustrates then critical scattering phenomena for large
mementum transfers that arise as a result of pionic instabilities.

The integrated scattering rates are given in Table I for a variety
of 1lab kinetic energies, Tr, v (0.4 - 1.5) GeV/nucleon. It must be
emphasized that the spirit of these calculations is to obtain only order
of magnitude estimates cf the effects of pionic instabilities on these
rates. We cannot expect to predict absolute rates with such a simple
model. Nevertheless, the ratios of effective rates F?. to free rates

P?j do indicate the magnitude of enhancements that can arise due to
collective phenomena. The rates in table I were obtained by integrating
numerically eq. (25) up to momentum transfers k = 8 m;. The free rates

ij were obtained from e3. (25) by setting P(w,k) = 1. To set a scale
for the absolute magnitudes of rij’ note that a 20 mb cross section in
eq. (27) would give Fij/V ~ 0.25 mﬁ. The essential point to note in

tables IA,B is that both the elastic and inelastic scattering rates
are enhanced by factors n (2 -4) due to pionic instabilities. PRurther
details of these calculations will be given elsewhere.

IV. Summary

Model calculations of dense, excited nuclear matter expected in
heavy ion collisions indicate that in both thermal4 and non-equilibrium
extremes pionic instabilities can be expected. The typical excitation
energies involved in these high energy (v 1 GeV/nuc) collisions are not
too large to prevent such instabilities. Furthermore, the spontaneous
phonon pair creation rates y(k) were shown to be sufficiently large for
these instabilities tc develop during the short collision times. In the
non-equilibrium case finite frequency instabilities (regions II,III) were
found as well as zero frequency (condensate) instabilities (region I)
The total wtn- and #°nQ phonon pair creation rate Tl = <7 VYVErit

Io + Iyt is given in table iC, with Tg being the

{if e
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rate for zero frequency pairs and I'_, being the rate for f{inite f{requency
pairs. We noted also the short wavelengths 2n/k_. v (3 -5) fm of these
pion modes as being essential for such instabilifies to develop in the
finite size nuclear systems involved.

Then through the calculation of the complex correlation energy,
the effect of pionic instabilities on the dynamics was studied. The
main result is that critical scattering phenomena lcads to enhancements

of both elastic and inelastic scattering rates by factors v 2-4. We
can now assess the relative importance of the two effects mentioned

at the beginnin~ of section III. The ratio Fcol/l‘Scat of rates in

eq. (21) provides a measure of which effect dominates. This ratio is
given table IC. Note that I‘COI/I‘Scat < 1 in all cases indicating that
the scattering rates are greater than the growth rates of collective
fields. Therefore, the dynamics is dominated by two body collisions
involving density dependent interactions, eq. (28). The reduction by

2 -4 of the effective nucleon mean free path in the medium is therefore
expected to lead to more_rapid thermalization, indicating that a hydro-
dynamic description5’6’13 of the dynamics would be appropriate.’

Finally, we comment on the implication of the enhancement of
Feff in the medium in connection with real pion production. It is

NA
tempting to assume that a factor of 2 enhancement of the NN » NA rate

would lead to twice as many pion being observed in the lab. However,
the final number of pions observed depends not only on the production
rate Ty, but also sensitively on the absorption rates of pions.

Therefore, to estimate real pion production rates, the effects of pionic
instabilities on pion absorption rates must also be investigated. Such
an investigation is currently in progress.
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Table Caption:

I.

Figure Captions

Collective T and scattering T'.. rates in non-equilibrium nuclear
matter at Varigﬁg lab energies TL.1J The NN+ NN rates (A), NN-+NA
rates (B), and spontaneous w*w~,” 7070 phonon pair creation rates (C)
were calculated with eqs. (21,25). The enhancements of the scattering
rates due to pionic instabilities are given by oggg/0, in A and B.

The ratio I'.y3/Tscat in C measures the importance of phonon pair
production as compared to the modification of the scattering rates on

the dynamics.

I.

11.

111

Iv.

Range of densities and temperatures where pion condensation is
likely (shaded). T_,j; is taken from Ref. (4) for g = 0.5. -Curves
AB and BC illustrate the compression and decompression phases in

heavy ion collisions.

Initial non-equilibrium momentum distribution in heavy ion
collisions.

a) Pion propagator A in a nuclear medium.

b) Polarization operator N including nucleon particle-hole and
A3z - nucleon hole intermediate states as well as correlations.

a) Contour plot for the rates y(kﬂ,ev) of spontaneous n'n~ or wOx°
phonon pair creation in non-equilibrium nuclear matter, eq. (1),
for p.. = 2.0 my,. Contours correspond to multiples of
0.1 my (= 2 x 1022 sec1). The angle 6. is that between k, and
ﬁcm. Zero frequency (Re w.=0) pionic instabilities cccur in
région I. Finite frequency (Re w. # 0) instabilities occur in
regions II, III.

b) Same as IVa but for p_ = 3.0 m_ .
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V. a) Same as IVa but for Pep = 4.0 m. .

b) Same as Va but with large correlation parameter g = 0.6.
VI. a) Same as IVa bpt for Pep = 5.0m_ .

b) For Pem = 6.0 m .

VII. Series of ring diagrams included in the Random Phase Approximation
for the correlation energy density Mepa in eq. (18).

VIII. Ratio of the effective doeff’ to the free, doo, elastic (NN->NN)
differential cross se.tions as a furction of momentum transfer k
as calculated via eq. (28). (Taken from Fig. XIb of Ref. 7).
This illustrates critical scattering phenomena due to pionic
instabilities.
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Table 1
A. Elastic Scattering Rates
eff 4 0 4 el , el
TL(GeV/N) pcm/mTT FNN /VOn") FNN/VQn“) oeff/co
0.38 3 0.37 0.09 4.1
0.67 4 0.31 0.08 3.9
1.04 5 0.27 0.07 3.9
1.50 6 0.22 0.06 3.7
B. Inelastic Scattering Rates
eff 4 0 4 in , in
TL(GeVVBU pcm/mn PNA /Vﬁn") PNA/VOn") ceff/o0
0.38 3 0.24 0.06 4.0
0.67 4 0.58 0.28 2.1
1.04 5 0.72 0.42 1.7
1.50 6 0.64 0.39 1.6
C. Collective Rates
4
TL(GeV/N) pcm/mn Fcol/v(mn) P“,/PO rcol/rscat
0.38 3 0.21 0.47 0.34
0.67 4 0.18 0.47 0.20
1.04 5 0.25 0.50 0.25
1.50 6 0.59 3.20 . 0.69
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QUANTUM STATISTICAL DESCRIPTION OF HEAVY ION COLLISIONS?)

S. Ayik and W. Nérenberg

Institut fiir Theoretische Physik der Universitét and
Max~Planck-Institut fiur Kernphysik, Heidelberg

The aim of the statistical description for deeply inelastic
collisions of heavy ions is to derive an adequate transport
theory from & microscopic formulation. This may be scnieved
by considering the Liouviile equation in the Wigner repre-
sentation. This representation transforms tne density matrix
of the composite system to the Wigner function whicn is the
quentum mechanical analogue oI the classical phase space
distribution function. We generalize the quantum statisti-
cal formuiation of ref.[1] by considering the Liouviile
equation in tne Wigner representation. This way we incliude
the relative motion of the colliiding ions an4 derive a
generalized master eguation|2]. The Wigner function is es-
pecially useful for describing tue deeply inceliastic pro-
cesses in the classical limit. In this 1imit, it becomes

the joint probability distribution for the reilative dis-
tance and the relative momentum and gives the occupation
probability of internal states. This generalized master
equation is useful only if the basis representation nas been
cnosen in a way that alliows for a Markeff approximation.
Deeply inelastic coliisions are mainly dominated by the
interactions of many degrees of freedom. This aliows us to
assume stochastic properties of the coupling matrix eie-
ments of the interaction which leads to the Markoff appro-
ximation. In addition we consider the classical iimit of

the relative motion. The resuits can be given by two coupied
equations. One equation is the classical equation for the
relative motion wivh friction. The other is the master equa-
tion for the internal motion. The explicit form of friction
tensor and transition probability are given [1,2]).

1. W. Nérenberg, Z.Pnysik A27L4(1975)241 and A276(1976)8k
2. 8. Ayik, Phys.Lett. 63B(1976)22
S. Ayik and W. Norenberg, to be published

+) Work supported by tne "Bundesministerium fir Forschaung
und Technoliogie", Bonn.
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DEEP INELASTIC COLLISIONS AND FUSION STUCLED ON THE “Car+137ayu SYSTEM

m.Berlanger+, f.Hanappe+, c.Ngd, j.Péter and b.Tamain

Institut de Physique Nucléaire BP n°1 §1406 Orsay Freance

We investigated the Ar+Au system at two different bombarding ener-
gies 201 and 248 MeV. The mass end the energy of the products have been
measurec at different angles. Mass distributions exhibit twao components
separated at the low bombarding and partly mergingintc each other at high
bombarding energy. One of them can be attributeo to fission folleowing com-
plete fusion, the other one 1s centered around mass 40 end corresponcgs to
deep inelastic products. These two differeng mechanisms correspond to dif-
ferent time scales. Angular distributions é%é%— are peaked a little bit
forward the grazing angle far products close to the projectile and, when
the mass transfer increases, becomes constant. For deep inglastic cclli-
sions the mass transfer occurs in the way predicted using potential snergy
considerations, but the small FWHM and the slight shift of the positionof
the maximum of these distributinns indicates a short contact time. Due to
the increase of tne temperature, the FWHM of the mass Aistributicn of deep
inelastic products increases with the bombarding energy. The mean total
kinetic energy studied as a function of the detection angle shows the in-
fluence aof stetisticel fluctuations at backward angles. One also abservas
for this system that the relexetion time connected with the mass esymme-
try degree of freedom is larger than the one associatec to the energy
damping. Complete fusion cross sections measurements wers siso done at
183, 189 ang 195 MeV which alioweo to draw the excitation tunciion +c:
this process. Calculations of the Fusion cruss section using the cencept

of critical distarnce are in agreement with the data.

+ » . P 3 : = .
Université livre de Bruxelles, Sruxclles, Belgique.
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RELATIVISTIC EQUATIONS-OF-MOTION CALCULATIONS OF HIGH~ENERGCY HEAVY-ION
COLLISIONST

*
A. R. Bodmer+, A. D, MacKellar , and C. N. Panos+, Argonne National
Laboratory, Argonne, Ill. 60439

When heavy ions collide at high energies it is reasonable to
treat the collision in a clasgical microscopic approximation. For
small impact parameters, the central densities produced during overlap
are high enough to produce significant correlation effects. Under
these conditions it is meaningful to treat the collisions with a clas-~
sical microscopic equations—of motion approach. Nonrelativistic calcu-
lations have been made using this approachl’z). We have extended these
calculations to include relativistic effects to order v¢/c?. The NN
potential is the sum of a short~range repulsion due tc vector-meson
exchange and a longer-range attraction due to scalar-meson exchange.
The effects of retardation are then uniquely determined to order
vZ/c? 3). The parameters of the corresponding momentum~dependent
potential are adjusted to fit the empirical total sin? 6 weighted cross
section as a function of energy by the use of classical relativistic
two-body calculations. It is now necessary to calculate trajectories
by the use of Hamilton's equations., Initial distributions for the
individual nuclei have been prepared using methods similar to those
described previouslyl). We have made preliminary calculations of the
collisions of two nuclei, each with 20 nucleons, for specific initial
distributions for these nuclei and for laboratory energies of 117, 300
and 500 MaV/nucleon. Even at the higher energies the effects of
relativistic kinematics are rather minor, but the retardation correc-
tions then give large and repulsive contributions to the potential
energy when the two nuclei overlap appreciably. Central collisions are
explosive in character even for these rather light nuclei. The colli~
sions show a general similarity with the previously obtained nonrela-
tivistic results for 50 nucleons on 50 nucleonsl).

+Also University of Illinois at Chicago Circle, Chicago, I11l. 60680.
*Also University of Kentucky, Lexington, Ky. 40506
tWork performed in part under the auspices of USERDA, Div. of Physical

Research.

1. A. R, Bodmer and C. W. Panos, Phys. Rev. C15(1977) 1342,
2. L. Wilets, E. M., Henley, M. Kraft, and A. D. MacKellar, to be

published in Nuclear Physics.
3. See, e.g. J. Stachel and P. Havas, Phys. Rev. D13(1976) 1598, and

references cited there for Hamiltonian and Lagrangian formulations
which are Lorentz invariant to order v2/c?, ard involve only particles

interacting directly through potentials.
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REGGE PARAMETERIZATION OF QUASI-ELASTIC TRANSFER AMPLITUDES#*
B. V. Carlson and K. W. McVoy, Department of Physics, University of

Wisconsin, Madison, WI 53706

Analyses of the partial-wave decompositions of a substantial
number of DWBA and CCBA calculations for heavy-ion-induced quasi-
elastic transfer reactions have clearly indicated that the &~windows
for these reactions are dominated by Regge poles, i.e., by poles a‘
complex values of #. Consequently, starting from a suggestion by
Fuller,l we have constructed a parameterized partial~wave decomposi-
tion for transfer cross sections, of a DWBA form, with the R-depend-
ence of the "radial integrals" given by the Regge-pole form

L.+
(Qf-Z) -1 i 7f Lo]2/A2

I = e 2
ey (%;-p;) (L5-pg)

(1)

This is an 8-parameter form, in which pj, pf and z (pole and zero
positions) are complex and ¢ and L, real parameters; A2 is fixed at

150.
Least-square searches on angular distributions have produced ex-

cellent fit. to quasi~elastic transfer data of both direct and multi-
step character. Fig. (1) shows a fit to2 48ca(160,15N)4%sc

(3/27, 3.09 MeV), which is not fit by a DWBA calculation, presumably
because it %s a multi-step reaction. Fig. (2) shows a fit to

74Ge (180, 1°0)76 Ge(2*, 0.56 MeV), whose unusual angular distribution,
according to the experimenters,3 distinctly shows it to be a multistep
process. The dip at 409, in the Regge interpretation, is an inter-
ference between the surface waves generated by the two Regge poles.

*#Supported in part by the National Science Foundatiomn.
1) R. G. Fuller and O. Dragun, Phys. Rev. Lett. 22 (1974) 617.

2) D. G. Korar et al., Proc. of ANL Symp. on Heavy Ion Collisions,

April 1976, Vol. II, 645.
3) P. D. Bond, H.J. Korner, M.C. Lemaire, D.J. Pisano and C.E. Thorn,

BNL preprint, 1°77.
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GAMMA-RAY MULTIPLILITIES IN DEEP INELASTIC COLLISIONS AND COMPLETE
FUSION OF THE SYSTkwm “OAr 197Ay, x

M.A. Deleplanque, C. Gersciiel, M. Ishihara™, C. Ngb6, N. Perrin,

J. Péter, B. Tamain, L. Valentin,

Institut de Physique Nucléaire, B.P. n° 1, 91406 Orsay, France,
and D. Paya, Y. Sugiyama,

DPhN/MF, C.E.N.-Saclay. B.P. n® 2, 91190 Gif/Yvette, France

and M. Berlanger, F. Hanappe,
Phys. Nucl. Expérim., Université Libre de Bruxelles, Belgique.

We measured the gamma-ray muitiplicity M, associated with the
pairs of fission fragments and D.I.C. products n reactions induced by
225 MeV Ar ions on Au. Twc 3x3" Kal detectors in the reaction plane and
one out-of-plane detected the v in coincidence with the products iden-
tified by their mass and kinetic energy.

Fusion-fission : The rate of initial orbital angular momentum
transferred to the fragments depends only on the shape at the scission-
po 'nt. The elongation of the system at this point is calculated from
the measured kinetic energy (I). The critical value of initial 2-waves
contributing to complete fusion is 68h. That leads to caiculated M_=6.
The measured value is 8.5:1.5. The difference is due to the additidnal
intrinsic angular momentum (8-16%) probably induced by the bending mo-

des.

Dcep Inelastic Collisions : When the light products are within
+15 mass units of the projectile mass, the average M_ is 7.5+1.5 and
the maximum of the yrast bump on the gamma-ray energy spectrum i3 loca-
ted at 1.2 MeV. It is impossible to fit these two values with the stic-
king hypothesis (M, = 15, E_, = 0.7 MeV). As far as rolling is concerned
these values are clherent tggether, but too low if we take incoming
angular momenta in the range 68 to 75fi as determined by (I). This would
indicate a short contact time for the composite systems decaying at
this angle, in agreenrnt with the observed non-complete kinetic energy

relaxation (I).

*on.leave from I.P.C.R., Wako-Shi, Japan.

(I) M. Berlanger, F. Hanappe, C. Ngb, J. Péter, B. Tamain, this confe-
rence.
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Approximate solution of Schrddinger's equation in a rotating frame

Hans Feldmeier
Technische Hochscl.ule Darmstadt

A selfconsistent calculation for wavefunctions with axial symmetry in
a rotating coordinate frame can be achieved by allowing the single par-
ticle wavefunctions to be of the form

~ Afmeg + vz 9
Y (rz.@) = '\Yd(r‘z\, ) e where

/N
Y (r,z) is a complex func-ion and xo(r,z,{D) is a real function of the

f : o o) .
orm ’Xo((r-,z.y, Z 5\‘ lLe2) coske T: (vr,2) Sinkg

t2
Variation of . g =
JCU g rBU-H 27 &
{
with respect to ‘all w ’g}:a) and f};a) yvields equations for these quanti-

ties which depend on the two variables r and z only.

For example when we restrict"y to a single Slaterdeterminant (TDHF) with
all s.p. wavefunctions having the same phasie X, we get for the common

phase
A (r2.9) = §Cr2) oS ¢ and  V(9VK) = TE(IxTS) %)

=
where 9 is the single particle density and w the angular velocity of the
frame which is perpendicular to the symmetry-axis (z-axis).
7AS
Variation with respect to woc provides the usual TDHF equations in two
dimensions which are complemented by 2 rotational potential
2
Vyor(r,2) = Sdtp {_-(VX) - tw(rxv)()}
-— -
Calculating the expectat.Lon value of L we get <{Ly= % S 9 (Fx¥L) dr
=
and we obtain for the moment of inertia T = L, L¢3 e the |w|
w
independent expression
I=% 2 {o(¥x3(5)) dr
sy d lih =z <Y Y2 {3
The rotational energy turns out to be Evot = T3 5 b3 (VX) A’v
which can be transformed using eg. (%) into T, = %_Ib—u”'
Calculations of heavy ion reactions have been performed in the TDHF

model using the above formalism. A more detailed discussion will be

published.




BARRIER TOP RESONANCES AND PARTICLE TRANSFER REACTIONS#*
W. A. Friedman, Physics Department, University of Wisconsin,
Madison, WI 53706

It is recognized that particle transfer amplitudes are often
dominated by two poles in angular momentum (Regge Poles). Further-
more, it has been established that one of these is associated with
the entrance channel wave runction and one with the exit channel
wave function. 1In a recent paper we suggecet that these poles arise
from Barrier Top Resonances,l which yield %-poles whose real part
corresponds to the orbiting angular momentum (that % for which the
top of the angular momentum-Coulomb barrier coincides with the in-
coming energy). Such poles arise only when the internal absorption
is strong and they have widths determined by the barrier curvature
and imaginery potential at thz barrier. They reflect the following
simplification: Partial wave distorted waves for strong internal
absorption see an effective potential which is essentially a one
dimensional barrier of approximate parabolic shape. The wave
functions for such potentials possess Barrier Top Resonances.

With strong absorption the distorted waves near the nucleus are
dominated by such resonances.

The 1-pole location (QO,TQ) carries much of the same informa-
tion as the channel optical potential, but it provides a more
efficient phenomenological parametrization.

Each inelastic channel has similar barrier top resonances.
When such channels are strongly coupled to the elastic channel the
wave function acquires new or effective pole positions. A phenom-
enological approach discussed in another contribution to this
conference capitalizes on this feature to fit differential cross
sections with an amplitude having two adjustable 2-poles. DWBA
results require elastic barrier top locations. CCBA results
require slightly shifted pole positions.

%*Supported in part by the National Science Foundation.

1. W. A. Friedman and C. J. Goebel, Annals of Physics 104 (1977)
145,
2. B. V. Carlson and K. W. McVoy, Contribution to this Conference.



The Collective Path in Adiabatic TDHF

K. Goeke, Inst. f. Kernphysik, KFA Julich, D~5170 Jiilich, West Germany

?.G. Reinhard, Inst. f. Kernphysik, Univ. Mainz, D-6500 Mainz, West Germany

Many Targe amplitude collective phenomena can be characterized by one
(or several) collective coordinate q = q(t) and the corresponding set of
many body wave functions |q>, i.e. the collective path. For obvious reasons
the path must be determined together with the coliective mass, Mo(q), and
the collective potential, Vo(q)’ which can be achieved in the framework of
an adiabatic TDHF theoryl’z). One performsz) a perturbation expansion of
ip = [N, ] and of p2 = p for small velocities, i.e. p v po(q) + ppl(q) +

2)

+ pzpz(q) + ... Sorting the terms according to orders of p leads to

[y - 3VQieg] =0 M,(a) = i Tr(lpg.0;[340,) (1).(2)

i

[, + [4PTap] = -1[Q,, /M, (3)

with Q,P given by 3,0 = ~1[P,p] and 3,0 = 1[Q.0]. The pZ-equats , which

has been omitted gives a criterionz) for the validity of ATDHF in that

62 = [Pos0,) should be small
- 1 A 15, -1
Lw02+[w0,02],p01 = [z wQQ+[w0,Q] - 30/, + 5 QoM 10,]

with sz = Tr(v[QZ,pd]) and WQQ = Tr(v[p,Q,pd]). There are several methods
to solve eqgs. (1)~(3) which correspond to standard procedures in solving

differential equationsz). (The p denotes the one body density matrix.)

References:
1) F. Villars, preprint MIT, 1976
2) K. Goeke and P.G. Reinhard, preprint Jiilich, 1977



CALTCULATION OF DIFFERENTIAL CROSS SLECTICNS FO= DEEP INELASTIC COLLISTONS
p. Grangé and j. Richert

Laboratoire de Physique Nucléaire Théorigue BP n°z0 CRO 67037

Strasbourg-France
+ x .
m. Berlanger , h. Hofmann and c. Wigb

Institut de Physique Nucléaire, BP n®1 91406 Orsay, France.

As proposed in ref.1) we apply a Fokker Planck equation in phase space
of the collective degrees to compute cross sections for deep inelastic reac-
tions. In this approach, the distribution function for the collective degrees
is a gaussian entirely determined by their first and second moments. The
seccnd moments which describe the statistical fluctuations of the collective
degrees are entirely determined by the first one due to the fluctuation dissi-
pation theorem. The first moments satisfy classical equations of motion includ-
ing a friction force. They can be described using a classical phenomenological
model. Such an approach, already used in ref.2) allows to compute 6% where x
is the mass asymmetry degree of freedom. But there, because each fragments are
kept spherical during the process, it was not possible to guantitatively repro-
duce the energy loss and therefore EE%;%E . We extend the model of ref.2) to
the case where deformations in the exit channel are simulated using ref.3) for
the classical model. It is then possible to compute absolute values of all guan-
tities concerning mass exchange and energy damping. In addition, repartition of
the spins of the fragments as a function of mass asymmetry is obtained which can

directly be compared with vy multiplicity measurements.

1} H.Hofmann J P.J.Siemens, Nucl. Phys, A275 [1977) 464.

2) C.Ngd and H.Hofmann, Zeit. Phys. in press, see also H.Hofmann and C.Ngb; Phyﬁ.
Lett. 658 (1376) 27.

3} K. Siwek-Wilczynska and J.Wilczynski, Nucl. Phys. A264 (1876) 115,

¥
Université Libre de Bruxelles, Bruxelles, Belgique.

xPhysik Department der technischen Universitat Minchen, 08046 Garching
B.R.D.
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CENTRAL COLLISIONS OF RELATIVISTIC HEAVY IONS IN NUCLEAR EMULSION

H.H, Heckman, H.J, Crawford, D.E. Greiner, P.J. Lindstrom and L.W. Wilson
Lawrence Berkeley Laboratory and Space Sciences Laboratory
University of California, Berkeley, California 94720 U,S.A.

We are carrying out an experimental study on the angular and
momentum distributions of fragments emitted from central collisions
between emulsion nuclei (AgBr) and heavy-ion projectiles “He, ! €
and “W0r at beam momentum 5.722B GeV/c, The criterion we have adopted
for a central collision is one that exhibits an absence of projectile
fragmentation, i.e,, no beam-velocity fragments (ZFZd from “He interact-
ions, Z; 22 from 160 and “Or interactions) are produced within 5° of
the incident beam direction,

Production angles have been measured for all fragments having a
restricted grain density gZngin, corresponding to E<250 MeV/A for
singly charged particles. Range measurements have been made tor
fragment ranges <4 mm, equivalent to E = 31 MeV/A for protons (and “He).
The experimental data are analyzed in terms of the Maxwell-Boltzmann
distribution, from which estimates of the temperature 1 and longitud-
inal velocity B" of the particle-emitting systems are made. The
principal results of the experiment, to date, are: 1) the angular and
momentum, i.e., range, distributions are, within the experimental
errors, the same, independent of projectile; 2) the fitted parameters
T and B" are small, typically 6-7 MeV and 0.01-0,02, respectively;

3) no single pair of parameters 1 and B" fit all data; and 4) the

angular and momentum distributions are smooth, void of structure,
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DICSTPATION ARD THY NUGCLEAL COLV.ICTIVE MODEL

Helmut #ofwann, Physik-Department, Technische Universitdt Minchen,
8046 Garching, W-Germany

In a previous paper1) it was shown how the cranking model for nucleary
collection nmotion can bhe extended formally to treat dissipative processes
at finite tanperature. This was possible by applying the technique used to
derive equations of motion for deeply inelastic heavy ion col]isjonsz):
quasictatic opproach for describing the intrinsic system and linear res-
ponce theory to compute the effective forces for the collective degrees.

ks is well known, the (ranking-model is an approximation which does

not describe the nuclear motion self-consistently. So the gquestion may be
asked vhether the friction coefficient is changed by requiring self-~con-

cistency. A hint for the answer may be found for the mcdel caseﬂog harmonic

vibreticr s. For onc collective degyree Q the Hamiltonian reads:ﬂ=kL“j'xQ&}F

If we explicitly allow for damped harmonic motion the requirement <4%2;;&1{)

leads to a modificed dispersion relation with complex freguency solutions.

In the low frequency limit the friction ccefficient deduced in this way

is identical to the one for the cranking model.

The postulation of damped collective motion needs a careful discussion
of the meaning of irreversibility. The instrinsic excitation (due to collec-
tive notion) is primarily described by one particular response function:

« Ew

i . . -,
%’H')':‘ "‘;72; ‘Q;L "-mn/ Sen g, t

A decaying behaviour of this function (indicating irreversible motion) can
be expected only for times t]5§§ 4455 . (Here 4 is an effective mcan level
spacing and = may be interpregzd as a Poincaré recurrence time.) Thus,
damped collective motion will be found only if a measuring device cuts off
the times ‘f:? ’-‘:: - or, what is equivalent, does not allow a separation of |
the intrinsic energy better than an uncertainty I. (For this discugsion
we assume, that no other slow collective mode of the intrinsic systoem is
excited.)

The magnitude of d depends on the physical situation we are studying
and/Br on the model for the intrinsic Hamiltonian Hint' For some situations

p~h excitations might be sufficient (i.e. H can be represented by a shell

int
model Hamiltonian) for other cases residual two-body interactions will be

necessary to make the level spectrum complex enough.

1) H. Hofmann, Phys.Lett.61B(1976)423

2) For a summary and references to the original work see the invited
talk: "Dissipation and fluctuations within a macroscopic treatment
of heavy ion collisions"
by Ch. Ngd.
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FLUID DYNAMICS VERSUFS TDHF
G. Holzwarth, Physik-Dept., Technische Universitdt Miinchen

A set of fluid-dynamical equations for the motion of a
many-body system can be obtained by the requirement that at
all times the system can be described by one pure state (as
in TDHF) and on decompositicn into phase and argument

m
W(xl...xA,t) = @(xl...xA,t) exp 1 "y S (xl... A,t)

(¢ and S real) the phasz S is restricted to single-particle

~orm S(xpeeeXy t) = F@xg,t).

In contrast to TDHF no assumptions about the correlations
present in ¢ are necessary. The resulting fluid-dynamical
equations differ in basic respects from ordinary fluid dyna-
mics: The intrinsic energy density e defined through

<oue> ={pe a’x

depends not only on the density p itself but contains impor-
tant contributions from integrals and gradients of p. On

the other hand, there is no dependence of e on parameters
which in ordinary fluid dynamics characterize the local equi-
librium ensemble. This fact has important consequences for
the selection of shock conditions if discontinuities occur
during motion of the fluid. Resulting compression ratios in
slab collisions are in c¢lose agreement with TDHF results for
c.m. energies up to about 50 MeV/particle. Further compari-
son is possible for small amplitude vibrations where it turns
out that a non-equilibrium local momentum distribution in

the state ¢ is essential to obtain agreement with micro-
scopic TDHF (or, egquivalently, RPA) results, while ordinary
fluid dynamics assuming locally a spherical Fermi surface
leads to drastic disagreement for L = 2 resonances.
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PION MULTIPLICITY DISTRIBUTIONS IN 2 GeV/NUCLEON HEAVY ION REACT!ONS

B Jakobsson, R Kullberg and | Otterlurd, Dept of Physics, Univ of Lund,
Lund, Sweden. A Ruiz, Dept of Physics, Univ of Santander, Santander,
Spain. J M Bolta and E Higon, Inst of Physics, Univ of Valencia,
Valencia, Spain.

We have determined the charged pion multiplicity distributions in

2 GeV/nucleon 12C and 160 induced reactions in nuclear emulsions and
compared them to the expected distributions from an individual
nucleon-nucleon scattering model. By measuring the opacity with
photometers for all candicdates of relativistic fragments and the gap

density of all other tracks we can obtain Nﬁ? which is:

Em _ _ -
Nﬂr =N (Z, c 2Z. )

s in fr

where N is the number of shower tracks (E <400 MeV),Z, and
s proton inc

Zg, the charge of the beam respectively multiply charged relativistic
fragments.

The Nﬁ? distributions for 16O-H,CNO,AgBr reactions are shown in Fig.

1 together with the results from individual nucleon-nucleon scatter-
ing calculations. In the model we determine the P(v,ninc) probability

distributions (v=the number of
scatterings for a nucleon,

'0- CNOD 7 0t .
n = the number of participating

inc
incident nucleons) by a Monte-Carlo
and a Glauber calculation. The wt
multiplicity distributions in each
reaction step are determined from
experimental nucleon~-nucleon cross
sections and phase-space generated
L inelasticity distributions.
Furthermore Fermi motion and

1 corrections for changing N;+ to

L 1

FREQUENCY (%)

Em . .
. N_+ are introduced. Our conclusion
from the discrepancies at large

10 |~ Em . . . .
Nﬂi is that there are indications

a in the pion production in heavy
I ion interactions.

T T - T
0 & a8 12

NGT
Fig.1. mg_-multiplicity djstribu-
tions in 2 GeV/nucleon 1 0 indu-
ced reactions. Curves from indivi-
dual nucleon-nucleon model.

Jﬂ- ’ of collective phenomena involved
L L
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20Ne-w REACTIONS AT 340 MeV/NUCLEON STUDIED IN WIRE-LOADED NUCLEAR
EMULSIONS

B Jakobsson and { Otterlund, Dept of Physics, Univ of Lund, Lund,
Sweden.

We have used the combination of nuclear emulsions as 4mn-detector
and well defined wire-targets to study the target and projectile
fragmentation of 340 MeV/nucleon 20Ne-W reactionsX The first
results from dE/dx and anguiar measurements indicate that the do/dQ
distributions for the largely ionising part of the tracks (black
tracks - p,d,t E% 44 MeV/nucleon + 3He, U4He E < 310 MeV/nucleon

+ all heavier fragments) is well described by thermal emission from
a slowly recoiling system in peripheral events. In central events
however the do/d distribution is much more anisotropic. An attempt
to explain the complete distribution of black prongs by thermal
emission + the fireball model [2] also including final state
interactions from the idea of simple coalescense of nucleons 3]}
gives reasonable agreement however with & somewhat too large forward
peaking compared to the experimental data.

*The method of laminating two emulsions over a grid of thin wires
has been presented in Ref 1,

References

1 B Lindkvist, Nuclear Instr and Methods, 141 (1977) 5i1.
2 G D Westfall et a), Phys Rev Letters, 37 (1976) 1202,
3 H H Gutbrod et al, Phys Rev Letters, 37 (1976) 667.
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ASPECTS OF TIME-DEPENDENT CALCULATIONS FOR HEAVY ION COLLISIONS#*

K.~K. Kan and T. Tamura
Department of Physics, University of Texas, Austin, Texas, 78712

First, we point out that a limitation exists in applying the time-
dependent Hartree-Fock (TDHF) method in collision processes, because
certain degrees of freedom can only be treated classically. Before
collision, where the two colliding nuclei have no interaction with each
other, this classical aspect manifests itself in the fact that the TDHF
wave function implies a wave packet for the relative distance between
the centers of mass of the nuclei, which has a time-independent width.
This is in contradiction with the well known fact of quantum mechanics
that a free wave packet spreads out in space as time evolves. We note
also the possibility that some other degrees of freedom may also behave
classically during the collision process, and they may lead to some
classical collective excitations in the final fragments.

This viewpoint affects our interpretation of the TDHF results.

In particular, it makes the analysis of TDHF final states in terms of
fully quantum mechanical stationary channel states unsuitable. Instead,
we propose the use of '"semi-classical channel states" which incorporate
certain classical collective motions suggested by the behavior of the
fragment itself. Investigation is made of the construction of the
semi-classical channel states for one case of the one-dimensional slab
collisions calculated by Bonche et al.l)

The classical aspect mentioned above also implies the necessity of
going beyond the framework of TDHF, if a fully quantum mechanical cal-
culation is sought. Along this line, we investigate a time-dependent
version of the generator coordinate method (TDGC). 1In this method, the
wave function of the system will be free from any classical behavior
if the classical parameters involved are integrated out through the
generator wave function. Before and after the collision, this genera-
tor wave function is naturally in the form of a wave packet.

In a time-dependent calculation, one has to restrict the calcula-
tion to finite region of space and a finite interva® of time. I- pre-
paration for further studies in time-dependent methods such as TDGC,
we therefore investigate the problem of extracting the cross section
from a wave packet in a scattering process, in the face of this finite
space time restriction. We find that even with this restriction, it is
possible to obtain the cross section if a plane wave packet is used
as the incident and .f the scattered part of the wave function is
calculated directly.

*Work suppggted by United States E.R.D.A.
1) P. Bonche, S. Koonin, and J.W. Negele, Phys. Rev. C13 (1976) 1226.
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EXACT CALCULATION OF THE PENETRABILLTY FOR A SIMPLE TWO-DIMENSIONAL
POTENTIAL-ENERGY SURFACE REPRESENTING THE REACTION !%%Mo + !%%o » 2%%po

T. Kodama and R.A.M.S. Nazareth, Cen. Bras. Pesq. Fis., Rio de Janeiro
P. Moller and J. R. Nix, Los Alamos Scientific Laboratory

In a study of the effect of the multidimensionality of the true
potential-energy surface on the low-energy fusion cross section, we
calculate exactly the penetrability for a simple two-~dimensional bar-
rier V(r,0). To be specific,

V(r,0) =V, ~%kr? +%k, o> ,if r>r1 ,
and V(r,0) = V, ~%kx? +5k (0-0)% -%¥ko? , if r<r,.

Here r is the distance between the centers of mass of the twe halves
of the system and ¢ is the elongation of each half about its centex
of mass. For the reaction '%®™o + %% ~ 2096  our potential gives
correctly the differences in height (22.83 MeV) and in O (0.2143 R))
between the maximum in the ome-dimensional interaction barrier and the
fission saddle point. For the true potential, stability with respect
to positive o-deformations is lost at a point where r is 0.231 R,
larger and the energy is 9.82 MeV lower than for the maximum in the one-
dimensional interaction barrier. This feature, as well as the occur-
rence of two misaligned fission and fusion valleys are reproduced by the
simple potential V(r,0). For this two-dimensional potential we deter-
mine the penetrability by calculating exactly the amplitudes of the re-
flected and transmitted waves. The rcsult is given in Fig. 1 (solid
curve). The dashed curve is the result for the one-dimensional parabol-
ic fusion barrier. Because the ]
incident wave packet in the two-~
dimensional calculation is on
the side of a steep hill near
the top of the barrier, the cal~
culated penetrability is sub-
stantially different from the
result for a one-~dimensional
calculation. In particular,
10 MeV below the maximum in the a
one-dimensional fusion barrier 2
the two~dimensional penetrabil- E
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ON THE SCATTERING THEORY OF DEFORMED ALIGNED
HEAVY IONS
H.-J. Krappe, Hahn-Meitner-Institut, Berlin

H. Massmann, Facultad de Cientias, Univ. de Chile, Santiago/Chile

Recent successes in producing beams of highly polarized light alkali
nucleil) motivated the investigation of this new experimental tool to
determine heavy-ion interaction potentials. As a function of the orien-
tation angles of the nuclear symmetry axis of a polarized, deformed 233
projectile we calculated the fusion excitation function and angular
distribution for elastic scattering at energies slightly above the inter-
action barrier for the system 23Na+58Ni. For such fairly light systems
the nuclei are still well apart from each other at the interaction
barrier. Therefore one can disregard the neck-formation degree of free-
dom and other polarization effects for distances larger than the inter-
action radius. For the same reason the reaction cross section consists
predominantly of the fusion cross section.

As an adeguate guantum mechanical description of this classical
picture we use the ingoing-wave boundary condition model2) with the
boundary radius somewhat smaller than the interaction radius. As the
boundary condition describes the disappearance of flux out of the ela-
stic channel in this model the interaction potential between the nuclei
can be assumed to be real. That reduces the number of free parameters
considerably compared to usual optical potentials. The remaining real
potential was derived from the generalized liguid-drop model3), which
completely determines all free parameters. Classical trajectory calcu-
lations for the system under consideration showed that the angular momen
tum transferred to the rotational degree of freedom of the projectile
is only a small fraction of -h for the ingoing part of the trajectory up
to the point of closest approach. Also the rotation angle of the symme-
try axis during the approach turned out to be only a few degrees. We
have therefore considered the rotor to be frozen in.

The numerical calculation of the fusion and elastic scattering
cross sections showed that the polarization effect can be as large as
20 % and should therefore be well observable. It depends on the guadru-
pole deformation as well as the diffuseness of rLune interacticn poten-
tial and can therefore be used to check the assumed potential model or
remove ambiguities of conventional optical potential fits.

1) E. Steffens, IEEE Trans. Nucl. Sci. NS-23 (1976) 1143

2) G. H. Rawitscher, Phys. Rev. Lett. 14 (1965) 150;
Phys. Rev. 135 (1964) BEO5; Nucl. Phys. 85 (1963) 337;

3) H. J. Krappe and R. Nix, Proc. Third IAEA Symposium on Physics
and Chemistry of Fission, Rochester 1973, vol. 1 p. 159 (IAEA,
Vienna 1974).
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ON A GENERAL FORM OF THE MULTIPLE DIFFERENTIAL CROSS-SECTIONS IN
DEEP INELASTIC COLLISIONS BETWEEN HEAVY IONS. (x)

+
Ch. LECLERCQ-WILLAIN
Université Libre de Bruxelles, Physique Théorique CP229,
Bfd du Triomphe, B 105G Sruxelles, Belgium.

In a recent paper, [ 1], we have derived the ceneral form of the energy averaged "macrasco-
pic” cross section for deep inelastic collisions (D.I.C.) between heavy ions on the basis of
semj-classical approximation. The coarse transition probability obtained by summing the eneray

averaged microscopic cross-cections cver all finmal @3 channels whicn lie in a given interyal
(&, 8a) of some measured macroscoplc variables is -

at efa>* ba = Q¥ (a aa) = > d(f’_:r_. .

dLesay das...day . pea. 8oy Ao {1)

We have iuvestigated the conditions for which this cross section is a function of probabilities

only : p

Q (a da) = ?(a—) Vi) Ao .
4w Q (2)

The average guantities TP (a), v(a) are defined from a theory which does not involve a” 'detai~
led knowledge of the dynamics on the microscopic scale. Usirg the terminology of statisti. [
mechanics, we assume to known a classical time deperndent distribution function ob, R, T, K )
external macroscopic variables A and their conjugate momenta 2] . If we introduc:
commutative observabies fl«<.y,{ m’n) whose eigenvalues . represent the mdacroscoric
quantum numbers used to define the coarse calls flike the scattering angle, the masces, the
charges .r excitation energies); the probability density tu £ind the system asymptotically at

these values {a) is

of %

$ - -

pm,.gm abn M, S -ax) 4y (AT keem) .
If A, is the deflection function 91 and la , the scattering angle (} . S\L!L« -9 )
can be written S8 - maslusing the clasgical relation Batrtip qlaya,zzy withp:o.
With the restriction to the scatterinyg angle Ji. = 4 4,0ne can write f{or the density probability
T (a) and the classical approximation V(a) of v(a) in (2}; the expressions:

'd 3
?(a):JdG S\(e-v)a.)gdi d(e,ﬁ,a.) , {4)

(a) = 5’49 S‘td“]ﬂ«)gdi dieR,ayvie. e, G."Q'%Ad fomanfdwie s
where the classical distribution function
d(e1,0) = Saox 0.0 S"ir’gq (e -pe, )j.dn. ip,d n ats HS(-&-A vdy )

The functionV (8, ¢’ ¢” 8 a) in (5) can be obtained by the stationary phasc approximation(S.B.A).
and averaged over the incident beam energy. S.P.A. with sharp lower and upper angular momentum
cut-offs is used to represent the effect of a sudden onsat of direct and compound reactinons,[1].
As it can easily be defined on the application forms {31 the average quantities T () and
Vv (a) , are function of the initial impact parameter b; so that the final distribution is zb-
tained by summing all contributions lixe (2) over the values of this initial impact parameter.
Using the by values deduced from the classical relation e(o 0. n.“ = a; where 3 (54 - a.;,
is the mean classical deflection function I

Blnaiopy=fad sfdio )l ¢ ostaieerar

one can write the multiple differential D.I1.C. cross section on the form

M Q> T b s ’” 5.
2. db d@(nldl ef) ?(a,h) C'_(d,':x‘)

Aw’t\g v\o:...-o‘na.j Alm.a,‘ a.o-{’r) I;r——-___._

[l] K. Dietrich and Ch. Leclercg-willain, LBL-581S5, Dec. 1976,to be published in Ann.Phvs. (N.Y}

{2) H. Hofmann and P. Siemens, Nucl. Phys. A275 (1977) 464

{3} c¢h. reclercg-willain and M. Baus-Baghdikian , (%) Contribution to this Conference.

+
Maftre de PRecherches au F.N.R.S., Belgium.
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SEMI~CLASSICAL ANGULAR,ENERGY AND MASS ASYMMETRY DISTRIBUTION
IN DEEP INELASTIC COLLISIONS Cx)

+ ++
Ch. LECIERCQ-WILLAIN and M. BAUS-BAGHDIKIAN
Université Libre de Bruxelles, Physiqgie Théorique
BXd du Triomphe, B 105C Bruxclles, Belgium

We apply the statistical thecry developed in I, (1] to the calculation of the differential
scattering cross section of D.I.C. as a functicn of mass asymmetry, eneryy and scattering angle.
In (I.3) we introduce the cbservables ~L « to define the scattering angle ¢ , the azimu-

thal angle ¥ , the relative energy and thli mass of the lichtest ion

3 1
ﬂ,sl):a,,),_.ﬁ.;z*?:a,_)ﬂ,;&:xf‘—xl—)-=a-; ,.ﬂ_uel‘h:f‘_%‘

and A = A; - Ay, the mass difference.

Cp229,

—_—— dy .
A: A,+ A; means the total mass number
The density distribution function is defin=d by
yes
A(6,8a) = {du dy dp, dpy de dpe §(9-00) S‘FO;“) \Q(.A_’t’:‘—;l)_a,)
S (AL ay) ds (75, do(x, pa, ) -

«iu are the Gaussian solutions of a F.P.equation with the assumption
Using (1), the

(1}

The distribution functions
that the relative moticn and the mass exchange are statistically uncorreliated.

probability distribution (1.4} is 1
’P w 2 ;( ) - %7 S.E.)_)
(a,b) = SJG § e -man C("-b)(f W) e 4 fea (4)
X x \
_(e-e"u.)_(r’:,a,b,_Pf(._))r'm,o,')~ (2)

e, b) - :

- and ti ncti n
) B} ; J Bo(a,m)= (1ma, - Q (,t))) nd the functions by,
8 (k), P by, L (b, a™ (b) are the er. t moments deduced from the classical

£ 27. all the functions of

equation of motion with conservative and dissipeotive farces
(ar...af{ , b ) in (2) are expressions involving the second moments of the dy

and b means the initial impact parameter.
The average classical angular function v {(a,b) is obtained from (I.S5} and (1).
In (2), the angular & Jistribution is contered at

= ok &

Bler,vag, by 050 - (P (u,ns - pa () Piaby 3
the contribution to the differential cross section at the

distribution

For a defined valuc of § {a,b) ,
scattering angle a, is = )
1 e =
mm, Forekl L T an) )]
The main contributions are for impact parameter bydeduced from the relation Gg'a:...n.l’,l\ﬁva,
For each by value the classical anqular function U(ep)(I.S5) is calculated with the classi-
cal limits f_"*({b.‘.. e Loy, ‘2 ) and L (( v+, )/2) an the integral over L . Summing ail the

contributions like (4) , the D.I.C. mult:ple diffecential cruss section is

dY @t s ge‘)" =z o =
A - = - b v {(a, b
derva, Jda; day da 4 R é.;_‘ ag " (a,b) (a, ) (5)
where -é.\.n,= 3 ( b ._r_n~) and.  9,,, = 5('.-.': lr_'tiv_l)

These limits are repidced by €(b,) 1f the interyal defined by two successive by  values
contains a rainbow for b = bg

The expression (5) is equivalent to tby + Bav)sa

db | ‘if } Dta,by Fa,b)

a4 (o] 3. o _ _ 1 .5- ,
Loovay fdn das Tao eI LN »h;)/l at (6)
The energy distribution for all possible final masses at a scattering angle 2, is defined by :
dtad T 1% A8 D .
(o S = I o Gy 2 db ha .
duwsay day Ao o4 45 v “AD Yea b)) v(a,b).
If we describe the angular distnbut ion k‘natovor the final masscs and energy may be, we use
a q L T -
=~ U > &
A wion = — SLlQ)S\Z{’L‘( fa_Sd‘:':; Iqu‘\r(:’ b)

{131 cn. Leclercq-Willain , Centribution to this Conference (1)

[23 H. Hofmann and P. Siemens , Nucl., Fhys. A275 (i977) 464,

+ Mailtre de Recherches E.N.R.5., Belgium.
++ Chercheur agréé I.I1.S.N., Belgium.
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COULOMB EXCITATION EFFECTS ON HEAVY-ION ELASTIC SCATTERING

W. G. Love*,University of Georgia, Atheus, Georgia 30602

T. Terasawa, University of Tokyo, Tokyo, Japzn
G. R. Satchler, Oak Ridge Nationmal Lab.t, Oak Ridge, Tennessee 37830

We have constructed a polarization potential U, for the effects of
Coulomb excitation (CE) on elastic scattering. An adiabatic approxima-
tion is not used; indeed the real potential is negligible. Quadrupole
CE of low states is the most important; these give a potential of the
form ImUp(r) = W K(r)/r>. K(r) is a local-energy correction factor
for the slowing down of the ions in the Coulomb field; Wy is propor-
tional to the B(E2) for the excitation. There are no adjustable param~
eters. The potential's validity was checked against exact coupled
channel calculations. As is well known, the absorption due to CE may
be very large for very heavy ion systems. For the examples in the
figure, U, was added to Woods-Saxon potentials U, obtainedl) by fitting
to elastic plus quasi-elastic data. The quasi-~elastic contribution to
the reaction cross section is very large; for example U, by itself pre-
dicts op = 2.4b for “PAr + 238y
whereas U, + U, indicates o, = 10b.
Further study is needed to see how
estimatesl) of the contributions to
oy of the non-quasi-elastic events 06
such as fusion and deep inelastic
will be affected by the presence of
strong CE. At small angles where
the nuclear potential is not felt,
the sum of elastic and CE cross ol
sections is closely equal to the Pt Teepe 1o e,
Rutherford cross section. This sug- a
gests that fitting the sum of AN
elastic and quasi-~elastic data may
be a reliable indicator of the re-
maining reaction cross section.
However, a simple classical super-
position is not valid at the larger
angles so that this procedure will
require some corrections.
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THE DEPENDENCE OF NUCLEAR ORBITING AND CHARGE EXCHANGE ON BOMBARDING
ENERGY IN THE 1%%Sm + 84Kr REACTION*

A. Mignerey, D. Raich, K. Wolf, R. Boudrie, Argonne National Laboratory,
Argonne, I1linois 60439

W. Schroder, J. Birkelund, J. Huizenga, University of Rochester,
Rochester, New York 14627

V. E. Viola, University of Maryland, College Park, Maryland 20742

The dependence of nuclear orbiting and charge exchange on bombarding
energy is studied using peams of 8%Kr ions at laboratory energies of
470, 595 and 720 MeV on a ““Sm target. These energies correspond to
1.2, 1.5 and 1.8 times the Coulomb barrier, respectively. The angular
distributions of the projectile-1ike products show large cross sections
extending to small angles. This is consistent with orbiting or
"negative angle scattering" in the 720 MeV case. But the nearly con-
stant, large cross sections observed at low angles for the 595 MeV and
470 MeV cases are difficult to explain using the simple orbiting pic-
ture of Wilczynski.

It has been observed for projectile energies of 8.5 MeV/nucleon that
the variances of the charge distributions o% broaden with increasing
total kinetic energy loss, E| 0SS, and appear to follow a universal
curve, independent of projecti]e—target combination.! The 720 MeV case
also corresponds to 8.5 MeV/nucleon ®*Kr and gives values of o3 consist-
ent with the previous results. In these cases the relative ion
velocities v' in the entrance channel are the same within 10%. The
surprising feature is that the 595 MeV and 470 MeV cases, which corre-
=rond to reductions in v' by 20% and 50% respectively, follow the same
universal curve, for exit channel energies well above the Coulomb
barrier. Using a statistical model, o is a measure of the number of
protons exchanged in the interaction. Assuming the number of steps in
the nucleon exchange process is given by (A/Z)oZ, values of 9 to 11 MeV
are derived for the energy loss per exchange A, for Ejgss from 10 to
90 MeY. The apparent independence of A on relative velocity v' is
consistent with an initial, fast mechanism involving energy dissipation
and mass transport, such as a rapid collective motion resulting in
formation of a neck between the two nuclei.

*Work supported by USERDA. _
1. J. R. Huizenga, et al., Phys. Rev. Lett. 37 (1976) 885.
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POSSIBLE STATIC DEFORMATION EFFECTS IN 8%Kr- AND 8®Kr-INDUCED
REACTIONS ON TARGETS OF i“*Sm AND 15%Sm*

D. G. Raich, A. C. Mignerey, K. L. Wolf, R. L. Boudrie,+ C. T. Roche
Argonne National Laboratory

W. U. Schrdder, J. R. Birkelund, J. R. Huizenga
University of Rochester

V. E. Viola
University of Maryland

As praviously reported! there is an appreciable difference between
the angular distributions of products from Kr-ion induced reactions on
144Sm and 15435m. We have studied this apparent static deformation
effect at laboratory bombarding energies of 470, 600, and 720 MeV,
corresponding to 1.2, 1.5, and 1.8 times the interaction barrier. The
difference is most pronounced at the lowest projectile energy, where
the differential cross-section do/décm of krypton-Tike products at
angles forward of the grazing angle is nearly twice as large from
reactions on highly deformed 13%Sm as from those on spherical 1%4Sm.
The enhanced cross-section is associated primarily with reactions from
which the products are emitted at the relatively low (fully relaxed)
total kinetic energies typical of strongly damped collisions. We can ;
rule out the possibility that this effect is due to a fusion-fission |
mechanism because the yield at very backward angles is, with both
targets, very small (ocf < 300 mb). Despite the difference in angular
distributions, the widths of the product charge distributions are the
same at a given center-of-mass deflection angle 6cm. The results are
interpreted in terms of interaction time differences in a nuclear
diffusion model, where 8¢y gives a good indication of the interaction
time.

Although the angular distributions for both targets are more
similar at the two higher bombarding energies, in all cases the quasi-
elastic geak is lower, broader, and shifted slightly forward in angle
with a 13*Sm target. A quantitative understanding of this effect, and
of the increased forward-angle yield at bombarding energies near the
interaction barrier, should yield information on the shape of the de-
formed nuclear potential near the nuclear surface. Since the wave-
length of the relative motion is small (X & 0.1 fm here), interactions
are calculated in a semiclassical model involving a deformed potential.
Appreciable orientation-dependent differences in the jon-ion potential
occur for a deformed nucleus relative to a spherical one, which
qualitatively explain the observed effects.

*Work supported by USERDA.

TPresent address: Los Alamos National Laboratory.

R. .. Boudrie, et al., Bull. Am. Phys. Soc. 21 (1976) 969.
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Equilibration in Relativistic Collisions

of Nuclear Matter.

J. Randrup and S.E. Koonin+, NORDITA and the Niels
Bohr Institute, DK-2100 Copenhagen, Denmark.

In order to study the equilibration process in
relativistic nuclear collisions, we consider the
collision of two interpenetrating spatially uniform
systems of nuclear matter. For this case we derive
a Boltzmann-like equation which treats exactly the
relativistic kinematics and the exclusion principle;
the nucleon-nucleon scatterings are based on the ex-
perimental cross sections. This dynamical equation
is solved numerically for the evolution of the momen-
tum space distribution from disjoint target and pro-
jectile Fermi spheres to a single thermal distribu-
tion for bombarding energies of 250 MeV, 400 MeV, 1.05
GeV, and 2.1 GeV per nucleon. The spectrum of emitted
nucleons and their correlation are obtained as a func-
tion of the interaction time. The extent to which these
quantities reflect the equilibration dynamics is ex-
plored.

At early interaction times the primary nucleon-
nucleon collisions populate in momentum space a spheri-
cal shell connecting the two initial Fermi distributions.
This is a consequence of four-momentum conservation in
each binary collision. This structure is also reflec-
ted in the two-nucleon azimutal angle correlation func-
tion, which peaks strongly in the back-to-back direction.
As equilibration proceeds, suksequent binary collisions
degrade this early "shell" structure to a thermal dis-
tribution by filling in the hollow interior of the
primary shell. In concert with this process, the struc-
ture in the correlation function relaxes quickly. At
lower bombarding energies (E/A S 1 GeV), the spectra
of the emitted nucleons are therefore not very well
suited to probe the details of the dvnamics. The time
required to reach thermal equilibrium is found to be
about 10 fm/c rather independently of the bombarding
energy although theresults at higher energies are ex-
pected to change when meson production is included.

+) Permanent address: CalTech, Pasadena, Calif., USA.
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Unique Quantization of Adiabatic TDHF
P.G. Reinhard, Inst. f. Kernphysik, Univ. Mainz, D-6500 Mainz, West Germany

K. Goeke, Inst. f. Kernphysik, KFA Jiilich, D-5170 Jiulich, West Germany

The ATDHF theoryl) provides a prescription for the classical

Hamiltonian H% = p2/2M0+V0 of a large amplitude collective motion along a
4

collective path <xi]q> and its dynamical generalization <xi|qp> = (1+ipa)
<xi]q>. Assuming a grouping of the 3A coordinates X; into a collective
coordinate @ and intrinsic coordinates Ei one definesl) the quantized
collective Hamiltonian HC as that quantity which remains after averaging
over all gi:?ic(p,q) = fdQ<pq|Q>HC(Q,P)<ijq>. The <Q|pg> must have the
structure <Q|pg> = (1+ipQ)<Q]g> so that we can determine <Q|g> by identi-
fying the moments fdxi<q|xi>6"<xijq> = [dQ<q]Q>Q"<Q|Q>. If <Q|g> are

Gaussian with a width g, then one can defo]dl)ﬂtc obtaining e.q.

2 s PLeV Pesi gy (1)

_1 1 1
Ho=g [P o+ PP

_y oLl 8
VoV mqg Vot aw; (2)

The M = M0 and the correction terms in (2) correct for the zero point
motion. Eq. (1) is by 110 means an assumption. One can choose any other
kinetic energy which would just give rise to additional subtraction terms

in (2). The Q is explicitly provided by ATDHFL).

Reference:

1) K. Goeke and P.G. Reinhard, peprint Jiilich, 1977, and these proceedings
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INCLUSION OF CORRELATIONS TO THE TDHF~METHOD
P. Schuck, Institut Laue-Langevin, Grenoble, France

It is well known that the TDHF equations correspond to the collisionless
Vlassov equation. We want to show here how one formally can include
collisions and correlations in the case of nuclear physics. We start out
from the exact equation of motion for the density matrix:

§ t p-_p'S ot 1 iHt  + o -iHt
i—p = - )P + = T W <D| e e D>
st%p' = om T Ppp' T2 PPy PPP,P3 | l‘Up'wpl -wmwpz |
| Ht + + -iHt
- L <ple Y ¥ Y Ve |D> w '
2 pppy Py P3 P P P3P,P,P
with pt = <D[exp iHt w+.w exp—th|D> and w the anti~symmetrized two

body iBReraction. The tnifial state ]D> is possibly the solution of a
static HF calculation and in any case not the exact wave function; p wou-
1d otherwise be time-independent since the exact Hamiltonian H of the
system is supposed not to be time=dependent. Assuming that the exact ev-
olution of the wavepacket |w(t)>=c-1ﬂtID> can be approximated at all ti-
mes by a Slater determinant reduces eq.(1l) to the usual TDHF equations.
The question how to go beyond this approximation can be answered in int-

roducing the one body Green's function Gt f = —i<DlT{w (t)wvt(t')}|D>
where the time-dependence of the operatorgp is determingd by c?eﬂpxact
(]

Hamiltonian and the relation with the density is p* ,=-i ,lim G
The difference to the usual is the fact that P t —t>+oPP
this Green function is no longer translationally invariant with respect
to time because we are dealing with wavepackets. Nevertheless it can be
shown that one can derive a Dyson equation
2 tt' + tt, .t t’
(P /2m)c- ¢ =& ,8(t~t") +I_fde, M__* G 1,
PP PP P~ | PPy PP
ator not translationally invariant in time but otherwise defined in the
same way as its invariant counterpart; the only difference being that
the usually static quantities like single particle energies and densities
depend now on time. The lowest order part of M is given by the time-
dependent HF potential. The generalized equation of motion for the
density is then given bg
T
ig—t ot = P /om - P T2myp t, + 2 fdt, [Mttl cf1t+ - 6t Mtlttj
PP PP’ P PP, PP PP, PP
where t, = t+0. The above equation is in principle an exact equation and
is besides the fact that all quantities are not translationally ipnvariant
in time the same as for example the one derived by Kadanoff and Baym.
We are now in a position to derive approximations which go beyond TDHF
in applying the usual many body formalism; for example from the second
order contribution of the mass operator we can derive a Boltzmann coll-
ision integral and arrive at the equation i p - [H F(p),é]= I(p) -
Besides the Boltzmann collision integral generalizations of it as well
as all other current approximations for the mass operator as for example
particle vibration coupling are conceivable.

with a mass oper—
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ENERGY DISSIPATION IN FISSION+

& &%
H. Schultheis and R. Schultheis , Inst. Theor. Phys.,
Univ. Tiibingen, D-74 Tibingen, W. Germany

The dissipation of energy in fission has been studied in a
number of different approaches with contradictory results.
In this work we derive limiting conditions for the internal
excitation energy at scission by relating the potential
energy of the system to the experimental post~scission data.
Numerical results have been determined for the spontaneous
fission of 252Cf and for the thermal neutron induced fis-

2350 by taking into account a two-spheroid scission

sion of
configuration with diffuse surface, nuclear interaction and
Coulomb excitation effects. The resulis indicate low dissi-
pation. The internal plus non-translational collective ex-

citation energy at scission is found to be at most 8 MeV.

i The figure shows the cal-

i iy 2524 culated upper bounds X ax

Ml 3\ of the internal plus vi-

REC “ brational plus rotational
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Creasing separation xmax
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+ . . . "
Supported in part by the Bundesministerium flir Forschung

und Technologie
%
present address: Department of Physics and Astronomy,

University of Maryland, College Park, Md. 20742
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MANY-NUCLEON CORRELATIONS IN 325 M

H. Schultheis“, R. Schultheis“ and K. Wildermuth, Inst.
Theor. Phys., Univ. Tiibingen, D-74 Tiibingen, West Germany

ofa ofe

A. Faessler and F. Griimmer, IKP, KFA Jiilich, W. Germany

. .32
Long-range many-nucleon correlations in

died using soft-core potentials (Brink-Boeker B1 and Volkov

S have been stu-

V1) and alpha-particle-model wave functions. The energy has
been minimized by restricting the cluster positions to con-
figurations with substructures like 160--160, 160--12C~-a

and o -~ 12C'12C'(!.

We find two separate valleys in the potential energy land-
scape that are associated with different types cf correla-
tions in the wave function and two local energy minima that
are analogous to the ground state and isomeric state of ac-
tinide nuclei: The minimum at larger deformation (i.e. lar-
ger guadrupole moment and larger rms radius) is associated
with an 160--160 "fragment" substructure whe-=2as no such
substructure is found in the ground state minimum of 325.

A transition from one valley to the other is energetically
favourable already for small deformations. The correspon-
ding rearrangement between the ground-state type of wave
function and the 160--160 wave function occurs rather ra-
pidly: It is associated with only small changes in the

quadrupole moment and rms radius.

* Supported in part by the Bundesministerium fir Forschung
und Technologie

Present address: Department of Physics and Astronomy,
University of Maryland, College Park, Md. 20742

Present address: Department of Physics, State University
of New York, Stony Brook, NY 11794
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THE CONTINUUM IN HEAVY-ION REACTIONSt
D. K. Scott, M. Bini*  C., K. Gelbke, D. L. Hendrie, J. L. Laville**,
J. Mahoney, M. C. Mermaz**#* , and C. Olmer
Lawrence Berkeley Laboratory, Berkeley, CA 94720

Heavy-ion reactions are often dominated by the excitation of the
continuum. At low energies (<10 MeV/A), the continuum is attributed to
direct or multistep reactions,l) which develop from quasi-elastic to
deeply-inelastic processes depending on the degree of equilibration?).
Peripheral collisions at relativistic energies also lead to a continuum
which has been explained as projectile fragmentation’). We have
studied the transition between these extreme viewpoints by reactions of
'€0 on 2°%pp at energies up to 20 MeV/A and we have compared these re-~
sults with data®) at 2.1 GeV/A.

The energy spectra at 20 MeV/A and 2.1 GeV/A are dominated by the
Fermi motion of the fr —ment in the projectile. However it is not pos-
sible from the energy spectra alone to distinguish between a fast
liberation of the cluster and a slow decay of the excited projectile’/.
Both the spectra and the isotope yields are consistent with emission of
a fragment at a temperature between 7 and 8 MeV, which is close to the
separation energy of a nucleon. Higher temperatures would lead to an
explosion of the fragment. At energies below 10 MeV/A, temperature has
also been a useful concept for understanding yields of isotopes emitted
from a partially-equilibrated dinuclear systems). Temperatures of
2 MeV are typical, varying with incident energy as vEgu-Vgoyul. Our
results suggest that, between 10 MeV/A and 20 MeV/A, the variation with
energy is more rapid or that the dominant reaction mechanism changes
abruptly. The temperature approaches 7 or 8 MeV at 20 MeV/A, with
little subsequent change at relativistic energies. This approach to
the continuum energy spectra could be a useful means of studying the
evolution of the reaction mechanism.

+WOrk performed under the auspices of the U. S. Energy Research and
Development Administration.

1) K. Katori, T. Ishigami, and M. Toyama, Symposiuwm on Macroscopic
Features of Heavy-Ion Collisions (Argonne 1976) Vol. 2, p. 625.
2) J. Wilczynski, Phys. Lett. 47B (1973) 484.
3) D. E. Greiner, P. J. Lindstrom, H. H. Heckwan, B. Cork, and
F. Bieser, Phys. Rev. Lett. 35 (1975) 152,
4) A. S. Goldhaber, Phys. Lett. 53B (1974) 306.

5) V. V. Volkov, Sov. J. Nucl. Phys. & (1976) 420.
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NATO Fellow, on leave from University of Florence, Italy.
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Theory of Strongly Damped Collisions with Transfer as a
Random Process

*
A. Sherman and D. Sperber ,+Bensselaer Polytechnic Institute,
Troy, New York, M. I. Sobel , Brooklyn College, Brooklyn,
New York and J, P, Bondorf, Niels Bohr Institute, Copenhagen,

The purpose of this model is to suggest a dynamical model
for heavy ion collisions which incorporates the effect of the
considerable transfer, as observed experimentally. Previously,
transfer and dynamics have been studied independently. Presently
the transfer is included as a random process, During the time
target and projectile interact strongly transfer with a probability
of 1/2 in both directions is allowed at specified time intervals.
If there is no transfer the integration of the equation of motion
continues, if transfer occurs the potentials are adjusted and
the integration continues. The equations of motion are integrated
many times for a number of impact parameters. Even for one
impact parameter the random transfer leads to a distribution
of the scattering angle, mass, charge and final energy. The
effect is enhanced when many impact parameters afe igcluded.
Very good agreement is obtained with experiments 1,2) of the
RAMM group for Kr + Bi at 600 MeV and Xi + Bi at 1130 MeV.
The feedback of the transfer on the dynamics is demonstrated.
A comparison with diffusion theory is made. The effects of
correlations and isospin equilibration are discussed.

*
Supported by United States Energy and Development Agency

"Partially supported by a grant from the City University
and a NATO Fellowship.

1) K. L. Wolf et al. Phys. Rev. Lett. 33, 1105 (1974).

2) W. U. Shroder et al. FPhys. Rev. Lett. 36, 514 (1976).
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ANALYSIS OF RELAXATION PHENOMENA IN DEEPLY INELASTIC HEAVY
ION COLLISIONS*)

G. Wolschin and W. Ndrenberg

Institut fir Theoretische Physik der Universitdt and
Max-Planck-Institut fiir Kernphysik, Heidelberg

The transfer of mass, as well as the dissipation of relative
kinetic energy and relative angular momentum in deeply in-
elastic heavy ion collisions have been studied as functions
of time. Angular momentum dependent mean interaction times
are calculated in & classical model. To determine the angle
of rotation of the composite system, a parametrized deflec~
tion function is constructed from the experimental angular
distribution via the classical relation between the cross-
saction and the deflection function. Both energy and angular
momentum dissipation as inferred from the experimental
energy loss are taken into account in the calculation of the
interaction time. The model is applied to determine mass
transport coefficients from experimental mass, or element
distributions. The resulting mass drift end diffusion co-
efficients vy ,D, are accurate within less than 30%. They
compare well with the systematics obtained from the micros-
copic transport theory [1], as well as with other recent
experimental results [2,3). The experimental relation be-
tweer energy loss and variance of the element distribution 4
is used to determine both the rate of kinetiec energy, and
angular momentum dissipation [5].

t W. Norenberg, Z. Physik A2T4(1975)241 and A276(1976)8%
S. Ayik, B. Schiirmaenn and W. Norenberg, Z. Physik A27T7]
(1976)299 and A279(1976)1L5

2 L.G. Moretto and R. Schmitt, European Conference on

Nuclear Physics with Heavy Ions, Caen (1976),

J. Phys. C5(1976)109

W.U. Schrdder et al., preprint 1977

J.R. Huizenga et al., Phys.Rev.Lett. 37(1976)885

5 G. Wolschin and W. Ndrenberg, Proc. Int. Workshop on
Gross Properties of Nuclei and Nuclear Excitations V,
Hirschegg 1977 and Z. Physik, to be published

& W

+ Work supported by the "Gesellschaft fiir Schwerionen~
forschung", Darmstadt, and by the "Bundesministerium
fiir Forschung und Technologie”, Bonn.
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The Mass Transfer in the Collision 238U—238U

S. Yamaji, K.H. Ziegenhain, H.J. Fink, W. Greiner

Institut flir Theoretische Physik, Universitdt Frankfurt, Germany

W. Scheid, Institut fiir Theoretische Physik, Universitit Giessen, Germany
The mass transfer in heavy-ion collisions can be treated with the col-

lective fragmentation coordinate which is defined by the ratio of nucleon
numbers n=(A1-A2)/(A1+A2) when the nuclei are seperated. When the nuclei
overlap, the coordinate becomes continuous and is defined by the ratio
n=(V1—V2)/(V1+V2) of nuclear volumes. The Hamiltonian for the scattering
of two nuclei contains the kinetic energies of the relative motion and
mass transfer motion and the potential V(R,n) which is depicted in Fig.1
for A=476 nucleons. The potential is assumed to depend on temperature
which smoothes the shell effects out (dashed curves in Fig.1). The rela-
tive motion is treated classically whereas the mass transfer probability
is computed with the wave function ¥(n,t) solving the time-dependent
Schrddinger equation which depends on the relative coordinate ﬁ(t). In
Fig.2 we vresent the time evolution of the 238U—238U scattering for vari-
ous sharing ratios f of the thermal excitation energy to the energy loss
in the radial motion which is caused by friction. The times T are given in
units of 10"23 sec. For small values of f an appreciable amount of mass
is transferred to the region of superheavy nuclei (n~0.3).
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SCHROEDINGER EQUATION OF A DISSIPATIVE CRANKING POTENTIAL
Kunio YASUE
Department of Physics, Nagoya University, Nagoya, Japan

Recently the cranking model has been brought into new
consideration by Hofmannl) with the aim to approach to nu-
clear dissipative phenomena such as heavy-ion collisions.
He derived a thermodynamical equation with respect to the
shape of a mean nuclear potential caused by the cranking

model as follows:
m(Q,T)d = —( )T - ¥(Q,M4, (1)

where Q(t) characterizes the shape, F=F(Q,T) denotes a
free energy of the system, T a temperature of the system
and m and ¥ represent "“inertia" coefficient and "friction"
coefficient respectively.

However, Eq.(1l) is purely classical, so that it seems
desirable for us to derive its quantum theoretical wversion
in order to treat such nuclear phenomena, Since the system
is dissipative, the conventional procedure based upon the
Hamiltonian formalism is not possible.

Hence, following the stochastic guantization method
used in our previous papers2 3 , we can derive the corre-
sponding non~linear Schrddinger equation

2 a2
rhat'l,//_ ['fl 5{%2_+F+%—mtﬁ log@—]'l/, (2)

under the assumption that m and ¥ are slowly varying vari-
ables, where YW = 1W(Q,t) denotes a probability amplitude
and 1 Planck's constant divided by 2T .
References 1) H. Hofmann, Phys. Lett. 61 B (1976) 423,

2) XK. Yasue, J. Stat. Phys. 16 (1977) 113,

3) K. Yasue, Phys, Lett., 64 B (1976) 239,
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POLARIZATION OF NUCLEAR WAVE FUNCTIONS IN HEAVY ION REACTIONS
L. A. Charlton, G. Delic, N. K. Glendenning, K. Pruess
Lawrence Berkeley Laboratory, Berkeley, CA 94720

Most direct reactions between heavy ions can be interpreted in
terms of a transition between shell model states of the isclated nuclei
with the transition amplitude calculated in DWBA or, when important
multiple step transitions through low-lying collective states are

important, in CCBA. There are some ex-
perimental measurements however that can-
not be so interpreted.1 They exhibit

a systematic discrepancy with the three
features, 1) for weakly bound states the
angular distribution is shifted toward
smaller angles than expected, 2) the
shift grows with decreasing binding for
a sequence of levels in the same nucleus,
3) the magnitude of the shift decreases
as the bombarding energy increases.
These three features are expected if the
weakly bound state is modified by the
field of the other nucleus.?) To assess
whether the magnitude of the effect pro-
duced by such a wave function polariza-
tion is comparable to that observed, we
have employed the two-center shell model
to generate polarized states®) in 2°%Bi
as a function of distance of the polar-
izing nucleus 1. Transitions to these
states are computed in DWBA. The trend
of growing shift with decreasing binding
is reproduced as is the approximate mag-
nitude of the shift (v15°). The calcu-
lation can be understood as the lowest
order approximation to a dynamical
process involving transitions through

a large number of high-lying states in
the Bi nucleus.”

1) K. S. Toth et al., Phys. Rev. Cl4, (1976)
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Fig, 1. Cross sections
to a sequence of states
showing systematic growth
of discrepancy of DWBA
(dashed) and improvement
due to polarization cf
the wave function.

1471.

2) G. Delic, K. Pruess, L. A. Charlton, and N. K. Glendenning, Phys.
Letters (in press) and Argonne Symposium on Macroscopic Features

of Heavy Ion Collisions IT (1976) 723.

3) P. Lichtner, K. Pruess, this conference.

4) K. Pruess, this conference.
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CALCULATIONS OF SINGLE PARTICLE POLARIZATION
USING A REALISTIC TWO-CENTER SHELL MODEL

P. Lichtnzr, University of Maryland, College Park, wu. 20742, ani
K. Pruess, Lawrence Berke.ey Laboratory, Berkeley, Ca. 94720.

It has been proposed recently that, in “slow" nucleus-nucleus collisions,
the single particle states which participate in gquasielastic reactions

will be modified or polarized due to the proximity of the approaching

1), 2)

niacleus and its force field. W have estimated the time evolutioa

of polarization within a simple two-state approximation and have found
that typlcal direct interastion times often allow for strong polariz-
ation to develop. Extanding thz work of ref. 3) we have investigated the
polarizatioa of single particle states in the adiabatic (= static nuclei)
1limit, using a realistic two-center Woods-Saxon potential.

00 An example of our results is dis-
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The polarization is seen to generally increase with decressing binding.

Suparimposed on this trend are resonance effects, when two levels in

the colliding nuclei are closa.

References.

1) K. Pruess and P. Lichtaer, Nucl. Phys. A269(1976)252.

2) G. Delic, K. Pruess, L.A. Charlton., and N.K. Glendenning, in press
in Phys. Lett. and preprint LBL ~ 5074.

3) K. Pruess, Nucl. Pays. A278(1977)124.
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ADIABATIC APPROXIMATION FOR TWJ~STEP PROCESSES IN HEAVY-ION INDUCED TRANSFER REACTIONS.

K. Pruess, Lawrence Berkeley Laboratory, Berkeley, Ca. 94720.

Rearrangement reactions involving polarized single particle states cen be viewed as
indirect processes via a large number of excited intermediate states, each of which
contribiutes weakly and coherently.l) Restricting ourselves to two-stip processes ths

amplitude for any one of the indirect transitions can be written in a rather obvious

notation as

- ~ T3] ~

T o o < T GIVIR) Gy (BIVIIIXSD (1)
® and (3 denote eatrance and exit channel partitioas, respactively, and otlLer quantum
numbers. For one-nicleon transfer the intermediate internal motion state d%;differs
fron Q@ in that the transferred nucleon is in an excited state (bound or unbound)
with energy 83-. Gé+) - (Eéf) - ]-1‘3)_l is the Green's operator for the intermediate
channel P in which the relative motion energy is EPI =E ~ £¢. HP e Th+ Up is the
optical model Hamiltonian appropriate for the exit channel. Round brackets indicate

integration over internal coordinates.

T may be decompos=d into two parts, T = TP + TQ, by inserting an identity opzrator
+

in the form L = P + Q to the left of Gé ) into eq. (1). P is a prujection operator

waich is expressed in terms of eigenstates lEi,A> s HP and is chosen to contain

oaly states with (adiabaticity condition)

‘Ei = Ep\ < lEﬁ‘ €PJ (2)
Expanding Géf) in a straightforward way TP can be written in the form of an "adiabatic
series" o (¢ |\7| | M- -
F IR G o B A R o A B TR R IAT T R
-l; —)P"-*ﬁ - ‘n.Z:O pl Cp - Eeu 8,3- Egl o ¢“ |X0( > (3)

The zeroth-order term (n=0) is the adiabatic or static limit. It has the form of a
one-step transfer amplitude to a "polarized"state with the polarization amplitude
identical to thz familiar expression obtainzd in first order stationary perturbation
theory.l) Higher order terms are small and converge fast if the (local) momsntum in
Xg-) is small and/or if the matrix element (Qj@ﬂ@,) varies siowly as a function of
the relative motion vector g Numerical exsmples show that Ve preferably induces
transitions with small momentum exchenge. Hence the cutoff eg. (2) is not severe for
many relevant intermzdiate states, and TP as given by eq. (3) may actually often be

a good approximation for the whole T.

1) K. Pruess, Nucl. Phys. A278(1977)12k4.
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