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QUANTUM FIELD THEORY AND SYMMETRIES
IN NUCLEAR PHYSICS

AM.Baldin

Nuclear physics embraces a wide area of knowledge ranging from fundamental
problems of matter structure up to the origin of the universe. Applied aspects of this
science bear a direct relation to the most urgent problems of people's life — ecology
and energetics. The present talk deals with one of these aspects, namely, a possible
description of the properties of nuclear matter by means of the methods of modern
mathematical physics which N.N.Bogoliubov has greatly contributed to.

The investigation has been performed at the Laboratory of High Energies, JINR.

Квантовая теория поля и симметрии в ядерной физике

А.М.Балдин

Ядерная физика охватывает широкую область знаний от фундаментальных про-
блем структуры материи до происхождения вселенной. Прикладные аспекты этой
науки имеют прямое отношение к наиболее актуальным проблемам жизни людей —
экологии и энергетики. Настоящее сообщение посвящено одной из сторон ядер-
ной физики, а именно возможности описания свойств ядерного материи на основе
современных методов математической физики, в которую Н.Н. Боголюбовым был
внесен большой вклад.

Работа выполнена в Лаборатории высоких энергий ОИЯИ.

The problem of describing nuclear processes, like all other physical processes, is solved
on the basis of the construction of the space of defining the parameters linking real physical
objects. Nuclear physics originates from the discovery of the Mendeleev Periodic Law
in which the parameters: atomic weight A and charge Z, play a fundamental role in the
description of atomic properties. The proton-neutron structure of all the nuclei, including the
synthesized ones, is given in the Figure, as a function of the parameters A-Z and Z. The
creation of quantum mechanics has resulted in the introduction of the quantum parameters
of the ground and excited states of atomic nuclei. Later on, it was found that it was
necessary to introduce the concept of non-nucleon degrees of freedom, as well as the concept
of quark-gluon or colour degrees of freedom of nuclei. Then, the idea itself that matter
consists of elementary particles has undergone essential changes. However the idea that the
primary concept of physics is the concept of space has kept its fundamental importance. The
comparison of the defining parameters' space with the mathematical one is the essential point
of the construction of mathematical models.
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Complicated real physical situations require simplified descriptions and determinations
of the region of validity (measurability) of the introduced concepts. We have to define the
region of applicability of the concept «elementary particle». By tradition, the elementary
particles are taken to mean indecomposable structure constituents of matter. This concept
has been formed in a close connection with the idea about the discrete structure of matter at
the microscopic level. When constructing models, the elementary particles are thought of as
absolutely identical and their ensembles are described by the quantum fields which are just
the basis of the mathematical space of a model. However quantum field theory is successfully
applied to both particles possessing inherent structure and decomposable objects, for example,
helium atoms at low temperatures.
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In atomic physics, the criterion that restricts the applicability of such an approach is the
smallness of the kinetic energy of relative motion in comparison with the energy of the first
excited level of the atom. In the opposite case, the interaction of atoms with one another
results in a violation of the identity and it becomes necessary to enlarge the parameters'
space. A relativistic generalization of the criterion of applicability of the concept «elementary
particle» can be obtained by using the four-momentum conservation law p\ +P2 = Рз +р*'.

From the definition of the threshold for the creation of an excited state of one of the
colliding particles we have

(Pi + P2)2 = (Рз + P*)2 = (m + m*) 2



\2 ( m ~ m*) Гл тп — m"
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from where

bi2 = -(«i - u2)
2 = ^ 4 4 + « 1 . (1)

тп- [ тгг J
Here, m are the masses of the identical particles, and m* is the mass of the excited state,
Pi,P2, Рз, and p* their momenta, respectively, № = ^r — the four-velocity vectors.

The four-velocity space is fundamental for describing relativistic multiparticle production
processes. The criterion (1) is formulated in terms of invariant, dimensionless and measurable
quantities, it does not involve parameters like the particle size, the degree of pointlikeness,
the spacing, and so on.

On the basis of the criterion (1), we obtain the following classification of the nuclear
systems:

— The region 0 < bik < 10~2 corresponds to nonrelativistic nuclear physics. Nucleons
can accurately be treated as elementary particles.

— The region bik ~ 1 corresponds to excitation of the internal hadron (isobar, resonance)
degrees of freedom. It is necessary to introduce non-nucleon degrees of freedom — the field
quanta different from nucleon ones.

— The region bik > > 1 corresponds to dominance of quark and gluon fields, that is, of
quanta carrying color.

Values bik ~ Ю~9 characterize atomic physics. Here, for example, helium atoms lose
electrons and are transformed from bosons into fermions. In relativistic nuclear physics, one
collision process involves all relative velocities bik and, respectively, very different quanta.

Particle and nuclear physicists use the basic theoretical framework to describe the behavior
of quantum system in quantum field theory. A basis for the Hilbert space of the system of
arbitrary numbers of particles is composed of the following states:

\O) the «no particle» state
\p) the «single particle» states
\p\ рг) the «two-particle» states

\p\ ... PN) the «N-particle» states

The norm of this Hilbert space is

= (2ТГ) 6 2Я Р 1 2ЯР 2 {53(P l -pi)* 3 (p2 -p'2) +53(Pi -Рг)* 3(Р2 - p i ) }

and the obvious generalization to the other states. This Hilbert space is called a Fock Space.
A general state in this space is

21

A more convenient notation is to label the states by N(p) which «counts» particles with
momentum p
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that can be expressed by introducing the creation and annihilation operators as basic operators
from which we shall construct all observables

[aP,a%,} = (2тг)32£53(р - p')

N{p) = a+ • aP,

at, creates an extra particle and ap annihilates particle with momentum p

[N(P),a+](2n)363(p-p')-2EP-a a+

p.

From these definitions it follows that an ensemble consisting of massless particles pos-
sesses a mass. For example, the eigenvalue of the operator of the four-momentum of a system
consisting of two photons with momenta k\ and k2 is

and

P " • Р„ = (*i + k2)
2 = 2 ( * ! • k2)

Experimentalists measuring the mass of a neutral -к meson decaying into two photons
have been knowing this fact for a long time. Another example is the discovery of the electron-
positron pair production which has made it possible to define the «positive electron» mass
and has signified the necessity of expanding the Fock space to electron field quanta, that is,
the creation of the Maxwell-Dirac electrodynamics (QED).

In nuclear physics, the introduction of color fields*, the quanta of which have a negligibly
small mass, has made the Fock space as a basis for constructing quark models (quark-parton
model, models on the light cone, and so on).

The obtaining of the color field Lagrangian on the basis of gauge symmetry has resulted
in the formulation of quantum chromodynamics (QCD). However, the analogy between QED
and QCD is far from being total. The auxiliary conditions which are to be imposed on the
solutions of the Eiler-Lagrange equations are cardinally different in QCD and QED. Most of
all, this concerns the definition of the quark and gluon asymptotic states. Without additional
hypotheses on the boundary and initial conditions, on the quark-gluon structure of hadrons,
and on the transformation of quarks and gluons into hadronic jets it is impossible to connect
QCD with observable processes.

In solving differential equations it is necessary to take into account the properties of the
space as a whole. In nonlinear models, to which QCD is attributed, mere arise extended
localized structures: solitons, vortices, instantons, skyrmeons, and so on.

In the 1930's and 1940's L.S.Pontrjagin and other mathematicians have discovered,
without undergoing the influence of physical models, interesting topological invariants playing
an ever-growing role in the modern physics.

Merging of the newest areas of mathematics and theoretical physics enables us to hope
that, along this way, one will succeed in finding an approach to nonperturbative solutions of
QCD.

*See the talk of N.N.Bogoliubov at a general meeting of the Academy of Sciences of the USSR on March
1985, JINR Communications D2-85-206, Dubna, 1985.
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The perturbative QCD solutions are based on a specific dependence of the «invariant
charge», discovered by N.N.Bogoliubov and D.V.Shirkov [1] and unhappily named «running
coupling constant», on the momentum transfer. The decrease of the running coupling constant
at large momentum transfers predicted theoretically and confirmed by experiment has given
rise to a very important concept — «asymptotic freedom». Unlike the invariant charge,
topological invariants are not the invariants of the Lee group. However both are additional
conditions on the solutions.

The topological integral of motion is a particle number N in dynamics where the processes
of production and annihilation of new particles are eliminated. This law of conservation is
important in nonrelativistic nuclear physics.

As a hypothesis about the properties of the solutions of statistical physics N.N.Bogoliubov
has formulated the correlation depletion principle [2]. The principle is based on the intuitive
idea that the correlation between spatially separated groups of particles of a microscopic
system practically vanishes. The correlation depletion principle was successfully applied to
the development of the theory of ferromagnetism, superfluidity and superconductivity. Also
it is possible to formulate the notion of quasi-averages and the properties of the solutions
that afterwards were given the name of spontaneous symmetry breaking. It is interesting
that the well-known attempt of Dirac to formulate a relativistic theory of dynamical systems
[3] led him to the realization that it was possible to state only the necessary but not the
sufficient conditions for this theory to exist. At the end of his remarkable article, Dirac
writes, «Some further condition is needed to ensure that the interaction between two physical
objects becomes small when the objects become far apart. It is not clear how this condition can
be formulated mathematically». Bogoliubov's correlation depletion principle is formulated as
an asymptotic form of the Green functions as universal (independent of the specific features of
the system) linear form from averages of the product of field functions. This principle gives
mathematical formulation for the additional condition of the relativistic theory (Poisson's
brackets) developed by Dirac.

In Refs. 4, 5 the correlation depletion principle is formulated in both the relative four-
velocity space and the Lobachevsky space. The application of this principle to quantum
chromodynamics of large distances (or, more precisely, of small relative velocities), to the
description of multiple particle production processes, and, particularly, to relativistic nuclear
physics was found to be especially productive. In these areas, the perturbative approach does
not work, thus hypotheses of a fundamental character, i.e., auxiliary conditions, are needed.
A collision of relativistic nuclei results in the production of many particles, and the interaction
picture is very complicated. Both nucleon and quark-gluon degrees of freedom participate in
the same collision. The number of the parameters of the problem is extremely large, and it is
particularly important to discover the invariants.

Relativistic nuclear physics that was born at the beginning of the '70s at Dubna became
one of the most intensively developed areas of high-energy physics in many laboratories
of the world. The discovery of the laws of relativistic nuclear physics is a part of the
general search for the laws describing relativistic multiparticle systems. These problems
were studied by outstanding scientists of the 20th century. The first studies were devoted
to the transport equations which allowed the formulation of the thermodynamic properties of
dilute relativistic multiple systems. The great success of quantum field theory in describing
multiparticle systems on the basis of the Hamiltonian method has not resulted however in
great progress in the development of the problems of relativistic nuclear physics.
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In Refs. 5, 6 it is shown that the approach to relativistic nuclear physics based on the
geometry of velocity space and the hypotheses about the asymptotic nature of the laws in
this space allows us to put in order an enormous amount of experimental data and make
quantitative predictions. Some of these predictions make many experiments on huge acceler-
ators unnecessary and even condemned to failure. The methods of symmetry of the solutions
utilized in these papers are analogous to the methods of the mechanics of continuous media.

In the case of relativistic nuclear physics, the defining parameters are the cross sections,
quantities derived from them, and the invariant dimensionless intervals in relative four-velocity
space \ii = Pi/ггц\ u° = Ei/mf.

bik = -{щ - uk)
2 = 2 {{щ •чк)-1} =

• m k

As far as the energies Ei and the momenta p, are linked by the known relation E2 — p? =
= m2, then (щ)2 = (uo)2 — (щ)2 = 1. Instead of the four-dimensional space it is possible
to introduce a three-dimensional one with a fourth coordinate expressed in terms of the other
three:

+и1 + и2

у+ч1. (2)

This equation is a two-sheeted hyperboloid. The geometry on the surface of the hy-
perboloid is the geometry of the three-dimensional Lobachevsky space, analogous to the
geometry on the surface of a sphere. The interval between the points on the surface of a
sphere is given by the cosine of the angle of the great circle, and the interval on the surface
of the hyperboloid is given by the hyperbolic cosine of the rapidity

г ОС1 1

The relation between the intervals bik and p.lk is of the form:

Ьгк = 2 \{щ • uk) - 1] = 2 [c/iftt - 1].

The number of the parameters of bik is n(n — l)/2. The most complete description of the
final states of nuclear collisions is connected with the use of triangulation and the construction
of polyhedra in velocity space.

The introduction of the variables Nj and Nu characterizing the effective numbers of
particles participating in the collisions of nuclei I and II has proved to be very productive.
In a wide interval of relative velocities, the additional variables Nj and NJJ turned out to be
continuous and smooth.

The invariant that is employed to express a large number of the laws of relativistic nuclear
physics has the meaning of the minimal mass

min [mQ(uiNi +UJINU) j = 2mo#

under the condition of conservation of four-momentum:
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Here, uj and UJJ are the four-velocities of the nucleus as a whole, mo is the mass of one
nucleon. The introduction of the single self-similarity parameter (invariant)

ЛЛ}+ВД2 (3)

allowed a quantitative description of the cumulative effect, deep subthreshold, near-threshold
phenomena, and antimatter production in nucleus-nucleus collisions. Of special interest is
the prediction, on this basis, of the results of future experiments on nuclear colliders that are
presently being designed.

Building of nuclear colliders and huge detectors is motivated by the possibility of ob-
taining at bjjr » 1 of an extremely excited nuclear matter — quark-gluon plasma. The
quantitative predictions based on the dependence of the cross sections upon the invariants (3)
make it possible to conclude that the hopes for obtaining dense and hot matter in heavy ultra-
relativistic nuclear collisions will not be realized (see the talk by A.I.Malakhov at a Parallel
Session of Bogoliubov's Conference in Dubna (1999)).

The best studied domain of nuclear physics that corresponds to nucleon relative motion,
characterized by the criterion 6^ < 10~2, contains a large amount of theoretical approaches
(models), results and research goals. In a nonrelativistic approach, the nucleus is through of
as a system, consisting of a definite number of nucleons.

The Hamiltonian of a nonrelativistic nuclear physics is of the form:

V(fJ2-ППЩ^+а^,,
hf hhfifi

where a t and a/ are the nucleon creation and annihilation operators, / is the set of quantum
numbers describing the nucleon state, and Л stands for the chemical potential.

Using geometric, kinematic and dynamic symmetries one succeeds, to a large extent, in
putting in order the nuclear level system and essentially simplifying the finding of the solutions
describing a broad spectrum of phenomena of nuclear physics. The Hartree-Fock variational
method is one of the fundamental approaches to the study of the many-body problem. This
method is used to find the energy minimum with the aid of a class of one-particle wave
functions. In this case, pairing and more complicated correlations are not taken into account.

N.N.Bogoliubov has suggested a new variational principle, a natural generalization, of the
Hartree-Fock method. According to Bogoliubov's method, the energy minimum is found with
the aid of a wider class of functions: — in addition to the one-particle wave functions, the
wave functions of pairs of particles are taken into account. The method, named the Hartree-
Fock-Bogoliubov method, was discussed at a Parallel Session of Bogoliubov's Conference
(Dubna, 1999) devoted to nuclear physics.

Special attention should be given to the influence of Bogoliubov's ideas and methods
on nuclear physics. In Ref. 7 Bogoliubov has suggested that the mathematical methods,
developed in constructing the superconductivity theory are very general and may be applied
to the description of nuclear matter. This idea has initiated the study of the effect of
superfluidity on the description of the ground and excited nuclear states. Later on, it was
shown that the superconducting pairing correlations are of great importance in medium and
heavy nuclei. At the Conference devoted to the centenary of the discovery of Mendeleev's
Table (Tokino-Roma 15-21 September 1969), in his talk, Bogoliubov has described the main
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results obtained by V.G.Soloviev and his colleagues concerning the development of the nuclear
superfluid model. There are also given concrete physical results based on experimental data.
(For review see [8]).

Bogoliubov's idea about the existence of bosons in the nucleus and about a possible
consideration of the ground states of even-even nuclei as boson condensates was further
developed as applied to supersymmetry in nuclear physics [9-10].

The supergroups are relevant to mixed systems of bosons and fermions. The bosons are
the low-lying collective degrees of freedom of a heavy nucleus. Six dynamical bosons, namely
scalar, / = 0, (called s) and quadrupole, 1 = 2, (called d) are assigned to the six-dimensional
representation of U(6). The boson creation and annihilation operators are:

bi(ba), a = l, . . . ,6. (Bogoliubov's bosons)

The 36 generators of U(6) are:

The dimension of the fermionic degrees of freedom is m = ^ ( 2 j j + 1).

For the shell 50-85
j = 5/2, 7/2, 11/2, 3/2, 1/2.

The creation and annihilation operators for fermions are denoted as

The m2 generators of U{m) are:

The mixed problem of bosons and fermions is described by the Hamiltonian

a,a'

r(F)

2L,
ii' ,kk'

The supergroup appropriate to nuclear problems appears to be U(6/m) in the matrix
form

b+b b+a
a + b a + a

The Bose sector of the algebra is £/ (B)(n) x t / ( F ) (m).
If the supersymmetry scheme applies, all states in the supermultiplet should be described

by the same energy formula corresponding to the chain of subgroups:

C/(6/4) D f/(B)(6) 0 t / ( F )(4) D SOiB](6) © SU{F){4) D

D spin(6) D sjrin(5) D spin(3) D spin(2).
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In quantum field theory and particle physics, supersymmetry implies somewhat different
mathematical constructions. Search for supermultiplets uniting bosons and fermions brings
these concepts together. Nevertheless, Yu.A.Gol'fand, one of the discoverers of supersym-
metry, in his paper «Supersymmetry» published in Physical Encyclopaedia, remarks that the
prefix «super» in this word bears no semantic load at all. In nuclear physics, supermulti-
plets are found among the low-lying levels of complex nuclei. Search for supermultiplets in
the elementary particle physics is the most difficult and extremely expensive problem of the
high-energy experimental physics.
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MULTIFRACTAL ANALYSIS OF AFM IMAGES OF Nb THIN FILM
SURFACES1

M.VAltaisky, L.P.Chernenko, V.M.Balebanov2, N.S.Erokhin2,
S.S.Moiseev2

The multifractal analysis of the atomic Force Microscope (AFM) images of the
Niobium (Nb) thin film surfaces has been performed. These Nb films are being used
for the measurements of the London penetration depth of stationary magnetic field by
polarized neutron reflectometry. The analysis shows the behavior of Renyi dimensions
of images (in the range of available scales 6-2000 nm), like the known multifractal
p-model, with typical Hausdorff dimension of prevalent color in the range of 1.6 — 1.9.
This indicates the fractal nature of film landscape on those scales. The perspective of
new mechanism of order parameter suppression on superconductor-vacuum boundary,
manifested in anomalous magnetic field penetration, is discussed.

The investigation has been performed at the Frank Laboratory of Neutron Physics

and at the Laboratory of Computing Techniques and Automation, JINR.

Мультифрактальный анализ изображений
поверхности тонких ниобиевых пленок,
полученных на атомном силовом микроскопе

М.В.Алтайский и др.

Выполнен мультифрактальный анализ изображений поверхности тонких пленок
Nb, полученных на атомном микроскопе. В диапазоне масштабов неоднородностей
£ = (6 — 2000) нм обобщенные размерности Реньи имеют зависимость от их порядка
аналогично р-модели каскадных процессов с хаусдорфовой размерностью изолиний
превалирующего цвета Do = 1,6—1,9, что указывает на существенно фрактальный
характер поверхности. Рассмотрено влияние фрактальности поверхности пленок
на глубину проникновения магнитного поля Но в проводник. Для сверхпроводни-
ков глубина проникновения возрастает с увеличением фрактальной размерности. В
связи с этим обсуждается возможность подавления параметра порядка на границе
сверхпроводник-вакуум.

Работа выполнена в Лаборатории нейтронной физики им. И.М.Франка и Лабо-

ратории вычислительной техники и автоматизации ОИЯИ.
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2Space Research Institute RAS, Profsoyuznaya 84/32, Moscow, 117810, Russia
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1. INTRODUCTION

The thin, with thickness from 1000 nm to a few atomic layers, metallic films are being
extensively used in different branches of science and technology. Their properties are being
studied, both experimentally and theoretically, in relation to the superconductivity problems
[1], quantum electronics, compact energy sources [2] and so on. The thin film preparation
is a high technology process which requires a precise control of the deposition condition
and the resulting layer parameters. The existing deposition methods, including magnetron
puttering, an electron beam evaporation, molecular beam epitaxy and others, being based
on nonequilibrial processes, yield thin films with surfaces rough at nanoscales. This is
microroughness. Since the typical microroughness scales are comparable to the scales of
quantum processes occurring on the boundary of the films, the surface structure may and does
affect such processes as the anomalous magnetic field penetration [1], anomalous increasing
of electron emission (the Schottky effect), optical effects [3], the neutron reflectivity, etc. All
these processes, as well as unequilibrium deposition and relaxation processes, are essentially
fractal [3-5], and that is why the fractal analysis of the resulting surfaces is most perspective
here.

In this paper we present the results of fractal and multifractal data processing of the
AFM images of Nb superconducting thin films used for polarized neutron reflectometry.
The experiments have been performed at the Frank Laboratory of Neutron Physics of JINR
since 1989 and devoted to the study of anomalous penetration of magnetic field H o into
the superconducting layer. The results of experiments [1] indicate the penetration depth
of the magnetic field about 90 nm, which is roughly twice as great as standard theoretical
estimation [6].

The typical scale of the Nb thin film surface inhomogeneity, estimated by neutron meth-
ods, is in the range of (0.5 - 10) nm, therefore the Atomic Force Microscope capable of
resolving such scales was used. The visual analysis of AFM images clearly displays the het-
erogeneous cluster structure, see Figs. 1,2, with typical cluster size of about (20 — 70) nm for
different samples. For quantitative study of the images we calculated the fractal (Hausdorff)
dimension with respect to the prevalent conditional color for each image and the spectrum of
Renyi dimensions also.

The remainder of the paper is organized as follows. In Sect. 2 we recall the basics of
multifractal formalism. In Sect. 3 the results of the multifractal analysis of the images are
presented. In Sect. 4, based on the ideas proposed in [7], we consider the possible increasing
of magnetic field penetration due to the effective increasing of the metal-vacuum bound surface
area for fractal (d > 2) surfaces. In Conclusion the possible technological applications of the
results obtained and further development of the methods used are discussed.

2. MULTIFRACTAL FORMALISM

Simple box-counting method N(S) ~ 6~d relates the dependence of the number of cells
required to cover a geometrical object to their size 5. This is sufficient to describe smooth
sets, such as lines and surfaces, and universal fractals (which have the same dimension
anywhere), but is unfair to the objects with variable characteristics. First of all, the box-
counting formalism prescribes the same weight 1 to the cells with only one point inside and
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Fig. 1. The AFM image of the 700 nm (in the average) thick Nb-film. The film was prepared in Particle
Physics Laboratory of JINR by electron beam evaporation. The neutron reflection roughness is 8 nm.
The conditioned colors indicate the height range (0 — 40) nm (from dark-red to light-red, respectively).
The AFM average roughness is 6.7 nm, which is in good agreement with neutron reflection estimation

that densely populated. To distinguish between these two polarities it was suggested [9] to

use weighted curdling measure

Md{q,5) = У {^5 ~ S ~T(q>, (1)

where щ = Щ- is the ratio of the pixels of the given color whithin the ith cell to the total

number of pixels of this color. The function r(q), which is the scaling exponent of the qth

moment of the measure fi, is often referred to as the mass exponent. For practical purposes,

instead of direct calculation of the measure (1), an analog of box-counting method can be

applied. First, the «partition function»

) = Y* IA ~ &~T{<1) (2)

is calculated in the same way as in standard box-counting method, and than the logarithmic

slope of the graph N(q,S) versus S gives the Renyi dimension Dq = r(q)/(l — q) (also

introduced by Grassberger and Procaccia [8]):

1
lim

lnN(q,5)

— 1 S^Q lnd
(3)

The multifractal formalism was first successfully applied in physics to the description of

cascade processes in hydrodynamic turbulence, for example, it is the so-called p-model [10].
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Fig. 2. The AFM image of the 265 nm (in the average) thick Nb-film. The film was prepared in Particle
Physics Laboratory of JINR by electron beam evaporation. The neutron reflection roughness is 0.5 nm.
The conditioned colors indicate the height range (0 — 37.5) nm (from dark-red to light-red, respectively).
The AFM average roughness is 0.7 nm, which is in good agreement with neutron reflection estimation

Remind it briefly. The p-model describes a nonequal sharing of the energy flux from a
large eddy of size I to 2d small ones of size 1/2, where d is space dimension. The simplest
hypothesis is that a pi fraction of the energy goes to one half of them and a fraction p2 — 1—Pi
goes to another half. The qth moment of the energy dissipated by the eddies of a given size
I can be used as a measure

(4)

where L is the maximal size of the eddies the process start with. For the nth stage of the
process there will be all possible eddies

Ei = p™~mp™ Ei,m<n, 1 = L/2n,

and hence the Renyi dimension can be written in the form

1

Two limiting cases
a n d

are of most experimental interest. They correspond to the domination of most strong and
most weak domains of the cascade. The typical dependence Dq vs. q is presented in Fig.3.
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Fig. 3. The dependence of the Renyi dimensions D(q) versus q in the p model for the cases: a) p\ — 0.6,
P2 = 0.4, b) pi = 0.9, p2 = 0.1

For the case of p-model D{q) is decreasing function of g: qx < q2 implies D{qx) > D(q2).
The important characteristics of the cascade processes is the singularity spectrum f(a), i.e.,
the dimension of subsets IQ on the singularity strength (Lipschitz-Holder exponent) a. To
cover a fractal subset Ia (with index between a and a + da), the number of required 5 balls
is given by

Hence, the measure (1) can be written in the form

Md(q,a)= f 5qa-fia)+dp(a)da.

This measure is finite if the dimension d is not less than the mass exponent

r{q) = f{a{q)) ~ qa(q). (5)

Having the mass exponents r(q) one can express the singularity strengths a(q) and the
dimension of their supporters by means of the Legendre transform

(6)

f{a) = qa + r{q).

The maximum of f{a) curve corresponds to q = 0, i.e., to the dimension of the supporter
of the whole set UQ / a . Thus measuring the moments of a given distribution and using the
relation (6) we obtain the information about the geometry of singularities, i.e., the geometry
of energy dissipation if dissipative cascade processes are considered.
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In general, the physics of the thin film deposition is different from that taking place in
turbulence. However, for low energies, e.g., for molecular epitaxy, they may be roughly de-
scribed by the same Kardar-Parisi-Zhang [4] stochastic differential equation. These processes
have in common the presence of self-similarity (scaling) and the existence of two limiting
scales (r), L), between which the scaling law holds. We may also suggest, that they both
are universal with respect to the energy dissipation rate E (which completely determines the
spectra of hydrodynamic turbulence in the Kolmogorov range (77, L)).

The problem of thin film deposition has two aspects — the dynamic and the static. The
dynamic aspect is related to the quantum processes of beam interaction with the forming
surface. The static problem is to describe the geometry of the formed layer using available
data of observations. In our investigation we concentrate ourselves on static problem only.
We consider the observed surfaces as static and study their geometry by means of multifractal
analysis.

3. DATA PROCESSING RESULTS

In our data processing studies we have analyzed 8 AFM images (304x304 and 504x504
pixels format) taken with horizontal resolution from 0.4 nm/pixel to 15 nm/pixel, respectively,
and height range up to 40 nm marked by about 70 conditional colors. In the table below the
summary of image information is presented

Name

mdtO
mdtl
mdt2
mdt3
nbsil
nbsi2
nbsi3
nbsi4

Size
(pixels)
300x303
302x303
302x302
302x302
502x501
503x504
503x503
502x501

Resolution
(nm/pixel)

3.1
0.7
3.8

15.3
1.9
0.4

15.3
2.3

Palette
(colors)

77
68
69
75
70
66
77
69

Main color
(R.G.B)

(232,132,56)
(184,104,32)
(248,152,88)
(248,148,80)
(208,116,32)
(208,116,32)
(224,124,48)
(200,112,32)

Count of
main color

6331
6379
6209
6357

19888
18311
22687
25983

Dimension
Do

1.92
1.80
1.75
1.89
1.90
1.69
1.91
1.75

All calculations were performed for the conditional color which is dominant for each image,
and thus represents the dominant height of the landscape. (We have also done some checks
for other conditional colors and they show similar results). The value of £><> (the Hausdorff
box-counting dimension) is presented for all images. Below we present the geometry of
prevalent colors (Figs. 4, 5) cropped from the images of Figs. 1, 2. The main color in the
other images is distributed in a way similar to either of these two classes. The dependence
of the Renyi dimension D(q) is a typical behavior of p model. The asymptotic of D(q)
dimension at positive q which is about 1.5 indicates that most densely populated clusters of
the given color have the isoline dimension about 1.5 and, if admit the standard hypothesis of
transversal smoothness [11], the dimension of the surface is about 2.5, see Fig. 6.

4. ANOMALOUS MAGNETIC FIELD PENETRATION

The practical goal of neutron reflectometry is the precise determination of magnetic
field penetration beneath the surface of the film. The results of experiments give about
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Fig. 4. The main color (248,152,88) crop of the image shown in Fig. 1
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Fig. 5. The main color (248,148,80) crop of AFM image shown in Fig. 2
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Fig. 6. Dq dimensions for high (3 nm/pix) and low (15 nm/pix) resolution samples

twice as deep penetration, that is about 90 nm [1], as expected from the London (45 nm)
theory for the same experiment [6]. To study the problem let us first outline the London
theory [12].

Due to the action of electric field E the electrons in the metal are accelerated according
to the Newton law rne^- = —eE, thus we have the following nonrelativistic equation for the
electron current j = —enev:

(7)

where Л = -^Ц- is the London constant.
The electromagnetic fields are governed by the pair of Maxwell equations

Since V • H = 0, applying Vx operation to the first of the equations (8) (V x Vx
one yields the equation for H

Д Н - = 0.

(8)

Д),

(9)

If the field H = H e y is parallel to the plane surface of the metal, determined by the
condition у = 0, the equation (9) has a simple solution exponentially decaying into the metal

Я(х) = Я(О)ехр(-хД),

where 52 = ^f- is called the penetration depth.

(10)
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Fig. 7. The contour for the integration Eq.(l 1) of magnetic field circulation for fractal surface

Strictly speaking, if the (x, y) section of the surface is a nondifferentiable (fractal) curve,
there is no way to apply the operation V x Vx —> —A. Instead we can only use the integral
form of the second of the equations (8) like the close curve I contour integral

<fndl=— Is, (П)

where Is is the current passing through the surface S with the boundary curve OS = I. Doing
so, we can compare the line curve integral (11) taken along a straight line lr (at the right
in Fig. 7) with the same integral taken along the fractal curve lp (at the left in Fig. 7). If
we adopt the standard Hausdorff measure and there is no current inside lr + IF contour, the
integral should have equal values:

where Lr is the length of straight line lr, HTk is the tangential component of magnetic field
H and the summation is performed over the set of boxes of size 5 covering the fractal curve
lF. Averaging the equation (12) and taking into account that SN(5) = LF(5) is the fractal
curve IF length, we can introduce the effective magnetic field He{{ — {HTk) acting in a metal
film beneath the fractal surface:

HLL
LF{5)(COS фк) '

(13)

where фк is the angle between magnetic field direction and the tangent ort in the fcth cell.
For a fractal curve its length LF{5) must increase when the box size 5 decreases. It means

that the effective magnetic field Heff (13) produced by the surface current will be less in the
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case of fractal curve. So, the absolute value of the total magnetic field H t = H e x t + Heff,
including the external magnetic field and that induced by surface current becomes larger. This
consideration confirms the experimental result [1] on the increasing of penetration depth of
the magnetic field in the case of superconducting film with fractal surface.

In fact, two concurring factors in the denominator of equation (13) are observed here: the
average cosine of the tangent angle, which makes the effective field less than its «straight»
counterpart, and the increasing at S —> 0 length L$, which decreases the effective magnetic
field. Due to the complexity of presurface phenomena it is difficult to calculate which of those
factors will dominate, and in general we should admit that both increasing and decreasing of
the field may happen under certain condition.

It may be asked here why we use the contour integration instead of the exact form (11)
with the induced surface current in the r.h.s. In fact, our consideration is not rigorous in
this sense. It is demonstrative at the same extent as the derivation of the London equation
(9), that is strictly valid only for harmonic fields H,E ~ ewt. What is physically true, that
the density of the surface currents (induced by external magnetic field) decreases with the
increasing length of the contour i ~ L~1(5). Thus, the higher is the fractal dimension of the
surface, the less is local magnetic field acting a contre external magnetic field and contribute
to Heff, and the higher is the effective magnetic field He{t, measured locally by neutrons.
Therefore, the expected effect is the increasing of the magnetic field inside the metal with
regard to the London estimation.

The consideration is valid until seriously affected by quantum effects. The rough esti-
mation of quantum limit is the comparability of the fractal momentum pa = %£ or energy
Ea = pl/(2me) with the Fermi energy. For a surface of microroughness a = 5 nm this gives
Ea и 0.015 eV <g; £?Fermi. while for the surface of microroughness a = lnm the quantum
effects may be significant.

For the images presented in Fig. 1 and Fig. 2 we have reconstruct the vertical section
(height) of the images using the color scale. The vertical cross sections have been performed
at x = 150 for the images. The linear dependence of the height from the green component of
the RGB color scale is assumed. The reconstructed height profiles are presented in Figs. 8, 9.

The fractal dimensions calculated for the graphs of Figs. 8, 9 are 1.36 and 1.50, respec-
tively, but even visually the fractal nature of the landscape is clearly observed and indicates
the possibility of anomalous magnetic field penetration.

Similar consideration is valid for the electric field on a fractal surface [7]. For the fractal
metal surface the decreasing of the surface work function takes place. As a consequence of
it, the growth of secondary electron emission stimulated by the passage of fast ions through
metal films is expected. In this problem the static electric field E = — S/ф is determined by
the equation V • E = 4тгр, where p(x, y) is the density of electric charge. In analogy to the
consideration above, we can write

I E • dS = 47rQ,
is

where Q is the total electric charge within the volume bounded by the surface S. Since the
total charge of a metal conductor is zero the following condition holds
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Fig. 8. The reconstructed height profile for the x = 150 vertical cross section of the AFM image of the
Nb-film shown in Fig. 1. The film horizontal axis is in pixels, the vertical axis is in nm

Fig. 9. The reconstructed height profile for the x = 150 vertical cross section of the AFM image of the
Nb-film shown in Fig. 2. The film horizontal axis is in pixels, the vertical axis is in nm

where Enk is the electric field component normal to the surface element ASk. Therefore, for
the average value of the normal component of electric field (Enk) = £eff there is an estimation
Eef[ = EQSO/SF, with SF being the fractal surface area measured at a given scale F. Let
us introduce the similarity parameter £ = lm\n/lmax < 1, and let df = 2 -f /?(0 < /3 < 1)
be the Hausdorff dimension of the considered fractal surface. According to [7] we have
SQ/SF — ̂  = Ecff/Eo- So, for the case of fractal conducting surface, the surface density
of the electric charge decreases as (CTF/OO) = £'*. The dependence of G{(5) = E,li on the
parameter j3 = dp — 2 in the range 0.2 < /3 < 0.8 is given in Fig. 10 for the cases £ = 0.2
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Fig. 10. The dependence of the relative magnitude of electric charge surface density G(0) = ^ on the
parameter (3 = dp — 2

and £ = 0.02. It is seen that higher fractal dimension d,F corresponds to the lower surface
density of electric charge. This may be interpreted in terms of decreasing of surface work
function.

5. CONCLUSION

In this paper the results of the analysis of Nb-films fractal properties were presented. The
fractal properties of different surfaces have been already studied by means of electromag-
netic wave diffraction. The idea of using neutrons for this purpose was also suggested [3].
The novelty of neutron application for fractal surface studies and of our work in general is
its concentration on the problem of microstructures. The neutrons are the very instrument
capable of resolving surface properties locally. Thus all technologically interesting fractal
microstructures can be thoroughly investigated by neutron refiectometry. The practical appli-
cation of our approach is the construction of different thin film devices where it is important
to enhance, or just to control, the penetration of electric and magnetic fields beneath thin
film surface. For electric field a «fractal» solution of similar type was proposed in [7]. In
the present study we investigate the possible increasing of magnetic field penetration beneath
metal surface. We found the experimental results on anomalous magnetic field penetration
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to be in qualitative agreement with our approach based on generalization of the Stokes the-
orem to fractal boundaries. More rigorous quantitative study requires a detailed simulation
of induced surface currents, and possibly will be done in future under certain simplifying
assumptions.

We hope the methods proposed in this paper could be effectively used for thin film
technologies. In particular, we plan to use these methods and software for the manufacturing
of thin-film multilayer emitters for atomic batteries. For such emitters the AFM and neutron
methods of control could be a technological method of controlling designed properties.
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БЫСТРОДЕЙСТВУЮЩАЯ ПАМЯТЬ
ДЛЯ МНОГОКАНАЛЬНЫХ ПРЕОБРАЗОВАТЕЛЕЙ ВРЕМЯ-КОД

И.Р.Русанов, И.Х.Атанасов1

Описывается быстродействующая двухпортовая память с собственными схемами
управления, формирующими сигналы записи и считывания. Информация в памяти

• считывается в обратном порядке — last-in/first-out. Память разработана для много-
канальных преобразователей время — код, требующих синхронных режимов записи
и считывания данных.

Работа выполнена в Лаборатории высоких энергий ОИЯИ и в Институте ядер-

ных исследований и ядерной энергетики БАН, София.

THE FAST-ACTING MEMORY
FOR MULTICHANNEL CONVERTERS
OF TIME TO DIGITAL

LR.Rusanov, I.H.Atanassov

The fast-acting memory is described. The memory is dual-port buffer with internal
pointers that load and empty data on a last-in/first-out basis. It is designed for application
in the multichannel converters of time to digital, requiring synchronous read/writes.

The investigation has been performed at the Laboratory of High Energies, JINR

and INRNE BAS, Sofia.

1. ВВЕДЕНИЕ

Одной из центральных проблем при разработке многоканальных временных анали-

заторов счетно-импульсного типа является организация процесса считывания данных из

кодирующего счетчика в цифровое запоминающее устройство. Можно выделить два раз-

личных подхода к решению этой задачи [1,2,3]. Первый подход предполагает считывание

данных с непрерывно работающего счетчика стоповыми импульсами, сфазированными с

импульсами времязадающей последовательности. Если выполняются условия:

Тс<Те и Te-TC>TW

'ИЯИЯЭ БАН, София
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(где Те — период времязадающих колебаний, Тс — время кодирования счетчика,
Tw — время записи информации в память), то данная задача решается при помощи
многоступенчатых схем селекции и синхронизации сигналов. К достоинствам этого ме-
тода относятся высокое временное разрешение и малое мертвое время регистрации. Они
практически равны одному периоду опорного генератора.

Для достижения приемлемой статистической точности при проведении многока-
нального временного анализа требуется накопление больших объемов информации (>
\М бит) [3,4]. Реализация быстродействующих цифровых запоминающих устройств та-
кой емкости представляет значительные технические трудности. Поэтому запоминающие
устройства современных временных анализаторов строятся по многоступенчатой схеме.
Основному относительно медленному запоминающему устройству в них предшествует
быстродействующее буферное запоминающее устройство малой емкости, согласующее
преобразователь время — код с основной памятью системы.

Кроме того, для сокращения времени обмена данными между ЭВМ и многоканаль-
ным временным анализатором необходимо обеспечить исключение нулевой информации
и передачу только значащей, упаковать и разделить данные разных событий [4,5]. Та-
ким образом, наряду с увеличением скорости регистрации и счета данных повышается
эффективность использования ЭВМ, данные в которые передаются в виде накопленных
массивов.

2. ОПИСАНИЕ БЫСТРОДЕЙСТВУЮЩЕЙ БУФЕРНОЙ ПАМЯТИ

В многоканальном многостоповом преобразователе время — код [6] оценка времен-
ных интервалов осуществляется по счетно-импульсному методу («грубо» — 10 бит) с ин-
терполятором на основе фазового кодирования (3 бит). Для накопления измерительной
информации используют быстродействующую буферную-память (ББП). Память разрабо-
тана на основе программируемых логических матриц. По логическим уровням входных
и выходных сигналов, напряжению питания и диапазону рабочих температур ББП согла-
суется с ТТТ-логикой серии 74FXX. Емкость памяти составляет 3328 бит (16 блоков
памяти типа LIFO — 16 х 13). Блоковая схема ББП приведена на рис. 1. Для обеспе-
чения требования многоканальных временных анализаторов буферная память состоит из
16 отдельных синхронных блоков памяти (СП) типа LIFO с общей схемой управления
режима считывания данных и выходного буфера.

Быстродействующая память имеет:
— общий 10-разрядный вход сигналов записываемой информации /D[3...12];
— 16 трехразрядных входов сигналов записываемой информации

— общий 13-разрядный выход сигналов считываемой информации OD[0...12];
— 16 входов сигналов разрешения записи W£[1...16];
— вход сигнала разрешения считывания СЕ;
— вход переключения режимов записи и считывания R/W;
— вход тактового сигнала синхронной записи WCLK;
— вход тактового сигнала синхронного считывания данных RCLK;
— вход сигнала установления памяти в начальном состоянии — RESET;
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Рис. 1. Блоковая схема ББП. 1-16 — блоки памяти типа LIFO, 2 — выходной буфер, 3 — схема
управления режима считывания данных

— входы дополнительных сигналов управления — CTRL[O...l], LD[0...3]
и EXTEND;

— выходы дополнительных сигналов — NCH[0...3], DATA и SDATA.
В быстродействующей памяти реализуются три режима работы: запись, считыва-

ние и хранение информации. В режиме «запись» на входы VFi?[1...16] подается сигнал
разрешения записи, управление этой операцией осуществляется по входу R/W. Если
R/W = 1, то информация заносится по выбранному адресу в синхронную память типа
LIFO, на вход которой действует сигнал H^i?(i) = 1. При R/W = 0 производится счи-
тывание хранимой информации из ББП, если на вход СЕ подается сигнал разрешения
считывания (СЕ = 1).

2.1. Режим «запись». Блоковая схема синхронной памяти типа LIFO приведена на
рис. 2. Каждая память содержит две запоминающих матрицы, емкостью соответственно
160 бит (16 х 10) и 48 бит (16 х 3), 4-разрядный адресный счетчик (АСч), мультиплексор
адресов и логику управления. На рис. 3 показана временная диаграмма работы памяти в
режиме записи. Применение АСч с предварительной установкой кодов позволяет задавать
количество циклов записи в память. Перед началом записи счетчик переводится в исход-
ное состояние. Для этого на вход RESET подается однократный импульс (RESET = 1),
и все выходы АСч переходят в состояние определяемого цифрового кода LD[0...3].
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OD[0...12]

OE(i)

Ch(i) ID[0...2
WEND(i)
WE(i)
СТЩ0..1]

RADD[0...3J
WADD[0...3]

FF(i)
EF(i)
REND(i)

WCLK
R/W
RESET
LD[0...3]

_LL
, 1

Рис. 2. Блоковая схема синхронной памяти типа LIFO. 1 — запоминающие матрицы, 2 —
мультиплексор адресов, 3 — адресный счетчик АСч, 4— буферы, 5 — логика управления

Переход от режима хранения к режиму записи осуществляется подачей импульса
высокого уровня на вход R/W. Коды с адресного счетчика через мультиплексор адресов
выдаются одновременно на адресные входы запоминающих матриц. Для начала цикла
записи на вход WE(i) подается импульс высокого уровня. Схема синхронизации записи
формирует из сигнала разрешения записи WE{i) при помощи тактовых импульсов серии
WCLK сигналы WEI и WE2:

— по сигналу WE1 заносится цифровой код, определяющий состояние информаци-
онных входов ID[3...12] в СП по заданному адресу. Запись осуществляется по положи-
тельному фронту второго тактового импульса за сигналом WE(i);

— по сигналу WE2 заносится цифровой код, определяющий состояние информа-
ционных входов Ch(i) ID[0...2] в СП по тому же адресу. Запись осуществляется по
третьему тактовому импульсу.

Во время первого цикла записи данных в буферную память по сигналу WE2 форми-
руется сигнал EF(i), который указывает на то, что в канале имеются ненулевые данные.

Следует смена адресов памяти. На тактовый вход счетчика непрерывно подаются так-
товые импульсы серии WCLK. В каждом цикле записи с выхода схемы синхронизации
на вход «разрешения счета» адресного счетчика подается сигнал WE2. По положитель-
ному фронту тактового сигнала изменяется состояние адресного счетчика. В это время
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Рис. З. Временная диаграмма работы ББП в режиме записи

формируется и сигнал WEND(i), который указывает на то, что в памяти закончен цикл
записи. После этого память готова к записи следующего цифрового кода. Для этой син-
хронной памяти типа LIFO минимальная длительность каждого сигнала записи (WE1
и WE2) составляет 8 не, что при точной синхронизации информационных сигналов
и сигналов тактовой серии WCLK позволяет заносить в ББП данные, поступающие с
частотой порядка / = 128 МГц.

Если на вход CTRL0 действует сигнал высокого уровня, то по окончании послед-
него заданного цикла записи каждая синхронная память типа LIFO блокируется по
сигналу «переполнения памяти» FF(i), и выход WEND(i) устанавливается в состояние
высокого логического уровня.

При CTRL0 = 0 производится непрерывная запись. Для этого каждая СП типа
LIFO сканируется 4-разрядным кольцевым счетчиком. По сигналу RESET все выходы
АСч устанавливаются в состояние «0000». В этом случае запись осуществляется по
каждому сигналу WE{i) до подачи сигнала низкого уровня на вход R/W. Если во
время записи АСч любой памяти типа LIFO переходит через состояние «1111», то
формируется сигнал «переполнения памяти» FF(i), но память не блокируется. В каждой
памяти сохраняются данные последних 16 циклов записи.

Кроме этого, на вход CTRL1 необходимо подать сигнал «сканирования шкалы изме-
рения», если память используется как промежуточный накопитель для преобразователей
время — код, работающих в режиме «общий стоп»[6]. Если во время текущего периода
«сканирования» не был зарегистрирован ни один сигнал WE(i) в СП типа LIFO, а во
время переходного периода был осуществлен цикл записи, то при переходе к новому пе-



32 Русанов И.Р., Атанасов И.Х. Быстродействующая память для многоканальных

риоду «сканирования» данная синхронная память обнуляется. Таким образом, в каждой
синхронной памяти сохраняются данные только последних двух периодов «сканирования
шкалы измерения».

2.2. Режим «считывание». На рис. 4 представлена структурная схема блока упра-
вления считывания данных. Он состоит из общего адресного счетчика (ОАСч), компа-
раторов, схемы управления и синхронизации считывания данных. На рис. 5 приведена
временная диаграмма работы ББП в режиме считывания. После завершения каждого ци-
кла «запись» и обнаружения факта наличия данных в ББП (сигнал DATA = 1) память
переключается в режим их считывания R/W и = 1). Схема управления осуществляет
дешифровку поступающей с синхронных блоков памяти типа LIFO информации и ор-
ганизует процесс считывания данных. Очередность обращения к СП типа LIFO и
номер текущей памяти определяется при помощи приоритетного шифратора и сигналов
JEJF[O...15]. Выходные сигналы шифратора NCH[0...3], преобразованные с помощью
дешифратора, подаются на входы выборки памяти. Устройство синхронизации форми-
рует сигналы считывания и управления. По сигналам ОЕ[0..Л5] разрешается считывание
данных из первой памяти типа LIFO, в которой есть ненулевые данные. Цифровой код
выходов АСч выбранной памяти через буфер поступает на общую шину WADD[0...Z],
с которой подается на входы общего адресного счетчика и компараторов. По сигналу
LOAD загружается содержимое адресной шины в общий адресный счетчик.
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Рис. 4. Структурная схема блока управления считывания данных. 1 — общий адресный счетчик
ОАСч; 2 — схема управления ОАСч; 3,4 — схемы управления и синхронизации считывания
данных; 5 — мультиплексор; 6,7 — компараторы; 8 — сумматор

Общий адресный счетчик работает в режиме вычитания, и информация в памяти
считывается в обратном порядке. Момент окончания съема информации из выбранной
памяти типа LIFO определяется при помощи компараторов. Если на входе CTRL0
действует сигнал высокого уровня, то условием окончания съема является равенство
между состоянием ОАСч и заданным количеством циклов записи. При CTRLQ = О
процесс чтения выбранной памяти типа LIFO прекращается в следующих случаях:
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Рис. 5. Временная диаграмма работы ББП в режиме считывания

— сигнал FF{i) = 0. Информация занимает меньше 16 адресов. Условием оконча-
ния является установление ОАСч в состояние «0000»;

— сигнал FF(i) = 0. Информация занимает меньше 16 адресов, и регистрированное
количество циклов записи в памяти больше, чем заданное. Состояние общего адресного
счетчика уменьшается на заданное количество циклов записи;

— сигнал FF(i) = 1. Информация занимает 16 адресов. Состояние ОАСч уменьша-
ется на заданное количество циклов записи. В этом случае по сигналу FULL блокируется
компаратор, который следит за переходом выходов ОАСч через состояние «0000».

Эти условия отвечают всем возможным вариантам записанной информации и обеспе-
чивают считывание только значащей информации, определяемой заданным количеством
циклов записи. В ББП предусмотрен дополнительный вход сигнала EXTEND, по ко-
торому тоже прекращается процесс считывания данных из текущей памяти типа LIFO.

Время считывания данных из ББП определяется из выражения

16

TREAD — TRCLK I 16 +

г=1

где TRCLK — период тактового сигнала считывания данных RCLK, Hi — количество
циклов записи в г-й СП типа LIFO.

После этого формируется сигнал REND(i), по которому отключаются выходы адрес-
ного счетчика АСч и запоминающих матриц выбранной памяти с внутренних магистра-
лей. Начинается съем информации со следующей памяти типа LIFO, в которой имеются
ненулевые данные.
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Во время считывания данных состояние выходов NCH[0...3] определяет номер вы-
бранной памяти типа LIFO. Для каждой СП считываемые данные из памяти и цифровой
код, указывающий ее номер, появляются на выходах ББП одновременно и синхронно от-
носительно тактовых импульсов серии RCLK. На выходе SDATA устанавливается
сигнал высокого уровня, действующего во время считывания данных из текущей СП типа
LIFO.

3. ЗАКЛЮЧЕНИЕ

Разработанная быстродействующая буферная память используется в качестве проме-
жуточного накопителя в многоканальном преобразователе время — код [6]. По способу
обращения ББП является памятью с параллельно-последовательной выборкой. В памяти
используются 16 одинаковых буферных накопителей типа LIFO. Во время записи они
работают параллельно, а во время считывания образуют общую буферную память со стра-
ничной организацией. Кроме этого, запись и считывание осуществляются отдельными
тактовыми импульсами соответственно WCLK и RCLK. < Такая организация памяти
наряду с возможностью высокоскоростной записи информации позволяет обеспечить пе-
резапись только ненулевых данных во вторую ступень накопителя, имеющую умеренное
быстродействие, но большую емкость.

Авторы выражают благодарность А.Г. Литвиненко и С В . Афанасьеву за интерес к ра-
боте и полезные обсуждения. Мы очень признательны проф. В.Н. Пеневу за постоянное
внимание и поддержку нашей работы в Дубне.
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ANALYSIS OF THE ANOMALOUS CHERENKOV RADIATION
OBTAINED IN THE RELATIVISTIC LEAD ION BEAM AT CERN SPS

A.S.Vodopianov, V.P.Zrelov, A.A.Tyapkin

The first experimental indication of the Cherenkov radiation caused by superluminal
particles - tachyons - is informed about. This conclusion has been made on the basis
of the analysis of the anomalous Cherenkov radiation when the beam of relativistic lead
ions of SPS accelerator at CERN was passing through a gas radiator.

The investigation has been performed at the Laboratory of High Energies, the

Dzhelepov Laboratory of Nuclear Problems, and the Laboratory of Particle Physics,

Анализ аномального черенковского излучения, полученного
на пучке релятивистских ионов свинца SPS CERN

А.С.Водопьянов, В.П.Зрелов, А.А.Тяпкин

Сообщается о первом экспериментальном указании на существование сверхсве-
товых частиц — тахионов, основанном на регистрации и анализе аномального че-
ренковского излучения, возникшего в газовом радиаторе при прохождении пучка
релятивистских ионов свинца ускорителя SPS ЦЕРН.

Работа выполнена в Лаборатории высоких энергий, Лаборатории ядерных про-

блем им. В.П.Джелепова и Лаборатории физики частиц ОИЯИ.

APPARATUS

The Cherenkov radiation caused by relativistic lead ions was studied at SPS CERN [1].

The Cherenkov gas detector was placed in the H2 beam line in the location of NA49 set-up

between the large time-projection chamber and the barrel hadron calorimeter [2]. The general

layout of the detector is shown in Fig. 1. A beam of 2 0 8 P b 8 2 + ions with the energy of

157.7 A-GeV was going along the axis of the Cherenkov detector. The beam size in the

location of the Cherenkov detector was about 3 mm in diameter. The, entrance window in the

aluminium flange had a diameter of 20 mm and a wall 0.4 mm thick. The Cherenkov light

emitted in the radiator (its length along the optical axis is 405 mm) got into the objective

of a photocamera after its reflection in the mirror inclined under 45 degree angle relative to

the axis of the radiator. The inner surface of the detector tube was covered by soot to avoid

light reflections. The «Zenit-E» photocamera with the «Helios-40» objective (the light power

1:0.85; focus distance / = 85 mm) and a black-white negative photofilm (the sensitivity of
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20 units of GOST which corresponds to ISO 23/14) were used in the experiment. The lens
was tuned for infinity to obtain the ring image for the corresponding cone of the Cherenkov
radiation.

Fig. 1. Layout of the gas-filled Cherenkov detector: 1 — collimated beam of lead ions; 2 — gas radiator
tube 60 mm in diameter; 3 — mirror (the aluminium layer sputtered on the glass plate); 4 — outlet
window; 5 — «Helios-40» objective and a «Zenit-E» camera; 6 — diffraction lattice (not installed in
this experiment); 7 — vacuum system connector; 8 — gas connector; 9 — vacuum meter; 10 — gauge;
11 — direction of the Cherenkov radiation

EXPERIMENTAL RESULTS

The results presented in this paper based on the analysis of three photoshots which were
made with the Cherenkov detector filled with air at the atmospheric pressure. In each case
the accumulated statistics was about 107 lead ions passed through the detector. One of these
pictures is shown in Fig. 2. A bright narrow ring of the Cherenkov radiation seen on the
picture is caused by relativistic lead ions. Two other narrow rings located inside and outside
the ring caused by the beam have the other origin that will be discussed in another paper.
Besides, in this picture we have found hardly noticeable narrow Cherenkov radiation rings of
the particles flying out under small angles to the direction of the beam.

The calculation of the velocity of these particles has shown that it corresponds to those of
particles moving faster than the light velocity in the vacuum. The large Cherenkov radiation
ring shown with an arrow in Fig. 2 corresponds to the particle velocity approximately equal
to /3 « 1.0008. The ring diameter of its radiation is approximately two times larger than the
ring diameter of the proton radiation at the velocity of motion p —* 1. For the better visual
representation of this photoshot (Fig. 2), it was scanned by means of a specialized technique
of image transformation which provides extraction of 3 rings more in the same photoshot (see
Fig.3).
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7 i
* " W A

Fig. 2. Example of the observed anomalous Cherenkov radiation ring (indicated by pointer)

Fig. 3. The image of the photoshot of Fig. 2 obtained by means of a specialized technique of image
transformation

The intensity of the beam Cherenkov radiation was measured and compared with the
intensity of the radiation concentrated in anomalous ring. It was shown that the radiation
energy concentrated in the anomalous ring is quite large and approximately 0.01 of the
energy of the Cherenkov radiation from 107 lead nuclei which is about 2.7 erg.

Totally, seven rings* of the anomalous radiation have been found in the three photos.
To extract them while making prints it was required to match an exposure individually. A

*3 rings presented by their arcs only.
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mnemonic scheme of locations of rings in these photographs is shown in Fig. 4. The general
numeration for them is given as well. Thick circles in photoshots a, b, с give the location of
the Cherenkov radiation ring of the lead ion beam in the air.
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Fig. 4. Layout of the anomalous Cherenkov radiation rings

The rings were analysed using the standard expression cos в = l/(n • /3). The procedure
of the calculation of the particle velocity was as following. According to the calibration of
our objective, the lmm distance on the film corresponds to 40 angle minutes. So the radius of
the ring measured on the film could be transformed into the angle of the Cherenkov radiation
taking into account such ratio. The velocity of the particle is defined as /3 == l/(cos 0-nair)for
the known refraction index of the air n a i r = 1.000263 (Л = 546 nm) at P = 729 mm Hg
and t = 20°C. The uncertainty of /3 depends on the accuracy of measurement of the mean
diameter of the ring. For example, in case of the ring No.l the accuracy of the diameter
measurement is equal to ±0.02 mm and the uncertainty in /3 is ± 1 • 10~5. For other rings
the uncertainty in @ is larger due to the lower intensity of the detected radiation and because
of the fact that some rings like Nos.5 and 6 are presented on the film by their arcs. The
azimuth distribution of rings is rather uniform (7 rings are located in the first, third and fourth
quadrants). :

Table. Kinematical parameters of the anomalous Cherenkov radiation rings

Ring
No.

0
1
2
3
4
5
6
7

Mean diam.
(mm)

3.79 ±0.01
7.82 ±0.02
5.42 ±0.04
3.99 ± 0 . 2
5.16 ± 0 . 2
17.10 ±0.6
4.36 ± 0 . 2
7.80 ± 0.2

Radiation angle
(degree)

1.263 ± 0.003
2.607 ± 0.006
1.807 ±0.013

1.33 ± 0.07
1.72 ±0.06
5.7 ± 0.2

1.46 ±0.06
2.60 ±0.01

a"
(degree)

0
3.3
3.3
3.1
6.2
13.6
8.4
3.0

P
0.999979527 ± (2 • 10"7)

1
1
1
1
1

1
1

00077
00023
00001
00019
.0047
00006
00076

± ( l - l < r 5 )
± ( 1 • 10~5)
±(3-10" 3 )
± ( 3 - 10-')

±(4 -10-')
±(3-10" 5 )
±(2- 10"5)

"The slope angle of the particle path towards the beam direction.

The kinematical parameters for each ring of the anomalous radiation are given in the
Table (points 1-7), namely: the mean ring diameter, radiation angle (в), the axis angle (a)
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of the radiation cone relative to the direction of the lead ion beam and a relative velocity
of the hypothetical particle expressed in the units of the light velocity in the vacuum. For
comparison the first line of the Table gives the parameters for the Cherenkov radiation ring
caused by the 2 0 8 p b 8 2 + beam.

DISCUSSION

Since we are speaking about such an unusual radiation, it is reasonable to discuss other
possible causes of the observed effect.

First of all, it is necessary to consider an optical transformation of the intense Cherenkov
radiation ring from the beam into the reflected ring of the increased diameter. We have
considered the possible imitation of the observed anomalous rings as a result of the reflection
of the original Cherenkov radiation cone from the bulging surface of the objective (radius
of curvature is about 8 cm) and the following reflection from the Cherenkov detector outlet
window (see Fig. 1). Our calculations show, that such an effect can take place but we shall
observe very eroded ring with much lower intensity of radiation (three orders of magnitude
lower). In our experiment we did not observe any very low-intensity eroded rings.

The same Cherenkov detector that we were using in our studies was exposed in the
electron beam of VEPP-3 accelerator at Novosibirsk [3]. The aim of the studies was the
search for the Cherenkov radiation in gases. Besides conventional Cherenkov rings from
the scintillation in gases, the much larger diameter rings were observed. The Cherenkov
radiation angle for these rings was larger than the maximum Cherenkov angle for a particular
radiator. These rings were rather wide and exactly centred relative to the axis of the tube of
the Cherenkov detector, i.e., they were located in the centre of the frame. The diameters of
the rings were not dependent on the pressure of gases (e.g., Helium) in the detector. So these
rings were interpreted, without any doubt, as reflections of the electron beam Cherenkov light
from the detector tube.

It is necessary to stress again that during the preparation of the experiment the inner
surface of the detector tube was covered by soot to prevent from the optical reflections of the
Cherenkov light.

The second possibility of the imitation of the «superluminal particle» could be the
Cherenkov radiation cone from the beam during its fall on the border of two media. As
was shown in [4] at the angle of the incidence Ф = 90°, «the super light source» has the
velocity Vo = c/(n - sin в), where 0 is the Cherenkov radiation angle. In case of the fall of
the particle on the mirror at the angle of incidence Ф = 45°, as it is in our experiment, the
velocity Vo is equal in the range of ~ 1.41c to ~ 45c (c — velocity of light in vacuum).
But velocities detected in our experiment exceed the velocity of light с only by a small value

(ДД„ах ~ 5 • 10" 3).
The fluorescence of the atoms and molecules of air excited by the lead nuclei was

considered as a source of the imitation of the registered rings. This fluorescence of the atoms
along the beam, of course, exists, but it is isotropic and its transformation is not imaginable
into several narrow rings of large different diameter (в > 0 m a x ) with the corresponding
radiation cones on different angles.

Thus, it is impossible to find a concrete reason of imitation of the found superluminal
motion effects in our experiment. So our experimental data and the results of their analysis
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are in good agreement with the hypothesis on the existence of superluminal particles —
tachyons [5].

The estimate of the value of the intensity of the Cherenkov radiation concentrated in
anomalous rings (about 0.03 erg) shows that only a hypothetical particle having an exotic
magnetic charge of 400 minimal charges of Dirac monopole could emit the Cherenkov radi-
ation of such a large intensity.

We estimated the production cross section of the superluminal particles on the air nuclei
while the lead ion beam with the energy of 157.7 A-GeV is going through our detector.
Having seven registered anomalous rings of the Cherenkov radiation which may represent
independently produced superluminal particles, it is possible to give a maximal estimation
of the superluminal particles production cross section in nucleon-nucleon collisions, which is
about 10~31 cm2.

CONCLUSION

According to some theoretical predictions, the tachyons (if they exist) are stable particles
but lose the entire energy extremely fast (accelerating to the velocity V —> со) in the wide
range of frequency from 0 to E/h. As it was shown in [6] the energy loss of the tachyon (if
its size is H/(m • c) = 3.8 • 10~ n cm) is of the order of 102 TeV/cm. Thus it is preferable to
search for tachyons via the Cherenkov radiation at the time of their creation in the transparent
media (see e.g., [7]). The confirmation of the existence of superluminal particles in Nature
will prove the fundamental theoretical ideas of «meta» relativism [8].

In conclusion the authors would like to express their gratitude and deep recognition to
J.Ruzicka and P.Chochula who took part in the data taking.

The authors are very grateful to NA49 Collaboration at CERN for the given opportunity
of carrying out these investigations and a technical support. Our special thankfulness is to
A.Sandoval, P.Seyboth, R.Stock, H.Strobele, S.Wenig, Z.Fodor, and M.Wensveen.

The authors would like to express their deep gratitude to Prof. V.G.Kadyshevsky and
A.N.Sissakian for their strong support of this activity.
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IS THE THERMAL-SPIKE MODEL
CONSISTENT WITH EXPERIMENTALLY
DETERMINED ELECTRON TEMPERATURE?

E.A. Ayrjan, A. V. Fedorov, B.F. Kostenko

Carbon K-Auger electron spectra from amorphous carbon foils induced by fast heavy
ions are theoretically investigated. The high-energy tail of the Auger structure showing a
clear projectile charge dependence is analyzed within the thermal-spike model framework
as well as in the frame of another model taking into account some kinetic features
of the process. A poor comparison results between theoretically and experimentally
determined temperatures are suggested to be due to an improper account of double
electron excitations or due to shake-up processes which leave the system in a more
energetic initial state than a statically screened core hole.

The investigation has been performed at the Laboratory of Computing Techniques

and Automation, JINR.

Согласуется ли модель температурного пика с
экспериментально определенной температурой электронов?

Э.АЛйрян, А.В.Федоров, Б.Ф.Костенко

Изучаются спектры Оже-электронов, испущенных из аморфного углерода под
воздействием ускоренных ионов. Высокоэнергетичные хвосты Оже-структуры, за-
висящие от заряда налетающей частицы, проанализированы в рамках модели темпе-
ратурного пика, а также в рамках другой модели, учитывающей некоторые кинетиче-
ские особенности процесса. Плохое согласие теории и эксперимента объясняется не
вполне удовлетворительным расчетом двойных электронных возмущений,неучетом
процессов встряхивания, переводящих систему в более энергетичное начальное со-
стояние по сравнению с тем, что дает модель статически заэкранированной дырки
на К-оболочке.

Работа выполнена в Лаборатории вычислительной техники и автоматизации

оияи.

1. INTRODUCTION

At present transient thermal models taking into account the electron and phonon degrees

of freedom are successfully used for explanation of track formation in thin films and small

grains of pure materials as well as for description of phase transitions of surfaces after
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femtosecond laser irradiation (see, e.g., [1-5] and references therein). A growing interest to
such problems is stimulated now by the problem of atomic energy production on the basis of
a particle accelerator hybrid together with a uranium or thorium target reactor [6].

Therefore, it was rather unexpected that the first experimental results on electron temper-
atures in the center of the nuclear track showed a serious disagreement with calculations of
electron temperature in the framework of the thermal-spike model [7]. In this model the space
and time evolution of electron and atom systems are governed by a set of coupled nonlinear
differential equations [1,8]

— = - [ВД) -то,
where Te and % are electrons and lattice temperatures, respectively, Ce, Ci and Ke,Ki
being the specific heat and thermal conductivity for the electronic system and lattice, p is
the material density, g is the electron-atom coupling, A(r, t) is the power brought on the
electronic system in a time considerably less than the electronic thermalization time, and r
stands for the radius in cylindrical geometry with the ion path as the axis. According to paper
[7], theoretical predictions turned out to be about a factor five lower than the experimental
values.

It should be noted that the observed temperatures, being of order of several eV, have
been deduced from an analysis of electron spectrum within the range 260-300 eV. Therefore,
there is a big danger to overestimate the experimental temperatures if not exclude the fast
5-electrons properly. It seems plausible, however, that the authors are quite aware of such
a problem (see [9]). Since even the maximum electron temperature — which is maintained
during a short time when cooling due to thermal diffusion is negligible — in thermal-spike
model is smaller than observed one [7], there is a need to revise first of all calculations
of the dynamics of radial energy deposition in the vicinity of ion trajectory together with
reconsideration of the used estimate for the electron specific heat.

2. THE ENERGY DENSITY PER UNIT TIME
AND THE ELECTRONIC SPECIFIC HEAT

The time dependent radial distribution of dose from delta-rays about the ions path in this
paper was calculated in line with [10, 11]. This approach takes into account the dynamics of
energy deposition in more detailed form then it was done in [8]. In the first approximation,
the ^-electrons trajectories are considered to be perpendicular to the ion one, so that the time
of electron arrival to a point at a distance b from the centre of ion path is equal to

t(b) = f — = Г dr = 1 Г1"" dE (*L\ E + mc2 (2)
U Л v(b) JR-bv(R-r) cJE{R_b) \dE) [S(£ + 2mc2)]V2' ^E{R_b)

r = r(E) being the range-energy relation for electrons in a-C, с is the speed of light, m is the
electron mass. To account for small angle scattering important in the region b = 1 - 10 nm,
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some corrections to this picture were also included [10, 11]. The energy deposition at moment
t in volume 2ir b db x unit pathlength is determined by

Emax /dE(R-b)\ dN

E(b,t) V db

where £"(6, t) is the solution of equation (2), dN/dE stands for the number of delta-rays
per energy unit which is calculated using the Rutherford formula. The range-energy relation
r(E) and its inverse E(r) were approximated from known experimental and theoretical data
and comparison of the model with experimental stopping power shows 10% accuracy in a
wide range of energies and projectile nuclei. The energy deposition in the first 10 'A which
is the most important in the context of the problem under consideration was taken strictly in
accordance with [10]. In particular, we obtain the dose 7 • 104 J /cm3 at b = 1 A.

Now, let us turn to calculation of the electronic specific heat. The electronic density of
states (DOS) in a-C resulted from the molecular-dynamics computation [12] is displayed in
Fig. 1 by a solid line stretching from —20 to 10 eV.
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Fig. 1. The electronic density of states in a-C (explanation in the text)

Normalizing factor of the curve D{e) stems from an obvious condition

ЛD(e)de = 4,

which means that the valence band contains at low temperatures four electrons per atom. To
estimate the role of highly excited states of the conduction band, we extended the calculated
curve from 10 to 20 eV so that

, 0 ,20

/ D{e)de= / D(e)ds.
J-20 J()
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The last condition follows from the existence of nearest-neighbor or, even, medium-range
order in a-C , which produces some of the characteristic features of the single-crystal DOS
[13]. Though the precise behaviour of the DOS in the region 10 < e < 20 eV is unknown, one
has to bear in mind that a contribution of those states to observable quantities is exponentially
suppressed at temperatures квТ < 10 eV. We also take into account a small experimentally
observed gap of about 0.4 - 0.9 eV existing between valence and conduction bands [14].
The gap between valence band and continuum resulting from a condition of the electron
refraction at the surface of evaporated carbon is taken to be about 27 eV [15]. Finally, DOS
for continuum can be evaluated in the quasi-classical approximation [16],

where v is the spatial volume per atom, v = 0.9963 10~2 3cm3 for p = 2 g cm
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and the specific heat per atom Cv (solid and dotted lines, respec-

Considering electrons in a-C as a perfect gas, we have for its energy:

E= f {-e){l-f{e,T))dn(.e)+ Г ef{e,T))dn{e), (3)
J-20 JO

where f{e,T) is the Fermi distribution, and dn(e) = D(e)de. The chemical potential
is determined in a usual way by the equation of conservation of the number of particles:

Л
7-20

/(e,T)dn(e) = 4.

The solution of it, as well as other calculations in this paper, was obtained within mathematical
environment of MAPLE and is represented by the solid line in Fig. 2.
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The specific heat per atom can be found by direct differentiation of relation (3),

dE

J-

and is shown in Fig. 2 by the dotted line.

-20

3. CALCULATIONS AND THEIR INFERENCES

Using electronic specific heat and the radial energy deposition described above, we per-
formed the thermal-spike calculations of the radial electron temperature distribution as a
function of the time. A program which had been written first to describe the thermal relax-
ation processes in high Tc superconductors [17], after appropriate physical and mathematical
alterations, was adapted for this purpose.

Estimations of the electron temperature Te in the vicinity of ion trajectory contain uncer-
tainties unrecognizable at sight. For example, one has to fix in a reasonable way a volume
in which the mean value of temperature is determined. It is also important to control a time,
when the temperature is reached. If this time is less than the characteristic Auger decay
time in a-C, ТА ~ 10" 1 4 s, then it is clear that calculated Te has nothing to do with a real
electron temperature, since the model does not incorporate a contribution of the atom core
into description. Here we assume a simple model of "registration" which takes into account
all these factors.

The number of electrons emitted from the surface into a direction of registration is

/•OO

2irrdr / dtj{e,T),

where j{e,T) = D(s)j'{e,T)v{e) stands for the density of current, and dfl denotes the
spherical sector of registration. Parameters rmm, tmin were estimated from physical reasons
of applicability of the model and were chosen to be

' min — 1KJ ^ i i i j i-mm — XKJ •>-

The temperature T = T(r, t) was determined by the equations (1) with the thermal diffusivity
of electrons De = Ke/Ce ~ 1/20 cm2s~1. We assume that the experimentally registered
temperature Te corresponds to the theoretical value determined as the solution of equation

exp(~Ae/kBTe) = N{e + Ae)/N(e),

where e and e + Ae belong to the interval of registration. Though an essential part of dose is
deposed after moment t m j n , we found that the energy distribution N(e) is determined mainly
by its form at tmm,

with J = 2тг / j r dr. At the same time the electron temperature proves to be practically
independent of the further decrease of rmm. The result of calculations is depicted in Fig. 3.

We see that despite of the undertaken improvements our results confirm the conclusion
that the thermal-spike model predicts electron temperatures which are about a factor 1.5 lower
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Fig. 3. Electron temperature in amorphous carbon as a function of the initial projectile charge (O7 +,
Kr1 7 +, Kr3 0 +) at projectile energy of 5 MeV/u in comparison with the results of the thermal-spike
model

than ones determined in [7]. It is impossible to achieve a better agreement from accounting
for final-state hole-hole repulsion (this interaction could only reduce the theoretical yield of
hot electrons). It is obvious that the existing uncertainties in the thermal conductivity of
electrons do not influence significantly the theoretical temperatures because of smallness of
electron emission time into registered part of spectrum.

The resume of these considerations is that the thermal-spike model is inapplicable to
the description of the experimental data obtained in [7]. In our opinion such conclusion is
natural and was predictable beforehand. Indeed it is well-known that the electrons detected
in [7] after subtraction of a continuous background of 5-electrons consist primarily of Auger
electrons which have suffered inelastic energy losses in the material [9]. A theory of these
processes is developed on the basis of abundant experimental information including data for
carbon (see [12, 18] and references therein). It takes into account some kinetic features of
the process (see below) not included into the thermal spike model. Such conclusion is also
supported by the direct comparison of the Auger decay time тд with the duration of electron
emission into registered part of spectrum shown in Fig. 4.

We see that energy deposition in the region 6 < 10 nm which gives the main contribution
to the observed temperature tails is finished at a time т\ ~ 10~15s, which is shorter than тд.
Therefore, observable electrons result from decay of a nonequilibrium state which precedes a
situation discribed by the thermal spike model.

4. AUGER ELECTRON SPECTRUM

Description of Auger electron ejection from a-C is subdivided in Ref. 7 into three
subsequent steps:



48 Ayrjan E.A., Fedorov A.V., Kostenko B.F. Is the Thermal-Spike Model Consistent

so

r,A

Fig. 4. The time dependence of radial distribution on the delta-ray dose around the path of O 7 + at 5
MeV/u in o-C foil

1) initial electron production determined by Auger rates calculated at a given electron
temperature Te in the valence band,

2) transport of electrons to the surface, under the influence of elastic and inelastic colli-
sions; particularly plasmon energy losses [12] are taken into account,

3) transmission through the surface potential described by the formula

i—• fc\ FO У^Л 1 1 1 r>~t •*—iPil | I I / * 1 Ч Ч - * — '

where Vs ~ 27 eV.
Let us concentrate on the first step of the model on the ground that the contribution of

the valence band temperature into observable spectrum takes place only on this stage. Energy
distribution of electrons ejected due to the Auger transitions is described by the relation:

F(E)
XY

fdenx(e,Te) nY{E-e,Tc), (4)

where nx{e,Te) = Dx(e)f{£,Te), Dx{e) is the density of states in a band X, / (e ,T e)
is the Fermi distribution, and VXy stands for the Auger matrix elements dependent on the
bands, X and Y, involved. According to [12, 18] we represent DOS in the valence band as
a sum of three components,

D{e) = crs(e) тгр(е),

and take for the matrix elements ratios:

Vssp VTvv
= 0.8 : 0.5 : 1.0.
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The kinetic energy of the ejected Auger electrons is approximated by the formula

E = Ic-h-h- Uh, (5)

where Ic = 284.6 eV is the electron binding energy of the core, I\ and Ii are those of the
valence levels, and Uh is effective hole-hole interaction dependent on the bands involved:

Uh{a,a)=2eV, Uh(a,7r) = 1.5 eV, Uh(v,ir) = 0.6 eV. (6)

In contrast to [7], we also take into account the dependence of chemical potential on Te

depicted in Fig. 2. The final formula is:

F(E) ~ Pssnas*nas + PpP(nap*n<rp + 2nap*n7rp + nvp*n-Kp)+2Psp(n!TS*nap + nas*n-Kp),

where PXY -—\ УХУ | 2 and nCTS * nas, etc., indicate the fold calculated with account of (5)
and (6).

In this model, electrons excited above the Fermi level make a contribution to the energy
region E > Ic of the Auger spectrum. For the calculation of the temperature-dependent peak
broadening one can use the previous formulae suggesting that the excited electron state in the
conduction band has p symmetry [18]. The temperature found in such way was interpreted
in [7] as the experimentally determined electron temperature in the centre of nuclear tracks.
Though this model is more appropriate for the treatment of the experimental data discussed
in [7], it does not take into account the energy conservation law in the explicit manner.
Therefore any contradiction between the models considered above has to be resolved in favor
of the thermal-spike one which is more accurate in this respect. Our calculations show that
the valence band temperature extracted by this method turns out to be still higher than the
value Te(rmin,T>s) obtained in the frame of the thermal-spike model (even if one neglects
the temperature decrease due to thermal conductivity of electrons). Therefore, estimates of
electron temperature given in [7] look as unreasonable, especially if one remembers that an
essential fraction of the energy is not contained in the valence band excitations during the
time t < ТА-

5. SUMMARY AND DISCUSSION

When our study was about to be completed, a paper [20] devoted to the same problem
was published. It was claimed there that the contradiction between the theory and experiment
can be eliminated by more accurate calculation of the electron specific heat Ce (besides the
energy deposition in the first 10./1 was found to be about 30 % higher than in the standard
model). Such conclusion contradicts our calculations, though it is difficult to explain the
difference as far as neither details nor the values of Ce{Te) are given in [20]. Therefore
in our paper we describe the appropriate peculiarities of the model in an explicit and easily
checked form.

At the same time our calculations make us seriously doubt the electron temperatures
obtained in [7]. As we have seen such high temperatures could never be reached in the
valence band, if our models for the energy deposition and the electronic specific heat are true.

In the light of the previous consideration it is natural to find another explanation for the
experimental carbon Auger-electron spectra. Here we consider three possibilities.
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A. The observed dependence of spectrum on the projectile charge is a consequence of
a poor account for the (^-electron background. Indeed, in [18] a criterion for a properly
corrected background of secondary electrons was formulated. According to it, the region of
the corrected spectrum with energies above the Auger threshold (>284.6 eV) should be flat
and at zero baseline. In other case, a proper deconvolution of the raw experimental data
cannot be made. One can see that this criterion is not met for the data represented in [7].

B. There is a dynamic screening effect which can give rise to the Auger spectrum at the
Fermi level. This effect can be responsible for an increase of high energy tails if one takes
into account an instrumental resolution broadening of the spectra. Namely the sudden creation
of a core vacancy can lead to shake-up processes which leave the system in a more energetic
initial state than a statically screened core hole. This state was registered in carbon in [18]
and was identified with a valence-core exciton. In this case the resultant Auger initial state
contains two positive holes, one in the core level and one in a valence level, with one electron
in the excitonic level. This model can hardly explain the observed dependence of spectrum
on the projectile particle charge since the shake-up process is a consequence of the creation
of a hole in the К level (which "nothing knows" about an ion created it). Nevertheless, this
mechanism can give a constant contribution to the valence band temperatures making them
much more reasonable.

C. The third physical effect important in the context of our discussion is the creation
and decay of double К vacancies. In paper [20] a constant ratio of double to single AT-shell
ionization probabilities (of about 0.27) was suggested. Meanwhile, experimentally observed
dependence of the spectrum on the projectile may be brought about by dependence of this
ratio on the projectile charge.
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ATLAS CALORIMETER PERFORMANCE
FOR CHARGED PION

Y.Kulchitsky*

The intrinsic performance of the ATLAS barrel and extended barrel calorime-
ters for the measurement of charged pions is presented. Pion energy scans (E =
= 20, 50. 200, 400, and 1000 GeV) at two pseudo-rapidity points (77 = 0.3 and 1.3)
and pseudorapidity scans (—0.2 < r\ < 1.8) with pions of constant transverse energy
(ET = 20 and 50 GeV) are analysed. A simple approach, that accounts in first order for
noncompensation and dead material effects, is used for the pion energy reconstruction.
The intrinsic performances of the calorimeter are studied: resolution, linearity, effect of
dead material, tails in the energy distribution. The effect of electronic noise, cell energy
cuts and restricted cone size are investigated.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear

Problems, JINR.

Свойства АТЛАС калориметрии при регистрации
заряженного пиона

Ю. Кульчицкий

Представлены результаты исследования свойств калориметрического комплекса
эксперимента ATLAS при регистрации заряженного пиона. Проведен анализ дан-
ных, полученных методом моделирования, для пионов с энергиями 20, 50, 200, 400,
1000 ГэВ и псевдобыстротами 0,3, 1,3; а также для пионов с постоянной поперечной
энергией (Ет = 20 и 50 ГэВ) и псевдобыстротами в интервале от - 0 , 2 до 1,8. Для
реконструкции энергии пионов был применен простейший метод, в котором учи-
тываются нескомпенсированность калориметров и энергетические потери в мертвой
материи. Были изучены внутренние свойства АТЛАС калориметрии: разрешение,
линейность, эффект мертвой материи, хвосты энергетического распределения. Ис-
следовано влияние на точность реконструкции энергии пиона электронного шума,
критериев обрезания по величине сигнала в ячейке калориметра и размеру
конуса.

Работа выполнена в Лаборатории ядерных проблем им. В.П.Джелепова ОИЯИ.

"On leave from Institute of Physics, National Academy of Sciences, Minsk, Belarus
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1. ATLAS CALORIMETRY

The ATLAS calorimetry consists of an electromagnetic (EM) calorimeter covering the
pseudorapidity region |?7| < 3.2, a hadronic barrel calorimeter covering \TJ\ < 1.7, hadronic
end-cap calorimeters covering 1.5 < \т)\ < 3.2, and forward calorimeters covering 3.1 < |??| <
< 4.9. A view of the ATLAS calorimeters [1] is presented in Fig. 1.

Hadronic Tile
Calorimeters

EM Accordion
Calorimeters

Hadronic LAr End-Cap
Calorimeters

Forward LAr
Calorimeters

Fig. 1. Three-dimensional cutaway view of the ATLAS calorimeters

The EM calorimeter is a lead/liquid-argon (LAr) detector with accordion geometry [2].
Over the pseudorapidity range \TJ\ < 1.8, it is preceded by a presampler detector, installed
immediately behind the cryostat cold wall, and used to correct for the energy lost in the
material upstream of the calorimeter.

The hadronic calorimetry of ATLAS, presented in Figure 1, consists of three main devices.
In the barrel region (|?7| < 1.7) there is the scintillating Tile Calorimeter [3]. The Hadronic
End-Cap LAr Calorimeter (НЕС) extends up to \r}\ - 3.2. The range 3.1 < \r)\ < 4.9
is covered by the high density Forward Calorimeter (FCAL). Up to |7?| = 2.5 the basic
granularity of the hadron calorimeters is Arjx Аф = 0.1 x 0.1. This region is used for precise
measurements of the energy and angles of jets. In the region |-̂71 > 2.5, the basic granularity
is approximately Дт? х Аф = 0.2 x 0.2.

A more detailed description of all ATLAS calorimeters is given in the Calorimeter TDRs
([1], [2] and [3]).

The performance of the barrel and extended barrel sections of the ATLAS hadronic
calorimeter for the measurement of charged pion energy is studied. The intrinsic energy
resolution, the effects of dead material, electronic noise and limited cone size are discussed.
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2. ENERGY RESOLUTION

In the barrel region, the response of the calorimeter was studied at two pseudorapidity
values: 77 = 0.3 (central barrel) and 77 = 1.3 (extended barrel). First, the energy sampled

in the different calorimeter compartments is converted
to the total deposited energy using the electromagnetic
energy scale (EM scale). The intrinsic performance
of the calorimeter is studied: the energy considered
is not restricted to a cone and electronic noise is not
added. These effects are discussed later in Section
4. The algorithm to reconstruct the pion energy is
similar to the «Benchmark Method» used to analyse

ITC's

Tilecal _ Tilecal с

barrel Electronics barrel

Seaues

scintillators

ct. the combined LAr-Tile test beam data [4]

Erec = a • Ehad + (3 • Eem + 7-Ee

2

m

had 1 3 + К + A • E
scint

(1)

EM barrel

coil
Presarrjpli

Prdsampler

-

Endcap
outer
wheel

The coefficients a and /3 take into account the
different response of the EM and Hadronic Calorime-
ters to the pion energy. The quadratic term 7 E%m

provides an additional first order correction for non-
compensation (the coefficient is negative, it suppresses
the signal for events with a large fraction of electro-
magnetic energy). The term S^/Ehad 1 • Eem 3 esti-
mates the energy loss in the cryostat wall separating
the LAr and Tile Calorimeters. In the central bar-
rel, the energy is taken from the geometric mean of
the energies in the last compartment of the LAr EM
barrel (Eem 3) and the first compartment of the Tile
barrel calorimeter (2?had 1); whereas in the extended
barrel the energy is taken from the geometric mean
of the energies in the outer wheel of the EM end-cap
and the first compartment of the Tile extended barrel
calorimeter. The term к. £JITC corrects for the energy
loss in the dead material in the vertical gap between
the Tile central and extended barrels. It is sampled by
the two Intermediate Tile Calorimeter (ITC) modules
(see Fig. 2.). The last term A Escint corrects for the
energy loss in the barrel and end-cap vertical cryostat
walls (see Figure 2).

The response and the energy resolution for pions in the energy range from E ~ 20 GeV to
1 TeV at r) = 0.3 and 1.3 are shown in Figs. 3 and 4. The open crosses show the results when
the coefficients of Equation (1) are independent of energy. With the simple «Benchmark
Method», the effect of noncompensation is not fully corrected for and there is a residual
nonlinearity of the pion response of the order of 4 - 5% between 20 GeV and 1 TeV. The
test beam data show a 10% residual nonlinearity between 20 and 300 GeV when using the

inner
whee'

Fig. 2. Longitudinal view of a quadrant of
the vertical gap between the barrel and ex-
tended barrel Hadronic Tile Calorimeter
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same reconstruction method [4], reflecting the fact that G-CALOR [5] predicts a lower degree
of noncompensation and may not describe correctly the energy dependence of the fraction
of electromagnetic energy produced in the pion interaction. The energy dependence of the
resolution is fitted with the two-term formula
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Fig. 3. Pion energy scan in the central barrel (77 = 0.3). The left plot shows the residual nonlinearity,
the right plot shows the energy resolution with the results of the fit with Eq. a/E = а/~/Ё © b.
Two sets of parameters for the pion energy reconstruction have been used: open crosses — for energy
independent parameters; solid dots — for parameters fitted at each energy and pseudorapidity

1.U2

1

0.98

0.96

пад 1

+ 1%

л

- 1 %

. . . . . . . 1

0.05 0.1 0.15 0.2

0.05

0.025

10 3

£,GeV

Fig. 4. Pion energy scan in the extended barrel (77 = 1.3). The left plot shows the residual nonlinearity,
the right plot shows the energy resolution with the results of the fit with Eq. a/E = a/\/E ® b.
Two sets of parameters for the pion energy reconstruction have been used: open crosses — for energy
independent parameters; solid dots — for parameters fitted at each energy and pseudorapidity
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where the sampling term a is given in %\/GeV and the constant term b in %. The pion
energy resolution for 77 = 0.3 is (40 ± l)%v /GeV/ v

/B ф (3.0 ± 0.1)% and for 77 = 1.3
is (44 ± 3)%VGeV/VE® (1.6 ± 0.3)%. Although the resolutions obtained for low-energy
pions are similar in both cases, at high energy there is some longitudinal leakage in the central
barrel, yielding a resolution at 1 TeV of 3% instead of the 2% obtained in the extended barrel.
When energy dependent parameters are applied (solid dots), the linearity of the response is
restored * and the resolution improved.

3. PSEUDORAPIDITY SCAN

A pseudorapidity scan with pions of constant transverse energy Ет = 20 and 50 GeV
was carried out to check that the linearity of the response can be maintained across the
pseudorapidity range covered by the barrel and the extended barrel, and that no significant
tail appears in the line shape. The algorithm, characterised by Eq. (1), with energy dependent
parameters was applied. The parameters were adjusted independently for the six sets of pion
data, each one covering an interval of 0.4 in pseudorapidity.

0 25
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0 1

0.05

n

a/E

-

-

[ * *

. . 1 , . . , 1

0.25
a/E

0.5 1.5

Fig. 5. The dependence of the energy resolution on pseudorapidity for charged pions of constant
transverse energy: Ет = 20 GeV (left plot) and Ет = 50 GeV (right plot). The lines correspond
to the energy resolution parametrised using Eq. a/E = 39%/\/E © 1% for Ет = 20 GeV and
a/E = 49%/лЛЁ © 2% for ET = 50 GeV

The energy resolutions obtained for the two scans are shown in Fig. 5. The solid lines
show the energy resolution corresponding to Eq. a/E = 39%/VE © 1% for Ет = 20 GeV
and a/E = 4 9 % / ^ Ф 2% for ET = 50 GeV. This performance allows one to fulfil the

"The 1% residual nonlinearity at 20 GeV results from the fact that the coefficients were obtained by minimizing
the expression ^2(Erec — E)^ without the addition of a linear term 2(i?r<x: — E) with a Lagrange multiplier.
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goal for the jet energy resolution of the ATLAS hadronic calorimetry in the region \r}\ < 3

of a/E = 50%/y/E © 3%.

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fig. 6. Single charged pion linearity across ij: Ет = 20 GeV (left plot) and Ет = 50 GeV (right plot).
Calibration coefficients are adjusted independently for each 0.4 bin in 77 but are kept constant within
that interval. The figure shows the fitted mean of the pion distribution per bin of 0.05 in 77
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Fig. 7. Events in the tails of the distribution of the reconstructed energy as a function of pseudorapidity
for pions of ET = 20 GeV (left plot) and ET = 50 GeV (right plot). Tails are defined as events with
reconstructed energies more than three standard deviations away from the mean

In the region of the cracks between the calorimeters, from about 177] = 1.3 to |?7| = 1.5,

where the amount of dead material is the largest, the resolution is somewhat worse.

Figure 6 shows the linearity of the response across 77. The fitted mean is plotted for

each interval of 0.05 in 77. The RMS of the mean is 1.1% for ET = 50 GeV and 2.0% for

ET = 20 GeV.
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In addition, the tails of the distributions of the reconstructed energy were investigated.
Figure 7 shows the events with a pion response more than three standard deviations away
from the mean. No significant tails are present: the fraction of events in the tails does not
exceed 1-2%. A few events out of a total of 5000 events per energy scan, mostly from the
sample of pions of &r = 20 GeV, deposit relatively little energy. These correspond to pions
decaying to muons before reaching the calorimeter.

4. EFFECTS OF ELECTRONIC NOISE AND CONE SIZE

The results presented so far were obtained without any restriction on the pion reconstruc-
tion volume. These results characterise the intrinsic performance of the calorimeters. The
presence of electronic noise does not allow integration over a too wide region, therefore the
measurement of the pion energy must be restricted to a cone

AR = А2ф (3)

A compromise has to be found between the pion energy lost outside this cone and the
noise included inside. The optimum varies as a function of pseudorapidity, since the showers
have a width which is characterised by the polar angle whereas the calorimeter cells subtend
intervals of constant pseudorapidity. Hence, at higher values of pseudorapidity, the showers
extend laterally over more cells.
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Fig. 8. Energy response for 50 GeV (open circles) and 200 GeV (solid dots) charged pions at r) — 0.3
(left plot) and r/ = 1.3 (right plot) as a function of the cone size. The points with arrows correspond to
the case without restriction to a cone. Energy and pseudorapidity independent parameters were used for
the energy reconstruction

For a cone of AR - 0.6 (AR = 0.3), the noise is above 3 GeV (1.5 GeV). Digital
filtering [6] allows noise suppression (approximately by a factor of 1.6). But even this level
of noise is large and is comparable to the intrinsic resolution of the calorimeters for pions
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Fig. 9. Energy resolution for 50 GeV (open circles) and 200 GeV (solid dots) charged pions at 77 = 0.3
(left plot) and 77 = 1.3 (right plot) as a function of the cone size. The points with the arrows correspond
to the case without restriction to a cone. Energy and pseudorapidity dependent parameters were used
for the energy reconstruction
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Fig. 10. Energy dependence of the resolution for pions at 77 = 0.3 (left plot) and 7/ = 1.3 (right plot).
The open circles show the intrinsic calorimeter resolution obtained with no cut cone restriction and
without electronic noise. The solid dots show results obtained for a cone of AR = 0.3 and without
electronic noise. The open squares show the results obtained for a cone of Д Д = 0.3 and with a
2cr-noise cut (whit electronic noise included). The curves show the results of the fits done with the
two-term formula (3) for the first two sets and with the three-term formula (4) for the third set

with energy of a few tens of GeV. A smaller cone of AR = 0.3 is preferable from this point

of view; after digital filtering, noise can be kept around 1 GeV in the barrel region and below

3 GeV in the pseudorapidity region covered by the extended barrel.

The response and the energy resolution in the barrel region are presented in Figs. 8 and 9

as a function of the cone size used for the pion energy reconstruction. Energy losses outside a
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cone noticeably increase with decreasing cone size, especially for 50 GeV pions. The energy
resolution also becomes worse, but it is still acceptable for the cone of AR = 0.3.

Selecting cells with energy deposition above a certain threshold decreases the noise
contribution. A study to optimise the cone size and the noise cut was performed in the barrel
region. A 2<r-noise applied to the calorimeter cells within a cone of AR = 0.3 leads to the
best energy resolution. In Fig. 10, the energy dependency of the resolution is plotted for two
pseudorapidities: r/ = 0.3 and 77 = 1.3. The energy dependence of the resolution can be
parametrized by the equation 2 with an additional noise term:

a/E = a/VE © b © c/E, (4)

where с is given in GeV. The results of the fit with the formula of Eq. 4 are presented in the
Table.

Table. Terms of the pion energy resolution fitted with the two-term (2) and the tree-term (4)
expression for the rj = 0.3 and 1.3

Central barrel region 77 = 0.3

a {% VGeV) Ь(%) с (GeV)

Extended barrel region r/ = 1.3

a (% VGeV) b(%) с (GeV)

No Cone, No Noise

40 ± 1 3.0 ±0.1 || 44 ± 3 1.6 ±0.3 -

Cone ДЯ = 0.3, No Noise
53 ± 2 3.0 ±0.2 || 67 ± 4 2.9 ±0.4 -

Cone AR = 0.3, Noise with а 2ст-сш
50 ± 4 3.4 ±0.3 fixed at 1.0 || 68 ± 8 3.0 ±0.7 fixed at 1.5

5. CONCLUSIONS

The response of the barrel and extended barrel region of the ATLAS calorimeter system
to single charge pions was investigated using full simulation. Pion energy scans from E =
20 GeV to 1000 GeV and pseudorapidity scans with pions of constant transverse energy (Ет —
20 and 50 GeV) have been analysed. For the pion energy reconstruction, the «Benchmark
approach» was used: it provides a first order correction for noncompensation effects and
accounts for the effect of the dead material by using the ITC's and scintillators to sample the
energy loss or interpolating between the energy deposited in adjacent calorimeter layers.

Energy and rapidity dependent and independent calibrations have been considered. The
best results are obtained with energy and rapidity dependent parameters. The effect of
electronic noise has been studied: cone size and cell energy cuts have been optimised. The
energy dependence of the resolution can be parameterized as: (50 ± 4)%/VE © (3.4 ±
0.3)% Ф 1.0/E at r) = 0.3 and (68 ± 8)%/у/Ё~<& (3.0 ± 0.7)% © 1.5/E at 4 = 1.3. The larger
constant term at 77 = 0.3 can be explained by the longitudinal leakage from calorimeters
in this region. The resolution, obtained for the pseudorapidity scans, is represented by:
(39± l ) % / \ / £ © (1 ±5)% for ET = 20 GeV, (49±9)%/y/E®{2±6)% for ET = 50 GeV,
in the full range, except from about \rj\ — 1.3 to |?7| = 1.5, where the resolution is deteriorated
by the energy loss in the dead material although no significant tails in the energy spectrum
appears.
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COLLECTIVE FLOW IN MULTIFRAGMENTATION INDUCED
BY RELATIVISTIC HELIUM AND CARBON IONS

S.P.Avdeyev1, V.A.Karnaukhov1, LA.Petrov1, V.K.Rodionov1, V.D.Toneev1,
H.Oeschler2, O.V.Bochkarev3, L.V.Chulkov3, E.A.Kuzmin3,
A.Budzanowski4, W.Karcz4, MJanicki4, E.Norbeck5, A.S.Botvina6

Multiple emission of intermediate-mass fragments has been studied for the collisions
of p, 4 He and 1 2 C on Au with the 4тг set-up FASA. In the case of 1 2 C (22.4 GeV) +
+ Au and 4 He (14.6 GeV) + Au collisions, the deviations from a pure thermal break-up
are seen in the energy spectra of the emitted fragments, which are harder than those
from both model calculations and measured for p-induced collisions. This difference is
attributed to a collective flow with the expansion velocity on the nuclear surface about
0.1 с (for : 2 C + Au collisions).

The investigation has been performed at the Dzhelepov Laboratory of Nuclear

Problems, JINR.

Коллективный поток в процессе мультифрагментации,
вызванный релятивистскими ионами гелия и углерода

С. П.Авдеев и др.

Множественная эмиссия фрагментов промежуточной массы была исследована
с помощью 4тг-установки ФАЗА для соударений р, 4Не, 1 2 С 4- Аи. Для случая
1 2 С (22,4 ГэВ) + Аи и 4Не (14,6 ГэВ) + Аи в энергетических спектрах вылета-
ющих фрагментов видны отклонения от чисто теплового распада: средние энергии
фрагментов превышают расчетные значения и измеренные величины для р + Аи
взаимодействий. Это различие приписывается коллективному потоку со скоростью,
равной ~ 0,1 с на поверхности ядра (для 1 2 С + Аи взаимодействия).

Работа выполнена в Лаборатории ядерных проблем им. В.П.Джелепова ОИЯИ.

Nuclear multifragmentation is a decay mode of very excited nuclei in which Intermediate

Mass Fragments (IMF, 3 < Z < 20) are copiously emitted. These findings have been strongly

1Joint Institute for Nuclear Research, 141980 Dubna, Russia
2Institut fur Kernphysik, TU Darmstadt, 64289, Germany
3Kurchatov Institute, 123182, Moscow, Russia
4 H . Niewodniczanski Institute of Nuclear Physics, 31-342, Cracow, Poland
5University of Iowa, Iowa City, IA 52242 USA
6INFN and Dipartimento di Fisica, Bologna, Italy
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stimulated by the idea that this process might be related to a liquid-gas phase transition in
nuclear matter. A recent status on multifragmentation can be found in Ref. 1.

There are two ways to produce highly excited nuclei: heavy ion collisions at intermediate
energies and reactions induced by light relativistic projectiles. In the first case, nuclear heating
is accompanied by compression, fast rotation and shape distortion which may cause dynamic
effects in the multifragment disintegration and it is not easy to disentangle all these effects
and extract information on thermodynamic properties of hot nuclear systems. The situation
becomes more transparent if light relativistic projectiles (protons, helium ions) are used. In
this case, dynamic effects are expected to be negligible. Another advantage is that all the
fragments are emitted by a single source: a slowly moving target remainder. Its excitation
energy might be almost entirely thermal. Light relativistic projectiles provide therefore a
unique possibility to study «thermal multifragmentation». It has been shown that thermal
multifragmentation indeed takes place in collisions of light relativistic projectiles (p, p, 3He,
a ) with a heavy target [2-9].

In this Letter we concentrate on studying energy spectra of the emitted fragments as they
reflect, due to the «Coulomb law», the geometry and dynamics (expansion) of the emitting
source. By comparing our results from p+Au [4] collision with those from reactions induced
by a particles and 1 2 C projectiles with incident energies of (1 - 4) A-GeV, we evidence
a transition from a pure statistical process («thermal multifragmentation») to a behaviour
reflecting dynamics. It will be shown that a spatial distribution of the fragments at freeze out
can be inferred from the observed additional collective energy.

The experiments were performed with beams from the JINR synchrophasotron in Dubna
using the modified [10] 4-7r-set-up FAS A [11]. The device consists of two main parts: (i) Five
AE (ionization chamber) x E (Si)-telescopes, which serve as a trigger for the read-out of
the system allowing measurement of the charge and energy distributions of IMF's at various
angles from 24° to 156° and cover together a solid angle of 0.03 sr. (ii) The fragment
multiplicity detector consisting of 64 CsI(Tl) counters (with thicknesses around 30 mg-cm~2)
which covers 89% of 4тг. This device gives the number of IMF's in the event and their
spatial distribution. A self-supporting Au target of 1.5 mg/cm2 thickness was located in the
centre of the FASA vacuum chamber (~ 1 m in diameter). The following beams were used:
protons at energies of 2.16, 3.6 and 8.1 GeV, 4He at energies of 4 and 14.6 GeV and 1 2 C at
22.4 GeV. The average beam intensity was 7 • 108 particles/spill for protons and helium and
1 • 108 particles/spill for carbon projectiles with a spill length of 300 ms and a spill period of
10 s. See also [4] reporting on the p+Au experiment.

The kinetic energy of fragments is determined by four terms: thermal motion, Coulomb
repulsion, rotation, and collective expansion of the system at freeze out, E = Eth + EQ +
ETOt + Enow The additivity of the first three terms is quite obvious. For the last term,
its independence of others may be considered only approximately when the evolution of the
system after the freeze-out point is driven only by the Coulomb force. The Coulomb term
is significantly larger than the thermal one as was shown in Ref. 7 for 4He (14.6 GeV)+Au
collisions, where the Coulomb part of the mean energy of the carbon fragment is three times
larger than thermal one using volume emission of fragments from a diluted system.

The contribution of the collective flow for the p+Au collisions at 8.1 GeV energy was es-
timated in Ref. 4. It was found that vnow < 0.02 с This was done by comparing the measured
IMF spectra with the ones calculated within the framework of the Statistical Multifragmen-
tation Model (SMM) [13], which includes no flow. For heavy ion collisions, collective flow
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has been observed and it is the most pronounced in central Au+Au collisions [15]. In
this respect, it is interesting to analyse energy spectra of fragments from He+Au and C+Au
collisions looking for a possible onset of the collective flow phenomenon.
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Fig. 1. Energy distribution of carbon isotopes obtained for different collision systems at в = 89°. The
lines are calculated in INC+Exp+SMM model assuming no flow

A comparison of the energy spectra of outgoing carbon isotopes from proton-, helium-
and carbon-induced collisions on an Au target is presented in Fig. 1. The spectral shapes
show an increase in the number of high energy carbon fragments as the projectile mass is
increased. The reaction mechanism for light relativistic projectiles is usually divided into
two stages. The first one is a fast energy-depositing stage, during which very energetic light
particles are emitted and a nuclear remnant (target spectator) is excited. We use a refined
version of the intranuclear cascade model (INC) [16]. The second stage is described by the
Statistical Multifragmentation Model (SMM), which considers the multibody decay (volume
emission) of a hot expanded nucleus. But such a two-stage approach fails to describe the
observed IMF multiplicities. An expansion stage is inserted between two parts of calculation.
The excitation energies and the residual masses are then fine tuned [4] to get an agreement
with the measured IMF multiplicities. The lines in Fig. 1 give the spectra calculated within
the framework of the combined model INC+Expansion+SMM. The fragment energies are
obtained by the multibody Coulomb trajectory calculations on an event-by-event basis. At the
initial state all the charged particles are assumed to have a thermal velocity only (no flow).

The calculated carbon spectrum for p+Au collisions (at 8.1 GeV) is consistent with the
measured one. A similar situation occurs with 4 He+Au collisions at 4 GeV, but not with
4He(14.6 GeV)+Au and 12C+Au interactions: the measured spectra are harder than calculated
ones.

The trend from Fig. 1, i.e., increasing mean energies with increasing mass and energy of
the projectile, is seen for many emitted fragments. This observation is summarized in Fig. 2,
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which shows the mean kinetic energies per fragment nucleon as a function of the charge of
the detected fragments Z. This figure shows a remarkable enhancement in the kinetic energies
for light fragments emitted in He+Au and C+Au collisions as compared to the p(8.1 GeV)+Au
case. The calculated values of the mean fragment energies (shown by lines) are obtained with
the INC+Expansion+SMM model. The measured energies are close to the calculated ones
for p+Au collisions in the range of the fragment charges between 4 and 9. The experimental
values for 4He+Au and 12C+Au interactions, however, exceed the calculated ones, which are
similar for all three cases.
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Fig. 2. The mean kinetic energies of outgoing fragments per nucleon measured at в = 89° for
p(8.1 GeV), 4He (14.6 GeV) and 1 2C (22.4 GeV) collisions with Au. The lines are calculated within
INC+Exp+SMM approach assuming no flow

The observed deviation cannot be attributed to the angular momentum effect. The rota-
tional energy Erot of a fragment with mass AlMF can be estimated from the total rotational
energy EL of a system with mass number AR using classical rotation:

< Bret >
D2 '

•"-sys.

(1)

where Rz is the radial coordinate of the IMF and Rsys. is the radius of the system. According
to the INC calculations for C+Au collisions, the mean angular momentum L of the target
spectator is « 36h. It might be reduced by a factor of 1.5 due to the mass loss along
the way to the freeze-out point. Finally, < EL > is estimated to be only 5 MeV and
< jE7rot > /AIMF ~ 0.04 MeV/nucleon, which is an order of magnitude smaller than the
energy enhancement for light fragments. We conclude that the observed enhancement is
caused by the expansion of the system, which seems to be radial, as the wy-versus-vx plot
(this will be subject of forthcoming publication) does not show any significant deviation from
circular symmetry.
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An estimate of the fragment flow energy may be obtained from the difference between
the measured IMF energies and those calculated (without any flow). This difference for C+Au
collisions is shown in Fig. 3. It shows a drastic decrease of the flow energy with increasing
charge of the fragment.

S 2 -

V

&
V

Fig. 3. The flow energy per nucleon (triangles) obtained as a difference of the measured fragment
kinetic energies and the values calculated under assumption of no flow in the system. The lines
represent calculations assuming a linear profile of the expansion velocity with v^ow — 0.1 с (dotted
line), and quadratic profile with г$о„ = 0.2 с (dashed line)

In an attempt to describe the data we modified the SMM code by including a radial
velocity boost for each particle at freeze out, i.e., the radial expansion velocity was superim-
posed on the thermal motion in the calculation of the multibody Coulomb trajectories made
on an event-by-event basis. A self-similar radial expansion is assumed, where the local flow
velocity is linearly dependent on the distance of the particle from the centre of mass. The
expansion velocity of particle Z located at radius Rz is given by the following expression

(2)
sys.

where ?4jow is the radial velocity on the surface of the system. The use of the linear profile
of the radial velocity is motivated by the hydrodynamic models for an expanding hot nuclear
system (see for example Ref. 14). The value of i $ o w has been adjusted to 0.1 с in order
to describe the mean kinetic energy measured for the carbon fragments. The results are
presented in Fig.3 by a dotted line calculated from the difference of the fragment energies
obtained for ujjow = 0.1 с and v^ow = 0. The data deviate significantly from the calculated
values for Li and Be. It may be caused in part by the contribution of particle emission during
the early stage of expansion from the hotter and denser system. It is supported by the fact
that the extra energy of Li fragments with respect to the calculated value is clearly seen in
Fig. 2 even for the proton-induced fragmentation, where no significant flow is expected. This
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peculiarity of light fragments has been noted already by the ISIS group for 3He+Au collisions
at 4.8 GeV [12].

For fragments heavier than carbon, the calculated curve in Fig. 3 is higher than the data
and only slightly decreasing with increasing fragment charge. The trend of the calculation is
to be expected. The mean fragment flow energy is proportional to < R\ > and this value
changes only little with fragment charge in the SMM code due to the assumed equal probability
of the IMF distribution inside the available break-up volume. The difference between the
data and the calculations shown in Fig. 3 indicates that a uniform density distribution is not
fulfilled. The dense interior of the expanded nucleus is favourable for the appearance of larger
IMF's, if fragments are formed via the density fluctuations. Indications of such an effect could
already be drawn from the analysis of the mean IMF energies performed in Ref. 4 for proton
induced fragmentation. For p+Au collisions the measured energies are below the theoretical
curve for fragments heavier than Ne.

The deviations of the data from the calculations are slightly reduced but still remain, if
a quadratic radial profile of the expansion velocity (Rz/Rsys.)2 is used, as shown in Fig. 3
for VfiOVJ = 0.2 c, which has been chosen to be close to the data at Z = 6. The interesting
phenomenon of the flow energy reduction for heavier fragments is observed also for the
central heavy ion collisions [18]. It is increasingly important at energies < 100 AMeV, and
that is in accordance with our suggestion of its relation to the density profile of the hot system
at freeze out.

0.08

4 6 12

Fig. 4. Experimentally deduced mean expansion velocities (triangles) for 12C + Au collisions as a
function of the fragment charge (left scale), and the mean relative radial coordinates of fragments
(right scale), obtained under assumption of a linear radial profile of the expansion velocity. The right
scale is chosen to have the value for carbon fragments coincident with that on dotted line which gives

> according to SMM calculations

For the estimation of the mean fragment flow velocities < /?flow > the difference between
the measured IMF energies and calculated ones (without flow) has been used. The results
are presented in Fig. 4. The values for Li and Be are considered as upper limits because
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of the possible contribution of the preequilibrium emission. The corresponding values of
< Rz > /Rsys. for the freeze-out point obtained under the assumption of the linear radial
profile for the expansion velocity are given on the right-hand scale of this figure. Again, the
reduced radial coordinate for the carbon fragment is chosen to coincide with the calculated
one. The dashed line shows the mean radial coordinates of fragments according to the SMM
code. As has been noted above, the calculated values of < Rz > /Rsys. are only slightly
decreasing with Z, as expected from a uniform density distribution, but in clear contrast to
the data.

Effects of the radial collective energy for 1 Л-GeV Au+C collisions (in inverse kinematics)
were considered in [17] by analysing the transverse kinetic energies. The mean radial flow
velocities were estimated, but it was done only for fragments with Z< 7. In this charge
range our analysis gives slightly lower values of the mean expansion velocities as compared
to Ref. 17.

The total expansion energy can be estimated by integrating the nucleon flow energy (taken
according to Eq. (2)) over the available volume at freeze out. For uniform system one obtains

*Cw = YQAR • mN « , J 2 (1 - rN/R,yst.f (3)

with the nucleon mass m^ and radius r/v. For 12C+Au collisions it gives E^w ~
~ (100 — 130) MeV, corresponding to the flow velocity at the surface of 0.1 с Similar
results are obtained for 4He(14.6 GeV)+Au collisions. The total flow energy of the fragment-
ing nucleus is four times lower than the thermal one estimated in the INC+Expansion+SMM
approach.

Concluding, the energy spectra of IMF's for reactions p+Au at 2.1, 3.6 and 8.1 GeV,
4He+Au at 4 and 14.6 GeV, 12C+Au at 22.4 GeV are compared. While the fragment
kinetic energies are well described within the SMM code for p+Au collisions, the model
underestimates the kinetic energies of fragments from collisions induced by 4He and 1 2 C
projectiles. The additional energy is attributed to collective expansion. However, a linear flow
profile fails to describe the variation of flow energies extracted from the measured spectra with
the fragment charge. This discrepancy might be caused by the fact that the model assumes a
uniform density distribution and, hence, a rather uniform probability distribution of fragments
in the freeze-out volume. The data indicate that heavy fragments are predominantly located
more in the interior of the nucleus.

The presented study shows that in spite of the success of statistical multifragmentation
models, the description of the freeze-out condition might be still too simplified. The energy
spectra provide sensitive probes for the source configuration and the emission dynamics. The
range of projectiles, from protons to light nuclei, seems to be quite attractive in this respect
for showing a transition from «thermal break up» to dynamical disintegration of hot nuclear
matter.
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State Commute for Scientific Research, by Grant No. 94-2249 from INT AS, and by Contract
No.06DA819 with Bundesministerium fur Forschung und Technologie, and by US National
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VARIATION OF THE COULOMB REPULSION
IN MULTIFRAGMENTATION

H. Oeschler1, A.S. Botvina2, D.H.E. Gross3, S.P. Avdeyev4,
V.A. Karnaukhov4, L.A. Petrov4, V.K. Rodionov4, O.V. Bochkarev5,
L.V. Chulkov5, E.A. Kuzmin5, A. Budzanowski6, W. Karcz6, M. Janicki6,
E. Norbeck7

In multifragment emission, the measured Coulomb repulsion provide!: evidence for
the initial geometry and the time evolution of the break-up process. In collisions of
light relativistic projectiles with gold, it is found that for a given isotope the maxima of
the energy spectra decrease with increasing number of emitted fragments. This could
indicate a variation in density at break-up. Different explanations of this observation are
considered. Statistical multifragmentation models with fixed density provide a similar
effect.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear

Problems, JINR.
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При эмиссии фрагментов промежуточной массы кулоновское расталкивание
дает информацию об исходной геометрии и эволюции во времени процесса развала
системы. Во взаимодействиях релятивистских частиц с золотом обнаружено, что для
данного изотопа максимум энергетического спектра смещается в сторону меньших
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1. INTRODUCTION

The understanding of the emission of intermediate mass fragments (IMF) from highly
excited nuclei is a major topic in current nuclear physics research. This process gives access
to the behaviour of nuclear matter at low densities and nuclear phase transitions.

To understand this new decay mechanism detailed knowledge of the excitation energy,
of the density at break-up and of the time scales involved are of key interest. The study
of the repulsive Coulomb forces between the emitted fragments gives information about the
situation at break-up, e.g., on density and on the time scale of emission using velocity and
angular correlations [1-9].

This work is focused on the detailed study of the energy spectra of the emitted fragments.
For thermal multifragmentation the kinetic energy of the fragments is mainly determined by
Coulomb interactions. The maxima of the spectra are generally at rather low energies which
could imply a dilute configuration at break-up. A reduced Coulomb repulsion was observed
already in 1964 by Cumming et al. [10] and later reported in several papers [11]. A more
detailed study reveals that the shape of the spectra varies with the number of emitted fragments
as demonstrated in this work: the larger the number of fragments, the lower the maximum of
the energy spectra. A similar observation has been reported in Ref. 12 and it was interpreted as
a reduction of the density when more fragments are emitted. In addition to our experimental
finding a detailed analysis of model calculations will be discussed in view of alternative
explanations of this variation.

2. EXPERIMENTAL SET-UP

The study is based on experimental results on p + Au collision at 8.1 GeV incident energy
(at several GeV incident energy). These experiments were performed at the synchrophasotron
in Dubna, Russia, using the modified [13] 4-7r-set-up FASA [14]. A survey of the results
using protons at incident energies of 2.1, 3.6, and 8.1 GeV are given in Ref. 15.

The device consists of five AE (ionisation chambers) x E (Si)-telescopes, and 64 CsI(Tl)
counters as fragment multiplicity detectors (FMD). The ionisation chambers are located at an-
gles from 24° to 156° and cover a solid angle of 0.03 sr. They serve as the trigger for the
read-out of the system. The FMD cover 89% of 4тг and gives the number of IMF's in an
event. A self-supporting Au target 1.5 mg/cm2 thick was located in the centre of the FASA
vacuum chamber. The average beam intensity was 7 • 108 p/spill for protons and a beams
and 1 • 108 p/spill for carbon projectiles with a spill length of 300 ms and a spill period of 10 s.

3. EXPERIMENTAL RESULTS

The experimental observation to be discussed here is the variation of the energy spectra
with IMF multiplicity. This has been observed in collisions of p with Au at 8.1 GeV incident
energy and all outgoing isotopes exhibit the same trend. Figure 1 displays typical examples
of energy spectra selected according to the measured IMF multiplicity MA. It shows various
ejectiles measured in p + Au at 8.1 GeV. We denote Мд as the IMF multiplicity measured by
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3
1)

the multiplicity array (FMD) without counting the triggering IMF. Hence, the measured total
IMF multiplicity (of events with at least one IMF) is 1 + MA- AS the detection efficiency
is less than 100%, the energy spectra for a given MA are mixtures of contributions from
different primary multiplicities with weights as given in Eq. (1) of Ref. 15.

For all examples typical trends are seen: (i)
the inverse slope parameters at high kinetic ener-
gies increase with increasing MA', (ii) the energies
of the maxima of the spectra decrease with Мд.
While the slope variation likely reflects the selec-
tion of different excitation energies, Ex, (the more
IMF's, the higher Ex), the second point deserves a
careful study by performing model calculations.

4. CALCULATIONS

Such complicated nuclear reactions are com-
monly considered as multistage processes. The
simplest way is to divide the reaction into two
stages: nonequilibrium and equilibrium. The rea-
son for this is the sharp difference of time scale
and character of processes taking place during these
stages.

The intranuclear cascade model (INC) is
widely used for simulating the initial nonequilib-
rium stage of nucleus-nucleus reactions [16-18].
The physical picture of the INC is simple: the inci-
dent nucleus initiates cascades of successive quasi-
free nucleon-nucleon and pion-nucleon collisions.
High-energy products of the hadron-nucleon colli-
sions leave the nuclei while low-energy particles
are trapped by them. After completion of the cas-
cades, the residues of the nuclei are characterized
by the number of nucleons A, of protons Z, by
their excitation energy Ex, by their momentum P,
and angular momentum L. Usually these residual
nuclei (RN) are identified with equilibrated sys-
tems. However, an additional preequilibrium emis-
sion may be important for the total thermalization
of RN [19] or an expansion leading to densities at
which break-up occurs [15]. In spite of disregard-

ing the dynamics of the self-consistent nuclear field, the INC is rather successful in describing
the distributions of RN for peripheral collisions and for reactions of small projectiles with
heavy nuclei.

At high excitation energy the main de-excitation mechanism of RN is their break-up into
many large particles — multifragmentation [20]. In the present work, for simulating nuclear
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Fig. I. Examples of the variation of energy
spectra of B, C, and О with IMF multiplicity.
MA gives the measured number of IMF's in
addition to the detected isotope
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disintegration we use two multifragmentation models: Microcanonical Metropolis Monte
Carlo model (MMMC) [21-23] and the statistical multifragmentation model (SMM) [20,24].
For a comparison of these two approaches see Ref. 25.

Within MMMC and SMM we consider a microcanonical ensemble of all break-up chan-
nels composed of nucleons and excited fragments of different masses. It is assumed that an
excited nucleus expands and the decoupling of the fragments (freeze-out) occurs at a certain
volume V. Fragments may be created earlier, yet, they still interact. At freeze-out the system
is supposed to be in statistical equilibrium and the probability Wj of a decay channel j is
proportional to its statistical weight

j^A^JXV), (1)

where Sj is the entropy of the system in a state corresponding to the decay channel j .
After the freeze-out (last strong interaction) the fragments propagate independently in their
mutual Coulomb fields and might undergo secondary decays. The models differ by sampling
channels in this ensemble: the Metropolis method used in MMMC and the direct random
generation used in SMM and also, by details in the de-excitation of hot fragments and their
Coulomb interaction. The MMMC calculates Coulomb energy by taking the real positions
of fragments inside the volume, the SMM finds the mean Coulomb energy in the Wigner-
Seitz approximation. The MMMC considers the secondary de-excitation as fast emission of
nucleons at the location where the fragment is formed, the SMM takes into account evaporation
of all light particles (including fission for heavy fragments) but after the Coulomb acceleration.
For many observed characteristics (e.g., yield and multiplicity of fragments) these differences
are not essential and both models give similar results.

These two models are applied for simplicity to the decay of A = 160 nuclei at excitation
energies of 4, 5, and 6 MeV/nucleon. These values are guided by the INC calculation
performed for the system p+Au at 8.1 GeV. The choice of a constant A and fixed Ex is
made to show properties of the model calculations in a transparent way. Realistic calculations
would, of course, require distrubutions in A, charge and Ex. Fixed decoupling densities
of p/po = 1/6 (MMMC) and 1/3 (SMM) are used*. The choice of the densities does not
influence the trends discussed here, of course higher mean energies are obtained for more
compact break-up conditions.

5. DISCUSSIONS

Of interest is the change of the mean values and the maxima of the energy distributions
with IMF multiplicity. This is demonstrated in Fig. 2 for outgoing carbon isotopes. The upper
part shows the trend of the mean energy and the energy with maximum yield with MA + 1
as deduced from the measured spectra for p+Au collisions. The middle and lower parts of
Fig. 2 show the calculated (E) as a function of the primary IMF multiplicity. The scaling
of the two abscissas are chosen such that their mean values correspond to each other. It is
interesting to note that the calculations show a decrease even when both excitation energy

*As described in 124] SMM uses a parametrized multiplicity-dependent volume for calculating phase-space
probabilities of partitions but the calculation of Coulomb and kinetic energies of fragments is made in a fixed volume
that is three times larger than the normal one.
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and density are fixed. Therefore, the observation of a drop does not imply a change in the
density as the application of the Coulomb law intuitively suggests. This decrease is inherent
in the multifragment-decay process.

Before discussing the origin of the change of frag-
ment energies with multiplicity, differences between
MMMC and SMM should be mentioned. Figure 2
shows that in the SMM model (E) varies with exci-
tation energy while in the MMMC calculations such
a trend is very weak, practically not visible. This
arises probably from the different number of charged
particles taking part in the acceleration process in the
two models. The SMM model considers acceleration
of a few hot fragments. Protons and a particles are
produced mainly long after freeze-out as a result of
secondary de-excitation and this emission influences
considerably the energies of IMF's. In MMMC pro-
tons and a particles participate in the acceleration on an
equal footing with the cold fragments. The nuclear sys-
tem is initially disintegrated into many more particles
and their energies change slowly with an increasing
number of emitted particles. This is seen in Fig. 3: in
the freeze-out volume the fragment charges are consid-
erably larger for the SMM case (top); the relative share
of the total kinetic energy obtained by carbon in SMM
depends strongly on the number of IMF's while in the
MMMC case it depends much less on the surrounding
IMF's (bottom). Therefore, the difference between the
two models might be used to experimentally determine
the importance and the instant of secondary decay of
fragments during their Coulomb acceleration.

Detailed calculations of carbon energy spectra
have been performed with SMM. The input data
(charge, mass and excitation energies of fragmenting
nuclei) are taken from INC calculations taking into
account the loss of mass and excitation energy dur-
ing the expansion stage as suggested in Ref. 15.As the
remnant nuclei after INC are close to normal nuclear
matter density but SMM starts with low density, the
direct combination of the two models is inconsistent.
In [15] the expansion is taken into account rather em-
pirically by fitting the measured IMF multiplicities. It
should be stated that in the studied reactions the expan-
sion stage influences little the energy spectra, as they
are mainly governed by the density used in the SMM
model.
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Fig. 2. Mean energy (and Етлх) of out-
going carbon isotopes as a function of
the IMF multiplicity for p+Au collisions.
The upper part gives the experimental re-
sults (symbols) deduced from the spec-
tra shown in Fig. 1. The lines exhibit the
results of an INC+Expansion+SMM cal-
culation for .Emax (dashed) and < E >
(dotted), folded with the experimental
filter (see text). The middle and lower
part shows the results of the MMMC and
SMM calculations of decaying A=160
nuclei at fixed excitation energies with
values as indicated
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The calculated energy spectra are folded with the experimental filter according to Eq.(l)
in Ref. 15. These calculations render well the inclusive carbon spectrum (see Ref. 15). As
the excitation energy of the fragmenting system varies from « 2 to и 6 MeV/nucleon (with
a mean value of m 4 MeV/nucleon [15]), this model gives a rather strong decrease of
E-max and < E > for carbon spectra with multiplicity (dotted and dashed lines in the upper
part of Fig. 2) which is stronger than the measured
trend. In contrast, the MMMC model predicts that
< E > hardly changes with excitation energy (Fig.
2, middle part). Hence, the discrepancy between the
measured trend and the SMM prediction might indi-
cate that the de-excitation of hot fragments proceeds
mainly during or, similar to the MMMC case, in the
beginning of the Coulomb acceleration.

One might think that the carbon isotopes are emit-
ted more at the surface when only few fragments are
present and, in the other case, with many fragments
simultaneously, the emission might occur more in the
centre. In our model calculations we can trace back
the origin of the fragments. As shown in the mid-
dle part of Fig. 3, the mean relative distance from the
center of mass does hardly vary with the number of
fragments.

The observed effect appears as a consequence of
many-body Coulomb evolution for partitions.

It should be mentioned that sequential fragment
emission also yields the observed trend. With the
sequential binary model [26] the later the carbon is
emitted, the lower its kinetic energy. This is due to
the decreasing charge and excitation energy of the
system with time. However, the time scale in this
model is significantly larger than the time estimated
experimentally [7].
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6. SUMMARY

The energy spectra of outgoing fragments in
multifragmentation reactions exhibit a decreasing
«Coulomb peak» as the IMF multiplicity increases.
Performing calculations with statistical multifragmen-
tation models we conclude that a drop in Emax and
(E) of the outgoing fragments with increasing IMF
multiplicity alone is not a proof for a varying density
nor of a different emission geometry. Such a trend
is consistent with the Coulomb interaction of many-
particle systems in general. The observed variation of

Fig. 3. MMMC and SMM calculations
for the multifragmentation of 1 6 0Gd nu-
clei at excitation energy 5 MeV/nucleon.
The SMM results are for hot fragments
leading after secondary de-excitation to a
carbon (middle and bottom) and to frag-
ments with Z > 6 (top). Top: average
charge for fragments with Z > 6; mid-
dle: relative distance of fragments with
Z = 6 from the centre mass of the sys-
tem (note the suppressed origin); bottom:
relative share of the total kinetic energy
of fragments with Z=6 after the Coulomb
acceleration
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the energy spectra has a natural explanation in the kinematical redistribution of the energy
with increasing disintegration of the system as predicted by statistical models. It is clear from
the comparison of the models that in future experimental studies the analysis of fragment-
energy distributions at different fragment multiplicities can provide crucial information about
the internal excitation of the fragments and their Coulomb interaction and propagation during
secondary de-excitation.
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