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PREFACE

This volume contains the proceedings of the NUPPAC'99 " The second Conference
on Nuclear and Particle Physics " held in Cairo, Egypt, during the period 13-17
November 1999.
This is the traditional Egyptian Nuclear Physics Conference organized by the
Egyptian Nuclear Physics Association (ENPA) to bring together nuclear physicists
from many countries to discuss recent developments in this field. The conference was
sponsored by the Egyptian Atomic Energy Authority (EAEA) and under its
auspices. The venue of the conference was the main auditorium of the downtown
residence of the EAEA in Cairo. More than 100 scientists from 8 countries came to
the conference. A list of participants is provided at the end of this volume. The main
characteristics of the event may be stated, as it was a conference with quite wide
range of topics in a dense program embedded in quite a very rich cultural
environment. This feature attributed a special attraction to it, in view that participants
had the chance to visit the outstanding and magnificent archeological places of Egypt
in a very pleasant autumn time weather. In addition, the participants enjoyed an
oriental music evening performed by the soloists and the choir composed from the
staff members and their talented students of the Music Faculty belonging to Helwan
University in Cairo. The range of topics of the conference was quite wide. The
emphasis was on basic research, although some applied and related topics were also
discussed. The editors have made a considerable effort to improve the presentation of
many papers. We would like to apologize for any misunderstanding in this endeavor.
All the papers in this volume, except the invited talks where full scientific
responsibility rests with their own authors, were refereed according to usual
scientific rules. Various interesting photographs with additional relevant texts are
scattered throughout the volume, which will impress the readers, and give them an
idea about the atmosphere of the conference and may be will help participants to
recall their memories about this event.

Cairo, November 2000 M.N.H. Comsan , K.M. Hanna
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Address by Professor M.N.H. Comsan , Conference Chairman

Prof. Dr. Abdel Hamid Zahran
President of the Atomic Energy Authority of Egypt and Honorary Chairman of the
Conference
Prof. Dr. Mohammed Ahmed Gomaa
Vice President of the Egyptian Nuclear Physics Association
Prof. Hidezumi Terazawa
Representative of the Foreign Participants
Prof. Dr. Abdel Moneem Hassan
Conference General Secretary

Dear Colleagues Participants of the 2nd Conference on Nuclear and Particle Physics
NUPPAC99
Ladies and Gentlemen

It gives me pleasure to welcome you at the opening of this important scientific
event here in Cairo in this wonderful weather of November. Two years ago the
Egyptian Nuclear Physics Association ENPA, at that time not yet registered-
organized its 1st conference NUPPAC'97 with the presence of-120 participants from
Egypt and 8 foreign countries. In this year ENPA continues paving it's way to
organize NUPPAC every two years. We hope this will be a tradition for the coming
years too. The conference you attend is aiming to discuss and exchange ideas on
progress in theoretical and experimental nuclear and particle physics, in order to
provide wider understanding on current issues and problems in these subjects. It
includes 19 scientific sessions on matters of interest in: high energy and particle
physics, nuclear models and spectroscopy, neutron and reactor physics, plasma and
fusion physics, nuclear scattering and reactions, and in related topics.

The number of invited and contributed articles is 91. The number of attendants
are ~ 130 from 8 countries from Africa, Asia, and Europe and from 12 Egyptian
universities along with the 4 research centres of the host organization, the Atomic
Energy Authority of Egypt.

To all of you I wish good and beneficial conference time, pleasant stay in
Cairo, and to our foreign guests happy return to their home countries.

Thank you

Prof. Dr. M.N.H.Comsan
Conference Chairman



Address by Professor Abdel Hamid Zahran, President
of the Atomic Energy Authority of Egypt and

Honorary Chairman of the Conference

Distinguished Egyptian and Foreign Scientists and Guests
Dear Colleagues
Ladies and Gentlemen

It gives me pleasure to welcome you to the 2nd International Conference on Nuclear
and Particle Physics NUPPAC99 which is organized jointly by the Atomic Energy
Authority of Egypt and the Egyptian Nuclear Physics Association.
The history of nuclear and particle physics in Egypt's Atomic Energy Authority goes
back to its establishment in 1957. At that time the EAEA was formed from 7
departments dedicated for research and development in various fields of peaceful uses
of atomic energy. Among these departments 3 are to be engaged in R&D activities in
nuclear and particle physics namely:
- Department of Mathematics and Theoretical Physics
- Department of Experimental Nuclear Physics
- Department of Reactors
Later in 1964 due to active engagement in R&D activities with nuclear and particle
sciences, 2 more departments were formed:
- Department of Reactor and Neutron Physics
- Department of Plasma and Accelerators

The major experimental facilities for realization of research activities in these
directions were:
- Egypt's 1st Ion Accelerator of Van de Graaff type EG-2.5 with maximum energy 2.5
MeV built jointly with Soviet Union and starting operation in 1959
- Egypt's 1st Research Reactor ET-RR1 of water pool type with maximum power 2
MW built jointly with Soviet Union and starting operation in 1961

These two machines along with Egypt's extensive scientific cooperation program with
France, Germany, India, Japan, Soviet Union, United Kingdom, and USA helped us in
building our national school in nuclear sciences not only in the laboratories of EAEA,
but also in universities and scientific research institutes too.
Now after 40 years of its formation, to the infra-structure of EAEA in the field of
nuclear and particle physics and related topics were added:
- Egypt's 2 Research Reactor ET-RR2 with maximum power 20 MW, in operation
since 1998
- Inshas Cyclotron Facility ICF with maximum energy 20 MeV, under test and
expected to operate in March 2000
- Inshas Tandem Facility ITF for light and heavy ion acceleration with maximum
potential on the high voltage terminal 3 MV, under construction and expected to
operate in September 2000
These major machines will add significantly to Egypt's potential in the fields of
atomic and nuclear sciences.
The conference you attend is a result of this long way in promoting nuclear sciences
in Egypt and abroad for the benefit of mankind. The wide spread nature of topics
presented in this conference reflects the sophistication of theoretical and experimental
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tools used in solving most actual problems in nuclear and particle physics as it stands
today.
I hope the conference will provide you with the chance to exchange views, ideas, and
experience aiming for understanding of problems facing this branch of human
knowledge at the beginning of the 21st century.
Hoping you fruitful conference time , and happy stay in Cairo

Thank you for attention

Prof. Dr. Abd El-Hamid Zahran
President of EAEA
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Some of the earliest centers in history of mankind civilization on the
banks of the lower (Egyptian) part of river Nile valley



The City of Cairo, Egypt

The material given here provides you with the most necessary information.Cairo offers an
incredible selection of shopping, leisure, culture and nightlife. Shopping ranges from the
famous Khan el:Khalili souk, (or bazaar) largely unchanged since the 14th century, to
modern air-conditioned centers displaying the latest fashions. All the bounty of the East,
is here - particularly good buys are spices, perfumes, gold, silver, carpets, brass and
copperware, leatherwork, glass, ceramics and mashrabiya. Try some of the famous street
markets, like Wekala al-Balaq, for fabrics, including Egyptian cotton, the Tentmakers
Bazaar for applique-work, Mohammed Ali Street for musical instruments and, although
you probably won't want to buy, the Camel Market makes a fascinating trip.

View of Pyramids from the Mena House Hotel



When you need a break from city life
try a round of golf on the famous
Mena House course overlooking the
Pyramids, watch the horse racing at
the Gezira Club or visit the Zoo and
the Botanical Gardens. Take a trip on
the Nile in a felucca or ride on
horseback from the Giza Pyramids to
Sakkara. For a day trip outside Cairo
visit Haraniyya village and see the
beautiful tapestries and weaving
produced by local people. If you
wish, you may get away from it all at
the top of the Cairo Tower, a modern
187 meter-high tower with views of
the city from all sides, topped by a
revolving restaurant.

Cairo comes alive at night, which is
the best time to shop, eat delicious
Middle Eastern cuisine, or simply
watch the world go by from a
pavement cafe. You can dine in a
floating restaurant on the Nile,

A Nice Little Private Residence
sample an apple-flavored shisha waterpipe at a coffee-shop or see oriental dancers and
cabarets at a luxury hotel. The splendid Opera House complex houses several galleries
(including the Museum of Modern Art), restaurants and concert halls. Listening to Arabic
music under the stars, in the open-air theater, is a magical experience. At El-Ghuriya, in
the heart of Islamic Cairo, you can watch folk musicians and whirling dervish dancers.
And don't forget the most essential after-dark experience, the Sound and Light show at
the Pyramids, a dramatic fusion of light and music recounting the story of antiquity.

Many New Mall and Supermarket



Take a Tour of Cairo

Most of the monuments in Cairo and
elsewhere in Egypt are not so difficult
to identify. Most have one of several
different types of markers and the
more important have full descriptions.
Therefore, walking through one of the
historical areas of Cairo, one does not
necessarily need a guide, though
certainly it helps.

Modern Cairenes consider Central
Cairo to consist of the area bordered
by Old Cairo to the south, Islamic
Cairo to the east and the Nile River to
the west, but this covers a number of
different districts.

Modem Cairo (Central Cairo)

Islamic Cairo is not the oldest section
of Cairo, as that distinction belongs to
Old Cairo. Westerners visiting Cairo
many not wish to think in terms of

r , . . . Islamic here, but rather medieval,
indeed this area encompasses the medieval history from beginning to end.

• Islamic Cairo

Old Cairo actually predates Cairo itself to old Babylon and the Romans. Located here
are some of the oldest Christian Churches in the World, as well as one of the oldest
Mosques.

• Old (and Coptic) Cairo

Giza is where the Great Pyramid is located, but there is more to the west bank of the
Nile. Several important districts are located here, along with wonderful restaurants and
great shopping opportunities.

The West Bank and Giza

Other Areas

Heliopolis

Hehopohs is a suburb of Cairo located to the north east, though there is no break between
the cities as there was when it was first constructed in 1906. At that time the building
style of the city, known as Masr al-Gedida or New Cairo had a mix of architecture set in
a garden environment which reflected the tastes of the original promoter, Baron Empain
who built the Tram system in Cairo. Originally there was a strictly enforced building '
code with considerable neo-Arabic style used in buildings, but there are also some exotic
dwellings in the area. Originally, it attracted upper class families, and today that segment
is still there, along with the middle class.



Central Cairo - and Modern Cairo

The area across from Gezira Island above Shari Ramses is generally known as Bulaq,
and during the Ottoman period was a busy port and warehousing district, but today is a
residential district, though the El-Balah Wakala is here with its various dealers in
military surplus and scrap iron. Below that is Downtown Cairo which is of more interest
to us. South of Downtown is Garden City, across from Rhoda Island, and to the east of
that, Mounira. We have also included both Roda and Gezira Islands in this section.

Downtown

There is a good chance that most
tourist and businessmen visiting
Cairo will end up in central Cairo
which is located on the east bank o
the Nile. Standing on the 6th of
October bridge, one may see both
the Ramses and Nile Hiltons, the
Intercontinental (5) on the east
side and the Cairo Sheraton and
Cairo Marriott on the west, as well
as many other smaller hotels.

Today, parts of this area are
bustling with tourists, students, and
Egyptians both at work and play
because here one finds clusters of
eating establishments including
western fast foods, clubs and bars
(particularly in the hotels), movies,
banks and all manner of shops,
along with the press district about
halfway between the Egyptian
Museum and Ramses Station. This
is not an old area of Cairo, or at
least there are really no true
antiquities to see. Though it is not the newest, most exclusive or finest hotel, we will
begin our journey from the Nile Hilton (1), the first modern Hotel in Cairo. It is one of
the author's favorite places to stay, and provides considerable entertainment within its
dark wood bar and the constant weddings that traverse the lobby. There is a small mall
attached with several good eating establishments, and a variety of clothing and other
stores. Exit the back door and make a right for the mall. However, if you continue
down the walk upon exiting the hotel grounds one finds considerable bus and tourist
traffic, along with the hawkers of souvenirs. Just turn left and there you have it, the
famous Egyptian Antiquities Museum (2) with, for example, Tut's treasures within a
minutes walk. By the way, by all means buy some papyrus from the hawkers if you
wish, but usually they can be haggled with for perhaps half the price they initially offer.
The price gets better as the closing hours of the Museum approaches, and quantity
discounts for the folks at home are also negotiable.

Upon leaving the museum and
exiting its gates, take a left heading
south to Sharia Tahrir (street). We
will pass the Arab League Building
(6) on the right. This is a major
street, and along the way one may
find many interesting shops. Turn
left (east) on Sharia Tahrir and one
finds themselves quickly at Midan



Tahrir (Liberation Square), along
with seemingly thousands of
honking horns and chaotic traffic.
While Midan Tahrir was once
outside the city center, it now is a

nucleus of activity. To the south of the square is the bureaucratic city of Mogamma (3)
where 18,000 civil servants toil and almost every department of the Egyptian
government has offices. Heading around the circle counter clock wise, the next complex
to the south east will be the American University of Cairo (4), were the elite of Cairo
attend University. Be aware that on the north side of AUC is Kentucky Fried Chicken
(7) and McDonalds Hamburgers. No plug intended, other than after a few days this
might be a quick fix for home sickness (I prefer KFC, as beef just doesn't seem to be
favored in Egypt). AUC also has a good bookstore where one may find books about
Egypt that simply are not available in the US. Also, north of AUC, is the Baba Cafeteria
(8), the old haunt of Egypt's most famous author, Naguib Mahfouz.
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At this point Sharia Tahrir leaves the square to the east. Down the street is Midan
Falaki, a square located in an area known as Bab al-Lug. There is a food market here,
which will not interest most westerners much but on the north side of the square is
Cafeterial Horreyya (10), where one may stop in for a Stella (a local brand of bear) and a
chess game.

However, continuing the journey down Al Bustan street brings us the Midan al-
Gomhuryya (Square of the Republic), and Abdeen Palance Museum (9), where artifacts,
often gifts and awards of former Egyptian leaders, are on display.

Retrace our way up the Al Bustan street back west, passing the turn on Sharia Tahrir
until we arrive at Talaat Harb street, we will make a right heading north east. We will
pass the old Cafe Riche (11), which is now closed but was once an intellectual Haunt.
This will bring us to Midan Talaat Harb which is Downtown. The statue is of Mr. Harb,
who founded the Egyptian National Bank. Groppi's tearoom (12) is here, famous among
Egyptians and worth a visit. Heading back up Talaat Harb street, we will pass the
Cinema Mar Girgis (13) building, a great movie palace of the 1930s era. About a block
east along Adly street is the Shar Hashamain Synagogue (14), where the Jewish faithful
still come to pray.



Heading back to Talaat Harb street, we can continue our journey North (right) until
coming to Midan Qrabi, where eating establishments are scattered about, and head east
on Airy street. This is Downtown Cairo's nightlife center with a number of bars and all
night restaurants. The area around the Ezbekiyya Gardens was once a vast lake but was
drained in 1837. The area was constructed in accordance with a rigidly enforced plan.
This was all done under the instructions of the Khedive, who loved entertainment and
there was originally a circus, theater and opera house in the southern gardens. In earlier
times, this was the hotel district, with such well known establishments as the famous
Shepheards, There were a number of consulates located here, and it was a favorite
district for European visitors.

Atfy Street connects with Al-Gonhuriyya to the east. Here, we will turn right heading
south again. Where Abdei Khalek Sarwat Street intersects at a parking tower that was
once the Midan Opera (15), head east (left) and the street should arrive at Midan Ataba,
where modem Egypt meets medieval Cairo. Just to the north is Ezbekiyya Gardens
where on the southeast corner a puppet theater (16) may be found. On the southwest
corner of Midan Ataba is the general post office with its Postal Museum (17) located on
the 1 st floor and well worth a short but surprisingly informative visit. Around Midan
Ataba is a huge bazaar, and to the east, Sharia Muski (street) leads into the Khan el-
Khalili. Of interest also is that on the northern side of the square are found many
booksellers.

But let's not go there yet. Instead,
we will head north from Midan

,• Ataba on Sharia Clot Bey (Sharia
SKhulud), named for a French

physician, Antomc Clot (Klutc
Bey) who was one of the founders
of modern medicine in Egypt. Up
ahead, the minaret belongs to the
Al-Fath Mosque (18), which
marks our current destination.
This street passes under stone
arches and lots of coffeehouses
and restaurants before arriving at
Midan Ramses in front of the
R a m s e s s t a t i o n (19)5 which was
first built in 1856, rebuilt in

--•^Arabic style in 1892 and
refurbished in 1955. This is one of
the oldest sections of new Cairo.



•?' ,,;The area is known as Bab el-Hadid
'// (railway gate). Here, one is likely

-to encounter all manner of
pedestrian and vehicular havoc.

•/• - Here also is possibly a pharaonic
rstatue of Ramses II (20), though it
is suppose to be moved

elsewhere. But the main attraction of the area is the Egyptian National Railways
Museum (21) in the Ramses station's east end which has some fabulous old
locomotives. It is also the departure preference for many people heading to Alexandria.
Just south of the station off of" Sharia Ramses is Imad ad-Din street, which was one of
Cairo's first investment properties, and was" once known as the Nightclub district.

Ramses Station

St. Mark's Catholic Church Near Ramses Station

Gczira Island

Gezira was mostly uninhabited and undeveloped into the mid 19th century. After the
modern (central) city of Cairo was developed, Mohammed Ali built a palace and guard
house at the northern tip. Apparently, there were problems with these buildings and the
complex became known as As-Zamalik, which in Turkish translates to 'makeshift
dwelling'. The northern section of the island is now called Zamalik. Later, the Khedive
Ismail built a large palace in the center of the island with a huge garden, along with
building up the sides of the island and a etty to make access easier. At that time, the
gardens contained exotic plant life and 6 collectionof African animals, fountains,
pavilions and the Gezira Salamlik.

From N idan Ramses, head back southwest along 6th of
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October Street (Calaa) street. At the 26th of July street,
head back west (right), though if one has an interest in
bugs, go a little further and find the Entomological
Museum located between the parallel streets of 6th of
October and Sharia Ramses. 26th of July will cross the
Nile onto Gezira Island past the Cairo Marriott (21). On
the other side of the street is the Akhenaten Center of the
Arts (22). Just behind the Marriott is the Gezira Center
of Arts (and the Islamic Ceramics Museum) (23). From
here, one may wonder into the upscale residential area of

°f Zamalek to the north, were there are some fine
restaurants. Just a little further west on 26th of July
where Brazil street meets Hassan Sabry is the nerve
center of the area with some fine shops and restaurants.
Heading southwest on Hassan Sabry (left) one passes the
Fish gardens (24) at about the location of the Gezira
Club's northern boundary. The Gezira Sporting Club was
established by the British in 1882, designed after
London's Hurlingham Club, and continues to be very
exclusive. Staying on Hassan Sabry we finally come to
the eastern side of the island and Umm Kolthum
(Gabaleyya) street along the Nile. In this southern region
of the island there are few streets. Hadeyek al-Zuhreya
leads past Ahly Stadium (25) and the Cairo Tower (26),
where there is a restaurant on the upper floors. A little
south of that road, leading off Umm Kolthum is Sharia
Tahrir again which leads past first the Mahmound
Mokhtar Museum (27), which is closed, the Cairo Opera
House (28) (be sure to stop and get a current schedule)
and finally reaches Midan Saad Zaghloul, a small square.
Up the Northeast road from this square is the Museum of
Modern Art (29). On the southern tip of the island is the
Sheraton Gezira (30), which can be reached by returning
to Umm Kolthum.

Rhoda Island and Garden City

From here, lets move back east across the Tahrir Bridge back to the east side of the
Nile. Once across, turn left on the road that boarders to Nile. This is Corniche el-Nile,
and one will soon arrive in Garden City. This area is worth a look around, as there are
some fine old houses and a few upscale stores in the area. Many of the buildings here
date from between 1925 and 1935, an era of Art Deco. However, continuing down the
street we eventually come along side Rhoda Island.

During pharaonic times, Rhoda was part of ancient Heliopolis.
Later, it had a fortress during Roman times complementing that
of Babylon on the mainland. It was formed prior to Gezira, and
the island's landmass has not changed much since the 7th
century. Early on after the Islamic conquest, there were
impressive buildings, towers and arsenals and an Arab fortress
built here. At the southern end of the Island a Nilometer (32)
was built and there is also the Manasterli Palace (33), but these
are best visited from the area of old Cairo by river bus. The last
Ayyubid sultan transferred the seat of government to the island
and built a new fortress, palaces and a barracks around 1240, but
the Mumluks returned the government to the Citadel. There was
once many beautiful residences here, and the Manyal Gardens
covered a considerable section of the island, but today, it is
mostly a residential district. Most of what there is to see, is at
the very northern and southern tips of the island.



Take the first bridge over and we will be in the area known as
Manial. Heading down the road which borders the eastern edge
of the Island we will come to the Manial Palace Complex
(museum) (31), which houses a considerable collection of items
from Prince Mohammed Ali Tawfig, the uncle of the last King of
Egypt, Farouk. It is an interesting and much visited museum.
There is also the old Meridien Hotel (34) on the north tip of the
island, which can be reached by the eastern street leading along
the Nile. Oh, and by the way, just down Sharia al-Saray to the
east is another KFC! (With a little luck, if one asks, they might
put enough ice in your coke to remind you of home).
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Abstract

Relativistic potential-type equations are proposed which approximately reproduce important features
and constraints of field-theoretical models and can be a useful tool in hadron spectroscopy. Within this
approach, the Regge-trajectory parameters and some properties of higher radial excitations in the light
quark sector are discussed

1 Introduction

The phenomena in the long-distance (or the low-momentum) domain of hadronic inter-
actions are known to be dominated by non-perturbative mechanisms of QCD. While the
lattice QCD simulations are widely accepted to provide the most direct description of
these interactions, they contain the inherent difficulties connected with a finite lattice
size and the violation of translational and rotational invariance. Therefore, those non-
perturbative methods which maintain the mentioned symmetries are also needed, and
the potential model either in the nonrelativistic or relativistic wave equation context be-
long to this category. Furthermore, the continued accumulation of data on availability
of hadrons with the same quantum numbers, e.q., the vector mesons produced in the
e+e—annihilation, r-lepton decays, photo- and electro-production reactions as well as

continued and more elaborated treatments of data [1,2] and phenomenological analyses
of hadron form factors [3] seem to favour the use of more sophisticated mixing schemes of
constituent configurations in the considered resonance states. So, the mixing of quarkonia
(qq)t the multiquark, e.g. (q2q2), and hybrid (gg<7)-states is observed as a really important
problem of hadron spectroscopy. We believe that in solving this problem, those models
will be advantageous which deal with translation-invariant wave functions depending on
a correct number of degrees of freedom in the corresponding configuration space of two (

' or more) particles. It seems natural to expect that the use of the same approach based
on 2-, 3-, or 4-body relativistic equations with effective potential interactions between the
constituents can present a sufficiently consistent approximate scheme to consider the in-
dicated problem before resorting to more reliable but much more sophisticated numerical
approaches to the genuine nonperturbative lattice QCD. In this paper, we outline some
features of the approach, where we are going to keep as close as possible to known meth-
ods of dealing with one-particle relativistic and few-body nonrelativistic wave equations
while discussing the spectroscopy of hadrons on the basis of Schrodinger-like relativized
wave equations for bound quark-gluon systems.



2 The orbital and radial trajectories of light mesons

The valence quark model is known to be very successful in the description of mesons
and baryons as qq- and ^3-states, where quarks interact via effective potentials [4], The
principally important ingredient of these interactions is the linearly rising potential of
confinement. This result follows from the "quenched" approximation of the lattice QCD
giving the flavour-independent force between static colour sources combined in the colour
singlet states. The "unquenching" procedure, t.e.} inclusion of vacuum polarization due
to the light quark loops can result both in the system- and state - dependence of effective
potentials and in the modification or even termination of the linear behaviour of the
confinement potential. A relevant way to locate these effects is to study the properties of
particle states with the highest orbital and radial excitation of hadrons.

In this section, we report some results on mass spectra and radial structure parame-
ters of higher excitations of quarkonia following the formulation proposed earlier [5] for
the potential approach to relativistic bound quark systems. A specific feature of the
formulated approach is that the equations constructed include the squared forms of the
Dirac hamiltonians of each particle interacting with all other particles of a system and
additional variation conditions that define the one-particle energies via the total energy
of a system, the only spectral parameter entering into the wave equation.

Here we concentrate on the topic of Regge-trajectories for light quarkonia to emphasize
the special role of squared forms of long-range potentials of confinement in evaluation of
characteristics of such states. It is just the squared form of the linear world-scalar potential
of confinement that provides linearity of the Regge trajectories with the slope which can
be made close to that following from the relativistic string theory. To illustrate this, we
write first a general structure of our relativistic two-body equation in the form

^ ). (1)
t=l,2 *

P = Pi +P2, W = ei + e2.

The solution of the eigenvalue problem, i.e. the finding of the eigenmass M for a given
mass-operator M 2 in (1), is seen to correspond to zero of the inverse of the one-particle
propagator written in the covariant form

The interaction kernel V in (1) is defined when in the equation for noninteracting
particles in their c,m,s.

Wo*o(l, 2) = [ £ i ( « ? + A8(O]*o(l, 2) = [ E 57(«? + fi + m?)]*o(l, 2) (2)
i=l,2 iSx i=l,2 Z £ *

we alternately replace h%(i) by the squared forms of Dirac operator h(i) for either particle
in the field of another one

, 2) = { M ~ ( e ? + h\l)) + ^ ( e l + ^(2))] + [1 - 2]}*(1, 2), (3)



+ \)2 - \(\«sY\ = 0, as <

h2(i) = fx+m\ + 2mxVs{rl]) + Vs(rl]f + 2elVv{rlJ)- Vv
2(rXJ) + spin-dependent terms, (4)

where the weight factors w, are normalized to unity.u\ + u>2 = 1 If m,\ = rr?,2, then,
by symmetry arguments, one can expect u\ — u>2 — \. When m,\ ^ 7712, we suggest to
use the simple relation u>\/u>2 = £2/^1 that reproduces, for the static limit m3 —> 00,
the correct form of the corresponding one-particle equation in the field of a fixed center,
e g., the Klein-Gordon-Fock equation for spinless particles In our case, the long-range
confinement "potential" is seen to be, in fact, the mass term parametrically dependent on
parton configuration coordinates. As usual, in the spin-independent part of our interaction
kernel, we retain a world-scalar part and the 0-th component of the vector interaction
potential which survive in nonrelativistic approximation.

To be phenomenologically acceptable, our relativistic equation with a given Lorentz
structure of the confining kernel should possess stable physical solutions, 1 e , the binding
energy should be real, and the state should be localized m a finite region of the coordinate
space. As the presumed scalar and vector parts of the confining interaction squared enter
into the equation with opposite signs, the scalar part is required to be stronger than the
vector confinement potential: Vv < Vs. The squared Coulomb potential gives the most
singular part of the interaction Hence for typical scales of the ground state and higher
radial states of quarkonia with I — 0, the effective as(r) values should be bounded from
above

~ 53.

This means that the effective coupling constant of QCD should be taken as "freezing"
at the value ~ 5 by one of the proposed nonperturbative mechanisms (see, e.g., [6]) in
the infrared region.

Below we are going to invoke also some ideas of the string-approximated QCD, or
rather, a string-like solution of the bag model [7], to further specify the structure of the
confining interaction and then to compare emerging results with the model-independent
constraints [8] on general relativistic bound states It will be shown that the string-like
structure of QCD, resulting e.g., from a semiclassical consideration of the rotating and
deformed ("fat-strmg-like") bag [7] , can be represented by a much more simple potential
model of mesons that is able to approximately reproduce some important features and
results of the "microscopic" field-theoretical models.

The famous constant B of the MIT-bag model is known to define the volume energy of
the space region inside an extended hadron, where nonperturbative vacuum fluctuations
of coloured fields are at least partially suppressed, and it defines also the balance of the
inward and outward pressure of vacuum fields and the coloured fields created by partons
of a given hadron. This constant is considered to be connected with the contribution to
the total hadron mass of the "abnormal" part (i.e., with the nonzero trace) of the QCD
energy-momentum tensor. The general model-independent statement stressed by Ji [8] is
that the ratios of contributions to the mass of the "abnormal" (T^) and traceless (TnU)
parts of the energy-momentum tensor are

M/M = 1/3, (6)

M/Mtot = 3/4 (7)



The effective string-potential, or rather, the energy of the string-like configuration of two
static qq-souvces of a colour field, is found, following [7], to be

1 00

V.(r) = atotr = (o + a)r = (—na sB)l, (8)

where a = a represents, respectively, the contribution of the chromoelectric field of quarks
(i.e., the traceless part of the gluon energy-momentum tensor), and the bag energy is
connected with the gluon condensate, that is the trace-anomaly of QCD.

It was shown in [7] that the classic consideration of rotation of the chromoelectric "flux-
tube" leads to a Regge-type relation between the classic nonquantized angular momentum
J and mass Mstnng

J =

where two parts of MstTing, ^string, and Mstring verify the general relations (6) and (7).
We use Vs in the quantum-mechanical (quasi)potential two-body equation treating it

alternately as the effective mass of one or another quark that parametrically depends on
the interquark distance. According to the given definition, we obtain for massless quarks,
with the neglect of spin-dependent terms,

) = 0 (10)

The solution gives a simple dependence of the mass M = M(l, nr) on the quantized orbital
(I) and radial (nr) quantum numbers

W2 = M2
0t = 4v/2a(/ + 2nr + ~). (11)

characteristic of a harmonic oscillator. The harmonic quasipotential is obtained, however,
after squaring the linear world-scalar "potential" of confinement. The adopted way of
inclusion of the interaction kernel into our relativistic two-body equation resembles the
prescription of the so-called "spectator"- type equation [9], where, alternately, one of the
particles is put off-mass-shell, while the other is taken to be on-mass-shell.

According to Eq.(ll), the Regge-trajectory slope a'(0) = (4v/2a)"1 is within 10% of
the value o'(0) = (2KCI)~1 following from the relativistic string theory. Replacing formally
a in Eq.(lO) by a = (l/2)a, we keep in M2 only contributions of the traceless T^-part of
massless quarks and gluons. Therefore, we have

M2 1
W = 2
Mtot l

tot

winch is again within 10% of the model-independent ratio (7).
The intercept a,/(0) of the leading J = I + 1-trajectory is - .5 according to Eq.(ll),

hence unrealistic To calculate the realistic intercepts of Regge-trajectories, one should
include the spin-dopendont potentials, presumably the spin-orbit interaction induced by
a scalar confinement "potential".



In this case, one can eliminate a still unknown parameter, using the value of mass
and known quantum numbers of a certain state to evaluate masses of the states with
other quantum numbers but with the same quark content. We note also that by analogy
with the nonrelativistic case one can calculate the mean value of the commutator of the
mass-operator M2(p2 ,r2 , . .) with the scalar product (pf)

(^nJ[M2(pV,.0,(P>1]-l*/,nr) =0 (13)

to get the " virial theorem", demonstrating that the contribution of the mean value of
the kinetic energy of two massless valence quarks to the value of the total mass of a
highly excited meson is equal to the corresponding contribution of the mean value of the
"potential energy" that is connected with the energy integrated over gluon degrees of
freedom of a given hadron. It is further tempting to interpret this fact as giving a hint
for approximate equipartition, on the scale pertinent to a given bound state, of the total
momentum of a hadron in the "infinite momentum" frame between the valence quark and
gluon-sea partons, the fact, following from the known moment of the nucleon structure
function measured on the scales of deep inelastic lepton-hadron scattering.

Further, we discuss in brief some characteristics of higher radial excitation of
light vector quarkonia. This question is especially timely in view of recent development
of the Vector Meson Dominance model applications [3] to the analysis of nucleon elec-
tromagnetic form factors both in the spacelike and timelike regions of the transferred
momenta Q2. With the approximate equation (10), we obtain "asymptotic" relations
between masses of resonances with high spins J, lying on the same trajectory, and masses
of higher radial excitations with the same spin

m2(J, nr) - m2(j',nr) = a'(0) ~l(J - f) (14)

m2(J, n r) - m2(J, n'r) = 2a'(0) - 1(n r - n'r) (15)

If we take p(2130) [?] as one of these higher radial states, then the next two are p(2600)
and p(3000) according to (15) and the value a'(0) — .9GeV* 2. Curiously enough, a p -
type resonance with a mass close to 2.6 GeV was suggested in [3] on the basis of analysis
of nucleon form factors. The isoscalar partner a;(3000) of the second state, presumably,
degenerated with it, is seen to be near in mass to the J/T/> - resonance, and it can play a
role in the enhancement of certain strong decays of J/i/>. This situation deserves a more
detailed study.

In the approach constructed, the energy functional has a recognizable quasi-nonrelativistic
form, therefore, the perspective is open up to combine the accumulated experience in ap-
proximate solutions of the spectral problems in the nonrelativistic (NR) domain with the
description of relativistic motion of hadron constituents.To this end, one should to have
preferably an analytic, although approximate, solution of the corresponding NR problem.
For example, in our case, one can simply estimate the dependence of the "psi-at-zero"
values

^ f V'(r) > (16)

on masses or quantum numbers of corresponding meson states. Making use of the
analogy of our equation (10) with the nonrelativistic Schrodinger equation, we obtain



approximate scaling relations for the "psi-at-zero" in the case of highly relativistic radially-
excited states, hence, for leptonic widths of the corresponding resonances

2
a

= — < r > =
4

(18)

where myn is the mass of the radially excited n5-state of the vector resonance; n =
nr + 1 , the principal quantum number; n r , the radial quantum number. To get the
absolute values of these leptonic widths, one should consistently include the QCD radiative
corrections into the amplitude of qq —> e+e~ transition. The estimation of total widths
of higher radial excitations of vector mesons can proceed as follows. With the meson
mass of order 2 GeV or larger, many decay channels are open, and one can rely on the
quark-hadron duality idea while assuming the dominant role of the initial quark-parton
stage of the reaction that defines the width dependence on quantum numbers and mass of
the resonance. The total qq cross-section in the S-state is assumed to scale as m^J, where
myn is the mass of the V^-meson. At the hadronization stage, we adopt the simplest
phase-space correction, assuming its form from a presumably main decay mode. For the
isovector pn-type resonances, the apparently conspicuous or, at least, important decay
channel is the p(.77 GeV)7r7r-channel. With adopted assumptions, one can get

J- tot{Vn+i) — tot\

/(a) = 1 - a4 + 4a2loga (20)

where an = rnp/mPn, and the phase-space formula for the decay pn(mn) —> p(.77)2ir
has been obtained [11] for massless pions. So, with the input (m = 2.6 GeV; F = .6 GeV)
for mass and width of the heaviest claimed p-type resonance, we get for the next two reso-
nances lying below the open charm threshold: (mass; width) —* (2.98; 77) and (3.34; .92).
The very large and, seemingly, overestimated widths suggest, nevertheless, that hadronic
corrections can be important in calculations of masses of high radially-excited states. This
problem is still to be considered.

Concerning perspectives of the study of higher excited states within the outlined ap-
proach, one can notice that the lattice QCD simulations with the unquenched light quarks
seem to be consistent with the linear behaviour of the confinement potential up to the
distance of r < 2 fm [12]. With the help of the virial theorem (2.13) one can relate
the mean distance Jr^jq < 2 fm between the qq-p&iv with the corresponding quantum
numbers (/ < 15; 77.,. = 0), or (77,. < 9; / = 0) of a given bound state which are consider-
ably larger than the corresponding values / ~ 6 -r 7 or n r ~ 4 -=- 5 of the known meson
resonances. Hence, it seems that many resonances could still be explored theoretically
on the basis of relativistic wave equations with the linear confinement term, playing the
role of part of effective quark (or gluon) mass, parametrically dependent on the distance
between corresponding force centers.
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Introduction: Since the period of the ancient Egyptians people are looking for unusual
phenomena, which may enable to give interpretation for nature. Physicists believe that the
study of A-A interactions will shed light on the mechanism of high-energy nuclear
interactions It is important to systemize the results of nucleus-nucleus interactions and to
have an overall picture of cross-section, multiplicity-distributions, angular distributions, etc
It is important to systemize the results of nucleus-nucleus interactions and to have an overall
picture of: cross-section, multiplicity-distributions, angular distributions, etc
BEAMS Beams are mainly from Dubna Synchrophasotron including 'H, 2H, 3He, ^ e , 12C,
160,22Ne, 24Mg, 28Si and 32S at 4.1 ~ 4 5 GeV/c.
EXPERIMENTAL TECHNIQUE: Stacks of Br-2 emulsion were exposed to 4.1- 4.5A
GeV/c nuclei at Dubna Synchrophasotron. The pellicles of emulsion have the dimensions of
20 cm x 10 cm x 600 urn (undeveloped emulsion). The intensity of the beam was « 104

particles/cm2 and the beam diameter was approximately 1 cm. The emitted particles are
classified to.Shower tracks producing "s-particles" having a relative ionization I* < 1.4. Its
multiplicity is denoted by ns after the exclusion of tracks having an emission angle 0<3°.Grey
tracks producing "g-particles" having I* > 1.4 and L > 3 mm. Its multiplicity is denoted by
ng and does not include those tracks with an emission angle 0 < 3°. Black tracks producing
"b-particles" having L < 3 mm and its multiplicity are denoted by nb and does not include
those tracks having an angle of emission 0 < 3°.The "b" and "g" tracks are both called
heavily ionizing tracks producing "h-particles" and nn denotes its multiplicity.The
determination of the momentum of the s-particles emitted within 0 < 3° enables the
separation of the produced pions from the non-interacting singly charged projectile
fragments (protons, deuterons and tritons). The g-particles emitted within 0 < 3° and having
L > 2 cm are considered as projectile fragments of charge Z = 2. The b-particles having 0 <
3° and L > 1 cm are due to heavy projectile fragments of Z > 2. The number of delta-electron
has been measured for each of these particles to determine the corresponding charge Z
=3,Zb

Thus, all the particles have been adequately divided into: projectile fragments (PFs) with Z
varying from 1 to Zt,, target fragments (TFs) i e. h-particles and generated s-particles. The
polar angle 0 of each track i.e the angle between the direction of the beam and that of the
given track, has been measured. The azimuthal angle <J) of each track i.e. the angle between
the projection of the given track in the plane normal to the beam has been measured.
MEAN FREE PATH & MULTIPLICITY: The mean free-path XExp has been reproduced
assuming geometrical CS including overlapping parameter depending on the size of the
interacting nuclei. The multiplicity characteristics agree with the modified cascade
evaporation model (MCEM). The ns-distribution and nc obeys the KNO scaling. Multiplicity
correlation indicates possible phase transition in the target nucleus.
CORRELATIONS, CLUSTERS, FRAGMENTATION AND SIDEWARD EMISSION:
The search for cluster formation in nuclear interactions may shed light on the mechanism of
QGP formation For this purpose, the method of pseudorapidity intervals to search for
clustering has been applied In the selected interactions, for each s-particle, their polar angle
0 were measured. The pseudorapidity 77 =-In tan0/2 was calculated. The 77-distribution
was found to be flat within the experimental error in the range 77 = 0.56 - 3.07. In each of the
chosen interactions the quantity

rf^n.-Vj , i*j, ',./ = U , . . n And A =0,1,2 («-2) (1)
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Where n is the number of s-particles in the given interactions. The quantity A77* means the

pseudorapidity interval between the im and jo, particles such that k- particles are lying

between them. The value of A77* was scaled in each event such that

A77* =77, -77;/77max -J]mn takes the values from zero to unity, 77maxand 77^ are the

maximum and the minimum values of 77. If the shower particles are emitted independently

and no correlation exist between them, then their A77-distribution will have a binomial

shape, described by the independent particle emission (IPE) model given by

(2)

Where C*_, = (w - \)\/k\(n - k - \)\. The IPE has a maximum at (Arj)max = k/(n -1).
The frequency distribution of pseudorapidity interval A77 has been obtained for different
values of n and k. A deviation between the positions of the maxima of the experimental A77 -
distribution and the IPE one has been observed.
Fig (l.a-d), has been selected for presentation which illustrate this deviation (between the
experimental distribution of A77 and the IPE one) for 22Ne with Ag (Br) interactions, while
the 28Si with Ag (Br) interactions are presented in fig. (2.a-f), for different values of n and k.
In each figure the histrogam and the IPE curve are normalized to unity. Tables (1) and (2)
show the values of (A77)maxfor the experimental distributions and of the IPE ones for 22Ne
with Ag (Br) and 28Si with Ag (Br) interactions, respectively. It is to be noticed from these
figures that the maxima of the experimental A77-distributions are shifted to the left of the
IPE ones, which gives an indication of correlation between the emitted s-particles in the
considered A77 interval. The observed correlation may be interpreted as a formation of a big
hadronic cluster within the s-particles during their production process. This is consistent with
formation of excited hadronic matter, which acquires greater size while moving inside the
target. Tables (1) and (2) show that as the value of k increases, for the same value of n, the
difference between the (&7])mtli for the experimental and of the IPE one, increases.

Table (1) shows the comparison between the values of (A77)max of the experimental A77-

distributions, and the values of (Ar/)mail of the IPE for 22Ne with Ag (Br) interactions .

N

23

30

k

9
17
13
20

Experimental
0.35
0.6
0.35
0.55

IPE model
0.4
0.75
0.45
0.7

^{IPE)~ A^iExp)

0.05
0.15
0.1
0.15

Table (2) Same as the previous table (1), but for 28Si with Ag(Br) interactions at 4.5 A
GeV/c.
N

30

31

34

k

12
19
13
20
14
20

Experimental
0.35
0.55
0.35
0.55
0.35
0.45

IPE model
0.4
0.65
0.45
0.65
0.4
0.6

Ari^ilPE)-L^{Exp)

0.05
0.1
0.1
0.1
0.05
0.15



(c) N=30 K=13

0 25 -,

02 •

015 -

1
•o

01 -

005 -

0 01 02 03 04 0.5 06 07

•o

0.2 -

015 -

01 -

0.05 -

r
0 25

(b) n=23

J

J
0.4 0 55

k=17

A
\\
1 ]

0.7 0.85 1

Ail

0 25

0 2 -

015-

0.1 -

005 -

(d) n-30 k=20

0.3 0.4 0.5 O.fl 0.7 0.8 0.9

0-4—i r

Fig (1 a-d) The A77 -distributions for central collisions of22 Ne at 4.1 A GeV/c for different
values ofn and k.
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Fig. (2,a-f) The A77 -distributions for central collisions of18siat 4.5 A GeV/c for different
values of n and k.
It is interesting to investigate whether the hadronic cluster, the one observed in the previous
section, is accompanied by a baryonic cluster, which may be formed from the target nucleus
during motion of the hadronic cluster inside the target nucleus . In each event the azimuthal
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angle interval A^* has been defined for grey particles according to equation (1), putting 0

instead of 77, making sure that the ^-distribution of g-particles is uniform. The IPE A0-
distribution has been obtained according to equation (2). Fig. (3.a-b) represents the
experimental and the IPE A^ -distributions for 22Ne with Ag (Br) and 28Si with Ag (Br)
interactions The histogram and the curves are normalized to unity. The shift of the
experimental (A^)max to the left of the IPE one is noticeable from the fig. (3.a-b). This result

indicates the existence of strong correlation between the g-particles, which may be due to the
formation of baryonic clusters The formed hadronic cluster may collect target nucleons, in
its way inside the nucleus, to form a big cluster of
baryons
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Fig. (3 a-b) The A</> -distributions for central collisions of (a) 4.1 A GeV/c 22Ne + Ag (Br),
(b) 4 5 A GeV/c 28Si+ Ag (Br).
To investigate whether the two clusters, the hadronic and the baryonic, are correlated or not,
a unit vector along the projection of the direction of flight of each particle (s or g) onto the
azimuthal plane (the plane perpendicular to the beam direction) is assumed. Then the unit
vectors are sseparately for s and g-particles, in each event; to find their resultant vectors
which is given by

X, = V= (3)
r = i

X, = cos % s = 2 sin

Here nu is the number of tracks of group "s" in the ku, event and nkg is the number of tracks

of group "g" in the same event. The angle between the resultant vector of s-particles and
that of g-particles $s_g is found for each event by the equation

- / n (5)

It is reasonable to suppose that the hadronic cluster moves in the direction of the resultant
vector of the s-particles, whereas the possible baryonic cluster moves in the direction of the
resultant vector of the g-particles. Fig. (4.a-b) represents the <f>s_g -distribution for 22Ne and
28Si, respectively. The points are the experimental data. A peak is observed at &_g= 180 °,

this means a back-to-back emission of the two clusters. This kind of distribution is a
characteristic for sideward flow of nuclear matter i.e. the "bounce-off" of PFs and the "side-
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splash" of TFs. To investigate if such observation represents a significant effect and it is not
an accidental one. A Monte Carlo analysis for the selected events has been carried out. The
same number of events was generated randomly, distributing the same total number of tracks
among the generated events The fo_g -distributions obtained from the simulated events for
22Ne and 28Si are shown in fig. (4.a-b) as histograms. Comparing the two fc_g -distributions

in (4.a) and (4.b) leaves no doubt that the obtained correlation is not accidental, but it reflects
a real physical correlation among the emitted particles.

22-,
Fig (4 a-b) The <j>s_ -distributions for central collisions of (a) 4.1 A GeV/c Ne + Ag (Br),

(b) 4 5A GeV/c Si+Ag (Br), points with error bars are the experimental calculated ones,
and the histograms represent the MC calculations
Two particle correlations the standard two-particle correlation has been applied for
investigating this type of correlations for s-particles

*2 fa., 72) = K ^ 2 (;/,, 72 ) /#, fe, )NX (v2)]" 1 (6)
Where Nev is the total number of events in the sample, N] (7,) and Nl (TJ2 ) are the total
number of particles of 7, and r/2, respectively, for all events. A/

2(7,,72)is the number of
particle pairs with one particle at 7, and the other at 72 in the same event, summed over all
events. A non-zero value of R2 means that the particles considered are correlated. The
dependence of -K2(7,,72) on (7,-72) and /?2 (7i > 72 = 7i) o n (7i) f° r M N e and28Si
interactions with CNO, Ag(Br) and emulsion are presented in fig. (5.a-f).
One may conclude from these figures that the two-particle correlation function R2
approaches the value of zero in the most forward direction (high values of 7). This could be

interpreted as, the particles emitted in the most forward direction (6 < 3°) are projectile
fragments, which have almost the same velocity as the incident beam, and therefore these
particles leave the interaction uncorrelated. In the backward direction (for the rest frame), i.e.
low values of 7, R2 depends strongly on 7 and its value is significantly greater than zero.

This means that the s-particles emitted in the kinematical region of low values of 7 are
markedly correlated. These two observations are true for the three interactions stated above.
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Fig. (5.a-f). The dependence of R2 (77,, 772 = 77,) on (77,) in (a, c and e) for the interactions of
4.1 A GeV/c 22Ne and 4.5 A GeV/c 28Si with CNO, Ag(Br) and Em, respectively. While the
dependence of R2{r]\,r]2) on (77, -77J are given in (b, d and f) for the same interactions.

No dynamical correlations (short range) were observed between pairs of secondary particles.
In the azimuthal plane correlations were observed. Multiparticle correlation has been seen in
events of high multiplicity Back-to~back emission has been observed between PFs and TFs.
SIDEWARD EMISSION: The collective flow can be studied experimentally with the help
of the conventional transverse momentum analysis. For this analysis events that have
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fulfilled the following criteria: number of PFs nF > 4 and number of TFs nh > 7 are analyzed.
The study of directed flow require that one first defines a preferred direction and then
determine if there is preferred motion relative to that direction for some subset of emitted
particles Generally, one chooses the reaction plane, or, more particularly, the projectile
fragment direction as the preferred direction. The reaction plane R, is determined for each
particle separately from the remaining particles of an event

Where P is the transverse momentum of the jth PFs, assuming that after collision the

momentum of PFs equal the momentum per nucleon of the incident nucleus \ , then

Pj = PL tan# ; , Oj is the emission angle of the fragment. The vector P points in the azimuthal

direction of this fragment The summation in equation (7) is taken over all particles except i

*j to exclude the self-correlation PL = 4100 A GeV/c for 22Ne and is equal to 4500 A GeV/c

for 28Si, and

fo // P > 240

[l //P:<240

The coefficient w} is introduced to exclude fragments of very large transverse momentum.

The quantity M} = ^ w} k AJk where Ajk is the mass-number of the kth isotope of the jth
k

fragment and wjk is the factorial yield of the isotope. The projection of the vector Pon the

vector R is given by

The mean transverse momentum per nucleon projected onto the reaction plane <P*>is
obtained by averaging P̂  over all fragments and over all selected interactions The value of

< P* > will equal zero if P̂  is randomly distributed in the azimuthal plane and it differs from
zero if the energy flow of particles deviates from the zero angle direction Fig. (6.a-b)
shows the dependence of < P* > on the emission angle 9 of PFs for 22Ne+ Ag(Br) and
28Si+Ag(Br) interactions. The experimental data shows that < P* > differs significantly from
zero It peaks at 1.98° for 22Ne and 2.26° for 28Si. To check whether this effect is a genuine
one or a statistical fluctuation, all tracks of PFs were randomized. Then, events of the same
multiplicities were generated using Monte Carlo technique. The simulated data were
analyzed by the transverse momentum method, which showed no evidence of the peak like
structure. Comparing the EXP and MC data leaves no doubt that the observed peaks for 22Ne
and 28Si display the bounce-off of the PFs
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versus the emission angle 0 in degrees, (a) for 2Ne and (b) for 28Si

It is clear that the resultant vector R =
JPJ can reconstruct the geometry of the

collision with a certain accuracy, it gives the reaction plane, which is determined by the
direction of the incident nucleus and the line connecting the centers of the two colliding
nuclei This commonly known fact can be useful in the setting-up of experiments for which
it is necessary to know the reaction plane. For example, in the case of studying emission of
light fragments (deuterons, tritons and a-particles) from reactions It is interesting to study
the angular distribution dn/dcos9 of b-particles in the azimuthal plane, with respect to the
reaction plane, as a function of their emission angle. This distribution for 28Si is given in fig.
(7) compared with their distributions obtained relative to the microscopic plane, which has
an isotropic behavior. A peak is seen in the distribution relative to the reaction plane. Thus
the reaction plane is the right place to study different phenomena.

a>

0 03

0 02

0.01

0 0 0
-1 0 -06 -0 2

R.P
Mic.

COS 9

Fig.(7) The angular distribution for the b-particles, the solid line distribution as viewed from
the reaction plane and the dashed line relative to the plane of the microscope for 28Si.
The angle of flow analysis: Usually the angle of flow analysis is based on constructing a
tensor using the center of mass momenta of all the particles, which take a shape of an
ellipsoid for each event Thus, each event can be characterized by the lengths of the axis of
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the ellipsoid, the angle of the major axis to the beam direction is defined by the anglof flow
6F A peak away from the zero value in the distribution of 9F is considered to be a signature
of the collective flow of the nuclear matter. The sphericity method generally has been used ,
the shpericity tensor, depends on the weighting that is used

is calculated from the momenta of all measured particles for each event. The shpericity
tensor approximates the event shape by an ellipsoid whose orientations in space can be
calculated by diagonalization. In the present experiment the momenta of the TFs were not
measured. Another method has been adopted for the particle flow analysis. A unit vector in
space is assumed in the direction of the flight of each fragment. The unit vectors of the
fragments are summed to give the resultant vector of TFS and PFs. In the present case the
beam direction is taken as x-axis, the perpendicular to it are the y-axis and the z-axis The

polar angle 9 of a vector V is arc cos — where V=(x2 + y2+ z2) and x, y.zarethe

components of V along the axis. The azimuthal angle (p equals arc tan—. For PFs P is
y

used instead of assuming a unit vector, in the direction of flight of each fragment. The
resultant vectors Vpand VT for PFs and TFs, are assumed to be in the direction of the
source emitting PFs and TFs It has been shown that that the angular distributions has less

fluctuations if the flow angle is properly weighted by the Jacobean sinG. The
sin#F d#F

distributions for PFs and TFs are presented in figs. (8.a-b) and (9.a-b), respectively, for the
interactions of 22Ne and 28Si with Em compared with their counter parts obtained from the
CEM calculations. In each figure a peak greater than zero is seen for both the cases (PFs and
TFs) Table (3) show the average values of 0F as obtained experimentally and from CEM
calculations for PFs and TFs.

PFs

TFs

Projectile

a"Si

"Ne

'"Si

"Ne

<0F>

EXP

1 22 ± 0.04

1.11 ±0.03

48.85 ±0.94

51.49 ±0.59

CEM

0.77 ± 0.00

0.93 ±0.02

42.20 ±1.08

42.45 ± 1.25

Table (3): Shows the experimental average values of 0F compared with that obtained from
the CEM calculations for PFS and TFs, for the interactions of 22Ne and 28Si with emulsion.

17



a>

0 1 2 3 4 5 - - - CEM 0 1 2 3 4 5 - - - CEM

Fig (8.a-b) The angle of flow distributions, (a) for 22Ne and (b) for 28Si, for the PFs.
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Fig.(9a-b) The angle of flow distributions, (a) for 22Ne and (b) for 28Si, for the TFs.

The experimental values of < 0F > are greater than the CEM one, this could be interpreted as
an indication of the sideward flow of the fragments i e the bounce-off of the PFs and the
side-splash of the TFs. The dependence of 0? on the impact parameter and consequently on

- for nh > 7 and ni, < 7 have beenhas been studied. The distributions of
sin0

investigated. The remarkable features of are: (i) The smallness of the 9? and its peak value
is greater than zero (agrees with the previous observation), (ii) The maxima of the angle of
flow increase with increasing multiplicity, which was predicated by the hydrodynamic
calculations
The azimuthal angular correlation between the PFs and the TFs is given in fig. (10), where
A^P.T =\<pP-(pT\ and the average values of A^P.T are given in table (4) for 22Ne and 28Si

Fig (lOa-b) shows that the nuclear fragments from the two colliding nuclei are emitted in
opposite direction (back-to-back) in tne azimuthal plane. This confirms the sideward
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emission of the PFs (bounce-off) and the side-splash of the TFs The presence of finite flow

analysis in this work indicates that in those events a reaction plane defined by the flow and
the beam direction is determined properly

< A^P.T >

'2Ne

95.31 ± 1 12

"Si

98.62±1.56

Table (4). Show the average values of A^P.T for Neand'8SL
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1 0 09
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—
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nr

60 120 180

Fig (10 a-b) The distributions of the angle A^P.T between the resultant vectors of the PFs and
the TFs in the azimuthal plane (a) for 22Ne and (b) for 28Si The histograms are normalized to
unity.
CONCLUSIONS:

From the present study the following conclusions can be extracted :
(l)The collective flow of nuclear matter has been observed.
(2)The bounce-off of the PFs and the side-splash of the TFs has been declared.
(3)The predictions of the hydrodynamic calculations, of the dependence of the

increasing of the angle of flow with decreasing the impact parameter have been
satisfied.

(4)The reaction plane plays an important role in investigating different physical
phenomena that could not be observed by the ordinary methods.

(5)The CEM has failed in reproducing the characteristics of these events.
REFERENCES:
* See all papers submitted to this conference with my co-authorship and all references
therein
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ABSTRACT

Current status of Dubna accelerator complex of relativistic nuclei is reviewed. We
summarize advances of relativistic nuclei studies obtained by means of nuclear
photoemulsion technique. We overview Dubna suggestions on development of physical and
technological basis for construction of hybrid energy production systems like "reactor +
accelerator".

INTRODUCTION

We review prospects of research in beams of relativistic nuclei of the Dubna Synchrophasotron and a new
superconductive synchrotron (fig. 1), the Nuclotron with an impact on emulsion technique studies and
applied energy research. At present, the Synchrophasotron permits the production of nuclear beams with
momenta of 4.5-A GeV of particles ranging from deuterons of an intensity of 1012 per cycle down to an
intensity of 103 for sulphur. Synchrophasotron beams of polarized and aligned deuterons are considered to
be unique ones for spin physics research. Since 1994 new experiments were performed on an internal
target at a momentum of 3.5-A GeV/c at the Nuclotron. The system of slow beam extraction from the
Nuclotron is under commissioning now. It will make nuclear beams of the new machine much more
accessible for a variety of experiments. Nuclotron will allow production intensive nuclear beams of heavy
elements, such as krypton, bismuth and uranium with energy 6 GeV/nucl. Our laboratory research
program includes two major directions. First one is the study of spin effects and structure of light nuclei
at internucleonic distances smaller than the nucleon size and, on the other hand, the study of multiple
particle production in nucleus-nucleus collisions aimed at searching for collective multinucleon effects in
nuclei, and phase transitions in nuclear matter. Interest in the beams of the accelerator complex is
steadily increasing for applied researchers. They are represented by electronuclear method of energy
generation and transmutation of radioactive waste products, radiation damage and radiobiology studies
for development of space technologies.
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DEVELOPMENT of the ACCELERATOR COMPLEX

The Nuclotron accelerator complex at LHE is the basic facility of JINR for generation of proton,
polarized deuteron (also neutron/proton) and multicharged ion (nuclear) beams in energy range up to 6
GeV/u. General view of the facility is shown in Fig.l. The Nuclotron was built during 1987-92 This
accelerator is based on the unique technology of superconducting magnetic system, which was proposed
and investigated at the Laboratory. All design, tests and assembling works were carried out at the LHE.
Mechanical production of the structural cryomagnetic elements was done by the JINR workshops. There
were 14 runs at the Nuclotron since March 1993. Basically all of the design parameters have been
achieved. Very high reliability of the liquid helium supply and the magnet cooling system was practically
demonstrated. Data taking for physics was performed at the internal target. Intensive work on the
completion of the construction and tests the main elements of beam extraction system as well as
reassembling of the part of the accelerator ring 12 meter in length was fulfilled in 1999. The first test of
the beam extraction system was carried out in December'99 when 250 MeV protons were extracted

(fig-2).
The main directions of the Nuclotron - accelerator complex development during the nearest years are the
following:
1. Completion of the Nuclotron beam slow extraction system and transportation of the extracted beams in
the main experimental hall.
2. Development of the injector complex including ion sources, partial reconstruction of the linac LU-20,
technical design and construction work on the Nuclotron booster.
3. Upgrade of cryogenic supply, quench detection and energy dump as well as diagnostic, control and r.f.
systems.

llNJECTOR

NUCLOTRON

EXPERIMENTAL HALL 205

Internal target & setup
for fist exsperiments
NUCLOTRON

EXPERIMENTAl
HALL IB

(S3

Fig.l. The Nuclotron accelerator complex.
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Comissioning of the Nuclotron ring, internal target experiments. The first test run was carried out in
March 1993. Since that time 14 runs of a total duration of 3500 hours were carried out up to now. The
running duration was determined by the current budget limitations. Total running time includes: cool
down ~ 1400 h, the machine development and beam investigations
~ 1330 h, internal target experiments ~ 550 h. The operational parameters have been achieved up to now
are the following:

- beam kinetic energy - 4.2 • GeV/u,
- accelerated particles - p, d, a,12 C,84 Kr, polarised deuterons,
-beam intensity - 1.2 • 1010 p.p.c for deuterons ~ 109 p.p.c for a 's ,
- repetition rate - 0.2 Hz,
- flat top duration- 10 s.

Internal target experiments were started in March 1994. Relativistic deuteron beam with momentum up to
4.2 A- GeV/c per nucleon was mainly used. Physics data taking with proton and He4 beams were also
provided. Normally, 3 + 4 groups of the users participated in the experiments.

Fig.2. Assembling of the beam slow extraction elements.

Development of the injector complex including the ion sources, upgrade of the existing linac LU-20
and booster ring design. New CO2 - laser for the laser driven source was designed and constructed.
Reflecting mode of the electron beam ionizing scanning source KRION operation was investigated. Fast
extraction (T ~ 30 mks) of ions from the KRION source was tested. The front section of the LU-20 main
cavity was reconstructed to decrease the minimal charge-to-mass ratio of accelerated ions from 0.33 to
0.28. Conceptual design of the Booster ring based on the Nuclotron-type technology was made.
Increase of beam intensity and an extension of available nuclear beams. The following new beams
were obtained during 1993-98:
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- 32 S l6+ - were accelerated at the Synchrophasotron up to
E = 3.65 GeV/u and used for physics experiments;

- 40 Ar'7+ - were accelerated at linac (E = 5 MeV/u);
- 84 Kr32+ - injected into the Nuclotron;
- unique beam of relativistic polarized neutrons (after stripping of polarized deuteron

beam Nn« 10"3 Nd) was formed and used in experiments at polarized proton target removed from Saclay.
Upgrade of the Nuclotron cryogenic system. All designed parameters of the Nuclotron cryogenic
system were achieved. The reliability of the system as high as 95%. The average cool down time of the
Nuclotron magnetic system (cold mass ~ 80 tons) is 100 hours. About 80 tons of liquid N2 is used during
this period. After that the consumption of liquid N2 is about (12 •*• 15) tons/day. It can be decreased to (8-
10) tons/day by means of special turbines cooled by helium flow instead of LqN2 at the main refrigerators
of liquid He. One set of such turbines was tested during in the 7 th Nuclotron run. The experimental
results were closed to the predicted ones.

Development of superconducting magnets for heavy ion synchrotrons and beam transport
channels. The conceptual design of the Nuclotron-type miniature low-cost superconducting magnets for a
future very large hadron collider and very rapid cycling (f = 10 Hz} intermediate energy synchrotron have
been made. The option of a superconducting quadrupole for beam transport lines was also considered.

HIGH RESOLUTION EMULSION DETECTOR

The physics goal is to study nuclear interactions induced by 'H, He, 6Li, I2C, 160,22Ne, 24Mg, 28Si, 32S,
84Kr, 197Au, 208Pb and 209Bi nuclei at energies 1-200A GeV. All measurements are carried out by a uniform
method in high-angular resolution emulsion track detectors (photoemulsions) in the frame of Dubna and
EMU01 international collaborations.

The aim of the experiments is to investigate the dependence of the characteristics of multiparticle
production, fragmentation of colliding nuclei, their structures, local particle density fluctuations and
collective phenomena on the projectile mass, energy, and the impact parameter. The experimental results
are compared with different model predictions. The structure of light nuclei is studied. Emulsion
technique is used in the experiments. Besides the unique precision in angular measurements unreachable
in electronic experiments, the emulsion detector has a An coverage, and therefore the target nucleus and
projectile nucleus fragmentations can be detected simultaneously with particle production. The LHE
emulsion group has wide experience in such measurements after a long-term investigation of nuclear
collisions using a uniform photoemulsion method. The large international scientific cooperation between
LHE JINR and other laboratories includes of about 150 physicists from 30 institutions and 16 countries.

Nowadays, the pool of common data holds more than 25000 events that is a unique amount in the case
of emulsion experiments.

In the present project, JINR responsibilities are concentrated on the irradiation of the emulsion detector
and its chemical development, data acquisition, data pool preparation and model calculations. The JINR
physicists also participate in data analysis.

So, the proposed project affords a unique opportunity to investigate nuclear interactions over a broad
range of projectile mass and energy combinations, using the same technique.

Main results in 1992-1999

1. Unique experimental data on 208Pb induced interactions in emulsion at 158 A GeV/c were obtained
by the EMU01 Collaboration in the EMU 12 experiment in 1996-1999. The multiplicity of secondary
particles was about 1700 for some events. About 500 minimum bias events of Pb-Em interactions were
collected. The multiplicities and angles of produced particles and projectile and target fragments have
been measured



2. The projected angular spectra of relativistic alpha fragments from lead nucleus induced reactions on
stationary Pb target at 158A GeV/c have two emission components. One of them represents the
fragmentation of a fermionic system while the other one exhibits large transverse momentum transfer
The precision of the angular measurements is about ± 0.01 mrad.
3. The distributions of singly charged relativistic particles emitted in central Pb-Pb interactions were
studied. The density distribution shape is well described by the RQMD and FRITIOF models.
4. The transverse momentum analysis of the projectile was performed in nonperipheral 197Au and 84Kr
interactions with Ag(Br) nuclei at 11.6 and 1.55 A GeV/c, respectively. Evidence for a collective flow of
projectile fragments was obtained. The angular distributions of the principal vectors of projectile and
target fragments showed a strong azimuthal correlation. The utility of azimuthal correlation functions as a
collective flow probe was demonstrated.
5. The multifragmentation of gold nuclei and its dependence on energy were investigated. A strong
radial flow of spectator fragments was first observed.
6. A complex analysis of 197Au induced nuclear interactions in emulsion at 11.6 A GeV/c was
performed in the frames of the Modified Cascade Evaporation and FRJTIOF models.
7. The coherent dissociation of oxygen nuclei into four alpha particles at 4.5 A GeV/c in emulsion was
first measured.
8. The setup "SLON" was designed and constructed at LHE in 1985-92. The fast-kicker magnet
system used to provide a short beam spill (30-40 \xs) was constructed and tested on the beam extraction
line from the Synhrophasotron in 1992-94.
9. 21 emulsion stacks (about 800 pellicles) irradiated by 32S and 208Pb ions were developed in
photoemulsion processing group.
JO. In interactions of 6Li relativistic nuclei with nuclei of an emulsion one observed significant
distinctions in with respect to other nuclei. A mean free path of inelastic interactions of Li nuclei has
significantly lower value than it follows from the established dependence on a projectile nucleus mass.
Fragment isotope compositions and fragmentation channels of 6Li nuclei are defined mostly by a weakly
bound (alpha+d)-structure of a 6Li nucleus. The obtained results indicate also that with target nuclei
effectively interact separate clusters of a6Li nuclei. A weakly bound structure of 6Li nucleus determine a
complementary contribution in an inelastic interaction cross section with large impact parameters and
enhanced contribution of electromagnetic excitations of a 6Li nucleus. An estimate of a 6Li nucleus
effective radius on a basis of mean free path of inelastic interactions give a value close to a value of a
mean quadratic radius of a charge distribution in a 6Li nucleus. Dissociation channels of a 6Li nucleus to
charged fragments only were registered. It is established that in dissociation process the low excitation
levels of a 6Li nucleus manifest itself. Charge exchange probabilities of a 6Li nucleus on emulsion nuclei
to 6He and 6Li nuclei are equal approximately 1%. Fragmentation of 7Li nucleus indicate on (alpha+2n+p)
structure and not on (alpha+t) one.

The Research Program

/. Heavy nuclei at the Nuclotron:
a) to perform scanning, angular, range, momenta and ionization measurements on the tracks of
produced charged particles and nuclear fragments and completion of the data sample;
b) to study the fragmentation of colliding nuclei, multiparticle production of charged particles, their
correlations and fluctuations for different degrees of centrality and to search for collective phenomena;
c) to compare experimental results with theoretical calculations made in the frame of different
models, partly the FRITIOF and Modified Dubna Cascade Models, and with previous experimental data
of the Dubna Emulsion Collaboration;
d) to investigate nucleus-nucleus interactions by means of emulsions exposed in a light

pulsed magnetic field (« 60 T);
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e) to process nuclear emulsion stacks from a new irradiation.

2. Nuclear interactions at asymptotic energies :
a) to work out the second run EMU 12 experiment (208Pb+Em at 158 A GeV/c);
b) to investigate the dependence of particle production and fragmentation of colliding nuclei, local
particle density fluctuations and collective phenomena on the projectile mass and energy and on the
impact parameter;
c) to compare the experimental results with different model predictions and to look for signals of quark-
gluon plasma;
d) to perform an event-by-event analysis of central events and to search for nonstatistical fluctuations.

3. Structure of light nuclei:
a) to measure 6Li interactions in emulsion and to study a possible internal structure of 6Li nuclei;
b) to measure the momenta of all charged relativistic projectile fragments and to study the probability of
a 6Li charge-exchange reaction;
c) to search and study light exotic nuclei like 6He, 8B, 10C etc.

References on Emulsion Technique Publications

We supply in this paper a list of major publications for years 1992-99

Nucl. Phys. B338(1992)3; Z. Phys.C56( 1992)509; Phys. Rev. Lett. 69(1992)74;
Phys.C55(1992)235;Phys.Rev.D47(1993)3726;J.Phys.G:Nucl.Part.Phys.l9(1993)2035;
Nucl.Phys.A566( 1994)41 c; Phys.Lett.B322( 1994) 166; Phys.Lett.B338( 1994)397;
Phys.Lett.B322( 1994) 166; Nucl.Phys. A568 (1994)326; Nuovo Cim. Vol. 107 A, N. 1(1994)31
Nucl.Phys.A590(1995)597c; Z.Phys.A351(1995)311; Z.Phys.C65( 1995)421;
Phys.Lett. B352( 1995)472; Phys.Lett.B363(1995)230; Rad.Measur.25( 1995)251;
Rad.Measur.25( 1995)191; Nuovo Cim. 7(1995)83 l;Phys. of Atomic Nucl.58(1995)951;
Czech. J.of Phys. 46(1996)531; Physics of Atomic Nuclei 59(1996)102;

Phys.Lett.B390(1997)445; Phys.Lett. B407 (1997)92; Z Phys.A358(1997)337;
Phys. of Atomic Nuclei 60(1997)1435; Eur. Phys. Journal A2(1998)61;
Eur. Phys. Journal Al(1998)77; Eur. Phys. Journal A3(1998)183;
Nuovo Cim. Vol. 111 A, N 11(1998)1243; Nucl.Phys(Proc.SuppI.)7I(1999)330.

APPLIED ENERGY RESEARCH

Modelling of the Electronuclear Method of Energy Production and Study of Radioactive
Waste Transmutation Using a Proton Beam of the JTNR Synchrophasotron / Nuclotron

The concept of construction of hybrid electronuclear systems, combining a proton accelerator, a
heavy element target (tungsten, lead, bismuth) to generate intensive neutron fluxes and
fissile target surroundings, is standing out among several approaches to solve the problem
of nuclear energy development prospects, its economic competitiveness and ecological
safety including waste fuel utilization. Since a JINR establishment in 1956, this topic has been
of fundamental importance in a research program. The following studies were performed in this
field:
• studies of neutron multiplication in extended blocks of heavy elements in the beams
from the synchrocyclotron and synchrophasotron;
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Title of the project: "MODELLING OF THE ELECTRONUCLEAR
METHOD OF ENERGY PRODUCTION AND STUDY OF RADIOACTIVE

WASTE TRANSMUTATION USING A PROTON BEAM OF THE
JINR SYNHROPHASOTRON / NUCLOTRON"

(collaboration "ENXSGY+TKANSMHTATION-, project leader M I.Knvopustov)
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Fig.* SETUP "ENERGY+TRANSMUTATION"

• studies of radioactive waste transmutation in the fields of electronuclear neutrons;
• computer simulation of processes in electronuclear systems;
• R&D on development of intermediate energy accelerators to study the electronuclear method
of energy production.
The major aim of the proposed project «Energy + Transmutation)) at the LHE accelerator
complex is investigation using a fissile blanket instead of a lead target to obtain data on nuclear
processes in hybrid installations by irradiation with relativistic ion beams and study radioactive
waste transmutation (fig. 3).
The Laboratory of High Energies and other JINR Laboratories actively participate in the
realization of the "Energy + Transmutation" project, obtaining all necessary (uranium, lead,
concrete) techniques, detecting equipment and electronics (see ref. 1-5), as well as programs for
data processing and computer simulation.
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Main results in 1998-1999

Experiments on the simulation of separate systems and methods related to the uranium-lead
assembly restarted in 1998 as a continuation of research on neutron generation in a lead target
(50x50x80 cm) using the beams from the Synchrophasotron. The experiment results allow one
to complete the preparation of the project «Energy + Transmutation)). During these experiments
one succeeded in:
• optimization of geometric dimensions and studies of nuclide production in a lead
target-converter at a proton energy of 1.5 GeV;
• completing the development and successful tests of the methods to study the space-
time distribution of thermal fields and heat generation in Pb and na'U targets and
samples;
• fulfilling the computer simulation of basic nuclear characteristics of the uranium-lead
assembly considering its dimensions and compositions;
• preparation of technical drawings for the construction of the full-scale uranium-lead
assembly and its model, as well manufacturing;
• preparing the program of first-stage experiments using the setup model
(scale 1:30) and'the full-scale U/Pb assembly.

The project and experimental program are aimed at:

• obtaining data on heat generation and the power amplification coefficient, energy
costs of neutron generation, neutron balance and spectrum;
• measuring neutron flux characteristics of the uranium-lead target depending on the
type and energy of ion beam, isotope composition of the blanket and target-converter;
• obtaining experimental data on the effectiveness of transmutation of long-lived
radioactive wastes (actinides and fission products) required to develop an electronuclear
transmutation prototype of radioactive wastes (isotopes of iodine, uranium, neptunium,
americium, curium and plutonium) on a semi-industrial scale;
• obtaining information necessary for testing and improving computing methods
and programs to simulate electronuclear processes.

References on Applied Energy Research

Russ. Journal Atom. Energy 1990, 68, 449; JINRComm. 18-92-303,
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Dubna, 1996; JINR Preprint PI-99-247, Dubna, 1999
(Subm.Kerntechnik); J.Rad. Nucl. Chem. Lett. 1997, 222, 267;
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Abstract

Both theoretical investigations of and experimental searches for not only
super-hypernuclei (or "long lived hyperstrange multiquark droplets", "strangelets
", or "strange quark matter") consisting of roughly equal numbers of up, down,
and strange quarks, but also super-hypernuclear matter in bulk (or "quark
nuggets" or "strange matter") (in the early Universe or inside neutron stars)
and strange stars made of super-hypernuclear matter are reviewed and discussed
in some detail. The contents include:

I. Introduction
II. Quark-Shell Model of Nuclei

III. Nuclear Mass Formula in the Quark-Shell Model
IV. Mass Spectrum of Super-Hypernuclei
V. Charge-to-Mass-Number Ratio of Super-Hypernuclei

VI. Super-Hypernuclei or Other Exotic Nuclei in Cosmic Rays
VII. Strange Stars in the Universe

VIII. Conclusion, Further Discussions, and Future Prospects.
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I. Introduction

A "super-hypernucleus" is a nucleus which consists of many strange quarks as well
as up and down quarks. In 1979 [1], I proposed the quark-shell model of nuclei in
quantum chromodynamics (QCD) [2], presented the effective two-body potential be-
tween quarks in a nucleus, pointed out violent breakdown of isospin-invariance and
importance of U-spin invariance in superheavy nuclei, and predicted possible creation
of super-hypernuclei in heavy-ion collisions at high energies, based on the natural
expectation that not only the Fermi energy but also the Coulomb repulsive energy
is reduced in such nuclei. A similar idea was presented independently and almost
simultaneously by Chin and Kerman [3], who called super-hypernuclei "long lived hy-
perstrange multiquark droplets". Five years later in 1984, the possible creation of
such super-hypernuclear matter in bulk (in a much larger scale of both mass number
and space size) .in the early Universe or inside neutron stars was discussed in detail
in QCD by Witten [4], who called super-hypernuclear matter "quark nuggets" while
the properties of super-hypernuclei were investigated in detail in the Fermi-gas model
by Farhi and Jaffe [5], who called super-hypernuclei "strange matter". In 1988 [6],
the CERN SPS opened up a new energy range of order hundred GeV/nucleon for
ion collisions, which might be high enough to produce super-hypernuclei. It seemed,
therefore, worthwhile to reinvestigate theoretically in more details various properties of
super-hypernuclei. In a series of papers published in 1989 and 1990 [7-9], I reported an
important part of the results of my investigation on the mass spectrum and other prop-
erties of super-hypernuclei in the quark-shell model. Now in 1999, since the BNL RHIC
is about to open up an even much higher energy range of order hundred GeV/nucleon
for heavy-ion-heavy-ion colliding beams, it seems more relevant to review both theo-
retical investigations of and experimental searches for not only super-hypernuclei (or
"long lived hyperstrange multiquark droplets", "strangelets", or "strange quark mat-
ter") consisting of roughly equal numbers of up, down, and strange quarks, but also
super-hypernuclear matter in bulk (or "quark nuggets" or "strange matter") (in the
early Universe or inside neutron stars) and strange stars made of super-hypernuclear
matter, which I am going to do in this talk.

Before doing that, let me make the following short but key note: Suppose that a
super-hypernucleus consists of Nu up quarks (u's) Nj down quarks (GTS), and Ns strange
quarks (s's). Then, a nucleus of (Nu, Nd, Ns) has the atomic number (or electric charge
in the unit of e), the mass number (or baryon number), and the strangeness given by
Z = (1/3)(2NU -Nd- N,),A = (1/3)(JVU + Nd + Ns), and S = -N3. By noting the
existing similarity between the effective potential for the nuclear force and that for the
quark force and the additional three color-degrees of freedom [10], I have predicted
that the magic numbers in the quark-shell model are three times the famous magic
numbers in the nucleon-shell model (Z, A — Z = 2,8,20,28,50,82,126, • • •), which are
Nu, Nd, Ns = 6,24,60,84,150,246,378, • • •. Therefore, the magic nuclei such as ^He and
Jf 0 are doubly magic and superstable also in the quark-shell model since Nu — Nd = 6
for jHe and Nv = N4 = 24 for 1f0. What is new in the quark-shell model is the
expectation that not only certain exotic nuclei with a single magic number such as
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the "dideltas", D8++++ with Nu = 6 and D8~~ with Nd = 6, but also certain super-
hypernuclei with a triple magic number such as the "hexalambda", H\ with Nu =
Nd = Ns = 6 [11], and the "vigintiquattuoralambda", VqX with Nu = Nd = Na = 24,
may appear as quasi-stable nuclei. In fact, in the MIT bag model [12], one can easily
estimate the mass of HX to be as small as 6.3 GeV [8], which is smaller than 6mA
(= 6.7 GeV). However, in the quark-shell model, there is no qualitative reason why the
"dihyperon" or "H dibaryon", H with Nu = Nd = Ns = 2 [13], should be quasi-stable
or even stable.

I would like to organize this talk in the following way:
II. Quark-Shell Model of Nuclei,

III. Nuclear Mass Formula in the Quark-Shell Model,
IV. Mass Spectrum of Super-Hypernuclei,
V. Charge-to-Mass-Number Ratio of Super-Hypernuclei,

VI. Super-Hypernuclei or Other Exotic Nuclei in Cosmic Rays,
VII. Strange Stars in the Universe,

VIII. Conclusion, Further Discussions, and Future Prospects.

II. Quark-Shell Model of Nuclei [7]

Let us now discuss the quark-shell model in QCD. In QCD [2], the strong force
between quarks is originated from the Yang-Mills interactions [14] of the color-triplet
quarks q with the color-octet vector gluons Ga(a = 1—8) and of gluons with themselves,

LY-M = gqY^qGl - \id.Gl - dvGl + gr^Glf + \id.Gl - dvGfi\ (1)

where g is the gluon coupling constant, A°'s are the Gell-Mann's color SU(3) matrices,
and /a6c 's are the SU(3) structure constants. This interaction Lagrangian approxi-
mately and effectively gives in non-relativistic limit the two-body Coulomb potential
for the strong interaction between quarks due to the one-gluon exchange,

with

where A,a/2(z = 1,2) are the quark color-spins and g(fi) is the effective or running
gluon coupling constant at the renormalization energy point fi defined in the familiar
renormalization group approach [15]. For the three flavors of quarks (u, d, and s), the
running gluon coupling constant can be phenomenologically parameterized by [16]

with
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A £ 200 -300 MeV [17]. (5)

Furthermore, the renormalization point fj. may be related, though not rigorously, with
the distance between the two quarks r by

1
(6)

This Coulomb potential is, however, a good approximation only for the strong inter-
action between quarks at a short distance (r <$; 1 fermi) where the effective coupling
constant is small (as(v) ^ !)• At a long distance (r,>l fermi), the strong interac-
tion can be caused by the Nambu-Susskind string [18] spanned between two quarks,
probably due to exchange of an infinite number of gluons. It may be, then, simply
approximated by the Nambu-Susskind linear potential, for example, for a color singlet
state of a quark and an antiquark,

VNS(T) = Ar + B. (7)

By analyzing especially the data on the Regge recurrence of hadrons, the parameters
A and B have been determined to be [19]

A 2 0.2 GeV2 and B £ 0.0 GeV2. (8)

The effective two-body potential between quarks in a nucleus, however, can not be
approximated simply by the sum of these two potentials (2) and (7). It is not only
because at a long distance the attractive Coulomb force becomes dominant between a
color-triplet quark and a color-antitriplet diquark which is made of two nearby quarks
in the nucleus but also because at a longer distance the Nambu-Susskind string can
be formed between these quark and diquark. For an even longer distance the string
formation would be disturbed and eventually destroyed by many other quarks located
close to the diquark. In order to obtain a better approximation, one should also
include spin-dependent and velocity-dependent forces in the Coulomb potential which
have been given by De Riijula, Georgi, and Glashow [20] in QCD. Taking care of these
things together, I therefore have proposed to use the following potential for the effective
two-body force between quarks in a nucleus:

TT " "T") SD-G-G[T) for r<0.\ fermi,

y • y 1 ) SD-G.a{r) for 0.1 fermi <r<0.3 fermi,

y • y 1 J (AT + B) oxp (-K,T) for r>Q.S fermi,

(9)

with

1 [Pi • P2 ( r - P i ) ( r - p a ) |J1
r

--8\v) \— + — + 1 6 ( S 1 ' S 2 )

2 \m\ m\
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H 2(r x pi) • s2 - 2(r x p2) • Si - 2si • s2

r2

where m's, p's, and s's are the quark masses, momenta, and spins, respectively, \^z/2
is the color-spin of the diquark state, and K is the damping parameter. The magnitude
of K"1 should be of order of the average distance between quarks inside a nucleus so
that

K-1 £ 0.3-0.4 fermi . (11)

Note that there exists a close similarity between this effective potential for the quark
force in a nucleus and the Hamada-Johnston potential for the nuclear force except for
their difference lying in the scales of distance and energy. Note also that the hard
core in the quark potential is Coulombic and that its origin is clear in QCD while the
origin of the hard core in the nuclear potential is not yet clear although it might be
due to the Pauli repulsive force between quarks as suggested in the "nucleon cluster
model" (erroneously called "quark cluster model" in some literatures) of nuclei [21]. A
complete survey of nuclear spectroscopy in this quark-shell model can be made in either
one of the following ways: 1) set up a set of self-consistent (Hartree-Fock) equations
of motion for quarks in a nucleus by adopting, for example, this effective two-body
potential and solve it, or 2) define and calculate an effective one-particle potential for
quarks in a nucleus by adopting, for example, this effective two-body potential, and
solve the Schrodinger equation of motion for a quark in the nucleus. It is, however,
beyond the scope of this talk. In the following Sections, I shall discuss only a typical
result of the quark-shell model, which seems to be relevant to the subject of this talk,
i.e. super-hypernuclei.

III. Nuclear Mass Formula in the Quark-Shell Model [9]

Let m, and p, (r,) be the mass and three-momentum (space-coordinate) of the ?'-th
quark, respectively, and let V^ be the potential for interaction between the i-th and
j - th quarks in a nucleus consisting of N quarks (i, j = 1 — iV). Then, the Hamiltonian
for the nucleus is given in non-relativistic approximation by

- *o + I X (12)
» 7

where KQ is the center-of-mass kinetic energy of the nucleus. In the non-relativistic
approximation for pf/m^ < < 1 and in the first approximation of ignoring the interac-
tion l>H.w<vn <i quark and a (li(|iiark in a nucleus, l.lir rfTWl.ivr potential presented in
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Eq. (9) is approximately given by

where as is the coupling constant, A"/2(a = 1 — 8) and s, are the color-SU(3) spin and
the spin of the 2-th quark, respectively, r4J = r, — r,, and rtJ(= JrtJ|) is the distance
between the i-th and j - th quarks. For further simplicity, let us take, for a moment,
the equal-mass approximation of m, = m{i = I — N) and ignore the tensor term in the
potential (13).

Assume the (\S)N configuration in a harmonic oscillator potential with the size
parameter b for the quark wave function \jj to the zero-th order approximation as

3N/2 ( 1 \h4
Then, the expectation value of the Hamiltonian (12) becomes

V,, >6, (15)

with

Aa Aa [ 1 7r 8
VtJ >b=as< -f'-± > < — >6 -<63(rv)>b(l + -f v ,(16)

where

,! , L ' « 3 ( r u ) > 6 = 7 - ^ - (1?)

Remember now the following simple formulas:

y • yE < y • y >= \c>(K) ~ I", (18)

and

y f >< s, • •, >= -'2N + l-C2{R*) - IJ(J + 1) - ica(Jfe), (19)

where J, CliRz), and CI(RQ) are the total spin, the eigen-value of the Casimir op-
erator for the color SU(3) (which vanishes for a color-singlet nucleus) and that for
the color-spin SU(6), respectively. Then, the energy of the (color-singlet) nucleus is
approximately given by

- = N + By2 - Cy + Dy\ (20)
mm
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where

B - 1{N - *>•c - 57s- D - ^m[iN - \ c ^ + l J { J

and

(22)

This approximation is good only if D 1. 0, since otherwise the nuclear energy (20)
would become unstable for large y (or small b). If D > 0, the nuclear energy (20) has
the minimum of

E _ 2{B2 + 3CD){VB* + 3CD - B) - 3£C£>
m " 2 7 ^ ( 2 3 )

at

Alternatively, define the quantity F by

s/5 + 3CD-B
V = ^ • (24)

^ l). (25)

Then, the nuclear mass which is the minimum value of the nuclear energy is approxi-
mately given by

for

~ 3
y = -£JT[VU -

where

l[y/G - i(N - 1)], (27)

^ ^ (28)

In order to fix the parameters of m and a3, let us take the masses of the nucleon
of J = 1/2 (mw = 939 MeV) and the A resonance of J = 3/2 (mA = 1230-1234
MeV) as inputs. Note FN = F(3,1/2,70) = 23 and FA = F(3,3/2,20) = 43. Then,
I obtain the best fit of m = 750 MeV and as/y/x = 2.0 (or a3 = 3.5) for which
niN = 1.25m, mA = 1.64m, 6^ = 0.53 fermi, and b& = 0.69 fermi. Although the quark
mass parameter of 750 MeV is much larger than the ordinary constituent quark mass
of order 300-400 MeV, the size parameters of 0.53 fermi and 0.69 fermi seem very
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reasonable to be compared with the proton charge radius of order 0.81 fermi and the
proton "quark radius" of order 0.65 fermi [22].

IV. Mass Spectrum of Super-Hypernuclei [9]

The mass formula (26) has the following general properties:
1) for a small coupling constant,

M(N,J,Re) „ „
m = N

2) for a large coupling constant,

„
m

9{37r[187V - 4C2(Re) + §J(J + I)]}1 /2 '
N 1/2

( 3 0 )

3) for a large number of quarks,

M{N, J,

m 7T 1J
9 ^
2TT

4) for a small coupling constant and a large number of quarks,

fof( ) „ ,
777 2(7T

5) for a large coupling constant and a large number of quarks,

(33)

Because of the largeness of aa = 3.5 which is fixed by the input masses, m^ and
?7î , some of these approximations 1) and 4) would not be practically useful but some
others 2), 3), and 5) are not only useful but also convenient for glancing at some general,
properties of nuclear masses in the quark-shell model of nuclei in QCD.

In the case of a, ^ 1 and N ^> 1, which is relevant to super-hypernuclei such as
the hexalambda (HX with Nu = Nd = N3 — 6) and the vigintiquattuoralambda (VqX
with Nu = Nd = Ns = 24), the nuclear mass spectrum has the simplest property of
(33) or, more explicitly,
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at b = 0.68 fermi for ajy/v = 2.0 and m = 750 MeV. (34)

From this follows the crudest estimate of rriHX — 7.0 GeV, which should be compared
with my previous estimate of mnx = 5.6-6.3 GeV [8] in the MIT bag model [12]. Note
also that the same rough approximation leads to the crudest estimate of m# = 2.3
GeV for the "dihyperon" or "// dibaryon" (H with Nu = Nd = Ns = 2) [13], which
should be compared with my previous estimate of ro# =2.2 - 2.5 GeV [8] in the MIT
bag model [12]. In any case, the stability or quasi-stability of HX seems possible while
that of H unlikely! Obviously, these estimates are too naive.

In order to obtain more precise estimates of super-hypernuclear masses in the quark-
shell model in QCD, we must take at least the following two dependences into account:
1) the dependence on the spin and color-spin quantum numbers of a nucleus, which
can be seen in the mass formula (26) and 2) that on the mass difference between the
ordinary (up and.down) quarks and the strange one, which can be seen both in the
Hamiltonian (12) and in the potential (13). The magnitude of corrections due to these
dependences is expected to be of the order of ten to twenty percent. Although it is
not difficult to calculate these corrections, it would be rather meaningless unless other
corrections of the same order of magnitude are also taken into account. Such other
corrections include 1) relativistic corrections, 2) corrections due to the tensor term in
the potential (13), 3) those due to the interaction between a quark and a diquark in a
nucleus, which is presented in Eq. (9), and 4) those due to the electromagnetic interac-
tions between quarks, which become increasingly important for large quark numbers.
More precise estimates of super-hypernuclear masses in which both the electromagnetic
corrections and the dependence on the mass difference are included will be discussed
in the following Section.

V. Charge-to-Mass-Number Ratio of Super-Hypernuclei [23]

If the electromagnetic interaction is included, the Hamiltonian for a nucleus in
Eq. (12) becomes

) - K° + B ^ + VJ). (35)

The Coulomb potential KJ is simply given by

\'\) = a2 |2 i , (36)

where a is the fine structure constant (= 1/137) and Q, is the charge of the i-th quark.
The expectation value of the Hamiltonian in Eq. (15) becomes

where

< VtJ >b + < V:} > 6 ) , (37)
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< V,) > = aQxQ, < -L >6 . (38)

Note the simple relation of

= Vz2-\z-\v- <39>
Then, the energy of the nucleus in Eq. (20) should be replaced by

- = N + By2 - C'y + Dy3 (40)
m

where

The nucleus would become unstable for small y (or large b) unless C > 0, i.e.

0 J o CV O CV

If C" > 0 and Z) > 0, the nuclear energy (40) has the minimum of

E _ 2(B2 + 3C'D)[(B2 + 3C'Dy/2 -B]- ZBC'D
m~ 27D2

B
• ( 4 3 )

Alternatively, the nuclear mass is approximately given by

( 4 4 )

^ p | (45)
where

<?-[J(W-!)]' + 2 g V ^ ( S . - I*-§„)] . (46)
For a large coupling constant Q4 and for a large number of quarks iV, the mass

formula (44) can be simplified to

M W _ _o_ 2 _ 1 2 3/2

5F[ 4asA
{Z ^ ~ 3 )J

37



at y = ^ [ 1 - -^-AZ2 - \ z - \A)]X* for aa > 1 and N » 1. (47)
9 4a3A o o

This formula indicates that for large a s and N, the nuclear mass is essentially the sum
of N times the effective quark mass of

m* = m(\ - y ^ f ) S 390 MeV for -^= = 2.0 and m = 750 MeV, (48)
81 J K y/TT

which should be compared with the constituent quark mass of the order of 300-400
MeV, and the Coulomb energy of

Ee S ^P^{Z2
 -\Z-\A)^ 0.84(Z2

 -\Z~ \A) MeV for m = 750 MeV.(49)
V/iT 0 0 0 0

Although the above crude estimate of the effective quark mass is too large (> TTIA/3 =
371 MeV, where m\ is the mass of A) to make super-hypernuclei even quasi-stable, the
actual value can easily be 10-20% lower so that some super-hypernuclei may even be
absolutely stable with m* < mN/3 (2* 313 MeV).

I am now ready to discuss the Z/A ratio of super-hypernuclei. The first constraint
on the ratio comes from the stability condition (41), which indicates more explicitly
Z<,44A1/2 for as = 3.5. Obviously, this constraint is weak except for extremely large
A(> 104). Of course, a smaller Z/A ratio is always preferable with a lower Coulomb
energy, which can be seen in the mass formula (47). However, if super-hypernuclei are
stable, their particular Z/A ratios to be observed are determined by the situation in
which they are created. Suppose that they are created in heavy-ion-heavy-ion collisions
at high energies, as suggested by us [1,3,7], or in the early Universe or inside neutron
stars, as emphasized by Witten [4]. Suppose also that the effective quark mass (or
chemical potential) in compound super-hypernuclei or in bulk strange quark matter
is close to the critical value of myv/3. Then, whether super-hypernuclei to be created
spontaneously as "strangelets" or droplets out of the compound nuclei or bulk "strange
quark matter" are stable or not depends on whether or not the Coulomb energy of
the "strangelets" or droplets is negative. This stability condition is approximated by
5Zi>j QxQj < 0, or equivalently

+ lA)2/3{lA)l/2 (50)

If this condition is crucial for stability of super-hypernuclei, it strongly requires the
small Z/A ratio for large A since, for example, J2/3A112 = 14.1 for A = 300.

The existing mass difference of up, down, and strange quarks makes this simple
understanding of the small Z/A ratio for super-hypernuclei complicated. Instead of
returning to the model of the Hamiltonian in Eq. (35), let us take the most simplified
model of the mass formula for super-hypernuclei suggested by Eqs. (48) and (49),

M = mlNu + m'dNd + m'.N. + me(Z2 - \z - \A), (51)
»3 o
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where m*, m*d, and m* are the effective masses of up, down, and strange quarks, and
me is a parameter for the Coulomb energy. Since Nu = Z + A, Nd = 2A — Z + S, and
Ns = —S, for fixed A and S the mass is minimized at

Uf^. (52)
6 2me

The mass difference of md — m* is ambiguous. If I take it as the difference between
the current quark masses (md - mu ^ 3.4 MeV) [24], Z £ 2.6 for roe £ 0.84 MeV. If
instead I identify it with the difference between the quark chemical potentials which
can be as large as 50 MeV [4], Z = 30. Therefore, I conclude from this crudest estimate
that the charges of super-hypernuclei may be as small as 3-30 if they are created from
the compound super-hypernuclei or bulk strange quark matter where the "chemical"
equilibrium of u <-»• d holds in the weak interactions. This small Zf A ratio has also
been emphasized by Farhi and Jaffe [5] after their similar analysis in the Fermi gas
model.

VI. Super-Hypernuclei or Other Exotic Nuclei in Cosmic Rays
[23]

In 1990, Saito et al. [25] found in cosmic rays two abnormal events with the charge
of Z — 14 and the mass number of A = 370 and concluded that they may be explained
by the hypothesis of super-hypernuclei. In order to find whether these cosmic ray
events are really super-hypernuclei as suggested by the cosmic ray experimentalists,
I investigated how the small charge-to-mass-number ratio of Z/A is determined when
super-hypernuclei are created. In the paper published in 1991 [23,26] I have shown, as in
the previous Section, that such a small charge of 3-30 may be realized as Z^Jl/ZA1!2

(= 15.7 for A — 370) if the super-hypernuclei are created spontaneously from bulk
super-hypernuclear matter due to the Coulomb attraction. Therefore, the most likely
explanation for the abnormal events seems to be that they are, at least, good candidates
for super-hypernuclei as suggested by Saito et al. [25].

However, in the other paper published in 1993 [27], I have suggested the second
most likely explanation that they may be "technibaryonic nuclei" or "technibaryon-
nudtHis atoms". A leclinibaryon is a baryon which consists of techniquarks in a bound
state due to the technicolor force [28-30]. A technibaryonic nucleus is a nucleus which
consists of nucleons and a technibaryon. A technibaryonic-nucleus atom is an atom
which consists of a negatively charged technibaryon and an ordinary nucleus in a bound
state due to the Coulomb force. The technibaryon mass can be expected to be about 2
TeV either from scaling of the baryon mass with the color and technicolor dimensional
parameters Ac and Arc [31] or from my estimation of the techniquark mass to be about
0.5-0.8 TeV from the PCDC (Partially-Conserved-Dilation-Current) anomaly sum rule
for quark and lepton masses [32]. The mass value of about 0.4 TeV obtained for the
abnormal cosmic ray events is much smaller than the expected values for technibaryonic
nuclei or technibaryon-nucleus atoms. However, this value would not be excluded since
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large experimental error in determining the masses might be involved. In this respect,
note that the abnormal cosmic ray event found in 1975 by Price et al. [33] may be better
explained by a technibaryonic nucleus or technibaryon-nucleus atom since their later
analysis might indicate the charge of Z ~ 46 and the mass number of A > 1000. Also
note that the abnormal cosmic ray event found in 1993 by Ichimura et al. [34] may be
better (but much less better) explained by a technibaryonic nucleus or technibaryon-
nucleus atom since they reported the charge of Z>,32 ± 2.

Very lately [35], I have just proposed the third most likely explanation for the
abnormal cosmic ray events that they may be "color-balled nuclei" [36]. A color-ball
is a color-singlet bound state of an arbitrary number of gluons [37] or of "chroms",
Ciy(a = 0,1,2,3), which are the most fundamental constituents of quarks and leptons
(called "subquarks" in a generic sense) with the color quantum number and which form
quarks and leptons together with a weak-isodoublet of subquarks (called "wakems"),
«),(? = 1,2), in the unified composite model of all fundamental particles and forces
[38]. A color-balled nucleus is a nucleus which consists of nucleons and a color-ball.
The color-ball of (C0C1C2C3) is not only electromagnetically neutral but also weakly
neutral. However, it strongly interacts with any hadrons due to the van der Waals
force induced by the color-singlet state of (C1C2C3) as baryons, the color-singlet states
of three quarks. Its mass may be very large as scaled by the subcolor energy scale Asc
(of the order of, say 1 TeV) [39] and its size may be very small as scaled by A^i. (~ 1
TeV"1) but it may be absolutely stable. This extremely exotic particle (which we may
call "primitive-hydrogen") may provide us not only the third most likely explanation
for the abnormal cosmic ray events but also another candidate for the missing mass in
the Universe!

VII. Strange Stars in the Universe

Already in 1971, Bodmer [40] pointed out the possibility that super-hypernuclei
(which he called "collapsed nuclei") may exist on a large scale: 1) diffused in space
(galactic and intergalactic) where they could interact "ionizationally" or inelastically
with cosmic rays; 2) condensed mainly on their own, perhaps as peculiar very compact
massive black (?) objects; 3) in association with ordinary matter. He even suggested
then that they may explain the missing mass in the Universe. For the last one decade,
"strange stars" consisting of super-hypernuclear matter have been theoretically inves-
tigated in great detail. Since the results of such theoretical investigations have been
beautifully reviewed by Weber, Schaab, Weigel, and Glendenning [41], I have nothing
to add except for the following: If the latest possible identification of the recently dis-
covered unusual hard x-ray burster GRO J1744-28 as a strange star by Cheng, Dai,
Wei, and Lu [42] is right, the existence of super-hypernuclear matter or "strange mat-
ter" has already been discovered by astrophysicists as a gigantic super-hypernucleus
or "strangelet", the super-hyperstar or "strange star" in the Universe, before being
discovered by high-energy experimentalists in heavy-ion collisions.
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VIII. Conclusion, Further Discussions, and Future Prospects

In this talk, I have discussed the mass spectrum and charge-to-mass ratio of super-
hypernuclei in the quark-shell model of nuclei and presented the simple formula on
super-hypernuclear masses and the simple constraint on super-hypernuclear charges.
Also, I have emphasized the possibility of identifying the abnormal cosmic ray events
as candidates for super-hypernuclei and the unusual x-ray burster as a candidate for a
strange star.

Concerning searches for super-hypernuclei in ion-collisions, however, the situation is
somewhat complicated: In 1978, Carroll et al. [43] searched the missing-mass spectrum
of the reaction pp —> K+K+X for a narrow six-quark resonance in the mass range 2.0-
2.5 GeV and observed no narrow structure. In 1989, Blackman and Jaffe [44] placed
exclusion limits on the presence of stable terrestrial strange quark matter of baryon
number < 2500 by reinterpreting the heavy isotope searches [45] where Hemmick et
al. [46] found no evidence for stable isotopes with masses between 100 and 10000 amu.
From the double weak decay rates of d, 10Be, 72i70Ge, and 1277, Ejiri et al. [47] excluded
the existence of an absolutely stable H particle with a mass below 1875.1 MeV, which
is a few MeV below 2Mjv. Also, from the first observation of the double hypernucleus of
either ™ABe or ^B, Aoki et al. [48] excluded the existence of a quasi-stable H dibaryon
lighter than 2203.7 ± 0.7 MeV. In 1990, Shahbazian et al. [49] at JINR (Dubna)
claimed that, in p —u C collisions at 10 GeV/c, they have succeeded in observing a
V0-particle which is unambiguously interpreted as a weak decay of the stable dibaryon
H —y p+S~, S~ —> n+n- with the mass mH - (2218±12) MeV. On the contrary, Beltz
et al. (BNL E888 Collaboration) [50] at BNL have seen no evidence of H dissociation
either in p—Pt collisions or in p — Cu collisions at 24.1 GeV/c. In addition, Anderson et
al. (WA97 Collaboration) [51] at CERN have seen no evidence for any V°—V° resonance
signal in Pb - Pb collisions at 158A GeV/c. Also at CERN, Borer et al. [52] have
reported the upper limits for the production of strangelets with a mass to charge ratio
of up to 60 GeV in S — W Collisions at 200 GeV/c per nulceon. Furthermore, neither
Beavis et al. (E878 Collaboration) [53] at BNL, in Au- Au collisions at 10.8/1 GeV/c,
nor Applequist et al. (NA52 Collaboration) [54] at CERN, in Pb — Pb collisions at
158/1 GeV/c, have seen any evidence for the production of charged super-hypernuclei.
The latter Collaboration [55] has given upper limits for the production of strangelets
covering a mass to charge ratio up to 120 GeV and lifetimes t\ab > 1.2(is. More recently,
Armstrong e£ a]. (E864 Collaboration) [56-61] at BNL, in Au + Pb collisions at 11.6A
GeV/c and Au + Pt collisions at 11.5/4 GeV/c, have extensively searched not only
for charged strangelets [56-58] but also for neutral strangelets [59, 60] and even for
negatively charged ones [61]. However, they have observed no statistically significant
signal for any one of these types and set a 90% confidence level upper limit of about
8 x 10~9 per 10% most central collision for Z = —2, —1,1,2,3 strangelets over a wide
mass range of A < 100 and with proper lifetimes of ,>50ns. For more detail, see
the latest review by Nagle (E864 Collaboration) [62]. It seems rather unlikely that
the* dihyperon 11 i.s stable or quasi-stable. Also, it, seems natural to expect that the
production cross sections for super-hypernuclei in ion-collisions at those energies are
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still too small.
In conclusion, I wish to emphasize the importance of more reliable theoretical works

on evaluation of the masses and lifetimes of super-hypernuclei and the production cross
sections for super-hypernuclei in high-energy heavy-ion-heavy-ion collisions and expect
to find the exciting discovery of super-hypernuclei by the near future experiments at
RHIC, which will be one of the most promising fortunes in nuclear physics in the 21st
century. To the end of this talk, I must add that there is no danger of a "disaster"
at RHIC [63-66] (which might be caused by a negatively charged stable strangelet
possibly converting ordinary matter into strange matter) since I agree with Busza, Jaffe,
Sandweiss, and Wilczek [66] (who are the authors of Review of Speculative "Disaster
Scenarios" at RHIC) at the statement of "It is overwhelmingly likely that the most
stable configuration of strange matter has positive electric charge", as shown in Section
V. In addition, I must also mention that not only the recent possible identification of the
x-ray pulsar HerX-1 as a strange star claimed by Li, Dai, and Wang [67] and of the x-ray
burster 4U 1820-30 proposed by Bombaci [68] but also the latest possible identification
of the newly discovered millisecond x-ray pulsar SAX J 1808.4-3658 suggested by Li,
Bombaci, Dey, Dey, and van den Heuvel [69] seems to be just as reasonable as that of
GROJ1744-28 by Cheng et aJ. [42] mentioned in Section VII.
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A b s t r a c t
The experimental data concerning the peripheral interactions of n mesons with xenon nuclei at 2.34 and

3 5 GeV'c [1] are reanalysed in order to search for a nonnucleonic intranuclear target, which may appear in
these interactions Since such interactions are predominantly one-step intranuclear collisions (or, otherwise,
the so-called quasi-free collisions) only, therefore a possible correlation between the measured emission
angles 6n and total energies EK ofnmesons produced m these interactions, and, in particular, in quasi-two-
body channels, may give information about the intranuclear target's mass [JJ Our results presented m the
form of two-dimensional scatter plots (9K vs.EJ show a clear concentration of experimental points around
the kinetic curve corresponding to the intranuclear target ofpion 's rest mass [2]. Background effects, which
may simulate the observed correlation, are also discussed.

I. INTRODUCTION
The interest in searching for experimental signals of pionic degrees of freedom in nuclei has

already a long story and is inspired by the basic role of pions in the nuclear many-body problem
The relevant results are also of principal importance for hadronuclear physics (for example, [2-4])
In this work we re-examine our experimental data concerning the interactions of K+ mesons at 2 34
GeV/c and ri~ mesons at 3.5 GeV/c with xenon nuclei [1]. These data have been obtained using two
xenon bubble chambers (XeBC): the 24 1 XeBC of the Laboratory of High Energies, JTNR (Dubna)
[5] and lm3 XeBC. of the ITEP (Moscow) [6]. The principal idea of our analysis consists in probing
the nuclei with fast pions in such a way that only the simplest events, i.e. the so-called quasi-free
two-body channels of the reaction could be selected. It has been showed that such channels may be
considered as one step intranuclear collisions in which both secondary particles experience no more
interactions in the target nucleus except small angle rescatterings being indistinguishable within
experimental error [1], Therefore they may be considered to be used in order to extract information
about the mass of intranuclear effective target involved in these collisions.

1.1. The probability of quasi-free interactions
The quasi-free channels of interaction of fast projectile particles (for instance, protons or it me-

sons) with heavy enough nuclei may be defined [7] as such when a primary particle penetrating
through the target nucleus with the radius R at the impact parameter ro experiences only one
inelastic collision with an intranuclear (quasi-free) hadron and the particles produced in this
collision leave the nucleus without any inelastic scattering inside it, as schematically shown in
Figl

Fig. 1. Schematic picture of a quasi-free intranuclear collision.
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The probability density function for such event is [7]

; +x2)dx+Jjft{rOt)})dx. (1)
, « •

Here o\ is the total cross section for interaction of the primary particle with a nucleon, a)/0 is the
total cross section for inelastic interactions of the i-th particle produced in the collision, p(r) is the
single nucleon density distribution (SNDD) in the target nucleus, and

(2)

where (<ph <f>J are emission and azimuthal angles of the trajectory of the i-th produced particle.
In consequence of considerable similarity of a shape of SNDD of intermediate and heavy nuclei

and relatively weak energy dependence of total inelastic cross sections for hadron-nucleon
interactions at energy above ~1 GeV the behaviour of the function (1) does not change appreciably
with energy and atomic number. Moreover, the effect of increasing multiplicity of secondary
particles at higher energy is also efficiently compensated by the narrowing a cone ((pu <j>^ within
which these particles are emitted. It is easy to see it when considering the fraction P of quasi-free
interactions expressed by the function/(T^ (1) and the total cross section <j,n'°

l for inelastic channels
as

- R

P = ^ •o)rndrn (3)

The calculated value of this quantity is 0 30±0.01 for 7t-Xe interactions in the interval of primary
pions energy of-2-9 GeV, which is in good agreement with the experimental value 0.30+0.03 for
these interactions, and, in particular, for Tt-Em interactions at much higher energy, too [7]. Space
localisation of quasi-free interactions is such that half of all them occur in the region of impact
parameters ro> Q.8R. As an example the function f(ro) for the probability of quasi-free interactions
of K~ mesons with xenon nuclei at 2.34 GeV/c [7] is displayed in Fig.2.

(JO3 cm'3)

0 0.2 0.4 0.6 0.8 1.0
r/R

Fig 2. The probability of quasi-free interactions of TT+ mesons with xenon nuclei at 2.34 GeV/c [7],

131In this figure there is also displayed the SNDD for the nucleus 54Xe as a function of relative
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radius r/R and its trapezoidal approximation used for calculations. One can also note that the
form of the probability density function f(ro) (1) does not depend remarkably on the specific
channel of quasi-free hadron-nucleon interactions although the maximum of this function slightly
shifts towards the larger values of impact parameter r0 with increasing the multiplicity of produced
particles in the channel and at the same time the width of this maximum becomes narrower

1.2. Kinematics of two-body collisions
Let us consider the following two-body collision of a primary particle 1 with a target particle x

when particles 3 and 4 are secondary ones
1 + x -> 3 + 4.

Then according to the momentum and energy conservation law we have:

p + P = p + P

£, + Ex = £ 3 + £ 4 .
In the LAB system of reference, where the target particle x is at rest one can easily obtain a relation
between the emission angle 0O and energy Eo of particle 3 (see Fig.3):

m,

m4

Fig.3. Kinematics of two-body collision with a target particle x
1) at rest and 2) oscillating

C O S 0 ( = 2 £ ° ( £ - +wxc2)-[(nt,c2)2 + (mxc
2)2 + (m3c

2)2-(m4c
2)2 + 2Eimxc

2}

^ 2 2 2 2 2

In the case of oscillating target
/>,cos0o + bt sin0o =

£0
2 -(m.c2)2 - [ (£ , +EX -Eo)

2 -(/w4c2)2)]2 +(p,c)2 +2plcpxcosGx +{pxc)2 (5)

Here/;A e exp(- x , ) with p0 =200MeV/c and b, » p] +pxcosQx, bt = pxsinQx

2P'
So, in the scatter plot QJ Eo experimental points concerning the particle 3 (fig.3) should be spread
around the curve (4) of the form cos0o= f(A'o \mx) within experimental errors, and, if in addition we
take into account Fermi oscillations of the target mx an area of experimental observations becomes
much larger according to the formula (5) En example of such distribution is shown in Fig.4 where
experimental points represent 7t° mesons produced in the quasi two-body reaction 7r++Xe->7i°+p+A
at 2 34 GeV/c [1,3J Solid curves in the figure correspond to kinematics of two-body reactions 7c++n -
> 7t°+p and K++ K~ -> rc° + K° at the same primary momentum, respectively. Within two dashed
curves comprised are about 90% experimental points representing 7t° mesons from the reaction
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7i++n-> TC°+P when target neutrons oscillate at the temperature of 20 MeV.

II. RESULTS AND DISCUSSION

In the following figures shown are scatter plots QJ Eo for experimental points corresponding to
7i° mesons from two reactions: 7i++Xe at 2.34 GeV/c and 7u'+Xe at 3.5 GeV/c, leading to quasi two-
body channels pointed in these figures.

135

7Z++Xe-7l°+p+A
p^=2.34GeV/c

Nxo=436 a=3.7*0.8 mb
->7Z°+ p

0 0.5

Fig.4. Scatter plot of experimental points for 7i° mesons from the reaction 7i++Xe->7i°+p+A at 2.34 GeV/c [1,8]. Two
solid curves correspond to kinematics of two-particle reactions pointed in the Figure. Within the two dashed curves
comprised should be about 90% experimental points representing 7i° mesons from the reaction 7t++n-> n°+p when target
neutrons oscillate at the temperature of 20 MeV. Crosses mark out the regression curve for experimental points.

= 3.5GeV/c
N=57S 0=19.9*1.6 mb

0
0 1 2

Fig.5. Same as in Fig.4 but for the reaction 7t'+Xe at 3.5 GeV/c [1,8].

One can notice that experimental points are remarkably concentrated around the curve
corresponding to the pionic effective mass target' experimental regression curves coincide with

50



kinematics curves for Kit->im scattering within the limits of r m.s.
deviation of experimental points. But such a conclusion is not more valid if we consider the reaction
7i++Xe->(r|o->2y)+A' at 2.34 GeV/c where only one rf meson has been produced, although in this
case a number of analysed events is very low [8] Moreover, we do not observe any collimation of
experimental observations around the kinematics curves for mz->KK scattering in the case of
interactions of 7r+

mesons with free protons" 7t++p->7i°+7i++p and 7t++p->7t++7i++n at 2.34 GeV/c [9], even when a
constraint following from the condition of applicability of one pion exchange mechanism of the
interaction was taken into consideration [8]

90c

45l

0

S *
>: %

N=322 o=6.1t 0.4 mb

' - -^ » - i ii —:-4 - J -Kr-

0 1 2
Fig.6. Same as in Fig.5 but for the reaction pointed in the figure

III. CONCLUDING REMARKS
It is interesting to remark that some collimation in the vicinity of kinematics of TCTT—>7T7t scattering

at the same values of energy is also observed in the case of n° mesons produced in all channels of
quasi-free 7i++Xe interactions at 2 34 GeV/c, 7i++Xe->7i°+(NCh <4) at 2.34 GeV/c, in which the
number Nci, of secondary charged particles NCh <4 and, therefore, more than 2 pions are produced
(Fig 7)[8]

Finally it should be noted that in all examined cases the observed correlation may also be
influenced, at least to some extent, by the effect of intranuclear quasi-elastic re-scattering of
observed neutral pions since this effect reduces energy of emitted pions remaining them within a
narrow enough cone of emission angles what may suggest the 7t7t—>7t7t kinematics of the reaction
Other probable effect consists in many-body intranuclear collisions leading to the emission of slow
fragments and neutrons which are not registered in the experiment. The evaluation of such
background effects is feasible only by means of computer modelling of intranuclear cascade-
evaporation process but our preliminary results seemed to not confirm this suggestion.
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Fig.7. Same as in Fig.4 but for all channels of quasi-free 7t++Xe interactions [1,8].
Showed are also different kinematics curved described in the figure.
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A b s t r a c t

We overview briefly the investigations of the process of transmutation of long-lived fission
products into short-lived or stable nuchdes, which are conducted for several years at the
synchrophasotron of the Joint Institute for Nuclear Research (JINR), Dubna, using the beams of protons
and 12C ions of 3 67 GeV and 18 GeV energy, respectively As a result of these experiments it has been
found that the measured transmutation rates for these nuchdes irradiated with the help of rather simple
and versatile experimental arrangement allows to estimate the transmutation rate capacity for a 10 mA -
1 5 GeV proton accelerator coupled to a Pb target as 4% of 129I into 130Xe for one year and 6% of 237Np
into 2j8Np during one month Current methodical and computational problems arising in the relevant
works are also discussed. Some remarks concerning similar investigations conducted in other
laboratories (in particular, at CERN [3]) are made, too

INTRODUCTION
According to the current available estimates more than 160.000 tons of highly

radioactive waste (RW) have been created in many countries within several tens of last years as
a consequence of operation of nuclear power plants and other nuclear technologies, and some
ten thousands of tons are added every year. Of special interest are long-lived fission products
(LLFP) and actinides. The most important of them are presented in Table 1.

Table 1. Data concerning the most important long-lived fission fragments and transuranic nuchdes,
as published by the International Commission on Radiation Protection (after [I]).

Nucleus

"Tc
129,

I 35Cs
a 7 N p
233U
238Pu
2 3 9Pu
240pu

2 4 1 Pu
242pu

241Am
243 Am
241Cm
244Cm
24<Cm

Half-Life
(years)

2.111xlO3

O.157xlO8

0.230xl07

0 214xl07

0.159xl06

0.877xl02

0.241xl05

0.656xl04

0.143xl02

0 373xlO6

0.433xl03

0.737xl04

0.291xl02

0 181xl02

0 850xl04

Dose factor
(Sv/Bq)

0.78xl0'9

O.llxlO"*
0.20xl<r8

011x10*
0.25X10"6

0.23x10-*
0.25X10"6

0.25X10"6

0.47x10-'
0 24x10-6

0.20x10-*
0.20x10-*
0 20x10-*
0 16xlO"6

0 30xl0"6

Activity
(Bq/kg)

6.3xl0 u

6.5xlO9

4.2xlO10

2 6xlO10

3 6xlOn

6.3xlO14

6.3xlO12

8.3xlO12

3.8xlO13

1.5x10"
1.3xlO14

7.4xlO12

1 9x10"
3 0x10"
6.3xlO12

Radiotoxicity
(Sv/kg)

4 9xlO2

0 7x103

0.8xl02

0.3xl04

0.9xl05

1.4x10*
0.6x10*
2.1x10*
1.8xlO7

0.4xl03

O.3xlO8

1 5x10*
0 4xl09

O5xlO9

1.9x10*

Such a huge and still increasing mass of embarrassing and even dangerous material turn out
more and more serious problem both from economic and ecological point of view and,
therefore, the management of these radioactive nuclides (as utilisation and passivation)
becomes exclusively burning question of the day, the more so as their permanent deposition
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can't be considered completely safe.
Two parallel ways of reduction of RW are recently delineated: 1) transmutation or

129Ttransformation of radioactive LLFP, such as Tc, I and Cs, which are useless for further
gain of energy, by neutron capture and following P decay into stable ones, and 2) incineration
or burning up of transuranic nuchdes by means of nuclear fission induced m nuclear reactors
causing energy release and emission of secondary neutrons Note that transuranic nuchdes
decay basically by a emission, i.e. they are much more radiotoxic than fission products, which
are P emitters

At present one can consider as rather commonly accepted the idea of complex solution
of the following mutually related problems, ecologically safe and commercially competitive
production of energy with the simultaneous transmutation and incineration of created RW.
This idea consists in the construction of accelerator driven subcritical reactors. The first
complex analysis of the problem has been done in [2] although the suggestions of this kind
have a long enough history (for example, [3] and the references quoted herein) In this way
one can also realise effectively the process of nuclear breeding when isotopes U and Th
are transformed into easily fissile nuchdes 239Pu and 233U However, for this purpose it is
necessary to have at least one extra neutron simply needed to sustain the ordinary chain fission
reaction. Just owing to this extra neutron new fissile nuclei 239Pu or 233U are produced in the
(/?, y) type reaction. Such favourable operating conditions for the nuclear reactor are to be
achieved with the help of a high-current (about 50-100 mA) ~1 GeV proton accelerator as a
source of additional amount of energetic (i.e > 1 MeV) neutrons Indeed, as shown in Fig.l
the neutron yield significantly increases with increasing primary neutron energy at E > 1 MeV

4
A verage
number of
neutrons

3 -

2 =-V

(arbitrary
unl(\)

10

- a

b

/ /

• i i

2 _

10" 1O-6 W4 JO2 10°E<MeV)

Fig 1. (a) Dependence on neutrons energy of average neutrons yield in the reaction
(n,y) for 1 neutron causing fission of nuclides pointed in the figure. (b) Typical

neutron energy distributions in (1) thermal reactors, and (2) fast reactors,
(3) energy distribution of fission neutrons (after [3])

At the same time using intense and higher than thermal energy neutron fluxes
(~1016n/cm2s) it is possible to transmute much more effectively of the long-lived radioactive
nuclei of nuclear waste to stable or short-lived ones [2], even in a parasitic mode to minimise
this way the cost of the process [4]. But to pass from rather general ideas to concrete and
practically acceptable arrangements appropriate basic knowledge about reaction processes such
as the energy dependence of neutron induced reaction cross-sections for many medium and
heavy nuclides, has to be assembled. Therefore in several leading nuclear laboratories side by
side with purely scientific investigations applied studies and works in the field of nuclear waste
transmutation are conducted more and more intensively In the article we briefly overview the
main results of such studies performing at the Laboratory of High Energies of the Joint
Institute for Nuclear Research (Dubna) by the large international collaboration within the
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project GAMMA-2 [5,6] As a result of these investigations the transmutation rates of two
problem nuchdes of RW, 129I and 237Np (Ti/2= 2 14xl06y), have been measured for the first
time using relativistic particle beams

EXPERIMENTAL SET-UP AND IRRADIATION

The schematic view of experimental set-up used for transmutation of 129I and 237Np is
shown in Figs 2a and 2b It consists of a 20 cm cylinder of lead divided into 20 disks, each 8
cm in diameter and 1 cm thick.

Fig.2a Side and top view of experimental set-up used
for transmutation of 129I and 237Np samples (after [5])

This set-up was exposed to a well focused beam of 3.67 GeV protons from the JINR (Dubna)
synchrophasotron. Primary protons produce in such extended heavy target a cascade which
constituents on the mantel surface of the paraffin moderator are predominantly neutrons of
energy mainly between thermal to about 15 MeV. So, the transmutation of exposed samples
takes place via (n, y) reactions. A separate run of irradiation of 129I and 237Np samples has been
done in the direct beam of 3.67 GeV protons as shown in Fig.2b. In this case transmutation
reactions go on by means of spallation mechanism.

129I 237Np

3.7GeVp

10cm

Fig. 2b. Distribution of 129I and 237Np samples
during their direct irradiation (after [5])

Irradiation times and fluences of ions all series of experiments performed are given in Table 2.
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Table 2. Conditions of irradiation using the synchrophasotron at JINR (Dubna)

Experiment

3.67 GeV p->I/Np
3.67 GeV p -> Pb+I/Np
18GeV12C->Pb
3.67 GeV p->U/Pb
18GeV I2C->U/Pb

Irradiation time
(min)
25
15
416
27
472

Fhience of primary ions

1.25xlO13

1.25xlO13

7.73x10"
1.24xlO13

8.95xl0u

After the irradiation the gamma spectra of all samples were measured with the help of
an HPGe detector and carefully analysed using the appropriate state of art techniques (for
details see [5] and references quoted herein). The results are presented by means of the so-
called breeding rates B defined as the ratio of the number of nuclides created by a single
impinging ion or proton in 1 g of target mass. In Table 3 collected are all measured values of B
and the relevant cross sections a(n3y) estimated supposing the approximate constancy of the
ratio {B,/[NT(0 o,(n,y)] for both irradiated nuclides

Table 3. Measured breeding rates B and estimated cross sections a(n,y) for transmutation
reactions observed as shown in Fig. 2a. *

Reaction

BOO"4)
a(n,y) [barn]

2"Np(n,Y)23'Np
44 + 4

140 ± 3 0

127I(n,Y)128I
1.9 + 0.2

6.15 ±1.23

129I(n,y)130I
3.0 + 0.4

10±2

Taking into account these results one can estimate that a 10 mA proton accelerator of
3.67 GeV should transmute: 1) approximately 10% of the initial amount of I29I per year and 2)
approximately 30% of the initial amount of a 7Np per month [5]. Note that such large
transmutation rates is to be achieved using a flux of thermal neutrons of l.OxlO15 n/cm2s [2].
Therefore it is unattainable in a conventional nuclear power plant operating at approximately
3x10'"' n (thermal)/s cm2(see, for example, [7]).

111. ESTIMATION OF NEUTRON FIELD

The neutron field (NF) produced by high energy primary particles within different
extended targets is a fundamental characteristics of any experimental assembly destined to find
optimal geometrical, structural and dynamic conditions for the most effective transmutation
processes of given RW species. Moreover, the better is our knowledge about NF, the more
precisely we can determine the cross-sections for several reactions occurring within targets and
in exposed samples, and vice versa. In the works under discussion [5,6] the estimation of this
characteristics has been performed in the form of the distribution of earlier defined breeding
rates (BR), B, and the neutron fluences <D(E) depending of neutron energy E
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III.l. BREEDING RATES DISTRIBUTION

Two target assemblies shown in Figs 3a and 3b were irradiated with both 3.67 GeV
protons and 18 GeV 12C in order to determine BRs using small uranium samples (~1 g
depleted uranium oxide) on top of the moderator

3 thin Al bib U samples

1 2 3 4

Beam

Paraffin moderator

20 cm -

I 8 cm 20 cm

31cm c

Fig.3a Experimental assembly for Pb target (after [5]).

ton 20 cm

21cm -

31 cm-

Fig.3b Experimental assembly for U(Pb) target (after [5]).

The BRs, observed owing to the reaction

238j -a—>»>_£—
23min 2.3 min

for two target compositions (Pb only and U+Pb) and after irradiation with two above
mentioned beams of primary particles. As a result of comparison of obtained data the
conclusion can be drawn that there exists a strong focusing of energy deposition within
relatively small volume during these ,,electro-breeding" reactions [5]

H1.2. NEUTRON FLUENCES

Total secondary neutron fluences, O(E), were estimated using the approximate relation
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which follows from the deftnition of BR
B = <X>(E)NTa{n.y)

where NT is the number of target atoms in 1 g of the target [g"1], O(E) is expressed in the
number of neutrons per cm2 and one incident proton for irradiation with 3.67 GeV protons
So, we have

O(£)» B/(NTa(n,y)) neutrons per 3.67 GeV proton per cm2.
But in practice we deal with the cross-section crejj(n,y), averaged over some measurable
neutron energy range, depending on the method and sensors used for measurements.
Therefore, experimentally determined neutron fluences Oexp(E) are as follows:

F n
(per one 3.67 GeV proton),

where Os is the moderator mantle surface (2000 cm2). These fluences were estimated for the
surface of moderator. The relevant data are presented in Table 4 and compared to the
correspc/ding values calculated with the LAHET code for the moderator surface at d=10 cm
from the beam centre

Table 4. Experimental and calculated (using the LAHET code) neutron fluences, <P(E), on
the outer surface of the moderator for a lead target exposed to the beam of 3.67 GeV
protons (after [5])

Nuclear reaction
139La(n,y)I40La
238U(n,y)239Np
23SU(n?f). fragm.

nalU(n,f)91Sr
mlU(n,f)97Zr
nalU(n.f)123Te
129I(n,y)130I
237Np(n,Y)238Np

B(n,a),a-recoil
CR-39-recoil p
23SU(n,2n)237U

Energy range
0-23 eV
0-100eV
0-1 eV

0-1 eV
0-1 eV
0-1 eV
0-26eV
0-1 leV
thermal
0.3-3MeV
8-15 MeV

<Wn,y)rb
7.2
13.6
560
560
0.25
0.25
0.18
10

140
-
-

1.0

1 d Tcml1'

9.4
94
10 0
7.0
9.4
9.4
9.4
10.1
10.1
10.1
10.1
9.4

(D O X D (E) 2 )

39
17
20
120
30
31
25
37
29
128
16

7.3

<Dthe(E)3)

8.3
9.0

7
-
7.1
7.1
7.1
8.4
8.1
7.3
12.5
3.2

Method4)

R
R

SSNTD
SSNTD

R
R
R
R
R

SSNTD
SSNTD

R
Distance from the beam line

2) The average accuracy is about 1 5 %
3) Calculated using the LAHED code for the moderator surface at d=10cm
4) R - radiochemical sensor, SSNTD - solidstate nuclear track detector

One can see from the Table that experimentally determined neutron fluences
significantly depend on the technique applied.

Similar data have been obtained as well for proton beams at 1.5, 3.7 and 7.4 GeV using
14()La sensors which register practically thermal neutrons only and 239Np sensors predominantly
sensitive to epithermal neutrons [6]. These results are compared to simulation calculations
based on the DCM-CEM model (Table 5) and the LAHET approach (Table 6), the ratio R(B)
being defined in a standard way as.

R(B)=Bexp/Btheor.
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Table 5. Comparison of experimental and calculated (according to the DCM-CEM code)
values ofBRs measured using l40La and 239Np sensors for three different proton beams and
two targets irradiated [6]

Proton energy
GeV
1.5

37

7.4

BtheorT'la)
Pb target
0.82XKT4

R(B)=2 l±0 5
1 50x1 (r4

R(B)=4.0±0.8
2.38X10-4

R(B)=3 l±0.6

BtheorC^p)
Pb target

0.74X10-4

R(B)=1.0±0.2
1.37xlO'4

R(B)=2.1±0 4
1 97x10-4

R(B)=1.7±0.4

Biheor( La)
U target
1.84xlO-4

R(B)=1 7±0 4
3.56X10-4

R(B)=2.9±0.6
5.71X10-4

R(B)=2.7±0.5

BtheoX23^?)
U target

1.65xlO"4

R(B)=0.8±0 2
3.28xlO"4

R(B)=1.3±0.3
5.34X10"4

R(B)=1.2±0.3

Table 6. Same as Table 5 but compared to the LAHET model [6]

Proton energy
GeV

1 5

37

Pb target
0.78X10"4

R(B)=2.2±0.5
1 45x10-*

R(B)=4 1+0 6

Pb target
1.02X10-4

R(B)=0.7±0 2

1 87X10"4

R(B)=1 6±0 3

Note finally that according to the calculations done with the help of the Dubna DCM-CEM
code about 10% of all neutrons are absorbed in the moderator.

IV. CONCLUDING REMARKS

A series of experiments outlined in this short overview leads to some conclusions,
typical for investigations of this kind, that can be summarise as follows
1. The estimation based on experimental results has been made that a 10 mA proton
accelerator of 3.67 GeV should transmute efficiently: 1) approximately 10% of the initial
amount of 129I per year and 2) approximately 30% of the initial amount of ^'Np into shorter-
hved 238Np per month [5,6]
2. There exists a strong focusing of energy deposition within relatively small volume of the
extended target during ,,electro-breeding" reactions initiated by several GeV energy protons
[5]
3 A substantial discrepancy between experimentally measured and theoretically calculated
(both using LAHET and DCM-CEM codes) neutron fluences on the surface of the paraffin
moderator has been noticed [6]
4 Rather small and quite not expensive experimental assembly used for transmutation studies
at the LHE, JINR (Dubna) as shown in Figs. 2 and 3 turned out very informative providing
valuable information about main characteristics of nuclear reactions occurring within extended
heavy targets

It should be stressed that very advanced studies in the field of transmutation of RW are
conducted for several years at Los Alamos National Laboratory [2] and at CERN by Rubbia's
group [4] Moreover, GSI (Darmstadt) carries out basic researches related mainly to the
nuclear leaction aspects [1] Other centres also display active interest in these investigations
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(for instance, [8,9]) Mention finally that although great efforts are made up to now in the field
of transmutation of long-lived fission products and incineration of such transuranic nuchdes,
and many relevant data collected in several leading centres we are at present still far from being
ready to construct an installation for waste processing and much more is to be done to this end.
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For the experimental nuclear and particle physics at accelerators during more than last 40
years it has become usual not thinking about the (J{Eg) or du{EB)JdVi -measurements
with the energy-resolution better than the energy-straggling of accelerator beam A A- But
in quite a number of modern problems (for instance - search for the narrow resonances in
lepton-hadron and hadron-hadron collisions or in quark-bag systems production) it's re-
quired to have high energy-resolution AEp in cross-sections or Excitation Functions (EF).

Is there in principle any way for high energy-resolution in CT(EB) or d(T(Eg)/dQ,
better in the thin target cases than beam's A ,4 at every modern accelerator ?

Yes, there is.

In order to supply this description with full clearance and to simplify it we will consider
this problem in the non-relativistic version by dividing all series of energy-spectra
transformations into five following parts :

A -Initial Background Points-of- View,
B -BEFORE the COLLISION (INTERACTION),

C -the COLLISION (INTERACTION) PROCESS,

C*-the Outgoing product-Particles Spectra in the target medium,
D -the Detected product-particles spectra.

A.

It should be well noted that for the quantum collision process in a thin target the
whelming number of events consist of interactions initiated by single beam-particle
with single target-particle (in rarest cases - after full relaxation of target-particle
from the possible previous interaction due to small surface density of the beam-current).

1. This allows to represent each beam-particle as the "ideal" accelerator's
beam with the highest energy-"resolution" but unknown in every collision
energy EB , which can be determined (reconstructed) after detection of the
product-particle with energy resolution AEp (for a 6= const).
But what is the highest possible energy resolution - AEp (or smallest uncertainty) in
reconstruction of the beam-particle energy Eg ? ( For answer - see /, part C, Page 5 )
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B.

Let's present the "Single £"-line I(EB)t the "White"- W(EB)y and the "Gaussian"-

G(Eg) beam energy-spectra with the beam-current density IB [cm"2] on the front-surface

of a target as follows ( see Fig.l, 2 and 3 below ) :

I(EB) = IB J8{ErEA)dEA = const(Ei) =
— EB = Ei ,

(1)

W(EB) = IBj8(EB-EA)dEA= con3t{E'uE'2}=\ (2)
E[-dE I 0 .

\IB, K<EB<E',}

r
G(EB) = IBJe~ 6{EB-EA) dEA , A=Ax/2.36 . (3)

What it can happens with these beam-spectra (l), (2), and (3) in the target medium
of different thickness before the collision ?
For the real thickness targets the beam-particle scattering on the target electrons take
place. In general the Response Function of the scattering on electrons (energy losses
without account of the transverse momenta...) is a distribution [l] of an intermediate
form between the Landau [2] and the Blunck-Leisegang [3] distributions and it can be
expressed as a row of the gaussian terms ( Fig.l) instead of the integral J6(EB-E)dE :

= E- 9k

TW
, (4)

where Q^ -is the weight factor, 11) -is the broadening factor, £& -is the energy shift,

E{on and 771 -are the most probable both ionization-losses/atom and the number of ions.

S(E.)
G(iv> i /, G(EBJ

EQ £M

Fig. 1. Fig. 2. Fig. 3.
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Let's accept that the "thin target" case is when in the row (4) it's enough to keep just
the first term for the k=Q, then the <7o — 1 anc^ t n e h%(Eb) = h(Eb), and one can write

I
h(Eb) ~ — 7 = e a»a , € = €0 = Eion • ro , (5)

where the variable Eb -is current projectile-particle energy on the beginning of collision,
£ - accounts full target thickness, (in general £=£(EB)~ const because the EB ~ const).

Due to the beam-particle scattering on electrons the initial beam spectra will be (lower)
shifted on £ to the left and washed out by W-factor in each 6-line. Replacing the 8(E)
in the (l)-(3) by the h(Eb), one will have to the beginning of collision new beam-spectra

j
I(Eb) = IBh(Eb) = —*== e" 2"a , (6)

V2x

B

W2^

J

J e

£

JB
Ei

(BA-

2^3 dEB - const{Ei,E2} -

n+dE

j 6[Eb-(EB-S)]dEB= -
-dE

-Eu)> [Eb-(EA-e)\*

^ e *»a b(EB-EA)dEA =

(7)

(8)

where, accounting the usual w2/\2—+Q and using Ec—Eu- £ one can express

[Eh-(BA-€)]2

e"

Then, according to the mean-value theorem for the very slow variable first 6Xp and the
normalized integral from the second CXp at the interval (—5w -r +5w), one can have

Ib i.Eh-Enf +5u, [Eh-(EA-£)\2

" / "
e " 2w2 ^{EB-EA)dEA = Ibe 2(A2+W

2), (9)
—bw

which shows that all distributions (6), (7), (9) are slightly left-shifted on £ and broadened
on energy by the factor W if one compares with the initial I(EB),W(Eg) and G(EB).
As it 's evident, the general point 1 is correct for every "single-particle beam"
and we can use this idea, considering further the initial distr ibutions (but
keeping in mind that in a thin target before the collision they will be slightly changed )
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c.
Let's represent a typical collision process with elastic and inelastic interactions through
the superposition fs{Ei) from the fn(Ei)-Response Functions to the 6(Eb) -beam from
the projectile-particles, entering into collision process with energy Eb=Et (Fig.4)

C»e~ En = Ei ~Exn ~En,Rcl
(10)

a\L /.Jo

where E - is the product-particle energy [eV], NtaTg - is the target-nuclei number per
[cm3], Sf,eam - is the beam covered target area [cm3], AH^f - is the detection acceptance
[sr], En.Rci - is the nucleus recoil energy [tV]} an - is the external broadening factor,
£n and gn -are the weight and the intrinsic width broadening factors of the n-th process
with the Exn -its excitation energy. The Response Function (RF) fs(Ei) - is of common
look, but it looks very like to the ep-collision curve, shown just as an example ( Fig.5 ).

f(E) \ \

jj® \ \ A

ts is is
I

Bartd WB.etal Phyi Lett 28B, 14« (1968)

d(J

A# JJ JU U i A*

Fig. 4. Fig. 5.

So, the Fig.4 is a general example of the Response-probability curve - the products energy

spectrum immediately from collision with the "single-particle beam" (a RF-spectrum before

of any smearing action) or the same if the single £(2?<)-line beam (1) initiates the collision.

In general, the processes (event groups) 1-6 should be separately extractable
from the fz(Et) statistics. But in obtaining the highest possible AEF resolution
in Excitation Function d<7n(EB)/d£lg the main obvious requirements are :
Cl. - t ie dispei8ioale88 transformation EB —* E\, (of the initial beam-particle energy

into the projectile-particle energy on the collision}B beginning time moment), and
C2. - t ie minima of the all additional external broadening factors dn like the azimuthal.
Now one can newly express and fully answer to the question how good can be the best
possible energy resolution mentioned in the point 1 of its above written version (Page 1).
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I. By representing each beam-particle as the "ideal" highest energy-resolution
beam with unknown in the collision energy EB , one can reconstruct it with
the uncertainty - A ^ - reso lu t ion not better than the broadening factor 2.36an.
accounted for the fn{Eb) Response Function (RF,J of the chosen Il-th
interaction process at the product-particles spectrum for a 6= const ( Fig.4.).

So, for the n-th process, the FWHMn (full width at half maximum) of the Response
Function fn{Eb) ^ the fundamental limit of the possible best energy-resolution AnEp ui
Excitation Function EFn(EB), which can be obtained by extraction the /n(£^fc)-functions
from a series of the fs{Eb), measured at a needed number of the beam-energy EB -points
(including the reversal transformation E\, —* Eg for the fn{Eb) Response Functions).
The Fig.5 presents a good example when both the elastic and quasi-elastic processes lead
together to the 6-hke /0(£'e)-peak which, as the most narrow with T0) is the most sensitive
to the broadening Smearing Factors (SF). What are they on the collision stage ?

In general, according to the beam-particle energy range and the corresponding tar-
get form factor's behavior due to the ep-colh'sion physics features, there are a number
of the intrinsic SFB included in the resulting yo=ro/2.36. But also there is an obvi-
ous factor a=a0 -the direct kinematic Eo.Rd contribution (10) in the Fe; due to the
non infinitely small detection azimuthal acceptance. Accounting the pointed SFB as the
Fei=2.36\/sJ + a3, at Ei—Ei for the elaatic+quasielastic 6-like peak one should write :

o ™ da (E ) - (E-E'? wbeTe Eo=E, - EM , and
= - ^ r — e 2(^+a3) ; for the dustic+quwie

rc/V27r dCl(e) interaction E=Eb -

The last presents (immediately from interaction but before of any smearing influence)
an ideal result - the RF of the elastic+quasielastic interaction with the "single-particle"
S(El)-type beam. The corresponding ideal Excitation Function (EF) (considered as
the obtained "point by point" for the projectile energies Ej) is a series of the fo(Ej) tops:

>. (12)

In the most number of real cases only the F0(Ej) EF (13) is obtainable by measurements.

for E»=E>'EM , ( Fig.6<H(l3)

So, for the single 8(Eg)-)xnt at the real thickness target the precollision electron actions
washes out the initial beam-spectrum (1) into the left shifted dense group of lines (6) by
violating the Cl-condition, which lead to a distorted fragment of the F(EB-£) with an
intermixture at points .£,±0 of statistics (events) from the neighbor region E: ±2.36w :

SJEj) = ^ £ — <WM) e " 2WW) e a»a dEbdEB. (14)
6 J w2«y/glW JJ <Kl($)
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According to the energy relations on different axes for the Response Function fo(E}),
and by transforming (14) to the known table integral [8]-[10], one can express (14) in a
reduced form for the variable EB-£=Eb of the initial beam-energy axis with Ej=E3+£ :

£) (EB-EJ?T t daJE £)
SJEA = SJEj) =-, ££ / ^ 7 7 r e 2 ^ + a 3 + w 3 ) dEB. (15)

Hence, in case of the initial single-line S(Ej)-beam-spectrum (measures pouxt-by-point)
the highest possible energy resolution (in the Excitation Function composed from the
short 5<5(J?y)-fragments) is limited by the AE? >2.36Va2 + u/3 because of impossibility to
save here the (1) from the precollision distortion inside of the real thickness target and
then, in consequence, to extract from the (15) the clear Excitation Function like the (13).

In controversy to both the distortion of the (1) violating the Cl and the
according bad energy resolution in the (14), the "White" energy-spectrum
(2) conserves itself from the precollision influences at the target medium in
the form (7), where always for the [Ex < Eb < E^] the best incident beam
£(2?()-lines can be really chosen and considered on the collision's beginning
time. This leads to the real measurable clear and wide fragment of Excitation
Function (15) for the real thickness target under the "White" beam (2) :

= JW(Eb)Fc(Bj)dEb= ^^JiAj'e * M dEb , (16)

where from, by using the EjQ=Ej-End, for the initial beam-energy variable on the shifted
region EB-£=E*B{Ei + E?} one can have the clear measurable Excitation Function (17):

" • * • * > • <•»

For the initial "Gaussian" beam energy-spectra after its precollision distortion into the
form (9) accordingly, and for the same reasons of the "single-particle beam" one can write:

dE°
So, the expressions (17) and (18) are the energy-spectra of the product-particles im-

mediately from interaction (before of any smearing influences). They both include the
integral (13), which is the needed non distorted Excitation Function as a "pilot" fine
structure truly pronounced in case of (17) and with a right magnitude on the top of (18).

How will the distributions (15) - (18) be distorted on the way of product-
particles passing out through a real thickness target from the collision point?.
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c*

Let's the target be thin too for the given product-particles with energy E immediately
from collision, then for energy-losses function a representation similar to (4), (5) is valid :

where Ej - is the energy of each product-particle when it is emitted from the target, and
£ - accounts full target thickness, (in general £•= £(E) ~ const because the E ~ const),
V - is the smearing factor for the product-particle spectra inside of target.

It is quite evident that influence of the target medium on the emitted product-particles
spectra (15) - (18) is expressible from the already known reasons, and one can write (20),
(21) and (22) for the "Single 6'\ "White" and "Gaussian" initial beams, respectively,
by considering on the initial beam energy JE

dE

<»*••>.<*)

(Fig.6

These last product-particles spectra ( for elastic+quasielastic scattering, as an example)

are easily representable on their energy axis E through the following simple replacements:

EB

EJ

EM

=> Ef ,

=> E ,

=>3J ,

Ef

E

E*c

= EB

= EB

— &M

-£-
— £ —

-£-

ERCI -

ERCI -

ERCI-
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It should be well noted as especially significant, that distortion of the
product-particles energy spectra / dcr(EB)/d$l and d(EB) / is the most
deep in case of the initial "Single £"-line beam (1), due to its high sensitivity
to the precollision smearing by the straggling w factor included in (20).
In this case both the target thickness for the beam-particles as well as one for
the product-particles are sizable.

Controversially, in cases of the wide initial beam spectra (2) or (3) the
smearing of the product-particles spectra does not include any influences of
the precollision factors as it is shown in the both (21) and (22).
Here the thickness of target is sizable only for the product-particle spectra.

So, forever, doing the dcr(EB)/d£l or the <J{EB) measurements, one have
in result only an Excitation Function fragment - a short as is (20) or a large
as are both (21) and (22).

D.

Let's accept the absence of any energy smearing influence on the spectra (20) - (22)
during the product-particles flight to the detector.

As an example let's use the most simple Apparatus Response Function (AF) of
detector D(Ef) in the form

x (ED-Et)>
D(Ef) = — j = e 2Aa

 > A £ = 2 .36A, (23)

where Ej - is the energy of a product-particle on the detector's front surface,
Ep - is the current product-particle "detected" energy, and
AE - is the energy resolution of detector.

Let's write the final expressions for transformed in the target medium energy-spectra
of product-particles (20)-(22) by considering on the initial beam energy E3-axiB :

N, (Ej) = ; Ch f^o(Ea-£) - a j ;

/ 2 w + ) + ' + a a > dE(Fig-6 • > • ( 2 5 )

No(Ej) s _cA£eW^ + A>) jd^E*%-^X£*) dEB. (26)
( see Fig.6 ̂ >)
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NG(E)

As it is clear from the description, the wide initial beam energy spectra
do not have any relation to the smearing influence but they have a role
of the only statistical background for displayed "pilot" structures from the

d<J(EB)/dSl or <J{Eg) of the chosen process,
as is shown on the Fig. 6.,4>, <§•, see (25), (26).
Simultaneously, under the smearing action there
are only the energy spectra of product-particles,
where all smearing consist from contributions of
the recoil energy straggling 3 and the target's
energy-losses straggling W.
So, for the small thickness target and small de-
tector's azimuthal acceptance, the energy spec-
tra of product-particles - NQ{E) and Nw(E) -
are carried with the fine cross-section structures.
It means, that, independently from the initial
beam energy-width FWHM=A^, one can save
and obtain these cross-section fine structures in
the d(T{EB)/d£l or <T{EB) by using in measure-
ments good detector with the highest possible
energy resolution AJ5 = 2.36A.

Therefore, wide energy distribution of the
initial beam (bad beam energy-resolution) is
not a real obstacle in obtaining of high energy-
resolution AEp in measuring of Excitation
Functions at modern accelerators, and there
is not an absurd, if one requires or express

t*

AEF = 2.36\/a2 + w2 + A2 <
ccelerator

The single upper limit here, for the given A^,
is the statistical extractability of the different
processes from the Response Function (Fig.4.).
It should be well noted, that the most like to
real - the initial "Gaussian"-beam case, - can
be easily reduced to the initial "White" -beam
case by measurements of an Excitation Function
"fragment by fragment", when one can com-
pose quite a number of top EF-fragments from
the series of NG{EJB), measured at needed
number j of the beam energy points EJM-
The condition, providing to obtain a flat top in
the developed trapezoidal beam-spectrum, is :

Fig. 6.
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This description of the Method of Spectra Superposition (MSS) shows some miracle
opportunities of it's application at accelerators in all energy ranges. By including in the
consideration the needed relativistic relations for the energy, kinematics, cross-sections
and energy losses of the beam and product particles, one can transform the presented
approach, where the main points of view will remain valid.

The MSS makes open a lot of new opportunities for the radioactive beam physics,
where it provides now the high energy-resolution measurements by using elastic+quasielastic
scattering, while the initial beams have a wide energy stragglings.

It should be especially stressed the opportunity of the high energy-resolution investigations
at colliders on the basis of the MSS relativistic version, where it is need to adjust strongly
on energy (longitudinal momentum) only one beam to be like a flying solid target, or to
use high-accuracy projectile-particle tagging on energy at the same beam.
It's very significant, that the collided beams are for each other the extremely thin targets,
free from any spectra distorsions, providing validity of the best expression (12).

References

[1] V.A. Soloschenko Prep. ITEP-114, Moscow, (1980)

[2] L.Landau. J. Phys. USSR, 8, 201 (1944)

[3] 0 . Blunck, K. Leisegang. Zs. Phys. 128, 500 (1950)

[4] A.A.Gafarov, Yu.N. Koblik et si. / The Method for Measures of the Energy Dependent
Differential Cross-Sections of Nuclear Reactions. / The SU Patent JV£1466986. 1987.

[5] A.A. Gafarov, PHD degree thesis / The Method of Spectra Superposition for invests
gations of nuclear reactions at accelerator beams,/ UDK 539.172.17, 1995, p.1-137.

[6] A.A. Gafarov et al. / Method of Spectra Superposition in Measures of Excitation
Function of Reaction 13C(p,po) with Energy Resolution ~30 keV. / Russ.Journ.
Izvestia Akademii Nauk, Phys.Ser. V58 N* 5, 1994 p. 115-126.

[7] A. D. Avezov, A. A. Gafarov, Yu. N. Koblik, D. A. Mirkarimov,
A. V. Morozov, B.S. Yuldashev / Resonances in Excitation Function of
.Reaction l2C{p,p0) in region £,=16+19.5 MeV. /LEND-95 XV Nuclear Physics
Divisional Conf., St.Petersburg, Russia, April 18-22, 1995. p.469-472.

[8] A.P. Prudnikov et al.
INTEGRALS AND SERIES. M. 1984, p.344.

[9] E.B. Dwight TABLES OF INTEGRALS AND OTHER MATHEMATICAL DATA
1961. 4th ed. int. 862.04.

[10] HANDBOOK OF MATHEMATICAL FUNCTIONS
Ed. by M.Abramowitz and LA. Stegun. 1964., p.125, (7.4.2), p.127 (7.4.33)

70



EG0600177
21"1 Conference on Nuclear and Particle Physics,

13 -17 Nov. 1999, Cairo, Egypt

A Brief Overview of Neutron Activation Analyses
Methodology and Applications

M.A.ALI
Nuclear Research Center, Atomic Energy Authority, Egypt

The primary objective of this talk is to present our new facility for Neutron
Activation Analysis to the scientific and industrial societies and show its possibilities.
Therefore my talk will handle the following main items:

• An overview of neutron activation analysis,
• The special interest of fast mono-energetic neutrons,
• The NAA method and its sensitivities ,
• The Recent scientific and industrial applications using NAA, and
• An illustrating example measured by using our facility is presented

What is NAA?
It is a sensitive analytical technique useful for performing both qualitative and

quantitative multi-element analyses in samples.
Worldwide application of NAA is so widespread; it is estimated that

approximately several 10,000 samples undergo analysis each year from almost every
conceivable field of scientific or technical interest

Why NAA?
For many elements and applications, NAA
• Offers sensitivities that are sometimes superior to those attainable by other

methods, on the order of nano-gram level
• It is accurate and reliable.
• NAA is generally recognized AS the "referee method" of choice when new

procedures are being developed or when other methods yield results that do
not agree.

However, the activation analysis at En=14 MeV is limited by a few factors:
• Low value of flux, low cross-sections of threshold reactions,
• Short irradiation time due to finite target life,
• Interfering reactions and gamma ray spectral interference.

What is required for NAA ?
The basic essentials required to carry out an analysis of samples by NAA are:
• A source of neutrons,
• Suitable instrumentation for detecting gamma rays,
• A detailed knowledge of the reactions that occur when neutrons interact with

target nuclei.

Neutrons
Neutrons can be obtained from Reactors, Accelerators, and from Radio-isotopic neutron

emitters.
For NAA, neutrons from accelerators (due to nuclear reactions) and from nuclear

reactors (due uranium Fission) offer the highest available sensitivities for most elements.
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Accelerators provide fast mono-energetic neutrons. Fast neutrons contribute very little
to the (n, gamma) reactions, but instead induced nuclear reactions where the ejection of one or
more nuclear particles (n, p), (n, n'), and (n, 2n) - are prevalent.

/- Neutrons from accelerators.
Many nuclear reactions can produce fast mono-energetic neutrons. The target

structure, which contains or supports the active part of the target and usually stops the unused
portion of the beam, may provide neutrons of undesired energy (back-ground). Inter-
comparison of various sources should help in selecting the most suitable neutron source for a
given experimental situation.

'Big - Four'Reactions
1: Interaction of protons with tritons.
3: Interaction of deuterons with tritons.

2: Interaction of deuterons with deuterons.
4: Interaction of protons with Li.

Some disadvantageous of the d-D and d-T reactions are:
- After a long use of the same target, a self-target build up in the beam stop is noticed. This

gives additional low energy background neutrons.
- The differential cross section of the d-D reaction has a much stronger angular dependence.

Ranges of applicability (1) of the "big-4" reactions are shown in Table 1. Because of the
deuteron break up in the d-D and d-T reactions above 4 MeV, there is a gap in the energy range
of mono-energetic neutrons from 8 to 12 MeV.

Table 1:

Reaction

2H (d, n) 3He
3H (d, n) "He

3H (p, n) 3He
Li7(p, n) 7Be

Q-value
(MeV)

+ 3.270
+ 17.590

-0.763
-1.644

Break up reaction

D (d, np) D
T (d, np) T

T (d, 2n)3He
T (p, np) D

Li7(p, n) 7Be*

Break up
threshold

(MeV)
4.45
3.71
4.92
8.35
2.37

neutron energy
range (MeV)

1.65 — 7.75
11.75 — 20.5

0.3 — 7.6
0.12 — 0.6

//- Neutrons from reactors.
Different types of reactors and different positions within a reactor can vary considerably

with regard to neutron energy distributions and fluxes due to the materials used to moderate the
primary fission neutrons. Most neutron energy distributions are quite broad and consist of three
principal components:

Thermal, Epi-thermal, and Fast.
The thermal neutron component consists of low-energy neutrons (energies below 0.5 eV)

in thermal equilibrium with atoms in the reactor's moderator.
In most reactor irradiation positions, 90-95% of the neutrons that bombard a sample are

thermal neutrons. In general, a one-megawatt reactor has a peak thermal neutron flux of
approximately 1E13 neutrons per square centimeter per second.

The epi-thermal neutron component consists of neutrons (energies from 0.5 eV to about
0.5 MeV) which have been only partially moderated. In a typical unshielded reactor irradiation
position, the epi-thermal neutron flux represents about 2% the total neutron flux.

Both thermal and epi-thermal neutrons induce (n, gamma) reactions on target nuclei.
An NAA technique that employs only epi-thermal neutrons to induce (n, gamma)

reactions by irradiating the samples being analyzed inside either cadmium or boron shields is
called epi-thermal neutron activation analysis (ENAA).

The fast neutron component of the neutron spectrum (energies above 0.5 MeV) consists
of the primary fission yielding neutrons which still have much of their original energy following
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Fission. In a typical reactor irradiation position, about 5% of the total flux consist of fast
neutrons.

An NAA technique that employs nuclear reactions induced by fast neutrons is called fast
neutron activation analyses (FNAA).

The (n, y) reactions of thermal neutrons and the (n, xy) reaction of fast neutrons are
quite complementary to each other. Whereas the (n, y) cross-section is very low for most light
elements, e.g. Li, Be, B, C, O, Na, Mg, Al, with notable exception of hydrogen, the (n, xy) cross-
section for these elements is quite respectable. Furthermore, the yield and the specificity of
gamma rays from (n, xy) are very high.

Neutron Activation Process
Neutron activation analysis was discovered in 1936 when Hevesy and Levi(2) found that

samples containing certain rare earth elements became highly radioactive after exposure to a
source of neutrons.

From this observation, they quickly recognized the potential of employing nuclear
reactions on samples followed by measurement of the induced radioactivity to facilitate both
qualitative and quantitative identification of major, minor, and trace elements present in the
samples.

The sequence of events occurring during the most common type of nuclear reaction used
for NAA; namely the neutron capture is illustrated in the following figure:

Target
Nucleus

Prompt
Gamma ray

• Beta
Particle

Product
Nucleus

Compound
Nucleus

Delayed
Gamma ray

Figure 1. A diagram illustrates the process of neutron capture by a target nucleus
followed by the emission of gamma rays.

When a neutron interacts with the target nucleus via a non-elastic collision, a compound
nucleus forms in an excited state. The excitation energy of the compound nucleus is due to the
binding energy of the neutron with the nucleus. The compound nucleus will almost
instantaneously de-excite into a more stable configuration through emission ofoneormore
characteristic prompt gamma rays. In many cases, this new configuration yields a radioactive
nucleus which also decays by emission of one or more characteristic delayed gamma rays, but at
a much slower rate according to the unique half-life of the radioactive nucleus. Depending upon
the particular radioactive species, half-lives can range from a fraction of a second to several
years.

In principle, therefore, with respect to the time of measurement, NAA falls into two
categories:

(1) Prompt gamma-ray neutron activation analysis (PGNAA), where measurements
take place during irradiation, or

(2) Delayed gamma-ray neutron activation analysis (DGNAA), where the
measurements follow radioactive decay.
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The latter operational mode is more common; thus, it is generally assumed that NAA
means the measurement of the delayed gamma rays. About 70% of the elements have
properties suitable for measurement by NAA.

1- Prompt vs. Delayed NAA
The PGNAA technique is generally performed by using a beam of neutrons extracted

through a reactor beam port. Fluxes on samples irradiated in beams are on the order of one
million times lower than on samples inside a reactor but detectors can be placed very close to the
sample compensating for much of the loss in sensitivity due to flux. Experiments to measure
prompt gamma rays induced by fast neutrons from neutron generators can be also carried out.
In such a case, a special shielding design for the experiment set up and a special care of the
gamma detectors are a must.

The PGNAA technique is most applicable to elements with extremely high neutron
capture cross-sections (B, Cd, Sm, and Gd); elements which decay too rapidly to be measured by
DGNAA; elements that produce only stable isotopes; or elements with weak decay gamma-ray
intensities.

DGNAA (sometimes called conventional NAA) is useful for the vast majority of elements
that produce radioactive nuclides. The technique is flexible with respect to time such that the
sensitivity for a long-lived radionuclide that suffers from interference by a shorter-lived
radionuclide can be improved by waiting for the short-lived radionuclide to decay. This
selectivity is a key advantage of DGNAA over other analytical methods.
2- Instrumental vs. Radiochentical NAA

With the use of automated sample handling, gamma-ray measurement with solid-state
detectors, and computerized data processing it is generally possible to simultaneously measure
more than thirty elements in most sample types without chemical processing. The application of
purely instrumental procedures is commonly called instrumental neutron activation analysis
(INAA) and is one of NAA's most important advantages over other analytical techniques.

If chemical separations are done to samples after irradiation to remove interference or
to concentrate the radioisotope of interest, the technique is called radiochemical neutron
activation analysis (RNAA). The latter technique is performed infrequently due to its high labor
cost.

//- The NAA Method.
It is very simple, we know that the specific activity, i.e. the activity per unit target mass

(m) - in disintegration per second per gram is written as:

/?(,) = ^ = 6 0 2 x 1 0 - s ^ ( l - c T * )
m M

Where a is the cross section of the reaction and is given in mb, the atomic weight of element M is
in grams. The target isotopic abundance / is in percent, and <p is the reaction flux, and X is the
decay constant of the formed radionuclides,

The count rate in the full energy gamma-ray peak, at a time td after an irradiation of an
element j placed in a neutron flux <p for an irradiation time ti is given by:

Where b, e, rn,, L, and Mj are the gamma-ray branching ratio, the detecting efficiency, the mass
of clement j , Avogadro's number, and the atomic weight of element j , and

The number of counts D, collected during the time interval tc is given by:

A
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//- NAA Sensitivities
As we know, while the (n, y) cross-section is very low for most light elements, the (n, xy)

cross-section for these elements is quite respectable.
Table (2): presents the total cross section(3) of production of gamma rays at En= 14 MeV

and at thermal neutron energies for some elements.

Element
H
Li
Be
B
C
N

En= 14 MeV (mb)

(160)
230
314

0 474
Na 14866

Eth (mb)
330
3.6
.9
100
3.5
75
.2
530

M g 1445 51
Al 1832
Si 166620
P 2515
S
Ti

2419
4010

Fe 4490

231
111
111
530
7840
2590

Element
Cu
Zn
Zr
Mo
Cd
In
Sn
Ta
W
Hg
Pb
Bi

2 3 SU
239V
239Pu

En= 14 MeV (mb)
5985
5570
5830
6800
7192
6815
6480
9000
10400
9400
6500
11680
20632
10546
23150

Eth (mb)
4500
760
185
2550
2450
194
626
20500
18400
372
171
34

98300
22000
269

The sensitivities for NAA are dependent upon the irradiation parameters (i.e., neutron
flux, irradiation and decay times), measurement conditions (i.e., measurement time, and
detector efficiency); nuclear parameters of the elements being measured (i.e., isotope abundance,
neutron cross-section, half-life, and gamma-ray abundance).

The following tables give the detection limits for 14 MeV and 3 MeV fast neutrons
pproduced by neutron generators.

Table 3:gives the detection limits(4) for thermal neutrons produced by a 14 MeV neutron
of output 10" n. s"1.

Limit of detection (mg)
0.0001 -
0.004 -
0.01 -
0.04 -
0.1 -
0.4 -
1 -
4 -
10 -
40 -

- 0.0003
- 0.009
- 0.03
- 0.09
- 0.3
- 0.9
- 3
- 9
- 30
- 90

Elements
Dy
Mn, Rh, Ag, Hf
Sc, V, Kr, In, Eu
Cs, Sm, Ho, Lu, Re, Ir, Au
Al, I, Ba
Na, Cu, Ga, As, Br, Sr, Y, Nb, La, W , Os, U
Co, Ge, Ru, Pd, Sb, Te, Xe, Nd, Er, Yb, Pt, Hg
Ar, Mg, Mo, Cd, Pr, Gd, Ta
F, Cl, Ti, Zn, Se, Sn, Ce, Th
Ne, K, Ca, Ni, Rb, T m
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Table 4: The c.i'culated detection limits(4) for 14 MeV with cp = 109 neutrons. cm'V1.

Limit of detection (mg)
0.001 -
0.004 -

0.01 -
0.04 -
0.1 -
0.4 -

1 -
4 -

10 -
40 -

- 0.003
- 0.009
- 0.03
- 0.09
- 0.3
- 0.9
- 3
- 9
- 30
- 90

Elements
Pr
Cu, Ga, Ba, Ce

Si, P, Sc, Rh, Zr, Pd
Al, V, Cr, Ag, Cd, Sb, Hf, Pb
N, F, Mg, Mn, Fe, Zn, Ge, Mo, Sn, Te, Sm

Na, k, Co, Sr, Nb, Cs, Ta
O, Ti, As, In, La, Nd, Eu, Gd, Er, Pt
Ni,I
Cl, Ru, Tb,Dy

S, Ca

Table 5: Sensitivities(S) for 3 MeV neutron activation analysis with cp = 106 n.cmV1.

Counts /g
0 -

102 -
3x102

103 -
2xlO3

5xlO3

2x104

102

3xlO2

- 103

2xlO3

- 5xlO3

- 2xlO4

- 6xlO4

> 6x10"

Elements
Mg, Cl, Co, Ni, Nb
F, Na, Ti, Zr, La, Pb

Al, Cu, Zn, Ru, Sb, Hf
G, As
V, Br, Rb, Mo, Pd, Sn, Gd, Ir, Pt
Mn, Se, Sr, Y, I, Cs
In, Ba
Ag, W, Au

The thermal (TNAA) and resonance (RNAA) neutron activation analysis and the
captured gamma's are favored over fast neutrons for the elements indicated in the following
table:

Table 6 Recommended(6) methods for elemental analysis.

Methods
Thermal NAA
Resonance NAA
Capture

Elements
Dy, Eu, In, Mn, Lu, Au, V
U, Th, Rb, Sr, Mo, Sb, Cs, Ba, Ta, Tb
H, Be, B, N, 0 , S, Ni, Cd, Gd, Eu

Table 7 gives (7) the estimated detection limits for INAA using decays gamma rays
assuming irradiation in a reactor neutron flux of lxlO13 n cm"2 s"1.

Sensitivity
(picograms)

Elements

1 Dy, Eu
1-10 In, Lu, Mn

10 -100 Au, Ho, Ir, Re, Sm, W
100 - 1E3 Ag, Ar, As, Br, Cl, Co, Cs, Cu, Er, Ga, Hf, I, La, Sb, Sc, Se, Ta, Tb, Th, Tm, U, V, Yb

Al, Ba, Cd, Ce, Cr, Hg, Kr, Gd, Ge, Mo, Na, Nd, Ni, Os, Pd, Rb, Rh, Ru, Sr, Te, Zn, Zr
Bi, Ca, K, Mg, P, Pt, Si, Sn, Ti, TI, Xe, Y

1E3-1E4
1E4 - 1E5

1E5-1E6
1E7

F, Fe, Nb, Ne
Pb, S
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Applications
The following is a very brief presentation of some 14-MeV NAA applications in some

selected scientific and technical activities.
Csikai (8), and Alfassi and Parry (9), and the references listed there in, review the details

of these and many other applications.

/- Archaeology
The use of neutron activation analysis to characterize archaeological specimens (e.g.,

pottery, obsidian, basalt and limestone) and to relate the artifacts to sources through their
chemical signatures is a well-established application of the method.

Over the past decade, large databases of chemical 'fingerprints' for clays, obsidian, and
basalt have been accumulated through analysis of approximately thirty elements in each of more
than 32,000 specimens. The combination of this database with powerful multivariate statistical
and other methods allows many archaeological materials to be sourced with a high degree of
confidence. The sourcing information can help archaeologists reconstruct the habits of
prehistoric peoples.

For example, the "fingerprinting" of obsidian artifacts by NAA is a nearly 100 percent
successful method for determining prehistoric trade routes since sources of obsidian are easily
differentiated from one another through their chemical compositions.

The determination of Si, AI, Mg, and Fe as major components in ancient pottery and
many other elements is required in archaeological researches.

2- Metallurgy
The physical and mechanical properties of metals and alloys are influenced significantly

by the presence of elements as alloying admixtures. The application of FNAA provides a fast and
precise determination of the major and minor constituents.

The most common application of 14-MeV NAA is the determination of O, mainly in
metals and especially in steels. The reason for this is that conventional method, (e.g. vacuum
fusion and mercury amalgam) are difficult to apply to the determination of low level O contents.
Small amounts of O can exert considerable influence on the physical, mechanical, and chemical
properties of the substances. In metals, O, cause brittleness and in organic substances, it may
give rise to corrosion phenomena. Because steels are usually oxides, 14-MeV NAA is suitable(10)

for the detection of non-metallic inclusion in them. It has been shown that O contents in metals
of about ljig can be detected by NAA. Lauff et. al (!1> have developed a differential method for
the analysis of O in the presence of F . The sensitivity for the F determination is 0.4 mg in a 10-g
sample; for O, it is 0.04 mg.

The alloy A1-A12O3 is extensively used as cladding material for nuclear reactor fuel
elements. The results of O determination with various methods show considerable deviation.
According to Brmlitt (l2), the accuracy of 14-MeV NAA is within ±3%; for the quantitative
determination of A12O3 in Al alloys. It attains the accuracy of the wet chemical method, but with
a time reduction of more than 90%.

Recently, Beurton (13)has determined the concentration of three nonmetallic elements N,
O, and F in Al-Zn and Al-Cu alloys in the range 0.5 to 10 u.g/g with 14-MeV NAA.

In addition to 0,14-MeV NAA is applied in the determination of Si, which is difficult to
determine by wet chemistry. The favorable property of the reaction 28Si(n,p)28Al permits a
rapid, nondestructive, and sensitive determination of Si in a wide variety of matrices, (e.g., cast
iron, Al, Si-compounds, rocks, minerals...etc). The 14-MeV NAA has many advantages in the
determination of SiO2 in Fe and steel-making slag's as compared to the other chemical and
physical methods. The limit of detection of SiO2 in this matrices was found (14)to be 0.07%.

For the determination of Zr, Al, and Si in ignition rods used to ignite oil-engines, 14-
MeV NAA was used (15).

77



Therefore, FNAA is a useful method in the development of many metallurgical process
and applications.

3- Chemistry
Neutron generators have been employed in the analysis of various chemical products in

industry. The primary light sensitivity of the photo-emulsion depends on the composition of the
silver halide components. Therefore, an accurate and rapid method of analysis for the halides in
this matrix is profitable.

Low Concentrations of impurities in explosive propellants can influence safety in
handling. As the process and quality control require the testing of large number of samples, wet
chemical methods are not ideal. Therefore, purity control through measuring the total N content
by 14 MeV NAA by means of the uN(n,2n)13N reaction is attractive. Rison et. al(16) reported for
50 mg RDX samples an absolute error of 0.3% in N content determination.

14 MeV NAA has been used for the determination of Na and P in organic compound's <17)

The advantage of this method in addition to its rapidity is that does not exclude the possibility of
further investigation of the sample. The sensitivity of the method is 6.10"4 g for Na and 3.5.10"^
for P in organic-phosphorous compounds. The time required for determination is about 5 min.

A method for simultaneous determination of Ba, P and O in oil additive based on 14
MeV NAA has been developed by Kliment et. aL(IS).

14 MeV NAA has been used to study the properties of the fire-retardant insulators.
The concentration of Sb and Cl in several synthetic rubbers were determined by Bild (19) using
the Cl37(n,p) and Sb123(n,2n) reactions. The detection limits were 0.5 and 0.02 wt % respectively.
The 14 MeV NAA can contribute also to the solving of problems in hot atom chemistry (20).

The determination of O, Si, Al, Ti, N, Ba, P, Zn, Y, Cr, Fe, Dy, Eu, and Zr in oxides,
glasses, refractoriness, circuit boards, and thin films is required by electronic industry.

4- Biology
There are about 40 elements that constitute the organisms of the biosphere p i ). The

determination of trace element concentration in human material can provide information on
normal or pathological conditions. Also, a change in the concentration of microelements in
plants results in a change in the main constituents and influences the biological value of
vegetable nutritive materials.

Various elements (O, N, F, Na, Mg, Al, Si, P, S, Cl, Ca, Ti and Fe) have been determined
in biological materials with 14-MeV neutrons. Crambes et al.(2t> has performed the elemental
analysis of proteins and amino acids for N, O, S, and P. It was found that at a flux of 10 9 ncmV,
the minimum amount of amino or proteins needed to achieve a 5% precision in their
determination is lOg. The results of 14-MeV NAA are in good agreement with those obtained by
chemical methods. The investigation proved the applicability of activation analysis for proteins
without any measurable effect of radiation damage.

The 14-MeV NAA are widely used for the determination of protein contents in plants
and corn meals via the 14N (n,2n) I3N reaction, since proteins contain a well-known amount of N.
For example, the Soya bean contains 30 to 40% crude proteins, 15 to 20% oils, and 30%
carbohydrates. The main advantage of the nondestructive 14-MeV NAA is that the selection of
seed corn with high protein content is possible, and it can be used to obtain new sources of
protein.

In diseases of bone, the Ca and P content can change significantly. Hyvonen-Dabek et.
al.(22> have described a method based on 14-MeV NAA for in vitro measurement of the P content
of bones. The Ca/P ratio for compact bone was also determined and the suitability of the 31P
(n,a) 28AI reaction induced by 14 MeV neutrons for studying bone mineral composition in vitro
has been discussed (23). FNAA was also used to study the chemical composition of fossil bones by
systematic measurements on a large number of samples.

Anderson et alp4) introduced the in vivo activation analysis method to estimate the whole
body content of sodium by whole body exposure to 14 MeV neutrons. This technique allows the
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elements in the living human body to be determined more easily than by other methods. There
are, however, two difficulties associated with the in vivo analysis: the calibration and the
radiation hazards.

NAA was used to provide accurate in vivo measurement of relative changes in whole
body Ca and in regional Ca and P contents (25).

The blood flow in an organ can be measured in vivo by irradiating with short pulses of
14 MeV neutrons. Some general and particular aspects of in vivo NAA are discussed in reference
26.

Ehmann et. at (27) have determined the contents of trace elements in human brain tissue
to find correlation between the concentration anomaly and certain diseases and age. The N and
P contents ere determined by 14-MeV NAA.

Cercasov and Heller (28) investigated the suitability of using Ce and Sm as markers to
determine the rates of passage of different hay particles through the digestive tract of animals.

Further details on the use of neutron generators in life science can found in Reference
29.

5- liiocltcmistry
Cher the last se\eral >ears (hero lias heen a growing interest in the use of in-situ radio-

tracers to test new pharmaceuticals and dosage forms being developed for commercial
distribution. This is very important for pharmaceutical companies, universities, and research
centers. The in-situ radio-tracers are produced through a carefully designed irradiation and
used in laboratory experiments. These methodologies offer significant advantages in the
evaluation of encapsulations, time release, clearance and the distribution of the pharmaceutical
in animal and human models.

High-specific activity radiotracers, produced by neutron activation, have been used with
great success to study biochemical processes in the small animal model. For example, selenium-
75, having a specific activity of 1000 Ci/g has been used to advance the discovery of dependent
enzymes and other biologically important proteins.

The clinical determination of fat mal-absorption is under-utilized largely due to its cost,
difficulty and long time requirement. By using the Dy tracer to establish the meal fraction
sampled, fat absorption can be measured in a single stool sample rather than the 72 hour
collections that must be made and analyzed under the currently accepted practice. These grants
cover the costs of clinical trials and the analyses needed to evaluate the methodology. If
successful, this method of measuring fat absorption will be offered to hospitals and clinics in kit
form.

6- Environmental Restoration
Analytical technique (30) must be developed and employed to characterize a wide variety

of sample matrices (e.g. similar to nuclear weapons waste) which may contain significant
concentrations of actinide and rare earth elements. NAA is an important technique in this effort.
For example, epi-thermal NAA has been shown to be a powerful tool in the characterization of
uranium over a wide range of concentrations (sub-ppm to several percent) in samples that may
also have a rare earth content of 10 percent or greater.

The equipment and procedures employed to determine the major (O, Si) and some trace
elements (Fe, Al, Mg) present in oceanographic samples using 14-MeV NAA are described by
Kuykendall(3I).

14-MeV NAA has been applied in the study of air and water pollution. F and Si in air
dust and Br in river water <32) have been determined. From the investigation of van Grieken and
Dams <33), it appears that Si determinations in urban and industrial aerosols are easily feasible
with FNAA.

Fresh-water ecosystems in California have been grossly contaminated with selenium as a
result of irrigation run-off from heavily used agricultural areas. The effect has been observed
throughout most of the food chain. The objective of that study was to evaluate the extent of the
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contamination and evaluate methodologies that might be efficacious in the reduction of selenium
in these ecosystems.

In the 10 years between 1948 and 1958 uranium ore mining in the United States
expanded from a cumulative total of 38000 tons to 5.2 million tons involving more than 400
mines. Ores from these mines were chemically processed at an estimated 50 to 100 sites. These
activities have resulted in the contamination of hundreds of square miles of surface and
subsurface soils, and their corresponding ground waters, with uranium-238, thorium-232 and
their radioactive daughters. In most cases these sites have various radioactive waste materials
such as ore tailings, and processing residues. In other cases the tailings or wastes have remained
exposed and hence have been further distributed by wind and erosion. ENAA has been
developed as a methodology suitable for automation by which contaminated ore-processing sites
can be characterized and their restoration monitored.

There are several fast, nondestructive nuclear methods, which in principle are applicable
for the determination of U and Th in rocks and minerals. The advantages and disadvantages of
each method depend on the actual experimental conditions (age, type of rocks, composition of
the matrix, penetrability of the soil, etc.). The following neutron methods could complement
conventional procedures:

1. Resonance NAA by detection of 74.7-keV line from 239U.
2. Detection of fragments from thermal and fast neutron fission of 235U and 23Sl238U +

232Th, respectively, using the Cd difference method.
3. Detection of delayed neutrons from thermal and fast neutron-induced fission of 23SU

and 235>238U + "'Th, respectively.
4. Measurement of the time distribution in rocks following a burst of fast neutrons.

7 - On-line Activation Analysis
On-stream elemental analysis is a further development of methods for sample analysis.

Such methods are important for continues industrial process because they enable the operator to
act quickly to achieve the optimum yield and quality(34). In addition to other physical and
chemical methods, NAA—can also be used for continuous analysis. Th most frequent fields of
application are the on-stream analysis of solutions and the analysis of solid substances on
conveyer belts. Continuous neutron activation analysis (CNAA) has been reviewed by Kliment
and T61gyessy(3S). The activity measured by the detector depends on the nuclear properties of
elements in the sample, the neutron flux, the flow rate, the layer thickness, the geometry of the
arrangement, etc. The variation in activity as a function of layer thickness is week above 10 cm
where saturation is reached.

Kartashev and Shtan (36) have given the sensitivity of CNAA for thermal and fast
neutrons. The detection limit is given in table 8 for a neutron output of 5x10s n/s and a
measuring time of 1 h, detecting the gamma's ith a 3"x3" Nal (Tl) crystal.

Table 8: Detection limit for CNAA .

Limit mg/1
Below 1

1 -10
10 -100

100 -1000

Thermal neutrons
Sc, In, Eu, Rh, Mn, Dy, Hf, Sm, Ag, V,

I, Br, Ho, Lu, Au
W, Se, Co, Cu
Y, Ga, Al, Cl

Ge, Pd, Ir, Te, Yb, As, Mg, Ba, Re,
Nb,La

Fast neutrons
P, Pt, Br, Sb

Ce, Si, Cu, Cr, Zr
F

I, Mg, Mn, Zn, Cl, Na, Ge, Ir,
Ag,V

Martin et al (37)has carried out extensive investigation of the determination of various
elements in coal by means of CNAA. Its C, O, Al, and Si content check the quality of the coal
under industrial conditions. CNAA can be used to determine Al, and Si in cement and sand.

80



Results and Discussions
The instrumentation used to measure gamma rays from radioactive samples generally

consists of a semiconductor detector, associated electronics, and a computer-based, multi-
channel analyzer (MCA/computer). The two most important performance characteristics of
detectors are resolution and efficiency. Other characteristics to consider are peak shape, peak-
to-Compton ratio, crystal dimensions or shape.

The detector's resolution is a measure of its ability to separate closely spaced peaks in a
spectrum. For most NAA applications, a detector with 1.0-keV resolution or below at 122-keV
and 1.8-keV or below at 1332 keV is sufficient.

Detector efficiency depends on the energy of the measured radiation, the solid angle
between sample and detector crystal, and the active volume of the crystal. For most NAA
applications, a detector of 15-30 percent efficiency is adequate.

Hyper-pure or intrinsic germanium (HPGe) detectors are commonly used in most NAA
labs. The most suitable detectors for NAA are GMX detectors equipped with transistor-reset
preamplifier. Although detectors come in many different designs and sizes, the most common
type of detector is the coaxial detector, which is useful over the range from about 60-keV to 3.0-
MeV.

As an illustrating example, we present the following measurements:
Figures 3 (a,b) and 4 (a,b) are the gamma-ray spectra for two different lamp crystals. Samples
are irradiated for 2 minutes, decayed for some minutes (listed in the figures), and measured by
an HPGe detector. The figures show gamma-ray spectra for the short and medium lived
elements in the samples.

From these measurements, we can by using good software determine most of the
elements in these samples qualitatively and quantitatively.

Conclusions
The production of gamma rays resulting from neutron interaction in matter often

provides invaluable information on the elemental composition. If the energy of the neutrons is
very low, (thermal), radiative capture (n,y) yields a wealth of very specific and sharp gamma
rays which form the basis for the prompt neutron gamma activation analysis.

If the energy of the neutrons is high, (fast), such as those generated by small accelerators,
different but also specific gamma rays are produced. In this way, not only can inelastic
scattering be used for investigations, but also the various neutron reactions- (n,p), (n,a), and
(n,2n)- that produce isotopes with short half-lives. Therefore, the use of neutron generators had
made a significant contribution in the development of activation methods in different fields in
science, life sciences and industry.

The method and the analysis techniques are well known and established. In general, the
results of the NAA are in good agreement with the other nuclear and chemical methods. Wide
and disperse applications in many different domains in science and life have been done can be
carried out here using our facility. To solve any problem, we have to have the suitable reference
standards and suitable software that analyses the elements under question.

We are ready now to offer our service to study and help in solving specific problems in
science and life using neutron generator facility.
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A review on the most important research activities in reactor and

neutron physics using the first Egyptian Research Reactor (ET-RR-1) is

given. An out look on: neutron cross-sections, neutron flux, neutron

capture gamma-ray spectroscopy, neutron activation analysis, neutron

diffraction and radiation shielding experiments, is presented.

INTRODUCTION

In general, the nuclear research reactor is considered as an intense
source of neutrons. It is prepared for research in the fields of reactor and
neutron physics, in addition to its uses for isotopes production. The beams
of neutrons at the reactor sites and reactor core are used for such purposes.
Nowadays, there are several hundreds of nuclear research reactors of
different types in operation all over the world. In the mean time, a huge
number of publications are appeared every year dealing with the problems
of reactor and neutron physics and their related topics. This was performed
by means of the neutron beam facilities. Also, it could be noticed that the
majority of the experiments apply the most advanced and highly developed
techniques in the last few decades.
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The ET-RR-1 which made critical in (1961), has a maximum
neutron flux of (2 x 1013 n / cm2 .s). and an average thermal neutron flux
of (1013 n / cm2 .s). at the maximum power of (2MW). This reactor is
provided with 9 horizoutal channels, 9 vertical channels, sliding graphite
thermal column and 3 especial channels for biological research. The
maximum intensity of the neutron flux at the outer end of each radial
channel was about (108 n/cm2.s.) The equipmenbused for the outer end
physics experiments were arranged around the horizoutal channels as
shown in fig. (1).

In this lecture a review on some research work carried out on the
(ET-RR-1), in the fields of reactor and neutron physics, is given.

RESEARCH ACTIVITIES OF RESEARCH REACTORS

Research reactors are designed and operated to carry out some
basic and applied research works in the fields of reactor and neutron
physics as mentioned above. This will be carried out in addition to,
production of isotopes, industrial applications, education and training. The
most important topics of these activities could be summarised as follows:-

* Neutron flux mapping.
* Burn - up data.
* Neutron and y - dosimerty.
* Neutron optics including reflection and diffraction.
* Neutron cross - section measurements.
* Neutron capture gamma - ray spectroscopy.
* Neutron activation analysis (development and appliactions).
* Neutron scattering and neutron crystallography.
* Material testing (high flux is needed-over 1 x 101"4 n / cm2 .s.).
* Radiation shielding experiments.
* Radio - isotopes production.
* Education and training.

EXPERIMENTAL RESEARCH ACTIVITIES OF THE ET-RR-1

The experimental arrangements installed at the outer ends of the
horizontal channels of the (ET-RR-1) as well as the thermal column and
the Rabbit pneumatic Transfer System (RPTS) installed at the gamma - ray
spectroscopy laboraties, could be described as follows:-

86



1- For radiation shielding materials testing, the first, second and
third channels were prepared using different techniques. A computerized
tomography system is recently used for neutrons and gamma - rays in this
field. The determination of the change in material structure, elemental
compositions, creation of gas bubbles and cavities, is considered as the
main purpose of this system(1).

The experimental and theoretical studies are carried out in the
experimental physies division(2) to examin and evaluate the physical,
mechanical and nuclear parameters of materials of prime importance in
nuclear technology and general industries. These will be achieved through
the following two main projects:

a- Non - destructive testing of materials by Computerized
Tomography (CT) by fast neutrons, thermal neutrons and gamma-
rays are applied for inspecting and testing the physical and
mechanical properties. This will be performed by the methods of
transmission and emission for non - radiactive and radioctive
materials respectively.

b- Material testing by fast neutrons and gamma-ray spectra
measurements.

The nuclear parameters and metal inclusions are studied by
measuring the spectra of fast neutrons and gamma-rays transmitted through
the materials under investigation. Measurements are performed by a
neutron - gamma spectrometer with organic scintillator detector.
Separation between neutron and gamma - events is achieved by a pulse
shape discrimination technique based on the zero crossing method.

" A block diagram of the electronic equipments of the neutron -
gamma spectrometer with a dynode chain ofthephotomultipliertubeis
shown in fig. (2).

In their paper, Pfister et al.(3) review a CT - measurements with fast,
thermal and gamma-rays, just to demonstrate the capability of this
nondestructive mejhod in problems of research and technical applications.
The following images figs. (3,4,5,6 and 7) for different samples have been
selected from this work(3), with some comments on each one.
Aluminum is nearly transparent for thermal neutrons, therefore other
materials located inside an aluminum sample can be displayed with high
contrast in a neutron-CT-image. Especially corrosion products, containing
hydrogen can be detected very good. A fiber reinforced (AISi) compound
test sample was examined with thermal neutrons - CT. This test sample
was prepared with defects (bore - holes filled with pure aluminum). The
CT-image shows clearly a radial boring (1.6 mm diameter). Only the two
largest of the 4 axial boreholes (0.35, 0.5,0.8 and 1.6 mm diameters) could
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be localized inside this sample. A pure aluminum ring at the surface of the
compound material and the notch (upper part) are seen in this image,
Hg.(3).
Fig.(4) shows a cross section through a heat pipe (14 mm diameter)
reconstructed from a thermal neutron-CT-measurement. This image clearly
shows the steel tube (0.925 mm thick) and the capillary structure inside the
heat pipe (4 layers of a net with total thickness of 0.9 mm). The 8 arteries
inside the vapour zone have a net thickness of 0.14 mm and deformations
can be seen. CT-measurements with heat pipes can be used to examine the
geometry of the inner structures as well as the distribution of the heat
carrier; especially if this medium contains hydrogen, thermal neutron-CT
will be predestinated to show this. The heat pipe used in this tomography
measurement was not in operation,therefore no heat carrier can be seen.
The high penetration capability of fast neutrons is especially useful in
testing large metallic objects. Many of these objects in technical
applications are made from austenitic steel or cast iron which, due to its
granular structure, is less suited to ultrasonic test methods. A cast iron part
of the hydraulics of a truck brake was examined with fast neutron CT. The
aim was to show if there are porous parts inside the object. The
reconstructed neutron CT image in Fig.(5) shows a porous part in the right
lower region of the circular hole in the middle of the object. An aluminum
screw with plastic screw inside can be seen in the upper part of the image.
It can be clearly distinguished between the three different materials (iron,
aluminum, plastics). The ring structure in the center of the object is a step
in the hole which was exactly in the middle of the examined slice height.
Neutron-and gamma-CT-images were reconstructed from the transmission
measurements in the fast neutron field. The detected beam had the
dimensions of 1 mm in width and 5 mm in height. The neutrons and
gamma-rays - both present in this radiation field - were discriminated and
detected simultaneously. Fig.(6) shows the neutron-CT-image and Fig.(7)
the y -CT-image of a reflex camera. Both images show fine structures

(rolls, levers,- hinges etc.). It can be seen that two of the four achromatic
lenses are manufactured out of two parts with different densities
(refraction index). The neutron-CT-image shows all parts manufactured
out of plastics (cover of the lenses, fiilm, etc.) with higher contrast
compared to thee y -CT-image. Even the film with a thickness of 0.15 mm
can be seen in the neutron image.
In addition four CT-images have been taken for the ordinary concrete
samples at 200 °C using the low and high threshold neutrons as well as
the low and high threshold gamma-rays at the ET-RR-1 as shown in figs.
(8,9,10 and 11) respectively.
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2- The double crystal difiractometer placed at the hole number 5 of
the ET-RR-1 running at a power of 2MW was used for neutron powder
diffraction measurements. Fig. (12) shows a schematic diagram of the
experimental arrangement of the neutron crystal spectrometer. An effective
system of shielding is important to reduce the back ground of the scattered
neutrons which would be picked up by the counter. Also, to insure that the
general level of radiation in the neighbor-hood is sufficiently low from
health and safety points of view.

The fast neutrons are slowed down by collision of hydrogen atoms
in the borated paraffin shield and they are then subsequently absorbed by
the boron which has a high absorption coefficient for slow neutrons. The
y -rays are absorbed by a lead screen(4).

The powder sample Coo.6 Fei>4 04 contained in thin walled
cylinderical (vanadium sample holder 16 mm in diameter) was used for
obtaining neutron diffraction patterns.

o

Measurements were repeated twice(4) using 1.08 A neutrons
reflected from a (zinc) monochromator cut along (002) plane.
Measurements were made up to 2 9 = 52°, since only in this region well-
resolved peaks were present. A collimator with angular resolution of 20,
was placed in the reactor hole and a second with the same resolution
between the sample and the counter. Counts were taken for 7 minutes at
10' intervals of the scattering angle. Neutorn diffraction patterns at room
temperature and at 650 °K are shown in fig. (13). High temperature
measurements were taken with the sample inserted in a special furnace.
From this neutron diffraction pattern, the crystallographic parameters could
be determined.

3- A simple slow neutron mechanical chopper is aligned at channel
6 of the ET-RR-1. A layout of the spectrometer^ is shown in fig.(14).

The shielding materials used in building this spectrometer had
provided a safe one. The spectrometer is well protected againist the
reactor hall radiation background and there is no significant radiation
hazards comes out of it. 3He detector is used for measuring the slow
neutron spectrum TOF american type detector used for Time of Flight
experiments]. The spectrometer can be used for the neutron wavelength

o o o

range (from 0.5 A up to 6 A) [extended to 10 A], by increasing the
power of the reactor and using a higher vacuum flight path tube(5). The
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measured spectrum represents the thermal and cold neutron regions only
as shown in fig. (15). The spectrometer was calibrated by using the

o

accurate value of Be cut-off, [X= 3.952 A] which correspounds to time
of flight value = 3744 s. (ref. 5)

4- Small angle neutron scattering (SANS) has now become an
important tecnique in the study of metallurgical, polymeric, biological and
nanocrystalline materials. The experimental aspects of neutron SANS has
been given in details by several authors(6). These instruments operated at
high flux reactors equipped with cold neutron sources and use long neutron
guide tubes.

However, under some conditions the measurements of the
broadening of the incident narrow neutron beam after traversing the
sample, due to SANS effect, can provide valuble information about its
structural inhomogeneties of sizes up to several hundred times the size of
individual atoms. The advantage of such measurements is that they can be
carried put at low flux reactor which is equipped with neither cold neutron
source nor guide tube.

A horozontal view of the general arrangement of SANS
spectrometer^ which was previously installed at channel no. 9 and it will
be shifted to channel no. 7 is shown in fig.(16). Neutrons are emitted from
the ET-RR-1 reactor channel (100 mm in diameter) passing through an in -
pile collimator 60 cm long and a beam hole of 1 cm2 (rectangular area)
made from Lead, Paraffin and Boric acid.

The double-rotor consists of a rotating collimator (rotor 1) and
curved slot rotor (rotor 2), each of them is mounted on its mobile platform
inside an evacuated chamber. The rotors are suspended in magnetic fields
and spinning synchronously up to a maximum speed of 16,000 rpm,
producing bursts of polyenergetic neutrons. The curved slot rotor, 32 cm in
diameter has two slots of 1 cm height and 0.7 cm width. The slot has a
radius of curvature of 65.65 cm. The main parameters of the rotating
collimator (diameter, slot shape, material) were selected to match the
curved slot rotor.

The optimum operating condition of the double rotor facility was
deduced using the computer program RCOL(6) for the case when the
distance between the centers of the rotors was 66 cm.

A He-3 gas filled neutron detector was fixed inside a shield with a
variable hole window, facing the neutron beam. The window was selected
to be equal to the area of the of the neutron beam at the detector position.
The neutron beam divergence was 17.0' ± 1.5\ As an application, the
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neutron cross-sections in the wavelenght range from 3.5 to 5.2A were
measured for iron in both bulk and powder form. Fig. (17) displays the
measured dependence of Fe metal total cross-section on neutron
wavelenght. Some values of a t for iron, reported in BNL-325 are also
presented (open circles). One can notice the agreement of the measured
values of a t and reported ones. Such agreement confirms that the SANS
cross-section a SANS from metallic samples within the experimental
accuracy is vanished.

5- Channel no. 8 was previously well prepared for external target
measurements of the prompt gamma-rays emitted due to thermal neutron
capture for many of samples. A single Bi plug was placed inside the hole
of the channel, just to reduce the fission gamma - radiation, epithermal and
fast neutrons to an acceptable level while thermal neutrons pass without
any losses. In order to obtain an intense and narrow collimated neutron
beam at the target position outside of the reactor, internal and external
neutron collimators were placed inside and outside the reactor
respectively. Lead and graphite materials were used as shown in fig (18).
The thermal neutron flux was found to be in the order of 106 n / cm2 .s. at
the target position, which was good enough to do the prompt gamma - ray
experiment(7l8). Blocks of lead and paraffin mixed with Boric acid were
used to make a castle around the house of the gamma-ray detection
system. Single, Pair and Anticompton gamma-ray spectrometers were used
with success for investigation of different elements. The eletronic block
diagram for the Ge (Li) - Na (Tl) pair spectrometer as shown in fig. (19)
was used(7>8). Some rearrangements will be introduced for this experiments
using more advanced computerized detection system. A portion of the
neutron capture gamma-ray spectrum from 39K(n,y)40K is shown in fig.

(20), which was used for the level scheme inrestigation of 40K. [taken from
ref. (7)]. A portion of the high energy part of the single and pair gamma-
ray spectra of35 Cl (n, y) 36C1 taken by the Anticompton spectrometer is
shown in fig. (21). The gamma-ray spectra emitted promptly due to
neutron capture were very useful for nuclear structure studies and the
applied nuclear science such as the elemental constituents investigations of
different materials.

6- As mentioned above the neutron time of flight (TOF) method has
proved to be one of the effcient tools for neutron diffraction studies. The
TOF method is based on measuring the neutron time of flight through a
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definite distance; using a neutron chopper which transmits short bursts of
neutrons. Accordingly, neutrons of different energies, primarily present in
the beam, will be sorted out; the fast neutrons will arrive at the end of the
flight distance earlier than the slower ones. Most of the conventional TOF
spectrometers apply the Fermi type disk chopper which makes use only of
(0.1-0.5)% out of the available neutrons.

The Fourir TOF method has been of considerable interest prior to
1980 as a highly effcient alternative, of a Fermi chopper system, since it
offers, regardless of resolution requirements, a high duty cycle combined
with the possibility of exploiting a large beam area. The Fourier metod has
been improved by the reverse time of flight (RTOF) concept which is
based on the triggering of the TOF analyzer by the detected neutrons
ibstead of by the rotor's position. The use of the RTOF difiractometry at
the ET-RR-1 reactor (2MW), was assessed in refs (9,10). Further
developments of the suggested arrangement were represented in refs. (11-
16); along with the main components required for the data aquisition.
Moreover an RTOF diflractometer was recently installed at one of the ET-
RR-1 reactor horizental channels(9), the Cairo Fourier Diflractometer
Facility (CFDF). Such facility consists of a curved neutron guide tube
(NGT) designed to deliver thermal neutrons; free from y-ray and fast
neutrons background, to a Fourier chopper which is followed by another
straight NGT for collimation of the neutron beam before incidence on the
sample. The optimized curved NGT has a radius of curvature p =
3388.5m, length L = 22m. and a rectangular cross sectional area S =

o

13.5x90 mm2 to give a characteristic wavelength of A,* = 1.377A. The
straight NGT is 3 m long and with the same cross-sectional area of the
curved one. 58Ni isotope is used as a coating layer for the mirror channel
walls in both NGT. A schematic diagram for the NGT and the shielding
around it is shown in fig. (22). (taken from references 9 and 10).

The neutron spectrum was measured after transmission through a
Fermi disk type chopper. The chopper has been made of two aluminium
disks attached to each other; with 0.5mm thick Cd foil pressed between
them. The disk rotor has two radial slits, 2.9x80mm2 at the main radius of
200mm. The chopper was rotating at a constant speed 2840 rpm. At this
speed the chopper produces approximately triangular pulses with the
FWHM equals to 48.8 us. The pick up pulse is taken optically through two
holes at the periphery. The width and timing of the pickup pulse with
respect to the neutron pulse can be adjusted so that the logical "chopper
open" pulse can be fully synchronized to the neutron pulse. Thus the
neutron spectrum was measured with a 6Li-glass scintillator detector which
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was set at a distance 3.45m from the Fermi chopper, being at the sample
position, according to the arrangement schematically given in Fig. (23).

The neutron spectrum transmitted through 12cm thick beryllium
filter was also measured for calibration of time of flight scale. The
measured Be filtered spectrum is displayed in Fig. (24) where one can
notice the well known Be cut-off at 3.952A.

For the determination of the maximum resolution of the
diffractometer, measurements of diffraction spectra in the RTOF-mode
were performed. The samples of polycrystalline iron and diamond powder
were used. The sample diameter and height were 5mm and 85mm,
respectively. The measured diffraction patterns(9>l0) are shown in figs. (25,
26 & 27). The width and position of the peaks for these spectra were
defined with the help of the corresponding fit-software. The relative width
of the peaks is shown in fig. (28). The minimum of the resolution curve
determines the best experimental resolution of the diffractometer. This
resoolution is 0.55%. The true maximum resolution of a device is a little
higher since the experiments measure the convolution of the instrumental
resolution with the natural width of thesample diffraction line.

The iron sample was chosen from reasons of the possible scientific
program of research of stress in materials with the composition close to
various condtructional steels. The difference between the diamond and
iron data might be explained by the effects of strain in the iron sample. It
shows that the iron sample should not be used for correct evaluation of the
resolution(9>10).
The iron diffraction pattern measured by the facility (see the layout at
fig.(29) and treated with the proper software is displayed in fig. (30), along
with that one which was measured for 120 minutes with the Fourier Stress
Spectrometer (FSS) diffractometer installed at the FRG1 (5MW) Reactor
(GKSS-Germany). The FSS faciality is also a Fourier RTOF one, with a
different arrangement and is also optimized for 20 = 90° . Despite the fact
that the present iron diffraction pattern was obtained, with the CFDF,
within 15 minutes measuring time, it is superior (concerning statistics) to
that one measured by the FSS facility. This offers a chance for more
accurate diffraction measurements with the CFDF and within less
measuring time. It is concluded that the CFDF could be used efficiently for

o o

neutron diffraction measurements at D values between 0.7 A - 2.9 A.

7- In addition to the above experiments, the Rabbit Pneumatic
Trausfer System (RPTS) installed at the gamma-ray spectroscopy
laboratories [of Inchass] was used for a series of irradiations of different
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samples in a thermal neutron flux position of (« 2 x 10u n/cm2 .s.).
Investigations of many important geological and biological samples using
the (RPTS) facility as well as the core of the reactor are achieved on the
basis of the non-desturctive activation analysis project. Fig. (31) shows a
sketch of the (RPTS) of ET-RR-1 and Fig. (32) shows -*partial gamma-ray
spectra of silver brazing alloy (CP2)? The gamma-ray spectra were
collected by a HPGe detection system after irradion time of 48h. at the
core of the reactor and 30 s. irradiation time using the 078^

8- Also, The thermal column of the ET-RR-1 is under preparation
for neutron radiography measurements using thermal neutrons, through an
IAEA technical project.
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Fig. (12)

Schematic Diagram of the experimental arrangement of
neutron crystal spectrometer [Chs. 4 and 5] (Double crystal
Diffractometer).

1- Inpt'le collimator

2- Crystal monochromator

3- Sample

L- The outer collimator

5- BF3 detector
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O

-(13) Neutron Diffraction Pattern for the sample
(Co MiusFeu O4) at Room Temperature and 650 °K.

100



1 2 3 4 5 6 / 8 9 12 13

•i I ' ' I M l I I ' " ' I 1 , 1 ,

' " " " ! "••' '••! I'IMMI iii'iii'iiVi-Vn'-'i'* i*t:'"-v.'.'.v.?Iv.'«'.!.'.v'.1'2;;'.\':.';!.:'.

Hr •

I1!1** *

11
:•'.'$

h
fi!ij

14 15 17 18 19

Fig. (14) Slow Neutron Mechanical Chopper Layout Channel (6):

1-. InpOe shield, 2- lapQe eollimator. 3- Lead. 4- Outpile collim»lor. 5- Lead, 6- Irou , 7- Boric .rid, 8- Cadmium. 9- Bonte . , . . „

10-Lead. 11- Shielding wall, 12-Detector shield. 13-Detector. 14-fao, 15-Motor, 16-Rotor. 17- Magnetic phoco preamplifier,

18- Bowed polyethylene blocks, 19- Beam caturc

Nov JL4, 1 9 9 5
6-.33!4JL

Id: lo Rg»otop slow neutron spectrun
170498 cts / 4.-I3.-I8 PH Jul 29.

Acquire: Off
Display: 256
Overlap: Off
Scale: 256K
Group: El
Roi Mo.' None
Roi: Off
Ran.' 268K
Porl: 528
Dad Sau
Calc: On
Synch: Int
usec 7368
Cts: 7548

Zero lime duancl

J—^" 5 1A --.iX
Passes: 188888 Elapsed: 0

FilenaMe.' b: tar l48. spw

ReHaining: 188888 Dwell: 16-usec

Fig. (15) Reactor slo w neutron spectrum, A ngular velocity
IS62 r.p.m.

101



w&^M:#^,i\*J&&;tf';W;>3&z$!}r%;l<> Ŝ .••'».• >:vV;̂ Ty..»
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Fig. (24) Neutron spectrum transmitted througt the Be Filter.
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INSTRUMENTS FOR NEUTRON SCATTERING

M.Adib
Reactor Physics Department, NRC, AEA, Egypt

The wide variety of science that can be presented with neutron scattering
essentially boils down to determine two vectors, the momentum k of the
neutron before it hits the sample and after it leaves the sample. All
experimentally obtainable information is contained in the probability
distribution W(k,k') of a neutron to undergo scattering takes it from k to
k'. In this paper we will introduce the principles and concepts to
understand what one is doing if one perform an experiment on a certain
instrument We will describe the components of which almost all neutron
scattering instruments are made up and their functions and show how
these components can be combined to contribute in the best possible
way to the solution of questions in a large number of scientific areas.

1 Introduction
For the purpose of discussing the basic features of a neutron scattering

instrument, we will use the representation shown in Fig.(l)

PS ss P O ' P O " SD DP

PS = primary source
55 = spectrum shifter
PO = (selective) phase space operator
SE = Sample environment
S = Sample
SD - Signal detector
DP - Data processing

Figure 1: representation of a neutron scattering experiment.
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Neutrons when released from nuclei in the primary source have an energy
spectrum that cannot be used for neutron scattering in condensed matter science.
The spectrum must be shifted to the desired range by collisions with suitable
moderating material. The combination of primary source and spectrum shifter is
usually called "neutron-source"

All neutron sources radiate more or less isotropically in real space and
extend over a certain range in momentum space. In order to select the desired
momentum vector k to impinge on the sample, a phase space operation (limitation
of direction, magnitude and uncertainty) is needed to define k. After the scattering
event, another phase space operation is required to define k' weutron detectors are
not sensitive to the energy of the neutron!). With a suitable detector the probability
of the transition from k to k' is recorded and the data must be analyzed to obtain the
desired information.

In this paper we will introduce the principles and concepts necessary to
understand what one is doing if one performs an experiment on a certain
instrument. We will describe the components of which almost all neutron
scattering instruments are made up and their functions and show how these
components can be combined to contribute in the best possible way to the soluti6n
of questions in a large number of scientific areas.

2. Fundamentals of Experimental Neutron Scattering

2.1 The neutron scattering experiment

The neutron has a mass m = 1.675.10'24 g. At thermal energies it moves with a
velocity V of the order of km/sec,
its momentum is rj = m.v = tik

P m 2 ti2k2

its energy is E = — v =
2 1m

with the wave vector k= —.—
" * M

and the de Broglie wave-length X of the order of A.
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Upon scattering the neutron is transferred from an incident wave vector k to a final
wave vector &_'.

As said before, the experiment aims at determining the probability distribution for.
this transition, w( k, k[) by recording the count rate in a detection system and
restricting the uncertainty in k and k' within the necessary limits.
The analysis determines the

momentum transfer Q = k-k^ (2.1)

h2k2 h2k'2

energy transfer A£ = = ha> (2.2)
2m 2m

and deduces the

scattering law S(Q,a>) = —W(k,k). (2.3)
h

It then remains to explain the scattering law in terms of the physics of the sample
and to assess the precision of the data.

2.2 The scattering triangle

The vector sum Q = Jc- k' can be represented as a triangle as shown in Fig.2.

Fig.2 the scattering triangle Q = k_- kl for inelastic scattering with
energy transfer hco
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k-i
- 2

h.co
1 + -

2m

+ P

(2.4)

- 1 + -w
2m

+ P

which can be satisfied by an infinite number of combinations. The 2-dimensional
vector P which is perpendicular to Q(PQ- 0) results from the transition from the
6-dimensional k, k[-space to the 4 dimensional Q, 0) -space.

2.3 Scattering from a Crystal

2.3.1 Elastic Bragg scattering

Drawing k to be incident on the origin of the reciprocal crystal lattice, the
locus for cell elastically scattering vectors |AT| = |A:'| is a sphere around the origin of
k with radius k Bragg scattering occurs at points Ghki =h . bi + k .b2 + 1 . b3 is
located on this sphere.

Origin of
r»c)proco)
lattice 0 0

Intersection o
Ewald sphen*
with scattering
plane

Figure 3: Ewald's construction for elastic Bragg scattering in the reciprocal lattice
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2.3.2 Inelastic "phonon" scattering

It is one of the outstanding features of thermal neutrons that their kinetic
energy is in the regime of the thermal vibration energies of a crystal (not
surprising, since they are obtained by thermal equilibrium with a moderator). So,
energy can be transferred to or from the lattice in the scattering event, leading to a
large relative change in the neutron's energy. This goes along with an additional
momentum transfer q within the Brilloum zone, as shown in Fig. 4.

000

Fig (4): Vector diagram for inelastic scattering with excitation wave vector
9. Q = a +Ghki

2.4 Resolution

Since it is the goal of the measurement to determine the positions in Q,
co-space with the maximum possible precision, it would be desirable to have k and
k' defined as precisely as possible.

Apart from this being impossible due to the way in which available phase
space operators work , this would also result in an almost complete loss of intensity
and hence poor counting statistics. It is therefore necessary, to retain a finite, but
optimized volume 8k and dk' around k and k\ As can be seen from Fig.5 this
results in an uncertainty of the value of Q, 8Q and, of course, also of co, 8co.

113



0,0.0

Fig.5 : Effect of uncertainties of k and &_' on Q

The distribution function of 5Q and 8co is called the resolution function
Scoj of the experiment (at < Q >, < co >). The count rate z in the

measurement is then proportional to the convolution of this resolution function
with the scattering law

Z(<Q co>

Figs.6 and 7 depict schematically, how the resolution function is moving across
the scattering law in a measurement scan and how the width of the measured
intensity depends on the shape and relative orientation of the two (3-dimensional)
surfaces.
Since Q = 2 n /R and co = 2 n /t where R is a distance in real space and t is the time,
integrating over a certain range of Q or co, as one does within the resolution of the
instrument, means an average over the corresponding real space-time range. In
other words, phenomena that occur at shorter distances or times than the averaging
interval cannot be resolved. At the same time it becomes obvious that, if an
experiment is performed without energy analysis this means integration over all co
or measuring the properties of the sample at t = 0 i.e., taking a "snapshot" of the
sample. This would be strictly true under the condition that the integration is
performed for constant Q, which is not the case in neutron scattering when
measuring at fixed angles due to the kinematic conditions. On the other hand, if a
measurement is made with energy analysis for co = 0, this amounts to taking a long
time average, i.e. measuring the static properties or, for example, mean positions of
the scattering centres.
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scattering law

Fig.(6) Scanning a wide resolution function
across a narrow scattering law essentially
reproduces the resolution function

Fig.(7) Intensity distributions for
different scans with the same resolution
function

Knowing the resolution of an experiment is therefore important in order to
be able to interpret the measured data correctly. The shape of the resolution
function is a result of the phase space operations performed on the vector fields {k}
and {_£_'}.

2.5 Data analysis

Since a probability distribution is measured in a scattering experiment, the
statistical accuracy of a count rate N is -J~N . Hence there is no absolutely precise
measurement. The precision can be increased by increasing the number of counts
or by using neighboring points of a scan by ways of a curve fit to the points.

Even if the resolution function of the measurement is known, it is normally not
possible to deconvolute the measured curves to obtain the scattering law. A
frequent practical procedure is to start from the best assumption about the
scattering law, convolute it with the resolution function and compare the result
with the measurement, refine the assumed scattering law and repeat the procedure
until an acceptable degree of agreement between the calculated and the measured
curves is obtained. This technique has been carried to an amazing power in powder
diffraction measurements, where literally hundreds of peaks can be reproduced in a
pulsed source time of flight spectrum.
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2.6 Phase space operators

2.6.1 Beam holes and static collimators

Since neutron sources radiate isotropically, they must be heavily shielded with
only a few penetrations (beam holes) in the shield to allow neutrons to exit. The
result is a limitation of the orientation of the vectors {k} in space Fig(8) The solid
angle dQ = dkx.. dky of a beam passing through a beam hole of length L and cross
section dx, dy is

dxdy k_z
dQ =

with kz being the neutron wave vector pointing along the axis of the beam tube.

L+d

Fig. 8 Beam tube of rectangular cross section

The neutron current becomes

I{k)=[ydxdy<j>(k)dkxdky,

where <j> (k) = neutron flux distribution.

Reducing x and y to better define 8kx and 8ky immediately results in a
corresponding loss of beam cross section. This problem can be alleviated by
subdividing the cross section into slits, using thin sheets of a material which is
opaque to neutrons.
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Such an arrangement with only vertical slits is called a "Soller" collimator (Fig.9).
It limits the divergence of the beam in the scattering plane to kx = ± l/2a.kz while
leaving the divergence perpendicular to the scattering plane unchanged

77.'////////////////A

V///777777//77//77A

max

Fig. 9 Soller Collimator

This is permissible in many cases, because, as can be seen from looking down
along P of Fig. 2, a deviation of k along ky by an angle p72 moves the base point F
(projection of k into the scattering plane) and hence the resolution in Q and co only
in 2nd order (Fig. 10 ).

Fig . 10 Effect of vertical divergency of the beam on Q and co

2.6.2 Neutron guides

In order for a collimator to be effective, its walls must be opaque for all

neutron momenta. As a consequence, 5kx and 5ky are givenkz.— by kz.— and

respectively. By contrast, if the walls of a neutron transporting channel are
extremely flat, well aligned and coated with a material of high refractive index for
neutrons, neutrons with a momentum component perpendicular to the walls not
exceeding a certain maximum value will be totally reflected. Since the refractive



index is given by the ratio of the neutron velocities in the medium and in vacuum,

One has, 1 ~n A/I

n = 1 -.No
k~Hence, such a channel will transport neutrons with kx , ky < Akmax over long

distances. Thus, while at a beam tube kx and ky depend on kz, they are independent
of kz on a neutron guide. This is shown schematically in Fig. 11

Beam tube
Neutron guide

Fig. 11 Neutron momentum distributions transmitted through a beam tube
and a neutron guide .

In practice it is possible to increase Akmax by reflection from a sequence of layers
with alternatingly high positive and negative scattering length density of variable
thickness. Such arrangements are called "supermirrors". They are characterized by
a number m giving the gain over Akmax for natural nickel, the element with the
highest scattering length density. Nowadays m=2 or more can be routinely
achieved.

2.6.3 Time-of-Flight monochromators

A static collimator. has no effect on the magnitude kz of the wave vector of
the transmitted neutrons, it does not "monochromate". This can be achieved by
moving the collimator at right angles to its direction of transmission in the
scattering plane. This movement can be transnational (Fig. 12a) or rotational (Fig.
12b).
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V n U Vn

a) b)

Fig. 12: "Monochromatization" of neutrons by moving a collimator (a) in
translational motion (example: rotor oftheDornier mechanical velocity selector)
or (b) in rotational motion (example: the Harwell chopper monochromator used on
the DIDO time-of-flight spectrometer) (After Bedford, Dyer, Hall and Russell
1968).

In practice, case (a) is accomplished by arranging many slits on a drum
whose axis is parallel to the neutron beam, case (b) is accomplished by slits in a
drum whose axis of rotation is perpendicular to the neutron beam. In both cases the
slits are curved to match the flight path of the neutrons in the moving frame of
reference for optimum transmission.

Case (a) allows a continuous transmission of neutrons of the desired velocity
range; it is called a mechanical velocity selector whereas case (b) chops the beam
into pulses and is called a "Fermi chopper".

A monochromating effect through flight time is of course also possible by having
two disks which are opaque for neutrons with a transmitting slit rotating at a
certain distance from each other. To define the opening time more precisely
normally a stationary slit is placed near a disk chopper (Fig. 13) or a second disk
rotating in opposite direction close to the first one can be used.
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The transmitted wavelength and ensuing resolution can be obtained from the
velocity (resp. momentum-) diagram shown in Fig. 14 for the case of a mechanical
velocity selector.

M
mi
m

ii
i1r

open ot t=0

Ch2

Chi

monochro mated
and chopped beam

chopped beam
spread in time

t-0

Fig. 13 monochromating effect of to disk choppers .

Vu-R

Fig. 14 Velocity diagram to determine the transmission function and
resolution of a moving collimator .
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2.6.4 Reflection from crystal stationary crystals

While transmission through a collimator limits and defines the direction of
kz in space, Bragg reflection from a magnitude of kz is unaffected

2.6.5 Reflection from moving crystal

If the direction of k and k_ are defined by collimators, a crystal placed in between
can transmit neutrons through both collimators, when its lattice planes are in a
particular orientation, i.e. if Ghki coincides with the bisector of the angle between
the two collimator axes.

?

Colhmotor 1

Fig. 15: The rotating crystal monochromator

2.7 Neutron beam filters

Neutron beam filters are used for two reasons:
a) Beams coming from the moderator always contain unwanted radiation like fast
neutrons and y-rays, which contribute to experimental background and to the
biological hazard potential.
b) The beam transmitted by crystal monochromators not only contains the neutron
momentum K the monochromator is designed for, but may also be contaminated by
higher (or lower) order reflections 2k, 3k etc., depending on the structure factor of
these reflections.
In order to eliminate or at least substantially reduce these contaminations, material
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is placed in the beam path, which has good transmission properties for the desired
wavelength and a high cross section for the undesired ones.

Strong energy-dependent variation in neutron cross section occurs either in
the case of resonant absorption or in polycrystals when ever the diameter of the
Ewald sphere coincides with the magnitude of a reciprocal lattice vector. As k
increases, the cross section of the polycrystal approaches the free atom cross
section.

An unusual case is pyrolytic graphite with reasonably good single crystalline
properties along its c-axis (OOx)-reflections but random orientation perpendicular
to it. As a consequence, "rings" are formed in the reciprocal lattice space in the
planes perpendicular to the c-axis and with the c-axis running through their centre.
When one of these rings lies on the surface of the Ewald sphere, the cross section
for a beam incident along the c-axis becomes very high, but in contrast to a
polycrystal drops off again, as the diameter of the Ewald sphere increases and the
ring lies within the sphere .

Figure 16: The scattering cross section of polycrystalline Beryllium as a function
of neutron energy. Below the Bragg-cutoff at 5 meV the scattering is dominated by
phonon scattering and is therefore strongly temperature dependent.

As an example for a polycrystal filter Fig. 16 shows the cross section of
o

polycrystalline beryllium which has a " Bragg cutoff " at 4 A. At longer
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wavelength (smaller energies)the cross section is determined by phonon
("thermal diffuse") scattering and is strongly temperature due to the occupation
numbers to the phonon spectrum at different temperature .

The energy dependent cross section of a pyrolytic graphite filter for a
neutron beam incident along its c-axis is shown in Fig. 17. The 002, 004 and 006
reflections are in backward direction (degenerate rings with r >0). It is possible
to "tune" the pyrolytic graphite to different energies by turning its c-axis away
from the direction of the neutron beam.

PYfiOLYT/SCHEQ GRAPMT

Figure 17: The scattering cross section of pyrolytic graphite for a neutron beam
incident along its c-axis. Rather than "Bragg edges", as in polycrystal, sharp peaks
arise for the low order (00£)-reflections. At higher energies, scattering from
several "lattice rings" superimposes.

3. Design of neutron scattering instruments

The phase space operators described in the previous chapter can be
combined in a variety of ways to obtain the desired properties of a neutron
scattering instrument, depending on the kind of science in question. It is not
possible to describe here in detail the large variety of different neutron
spectrometer designs. We will restrict ourselves to a few important examples. An
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overview of the range in Q and w, where the different instrument types are
commonly used is given in Fig. 18.
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Figure 18: Dzfferent types of neutron spectrometers and their approximate useful
range of energy and moemtnum transfer.

3.1 Instruments for elastic (total) neutron scattering

Elastic Bragg scattering, i.e. neutron scattering with no energy transfer to the
neutron at the reciprocal lattice points has normally a much higher cross section
than inelastic scattering and therefore no analysis of the scattered neutron energy is
performed. This in fact amounts to integrating the scattered intensity over all co in
the kinematic range. Under the limitation that, according to the paths followed in
Q-o) space, the inelastic contributions do not belong to exactly the same
momentum transfer as the dominating elastic ones do, the scattering measured in
this way represents the time average properties of the specimens This is essentially
the same information that can be obtained with X-rays whose energies are of the
order of tens of keV and hence do not allow energy resolution in the meV or even
(j.eV range, as neutrons do. However, due to the high incident energies the Q-
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values for X-ray scattering barely vary in the regime where atomic motions play a
role and hence X-ray measurements represent a better time average. Nevertheless,
there are many instances where only neutron scan yield the desired information
and therefore total or elastic neutron scattering will continue to play an important
role. This is not only true for Bragg scattering, but also for the scattering between
Bragg peaks and at small angle, where the intensities are usually much lower.

3.1.1 Small angle neutron scattering (SANS)

Since the spatial dimensions investigated in an experiment at a momentum
transfer Q are of the order or R = 2n/Q, very small Q-values must be measured if
the properties of large structures such as extended defects, voids, macro molecules
etc. are to be investigated with the smallest wave vectors present in the spectrum of
even low temperature spectrum shifters (cold neutron sources) this still means
measurement at very small angles. As can be seen from Fig. 19, the resolution in Q
depends only weakly on Akz and directly on Akx. Such instruments therefore use
narrow collimation and coarse monochromatisation, as e.g. obtained with a
mechanical velocity selector. A schematic layout of a SANS-facility is shown in
Fig. 19

Figure 19: The dependence of Q on Akx and Akz for small scattering angles.

Two dimensional position sensitive detectors are now routinely used in
SANS to collect data for many values of Q simultaneously, fig.20 shows the
components of the SANS-instrument under construction for SINQ. The lengths of
the collimator system and the detector vacuum tube are 20 m each. The option
exists to move the detector also sideways to increase the Q-range at a given
resolution (distance sample-detector).
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Fig 20 : schematic representation of a neutron small angle scattering instrument.

Recently a small angle neutron scattering camera in transmission geometry
which installed at ET-RR-1 reactor the camera consists of a phased double rotor
system Fig (21) the rotors are suspended in magnetic fields and spinning ups to
16000 rpm producing bursts of polyenergetic neutron with wavelengths from 2 A
to 6.5 A. The advantage of using massive rotors is to overcome problems of high
background level accompanying the reactor thermal neutron beam without using
long neutron guide tube

An improved design principle of the SANS double rotor spectrometer is
given by A. Ashry . An optimization study of the number and shape of their slots to
achieve the highly available intensity of monoenergetic neutrons at the required
resolution is given. It is shown that for rotor having 19 slots each with radius of
curvature 96.8 cm the schematic representation of the proposed SANS
spectrometer is given in Fig (22)

Fig. 21: Small angle neutron scattering camera.
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Fig. 22: A schematic diagram of SANS double rotor spectrometer

3.1.2 Diffuse-elastic neutron scattering (DENS)

In the region between the typical small angle scattering range and the Bragg
reflections, point defects, small inhomongeneities and order-disorder effects in
solids can be investigated. Although the structure of this scattering contains
important information, it is called "diffuse" scattering for historic reasons. Its
intensity is usually much weaker than in the SANS-range or for Bragg reflections.
DENS-spectrometers are therefore normally equipped at least with some kind of
crude energy analysis to allow discrimination against inelastic scattering
contributions. Frequently many scattering angles are investigated simultaneously
and the sample is rotated in the beam to cover the full scattering pattern. Fig. 23
shows the setup of a typical DENS-spectrometer. A set of mosaic crystals is used
to deflect a wide wavelength band onto the sample (AX/X ~ 5%). The instrument
can be used either with a chopper in front of the sample for time-of-flight velocity
analysis of the scattered neutrons (detectors in straight-through position) or with a
set of analyzer crystals and the detectors set for k' = k. In both cases the magnitude
of Q is determined by the scattering angle defined by the detector position. The
orientation of Q within the reciprocal crystal lattice is varied by rotating the sample
around its axis perpendicular to the scattering Plane.
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Figure 23: Spectrometer for diffise elastic neutron scattering at the FRJ-2 in Jalich,
using several crystals for monochromatization and providing the options of time-
of-flight or crystal analysis of the energy of the (elastically) scattered neutrons to
eliminate inelastic contributions.

3.1.3 Powder diffraction

Diffraction from polycrystalline samples is a widely used technique to
determine and refine crystal structure parameters from Bragg scattering. Especially
since the advent of pulsed neutron ources, efinement echniques n iffraction
pattern analysis have become very powerful.

The phase space diagram of powder diffraction is the same as for the
polycrystailine filter, only in this case the directions are determined into which
neutrons are scattered (Fig. 24). This can either be done by using a fixed incident
energy and measuring the scattered neutrons as a function of angle or by varying
the incident energy and examining the scattering at fixed angles or by a
combination of both.
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Figure 24: Momentum space diagram for powder diffraction: at constant k

Steady state powder diffractometers are mostly used on neutron sources
without time structure. Rather than moving a single detector around the sample,
they are nowadays equipped with position sensitive detectors to cover a wide range
of scattering angles simultaneously. Fig. 25 shows a schematic layout of the
Double Axis Multicounter diffractometer in use at the reactor SAPHIR. The
resolution epends n he Ak-volume of the incident beam. Fig. 25b gives the
resolution function of the instrument for a germanium monochromator crystal. The
collimator in front of the position sensitive detector is oscillated to avoid
shadowing effects of its channel walls.
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Fig.25: Schematic layout of the multicounter diffractometer DMC at the reactor
SAPHIR at PSI (a)and its resolution function for a germanium monochromator (b).
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Time-of-flight powder diffractometers vary the incident energy and hence
the diameter of the Ewald sphere, by using a pulsed neutron beam. If the pulsing is
achieved by a chopper in the beam, the pulse width At is the same for all neutron
velocities v or flight times L/v Therefore the resolution At varies inversely with
flight time, becoming very poor for short wavelength or small d-spacings. Fig. 26
compares such an arrangement together with a typical diffraction pattern (Fig. 26b)
to that of a conventional 2-axis diffractometer (26a). If a short pulsed neutron
source is available, the pulse width in the slowing-down regime is inversely
proportional to the neutron velocity escaping the moderator. This leads to
practically constant resolution over the whole diffraction range and is one of the
important reasons for the great success of pulsed neutron sources in the field of
powder diffraction.

A
Sinjle-cryiial V.
monochromiioA

T"2

Fig. 26: Functional principles and typical diffraction patterns of (a) a
conventional 2-axis diffractometer and (b) a time-of-flight powder
diffractometer.

3.2 Instruments for inelastic neutron scattering

Although important information on the time-averaged properties of matter can be
obtained by measuring the total scattering, the real strength in neutron scattering
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lies in its potential to investigate the energy transfer in the scattering and thus
provide information on time-dependent processes in matter. The amount of energy
transferred, /ico, represents the time scale involved in the various processes through
the relation t = 27i//zcowhile the resolution in ho gives the time interval over which
an average is taken. In order to obtain the full information on space-time properties
of the specimen, both k and k' must be determined in the scattering process. This
can be done by suitable combinations of the phase space operations. Although
there are many ways to proceed, it is customary to distinguish between those
instruments directly involving neutron time of flight and those, which don't.

3.2.1 Time-of-flight (TOF) spectrometers

Since neutrons commonly used in scattering experiments have velocities of
the order of a few hundered to a few thousand m/s their energy or momentum can
be conveniently determined by measuring their time of flight over a distance of a
few meters. Owing to the fact that neutrons are detected by nuclear reactions and
hence terminate their existence as a free neutron at this moment they can only be
detected once. This means that their starting time at a certain position must be
defined by pulsing the beam. It also means that only one of the two quantities k or
k' can be measured by flight time. The other one must therefore be enforced upon
them either by the use of a crystal monochromator or by two pulsing devices at a
certain distance from one another. Depending on whether k' or k is measured by
time of flight (varied as a function of time) the method is called direct or inverted
time of flight technique. Fig. 27 shows the space-time diagrams and the
momentum space representations of the two techniques, while Fig. 28 gives a
schematic overview how the various phase space operators are used. F is a
polycrystalline filter transmitting only wave vectors below the Bragg cutoff which
in this case is chosen as small relative to the energy transfer under investigation in
order to obtain reasonably good resolution. Since the detector positions are fixed
there is generally a large angular range covered by detectors.

In the direct TOF-technique k is fixed and k' is determined by time of flight.
This means that the scan for any one of the many detectors arranged around the
sample follows the kinematic curve for the corresponding scattering angle.
Scattered intensity is measured whenever this curve intersetcs S (Q,coj, by
recording the flight time of the neutron with the corresponding k'.
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Fig. 27: Space-time diagrams (top) and momentum representations (bottom)
inverted time-of-flight techniques.
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Fig. 28: Use of dzfferent phase space operators in time-of-flight instruments. M =
Moderator (spectrum shifter), R = Rotor (chopper) C = crystal, F = filter, L = flight
path, D = detector, S = sample.
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If analysers or cutoff filters are used in the scattered beam (inverted TOF),
the measured energy transfer is by the amount of the analyser energy lower than
the incident energy which varies with time.

Inverted TOF is mainly used at pulsed neutron sources, because the
spreading out in incident energies comes naturally with distance of the sample
from the moderator. (A further advantage at pulsed sources is that in the neutron
slowing-down energy regime the pulse width is proportional to the flight time for a
given distance, i.e. At/t const.)In both techniques short pulses of a few tens of
microseconds are desirable to reduce the contribution of the pulse width to the
resolution function.

3.2.2 The triple axis spectrometer (TAS)

Triple-axis spectrometers are the most versatile instruments for inelastic
neutron scattering experiments. From the experimentalist's point of view a TAS
offers the unique possibility of measuring neutron intensities along well-defined
paths and locations in momentum and energy space, e.g. at points of high
symmetry in the reciprocal crystal lattice or at wave-vectors g where theory
predicts an unusual Behaviour e.g. as a function of temperature (structural phase
transition), etc.

sample

detector

source
Si filter moni 1

colli 0
shutter

monochromator

Fig. 29: Basic layout of a triple axis spectrometer.

Fig. 29 shows the basic layout of a TAS. Monochromatisation and analysis
of the neutron beam (definition of A and ]C are performed by Bragg reflection form

133



single crystals. Mostly used materials are pyrolithic graphite, copper and
germanium; the selection being based on the respective neutron scattering
properties, the available size of the crystals, and the mosaic spread. Soller
collimators are inserted along the beam path for tuning the resolution
characteristics. Filters are often inserted in the beam in order to suppress
background and higher order contaminations.

The resolution of a TAS depends on the phase space volume transmitted by
the monochromator and analyser crystal in the scattering plane.

4 Concluding remarks

In this paper we have not attempted to go into details of the technical design
of neutron scattering instruments, nore to cover the full suite of specialized
spectrometers in use on modern neutron sources. It was our goal to promote the
understanding of the underlying principles and the properties of components of
instruments as far as they are relevant to understand the measurement one
performs. Details of instruments in terms of their range and resolution in Q - w and
their preferred application to different fields of science can be found in the user
manuals issued by most neutron scattering centres.
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1. INTRODUTION

Nuclear research reactors are the most widely available neutron sources,

and they are capable of producing very high fluxes of neutrons having a

considerable range of energies, from a few meV to 10 MeV. Therefore, these

neutrons can be used in many fields of basic research and for applications in

physics, chemistry, medicine, biology, etc. Experiments with research reactors

over the last 50 years have laid the foundations of today's nuclear technology. In

addition, research reactors continue to be utilized as facilities for testing

materials and in training manpower for nuclear programs, because basic training

on a research reactor provides an essential understanding of the nuclear process,

and personnel become accustomed to work under the special conditions

resulting from irradiation and contamination risks.

The Atomic Energy Authority of Egypt (AEA) has since its establishment more

than 40 years ago developed into holding the national leading role in the nuclear

research and development. The first Egyptian research reactor ETRR-1

commissioned in 1961, is one of the first reactors in the African content. The

ETRR-1 is a 2MWth WWRS type with maximum thermal flux in core of 2 x 1013

n/cm2.s. The reactor was used for solid state, nuclear and reactor physics, studies

for chemical research, for isotopes production and for biological irradiation.
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Although the reactor operation stopped for many times due to different reasons;

hundreds of papers and reports concerned works connected directly with the

reactor were published. Due to the request of the Egyptian scientists in different

fields and to meet the increasing demands of neutron users in addition to the

continued development of the different neutron experimental techniques, there

was a decision to have a new reactor ETRR-2 with better technical facilities.

2. ETRR-2 RESEARCH REACTOR

The ETRR-2 project started in 1992, the reactor went critical for the first

time on Nov. 1997 and reached its designed maximum power in Mar. 1998. The

reactor now is under the stage of experimental facilities commissioning. The

ETRJR.-2 design objectives are oriented to meet the basic nuclear requirements

taking into account the utilization group requirements. Such design objectives

were adapted by (AEA) in order to use the reactor for radioisotopes production,

medical and industrial purposes, basic and applied research in different

disciplines (reactor and neutron physics, nuclear solid state, condensed matter,

nuclear engineering, material fuel tests and activation analysis) for training the

scientific and technical personnel.

2.1. Major specifications of ETRR-2

Reactor type : open pool multipurpose reactor (MPR) light water moderated

and Beryllium reflector.

Thermal power : 22MW

Thermal neutron flux : 2.7 x 1014 n/cm2 sec.

Experimental facilities: Horizontal beam tubes, 2- Tangential and 3- Radial, 1

cold neutron source, 2 neutron guides
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The Neutron

The neutron is an Ideal tool for probing solids
and liquids. Uke electrons and x-rays, neutrons
can be used to 'see' atomic structure.

Thermal neutrons generated in research
reactors are scattered by atoms in the material
being probed. The scattering pattern reveals the
sample's structure and dynamics.

Distinguished Characteristics of Neutron

Has a wavelength about equal to the
spacing between atoms in molecules.
That means neutrons can produce
interference patterns from the atomic
lattice.

Is electrically neutral, so it passes
through the atomic electron cloud to the
nucleus. This makes neutrons very
penetrative compared with electrons and
X-rays. It also means they give unique
information about many elements,
including hydrogen.

Has a magnetic moment, so
neutrons can probe magnetic materials,
like those containing iron, to reveal
magnetic structure.

Has an energy similar to the vibrational
energy of atoms in solids and liquids.
This means neutrons can "see' the
motions of the atoms in molecules in
detail.
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Life Sciences
Neutron scattering is contributing to the biotechnology
revolution. The current research areas include
maaomolecular complexes, conformational changes,
protein structures, protein-nucleic acid interactions,
membranes, self-assembling structures, emulsions and
biomineralisation.

Engineering
Industry uses In situ neutron studies to check • and
improve welds, and mechanical and thermal properties
of components. Neutron imaging techniques used in
quality control studies delect internal flaws in critical
equipment The aerospace, marine, petrochemical and
defence industries benefit from these techniques.

Physics
Physics is the starting point for understanding the
fundamental properties of advanced materials, including
magnetism, superconductivity and heavy fermion
systems. Neutrons lend themselves to the study of
dynamic phenomena such as quantum liquid systems,
lattice dynamics, phase transitions, magnons and crystal
field excitations.

Materials Science
Scientists are using neutron scattering to work out the
relationship between the composition and structure of
materials, and thermomechanical and transport
properties. This guides them in designing new materials
for the 21st century, such as opto-electronic materials,
superconductors, nanostructures, ceramics, sensors and
building materials.

Chemistry
Neutron studies reveal crystal structure and dynamics of
materials. They shed light on hydrogen bonding,
reaction kinetics, molecular dynamics, molten salts,
electrochemistry, polymers, colloids and catalysis.

Earth and Environmental Sciences
Scientists use neutrons to study minerals at high pressure
and temperature to understand the geology >and
evolutionary history of the earth. Neutrons can also
provide information on the surface properties
morphology and microstructure of minerals and on
industry scale precipitation and crystallisation processes.
This knowledge can enhance resource processing. Other
research areas include studies of hydrous/anhydrous
phases and waste remediation.
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IRRADIATION FACILITIES

Irradiation Grid Positions : 26
Neutron Beam Tubes :

Radial : 3
Tange. : 2

Pneumatic Transfer Systems : 2
Graphite Thermal Column : 1
Transference Hot Cell
Testing Hot Cell
Universal Hot Cell
Loading Hot Cell
High Pressure Test Rig
High Pressure Test Loop
Neutron Radiography system
Under Water Neutron Radiography Device
Tumor Irradiation Room
NTD Facility
Cold Neutrons House
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2.2. Cold neutron Source

Moderation of thermal and fast reactor neutrons is generated in a cold

neutron source (CNS) which is used for cold neutron production. Cold neutrons

have an energy range 10'1 to 5.10"3 eV (wavelength ~ 4 to 25 A ). Such

wavelengths are comparable with inter-atomic and inter-molecular distances and

energies of the same order of magnitude as that of thermal motion of atoms.

This is the reason why cold neutrons are extensively used for the study of the

structure and dynamics of condensed matter. The intensity of cold neutrons in a

convential reactor beam is only about 1 %, to enhance the intensity a cold

moderator is used. The moderator shifts reactor neutron spectral distribution

towards low energies. Liquid hydrogen is an efficient moderator for this

purpose. A decision has been taken to install a cold neutron source based on

liquid hydrogen, on account of its great capability to supply a copious flux of

long wavelength neutrons. The following is a brief report, describes the

characteristics design of the research facilities of neutron scattering to be

installed. Some parts of the description are contributed by the representatives of

the users groups. The proposal for neutron scattering instruments were reviewed

and compared with existing facilities around the world, including those at

leading laboratories in West Europe, East Europe, Asia, and America. The

recommendations that emerged from the discussions imply the installation of

five instruments, which are considered most useful for present and prospective

research fields, as well as appropriate to the MPR characteristics.
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3. PROPOSED NEUTRON TECHNIQUES

The principal experimental facilities for scattering experiments using

thermal and cold neutrons are followed:-

3.1. Reflectometer will be installed at NG1A

Monochromator : Chopper

Distance chopper to detector : « 7.5m

Distance sample to detector : « 7.5m

Wavelength resolution : fixd delta-lambda = 0.2 A AAA

Angular range : from 0 deg. to 2 deg,

Angular resolution : 0.003-0.01 (depending on

pollimation)

Position of the surface : Horizontal

Typical accessible reflectivities : 4xlO"5 (with sample size

10x40mm)

Detection : 3He-XY type

2 neutron guides : 30% at 5 A

Number of cells : 128x12$

3.2. Small angle neutron scattering facility (SANS) will be constructed at

the end position of cold neutron beam guide NG1B providing long

wavelength neutrons

Monochromator : mechanical speed selector

Wave length resolution : 10% < AX IX < 18% (FWHM)

Q range : 2D-position sensitive detector XY type with

64x64 elements each 10x10mm2

Distances collimators : lm, 2m, 4m, 12m

Distances sample detector: 1 to 12m continuously (horizontally) at

lm: 0.3m vertically
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3.3. Triple-axis spectrometer with polarization analysis (TAS) will be

installed at NG2

Monochromator

Angular range :

Wavelength range :

Range of scattering angle:

Analyzer :

Range of scattering angle:

Collimators

Polarization Analaysis

Monochromator

Analyzer

Guide fields

Spin flipper

Polarization

Pyrolytic Graphite (002), with variable

vertical curvature

30 <20 < 155

1.9meV < E < 27meV

-155 < 0 < 1 5 5

Pyrolytic Garaphite (002), with variable

vertical curvature

-130 < 20 < 130 at analyzer

Gadolinium coated soller collimators

before sample, analyzer and detector

divergences 20 . 40 . 60

with variable verticalHeusler III

curvature

Heusler III

Vertical, various lengths, permanent

magnets

: Mazei type with correction coils

: > 93%, R > 30 with 20mm circular

diaphragm collimation : open - 20' -open

- open

3.4. Prompt gamma-ray activation analysis [PGAAJ using CN, will be

installed on the cold neutron guide NG2 at end position and placed

as far as possible from any sources of diffuse scattering

: 25-30cm3 (H.P.Ge.) detector placed

inside the central hole of a cylindrical

Nal(TI) scintillators of 254mm (j) and

Pair spectrometer
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254mm L divided optically into 6 slices.

Compton-Suppression Central H.P.(Ge) in a 240mm (j> and

Spectrometer : 250mm L Nal(TI)/BGO scintillator.

3.5 High resolution powder diffractometer (HRPD) will be installed in

the reactor hall, and constructed on the exit position of the

through tangential tube and looking at a thermal (beryllium)

source in opposite side of the cold source.

Monochromator Bragg angle

Remote monochromator selection

Incident wavelength

Beam size at specimen

Resolution

Angular ranges :

Collimation

Detection system

20M > 90

Ge (511), focusing + additional

monochromators

X>1.54A

25 x 50mm2

Ad/d = O.OO3

5"<20 <160 (Tandem

configuration)

91< 29 < 01+ 50 (Butterfly

configuration)

down to 7'-20'-7' or ai = a3 = 10'

Two banks each with 15 He3

(5 apart, 10 atm., 150mrti height)

The performance of each facility therefore is expected to be reported in detail

after completion of installation and operation.
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4. APPLICATIONS

In fact the local program depends of interest of scientists who want to use

neutron instruments. The thermal and cold neutrons have specific possibilities

to study on more large scale of structure and to increase the energy resolutions at

the study of dynamical effects. Possibilities of polarized neutrons open new

fields of investigations in fundamental problems of matter and in applied

material science as well. This will be a quantum jump in using neutrons for

material scientists in Egypt who are eager to study the advanced materials

among which for example, the properties of HTSC which is active and hot

scientific problem still open for competition and needs more and more studies

and such main neutron scattering instruments can be used to study :

• Atomic structure, lattice instability and oxygen atom distribution (HRPD)

• Excitation-phase transitions

• Magnetic field distribution, magnetic flux pinning mechanism.

• Oxygen vacancies.

• Structural and magnetic behaviour at low temperature.

• One of the main quantum of HTSC problems of whether magnetism is

involved in the formation of the superconducting state.

• YBaCuO compound dopped by Fe, the possibility of coexisting of magnetism

and superconducting.

• Dynamical spin correlation specially for Cu-0 Planes.

• Phonons to study superconducting . mechanisms i.e. lattice vibration in

superconducting ceramics (TAS).

• Depolarization method and polarization analysis of scattered neutrons can

scan magnetic fluctuations in this system. (TAS).

• Porosity of HTSC ceramics (SANS and Reflectometer).
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Other proposed studies and applications using such facilities are:-

• Porosity of oil to bearing rooks

• Porosity in cement industry

• Porosity in coal industry

• Amorphous spin glass

• Amorphous polymers

• Steel industry

• Investigation of structure of various hydrogen contained materials

• Internal and residual stress states controlling the welds

• Magnetic domains of texture

• Thin film multi layers for electronic industry

In conclusion the operation of large scale facilities is an important task of

(AEA). These facilities are also made available to scientists from universities

other non university, research institutes and industry, needless to say, foreign

research groups will have opportunities for access to these facilities. With this

context AEA operates its new second research reactor for a neutron source to

supply a variety of modern instruments with thermal and cold neutrons.

146



ID
>-
DC
UJ
CL

cr
HI
CD
2
D
2

0
1950

NUMBER OF RESEARCH REACTORS
ACHIEVING CRITICALITY

REASSURED
I [UNCERTAIN

1960 1970 1980 1990 2000

CALENDAR YEAR

Number of new reactors per year from 1956 to 1996. An upgrade In which
the reactor power Is doubled Is counted as a new s ta r t .



YEAR OF CNS STARTING UP

H ' J

YEAM Of CMS STAMTMO Uf

MODERATOR FLUID

Deuterium
25V

Hydrogen
62%

148



IOO

Z

o
cc
UJ
2

5 IO 2O 5O

MODERATOR TEMPERATURE

IOO 2OO 4OO

F i g . l



Cold Neutron Sources
Denmark
(Riso)

Cold helium
from cryo-ptonr

Vacuum

Cold hydrogen

Cold helium

Hydroycn supply
and standby cooling

Cold moderator chamber
with hydrogen

Vacuum

Shielding

SOURCE FROIDE ORPHEE
S C M M 4* prirtelpa circuit hydrogina

HYOROGCH
BUFFER
CAPACITY

VACUUM

HYDROGEN GAS
G O O UP

Courb* d * O*ln

(.QUO HYDROGEN
FLOWWO DOWN

CRYOPIM*

CaOH£LIUM

CONOCHSOR

10 • 10 •

. ! • •

OUTLET

axo HELIUH

France
(Saclay,
Grenoble)

VACUUM
CHAMBER

HYDROGEN
CELL

NEUTRON
B6AM

10'

I01

10'

10'

150



Neutron House Quid© Hall Floor Plan

bacfcsctmmng
spectrometer8 METER SANS

render] 30 METER SANS

Cold Neutrons high resolution
lime-of-flight
spectrometer

TIME-OF-FLIGHT
SPECTROMETER

NEUTRON LIFETIME
EXPERIMENT

, REFLECTOHETER
1 PROMPT GAMMA

SPECTROMETER
30 METER SANSINTERFEROMETER

OPERATIONAL NOW operational in 1994

Floor plan of the guide hall.

0 2 4 6
i meters



To Neutron House

'VI

AUXIUAKY I'UOL
lANCENllAL IKKAIJIAIlON

l FUCl

5TORAGE v

(AUWUAKV I'OOL) *

HAIJIAL IKKAlllAllON
r AU11TY

KAOK'CKAI'IIY
UlvOtKWATfK

SPENT TUEL

STORAGE BASKETS

(REACTOf< TANK)

( A h -

THERMAL
COLUMN

FACIU1Y

'CORE CreiU

II (RADIATION GRID



EG0600181
2'"1 Conlcrcnce on Nuclear and Particle Physics,

13 - 17 Nov. 1999, Cairo, Egypt
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A b s t r a c t : The activation analysis with charged particles (ChPAA), as well as
proton activation analysis (PAA), mainly requires separately irradiation of thick
(thicker than the range of particles) samples and standard. Therefore for
simplicity of determination of traces of chemical elements by instrumental PAA
the absolute activity of the radionuclides must be known. Consequently we
compilated data for nuclear decays (half life, radiation energy and intensity, type
of decay, saturation factor), for nuclear reactions (excitation function, threshold
energy, Q-value, yields of ralionuclides), for the element under study (natural
isotopic abundance of the nuclide, which yields the nuclear reaction considered,
molar mass), stopping power of the irradiated material and the range of the
particle that are used in the calculation of the absolute activity of the
radionuclides and for the resolution of a nuclear interference problems of PAA.
These data are tabulated. The tables of the radionuclides are presented in
dependence on increasing atomic number and radiation energy as well as on
methods of the radionuclide formation. The thick target yields of analytical
radionuclides are presented versus particle energy.

1. INTRODUCTION

Activation analysis is a promising method and holds one of the leading
positions among other methods. The most widely used version of nuclear
methods, neutron activation analysis (NAA), makes it possible to determine the
content of medium weight and heavy elements in quite small samples at the level
of 10"* -10"12 g. Using this method, however, all the light elements and some
others with Z^10 can not be determined with sensitivity required. Therefore in
solving some special problems on determination of concentration and distribution
patterns of light elements in pure materials, on analysis of different objects which
are not "convenient" for NAA by their nuclear properties now more often are used
activation methods employing charged particle accelerators. Activation analysis
with accelerated charged ions, to some extent, bridges gaps in this area [1,2].

Basic analytic characteristics of activation analysis with charged particles
depends on a number of physical characteristics of nuclear reactions used, of a
particular radionuclide produced, on the effect of interfering reactions. In solving
of a particular analytical problem first of all a comparison of capabilities of
existing methods is made and the most suitable of them is chosen. It can only be
made if sufficiently reliable, precisely measured nuclear data are available. Such
data are needed in assessing analytical capabilities of the method (its sensitivity,
limit of element determination), in choosing optimal experimental conditions in
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order to achieve maximum sensitivity and accuracy, in handling experimental
data obtained, in simplifying activity measurements and identifying the
radionuclide, in excluding the application of radiochemical method of separation
of irradiated samples, and so on. Therefore there was a real need for a handbook
covering reference data for activation analysis with charged particles.

Currently available handbook on activation analysis do not involve the full
data for activation analysis with charged particles, in particular, for proton-
activation analysis (PAA) [3]. Neither do cover this gap existing handbooks on
nuclear physics [4,5]. Besides, a specialist whose activity is related to activation
analysis does not need in extensive reference material necessary for basic
research in nuclear physics. Therefore we have compilated in this book the
nuclear data necessary for PAA as such and in so doing we were guided by the
principle of maximum simplification of analyst-experimenter's task. All the
necessary data are presented in the form convenient for use.

2. PROTON INDUCED NUCLEAR REACTIONS

Activation analysis is based on inducing radioactivity in the target as a result
of nuclear reactions. Applicability of a given nuclear reaction for solving analytical
problems can be evaluated by its cross sections, threshold energies, by the
yields of radionuclides produced, by the contributions of the interfering reactions
producing the same radionuclides. When protons with initial energies of 10 to 12
MeV are used the number of reaction channels is small [6]. In this case the (p,n),
(p,2n), (p,y), (p, a) reactions are recommended as analytical ones. Because of
resonant nature of the (p,y) reaction and the fact that the Coulomb barrier is too
difficult for a-particle to overcome (especially when Z >20), the
(p,y), (p, a) and (p, an) reactions are used quite seldom. Therefore PAA mainly
uses the (p,n) reaction, while the (p,a) reaction is used in quite a few cases for
determination of the light element contents in samples (e.g. that of nitrogen).
Increasing the proton energy over 10 MeV makes it possible for the (p,2n), (p,d),
(p,pn), (p,3n) etc to occur that increases the probability of production of the
interfering radionuclides. For this reason in order to suppress the probability of
interfering reaction the initial proton energy is chosen in the range of 10 to 14
MeV. In so doing what should be taken into account is the possibility of
production of the radionuclide in question in the neighboring elements through
the reactions of the (p,y), (p.a), (p, an), (p.pn), (p,d) types. Thus, the initial proton
energy of about 10 to 12 MeV is more suitable for PAA.

3. BASIC EQUATIONS OF ACTIVATION ANALYSIS WITH CHARGED
PARTICLES

In passing through a thick (R<x) target the charged particle may interact with a
nucleus at any point of its path, at which its kinetic energy is E(x). As the particle
advances deeper into the material its energy decreases gradually. For
calculations of nuclear interaction probability it is of importance to know to what
energy the particle has slowed down by the moment of nuclear interaction, i.e. to
take into account its energy losses in the target material. In such a case the
number of nuclear transformations per second taking place in an infinitesimally
thin layer Ax at the depth of x is obviously equal to :
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= F(x)na(x), (1)

where a(6) is the cross section of nuclear interaction at the depth x from the
surface of the material being irradiated, F(x) is the particle flux at the same depth
which practically does not change until particles stop; n - concentration of target
nuclei. If x « R , i.e. the energy of the particle does not practically change, then

4B = FnaAx (2)
At

The total number of interactions in a thick layer of the material (when x >R) can be
obtained by integrating (2):

R R

# = J F(x)na(x)dx = Fn J a(x)dx (3)
0 0

The fraction of particles that have had a nuclear interaction is called nuclear
reaction yield Y:

nJa(x)dx (4)
0

Nuclear reaction yield is a physical quantity that readily illustrates the analytical
capabilities of the activation analysis. In this book radionuclide yields are used
as basic nuclear data for PAA.

If a radionuclide is produced as the result of nuclear interaction, then the
decay of unstable nuclei should be taken into account. In activation analysis the
content of chemical elements is determined by the number of decays of
radionuclides produced which is usually determined via "off-line" measurements
of their activity. In the course of target irradiation, accumulation of radionuclides
and at the same time their decay take place. Therefore the equations mentioned
above should be corrected for these factors taking account of saturation and
decay;.

dtdx
where aact- activation cross section. Here

m 0 M

where mx -the mass of the element being determined in the material with mass
m0; 0 - the natural abundance of the target isotope, Mx -molecular weight of the
element being determined; C* -the weight fraction of admixture in the material
being analyzed.
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If the distribution of particles in the flux and that of the element being study within
the sample are not homogenous, then in (5) n(x) should be used instead of n.
We will consider the case when F(x)« const and n(x)» const. In this case the
number of radioactive nuclei accumulated in the target during the irradiation time
interval tirr can be found by integrating Eq.(5) over the range:

1 — xt -

* 0
If measurement of the activity is carried out during detection time
then the decay rate A can be found as follows.

n

A = î act = Fn0_ _ e-xt i r r )(i _ e-^det) f CT(x) (7)
td J

If the measurement is carried out tdi, after irradiation, then disintegration rate of
the radionuclide is given by

0
Equation (8) is a generally accepted equation of activation analysis. Evidently, in
activating thin samples it takes the form:

AA = Fn(l - e-^irr )(1 - ^-^det )e~^tdis aAx (9)

where F is expressed in sec"1; a-cm2; n -mg'1; x -mg/cm2; t -min; A,-min'1. In
ChPAA a concept of "thin target yield" is introduced and it is expressed in units of

Bk
uA*min*mg/cnn?

where 8, on the other hand, can be presented in the form

8(x) = -E nXo = 6.251012nXo (11)

Here F=6.25*1012l; I -the particles current, \iA.

For a given reaction 8(x) is a constant that defines analytical applicability of
the reaction since it provides direct information on the activity of the radionuclide
in question induced in irradiating 1 mg/cm2 thick sample during 1 min with current
of
1nA.
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Equation for activation thin samples will now take the form.

AA = It l n<xa(x)AxA=g^Vl - e-Mdet jewels (12)

In activating thick samples in each elementary layer the values of 5(x) should
be taken into account. Integration of 8(x) over the range of x, where activation of
the sample and production of the analytical radionuclide take place, gives for the
yield of the radionuclide for the thick sample

Y = J5(x)dx (13)

If x > R, then x=Ro - Ru, (where Ro is the range of a particle with initial energy Eo;
Rtt, is that for a particle with E=Eth). In such a case the yield of the radionuclide
from the thick sample is given by [8]

th
Y = 625*1012 n\ Ja(x)dx (14)

Evidently, if x « R , integration is carried out over the range of x. For this case it
follows

i r r °
The basic equation of activation can be derived for the thick target.

A = CxYIt.Tr ^ f k z f P I L ) ( l ' e"xt**)e"^s (16)

In practice it is difficult to provide identical conditions for irradiation both the
sample and the standard. Quite often the thickness of the sample and the
standard differ resulting in considerably different yields and demanding careful
analysis of experimental data.

4. NUCLEAR DATA FOR PROTON ACTIVATION ANALYSIS

The following data ChPAA are required:
1. Excitation functions or cross sections of nuclear reactions;
2. Yields of both shortliving and longliving radionuclides;
3. Characteristics of radionuclides - half lives, energies and yields

of x- and y-rays;
4. Ranges of a particle in media;

Consequently we compilated data for nuclear decays (half life, radiation energy
and intensity, type of decay, saturation factor), for nuclear reactions (excitation
function, threshold energy, Q-value, yields of ralionuclides), for the element
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under study (natural isotopic abundance of the nuclide, which yields the nuclear
reaction considered, molar mass), stopping power of the irradiated material and
the range of the particle that are used in the calculation of the absolute activity of
the radionuclides and for the resolution of a nuclear interference problems of
PAA. These data are tabulated. The tables of the radionuclides are presented in
dependence on increasing atomic number and radiation energy as well as on
methods of the radionuclide formation. The thick target yields of analytical
radionuclides are presented versus particle energy.

In underenumerated cutting out tables the examples of the presentation of the
nuclear data are showed.
In Table 1 characteristics of 83 chemical elements are presented.
In Table 2 the threshold energies of proton induced nuclear reactions and the
production of radionuclides for all the isotopes and chemical elements are given.
In Table 3 the radionuclides arranged in increasing order of their atomic numbers
in proton induced reactions on all the isotopes of chemical elements are
tabulated [9].
In Table 4 the radionuclides arranged in increasing order of their half lives from
0.13 sec to 13.2 year are presented.
In Table 5 the radionuclides arranged in ascending order of energy of their y-rays
from 21.60 keV to 5394 keV are given.
In Table 6 the radionuclides arranged in ascending order of energy of their x-rays
from 0.52 keV to 106.18 keV are presented.
In Table 7 yields of 25 radionuclides having T1/2 shorter 20 min (Y:10n

B^JJA" 1 ) are given.
In Table 8 yields of more than 100 radionuclides having T1/2 longer than 20 min
[Y:10n Bk/(nA*h)] are presented [6].
In Table 9 ranges for protons and stopping power for 35 chemical elements are
given.
In the book the excitation function figures of 140 nuclear reactions (Table 10) are
also presented [7].
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Table 1. Physical characteristics of chemical elements.

Element

Aluminium
Antimony
Argon

Atomic
numbe

r
13
51
18

Sym-
bol

Al
Sb
Ar

Atomic
weight

26.98
121.75
39.95

Den-
sity,

g/cm3

2.7
6.68
1.78*

Weigh-
ting point

°N
660,1
630.5
-189.3

Boiling
point,
°N

2500
1635

-185.9

Atomic weight and natural abundance of the isotope
(%)

27(100)
121 (57.25) 123(42.75)
36(0.337) 38(0,063) 40(99.6)

Table 2.. Threshold energies (MeV) of proton induced reactions and radionuclide production

Chemical elements

Z

3

5

6

7

8

Nuc
-lide

Li

B

B

C

C

N

N

0

A

7

10

11

12

13

14

15

16

Natural
abun-

dance, %
92.58

19.61

80.39

98.892

1.108

99.635

0,365

99.759

Nuclear reaction
(P.n)

MeV

1.8

4.8

3.0

3.2

6.3

3.7

Radio-
nuclide

'Be
i ° N

11N

13N
14O
1 5 Q

Nuclear reaction
(P.2n)

Eth,

MeV

17.3

17.9

Radio-
nuclide

10C

14O

Nuclear reaction
(P.pn)

Eth,

MeV

20.2

11.3

16.6

Radio-
nuclide

11C

13N

15Q

Nuclear reaction
(P.ct)

Eth,

MeV

-1.2

3.1

5.5

Radio-
nuclide

7Be

11C

13N

Nude

MeV

11.2

17.1

14.7

ar reaction
P,an)
Radio-
nuclide

7Be

10Q

11C



Table 3. Radionuclides arranged in ascending order of their atomic
numbers (h-hour, s-second, m-minute, d-day, y-year)

z

4.

6.

7.
8.

Radio-
nuclide
7Be

ioc

11C

13N
14O
15O

Half
life
53.61
d
19.48
s
20.34
m
9.96 m
1.14m
2.07 m

Energy of gamma- radiation, keV (quantum yeild,%)

477.5(10.3)

1022(1.47) 718(100)511(200)

511 (199.52)

511 (199.62)
2311 (100) 1634(0.035)511 (200)
511 (199.80)

Table 4. Radionuclides arranged in increasing order of their half-life
(Reactions type: 1-(p,n); 2-(p,2n); 3-(p,pn); 4-(p,a); 5-(p,an)
(h-hour, s-second, m-minute, d-day, y-year)

T1/2 Radio-
nuclide

0.13 s 24AI

0.18 s ^Sc

Target
isotop

e

W M g
25 Mg
28 Si

40 Ca

Re-
ac-
tion
typ

e
1
2

5

1

Q-
va-

lues,
MeV

-14.6

-22.8

-24.6

-15.1

T1/2

0.54

0.56

0.59

0.68

s

s

s

s

Radio-
nuclide

197m-t-i

129mLa

4 1Sc
42Sc

Target
isotop

e

198Hg
130Ba
42Ca
4 2Ca

Re-
ac-
tion
type

2
2

2

1

Q-
va-

lues,
MeV

-12.0

-15.1

-18.8

-7.2
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Table 5.
(h-hour,
Energy

of Y-

quan-

tum,

keV

21,60

22,50

22,70

23,54

Radionuklides arranged in ascending order of energy of their y-rays
s-second, m-minute, d-day, y- year)
Guan-

tum

yield,

%

4,76

2,0

0,14

1,8

Radio-

nuklide

1&1Gd

149Eu
126mgb

1 8 5 m W

T,fl

120 d

93,1d

11 h

1,67 m

Energy

OfY-

quan-

tum,

keV

34,49

34,95

35,46

35,48

Guan-

tum

yield,

%

2,3

0,65

4,6

6,7

Radio-

nuklide

13SCe

206Bi
125Sb
125,

Ti/2

17,76 h

6,24 d

2,77 d

59,89 d

Table 6. Radionuclides arranged in ascending order of energy
of their x-rays.(h-hour, s-second, m-minute, d-day, y-year)

Ex.
keV

0.52
0.85
2.65
2.65

Quan-
tum

yield,

0.04
0.16
0.23
10.3

Radion
uclide

1BF
22Na
3 4 mCI
3 7Ar

T1/2

1.83 h
2.6 y

31.99 m
35.06 d

Ex
keV

30.40
30.40
30.40
30.40

Quan-
tum
yield

14
23
51
12

Radion
uclide

1 3 5 mXe
1 2 4Cs
125Cs
126Cs

T1/2

16.65 m
34 s
45 m

1.64 m

Table 7. Yields of radionuclides having T1/2 shorter 20 min
(Y:10n

Nuclear
reactions

B->10C
B->11C
C V 3 N

Ep, MeV

7

4.9
1.3

8
1.6
6.4
1.7

9
3.3
7.7
2.0

10
6.3
9.4
2.1

11
9.8
10.4
2.3

12
15,2
17.3
2.5

n
6
9
8

161



Table 8. Yields of radionuclides having T1/2 longer than 20 min
[Y:10nBk/GiA*h)]

Nuclear
Reactions

Li->7Be

B->7Be

0->18F

F->18F

5
2.3

8
0.3

7
1.2

0

6
3.2

8
0.4

7
1.9

5

7
4.1

4
0.5

5
2.8

8

8
4.7

4
0.6

2
4.1

5

9
5.3

6

5.7
1

10
5.86

0.71

7.64

EPI MeV

11

9.65

12
6.75

0.77

10.8

2.0

14
7.40

0.83

12.2

100

16
7.94

0.95

13.1

572

18
8.38

1.12

14.0

133
0

20
8.78

1.46

14.8

2270

n
6

6

6

6

Table 9. Ranges and stopping powers for protons in different media.

1.
2.
3.
4.

EP,
MeV

1
3
8
1

Range

,138
,892
,084
,362

02
02
02
03

8
2
5
9

Range
g/cm2

Stopping
powers

MeV*
Hydrogen

,082 - 04
,764 - 03
,740 - 03
,766 - 03

7,063
4,033
2,886
2,271

cm2/g

02
02
02
02

Correction
factor

- 5,622
-1,653
- 7,988
- 4,749

02
02
01
01
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Table 10. NUCLEAR REACTIONS FOR WHICH EXCITATION FUNCTIONS ARE LISTED IN
THE BOOK

1. 'Li(p,n)'Be
2. 10B(p,n)10C
3. 11B(p,n)11C
4. 10B(p,a)7Be
5. 13C(p,n)13N
6. "C(p.pn/1C+
7. 12Cp,d)1fC
8. 14N(p,n)14O
9. 14N(pa)11C
10. 15N(p,n)15O
11. 14N(p,pn)13N
12. 14N(p,2aVBe
13. "O(p,n) 7F
14. 18O(p,n)18F
15. 16O(p,a)13N
16. 19F(p,n)19Ne

^ l 7
17.
18.
19. 24Mg'(p,a)21Na
20. 27AI(p.nrSi
21. "Sif l^p^AI

23.
24. "CafonTsc
25. "
26.
27. 47Ti(p,n)'"V
28. "
29. 51V(p,n)51Cr

31.
32. K

33.
34. 5rFe(p,n}57Co
35. 56Fe(p,an)52Mn
36. "
37.
38. 61Ni(p.n)61Cu
39. "'
40.
41.^Ni(p,a)*Co
42.
43.
44.

45. Cu(p,nrzn
46. ^Cufp.n^Zn
47.63Cu(p,2n)622n
48.63Cu(p,pn)62Cu
49. KCu(p,pn)64Cu
50. ^ZnCpn^Ga
S L t p . ^
52. 57Zn(p,n)OTGa
53. C p . ^
54. "Zn(p,an)60Cu
55. ^ Cp.r
56.75As(p.n)75Se
57.
58. C p ^
59. 82Se(p,n)82Br
60.79Br(p,n)79Kr
61.79Br(p,pn)78Br
62.
63.81Br(p,pn)8OmBr
64. ^ V
65.
66.
67.
68. C p . ^
69. 92Mo(p,n)92Tc
70. ^ ^

72. te^)
73.110Pd(p.pn)109Pd
74.109Ag(p,n)<09Cd
75.107Ag(p,pn)106Ag
76.107Ag(p,pn)106mAg
77.110Cd(p,n/10ln
78. 1 1 1 1 1 1( p , )
79.112Cd(p,n)112ln
80.113Cd(p,n)113mln
81.114Cd(p.n)114ln
82.114Cd(p,n)114mln
83. 116Cd(p,n)116mln
84.110Cd(p,2n)109ln
85.112Cd(p,2n)111ln
86. 113Cd(p,2n)112ln
87.114Cd(p,2n)113mln
88.116Cd(p,2n)115mln
89.116Sn(p,n)1i6Sb

9O."'Sn(p,n)"'Sb
118 118,91. °Sn(p,n) °Sb
119, 119C92. nisSn(p,n)1iaSb

93.12OSn(p,n)12OmSb
94.122Sn(p,n)122Sb
95.12OSn(p,a)117mln
96.128Te(p,n)128l
97. 13&Te(p,n)13Ol
98.12OTe(p,n)120ml

12&Te(p.n)120°l
12&Te(p,2n)119l

121

126i' 128.' 130.'

100. •|23Te>(p,n)123l
123Te(p,2n/22l

101.127l(p,n)f27Xe
102.127l(p,pn)126l
103.124Xe(p,2n)123Cs

124Xe(p,pn)f23Xe
104.137Cs(p,n)137mBa
105.134Ba(p,n)134La
106.136Ba(p,n)136La+

137Ba(p,2n)136La
107.139La(p,n)139Ce
108.14OCe(p,n)14OPr
109.14OCe(p,2n)139Pr
110.142Ce(p,n)f42Pr
111.142Ce(p,y)143Pr
112.141Pr(p,n)141Nd
113.141Pr(p,2n)140Nd
114.148Nd(p,n)148Pm
115.148Nd(p.n)148mPm
116.151Eu(p,n)151Gd
117.153Eu(p,n)153Gd
118.16OGd(p,n)16(>Tb
119.169Tm(p,n)169Yb
120.181Ta(p,n)181W

Cp.p
122.197Au(p,n)f97Hg
123.2WTI(p.2n)2MlI IPb
124. ^PbCp.nJ^Bi
125.2MPb(p,n)204Bi
126. ^BKp.nJ^Po
127.232Th(p,n)232Pa
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The Step Pyramid of King Djoser of the Old Kingdom

The Step Pyramid of King Djoser of the Old Kingdom

The Step Pyramid of King Djoser of the Old Kingdom (2900 B.C)

The Step Pyramid was designed for King Djoser (Dynasty 3) by his vizier Imhotep. The pyramid
is located in Saqqara, the main necropolis of Memphis. The multiple uraei (plural of uraeus, a
rearing cobra with a spread hood), on tfie left in the foreground, are divine protectors of the king.
The view is across the South Court.

The Step Pyramid is the first known monumental structure made of stone anywhere in the world.
As its name suggests, it is a series of six levels of stone decreasing in size as they ascend to about
200 feet/60 meters in height. Until this time, mastabas had been the principal form of tomb
architecture. A mastaba (Arabic for "bench") is a low rectangular structure which was built over a
shaft which descended to the burial location. The Step Pyramid originally began as a mastaba, and
it may have been visualized as a series of mastaba shapes, decreasing in size, stacked one on top
of another. Whatever the origin, it creates an impressive geometrical form rising from the floor of
the desert.
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In the framework of the modified FRITIOF model, the inclusive spectra of
the cumulative ir0-mesons produced in the forward direction in the nucleus-
nucleus interactions at 4-5 GeV/c/nucleon are calculated. It is shown that
the model reproduces qualitatively, and in some cases quantitatively the
main experimental regularities. According to the model, the production
of the cumulative particles is connected with the mechanism of the "soft"
nucleon-nucleon interaction, and with the character of the QCD string
fragmentation.

According to the generally accepted view point, the cumulative particle production
is caused by the existence in the nuclei heavy compact objects called "fiuctons". An al-
ternative possibility of the cumulative particle creation as a result of the so-called "hot"
process does not consider now. However, the "hot" models ideas have found an extraor-
dinary application in high energy physics in some modified forms. They are used in the
well-known models of multi-particle production as FRITIOF [3], RQMD [4], and HIJING
[5]. The common assumption of the models is that the soft inelastic hadron-hadron col-
lisions have a binary character a + b —» a' + b' , where a'- and V- are excited hadrons.
The excited hadrons with masses ma<, m;,/ > ma, mb are considered as QCD-strings, and
LUND-model [7] is used to describe their decays.

In the case of hadron-nucleus interactions, the models assume that an excited hadron
a' can collide with other nuclear nucleons and increase its mass. The same can take place
in nucleus-nucleus interactions.

As one can easily mark, the general representation of the hadron-nucleus interactions
assumed by the models is almost similar to that considered in Ref. [1]. The authors
of Ref. [1] supposed, heave hadron system (a fireball) which does not include a leading
particle, is created in the first collision of projectile hadron with a nuclear nucleon. The
fireball moving in the nucleus collides with other nucleons, slows down and increases its
mass. As a results, a production of particles in the regions kinematically forbidden in free
hadron-nucleon collisions becomes possible. Thus, one can expect that the cumulative
particles have to appear in the models, in particular, in the FRITIOF model.

Figs. 1, 2 show the experimental data [8] on fast TT0- mesons production in nucleus-
nucleus interactions at P — 4.5 A GeV/c with FRITIOF model calculations taking into
account the last corrections [9]. As seen, the FRITIOF model predicts the cumulative
particle production.

7T°- mesons production in the pC-, pCu-, aC-, aCu-, CC- and CCu- interactions at
momentum 4.5 Ap GeV/c have been studied experimentally in Refs. [8]. 7- quanta were
registered at the experiments by 90-channel Cherenkov 7-spectrometer of LHE FOTON
setup. 7r°- mesons with the angles in laboratory system (in the rest frame of target )
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0* < 16° and energies ET > 2 GeV were considered after estimation background conditions
and 7T° identification.

In Fig.l, the experimentally measured invariant cross-sections of TT0- mesons produc-
tion per mass number of projectiles (Ap) as a function of cumulative number X are
presented by circles. The variable X was determined as

mNEvo -mlo/2
.A — — m2

N +

where m# and m ô are nucleon and meson masses, respectively, Ppt is the momentum
of projectile per nucleon (/V = 4.5 GeV/c) P̂ o is TT° momentum, EN = \JM% + Pjy,

E*o = Jm\0 + P%o- The systematic errors of the cross-section is about ~ 20 %. The
statistical errors are in the circle limits.

In Fig. 1, histograms demonstrate calculations of the cross-sections of r°- mesons
production at Eno > 2 GeV and 0ro < 16° performed within the framework of FRITIOF
model. The calculation results are normalized on the nucleus-nucleus interactions cross
sections obtained in Glauber approach [10]. As seen, the slopes of experimental and the
calculated curves are close, but the calculated cross-sections overestimate the experimental
values 2-3 times.

Fig. 2 illustrates a better agreement between calculations and experimental data. Fig.
2 gives the invariant cross-sections of 7r°-mesons production with respect to the ir° -meson
transverse momentum. The model reproduces both spectrum forms and the absolute
values of the cross-sections. The reason of such different descriptions of experimental
data of fig. 1 and fig. 2 is not clear for'us.

The model FRITIOF allows one to decipher the cumulative particle production mech-
anism in detail. The different characteristics of CC-interaction events accompanied by
the fast w° -meson production are presented in fig. 3. Fig. 3a shows the yields into
the invariant inclusive cross-section of projectile and target nucleons ( dashed and dotted
curves, respectively). The relative yields are given in fig. 3c. As seen, the contribution of
the target nucleons is about ~ 25 %.

Fig. 3d shows the average longitudinal momenta of projectile and target nucleons
before and after the interaction (solid and dashed curves, respectively). According to
the figure, more and more energetic projectile nucleons are selected with increase the
cumulative number. Accounting the Fermi-motion is not critical for the description of the
inclusive cross-sections because without the Fermi-motion the cross-section in the region
ofX~0,9-1 .3 does not decrease in needed quantity, the slope of the cross-section is only
changed It is natural that the longitudinal momenta of projectile nucleons decrease some
during tho interaction, but this takes place below X ~ 1.5. The nucleons acquired tho
momenta larger than momenta of incident nucleons, give the contribution in the region
of large X. The considered effect of the nucleon acceleration is a specific feature of the
assumed nucleus-nucleus interaction mechanism.

Fig. 3e gives the analogous characteristics of the target nucleons. The longitudinal
momenta of target nucleons are small before the interaction (see dashed curve). In the
course of the interaction, the nucleons have to acquire significant longitudinal momenta
for the cumulative particle production in the forward direction (see solid curve).

Fig. 3f shows the masses of the projectile and target nucleons which give the cumu-
lative meson, after the interaction (see solid and dashed curves). As seen, the projectile
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nucleons acquire larger excitations then the target nucleons. These coincide, with the main
imaginations of the "hot" models with the exception of the possibility of the nucleon ac-
celeration.

The authors express their sincere gratitude to Kh.U. Abraamyan, G.L. Melkumov and
A.G. Litvinenko for their fruitful discussions and valuable remarks.
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Figure 1- Invariant inclusive cross-scc1,ions of TT°-mesons production in nucleus-nucleus
interactions at 4 5 GeV/c/nucleon. The points are experimantal data [8], histograms are
the FRITIOF model calculations.

0.2 O.-4- o.e o.a

Figure 2: Invariant inclusive cross-bections of 7r°-mesons production in nucleus-nucleus
interactions at 4.5 GeV/c/nucleon. The l.otation is identical tc that in fig. 1.
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ABSTRACT

Fxpcnmcntal data on nuilti-nagmentarion of residual krypton nuclei created
MI the Miteracnons of the krypton nuclei with photoemulsion nuclei at eneig) of
0.9 GeV per nucleon are presented in a comparison with the analogous data on
fragmentation of gold residual nuclei at the energy of 10.7 GeV/nucleon. It is
shown for the first time that there are two regimes of nuclear
multifragmentation: the former is when less than one-half of nucleons of
projectile nucleus are knocked out, the later is when more than one-half of
nucleons are knocked out. Residual nuclei with closed masses created at
different reactions are fragmenting practically simultaneously when more than
one-half of nucleons of original nuclei are knocked out. The evidence of
existence of a radial flow of the spectator fragment at the decay of residual
krypton nuclei is found.

1 INTRODUCTION

Interesting experimental results on nuclear multifragmentation at low and
intermediate energies have recently been obtained. The radial spherical
symmetrical flow of fragments, or, in other words, the proportionality of
the kinetic energy of a fragment to its mass was discovered in central
collisions of gold projectile [1-5]. The existence of the flow contradicts the
assumption of a stochastic character of the nuclear multifragmentation
process. The radial flow of spectator fragments in the rest frame of a
fragmenting nucleus has been found at study of projectile gold nuclei
interactions with photoemulsion nuclei at energy of 10.7 GeV/nucleon
[6,7] According to estimations of Ref.[5], the energy of the radial motion



ranges between 30 % and 50 % of accessible energy. At the same time, the
another of the remarkable experimental result [8] obtained by the
ALADIN jollaboration-the constancy of isotope temperature over the
wide range of the excitation energy, is treated as an evidence of first order
phase transition (liquid-gas) and statistical nature of the nuclear
multifragmentation. The third experimental result [9] reported by the
INDRA collaboration-the independence of isotope composition of the
fragments on the mass of fragmenting nuclei at the same excitation energy,
is interpreted as a sign of spinoidal instability of residual nuclei. There is a
direct evidence of a perplexing situation.

We believe that the present state of the activity may be settled by
studying the fragmentation of light enough systems )in the investigations
mentioned heavy systems were analyzed). In fact, the famous statistical
multifragmentation model (SMM) [10,11] was in use to describe both
heavy nuclei and oxygen residuals fragmentation [12]. No less famous the
quantum molecular dynamic model [13], in particular, the quantum
antisymmetrized molecular dynamics model [14] which incorporates
effects of the mean field, are generally applied to light nucleus induced
interactions. Hence, there is an intersection region where two approaches
can be applied. The purpose of this chapter is to present the experimental
data on multifragmentation of residuals created in 0.9 GeV/nucleon
krypton initiated interactions in emulsion.

We start our analysis with the most interesting dependence of multiplicity
of intermediate mass fragments (IMF) on the mass of fragmenting system
whose measure is the so-called "bound" charge:

_ . , , (ZF>2) (1)

or

•v , ( Z F > 3 ) (2)

where ZF is a charge of a fragment. IMFs have charges 3 < Zp < 30.
Next, we consider intrinsic characteristics of the fragmenting systems

such as, the average charge of the largest fragment, asymmetry in the
fragment system, etc. Our consideration is summarized in a grief summary.
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2 Experimental material

Stacks of NIKFI BR-2 emulsion pellicles were exposed to a 1 A GeV
84Kr beam at the SIS/GSI and a 10.7 A GeV 197Au beam at the BNL/AGS.
The sensitivity of the emulsion was not worse than 30 grains per 100 uk
for singly charged particles with minimal ionization.

To carry out the analysis, the events induced by krypton nuclei with
energy in the interval 0.8-0.95 GeV/nucleon were taken. The mean
collision energy for this sample was thus reduced to about 0.9 GeV per
projectile nucleon.

All the interactions were found by along-the-track-"fast-slow" scanning
with a velocity excluding any discrimination in the event selection. A slow
scanning (in backward direction) was made to find the events with
unbiased projectile track. After excluding the events of electromagnetic
dissociation and purely elastic scattering, a total of 677 krypton-emulsion
interactions and 1057 gold-emulsion interactions have been obtained.

Experimentally, the spectator fragments with Z=2 were classified by the
visual inspection of tracks. The ionization of such tracks is constant pver
the whole length and equals g/go=4, where go is the minimal ionization of
singly charged track. Charge assignment for multiply charged tracks were
provided by delta-electron density measurements on the length not less
than 10 mm. The calibration was made up on known primary tracks and
tracks of the double charged fragments. The accuracy of the measured
charges was around three charge units for Z > 40 and one charge unit for Z
<20.

The relativistic particles emitted at 0 < 0o (0 is the emission angle) were
considered as singly charged fragments. 0o is determined as

Sin0o =0.2/P0 (3)

where Po is the projectile nucleus momentum per nucleon in GeV/c.
In each investigated event, the polar 0 and azimuthal cp angles of all

charged particles were measured.
The transverse momentum of a spectator fragment was defined as

I PF I = 2ZF Po sin0 (4)

The ratio A/Z for fragments was assumed to equal two. The mean relative
accuracy in the transverse momentum of fragments does not exceed 7%.

It should be noted that at high energies in contrast to low and
intermediate ones two clear-out distinguishable regions corresponding to
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the projectile and target fragmentation are observed. The probability of
compound nucleus creation is assumed to be small. Thus, the question how
to select the fragments of the projectile and target nuclei is simply settled
Projectile fragments are regarded to have the velocities equal to that of
projectile nucleus Having this mind, the relation (4) was suggested
Clearly, it is invalid for deep inelastic collisions where the fragments loss
significant parts of their longitudinal momentum. The lack of necessary
experimental information and specificity of the photoemulsion experiments
prevent this circumstance from being taken into consideration.

The assumption of equality between the number of protons P and
neutrons N in the fragments brings main uncertainty to fragment momenta
For heavy nuclei (N > P), the relation (4) underestimates the transverse
momentum For double charged fragments among which 3He isotopes are
presented , the relation (4) overestimates, on average, the transverse
momentum. As shown in [15], 10% 3He admixture among all the
fragments with Z=2 gives less than 1 % growth in the dispersion of the
transverse momentum (the dispersion changes from 162 to 164 MeV/c).
This result cannot, of course, have any effect on the conclusions of the
present chapter

Identification of the target fragments in photoemulsion experiments
requires a special track measurement technique that is not used at our
studies. Thus our data concern the fragments of projectile nuclei, which
were identified by the commonly accepted emulsion analysis procedure. In
photoemulsion studies dedicated to high energies (E > 1 A GeV), the
projectile fragments are usually called as spectator fragments. We will
follow this tradition, sometimes omitting the assignment "spectator".

3 IMF multiplicity dependence on nuclear residual mass

It is obvious that the multiplicity of intermediate mass fragments (NIMF)

rises with increasing the excitation energy at a fixed nuclear residual mass.
However, at high excitation energies, the production of light fragments
gets dominant, and < NIMF > rnust decrease. It is just the dependence that
has been observed by the ALADIN-group [16-18 ] for multifragmentation
of gold residual created in the interactions of the gold projectile with
various targets at an energy 600 MeV/nucleon. The "bound" charge ZboUnd
which includes the charges of a-particles was taken as a measure of
nuclear residual mass. Since a-particles can be produced at the pre-
equilibrium decay stage, another value, Zb3 [19], was suggested to be used.
The most remarkable result was that < NIMF > as a function of ZboUnd or
Zir, had proved independence of the target mass As the dependence under
discussion is essentially determined by a relation between the excitation
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energy and the nuclear residuals mass, one can conclude that the gold
residuals of the same masses from various reactions have nearly the same
excitation energies Our results of Fig. 1 allows one to make the statement
more precise.

Fig.l displays the EMF multiplicity as functions of Zbound and Zb3 (open
squares) in the interactions of krypton nuclei with photoemulsion nuclei at
energy of 900 MeV/nucleon in a comparison with the analogous data on
10.7 GeV/nucleon gold nuclei interactions (closed circles) [6]. As shown,
the data points for Kr and Au nuclear residual fragmentation are close to
each other for ZboUnd ^ 22 and Zb3< 16. Although the error bars for Kr-
points are quite large, we can say that at the average IMF multiplicity for
Kr projectile is larger than that for gold nucleus at the same value of Zbound.
At the same time, the < NIMF > as functions of Zb3 for the two projectiles
are practically in a coincidence at Zb3 < 16. This indicates that nuclear
residuals of the same masses formed in interactions of different systems at
high energies have approximately the same excitation energies if the initial
nuclei have lost more than one half of their nucleons at the fast stage of the
collisions

We focus attention on the fast growth of our IMF multiplicity in the
region of Zb3 ~ 30 with decreasing Zb3 . The rise seems to be related to a
threshold character of the nuclear multifragmentation. Clearly, at small
excitation energy the process of evaporation of nucleons and light nuclei is
dominated. At large excitation energy, the multifragment decay channel
opens. It was not clear whether the probability of the last process evolves
smoothly with excitation energy increase or whether it is threshold
character. It is difficult to note a change in the evolution of IMF
multiplicity at large Zb3 for gold residuals fragmentation due to large error
bars The statistics of the data is not rich enough to give conclusive results.
The data of the ALADIN collaboration at Zb3 > 70 have the required
statistics but, seemingly, suffer from methodical uncertainties. We believe
that a study of IMF multiplicity at large Zb3 intended to look for the
threshold character of the nuclear multifragmentation is of great interest.

4 Dependencies of intrinsic characteristics of decaying system on
and

A quite unexpected result was obtained at an analysis of the heaviest
fragments. Fig.2 shows the mean charge of the heaviest fragment in an
event as a function of Zbound or Zb3 (symbols are the same as in Fig. 1. One
can see a clear change in the dependence of < Zmax > on Zb3 at Zb3 ~ 17.
The analogous change, but not so pronounced, has been found in the gold
residuals fragmentation. This effect is slightly shaded when Zbomd is used.
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Thus we can conclude that nuclear residuals in different manners when
more or less one half of nucleons from the primary nucleus are ejected.
The data presented in Fig.3, where the average asymmetry coefficient
(A 12) as a function of Zbound or Zb3 is plotted, confirms the above
conclusion.

The value of A12 for each event is defined as

7 - 7
\ = x x (5)

where Z\, Z2, etc-the charges of fragments ordered such that Z\ > Z2> Z3

....,Z] = Zmax • As seen, there is not any peculiarity in the dependence of
<Ai2> on Zbound- <Ai2> as a unction of Zb3 remains practically constant at
Zb3 < 17 and then increases sharply with Zb3 - the events with Zb3 < 17
have strong asymmetry A similar behavior is also observed at the
fragmentation of heavier systems.

Summing up, we can conclude that there exists at least two regimes of
fragmentation.

5 Energy of fragments as functions of ZbOund or Zh3

According to the statistical model of nuclear multifragmentation, the
kinetic energy of the fragments in the rest frame of fragmenting nucleus is
determined by the charge of the residual nuclei. Hence, the decrease of the
fragment energies can be expected with decreasing Zbound [20]. Going from
the laboratory system to a rest frame of a fragmenting nucleus, we have
used the Gallilean transformation described in Ref.[6]. The average kinetic
energy of a fragment is connected with its transverse momentum, assuming
the isotopic decay, by

(6)

Here, PF -the transverse momentum of the fragment, Zp -its charge and
-the mass of the nucleon.

Fig.4 presents the mean kinetic energies of the fragments in the evenis
with the number of multiply charged fragments (ZF > 3) larger or
three. One can see that the kinetic energy of Kr fragments, has w
to be decreased with decreasing the mass of residuals, m fc tegjum Z^^^
25. Moreover, in the region they are practically permaneM A Similar
behavior is observed at the fragmentation of gold residuals*. %e results
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provide an evidence for the radial flow of the fragments, with the energy of
the flow depending on the mass of the initial nucleus (according to our
data). The used symbols are, closed circles for the interactions of krypton
nuclei with photoemulsion nuclei and open circles for the interactions of
gold nuclei with photoemulsion nuclei.

6 Summary

The experimental data on the multifragmentation of the krypton residual
nuclei formed in the interactions with photoemulsion nuclei at energy 0.9
GeV/nucleon are presented.

The mechanism of the nuclear residual fragmentation is shown to be
practically independent on the mass of projectile nucleus if Zbound does not
exceed a one half of the charge of the initial nucleus.

The evidence are obtained that the multifragmentation is of a threshold
character and that there is a radial flow of the fragments that depends upon
the mass of the initial nucleus.

The experimental regularities manifest themselves more brightly when
the value Zb3 is used as a measure of the residual mass.

Further experimental and theoretical studies of the multifragmentation of
intermediate mass nucleus are of interest.
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Abst rac t The high-energy method for potential scattering is adapted for the nucleus-nucleus collisions
at energies of several dozen MeV/nucleon and higher Attention is paid to analytic forms of the eikonal phases
to make possible a qualitative consideration of physics of processes and perform fast numerical calculations It
i« shown that the closed form of the eikonal phase suggested for the realistic Woods-Saxon type potential is a
hopeful OIK- for further application!) Applicability of the Glauber-Sitenko approach for scattering at small anglrs
is analysed, and a role of the Coulomb deviation of the straight-ahead trajectory of motion is investigated The
methodical calculations and comparison with experimental data are made.

1 Introduction

Nncloar collisions at comparatively high energies E > U and small wavelengths kR > 1 are
highly sensitive to parameters of the interaction potential and nuclear structure In this re-
gard, elastic scattering makes the basis for understanding more complicated processes, includ-
ing reactions of nucleou transfer. Within the framework of initial conditions, one can construct
appropriate models by using the so-called eikonal wave functions

= exp\ikr- ^ - / [V(r)^iW(r)]dx\ . (1.1)

where U(r) = V(r) + iW(r) is the potential; r = \/b2 + A2, the distance between centers
of colliding nuclei; and b, the impact parameter. This expression can be derived (see, for
instance, [1]) if in the quasiclassical function exip(iS(f)/h), one expands the action S(f) =
J[E - U(f— Ac/A)]x/2dA in small parameter UjE < 1, leaving the terms of zeroth and first
order. Function kc\{T*) defines the trajectory of motion which in the case under consideration is
regarded as a straight line along momentum k at asyinptotics. Minor deviations of a genuine

trajectory can be taken into account if in (1.1), one replaces the vector k by k = k ̂  <fc/2,
where qc — 2fcsm(0c/2) and 8C ~ U(Rt)/E is the classical angle of deviation corresponding to
t lie radius of closest approach of nuclei [1].

In this paper, we study applicability of the high-energy approximation (HEA) developed in
[2], [3] for small angles of scattering (the Glauber- Sitenko approach) to elastic nucleus-nucleus
collisions. This approach is applied succesfully in problems of proton-nucleus scattering when,
.i.s <i rule, I lie nuclear potential in the Gaussian form is used and the Coulomb interaction is
of minor importance. However, in the case of nucleus-nucleus scattering, the role of Coulomb
forces is rather significant, and the small-angle approximation requires a. special investigation.
Moreover, in scattering of nuclei, one should deal with extended nuclear potentials, mainly with
a typical Woods-Saxon potential, but for the latter, one no suitable analytic form of the eikonal
phase has been found. Recently, in [4], we have obtained a simple approximate expression for
the phase but for the symmetrized Woods-Saxon potential (the form pf the symmetrized Fermi
function) written as follows

nt \ TT i ^ / \ sinh(i?/a)
U(r) = Uo uSF(r), uSF(r) = \ ' > 1.2)

cosh(it/a) + cosh(r/a) v '
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Below we will use it to study the range of its applicability for heavy-ion scattering as well as a
possibility to use there the small-angle approximation. Effects of Coulomb distortion of the tra-
jectory of motion will be analyzed, and the respective methodical calculations and comparisons
with experimental data will be discussed, as well.

2 Scattering amplitude

The high-energy approximation for small scattering angles was developed by Glauber and Sitenko
[2], [3]. The corresponding amplitude can be derived from the standard expression for the
scattering amplitude if for the exact function of relative motion, one substitutes its eikonal
ansatz (1.1):

(2.1)

where m is the reduced mass; q = kt - fcy, the vector of momentum transfer q = 2fcsin(0/2);
and (9, the scattering angle. This formula can be simplified if one takes the cylindrical system
of coordinates, where the axis oz \\ kt, the axis ox lies in the plane of vectors k^ kj, and b _L fc,
Now the volume element is d3r = bdbdipdz, and the scalar product is defined as follows:

qf - qibcos<f + q2z. (2.2)

IUMO <7i = <7cos(0/2) is a Uansverse component; and </2 = gsin((?/2) a longitudinal component,
of the momentum transfer. In the small-angle approximation, the second term (&* in (2.2) is
neglected, and one can set q\ = q. If we consider that a major contribution to the amplitude
(2.1) comes from the region r ~ z ~ R, then this approximation holds valid under the condition

(2.3)

In this case, the integral over tp is reduced to the Bessel function of zero order, and integration
over z is made by parts with the use of the equality U(r) = (d/dz) J^ U(r)d\; in this way, we
arrive at the known result

f(q) = ik j°° db bjo(qb) (l - e^N + ̂ *c) . ( 2 . 4 )

Jo K '

Here each of the nuclear and Coulomb eikonal phases has the form

(2 5)

In [2] it is shown that at finite scattering angles when q ^ 0, the first integral in (2.4) with 1
inside brackets equals zero. Then it is interesting to note that the remaining part of integrand
(liviM&cs <U asymptotics as fr1/2, because at largo /;, the cikonals $(/.»), generally speaking, tend l,o
zero. This problem is related with the small-angle approximation when one puts exp(iq2z) = 1
and thus eliminates the factor of convergence in the integrand. However, in the optical model,
the convergence is provided by the imaginary part of the potential iW = —i\W\.

An independent estimate of the range of applicability of this approach can be made proceed-
ing from the HEA amplitude for large scattering angles 6 > 1/kR (see [5])
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Figure 1 Scattering cross sections in the field of nuclear potential (1.2) with VQ =
-50 MeV, 7-0 = 1.04 fm, a = 0.75 fm at Wo = -42 MeV (on the left) and Wo = -13 MeV
(on the right). Solid lines - with the factor of convergence F(q2,b) in (2.7), dotted lines -
without that factor.

Note that the eikonal functions (1.1) do not contain outgoing (incoming) spherical waves in
asymptotics. The use, in (2.6), of two rather than one distorted waves like in (2.2) somewhat
compensates this drawback, which allows one to move into the region of large scattering angles.
As the integration contour, we again take a straight line along kt and the cylindrical system of
coordinates. Then in distorted waves (1.1), the limits zx and zj coincide with each other, and
using both terms in (2.2), we obtain

W) = - ^ r dbbJ0{qib) e^F(q2,b),
n Jo

where

(2.7)

(2.8)

has a meaning of the form factor of the distribution function u(r) of potential U(r) — Uou(r) at
a fixed impact parameter b. It is just the factor F(q2,b) that ensures the convergence of (2.7),
and if it is set to equal 1, we arrive at the mentioned integral in the Glauber-Sitenko approach.
Figure 1 shows how this factor influences the angular distribution of scattering in the field of the
Saxon-Woods potential at different energies. It can be established that the difference between
calculations with F(q2,b) (solid lines) and without (dotted lines) occurs at angles somewhat
smaller than the estimate (2.3) for applicability of the small-angle approximation, 6(4He) ~ 10°
and 6(40Ca) ~ 4.5°.
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3 Eikonal Phases of Coulomb and nuclear potentials

Representing a potential as U(r) = Uou(r), where UQ characterises its value; and u(r) is a
dimensionless function of its distribution in space, we can introduce the notation

where the phase, or profile, integral I(b) carries information only on geometrical parameters of
Llie potential

At r > Rc = ^ ( y l / 4- A2 ) nuclei interact like point charges Z\e and Zie.- In this case
Uo = UB — Z\ Z^e2/ Rc and upc = Rc/r, whereas the profile integral and eikonal phase are equal
to

Jpc(b) = 2RC / m -, = -'2Rc\n— = -2

= 2r]\n1^-= 2r]\n(kb)-§ = 2r)ln(2kL). (3.3)

Here $ a appears because of the charge screening at large distances i , and rj — Z i ^ e 2 jUv is the
SOIIIMHM fold p.u.unetcr. The respective amplitude of Coulomb scattering [2] is ;is follows:

fpc(q) = — ^ jdb bl + 2^J0(gb) = - ^ e-^Hi/U) + 2ia0 - z*a ( 3 4 )

where a0 = arg F(l + trj) is the Coulomb phase.
For heavy-ion scattering the usually applied Coulomb potential is that for the field of the

unifoimly charged sphere having radius Ru and density p(r) = p0Q(Ru — r). It has the form

\ - r) + UB^O(r - Ru), (3.5)
Z 7*

where UB — ZxZ^e1 jRu. The corresponding eikonal phase is equal to

\n(kRu) + ln(l + y/l - b2/Rl) - ±y/l-byRl(4 - b2/Rl)], b < Ru

2riln(kb)-$a, b > Ru.
(3-6)

The radius of a sphere Ru can be connected with the root-mean-square radius of the realistic

charge-density distribution by the relation Ru = y^Rrma- For instance, for the Fermi-like den-
sity distribution (2.6) with radius Rc and diffuseness ac we have Ru = Rcy/l + (7/3)(7rac/i2c)

2.
In calculating the amplitudes of nucleus-nucleus collision (2.4), there arise the problem with

integration owing to divergent terms In(fc6) in the Coulomb eikonal phase. This difficulty can be
ouMcomo if one adds and subtracts the eikonal function exp(z<J>pe) in brackets in the integiand
(2 I). Then we obtain, respectively, the sum of the amplitudes of Coulomb scattering on a
pointlike charge and a corrected nuclear scattering

/(</) = fPc(q) + ik ^ db bJo(qb) e^vc ( l _ C**N + *«*uc) , ( 3 . 7 )

where the addition 8§uc = $ u c - $ p c to the nuclear eikonal phase no longer contains the logarith-
mic term \n(kb) at large b. Besides, here, the amplitude fpc(q) gets separated, which is known
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explicitly (•$. I) In llio inlogial, tlu% giowth ol the (unction oxp(/<l>jJC) with b is compensated by
the decrease of the expression in brackets. From (3.7) it also follows that the ratio of differential
cross section to the Rutherford one da /dan will always be equal to 1 at small scattering angles.

As for the nuclear eikonal phase <J>;v, one should take into consideration that the nucleus-
nucleus potentials are characterized by large radii R = R\ + Ri. Therefore the typical ex-
tended potential used in calculations is a Woods-Saxon potential with the Fermi distribution
UF(T) = [1 + exp((r - R)/a)]~l. It is, however, known that there is a number of physical and
mathematical arguments (see, e.g., [6]) for using, instead of up(r), its symmetrized form (2.6),
i.e. USF(T) = sinh(.R/a)/[cosh(.R/a) + cosh(r/a)]. Indeed, the distribution USF(T)

 a t large R
actually coincides with up(r), but unlike the latter, it has no nonphysical "cusp" at r = 0 that
produces mathematical difficulties in a number of problems. In [7], a single attempt was perhaps
made to derive an analytic expression for the eikonal phase with u^-distribution. The result was
an infinite sum of residues at poles of the Fermi function. However, at b — 0 it gave / F ( 0 ) = 0,
though it should be 7^(6 = 0) ~ 2R. The authors of [7] added this term to their sum, but the
obtained ansatz is still not valid for nucleus-nucleus scattering, where powerful Coulomb tails
force one to integrate over b up to distances larger than R\ here the ansatz does not work, and
I(b) becomes growing rather than decreasing.

Thus, because there is no an appropriate recipe, many authors fit the Fermi function by a
sum of Gaussians [8] with varying coefficients. At large R, this is a difficult problem, but since
the main contribution to nucleus-nucleus scattering comes from a small part of the potential at
its periphery, the fit in this region can be made with one-two terms of the series of Gaussians.
The problem is that one must be sure in selection of the precize distance in a surface region
where the fit should be made. Besides, analytic properties of the eikonal integrals with the
Fermi and Gausian functions on a complex plane b drastically differ from each other.

Our subsequent calculations are based on an approximate formula for I(b) derived in [4] for
the symmetrized Fermi function with the use of approximate separation of variables b and A in
the integrand USF of the respective eikonal integral (3.8). The obtained result can be written
in a certain form if one introduce variables ( = A/a and 0 = b/R. Then, the integral I(b) is
expressed in the form

I(b) = I(0R) = 2R1(0), (3.8)

where 1(0) depends only on the ratio C = R/a of two input parameters, the radius R and
diffuseness n. as follows:

= i 7 s i n h C 5 ~ , ; i n h C — p { 0 , o , (3.9)
C J cosh C + cosh J(0C)2 + C2 cosh C + cosh 0C K V ;

cosh ftC

Here K is a parameter determined from the x2-fit of the approximate expression in the r.h.s. of
(3.9) to the numerically calculated integral 1(0) in the region 0 < 0 < 2 and 5 < C < 20, which
gives

log K = 0.47909 + 0.15025 C - 0.001938 C2. (3.11)

Since coshC > « > 1, and thus x < 1, then expanding P in x and considering that the main
contribution to nucleus-nucleus scattering comes from the region b ~ R (or C ~ 1), we obtain

P a ( l , C) ~ ^ In 4K = 1 [2.48945 + 0.34597 C - 0.0046 C2] . (3.12)
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Figure 2: Scattering cross sections in the field of the Coulomb potential (3.5) and symmetrized
Woods-Saxon potential (1.2) at Vo = -50 MeV, Wo = -42 MeV, r0 = rc = 1.04 fm, a =
0.75 fm. The eikonal integral in (3.9) 1(0) was computed both numerically (dots) and with the
analytic formula m the r.h.s. of (3.9) with P(0,C) (3.10) (solid lines) and with P o ( l ,C) (3.12)
(dashed lines).

From Fig.2 it is seen that in the presence of the Coulomb field, the region of angles 9 < 8C «
CR/F{ 1° for ' t f rand 10° for A0Ca) is that of the Rutherford scattering. Further, with muoasiug
angles up to 0 < 6C + 6 w 14° (ior AHe) and « 15° (for 40Ca) agreement of cross sections is
observed when the nuclear eikonal phase is calculated with the help of numerical integration of
T(/i) and by the analytic formula (3.9) with different "gathering functions " P{/3,C) (3.10) and
Pa{ 1, C) (3.12). Thus, we can conclude that the explicit form of the nuclear profile integral (3.9)
proves to be valid in problems of nucleus-nucleus scattering.

4 Results of calculations and conclusions

When the scattering of heavy ions by nuclei is considered in the framework of HEA, an important
problem is to take into account the deviation of their trajectory from a straight line owing to
the long-range Coulomb potential. The point is that the distance from the scattering center to
the point of closest approach bc of an incident nucleus with a target-nucleus differs, generally
speaking, from the respective impact parameter b at the asymptotics z = —oo. This is manifested
in the nuclear eikonal since its profile integral (see (3.8), (3.9)) sharply changes in the periphery
at b ~ Jl. This effect can be taken into account (see, for instance, [9]) by replacing the impact
p.iianioloi b in the nuclear eikonal by bc and the probability flux v by (b/bc)v. Tn Ihc Coulomb
field, we have bc = A;"1 {77+ y/j]2 + (kb)2}. The results of calculations are presented for scattering
of 16O and 40Ca by 208P6 at different energies (Fig.3). It is seen that for E ~ 60 MeV/nucleon
and at higher energies the effect of distortion of the trajectory is weak but gets significant at lower
eneigies. The shift of the trajectory increases the angle by an order of magnitude 6C ~ UB/E,
and thus, the range of applicability of small-angle approximation is expanded. If one joins the
estimate (2.3) for 6, the Rutherford scattering angle 6C, and the trajectory deflection angle (in
the case of the Coulomb field 6C), it can be defined as 6 < 26C + 0 = 2^f + ^2/kR. Figure
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Figure 3: The influence of the Coulomb shift of the trajectory on the cross section of nuclear
elastic scattering at different energies. Parameters of potentials are the same as in Fig. 2; the nu-
clear eikonal was computed with the help of analytic formula (3.9) with Pa(l,C) (3.12). Dashed
curves - without the trajectory shift; solid curves-with that shift.

4 demonstrates the HEA cross sections of the heavy ions 17O scattering as compared with the
numerical solution of the Schroedinger equation (dotted lines) and experimental data (dots).
Parameters of the potential and experimental data are taken from [10]. It can be ascertained
that they agree qualitatively, and at small angles, also quantitatively (solid lines for the eikonal
with P(/3,C), dashed lines are in the case of numerical calculations of the nuclear eikonal).
Discrepancies appear for 0 > 1/kR + 9C at large scattering angles, where computations should
be performed on the basis of definition of the amplitude (2.6), by developing appropriate methods
(see, e.g. [11], [12] ).
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The transition densities and form factors of 0+ ,2+ and 3~ states in 12C are
calculated in alpha cluster model using the triangle frame with clusters in the ver-
tices. The wave functions of nucleons in the alpha clusters are taken as they were
obtained in the framework of the models used for the description of the 4He form
factor and momentum distribution which are based on the one-body density matrix
construction. They contain effects of the short-range NN-correlations, as well as the
d-shell admixtures in 4He. Calculations and the comparison with the experimental
data show that visible effects on the form and magnitude of the 12C form factors
take place, especially at relatively large momentum transfers.

1 Introduction

M<ui\ investigations in the lat>t decade are devoted to the residual NN-correUlions in nu-
clei, especially in processes with large momentum transfers. In this connection, a great
attention is paid to studying mesonic and quark degrees of freedom in nuclei at short dis-
tances. Therefore, it is important to develop the well-grounded models for construction of
realistic many-body wave functions and thus to exclude e.g., a possible substitution of the
NN-correlation effects by an approachable parameterization of the mean-field potential.

This work aims to test the models for calculating of the one-body density matrix
developed fn {l]-[l} which have been applied to describe the form factor and the momentum
distribution in 4He. In these considerations the role of the short-range NN-correlations
is analysed, as well as the influence of the d-shell admixtures to the 4He wave function.
The introduction of both ingredients needs some parameters which cannot be established
unambiguously, if one uses the 4He data themselves. From this point of view one can
hope to preclude the ambiguity by considering 4He to be inside 12C, the latter being
linked of alpha clusters. On the other hand, it is interesting to study the role of the other
surrounding nucleons which makes it possible to renormalize the residual NN-interactions
with the increasing of the atomic number of the system. To this aim one should deal
with an appropriate cluster model which presents itself in a good light, i.e., includes
antisymmetrization over all nucleons and creates the low-lying collective states, inherent
in a semi-hard internal construction of 12C with clusters in the fixed positions. We have
selected the alpha-cluster model implemented in [8] and then developed for calculations
of form factors in [9]-[ll]. As a first step, only one possible configuration, namely three
alpha clusters in the vertices of an equilateral triangle in 12C has been considered. One
should remember also that the linear frame for a disposition of alpha clusters can bring
some additional effects on the form factors (see, e.g. [12]).
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3Shoumen University "Bishop Konstantin Preslavsky", Shoumen 9712, Bulgaria
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5University of Patras, School of Engineering, Patra, 26110 Greece
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2 Wave functions of nucleons in 4He

In this sort ion wo give a brief review of an one-body matrix approach used loi considera-
tion of basic properties of nuclei and, in particular, to construct the respective one-body
functions which can be considered as realistic one-nucleon wave functions in a given nu-
cleus In this direction, a sufficient success was achieved in explanation of form factors
and one-nucleon momentum distributions of the double closed-shell nuclei as well as then
binding energies and rms radii (see, e.g. [6]-[7]).

The procedure consists in the following steps. First, one should calculate the one-body
density matrix (OBDM) associated with the ground state A-nucleon wave function

S i i l ) s e ( | i i e n l l \ , o n e n e e d s l o m l m d i i c e 1,1 l e s o - < . d i e d n < i l . u i < i l 0 1 b i l . i l s i / \ , ( r ) [ 1 3 ] < u i d o v e i L i p

f u tic Lions 4>o{r) ['4] both i elated to the single-particle wave function ol the nucleon i/,-,(r)
in the A-nucleus. Natural orbitals are defined as a complete oi thonoi mal set ol lunclions
which diagonalize the OBDM (2.1) with occupation numbers NQ

Wa{r)tl>a{r'), (2.2)

where </\»(r) = 'I'nli1')} ljm{Q, c) for .spherical nuclei. Also, inserting between a-opeuitois
in (2.1) the complete set of the residual (A-l)-nucleus wave functions \?i ~ one gets

/>(r,r') = ] T ^ ( r ) ^ ( r ' ) with <f>n{r) = </>nl(r)Ylim(n, a) , (2.3)

where by definition

4>Q{v) = (¥a
A~V | a(r) | tf^) (2.4)

is the overlap function corresponding to the state a of the residual nucleus. In the follow-
ing we will use in our work the results for 4He which have been obtained in the frameworks
of two different methods developed for calculations of natuial orbitals [4] and [5], respec-
tively, and the method to calculate the overlap functions [l]-[3]. Here we give briefly the
three approaches for obtaining the nucleon s.p. wave function in 4He.

Is' approach. In the method suggested in [15], the radial part of the natural orbitals
is expanded in terms of three single-particle wave functions

- (2.5)
n,=l,2,3

Here the coefficients C%[ satisfy the orthonormalization conditions, and the s.p. wave
functions <pnt(r) are taken in the form corresponding to the square-well (SW) and the
harmonic-oscillator (HO) potentials. In ref.[4], in the framework of this method calcu-
lations of the 4He one-body density matrix, the density distribution, as well as of the
momentum distribution have been performed. The parameters of the potentials, the oc-
cupation numbers Nni and coefficients C"[ were fitted so that to give the best fit to the
form factors and the momentum distribution behaviour. As a result, the phenomenolog-
ical one-nucleon natural orbitals in 4He have been obtained, and in our work they are
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utilized ris single-nucleon wave functions in the construction of the alpha-duster wave
functions of UC

2nd approach. Another method to obtain the nudeon wave function in 4He using the
natural orbital representation was developed in [5]. It consists in determining of proper
natural orbitals and occupation numbers which give a realistic description of both density
and momentum distributions in 4He:

p(r) = -^(2\u\Ru(r)\2 + lOXld\Ru(r)\2), (2.6)

n(k) = — (2Xla\Rla(k)\2 + 10Xu\Ru(k)n, (2.7)

with 2Als + lOAirf = 2, where Ais and A^ are the occupation numbers and /? l s and Ru are
the natural orbitals accounting for the short-range NN correlations. These orbitals have
been chosen to be s.p. wave functions corresponding to the multiharmonic Hamiltonian
of the Isomorphic Shell Model [16, 17]. By fitting the values of both oscillator parameters
(for Is and Id state) and one of the occupation numbers a good description of the density
and momentum distributions as well as of the charge rms radius and the mean-kinetic
energy has been achieved in [5]. It was obtained that the hole-state natural orbital R\t(r)
is the expected one from the mean-field approximation, while the particle-state natural
orbital i?u(r) can be interpreted as describing the internal (collective) rotation of nucleons
in ''He, which is also supported in [18]. It has been pointed out that the function R\d[r) is
responsible for the high-momentum components of n(k), for the large value of the mean-
kinetic energy, for the small increase of the radius and for the bump of the point proton
density distribution [5, 19].

In our calculations of the form factors we use the following radial nucleon wave function
in 'He related to the density distribution (2.6) and normalized to unity:

R{r) = y/2np{r). (2.8)

3 r d approach. The method which has been applied to calculate the overlap functions
starts from the definition of the OBDM:

p(r, r') = CA I tf(yl)*(r, r2, . . .rA)vf^(r ' , r2 , ...rA)dr2...drA, (2.9)

where CA is the normalization constant and in the mean-field approximation ^^ is a
Slater determinant built from the s.p. wave functions. It is shown in [l]-[2] that the
standard Hartree-Fock approximation with the Skyrme forces, usually used for the tf
calculations, cannot reproduce the one-nucleon high-momentum distributions. Instead,
these components can be obtained in the framework of the density matrix method if one
includes in V^ the short-range Jastrow correlation factor f(r) = 1 - exp(—/?2r3). For
the double closed-shells nuclei calculations of (2.9) have been performed in [2] analytically
making use of the code REDUCE and the HO s.p. wave functions. In the next step, one
can use the density matrix (2.3) in order to obtain the overlap functions. Following [14]
the respective restoration method was developed in [3]. To this aim one uses the known
asvmptolic behaviour of the bound-slate functions, in particular, for

190



c x | ) ( - A : n 0 r ) / » , ( 2 . 1 0 )

l) - E{
0

A)) (2.11)

depends on I lie separation cncigy Ea = Enl~ — EQ
The asymptotic form of the overlap functions (2.10) determines the asymptotic be-

haviour of the respective radial part of the OBDM pij(r,r') in (2.3). It is shown in [14]
that at laige values of ?•' = a —> oo one can derive the lowest bound state overlap function
by means ol the radial part of the OBDM:

<Pno/j(r) = S ?—I w~ {2.12)
Bnoh exp{-knoha)/a

as well as the separation energy

£noh=h2 k2
noh/2m (2.13)

and the spectroscopic factor as the norm of the overlap function Snoij = (<^nool^noo)- ^ n e

coefficient Bnoij can be obtained from the asymptotic form of the diagonal part of the
radial OBDM.

,a) -> | Bnoh |2 exp(-2A: n o ; ; a) / f i 2 . (2 14)

As shown in [I I], the overlap functions for all bound s ta tes of the (A — l ) -nucleus can be

in p i n u i p l e IOIISI riicfcd I m m (he OBD M icpea t ing the above p iocedu ic .

The natural orbitals ip\s(r) from Eq.(2.5) obtained in [4] using HO and SW single-
particle wave functions (pns(r), the function R(r) (2.8) based on the results from [5] and the
overlap function <f>\i]l2 (2.12) obtained by calculations following [3] are used to calculate
the form factors and the transition densities of 0+ , 2+ and 3~ states in the 12C nucleus.

3 Basic relationships in the alpha-cluster model

Foi the calculations of quantities in 12C we have used the model [8] developed for alpha
cluster nuclei and then adjusted in [9]-[ll] for the form factor consideration. In the
model the projection procedure is used to generate rotational states \JMKir) from the
many-body wave function f/T(R) where vectors R = {R;} stand for the positions of the
alpha-clusters in the nucleus:

= J dBDJ
M'K(Q)U^S). (3.1)

1 /*?

Here NJKj7 is the normalization constant, and

U*=±1(R) = U(R)±U(-R) (3.2)

depends on the parity and is expressed through the antisymmetrized function
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A

n U ° M > ^-3)
p a= l

where tp = +1 or —1 corresponds to even or odd permutations of nucleons, respectively,
and the wave functions of nucleons up are related to the centers i of the alpha clusters in
t he nucleus;

ua(pa) = ua(r - R\) - XaXru(\r - R;|) . (3.4)

The tolal nuclear wave function is composed of \LMKn) as follows

\JM-K) = Y, CJ
K\JMKT), (3.5)

A

where the superposition coefficients C3
K are obtained using the D3/j-symmetry properties

of the equilateral triangle with alpha clusters in vertices which is selected as a frame for
12C:

A' = 0,±3,±6,.. . ; P , = (-1)A '; CJ
K = {-l)JCJ_K. (3.6)

The transition matrix element between nuclear states for the charge density operator
leads

(/.M|p|00) = (I0|PLo|00)y£M(r) = pL(r)Y£M(r), (3.7)

where

A A

\—Y* (r, \ C\ R\
_ T

so th,at for elastic scattering we have po(r) — (47r)1/2/5(r) with p(r) being the spherically
symmetrical nuclear charge density distribution normalized to unity.

Substituting (3.5) with (3.1) in (3.7) one can obtain the expression for the radial
transition densities [9]-[ll],

1 ^ ' " ' " - " ' ' - ~ " ~ ~ - " " " n , (3-9)
A

where

A

(U(R)\PLK\U(eS)) = 2[det 5o.(e)]3^det B\»)LK(I), (3.10)
n=l

™rh\ i 'i |u(r - cSj)) + ^ ( c ) ( l - fini), (3.11)

(3.12)
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Thus, the pioblem is leduced to calculations oi the matrix elements with the wave func-
tions of nucleons ua belonging to the alpha clusters. They can be performed in impulse
representation resulting in the certain forms for BtJ{e) and J3, v(e) which depend on

F{k) = (27r)- J / 2y ! rdr sin(A:r)u(r), (3.13)

rosyi,; = (R;Sj)//?,/?, and the Euler angles. Then the integration in the three-dimensional
mlrgial (3.9) can be peil'onned numeucally.

The form factors of the 12C nucleus are calculated taking into account the distortion
of the electron waves in the Coulomb field of the nucleus within the High Energy Ap-
pioximation (HEA) method [20, 21]. This leads to "filling in" the zeroes of the minima
inherent in the form factors calculated in the Born approximation and also "deforms"
slightly the Born form factors when the electron-nucleus interaction in the entrance and
exit channels has been accounted for. It turns out that for the relatively light nucleus 12C
these effects die not so important.

The form factors in the HEA have the form [21]:

f/
J

—g(r) exp (zqr + i(f){r))pL(r)Y£0(r). - . - _ . . (3-14)

The functions g, g(r) and </>(r) take into account the distortion of the plane waves [20]. In
the plane wave Boi n approximation q — q, <f> = 0 and (j = 1. C(q) allows for the proton
size and the center-of-mass motion-

(3.15)

where R(p) and R(<y) are the rms charge radii of the proton and the alpha-particle in the
target nucleus A.

4 Results and discussion

The transition densities and the form factors for the 0+ , 2+ and 3" states m the 12C
nucleus have been calculated using the theoretical scheme presented in Section 3 and
nucleon wave functions described in Section 2. The results for the transition densities are
given in Fig.l and for the form factors in Fig.2 for the case when the overlap function
(OV) obtained following [3] and natural orbitals [4] (with HO and SW s.p. wave functions
in Eq.(2.5)) have been used. The form factors are plotted versus the effective momentum
t ransler

which makes it possible to take into account the dependence on the energy (E) of the
incident electrons, R{A) being the nucleus rms radius. The experimental data are taken
from [22].The best value of the parameter R giving the distance between the center of
the equilateral triangle and the alpha cluster for each case is given as well. In Fig.3 the
form factors are presented for the case when the nucleon wave function R(r) (2.8) with
three sets of parameters has been used in the calculations and for the best choice of the
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parameter R for each form factor. The transition densities for this.case will, be given
elsewhere.

One can see from Figs.2 and 3 a satisfactory overall agreement of the theoretical form
factors obtained using different nucleon wave functions with the experimental data for
the three states in 12C. It can be seen that for qe/j < 2.5 fm"1 the behaviours of the
form factors calculated by means of the OV and HO-natural orbital are quite similar. At
the Sfune time, the result with the SW-natural orbital is in better agreement, with the
empirical data, in particular for the 2+ and 3~ states and qejj < 3 fm"1. Concerning the
regions of larger transfer momenta at qejj > 3 fm"1, all the three curves deviate from
the experiment. We note that for the best fit of the SW-results it is necessary to choose
different values for the distance R of the triangle configuration of 12C for the different
states. The value of R increases 1.5 times from R = 1.3 fm for the ground state 0+ to
R — 2 fm for the 3~ rotational state, i.e. the size of the nucleus increases with the increase
of the excitation energy.

Much better agreement with the data is achieved using the multiharmonic oscillator
(MHO) nucleon wave function R(r) from Eq.(2.8). It concerns in particular the results
for Ihc 2+ and 3~ states (with the exception of the first minimum region) and foi the 0+

state up to qejj « 2 fm"1. It can be seen from Fig.3 that the curves for the form factors
have more smooth behaviour in comparison with that in Fig.2. This is due obviously to
the inclusion of the Id-component of the nucleon wave function in the alpha-cluster wave
lunction. One can see again as in Fig.2 that the best fit with the data can be achieved
increasing the value of the parameter R 1.5 times when the excitation energy increases
from 0+ state to the 3~ state.

Concluding, we would like to note that the results of this work are obtained by using
s.p. nucleon wave functions which are identified either with natural orbitals or with
overlap functions based on realistic density matrices and can serve for a comparative
analysis of these functions. The OBDM used give correct simultaneous descriptions of
both momentum and density distributions of the 4He nucleus which constructs the 12C
configuration. In this sense the results for 12C are grounded on reasonable OBDM in
which the short-range NN correlations are incorporated. We emphasize that the only
free paiameter in our theoretical scheme is the distance R. The still remaining differences
between the theoretical results and the experimental data can serve as a justification of the
necessity to include into consideration an admixture of the linear cluster configuration in
12C We should note also the necessity to account for a possible change of the structure of
the alpha-cluster wave functions inside the 12C nucleus. In our work these wave functions
have been used as they are for the 4He nucleus. These additional studies are now in
progress.
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Figure 1: The radial transition densities calculated using the overlap func-
tion (OV) obtained following [3] and natural orbitals [4] obtained by means of
harmonic-oscillator (HO) and square-well (SW) s.p.wave functions in Eq.(2.5).
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Figure 2: Form factors of 12C calculated using the functions from Fig.l The
experimental data are given by black squares. The best value of the parameter
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Pseudo-Rapidity distribution of created pions from proton-proton (p-p) interaction

has been studied in the framework of artificial neural network (ANN) and the parton two

fireball model (PTFM). The predicted distributions from the ANN based model and the

parton two fireball model is compared with the corresponding experimental results. The

ANN model has proved better matching for experimental data specially at high energies

where the conventional two fireball model representation deteriorates.

1- Introduction

The concept of impact parameter has been utilized in various models [1-4], in p-p

collisions, for example, in the parton models where the protons are assumed to be composite

objects Thus, in high energy p-p interaction, each proton can be considered as a quantum-

mechanical super-position of independent states. The impact parameter representation can

thus be used directly in the frame of the parton model [5-7].

The theoretical treatment is based on the following basic assumptions:-

I) Hadrons are composed of quarks and gluons, which as a collection can be

considered as point - like particles, called partons [8]. This means that, nucleons

consist of a number of partons of equal masses.

II) The partons behave as free point like particles in high energy collisions. Thus one

can use the impulse approximation and deal with the cross - sections for

individual partons.

III) During a collision, the majority of parton's momentum is carried by the

longitudinal component.

IV) The partons are assumed to be homogeneously distributed in the nucleon volume,

which has a spherical shape at rest.

V) The nucleons are semi - transparent objects and the two interacting nucleons

penetrate each other in the incident direction, as assumed in the Statistical

Thermodynamic Model (STM) [9-12].

VI) In p-p collisions, only those partons in the overlapping volume from the two

protons have a probability to interact which are assumed to be stopped in their
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center of mass (CMS). Their CMS kinetic energy will be consumed in the

excitation of the produced two-fireballs.

VII) Each fireball will decay into a number of newly created particles( mainly pions)

with an isotropic angular distribution in its own rest frame.

The paper presents a theoretical treatment of the PTFM model which investigates more

detailed features of multiparticle production. These features are essentially dynamic in

nature (rapidity distribution) and relate to the longitudinal and transverse behavior of the

particles produced. The work considers the majority of particles created in the interaction to

be pions and will not be concerned with the leading proton effects.

Parallel to the theoretical approach based on different views, development in the artificial

intelligence (AI) field has given the neural networks a strong presence in high energy

physics [13, 14]. Neural networks are composed of simple interconnected computational

elements operating in parallel. These ANNs are trained, so that a particular input leads to a

specific target output. Trained Neural networks are able to perform complex functions in

various fields of application including pattern recognition, modeling, identification,

classification, speech, vision and control systems [15].

Making use of the capability of the neural networks, the present work uses ANN to model

the p-p interaction features at high energies. The paper proposes an artificial neural network

based model (ANN) to calculate the pseudo-rapidity distribution of pions.

Following sections provide a brief introduction to ANNs, describe the selected ANN

structure, training data and discuss the results. Results of the used PTFM based approach

and the ANN approach are compared in the following sections.

2. Overlapping Function:

It is known that the overlapping function is defined over the interval {0,1} [ 16]. Such

function may be represented as a Trigonometric Fourier Series [14] as follows:

p{z) = ao+Yak cos(2/rkz) + £ b k sin(27rkz) 0 )

Where:

z is the fraction of partons participating in the interaction.

And;
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a0 = \p(z)dz ; ak = 2\p(z)cosQ.fikz)dz ;
0 0 (2)

i

bt =2\p{z)%m{2nkz)dz
0

K is the order of the Fourier Series representation. Intuitively, as K increases, the

representation becomes more accurate. In the limiting case when k tends to infinity, the

representation is exact. Trapezoidal numerical integration has been used to evaluate the

Fourier series coefficients in (2). The representation may be put in the more compact form

[17]:

3)

Several advantages are immediately apparent employing this representation. The

accuracy is tunable through the order, k. The resulting trigonometric functions are analytic

and may be easily differentiated and integrated.

3 - Rapidity Distribution of Pions in The Main Center of Mass System (CMS):

In the CMS, the rapidity of fireball with a total energy Eo and momentum Pf (with a

component p. along the incident direction) can be written as:

\
= im = Sinh

-. P\f

2

Where ^ is the fireball transverse mass, which is given by

In high energy we can assume the produced fireballs move in the incident direction, then

pt can be neglected and p = p,f. Therefore , the CMS rapidity of a fireball can be written

in the form:

-\(Pf]
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Where PQ - —\s - Am p , TQ = — are respectively the momentum and K.E of the incident

hadron in the CMS of the colliding hadrons and VS is the CMS energy.

A pion emitted in the fireball rest frame has fixed momentum pn and total energy £.

Hence,

p =JLI sinh y . (6)

s - /ucoshy. (7)

Where, /; = {mK
2 +P}-2)2 is the pion rest mass. Hence,

?*> ef+ p,s\n2d)

For an isotropic emission in the fireball rest frame, then the probability of emission

within a solid angle dQ. is given by:

1 , dy 1 .
= — and —— = — sin v

and
dO. An dQ 2

n
Where

Hence

dy dy dQ 1 _ n dO /r,N
= = — Sind — (y)

dy dd dy 2 dy

Now,cosh^ = - | — I ^ - ^ V I ^H^dB

This gives.

dy 2pn cosh2 y

The rapidity distribution at a given impact parameter is in the form:

dn_

dy
• = n

dy
ne

2Pn cosh y
(11)

with, - sinh £*- < y < sinh"1 —
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To determine the rapidity distribution of the created secondaries in the main CMS, let us

consider that the pion has a rapidity y in the fireball rest frame, then the pion rapidity in the

main CMS(y*) will be given by

y'=y + y) (12)

Where y] is the fireball rapidity in CMS given by Eq.(5).

The rapidity distribution of the created pions (n(z)) from a fireball produced from the

interaction at a particular impact - parameter in the main CMS corresponding to the

overlapping function z is given by

\dy* ) z 4pK cosh2[y* -y*f (z)

Where

y*f(:)-b<y* <y}(z) + b (14)

And Sinh'l^=b

Let us assume that the threshold value of the overlapping function for the multiparticle

production is zMm=2yL where Q is the CMS free energy. Hence, the limits of y*f are

given by.

y'(zMin)>y}(z)>0 (15)

Corresponding to zMm <z<\

Using Eq.(14) we can see that the pion rapidity in the CMS from one fireball (right moving)

will fall into the region.

-b<y* <y}(z) + b (16)

Therefore, the rapidity distribution of the created pions from right moving fireballs produced

from the interactions at all the impact - parameters will be given by:

__£l_ en(z)p(z)dz

To determine the upper and lower limits zu and ZL we notice that the absolute minimum for

y is y'ma = -b (i.e. z=l) and the absolute maximum is y'max =y*f(zmm) + b . Now, to define

the fireballs which will give contribution at the rapidity >>*in Eq(14) it is clear that y] will

be > y* + b provided that it will not exceed the maximum value of the fireball rapidity i.e.
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Therefore, for fixed pion rapidity y , the fireballs contributing to the integral must satisfy

the conditions:

max|(/ -b}o\<y}(z)<mmly*+b}y}{zMin)]

or

max[sinh(y'-i)o] <sinhj>}(z)< m\n[Smh(y' +ft)sinh^(zram)]

which can be written as,

a < sinh yj- (z) < /?

Since, y'r{z) and Sinh y*f(z) both decreases with increasing (z) then the lower limit zL

conesponds to (i while the upper limit zu corresponds to a.

Accordingly, one can write,

and

Solving for a and j3 we obtain

po+am

The angular distribution of the charged created secondaries can be studied also in

terms of another variable called to pseudo-rapidity defined as:

7 = -lnftan^l (19)

Where 0 is the angle of emission in the CMS. The pseudo - rapidity is related to the

momentum of the particles as follows :

7

Hence, the equation for pseudo - rapidity (77) is equivalent to that of rapidity (y) with (p)

replacing (E). This means that the two variables are equivalent at very high energies. The

particle densities are related by :
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Where PM = 1 - 2 '
^ ju cosh _yj

Referring to Eq (17), e = 0A7Gev [7] and consequently pff = (f2 -mlj2 .Substituting

ZQ
n = —^-, then from Eq.(17) we can write :

2e

zp(z)dz

drj 8CT; J/7, cosh 2 [ / - ^ (z)J

By integrating Eq.(22) numerically lead to a positive definite particle density in the main

CMS The resultant pseudo - rapidity distributions have been normalized to the charged

pseudo - rapidity distributions.

4. Artificial Neural Networks

An artificial neural network (ANN) is made up of a number of simple and highly

interconnected computational elements. There are many types of ANNs, but all of them have

three things in common: individual neurons (processing elements), connections (topology),

and a learning algorithm. The processing element calculates the neuron transfer function of

the summation of weighted inputs. A simple neuron structure is shown in the Fig. 1. The

neuron transfer function,/ is typically step or sigmoid function that produces a scalar output

(n) as in Eqn(23).

Z (23)

where /„ w,, b are the Ith input, the Ith weight and the bias respectively.

Inputs W e i 8 h t s Transfer
Summation Function

Figure 1. Neuron Model

A network consists of one or more layers of neurons. An example of a multi-layer network

is shown in a Fig. 2. This example consists of one input layer and two hidden layers and one

output layer. Each neuron can have multiple inputs and only one output as shown in Fig. 2.
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Inputs to neurons could be from external stimuli or could be from output of other neurons.

Copies of the single output that comes from a neuron could be input to many other neurons

in the network. There is an inter-connection strength, weight, associated with each

connection. When the weighted sum of the inputs to the neurons exceeds a certain threshold,

specified by a threshold (transfer) function with bias, the neuron is fired and an output signal

is produced. The network can recognize input-output relation (mapping function) once the

weights are tuned via some kind of learning process [18].

Inputs

nd

Output
Layer

Is' Hidden 2"
Layer Hidden

Layer
Figure 2 Example of two hidden layer neural network

5. Modeling The P-P Pseudo Rapidity Distributions Using ANN

The proposed ANN model of the pseudo-rapidity distribution, is a 2-input 1-output

model. The inputs are: the total center of mass energy (y/s ) and pseudo rapidity (r|), while

the output is: the pseudo-rapidity (density) distribution (dns/dr|) at different center of mass

energies (CMS) \s . The proposed ANN model is shown as a block diagram in Fig. 3.

Using this input-output arrangement, different network configurations were tried to

achieve good mean sum square (MSE) and good performance for the network. The 3-layer

configuration shown in Fig. 3. is chosen. These layers are: the two hidden layers of 7 and 5

neurons respectively and the output layer consisting of one neuron. The transfer function of

the first and the second layer were chosen to be a log sigmoid, while the output layer was

chosen to be linear sigmoid [18].
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7 neurons

100

5 neurons

Single

r neuron

Figure 3 A block diagram of the p-p ANN based modeling

6. Training of The P-P-ANN

Training an ANN is to make a particular input leads to a specific target output. The

weights arc adjusted, based on a comparison of the output and the target, until the network

output matches the target..

The proposed ANN in this paper were trained using Levenberg-Marquardt optimization

technique. This optimization technique is more powerful than the conventional gradient

descent techniques [19].

The Levenberg-Marquardt updates the network weights using the following rule:

AW = (JTJ + u i y ' j T e (24)

Where J is the Jacbian matrix of derivatives of each error with respect to each weight, u

is a sealer, changed adaptively by the algorithm and e is an error vector.

The initial training weight were also chosen using the Nguyen-Widrow random generator in

order to speed up the training process [19].

The training data is based on experimental observations at high and ultra high energies

varying from Js = 19.66 Gev. to VI =900 Gev [ 20-23].

The ANN training convergence is adversely affected if the input levels are far apart

from each other. Thus, the pseudo-rapidity distribution input was scaled down by 100 in

order to keep both ANN input levels close to each other. Training was terminated after

average sum square error of 1*10"4 was reached. For work completeness, the final weights

and biases after training are given in Appendix.
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7. Results

Simulation results based on PTFM approach and the ANN approach for modeling

the pseudo-rapidity distributions at VJ- = 19.66 , 23.6 , 53.2 , 62.8 Gev are given in Fig.(4).

Both approaches are compared with observations at these energies [20],[21].

It can be seen from this figure that the PTFM model is in fair agreement with the

experimental distributions at low energies. Also, the shapes of the predicted distributions are

in general accordance with the observed shapes. The trained ANN model shows almost

exact fitting. It is worth mentioning that the ANN training data did not include the

experimental observations at \s = 53.2 Gev. This means that the ANN model, not only

simulated the trained observations but also predicted the distribution density for a non-

trained observation.

Further, investigation to the ANN model at ultra high energies at vs =200 , 546, 900

Gev, [22,23] is shown in Fig. (5). The ANN model is trained using the observations at

v7 =200, 900 while the observation at 4s =546 was left to test the capability of the model

to predict untrained data. The ANN approach proved almost exact fitting for trained and

untrained observations. Both high and ultrahigh energies predicted case are shown in bold

frame in Figures (4) and (5).

8. Conclusion

The paper presented a new technique for modeling the pseudo-rapidity distribution of p-p

collision based on ANN approach.. The ANN technique was compared to the theoretical

PTFM approach. Results shown in the above section proved better performance of the ANN

over the PTFM approach. The ANN technique was able to exactly model and predict the

pseudo-rapidity distribution for both high and ultra high energies. The capability of the

ANN to simulate and predict the experimental observations with almost exact accuracy

recommends the ANN to dominate the modeling techniques in particle physics.
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= 1966 1̂ S=23.6

0

Figure 4 Pseudo-rapidity distribution of secondary in C.O.M. for p-p collision

- ANN simulation o Experimental data Theoretical (PTFM)

=200 .=546 =900

0 2 4 6 0 2 4 6 0 2 4

Figure 5 The ANN simulation of Pseudo-rapidity distribution at ultra-high energies

ANN simulation o Experimental data
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9. Appendix

\\1 = 0 0189 0 7730

-14571 10352

2 3412 -0 4980

-1 3598 1 7193

-0 4709 -0 4290

-0 0459 0 2390

V 3 0746 0 6795

bl =

J

C -1 3455 "̂

-0 5676

-0 4262

-2 9864

1 3561

-0 3818

-1 8372

w2n =T 2 3356 40 6344 3 8312 -2.3506 -8 4554

2 9738 -136 7271-3 4267 -2.7694 15470

-0 4967 -48 7350 -3.4867 0.4974 -0 4904

-11412 769674 0.1230 11196 -0 3743

-3 2268 -125 5559 0.9192 2 5230 -8 2157

-7 2181 25 7625 -14171 7 2655 -19725

-13340 -122 2425 4 2525 0 8269 1 2630 ;

b2 = -4 1189 '

40 1989

-I 7037

3 9306

1 2 5 1 2 -

w 3 = [-9271471 01334 0 3472-647 1690 1 5 7 9 1 ]

b 3 = [-279 0821]
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ABSTRACT

The strong absorption model lias been used to analyze the spin -1/2
polarization data using three different parameterizations for the elastic
scattering S-function namely; Ericson, Mclntyre and Berezhnoi-
Shlyakhov. The cross-section ratio and the vector polarization angular
distributions are calculated for the elastic scattering of polarized 3H
from I2C, lf>O, 2f'Mg and 3()Si, targets at 36 MeV and 40Ca at 17 MeV.
The same analysis has been applied for 3He elastically scattered from
"f'Mg, 27AI, 5SNi and 4()Ca a( different energies. The comparison between
the model calculations and the data shows good agreement.

Key Words: "Elastic Scattering, SAM-Model, Optical Model, S-function
Parameterization, Polarization ".

I. INTRODUCTION

In the last two decades, the study of the polarization phenomenon has
received great interest especially for the elastic scattering and nuclear reactions
of the composite particles and of heavy ions [1,2]. This is due to the fact that,
polarization measurements using polarized beams provide valuable knowledge on
the spin-dependent interaction between the interacting nuclei. At the same time,
the analysis of the polarization data give a sensitive test for the reaction
mechanism and the theoretical model used for describing it.

The importance of the analysis of the elastic scattering data, of composite
particles and of heavy ions, is the extracted parameters from the analysis of the
elastic scattering experiments which arc also used in describing the quasi-elastic
nuclear reactions.
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It is noticed that, the most of the elastic scattering differential cross-
sections for such colliding particles are characterized by "strong absorption" and
show diffractive features |3 | . In such situations; all information about the
scattering processes are contained in the S-matrix element or the elastic-
scattering functions Sr(k)- Therefore the smoothed scattering functions defined

by the well-known and widely applied approach, namely the "strong-absorption-
model" (SAM), are especially useful |4).

Among the interesting parameterizations of the elastic scattering S-
function or S-matrix element £jf, are the Ericson [5], Frahn-Venter [6], IMc-
Intyre |7| and Berezhnoi-Shlyakhov |8]. All these different parameterized forms
have been widely applied in the analysis of the elastic scattering polarization data
of the spin-0, spin -1/2 and spin-l projectiles at incident energies near and above
the Coulomb barrier |9-14|.

The SAIM-model procedure has computational advantages for composite
particles and heavy ions than the optical model. In the SAM-type fits one avoid
the ambiguities appearing in the optical model parameters fits to the
experimental data. These ambiguities exist for both the central and spin-orbit
parts of the potential. Other advantages of using the SAM-model are that, one
can obtain heavy-ion potentials, as a solution of the inverse quanta! scattering
problem at fixed energy. This is done as a connection between the parameterized
^ - scattering function, which fits the elastic scattering cross-section and the

inverse potentials, derived by using the semiclassical (WKB-) approximation.

The last procedure has been applied by Mermaz |10|, by Allen et al.|l 11
and by Cooper et al.|16| in their studies of 12C and lf>0 scattering from a range of
targets at intermediate energies using Mc-Intyre, Ericson and Frahn-Vcnter
parameterizations of £ , . They obtained good fits in their analysis of the

differential cross-section data for the three forms of ^ ( k ) . The obtained

potentials by inversion have similar structure especially in the respective sensitive
radial region.

In the present work we consider the different parameterized forms of the
SAM ^' - function, namely, Ericson, Mc-Intyre and Berezhnoi-Shlyakhov to

calculate the differential cross-section ratio and the vector polarization of the
elastic scattering of the spin -1/2 composite projectiles 3H and JHe on spinless
targets at energies above the Coulomb barrier. The extracted geometrical radius
parameter " ^ "and the diffuseness parameter "d" has been compared in the

three cases. In section II the formalism is described. The results and discussion
are presented in section III.
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II. THE FORMALISM

The scattering amplitude, of the spin -1/2 projectile clastically scattered by
spinless target, is given by the following form [17]:

where n = k,n x kiiul l\km x k,ml

k,n,knul arc the wave number vectors in the initial and final channels and 5 is the

Pauli spin operator.
The non-spin-flip g(0) and the spin-flip h(0) amplitudes take the following
expressions, in the partial wave expansion.

= fc(0) — Y , v + 0^7 + fs; - {if + 0 }c2""n nJ'f (cos#)j

and Y (2)

h(0) = - —Y(.V; - i 1 , ) e2'"' P}{cos0)
2k t.,,

where

77 1 /9
/ c \ O ) = - c x p [ 2 / { ( j ( , - ?j l / / ( s i n — ) } ] ( 3 )

is (lie Coulomb scattering amplitude, q is the Coulomb phase shift of the
partial wave ,//is the Sommerfeld parameter which is given by

= 0.15745 ZpZrOi/Ecm.)1" (4)
/ ) ' A'

U is the wave n u m b e r and EC.IH. is the center of mass projectile energy, u is the

reduced mass . l\ (cos^) and J'l(cos9) a r e the Legend re and associated Legend re

polynomial of degree P and of o rde r zero and one respectively. fr = l i / 2 / r , h is
Planck's constant.

Hy using the amplitudes g(0) -h(0) and f( (0) one can obtain the differential
cross-section and the polarization from the following :
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and

The Rutherford cross-section aR(6)is given by

(5)

(6)

then the cross-section ratio a(6)/cjR(d) and the vector polarization P(9) from Eqs.
(5) and (6) .In order to calculate a($)/crn(O) and P(G) one has to know or to use a
suitable parameterization for the elastic scattering functions Si. Thus in the
strong absorption model (SAM) the elastic scattering functions Si represent a
central feature. In such case the strong absorption condition given by

Si f o r f<L (7)

must be satisfied. For the scattering of composite projectiles and heavy ions, such
relation is realized. Where Lfl is the grazing angular momentum. .7 = ̂  + .v is the
total angular momentum vector and .? is the projectile spin vector of z-projection

± — . To analyze the polarization data of spin -1/2 composite, there are three SAM

parametcrizations for the Srfunction that reflect more realistic variations have
been widely used.

The first form of the SAM S-matrix is Ericson parameterization, which is
defined by:

s'r = I +exp-j (8).

The second parameterization of the S| -function is the five parameters Mc-
Intj re parameterization which is given by

•A / . 1 + exP Hrr - , (9)

and

arg (10)

Tlie third parameterization is the Berezhnoi-Shlyakhov one which has the form:
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(11)

and

.«(/,../. A,, )= [l + cxp{(A,,-0/A,,}]" (12)

where L],.£y,,ami../r are the grazing angular momentum, angular

momentum diffuseness and the absorption strength (in Eq. (8)) or the parameter

which determines the phase (in Eqs. (9)) for the spin projections ± - respectively

/,) .A," arc similar angular momentum parameters which determine the phase in

S," Eqs.(9) or define the imaginary part of the S-matrix in S"s Eq. (11) for both

spin projections ± —.

Y and 6 are parameters for the imaginary part in S"s , where 5 characterises the

magnitude of the spin-orbit interaction of the interacting system. The basic
differences between these three parameterization of S - matrix elements in terms
of variation of " S, " as a function of f will be displayed and discussed at the

end of the last section ( III).
The values of the parameters used in the calculations are defined as:

Al = A.. ± E (13)

A! = // + F A*. = A:. ± //

and

where E,F,G,H and B are slight variations of L(1, AOi i' y & and ̂  respectively.

In all of the three given parameterizations the initial values of the parameters L,,
and A,, are calculated from the semiclassical formulae ( for guidance )

L = kR
kR

and

A.. =ktl
[\-ijfkR]

[\-2ij/kR]'
(14)
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where R=/;,(/f).M + A)n) and r0 & d are the strong absorption radius and
(liffusness parameters, which can be deduced from the corresponding angular
momentum values L(, and Ao which fit the experimental data.

In the next section the three parameterizations are used for the calculation
of the cross-section ratio cr(0)/all(0) and the vector polarization P(9).

III. RESULTS AND DISCUSSION

By using each of the three parameterization of the S| function Eqs. (8),(9)
,(10),(11) and (12) separately in Eqs.(5), one can calculate the elastic scattering
cioss-secfion ratio o-((?)/crlt({?) and the vector polarization P(G) which fits the
experimental data from the study of the variation of the parameters and their
effects on both a(0) and P(0), it is found suitable to have

and

A,; = A,; = A,,

these parameters beside Lro and Z* are varied in a least square search computer

code MANSOR ( which is written by the authors ). Then it is used to fit the data
for each parameterization. This is done by minimizing the y? function which has
the forms

, _ 100 A-
/I / — (15)

for the cross-section ratio Z(<9,) = <j{9l)l<jK{dl), and

(16)

for the polarization P(0j).
The program read first the initial values of the parameters, the number of
searches, the variation step of each parameter and the experimental values of
Z(0) and P(9). After starting the search process, the program continues running
till the estimator x becomes minimum.

III-A. The Results of Triton (3H):
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The calculations have been done for the analysis of the elastic scattering
data of the triton 3H on the spinless targets I2C, ir'0,2r>Mg, "'Si for the cross-
section ratio at 36 MeV where the experimental data are taken from Ref.| 18|.
Also the calculation has been done for 3H + 40Ca at 17 MeV for the vector
polarization, where the data are taken from Ref.J 19|. The results are plotted for
nil (he three parameterizations as well as the experimental points on one curve
for each reaction.

Fig. (1) shows the calculations for the reaction 3H + I2C at 36 MeV, where
the Berezhnoi-Shlyakhov fit is not good, while the IVlc-lntyre one is relatively
better. This discrepancy may be attributed to the neglect of the non-elastic
channels.

Fig. (2) displays the results of the reaction JH + K>O at 36 MeV for
cj{o)loH{d) which coincide on the experimental points at the first peak. But at the
backward angles the Berezhnoi-Shlyakhov curve fits the data more better. The
results of the reaction II + 'Mg at 36 IVlcV can be seen in Fig.3,where the
calculated three curve are in good agreement with the experimental data at
forward angles. At the backward angles the amplitudes of the calculated
oscillations are large compared with these of the data for Berczhnoi-Shlyakhov
and iMi'lnh iv results. In Fig. 4, the results for 'll + l(lSi at 36 (VleV arc presented,
which are in good agreement with the data at the forward angles. At the
intermediate angles, the positions of the peaks and of the minima are shifted and
their amplitudes are deviated from the experimental ones. At the backward
angles this deviations are pronounced except for the Ericson parameterization.
The values of the obtained fitting SAM parameters are listed in tables (1-1), (1-2),
(1-3) for the Ericson, Mc-Intyre and Berezhnoi-Shlyakhov forms of the S-
function.

The results for the vector polarization for the relation 3H + ""'Ca at 17 MeV
are shown in Fig. 5. For the Mclntyre and Berezhnoi-Shlyakhov curves, the
overall agreement is good, although the amplitudes of the oscillations are larger
than that of the data, at forward angles. But the reverse is true at the backward
angles. The fitting SAM parameters for the vector polarization are listed in tables
(1-4),(1-5), (1-6) for the three parameterization.

Ill-B. The Results of JHe:

The above procedure has been applied for the elastic scattering data of the
composite projectile 3He on 2<1Mg, 27AI and 58Ni at energies 33.67, 29.6, 33.7 MeV
for the cross-section ratio and for 3He on 2f>Mg, 27A1 and "8Ni at energies 33.2, 33.1
and 33.2 MeV for the vector polarization. These experimental data are taken
from Ref. | 3 | . The same procedure is also applied for the elastic scattering data of
;He on 4llCa and 58Ni at 83.5 MeV for the cross-section ratio, where the
experimental data are taken from Ref.[2OJ.

Fig. (6-a) and Fig. (6-b) show the calculations of the cross-section and
vector polarization for the reaction 3He + 2r'Mg at 33.7 and 33.2 MeV using the
three parameterizations. The results indicate that the Ericson and Berezhnoi-
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The cross-section ratio for the elastic scattering of 3H + I2C at
36 MeV as calculated by the SAM-model with the three
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T a b l e ( I - 1 )

Reaction
3H + "C
3H + i6O
5H + 26Mq
3H + ! 0S,

E/McV

36 00
36 00
36 00
36 00

ro

1 35
1 39
1 35
1 39

K
8.84

10 170
11.560
12.415

Ao

0.52
0 50
0.49
0.80

Mo

0 72
0.80
0 66
0.64

G
0.90
0 90
0.90
0.34

-I
5.149
2.546
3.975
6.156

Table (I -2 )

Reaction
3H + :2C
3H + 16O
'H + i6Mg
3H + s"Si

E/McV

36 00

36 00
36 00
36 00

K
5 88

10 17
11 56
1242

K
5 88

10.17
11 56
11 42

Ao

0.46

0.5
0 96
0.88

Y
0 32

0.40
0.02
0.14

A;
0 46

0.46
0.44
0.44

8
L0 20

0 22
0 06
0 60

x.Z

6.689

1.920
3.834
5.995

Table (I - 3 )

Reaction
3H + 12C
JH + I6O
3H + 26Mg
3 H + SUS.

E/McV

36 00
36 00
36 00
36 00

8.88
10 17
11 56
12 42

K
8 88
11 17
10.56
13 42

Ao

0.54
0.50
1.00
1.00

0.44
0.32
0.26
0 24

K
0.54
0.44
0.44
0.56

F
0.90
0 34
0.64
0 86

4 648
3.037
3.476
5.192

The H SAM-fitting parameters of the cross-section ratio for the
tabulated leactions at 36 MeV, table (1-1) for Ericson-,
table (1-2) for Berezhoi-Shlyakhov, table (1-3) for Mc-Intyre-
parameterization, respectively.
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Table ( I - 4 )

Reaction
JH + ^Ca

E/McV

17 00 1 32 7.893

Ao

0.88 0.12

G

0.64 2.612

Parameters of Ericson-Parameterization.

Table ( 1 - 5 )

Reaction
3H + *Ca

E/McV

17 00 9 89 5.89

Ao
0 56

/

0.02

A;
0.50

5
0.02 0.053

Parameters of Bereztwi - Shlyakhov Parameterization.

Table ( 1 - 6

Reaction E/McV

17.00

Lo

7 89
K

6.89

Ao

0 58 0.34

A;
0.44

F
0.64 2.501

Parameters of Mc-Intyre Parameterization.

These parameters are obtained from the analysis of the vector
polarization of the reaction 3H +40Ca at 17 MeV.
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Shlyakhov curves arc better for the cross-section. But the results of Ericson and
Mclntyre are better for the polarization.

The calculations of the reaction 3He + 27AI at 29.6 MeV 118] for the cross-
section and at 33.1 MeV [18] for the polarization are presented in Fig. (7-a) and
Fiji. (7-b). The results in this case arc similar to these of the reaction He + 'Mg,
where the Berezhnoi-Shlyakhov fitting is the best for. CT(#)/O",, (6>) But for the
polarization this parameterization shows a disagreement with the data. This may

be due to the fact that the spin- orbit term in the $" ' form is a second-order

term and therefore its effect is very small.
Fig. (8-a) and Fig. (8-b) represent the calculations of the cross-section and

polarization of the reaction He +" Ni at energies 33.7 and 33.2 MeV. The results
are in overall agreement with the data, especially for the Ericson curve. The
discrepancy is increased at the backward angles. But for the polarization the
Berezhnoi-Shlyakhov curve fits the data better than the others.

Finally the calculations of the reactions JHe + ""'Ca and 'lie + 5xNi at 83.5
MeV energy in Fig. (9-a) and Fig. (9-b), show some agreement with the data at
forward angles, especially the Mclntyre curve. At the backward angles the peak
:11c raised much more than that of the data. The values of the SAM fitting
parameters together with their geometrical ones, for JHe projectile, are listed in
tables (II-l), (H-2), (H-3) and for the reaction at 83.5 MeV are listed in Tables (II-
4), (11-5) mid (II-6).

In Fig. (10-a) and Fig. (10-b) the differences between the above various
paramctcrizations of the S - matrix elements in equations (8-12) of " .V, " as a

function of f arc displayed where the real parts , imaginary parts and the moduli
of the three model parametcrizations are calculated and drown for the reaction
'II + 2flMg at 36 MeV and 3He + 27AI at 29.6 MeV. The Ercison, Berczhnoi-
Shlyakhov, and Mclntyre model S functions being displayed by the continuos,
dashed and dotted curves in turn. One can see that the five - parameter Mclntyre
form is more softer than the others and having a lager range of effective
contributing partial waves. Also the only noticeable difference is being the size of
the imaginary components for angular momenta around the grazing value. Such
a difference is enough to vary the ^ : of a fit for a measured data. In addition
Mclntyre (five - parameter ) data fit gives much lager diffusivity and nuclear
i ainbow angle than the other 110,111.

Finally one can conclude that:
1- The diffraction model (SAM) can well describe the elastic scattering data.
2-The study of the vector polarization reflects the importance of the spin-orbit

interactions.
3- From the comparison of the calculations of the three parameterizations of the

S-function with the experimental data, one can say that all of them can
reproduce the data but Mclntyre form is the best one for the analysis of the
data of the spin-1/2 projectiles, as shown from the fitting of the data.
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Table (II - 1 )

Reaction

'He + *Mq
'He + 2'AL
3He + *Ca
'He + >kNi
'He + 58Ni

E/McV

33 67
29 60
83.50
33.70
83 50

1 35
1 42
1.40
1.41
1 28

K
10 440
10.316

. 20.693
.. 12.767

20.647

Ao

1.10
0.86
1.08

, 1.00
1.01

Mo

0.68
0.84
0.28
0.36
•0.42

G

0.90
0.88
1.08
0.70
0.96

1.259
1.206
11.19
0.650
19.87

Table (II - 2 )

Reaction

'He + - 6 M R

'Hc + ^'AL
'He + ^Ca
'He + 5SNi
'Hc + 5'Ni

E/McV

33 67
29 60
83 50
33 70
83 50

Lo
10.79
10.32
20 69
14 77
22 40

K
10 79
9.32
15.69
9.77
17 40

Ao

l . i

0.96
1.08
1.08
0.93

r
0.14
0.40
0.00
0 00
0.00

A;
0.54
0.76
0.64
0.64
0.49

5
0.04
0.24
0 00
0 12
0.00

*l
2 706
0.650
9.725
0.923
34.03

T a b l e ( I I - 3 )

Reaction

'He + 2 6 MR

'He + 2 'AL
'He + 40Ca
'He + 5SNi
'He + >kNi

E/McV

33 67
29 60
83 50
33 70
83 50

K
10 74
10 32
20 69
14 77
21 40

/ - :
11 79
11 32
17.69
13.77
24.40

'Ao

1.10
0.82
1.08
108
0.93

0 34
0.34

0.66
0.34
0.24

A;
1.0

0.74
0.94
0.72
0.93

F
0.34
0.90
1.08
0.88
0.68

<
2.100
1.091
8.767
1.062
19.220

The SAM-fitting parameters of the cross-section ratio for the 3He
elastic scatteiing as indicated in table (II-1) ,(II-2) ,(^-3) for
the Ericson-.Beiezhoi-Shlyakhov, and Mc-Intyre-parameterization,
respectively
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Table ( II - 4 )

Reaction

'He + 2"Mg
' H c ^ ' A L
3He + 5SN.

E/McV
i

33 20
33 10
33 20

ro

1 22
1 19
1 32

k
9.312
9.05

11 607

L

1
0
0

02
.86
.82

Mo

0 34
0 42
0.34

0
0
0

G
.40
.34
34

1
0
0

xj
.507
.638
.172

Table ( I I - 5 )

Reaction

'He + i0Mg
'He + 2'AL
3He + }SNi

E/IMcV

33 20
33 10
33 20

/

9
12
15

11
05
61

K
731
6 05
861

Ao

,108
1.08
0.98

0
0
0

r
00
.14
.00

i

0
0
0

\'o

.64
64
.54

5
0.04
0.02
0.04

1
0
0

y.za

.716

.296

.350

Table (II - 6 )

Reaction

He + Mg
JHe + "'AL
'Men "Ni

E/McV

33 20
13 10
13 20

9
9
11

r

31
05
61

K
831
9 05
8 61

/

0
1
0

.70
04
60

0
0
0

34
24
34

A;
0 70
0 76
0 54

F
0.36
0 34
0 32

1
0
0

558
467
171

The SAM-fitting parameteis of the Vector polarization P (8) for the
tabulated elastic scattering of 3He at different energies, table
(11-4), for the Eiicson-, table (II-5) for Berezhnoi-Shlyakhov, table
(11-6) for Mc-Intyre-parame(erization, respectively.
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4- The obtained values of the SAM fitting parameters as well as their
corresponding geometrical ones " r,, "and "d" are consistent with the values
obtained from other sources.

5-The discrepancies occurring in the fitting of some curves of the data may be
due to the neglect of the non-elastic open-channels.

6- The obtained values of the SAM parameters can be used in deriving the
potentials by inversion through S(^)-to-V( r ).
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SPIN-ORBIT INTERACTION
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ABSTRACT

The differential cross-section and vector analyzing power angular
distributions are calculated, using the partial wave method, for the
polarized triton elastically scattered from 40Ca,58Ni and 68Zn at 17 MeV
and for the polarized 3He elastically scattered from 24Mg, 27A1 and 58Ni
at different incident energies. The elastic scattering data obtained for
spin 1/2 strongly absorbed particles, are analyzed in the framework of
the diffraction model using a complex spin-orbit interaction.

Key Words:" Polarization, Elastic Scattering, Diffraction Model, Complex Spin-
Orbit-Interaction ".

I. INTRODUCTION

The study of polarization phenomenon has received great interest,
especially for composite projectiles 3H and 3He as well as in heavy ion collisions
[ 1,2]. The analysis of the polarization in nuclear scattering and reactions provides
not only the spin-dependence of the nuclear interaction but also a sensitive test
for the theoretical model used.

The interaction of 3H and 3He with nuclei has been subject to many studies
resulting in an extensive amount of the elastic scattering of the experimental data
of these composite projectiles. Therefore, many elastic scattering data for the
polarized 3H and 3He projectiles, covering a wide range of targets and incident
energies are now available [3],

The aim of this work is to study the effect of using an imaginary spin-orbit
interaction on the differential cross-section ratio cr(0)/aR(9) and on the vector
analyzing power A (9). Usually the analysis of the polarization data, in the
scattering of composite projectiles is done by the optical model potential method,
including an interaction potential with a spin-orbit coupling term. The results
from these analyses show the ambiguities of the optical model potential
parameters. Such ambiguities exist for both the central and spin-orbit parts of
the potential [4]
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In a double folding model [5] for 3H and 3He elastic scattering, it is found
that the strength of the potential for both projectiles must be multiplied by a
normalization factor, but without any interpretation. Due to the above reasons
and also the complicated nature of the calculations with the optical potential,
other approaches has been developed.

An alternative approach is the diffraction model. This is due to the fact
that, the cross-section and analyzing power data in nuclear collisions of the
strongly absorbed particles, near and above the Coulomb barrier, are associated
with diffractive features. In addition, the elastic scattering function or the S-
matrix element Sf which changes within a relatively narrow range of the (-space
under conditions of strong absorption allows one to evaluate the partial wave
summations in the scattering amplitudes.

In a previous work [6], the elastic scattering of 3H and 3He projectiles on
different nuclei at different energies has been studied with the diffraction model
using the Ericson parameterization for Sf. The agreement between the
experimental data and the calculations for the vector analyzing powers were
relatively satisfactory. But many authors [7] have emphasized the fact that, in all
polarization analyses, the spin-orbit interaction should be complex.

Hill and Frahn [4] in their SAM model have derived the cross-section and
the analyzing power in closed form expressions using a complex spin-orbit part in
the S-matrix clement under the conditions of the high-energy eikonal
approximation. Then they have expanded this spin-orbit part in powers of the
S-0 phase shift 8s

(t)and approximated it only to first order.

In the present work a complex spin-orbit coupling interaction is taken into
account in the frame work of the diffraction model. In this model the S-matrix
element is taken similar to that of Hill and Frahn but without approximation for
the scattering matrix element Sf.

In sect. 2 the theoretical formalism of the model has been described, and in
sect. 3. the diffraction model calculations are presented and compared with the
experimental data. Finally the results are discussed.

II. THE FORMALISM

In the elastic scattering of polarized spin -1/2 projectiles by spinless
targets, the total scattering amplitude is given by the following form:

where n =k,x £ „, / k
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km,kout are the wave number vectors in the initial and final channels and d is the

Pauli spin operator.
The non-spin-flip and the spin-flip amplitudes g(8) and h(9) are given in the

method of partial wave analysis by the following expansions[8]

^ Z ) (2)
2£ t=o

and

{) ^ - Z ^ l ( 3 )

where

(4)
, • tf z( s i n - )

is the Coulomb scattering amplitude. ot the Coulomb phase shift of the tth partial
wave. Where the Coulomb parameter is

m= 0.15745 ZpZx(ji/ EaBl ) m (5)

k is the wave number and Ec.m. is the center of mass projectile energy, p, is the
reduced mass. P, (cos0) and P(

x(cos0) nrc the Lcgendrc and associated Legendre
polynomial of degree t and of order zero and one respectively. /i = h/ 2 it, his
Planck's constant. Sf are the two scattering matrix elements describing the nuclear
interaction in the states with angular momenta j = t±v, where the intrinsic spin

vector s of the projectile has the two Z-componcnts v (v =±- . ) .

Using the two amplitudes g(9,) and h(G) given by Eqs (2),(3) the differential
crossrsectjon.a (Q) apdjthe vector analyzing power A(0) are given by the following
relations.

o(Q) = \g(9) | 2-\h(0) | 2 (6)

and

n

The Rutherford cross-section - aK(Q) is given by
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The cross-section ratio o (Q) /oR(Q) and th,e vector analyzing power A(9)
can be calculated by using a suitable parametrization for the scattering matrix
elements/which can be factorized according to the high-energy ("eikonal")
approximation [4,9] by the form

67=i-;'exp[2/(^)] (9)

Where S° represents the central (spin-independent) nuclear interaction which can
be expressed in terms of the usual spin-zero Ericson [10] parameterization

(10)

with x={eo-t)/Aa

where /?o,Aoand //oare the grazing angular momentum, diffuses^ in the I -space

and the absorption strength. The parameters t.o and Ao can be initially
calculated by means of the semiclassical formulae (to obtain rough values of
them ):

and

kd(\ - -2.)

R = ro(Ay: + A}.'3) ,r0 is radius parameter whete R and d are the strong
absorption radius and the geometrical diffuseness.

The factor exp [2iSJ()\s the spin-orbit S-matrix. Using fhe vector sum

] = l + s, where j takes the values j= i + v = t± —

v is the projection of s which takes the values v=±—, with the condition s

one can obtain

Sj,~v6s(t) (12)

where 5S (I) is the spin-orbit phase shift which is given by
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If the spin-orbit potential Us.0(r) is complex then 5s{t) is complex too. The spin-

orbit phase shift Ss(f) may be parameterized [4] as

2Ss(0 = /?/cosh :(^-) (14)

where Xs =(ts-l)l A,.

ts and As are the spin-orbit grazing angular momentum and diffuseness in the

<? -space where (s is close to f:o

Finally, the scattering matrix elements Sf can be rewritten as

S;=S;(k)=S';(k)e:i^e) v = ±]- (15)

which can be calculated using Eqs. (9), (10) and (14).
The complex parameter, p in Eq. (14) is related to the strength of the spin-orbit
potential U'j,.o by the relation

/? = A+ / /W;^ f (16).
Vl

Thus inserting Eqs (15) into eqs. (2) (3) one can calculate a{0)laR{9)and
A(0) from the Eqs (6), (7) and (8).

III. RESULTS AND DISCUSSION

The elastic scattering data of polarized 3H by 40Ca, 58Ni, and ^Zn at 17
MeV [11] and of 3He by 26Mg , 27AI, and 58Ni at 33.67,33.1 and 33.7 MeV [3] are
analyzed by the diffraction model described above for the spin -1/2 projectiles.

The equations (14-16) are used together with Eq. (10) to calculate the
elastic scattering cross-section ratio cr(0)/CTft(0)from Eqs. (2-4),(6), and (8) then
the vector analyzing power A(0) from Eqs (2-4), (6), and (7).

In these calculations an imaginary spin-orbit phase shift is used as in Eq.
(14). Under the strong absorption conditions the summations over the partial
waves I in Eqs (2,3) have a limited number of terms and can easily be calculated.
The calculated cross-section ratio a(0)/aR(0) and the analyzing power A(6) for
both 3H and 3He projectiles are compared with their experimental data as shown
in figures (1- 6).
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No CS-OI

WithCS-OI

160

Fig.l. Analyzing power (1-a) and differential cross-section (1-b) For
the elastic scattering of 3H + 40Ca at 17 MeV. The sold and
dashed lines are the diffraction model analysis with and
without complex spin-orbit interaction. The data are taken
from Ref. [11]. The model parameters are listed in tables J&II.
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MeV for the analyzing power and at 33.67 MeV for the cross-
section ratio, where the data are taken from Ref. [3]..
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Table I

Parameters from the analysis of JH & 3He elastic scattering data by using
the diffraction model with real spin-orbit interaction.

Reaction
3H +4 0 Ca
3H + 38Na
3He + 26 Mg (C - S)
JHe + 2 6 Mg(A-P)
JHe + 2 7 AL(C-S)
3He + 27AL (A - P)
^He + ^Ni (C-S)
^ e + ^Ni (A-P)

E|ub MeV

17

17

33 67

, 33 20

29 60

33.10

33 7

33 1

e:
9 82

9 75

11 03

, 10 24

10 9

10 26

13.35

12 12

e:
7.82

8 75

10.03

9 24

9.9

9.26

11.92

11.12

Ao

0.65

0.65

107

0 92

0.99

0.97

0 93

0.92

0.30

0.10

0 50

0 45

0.45

0.30

0.45

0.50

r.
1.45

L 1.43

1.35

1 27

1.43

1.27

1.40

1.33

d
0.442

0 46

0 54

0 493

0.53

0 49

0.435

Table II

Parameters from the analysis of 3H &3He elastic scattering data by using
the diffraction model with complex spin-orbit interaction.
(N.B.: (C-S) means cross section and (A-P) means analyzing power).

Reaction

JH + J 0Ca
J H + 5 S Ni
JH + 6S Zn
JHc + " MSJ (C - S)
JHc + "Mu(A-P)
JHc + 27AL(C-S)
JHc + " AL (A - P)
JHc + MNi (C-S)
JHe + slNi (A-P)

E|ji,

McV
17
17
17

33.76
33.20
29 60
33.10
33 7
33 1

L

8 82
9.25
9.8

10.57
10.61
10 4
10.55
12.65
12 48

A.

0.70
0 65
0.75
1.07
1.01
0 97
0 97
0 97
0 97

/.U

03
0 1
0.1
0.5
0.4

0 45
0 3

0.35
0 35

i .

7.32
8.05
8.5

9.47
9.11
9.3

9.25
11.15
10.98

As

0.4
0.3
0.3
0.5
0.5
0.45
0.45
0.4
04

Br

0.2
0.19
0.2

0.145
0.145
0.155
0.18
0.19
0.19

B,

0.04
0.04
0.04
0.08
0.085
0.085
0 10
0.04
0.04

n

1.5
1.43
1.45
1.36
1.37
1.43
1.36
1.4
1.4

d

0.47
0.43
0.49
0.54
0.51
0.52
0.49
0.46
0.46

As shown from the figures a good agreement is obtained between both the
diffraction model calculations and the experimental data for a/crR(6). But for the
polarization data, it is clear that the use of a complex spin-orbit S-matrix
improves the fitting of the analyzing power data much better than using a real
one. One may notice also that, the fitting of the polarization data for 3He is better
than the same data for 3H. This is due to the fact that the tritons incident energies
(17 MeV) is much lower than that of 3He. The values of the obtained parameters
are consistent with the results obtained by Hill and Frahn [4].

The values of the fitting parameters ^o>(?i.JAo,AJand fi0 together with their
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corresponding geometrical ones the radius parameter "r0" and diffuseness
"d"are listed in Table II and the corresponding fitting parameters from the
diffraction model with real spin-orbit S-matrix are listed in table I for
comparison. The obtained values of the parameters are seen to be comparable
with these values obtained in Ref. (4|.

From the present analysis of the polarization data one may conclude that
the diffraction model can describe the polarization data of the scattered
composite particles if the strong absorption conditions are satisfied. Also it is to
be concluded that the use of a complex spin-orbit is necessary for obtaining better
results for the analysis of the polarization data.
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Abstract

The experimental data of 4 1(4 5)A GeV/c 22Ne(28Si) emulsion interactions, which
has been measured in the laboratory of high energy physics ( LHEP ) at Cairo
University , has been utilized in this analysis In the present paper we propose the
use of Bubelev's graphical method to visualize the candidates of cluster formation
in nucleus - nucleus interactions This method is based on the Chernikov
geometry formulation of relativistic kinematics in patterns in the Lobachevsky
velocity space in which the motion of particles are equivalent to the Lorentz
group The analysis has shown that events which are identified as formation of
clusters in 22Ne( 8Si) emulsion interactions are well illustrated in the Lobachevsky
velocity space using the principle of likeness (closeness). The study will be
extended to include other reactions and other types of particles

Key words: Cluster, 4.1(4.5)A GeV/c 22Nef8Si) emulsion interactions,
Lobachevsky velocity space (LVS)

INTRODUCTION

A new method is proposed for the graphical representation of clusters in the Lobachevsky
velocity space ( LVS ) . This space is based on a new geometry, not only on its logical aspect
but also on its applications in physics and astronomy[l]

Euclid (330- 275 BC) based geometry on a number of axioms Among them, the fifth
a\iom, known as Euclid's postulate on parallel straight lines Euclid defined two straight lines
as parallel if they lay in a common plane and not intersect with each other The doctrine of
parallel lines is the most difficult part of Euclid's geometry It had three postulates as:

1 Only one straight line can be drawn between two points
2 A straight line is the shortest path between two points.
3 Through a given point on a plane one can draw only one straight line that does not

intersect a given line
In Euclid's geometry, one distinguishes a great part of propositions whose proofs do not rely
on Euclid's axiom Such propositions presented by Euclid himself in the first place They
include, for example, the theorem that two lines do not intersect if they are perpendicular to
some third line This part called absolute geometry It is taken over entirely into Lobachevsky
geometry The proof of the third axiom known as Euclid's postulate was sought in vain for a
long time Henry Poincare ( 1854- 1912 ) said "It is impossible to imagine the efforts that had
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been spent in pursuit of this dream Finally at the beginning of the nineteen-century, a
Russian and Hungarian, Lobachevsky and Bolyai, showed independently that this proof is
impossible The impossibility of proving Euclid's postulate could be established only by
discovering a new non- Euclidean geometry "
The main idea of geometry of Bolyai and Lobachevsky established in the new geometry is
that , through a given point on a plane not only one line could pass through it but also
infinitely many lines that do not intersect a given line In the family of such lines , there is a
pair of limiting lines , which are called lines parallel to the given line If from the beginning
of a straight ray one drops the perpendicular onto the line parallel to it, then the angle n
formed by the ray and the perpendicular line in Euclid's planimetry is, as well known, nil
But in Lobachevsky planimetry it is less than nil and depends on the height P from which the
perpendicular is dropped This dependence contains a characteristic length k It is called
Lobachevsky constant Lobachevsky called the dependence IT = IT (p/k) = U (x) on the angle
of parallelism and showed that

t g ( n ( x ) / 2 ) = ex (1)

The key to the proof of this formula was the intrinsic geometry of the orisphere This was
the name that Lobachevsky gave to the surface orthogonal to the sheaf of parallel lines, and he
proved that the intrinsic geometry of orisphere was identical to Euclid's planimetry The
constant k occurs in all formulas of Lobachevsky geometry in the part of which it differs from
Euclid's geometry
In I960 Chernikov established geometric formula of relativistic kinematics in the pattern of
the Lobachevsky's velocity space (LVS)[2] This method is based on the multi-dimensional
analysis of the multi-particle hadron-nucleus collisions by using a descriptive representation
of the hadron collision kinematics which is Lorentz-invariant[3] One element of this formula
is the rapidity which is a distance in the (LVS), between the frame of reference and the rest
formula of a jet particle with energy E, momentum P and rest mass m

p = Vi In |( E + P ) / ( E - P ) | (2)

and its orthogonal projection into the jet axis in the ( LVS ) is the longitudinal rapidity

PL = '/2 ln |(E + P L ) / ( E - P L ) | (3)

The logarithmic half-angle scale r|(9) can be considered as a longitudinal quasi-rapidity , by
using photon approximation for a jet particle

n(9) =-lntan(9/2) = P
L (4)

The translation and the rotation motion in the ( LVS ) are equivalent to the Lorentz group
Therefore, the LVS can be considered as an invariant phase space (IPS ) in high energy
physics So, point in the LVS represents as a world velocity. The world velocity of two
colliding and n detected jet particles, according to Chernikov , from (n+2)-point picture of the
jet kinematics in the LVS This picture is called discrete kinematics figure (DKF) It is
Lorentz- invariant and contains the whole dimensional information on jet kinematics Fora
definite kind of reaction these points are the centers of domains in the LVS permitted for
cluster decay products by the 4 -momentum conservation law

At the stage of classification of jets into types, it is convenient to characterize the likeness

248



(closeness) in the (EPS) of single type (DKF) by generalized distance p^ (A', AJ ) ,
where

A ' 0 ) ={p^} ' 0 ) , l < u < n + 2 (5)

is the generalized hyperbolic metric of the LVS between two comparable ith and jth jets. In
the nonrelativistic limit, this equation transferred into the usual generalized root mean square
distance in the quasi-Euclidean domain of the LVS

In about 1970 Bubelev[4] designed a map for LVS on which one may recognize a cluster
by inserting data on kinematical variables such as momentum, angle of emission, rapidity

EXPERIMENTAL TECHNIQUE

Two groups of stacks of nuclear emulsion (Em) have been exposed to the 22Ne -beam at 4 1A
GeV/c and 28Si -beam at 4 5A GeV/c at the Dubna Synchrophasotron Scanning and angle
measuiement techniques are described in details previously in reference [5] All charged
secondary particles have been classified, according to the velocity P = v/c , the range L in the
emulsion, and the relative tonization I* = I / Io, where I is the particle track ionization , and Io
is that for a singly charged relativistic shower track in the narrow forward cone of an opening
angle 0 < 3 °. These secondary particles emitted in the measured events are classified as.
[i] The grey tracks producing particles "g" having L > 3 mm, a relative ionization I*> 1 4 ,
and 0 3< P <0 7 These are charged recoil nucleons The tracks of such type having 9 < 3 °
and L > 2 cm are considered to be projectile fragments having Z=2
[n]The black tracks producing particles "b" with L < 3 mm (P < 0 3) These are slow nucleons
and nuclear target fragments
Together the " b + g " tracks are called the tracks of heavy ionizing particles "h"
The b-particles having 0 < 3 ° and L > 1 cm are considered to be projectile fragments having
Z > 3 The number of delta-electrons has been measured for each of these particles in order to
determine the corresponding charge Z=3,4, ,Zbeam
[in] The shower tracks producing particles " s " having I* < 1 4 and P > 0 7 and an emission
angle 9 < 3 ° The tracks of such type have been further subjected to multiple scattering
measurements for momentum determination in order to separate the produced pions from
non-interacting single charged projectile fragments ,and to differentiate them into protons,
deuteions, and tritons
Thus all the emitted particles have been adequately divided into multicharged projectile
fragments ( PFs ) with Z varying from Z=l to Zbeam, target fragments i.e h-particles ( TFs) ,
and the generated
shower s-particles

METHODE OF SEARCH FOR CLUSTER

From the available data, the shower produced particles (s) are considered only from all the
secondary particles emitted in the measured events Also, the events of high multiplicity with

n, > 30 are chosen For each particle the pseudorapidity r\ was calculated For each event, the
values of r) were rearranged in descending order and normalized as
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n = (n - nmm) / On - r i m a x ) (6)

to take the values between 0 and 1,where r|min and "nmax are the minimum and maximum
values of q in the considered event[6] The r\- distribution of the experimental data are
compared with the generated events by a Monte Carlo (MC) procedure of a same multiplicity
In figure(l), a spike is considered to be significant since there is a difference between the
experimental peak and the corresponding MC one

dn / d

r

— 3?NE

\ VCNE

r
_ ^

Ne :
dn/d r\

IIS

11

12!

«a

HI!

t i l

IIS

— Hist Exp

\ MC

Si

1 ' II 1 i 0 i II I !

Fig( 1) The n. - distribution for the interactions of 4 1(4 5)A GeV/c 22Ne(28Si) emulsion

Collisions between nuclei at high energy may create a finite volume of high density
hadronic matter Such condition could be reached in central nucleus-nucleus collision when
the energy density is linearly related to the rapidity So the experimental events are chosen
within the narrow spike

Also to search for hadronic clusters, the quantitative method of pseudorapidity intervals
Aii n a s been applied as

=1,2, . (7)

where Ai-|\j means the pseudorapidity interval between the ith and jth particles while k is a
number of particles between them[7] If the shower particles are emitted independently and
no correlation exists between them, the distribution will have a binomial shape Therefore,
the experimental data are compared with the independent particle emission Ar\- distribution
model (IPE) which is given by

where ,

dN\ /

Ck
n . ,

= C k= Ck
n . , Ar|k ( 1 - (8)

(9)

The frequency distribution for the normalized pseudorabidity intervals, Ar\- distribution, were
obtained for different values of n and k A deviation between the position of the maxima of
the experimental Ar|- distributions and the calculated (IPE) one has been observed in figure
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(2).where the experimental distribution (histogram) is shifted to the lower values of Ari-
distnbutions with respect to the the IPE one This indicates a correlation between the emitted
Shower particles in the considerd interval The observed correlation may be interpretedas abig
hadronic cluster dring the multiple production process This is consistance with the formation
of excited hadronic matter,which aquires greater size while moving inside the target
nucleus[S] The analysis interpretation discusses the formation and subsequent decay of a big
hadronic cluster during the multiple production process of the interactions The details of the
method can be shown in reference[7]

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Fig (21 The Ar|- distnbutionsfor the interactions of !8Si +Em for k = 12 ,n = 16 and
: ;Ne+Em fork = 7,n= 16

Figure (3) shows the Lobachevsky's velocity plot, which was firstly presented by Bubelev
The plot is an Euclidean image of the distribution of secondary particles intheLVS. It
permits one to analysis of the jet kinematics of each event separately using the curved
coordinate^] The curved orthogonal coordinates of a point are the space angle 9 and the
momentum P in the frame of reference whose velocity is represented by the net origin. The
analysis of the interaction of protons with emulsion shows many produced clusters, some of
them have been selected in figure (4)
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CONCLUSION

By using Lobachevsky's velocity space (LVS) in relativistic kinematics, one can provides
a new method for cluster analysis
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ABSTRACT

Analysis of emission of shower particles in 22Ne + Ag(Br) collisions at
4 1A GeV/c and in 28Si + Ag(Br) interactions at 4.5A GeV/c has been
carried out to observe the sideward flow of nuclear matter. The transverse
momentum method utilizing has been used to determine the reaction plane
for the projectile fragments in an event. Data on sideward flow has been
obtained by studying the azimuthal distribution of shower particles.

Key words: 4.1(4.5)A GeV/c 22Ne(28Si) emulsion interactions,
sideward flow of nuclear matter

INTRODUCTION

One of the principal goals of the study of relativistic heavy-ion collisions is the observation
of the collective behavior of high compressed nuclear matter [1-3] The measurement of the
collective flow has shown two collective emission patterns of particles which appear in the
leaction plane, one is the so called " side splash " of the participant nucleons, (those sharing
directly in the interaction) from the collision zone , and the second is the " bounce off" of
spectator nucleons (non-interacting nucleons) emitted into the projectile and target rapidity
regions[4-8]

Usually the collective flow is studied using one of the following tensors,
[a] Sphericity tensor [9]

Qu - I Kpj m

u = l

[b] Energy flow tensor [10]
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u =

[c] Momentum flow tensor [11]

n pupu

7»/ - I ^~ PI

and.
[d] Angular emission tensor [12]

where P,, Pj denote momentum projections of the particle three momentum All these tensors
are calculated from the momenta of all ^ measured particles for each event These tensors
approximate the event shape by an ellipsoid whose orientation in space and whose aspect
ratios can be calculated by diagonalization [9-12]

A new component of the collective flow has been observed in a plane perpendicular to
the reaction plane, which is the only direction where the produced particles might escape
during the whole collision time without being rescattered [ neither stopped nor thermalized ],
by either the target- or projectile-nucleons [13-17] This phenomenon is called squeeze-out
effect

Many experimental and theoretical studies have been devoted to study the collective flow
of nuclear matter It was observed by using nuclear emulsion [ Em ] and silver chloride [
AgCl ] nuclear track detectors [18-19] The angular distribution of the slow particles is peaked
at the value predicted by nuclear shock waves calculations [20] , while there are other
experiments which had shown less evidence of this peak or the absence of it [21-22]
Danielewicz and Odyniec [23] , have proposed a transverse momentum analysis to detect the
presence of the collective effect . Jain et al.[7] , studied the dependence of the transverse
momentum of the colliding system on the impact parameter and bombarding energy for A +
Em More exclusive data have been presented taken from the plastic ball measurements [8].
The information available from 4 n spectrometers, like the plastic ball, provide the four
momentum of all the charged particles, which have been used to make a comprehensive
analysis of the kinetic energy flow tensor of each event [10]

Theoietical predictions of these collective effects are based on the molecular dynamical
model [24], Vlasov - Uehling - Uhlenbech [ VUU ] model[25-27], and quantum molecular
dynamics [QMD] approach [27-29] These models have been used to reproduce the
experimental azimuthal correlation between the emitted particles.

The analysis of the sideward flow of nuclear matter using shower particles emission is very
rare [13,16-18]. It is of great interest to study the emission of the shower particles in central
heavy ion collisions at different energies Kiselev[24] found that the sideward effect become
moie pronounced for a heavier nuclear matter , and it decreases at high beam energy This
was observed for different experiments [4,8,14-18,24], such as Ca+Ca at 400 and at 800A
MeV/nucleon , and for Nb + Nb at 150 , 400 , 650 , and 800A MeV/nucleon, and for La + La
at 800A MeV/nucleon
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In the present work , the study of the sideward flow emission of the shower particles has
been investigated for the 4 1A GeV/c 22Ne + Em and 4 5A GeV/c 28Si + Em

EXPERIMENTAL TECHNIQUE

Two groups of stacks of nuclear emulsion (Em) have been exposed to the 22Ne -beam at
4 1A GeV/c and 2xSi -beam at 4 5A GeV/c at the Dubna Synchrophasotron Scanning and
angle measurement techniques are described in details previously in references [30-32] All
chaiged secondary particles have been classified, according to the velocity P = v/c , the range
L in the emulsion, and the relative ionization I* = I / Io, where I is the particle track ionization
, and Io is that for a singly charged relativistic shower track in the narrow forward cone of an
opening angle 6 < 3 ° These secondary particles emitted in the measured events are classified

[i] The grey tracks producing particles "g" having L > 3 mm, a relative ionization I*> 1 4, and
0 3< p <0 7 These are charged recoil nucleons The tracks of such type having 9 < 3 and L
> 2 cm are considered to be projectile fragments having Z=2
[n]The black tracks producing particles "b" with L < 3 mm (P < 0 3) These are slow nucleons
and nuclear target fragments The b-particles having 9 < 3 ° and L > 1 cm are considered to be
projectile fragments having Z > 3 The number of delta-electrons has been measured for each
of these particles in order to determine the corresponding charge Z=3,4,..,Zbeam •
Together the " b + g " tracks are called the tracks of heavy ionizing particles "h"
[iii] The shower tracks producing particles " s " having I* < 1.4 and P > 0 7 and an emission
angle 9 i 3 ' The tracks of such type have been further subjected to multiple scattering
measurements for momentum determination in order to separate the produced pions from
non-interacting single charged projectile fragments, and to differentiate them into protons,
deuterons, and tritons
Thus all the emitted particles have been adequately divided into multicharged projectile
fiagments (PFs) with Z varying from Z=l to Zbeam, target fragments i e h-particles ( TFs ),
and the generated shower s-particles
Foi each track , one may obtain
[aj The polar angle 9, i.e the space angle between the direction of the incident beam , and that
of the given track ,
[b] The azimuthal angle <J) , i e the angle between the projection of the given track in the
plane normal to the beam , and the direction perpendicular to the beam in this plane (in an
anticlockwise direction)

Nuclear emulsion is composed of light (H,CNO ) elements , and heavy (Ag Br)
elements One can approximately separate the interactions involving the heavy target nuclei
fiom those involving the lighter ones by selecting events which have number of target
fragments Ni, > 8, that is, interactions with heavy target Ag(Br) nuclei In our analysis, from a
total of 4307 22Ne -r emulsion measured primary inelastic interactions, 704 collisions were
chosen, besides 338 collisions of 28Si + emulsion from a total of 1322 measured inelastic
interactions These selected events have, at least, a number of projectile fragments NPF > 3
and a number of target fragments N|, > 8

The reaction plane of the nuclear collision for each event is determined by the transverse
momentum analysis of the projectile fragments [PFs] in this event [7] Once the reaction plane
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is determined the azimuthal direction of all the shower particles relative to this plane can be
defined

Assuming that, after the collision of the interacting nuclei, the longitudinal momentum
pei nucleon PL of the projectile fragment is the same as that of the incident particle Thus the
tiansverse momentum of the ith fragment[7]

Ptl = PL tan 9, (5)

where 9, is the emission angle of the ith fragment
and.

MeVIc for

MeV/c for

22'Ne - beam
28Si - beam

(6)

The weighting factor w, is introduced to exclude fragments of very large transverse
momentum, such that w, = 1 for fragments going in a forward direction and having small
values of Pi,, which contribute to the determination of reaction plane

where.
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(8)

These values of Pcul have been determined by drawing a fitting curve for the histogram of the
tiansverse momentum distribution per nucleon, and then extrapolate a straight line for the tail
of the curve This can be shown from Figs ( l,a ) and ( l,b ) for 4 1A GeV/c 22Ne + Em and
4 5A GeV/c 28Si + Em, respectively

N% 6 r

0 40 80 120160200240280 320 0 40 80 120160200240280 320
P /A(MeV/c) P /A(MeV/c)
t t

Fig 1 The transverse momentum per nucleon Pt / A distributions of the emitted
projectile fragments for (a) 4 1A GeV/c 22Ne+Ag(Br) and (b) 4 5A GeV/c ^Si +Ag(Br)
interactions The extrapolation line of the fitting curve determines the values of Pcut,
which are 240 MeV/c for "Ne , and 280 MeV/c for 28Si

Also, the mass number m, of the ith projectile fragment are taken into account as [16,33]-
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it
where Ak, is the mass number of the kth isotope of projectile fragment (i) ,and Wk, is the
coiiespondmg fractional yields of the isotope
The onentation of the reaction plane was defined for each event by the vector

Q, =

wheie v is the number of the considered tracks in the event
The azimuthal distribution of shower particles projected on this reaction plane, which is

determined from the PFs, is calculated as

P, = 4 ^ - = cos( br) t11!

where V, is the unit vector for shower particle i in the event j , and (j>r is the azimuthal angle
between the emitted shower particles and the measured reaction plane The mean transverse
momentum per nucleon projected onto the reaction plane < P* > is obtained by averaging P,*
over all shower particles, and over all the selected interactions

All tracks of the experimental events were randomized though each track was still
conserving its characteristics and uncertainty Then, events of the same multiplicityv were
geneiated by the Monte Carlo technique from the randomized array Thus the natural
correlation was removed and only statistical fluctuation may occur

RESULTS AND DISCUSSION

The dependence of the aveiage transverse momentum projected onto the reaction
plane <- P* > on the pseudorapidity , r\ of the shower particles in the selected interactions of
22Ne + Ag(Br) at 4 1A GeV/c and 28Si + Ag(Br) at 4 5A GeV/c is shown in Figs.(2-a) and
(2-b), respectively The points in these two figures represent the average transverse momenta
of shower particles projected onto the reaction plane, in a given r\ interval. The average
transverse momentum of a shower particle projected onto the reaction plane, < P* >, will be
equal to zero if the transverse momenta of shower particles are randomly distributed in the
azimuthal plane The value of < P* > will differ from zero if the energy flow of particles
deviates from zero-angle direction ie if sideward flow of nuclear matter takes place The
experimental data in the two Figs (2 -a) and (2-b) show that <P*> differs significantly from
zero in the range r\=2-3 Events were generated randomly from the experimental tracks, i e.
we exclude any correlation between tracks, however we kept all the experimental
uncertainties Then we constructed the same dependence between < P* > and the
pseudorapidity r\ Figs(2-a) and (2-b) show that these dependencies are not due to statistical
fluctuation
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0.04

Fig 2 Average transverse momentum of shower particles projected onto the reaction plane <P*>
.is ,i function of pseudorapidity 11 for (a) 4 1A GeV/c 22Ne +Ag(Br) and (b) 4 5A GeV/c 28Si
+Ag(Bi) interactions The dots with error bars are due to the randomized sample while the open
circles are due to experimental data

The determination of the reaction plane is the important factor in the transverse momentum
technique [7] To estimate the accuracy of the reaction plane determination, each event is
randomly divided into two sub-events Two reaction planes are extracted, one for each sub-
event The angle between the reaction planes of the two halves was determined in the
aznnuthal plane The distribution of the azimuthal angle between the two sub-events (halves)
has shown a narrow peak at 0° which proves that the technique used to determine the reaction
plane is accurate The resultant vector in the azimuthal plane was deduced for the following
groups of particles, in the selected events [i] h-particles for events of Nh> 8, [ii] Shower
particles and [iii] Projectile fragments The unit vectors of these particles are summed to give
their resultant vectors The difference between the direction of the resultant vectors of
projectile fragments and h-particles, A<()PF = | ^PF — <t>h, and the difference in angles between

<{)s - (J>h | , arethe direction of the resultant vectors of shower particles and h-particles , A(J) | { J |
calculated for the two interactions 22Ne + Ag(Br) at 4 1A GeV/c and 28Si + Ag(Br) at 4 5A
GcV/c The distiibutions of Aijipi foi 22Ne - and 28Si - beam are shown in Figs (3-a) and (3-b)
iespectively, and the distributions for A<j>s are shown in Figs (3-c) and (3-d) for 22Ne - and
2xSi - beams, respectively The total number of events is normalized to 100. The error bars of
the data points are shown There is a tendency for peaking at 180° which shows back - to -
back emission and a strong correlation between the studied groups of particles These results
agree with the observation of sideward emission of particles

259



: . I , I , I , I > I

60 90 120 150 180
A4>pp

0 30 60 90
A*

120 150 180 0 30 60 90
A*

120 150 180

Fig" The distribution of the angular difference between the direction of the resultant
\cctois of the projectile fragments and of the h-particles for (a) 4 1A GeV/c22Ne
+Ag(Br) and (b) 4 5A GeV/c :xSi +Ag(Br) interactions ,and the angular difference
between the direction of the resultant vectors of shower particles and of the h-particles
for ( c ) 4 IA GeV/c 22Ne +Ag(Br) and (d ) 4 5 A GeV/c 28Si +Ag(Br) interactions

CONCLUSION

A study of the shower particles emitted in 22Ne + Ag(Br) collisions at 4.1 A GeV/c and in
"̂ Si -*- Ag(Br) interactions at 4 5A GeV/c has been carried out From this study, it may be
concluded that
(1) 1 he tiansveise momentum method has a good accuiacy m deteimining the reaction plane
or the projectile fragments
(2) There is an indication of sideward emission of shower particles
(3)The angular distribution of the resultant vectors for h-particles with both projectile
fragments and shower particles shows a correlation between them
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ABSTRACT

The emission of charged particles in 4 5 GeV/c proton-emulsion interactions has
been investigated The emulsion plates have been irradiated at Dubna
Synchrophastron The experimental data were obtained at the Laboratory of High
Energy Physics (LHEP) at Cairo University The transverse momentum technique
has been used to check the sideward flow of charged particles in the considered
reactions The reaction plane has been determined in each event and the transverse
momentum ( the momentum component in the azimuthal plane ) was projected
onto the reaction plane. The dependence of the average-oriented transverse
momentum per charged particles, projected onto the reaction plane , on the
pseudorapidity has been studied The study has shown a significant side ward
flow of charged particles in the region of large pseudorapidity i e small values of
the space angle ( forward cone ) The side ward flow of nuclear matter seems to
be a result of the interaction between any two composite particles A correlation is
seen between the direction of flow of the charged particles and the emitted heavy
ionized target fragments

Key words : 4.5 GeV/c proton-emulsion interactions, Sideward flow
of charged particles.

INTRODUCTION

Many works have been devoted to the study of the collective sideward flow of the nuclear
matter in nucleus-nucleus (A-A) interactions in the momentum range from a few hundreds
MeV/c to a few GeV/c per incident nucleus-nucleus [1-9]. Nuclear emulsions and AgCl
nuclear track detectors have been used for the first time to search for the collective sideward
flow of nuclear matter in central 12C + 108Ag collisions [2-3] It has been shown that the
angular distribution of alpha particle target fragments, emitted from these interactions, peaks
at an angle predicted by the shock wave calculations [2] A series of subsequent experiments
has shown either less evidence for this peaking or its absence [2,4,5]. Signatures for a bounce-
off effect were observed, a few years later. Experimental results, concerning the collective
sideward flow, have been obtained by the 4TC plastic ball detectors [6-8] and by nuclear
emulsion [10-14] The collective sideward flow of the nuclear matter affects the emission of
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the projectile fragments, target fragments and pions [15]. Almost, all these experiments were
restricted to the study of the projectile and / or target fragments, since these particles are
easier to be measured The investigations had shown that the sideward effect may appear in
any collision of a composite particle with a target nucleus. It is interesting to test whether the
sideward flow can be observed in proton-emulsion interactions The present paper deals with
the collective flow analysis for the produced shower particles in proton-emulsion collisions at
4 5 GeV/c The transverse momentum technique was used to investigate such collisions The
significance of the determination of the reaction plane has been studied. The correlation,
between the emitted shower particles and target fragments, has been investigated

THE TRANSVERSE MOMENTUM ANALYSIS

The transverse momentum of a produced shower is represented by a unit vector P,. The

vector Pj points in the azimuthal direction of this particle. A reaction plane was determined

for each event as follows

Where W, = 1 for 0 £ 30°and W, = 0 for 6 > 30°
Generally, the vector^ includes the summation over all the particles considered and the
reaction plane for an event is determined from the direction of the incident particle and the
vector^ ,i.e , each event is associated with one reaction plane.
The projection of P ^ n R is given by

P* = P,.R/R (2)

The average transverse momentum per shower particle projected onto the reaction plane <P*>

, is obtained by averaging P, over all showers and over all selected events. < P, > will be

zero if P, is randomly distributed in the azimuthal plane and nonzero if the flow of particles
deviate from zero-angle direction ( i e., if the sideward flow of produced shower take place)
Fig. 1 shows the relation between <P*> and the pseudorapidity, ( r j ) , of the shower produced
particles in proton-emulsion collisions at 4 5 GeV/c. The dots with error bars, are the
experimental points and the histogram represents the Monte-Carlo simulation of events from
the experimental tracks which were randomized before the simulation. The experimental data
shown in Fig 1 reveals that <P*> differs significantly from zero To investigate whether such
observation is a true significant effect or just a statistical fluctuation, a Monte-Carlo (MC)
program was designed to regenerate events of the same multiplicity from a randomized
sample of produced showers in the experiment (i.e., all the shower produced were raffled and
MC events were generated randomly from them). The histogram represents the relation
between <P*> and the pseudorapidity, r\ , assuming a random distribution of the produced
showers A significant difference between the experimental and simulated data is seen in
Fig.l, especially in the region of large r\ ( i.e. small 9 ). This observation displays the
sideward flow of the produced showers in p-emulsion collisions at 4.5 GeV/c.
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The resultant vector R together with the direction of the incident particle reconstruct the
geometry of the collision and determine the reaction plane with a certain accuracy The next
section deals with this point in details
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Figure(l) The dependence of <P*> on the pseudorapidity, T|. The points with error
bars are the experimental data The histogram is due to the simulated events by
Monte Carlo.

REACTION PLANE

The uncertainty in the determination of the reaction plane can be estimated by studying the
difference between the reaction planes found for single events using different sets of particles.
If the difference between two reaction planes for the same event is small, either of these two
planes can be viewed as being well determined. Thus, it has been proved that a good
accuracy, for the method used in the present work for the reaction plane determination, has
been achieved

The reaction plane is important for the analysis of high energy nuclear reactions Figs.2 and
3 show the angular distribution of the black and grey particles relative to the reaction plane. It
can be seen that, for black particles, in the region of cos 0b greater than 0 2, there is an
enhancement in the angular distribution This may indicate a collective sideward flow of slow
target fragments ( black-particles). Such signature is difficult to be observed in the angular
distribution of black particles relative to the microscope coordinates

CORRELATION BETWEEN PRODUCED SHOWER
PARTICLES AND TARGET FRAGMENTS

A unit vector was assumed along the projection of the direction of flight of each particle
onto the azimuthal plane. Then, the unit vectors for the produced shower particles and for the
emitted target fragments, in each events , were summed separately to find the resultant vectors
of the produced shower particles and the emitted target fragments. The angle (pSh between two
resultant vectors was determined in each event. Figure(4) presents the distribution of the angle
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(<Psh ) A peak is observed at an angle (psh = 180. This shows that the produced shower
particles and target fragments indicate a back-to-back emission. This observation agrees with
the sideward flow of the nuclear matter.
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Figure(2) The angular distribution of
b-parucles relative to the reaction plane

Figure(3) The angular distribution of
g-particles relative to the reaction plane
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Figure(4) The azimuthal angle between the resultant vectors of the shower particles and
the heavy target fragments
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CONCLUSIONS

The sideward flow of the produced shower particles has been observed in proton-emulsion
collisions at 4.5 GeV/c A back-to-back emission has been seen for the produced shower
particles and emitted target fragments.
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Central events due to the collisions of 6Li with the heavy (AgBr) group of
emulsion nuclei at 4.5 A GeV/c are defined and selected according to a certain
criterion based on the high multiplicity of total charged particles. Events produced
by means of the Modified Fritiof simulation code are also chosen according to the
same criterion. Theoretical calculations concerning the multiplicity distributions
of both shower and grey particles are performed and compared with those of the
central events. Such calculations, which are parameter-free analytical description
based on the Glauber model, reproduce satisfactorily the distributions of such
events
Key Words: Heavy-ion collisions, Fntiof Model, Multiplicity Distributions

INTRODUCTION
The study of central collisions i e. interactions characterized by small impact

parameter between the interacting nuclei are of great importance [1] for
production of hot dense nuclear matter in which new physical phenomena, such as
the formation of a quark-gluon plasma may occur. Exclusive studies of such
reactions provide us with a much better test of existing models than inclusive
(impact parameter integrated) data.

The use of the nuclear emulsion (Em) both as a target'and a detector is very
convenient for the investigation of such central events. The multiplicity
characteristics of all secondaries and the number of non-interacting projectile
fragments can be determined accurately for each event. In emulsion experiments,
all observed particles are traditionally divided into at least three groups. These are
shower s-particles (with multiplicity ns) that lead to ionization less than that
caused by single charged particles with v/c=0.7; grey g-particles (with multiplicity
ng) that lead to ionization greater than that caused by single charged particles with
v/c=0 7, but less than that caused by particles with v/c=0.23; and black b-particles
(with multiplicity nb) that lead to ionization greater than that caused by single
charged particles with v/c=0.23. The group of s-particles contains primarily
produced mesons, while the g-particles are mostly protons, which are assumed to
be produced at the fast stage of the interaction [2]. The group of b-particles is
dominated by protons. They are considered as products of evaporation of the
residual nuclei The total multiplicity of the three groups is denoted by ncn ,i.e
nch=ns+ng+nb In addition to these groups, charged fragments of the projectile with
a constant ionization over a very long range (~2000)im) and with emission angle 0
< 3° (at the considered momentum range) are classified as non-interacting
(stripped) projectile fragments. The total charge of such stripped fragments is
denoted by Q.

The interaction is considered to be central when the impact parameter b has

value ranging between 0 and \RT - RP \, i e. 0 < b < \RT - RP |, where RT (Rp) is

the radius of the target (projectile) nucleus. This corresponds to complete overlap
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of the projectile and target nuclei Since the impact parameter cannot be measured
experimentally, several selection criteiia [3-7] for central events were previously
chosen Most of such criteria define the central events as those characterized by
either a high multiplicity nch of secondary charged particles [3,4] or by a small
total charge of the stripped projectile fragments Q [5,6] High total transverse
energy is also proposed [7] for central collisions .
In the present work ,central events are selected as those possessing

"ch^2<neh> and Q = Qor\ (1)

which have been shown to provide an adequate agreement of the experiment with
theoretical calculations concerning the cross section, the average number of
interacting nucleons, and the multiplicity distributions of shower particles [8].

In the present work criterion (1) is used as a definition for central collisions and
is applied to:
i- The experimental data [9] for the interactions of 6Li -nucleus with the heavy

group of Em nuclei (i.e. Br and Ag) at momentum 4.5 A GeV/c.
ii-Simulated events carried out by means of the modified Fritiof model [10]

(MFM); a brief account of which is given in the next section.
The multiplicity distribution of shower particles,/^ is calculated in the

framework of an independent nucleon-nucleus (NA) model [11] . Also the
distribution of grey particles, ng is calculated with a simple analytic parameter-
free model whose input information is the ng multiplicity distribution produced in

proton-nucleus interactions [12] The latter is either calculated from any one of the
well-known models on g-particles [13], or directly taken from pA experiments
These models are described below in the next two sections. Results of calculations
for the multiplicity distributions of both shower and grey particles resulting from
central collisions are then presented and concluding remarks are given thereafter.

MODIFIED FRITIOF MODEL
The Lund Monte-Carlo program code- Fritiof version 1.6 [14] is preferably

used for the analysis of high energy inelastic hadron-hadron, hadron-nucleus, and
nucleus-nucleus interactions. In the original Fritiof model, the primary NN
collisions are determined by using the Glauber approximation. The hadron is
treated as a vortex line. It consists of a hard core surrounded by an exponentially
damped field. When two hadrons interact, two longitudinally excited string states
are formed and then they hadronize independently according to the Lund model
for jet fragmentation. The hadronization is assumed to take place outside the
nuclei, and thus the intranuclear cascade is neglected. For that reason no
characteristics of slow target associated particles are reproduced.

In order to include cascading in the Fritiof model, the primary interacting
nucleons are allowed to rescatter through Regge cascading [15]. Each interaction
of the incident hadron with nucleons of a target nucleus is assumed to initiate a
cascade of Reggeon exchanges. In the Reggeon approach, the calculation of
amplitudes and cross sections for cascade interactions requires considering
enhanced graphs [16,17], ie graphs with an interaction between Reggeons. It is
shown that inelastic rescatterings occur for any secondary particles, both slow and
fast ones, and the yield of enhanced graphs leads to the enrichment of the
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spectrum by slow particles in the target fragmentation region The combination of
Fritiof primary NN scatterings and Regge cascading is regarded to as the
Modified Fritiof Model (MFM).

The Fermi motion of nucleons is taken into account by using the algorithm
presented in [18]. In case of dissociation of two compound systems A and B, the
ilh constituent of system A will be described by:

and the j t h constituent of system B is.

where EAJ(EBJ) and p, (q,) are the energy and momentum of the iA( j t h ) constituent
from A(B) Also :

t WB~ =j^(EBj +q]2) (2)
,=1

By using these variables and applying the energy-momentum conservation laws:

.=1 ;=1

A B

and

E Z =0

One obtains:

+ ; ^ (3)
x, WA

y i
(4)

where mu.2 =m,2 + pu.2 and jiu.2 =u,j2 + qp.2.
m, (jij) is the mass of the ith(j ) constituent from system A(B). Thus using suitable
distributions on x;+, y/, pu. and q,i in Fritiof, allows one to estimate the binding
energy and the Fermi energy.

The excitation energy of the nuclear residuals is calculated as in [15], where it
is assumed that each spectator nucleon placed at a distance less than 2 fm from a
wounded nucleon receives an energy distributed as"

(5)
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where <E> is the average energy per NN collision.
To simulate nuclear breakup and define the number of knocked-out nucleons in

particular instances the following algorithm is applied:
1-Nucleon coordinates x, ,y,, and z,(i=l,2,,...,A) were simulated according to

Wood-Saxon distribution.
2- "Wounded" nucleons of nuclei are identified by the Glauber approximation

[19].

3- Target and spectator projectile nucleons are now followed. If the i spectator

of nucleus A is at distance b,j= J(x, -x})
2 +{yt-yJ)

2 from the j " 1 wounded

nucleon of A, the Ith nucleon is regarded as a participant of the collision with

the probability of ce'^ with c = 0.25 [20].
4- If the number of newly involved nuclcons is not equal to zero then step3 is

repeated.
5- The number of spectator nucleons and the sum of all charges are determined.

These quantities are identified as the mass number and charge of the nuclear
residue

For estimating the number of nucleons around "wounded" ones, the nucleon
coordinates were chosen randomly and independent according to the Wood-Saxon
distribution. Each neighbor (spectator nucleon) is ascribed by energy according to
(5). If nucleon-spectator is next to two "wounded" nucleons, it received the sum
of two energies chosen according to (5) and so on. The sum of energies
transferred to all nucleon spectators is considered as the excitation energy of
nucleons.

THE MULTIPLICITY DISTRIBUTION OF SHOWER
PARTICLES

According to the independent nucleon-nucleus model [11] the projectile
participants interact independently with the target nucleus. Thus the ns

multiplicity distribution of nucleus-nucleus collisions is viewed as a superposition
of NA distributions folded according to:

(6)

where the summation is carried out over all the projectile nucleons, WAfAf (N)

represents the probability that the N projectile nucleons (out of Ap) interact with

a target nucleus of mass number AT. P(N,ns) is the multiplicity distribution of

shower particles resulting from the interactions of N projectile nucleons with the
target. Based on the Glauber model [21] with optical approximation, the
probability WArAr (N) is given by :

The total inelastic AA cross section is calculated by adding up the partial cross
sections which yields the following expression :
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(8)

The nuclear thickness function r(b)that gives the average number of nucleons
seen by the incident projectile is defined by:

T(b) = ATatol
m jd2spT(s)pP(b-s) (9)

where a ^ ^ i s the total nucleon-nucleon cross section and p(r) is the nuclear

density distribution normalized to unity. P(N, ns), in eq. (6) can be calculated by

folding N of nucleon-nucleus NA multiplicity distributions at the same incident
energy per nucleon:

M 1=1 1=1

PSA (n,) iS t n e distribution for NA collisions and is, in turn folded from the
distributions of the inelastic collisions of a single projectile nucleon with target
nucleons :

i-ai

with

E^("r )<?(«,-IX)
r=\ r=\

where , after the interaction, there are (v + 1) sources, each emitting with a
distribution Px (nr) The geometric weight factor R (v ) gives the probability for
v inelastic collisions to occur in the target and it is calculated in the usual way,

v!

where an
NA is the inelastic NA cross section, and

k(b) = ATam
mjpT(b,z)dz (14)

is the target thickness at impact parameter b . For the few GeV energy region, the
usually adopted Poisson distribution is considered for the distribution resulting
from a single source:

= ̂ - e - ^ (15)

where </; ,> represents the average number of shower particles produced in NN
collisions at the specified incident energy per nucleon. It is taken from pp
experiment at 4.5 GeV/c and is found to be 0.3 [22].
The /^distribution for the central collisions can be calculated from (6) with

integrating eqs.(7 and 8 ) over the impact parameter range 0 < b <, \Rr - Rp which

corresponds to complete overlap of the two nuclei.
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THE MULTIPLICITY DISTRIBUTION OF GREY
PARTICLES

A simple analytic model [12] for the description of the ng particles produced in

high energy AA collisions is used. The cascade is accounted for, in the model, via
its input information, which is the grey particle distribution for pA interactions In
this model, it is assumed that the projectile participants incident with the same
impact parameter b i.e. those lying in one row, will produce only one grey
particle distribution as in pA interactions. Assuming that M projectile rows
interact independently with the target nucleus, the multiplicity distribution of grey
particles, PM (tig) in nucleus-nucleus collisions will be folded according to

g) (16)

where M0\s the maximum number of interacting projectile rows which is
achieved in central collisions and W(M)\s the distribution of the number of
interacting projectile rows which is given by

0 (17)

where W(M, b) is the distribution of the number of interacting projectile rows at a

given impact parameter b . The probability P(M,ng)\s the multiplicity

distribution of grey particles resulting from the interactions of exactly
M projectile rows According to the assumption, each interacting projectile row
will produce ng -distribution equivalent to that obtained in pA interactions Thus

P(M,ng) can, in turn, be calculated by folding M of the pA distributions:

M M M

{»!,) 1=1 1 = 1

The ng distribution in pA collisions, PpA (n) can be calculated from the pA model

of grey particles [13].
In central collisions, the Rvalues produced will be those given by the

distribution P(Mo,ng) with:

M 7CR mm n Q .

o- AW~ (19)
<*tor

where Rmm is the smaller of the target, RT and projectile, Rp nuclear radii.

RESULTS AND DISCUSSION
The multiplicity distributions of both s- and g-particles produced in central 6Li-

AgBr collisions are calculated (using eqs 6 and 16 , respectively and assuming
complete overlap of the target and projectile nuclei). Total and inelastic NN cross
sections are taken as 42.7 mb and 28.5 mb, respectively [11}. For the target nuclei
(Br and Ag), the -Fermi density distribution is chosen;
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(8)

The nuclear thickness function r(b)that gives the average number of nucleons
seen by the incident projectile is defined by

T(b) = ATalo,
m\dzspT (s)pP (b -1) (9)

where CTw,wis the total nucleon-nucleon cross section and p(r) is the nuclear

density distribution normalized to unity. P(N,ns), in eq. (6) can be calculated by

folding N of nucleon-nucleus NA multiplicity distributions at the same incident
energy per nucleon:

M 1=1 1=1

PNA(nt) is the distribution for NA collisions and is, in turn folded from the

distributions of the inelastic collisions of a single projectile nucleon with target
nucleons:

with

/•=1 r = l

M
where , after the interaction, there are (v + 1) sources, each emitting with a
distribution P](nr) The geometric weight factor R ( v ) gives the probability for
v inelastic collisions to occur in the target and it is calculated in the usual way;

where an
NA is the inelastic NA cross section, and

= ATaw
NNjpT(b,z)dz (14)

is the target thickness at impact parameter b . For the few GeV energy region, the
usually adopted Poisson distribution is considered for the distribution resulting
from a single source:

where < /;, > represents the average number of shower particles produced in NN
collisions at the specified incident energy per nucleon. It is taken from pp
experiment at 4 5 GeV/c and is found to be 0.3 [22].
The ^distribution for the central collisions can be calculated from (6) with

integrating eqs.(7 and 8 ) over the impact parameter range 0 < b < \RT - Rp | which

corresponds to complete overlap of the two nuclei.
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THE MULTIPLICITY DISTRIBUTION OF GREY
PARTICLES

A simple analytic model [12] for the description of the ng particles produced in

high energy AA collisions is used. The cascade is accounted for, in the model, via
its input information, which is the grey particle distribution for pA interactions In
this model, it is assumed that the projectile participants incident with the same
impact parameter b i.e. those lying in one row, will produce only one grey
particle distribution as in pA interactions. Assuming that M projectile rows
interact independently with the target nucleus, the multiplicity distribution of grey"
particles, P^ (ng) in nucleus-nucleus collisions will be folded according to.

!
g ) (16)

A/=l

where Mois the maximum number of interacting projectile rows which is
achieved in central collisions and W(M)is the distribution of the number of
interacting projectile rows which is given by:

—l—{d2bW(M,b) (17)
0-

where W(M,b) is the distribution of the number of interacting projectile rows at a

given impact parameter b . The probability P(M,ng)is the multiplicity

distribution of grey particles resulting from the interactions of exactly
M projectile rows According to the assumption, each interacting projectile row
will produce /^-distribution equivalent to that obtained in pA interactions. Thus

P(M,ng) can, in turn, be calculated by folding M of the pA distributions.

P(M,ng) = XFl^("'^("s ~X/7') ( ^
{".} '=1 '='

The ng distribution in pA collisions, PpA (n) can be calculated from the pA model

of grey particles [13].
In central collisions, the ^values produced will be those given by the

distribution P(M0,ng) with:

Mo=^T (19)
otol

where Rmm is the smaller of the target, RT and projectile, Rp nuclear radii.

RESULTS AND DISCUSSION
The multiplicity distributions of both s- and g-particles produced in central 6Li-

AgBr collisions are calculated (using eqs. 6 and 16 , respectively and assuming
complete overlap of the target and projectile nuclei). Total and inelastic NN cross
sections are taken as 42.7 mb and 28.5 mb, respectively [11 | . For the target nuclei
(Br and Ag), the -Fermi density distribution is chosen;
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with c = 1.19^"3-1.16/4"3 fm , d = Q. 54 fm and po is determined from the
normalization. While, for the projectile nucleus p(r) is chosen to be Gaussian'

1
P(r) =

(m2)2 \ 3 / 2 exp(-r2fa2)

with

a2 =-<r2

where <r2>l/2 is the r.m.s. radius of 6Li nucleus.
Central events are chosen from the experimental data [9] by applying condition

(1) on the inelastic events resulting from the interactions of 6Li with the Em
target nuclei The average multiplicity of all charged secondaries, <nch> is
determined from the experiment and it is found to be 14.17 ± 0.38. Therefore, out
of 1121 inelastic Li-Em interactions, only 165 events are characterized by rich^ 28
and Q = 0 or •!. These events are assumed to result from central collisions of Li
with ths heavy Em (AgBr) target nuclei. It represents about 15% of all the events.

The same procedure is applied to the Li-Em interactions simulated by means of
the MFM and 187 events are found to satisfy the central criterion (1), out of total
1000 simulated interactions.

Fig. (1) presents the multiplicity distribution of s- particles for central
interactions of 6Li with AgBr nuclei. The solid line is the calculations based on
the independent nucleon-nucleus model, eq. (6). It seems to describe satisfactorily
both the experimental (open circles) and the simulated (solid triangles) events

01

001

1E-3

-

i: [

\

A

•

A A

\

10 20 30 40 50

ru
Fig.(1): The shower particle multiplicity distribution for central Li+AgBi

events (open circles). Solid triangles are MFM simulated
events, and the solid line is the calculations of eq.(6).
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Nearly the same agreement is obtained for the g-particles distribution in
fig (2),with the calculations based on eq.(16) except that the peak due to MFM
calculation is little shifted toward higher ng-values.

01

P(n8) 0.01

1E-3

AA

10 20 30

Fig.(2): The grey particle multiplicity distribution for central Li+AgBr
events(open cicles). Solid triangles are the MFM simulated
events and the solid line is the calculations of eq.(16)

Table (1) gives a comparison between the average values and dispersions of the
multiplicities for central events with those simulated and calculated values. The
simulated value of the mean multiplicity is about 14% lower than the
experimental ns value and about 38% higher than the experimental ng value.
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Tablel. The values of the average multiplicities and dispersions of shower and
grey particles for central collisions resulting from 6Li-AgBr reaction.

<flg > central

Experiment

14.178 ±0.343

4 362 ±0.242

9.221 + 0.294

3.737 ±0.208

Simulated

12 204 ±0.221

3.591 + 0.157

12.697 + 0.237

4.149±0.181

Calculations

15 243

4.778

10.237

5 185

In conclusion, the calculations based on simple parameter-free nucleon-nucleus
models seem to give good description for central collisions of 'TJ-AgBr
interactions at 4.5 AGeV/c incident momentum.
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ABSTRACT

The multiplicity and angular data of the collisions of 4.1 (4.5) A GeV/c22Ne
(28Si) with emulsion nuclei which was obtained in the Laboratory of High
Energy Physics (LHEP) at Cairo University has been used in the present
analysis. Two theoretical models have been considered to calculate the
multiplicity and angular characteristics of particles emitted in the interactions of
22Ne(28Si) with emulsion nuclei. The first model is the modified cascade
evaporation model, which implies superposition of nucleon-nucleon
interactions. The main modification in the present calculations is the
introduction of particle formation time as an adjustable parameter. The other
assumptions include considering the two nuclei as clouds of Fermi gas and
nucleons should obey the Pauli exclusion principle in the process of interaction.
The second model is the modified Fritiof model, which utilizes the Regge
theory for the description of the cascading process. Each interaction of the
incident hadron with nucleon of a target nucleus is assumed to initiate a cascade
of Reggon exchanges. The comparison has shown that both models agree,
witliin errors, with experimental data in the global features such as the mean
multiplicities of the different particles. However, there is some difference
between them in predicting the average values of the emitted particles. The
study will be extended in future to include other experimental data and
theoretical models.

Key Word:(Multiplicity, the collisions of4A (4.5) A GeV/c 22Ne (28Si) with
Emulsion nuclei)

INTRODUCTION

Production of particles in high energy hadron -nucleus and nucleus -nucleus collision proceed
thiough the formation and fragmentation of quark-gluon strings The production of particles in
the region of nuclear fragmentation and destruction of nuclei treated as a result of nuclear
cascading of particles that are slow in the rest frame of the corresponding nuclei .A simplified
tieatmcnt of the secondary particle production and nuclear fragmentation has recently become
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fragmentation process has been studied in refs[ 1,2] The nuclear emulsion ,as a 4 n detector is
a convenient tool for detecting all the charged particles emitted in the whole space[3] In the
hadron-nucleus interaction, the multiparticles production is considered as a two -step process,
in which an intermediate system is firstly created, after a short time, this system decays and
finally hadrons emerges Thus, the creation of a hadron is not instantaneous but take a certain
time, which is called formation time The parton created may collide with one nucleon from the
target nucleus or may decay before it collides The struck nucleon recoils and may leave the
target nucleus Thus the hadron -nucleus and nucleus -nucleus interactions can be considered
as a cascade of hadron nucleon collisions At the end of the cascade step, the residual target
nucleus is left in a highly excited state of high temperature During a period of time relatively
long with respect to the interaction time, the excited residual nucleus attains a thermal
equilibrium and loses its excitation energy through evaporation by emitting slow nucleons and
nucleai fragments Valuable information on the mechanisms of the multiparticles production
piocess[4,.'i] , and the structure of the hot nuclear matter formed as a result of the interaction
may be experimentally obtained from the study of the multiparticles correlations between
different secondary particles emitted in the relativistic heavy ion collisions[6-10] In the
present work, we study the multiplicity characteristics of the secondary particles emitted in
Ne22(Si28) with emulsion nuclei at 4.1 (4.5) A GeV/c. .In section 2, a description of the
Modified Cascade Evaporation Model [11] and the Modified Fritiof Model [12] is presented.
Section 3,is left for results and discussions

2. DESCRIPTION OF THE MODELS

2.1 Modified Cascade Evaporation Model "MCEM".

It is believed that the production of particles in high-energy hadron -nucleus and nucleus -
nucleus collision (E/A>5-10 GeV) proceed through the formation and fragmentation of quark-
gluon strings The production of particles in the region of nuclear fragmentation and the
destaiction of nuclei are treated as the result of cascading particles that are slow in the rest
frame of the corresponding nuclei For this reason, the latter process is often analyzed in terms
of Cascade Evaporation Model CEM [13] The above proposition is justified at low and
intermediate energies because the probability of processes that led to strong destruction of
nuclei At high energies, the number of produced particles exceed the number of internuclear
nucleon while the mass of the residual nuclei can be several times the mass of the initial
nucleus In this situation CEM prediction are expected to be in conflict with the experimental
data Therefore, the MCEM has been made to include the formation time parameter in the
multiparticles production process. This has been accounted for in two different ways, the first
one is based on the assumption that the fast produced particles can not undergo secondary
interactions inside the nucleus. According to the uncertainty principle hadron needs a time

+ p,1 <»
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in its proper frame to be created where mt is the transverse mass of the produced particle, Pt

transverse momentum of the produced particle and m is the mass of the produced particle
After a time t from nucleon interaction, the interaction cross-section for the produced particle
with a nucleon inside the nucleus is given by

EXP ,, -tlro \
&NN =°NN 0-e ) (2)

where a w
 EXPI s the experimental total interaction cross-section of a nucleon with a free

nucleon at the corresponding energy of the secondary particle production, T is equal to(l/m ,
)and m , is a certain characteristic mass corresponding to a formation time of the secondary
generated hadron in its rest frame of reference This time is equal to (L/(fyc) where L is the
range of the secondary particle with a velocity (3 = v/c from its generation point to the point of

interaction with a nucleon and the Lorntz factor of generating secondary particle y =

and then equation (2) can be written

\-m LIpyc
EXPr. { t

aNN=(TNN [l~e i KJJ

from Eq (3), one can see that the slow secondary particles interact inside the target nucleus
more frequently than the first ones and the most rapid secondary particles may fly out without
interacting with the nucleons inside the target nucleus The second explanation for considering
the formation time is based on the string models where the color exchange fields leads to the
production of strings which then emit hadrons .If a hadron is created inside a nucleus it can
interact with the nuclear matter In MCEM each one of the colliding nuclei is considered as a
Fermi gas of nucleon bounded in a definite volume with a potential

V{r) = B + PF
2 l2Mn (4)

where Mn is the mass of the free nucleon ,B is the average binding energy of nucleon, B~ 7
MeV, Pr is the Fermi momentum The maximum value of the local Fermi momentum is given
by

PF(r) = h[37rp(r)]n (5)

where p(r) is the nuclear density[14] The inelastic interaction of two nuclei arranged into
groups
1) Group A. Interaction of the nucleon from the projectile nucleus with those from the target
nucleus
2) Group B Interaction of the cascade particles with the nucleons of the projectile nucleus.
3) Group C Interaction of the cascade particles with the nucleons of the target nucleus.
4) Group D So called "cascade-cascade" interactions

The dynamics of the interaction were followed in time with the help of the Monte-
Carlo method Considering the time evolution of the interacting system at a fixed time t, all the
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possible collisions are considered and the first collision to occur is chosen (i e ATomin(it)) and
the system is moved to a new time xt-> t+At Thus, for two chosen particle collisions, the
reaction characteristic is selected at random and the validity of Pauli exclusion principle is
checked The cascading stage ends when all the cascade particles have left both interacting
nuclei or have been absorbed by them The number and the total charge of the remaining
nucleons in each nucleus specifies the mass and charge number of the residual nucleus The
excitation energy of the residual nucleus is determined by the energy of the absorbed particles
and holes created during the internuclear cascade process The behavior of the excited residual
nuclei assuming thermal equilibrium is described The MCEM parameter that needs to be
adjusted is the formation time parameter, which represents the mean formation time in the rest
frame of the secondary particle

2.2 Modified Fritiof Model (MFM)

The description of the cascading of particles can be achieved in framework of Regge theory in
which interactions of hadron with nucleons of the target nucleus is assumed to initiate a
cascade of Reggon exchange A simple model of estimating Reggon cascading in hadron -
nucleus and nucleus -nucleus interaction is proposed by Refs [15] In this studies the
algorithm which make allowance for generating the Reggon exchange diagram was formulated
as follow
1) Nucleon coordinates of the two colliding nuclei were simulated according to Gaussian
distribution for A< 14 and Woods-Saxon distribution for A >14,where A is the mass number
of either of the projectile or the target nucleus

2) The impact parameter is simulated [16]
3) At a given impact parameter, the primary interacting nucleons of the nuclei are identified

by Glauber approximation 17]
4) One has to look for all spectator nucleons of the residual nucleus If the ith_spectator
nucleon at a distance by from the j nucleon, then it is consider to be involved with probability

W = cndexp(b;/rc
2) (6)

where rc is the mean interaction radius, cnci = 0 35
5) If the number of newly involved nucleon is not equal to zero, one has to repeat step (2). At
this point one only need to consider newly involved particle If the number equal zero ,then the
process continuos

The process outlined above allows to determine the mass number and charge number of
the residual nucleus MFM means the combination of Fritiof primary NN scattering and Regge
cascading

3.RESULTS AND DISCUSSION

Hadron produced in nucleus- nucleus interaction at high energy may originate from two
mechanisms In the first one, hadron may participate only in the primary reaction and leave the
overlap region of the projectile and target without further interaction. In emulsion such
hadrons appear as a shower tracks (s particles) having P(v/c)> 0.7 ,or they may be involved in
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the rescatering process while knock out further will penetrate through the spectator parts of
the nuclei Most of the cascade proton and neutron having energies typical for the so-called
(grey particle) or (g particles) 0 3 < (3 < 0 7 At the end of the first step, the residual target
nucleus is left in a highly excited state of high temperature, T Then, the second step start and
lasts for a relatively long time During this period , the excited residual nucleus attain thermal
equilibrium and looses its excitation energy by evaporation Such particles called (black
particles) or (b particles) /3 < 0 3

The average values of the multiplicity of the different charged secondary particles
emitted from the interactions of 22Ne (28Si) with emulsion nuclei at 4.1(4 5) A GeV/c, per
nucleon are given in Table 1,respectively, together with the calculations of the MCEM and
MFM From the analysis of the above results one may observe that the average value of s
particles for 22Ne are reproduced well by MCEM, while MFM is about 5% above the
experimental data. The MCEM for g particles is in good agreement with the measured values,
while MFM is about 27% below the experimental observation For the average value of the b
particle we observe that the MCEM are in good agreement with the experimental value while
MFM is about 9 % below the experimental observation. For 28Si projectile as seen from table
(1) the average values of s particles calculated from MCEM is in good agreement with the
measured observation value while MFM calculation is about 17% above the experimental
observation Also in case of g particles MCEM is in good agreement with the experimental
observation while MFM is about 27% lower than the experimental observation In case of
black particle MCEM is in good agreement with the experimental observation and MFM
calculation are about 9% below the experimental observation

Table (1). Average multiplicities for the interactions of 22Ne and 28Si with
emulsion nuclei compared with MCEM and MFM calculations.

Projectile

2 2Ne

28Si

Mom-
entum
A GeV/c

4.1

4.5

Kind
of

data
EXP

MCEM

MFM

EXP

MCEM

MFM

<ns>

10.50
±0.10
10.30
±.30

11.01

11.80
±0.30
11.80
±0.34

13.76

<ng>

6.30
±.40
6.20
±.23

4.66

6.40
±0.20
6.40
±.23

4.667

<nb>

4.20
±.030
4.20
±0.12

3.81

4.80
±1.00
4.40
±0.10

3.77

Ref.

17

present work

present work

17

present work

present work
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3.1 Multiplicity distributions

The multiplicity distributions of black, grey and shower particles are satisfactorily described
by MCEM, and MFM calculation as seen in figures 1 The multiplicity distributions of different
secondary charged particles showers, grey and black emitted in 4 1 (4 5) A GeV/c
22Ne(28Si)+Em together with the corresponding distributions calculated according to MCEM
and MFM, are shown in figure 1 it may be noticed that, the experimental distributions are in
fair agreement (within errors) with the theoretical ones The rapidity distributions ofthe
shower particle are shown in figure (4) and figure (5), for 22Ne and 28Si .A comparison has
been done between the experimental observation and the theoretical calculations ,from which
we get MCEM and MFM are in good agreement with the experimental data

Multiplicity distribution of s, g and b particles for ^ Si
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Fig (1) The Multiplicity -distributions of 22Ne and 28Si +Em, in comparison
with the corresponding with MCEM and MFM calculations
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3.2 The Angular Distribution

The rapidity distribution of the shower particle are shown in Fig (2), for 22Ne (28Si)+Em A
comparison has been done between the experimental observation and the theoretical
calculations ,from which we get MCEM and MFM are in good agreement with the
experimental data

The angular distributions of black and grey particles emitted in 22Ne (28Si) +Em interactions are
shown in Fig (3) in comparison with the corresponding calculated distributions. All
distributions are normalized to unit area, the statistics of the experimental data nearly equal to
the theoretically generated events The analysis of these distributions leads us to conclude that
the angular distribution of the interaction of 22Ne(28Si)+Em at an energy 4 1(4 5) A GeV/c are
well reproduced by MCEM It was observed also that the agreement of MFM is within the
ei rors
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Fig (2) The rapidity distribution of the shower particles for 22Ne (28Si)+Em,
in comparison with the corresponding MCEM and MFM calculations
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4.CONCOLUSIONS

From the study of the interactions of 22Ne(28Si)+Em at 4 1(4 5) A GeV/c, one may conclude

that
1) The experimental multiplicity distribution of ns ,ng and nb and the average values of these

particles are in fair agreement with the corresponding distribution and the average values
calculated according to MCEM and MFM

2) The angular distribution of black ,grey and shower particles emitted in 22Neand 28Si +Em
interactions are in good agreement with MCEM calculation and agree within the statistical
error in case of MFM

3) MCEM succeeded in explaining the experimental data more than MFM
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ABSTRACT

Different types of particle correlations, in the pseudorapidity intervals and the
azimuthal intervals, have been carried out to search for cluster formation in
central collisions of 4.1(4.5) A GeV/c 22Ne(28Si). The results showed the
formation of hadronic and baryonic clusters emitted back-to back in the
azimuthal plane, which may reflect the sideward flow of the nuclear matter. The
two particle correlation function results are also presented, and it was found to be
positive except in extreme projectile-fragmentation region.

Keywords: Multiparticle, two-particle correlations.

1. INTODUCTION

One of the challenges of the heavy ion physics is the extraction of the equation of state and
transport properties of extremely dense and excited nuclear matter. In particular, the study of
the matter at high baryon density has received much attention recently [1]. It is widely
believed [2] that at very high temperatures (« 200 MeV/c) and / or densities (« 2-3 fin'3), the
strong interacting matter undergoes a phase transition in which the constituents, the quark and
the gluons, become deconfined over a large volume to form the quark-gluon-plasma (QGP)
state. The actual search for a manifestation of QGP in heavy ion collisions has emphasized the
necessity of finding observables and criteria, which could give a signature of the new
phase[3]. The relative suppression of J/\j/ formation [4] and the increase of strangeness
production [5] are two promising examples, but a more classical explanation of those
phenomena has yet not been discarded [6]. While being of different origin and more
controversial, that the ordinary hadron-hadron reactions at high energy could reveal a hidden
mechanism based on quarks and gluons. The model of reference [7] implies an increase of
nuclear matter density as a result of nucleus-nucleus (N-N) collisions. This increase of
nuclear density enables the appearance of heterophase state of nuclear matter including a
small contribution of QGP According to quantum-mechanical ideas [8], the nucleons
participating in multiparticle production will acquire greater size due to their excitation. The
previously enumerated factors should give rise to an intensive mixing of color degrees of
freedom of nucleons constituting the excited nuclear matter i.e. to the formation of quark-
gluon domains or clusters. The decoloring process needs certain time [9], during which an
intermediate system may be formed. The hadron excited system (cluster) will push and collect
nucleons in its way inside the nucleus, which leads to observation of baryonic jets or clusters
in the process of target nucleus destruction.
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The idea of cluster formation in the intermediate stage of the multiparticle production in
high energy collsions has attained wide acceptance [10]. Although, some trends in fragment
spectra are similar to light cluster spectra in relativistic collisions, the mechanism of cluster
productions is in general very different [11]. Clustering of secondary particles accompanied
by the emission of strange particles (K° -mesons and A0 -hyperons ) and cumulative hadrons
(FT* mesons and protons) were observed [12].Valuable information, about both the mechanism
of multiparticle production process and the structure of the eventually hot nuclear matter
formed as a result of an interaction can be experimentally obtained by the study of the particle
correlations. For this purpose different correlations has been studied in the present work. Only
events having nt > 7 (nh is the number of the target particles) were chosen for this study
which correspond to 22Ne+Ag(Br) and 28Si+ Ag(Br) interactions.

2. EXPERIMENTAL TECHNIQUES

Nuclear emulsion of the type Br-2 were exposed to 4.1 A GeV/c 22Ne and 4.5AGeV/c
2SSi beams at the Dubna Synchrophasotron. The pellicles of emulsion have the dimension of
20 cm x 10 cm x 600 nm (undeveloped emulsion). The intensity of the beam was « 104

particles/cm2 and the beam diameter was approximately 1 cm. Along the back, a double
scanning has been carried out, fast in the forward direction and slow in the backward one.

The scanned beams have been examined further by measuring the delta-electron density on
each of the beam to exclude any tracks having a charge less than the beam particle charge.
The scanning have been performed using a Leitz-Laborlux-S microscope.

In the measured interactions, all the charged secondary particles have been classified
according to the range L in the emulsion and the relative ionization I* =1 / Io where 1 is the
particle track ionization and Io is the ionization of a relativistic shower track in the narrow
forward cone of opening angle 0 < 3° into the following groups:

1- Shower tracks producing "s-particles" having a relative ionization I* < 1.4. Its
multiplicity is denoted by ns after the exclusion of tracks having an emission angle 9<3°.

2- Grey tracks producing "g-particles" having I*> 1.4 and L > 3 mm. Its multiplicity is
denoted by ngand does not include those tracks with an emission angle 6 <, 3°.

3- Black tracks producing "b-particles" having L < 3 mm and its multiplicity is denoted
by nb and does not include those tracks having an angle of emission 6 < 3°.

4- The "b" and "g" tracks are both called heavily ionizing tracks producing "h-particles"
and nb denotes its multiplicity.

3. DISTRIBUTION OF PSEUDORAPIDITY INTERVAL OF SHOWER
PARTICLES

An important aim of investigating N-N collisions is to search for new phenomena. There
are theoretical predictions that the central interactions may provide a possibility for the
formation of a new state of nuclear matter which may include QGP [13]. Thus, the search for
cluster formation in nuclear interactions may shed light on the mechanism of QGP formation.
For this purpose, the method of pseudorapidity intervals to search for clustering, has been
applied [14]. In the selected interactions, for each s-particle, their polar angle 6 were
measured. The pseudorapidity rj = -hi tan0/2 was calculated. The 77-distribution was found
to be flat within the experimental error in the range TJ = 0.56 - 3.07, this is to exclude any
spurious correlations. In each of the chosen interactions the quantity
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= h2, n and k = 0,1,2, (n-2) 0)

where n is the number of s-particles in the given interactions. The quantity Arjy means the
pseudorapidity interval between the k and jth particles such that k- particles are lying between
them. The value of A 77* were scaled in each event such that A 7* = 77, -TJJ/TJ^ -J]mn take

the values from zero to unity, 77mix and T]ram are the maximum and the minimum values of 77 .
If the shower particles are emitted independently and no correlation exist between them [10]
then their A77 -distribution will have a binomial shape, described by the independent particle
emission (IPE) model given by

n-k-l (2)

where C*_, ={n- \)\/k\(n - k - \)\. The IPE has a maximum at (A 77)^ = k/(n - 1 ) .

The frequency distribution of pseudorapidity interval A 77 has been obtained for different
values of n and k. A deviation between the position of the maxima of the experimental A 77-
distribution and the IPE one has been observed.

Figures (l.a-d), has been selected for presentation which illustrate this deviation (between
the experimental distribution of A 77 and the IPE one) for 22Ne with Ag(Br) interactions, while
the 28Si with Ag(Br) interactions are presented in fig. (2.a-f), for different values of n and k. In
each figure the histogram and the IPE curve are normalized to unity.
The tables (1) and (2) show the values of the (A rf)mm for the experimental distributions and of
the IPE ones for 22Ne with Ag (Br) and 28Si with Ag (Br) interactions, respectively.
It is to be noticed from these figures that the maxima of the experimental A 77 -distributions are
shifted to the left of the IPE ones, which gives an indication of correlation between the
emitted s-particles in the considered A 77 interval. The observed correlation may be interpreted
as a formation of a big hadronic cluster within the s-particles during their production process.
This is consistent with formation of excited hadronic matter, which acquires greater size while
moving inside the target [10].
The tables (1) and (2) show that as the value of k increases, for the same value of n, the
difference between the (A 77)^ for the experimental and of the IPE one, increases.

Table 1. Comparison between the values of (A 77)^ of the experimental A 77-distributions

and the values of (A rj)nWi of the IPE A 77 -distributions for 22Ne with Ag (Br) interactions at

4.1 AGeV/c.

N

23

30

k

9
17
13
20

(ML*
Experimental

0.35
0.6

0.35
0.55

IPE model
0.4
0.75
0.45
0.7

**„(&£)-L^Exp)

0.05
0.15
0.1

0.15
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Table 2. Same as the previous table (1), but for 28Si with Ag(Br) interactions at 4.5 A
GeV/c.

N

30

31

34

k

12
19
13
20
14
20

Experimental
0.35
0.55
0.35
0.55
0.35
0.45

IPE model
0.4
0.65
0.45
0.65
0.4
0.6

An^ilPEh^^Exp)

0.05
0.1
0.1
0.1

0.05
0.15
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Figure l(a-d). The A 77-distributions for central collisions of22 Ne at 4.1 A GeV/c for
different values of n and k.
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different values of n and k.
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4. DISTRIBUTION OF THE AZIMUTAL ANGLES INTERVAL OF
GREY PARTICLES

It is interesting to investigate whether the hadronic cluster, the one observed in the previous
section, is accompanied by a baryonic cluster, which may be formed from the target nucleus
during motion of the hadronic cluster inside the target nucleus [10].

The method described in reference [14] has been used. This method is based on the same
principles used in searching for the hadronic clusters, so in each event the azimuthal angle
interval A^* has been defined for grey particles according to equation (1), putting ^ instead
of 7, making sure that the </> -distribution of g-particles is uniform. The IPE A<f> -distribution
has been obtained according to equation (2). Fig. (3.a-b) represent the experimental and the
IPE A# -distributions for 22Ne with Ag(Br) and 28Si with Ag(Br) interactions. The histogram
and the curves are normalized to unity.

The shift of the experimental (A^),^ to the left of the IPE one, is noticeable from the fig.

(3.a-b). This result indicates the existence of strong correlation between the g-particles which
may be due to the formation of baryonic clusters, this result agrees with that obtained in
[10,14]. According to [10], the formed hadronic cluster may collect target nucleons, in its
way inside the nucleus, to form a big cluster of baryons.

(a) n=29 k=11

3
T3

02

015-

01 -

005-

0 2 5 i

02-

015-

01 -

005

(b) n=25 k=19

01 02 03 .04 05 06 0.7
A(p

04 05 0.6 07 0.8 09
A*

Figure 3(a-b). The A0 -distributions for central collisions of (a) 4.1 AGeV/c
22Ne+Ag(Br), (b) 4.5 A Gev/c 28Si+ Ag(Br).

To investigate whether the two clusters, the hadronic and the baryonic, are correlated or
not, a unit vector along the projection of the direction of flight of each particle (s or g) onto
the azimuthal plane (the plane perpendicular to the beam direction) is assumed. Then the unit
vectors are summed separately for s and g-particles, in each event, to find their resultant
vectors which are given by

Xs = Ys = (3)
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"*»

Xg =
r=i

event andhere «fa is the number of tracks of group "s" in the ^

of group "g" in the same event.
The angle between the resultant vector of s-particles and that of g-particles

for each event by the equation

•acosUXsXg

(4)

is the number of tracks

is found

(5)

It is reasonable to suppose that the hadronic cluster moves in the direction of the resultant
vector of the s-particles, whereas the possible baryonic cluster moves in the direction of the
resultant vector of the g-particles.

Figure (4.a-b) represents the <px_g -distribution for 22Ne and 28Si, respectively. The points

are the experimental data . A peak is observed at <f>s-g
= 180 °, this means aback-to-back

emission of the two clusters. This kind of distribution is a characteristic for sideward flow of
nuclear matter i.e. the "bounce-off' of PFs and the "side-splash" of TFs.

To investigate if such observation represents a significant effect and it is not an accidental
one. A Monte Carlo analysis for the selected events has been carried out. The same number of
events was generated randomly, distributing the same total number of tracks among the
generated events. The <f>s_g -distributions obtained from the simulated events for 22Ne and 28Si

are shown in fig. (4.a-b) as histograms. Comparing the two <f>s_g -distributions in (4,a) and

(4,b) leaves no doubt that the obtained correlation is not accidental, but it reflects a real
physical correlation among the emitted particles.

Figure 4(a-b). The (f>s_g -distributions for central collisions of (a) 4.1 A GeV/c
22Ne+Ag(Br), (b) 4.5A GeV/c28 Si+Ag(Br), points with error bars are the
experimental calculated ones, and the histograms represent the MC calculations.
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5. TWO PARTICLE CORRELATIONS

The standard two-particle correlation has been applied for investigating this type of
correlations for s-particles

1 d2a 1 da da .,.
( 6 )

where <7fa, and are the inelastic cross-section, the single and the two particle
dZx dZxdZ2

distributions respectively. For pions the variable Z is replaced by the pseudorapidhy 7 so that
the equation (4.6) takes the form of

1 d2a 1 da da ., .
<6a)

The normalized two-particle correlation function [10] is defined as

, d2a
and

where px and /?2 are the single and two particles densities respectively. Practically R^ (TJ1 , TJ2 )
can be obtained from the counted numbers of the single and the numbers of the particle pairs
as

where N^ is the total number of events in the sample, Nfa) and ^ ( 7 2 ) are the total
number of particles of rjt and TJ2, respectively, for all events. N2 (TJ^TJ^ is the number of
particle pairs with one particle at 77, and the other at 77 2 in the same event, summed over all
events. A non zero value of R2 means that the particles considered are correlated. The
dependence of ^ 2 (7 i ,7 2 ) on ( 7 , - 7 2 ) an<^ ^2(^I>^2 = ^I) o n v7i) ^or ^ e an<^ ^'

interactions with CNO, Ag(Br) and emulsion are presented in fig. (5.a-f).
One may conclude from these figures that the two-particle correlation function R2

approaches the value of zero in the most forward direction (high values of 77). This could be

interpreted as, the particles emitted in the most forward direction (9 <, 3") are projectile
fragments, which have almost the same velocity as the incident beam, and therefore these
particles leave the interaction uncorrelated. In the backward direction (for the rest frame), i.e.
low values of 7, R? depends strongly on 7 and its value is significantly greater than zero.

This means that the s-particles emitted in the kinematical region of low values of 7 are
markedly correlated.

These two observations are true for the three interactions stated above.
The results obtained in this work are consistent with those obtained in references [15-18]. It
was reported by [19] that the two particle correlation function provide no evidence of
significant cluster production at higher energies (at 14.6, 60, and 200 GeV/nucleon).
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CONCLUSION

Form the present study of the central interactions of22Ne(28Si) at 4.1(4.5) A GeV/cthe
following conclusions are drawn

1- The A 7] -distributions for the s-particles and the &</> -distributions for g-particles,
indicated the formation of hadronic cluster and its subsequent decay and the formation of
a baryonic one.

2- The two particle correlation function has shown that, the s-particles emitted in the extreme
projectile-fragmentation region are not correlated, while those emitted in the backward
hemisphere are significantly correlated.
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ABSTRACT

The study of the transverse momentum analysis and the angle of flow analysis
lead to the observation of the sideward flow of the nuclear matter in the
interactions of 4.1(4.5) 22Ne(28Si) with Ag(Br). The distribution of the angle
between the resultant vectors of the projectile and the target fragments showed a
strong correlation between them in the azimuthal plane.

Keywords: Reaction plane, sideward flow, hydrodynamics, azimuthal angular correlations.

1. EVTODUCTION

The possibility that the nuclear matter might exhibit non-random collective motion in heavy
ion collisions was first suggested more than twenty years ago in connection with
hydrodynamic calculations of nuclear collisions [1]. The behavior of the nuclear matter in hot
and compressed phase was studied in ref.[2] as early as 1974. It was more than ten years
before the collective flow was first unambiguously identified at the Bevalac [3,4]. Since then,
the flow effects have been studied at beam energies from 30 A MeV to 200 A GeV, by
various groups and research facilities confirming and supplementing the early findings.

As two incident nuclei collide with each other [5], the pressure and the density increase in
the reaction region, where a phase transition from normal nuclear matter to quark-ghion
plasma phase, a deconfined phase of matter, may occur[6]. It is important to recognize that
such a system is a highly transit unstable system lasting for a very brief time within each
event[7]. It is expected that the state of high energy density created in such collisions may
attain a state of thermal equilibrium, which may lead to a collective flow[8]. The later can be
defined as a cooperative emission of particles around a sideward direction in large multiplicity
events[9].

The hydrodynamic model [10], predicts a prolate sidewards deflection of the incident
momentum for finite impact parameters, and an oblate pattern perpendicular to the beam
direction in the zero impact parameter. For a symmetric collision in the hydrodynamical
picture, the so-called flow angle increase monotonically from 0° to 90° as the impact
parameter decreases [9]. Two types of collective emission of particles appear in the reaction
plane (a plane defined by the flow direction and the line joining the two centers of the
colliding nuclei): the "bounce-off", which is the sideward emission of the projectile fragments
(PFs), and the "side-splash" of the target fragments (TFs) [11]. In the recent years a new
component of collective flow, the "squeeze-out" of nucleons perpendicular to the reaction
plane was discovered experimentally [12].
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The basic idea of the flow analysis is to measure the momenta of all charged particles event
by event,. Such an analysis can be done experimentally only with 4% detectors [13]. The high
spatial resolution, near the 100%, detection efficiency for multiplicity measurements, make
the emulsions convenient for these studies [14].

In the present work the sideward flow of nuclear matter has been studied for the
interactions of 22Ne and 28Si with Ag(Br) at 4.1 and 4.5 A GeV/c using two different
techniques: the transverse momentum analysis and the flow angle analysis.

2. EXPERIMENTAL TECHNIQUES

Nuclear emulsion of the type Br-2 were exposed to 4.1 A GeV/c 22Ne and 4.5 A GeV/c 28Si
beams at the Dubna Synchrophasotron. The pellicles of emulsion have the dimension of
20 cm x 10 cm x 600 nm (undeveloped emulsion). The intensity of the beam was « 104

particles/cm2 and the beam diameter was approximately 1 cm Along the track, a double
scanning has been carried out, fast in the forward direction and slow in the backward one.

The scanned beams have been examined further by measuring the delta-electron density on
each of the beam to exclude any tracks having a charge less than the beam particle charge.
The scanning have been performed using a Leitz-Laborlux-S microscope.
In the measured interactions, all the charged secondary particles have been classified
according to the range L in the emulsion and the relative ionization I* =I/IO where I is the
particle track ionization and Io is the ionization of a relativistic shower track in the narrow
forward cone of opening angle 6 < 3°, into the following groups:

1- Shower tracks producing "s-particles" having a relative ionization I* < 1.4. Its
multiplicity is denoted by ns after the exclusion of tracks having an emission angle 0<3°.

2- Grey tracks producing "g-particles" having I*> 1.4 and L > 3 mm. Its multiplicity is
denoted by ngand does not includes those tracks with an emission angle 6 < 3°.

3- Black tracks producing "b-particles" having L < 3 mm and its multiplicity is denoted
by nb and does not include those tracks having an angle of emission 0 < 3°.

4- The "b" and "g" tracks are both called heavily ionizing tracks producing "h-particles"
and nh denotes its multiplicity.

5- The determination of the momentum of the s-particles emitted within 0 < 3° enables the
separation of the produced pions from the non-interacting singly charged projectile
fragments (protons, deuterons and tritons). The g-particles emitted within 0 ^ 3 ° and
having L > 2 cm are considered as projectile fragments of charge Z = 2. The b-particles
having 0 < 3° and L > 1 cm are due to heavy projectile fragments of Z > 2. The number
of delta-electron has been measured for each of these particles to determine the
corresponding charge Z =3, Zb

Thus, all the particles have been adequately divided into: projectile fragments (PFs) with Z
varying from 1 to Zb, target fragments (TFs). i.e. h-particles and generated s-particles. The
polar angle 0 of each track i.e. the angle between the direction of the beam and that of the
given track, has been measured. The azimuthal angle <t> of each track Le. the angle between
the projection of the given track in the plane normal to the beam has been measured.

3. TRANSVERSE MOMENTUM ANALYSIS

The collective flow can be studied experimentally with the help of the conventional
transverse momentum analysis [15,16]. For this analysis events that have fulfilled the
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following criteria: number of PFs nF > 4 and number of TFs nt > 7 are analyzed. The study of
directed flow requires that one first defines a preferred direction and then determine if there is
preferred motion relative to that direction for some subset of emitted particles. Generally, one
chooses the reaction plane, or, more particularly, the projectile fragment direction as the

preferred direction. The reaction plane R, is determined for each particle separately from the
remaining particles of an event.

*.=ZV/i J = \2....np (1)
I*J

where P, is the transverse momentum of the jth PFs, assuming that after collision the

momentum of PFs equal the momentum per nucleon of the incident nucleus PL, then

P, = PL tan 9j, Oj is the emission angle of the fragment. The vector Pj points in the azimuthal

direction of this fragment. The summation in equation (1) is taken over all particles except i ?*j
to exclude the self correlation. PL = 4100 A GeV/c for 22Ne and is equal to 4500 A GeV/c for
28Si, and

f 0 if P > 240
WJ=\

[1 //P,<240

The coefficient Wj is introduced to exclude fragments of very large transverse momentum.

The quantity M} = ]T wjk AJk where Ajk is the mass number of the kth isotope of the jth

fragment and wjk is the factorial yield of the isotope.

The projection of the vector Pt on the vector R, is given by

The mean transverse momentum per nucleon projected onto the reaction plane <P* >is
obtained by averaging P,' over all fragments and over all selected interactions.

The value of < P' > will equal zero if P,' is randomly distributed in the azimuthal plane

[17], and it differs from zero if the energy flow of particles deviates from the zero angle
direction i.e. if bounce-off of the PFs takes place.

Figure (l.a-b) shows the dependence of <P' > on the emission angle 6 of PFs
for 22Ne+ Ag(Br) and 28Si+Ag(Br) interactions. The experimental data shows that < P' >
differs significantly from zero, this result was observed by [18-22]. It peaks at 1.98° for 22Ne
and for 2 Si at 2.26° and at 1.55°, the later is less significant since the point next to it if
averaged with it will lower its value.

To check whether this effect is a genuine one or a statistical fluctuations, all tracks of PFs
were randomized. Then, events of the same multiplicities were generated using Monte Carlo
technique. The simulated data were analyzed by the transverse momentum method, which
showed no evidence of the peak like structure.
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Comparing the EXP and MC data leaves no doubt that the observed peaks for 22Ne and 28Si
display the bounce-off of the PFs.
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Figure l(a-b). The mean transverse momentum per nucleon projected onto the reaction plane
versus the emission angle 6 in degrees, (a) for 22Ne and (b) for 28Si.

It is clear that the resultant vector R = c a n reconstruct [23] the geometry of the

collision with a certain accuracy, it gives the reaction plane, which is determined by the
direction of the incident nucleus and the line connecting the centers of the two colliding
nuclei. This commonly known fact can be useful in the setting-up of experiments for which it
is necessary to know the reaction plane. For example, in the case of studying emission of light
fragments (deuterons, tritons and a-particles) from reactions. It is interesting to study the
angular distribution dn/dcos9 of b-particles with respect to the reaction plane, as a function of
their emission angle. These distributions for 22Ne and 28Si are given in fig. (2.a-b) compared
with their distributions obtained relative to the microscopic plane, which has an isotropic
behavior. A peak is seen in the distribution relative to the reaction plane. Thus the reaction
plane is the right place to study different phenomena.
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Figure 2a. The angular distribution for the b-particles, the solid line distribution as viewed
form the reaction plane and the dashed line as viewed relative to the plane of the microscope

for 22Ne.
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Figure 2b. The angular distribution for the b-particles, the solid line distribution as viewed
form the reaction plane and the dashed line as viewed relative to the plane of the microscope

for 28Si.

4. THE ANGLE OF FLOW ANALYSIS

Usually the angle of flow analysis is based on constructing a tensor using the center of
mass momenta of all the particles, which take a shape of an ellipsoid for each event. Thus,
each event can be characterized by the lengths of the axis of the ellipsoid, the angle of the
major axis to the beam direction is defined by the angle of flow 9F. A peak away from the
zero value in the distribution of 0F is considered to be a signature of the collective flow of the
nuclear matter [24].

The sphericity method generally has been used [3], the shpericity tensor, depends on the
weighting that is used:

(3)

is calculated from the momenta of all measured particles for each event. The shpericity tensor
approximates the event shape by an ellipsoid whose orientations in space can be calculated by
diagonalization.

In the present experiment the momenta of the TFs were not measured. Another method has
been adopted [25] for the particle flow analysis. A unit vector in space is assumed in the
direction of the flight of each fragment. The unit vectors of the fragments are summed to give
the resultant vector of TFS and PFs.

In the present case the beam direction is taken as x-axis, the perpendicular to it are the y-

axis and the z-axis. The polar angle 9 of a vector V is arc cos— where V=(x2+ y2+ z2) and

x, y, z are the components of V along the axis. The azimuthal angle cp equals arc tan—. For

y
PFs P( is used instead ofassumingaunit vector, in the direction of flight of each fragment.
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The resultant vectors Vp and VT for PFs and TFs, are assumed to be in the di.ection of the
source emitting PFs and TFs

It has been shown in ref. [26] that that the angular distributions has less fluctuations if the

flow angle is properly weighted by the Jecobian sinG. The di
sin#

distributions for PFs

F F

and TFs are presented in figs. (3.a-b) and (4.a-b), respectively, for the interactions of 22Ne
and 28Si with Em compared with their counter parts obtained from the cascade evaporation
model(CEM) [27] calculations.
In each figure a peak greater than zero is seen for both the cases (PFs and TFs). Table (1)
show the average values of 0F as obtained experimentally and from CEM calculations for PFs
and TFs.

Table 1. Represents the experimental average values of 0v compared with that obtained
from the CEM calculations for PFS and TFs, for the interactions of 22Ne and 28Si with

emulsion.

PFs

TFs

Projectile

22Ne

2SSi

22Ne

28Si

<0T >

EXP

1.11 ±0.03

1.22 ±0.04

51.49 ±0.59

48.85 ±0.94

CEM

0.93 ± 0.02

0.77 ± 0.00

42.45 ± 1.25

42.20 ± 1.08

0 1 2 3 4 5 — CEM

— EXP

0 1 2 3 4 5 - - - CEM

PF

Figure 3(a-b). The angle of flow distributions, (a) for 22Ne and (b) for 28Si, for the PFs.
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Figure 4(a-b). The angle of flow distributions, (a) for 22Ne and (b) for 28Si, for the TFs.

The experimental values of < 0F > are greater than the CEM one, this could be interpreted
as an indication of the sideward flow of the fragments i.e. the bounce-off of the PFs and the
side-splash of the TFs.

The dependence of <9F on the impact parameter and consequently on nh has been studied.

for m, ̂  7 and nh < 7 are illustrated in fig.(5a-b) for the case ofThe distributions of
sin0

PFs. The remarkable features of this figure are: (i) The smallness of the 0¥ and its peak value
is greater than zero ( agrees with the previous observation), (ii) The maxima of the angle of
flow increase with increasing multiplicity, which was predicated by the hydrodynamical
calculations. The values of < #PF > for the case of nh > 7 and % < 7 are given in table (2).

Table 2. Represents the dependence of the experimental average values of #PF for the PFs
on the impact parameter, for 22Ne and 28SL

PFs

Multiplicity

nh<7

n h £7

<0PF>

22Ne

0.82 ±0.03

1.58 ±0.51

Z8Si

0.91 ±0.05

1.48 ±0.07
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Figure 5(a-b). Represents the dependence of the flow angle 9W on the impact parameter,
(a) for 22Ne and (b) for 28Si, for the PFs.

The azimuthal angular correlation between the PFs and the TFs is given in fig. (6), where
A p̂-i = | (/>,, - <pT | and the average values of A^P.T are given in table (3) for 22Ne and 28Si.

Fig. (6.a-b) shows that the nuclear fragments from the two colliding nuclei are emitted in
opposite direction (back-to-back) in the azimuthal plane. This confirms the sideward
emission of the PFs (bounce-off) and the side-splash of the TFs. Our results agree with those

observations obtained by the ref. [26,28].
The presence of finite flow analysis in this work indicates that in those events a reaction

plane defined by the flow and the beam direction is determined properly.

22, 28£Table 3. Represents the average values of A^P.T for Ne and Si.

< A<*P.T >

"Ne

95.31 ±1.12

™Si

98.62 ± 1.56
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Figure 6(a-b). The distributions of the angle A^P.T between the resultant vectors of the PFs
and the TFs in the azimuthal plane (a) for 22Ne and (b) for 28Si. The histograms are

normalized to unity.

CONCLUSION

From the present study the following conclusions can be extracted for the interactions of
Ne and Si with the selected class of events:

(1 )The collective flow of nuclear matter has been observed.
(2)The bounce-off of the PFs and the side-splash of the TFs has been declared.
(3)The predictions of the hydrodynamical calculations, of the dependence of the

increasing of 4he angle of flow with decreasing the impact parameter have been
satisfied.

(4)The reaction plane plays an important role in investigating different physical
phenomena that could not be observed by the ordinary methods.

(5)Though the CEM has failed in reproducing the exact characteristics of these events,
but it has showed the collective flow of the nuclear matter to some extant, we
suggest that an improvement to this model could lead to better results.
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The Great Pyramid of Cheops (Khufu)

How the Great Pyramid was built is a question that may never be answered. Herodotus
said that it would have taken 30 years and 100,000 slaves to have built it. Another theory
is that it was built by peasants who were unable to work the land while the Nile flooded
between July and November. They may have been paid with food for their labor. The
flooded waters would have also aided in the moving of the casing stones. These stones
were brought from Aswan and Tura and the water would have brought the stones right to
the pyramid. This pyramid is thought to have been built between 2589 - 2566 BC. It
would have taken over 2,300,000 blocks of stone with an average weight of 2.5 tons
each. The total weight would have been 6,000,000 tons and a height of 482 feet (140m).
It is the largest and the oldest of the Pyramids of Giza.

Not much is known about Cheops (Khufu). The tomb had been robbed long before
archeologists came upon it. Any information about him was taken with the objects inside
the tomb. He is thought to have been the ruler of a highly structured society and he must
have been very wealthy. He was buried alone in this massive tomb. His wives may have
been buried nearby in smaller mastabas.

The encasing marble which covered the outside of the pyramid has eroded or been
removed over time. With this casing off, the pyramid lost 33 feet (1 lm) of all of its
dimensions. The top platform is 10m square. The base of the pyramid is 754 feet and
covers 13 acres. The original entrance to the pyramid was about 15m higher than the
entrance that is used today. Apparently Al Mamum, who opened up the new passage,
could not find the original opening. The new passageway leads straight across and joins
in with the original passage, the descending passage. The descending passage led only to
a subterranean chamber. This descending passage that leads down is set at a 26 degree
angle that descends down 345 feet (105m) into the earth under the pyramid. The
passageway is only 3'6" (1.1m) wide and 3'H" (1.2m) high. The chamber is closed to the
public. The chamber itself is room that measures about 46' x 27*1" x 11'6" (14 x 8.3 x
3.5m). There is a passage that leads 100 feet horizontally to the western side. The
purpose of the pit is uncertain. It is possible that it could have been the burial chamber,
but after a change of plan, it was abandoned.

The descending passage beyond where the new entrance meets it, is closed off by a steel
door. The ascending passage rises at the same angle as the descending, 26 degrees. The
ascending passage leads up into the pyramid. The ascending passage is the same
dimensions as the descending, 3'6" (1.1m) wide and 3'11" (1.2m) high. It can be quite a
difficult trek for some people. The passage leads on for 129 feet (39m).
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ABSTRACT
The Combinative Isobare Resonances are shown as new channels of the C~N-cycle.

In 1994 we bad firstly used our new developed approach - the "Method
of Spectra Superposition" providing measurement of d<j{E)fdU at every
accelerator (including colliders !) with highest energy-resolution depending
(for thin targets) only on energy-resolution of detectors [1-5].
Rarely one can read about thi$[6].

That time the Excitation Function (EF) of the 12C(p,p0) elastic scattering
with energy-resolution «10keV for £?p=16 -f 19.5 MeV of cyclotron protons
by using the multiangular magnetic spectrograph as detector was measured.

It was wonderful when after data processing so surprised curve with a sat-
urated structure of overlapped resonances - fluctuations of cross-section
(Fig.l) was obtained (in contrary to EF obtained by M.J. LeVine and
P.D.Parker in 60'th at the tandem generator [7]).

The precise agreement between well known thresholds and nuclear levels
with the brightest anomalies in our curve and "not disappearing" fine
structures in full-events curve (stat.err. 3%) - all this, only, had satisfied me
that these structures are not just a joke of statistics. Fig.l shows a comparison

of our obtained EF with thresholds and levels of well known product-nuclei.
But what are the other structures ? - here's the main thing!

For answering the question a computer program allowing to examine quite
a number of different versions of resonances identification was writen. After
a lot of runs a miracle result was obtained - the multiple coincidence of
predicted lines (levels) with EF-anomalies (Fig.2, 3), - in suggestion that at
the beginning stage of interaction (before the final nucleus and particles -products),
any temporary Intermediate Nuclear System (IS) with a charge-forbidden
nucleus -I- interior charge-compensator particle(s) is forming.
IS-evolution will be finished by collapsing of charge-compensator particle(s)
(the interior capture) - which is the action of forming a final nucleus-product.

Let's consider formation of an Intermediate System with 15C going to 15N.
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Traces-iesonances of the forbidden 18C in EF of the elastic scattering
uC(p,p0) are quite normal if one remembers the projectile-stimulated
internuclear "soft" TT* [8-10] and its decay leptons (below).

Primary / p c \ Intermediate f\Q\ Final
Sys teml" i Nuclear System \LOJ System

P+ fC 4-

Here we can see two branches of the IS-evolution which lead to write
for projectile energy in c.m.-system respectively two possible expressions (3)
and (4) separately answering to such Resonances through the strong and
weak & electromagnetic interactions.

Epau = EU
Lv'N + [AA/ " C ] - ( A M " C + Amp ] ( (denotations in Pictures) (3)

^ p + T - ^ m 1 ] - ^ ^ C + Amp], (4)

For general, these expressions in Readings I and II are presented on the
Figures 2 and 3 respectively.

Thereby as the common interpretation of unrecognized anomalies the mech-
anism of the Combinative Excitations of Isobar Resonances (CIR) was
proposed. It accounts the contribution into dynamics of the [p +1 2 C] -
system of all possible excitations as resonances of forming all of the projectile
energy-accessible nuclei -isobars of well known final nuclei-products.
So it's very likely that "soft" pious (which are absolutely real inside the
nucleus but virtual - for the exterior space) indeed demonstrate proper
behavior in the:

- nuclei-products spectrum and
- projectile energy losses ([8], page 7) displaying additive CIR-resonances
due to formation of the short-lived(displayed) isobaric charge-forbidden nuclei
/with charge-compensator(s)/ by following transformation into already well
known final nuclei-products.
Just doing justice for the participation of weak & electromagnetic interac-
tions it should be said the same about the soft TT* decay products inside
the nucleus.( See. [8], p. 7, and also remember [11] Chapter 10. - "Spin-
Isospin Excitations and Pion-like Modes in Nuclei" ).
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Here below are shown two diagrams for two chains of the 18C —»• 15N
proces accordingly. Collapsing follows by the time of interior capture of the
charge-compensator particle (lower ends of the sloping wavy lines). Pointers
show the in or out of the n /p into neutron/proton subsystems of nucleus.
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What are the more and newer proofs ?
Examining for validity the CIR-phenomenon the many years ago precisely

measured [12] high statistics EF of 12C{p,p0) within Ep= 5 -r 11.5 MeV
was analyzed (Fig.4) where also found many such displays [12, 13] also were
found and among them - two brightest - at 9.159 MeV (Fig.5 - line 12.106
MeV) - for strong and at 10.502 MeV (Fig.6 - line 11.080 MeV) -for weak
& electromagnetic interactions (see squares) with direct projectile-stimulated
P -decay - see diagram below and expression (4) +meca at the right side.
And we can see this high peak (Fig.6)
right there, where it should be taken -
at Ep=11.0b5 MeV (for 511 keV with
11.080 MeV -level). Really, it is not
a neutrino-initiated process, but the
hadron-nuclear - with higher (by more
then fourteen orders ! ) cross-section.
So, already we have some news for
the famous CN and CNO -cycles !
Besides the ordinary 15C-production
through the /?+-decay of 19N (10 min-
utes) we should account quite real direct

(fast) 18C-production due to the projectile-stimulated /?+-decay. This can
really moderate parameters of the interstellar fusion processes decreasing
number of dynamically involved 19N but increasing one of the 18C (page 10).
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CN-cycle

'C+p =• l37V + 712/-, , - ^ 13A7 , ., _L 1.944 MeV

137V => 1OC + 8 + v + L1" MeVr

1 3 C + p =^ 14j^ + 7 + 7<550 MeV

147V + p => 1 5 O + 7 + 7-293 Me1t/

1 5 O => ±ON + 8 + V + 1-738 MeV
4 i / e + 4-965 MeV

Modified CN-cycle

y + 1.944 MeV

\

/ • 13C + /5+ + 1/ + 1-199 MeV
12c+P \

13C
1 3 C + p =» 147V + 7 + 7.550 MeV
UN + p =» 1 5O + 7 + 7.293 MeV

1 5 O =£• 1 5 7 V + /3+V + 1-738
12C + 4#e + 4.965
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Some first news for pp-cyde 11
Another proof is obtained recently in examining for CIRs the precise EF
[14] of the 7Li(p,p0) low energy scattering within Ev—l -h 3.5 MeV (Fig.7)
where are found such displays and among them - the brightest - at point
Ep= 2 MeV (level 0.4776) for the 7' Li{p,n)\Lij->7Be Combinative Resonance
(Fig.8) through the strong interactions.

Primary / p c \ IntermediatefTCX Final
System \r^) System K^J System

p + iLi =* n + flLi* + ®^ => 7
4Be*+ + n (5)

A fresh brightest prove of CIR-validity already found quite recently in EF
of l2C(d)d0) near the Ed « 2.7 MeV^ (in stage of processing, unpublished).

Therefore, it seems that the adduced experimental arguments tell
us about the real validity of the CIR. The figures (5) and (6) showing
us that the CIRs, are some kind of scanning of all possible energy-accessible
decay modes of the IS [p +13 C], - including, in addition, the forbidden
combinations containing charge-forbidden nuclei with only "interior decay"
through capture of the interior charge-compensator particle(s) by a nucleon,
transforming it into isopartner (charge exchange).
For strong process it is capture of the ^ by nucleon at IS and for weak &:
electromagnetic process - interior ^ or e± -capture.

It should be well noted that in the stellar plasma conditions we

should "suspect" generation of the such forbidden nuclei through the

CIRs, but their life-time will become essentially prolonged due to

the permanent electron strike-jarring which don't allow to the wan-

dering charge-compensator particle(s) be captured in short time by

nucleon(s).

This means, it should be taken, that quite a lot of such forbidden

nuclei (not expected yet ! for the known stellar cycles) can become

in dynamic equilibrium at stars !.
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In other words, we are talking about the additional CIR-based
still unknown channels in all stellar and energy cycles - as the back-
ground for their modern review. Very likely, that CIRs should be
considered from this point of view - of the perfectly important and
great moment task now [15,16].

Concluding all this let's stress the most important obvious properties of
the CIRs and some due to them new opportunities.
1. It's evidently that for (l)-kind decay from a Combinative Resonance state
any emitted products are absent - as follows any recoil is absent too! This
is a perfect property of the CIRs(l) - they are energy unshifted on azimuthal
angles so, that they can be used as precise unshifted energy-calibration stan-
dards for the nuclear cross-section measures with high energy-resolution !

2. The CIRs of (2)-kind are shifted due to v^,, vt -emission, it's the cause
why they (probably) can be used for obtaining upper level of the i/̂  -mass
(presently my < 270 keV) in case of validity inside the nucleus the chain

7r± —> z/p, y* — • e*, Up, vei vt. (6)

3. Existence of the CIR opens us large opportunities. Really, CIRs can
become a new precise and wide applicable tool for investigations on the:
- search for additional channels in both stellar and energy fusion cycles,
- moderation of the IS properties for plasma medium and stellar conditions,
( formation, life-time, decay modes),
- low-energy dynamics of the Intermediate Systems (IS)
(structure, formation, life-time, decay),
- properties of the IAR +7r- dissociation (for projectile energy up to free 7r),
- search for "stability island" using EFs of the heavy-ion collisions,
- studies of the cluster modes of the break-up of light nuclei scattered by a the
heavy nucleus-target, where in the Excitation Function of elastic scattering
will be directly observable all possible ordinary and forbidden cluster combi-
nation of output channels, presented as IARs and CIRs>
- proton "weak decay" in nuclear medium helping us in more advancing con-
sideration of the fundamental problem of proton stability in universe,
- solar neutrino deficit and related astrophysics, for inst. see (1), (peak 9.159
MeV- level 12.1060 o/13C*), and (5) (peak 2 MeV - level 0.4776 of7 Li*),
- fundamental properties of soft-7r modes in nuclear matter and at stars.
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1 Introduction

The elastic and inelastic interactions of protons with nuclei have been actively inves-
tigated both experimentally and theoretically in the region of low (To < 1 GeV) and
high energies. In particle-nucleus interactions one of the most intriguing problems is
the explanation of the cross sections for production of secondary nucleons with large
momentum and emission angle. They are considerably higher than expectations of
models in which secondary nucleons are considered to be recoil particles produced
due to rcscattering of primaries or from the cascading of secondaries in a nucleus.
In the region of high energies (To > 3 GeV) these processes are named cumulative
and are interpreted in terms of quark-parton structure functions of nuclei [1, 2]. In
this approach the universal function of parton distribution in nucleus is being found
from experimental data.

At the energy of the present experiment, nuclcons arc considered as structureless
particles and hadron-nucleus processes are reduced to single or multiple hadron-
nucleon scattering. For example, Amado and Woloshyn [3] applied the model of
single pN- scattering to the description of data [4] on production of fast protons
at 180° in pA-interactions at primary energies 600 and 800 MeV. Their approach
allowed parametrization of the high momentum part of the nucleon distribution in
a nucleus. However, the investigation of two-particle spectra in the (p,2p) reaction
on Li nuclei at 0.8 GeV [5] showed that this model is unsuccessful in describing
angular spectra and correlations of secondary protons and there is clear indication
that rescattering of struck particles by other nucleons in a nucleus has not been taken
into account sufficiently.

More successful was the model of Haneishi and Fujita [6] in which it was assumed
that there is a direct connection between the existence of a high momentum part of
the nuclear wave function and spatially localized groups of several nucleons. This
localization requires a thorough account of the interaction of nucleons in a cluster.
The method of calculation was elaborated in the case of a two-nucleon cluster. How-
ever, in order to have satisfactory agreement with experimental data it was necessary
to assign a model-dependent high momentum component to the Fermi motion. It
was deduced from the measured nucleon distributions on the basis of a Hartree-Fock
representation of nuclear wave function, but it is still unclear how many other nucle-
ons are involved in the reaction which causes the movement of two-nucleon clusters.
There are not as yet theoretical estimates of the contribution of three and more nu-
cleon clusters in the emission of fast protons. The direct answer to these questions
could be provided by an experiment where the energy and angle of several nucleons
are measured in the forward hemisphere.

An additional method of investigation of the mechanism of inelastic proton-
nucleus interaction is the measurement of inclusive analyzing power Ay, as was done
at polarized protons energies of 500 [7] and 800 MeV [8] with the use of beryllium,
carbon, nickel and tantalum targets for angles near 90° In the region of low energy
secondary protons (Tp < 150 MeV) Ay has a negative sign which may be explained
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by a single pN scattering. With approach to the elastic limit for the pC reaction, Ay

changes sign and reaches 0 2-0 5 Such high Ay values indicate the presence of othci,
less-studied coherent processes on clusters, in particular deuterons, responsible for
the emission of fast particles at large angles. A correlation experiment in which the
proton-proton or proton-deuteron pair is detected in coincidence could make it pos-
sible to separate this process and to study in detail its characteristics. That is the
main aim of the present research.

The experimental data presented in this paper were obtained from a study of
the interactions of 500 MeV polarized protons with carbon nuclei at the TRIUMF
cyclotron laboratory. The correlation spectra of two particles and corresponding
analyzing power of reactions pC —>• ppX and pC —> pdX were investigated. One of
the particles - a proton - was detected at angles of 70°, 84° or 98° with an energy
more than 40 MeV, and the second particle - a proton or deuteron - at angles of
24.5° or 30° on the opposite side of the beam.

One way to separate different mechanisms is to present data as the distribution
of events on the plane {T/,7b}, where 7), Tb are kinetic energies of the paiticlcs de-
tected! afcsmall and large angles, respectively. For data systematization we determine
the kinematical regions corresponding to single pp-interaction and to the scattering
on clusters of nucleons. The cluster region (size) is determined on the basis of the
energy balance. For example, if there is approximate energy balance 7/ + 7], « Tbeam

the event is considered as a single pp scattering. If 27/ + Tb « TbeaTn scattering on a
two-nucleon cluster is assumed. For each kinematic region the analyzing power

1 Nu-Nd
V Pheam K + Nd

is determined. Here Pbeam is the beam polarization normal to the scattering plane
and Nu and Nd are number of events (particle pairs) detected at different Pbeam ori-
entations relative to the scattering plane (up and down). We follow the conventional
definition of Ay: the small angle detector (detecting Tj) is located to the left of the
beam.

2 Experimental set up and measuring method

The experimental set-up was a scintillation spectrometer (Fig.l) located on beamline
IB of the TRIUMF cyclotron. Its main parts, their functioning and characteristics
are described below.

The target was a carbon plate 3 mm thick, turned at 45° to the beam axis and
thus permitting detection of secondary particles emitted from the target at ~ 90°.
The thickness of the target was chosen according to the following requirements: the
flux of particles hitting the counters from the target must be considerably bigger than
that of background particles (mainly neutrons) coming from the beam dump located
5 m from the set-up, and the target must be sufficiently thin not. to worsen the
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Left Arm

target

PC

Nal

Right Arm

beam

Fig. 1 Schematic view of scintillation spectrometer set-up
at polarized proton beam of TRIUMF cyclotron.

PC multiwire proportional chambers.
Nal sodium iody scintillation counters.
S disc scintillation counters.
FT forward telescopes.
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energy lesolution of the set-up A CH> target was also used foi eneigy ( alibi at ion oi
counters using piotons from elastic pp scattering on fire protOJIS of the polyethylene

Two mobile platforms (remotely controlled) holding the detectors weie located
on the left and right sides of the target They allowed the detection of pai tides in
the angular range 70° - 98°. On each platform two planes of multiwire proportional
chambers and 8 scintillation telescopes were mounted. The telescopes were assembled
into an array with the angular range SO — 5(j> = 14°, at 82 cm from the target. Each
telescope consisted of a disc-shaped plastic scintillator with diameter 10 an and
thickness 1 cm and a cylindrical Nal(Tl) crystal of diameter 15 nn and thickness 15
cm. Proportional chambers with mter-wue distance 2 mm registered x, y cooiduicifes
of the particles. In the forward direction in the angular range 24.5° - 30° t.hiee
telescopes were arranged. Each telescope consisted of three plastic scintillators with
the thicknesses 0.5, 2.5, and 36(76) cm. They wore positioned at 1.3 • 2.5 in from
the target.

The event trigger was produced by coincidence of any disc scintillatoi and forward
(2.5 cm) scintillator from opposite sides to the beam.

The electronics provided amplitude measurements of the signals from all coun-
ters and the timing of signals from plastic scintillators. (The timing of the Nal
detectors was not measured.) The time resolution was 0.6 ns, after correction for its
dependence on the amplitude.

The primary proton beam consisted of bunches 3 ns wide and separated from
each other by 43 ns. The coincidence time of two telescopes was selected to be 70 ns.
This range contained two bunches, allowing us to estimate the number of random
coincidences. On average the random rate did not exceed 5% of the true coincidence
rate

The information read from the proportional chamber controller gave the width
and centroid of a cluster of fired wires. The centroid of a cluster determined the x,
y coordinates of the particle.

In order to control the amplification of the spectrometer electronics, light-emitting
diodes (LED) were embedded in the Nal counter frames allowing the light to reach
the photocathodes of photomultipliers (PM). The LEDs were equipped with sta-
bilized pulse power supply. The control light pulses were generated at five levels
in amplitude, in a wide dynamic range which spanned the range of the ADC. The
pulses were generated every 5 seconds. They permitted the correction of slow and
fast changes of PM amplification due to drift of beam intensity and magnetic field
in the experimental hall.

The electronics (in NIM and CAMAC crates) was set up 3 - 4 m from the
detectors The read-out information was recorded event-by-event by a VAX-station
connected to the detector cave through a 100 m long branch cable.

The Nal counters on their mobile platforms were calibrated with recoil protons
from elastic scattering on free hydrogen in a CH2 target. For this purpose the
platforms were positioned in the range of 40° - 60°. Thereafter the amplification
was monitored by the LEDs. The forward thick (36 and 50 cm) counters arranged
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at 24 5° and 30° were calibrated by using maximum ionization losses of protons with
energies TIII(J1=255 and 310 MeV, the ranges of which are equal to the respective
counter tmeknesses At the same energy the amplitudes of signals in the thin (5 mm
and 25 mm) counters were also determined. Later they were used for the separation of
particles stopped in the thick plastic scmtillator from particles which passed through
it The limited energy resolution of thin plastics made it difficult to distinguish
stopped and passed protons in the T m a i region, and due to this low efficiency of
particle identification such events were removed from further analysis.

The kinetic energy of protons stopped in a thick counter was proportional (with
d small quadratic correction) to the amplitude of PM signal For passing particles
the energy was calculated by a formula deduced from the range-energy relation The
accuracy of such calculation was tested by the position of the quasi-elastic peak in
two-particle spectra.

For particle identification we used the method based on the relation of loniza-
tion losses in thin and thick counters of telescope, i.e. the (AE — E) method In
accordance with this method signals from particles stopping in a thick counter lay
along the hyperbola AE ~ m • z2/E, where m and z are the mass and the charge of
particle, respectively. The typical matrix obtained by a S — Nal telescope at 70° is
shown in Fig. 2. One may see that the protons are the main component detected.
Pion and deuteron bands are also observed.

The {Ai?, E) matrix for the telescope at 30° is piesented in Fie, 3 In this
figure we also show the regions for stopped and passed protons, and from nuclear
interactions in the plastic The pion and deuteron lines are also indicated To
improve the quality of particle identification in forward telescopes, the time difference
tf = Tf - TS between the signals of the thick forward counter and the S counter of
a S - Nal telescope was used. The r j value was corrected for particle time of flight
from target to the 5 - counter, taking into account the particle energy measured
in the S - Nal telescope. The matrix {tf, E) is shown in Fig.4 The marked
regions correspond to those shown in Fig. 3. For further analysis we have selected
only events containing protons in the S-Nal telescopes and protons or deuterons m
forward telescopes. In all other coincidences much lower statistics were obtained.

The experimental data presented in this paper were obtained using an incident
proton beam of average polarization C8%. The sign of polarization while data taking
was reversed every several seconds, as is necessary for the measurement of the left-
right asymmetry of particle emission and the calculation of the analyzing power (see
Introduction). The values of NUiCi in the formula for Ay must be normalized to equal
beam intensity. For the combination of angles with 9j = 30° our experimental set-
up is an almost symmetric polanmeter which permitted us to monitor the beam
intensity at various polarizations of the beam.

The beam line has m-beani polarnnetei It provide^ good and continues beam
polaiizatioii measurement

The run trme of data collection in this experiment was about 24 hours at a beam
intensity ~0.2 nA.
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3 Two-particle correlations

We measure the two-particle spectra d2N/dTfdTb obtained from the coincidences of
paiticlo* fioin telescopes ananged at the angles 70,84,98° and 24 5,30° respectively
The first group of telescopes is denoted as "6" - backward and the second group -
as "'/" - forward Tb and Tf are kinetic energies of particles detected in side and
forward spectrometers.

There are several types of interaction which could result in events filling the two
dimensional plane {T/,Tb}-

- Quasi-elastic pp and pd scattering in carbon. The events of this type form a
well-defined group in the 7} > 300 McV region.

- The scattering of primary protons on multi-nucleon clusters. For example, the
initial proton may be scattered to an angle of 70° and get energy about 50 MeV,
transferring to the cluster a 4-momentum squared of order —t « l(GeV/c)2

- A cascade process with multiple rescattering.
It must be noted that the measured function d2N/dTjdTb only qualitatively cor-

responds to differential cross section d2a/dTfdTb because in various regions of the
{Tf,Tb} plane the apparatus has varying detection efficiencies. This is because the
paiticle identification in forward telescopes is done by different methods for stopping
and passing particles and because of the large amount of nuclear interactions in thick
counters as well

The two-proton spectra obtained in the reaction C(p,pp)X for all combinations
of measured angles are presented in Fig 5 The dashed-dotted horizontal lines in
these spectra separate the region of fast protons emitted at small angles which pass
through forward counters from the region of stopped protons For reasons mentioned
above, it was impossible to identify particles and measure their energies near these
lines within the band ±35 MeV.

In each panel of Fig. 5 the yields below the dash-dotted line have been scaled
up relative to those above the line, to make their features more visible; the scaling
iactois are given m each panel The upper dashed lines show kinematic boundaries
calculated for the quasi-elastic reaction 12C(p,pp)uBe. The existence of events be-
yond this limit reflects the energy resolution of apparatus and the number of random
coincidences.

In all spectra one may see peaks of quasi-elastic (QE) scattering, the intensity of
which is sharply decreasing with the increase of angle 9o of the large angle detector.
The maxima of peaks in energy are situated noticeably lower then one would expect
from kinematics. This result may serve as evidence for the production of excited
11B nuclei. However, due to the systematic uncertainty in the energy calibration of
forward telescopes one can not estimate the excitation energy.

One may also note some qualitative features of QE scattering. For example, at
30° the QE peak becomes broader with increase of 9b. At 98° it has no clear lower
boundary, which may be explained by rescattering of slow protons to larger angles.
For events detected in coincidence with the telescope at 24.5°, the QE peak decreases
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with 6b more slowly than in the telescope at 30°
The most energetic part of the proton spectrum at large angles is accompanied

by protons emitted foiward and carrying a half to a thud ol the remaining eueigy.
confirming the increase with angle of the contribution from scatteimg on two- and
three-nucleon clusters in the production of fast backward protons The anows |
show position of QE peaks expected from kinematics. Pair of dashed lines indicate
zone of pp-scattering. Pair of dotted lines indicate zone of p-(two-nucleon-cluster)-
scattenng. The arrows 1 show expected from kinematic proton energy for proton-
cluster interaction.

The two-paiticle pd-spectra at 6j — 30° for the reaction C(pd)X are presented
in Fig. 6. In contrast to protons, the deuteron spectrum is confined to the region of
stopping in the thick counters. As one can see from the data in Fig 6, the QE peak
as well as its energy-shift with the angle 6b are clearly observed

4 The kinematics of quasi-elastic reactions

Let us make a kinematic analysis of the reactions nC(p, 2p)llB and l2C(p,pd)l0B
for two cases shown in the diagrams in fig. 7. Here we use the following variables.
P0iPiiP2 - momenta of beam and secondary particles; pA - momentum of target nu-
cleus; p/m - the momentum of proton or deuteron on which QE scattering occurs; pR

- residual nucleus momentum. The last quantity is not measured in our experiment
By definition pn = —p/m in this model. The value of pn has to be determined

from momentum conservation p0 = PI+P2+PR- From the conservation of momentum
and of total energy Eo + EA = E\ + E2 + En, one can obtain the relation between
T\ and T2 (or TV and TJ,) shown in Fig. 5 by upper dotted lines. For the reaction
(p,2p) the new definitions are connected with old ones as T\ = Tj, T2 = Tb and for
reaction (p,pd) -- as T\ = Tj,, T2 = Tj. The sum of kinetic energies X) + Zi 111 this
case is the maximum energy which can be transferred to a pair of particles emitted
at the given angles. The calculated values of Fermi momentum p/m(Tt) are shown in
Fig.8a for (p,2p) reaction and in Fig.8b for (p,pd) reaction. The positions of minima
of these functions are shown with arrows in the Figs. 5 and 6. As one can see, their
values are in good agreement with the positions of QE peaks. Comparing pfm(Tb)
for (p,2p) reaction at 70 and 98° one may see that the previously-noted broadening
and shift of the QE band is due to the growth of pjm.

The square of the energy in the center of mass and four-momentum transfer
squared for QE scattering in the case of the diagram in Fig.7a are calculated by
.s = (P1+P2)2 and t = {P0-P1)2 where the P, are four-momenta of the corresponding
particles. The variable t is presented in Fig.9. For QE pp-scattering it depends
weakly on the angle of backward particles and on energy T2. Therefore the lines for
different angles 92 are nearly merged. One should note that in the QE pp interaction
the primary proton is scattered in a forward direction while in QE pd events the
beam proton is scattered backward and that is why t strongly depends on #2 and T2.
The lines for different angles 9\ 24.5 and 30° merge with each other.
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Fig. 7a. Diagram of proton-proton (deuteron) QE scattering
in impuls approximation.

Fig. 7b. Diagram of proton-proton (deuteron) QE scattering
with account of particle virtuality.
Thick lines refer to the virtual particles (off-mass shall state).
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In the second case (Fig.7b) we explicitly take into account the virtually of the
particles (VP) inside a nucleus. The virtual particles are shown in Fig.7b by bold
lines. The total energy of VP is equal to its total energy outside the nucleus E,, = E
and the mass is decreased to a bound value mv = m - u0 - ejm. Here u$ is the
binding energy in the averaged field of the nucleus (for protons u0 = 8 MeV, for
deuterons UQ = 14 MeV), e/m is the kinetic energy of particle "2" in a nucleus
before scattering - this is its Fermi motion energy e / m = yjm2.2 + pjin - m,,-2- The
momentum of a VP is calculated from p2 = E2 - 'm2. The energy of VP U2" after
scattering has the value Evi = Ei + uQ + e#, where e« is the kinetic energy of the
residual nucleus. The term eR appears because at point "A" (see Fig.7b) the VP "2"
transfers to the residual nucleus the energy eR « p2/2mR. The kinematic invariants
are calculated as s = (Pvfi + P,, / m)2 , t = (Pvjm - Pv,2?- The subscript l V stresses
that we operate with a VP.

The analyzing power Ay<ei of elastic pp and pd scattering is calculated for the
obtained values of s and t. In order to calculate AViei for pp scattering we use the
SAID software package of the University of Virginia [9], which calculates the value
of Ay on the basis of a PWA (Partial Wave Amplitudes) approximation. For pd
scattering the values of Ay>ei are determined in accordance with data from [10]. The
comparison of Ay<ei with our data on Ay is shown in Figs. 10 and 12.

5 Simulation of the interactions of polarized pro-
tons with nuclei

For a better understanding of these results of the analyzing power in the reactions
A(p,2p) and A(p,pd) we have developed a program for simulation of the interactions
of polarized protons with nuclei. In this model the interactions of primary and
secondary particles with nuclear clusters in a nucleus are taken into account. In the
framework of our model the hadron-nucleus interaction is considered as a sequence
of elastic and inelastic nucleon-nucleon collisions, i.e. as a basic idea we choose the
intranuclear cascade approach [11]. The target nucleus is considered as a Fermi gas
of nucleons confined in a certain volume with a diffuse boundary. It is assumed
that the nucleons are in a potential well V(r) — u0 + p2

tm/2m, where m - mass of
free nucleon, UQ - averaged binding energy in nucleus, p/m - Fermi momentum of
nucloon in a nucleus. The influence of the nuclear potential on the particle entering
the nucleus appears as an instantaneous increase in its kinetic energy by the value
of V(r). The kinetic energy of relative motion of colliding particles is calculated
taking into account the Fermi motion of intranuclear nucleons. The probability of
any two-particle collision is determined by the cross section of the nucleon-nucieon
or pion-nucleon interaction and by the number of nucleons which are confined within
a cylinder with a radius rint = r0 + A, where r0 = 1.3 fm and A is the wavelength
of the tracked particle. The cylinder axis is directed along the vector of particle
velocity and the probability of being scattered by the k-th nucleon is determined
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by a binomial distribution wk = EI^iU - QMK, where the partial probability <y,
(i=l,2. .) is expressed through the interaction cross section on i-th nucleon a, q, =
c.AO'o + A)2 The coordinates of nucleons are generated m accordance with a
standard distribution of nuclear density p(r) = poex\i(-r2 / R\), RQ = IQA1/1 foi
.4 < 10 and p(r) = po/(l + exp{(r - a)/b)) foi A > 10 Here the radius of half
density is a = 1.07A fm and the diffuseness parameter of the boundary is b = 0.545
fm The pomtlike nucleons in the nucleus are subject to a "nucleai core" condition
d > 2rcor, where d is the relative distance between nucleons, and rcor = 0.4 fm - the
minimum possible distance between the nucleons. For the momentum distribution of
nucleons the assumption of a Fermi gas with zero temperature and isotropy in space
w(p)dp ~ pdp, 0 < p < pmax{r) is made. The maximum momentum is expressed
through the nuclear density pmax(r) = (STT2)1/3/?./?1/3^-).

For two-particle collisions in a nuclear cascade all kinematic characteristics aio
calculated. The Pauli principle is checked, i.e. the final nucleon momentum in a
given collision must be more than pmax. The particles inside the nucleus are tracked
down to a minimum kinetic eneigy T,nin = V(r) + TcuL. It i.s assumed that a particle
with less energy is absorbed by the nucleus but one having higher energy continues
to participate in the cascade or escapes the nucleus. Tcut = Vc(r) for pions and
TCui = \'c{r) + "0 for nucleons, where Vc(r) is the Coulomb energy of the particle at
the outer boundary of nucleus.

When simulating proton-nucleus interactions it was assumed that clusters con-
sisting of two and three nucleons are formed in the nucleus with a certain probability
[12]. When simulating the reaction A(p,2p) we assume these clusters fragment into
their constituents after the first interaction. In the reaction A(p,pd) the cluster
(deuteron) escapes the nucleus without decay.

To describe scattering of polarized protons on a nucleus, the analyzing pow-
eis APP(B,T) and Apd{0,T) pp and pd interaction are introduced in the simulation
program. Their values are taken from experimental data obtained for pp and pd
scattering [10, 13, 14, 15]. The differential cross-section of QE scattering on an
intra-nuclear nucleon is determined by the formula:

da(6, ̂ T)/{dwdT) = da(9,r)/(dwdT) • (1 + A{9,T){Pbeam • n)),

where n - vector normal to the reaction plane, Pben,n is the polarization of the primary
particle.

6 The analyzing power measurement

The experimental two-particle spectra are divided to kinematic zones corresponding
to clusters of size k on which the interactions take place, (k is the number of nucleons
in the cluster.) The value of k is determined as a ratio of maximum possible energy
to the energy which is taken away by the proton scattered at a small angle: k =

• Tf, - k • UQ — Trec - Eexit)/Tf, where u0 is the nucleon binding energy in a
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nucleus, Trec - kinetic energy of recoil nucleus, Eexu - excitation energy of residual
nucleus. The zones corresponding to the scattering on quasi-free protons (k=l) and
on two-nuclcon clusters (k=2) are shown by dashed and dotted lines respectively in
Fig. 5 The band width on Tf is taken equal to ± 15% of Tj. For the events in these
zones the analyzing power is presented in Fig. 10 for k=l and in Fig. 11 for k=2. It
should be noted that the sign of Ay for the case k=l is determined by the forward-
scattered proton in a QE reaction description. Assuming that for k > 2 the primary
proton scatters backward, the sign of Ay is determined by the proton scattered at the
larger angle. Accordingly, in Fig 12 where the analyzing power of QE pd scattering
is presented, the value of Ay is determined by the more backward-scattered proton.
The corresponding kinematic region is shown by a dashed line in Fig. 6.

In all picsented data only statistical errors are shown. The systematic error
may come from poor energy resolution of forward telescope. In the energy interval
180 > E > 300 MeV slow (stopped in thick counter) and fast (punch through)
particles may be mixed up due to poor energy resolution of the AE'-counter and
nuclear interactions in E-counter. The evaluation of systematic error is done by
means of GEANT - simulation particles detection in forward telescopes. It is shown
that contamination of slow particles by fast one is less then 6 %. Assuming left-right
symmetry of the fast particles emission we conclude that Ay may by systematically
decreased on 0.06.

7 Discussion of results

At primary energy about 500 MeV, where the excitation of quark degrees of freedom
is not noticeable, the proton-nucleus interactions can be described in terms of the nu-
cleon wave function of a nucleus The investigation of the emission of fast protons at
large angles gives the possibility of obtaining information about the high momentum
components of nucleons and their correlated states. The kinematic region chosen
in our experiment allows both phenomena to be studied if their cross sections are
comparable1.

The direct evidence for the existence of high momentum nucleon components
in a nucleus comes from the presence of QE peaks in two-proton spectra. In our
experiment this reaction channel is traced for an intra-nuclear nucleon momentum
from 100 to 300 MeV/c. The nature of these deep off-mass-shell states is not well
studied or understood. Can they be explained by the common nuclear potential or
is it necessary to account for collective states of several nucleons?

We interpret the analyzing power data using the three models: the impulse ap-
proximation (diagram in Fig. 7a), a single scattering taking into account the par-
ticles' virtuality (diagram in Fig. 7b) and a cascade model, which accounts for the
particles' virtuality and rescattering. The impulse approximation results deviate
from the experimental data by 0.20 to 0.40. The virtuality account reduces the dis-
agreement to 0.20. The cascade model gives the best description of the data It is
in qualitative agreement with experimental data for Ay(pp), as shown in Fig 10.
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In the previous study [16] the quantity Ay has been measured in inclusive reaction
C(p,p) at beam energy 280 MeV and 420 MeV. It was found that Ayiindus « 0.1 -
0.15 and it is noticeably less then corresponding value for elastic scattering Ay<ci ~
0.25 - 0.35. This reduction of Aytmc[us is, perhaps, due to contamination of QE peak
by cascade particles and due to averaging of Ay>indus over wide interval of s and t.

The knocking out of deuterium may be of more interest for investigation of col-
lective states of nucleons in nucleus. The scattering on correlated pairs of nucleons
can imitate the scattering on deuterium in a nucleus. And the difference of Ay(pd)
from the analyzing power for the free pd interaction may give information about pair
states of nucleons in nuclei. The simplest interpretation this reaction is QE scatter-
ing. Its analogue is pd backward scattering, for which many Ay<d(pd) measurements
have been done.

In the two-particle spectra shown in Fig.6, one can observe the events correspond-
ing to the QE knock-out of deuterons at Fermi momenta of deuteron-like states in nu-
cleus from 50 to 300 MeV/c and 4-momentum-transfer squared of 0.9 —1.7 (GeV/c)2

The peak has an almost symmetrical form, thus attesting to the small influence of
rescattering. The low background under the peak indicates also that scattering on
a cluster consisting of three or more nucleons, the fragment of which might be the
deuteron, is of rather low probability. The value of Ay for the QE reaction is shown
in Fig. 12. Again the cascade model gives the best description of the data, although
there are deviations of about 0.2. This may be evidence for a difference between
the two-nucleon cluster wave function in a nucleus and that of the free deuteron.
Unfortunately, due to the relatively large statistical errors it is difficult to make
quantitative conclusions on the basis of the observed behavior of Ay as a function
of Tb. However the data may be useful for comparison with predictions of different
models Among them one can mention a number of versions of distorted-plane wave
impulse approximation - DWIA (see, for instance [17]) and its relativistic version
[18]. In these approaches the waves corresponding to ingoing and outgoing particles
are considered as distorted-plane waves. The distortion is obtained by taking them
as solution of Schredinger or Dirac equation, with complex optical potential. This is
effective accounting for the large number of degrees of freedom of the target nucleus.
The polarization P in QE reaction 40Ca(p, 2p) at T6eam=5OO MeV and &f - 15.5°
is calculated in [18]. It is P=0.35 - 0.45 and weekly depends on QE peak position.
This value qualitatively agrees with our result. For exact comparison one needs to
perform calculation for concrete kinematics of the experiment.

It is well known that nuclear structure effects influence the (p,2p) polarization
(and so analyzing power) [20]. For example, the protons struck from the shells P3/2

and P\/2 have the opposite sign of polarization. Our value of Ay is averaged over all
nuclear shell states due to lack of the apparatus energy resolution. Cascade model
which we use operates with Fermi-gas and neglect nuclear structure effects. It is
surprise why crude model so successful in data description.

The region k=2 for pp spectra is also relevant for investigation of correlated
states. In the case of decay of a two-nucleon cluster knocked forward, we detect a
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proton with half the total cluster kinetic energy on average. In Fig. 5 the energy
of a pioton corresponding to minimum Fermi momentum of a nucleon pair T^,,,, is
shown 1)V <ui upward-pointing arrow At T > T ,̂,,,,,, the slum]) of pp spectrum in the
k=2 zone i.s exactly of the same type as for the QE pd distribution AS function of Tb
This similarity is an indirect piove that primary proton strikes two-nucleon cluster.
The rilling of the spectrum at lower To values is due to background from rescattering
and fragmentation of the nucleus.

The contribution of lescattering to pp correlation spectra was also studied by
Miaki et al. [19]. For this purpose in addition to a pair of counters placed in one
plane, another detector pair at azimuthal angle 0 = 90° was used. After subtraction
of this spertium from the coplanai one, I he peak were observed with decreased
backgiound

Oiu data also show that, the analyzing power measured m the k=2 zone of the pp
spectrum does not exceed 0.10 Fig 11. There is an increase of Au with increase
of Hu Tins kinematic legion may be populated by events from a supeiposition of
clustei decay and pN-mteiaction with further rescuttering

8 Conclusion

In this, papei we have presented the first results of the measurements of the analyzing
power in reactions with QE knocking out of deuterons in proton-nucleus interactions.
Also we have measured the analyzing power of proton emission at large angles, which
corresponds to proton Fermi momentum in the nucleus in the range of 100-300
MeV/c. Similar result has been obtained in [20] for the reaction lbO(p, 2p) at energy
200 MeV.

The experimental two-particle spectra allow determination of a kinematic bound-
ary between two mechanisms oi proton emission at large angles single pN intei ac-
tion and scattering on two-nuclcon clusters. The first mechanism prevails for nucleon
Fermi momentum p/m < 200 MeV/c. In the region p/v, > 200 MeVjc the events
corresponding to rescattering and scattering on two-nucleon clusters aie dominat-
ing. The observed pd correlation spectra indicate that the incident proton in most
cases is scattered on two-nucleon clusters but not on one of three or more nucle-
ons. We observed peaks of QE pd scattering which were well distinguished from
background and non-distorted (symmetrical) up to 350 MeV/c Fermi momentum
of two-nucleon clusters and this result can serve as direct evidence for the piesence
of high-momentum components in Feimi motion. The alternative explanation of
nuclear hardness in terms of spatially localized multi-nucleon clusters with normal
Fermi distribution seems to us less justified in view of our data. We believe that the
results will be useful in investigation of nuclear wave functions.
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ABSTRACT

In the present paper, the dependent-, as well as the
independent-variables that belong to a self-adjointed relativistic
scattering equation, are properly transformed, for a fuzzy
potential representation of Woods and Saxon type, with the
purpose of being amenable to analytic solutions. This has been
accomplished, in terms of hypergeometric functions that can be
analytically continued before-and after-the boundary separating
the interior from the exterior. Studies of these analytic solutions
about the singular points are performed and the corresponding
asymptotic behavior is investigated. The corresponding scattering
matrix is extracted, where the resonance energy eigen-values can
be identified.

Key Words: Dirac Particle, Self-Adjointness, Relativistic Scattering, Resonance's.

INTRODUCTION

In a preceding paper [1], a relativistic scattering equation, that is intrinsically self
adjoint, [2,3] is derived by adopting Hamilton's principle of least quantal action, invoking
natural collision coordinates, and employing the generalized calculus of variations.

In the present paper, such relativistic scattering equation is rendered analytically
solvable, for a fuzzy representation of the potential energy function of Woods and Saxon [4]
type. The importance of this development stems from the need of simulating possible surface
effects in scattering processes in many physical fields like: particle, -nuclear,-atomic,-and
molecular- physics.

This is accomplished, in terms of hypergeometric functions [5,6], after employing
proper transformations of both independent- and dependent- variables [7-11]. Analytic
solutions that belong to the left- and to the right of the boundary, that separates between
interior from exterior, are connected together through a continuity matrix which can be
established by integrating the relativistic scattering equation, after being decoupled.

By studying the asymptotic behaviour of the of analytic solutions in the vicinity of both
the origin and the boundary, the scattering matrix is extracted. Therefrom, the resonance
energy eigen-values can be computed [12].
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FUZZY POTENTIAL

Let us begin this section by considering adopting a fuzzy representation for the
potential energy function V(u) that belongs to the relativistic scattering equation:

fmc2+V(u)-E -cft[Du-8] YG(U)] = O ( 1 )

[ cA[Du - 8 ] - me2 + V(u) - E J,G(u)J

as a linear combination of a rounded step function , its first order derivative and Dirac delta
function 5(u-Uo) of the form:

V(u) = b f(u) + a b f(u) +b 5(u-Uo) (2)

where b, b and b are strength parameters, and f(u) is a rounded step function of Woods and
Saxon[4] type, namely:

— 1 + e-(»-.V.

in which a is "a" diffusivity parameter.

The solution of the relativistic scattering equation as given by eq.(l), satisfies the regularity
condition:

G S M L " 0 (4)

Eq.(l) can be re-cast as a pair of coupled first order differential equations in the region
(u* u0 andu^O ), as:

(me2 + V(u) - E) G(U) - c^ G(u) = 0 (5)
and

G(u)=/ 2 ? . G(u) (6)
(me2 - V(u) + EJ

Upon, eliminating G(u) from the above two coupled differential equations, one gets a second
order differential equation, namely:

G(u) + A/(u)G(u) + Jfc/(u)G(u) = O ; V u * U o , u * 0 (7)

in which £,(u)and £2
2(u)read:

(8)
mc2 + E-V(u)

and

-m2c4

which in terms of the fuzzy representation that has been given by eq.(2), eq.(8) and eq.(9),
can be re-written, as:

m c 2 + E - bf(u) + abf(u)
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and

2 - m V ) - 2E| bf(u) + ab f(u) ] + f bf(u) + ab f(u) (11)

At this point, and in view of the nature of the rounded step function as given by eq. (3),
together with schematic diagrams as given by fig. (1), one can establish the following
approximate relations-

and

(u) = f(u)

f(u)f(u) =

f (u) = (l/4a)f(u)

(12)

(13)

(14)

Figure (1)

1
. . . - .

0

f(u) ~J I

yj
... .
. . . 1

0

f(u)

A // \/
Uo

00 f (u)
. 2

/f (u)

together with

f(u) = (!/2a)f(u)

and as a consequence ^;(u) and ^2
2(u) c a n ^e re-expressed as:

- „ , _ (b-b/2)f(u)

me2 + E - bf(u) + abf(u)

and

Therefrom, eq. (7) reads:

G(u) 6 ( u )

- bf(u) + abf(u)

^y[(E2 -m2c4)+(b2-2Eb)f(u)+a(b2/4-bb-2bE)f(u) G(u) = 0 ;

(15)

(16)

Jt2
2(u) = ^ Y [ ( E 2 -m2c4)+ (b2 -2Eb)f(u)+ a(b2/4 + bb-2bE)f u) (17)

c h J

(18)

which is readily amenable to be casted into a hypergeometric equation in the region; (u * u0

and u * 0).
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AN ANALYTIC SOLUTION OF THE SCATTERING PROBLEM

The relativistic scattering equation as given by eq. (18), can be solved analytically [11],
by transforming the independent variable u to y such that:

1

together with the change of the dependent variable G(u) tolF(y), as:

(20)

in which the indices v and X are left to be arbitrary. Upon carrying out these two
transformations, eq.(18), can be re-cast into the equivalent form:

+ [(2v+l+E0) - (2v +2X +2) y] Y(y) - C, ¥(y) =0 (21)

in which C, reads:

•v+x+1)+ 7^7) J (22)

and Eo , E| , E2 and E3 stand for the following abbreviations:

E.° V 2 " h> (23)
2(mc + E - b)

E, = (a2/c2 h2) [2 b E - b b- b2 /4] (24)

E2 = (a2/c2 h2) [b 2 I A- b2 - 2bE +bb+2Eb] (25)
and

E3 = (a2/c2h2 )[E2 - m2c4+ b2 - 2Eb] (26)

At (his point, it is to be noted that we are in a position to compare eq.(21) with the
hypergeometric equation[5,6], namely:

y(l-y) l"(y)+ ry-(a+P+l)ylU(y) - ap U(y) = 0 (27)

which is readily solvable in terms of hypergeometric function:

U(y) = c, F( a , p ; y ; y) + c2 y1^ F( a + 1 - y , p + 1 - y ; 2 - y ; y) (28)

provided that y is kept small or u > Uo. The comparison fixes the arbitrary indices v and X :

E3 + v2 + v Eo = 0 (29)
and

E, =-[ X2 - v2 - v Eo - X Eo + E2 ] (30)

by virtue of which eq.(21) becomes:
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y(l-ymy)+[(2v+l+Eo)-(2v+2A.+2)y]4'(y) -[(v+X)(v+Ul)+E,]¥(y)=O (31)

which, upon being compared with the standard hypergeometric equation as given by eq.(27),
yields the following three algebraic relationships:

2v+l+Eo = Y (32)

2v+2X+2 = a+p+1 (33)
and

(v+X) (v+X+1) +Ej = ap (34)

which, can be solved for the parameters a and P to give:

a = V + A + ( 1 / 2 ) + e (35)

p = v + ?. + (l/2) - e (36)

in which e denotes:

e = VOTT") - E, (37)
On the other hand v and X simply read:

v = ±ia*v-(Eo + Eo/2) (38)

and
\=±iakx + (Eo + Eo/2) (39)

where ks and k} stand for:

* v = - i ( / E 3 - E - / 4 + iE0/2J (40)

and

5 ( y ) (41)

Therefrom, and by virtue of the standard solution of the hypergeometric eq.(27), as
given by eq.(28), it is possible to express the solution T(y) of the differential equation given
by eq (31) in terms of hypergeometric functions as:

T(y)= c, F(v+X+(l/2)+e, v+X+(l/2)-e;l+2v+E0;y) +

+ c2 y " "L" F(-v+X+( 1 /2)+ e -E0,-v+X+( 1 /2)- e - Eo; 1 -2v - Eo; y) (42)

Therefrom, and by virtue of the transformation (20), the G(y) solution, reads:

(l-y)x yl [cj F(v+X+(l/2)+6,v+X+(l/2)-e;l+2v+E0;y ) +

y -^ -E 0 F ( - v + ? . + ( l / 2 ) + e - E o , - v + X . + ( l / 2 ) - e - E o ; l - 2 v - E o ; y ) ] ;V y e [ o , | j (43)
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which can be expressed, more elegantly in the right hand side of the boundary [ u = UQ or y =
(1/2)], as:

G(y) = r'R'(y) + r+R+(y) ; V y e ( 0, ± \ (44)

where
Eo) F ( P l , P2; P3; y) (45)

in which pi, p2 and p3 read:

p,= ±v+X+(l/2)+6-(l/2XE0 + E0) (46)

p2= ±v+X+(l/2)-e- (l/2)(Eo + Eo) (47)
and

p3=l±2v-(l /2)(E0 + E0) (48)

Now, and upon inserting eq.(44), into eq.(6), and expressing in terms of y , one can re-
write eq.(6), as:

~ (-c»/a)y(l-y)G(y) y 1 ( 4 9 )

mc2 + E - ( b + by)(l-y) 2

which by virtue of eq.(44), becomes:

G(y)=K(y) [r"R (y) + r + R(y)] ; V y e ( o , j ) (50)

in which K(y) stands for:

H*/.)yQy)
me2 + E - (b + by)(l - y)

Therefrom, and by virtue of eqs.(44,47), the analytic solution of the scattering problem as
given by eq.(l), in the right hand side of the boundary [u = Uo or y = (1/2)], can be expressed
in matrix language as

S ) = fR"(y) + r+R+(y) ; V yei°'\) (52)

in which R m (y) stands for the matrix column:

R'M-f R'^ 1 (53)
lK(y)R(y)J

At this point, and in view of the fact that, eq.(52) represents the solution of the
scattering problem, given by eq.(l), in the external region in which u-> oo, it is possible to re-
write that solution in terms of the S-matrix.

This can be accomplished by studying the asymptotic behavior of R* (y) as u-»oo,or
y->0as given by eq.(19). Consequently and in view of the fact that, the hypergeometric
functions involved in eq.(45) become unity as the argument y approach zero, and after

expressing R (y) in terms of Rm(y) as given by eq.(45) ; namely:
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R
-X , (±v-( l /2)(E o + Eo)] _ F(p,,p2;p3;y)

+
1-y y F(p,,p2;p,;y)

the asymptotic solution reads:

R?(y) (54)

hm R » =1 |e^(v+(./2XEo«o»/. ( 5 5 )

K [ ( l /2) (ETE)l

in which K, stands for:

= (-eft/a)

me + E - b

Therefrom, the right hand side solution of the scattering problem, as given by eq. (52), can be
re-written in terms of the S -matrix as:

On the other hand, it is also possible to find an analytic solution of the scattering
problem as given by eq.(l), in the internal region, to the left hand side of the boundary u = Uo,
which corresponds to y= l . This can be accomplished by extending the solution of the
hypergeometric equation as given by eq.(27) to the region in which y is near to 1 , by
continuing the hypergeometric functions analytically ; namely:

U(y) - c, F(a,P; a+ (3- y+1; 1- y) + c2 ( l - y ) w F ( y - a , y -p ; y-a-p+1; 1- y) (58)

Therefrom, the solution of the differential equation as given by eq.(31) in terms of the
hypergeometric functions ; in the region in which y is near to 1 or 0< u < Uo , becomes:

- £ ;

i -e+E o ,v-A+(l /2)+e+E o ; l -2^+E o ; l -y) ;V y e ( - , lj (59)

Consequently, and by virtue of the transformation (20), the G(y) solution, reads:

e , v+U(l /2)-e ;

• c2(l - y)~2)-+Eo F(v-A.+(l/2)- e+ Eo,v-A.+(l/2)+ €+ Eo;l-2 X+ Eo ; 1- y)]

V y e |^1 , lj (60)

which can be expressed, more elegantly, as:

G(y) = 1 - L+(y) + 1 " L"(y) ; V y e [ I , l] (61)

where

L t(y) = ( l - y ) l w " : ) ( E o T E o ) yv F ( p , , p 2 ; p , ; l - y ) (62)

in which p , , p, and p3 read:
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p, =v± (63)

and

p2 = v ± U ( l / 2 ) m e + ( l / 2 ) ( E o + E o )

p 3 = l ± 2 X + E o

Thereafter, and upon inserting eq.(61) into eq.(49), one gets:

(64)

(65)

(66)

Therefrom, and by virtue of eqs.(61,66), the analytic solution of the scattering problem as
given by eq.(l), in the left hand side of the boundary [ u = Uo or y = (1/2)], can be expressed in
matrix language as:

lG(y)

where V stands for the matrix column:

y « 1 1 , . (67)

L-f ™
(y)

(68)

The two analytic solutions as given by eqs.(52,67), can be expressed diagrammatically
in fig.(2), as:

Figure (2)

Left Solutions
Right Solutions

R(u)

V(U)

354



Now, and by virtue of eq.(67), we are in the position to study the asymptotic behaviour
of L/ (y) as u~> -°o, or y-> 1 as given by eq.(19), of the scattering problem as given by
eq.(l). This can be accomplished , in view of the fact that, the hypergeometric functions
involved in eq.(62) become unity as the argument y approach one.

Upon expressing L(y) in terms of Lm(y) as given by eq.(62); namely:

L(y)=
± X + (1 / 2)(Eo + EJ + v + F(p,, p2; ft;1 -y )

i - y y F(ppP2;p3;1-y)

the asymptotic solution reads:

(69)

(70)

in which K_x stands for:

v (-c^/a)

me2 +E
(71)

Therefrom, and upon forcing the regularity condition into the left hand side solution of the
scattering problem as given by eq. (67),it is possible to re-cast such solution in the form:

= r[L-(y)-7L+(y)] V y £ ^ - , lj (72)

in which £ stands for:

7=[L"(y)/L+(y)]y=yo (73)

and y0 referees to:

1 7 (74)
° l + e-u°/a

It is to be noted that eq. (72) and eq. (57), provide, respectively, the asymptotic
solutions in the vicinity of the origin, and infinity.

CONTINUITY MATRIX

It is clear that there is a discontinuity of the differential matrix operator that is
occurring in the LHS of eq.(l) at u = u0 , which implies the need to investigate its behaviour in
that vicinity. In this respect, let us spell out the matrix equation given by eq.(l), as a pair of
coupled first order differential equations in the form:

G(u) • C»tD- " 5 ( " :U ; ) ]G(u) (75)
me2 - E + V(u)

and
~ cft[D.-8(u-u.)]

mc2 + E-V(u)
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which upon eliminating G and G respectively, yield an uncoupled differential equation of the
second order , of the form:

m2c4 - ( F - V(uY>2

KL, yuj; t ^ o s /
 w - ) + 5 ( u - u )y (u ) -5 2 (u -u )y(u) (77)

where x(u) stands for either G(u) or G(u)

On integrating the above equation with respect to u from Uo-e to y, further integrating
with respect to y from UQ-E to Uo +£ and take the limit e -> o , we get:

X0O = x « ) (78)
Furthermore, let us integrate both of the two equations (75,76) with respect to u from

Uo-e to Uo +e, and after using the expression for the Dirac delta function[13], namely:

hm Jdu5(u-uo)f(u) = i[f(u;) + f(uo-)] (79)

we get correspondingly the two relations:

and

G(u> GOO = 4 G<uo) +S(u;) (80)

G( H ; ) -G(u;)=~G(u;)+G(u;) (81)
eft

which can be re-expressed in matrix language as:

U 1 JlO(U)J ICdOj
in which r\ stands for:

r, = — (83)

It is to be noted that the square matrix that is occurring on the LHS of eq.(82) connects
the wave function on the left and on the right of the boundary u = Uo.

THE SCATTERING MATRIX

In order to extract the scattering matrix S, let us employ the solutions before and after
the boundary u = Uo , as given respectively by eq.(72) and eq.(57), together with eq.(68) and
eq.(53), into the continuity matrix , namely:

-nYsMx W e ••-**-• ] (g3)
[ 1 ) { K k J ^ * " J

whicli can be solved for S to yield:
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(84)

in which J(E).K, andKx stand stands for

J(E) = n + iK

and

(85)

(87)

It is of interest to note that the scattering matrix S as given by eq.(84), is singular when
the denominator. J(E) vanishes. This enables us to extract the resonance eigen-energies, that
correspond to the zeros of J(E). This implies that both of kxand Kx tend respectively to kK

and K^ . Consequently eq.(85) can be re-written as:

=0 (88)

which can be separated into real- and imaginary-parts, after putting respectively , &,n and K

as.

A:,n = a n - i P n (89)

and

K , n = d n + i p n (90)

which yields

i (K v - [a n -Pn7iKv])](cos2u;<xn +sin2uo-an)=0

By equating the real- and imaginary-parts, of eq.(91) to zero as being implied, we have:

and

2Kv(pn+T16cnKv)-2T1(an-PnT1Kv)

(pn + d n [Kv - (5cn - PnT

(Pn+d I 1TiKv-T1 ;+[Kv-(dn-PnTiKv) f

,-2"oPn

2lln-Pn

(92)

(93)

It is to be noted that both of the two eqs.(92,93) are rather similar to that have been
aleardy established in non-relativistic fraxne(12). However, such equations are more difficult.

Presumable, the solution of the above equation can be accomplished, by numerical
computations for finding out the corresponding roots en the real - and imaginary- parts of
which represent position and width of the underlying resonances.
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CONCLUDING REMARKS

The relativistic scattering equation, that is intrinsically self-adjoint, in the presence of
fuzzy potential energy of Wood and Saxon, is rendered amenable to analytic solutions, in
terms of hypergeometric functions.

Explicit expressions for the scattering wave function that belong to the interior- and
the exterior- domain are obtainable, by exploiting the nature of the hypergeometric function,
of being analytically continuable.

After integrating twice, the relativistic scattering equation, a continuity matrix equation
is established, by virtue of which the scattering solution before and after the boundary,
separating interior from exterior, are joined together.

Therefrom and after studying the asymptotic behavior of the scattering wave function,
in terms of hypergeometric function, the scattering matrix is extracted. Thereby, the resonance
energy eigen values are simply the poles of this scattering matrix.

It is to be noted that the present development still depend on the fuzzy parameter "a",
which is known as the diffuseness parameter. The limiting value of this parameter, where the
potential representation becomes sharp, is of significance, in view of the fact that the
corresponding results can be compared to those which can be independently evaluated
analytically[12].

REFERENCES

[1] M.W.Morsy and Maha S. El-Otaify, "Relativistic Quantal Three Body-Problem and
Hermiticity Requirements", 2nd Conference on Nuclear and Particle Physics, Cairo, 13 Nov.
(1999).

[2] M.Embaby; "Some Boundary Value Problems in Quantal Mechanics", M. Sc. Thesis, Al-
Azhar University (1978).

[31 M.W.Morsy, S.S.Aly, and M.O.Shaker, 2nd Conference on Nuclear Science and
Applications, Cairo, March (1975).

[4] R.W.Woods and Saxson ; Phys. Rev. 95 , 577(1954).
[5] Erdelyi, "Higher Transcendental Functions", Volume I, Mac Graw -Hill, New York,

(1953).
[6] I.N.Sneddon; "Special Functions of Mathematical Physics and Chemistry", Interscience

Publishers, New York, (1961).
[7] M.W.Morsy, M.A.El-Sabagh, A.A.Rabie and A.A.Hilal; First International Conference on

Physics of Solids, Cairo, April (1979).
[8] M.W.Morsy, A.A.Hilal, and M.A.El-Sabagh, ICTP, Trieste, IC/80/147 (1980).
[91 M.W.Morsy. M.A.El-Sabagh, and A.A.Hilal; ATKE, 38, 298(1981).

[10J M.A.El-Sabagh; "Simplified Quantum Mechanical Treatment of Molcculor Reactive
Scattering", M.Sc. Thesis, Al-Azhar University (1979).

[11] Y.A.Afify; "Molecular Reactive Scattering in the Frame of Generalized Quantal
Mechamcas". Ph.D. Thesis, Ain Shams University (1987).

[12] S.A.Eissa;"Quantal Treatment of Electron Resonance Scattering Through Super Lattice
Structure", Ph. D.Thesis, Al-Azhar University (1998).

[131 T.R. Lapidus. Am. J. Phys. 51 (11), (1983) 1036.
[14J Maha S. El-Otaify; "Quantal Treatment of Resonance Scattering", M. Sc. Thesis, Al-

Azhar University (Girls)(l 994).

358



EG0600199
2nd Conference on Nuclear and Particle Physics,

13-17 Nov. 1999, Cairo, Egypt

RELATIVISTIC QUANTAL THR^E BODY-PROBLEM AND
HERMITICITY REQUIREMENTS

M. W. Morsy and Maha S. El-Otaify

Department of Mathematics and Theoretical Physics, Nuclear Research Centre, Atomic
Energy Authority, Cairo, Egypt

ABSTRACT

In the present paper, the Euler-Lagrange's differential
equations that minimize, the relativistic quantal action, in the
frame of the generalized calculus of variations, are established.
After utilizing natural collision coordinates and insuring correct
asymptotic requirements, the centre of mass is excluded. The
remaining two dimensional equation of motion is provided with
an effective potential function-, and reduced-spinors- which vary
with the reaction coordinates, together with a boundary term that
is responsible for securing its intrinsic self-adjointness. The
separability of this equation into eigen-value equation and a set of
coupled channel one-dimensional scattering equations are
feasible. The optical model approximation is employed for
squeezing the competing coupled channels into an effective single
channel.

Key Words: Dirac Particle, Self-Adjointness, Relativistic Scattering, Resonance's.

INTRODUCTION

The three body problem is relativisticlly developed in the frame of generalized quantal
mechanics [1-3], where self-adjointness can be naturally incorporated, with the purpose of
being able to provide a generalized treatment for reactive scattering (scattering with re-
arrangement) [4-8].

In this respect, and after excluding the centre of mass [9], the Lagrangian operator's
[10] are extracted before and after reactive scattering. Therefrom, and after utilizing natural
collision coordinates [11,12] and insuring correct asymptotic requirements, a unified
expression for the Lagrangian operator is established.

By adopting Hamilton s principle of least action, arjd employing the generalized
calculus of variations [1-3], the corresponding Euler-Lagrange's differential equations-that
not only minimize, the relativistic quantal action, but also are self adjoint- are derived. These
equations yield a two dimensional equation of mqtion, that is provided with an effective
potential function-, and reduced spinors- which vary with the reaction coordinates, together
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with an extended Dirac-delta function [13] that is responsible for securing its intrinsic self-
adjctintness.

The completeness of a set of orthonormal eigen-functions -that satisfy an arbitrary
outgoing boundary condition-is exploited to separate out the two dimensional equation of
motion into an eigen-value equation and a set of coupled channel one dimensional scattering
equations. Such set of competing coupled scattering channels can be squeezed into an
effective single channel by employing the optical model approximation [14].

THE LAGRANGIAN OPERATOR

Consider a three- particle system that involves the masses: mi, rri2 and m3 with their
respective positions r(1),r(2)andr(3). The corresponding Lagrangian operator, after being self-
adjointed [10] reads:

) (k) - 1 3 { k ) . ] } - C 2 m P - V ( i m , v m ,T™ ) ( 1 )
k=i r° r°

where a"° • and P are 4x4 matrices which can be expressed as:

0 ..q I v , , 9 -(k) o j v k l A 3

and
'\ o
,0 -1

in which

where a,(K) are the usual 2x2 Pauli matrices , and

m = mi + ni2 + 1TI3

D t is the conventional right handed partial differential operator:

Tfi = ^ w t - r(') r<2> ,m n\
x ~$~x v t - r 0 ,r0 ,r0 {Z)

while Q t stands for its left handed one, which can be proved [2] to be its adjoint; namely:

The conventional right-handed gradiaent operator v"° can be expressed in terms of
the unit vectors e, as:e,

V k-1,2,3 (4)

while the left handed gradiaent operator V reads:
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x k) e, V k = 1,2,3

Q t in eq .(1) can be written in terms of D t , as we shall see later.

(5)

ASYMPTOTIC BEHAVIOUR

We now look for the reactive scattering (scattering with re-arrangement) of a particle
(1) that is projected on a target that involves the remaining particles (2,3)-As a consequence
of the interaction between particle (1) and the target system (2,3), the particle (3) may emarge,
leaving a residual system (1,2); namely:

(1) + (2,3) > (1,2) + (3) (6)

This reactive process can be expressed diagramatically before and after scattering[3-7], as:

Figure (1)

r(" R

/

o '

Entrance

/
/

r ( 2 )

Channel(before

m2

scattering)

m,
?- ^

m2

Exit

R \ rl3)

r(2) " "- - V \ : \ . . v

0

Channel(after scattering)

Now we are going to write down the corresponding Lagrangian operators for the
entrance -channel, (before scattering) and exit- channel (after scattering).

a- Entrance Channel

Let us introduce a set of the 4-dimensional centre of mass and relative coordinates
R, p and s that belong to the entrance channel, as illustrated in fig.(l); namely:

m3/m1,/m m:/m

0 1 -1

1 -m,/(m,+m3 ) -m3/(m2

J2) (7)

which can be inverted , as:
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r ( 3 )

v- J

1 0 (m2 + m3)/m
1 m1/(m2+m,) -ir^/m
1 - m2/(m2 + m3) -rr^/m

R

(8)

Therefrom, one can express the gradiant operators V that are refered to r(l),r(2) and r(3) in

terms of the gradiant operators Vs, V and VR that are refered to s, p and R, namely:

Y ( 2 )

v ( 3 )

v J

It is to be noted that:
3

and

-m 2 / (m 2+m 3 ) m2/m
-m 3 / (m 2+m 3) m3/m

(9)

t

(10)

(11)

Thereupon, the corressponding Lagrangian operator for the entrance channel in terms
of relative coordinates, reads

2i

where

a

k=l

( A ) _ m J a ' J ) + m t a ( l ' )

m, + mL

(12)

(13)

At this point one can seprate out the centre of mass motion by expressing the
scattering wave [9] function as:

(14)

and after subsituting for the total energy E :

one can express, the incoming Lagrangian operator in the entrance channel as:

, s > y |a ( 2 ) - a(3>) • (Vp - Vp) + (a(1) - a(23)) • (V, - V?)}+ E - v(g,s)- c2mP

(15)

(16)

in which EQ denotes the energy of the centre of mass
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b- Exit Channel

Similarly, one can write down the outgoing Lagrangian operator in the exit channel as:

(V V5 (a(3)-a(2")-(Vp-Vp) j + E - v(p,s)-c2mp

where the 4-dimensional centre of mass and relative coordinates R, p and s read :

(17)

vs-y

-m3/(m2

m2/m

-m 2 / (

- 1 0

' r < D ^

r(3)

(18)

It is clear that p in the above eq.( 18) represents the relative coordinate for 013 in the

exit channel, while sin eq.(7) represents the relative coordinate for mi in the entrance
channel.

NATURAL COLLISION COORDINATES

Now, and in view of the asymptotic expressions, that are given by eq. (16) and eq.
(17), for the incoming and outgoing Lagrangian operators L' and L+in entrance and exit
channels, it is desirable to unify both expressions as:

E-v(p,s)-c2mp (19)

in which a andd tend asymptotically to a" and 5' in the entrance channel and a+and 5+ in the

exit channel respectively, where a* and a* stand for : •

(20)

of
a*

a~

a *

= a ( 2 ) -

= a O ) "

= a(1) -

= a (2 ) -

-a ( 3 )

a(21)

a l23)

a("

Now, let us introduce a set of natural collision coordinates [11,12] (u_,v) which can
be related to the relative coordinates (p,s) by a rotational transformation, of the form:

'p \ / -cosp sinpYu>|
. s j { sinp cospj(yj (21)

in which u represents the reaction coordinate between reactants and products, and v
represents the vibrational coordinate that is orthogonal to u, while p is the angle between the
tangent to the reaction coordinate u and the s -axis (as seen in fig. (2)).
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Figure (2)

By virtue of the transformation (24), one can express the differential operators V p and V5 in

natural collision coordinates as:

Vp W(-1/Ti)cosp sinP-(c
V 1 (l/ri)sinP cosp + (Su/ri)sinP )\ V

in which c denotes the curvature of the reaction path:

dp
c = —

and

r| = 1 +cv

and consequently , the above Lagrangian operator, as given by eq.(2.22), reads:

2i [r\ - - -

where

and
a = -

5 = c ud+ asinp + a

(22)

(23)

(24)

(25)

(26)

It is to be noted that the reaction coordinate u,(co = 0) passes smoothly from the
entrance channel [l + (2,3),p = o] to the exit one [(1,2) + 3,p = n - co] , and accordingly the
corresponding asymptotic requirements are satisfied.

More precisely the effective spinors aand a that are associated with the unified
channel, has to be allowed to depend on the reaction coordinate in such a way that the initial
and the final reduced spinors, can be reproduced asymptotically. This can be accomplished by

replacing the constant effective spinors aand a that occur in eq. (2.29), by a varying effective

spinors d(u)and 5(u) , which are subject to the following asymptotic requirements.
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and

lim d = a1

lim a = a*

(27)

Now, let us restrict the translation motion along the reaction coordinate u and the
vibrational motion, which is perpendicular to u, with its compounds ocu and ccv, respectively.
Thereafter, eq. (25) becomes:

L(u,v)= - ]Dv]}+E-V(u,v)-c2mp (28)

It is to be noted that the Lagrangian operator given by eq. (2.31) represents a unified
expression for the reactive scattering of three particles system which is self-adjointed as long
as the potential energy function is kept to be real.

THE HAMILTON'S PRINCIPLE OF QUANTAL LEAST ACTION

Let us begin this section by considering the quantal Lagrangian density:

(L)= Jdu JdvV^r(u,v,t)L(u,v, L\ , B v ) Y(u,v,t) (29)

after being integrated with respect to time, yields the quantal action :
I X X

A = Jdt Jdu J d v ^ g V ( u , v , t ) L ( u , v , I 5 U , B V ) T ( u , v , t ) (30)
t o - 1 -*>

in which g(u,v) denotes the metric tensor :

7a; o
0 l/a;

The left handed partial differential operator Q x can be expressed in terms of its
adjoint [2], as:

I V =(l/Vg)STx Vg ; x = u,v (31)

which can be expressed further in terms of the right handed partial differential operator 13x as:

B x
+ =26x-(l/Vg~)BXA/^ ; x = u,v (32)

in which 5X stands for the extended Dirac delta function:

8X =8 (x -x 0 ) - 5(x)

Now, upon inserting the above expression as given by eq.(32), into the Lagrangian
operator L(u,v) as given by eq.(28), and in view of the fact that au and av are depending on
u, while r| is depending on u and v ; the Lagrangian operator (28) can be expressed explicity
as-
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V(u,v).c'mP (33)

where we have exploited the partial differential-operator relationships [2]:

(l/Vi)SxA = ffx-((Vgl/Vg) (34)
and

AS- (Vs), (35)

Now, upon employing the Hamilton s principle of the least action which requires that
the functional variation of the quantal action as given by eq.(29) must vanish identically for
every choice of the variational state 5^(u.Vjt), namely:

5A = 5 Jdt Jdu Jdv Vg ¥ * (u, v, t) L(u,v, Du , B v ) »P(u, v, t) = 0 (36)
tQ - 0 0 - 0 0

which, after substituting for L, as given by eq.(33), reads:

t Q -00 -00 I V I / U

^ E-V(u,v)-c2mp}^(u ;v,t) (37)

At this point, it is desirable to re-cast this expression into the equivalent form:
t oo oo m 9

5A = 5 Jdt Jdu Jdv^F(y,y\ v v , y u \ y ; ) (38)
to "°° ~a3

in which

+ [E-V(u,v)-c2mp]|^(u,v)|2 (39)

Therefrom, and after employing the chain rule of differentiation, one can re-write the
functional variation of the quantal action as:

t 00 00

C C C r- ( T ^ * TT\
5A = 8 dt du dvJg { 8¥ D T +8T U D

J J J >
- 0 0 - 0 0

D . }F (40)

which by virtue of the relation [2] :
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V x = u, v

(41)

and upon expressing the right handed differential operator CIX in terms of the conventional left
handed differential operator Dx as given by eq.(32) together with eq.(34), one can re-express
eq.(40) as:

t CO COJdu
tfl - C O - X I * U

= 0 (42)

Therefrom, one can extract the corresponding Euler-Lagrange s differential equations;
namely:

and

. ]F = 0 (43)

(44)

As a matter of fact the above two equations as given by eqs.(43,44) are the complex conjugate
of each others. Therefrom, and after inserting the explicit expression of F as given by eq. (39),
one can express, eq. (44) explicitly as:

J fie -a,,

Uv

which, can be simplified further as:

TI 1 2i

c2m(3-E)} T(u,v) = 0 (45)

(U,V) = 0 (46)

in which Vis the effective potential function:

V(U,v) = V(u,v) + ( — a,,
•a,,

Therefrom, one can re-write eq. (46) in its the equivalent form, as:

(47)
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(H-E>F(u,v) =
with

(48)

(49)

which is self-adjoint, as long as the effective potential function V(u,v) is restricted to be real.
This can be proved by considering its adjoint; namely:

H + = { ic/i [ ^ (6U-I3U) + a v f6¥ - 1 I3 V

IB
2 2ir|A/g

2ir|Vg

(50)

which, upon being compared with the RHS of eq.(49), indicates that the Hamiltonian
operator as given by eq.(49) is self adjoint, as long as V(u,v) remains real.

SEPARABILITY OF THE TWO DIMENSIONAL EQUATION OF MOTION

By employing Taylor's series, let us expand the potential energy function as given by
eq.(47) in powers of the vibrational coordinates v, namely.

1 a2 ~
V(u,v) = V(u,0) + — V(u,v)

dv
v=0

+
v=0

In view of the potential well V(u,v) has a minimum value at v = 0 from reactants to products,
the second term in eq.(51) vanishes and eq. (46) reduces to:

V(u,0) + -av(u)co2(u)v2 + c2mp - E }i|/(u,v) = 0

in which co(u) stands for:

(52)

(53)
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At this point, and in order to separate the above equation in two equations in u and v, let us
assume that there exists a set of vibrational eigen-functions | *„ (u, v)), that satisfies the eigen-
value problem:

{ichav(u)(8v-(l/2) t)v-~ B v ^ ) + i-a>)a2(u)v2+8n(u)}|On(u)v)) =0 (54)

with the outgoing boundary condition :

L[O nH (55)

in which t is arbitrary, and en(u) are the associated eigen-energies.

The eigen-functions |On(u,v)) are complete and biorthonormal between<J>*and<£>~n in the

internal space u e [0,a], in the sense:

l (56)

and

K K ) = 5nm (57)
where

or=0>; (58)
in which + and - refer to outgoing and incoming boundary conditions.

Now, let us exploit the completeness of the eigen-functions | On(u,v)) to separate out

the vibrational part from eq.(52). This can be accomplished, by expanding the scattering wave
function |T(U, V)) that satisfies eq. (52) in terms of |<J>n(u,v)), as:

V u < u 0 (59)

where Fn (u) represents the corresponding expansion coefficients.

After inserting expansion (59) into eq.(52) and employing eq.(54), one gets:

n(u,v))=0 (60)

Furthermore, to complete separation between u and v in the LHS.of the above equation, one
can multiply the LHS. of that equation byrj, adding and subtracting the quantity

, eq.(60) becomes:

J {<Dn(u,v)[ich au (SU-I3U) + V(u,0) + c2mp + en(u)-E]-

] } | ) = 0 (61)

Upon multiplying eq.(61) from the left by ($m(u, v)| and integrating from 0 to "a", one
get a set of relativistic coupled channel equations, namely:

[ichau (5U-"DU)+ VCu^ + c ^ p + e ^ ^ - E j l F J u ^ - ^ U ^ C U ) F » (62)

in which Umn(u), Lmn and Mmn refere to the coupling potentials:
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Umn(u) = Lmn (u) - ic ftau Mmn(u) (63)

Lmn(u)= (Om|(T1-l)[v(u)0) + c2mp-E + en(u)]|<I)n) (64)

and
( | ) (65)

At this point, it is to be noted that the set of coupled channel equations as given by
eq.(62) is not only self-adjoint by it self, but also is distinct in three respects:
l.The presence of the boundary term icftocu(u)8u in the relativistic operator, which is

responsible for restoring self-adjointness.
2. The spin matrices au (u) varies with the reaction coordinates in such a way that it

reproduces the initial and final constant reduced matrices (a*,a1) as given by eq.(23) in
the entrance and exit channel.

3. The effective potential barrier depends on a cut of the potential energy surface V (u,0)
along the reaction coordinate, the eigen- energy sn(u) that is varying with the reaction
coordinate, and an off diagonal coupling channel-channel interaction Umn

OPTICAL MODEL APPROXIMATION

The set of relativistic coupled channel equations as given by eq. (62) can be re-write
as:

[fi- EJ|Fm(u)) = - Y Umn(u)Fu(u) (66)
n=0

in which
H = ic/i a,, ( 5,, - L\,) + V(u,0) + c2mp + e,, (u) (67)

Upon inserting the transformation:

l

^!Ti7i (68)

into the right and left hand side of eq.(66), one gets :

, VB|F,(u)) (69)
1En=0

Further, employment of the transformation (68) into the RHS of eq.(66) for the channel m = 0
, yields.

() ^ J Vn|F0(u)) (70)O n ( ) J
which, by virtue of the transformation as given by eq.(68) for the channel m = n, becomes:

Vm |F0(u)) |

(71)

H - E

4-1 oo oo i

U V Y U h
[ 4-1 i _1

= \ - Y UOn h m - Un0 + V Y UOn h m - Unm Vm| F0(u))
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It is to be noted that the RHS of eq.(71) contains the inveres of differential operators, which
may be not only complex, but also non- local.

By employing optical model approximation 14], the bracket in the RHS can be
replaced by a non local complex interaction U(u,u) and as a consequence eq.(71) can be
expressed as:

(H-E)|Fo) = -JduU(u,u')F0(u) (72)

In view of the explicit expression of H as given by eq.(67) and after expanding the
scattering wave function |FO(U')) in Taylor s series arround u' as:

(73)

which enables us to re-write eq.(72) as:

u)) = - £ u k ( u ) k
u F0(u)

in which Ui. stands for the moment :

Uk(u) = — fdu1U(u,u1)(ui-u)k

' k J-<c

(74)

(75)

At this point, let us assume that the non-locality of the interaction is not so strong such
that terms of second and higher orders can be neglected, and consequently eq.(74) becomes:

(76)

in which the partial differential operator Du can be replaced by the total differential operator
Du, namely:

6 - - f
du

(77)

and the effective interaction V (u) reads:

V(u) = V(u,0) + En(u) + U0(u) (78)

with finite range uo ,

V(u) =0 ; VU>u0 (79)

Further if we assume that au(u) is a constant matrix and choose the representation

[au =aNand(3 = azJwhereoyandazare the Pauli spin matrices, eq.(76) can be expressed

explicitly as:

rmc2+V(u)-E -c»[Du-5] |
[ -5] -me2 + V(U)-EJ[G(U)J

in which :

with regularity condition:

(80)

(81)
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=0 (82)

It can easily proved that eq. (80) is self-adjoint [13]. In fact the terms that involves the
extended Dirac delta function 5 are responsible for restoring self-adjointness.

However, upon scarifying for self-adjointness, which can be accomplished by
switching off the terms involvings, it is possible to re-produce the conventional Dirac
equation motion.

CONCLUSION

The relativistic quantal two dimensional equation of motion is established, by
employing generalized calculus of variations that satisfies Hamilton's principle of relativistic
quantal least action, where self-adjointness and correct asymptotic requirements are naturally
incorporated. This equation of motion is not only provided with an effective reduced mass, an
effective potential barrier, and an effective spinors that depend on natural collision
coordinates, but also is separable into an eigen-value equation and a set of coupled channel
one dimensional scattering equations

By employing the optical model approximation, the coupled channel scattering
equation can be squeezed into an effective single channel, which differs from that developed
by Dirac by being self- adjoint and reproducing reactive scattering products before and after
scattering.
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ABSTRACT

The high-energy double-folding optical potential approximation to the exact nucleus-
nucleus multiple scattering series derived by Wilson has been used to calculate
the elastic scattering differential cross - sections for the interactions of a-particle
with deformed target nuclei. The Pauli correlation effect has been considered.
The first - and second-order corrections to the eikonal phase shifts have been
calculated for the interactions of cc-12C and a-^

NUCLEAR REACTIONS Nucleus-nucleus, high-energy, semiclassical calculations
of the elastic scattering differential cross-section

INTRODUCTION

Investigation of the scattering of alpha particles is a very active and important field of research.
It is realized [1] that entrance channel alpha-particle measurements give information about the
interaction near the nuclear surface, and the qualitative fact that the alpha particle absorption in the
nuclear interior must be strong. There is a similarity between alpha particle and heavy ion scattering
[ 1 ]. The elastic scattering of alpha particle from heavy ion target has been studied in the framework
of the local density dependence of the effective nucleon-nucleon interaction [2], The effective
interaction is based on, what is termed, a low-energy approach where the interacting nucleons has
been considered as being bound close to the Fermi surface. Three approaches to the density
dependence were considered. The interaction of a+^Ca system was found to be particularly
dependent on the choice ofa density-dependent interaction The interactions of alpha particle with
^Ca target nucleus were studied using the M3 Y and DDM3Y effective nucleon-nucleon interaction
[3,4]. It was found that strength must be renormalized by a factor Xin order to fit the elastic
scattering data [3]. The value ofX appears to be independent of the target or bombarding energy.
The angular distribution of a+^Ca interactions has been decomposed into its near-side and far-side
components [5] to exhibit the presence of a far-side nuclear rainbow at energies from 36 to 61
MeV. The rainbow is identified by a deep Airy minimum which is present in the far-side
components of the angular distributions over this energy regioa . It is shown that [5] when the
absorption is increased, a smooth exponential-like falloff associated with'dif&active scattering is
obtained. The interactions of alpha particle with l2C nucleus has been studied at energy 139 MeV
with the use of the realistic interaction. The angular distribution for the interactions of alpha particle
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with 12C and 40Ca nuclei has been calculated at energy 1370 MeV using an approximation of the
Glauber model [6]. A good agreement was obtained with the experimental data. Reactions induced
by light ions at very high energy are well described by the Glauber model and its so called optical
limit. In these models all the dynamics of the scattering process is dominated by nucleon-nucleon
collisions. A phenomenological optical model analysis has been performed for the elastic scattering
of alpha particle on Ca isotopes at 1370 MeV [7], The best-fit potential has a Mexican-hat shape
which is characterized by a long-ranged and weak attractive part in the surface region and a
repulsion in the central region. Eikonal phase shift have been calculated [8] and its higher order
correction to the interaction of alpha particle with 58Ni at energy 172.5 MeV. Also eikonal phase
shift and its higher order corrections have been used [9] to calculate the transparency function for
the interaction of alpha particle with 48Ti and 58Ni nuclei at energy Eo=140-288 MeV. It is found
that above 100 MeV nuclei are more transparent for alpha particle, which can probe the interior of
the nuclei. Moreover, the transparency is not equal to zero at extremely small values of the impact
parameter "b" down to the zero value. This is valied for the higher order corrections of the eikonal
phase shift.

In this work we have calculated the elastic scattering differential cross-sections for the
interactions of alpha particle with 12C and ^Ca nuclei at energy 1370 MeV. The first and second
order corrections to the eikonal phase shifts have been included in our calculations. The excitation
to the 2+ state of 12C and ^Ca nuclei has been considered in our work. The deflection and the
transparency functions has been calculated for our reactions taking into consederation up to the
second order correction of the eikonal phase shift. Section 2 presents the formalism, section 3 is
devoted to the results and discussion. The conclusions are given in section 4.

2.THE FORMALISM

The elastic scattering amplitude considering the Coulomb effect is given by

f(9)=fc(9) + (2ik)-1 2 ( 2 1 + l)«p(2iTil)(Si -l)Pi(cos6) (1)

£(8) is the usual point charge Coulomb amplitude, TI, is the point charge Coulomb scattering phase

shift, and S, is given by

S=exp(2i5l) (2)

where 5, is the complex nuclear phase shift, which is obtained from [10]

(b) (3)

For potential scattering the eikonal expansion has been derived by Wallace [11] and Lombard [12]

Note that u is the reduced mass and that we have set h - c - 1 . The zero order term in equation (4)
gives the eikonal phase shift.
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(5)

For local potential the first and second order corrections are given, respectively, by [12]

r2(r)dz (6)
- 0 0

^ ( 3 + 5 b + b |
6k5 do do

| L ) Jv3(r)dz (7)
do2 *—00

V(r) is the nominal optical potential. The nucleus-nucleus optical potential as derived by Wilson
takes the form [13],

V(r) = A p A T Jd 3 r T p T ( r T ) Jd 3 y P p ( r + y + rT)t(e,y)[l-C(y)] (8)

Where Ai (i=p,T) are the mass numbers of the projectile and target nuclei, p. ore the ground state
single particle nuclear densities for the colliding nuclei; t(e,y) is the energy dependent constituent-
averaged two-nucleon transition amplitude obtained from scattering experiments,"e" is the NN
kinetic energy in the c.m.frame, "y" is the NN relative separation and C(y) is the Pauli correlation
function, given by

C(y)« -exp( -kJy 2 / 10 ) and kF=1.36fhr l (9)

This six dimensional integral (8) is calculated using the momentum space method as derived by
Walter Greiner [14]. If the Fourier transform of a function f(x) is denoted by f(k) , the folded
potential is given by

V(r) = (2::)-Jj d Jkexp(-ikr)pp(+k)pT(-k)t '(e,k) (io)

where

t'(e,y) = t (ey)[ l -C(y)]
i.e the Founer transformed integrand reduces to a product of the Fourier transforms of the two
densities and the transition nucleon-nucleon scattering amplitude.

2.1 .The Deniity Parameter

In our work we used nuclear single particle matter densities which are extracted from the charge
density. The density considered for C nucleus is a harmonic oscillator matter density. A Gaussian
matter density is considered for alpha particle and ̂ Ca nuclei.
A harmonic oscillator matter density

The harmonic well charge density has the form [15]
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v( i7a ) 2 ] exp( - r 2 / a 2 ) (11)

The constants "a" and "v" are fitting parameters to electron scattering data [15] and p0 is
determined by the normalization condition

Jp(r)dr = l (12)

The matter density is extracted from the charge density by the method discussed in ref.[ 16], which
gives for the harmonic well matter density

8sJ

with

4 6

The density for 40Ca
The nuclear density distribution is of the form [17]

with

4 6
where "rp "is the proton rms radius and is equal to 0.87 fin.
A one term Gaussian density for ct-particlc

The Gaussian density has the form

pc(r) = p 0 e x p ( - r 2 / a 2 ) (14)
where

po = l/(av7t) (15)
and

a = <r2>1/2(1.5)-1/2 (16)
The corresponding matter density is

.3

" > (17)

(18)

The parameters "p(0)" and "a" are given by

2 4ct + t2

a = ^ _

and
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= ̂ p0exp(c/a)2 (20)

where

P ° % T C
3 [ l 4 V t 2 /19.36c2)]

and
k = 4 (In 5 ) = 6.43775

The parameters "c" and "t" are given by 1.07 A and 2.4 fin, respectively.The corresponding
matter density is

(22)

with

~T~T
The nucleus deformation

The density of a nucleus with an axially symmetric deformation, may be written as [18]

>) (23)

Where poo(r) parametrizes the spherical part of the nucleus and B,o is the deformatiott parameter of

the nucleus matter distribution. To calculate the deformation parameter B20, let us consider the

transition density

1 1 ^ ^ (24)

The normalization constant B20 is determined by assuming that the proton transition density is (Z/A)
times the mass transition density and choosing BM to give the measured value of B(E2) for the
given nucleus [19], i.e.

J A ptr (r) r1+2dr = (A / Ze)[B(El)]1/2 (25)

Where "A" and "Z" are the mass number and the charge number. The deformed nuclei considered
in this work are 12C and '"'Ca. The measured value of B(E2) for these nuclei are [20]

B(E2) = 42 e2 fin4, for l2C
B(E2)-96o2 fin4, for ^Ca
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3 .RESULTS A N D D I S C U S S I O N

The elastic scattering differential cross-section has been calculated for the interactions of a-particle
with 12C and ^Ca nuclei. The excitation to the 2+ excited state of the target nucleus has been
considered in our calculations. The elastic scattering differential cross-section has been calculated
including the first and the second order corrections to the eikonal phase shift. Fig.(l.a) shows the
elastic scattering differential cross-section for the interaction of alpha particle with I2C nucleus. Our
calculations roughly satisfy the experimental data up to 6 = 12. After that our calculations give
smaller values than the experimental data. Including the first and second order corrections to the
eikonal phase shift does not improve the agreement between the theoretical calculations and the
experimental data. In addition there are some variations in the depth of the minima Fig.H.b)
shows the elastic scattering differential cross-sections for the interactions of alpha particle with Ca
nucleus. Our calculations roughly agree with the experimental data Including the first and the
second order corrections to the eikonal phase shifts produces some differences in the depth of the
minima but does not change the effect of the whole cross- section. We can see from fig.(l) that our
model gives better agreement with the experimental data for the heavier target. The deflection
function has been calculated for the two reactions considered here. The deflection function for a
real optical potential has been calculated from

6, =2-^(0,+Re5,) (26)
dl

Where c\ is the Coulomb phase shift and 5i is the nuclear phase shift. Fig.(2) shows the deflection
function for cc-12C system (solid line) and cc-^Ca system (dashed line). The deflection function has
been calculated using the second order correction to the eikonal phase shifts. The first and the
second order correction to the eikonal phase shifts do not affect the behavior of the deflection
function. We can see from fig. (2) that the rainbow scattering angle value, minimum of the
deflection function, increases by increasing the mass of the target. The rainbow scattering angle
value for cc-12C system is 8r = 0.32 which corresponds to the partial wave I* = 22. Forcc-^Ca
system the rainbow scattering angle value equal to 1.15, which corresponds to I* =31. The values
of the rainbow scattering angle and the rainbow partial wave increase by increasing the mass of the
target We can notice that the rainbow scattering angle produced by our model is very small. It lies
in a region before the beginning of the experimental data

The transparency function has been calculated for our two reactions. The transparency function
are given from the total reaction cross-section which are given by

aR=2uJ[l-exp(-2Xl(b))]bdb = 2nJ[l-T(b)]bdb (27)

Where ft(b) is the imaginary part of the phase shift function and T(b) is the transparency function at
an impact parameter b. The transparency function is calculated using the second order correction to
the eikonal phase shift. Fig. (3) shows the transparency function for the interactions of o>l2C system
(solid line) and a-^Ca system (dashed line) at energy 1370MeV. We can see from fig.(3) that the
absorption increases with the increase of the mass of the target.
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4.CONCLUSION

The first and second order corrections to the eikonal phase shift has been considered in the
calculations of the elastic scattering differential cross-section. The elastic scattering differential
cross-section has been calculated for the interactions of a-particle with 12C and ^Ca nuclei. The
excitation to the 2+ excited state for the target nucleus has been considered in our calculations. The
orientation angle considered for the target nucleus is 60°. Our calculations show that including the
first and the second order corrections to the eikonal phase shift do not effectively improve the
agreement of our theoretical calculations with the experimental data. The deflection function and
the transparency function has been calculated for our reactions including up to the second order
correction to the eikonal phase shift. Our calculations show that the rainbow scattering angle value
is very small and it increases with increasing the mass number of the target nucleus. Also the
transparency function shows that the absorption increases with the increase of the mass number of
the target nucleus
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ABSTRACT

We present the first and second - order corrections to the eikonal phase shifts
for the interactions of two deformed nuclei. The elastic scattering differential cross-
section has been calculated for both the interactions of 12C-12C system (at energies
1016, 1449 and 2400 MeV) and 16O- 12C system (at energy 1503 MeV). The
calculated results corrections seems to improve the agreement with the experimental
data.The deflection function, the S-matrix,the near-side and the far-side decompositi-
ons of the scattering amplitude has been calculated using the same corrections.

NUCLEAR REACTIONS nucleus - nucleus, high energy, semiclassical calculations
of the elastic scattering differential cross section

INTRODUCTION

The scattering processes has been extensively studied withen the framework of the eikonal
approximation method [1-7]. The correction to the eikonal phase shift has been studied by
many authers. Wallace [8] has evaluated the exact eikonal expansion of the potential
scattering T matrix up to the third order in the inverse momentum. A systematic program for
evaluating the first three noneikonal corrections to Glauber theory has been developed and
simple formulas for the eikonal phase corrections has been given. Wallace has deduced a
generating function for the eikonal phase corrections of arbitrary order and also has
conjectured a sum of the eikonal expansion valid in the limit of high energy. The potential
must possesses a spherical symmetry or at least approaching zero at large distances as rapidly
as the Coulomb potential. The correction to the eikonal phase shift has been studied for heavy
ion reactions and for proton-nucleus reactions. For proton-nucleus reactions, Waxman has
evaluated the first correction term to the eikonal phases in a closed form for the case of
scattering from a potential with a spin-orbit component. Waxman [9] have generalized
Wallace's results in the case of scattering from a potential with a spin-orbit as well as a
central component. Corrections to the Glauber model has been studied for proton-nucleus
elastic scattering at 1 GeV [10], It has been found that up to momentum transfer q « 2-2.5 frn"
1 the calculations can be performed with confidence. Going to higher values of q would
require a better knowledge of the nucleon-nucleon interaction as well as more careful
estimates of corrections to the Glauber amplitude. For the case of heavy ion reactions,
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Donnelly [1] have calculated corrections to the lowest-order Glauber results to improve the
agreement with experimental data for heavy ion scattering at intermediate and high energy.
Their work is an application in some sense of the ideas of Wallace [8] and Swift [11] to study
the elastic heavy ion scattering at intermediate and high energies. These corrections may be
of significant value in describing heavy ion reactions, since they retain the straight line
trajectory of the simple Glauber theory while folding the actual semi-classical trajectory into
an effective potential along the straight line path. The validity of the eikonal approximation
and its first few corrections in a low energy regime has been studied by Lombard and Carstoiu
[6] to calculate the total and reaction cross-sections. Their results were coherent enough to
reveal a general behavior. They have found that the eikonal approximation is a good starting
point, even at 10 MeV/nucleon, to calculate "a t" and "OR". Corrections give a result within
1% (or better) of the quantum mechanical value. The first and second order corrections to the
eikonal phase shifts has been presented for heavy ion elastic scattering [7]. The eikonal phase
shifts has been modified to include the deflection effect due to the Coulomb field. Including
the first-and second-order corrections improves the agreement with the experimental data and
the optical model result for the elastic scatterings in the ^O+^Ca and O+90Zr systems at
EUb=1503 MeV.

In this work, the first- and second- order corrections to the eikonal phase shifts has been
presented to calculate the elastic scattering differential cross-section for 12C-12C system at
energies 1016,1449 and 2400 MeV and for 16O-12C system at energy 1503 MeV. Our
calculations are performed for two deformed nuclei. The deflection function and the S-matrix
has been calculated for our reactions. The near-side and the far-side decompositions of the
differential cross-section has been calculated by using the second-order corrections to the
eikonal phase shifts. The formalism is presented in section 2. Section 3 is devoted to the
results and discussion. The conclusion is given in section 4.

2.THE FORMALISM

The elastic scattering differential cross-section for symmetric system is given by

r (1)
while for non symmetric system is given by

ad=lf(e)|2 (2)

The elastic scattering amplitude considering the Coulomb effect is given by

l)exp(2iT1l)(S1 - ^ ( c o s G ) (3)
I

fc(9) is the usual point charge Coulomb amplitude, T)J is the point charge Coulomb scattering
phase shift, and Sj is given by

(4)

where "6, "is the complex nuclear phase shift, which is obtained from[12]
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± (5)
For potential scattering the eikonal expansion has been derived by Wallace [8] and Lombard
[6]

.n+l
(6)

Note that u is the reduced mass and that we have set h = C = 1 .The zero order term in Eq.(6)
gives the eikonal phase

(7)

For local potential the first and second order corrections are given, respectively, by [6]

(8)

6k do
Jv3(r)dZ (9)

V(r) is the nominal optical potential. In our work the two nuclei are considered to have a
static quadrupole deformation, so, one can write VfoP^Pj) as [13]

where

V(0,0)=-jdkk2j0(kr)T'(e,k)A^)(k)A^)(k),

V(2,2)= £ -i"1"
1=0,2,4 %

fi 2 r

,0 o a

384



x Jdkk2 Ji(kr)?'(e,k)A^>(k)Ai2)(k)

and

2
t ^

m=-2

'2 2 \

on - m 0)

(10)

A1 'n(k)=8n O jdr ' r '2p l o(r ' )J i(kr ' )
o

2

(51,(52 are the two Euler angles and

(H)

is the 3j-symbol. t'(e,k) is the Fourier

0 Oj

transform of t'(e,y)
t'(e,y) = t(e,y)[l-C(y)] (12)

t(e,y) is the energy dependent constituent-averaged two-nucleon transition amplitude obtained
from scattering experiments, "e" is the NN kinetic energy in the cm frame,"y" is the NN
relative separation and C(y) is the Pauli correlation function, given by

,2 .,2C(y)«-exp(-k|y2/10) and kF=1.36fm'1
4

(13)

3.RESULTS AND DISCUSSION

We have calculated the elastic scattering differential cross-section for two deformed
nuclei by using the eikonal phase shift and its two higher-order corrections. These
calculations have been performed for 12C-12C system at energies 1016,1449 and 2400 MeV
and for the interaction of 16O-12C system at energy 1503 MeV. In fig. 1, the short-dashed
curve is the result for the zero-order eikonal phase shifts, while the long-dashed curve and the
solid curve are the results for the first- and second-order corrections. We can see from fig. 1
that the difference between the long-dashed broken line, the short-dashed broken line and the
solid line is considerable when compared with the experimental data [14-16]. These
differences give some variations in the depth of the minimum. We can see from fig. 1 that the
two results calculated from the first- and second-order corrections improve the agreement
with the observed data at large scattering angles for the four energies considered. We can see
from fig.(l.a) that the result calculated from the second-order correction gives more
satisfactory agreement with the experimental data up to Gcjn = 12°. After that it gives a larger
value than the experimental data. Fig.(l.b) shows that the result calculated with the second-
order correction roughly agrees with the experimental data up to 9c.m = 6°. Then it gives a
larger value than the experimental data. For the case of 12C-12C reactions at energy 2400
MeV, the calculation of the second-order correction qualitatively agrees with the experimental
data up to 9c.m = 4°. Then it gives larger values than the experimental data. The same result
is obtained for 16O-I2C reactionss at energy 1503 MeV where the calculation of the second-
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order correction agrees with the experimental data up to 9c.m=10°. After that it gives a larger
value than the experimental data.

The deflection function has been calculated for the three reactions considered here along
with the S-matrix. The deflection function for a real optical potential has been calculated
from,

al
(14)

Where " a f is the Coulomb phase shift and "81" is the nuclear phase shift. Fig.2 shows the
deflection function for 12C- C system at energy 1016 MeV. The short dashed broken curve
represents the results of the zero-order eikonal phase shift. The long dashed broken curve and
the solid curve represent the results of the first- and second-order corrections. We can see
from fig.2 that the rainbow scattering angle value, minimum of the deflection function,
decreases with the increase of the order of the correction of the eikonal phase shift. TheS-
matrix is shifted to the right with increasing the order of the correction. Also, the deflection
function is shifted to higher values of the partial wave. The deflection function and the S-
matrix has been calculated for 12C-12C system at energies 1449,2400 MeV and also for 16O-
12C system at energy 1503 MeV. The deflection function and the S-matrix has the same
smooth shape for the four energies considered here. So, we mention only the deflection
function and the S-matrix calculated for 12C-12C system at energy 1016 MeV. The values of
the rainbow scattering angles, the rainbow partial wave, the grazing partial wave and the
values of the S-matrix at the rainbow scattering angles are shown in table 1. We can see from
table 1 that the

Table 1:
Parameters characterizing the deflection function and the S-matrix for the interactions of two
deformed nuclei.

Reaction
IZC-I2C
"C-"C
13C-12C
16O-12C

Energy

1016
1449
2400
1503

er
-3.28
-2.22
-1.45
-3.47

Lr

35
37
45
44

Lg
62
70
87
80

0.006
0.017
0.027

0.0038

rainbow scattering angle values decreases with the increase of energy. The rainbow partial
wave and the grazing partial wave also increase with the increase of energy. In addition, the
value of the S- matrix at the rainbow angle increases with the increase of energy and
decreases with the increase of the mass number of the projectile. Concerning the strong
absorption, we have found that I S, I« 0 for 1=34,27,23 and 45 for the interactions of 12C-12C
system at energies 1016, 1449 and 2400 MeV and for the interaction of 160-12C at energy
1503 MeV,respectively. This shows that the strong absorption decreases with increasing the
energy.

The near-side and the far-side decompositions of the scattering amplitudes has been
performed according to Fuller[17] formalism by replacing the associated Legendre
polynomial P,(cos 6) by

Qf ^Qf(cosG)=^[P1(cose) *i-Q! (cos8)]
2 7C7C

(15)
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Where Q. is a Legendre function of the second kind. Fig.3 shows the contributions of the

near-side and the far-side components to the elastic scattering cross-section along with the
total differential cross-section for the interactions of 12C-12C system at energies 1016,1449
and 2400 MeV and for the interaction of 16O-12C system at energy 1503 MeV. The near-side
and the far-side decompositions of the scatterig amplitude have been calculated with the
second-order corrections to the eikonal phase shift. We can see from fig.3 that the oscillations
obseved at forward angles in the total differential cross-section for the four energies are due to
the strong interference between the near-side and the far-side contributions. This is because
the total differential cross-section is not only the sum of the near-side and the far-side
distributions but contains also the interference term representing the interference between
them. The near-side and the far-side cross-over occurs at angles 8am= 2.8°, 2°, 1.4° and 2.8°
for the interactions of I2C-12C system at energies 1016, 1449 and 2400 MeV and for the
interaction of 16O-12C system, at energy 1503 MeV, respectively.We can see from fig. 3 that
the cross-over angles decrease with increasing the energy of the interactions. The exponential
fall off following the interference pattern is due to the dominance at large angles of the far-
side amplitude and should thus be referred to as a far-side tail[14,18] rather than a nuclear
rainbow effect. . It is seen from fig.3 that the far-side distributions show oscillations.
Oscillations will show up only if we have the beating of two waves belonging to the different
negative branches of the deflection function[18]. We can notice from table 1 that the nuclear
rainbow, minimum of the deflection function, is shifted towards the small S-matrix element,
lower L value than the grazing one. We notice also that the residual rainbow feature has
moved forward in angle that it overlaps with the far/near interference pattern. This result was
obtained by McVoy [19]. Our results show that the nuclear rainbow is obscured by the strong
absorption [20] and cannot be recognized. The absorption for L < LR is strong enough to
make a true rainbow pattern unobservable, but it is not strong enough to destroy the pattern of
the far-side dominance due to the partial waves with L between LR and Lg [19]. The
oscillations in the near-side distributions are caused by the interference of the refractive and
diffractive components of the near-side cross-section [21]. Comparing our results obtained
for the near-side and far-side distributions which are calculated using the second order
correction to the eikonal phase shift with that calculated for two spherical nuclei[22]. We can
find that the behavior of the near-side and the far-side distribution does not change by
considering both the target and projectile as deformed nuclei, also, does not change by taking
the second order correction of the eikonal phase shift into consideration.

4 . C O N C L U S I O N

We have calculated the elastic scattering differential cross-section for the interactions of
C- C system at energies 1016, 1449 and 2400 MeV and for 16O-12C system at energy

1503MeV. Our calculations has been performed for the interactions of two deformed nuclei
with orientation angle Pi=p2=60o [13]. The first and second order corrections of the eikonal
phase shifts has been considered in our calculations. We have found that including the first
and second order corrections to the eikonal phase shift improves the agreement between the
theoretical calculations and the experimental data at large scattering angles. Including the
first and second order corrections to the eikonal phase shift and considering the target and the
projectile as deformed nuclei do not change the behavior of the near-side and the far-side
distributions. The rainbow scattering angle values decrease when including the first and
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second order corrections to the eikonal phase shift as we can see from calculating the
deflection function.
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ABSTRACT

Various strong-adsorption-model (SAM) parameterizations for the
elastic scattering ^-function have been used to analyze the elastic

scattering data of polarized spin-1 projectiles. The cross-section ratio, the
vector and tensor polarizations are calculated and compared with the
experimental data of the polarized deuterons elastically scattered from
1(iO,40Ca,58Ni,n8Sn,208Pb at different energies. The same procedure has
been done for the elastic scattering of the polarized 6Li ions from 12C,
16O, 28Si at different energies. The obtained results for both spin-1
projectiles show good agreement with the experimental data and finally
some conclusions have been derived.

Key words: "Elastic Scattering,SAM-Moclel Parameterization, Vector
polarization,Tensor Polarization,Spin-lprojectiles".

I . INTRODUCTION

The scattering and nuclear reaction studies using polarized particles and
heavy ion beams have received much more interest in the last three decades [1,2].
These polarization experiments using beams of spin-1 projectiles provide
interesting information about the spin-orbit as well as the tensor interactions
between the interacting nuclei. Besides, the analysis of these data gives a sensitive
test for the reaction mechanism and the theoretical model used for describing
them.

Usually, the study of the polarization data is generally done by using the
optical model potential analysis, including spin-orbit and tensor terms in the
interaction potential. From these analyses the results show the usual ambiguities
of the optical model potential. Such ambiguities exist for both the central, the
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spin-orbit as well as the tensor parts of the potential. Besides, these calculations
need long computational time. Due to these reasons other approaches have been
developed.

An alternative approach is the diffraction or the strong-absorption (SAM)
model. This is due to the fact that, the cross-section, the analyzing power and the
tensor components of the polarization data, in nuclear collision of strongly
absorbed projectiles, at energies near and above the Coulomb barrier, are
associated with diffractive features [3J. Besides, the nature of the matrix element
or elastic scattering function S,, which changes in the relevant region of £ -space

under the conditions of strong absorption, allows one to evaluate the partial wave
summations in the scattering amplitudes. In addition to, the extracted parameters
from the analysis of the elastic scattering experiments are also used in describing
the quasi-elastic nuclear reactions [4].

Another advantages of using the SAM-model is that, one can obtain heavy
ion potentials, as a solution of the inverse quanta! scattering problem [5] at fixed
energy. This is done as a connection between the parameterized St -scattering
function, which fits the elastic scattering cross-section and the inverse potentials
(St-> V(r) inversion), derived by using the semi-classical (WKB-) approximation
[5].

In the procedure of the inverse potential problem, three different
parameterizations for St have been used by Mermaz [6], by Allen et al [7], and by
Cooper et al [8], in their studies of 12C and 16O scattering from different targets at
intermediate energies. In all these analyses good fits were obtained to the sets of
data chosen for study. Also the potentials obtained from these studies by
inversion have similar structure especially in the respective sensitive radial
region.

There are some parameterizations, for the S-function or S-matrix, which are
used in the analysis by the diffraction or SAM-models. Among the interesting
parnmeterizations for the S-matrix element S( are Ericson [9], Frahn and Venter
(10], Mclntyre [11] and Berezhnoi-Shlyakhov [12] and others. All these
parameterized forms have been widely applied in the analyses of the elastic
scattering polarization data of the spin-o, spin-'/i, spin-1 and spin-3/2 projectiles
[9-15] at incident energies near and above the Coulomb barrier [16,17]. For an
incident projectile of spin-1 the spin can couple in three ways to the partial wave
with orbital angular momentum t to give three total angular momentay= £-7,
t,(+l. This corresponds to three S-matrices S,,S°,S}, which appear in the five
scattering amplitudes describing the scattering of spin-1 projectiles derived by
Buck (Hodgson J963)[18].

In the present study, three parameterizations for the S,-function namely:
Ericson, Berezhnoi-Shlyakhov and Mclntyre are used to calculate the cross-
section ratio <J(6)/<JR(9), the vector and the tensor polarization components for
the elastic scattering of spin-1:
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a-deutron projectiles from spinless targets as 16O, 40Ca, 58Ni, 118Sn and 208Pb at
different energies, with T2o (6) and T22 (8) tensor components for d +40Ca at 21.4
MeV.

b-6Li projectiles from 12C, 16O, 28Si at different energies, with the vector
component P(0) for 6Li + 28Si at 22.8 MeV.

From the present analysis one can extract the geometrical radius parameter
r0 and the diffuseness parameter d and comparing them in the three cases. In
section II the formalism is described. The results and discussion are presented in
section III. Finally the conclusion is given in section IV.

II. THE FORMALISM

For the elastic scattering of the spin-1 projectiles on spinless targets, the
differential cross-section, the vector, and tensor polarization components may be
expressed in analytical forms in terms of the following five scattering amplitudes
derived by Buck (Hodgson 1963) [18].

E{6) = (B-A) +(D-C) V2 cot^ (1)
In this case the differential cross-section for elastic scattering is given by

a{d)=l-{ \A(6)\2 +2(\B(df +\C(6)\2
 +\D(0f +\E(0f)} (2)

and the vector polarization is written as :

where n is the normal to the scattering plane

km,km, are the wave number vectors in the initial and final channels.
And the Coulomb scattering amplitude, is

cro -i/l/iCsin^)}] (4)
2

ot is the Coulomb phase shift of the ^th partial wave ,7/is the Sommerfeld
parameter which is given by
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LiZpZTe2 _
1 trk

0.15745 ZP ZT vl/2 (5)

where k is wave number and Ecm is the center of mass projectile
energy , \i is the reduced mass. Pt (cosfl) and P]{cos0) are the Legendre and
associated Legendre polynomials of degree t and of order zero and one
respectively. Also the Rutherford cross-section is

The tensor polarization components may also be expressed in terms of
scattering amplitudes (for rank=2) as

T - - L
20 41

l -
A +2D

G{0)

T - —

T —L

'RejAC'-BD'+DE')
cr{0)

2Re(5£*)-|C|2

(7)

(8)

(9)

In order to calculate a(0)/aR(0), the vector and tensor components of
polarization; P(0),T2o » T21 and T22 , a suitable parameterization for the S/-
matrix is used, which must satisfy the strong absorption condition

S/|«l for £<LO (10)

Such condition is satisfied for the elastic scattering of composite projectiles and
heavy ions of spin -1 as deutrons and 6Li. Where Lois grazing angular momentum

and J = l + s is the total angular momentum vector and s is the projectile spin
vector (=1) which has Z-projections -1,0, +1, these correspond to the three S-
matricies S^,S°,S}.

The considered three SAM-parameterizations for the S/-matrix, which have
been widely used, are given below:
1-The first form is the Ericson [9] parameterization, which is defined by

1 + exp it-e
- 'Mo

-1

Sfr° = 1 + Lo-t
-1

(11).

A = ti+K
2 " 2 2

2-The second parameterization is the Berezhnoi-Shlyakhov [12] one, which has
the form:

(12)

and

(13)
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where L*,A; and. /uf are the grazing angular momentum, angular
momentum diffuseness and the absorption strength (in Eq. (11)) or the parameter
which determines the phase (in Eqs. (12)) for the spin projections -1,+1
respectively. 1^,^ are similar angular momentum parameters, which determine

the phase in S$fi Eq.(15) or define the imaginary part of the S-matrix in S?s* Eq.
(12) for the spin projections -1,+1. y and 8 are parameters for the imaginary part
in SfS , where 5 characterises the magnitude of the spin-orbit interaction of the
interacting nuclei.
3-The third parameterization of the Sffunction is the five parameter Mclntyre
[11] parameterization, which is given by

?Mct

-l-l

and

1 + exp

(14)

(15)

and the Mclntyre central S-matrix is given by

TAfc, 1 + exp
L - t

- i

arg ] +
A\

The values of the parameters used in the calculations are defined as:
Ll=L, tG K=Ao±E (16)

+ F + H

and

where G,E,F,H and B are slight variations of Lo, AOy £o,£o ,and \i respectively.

In all of the three given parameterizations the initial values of the
parameters Lo and Ao are calculated from the semiclassical formulate (for
guidance):

kR

and

A. =kd-.
[\-TflkR]

"11/2 (17)
[\-2i}/kR]

Where R=rn(A]!3 +A]
T

n) and r0 & d are the strong absorption radius and

diffuseness parameters, which can be deduced from the corresponding angular
momentum values Lo and Ao which fit the experimental data.

In the next section the three parameterizations are used for the calculation
of the cross-section ratio o{6)loR{6), the vector polarization P(9) and the tensor
components of the spin-1 projectiles.
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III. RESULTS AND DISCUSSION

By using each of the three parameterization of the St function Eqs. (11),(12)
,(13),(14) and (15) separately in Eqs.(2) ,(3),(7), (8) ,(9) one can calculate the
elastic scattering cross-section ratio cr(<9)/crfi(<9), the vector polarization P(9) and
the tensor components which fit the experimental data. From the study of the
variation of the parameters and their effects on both a(0) and P(9), it is found
suitable to have

and

these parameters beside L* and L* are varied in a least square search computer
code MANSOR, which is used to fit the data for each parameterization. This is
done by minimizing the %2 function which has the forms

(18)X<r =•- H _ H _

•'exp

for the cross-section ratio Z(8,)=cr(0l)/ali(0l).

And

for the polarization P(9j).
The program read first the initial values of the parameters, the number of

searches, the variation step of each parameter and the experimental values of
Z(0) & P(9). After starting the search process, the program continues running till
the estimator x becomes minimum.

The differential cross-section, the vector polarization and tensor
polarization components T20 and T22 of the deuteron have been calculated for a
group of reactions. Also the differential cross-section and the vector polarization
for the 6Li has been calculated for a group of reactions.

III-A. The Deuteron Results:

1) The Differential Cross-Section

The differential cross-section has been analyzed for elastic scattering of the
deutron from some spinless targets at different energies. The experimental data
for d+16O, d+118Sn at 56 MeV and d+208pb at 52 MeV are taken from Ref. [19],
and d + 58Ni at 79 MeV are taken from Ref. [21]. While the data for d+40Ca at
21.4 MeV is taken from Ref. [20]. We have used the three different
parameterizations of the S-matrix and the obtained results are compared with the
experimental data on the same curve for each reaction. Where the solid, dashed
and dotted curves, represent the calculations of Ericson, Berezhnoi-Shlyakhov
and Mclntyre parameterizations, respectively. The fitting parameters for the
calculations of these reactions are listed in the Tables (1-1), (1-2) and (1-3)
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respectively. Fig (1) shows the results of d+16O reaction at 56.0 MeV, at the
forward angles the calculations are raised far from the experimental data for the
three parameterizations. The oscillations of the Ericson and Berezhnoi-Shlyakhov
are in good agreement with the data for the backward angles

Fig (2) shows the results of the d+118Sn reaction at 56.0 MeV, for the forward
angles oscillations are in agreement with the experimental data in the three cases.
For the intermediate angles the Ericson and Mc-Intyre results are raised above
the experimental data.

The calculations of the d+58Ni reaction at 79 MeV are shown in Fig. (3). The
data are taken from Ref. [21]. As shown from the figure, the Berezhnoi-
Shlyakhov results are in good agreement with the experimental data and are
better than the Ericson and Mc-Intyre especially at large angles. The results of
the d+ pb reaction at 52.0 MeV are shown in Fig. (4). At the forward angles the
fitting is good for the Berezhnoi-Shlyakhov and Mc-Intyre, while for the
intermediate angles there is no good fitting. The amplitudes of the oscillations are
larger compared with the data for Ericson and Mc-Intyre while the Berezhnoi-
Shlyakhov is better at the backward angles. These discrepancies may be due to
the open inelastic channels in these reactions.

Fig (5) shows the calculations of the d+40Ca reaction at 21.4 MeV. From the
figure, we find that the fitting of the three parameterizations is reasonable for this
reaction. For the forward scattering angles the oscillations are in good agreement
with the experimental data. The minima are below the data for the forward and
backward angles for the Ericson and Mc-Intyre parameterizations while the
Berezhnoi-Shlyakhov is in good agreement with data.

Table (1-1)

Reaction

d+ir>0
d+58Ni
d+118Sn
d+I08Pb
d+40Ca

E/MeV

56.00
79.00
56.00
52.00
21.40

l o

1.24
1.34
1.20
1.32
1.40

L.

9.403
17.557
16.406
20.18
7.651

Ao

1.00
0.90
0.92
0.85
0.39

Ho

0.50
0.44
1.02
0.24
0.89

G

0.98
1.08
1.02
1.02
0.92

xl
5.273
5.296
3.838
7.667
2.872

Table (1-2)

Reaction

d+16O
d+58Ni
d+"8Sn
d+208Pb
d+40Ca

E/Me
V
56.00
79.00
56.00
52.00
21.40

LB

9.40
17.56
12.41
20.46
7.65

L\

11.40
21.56
16.41
18.48
5.65

A,

1.00
0.92
0.92
1.01
0.53

Y

0.08
0.46
0.46
0.10
0.04

A'.
0.64
0.72
0.72
0.61
0.45

5

0.02
0.10
0.44
0.04
0.26

xl
5.316
4.247
3.975
4.501
1.761
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Fig. 1. The cross-section ratio for the elastic scattering of iJ + 1(:O at'56MeVas
calculated by the SAM-model with the three indicated parameterizations, the
circles are the experimental points, the data are taken from Ref.[19].
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Fig. 2. The same as in Fig 1. But for the reaction d+ l l8Sn at 56 MeY, the data are
taken Horn Ref.[19].
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Irig. 4. The same as in Fig. 1. But for the reaction d + 208Pb at 52 MeV, the data are
taken fiom Ref [19].
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taken fiom Rcf [20],

aie

401



Table (1-3)

Reaction

d+1(iO
d+58Ni
d+"8Sn
d+208Pb
d+40Ca

E/MeV

56.00
79.00
56.00
56.00
21.40

Lo

9.40
17.56
16.41
20.48
7.65

L\
7.40
16.56
14.41
19.48
5.65

Ao

0.96
0.96
0.84
0.97
0.51

M

0.52
0.44
0.84
0.28
0.78

K
0.64
0.64
0.54
0.59
0.37

F

0.98
0.64
0.58
1.02
0.88

xl
5.419
5.155
6.527
5.291
1.799

The deuteron SAM-fitting parameters of the cross-section ratio for the tabulated
reactions at different energies, table (1-1) for Ericson, table (1-2) for Berezhnoi-
Slilyakhov and table (1-3) for Mclntyre-parameterization, respectively.

2) The tensor polarization

Using the above procedure and equations (1), (2), (7) and (9), the tensor
components T2o (9) and T22 (9) for the reaction d+40Ca at 21.4 MeV have been
calculated where the experimental data are taken from Ref.[20]. We have drawn
the curves of the three parameterizations as well as the experimental points on
the same figure. The fitting parameters are given in the Tables (II-l), (H-2) and
(11-3) for Ericson, Berezhnoi-Shlyakhov and Mclntyre parameterizations,
respectively. From Figs (6) and (7) we notice that the results of both T20 (9) and
T22 (9) are not so good for the Berezhnoi-Shlyakhov parameterization. This may
be due to the fact that the tensor interaction effect has not been taken into
account.

Table (II-l)

Quantity

T20

T22

r0

1.72
1.40

Lo

9.93
8.83

Ao

0.34
0.70

0.60
0.34

G
0.70
0.60

X2

0.4179
0.1298

Table (II-2)

Quantity

T20

T U

Lo

11.35
9.83

L\
10.35
5.83

Ao

0.56
0.00

Y
0.04
0.0

A'o
0.38
0.44

S
0.04
0.00

xl
0.394
0.140

Table (II-3)

Quantity

T20

TI2

Lo

12.35
8.832

L\
10.34
7.83

A.
0.40
0.70

V-
0.88
0.34

A'o
0.34
0.92

F

0.70
0.34

xl
0.421
0.133

The SAM-fitting parameters of the tensor polarization for the d + 40Ca reaction at
21.4 MeV table (II-l) for Ericson, table (II-2) for Berezhnoi-Shlyakhov and table
(II-3) for Mclntyre-parameterization, respectively.
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Fig. 6. The tensor component T20 (9) for the reaction d + 40Ca at 21.4 MeV , the data
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Il l-B. The Results of f'Li

1)-The differential cross-section.

The elastic scattering data of 6Li projectiles from some spinless targets at
different energies have been analyzed by the SAM model, using the same
procedure applied in the case of the deutron reaction.

Fig. (8) shows the reaction 6Li +nC at 20.0 MeV, where the experimental
Data are taken from Ref.[24]. The fitting parameter of the Ericson, Berezhnoi-
Shlyakhov and Mc-Intyre for this reactions are listed in the Tables (III-l),(III-2)
and (III-3),respectively. The forward angle oscillations are in agreement with the
experimental data. At the backward angles the oscillations are out of phase with
respect to the data.

The results of the reaction 6Li + 12C at 50.0 MeV, are shown in Fig. (9),
where the experimental data are taken from Ref.[23]. The oscillations are in
agreement with experimental data at the forward angles. At the backward angles
the oscillations are out of phase with respect to the data. For the intermediate
angles there is no good fitting with the data. At the backward angles the
oscillations of the Mclntyre are in agreement with the data.

The calculations of the reaction 6Li + 16O at 50.0 MeV, are shown in Fig.
(10), where the experimental data are taken from Ref. [23]. At the forward angles
the Ericson results are in good agreement with the data. At the intermediate
angles the results are raised with respect to the data, and the oscillations for the
Berezhnoi-Shlyakhov are in agreement with the data, while there is no good
fitting at the backward angles.

Fig. (11) shows the results of the reaction 6Li +28Si at 22.8 MeV, where the
experimental data are taken from Ref. [21]. As shown from the figures the fitting
of the Ericson parameterization is good at the forward and the backward angles.
The results of the Mclntyre parameterization are not in good agreement with the
data.

Table (III-l)

Reaction
6Li + 12C
6Li + 12C
6Li + 16O
6Li+"Si

E/MeV

20.00
50.00
50.00
22.80

1*0

1.54
1.42
1.50
1.66

U
8.407
13.711
16.563
13.150

Ao

0.64
0.88
0.88
1.12

Ho

0.54
0.82
0.92
0.34

G

0.78
1.08
1.08
0.34

xl
5.500
4.762
11.570
0.409
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Fig. 8. The cross-section ratio for the elastic scattering of 6Li + ' C at 20 MeV as
calculated by the SAM-model with the three indicated parameterizations, the
circles are the experimental points, the data are taken from Ref.[24].
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Fig. 9. The same as in Fig. 1. But for the reaction 6Li + 12C at 50 MeV, the data are
taken from Ref [23].
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Fig. 10. The same as in Fig. 1. But for the reaction 6Li+ I 6O at 50 MeV, the data are

taken from Ref. [23].
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Table (III-2)

Reaction

"Li + J1C
'Li + l2C
6Li + 16O
6Li + 28Si

E/MeV

20.00
50.00
50.00
22.80

Lo

8.41
13.71
15.56
14.36

L\
7.41
15.71
15.56
14.36

A.

0.70
1.00
0.88
1.20

Y
0.44
0.22
0.22
0.00

K
0.70
0.68
0.44
0.64

S
0.22

*0.18
0.14
0.14

xl
0.430
4.050
11.330
0.496

Table (III-3)

Reaction

6Li + 12C
6Li + 12C
6Li + I6O
6Li + 28Si

E/Me
V
20.00
50.00
50.00
22.80

Lo

8.41
13.71
17.56
16.36

L\

9.41
13.71
15.56
16.36

A.

0.60
0.84
0.88
1.00

M

0.54
0.48
0.52
0.34

A'o
0.60
0.86
0.46
0.68

F

0.78
0.64
0.64
0.70

xl
4.858
4.987
13.110
2.118

The d SAM-fitting parameters of the cross-section ratio for the tabulated
reactions at different energies, table (III-l) for Ericson, table (IH-2) for
Berezhnoi-Shlyakhov and table (III-3) for Mclntyre-parameterization,
respectively.

2) The vector polarization

Fig. (12) shows the vector polarization of the reaction 6Li + 28Si at 22.8 MeV,
where the experimental data are taken from the Ref. [24]. The solid, dashed and
dotted curves represent the Ericson, Berezhnoi-Shlyakhov and Mclntyre
parameterizations, respectively. From the figures we find that the Berezhnoi-
Shlyakhov results are in good agreement with the experimental data. Thus, this
form of the S-matrix can be used for the analysis of the heavy-ion collisions. The
fitting parameters, which fit the experimental data are given in the Tables (IV-1),
(IV-2), (IV-3) for Ericson, Berezhnoi-Shlyakhov and Mclntyre
parameterizations, respectively.

Table (IV-1)

Reaction

6Li +28Si

E/MeV

22.80

r0

1.66

Lo

9.06

Ao

1.12

Ho

0.34

G

0.34
xl
2.34

Table (IV-2)

Reaction
6Li +28Si

E/MeV

22.80

Lo

9.06

L\
11.06

Ao

0.94
Y

0.02

A'o
0.50

8
0.20

xl
0.3696
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Fig. 12. The Vector polarization for the elastic scattering of 6Li + 2RSi at 22.8 MeV, as
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Table (IV-3)

Reaction
6Li+28Si

E/MeV

22.80

Lo

8.06

L\
11.06

Ao

0.94

M
0.28

K
0.50

F

0.39 0.9494

The SAM-fitting parameters of the Vector polarization P (0) for the elastic
scattering of 6Li + 28Si at 22.8 MeV., table (IV-4), for the Ericson-, table (IV-5)
for Berezhnoi-Shlyakhov and table (IV-6) for Mclntyre-parameterization,
respectively.

IV. CONCLUSION

In Fig. (13-a) and Fig. (13-b) the differences between the above various
parameterizations of the S - matrix elements in equations (11-15) of " S( " as a

function of £ are displayed where the real parts , imaginary parts and the moduli
of the three model parameterizations are calculated and drown for the reaction

16/ 28d + 1OO at 56 MeV and °Li + '"Si at 22.8 MeV. The Ercison, Berezhnoi-Shlyakhov,
and Mclntyre model S functions being displayed by the continuos, dashed and
dotted curves in turn. One can see that the five - parameter Mclntyre form is
more softer than the others and having a lager range of effective contributing
partial waves. Also the only noticeable difference is being the size of the
imaginary components for angular momenta around the grazing value. Such a
difference is enough to vary the x2 of a fit for a measured data. In addition
Mclntyre (five - parameter) data fit gives much lager diffusivity and nuclear
rainbow angle than the others [6,7],

From the present analysis of spin-1 experimental data by SAM model we
conclude that:

1) The diffraction or (SAM) model can describe the elastic scattering
processes.

2) The study of the vector and tensor polarization shows the importance of
the spin-orbit interaction, as well as the tensor interaction.

3) On the other hand the Berezhnoi-Shlyakhov parameterization is a good
one for the analysis of spin-1 projectiles.

4) From the present analyses we get information about strong interaction
radius r0 :

i) r0 decrease by increase of energy.
ii) r0 increase by increase of mass number A.

5) The results of the forward angles is more better than the fitting of the
backward angles.

6) As the energy increase the fitting becomes worse except with Berezhnoi-
Shlyakhov parameterization this is because there are many non-elastic
open-channels, which did not taken into account.
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7) The Berezhnoi-Shlyakhov parameterization for the S-matrix can be used
for heavy and composite projectiles, where it is used for the scattering of
the nucleons.
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ABSTRACT

A systematic study has been carried out for the multiplicity characteristics of the emitted

hadrons (relativistic and fast) in forward (0°< 90) and backward (0°> 90) (hemispheres in the

interactions of 6Li, 12C, 22Ne and 28Si projectiles nuclei with emulsion nuclei at momentum (4.1

- 4 5) AGeV/c. The average multiplicities of the different emitted hadrons (shower and grey) in

the forward and backward hemispheres have been studied a function of projectile mass number,

number of interacting projectile nucleons, impact parameter and number of shower particles

emitted in the backward hemisphere. The correlations between various groups of particles

emitted in forward and backward hemispheres have been presented. The analysis of the

experimental data shows a strong dependence of the average multiplicity of the emitted forward

shower particles (< Nf >) on the incident projectile size while the average multiplicites of the

emitted shower particles in the backward hemisphere are projectile independent. The

correlations between the different types of particles emitted in the forward and backward

hemispheres have been investigated. The detailed comparison of the experimental data to the

FRITIOF model based on the picture of independent fragmenting strings have been made and a

reasonable agreement has been found.

Keywords : forward-backward emissions, multiplicity correlations, FRITIOF model
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1. INTRODUCTION

The majority of experiments on high energy nucleon-nucleus and nucleus-nucleus

collisions[l-6] were performed to study the characteristics of multiparticle production

(mainly forward emission) which can, in general be described by superposition models.

During the last few years, the production of backward particles at relativistic energies

has received considerable experimental [17-11] and theoretical [11-15] attention. A

principal reason for studying the emission of relativistic hadrons (manily pions[l 1,16])

from nuclei in the backward direction is that, in free N-N-collisions such production is

kinematically restricted. Emission of relativistic hadron beyond this kinematic limit may

then be evidence for exotic production mechanism, such as production from

clusters[7,13-15]. Baldin et al.,[15] argued that simple Fermi motion could not account

for such backward hadron emission. They stated that the dominant mechanism for such

production was an interaction between incident nucleons from the projectile and multi-

nucleon clusters in the target; referred to as cumulative production. Further

experimental data[9,17] at LBL supported a model called the effective target model[14].

On the other hand, the emission of backward fast protons is strictly forbidden in

free N-N collisions. It has been suggested that, backward fast proton emission can

provide us with a tool for probing nuclear momentum distributions and several

models[18-23] have been proposed since then.

The present paper is devoted to study the characteristics of events giving rise to

pions and protons emerging with 0^b > 90 (i. e. in the backward direction relative to the

incoming projectile).

The experimental data are compared with the corresponding outcome of the

FRITIOF model.

2. EXPERIMENTAL PROCEDURES

Four stakes of BR-2 nuclear emulsions pellicles with dimensions 20xl0cm2x600um

exposed to fiLi, 12C and 28Si ions at 4.5A GeV/c and 22Ne ions at 4.1 A GcV/c at the

Dubna Synchrophasotrons The data studied in the present work consist of 1500, 819,

3812 and 1200 inelastic interactions of 6Li, 12C, 22Ne and 28Si projectiles with emulsion
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nuclei respectively, which were collected through the along-the-track scanning method.

The general characteristics of these interactions, selection rules and other details have

been published before [24-27].

For each detected event, the tracks of the emitted charged particles are classified as

follows:

i) Relativistic particles or showers (Ns) of relative ionization I/Io < 1.4, where I is

the particle track ionization and Io is the ionization at the "plateau". Tracks of

this types, but with emission angle 0 < 3°, were further subjected to rigorous

multiple-scattering measurments for momentum determination, and,

consequently, for separating produced pions from single charged projectile

fragments.

ii) Grey particle tracks (Ng) with range in emulsion L > 3mm and I/Io > 1.4 (mainly

protons with kinetic energies 26 - 400 MeV.

iii) Black particle tracks (Nb) having a range in emulsion L< 3mm. Grey and Black

tracks taken together are referred to as the heavy tracks Nh = Ng + Nb called

heavily ionizing particles.

The multicharged Z > 2 projectile fragments with 0 < 3 are distinguished and

counted using the 5-electron density measurements and observing the scattering when

followed until L > lcm. In each event, the total charge of projectile fragments

Q =*£ N, Z, was estimated, where N, is the number of projectile fragments having

charge Z. Then the number of projectile nucleons interacting per event N,nt was

calculated from the approximate relation Njnt = A - AQ/Z, where A and Z are the mass

and the charge of the incident projectile nucleus.

EXPERIMENTAL RESULTS

In order to show some general features of the forward and backward production of

particles in heavy ion interactions we begin to discuss the effect of the projectile size.

The average multiplicities of the shower and grey particles emitted in the forward

(&° <90)(< N^ >and< N^ >) and backward hemisphere {9° <90)(< Nb >and< Nb >)
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for the interactions of different projectiles (6Li, 12C, 22N and 28Si) with emulsion nuclei

at (4.1 - 4.5) AGeV/c are tabulated in Table (I). The average number of interacting

nucleons from each projectile <N,ni> and the average number of heavily ionizing

particles <Nh> are included in the table in addition to the values of the forward to the

backward ratios (F/B) for the shower and grey particles for each projectile. The

corresponding results of the theoretical calculations performed in the frame of FRITOF

model are also presented in Table (I). From this table one notice the following :

1 - < N{ > is strongly dependent on the projectile mass, Ap. This dependence is

displayed in Fig. 1 and can be described by the power law relation

i.e. < N{ > is almost directly proportional to the geometrical cross sectional area

of the incident projectile nucleus (~ A°p
60). This result supports the idea of considering

the nucleus-nucleus collision as a superposition of independent nucleon-nucleus

collisions. This picture is further confirmed by plotting the dependence of < N{ > on

the average number of the interacting nucleons from each projectile <Nmi>, Fig. 2. This

dependence is seen to be linear and can be represented by the relation

<N{ > = 1.28 <N,nt> +0.91.

The result quite agrees with the superposition picture for nucleus-nucleus

collisions.

2 - At the momentum per nucleon (4.1 -4.5) GeV/c, the value of <NS > is, within

experimental errors, nearly constant independent of the projectile mass. Fig. 3

displays the dependence of the < A/* > on the projectile mass number Ap. Fitting

this dependence by a power law of the form < A/* > = a Ap
p yield (3-0, i.e.

independent of Ap. This may mean that, the production of shower particles in the

BHS occurs by different mechanism than that for particle production in the FHS.

416



3 - The above remarks are reflected in the forward-to-backward ration (F/B)s. This

ratio is seen to increase with projectile mass number.

4 - Starting from I2C interactions, the average values of the grey particles emitted in the

FHS and BHS are nearly projectile independent. This result is reflected in the value

of (F/B)g which is seen to be independent of the projectile mass; values lying in the

range (3-3.5).

II - MULTIPLICITY DISTRIBUTIONS OF BACKWARD SHOWER AND

GREY PARTICLES

The multiplicity distributions of shower and grey particles emitted in the BHS

from the interactions under study are shown in Figures 4 and 5 as well as the

corresponding FRITTIOF calculation. The corresponding data in the FHS are published

elsewhere[25-27] .From the above figures we note that:

1 - The multiplicity distributions of shower particles in the BHS are the same for all the

projectiles (6Li, 12C, 22Ne and 28Si).This means that in addition to < JV* > the

distribution of < N* > is also projectile independent. This leads us to conclude

again (C.F. remark 2), that the mechanism of shower particles production in the

BHS is not the same one dominating in the FHS.

2 - The multiplicity distribution of the emitted grey particles in the BHS, slightly

changes with the projectile size; increasing the projectile mass leads to a slight shift

of the distribution towards high multiplicity events.

3 - The calculation according to the FRITIOF model is a qualitative good description

of the experimental multiplicity distributions on shower particles in the BHS. Some

disagreement in the tails of the distributions for all projectiles except 6Li-Em

interactions are seen. In this way the model systematically over estimates the

shower particle production in the BHS.

As we know, the only quantity by which projectile may communicate with target

fragmentation region, is the energy transferred. In photoemulsion studies, it is

customary to take the multiplicity of heavily ionizing particles Nh as an indirect measure
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of this quantity. It is, therefore, interesting to investigate the variation of the F-B ratio

and correlations with Nh

a) Forward-Backward Ratios

The forward-backward ratios for both shower and grey particles for different target

size [Nh (1-7), (8-17), (18-27) and > 28] are given in Table (II). The data show that, the

value of (F/B)s decreases rapidly with increasing Nh. For grey particles the (F/B)g ratio

shows a possible limiting behavior in the region of Nh>8.

b) Multiplicity Correlations

In Figures 6 and 7 we present the multiplicity correlations of shower and grey

particles emitted in the BHS as a function of Nh. The dependencies of < N* > and

< N£ > are nearly projectile independent. The dependencies of < N* > on Nh in Fig. 6,

can be described by the relation < JV* > = 0.05Nh - 0.075, also for grey particles in the

BHS, Fig. 7, the data exhibit a positive correlation which can be, with good accuracy,

approximated by one linear relation < N* > = 0.18 Nh-0.25 for all projectiles.

CONCLUSION

Form the study of the backward shower and grey particle production in the

interactions of 6Li, I2C, 22Ne and 28Si with emulsion nuclei at (4.1 - 4.5) AGeV/c, one

may conclude the following:

1 - The value of < N{ > is strongly dependent on the projectile mass number Ap and

can be described by a power law- While the value of < Nb
s > is independent of the

projectile mass.

2 - The dependence of < N{ > on the <Nint> can be represent by a linear relation while

the < Nb
5 > is independent of the <Njnt>.

3 - The production of shower particles in the BHS is believed to occur by a mechanism

other than that for particle production in the FHS.
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4 - The (F/B)s ratio increases with the projectile mass number while (F/B)g is,

independent of the projectile mass number.

5 - The (F/B)s for any projectile decreases with increasing Nh (a measure of the target

size).

6 - The multiplicity distributions of shower particles emitted in the BHS are nearly

independent of the projectile mass. The FRITIOF model only reproduces the N*

distribution for Li-Em interaction and deviates from experimental data for the

other projectiles.

The N* -distribution changes slightly with Ap. Increasing Ap leads to a slight shift

of the distribution towards high multiplicity events.

7 - The dependence of < N* > on Nh can be described by a linear relation

independent of the projectile as well as the dependence of < TV* > on Nh which also

described by one linear relation over all projectile used.
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Table (I) The \alues of the average multiplicities of the enmted shower and grey particles in the FHS and BHS, the

fonvard-backuord ration (F/B)s (F/B)2 and the a\erage number of the interacting nucleons <Nml> for

different projecties. The Corresponding FRITIOF calculations are given in parentheses

Proj.

6Li

l jc

"Ne

2SSi

Incident

momentum

AGeV/C

4.5

4.5

4.1

4.5

< <V/ >

5.71+0.15

(5.21)

7.11+0.02

(7.94)

9.85+0.04

(11.35)

11.36+0.09

(13.41)

< Nf
t >

2.08+0.08

(2.97)

4.52+0.20

(3.41)

4.8+0.20

(4.24)

4.98+0.18

(4.09)

< .Vf >

0.41+0.01

(0.35)

0.45+O.O1

(0.52)

0.45+0.01

(0.60)

0.44+0.02

(0.69)

< .V* >

0.98+0.05

(0.64)

1.38+0.07

(0.69)

1.42+0.08

(0.79)

1.42+0.07

(0.78)

<N.nr>

3.56

5.88

8.98

10.43

(F/B)s

13.83

(15.01)

16.93

(15.18)

21.89

(18.98)

25.82

(19.43)

(F/B)b

2.15

4.6

3.51

(4.9)

3.30

(5.4)

3.52

(5.2)

<Nh>

8.05 +0.25

10.74+0.37

11.44+0.19

11.67+0.35



Table (II) The Forward-Backward ratios for different projectiles for different inter \ales of \ , .

Nh

Nh(l-7)

(8-17)

(18-28)

>28

(F/B),

20.56

12.45

10.29

8.96

bLi-Em

(F/B).

2.48

1.91

2.19

2.28

(F/B),

44.2

27.0

22.5

18.5

i:C-Em

(F/B),,

4.08

3.41

3.20

3.30

(F/B),

48.04

27.54

21.21

16.58

"Nc-Em

(F/B).

4.80

3.30

3.10

2.90

!

! (F/B),

! 62.40

1 44.04

j 23.64

17.88

:sSi-Em

(F/B),

4.40

3.50

2.90

3.10

4



10

Fig. 1 - The values of the average multiplicites of the emitted shower particles in the

forward hemispher against the projectile mass number Ap.
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Fig. 2 - The values of the average multiplicities of the emitted shower particles in the

FHS' for different projectiles against the average number of interacting nucleon

from each projectile <Nmt>.
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Fig. 7 - The value correlations of < N* > as a function of Nf,.
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The charge and mass yield curves and the momentum distributions of the projectile
fragments produced in the interactions of 4 1A GeV/c 22Ne and 4.5A GeV/c 8Si with
emulsion have been studied. The overall charge distributions of the projectile fragments
resulting from these interactions are presented. The dependence of the mass yield distributions
of the projectile fragments on the impact parameter has been tested. The momentum
distributions for the considered reactions have been investigated by two methods. First, the
projected momentum distributions in the plane of the microscope have been achieved by
fitting the projected angular distributions to gaussian ones. It has been found that the width of
the distribution changes with the charge of the projectile fragment and it decreases with the
increase of the projectile fragment charge. Secondly, the transverse momentum distributions
have been compared with previous studies. The momentum distribution, in the forward cone,
is a typically narrow gaussian one.
Keywords' 22Ne and 28Si, projectile fragments, emulsion, 4.1-4.5A GeV/c momentum.
I.Introduction

The use of heavy-ion beams introduced an important experimental advantage of allowing
the study of the heavy fragments produced by the disintegration of the projectile nucleus. In a
high-energy nuclear reaction, sufficient amount of energy is available to decompose large
parts of the projectile and target into their constituents and almost all particle-stable nuclei
with masses, smaller than the target or projectile nuclei, are produced. The main advantage is.
while fragments originating from the target break-up are slow and often stop in the target
material, fragments from the projectile are fast, distinguishable and can be easily measured.

In nucleus-nucleus collisions, the nucleons in the overlap region are called participants
while the remaining nucleons are spectators The spectators are the prefragments which decay
further into fragments

It is interesting to study the properties of the nuclear matter and the decay mechanisms with
increasing excitation energy. Mainly, this interest is due to the existence of a liquid-gas phase
transition in the hot nuclear matter []]. The multiple production of nuclear fragments or
multifragmentation, as a result of the break-up of highly excited nuclear systems, may serve
as one of the manifestations of this first-order phase transition [2]. It is expected that at the
excitation energies higher than 3 MeV/nucleon the known mechanism of nuclear de-excitation
via successive emission of particles (evaporation), would lead to explosive process of
multifragment break-up [3].

A broad variety of models for the multifragment break-up of highly excited nuclei have
been developed, from the simplest models using the most general probability concepts
without any specification of hot nuclear system properties, to microscopic models considering
explicitly the dynamics of formation and decay of highly excited nuclei [1,4].

Different theoretical models have dealt with the multifragmentation process. In some
models, the prefragment nucleus heats up and then condensates into droplets [5,6], In others,it
simply evaporates the fragments sequentially [7] In [8,9], the fragments are statistically
emitted from an intermediate excited nuclear system. Other statistical approaches [10,11] try
to explain the multifragmentation without any reference to thermal equilibrium i.e. as the
shattering of the prefragment nucleus into many pieces.
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The existing variety of, models reflects the absence of a clear understanding of the
fragmentation mechanism. Hirsch et al. [9] suggested that nuclear fragmentation proceeds via
a liquid phase transition of the nuclear matter. The large number of medium mass fragments
which are produced in such events could not be explained by a standard evaporation of an
excited nucleus. Most of the experiments are however inclusive. One of their important
outcome is the mass distribution of the multifragmentation products which follows a A'T law,
where A is the fragment mass and x is an exponent which takes values around 2 to 3 [9,12].

Several models try to describe the multifragmentation but a full microscopic theory is not
yet available. One has to go beyond a mean field approach because the correlations between
the nucleons become of utmost importance for a proper development of the system which
undergoes multifragmentation. Most of the theoretical models start with an initial excited
nucleus in global statistical equilibrium which is assumed to be formed in the first stage of the
collision [1].

Historically, the charge (mass) distribution has played and still plays a very important role
in the multifragmentation. Since the beginning of the studies on this subject, the near power-
law shape of the charge and mass distributions was considered as an indication of criticality
for the hot nuclear fluid produced in light and heavy ion collisions [13]. They investigated the
reactions of 36Ar with 19 Au at 110 MeV/nucleon and have found a strong thermal signature in
the charge distributions of the fragments.

Power laws in the mass distribution, however, are by no means unique to a liquid-gas phase
transitions. Hufner and Mukhopadhyay [14] pointed out that similar power laws can be
observed in other fragmenting systems such as the mass distribution of asteroids in the solar
system and the mass destruction of the debris of macroscopic basalt pellets being shot at each
other [15].

The impact parameter is a measure of the violence of the collision : large impact parameters
lead to gentle reactions while small ones give violent interactions. The mechanism of
fragmentation whether it is spallation, fission or multifragmentation depends on the impact
parameter.

In order to test the effect of the nuclear structure of the prefragment system on the yield
distribution, the momentum distributions of the projectile fragments have been studied. The
momentum distributions give an indication of the prefragment system temperature which
affects the fragmentation process. In reference [16], the authors studied the fragmentation of
24Mg and 28Si projectile nuclei in emulsion at a momentum of 4.S GeV/c/nucleon . They
analyzed the momentum distributions of the projectile fragments in the rest frame of the
incident nucleus and have found that it may deviate from being gaussian for the projectile
nucleus having a mass number greater than 24.

In reference [17], they studied the collisions of 22Ne with emulsion at 4.1 A GeV/c. They
found that the transverse momentum distribution of the fragments cannot be described by a
single Rayleigh distribution as it may follow from the statistical theory of multifragmentation
[18]. The transverse momenta of helium fragments in Au fragmentation on different targets at
10.6 GeV/nucleon have been investigated [19]. It was found that the transverse momentum
distribution of helium fragments can be parametrized by a three component exponential
function of the square of the transverse momentum i.e. as a sum of three exponential functions

of the form A{ e~v'^' such that A, and B, are constants and i is an index which takes values
from 1 to 3. Such parametrization was found to be independent of the target mass and the
degree of centrality.

Recently, Flesch et al. [20] studied the transverse momentum distributions of the projectile
fragments emitted in the collisions of Fe at 700A MeV with different targets H, C, Al, Cu,
Ag and Pb. The obtained distributions are gaussian. The present work deals with the charge
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and mass distributions of thd. projectile fragments from 4.1 A GeV/c 22Ne and 4.5A GeV/c Si
in their collisions with emulsion. The change of the mass yield curve with the impact
parameter has been studied for both projectiles. A particular interest has been given to the
study of the momentum distributions of the projectile for both reactions. The data have been
taken from the data bank of the laboratory of high energy physics (LHEP) at Cairo University.

II.Charge and Mass Distributions

One of the most challenging problems is to reveal the mechanism of fragmentation, in
particular to understand the properties of the observed charge and mass yield distributions.
The overall charge distributions of the projectile fragments, for all the values of the impact
parameter, are presented for 22Ne and 28Si in Fig. 1. It can be seen that the distributions
show a U-like shape which may be due to the superposition of more than one mechanism. In
the region of small charges, the curve decreases then it rises for the large values of Z , i.e. it
peaks at small and large values of the charge of the projectile fragments.

FIG 1 Charge yield distribution for the projectile fragments of (a) 22Ne at 4.1A GeV/c
and (b) 2itSi at 4.5A GeV/c

For the mass yield distributions, the change of the yield distributions with the impact
parameter has been investigated. The reactions are defined as central or non-peripheral or
peripheral according to the total charge of the projectile fragments in an event, Z , defined as

Z' = y^nlZ1, where ni is the number of fragments of charge Z\ of the ith projectile fragment

in an event
It is interesting to test the dependence of the mass distribution on the impact parameter. The

value of Z* is a measure of the impact parameter, the large values of Z* correspond to large
impact parameters while the small values of Z* correspond to small impact parameters.

Figs 2 and 3 show the mass yield distributions, at three different values of the impact
parameter, for Ne and Si projectile fragments, respectively. The curves (a), (b) and (c)
correspond to small, medium and large impact parameter, respectively. It may be seen that the
shape of the mass yield distribution changes significantly with the change of the impact
parameter
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In Figs. 2(a) and 3(a), the mass yield distributions are monotonic decreasing functions. The
peaks are situated at the small values of the projectile fragment masses, i.e. the prefragment
system has been shattered into small fragments in a violent process. These distributions have
been fitted by a power law A'\ The values of x obtained from the fitting are 1.68±0.27 and
1.64±0.19 for 22Ne and 28Si, respectively . These values agree with the previously
published results
[9, 21].

In Figs. 2(b) and 3(b), the mass yield distributions are shown for the medium impact
parameters for 22Ne and 28Si, respectively. It is to be noticed that the steepness of these
distributions decreases relative to the case of small impact parameters shown in Figs. 2(a) and
3(a). The obtained values of x are 1.30±0.10 and 1.42±0.16 for 22Ne and 28Si, respectively.
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FIG. 2. Mass yield distributions for 22Ne-emulsion interactions at 4.1A GeV/c for events
ordered according to ascending impact parameters for (a) Z* = 0 - 4, (b) Z* = 5 - 8 and
(c)Z* = 9-10.
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FIG 3. Mass yield distributions for 28Si-emulsion at 4.5 A GeV/c for events ordered
according to ascending impact parameters for (a) Z* = 0-7, (b) Z* = 8-11 and (c)Z* = 12-14.

It can be pointed out that the medium mass fragments are more dominant in these
distributions with respect to the previous ones. Figs 2(c) and 3(c) present the mass yield
distributions, for large impact parameters, of the projectile fragments of 22Ne and 28Si,
respectively. It can be noticed that the shape of the distribution is significantly different from
that of the cases (a) and (b). It shows a U-like shape where the small and large projectile
fragments are dominant. This may be interpreted as the evaporation of one or two particles
from the prefragment nucleus leaving the residual nucleus as a heavy fragment. This is the
property of the gentle collisions characterized by low excitation energy and temperature.
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Thus, the three distributions^ in (a), (b) and(c) give a scan over the different values of the
impact parameter From the analysis, it may be realized that the total yield distribution will be
a superposition of the different fragmentation processes.

nLMomentum Distributions

The study of the momentum distributions is of great importance since it gives an indication
of the temperature of the prefragment system and thus the possible fragmentation process
The momentum distributions of the projectile fragments produced, in the considered
reactions, have been investigated by two methods: the projected angular distributions and the
transverse momentum distributions

1-Projected angular distributions

The distributions of the projection angle in the plane of the microscope represents the
longitudinal momentum distribution in the rest frame of the prefragment system (the
projectile nucleus). These distributions have been done for three different values of the
projectile fragment charge Z = 1, 2 and 3 for the two considered reactions. The projected
angular distributions for the projectile fragments of 22Ne and 28Si are given in Figs.(4) and (5),
respectively, for (a) Z = 1, (b) Z = 2 and (c) Z = 3.
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It can be seen that all the distributions are relatively narrow and that the width of the
distribution changes with the charge of the projectile fragment. The width decreases with the
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increase of the charge of the projectile fragment. The experimental points have been fitted to a
gaussian-like distribution [22] of the form:

0J/2 A2

N( 9 ) = C e

where C is a constant and A is the standard deviation of the distribution obtained from the
fitting This is to be compared with the previous results of the calculations done according to
a quantum mechanical approach using the sudden approximation and the shell model
functions [23-25]. Table 1 presents the comparison between the calculated values of the
standard deviation of the momentum distribution and the corresponding experimental values.

Table 1. Experimental and calculated values of the standard deviation A
of the momentum distributions of fragments from 22Ne and 28Si.

z
1
2
3

" N e

Experimental
1.426
0.951
0.488

Calculated
0.964
0.514
0.342

2*Si

Experimental
1.614
0.728
0.499

Calculated
0.922
0.464
0.316

From Table 1, it can be seen that A decreases with the increase of the fragment charge, Z.
The experimental values of A are systematically greater than the corresponding theoretically
calculated values. The values for 22Ne and 28Si are approximately equal within errors. Thus,
the longitudinal momentum distribution of the projectile fragments is typically gaussian,
narrow and its width decreases with the increase of the charge of the projectile fragments.
The width of the distribution is independent of the prefragment nucleus mass number in the
studied range from 22 to 28.

2-Transverse Momentum

The importance of the transverse momentum distribution is due to the fact that being Lorentz
invariant, it is transparent to the physical characteristics. The shape of the transverse
momentum distribution is still a matter of debate among the experimental physicists. It may
be one [20], two or even three gaussian components [19] or Rayleigh distribution [17] or even
may deviate from being gaussian [16].
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FIG 6 Transverse momentum distributions for projectile fragments of 22Ne at 4.1A GeV/c
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Figs. (6) and (7) show the transverse momentum distributions for the projectile fragments of
22Ne and 28Si, respectively for (a) Z = 1, (b) Z = 2 and (c) Z = 3 .
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FIG. 7. Transverse momentum distributions for projectile fragments of 28Si at 4.1A GeV/c
for (a) Z = 1, (b) Z = 2 and (c) Z = 3 .

Table 2 gives the values of the standard deviation obtained from the fitting of the
experimental data.

Table 2 Fitting experimental values of the transverse momentum
distributions of the fragments of 22Neand 28Si.

z
1
2
3

"Ne
0.202
0.288
0.361

'"Si
0.252
0.289
0.520

From Figs. 6 and 7, it can be seen that the distributions are gaussian and that the width
increases with the increase of the projectile fragment charge. This does not contradict neither
the results of Wilczynska et al.[19] who obtained a three-component gaussian distribution in
their investigation of the transverse momentum distribution of helium fragments in Au
fragmentation on different targets at 10.6 GeV/nucleon nor those of [17] which gives
Rayleigh distribution for the transverse momentum of protons emitted in the 4.1 A GeV/c
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22Ne-emulsion collisions, taking into consideration that the present data are restricted to a
very narrow cone 9<3°

IV. Conclusions

It may be concluded that yield distribution is a superposition of the different mechanisms
The mass yield distribution depends on the impact parameter and is a power law of index
almost equal to 1 6. The momentum distribution in the rest frame of the prefragment system is
typically gaussian, narrow and its width decreases with the increase of the fragment charge
The transverse momentum distribution depends on the kinematical region. The distribution,
for projectile fragments in the narrow cone of small values of emission angle, is gaussian
and its, width increases with the increase of the projectile fragment charge
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Abstract

Angular distributions data are presented for single relativistic charged particles produced in inelastic
interactions of 7Lx and 2iMg with emulsion at (3-4.5)A GeV/c. The results indicate that the
multiplicity distributions of the relativistic charged particles produced, in the collisions, depend on
the projectile mass Also, the peaks of the pseudorapidity distributions of the relativistic charged
particles tend to shift towards the lower values of the pseudorapidity with increasing the number of
the relativistic charged particles .

1. Introduction
The interest in the studies on nucleus-nucleus collisions increased considerably when the beams

of relativistic heavy ions became available to physicists The investigation of these interactions is
expected to provide useful information regarding the multiparticle production mechanism. The angular
distribution spectra are one of the basic data sources on one particle distributions of s-particles in
multiple production in nucleus-nucleus interaction at high energies.

The idea of the clusterization of the secondary particles produced in high energy hadron-nucleus
collision during the intermediate stage of particle production has become an interesting field of inves-
tigation in recent years [1-5]. It is believed that the study of these collisions may provide some useful
information about the mechanism of hadronization of the final-state charged shower particles produced
in high-energy hadron-nucleus reactions [6]. Studying global and local multiplicities of the particles
produced in collisions between heavy ions is important for several reasons [7,8]. To a large extent these
variables are determined by the geometry of the interactions. Understanding the effects of the geometry
is crucial in order to distinguish subtle phenomena, such as a possible creation of a quark-gluon-plasma
from more elementary processes These variables are also useful tools for the understanding of the
reaction mechanisms Systematic studies of the variation with mass, energy, and impact parameter can
he used for predictions of heavier systems [9,10] and to elucidate the importance of rescattering.

In the present study, we investigated the emission characteristics of relativistics charged particles
produced in the 24M(7-emulsion interactions at 4 5A CJeV/c and the 7Li-emuIsion interactions at 3A
dVV/Y , by analyzing their angular distributions of shower particle

2. Experimental Technique
Nuclear emulsions of the type Br-2 were exposed to 4.5A GeV/c 24Mg and 3A GeV/c 7Li beams at

the Dubna Synchrophasotron. The pellicles of emulsion have the dimensions of 20 cm x 10 cm x 600 pm
(undeveloped emulsion). The intensity of the beam was w 104 particles/cm2 and the beam diameter
was approximately 1 cm . Along the track, a double scanning has been carried out, fast in the forward
direction and slow in the backward one.

The scanned beam tracks have been further examined by measuring the delta-electron density [11] on
each of them to exclude any track having a charge less than the beam particle charge Z\,. According to
the range L in the emulsion and the relative ionization /* = ///„ , where 7 is the particle track ionization
and /„ is the lonization of a relativistic shower track in the narrow forward cone of an opening angle
o < r
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The scanning has been performed giving 1000 and 713 events for 24Mp and 7Li, respectively
In these interactions, all the charged secondary particles are classified into the following groups[12]:
(1) Shower tracks producing particles"s-particles" having a relative lonization /* < 1.4. Such tracks

having an emission angle 6 < 3°, have been further subjected to multiple scattering measurements for
momentum determination [13] in order to separate the produced pions from the singly charged projectile
fragments.

(2) Grey tracks producing particles "g-particles" having a relative ionization /* > 1 4 and L > 3mm.
(3) Black tracks producing particles "b-particles" having L < 3mm.
(4) The "b" and "g" tracks are both called heavily ionizing tracks producing particles "h-particles"
The determination of the momentum of the s- particles emitted within 6 < 3° enables the separation

of the produced pions from the non-interacting singly-charged projectile fragments (protons, deuterons
and tntons) [14] The g- particles emitted within 0 < 3° and having a range L > 2 cm are considered
as projectile fragments having Z=2. The b-particles having 6 < 3° and L > 1 cm are due to heavy
projectile fragments Z > 3. The number of delta-electrons has been measured for each of these particles
in order to determine the corresponding charge Z = 3, Z\,.

The polar angle 6 of each track, l e , the space angle between the direction of the beam and that of
(lie given track has been measured.

3. Pseudorapidity Distributions of Shower Particles
Angular characteristics of charged shower particles produced in nucleus-nucleus collisions are inves-

tigated in terms of the rapidity variable, Y, defined as

where, E and P|| are the total energy and the longitudinal momentum of a shower particle, respectively
At relativistic energies this equation reduces to

^) (2)

where, 0 is the emission angle of a shower particle with respect to the mean direction of the incident
particles in the laboratory frame Figure 1 shows the multiplicity distributions of the shower particles
(71, the number of shower particles) in the cases of the 7 Li — Em and 2AMg — Em at (3-4.5)A GeV/c,
where they are compared with the data of the 28Si— Em[l5] and 12C — Em[\b\. It is seen from the figure
that the shapes of the distributions change appreciably and tend to become broader with increasing the
projectile mass. However, the number of events having comparatively lower values of n, decreases with
increasing the projectile mass

Figure 2 shows the 77 distributions in 7Li - Em and 2AMg — Em at (3-4.5)A GeV/c for the total
sample and Figure 3 shows these distributions when separate of .s-particles from events for three types
(71/, = 0, 1(//), 2 < nh < 7(CNO) and 11,, > S(AgBr))

From the results in Table 1 and figures (2 and 3), one can see that when n/, increases, the distribu-
tion will shift to lower 77-values. However (7Li-Em) 77-distributions do not differ much from (24M<7-Em)
ones Table 1 contains numerical data of Figs.(2,3), i e the mean values of the pseudorapidity < 77 >
and the dispersion of redistribution D — (< 7/ >2 — < i)2 >) ' /2 . Data shows that at large n/,, < 77 >
iloouMM's while the values the dispersions D remain virtually the same. The average values < ?; > of
t ho pMMidorapidity of 24M</-Em and 'L/-E111 interactions are different, being for 24Mg-Em interactions
tailor b\ the value 67; = (< 7/ >Mg-Em - < V >Li-Em) = 0.39 ± 0 03 than for 7Li ones. Also from
liguros (2,3), one may observe that the distributions would have similar shapes at higher 77 values and
the centroids of the distributions grow and shift towards smaller 77 values that with increasing target
mass in the case of nucleus-nucleus collisions. Whereas in the case of interactions due to protons[16],
the distribution merely translates to the region of lower 77 values with the increase in the target size.
Thus one may conclude that the distributions corresponding to the higher 77 values are attributed to the
projectile nuclei. Hence, the rapidity space may be divided into three regions, the target fragmentations,
the projectile fragmentation and the central regions The target fragmentation region corresponds to the
smaller i] values, i.e. to the larger values of the emission angle which is characterized by target nuclei
The projectile fragmentation region is assumed to be populated by fragments of the projectile nucleus
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corresponding to target values of TJ, i.e. small angles of emission. The central region is believed to be
enriched by the particles produced in collisions of participants of the colliding nuclei and is independent
of either of the fragmentations regions.

Table 1. Values of mean pseudorapidity < rj > and its dispersion D(r)).

nh
nk=0,l(H)

2<nh<7
(CNO)
nh > 8
(AgBr)

All event

< I J >
D(n)
<v>
D(i)

<V>
D(i;)

'Li+EM
2.48 ±0 34
0.88±0.11
2.26 ±0.17
0.96 ±0.06
2.00 ± 0 14
0.89 ±0.06
1 75 ± 0 04
0 93±0 10

™Mg+Em
2.45 ±0.13
0.66 ±0.04
2.24 ±0.08
0.77 ±0.02
1.97 ±0.05
0 87 ±0.02
2.14 ±0.04
0 84 ±0.01

Now we will analyze the dependence of //-distributions on ng and nh The number of grey particles
ng is regarded as the best measure of the number of collision made by the projectile inside the target
nucleus[17,18] In order to illustrate the variation of asymmetry of ^-distributions on ng, Fig.4. shows
the //-distributions for 7Li — Em and 24 Mg — Em interactions for events with ng=0 and ng > 8 that
have positive asymmetries for ng=Q and negative for ng > 8 The total number of s-particles in both
distributions is approximately equal containing together about 50% of all s-particle emitted in 7Li— Em
and 2AM g — Em interactions Eash distribution has a pronounced maximum, but one can also see a
suppressed mode The maximal mode is for ng =0 at 7; > 7/eip values (forward hemisphere), 1 e at
i) v 2 75 and the suppressed mode is for 7/ < 7/fT,, (backward hemisphere), 1 e at r\ = 1.05 {f]eXp — 2 14)
for -4Mg-Em The maximal mode for 7L?-Em is for ng =0 at 7; > 7/erp values (forward hemisphere),
1 e at T] x 2.75 and the suppressed mode is for 7; < i)exp (backward hemisphere), i.e. at r) = 1 50
(Vexp = 1 75). In the case of //-distributions for ng > 8 the maximal modes different and opposite from
the case of ng = 0. There are specific changes of 7/-distributions[19] with increment of ng, the maximal
forward mode reduces and the suppressed backward mode increases to become dominant at ng > 8.
However, both modes do exist in all the cases and they are interlaced in total distributions

4. Dependence of < 77 > and D(i]) on 71, and ng

It has been suggest by Berger et al [20], that a single isotopic cluster would be produced in the
interactions having D(r)) < 0 9, where, D(?/) is a measure of clusterization amongst the relativistic
particles produced in these collisions Many worker [21,22] have used this idea in analyzing the data
on high energy proton-nucleon interactions for examining the clusterization effect. In Ref.[15], they
study the investigation whether clusterization occurs in high energy nucleus-nucleus interactions. In
the present study , an attempt is also made to investigate the clusterization in the high energy nucleus-
nucleus interaction

The values of D{rj) and < 7/ > are plotted in Fig.5 and table 1 for 7Li - Em and 24Mg — Em. It
may be that the value of £)(?/) are observed around < 0.9 . Incidentally this observation is in a fine
agreement with the suggestion made by Berger et, al.[20] and Nasr et al [15]. On the basis of this, it
may be stated that the clusterization occurs in all the three inteival of 71/, and of the total sample

Also, from this figure, it may noticed that the < 7/ > decreases slowly with increasing the values of
71, foi both types of the interactions Incidentally, this behavior is consistent with the predictions of the
tube type models[23]

Another quantity which shows no appreciable change with an increasing number of slow particles is
the dispersion D(T/) of angular spectra for dependence on ng. This is also true for the dispersions of
individual collisions, expect in the region of very small ng, where the large part of the cross section is
governed by peripheral collision with one intranuclear nucleon. The same behavior has been observed
in proton-nucleus ( PA) interactions in the range 20-200 GeV [24]

5. Dependence of rj-distribution on shower part icles
Several special features of particles production such as thermahzation and hadronization, etc. are

expected to be inherent in the^central region However, there are no clear cut boundaries for separating
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the three fragmentation regions. In the present investigation, we made an attempt to locate the central
regions from the experimental i) spectra for this purpose, the i) spectra. For different ns-bins for both
7 Li - Em and 24Mg — Em interactions have been plotted in Fig 6 . There is a positive asymmetry for
groups of events n, < 8 and 9 < ns < 14, and, the asymmetry is negative for n, > 15 The distributions
for ?i, < 8 the 24Mp-induced distributions show more positively pronounced asymmetries very similar
to those in 7 L i - Em interactions However, for events with ns > 15, we have the opposite case, i.e., the
2AMg — Em interactions are more negatively asymmetric than the 7Li— Em ones, since the multiplicity
7is rises with the rise of ng or n/,. Also, from this figure 6, one may notice that at large as well as of
small 7; values, the distributions remain almost unchanged, whereas at moderate values of t), i e. in the
central part of the distributions, they are enriched with particles. This criterion has been used to define
the central region[25].

In the interactions of 24Mg with emulsion nuclei, the central region has been obtained as the region
which lies in the range rjcut ss 1.2 — 3 7 while in the cas of 7Li with emulsion interactions, these values
may be taken in the range i]cut ss 0 7 - 3 The particles produced within these intervals are assumed
to be free of the influence of fragmentations of both target and beam nuclei.

6. Distributions of pseudorapidity intervals of shower particles.
According to quantum - mechanical ideas [26], the nucleons participating the multiparticle pro-

duction will acquire greater sizes due to their excitation. This should produce an intensive mixing
of colour degree of freedom of the nucleons forming the excited nuclear matter, i.e. the formation of
quark-gluon-plasma(QGP)"domains" or clusters

The decolouring process needs certain rirne [26] during in which an intermediate system may be
foimed This hadromc excited system (cluster) will push and collect nucleons in its way inside the
nucleus which leads to an observation of baryonic jets or clusters in the process of target nucleus
deduction

The idea of cluster formation in the intermediate stage of the multiparticle production in high-energy
collisions has obtained wide acceptance [27].

In order to select the central nucleus-nucleus collisions, only events having rih > 28 for AgBr were
chosen These limits correspond to a nearly complete destruction of the target nuclei AgBr.

To search for hadronic clusters, we can use the quantitative method of pseudorapidity interval At]
For its purpose, the pseudorapidity i) = — In tan 6/2 was calculated for each shower particle in the
24 A/<7-AgBr central collisions For the validity of the A7)-method, the r7-distnbution should be uniform
m the studied range of r\ In the present work, the 7;-distnbution has been found to be nearly flat,
within experimental errors, in the range of 7; = 1—2 This enables us to use the quantitative method
of A;; , in the given range, where,

A'lij = '/. - >h (*)

The quantity AT;,^ means the pseudorapidity interval between the i — th and j — th particles such that
^-particles are lying between them, i ^ j ; I J = 1,2, . n and k = 0,1, n — 2 The values of rj were
rescaled in each event such that

( ) / ( u - Vi) (/1)

takes values from zero to unity, where i]max and 7/1 are the maximum and minimum values for 71 in the
considered events. If the shower particles are emitted independently and no correlations exist between
them, their A»7-distribution will have a binomial shape, so that the independent particle emission (IPE),
A7j-dihtnbu(ion is given by

dN£/dAV = r^_,A7,fc(l - A7,)"-*-1 (5)

W'luMV,

f v i = ( » - l ) 7 * ' ( « - t - l ) ! (6)

The frequency distributions for the normalized pseudorapidity intervals, A7j-distnbutions, were obtained
fen different values of n and k A deviation between the positions of the maximal of the experimental
A / ; - «li~.l 1 i l n i l I O I I . S . m i l t li<' MM 1 ) o n e I1.1.-. I x - i - n o h s n v r d

Fig 7 were selected for presentation to illustrate this deviation for 2AMg + AgBr collisions. The his-
lograms arc the experimental data, while I lie curves represent. Uie corresponding IPE A//—distributions
In the figure the histograms and the curve were normalized to the same values of n and k.
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From the figure, one can'see that the experimental distribution is shifted to the left, 1 e , to lower
values of AT; with respect to the IPE one This indicates a correlation between the emitted shower
Reticles in the considered interval The observed correlation may be interpreted as a formation, and a
subsequent decay of a big hadronic cluster during the multiple production process. Thjs is consistent
with the formation of excited hadronic matter, which acquires greater size while moving inside the target
nucleus [28].

Conclusions
The following conclusions can be drawn on the basis of the results obtained in the present study

1- The multiplicity distribution of relativistic charged particles produced in collisions depends on pro-
jectile mass.
2- Shower width distribution becomes wider with increasing projectile mass.
3- Peaks of the pseudorapidity distributions of relativistic charged particle tend to shift towards lower
values of ?; with increasing n,.
4- Data show that < rj > at large /»;, decreases, the values of the dispersions D remain virtually the
same
5- From the angular distributions of shower particles, one can get an indication of limiting fragmentation
hvpnl lirsis
6- A strong correlation is observed within angular interval distributions Arj-distributions for s-particles
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Figure Captions

Fig 1 Multiplicity distributions of shower particles for 4 5A GeV/c 2SSi, 24Mg, 1 2C and for 7Li at
3A GeV/c with emulsion interactions

Fig 2 Pseudorapidity distributions (7/) of relativistic charged particles emitted in 24Mg + Em at 4 5A
(ieV/c and 7Li + Em at 3A GeV/c total 71/, (1 e All impact parameter).

Fig 3 Pseudorapidity distributions 111 different nA interval for a) 24Mg + Em at 4 5A GeV/c and b)
7Li + Em at 3A GeV/c

Fig /,. Dependence of the pseudorapidity on the number of grey particles (ng) for a) 2AMg + Em at
4 5A GeV/c and b) 7Li + Em at. 3A GeV/c

Fig.5 Dependence of the mean pseudorapidity < 7/ > and its dispersion ^(77) on the na and ng for
24Mg + Em at 4 5A GeV/c and for 7 Li + EM at 3A GeV/c

Fig 6 The 77 distribution in 24Mg+ Em and ' Li+ Em interactions for events with selected ns values

Fiq 7 The A7/-distnbution from 24Mg + AgBr collisions The histogram is the experimental data
while the curve is due to independent particle emission (IPE) model, all events are normalized to
n = 30 and k = 11. The experimental and IPE distribution are normalized to the same number
of particle
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The Roman Theater (Kom Al-Dikka)

Over 30 years of excavation have uncovered many Roman remains including this well-
preserved theatre with galleries, sections of mosaic-flooring, and marble seats for up to
800 spectators. In Ptolemaic times, this area was the Park of Pan and a pleasure garden.
The theater at one point may had been roofed over to serve as an Odeon for musical
performances. Inscriptions suggest that it was sometimes also used for wrestling
contests. The theatre stood with thirteen semi-circular tiers of white marble that was
imported from Europe. Its columns are of green marble imported from Asia Minor, and
red granite imported from Aswan. The wings on either side of the stage are decorated
with geometric mosaic paving. The dusty walls of the trenches, from digging in the
northeast side of the Odeon, are layered with extraordinary amounts of potsherds. Going
down out of the Kom, you can see the substantial arches and walls in stone, the brick of
the Roman baths, and the remains of Roman houses.
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ABSTRACT

The experimental data obtained at Dubna, Riga, and Rez on cascade transitions
from (n,h, y) measurements for 40 nuclei in the excitation energy region up to Bn

allowed us to give a probabilistic picture of the process under consideration and
introduce the following results:

(a) The properties of levels, with energies below ~ 1 MeV in odd-odd and even-
odd nuclei and below ~ 2 MeV in even-even nuclei, are mainly determined by
quasi-particle excitations;

(b) The nuclear structures of the observed states for these nuclei, below ~ 3-4
MeV. aie of dominant influence of vibrational-type excitations,

(c) Above this excitation energy, deformed nuclei are characterized by sharp
tiansitious to the states whose structures are determined by inner (quasi-particle)
excitations;

(d) The transitional region from dominant influence of vibrational excitations to
that of inner excitations in near-magic nuclei is, perhaps, noticeably wider than that
one foi deformed nuclei;

(e) It is not excluded that a similar stepwise process may repeat itself at higher
excitation energies.

Keywords: two-step y-cascades in different types of heavy nuclei after thermal neutron
capture, level density, nuclear structures, stepwise changes in heavy nuclei properties.

INTRODUCTION

The total radiative width Fr of the compound nucleus ( neutron resonance) and the
intensity /„ of two successive y- ray cascade transitions can be reproduced if one determines,
at least, the following parameters
(a) The mean level density p of excited states with a given lvalues,
(h) The mean probability //» of y- ray transitions proceeding between arbitrary states/and s

These parameters must be determined either experimentally, or by model calculations
with certain precessions, over the whole excitation energy region up to Bn. Experimental
values of Fr and 1^ are determined to a precision of approximately 10%. Therefore the
piecision of the model calculated values for p and Ffs must be, at least, not worse. These
\allies aie necessary to calculate Fy and !„ for unstudied nuclei and to understande the
beh.moi of nucleni mattei when increasing excitation eneigy Ho\ve\ei. no model is capable to
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piovide predictions for p and Ffs with the above-mentioned precision. This results from the
lack of precise experimental data on level densities and quantum numbers in certain energy
intervals and on the widths of the corresponding transitions.

A sufficiently perspective way to get such information in the whole energy interval below
Bn is the investigation of two-step gamma cascades proceeding between the compound state X
and a given low-lying level/through the intermediate state /. The intensity /„, of the individual
cascade is determined as:

'1 x l ,
Where T>, and F,/ are the partial widths of transitions connecting levels X -> /
F; and F, are the total widths of the decaying states X and / respectively.

The total radiative widths for states X and /' can be expressed as:

<'>

Here < F;, > and < F,/ > are the mean partial widths, m\, andw,/ are the total number of
levels excited after the decay of the states X and /, respectively.

Hence, we can write the equation for the summed intensity /„. of cascades which excite
/;, = < p, > AE intermediate levels of certain spin and parity in the energy interval AE as

— ". ( r )m ( 3 )

Summation is earned out over certain set of quantum numbers of intermediate levels
and, if necessary, initial and final states are performed for comparison with the experimental
data. Partial widths in this equation are determined through the radiative strength function
(RSF) •

*o,)
It should be noted that In in the form of eq (3) is in an inverse proportion

(qualitatively) to the total number of the states excited in the process under study and in direct
proportion to the ratio of the cascade transition widths to their mean values. Just this
circumstance allowed us to determine [1, 2] a sufficiently narrow interval for probable p values
for some, different enough, sets of transition strength functions in almost 30 nuclei in the mass
range 114 < A < 200. On the other hand, the positive correlation between F;., and T,/, from eq
(3). gives a relatively small uncertainty in level density values over a wide interval of
excitations, in stead of the sufficiently large variations in the model calculated partial widths for
cascade transitions

An important conclusion obtained from oui previous studies [1, 2] is that the best
description of level density in the interval 0.5Bn to Bn was achieved in the framework of the
geneialized model of the superfluid nucleus [3]. Further investigations [4-6] showed that level
density at excitations from 1-2 and from 3-4 MeV strongly deviates from the exponential
energy dependence [7] grounded on the idea, which considers the nucleus as a system of non-
interacting Fermi-gas. Moreover, it is not excluded that the level density in this energy interval
can be almost constant or even can decrease with increasing excitation energy. It should be
noted that the main error in the results of ref [1] is caused by the uncertainty in the form of
eneigy dependence of //i This raises a question about the adequacy of level density models
to reality
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Further analysis of the experimental data ou the intensities of the two-step cascades
proceeding between the capture state and several low-lying levels allowed us to obtain the
level density and the sum of strength functions for El and Ml transitions. These data allowed
simultaneous reproduction (with an acceptable precision) of cascade intensities and total
radiative widths of neutron resonance for a group of nuclei in the mass region 114 < A < 200

ANALYSIS

Results obtained from (n,i,,y) measurements depend mainly on the product Ffs x p.
Hence, a deviation in one of these two parameters from its mean value is compensated by a
similar deviation, in magnitude and sign, in the other parameter This circumstance must be
taken into account during data processing. For example, a minimum ( or a maximum ) value of
level density derived from experimental data will result a maximum ( or a minimum ) value of
the corresponding strength function.

At the same time, the strong correlation between Ffs and p values is useful in data
analysis For example, if the radiative strength functions are not correct, evidently it cannot
provide a correct description of the experiment and consequently the corresponding level
densities canuot also reproduce real values. During the calculation of Fx, it should be noted
that any deviation of the calculated level density from the true value is completely compensated
by the strength function values This is not the case when we calculate /„,, the compensation is
incomplete Just this circumstance allow to select the intervals of//v and p values, which
provide description of In and Fx parameters with an acceptable uncertainty. The procedure of
analysis consists of finding random values of Ffs and p which completely reproduce
experimental values of Fx and /„,. Uncertainty of these random values relative to their average
is estimated, as well

The most probable values of the level density and summed radiative strength functions
of dipole gamma-transitions can be found by one of the following two ways'

(a) Sepaiately, oue of these parameters can be estimated from eq (3) or by using the
relationship

Using model piedicted value for the other parameter, and vice versa,
(b) Simultaneously, by means of a selection of pairs of random values for p and RSFs

which satisfy eqs. (2) and (3) or (3) and (5) in common. As we established it, these parameteis
fluctuate in a sufficiently narrow interval of values.

Summations in eqs (3) and (5) are performed over all the excited states in the nucleus
As the data of cascade transitions include different multipolarities, we could not obtain strength
functions for El and Ml transitions separately. In practice, from the combination of eqs. (2)
and (3) one can determine only the sum of strength functions. Moreover, the dispersion of
f(EI) ~ /(Ml) random values is too large. Therefore, no conclusion could be extracted about
the independent charity of each of these strengths to model calculations

The sum f(El) + /(Ml) and the level density values, from eqs (3) and (5), can be
calculated only by means of numerical algorithms The simplest iterative algorithm was
suggested in [1], where we set some initial values fox/(El),/(Ml), and p and then distort them
using random functions The iterative step at which these distorted values decrease the

paiametei. A = (/.̂ . ~/ . . )". ii> used as an initial step for the next iteiation procedure The
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piocess of finding the most probable values offfEl) +f(Ml) and p may include up to 10000
iteiative steps

Here are discussed the results obtained according to the second way ( variant b) which
is more informative about the nuclear properties determining the gamma decay process of
neutron resonance The insufficient amount of experimental data on gamma-ray cascade
transitions (only the cascades ending at low-lying levels in nuclei were studied) does not allow
determining the RSFs without using the following assumptions:

(a) The equality of level densities of different parities, p(rt=+) = p(7i=-) Inevitable
deviations from this equality are compensated to some degree due to the fact that only theii
sum p(n=+) + p(n=-) is used in analysis and compared with the predictions of different
models;

(b) The RSFs of transitions of a given multipolarity depend only on the transition
energy but do not depend on the structure and the energy of the corresponding excited states
Inequality of their values for gamma-transitions of the same energy but populating different
levels is, in part, compensated by the circumstance that the left part of eq.(5) depends on the
absolute values of the RSFs of primary transitions while it depends only on the ratio of strength
functions in the case of secondary transitions. The pointed circumstances decrease the
influence of the two main assumptions of analysis for j"(El) +f(Ml) values but do not exclude
them completely.

Uncertainties of measuring the terms of eq. (5) lead to an error in the strength functions
and level density. Owing to the linear relation between /„, Fx, Fx, in eq (5), the ~ 10% error
of Fx, and In lead to a rather small error in determination of Fx, and p as compared with the
dispeision of the data presented in Figs. (2-9).

Another source of uncertainty in determining RSFs and p is the systematic error of
decomposition of the experimental spectra into two components corresponding to solely
primary and solely secondary transitions. Earlier analysis showed that the error in A In caused
by this piocedure does not exceed 20% in most of the excitation energy intervals. In order to
estimate the influence of A 1^ on the final results, /^values were varied at the level of 25%.
The corresponding variations in f(El) + f(Ml) and p did not exceed the dispersion in the
plotted data In the other words, the main uncertainty of level density and strength functions do
not depend mainly on the errors in Fx and /^but is determined by the relation of Fx, In and Fx,
m the measured functions of the gamma-decay process. The probable dispersion in the RSFs
plotted in Figs. (2-5), includes only the errors which are due to unambiguous values of the
obtained level densities

In general, one can conclude that at a certain stage of experimental investigations, the
obtained results (fiom gamma-decay cascades of the neutron resonance state) should be
considered as the most probable results in spite of the errors in experimental data.

Level Density Models and Corresponding Radiative Strength Functions.

As we mentioned above there aie two ways to estimate the RSFs The more preferable
method of the data processing is the joint estimation of level density and radiative strength
functions The results obtained in [1, 2, 4-6] testify that there is no level density model, which
would piovide leproducing the experimental data to a precision of about 10%. Therefore, oui
main efforts were devoted to lealization of the second way (variant b) Nevertheless, analysis
using the first way (variant a) was also performed We determined the RSFs, which satisfy eq
(5). using values for level density predicted by two different models. Calculations within the
le\ el density model [3] did not show principle discrepancy with the lesults of joint analysis of
the RSI's and p
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However, the calculations in the framework of level density model [7] brought to an
essential conclusion: there is no model of strength functions which in conjunction with this
model is able to reproduce the product I£p x Tx at low energies of the primary transitions (Er

« 1-3 MeV) for the majority of deformed and transitional nuclei.
This resit confirms our earlier conclusions that level density models (which consider the

nucleus as a system of non-interacting Fermi-particles) cannot describe the density of states
excited by the (n,i,, y) reaction. So, model [7] predicts the values that are systematically higher
than level density observed in any heavy nucleus in the (n,i,, y) reaction Earlier we suggested
probable, qualitative explanation of this effect: the existing nuclear models underestimate a role
of vibratipnalitype excitations below, at least, ~ 0.5Bn.

Joint Determination of the RSFs and p.

The type of relation between the RSFs, p and ln does not allow one to determine these
parameters unambiguously and independently. For example, any deviation in p from the real
value is inevitably compensated by another deviation, of the same magnitude and sign, in RSF.
Nevertheless, results obtained in the present analysis can be used for verification of nuclear
models and, if necessary, for determination of the direction of the necessary development of
these models. The main argument in favour of this statement is the relatively week dependence
of the final results on the initial values of the RSFs and p in iterative piocess. As an example,
Fig. 1 demonstrates the RSF and p values obtained for unreal initial values of these parameters:
pfE^J = p(B,J strength functions linearly decrease when transition energy increases.
"Nevertheless, final results of iterative process quite agree with the general picture obtained for
large enough set of different real and unreal initial values of RSFs and p

The strength functions f(El) + f(Ml) and p values obtained from joint analysis are
ploted in Figs. (2-5) and Figs. (6-9), respectively. For each set of random values of p and f(El)
+ f(Ml) at a given energy of primary cascade transition there were determined both their mean
values and probable dispersions using usual relationships of statistical mathematics. Besides,
the rneau values of j'(El) + f(Ml) and p obtained with the help of iterative procedure for
absolutely unreal iiu'tial level densities p(EeJ = pfBj are given in figures, as well. Results of
analysis are compared with the predictions of level density models [3, 7] and models of
vadiathe widths [8. 9] In case of radiative strength, a comparison is performed in the
following manner- the f(El) values calculated according to models [8] and [9] (upper and
lower curves, respectively) are summed with f(MJ) =const which is normalized so that the
ratio f(Ml) / F(E1) would be approximately equal to the experimental data [10] at EY ~ Bn.

A comparison off(El) +f(Ml) and p values obtained from different initial parameters
of iterative process shows sufficiently weak dependence of strength functions and level density
on initial parameters and running the process. Hence, strength functions and level density
obtained from joint analysis can be considered as the most probable values

Comparisons of joint analysis results with the predictions of models [3, 7-9] (often used
In experimentalists) show that:

(a) The sums f(EI) + f(Ml) and p are not monotonous functions of the energy and,
piobably, reflect the most common peculiarities of structures of the states connected^ by the
conesponding gamma transitions. This can be seen from analysis of results for °56158>Gd .

(b) The energy dependence off(EJ) +f(Ml) strongly differs from the predictions of
models [8. 9], at least, in case of even-even compound nuclei from the region of the 4s-
icsonance of the ueution strength function
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Fig. 2. The sum of the probable radiative strength functions of El and M l
trans-nous (with estimated errors) in the UiCd l2iTc. l2sI, niBa, u0La, and
ll':.Yc/ nuclei. Dashed curve represents the /( .El) -r /(.A/l) mean value obtained
at difietent initial values of strength functions and at initial level density p(Eez) =
p{B.) with the help of iterative procedure Uppei and lower solid curves represent
predictions of models [5] and [6], respectively
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(c) The f(El) + f(Ml) functions increase when going from near-magic to deformed
nuclei and from complicated highly-excited states to simple low-lying levels which are
populated by gamma-transitions under consideration;

fd) The relative deviations of the obtained strength functions and level densities from
the mean values are characterized by strong negative correlations. In the majority of nuclei its
value changes from -0.6 to -1.0, although in some cases it amounts to-0.4 / e., strength
functions and level densities are not an independent variables in eqs. (3) and (5) which provides
a possibility of their simultaneous determination;

(e) The probable level density determined in the present analysis conforms to the
picture obtained in previous experiments. Our resent results do not contradict the exponential
extrapolation of p(EeJ predicted by the Fermi-gas model [7] up to the 1-2 MeV excitation
energy The energy dependence of level density in the interval from 1-2 MeV and even up to
some threshold value Et, is considerably week than that obtained from any existing level
density model. Above this threshold, up to 3 MeV for odd nuclei and up to 4 MeV for even
nuclei, the level density seems, most probably, to be corresponding to the predictions of the
generalized model of the superfluid nucleus in its simple form [3].

Such change in behavior of level density in the vicinity of the Eb excitation energy can
signify qualitative change in nuclear properties. The observation [11, 12] of the probable
harmonics of the excitation spectra of intermediate levels of the most intense cascades in large
group of nuclei from the mass region 114 < A < 200 allows an assumption that nuclear
properties at low energy are mainly determined by vibrational-type excitations (probably, a few
number of phonons of rather high energy). Very quick, exponential increase in level density
above Eh says about dominant influence of inner, many-quasi-particle type of excitations of
these states.

CONCLUSIONS

The method is suggested for determination of the probable level density and sum of
ladiative strength functions of dipole transitions that appear in the reaction of the thermal
neutron capture in heavy nuclei. The obtained results demonstrate very serious and obvious
discrepancies with the existing ideas of a nucleus. These data completely agree with the earlier
obtained qualitative picture of the process under study. That, there is a considerable influence
of vibratioual-type excitations on nuclear properties below the 2-3 MeV excitation energy and
a transition to dominant influence of quasi-particle excitations occures above this energy. This
statement is confirmed by the two phenomena:

(a) The obtained level density values from (n,\u 2y) reactions are systematically less
than that predicted by models that ignore or underestimate the influence of nuclear vibrations
with respect to this parameter,

(b) The decrease in level density correlates with the enhancement of the radiative
Mlength functions of concsponding cascade transitions Existing enhancements of thcf(El) -i
f(\H) values can be due to collective effects.

At this stage of investigations of the phenomena under discussion, the obtained results
should be considered as rather preliminary They need further confirmation The scale and
piobable origins of the observed effects stimulate urgent necessity of the further detailed
imestigation of nuclear properties in the vicinity of E\t^~ 0.5B,,. i e , in the region where,
piobabK. the sharp change in nuclear properties occuis

RFBR Grant No 99-02-17863 supported this work
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ABSTRACT

The reaction cross sections for p, d, He, C, Mg and S beams with different
chemical components of emulsion nuclei at 4.5A GeV/c have been studied with
high statistics, and were compared with the calculations according to Glauber
model. The multiplicity distributions of shower produced particles from these
interactions with light and heavy emulsion nuclei are analyzed in terms of the
negative binomial and Poisson distribution laws.

INTRODUCTION

Pions are interesting tool for studying light and heavy ions interactions since they are
mainly produced ( at energies below 1-2 GeV) in the decay of A particles. Most of the
energy spent on particle creation during high energy nuclear collision is used for pion
production. The properties of pion production is necessary in order to establish global
conditions created in the reaction region and to understand the dynamics of the collision
properties. The negative binomial distribution has become a common language in the
description of the multiplicity distribution of charged particles produced in hadron-hadron
[1], hadron-nucleus [2-3] and nucleus-nucleus [4] collisions at both intermediate and high
energies.

Nuclear research emulsion are particle detectors composed of silver halide crystals (called
heavy nuclei AgBr) immersed in a gelatin matrix consisting mostly of hydrogen, carbon,
nitrogen and Oxygen called light (HCNO) nuclei with other elements in smaller quantities
[5]. The passage of charged particles through the photosensitive halide crystals renders
them developable under the action of a chemical reducing agent. The result is a trial of
opaque silver "grains" that faithfully record the trajectories and interactions of particles as
they traverse the emulsion. Nuclear emulsions have been used extensively in both
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accelerator and cosmic-ray research because of their compactness of size, 4^-steradian
acceptance angle, high spatial resolution, and large range of ionization sensitivity.

We have previously reported the following results at Dubna energy using emulsion
techniques (i) characteristics of multiple helium fragments produced in C, Ne and Si [6](ii)
study of multiparticle and angular distributions of 6Li, 7Li and C beams [7-8](iii)
Multiplicity characteristics and enhancement study between 6Li and 7Li [9]. The present
study is a continuation of studying the interaction of various projectile beams with emulsion
nuclei at Dubna energy. Here we shall briefly describe the results on the particle and total
production cross sections in the interactions of p, d, He, C, Mg and S beams at 4.5 A GeV/c
with light (CNO) and heavy (AgBr) components of emulsion nuclei. We will also calculate
the corresponding inelastic cross section based on Glauber approach. In addition, the
multiplicity distributions of shower particles produced from light CNO and heavy AgBr
emulsion components are examined in terms of negative binomial (NB) and Poisson
distribution laws.

EXPERIMENT

Table l.The percentage of nuclei in the BR-2 emulsion

Element
Weight

[H
39.52

6 ^

17.72 4.96
8 U

11.99 12.99

108 An47 n9
12.99

The present experiment was performed in a stack of Br-2 emulsion pellicles of dimension
10 x 20 cm2 and 600// m thick which were bombarded by p, d, He, C, Mg and S at 4.5 A
GeV/c.

Each of the stack pellicles was scanned along the tracks, fast in the forward direction
and slow in the backward one. We performed the analysis on about 1000 inelastic
interactions [6-9] from C ion under a high magnification.

In each events the emitted secondary particles are classified in accordance with
standard criteria into the following types:

1. Relativistic single charged particles called showers (s) of relative ionization I/I 0 < 1.4
where I is the particle track ionization and Io is the (minimum ionizing singly charged
particles) ionization at the plateau. Most of them are n -mesons with very high velocity /?
(v/c) > 0.7. The multiplicity of these tracks is denoted by n,.

2. Grey tracks (g-particles) which are tracks with R £ 3 mm and velocity 0.2 </?< 0.7.
They are mainly protons knocked out from target. The multiplicity of these tracks is
denoted by ng. The grey particles with 9 < 3° and I/I0«4 and without change in ionization

along a length at least 2 cm from the interaction vertex are taken as double-charged
projectile fragments with Z=2.

3. Black tracks (b-particles) having R < 3 mm and I/Io£ 4.5. These tracks are produced by
comparatively slower particles emitted from the target nucleus. Grey and Black tracks
taken together are referred to as heavily ionizing particles, the multiplicity of such tracks is
denoted by nh - ng+nb.

4. Any charged fragment at an angle 6 < 3° subjected to multiple Coulomb-scattering
measurement for momentum determination and without change in ionization along a length
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at least 2 cm from the interaction vertex are taken as singly charged projectile fragment of
Z=l (seen as shower) or Z=2 (seen as grey) o r Z > 3 (seen as black) and therefore then
separated.

In order to see how the shower particle multiplicities produced from different targets
of emulsion nuclei, we separated the observed events into two categories

1. nh < 7 interactions with light elements (CNO, A=14)
2. nh> 7 interactions with heavy elements (AgBr, A=94)

This work includes the corresponding results produced from p, d, He, C, Mg and S at 4.5
AGeV/c[4], [7-9], [15-19].

THEORETICAL DISCUSSIONS

Reaction cross sections

The cross-section of production of new particles in hadron-nucleus and nucleus-
nucleus collisions is defined according to Glauber approach as [10]

- n n (! - ptf - *+ f f c ) ) } •
%, (1)

t = i 1=1

b is an impact parameter, y is an amplitude of elastic NN scattering in the impact

parameter representation, {s}}, j=l,2 A and {r* }, k=l,2,...,B are coordinates of nucleons
within, respectively, A and B nucleus on the impact parameter plane. These coordinates are
measured from thecenter of mass of each nucleus respectively, too.

To calculate the inelastic cross-section discussed above, it is necessary to give a

function y{b) and square of modulus of ground state wave function \y/J\ of A and B nuclei.
The approximation

is often used at E * 4 GeV/A. Here 0-^=40 mb is total cross-section of NN interaction,
a =-0.23 is ratio of real part to imaginary part of elastic scattering amplitude at zero
momentum transfer, B=7.6 (GeV/c)2 is the slope parameter of differential cross-section of
elastic NN scattering.

Sets of values am, a and B at different energies are presented in a number of

compilations [11-12]. Function \y/A\2 is often given as

*(r,), (3)
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pA represents one-particle density of nuclei. In this case the aggregate of nucleon
coordinates does not meets self-evident demands

A

= 0. (4)

1 aking into account of this condition "is named an account of center of mass correlation"
—» - >

If projectile is a nucleon it is necessary to set a density pA as a delta-function pA{r) = S(r)
The parameterization from [12] is used for deuterons

3
- r 2 / 4 -y , / r \

,e. , (5)
1 = 1

71 = 225(GeV/c)\ Cl = 0.178/(47r7l)
3/2,

7 2 = 45(GeV/c)\ c, = 0.287/(47r72)3/2,

73 = 25{GeV/c)\ c, = 0.535/(47r73)3/2.

Here r is a distance between a proton and a neutron within a deuteron.
For He nuclei \y/A\ has been chosen as

Where Rw, = 1.37 fm. To all other nuclei (A > 6) a one-particle density has been defined as
r — R

pA(r) = const / (1 + e « ), (7)

with R,, = 1.07 A1/3 fm, c = 0.545 fm. Tcenter of mass correlation has been taken into
account. We have used the algorithm of [10] to calculate the expression w, XCT / ) I/^,H' (

where aA, is the inelastic cross section of the projectile (A) with the target nucleus (i) (i=C,
N, O, for light emulsion components and i=Br and Ag for heavy emulsion ones), w, is the
weight of each target nucleus (i) in the photoemulsion (its values are given in Table. 1)

Shower particle multiplicities

In the present work the validity of NB and Poisson laws are examined for the shower
particle distributions produced from the interactions of p, d, He, C, Mg and S with both
light CNO and heavy AgBr emulsion nuclei.

According to NB law for the multiplicity ns > 0 of singly charged produced particles,

it is assumed that the probability P{ns) is given by [3]

DI \ " V * rl)...(K+ ns-l) ( K \n> ( K \K
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It has two parameters, the mean shower multiplicity <n,> and a real quantity K which is
related to the dispersion D as follows: D2= <n,>+ <n,>2/K. In general the NB law reduces
to the Poisson law when K -» a>:

/>(„,) =
 < n' >n' x e-<nt> (9)

na
Giovanini and Van Hove showed that the NB law arises, from underlying cascade events,
which can be characterized by primary processes each of which is the origin of a number of
secondary particles The fluctuations of the number (N) of such primary processes, which in
the terminology of Van Hove is an ancestor of a "clan", obeys the Poisson law. The number
of particles (nc) produces within the clan follows the logarithmic law:

P(nc) = nc
— , n e > l , Pc(0) = 0.

The parameters <N>, b and <nc> are related to <N5> and K in NB law as follows:

nc > =

<nc>
b=

<NS> +K
(10)

The physical meaning of the K parameter is extensively discussed by Giovannini and Van
Hove [19]. For the cascade process, K is a measure of aggregation of the final particles in
the clan. In other words, it describes the enhancement of the probability that N particles are
produced with respect to the independent particle production described by the Poisson law.

RESULTS AND DISCUSSION

Table 2. The experimental inelastic cross sections of the studied projectiles (A) in the
interactions with CNO (<JACNO) and AgBr (<rArAgBr) components of emulsion nuclei. The
corresponding values according to Glauber calculations are shown in parentheses.

Beam
<7A,CN0

Beam

317 ±35
(279)

11.83 ±79
(1045)

881 ± 21
(909)

2086 ± 49
(2431)

454 ± 33
(439)

1195 ±60
(1350)

AMg
1303 ±101

(1439)
2827 ±173

(2782)

He
585 ± 9

(586)
1564 ± 24

(1813)
32(

1424 ± 83
(1485)

2822 ± 135
(3122)

Table 2 shows the experimental reaction cross section for beams of p, d, He, C, Mg, and
S beams with CNO and AgBr nuclei at 4.5 A GeV/c. The corresponding values calculated
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according to Glauber approach are also included. As can be seen, the reaction cross sections
increase with both the mass numbers of the projectile and target nuclei. The calculated
inelastic cross sections are generally quite close to the experimental values.

The experimental ratio A'AgBr is found to be »3.7 for p beam and « 2.6 for d through
' A.CNO

C beams. These values are nearly equal to (o\

A.CNO A.CNO

respectively. As for

Mg, and S beams the values of this ratio which is observed to decrease to 2.2-2.0, equal
A.AgBr N 0 4

) Figs. 1,2 represent the multiplicity distributions of shower particles produced in
°A.CNO

the interactions of 4.5 A GeV/c p, d, He, C, Mg and S beams with CNO and AgBr nuclei.
The calculations according to negative binomial NB (solid curves) and Poisson (dashed
curves) are also plotted for comparison. It is shown in Fig. 1 that the experimental points
produced from p, d and He beams are satisfactorily described by Poisson distribution, while
the NB law did not work for these beams. On theother hand the NB law has a good fitting
for the experimental distributions produced from the beams C, Mg and S as shown in Fig.2.

For C the NB law agree more clearly with the experimental points than do the
calculations according to Poisson law. As for Mg and S with both CNO and AgBr the NB
may fit the experimental points while Poisson law can not describe the data. In conclusion,
one may observe that the experimental data for n j multiplicity distribution for the light
beams p, d, He with both CNO and AgBr targets can be satisfactorily fitted by Poisson law,
while in the case of C the NB is more valid for most of the considered cases. On the other
hand the NB distribution in Fig.2 shows an agreement with the experimental results of the
n, multiplicity distribution of Mg and S with both CNO and AgBr. It is interesting to note
that the agreement between the experimental data and NB law in the case of AgBr
collisions, especially at lower values of ns, is less than the close agreement in the case of
CNO collisions. This is clearly observed in the results of C and S. The reason for this is
previously discussed in [3-4] that almost all final particles are grouped in a considerably
small number of very rich clans and each of these big clans strongly violates the logarithmic

law The intranuclear cascade processes suggests the physical picture underlying the
formation of these big clans such that in the first steps of the collision a large number of
small primary clans are formed. These small clans obey, in principle, the logarithmic like

law but because of subsequent interactions between the clan members these primary clans
merge such that they violate the logarithmic law.

Table 3. Parameters of NB and Poisson distributions results from CNO interactions.

Projectile
P
d

l2C
2<Mg

K
-21.95 ±2.2

-232.69 ± 16.5
14.4 ±0.90
2.5 ± 0.22
1.44 ±0.28

2.029 ± 0.06

<N>
0.94 ±0.19
2.75 ±0.2
3.21 ±0.20
2.59 ± 0.26
2.66 ±0.13
2.89 ±0.10

<nc>
0.96 ±0.07
1.00 ±0.07
1.12 ±0.07
1.75 ±0.19
2.95 ±0.17
2.22 ±0.1

X'fd.f
0.12
0.44
0.44
0.26
0.77
0.36

Ref.
[15]
151
151

This work[l9]
[4]

[18]
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Table 4. Parameters of NB and Poisson distributions results from AgBr interactions

Projectile
P
d

4He
UC

"Mg
325

K
-5.26 ±0.37
-76.38 ±3.85
33.97 ±1.25
2.06 ±0.13
2.12 ±0.30
1.32 ±0.0

<
1.75
3.71
5.58
3.33

4.64
3.47

±
±
±
±
±
±

>
0.12
0.19
0.21
0.2

0.13
0.11

<
0.85
0.98
1.09
2.49
3.63
4.09

±
±
±
±
±
±

>
0.06
0.05
0.04
0.17
0.12
0.13

x'/d.f
1.58
0.04
0.68
0.51
5.2
0.83

Ref.
15
15

[15]
This work[\9]

[4
[18]

In table 3-4 and Fig.3, the corresponding parameters of <N> and n c of theNB

distributions for all the present beams are summarized. These parameters are related to

<N,> and K through equation (10). The quality of fit can be seen from ^Vd.f. We can

conclude the following remarks:
• The mean multiplicity <N, > continues to increase with A p according to a power

law. The fitting relations to the experimental points are:
<N,>=2.00A 0 3 7 3 for CNO

<N,>=1.92A0-656 for AgBr

• The mean values of <n c> within the clans appears to be almost perfectly constant for

p, d, He, its values are around 0.9-1.1 for both CNO and AgBr collisions. For similar
beams [3] with C target using Dubna Propane Bubble chamber, <nc> is also constant

with values around 1.3. The mean number <N>of clans are 2.75 and 1.75 for p-CNO
and p-AgBr, respectively and increase linearly up to A p =6 with AgBr group, while the

change in <N> is not sensitive through interactions with CNO up to A p =7. In [3], the

validity of NB law for p-C, d-C and He-C in the light of a largely oversimplified model
in which each nucleon of a complex projectile can, on the average, interact only once
with the target nucleons giving rise to a primary clan of particles not interacting
subsequently with the members of other clans or with other nucleons. Then in such
case (p, d, He) with CNO and probably with AgBr, the average number of clans
<N>should be equal to the effective number of interacting nucleons of the projectile and
the average multiplicity <n e> within the clan should be independent of the kind of the

projectile and be equal to that for the interaction of two free nucleons. This suggests
that for all projectiles studied the structure of clans is essentially the same. This agrees
qualitatively with the picture in all primary clans are independent and non-
interacting even if the projectile itself is complex.

• The <nc > value slightly increases for C beam. For heavier beams Mg and S the mean

<n t > appears to be almost perfectly constant for CNO group and slightly increase with
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Fig.3 A power law relation between the experimental mean value <n ,> and the mass

number A p for the present beams in the interactions with CNO (solid line) and AgBr
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values are equal « 2.5 and 4.0 for CNO and AgBr groups, respectively. The relative
increase of<nc> for AgBr group is due to secondary interactions of the clans.

• The parameter K has its minimum value at A p =2 and has its maximum value at

A p = 1 and fluctuates over 1.5-2.1 at A p = 12-32 independent on target type.

CONCLUSION

The experimental results of reaction cross sections for p, d, He, C, Mg and S interaction
with CNO and AgBr target nuclei at 4.5 GeV/c per nucleon are nicely represented by the
calculations according Glauber approach. The multiplicity distributions of shower charged
particles produced from these interactions are satisfactorily described by Poisson law for
beams of p, d and He while the results for C, Mg and S are fitted by NB law. The values of
parameters corresponding to NB law for these beams are qualitatively constant with the
picture of clans. The average number of singly charged particles within the clan is only
weakly dependent on the kind of projectile. This reflects that the structure of clans are
essentially the same for all projectiles. The increase in <n v> for heavy beams may be due

to a secondary interaction of the clans.
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ABSTRACT

Quantum molecular dynamics (QMD) is applied to study the ground state
properties of Li, Be and B isotopes. The model Hamiltonian includes both two-
and three-body density dependent interactions, a Coulomb term, and a
momentum dependent Pauli potential. With parameters which guarantee the
infinite nuclear matter properties, the QMD model can only reproduce the
binding energies for Be and B isotopes. The experimental root mean square
radii of the Li, Be and B isotopes are not sufficiently reproduced by these
parameters. It is shown, however, that the binding energies and root mean
square radii of these isotopes can simultaneously be reproduced in the lower
density limit of the potential parameters.

1 INTRODUCTION

Experimental information about neutron rich nuclei has been obtained by
means of radioactive nuclear beams [1-7]. Systematic studies in a single
theoretical framework are desired for those observed properties of neutron
rich nuclei together with ordinary nuclei.

For most theoretical frameworks of light nuclei, it is not easy to make
systematic researches on the isotopes ranging from ordinary nuclei to
neutron rich nuclei. First of all, the applicability of the mean field
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approaches is not necessarily assured in light nuclei due to the existence of
the cluster model. The properties of ordinary light nuclei with cluster
structure have been studied well with the cluster model. In the model the
existence of cluster is assumed a priori. Furthermore, if a nucleus has shell
model like structure instead of cluster structure, the cluster model does not
provide a good approach. Therefore, it is very difficult to apply either the
cluster or shell models to the study of exotic nuclei for which we have little
information or observed data.

On the other hand, there are many kinds of microscopic simulations that
can investigate nuclear properties and reactions without making any model
assumption such as (QMD) [8], antisymmetrized molecular dynamics
(AMD) [9] and Fermionic molecular dynamic (FMD) [10]. with
antisymmetrization of the total wave function, the last two models are very
suitable for studying ground state properties and reaction processes.
However, they are not commonly used since they need much CPU time
which is approximately proportional to the fourth power of the particle
number A. With various kinds of molecular dynamics, the QMD approach
has been proposed to study high energy heavy-ion collisions [8]. QMD has
been also used for the analysis of fusion reactions, nucleon-induced
reactions, fragmentation in collisions between heavy systems and so on.

In this paper, we apply the QMD method to the investigation of the
ground state properties of ordinary and neutron rich nuclei of Li, Be and B
isotopes. The paper is organized as follows. In the next section (Sec. 2) we
explain the formulation of QMD for our present study of nuclear structure.
The calculated results are given and compared with data in Sec. 3. Finally
in Sec. 4 we give a summary.

2 BRIEF EXPLANATION OF QMD MODEL

The QMD model is n-body theory which simulates all fluctuations and
correlations of the nuclear reactions on an event by event basis. There
exists several flavors of QMD (for a review see [8] ). Aiming to study the
influence of interactions on the ground state properties of ordinary and
neutron rich nuclei, we will adopt the most standard type of QMD model.
The present model is based on two devised models, namely the QMD
model of Aichelin and Stocker [11] and the Quasi-Particle model of Boal
and Glosli [12]. Our explanation of this QMD version here isbrief, keeping
a self-contained style.

In QMD the wave function of an A-nucleon system is assumed to be a
direct product of Gaussian wave packets of nucleons:
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where tm and ^m are the mean position and momentum of the nucleon i
and the width of the wave packet is characterized by the parameter L. The
ground state configuration is defined as an energy minimum state of the
system and is calculated as follows. First, an initial choice is made for the
positions and momenta of all A-nucleons. Nucleons are assigned momenta
distributed randomly with a sphere in momentum space of radius equal
local Fermi momentum. To get the energy minimum configuration, we use
the following damping equation of motion:

where u and v are the damping coefficients with negative values when we
need to cool the system. These values are chosen as u = 400 (MeV/fm.c)
and v= 938.9 (MeV/fm.c)2. The equations of motion are then integrated
using a Runge-Kutta procedure until pOj, rOi becomes sufficiently small.
After 200 fm/c the initially hot nuclei are cooled down to T ~ 0 almost
independently of the starting configuration of the nucleus.

We have adopted the Hamiltonian to consist of non-relativistic kinetic
energy, Skyrme type effective interaction, Coulomb, symmetry and the
Pauli potential:

H = V —— +Hskyrme+Hcoulomb+HsymmetTy+Hpauli (3)
v LTCV

For the form of Skyrme interaction, we use the most simple one:

\V* (4)
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In the treatment of real system, however, we exclude the self-interaction:

Hskyrme= T^~ £ ^ 1, - I, V A ̂  V> A X > " > d \ d \
^P

= H2 + H3 (5)

which is identical to the two and three body interactions, respectively.
We employ the symmetry potential as:

(6)

where T, is the isospin index of nucleon (i). In the nuclear matter limit, this
term goes to

P,

where pp and pn denote proton and neutron densities, respectively.
The Pauli potential is introduced for the sake of simulating Fermionic

properties in a semiclassical way. This potential is taken as [12]

where m is the nucleon mass and the Kronecker deltas ensure that the
potential acts between like particles only.

Finally, the Coulomb energy is taken as

=—-Y (X)
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T o . - T <where erf denotes the error function and TV) =

There are six-parameters in the effective interaction of the Hamiltonian,
eq.(3), i,e, C s , a, p, p 0 , X a n d L- T h e symmetry energy coefficients Cs

is adopted from [12] to be 30.54 MeV. The Skyrme parameters (a, P) are
fixed to their original values -124 MeV and 70.8 MeV, respectively. These
values give the binding energy per nucleon of 16 MeV at the saturation
density po=O.168 fm'3 and incompressibility K=380 MeV for nuclear
matter limit, the remaining two parameters \ * and L are estimated from
[12] by equating the ground state energy per particle of a simple cubic
lattice at a specific density with that of an ideal Fermi gas at the same
density. Three densities are chosen for comparison, po/8, po/4 and po/2 and
for each a locus of values of X and L which yield the same energy as the
Fermi gas are obtained. The reference density is equal to po/4 to take into
account the four spin degrees of freedom in nuclei. In their calculations,
they fix V£ = 1.9 and L=2 fm2, which corresponds to reference density
equal to po/4. We call the parameters taken in this way as standard
parameters of QMD.

3 RESULTS AND DISCUSSION

Fig. 1 shows the comparison of binding energies of the ground state of Li,
Be and B isotopes of our calculations and the experimental values. The
circles connected with solid lines represent the QMD calculations with
parameters fixed to their original values (standard parameters), which
guarantees the infinite matter properties. As one can see with these
standard QMD parameters, the experimental binding energies are
reproduced especially for heavier isotopes (Be and B), for which the local
density approximation is the best. The light model nuclei of Li isotopes are
overbound.

The dashed lines with crosses show the effect of changing dependent
interactions. First of all, the values of the parameters \ J =1.9 and L=2 fm2

which corresponds to the lowest reference density of po/8. Second, the
density dependent two-body interaction part (a) is adjusted by weaking
the strength of its attractive part from a=-124 MeV to a=-l 12 MeV in the
case of Li isotopes and a=-l 16 MeV in the case of Be isotopes and a=-
120 MeV in the case of B isotopes. As one can see, we can reproduce the
binding energies of normal and neutron rich nuclei almost perfectly. Thus
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for the study of the neutron halo structure, it is necessary to give careful
consideration in choosing the interaction parameter such as the density
dependent of the two-body interaction term on which the energies depends
rather sensitively

Fig.2 shows the comparison of the theoretical values of the radii of Li, Be
and B isotopes with the data. The results show that the neutron rich Li, Be
and B nuclei near the drip line have large radii considerably deviated from
the AI/3 law. The circles connected with the solid lines are the results of
the QMD with parameters which guarantee infinite matter properties, the
QMD underestimates the values of root mean square radii for both normal
and neutron rich nuclei. The crosses connected with the dotted line
indicate the QMD results with the use of parameters a=-l 12 MeV, -116
MeV and -120 MeV (the adjusted parameters) for Li, Be and B isotopes,
respectively Again, the agreement is quite satisfactory. Further adjusting
of parameters may be necessary for precise description of 13Be isotope.

It should be noted here that, in Refs.[13,14], the binding energies and
root mean square radii of Li, Be and B isotopes studied with the (AMD)
model where they have adopted the Volkov force (consisting of Wigner
and Majorana components) for the effective two-body interaction and the
MV1 force for the three body interactions. It was found there that the
binding energies can only be reproduced by using Majorana parameter of
the effective two-body interaction which depends on the mass number.
This may show that their results are consistent with ours in that the density
dependent two-body interactions is very important to reproduce the
binding energies and large radii of the experimental data. We consider the
reason is as follows: since the two-body attractive and three body
repulsive force work weaker in how density region, the nuclear system of
neutron rich nuclei prefers having the density distribution extended to
spatially wider region, which results in the larger radii and, relatively,
smaller binding energies.

4 SUMMARY AND CONCLUSION

A systematic study of the structure of Li, Be and B isotopes have been
studied with the QMD model. With parameters which guarantee nuclear
matter properties, the QMD model reproduces the binding energies for
heavier Be and B isotopes, for which the local density approximation is the
best. The model nuclei for Li isotopes are shown to be overbound. The
experimental root mean square radii of Li, Be and B isotopes are not
sufficiently reproduced with the calculations. It is shown that this may be
due to the intrinsic structure of the model nuclei. The observed structure of
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these nuclei are stable, hard and difficult to be excited even for the most
neutron-rich nuclei.

By taking into account the lowest density limit, the strength of the Pauli
potential ^NJ^and the range of interaction (L) are chosen. The density
dependent two body interaction term is then adjusted to give the proper
binding energies for each isotope. The effect of changing these parameters
result in systematic reproduction of binding energies and radii of these
isotopes.

In conclusion, we have found that the density dependence of the effective
interaction plays important roles in getting better agreement with the
experimental data of binding energies and radii of stable and neutron-rich
nuclei of Li, Be and B isotopes, even better than those obtained by AMD
calculations [13,14]. Since the results of the present QMD calculations are
quite similar to those of the previous study of Refs.[13,14] with respect to
the structure change as a function of the neutron number, further study of
low and excited states of the neutron-rich nuclei by using the constrained
frictional cooling method in the QMD approach is desired.
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fig. l: Binding energies of Li, Be and isotopes calculated with QMD model Circles connected with
solid lines denote the QMD calculations with the standard parameters set Crosses connected with
dashed lines denote the QMD results with the use of parameters cc—112 MeV, -116 MeV and -120
MeV for Li, Be and isotopes, respectively Squares denote the corresponding experimental data[5]
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Fig.2: Root mean square radii of Li, Be and B isotopes. They are calculated with QMD model.
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The Hanging Church
(El Muallaqa, Sitt Mariam, St Mary)

The Hanging Church (El Muallaqa, Sitt Mariam, St Mary) derives its name from its
location on top of the southern tower gate of the old Babylon fortress with its nave
suspended above the passage. (Muallaqa translates to 'suspended') The church was first
built, in Basilcan style, in the 3rd or 4th century. However, at that time it is unlikely that
the church would have been constructed in this location. They covered the towers with
palm trunks and a layer of stone. The main church is thought to have been built between
the 5th and 6th centuries with the southeastern section called the "upper church" being
added later. The church was destroyed in the 9th century. It was rebuilt in the 1 lth
century and became the seat of the Coptic patriarchate until the 14th century.

It became known to travelers during the 14th and 15th centuries as the "staircase church"
because of the twenty-nine steps that lead to the entrance.

The church is composed of
a mam court and two
narrow suites separated by
eight columns on
each side. The court is
further separated from the
northern suite by a row of
three columns with
large ogee (arrow-shaped)
arches. Columns
separating suites were
made of marble, except for
one, which was made of
black basalt. Columns,
23.5-m-long, 18.5-m-wide
and 9.5-m-high, had
corinthian-style capitals
derived from earlier
architectural styles.

The church entrance lies
south of the eastern wall of
the front lobby, which is



rendered at present into an
open court, adorned with
geometrical and floral
plaster ornaments. Inside,
there are seven sanctuaries
in which six are in the two
side aisles and one in the
Church of St. Mark which
is above. In front of the
central sanctuary is a pulpit

that dates from the 1 lth century and is supported by fifteen marble columns. On one of
the bastions of the fortress is a chapel built for the Ethiopian saint Takla Haymanot. A
wooden staircase leads up to this chapel. There are many objects that belong to the
church inside the Coptic Museum. There are icons and manuscripts that can be seen
there. Inside the church are collections of over one hundred icons of which the oldest
dates from the 8th century. The craftsmanship of the iconostases in cedar, ebony and
walnut and are inlaid with ivory and dates from the 10th to the 13th century is
incredible.

On the eastern side of the church, there lie three altars dedicated to the names of the
Virgin Mary (middle), St. John the Baptist (right) and St. Mar Guirguis (left). Facing
these altars are wooden screens, of which the central, made of ebony inlaid with ivory,
dates back to the 12th / 13th Century. The screen is stuffed with exquisite geometrical
and cross-shaped patterns. The upper part shows icons depicting Christ as seated on a
throne flanked by Virgin Mary, Arch Angel Gabriel and St. Peter on the right and John
the Baptist, Arch Angel Michael and St. Paul (Boulos) on the left. The altar is covered
with a wooden awning supported by four columns, with a seating platform for the clergy
at the back. In addition to the Hanging Church, there is Abi-Sirga's Church, that lies
some metres below street level.

Adjoining, there are another six churches and a monastery, all of which lie on two rows
separated by a corridor wide enough for the passage of a few persons.
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Abstract

The content concentrations of actinides are calculated as a function of operating reactor
regime and cooling time at different percentage of fuel burn-up. The build-up transmutation
equations of actinides content in an irradiated fuel are solved numerically .A computer code
BAC was written to operate on PC computer to provide the required calculations. The fuel
element of 10% 235U enrichment of ET-RR-1 reactor was taken as an example for calculations
using BAC code. The results are compared with other calculations for the ET-RR-1 fuel rod.
An estimation of fissile build-up content of a proposed new fuel of 20% 235U enrichment for
ET-RR-1 reactor is given. The sensitivity coefficients of build-up plutonium concentrations as
a function of cross-section data uncertainties are also calculated.

INTRODUCTION

The content determination of both burn-up and gross actinide nuclei in an irradiated fuel
is necessary for save guards inspection. Moreover from the criticality point of view the higher
isotopes of plutonium resulting from neutron irradiation, need to be considered [1,2]. The
neutron capture and radioactive decay lead to the creation of actinide isotopes not originally
present in the reactor. The calculation of the concentrations of these isotopes at any location in
the reactor fuel rods and at any time requires the knowledge of flux <j>(r,E,t), the appropriate
cross-section data and the solution of a number of coupled independent equations.

The accurate prediction of neutronic properties during fuel burn-up is very important for
core designs. The calculated neutronic properties have some uncertainty incurred by errors in
the utilized cross-sections and the calculation methods [3].To investigate the differences of
neutronic properties due to the cross-section errors, the sensitivity coefficients of neutronic
properties to cross-section changes of individual nuclides are very useful.

The present work deals with the numerical solution of these coupled independent
equations ignoring the time dependence of the flux and cross-sections. The given solution
takes into consideration the effect of the reactor operating regime and the cooling time on the
concentration of the gross actinide nuclei. The sensitivity coefficients of number densities of
plutonium isotopes due to uncertainties in cross-section data were also considered.
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MATHEMATICAL REPRESENTATION OF NUCLIDE
TRANSMUTATION EQUATION

It is straightforward procedure to derive equations describing the rate of growth and
decay of the isotopes created by neutron irradiation of 235U and 238U . The chains of these
isotopes are displayed in Fig. 1.
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Fig. (1) Chains of U-235 and U-238
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The nuclide field is described by the nuclide density vector as:

N(r,t) = [ N,(r,t) , N2(r,t) , , Nn(r,t) ]

where N ^ t ) is the atom density of nuclide i at position r and time t . This nuclide density
vector satisfies the nuclide transmutation equation:

— Ni(r>t) = Mi(r,t)Ni(r,t)

Mj(r,t) = Ri < <t.(r,E,t) > + Dj
where,

Rj = microscopic cross-section and yield matrix,

Dj = decay matrix,
<j)(r,E,t) = flux at position r , energy E and time t ,
< > = integration over energy .

The solution of the transmutation equation (1) can be given as :

(1)
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Ni(r,tj+1)= \ | A ' [ Mi(r,t) ] Ni (r,tj) (2)

where 11/ [ ] denotes the matricant of the matrix in bracket. In general, this matricant

cannot be calculated analytically and must be computed numerically . If we divide the interval

(tj. tj+i) into k subintervals

0 1 k
tj = tj <tj < <tj =tj+i

and assuming the transmutation matrix to be constant over each subinterval , then the
matncant over each subinterval can be easily calculated using finite difference method . There
is however one difficulty involved in the direct application of the difference equation to the
solution of equation (1). The problem is that the accuracy in the application of the finite
difference method and the time required for the calculations depend on the value of the time
step At [4]. It is not hard to avoid this problem by using appropriate finite difference method
with optimum value of At.

DESCRIPTION OF THE COMPUTER CODE BAC

The computer Code BAC was written in FORTRAN-77 to operate on personal
computers in order to calculate the content concentrations of both burn-up and gross of
actinide nuclei in an irradiated fuel. The computer code has some advantages over well known
programs that can be summarized as:

(1) It uses a finite difference method to solve the nuclide transmutation equation.

(2) It searches for an optimum time step At in order to take into account short lived isotopes
and also to make the finite difference method applicable to a certain accuracy with a minimum
calculation time.

(3) It calculates the isotopic concentrations in an irradiated fuel during cycles of definite
operating and stopping times and also in the cooling time after removing the fuel assembly
from the reactor.

(4) It can calculate the sensitivity coefficients of atomic number densities of the content nuclei
due to cross-section uncertainties in the data used.

(5) It can calculate the isotopic concentrations of actinides along the fuel rod using a
multigroup cross-section data in RZ model.
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RESULTS AND DISCUSSION

The fuel element of the ET-RR-1 reactor (EK-10 type) was taken as an example to
perform the required calculations. The ET-RR-1 is a 2 MW research reactor. Ordinary water is
used as moderator, coolant and reflector. The maximum and average fluxes in the reactor core

are 2 x]013 and 1.3 xlO13 n/cm2. sec respectively . The fuel elements are made of uranium
dioxide dispersed in magnesium matrix and enriched to 10 % U. The fuel is in the form of
rods claded by Al jackets. The effective volume of the rod is 19.2325 cm3 containing 73.332
gm 238U and 8 045 gm 235U. Each 16 rods are assembled in a square array of cross-sectional
area 7.15x7.15 cm2 forming the assembly. The maximum allowed burn-up of the fuel is 25%.
The EK-10 fuel rod is given in details elsewhere [5].

The isotopic concentrations of irradiated fuel were calculated using the BAC code in
one group approximation with cross-section data taken from JEF-14 [6]. The dependence of
build up of actinides on operating reactor regime , cooling time and cross-section uncertainties
was examined .

A- Build-up of Pu Isotopes:

The reactor operating regime was taken in cycles of two weeks with 2 days operation at
full power and 12 days shutdown until the burn-up reached 25% at end of 376 Equivalent Full
Power Days (EFPDs). Fig. (2) represents the results of calculations of the amount of the build-
up plutonium isotopes in mg/gm U , as a function of burn-up percentage. From the figure the
total amount of 239Pu and 241Pu at 25% burn-up is 2.58 mg/gm U.
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Fig. (2) Build-up of Pu Isotopes

The total amount of accumulated plutonium isotopes in gm/assembly for a number of
assemblies of the ET-RR-1 reactor at different burn-up percentage are presented in Table 1.
For comparison the amount of plutonium isotopes calculated from the average energy released
in megawatt days and using the conversion factor [5] are also presented in Table 1.
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Table 1. The Accumulated Plutonium per assembly
ID

3/51

3/34

3/25

3/41

3/12

Burn-up
%

6.84

10.38

12.48

18.14

22.47

Present work
Gm

0.96

1.486

1.777

2.493

2.998

Sultan et al.
gm

0.78

1.17

1.41

2.05

2.54

From the table one can notice that the present calculations give about 15% higher
amounts of plutonium than those given in Ref. [5]. This is may be due to the used value of
conversion factor, moreover authors of Ref. [5] ignored the effect of reactor operating regime
on the accumulated amounts of plutonium.

The effect of reactor operating regime on the accumulated plutonium isotopes at 25%
burn-up was calculated assuming that the normal reactor operation regime is 2 EFPDs and
different shutdown time periods t in days , the percentage change e was given as :

(3)
e =

P.(*o>
x l O O %

where p, is the weight of plutonium isotope i in mg/gm U ,
to is a reference shutdown time between operation cycles ( 5 days ) .

The results of calculation are displayed in Fig. (3). From the figure the 239Pu and 240Pu
reach maximum values at 12 days shutdown between operation cycles, which is close to the
normal operating regime of the ET-RR-1 reactor.
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Fig. (3) Percentage Change of Pu isotopes Vs Stopping Time
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Another operating regime which may affect the accumulation of plutonium is the
variable EFPDs at constant ratio of operation to shutdown times between cycles. Therefore,
the number of cycles N for a specified regime can be given as :

N = Total EFPDs to reach 25% burn-up / EFPDs for each cycle

Thus equation (3) for the percentage change E can be applied with p as a function of number
of cycles N.

The constant ratio of the selected regime was 25 hrs/week . The results of calculations
( Fig. (4) ) show that the plutonium isotopes content increase with the increase of number of
cycles .
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Fig. (4) Percentage Change of Pu Isotopes Vs
Number of Operating Reactor Cycles

B- Build-up of Np Isotopes:

The concentration of 237Np, 238Np and 239Np as number of nuclei / cc, were calculated at
376 EFPDs (25% burn-up) and found to be l.lxlO18, 8.2xlO14 and 1.5xlO17 respectively.
These values were given immediately after the end of 376 EFPDs. Since 238Np and 239Np
isotopes are short lived, consequently their accumulation take place mainly during the reactor
operation, while after few days of reactor shutdown this accumulated intensity are almost
decayed. Therefore, the effect of reactor operating regime on the accumulated Np isotopes is
more pronounced than in case of Pu isotopes . The percentage changes 6 were calculated for
Np isotopes immediately after 25% burn-up and displayed in Fig. (5). From the figure e
reaches a constant value after 12 days of reactor stopping time i. e. during the normal
operation of the ET-RR-1 (2 EFPDs / two weeks) the accumulated Np reaches almost
saturation. Such regime was almost the actual operating regime of the ET-RR-1 reactor during
the sixties
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C- Build-up of Am and Cm isotopes:

The build-up of Am and Cm nuclei / cc were calculated as a function of burn-up
percentage. The results of calculations are displayed in Fig. (6) for a reactor regime 2 EFPDs
per two weeks. From the figure the accumulated densities are increasing with the increase of
burn-up.
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Fig. (6) Build-up of Am & Cm Isotopes

The effect of the reactor operating regime on the accumulated Am and Cm isotopes at
25% burn-up was also calculated. Fig. (7) shows the percentage change e of the accumulated
Am and Cm due to different shutdown time periods. From the figures it is shown that the
value of the percentage change s for 241Am and for 242Am increases linearly with increasing
shutdown periods, while the amount of accumulated 242Cm reaches maximum at operating
regime 2 EFPDs per month, which is the real operating regime of the ET-RR-1 reactor during
the nineties.
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Fig. (7) Percentage Change of Am (a) and Cm (b) Isotopes Vs Stopping Time

D- Activity of Fuel Assembly EK-10 After 25% burn-up:

The characterization of radiation sources from the spent fuel is an important aspects of
the shielding analysis. Therefore, the activity of actinides of the fuel assembly of EK-10 type
was calculated after 25% burn-up with operating regime 2 EFPDs per two weeks and with
different cooling times after removing the assembly from the reactor. The results of
calculations are listed in Table (2) and compared with those reported in Ref. [7] , where the
authors of this reference used the computer code ORIGEN in thier calculations. The slight
difference between the two results may be due to the fact that the authors of Ref. [7] ignored
the shutdown period between operating reactor cycles.

Cooling
Time

Month

0

1

3

6

9

12

Table (2). Activity of Fuel Assembly EK-10 After 25°/
Pu-238

xlO' Bq

Present

5 199

5 197

5 191

5 183

5 174

5 165

Csapo

-

-

5 137

-

-

5 22

Pu-239
xlO'Bq

Present

7612

7 613

7 613

7 613

7613

7613

Csapo

-

-

7 599

-

-

7 598

Pu-240
xlO'Bq

Present

2 174

2 174

2 174

2 174

2 174

2 174

Csapo

-

-

3 680

-

-

3 680

Pu-241
xlO" Bq

Present

3 145

3 133

3 109

3 074

3 038

3 002

Csapo

-

-

4 116

-

-

3 969

> Burn-up
Am-241
xlO'Bq

Present

0871

0911

0 989

1 107

1222

1343

Csapo

-

-

-

-

-

2 093

Cm-242
xl0'°Bq

Present

3 696

3 254

2 521

1 719

1 173

0 783

Csapo

-

-

3 253

-

-

1014
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E- Future New Fuel of the ET-RR-1 Reactor:

When the existing stockpile of EK-10 assemblies runs out and the reactor is operating
possibly at higher power, a new fuel type will be used . Taking into account the Safeguards
considerations, the maximum enrichment of the new fuel will be 20%. The fuel type to be
taken into account in the future is a plate-type MTR assembly with 20% initial enrichment.
The mass content of 235U in the assembly will be 180 gm. The maximum burn-up of the
proposed fuel is 65%. An estimation of fissile build-up content of the proposed new fuel and
the activity after one year cooling time of the spent fuel were calculated using the BAC code.
The results of calculations are listed in Table (3) and compared with those reported in Ref.

[71

Table (3) Actinides Build up and Activity for MTR-20 fuel Assembly

Isotope

92 -U -236

94-Pu-238

94-Pu-239

94-Pu-240

94-Pu-241

94-Pu-242

95-Am-241

96-Cm-242

mg / gm U

16.730

0.356

4.070

0.670

0.070

0.150

0.024

0 008

Activity after one year cooling
Present

2.000 E-04

2.073E+11

8.629E+09

5.087E+08

2.336E+12

-

6.559E+09

1.729E+11

Csapo (1997)
-

1.627E+11

-

-

3.915E+12

-

-

1.010E+11

From the Table one can notice that the amount of build-up fissile Pu isotopes are too low to
235 Tcompensate the depleted U.

F- Sensitivity of Accumulated Actinides to Cross-Section Uncertainties:

The sensitivity coefficients of atomic densities at the end of 376 EFPDs were calculated
using the BAC code in the one group approximation with cross-section data from JEF-14 [6].
The sensitivities of plutonium isotope atomic number densities in a depleted EK-10 fuel
element for the effective thermal cross-sections uncertainties are displayed in Table (4). Here
the sensitivity means the variation of the atomic number density N due to a cross-section
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change Aa relative to the reference number density No obtained by the reference cross-section
set a0. The sensitivity coefficient is given by:

c _ 6N . 6a
o — /

N o CT0

Table (4) Sensitivity of Plutonium Isotopes
for Various Thermal Cross - Sections

0
Cross-Section

92-U-238
Capture

94-Pu-239
Capture
Fission

94-Pu-240
Capture

94-Pu-241
Capture
Fission

Pu-239

1.0

-0.08887
-0.1954

0

0
0

Pu-240

1.001

0.9334
-0.1409

- 0.3054

0
0

Pu-241

0.9998

0.9496
-0.110

0.7479

- 0.03749
-0.1042

Pu-242

0.9956

0.9598
- 0.0856

0.7978

0.9784
- 0.0825

239

238T

From the Table one can see that the Pu atomic number density is sensitive to
U(n,y), 2JTu(n,y) and ^Tu(n,f). Especially significant, the contribution of "*U(n,y) is the

238Tmost prediction error of Pu atomic number density. The U(n,y) contribute ~ 80% of the
-239total prediction error of Pu atomic number density.

238T 239 t 239T

240
The *"Pu atomic number density is sensitive to U(n,y) , Pu(n,y) , jyPu(n,f),

Pu(n,y) 241Pu(n,y) and 241Pu(n,f). The contribution of 238T 239 240TU(n,y),/JVPu(n,y)and/wPu(n,y)
consist the most prediction error ~ 90% of the total prediction error of Pu atomic number
density.

CONCLUDING REMARKS

The computer code BAC can be used to calculate the isotopic concentrations of
actinides in an irradiated fuel during cycles of definite operating and stopping times , and
cooling time after removing the fuel from the core . It also calculates the sensitivity
coefficients of atomic number densities due to cross-section uncertainties in the data used .
The calculated values of isotopic concentrations of actinides in an irradiated fuel depend on
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the reactor operating regime and the uncertainties in the data used. In order to compensate the
calculation error, an exact history of the depleted fuel must be known.

In order to decrease the prediction errors due to cross-section uncertainties, the cross-
section adjustment method can be applied. These error values can be decreased by utilizing
experimental information. The authors of this paper had described in a previous work a
proposed nondestructive method and its feasibility study for the determination of uranium and
plutonium contents in an irradiated fuel by neutron transmission method [8]. Using such
experimental data the cross-section data can be adjusted .
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Abstract

A non-destructive method for the determination of U-235 and U-238
contents in fresh reactor fuels is presented. The method is based on the
adaptation of the multilevel shape fit analysis of slow neutrons time - of - flight
(TOF ) data, for neutrons transmitted through fresh fuel rods .The neutron TOF
spectrometer -installed in front of the pulsed neutron source of the powerful
electron accelerator M - 30 Microtron (Institute of Physics and Energetics,
Obninsk, Russia) was used to perform the neutron transmission measurements.
For fit analysis, the resonance parameters of U-235 and U-238 are taken into
account. The measured uranium contents for different enrichments were found
to agree with the proclaimed values within 2%.

Keywords: U-235, U-238, Neutron TOF.

Introduction

The content determination of the fresh reactor fuel is necessary for
safeguards inspections. Most of the existing methods are either destructive or
depending on mass - spectrometric analysis.

Priesmeyer et al [1] reported a direct non-destructive method for the
determination of the absolute isotopic assay in irradiated fuel by neutron
resonance analysis. He showed that the content of the isotopic assay in low
enrichment irradiated fuel (2.8% UO2) may be done using a simple neutron
resonance analysis of TOF transmission measurements taking into account the
known parameters of resonances in certain fissile and fission product (F.P.)
nuclei. Experiments of this kind have been performed with the Fast-chopper of
IKK at FRG. 1 research reactor. The neutron resonances selected by Priesmeyer
for the analysis are situated at neutron energies up to 50 eV.

Recently K. Naguib et al. reported a feasibility study of U-235, Pu-239
and Pu-240 content determination in an irradiated fuel by neutron transmission
analysis [2]. The neutron transmission of irradiated fuel (10% UO2) was planned
to carry out using TOF spectrometer. The neutron transmission data were
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analyzed using an adapted multilevel shape fit computer code [3].The
disadvantage of both methods is that the TOF resolution of neutron mechanical
choppers is decreasing with the increase of neutron energy [4,5]. Therefore the
neutron resonances situated at higher energies are not well resolved and
consequently the accuracy in determination of fresh uranium content from
neutron transmission is limited. While the TOF resolution of a pulsed neutron
source is almost constant over the whole energy range of interest [6].

The present paper deals with the analysis of the neutron transmission data
through fresh reactor fuel with different enrichments of U-235 using the
multilevel shape fit method. The pulsed neutron source was used to perform the
neutron transmission measurements. The method can be applied for the
solutions of technological problem concerning the non-destructive homogeneity
control of the manufactured U-Zr rods.

Principles of Multilevel Shape Fit Analysis

There are many formalisms for reconstructing energy dependent cross-
sections from resonance parameters in the resolved region. The most common
formula is the multilevel Briet-Wigner (MBW) one. A multilevel computer code
FRESH (an adapted version of code SHAPE written by Naguib [2]) was used to
analyze the neutron transmission data from TOF measurements. The shape
analysis deduces the parameters of the observed resonances at neutron energies
higher than the cadmium cut off and up to 25 eV. The FRESH code is based on
a least square fit of MBW formula neglecting only resonance- resonance
interference term and includes both instrumental resolution and Doppler
broadening.

In the present work the computer code was adapted to fit the measured
transmission data of the fresh fuel rod to the calculated one. The energy
dependent transmission in the resolved energy region was calculated according
to MBW while resonance parameters are taken from Tables like recent
BNL-325 [7]. For an assay of U-235 and U-238 isotopes the content of U-235 is
taken into account as its relative peak cross-section oei of its certain resonance.
The cjei can be given as:

m

Where aOi is the peak cross-section at energy Eo of the isotope i and Nj/Nm is the
relative abundance of isotope i to the major isotope.

The procedure for obtaining the U-235 and U-238 content nuclei is to
assign two resolved resonances for each isotope and then carry a certain number
of interactions varying the values of their effective cross-section at fixed values
of energy and total width to achieve the best fit to the experimental data.The
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number of interactions depends upon both the degree of convergence to the
experimental data and the required accuracy.

Experimental Set-up

The TOF spectrometer installed in front of the pulsed neutron source was
used to carry out the neutron transmission measurements of reactor
fresh fuel rods . The neutron source is produced as the result of bombardment of
a homogeneous electron flux of the electron accelerator (M-30 Microtron) on
lead target . The obtained electron energy could be varied from 5 to 30 MeV
with a mean electron current of 50 uA, which is accumulated in pulses of peak
current up to 40 mA, durations from 0.1 to 3.0 u. sec and repetition rate from 10
to 2000 pulse /sec, where the pulse duration and its repetition rate can be varied
independently. The peak neutron flux after polyethylene (3cm thick) moderator
reaches 1.0 E12 neutron/sec.

The measurements were carried out at 16.5 meters flight path. A cadmium
filter was used to avoid the contribution of recycled neutron at pulse repetition
rate of 400 pulse/sec.The M-30 Microtron is described in details elsewhere [8,9].

The fresh fuel samples under investigation, were placed in organic
collimator at a distance of 3 meters in front of a shielded detector housing,
which consists of three He-3 gas filled detectors . The detector counts were
recorded by a 4096 multi-channel time analyzer. The channel width of the time
analyzer could be varied from 0.1 to 2.0 jisec.

Results and Discussion

The neutron transmission measurements through fresh reactor fuel with
different enrichments were carried out for neutron energies from ECd up to 25eV.
The Uranium-Zirconium rods 0.9 cm in diameter and density of 4.4 gm/cm
were fixed at the entrance of slit collimator with cross-sectional area 0.3 x 4.0
cm2. The measurements were performed when Microtron accelerator was
operating at l|isec pulse duration, 300 pps and 25 uA average current. The
channel width of the time analyzer used was set at 0.5 fj, sec. It was found that
the counting rate per 0.5 u,sec channel width within statistical accuracy of 1%
requires 4 hours measuring time. Fig. (1) displays an example of the resulting
TOF spectra of neutrons transmitted through fresh rods with 4.4% and 20%
enrichments. The dips in the transmission curves were found to be due to the
strong neutron resonances of both U-235 and U-238.

The neutron transmission curves were analyzed using the FRESH code.
The resonance energies and peak cross-sections needed [7] for the fit shape
analysis are listed in Table (1). The evaluated total neutron cross-sections curve
for the contribution of U-235 and U-238 resonances taking into consideration
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Fig 1. Transmitted neutron spectra through fresh uranium rods.
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Table 1. Resonance energies and peak cross-sections.

Isotope

U-235

Eo(eV)

1.135

2.028
2.840
3.145
3.613
4.845
5.446
5.830
6.210
6.390
7.080
8.780
9.280
9.740
10.180
10.800
11.660
12.390
12.850

CTo(barns)

39.8

104.0
9.2

73.2
192.4
400.4
75.9
32.8
27.6

1189.1
368.5
1349.2
163.5
23.4
91.1
2.8

1477.5
1956.1
46.8

isotope

U-235

U-238

Eo(eV)

13.28

13.69
14.02
14.51
15.40
16.08
16.68
18.05
18.96
19.30
20.13
20.62
21.07
6.67
10.25
11.32
16.30
19.50
20.90
36.80

CTo(barns)

68.1

42.5
76.9
191.7
234.6
520.4
185.5
173.9
64.7

2083.9
39.8
127.5

1376.8
21793.9

14.5
2.9
0.3
6.9

32199.1
40121.4

both instrumental resolution and Doppler broadening are displayed in Fig. (2).
The neutron resonances of 6.67 eV and 20.9 eV were assigned for the
determination of U-238. While at 8.78 eV and 19.3 eV for U-235. Fig.(3) shows
the results of least square fit of the dip at 6.67 eV as the influence of U-238
resonance of the fuel rod with 4.4% enrichment. The uranium contents for
different rods with 20% enrichment were determined and listed in Table (2).

From Table (2), the deduced contents of uranium isotope were found to agree
with the proclaimed values within 2%. Similar results were obtained for rods
with 4.4% enrichment.
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Table 2. Calculated uranium content for different rods.

No.

1
2
3
4
5
6

Average

U-238
1.0E 19 at/cm2

753 ± 1 0

7 6 0 ± 1 1

7 7 7 ± 1 1
784 ± 9

744 ± 12

753 ±11

762 ± 14

%

79.8 ±1.1

80.5 ±1.2

82.32 ±1.2

83.1 ±1 .0

78.8 ±1.3

79.8 ±1.2

80.7 ±1.5

U-235

1.0E19 at/cm2

165 ±15

150 ±25

185 ±20

205 ±15

170 ±25

220 ± 30

182 ±24

%

17.26 ±

15.69 ±

19.36 ±

21.44 ±

17.79 ±

23.00 ±

19.1 ±

1.6

2.6

2.1

1.6

2.6

3.0

2.5
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Conclusions

The applied multilevel shape fit analysis is useful, non-destructive and
simple method for the determination of uranium isotope contents in a fresh fuel
within an accuracy better than 2% which is acceptable for safeguard
requirements. Moreover, the method can be applied as a non-destructive
homogeneity control test of the manufactured U-Zr rods.
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Abstract

The present work deals with neutron diffraction measurements
performed using the Cairo Fourier Diffractometer Facility (CFDF) for
stress analysis.The CFDF has 0.45% resolution and a value 1.1 x 106

neutrons . cm'2, s"1 of integral neutron flux at the sample position.
While one of the two samples used for the present measurements was
made from two steel cylinderical rods ( 5.5 mm in diameter)
electrically welded together, the second one was a stress free steel rod of
the same material. The stress distribution after welding was studied
from the measured, by the CFDF, diffraction patterns. It has been found
from the present measurements that the strain at the welding point is higher
than any point far from it; verifying that the CFDF can be successfully used
for stress measurements.

Key words: neutron diffraction, diffraction patterns, stress analysis

I. INTRODUCTION

The presence of residual stress in engineering components can siginficantly
affect their load carrying capacity and their resistance to fracture . In order to quantify
the stress effect , it is necessary to know its magnituude and distribution[l]. Residual
stress, can be intoduced into components during fabrication and also as a result of
creep and plastic deformation incured during use.The manufacturing processes
which result with residual stresses are welding, forging, bending and machining
operations.

The de Broglie wavelength of thermal neutrons is comparable to atomic
sapcings. In addition, neutrons and phonons have energies of the same order of
magnitude . These two properties alone make neutrons an ideal prob for the structure
and dynamics of condensed matter systems . Neutrons are highly penetrating (with few
exceptions ) since they have no charge, and they can be used for nondestructive study
of bulk materials. Accordingly , nondestructive neutron diffractometry as one of the
powerful tools could be used for studying the deformation, due to stress, of materials .
Several laboratories, at the time being , make use of the available neutron
diffractometers for evaluation of the residual stress in order to serve the industry[l-5].
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The present paper presents the preliminary results of neutron diffraction
measurements, performed for stress analysis, using the CFDF.

II. EXPERIMENTAL DETAILS

The present measurements were performed using the CFDF. The CFDF is based
on the reverse time of flight (RTOF) principle[6]. The layout of the CFDF
diffractometer, recently installed in front of one of theET-RR-1 reactor horizontal
channels, is schematically given in Fig .1. It consists of the main curved neutron guide,

11

1. ET-RR-1 Reactor

3. Curvedmeutrom guide
4. Reactor Halts wall
5. Corridor

6. Fourier chopper
7. Straight neutron guide
8. Sample table
9. ffffTfof 10% Evacuated tube
II, Heutran beam catcher

FIG. 1 The layout of the CFDF dif&actometer

22 m length, followed by the Fourier chopper of 1024 slits and a straight neutron
guide (2 m length) for neutron beam collimation. Neutrons after that are incident on
the sample and diffracted at right angle (29=90°); then detected by a detector
constructed from four Li-glass scintillation detectors arranged together according to
the time focusing geometry .The main parameters of the CFDF are given in table. 1.
More details about the facility can be found elsewhere[7,8].

Table 1 The parameters of the CFDF

0.5-3.0
0.4$%
1.1x10
2.125
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The samples used for the present measurements arc two steel rods. While one
of them is constructed from two electically welded rods ,the other one is from the same
steel rod but without welding .Both samples are of the same diameter (5.5 mm).
Diffraction patterns were measured for these samples using the CFDF at the following
conditions:

- The Fourier chopper speed 8000 rpm
- The delay time = 2048us.
- Area of the neutron beam incident on the sample =0.55 cm2.

The measurements were performed for the welded sample at the welding point, 2 cm
and 4 cm distances from it. Besides one diffraction pattern was measured for ihe
sample without welding.

III. RESULTS AND DISCUSSION

The diffraction patterns obtained for the welded sample weie all similar to that
one displayed in Fig.2b which was measured at the welding point. Fig.2a represents
the diffraction pattern measured for the stress free sample. All of them covered d-
spacing values between 0.52 - 3.11 A; respectively for the channel numbers from 200
to 1200.

9O0O0-

tOOOO-

40000.

3OO0O

lit

Ml «•

JlU

200

6 3U> 4i» tOO tOOO

60000.

40000-

30000

200 400 tOO »W 1000 1200

Channel numbers

FIG.2 The measured diffracion patterns; a) stress free steel b) welding point
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The internal 'lattice' stress presented in material is obtained from the measured
elastic 'lattice' strain produced in the crystallite of which it's composed[4]. The strain
is determined using Bragg's law of diffraction:

2dhW sin & = X. (1)

where dhkl is the crystallite lattice plane spacing corresponding to Bragg reflection
(hkl) observed at scattering angle (phkl = 2 &h', X the neutron wavelength, and (hkl) are
Miller indices of diffracting planes.
The elastic strain , £hkl, is given by:

(2)ehki ~ (dhki - d 0 hki V do hki

where dOhkl is observed for the stress free sample[l] .

«xw>.

toooo-

40000.

30000'

400 405 410 41t 410 42i 4M 43S 440 44i 4*0

M l t l i l l i i t X W M W W W W

iou lioo iw tito ittt u'so nis itM iija U40

Channels •

FIG.3 The peaks observed at different lattice planes; a-(l 10) plane, b-(200) plane, c-(211)
plane.
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The peaks observed in all diffraction patterns for the (110), (200) and (211)
planes are presented in Fig.3. These planes were chosen as they covered d-spacing
values where the CFDF resolution[7,8] is ~ 0.45%. The strains were determined,
according to eq.(2), by the relative change between the measured and the strain free
lattice plane distances d and d0 respective'v. In table 2 are given the strains SQ , £2 a nd
e4 (respectively for the welding point, 2cm and 4cm distances from it) for (110), (200)
and (211) planes. It is noticable that the strain is the highest, for all planes displayed in
Fig.3, at the welding point. The stress forces are calculated from the measured strains
using the material-specific elastic constants depending on the appropriate models[9].

Table 2: The strain values deduced for different lattice planes

d&E

hid

110
200
211

do(A)

2.8775

1.6447

1.1008

dw(A)

2.8879

1.6498

1.1046

£o

3.614x10°
3.101xl0"J

3.452x10°

d2(A)

2.8620

1.6343

1.0904

e2

-5.387x10°

-6.323x10°

-9.448x10°

d4(A)

2.8749

1.6434

1.0982

64

-0.904x10°
-0.790x10°

-2.362x10°

It is concluded that the CFDF can be successfully used for stress measurements.
As the CFDF allows for the simultaneous measurement of several d-spacings then it
can be used for studying different types of stress in samples; such as the multiplane
stress, the functional gradient materials and the fiber - reinforced matrix composities.
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Abstract

The present work deals with a new approach for the reverse time of
flight (RTOF) analysis of the diffraction spectra. The approach is based on
the same RTOF concept used for the design of a separate RTOF analyzer and
applies, for data acquisition, a special interface card and software program
installed in a PC computer, to perform the cross-correlation functions
between the three signals received from the chopper decoder, detector and the
pulsed neutron source respectively. The new approach have been realized for
use with a Fourier diffractometer facility based on the RTOF concept. It has
been found from test measurements performed with the high resolution
Fourier diffractometer (HRFD) at the IBR-2 reactor (JINR, Dubna) that the
new approach can successfully replace the RTOF analyzer.

Key words: diffractometer, neutron spectra, correlation method

1. INTRODUCTION

The time-of-flight(TOF) method has been used successfully for studying the
properties of condensed matter as it allows to study the sample under exceptional
conditions e.g. at high pressure or temperature. Correlation TOF methods, using either
Fourier or pseudo-random beam modulation, have been developed [1,2] for using the
available neutron flux in a way more economic than the usual Fermi chopper systems,
and without deterioration of the resolution. The Fourier approach offers, regardless of
resolution requirements, a high duty cycle combined with the possibility of exploiting
a large beam area; it allows for a duty ratio up to 50% while the Fermi chopper
systems make use only of -0.1-0.5% of the available neutrons[3,4]. The Fourier
method has been improved by the reverse time-of-flight (RTOF) concept [5-7] which
is based on the triggering of the TOF analyzer by the detected neutrons instead of the
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position of the rotor. At present, there are four Fourier diiTractometers in the world in
operation [8-11]. All of them apply a special (Finnish made) RTOF analyzer, which is
expensive and has to be especially manufactured. Consequently there was a need for a
new approach for the RTOF analysis of the measured diffraction spectra. Such
approach was introduced and tested [121 at the Cairc Fourier diffracton-i^v facility
[CFDF]. The approach is based on. the same RTOF concept of the Finnish made
analyzer. It applies an interface card attached to a fast PC computer with especially
designed software. The obtained results of the test measurements at the CFDF were
not good enough due to the high level of noise and background, observed in the
measured diffraction spectra; compared with the results obtained from the Finnish
analyzer. Accordingly, the new approach has been further developed and improved.
It is presented in this paper along with test measurements performed with the high
resolution Fourier diffractometer (HRFD) at the IBR-2 reactor (JINR, Dubna).

2. THE RTOF ANALYZER ARRANGEMENT

The electronic system, combined with the Fourier chopper, and used for the
RTOF analysis of the measured spectrum is schematically given in Fig.l.
Accordingly, the Fourier chopper modulates the neutron beam intensity following the
X(u))(t) law. Simultaneously the chopper optical sensor produces the Y ^ t ) basic

c a m p i *

FIG. 1 The electronic system used for the RTOF analysis for the steady state reactors

electrical reference pick-up signals in phase with X(w)(t) intensity of the neutron beam
The modulation frequency, u>, is determined by the rotation speed of the chopper disk
and changes, according to a special frequency window g(u>), from zero to a maximum
value f2. In addition, the RTOF analyzer has a main memory with N channels and a
shift register, of the same number of channels, contains a pattern of the reference pick-
up signal, which is changing with time over the interval from (t-AN) to t. The
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reference pick-up signal is connected to the main input of the shift register while pulses
from the clock generator with a period of A(determines the channel width) are
connected tc the control input. Each yukz from the clock generator executes moving
of the contents of all shift register channels by one channel to the right and as a result,
the first channel acquires acting in the given moment t significance of an auxiliary
signal (0 or 1). Thus, inside the shift register appears a running pattern of rectangular
pulses, which exactly reflects the time behavior of the auxiliary signal Y^t-Tj), where
i is the channel number and r, is the time delay (ri=i.A).

Storing of the experimental spectrum Z, in a Fourier analyzer occurs as follows.
The parallel transfer logic starts at the moment of registration by a detector of a
neutron and reads out contents of each channel of the shift register and adds up these
contents in the appropriate channel of the main memory. Consequently, the
accumulated data in the RTOF analyzer represents the measured spectrum. More
details can be found in Refs.[9,13,14].

3. THE NEW DATA ACQUISITION SYSTEM

The new data acquisition system has been considered to replace the RTOF

analyzer. It makes use of an interface card designed especially for data acquisition and

a software program to drive the interface card and to perform the correlation analysis.

3.1. The interface card

The interface card has been designed to be inserted in one of the PC 's EISA
slits, where the addresses from 0x300 to 0x3 IF have been devoted for it. Accordingly
the interface card receives the pick-up, the neutron intensity and the start signals from
the chopper, detector and the pulsed neutron source (in the case of a pulsed beam
reactor) respectively. Thus, the function of the interface card is to adapt the data
collected from these input signals in order to be ready in the binary form when the
program makes access to the interface card. The block diagram of the interface card is
given in Fig. 2. The address decoder unit generates a device select signal when a
certain address is present on the PC address bus. So, the interface card will be
accessed only when the program performs an I/O operation includes that address. The
function of the uock generator is to generate the different clock frequencies which are
required for signals synchronization and the timing of data transfer between the
different units of the interface card. The output frequencies of this unit are : 20 MHz,
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time-channel clock(500, 250 or .125 kHz) and double-time-channel clock. The source
and pick-up units receives the signals coming from the pulsed reactor and the chopper
respectively to bi_ latched a\ two separate latch regibten> triggered by the time-channel
clock. The detector unit allows to receive the neutron intensity signals from two
separate detectors to be synchronized with the 20 MHz clock and then count the
number of neutrons detected by each of them during every time-channel. So, a
separate 4-bits counter is used for each detector. Instead of resetting these counters at
the end of every time-channel, to avoid losing of detector pulses which may arrive
during the reset time, the contents of each counter are latched in 4-bits latch register
synchronously with the rising edge of the time-channel pulse. This means that the
contents of this register always equal the counter value at the end of the previous time-

pu lied
tource

FIG. 2 The block diagram of the interface card

channel. The outputs of the counter and the latch register are connected to a
subtractor. So, as a result, the output is the difference between the current value of the
counter and its old value by the end of the previous time-channel. This output will be
latched in a 3-bits latch register triggered by the positive edge of the time-channel
clock. Every time-channel, there will be 8-bits of data distributed as: 3,3,1 and 1 bit
from detector-1, detector-2, pick-up unit, and the source unit respectively. The
computer can not be forced to read this data synchronously with the time-channel
clock- because the CPU can be internally interrupted at any moment giving rise to
losing the current data and consequently distortion in the resultant diffraction pattern.
To avoid this critical situation, the data will be stored in FIFO memory (some kind of
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memory based on the first-input-first-oulput technique) to be retrieved later by the
computer in the same sequence (first in first out). The complete utilization of the 16-
bits IESA bus of the PC will reduce the time required for the I/O operations.
Accordingly, the program will read the data from the interface card as 16-bits words
instead of 8-bii- ones. To achieve thk mjrno^e. every two successive 8-bifs of data
will be written simultaneously into two parallel FIFO units(FIFO-l and FIFO-2, each
of 9-bits width and 2048 word depth in the current design). So, the 8-bits of data
available by the end of the odd time-channel will be saved in temporary register. The
next 8-bits available by the end of the even time-channel will be written to FIFO-2
simultaneously with moving the first 8-bits from the temporary register to FIFO-1.
The positive and negative edges of the double-time-channel clock are used to perform
this operation. The operation of writing data to FIFOs is independent of what the
computer is doing at the moment to avoid data losing during the CPU internal
interrupts. At the same time, the program retrieves the data stored in the FIFOs in the
same order (first input first output). The speed of the computer as well as the depth of
the FIFO memory must be large enough to compromise between the rate of writing
data to FIFOs and the rate of reading this data by the program. The empty flag(EF) of
FIFO indicates whether the device is empty or not. Also, the full flag(FF) will go
LOW, inhibiting further write operations, when the device is full. These flags will be
used through the program to manage the read operations.

3.2. The software program

Although the interface card was designed to work with the steady state reactor
as well as the pulsed one, the situation for the program is completely different. There
are two versions of the program, one for the pulsed reactor and the other for the steady
state one. Concerning the high resolution Fourier diffractometer attached to the pulsed
beam reactor IBR-2, where the pulsing frequency is 5Hz, the time interval between
each two successive start pulses is 200 ms. The effective neutrons pulse width is 440
micro seconds. The program begins by acquiring the required parameters from the
operator, these parameters are : the measurement time (in minutes), channel width
(in /J,S), number of channels(usually less than 9000 channels), reactor pulse width (in
/is), pick-up delay (in channels), and start pulse delay (in channels). Accord ng to the
measurement time, the program calculates the number of start pulses which should be
received from the reactor via the interface card. Then the program performs an output
operation to reset the FIFOs and set the time-channel frequency. The program
continues sensoring the pick-up signal until its value changes indicating that the
chopper begins to rotate which means the start of the measurement time. Since the
time required for reading 9000 channels is 9000 x channel-time width, ther for 4 u,s

517



time-channel width, such time equals 36 ms. During this time the program is dedicated
only for retrieving data without performing any calculations. The performance of the
program was so maximized that it can retrieve the data collected during the neutron
pulse duration and calculate the correlation functions within the remaining time(164
ms). Consequently, the speed of the computer should be high enough to be able to
complete the required calculations prior to the arriving of the next reactor pulse. It has
been found experimentally using a logic analyzer to sense the foil flag(FF) that the
program finishes successfully the required calculations in time less than 160 ms for
one detector only. Then the program performs an output operation to reset the FIFOs
to remove the undesirable data waiting for the next start signal from the reactor. The
program calculates the cross-correlation functions between the neutron intensity
registered by the detector and the sequence of delayed modulation functions of the
neutron flux produced by the pulsed source and the chopper. For the case of the pulsed
beam reactor (IBR-2) where the electronic layout represented in Fig.l (for the steady
state reactor) becomes as given in Fig.3. The process of spectrum formation proceeds
in a real time mode and amounts to calculating the following function over the entire
period of experiment:

S(n) = / I(t) C(t - Lc/vn) M(t - Lm/vn) dt (1)
Where.

C :neutron beam modulation function by the Fourier chopper,
M:pulse of the reactor neutron burst,
n :analyzer time channel number,
Lm:neutron source to detector distance,
Lc:chopper to detector distance,
vn .-neutron velocity corresponding to the chosen analyzer channel,
I registered neutron flux intensity.

Deteoor

tCOKRELATORf
M I
I"

tijjSo

Detector pulaei

Source-pulse

Is .Chopper
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P u l s e d r~. chopper
souroe \(

FIG. 3 The electronic system used for the RTOF analysis for pulsed beam reactors

The sum of counts accumulated in each of the analyzer channels during one neutron
pulse can be appiaumuidy repicicnicJ ds[9]:

i=j+P

S[n] = £ I, Cn (2)
•=j
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Where:
j : [n . Lm /Lc],
p: neutron pulse width in time interval steps,

I,, C,: stepwise signal representation I(t), C(t).

It is obviously clear that, for each detector, the time required for performing the
cross-correlation functions depends on the number of channels and the neutron
intensity during the time of measurement. In order to suppress the background
component of the detector signal, which is not modulated by the chopper, ihe opposite
phase of the chopper modulation signal is obtained, through the program, by inverting
the binary pattern of the received pick-up signal. Then the above formula is applied
twice, one for the positive phase of the chopper and the other for the negative phase.
The high resolution spectrum could then be deduced from the difference of these two

spectra.
On the other side, for the steady state reactor, the correlation process can not be

performed in the real time with the available computers. Instead, the data collected
every double-time channel will be saved in the disk to be processed later as soon as the
measurement time ends.

4. MEASUREMENTS AND RESULTS

The new approach (the interface card and the program) have been tested, using
a Pentium 233 computer, installed in parallel with the RTOF analyzer of the HRFD.
The system has been operating in the DOS mode to dedicate the CPU time completely
for the system (except for the internal interrupts time). For the experiment and the
existing pulse parameters of the IBR-2 reactor: frequency - 5Hz, pulse width - 440 us,
and channel width - 4 \is, it has been found that the system can operate in the real time
mode for neutron intensity less than 4000 n/s. Higher neutron intensities can be
reached safely using a faster PC. The two patterns, obtained from the new approach
and the HRFD analyzers respectively, were treated with the proper software (Origin)
and are displayed in Fig. 4a and Fig. 4b respectively. Accordingly, the peak positions
are the same for the two patterns. Also, it is noticeable that both diffraction patterns
are consistent, except for very little more background and noise in the pattern obtained
with the new system. The noise level is increased from about 600 neutron counts to
about" 1000 neutron counts and the peak to background ratio of the strongest peak is
reduced from about 12 to about 8. This is mainly due to the limited size of the FIFO
unit (2048 bytes) and the limited speed oi the computer.
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FIG.4 The measured diffraction patterns

a-measured using the new data acquisition system

b-measured using the RTOF analyzer

5. CONCLUSIONS

-It has been verified that the new data acquisition system can be used successfully for
the analysis of the reverse time of flight spectra.

-The data collected during the measurement time, due to the software flexibility, can
be processed later even for different parameters (number of channels, pick-up delay
and start-delay) and without a need for new measurements.
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-The new approach can participate in reducing the time of measurements and allows to
observe the behaviour of the chopper and the real frequency window using the
previously stored pick-up signal.
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The present work deals with an accurate method for determining the
neutron flux coming out from a neutron source during the experimental
measurements. Accordingly, a suitable detector, followed by preamplifier
and amplifier, is connected to a data acquisition system designed specially
for this purpose; and the number of neutrons detected during every
sampling period is stored in the PC. The historical file can be used to
compute the average or the integral flux during any time period; considering
the detector efficiency, geometrical arrangement and the amplification gain.

1. INTRODUCTION

In most nuclear applications, there is always a need to determine the neutron
flux coming out from the source and to record its total value during a period of time.
All radiation detectors, in principle, give rise to an output pulse for each quantum of
radiation that interacts within its active volume[l,2]. Some times, it is necessary to
record the historical variations of the counting rate during the whole measuring time of
the experiment; specially in the case when using the reactor beam which is subject to
any power variations. The present work deals with an acquisition system which
enables,' when attached to the signal chain, to observe and record, in a data file,
instantly the number of pulses counted within the sampling period.

2. THE DEVELOPED DATA ACQUISITION SYSTEM

The suitable detector, for a specific kind of radiation, is usually located at a
distance from the radioactive beam; following the block diagram given in Fig.l.
According to the developed data acquisition system, the signal coming out of the
discriminator ,a train of logic pulses, is connected to a PC via an interface card
designed specially for this purpose. The interface card is derived by a software
program to count the number of pulses during each sampling period. Accordingly, the
collected data is to be saved in a data file for its later use.
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FIG. 1: The experiment arrangement.

2.1 The Interface Card

The interface card has been designed to be inserted in one of the PC 's EISA
slits. Accordingly the interface card receives the logic pulses coming out of the
discriminator. Thus, the function of the interface card is to adapt the data collected in
order to be ready in the binary form when the program makes access to the interface
card(see Fig. 2) The function of the counter unit is to count up the number of pulses
received from the discriminator during the sampling period. The data collected during
each sampling period are stored in the FIFO unit (some kind of memory based on the
first-input-first-output technique) according to a specific mechanism. The operation of
writing data to FIFOs is independent of what the computer is doing at the moment to
avoid data losing during the CPU internal interrupts. At the same time, the program
retrieves the data stored in the FIFOs in the same order.

FIG 2: The block diagram of the interface card
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2.2 The Software Program

The program continues retrieving the data stored in the FIFOs and stores the
number of neutrons detected during every sampling period in a data file. This routine
will be continuously performed within the measurement time. The contents of the
current data file can be displayed (or plotted) on the screen at any moment; allowing to
notice the decrease or increase of the flux intensity. Also, the flux value can be
specified at any moment using the data file. The program allows, at the end of the
measuring time, to calculate both average and integral flux intensity.

3. MEASUREMENTS AND RESULTS

Two different types of neutron detectors were used during the present

measurements. The main parameters of both detectors are given in table. 1.

Table.l : The parameters of the used detectors

detector type, model

gas Tilling
wall material
gas pressure (torr)
effective diameter (inch)
length (inch)
operating voltage (V)

3He(LND251)
3He
AL
3040
0.436
2.5
1000

Fission (LND 3004)

Argon
AL
760
2 75
0.75
250-500

The first experiment was carried out for 2 hours with the 3He gas detector (LND
251). The neutron source is a Pu-Be one whose average flux was measured and
found to be : 0av=3.2xlO4 n/cm2.sec. A paraffin wax (3 cm thick) was placed between

the neutron source and the detector for the slowing down of high energy neutrons;
usually emitted with thermal ones. The recorded number of neutrons, counted at each
second, is given in Fig.3a and the corresponding integral flux value is represented in
Fig.3b. The same experiment, with the same parameters, was carried out for the fission
detector (LND 3004) and resulted with the dependencies presented in Fig.3(c,d).

4. CONCLUSIONS

-The present method is a simple and accurate one for recording the flux
variations during the measuring time; and the accumulated data can be
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FIG.3 a) The neutron intensity measured using LND 251 detector.
b) The integral neution intensity using LND 251 detector
c) The neutron intensity measured using LND 3004 detector.
d) The integral neution intensity using LND 3004 detector

displayed at any moment without interrupting the process of data acquisition.
-The average and integral flux values can be calculated at any moment via an
option in the program. Besides, the method can be applied for the monitoring
of a neutron flux subject to variations; such as the reactor's one and the
historical data file can be used later for further statistics.
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ABSTRACT

A general detailed analysis for the nonlinear generation of localized
fields due to the existence of a strong pump field inside the non-uniform
plasma has been considered. We have taken into account the effects of
relativistic and non-local nonlinearities on the structure of plasma
resonance region. The nonlinear Schrodinger equation described the
localized fields are investigated. Besides, the generalized dispersion
relation is obtained to study the modulational instabilities in different
cases.

Keywords: Wave-plasma interaction, Nonlinear effects, Modulation
instabilities

INTRODUCTION

The nonlinear evolution of the modulational instability associated with certain
normal modes in plasmas is of practical interest in the study of laboratory as well as
astrophysical plasmas. The phenomena of modulational instabilities have been
considered as a basis in explaining the theory of Langmuir turbulence, understanding
the deposition of laser energy into the pellet in laser-pellet interaction and in the
interaction of pulsar radiation with the ambient magnetosphere. In fact, linear theory
shows that electron plasma waves and electromagnetic waves in unmagnetized as well
as magnetized plasmas can propagate in overdense region because of the nonlinear
effects such as the relativistic electron-mass variation and the ponderomotive force
which downshifts the local electron plasma frequency. Accordingly, attention has
been focused on comprehensive studies of nonlinear modulation instability by many
authors [1,2].

The dynamical equations for the nonlinear evaluation of the modulational
instability of Langmuir waves were first derived by Zakharov [3]. The so-called
Zakharov set of equation is comprised of a Schrodinger-like equation for the complex
amplitude of the high-frequency ion waves, which is driven by the ponderomotive
force due to the high-frequency field. Besides, Rao et al. [4] have discussed the
existence of symmetric and antisymmetric stationary localized solutions for nonlinear
amplitude-modulated Langmuir waves in unmagnetized plasmas.

In the present paper we will consider a general detailed analysis for the
nonlinear generation of localized fields in non-uniform plasma due to the effects of
the relativistic and non-local nonlinearities in the resonance region.
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2. MATHEMATICAL FORMULATION

The basic equations relevant to our discussion are the relativistic equations of
the conservation of mass and momentum of the individual fluids supplemented by
Poisson's equation:

(1)

n a

Vp (2)

(3)

where, na, Va and p a denote, respectively, the number density, the fluid velocity and

the fluid pressure (the subscript a indicates to i (ions) and e (electrons)) and

Pa = maVal^\-V2 Ic2 denotes the relativistic momentum and c is the velocity of

light; mao is the rest mass of the particles.

In the presence of a high frequency electrostatic field, the values have to
contain both slow time dependence and fast dependence with the characterisitic time
r « co~x. So, let us consider that

V. =V.

where na and Va are the density and the velocity perturbations associated with the

particles a, respectively; (na) and (Va \ are the average density and velocity of the

plasma particles in equilibrium state. We restrict ourselves to the case when the fast

ion motion can be neglected and (na) = n0+8n (n0 is the unperturbed electron

density, while Sn is the low frequency perturbation of the electron density due to the

action of the average HF potential on LF motion (no»Sn)). Also,

Ep = Eo cos(o)0 t)\s the pump electric field and E is the perturbation of the field of

the upper-hybrid wave. So we can obtain the following equations:

dt
(4)

E
dt mt

E n0 dx 2c2 dt

where, VT
2 =— .

m.
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We have considered that the equilibrium plasma density varies along thex-
axis, which is the same direction of the uniform pump electric field Ep and by using

the continuity equation -An en.- — IE - E ) We can obtain:
dx '

dF . dG d2E
A n e =

dx dt dt2

Where,

<o2 =

It is convenient to use a modulational representation

A = Aexp(-icoot) + i4, exp(-2/<y0f) + C.C.to describe the rapidly varying values with

| i4 |» |4, | and Ep =E0cos(o)0t).

This implies (the term d2E/dt2 has been neglected as the characteristic of

modulational representation at resonance region (<o0 tva)p)):

V dE 2d
2E 3e2

 E.,F| <?«„ e2 ^Ef
+ 3rn — - + — , , , E\E\ E + —z—rE—-±- = En (6)

a,, dt D- dx2 Zmya), ' ' «0 4w>^ dx2 " W

V2

where, r2
t = - ^ - ,

which is the nonlinear Schrodinger equation in nonuniform plasma. It describes the
evolution of the electric field fluctuations. The last three terms refer to the relativistic,
strictional and non-local nonlinearities contributions, respectively.

To close our equations we need an equation for Sn. So, we add the slow-time
component of force equation (2) for the electrons and ions:

dt Idx^ ' ' m.n, dx dt m,n0 dx
Besides, to lowest order on the fast time-scale with sufficient accuracy, we have
dV e ~
— - « - — E . Thus we can obtain:
dt m

a2(5n)

at 2
-Ci

dx
(8)

Where, C s = yj(Jc +Tj)/mj is the ion sound speed. It's noticed that the nonlinear

coupling between Equations constitutes the mathematical definition of our present
physical problem. For sake of simplicity, we can neglect the spatial variation of n0
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because we are interested, in this problem, in changes occurring in the neighborhood
of the resonance point with sufficient accuracy. This yields:

2 S 2 ( 5 n )

167cm, dx

d\E\

dx
(9)

which is the ion-acoustic wave equation with the self-consistent ponderomotive force
on the R.H.S. as a source term.

3. MODULATTONAL INSTABILITIES

It is useful to obtain an analytic description of an initial equilibrium state
satisfying the set of equations (6), (9). As such a state we consider that the equilibrium
values of Sn and E are independent of x,t and £ (0) = £0

(0)
 e-""**" (the index (0)

indicates the stationary equilibrium values). Then we find:

\67tTe

• + •

which means that a monochromatic wave is, indeed, an exact solution of the non-
linear equations provided we take into account that the non-linear frequency shift is

equal to (-K2 CO

We now prove that this exact solution is unstable. We linearize the Eqns. (6),
(9) with respect to the deviation from the stationary solution and by means of standard
techniques, the following dispersion relation can be obtained:

-klW.\
(10)

2 m, (a>2-k2Vs
2)

Where, We = \Ea\ /\6jun0Te. Now we are going to study this equation in some cases:

(1) When co »

2 _ 9 ,

4 &

(for high frequency) and We«\, we have

-\^f\ W. 3 m.

2 m,
01)

Besides, the contribution of the relativistic effect (the third term) is so small, and
Zakharov's equation and growth rate could be obtained [3].
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(2) When k « k0 and Wt«\, we have

(co7 -k*Vj
(12)

This is the same equation of Shukla, P.K., et al. [5], where the only pondermotive and
relativistic nonlinearities are considered.

(3) When (VTt/c)2 » k2r^ and Wt « 1 , equation (10) is replaced by:

74 2.

V / 3
JEf W m V

Which will give the growth rate lm(Sco) = ±— — kVTe in the case of long

4 1 V D . W, J
wavelength « (m, //w,)1/2.

CONCLUSIONS

An investigation has been considered for the nonlinear generation of the
localized fields in non-uniform plasma due to the effects of the relativistic and non-
local nonlinearities in the resonance region. We have derived the nonlinear
Schrodinger equation (equation (6)) which describes the evolution of the electric field
fluctuations and the dispersion relation (equation (10)) for the modulation instability.
We try to study this relation in different cases.

For high frequency waves and by considering that the contribution of the
relativistic effect is so small, case (1), we have obtained the same equation of
Zakharov.V.E. [3]. Also, the same equation of Shukla, P.K. [5] could be obtained in
the case (2) with only the pondermotive and relativistic nonlinearities effects. Besides,
we have obtained the growth rate of the dispersion relation (equation(lO)) in another
case for long wavelength "ik^r^ « (me /m,)" 2 . It was found that our growth rate is

the same order of the growth rate obtained by Shukla, P.K.[5].
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ABSTRACT

The excitation of electromagnetic instability for relativistic
electron beam (REB) penetrating an infinite collisionless plasma is
analyzed. The dynamics of the system under consideration is
described by the relativistic Vlasov equation combined with
Maxwell's equations. We consider the REB propagates with the
velocity v^ and the plasma return current flows with vp

d . Here
we assume the case in which an electromagnetic modes have the
wave vector k normal to v*, perturbed electric field E parallel to
v* and perturbed magnetic field B normal to both v* and E.
We consider the following two models : (a) the model where the
total equilibrium distribution function fo(p) is approximated

nonrelativistic background electron and monoenergetic beam
(MB) and (b) the model where the total f0 (p) is approximated

nonrelativistic background electron and REB. A dispersion
equation for a purely transverse mode describing each model
is derived and solved analytically and numerically to obtain
growth rates and conditions of excitation of the Weibel-type
electromagnetic instability. A numerical calculations showed a
good agreement with analytic solutions. It is also proved that
the growth rate in the model (a) (i.e., MB model) is less than
in model (b) (i.e., REB model). From the results of the analytic
solutions and numerical calculations it appeared that the growth
rate of the instability is reduced and hence stabilize the
instability in the linear stage when the beam temperature
component parallel to x-direction is low compared with the
beam temperature component parallel to y-direction.

Keywords : Weibel-type electromagnetic instability, Relativistic
Electron Beam (REB), Monoenergetic Beam (MB).
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INTRODUCTION

Generally speaking, there are four fields of research for which beam-
plasma interaction is important [1]. Firstly, there is the purely scientific wish
to understand the behaviour of a beam-plasma system. Then, the electron
beam, being a source of free energy, can excite oscillations. This is applied in
various kinds of electron tubes and other devices that have been and still are
being developed to generate radio waves in and above the ultra-high frequency
band (109-10n Hz) . Thirdly, especially since intense relativistic electron
beams (REB's) became available, there are studies aimed at the employment of
these beams to heat a plasma up to thermonuclear temperatures
(108 K = 104 eV ). In recent developments, like free electron lasers (FEL's) [2],
gyrotrons and relativistically moving mirrors, relativistic electron beams are
employed to generate high power waves up to the infrared region. Also the
technical application of REB's drilling holes in rock (mining) or in the
atmosphere (S.D.I.). Finally ionospheric and astrophysical phenomena, like
type-Ill solar bursts and the aurora boreals that occur because of beam (solar
wind)-plasma interaction.

Gradually it became clear that plasma heating by a REB is caused by
processes similar to those observed when studying non-relativistic beams.
Depending on the scatter angle (beam "temperature") a weakly or strongly
turbulent wave spectrum is built up. Interacting with this wave spectrum is
heated the plasma [3,4].

REB has many applications in areas like material studies, compact
torus formation, generation of x-ray and microwave, ion acceleration, etc...,
where it is desirable to have energy source supplied over a long duration of
time. As a potential application, use of an REB to heat magnetically confined
plasma to a high temerature has attracted a lot of attention, both theoretically
(e.g., [5-7]) and experimentally (e.g., [8-10]) in the recent past.

Experimentally, REB are generated by discharging a capacitor (of a
Marx generator) over the beam generating diode [1]. This diode has a thin
metal foil as an anode. In this foil multiple Rutherford scattering increases the
spread of the momentum distribution of the beam electrons that are passing
through.

Okada and Niu [11-12] have pointed out that there was a possibility to
excite electromagnetic instabilities in a heated plasma. On the other hand, they
have pointed out that there was a possibility to excite propagating
electromagnetic waves due to a microinstability induced in an electron plasma
with nonvanishing thermal flux, vanishing current and vanishing temperature
anisotropy. In the beam-plasma, it is found that an electromagnetic instability
can be excited independent of the electrostatic two stream instability. Lee and
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Lampe [13] have reported a result of a nonlinear study with respect to the
Weibel instability of a REB propagating in a plasma.

Weibel [14] has pointed out an example where transverse waves grow
in an unmagnetized plasma. The Weible-type, purely growing electro-
magnetic microinstabilities can be excited by electrons in a velocity
distribution with an anisotropic temperature.

The bi-Maxwellian distribution is unstable and various authors (Weibel,
[14]; Harris, [15]; Sudan, [16]; Miyamoto, [17]; Davidson etal., [18]) have
investigated the accompanying instabilities and growth rates. Sharma and
Bhantnager, [19] have considered wave propagation along an arbitrary direction
in a bi-Maxwellian plasma.

Sitenko [20] has considered a plasma with an anisotropic velocity
distribution. In this case the instability originates because of the growing
nature of the transvese perturbations in the system. Morse and Nielson [21]
have described and applied numerical simulation of the Weibel instability in
one and two dimensions. Krai and Trivelpiece [22] have calculated the
dispersion relation for electromagnetic waves in a bi-Maxwellian plasma
without drifts and in the absence of beams they have solved it to obtain growth
rate and condition of excitation of Weibel-type electromagnetic instability.
We consider the same problem but with a bi-Maxwellian plasma with deifts
and in the presence of beams.

In the present work, we make a detailed analysis of the electro-
magnetic instability in REB system. We derive the dielectric permittivity
tensor of a plasma in Section 1. A dispersion equations for a purely transverse
mode describing a monoenergetic beam (MB) and relativistic electron beam
(REB) -models for the total equilibrium distribution functions fo(p) are
derived and solved analytically to obtain growth rates and conditions of
excitation of the Weibel-type electromagnetic instability, where we assume
that the background electron motion is nonrelativistic for each model (Section
2) and finally, Section 3 is devoted to numerical results and conclusions.

1. DIELECTRIC PERMITTIVITY TENSOR OF A PLASMA

The electromagnetic properties of a plasma are completely determined
by the tensor of the dielectric permittivity £o(o),k). Particularly, this tensor

determines the dispersion and polarization of the electromagnetic waves that
propagate in a plasma [23].

Let us consider a homogeneous, spatially infinite collisionless plasma.
Ion motions are neglected throughout this paper. The dynamics of the system
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under consideration is described by the relativistic Vlasov equation combined
with Maxwell's equations [24,25]:

(1)| 4 + ,(£ + xB).|4
dr c dp

rotE = — , (2)
c dt

, 5 1 dE An J ,.,.
rotB = - — + , (3)

cot c

where c. g. s. gaussian units are used. In these equations, / is the electron
distribution function at position r and momentum p at time t , q
denotes the charge ( including sign), c is the velocity of light, J the

current, v and p are related by v = p/my , y = ( l + p2/(mc)2)2 , m

is the electron rest mass, while E and B represent the electromagnetic
field. Expressing every quantity in terms of its complex Fourier amplitude
in a field-free plasma, we find that (1), (2) and (3) reduce to:

(a -K.V) c dp

KxE^^B, , (5)

K\Bi= Eg Jg , (6)
c c

where K is the wave number, a> tiie angular frequency. Subscripts 1 and
0 show a perturbed quantity and an unperturbed quantity, respectively. The
field quantities E and B in (4), (5) and (6) are perturbed electromagnetic
fields. If we define the conductivity tensor a (K,<o) as:

Jg-a.&t , (7)

equation (6) can be rewritten as :

- - - m2

K x K x ER + =^- s x ER = 0 , (8)

The tensor e in (8) defined as :
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e= I a ,
ico

(9)

is the dielectric tensor of the plasma and / is the unit tensor. By using the
relation:

(10)

we can write the dielectric tensor as follows :

- 7e = I +
CO co -K.V dp CO CO

(11)

2. THE DISPERSION EQUATIONS FOR ELECTROMAGNETIC
INSTABILITY BY TWO DIFFERENT MODELS OF THE

EQUILIBRIUM DISTRIBUTION FUNCTIONS

Let us now consider a current neutral beam-plasma system. The REB

propagates with the velocity vjj and the plasma return current flows

with v|| . Here we assume the case in which an electromagnetic modes have K

normal to vb
A , perturbed electric field Ek parallel to v\ , and perturbed

magnetic field B% normal to both vjj and ER . The coordinate system

and orientation of fields are plotted in figure 1.
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7ig. i. Coordinate system and orientation of fields.

We consider the following two models:

(A) the model where the total equilibrium distribution function /„(/?) is
approximated Nonrelativistic Background electron and monoenergetic
Beam (MB)

We limit our analysis to the focused beam in this section, the beam is
assumed to be monoenergetic with a Maxwellian thermal spread
concerning the transverse velocities. If we assume that the background
electron motion is nonrelativistic, the equilibrium distribution function in the
REB-plasma system can be written as follows:

fo(P) = jrexp
(12)

n.
2my6\
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Here 9X , Oy are the temperature components parallel to the x and to y
directions, pd is the drift momentum, superscripts p and b represent the
plasma electron and the beam electron, respectively. With the substitution of
(12) into (11), the linear dispersion relation for a purely transverse mode can be
calculated as follows:

(13)

Ann c
XL{k,a>)= %

met)
1-

m I rT
k\9V m)

my a'

/my

where x L(k,a)) denotes the linear susceptibility, and for convenience, (pZ

is written as p'd throughout. The function W is defined in the form:

(14)

We analyse equation (13) using limiting forms of W. The high
plasma temperature and high beam temperature limits are defined as:

and <1 , in (13). In this paper, we concern

the Weibel-type electromagnetic instability, so that we put:

a = i8 = iS,' i t (15)

where 8 is the growth rate of the instability. Inserting (15) into (13), we
obtain the equation about 8Xi as follows:

537



O'+pf/m 0)2
b

- 1
0)

p y

(16)
-1-1

where we write a> = a)r +iSk , a \ = 4n npq
2/m and co \ - An nbq

2/my .

Electromagnetic instability is found for wave numbers which satisfy:

&p
x+pf/m [ o)2

b pjjmy <o\

cop y
0) (17)

The maximum growth rate is obtained as:

00 7 « , <*>l P*/1
O'*+pf/'" + *>l

-|3/2

my col

e> a>\ 0\ <ap y

i - i

(18)

at

0)
pf/my a>\

-1
CD

p y
CO (19)

Equation (18) is similar to that in ref. [22] for the electromagnetic instability
of a bi-Maxwellian plasma without drifts and beams except that in ref. [22], we
have:
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,3/2

- 1 01 (20)

(B) the model where the total equilibrium distribution function f0 (p) is
approximated Nonrelativistic Background electron and REB

When a parallel velocity spreads is included, e.g., by replacing

S (px - p*) in (I2)by bi-Maxwellian a exp
2myOb

x

, one finds that:

2*MW:$')POP^^V 2mO{ 2mOp
y

(21)

2nmy(0b
x0

b
v)bab,V2 e X P["
x ~ y 2myO\ 2myO

With the substitution of (21) into (11), the linear dispersion relation for a
purely transverse mode can be calculated as follows:

(22)

(23)

where

CO

CO

\ = ATI npq
2/m , a>\=*nnbq

2/my , A = (9 p
x + pf/m)/ep

y ,

(24)

and TJ ^ jmy .

x\ is the plasma linear susceptibility and x \ that f° r the beam.

In this section, an approximate analytic solution of the dispersion
relation (22) is obtained. The nature of the analytic solution depends to large
extent upon the beam and the background plasma temperatures. We obtain the
following analytic solution in the limit of high plasma temperature and the high
beam temperature. Limits are defined as |£|<1 and |7|<1 in (22). In this

situation the asymptotic expansion for the function W(x) can be used. This
is given by:
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W(x) = /(-) I / 2 x exp(-x2/2)+ 1 - x 2+ ... (25)

By using the expansion (25), (22) can be approximately rewritten:

1

CO
1 - A (1 + / J )(1 + / J

CO

kV

(26)

a>

k2c2

a>

where F/ =(0p
y/m)]/2 and Vb

y = {6 h
y j my f2 . In this paper, we concern

the Weibel-type electromagnetic instability, so that we put:

(27)

where S 2 is the growth rate of the instability. We assume that 8 2 is
below the plasma frequency eop , A > 1 , and B > 1 . Inserting (27) into (26),

we obtain the equation about 8 2 and can approximately solve as follows:

8 2 = {{A-\)o>2
p+(B-\)o,l-k2c2\

n-i (28)

Electromagnetic instability is found for wave numbers which satisfy:

e CO
- l

CO (29)

The maximum growth rate is obtained as:
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at

\V2
Op

x+pf/m
9>y 0)

- i

> ;

co - 1
CO

3/2

(30)

3c2

e',+p?/m al(Ob,+p?/mr) <»l
CO (31)

Equation (30) is similar to eq. (18) at 0b {0b, i.e., at 6h -> 0 ( e.g., Zayed

and Kitsenko [26]).

3. NUMERICAL RESULTS AND CONCLUSIONS

In order to calculate the dispersion relations (16) and (28)
numerically we choose the following parameters [27]:

/m)/eP=\ /my)/6b
y=U600

and

0
O(at0b <0b ,0b= \0ev) for MB - model.

\(atOb=0b =v x y for REB-model.

These parameters satisfy the condition that the electron plasma has no
current (e.g., Okada et al. [11]), that is npp

p
dlm=nbp

h
dlmy . The results of

a numerical investigation of the dispersion relations (16 ) and (28 ) are
plotted in figure 2 in dimensionless form: the thin line is obtained for a REB-
model and the thick line is obtained for MB-model.
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0.5 -

Fis-2. Dimensioalcss growth rate, 1 of the Weibel-typc electromagnetic

instability venus dimensioalcss wave number, kctQJp for the two models:

the thin line is obtained for a REB-model and the thick line is obtained
for a MB-modcL

From the results of the analytic solutions and the numerical calculation it
appeared that:

1. a numerical calculations showed a good agreement with analytic
solutions.

2. it is proved that the growing of the instability in the model (a) (i.e.,
MB- model) is less than in model (b) (i.e., REB-model), and

3. it appeared that the grow of the instability is reduced and hence
stabilize the instability in the linear stage when the beam
temperature component parallel to x-direction is low compared

with the parallel one to y-direction, i.e., 0 -> 0.

ACKNOWLEDGEMENT

The author wishes to thank Prof Sh. M. Khalil for valuable discussions
and advices.

542



REFERENCES

[I] de Jagher,P.C.,et al.; Physics Reports (Review Section of Physics
Letters) 167(4), 177-239(1988).

[2] Tripathi,V.K.,and Liu, C. S., IEEE Trans, on Plasma Sci., 17(4),
583-587(1989).

[3] Galeev, A.A.,et al.; Sov. Phys. - JETP 45, 266-276(1977).
[4] Knyazev,B.A.,et al.; Sov. J. Plasma Phys. 16(12), 1447-1456(1990).
[5] Thode, L. E., Phys. Fluids 20, 2121-2127(1977).
[6] Gupta, G. P.,et al., Phys. Fluids 31,606-611(1988).
[7] Janssen, G. C. A. M.,et al., Phys. Fluids 27(3),736-745 (1984).
[8] BenfordJ.,et al.," Progress toward relativistic electron beam heating

of magnetically confined systems ", presented at the six international
conference on plasma physics and controlled nuclear fusion research,
Berchtesgaden, Germany, F.R., Oct. 6-13, 1976.

[9] De Haan, P. H.,et al., Phys. Fluids 25(4),592-603(1982).
[10] Friedman, M.,et al., IEEE Trans. Plasma Sci. Ps-14(3),201-214 (1986).
[II] Okada,T.;Yabe, T and Niu, K, J. Phys. Soc. Japan 43, 1042-1047(1977).
[12] Okada, T.; Yabe, T and Niu, K, J. Plasma Phys. 20,405-417(1978).
[13] Lee, R.,and Lampe, M., Phys. Rev. Letters 31,1390-1393(1973).
[14] Weibel, E.S., Phys. Rev. Utters 2,83-84(1959).
[15] Harris, E. G., J. Nucl. Energy C 2,138-145(1961).
[16] Sudan, R. N., Phys. of Fluids 6,57-61(1963).
[17] Miyamoto.K., Plasma Physics for Nuclear Fusion, Cambridge: The

MIT Press(1980),chl3,pp415-431.
[18] Davidson, R. C.,et al., Phys. of Fluids 15,317-333 (1972).
[19] Sharma, S. R.,and Bhatnagar, T. N. , Plasma Physics, 18, 95-99(1976).
[20] Sitenko,A.G., Electromagnetic Fluctuations in Plasma, New York:

Academic Press Inc.; 1967, ch3, pp 36-53.
[21] Morse,R.L., and Nielson,C.W., The Phys. of Fluids 14,830-840(1971).
[22] Krall,N.A.,and Trivelpiece,A.W., Principles of Plasma Physics, New

York: McGraw-Hill, Inc; 1973, ch 9, pp 442-511.
[23] Sitenko,A.,and Malnev,V., Plasma Physics Theory, London: Chapman

&Hall;1995,ch7,ppl52-173.
[24] Stix,T.H., Waves in Plasmas, New York: American Institute of Physics;

(1992), ch 14, pp 383-412.
[25] Swanson,D.G., Plasma Waves, Boston: Academic Press, Inc.; 1989, ch 4,

pp 119-185.
[26] Zayed,K.E.,and Kitsenko,A.B., Plasma Physics 10,673-680(1968).
[27] Okada,T.,and Niu,K., " Electromagnetic Instability and stopping power

of plasma for Relativistic Electron Beams affected by collisions ",
presented at the Int. Conf. on Plasma Physics, Nagoya, Japan,

April 7-11,1980.

543



EG0600216

1 Conference on Nuclear and Particle Physics,
13- 17 Nov. 1999, Cairo, Egypt

APPLYING THE ELASTIC MODEL FOR
VARIOUS NUCLEUS-NUCLEUS FUSION

G.S. HASSAN

Physics Department, Faculity of Science, Assuit University, Egypt

H.S. RAGAB AND M.K. SEDDEEK

Physics Department, Al-Arish Faculity of Education
Suez Canal University, Al-Arish, Egypt

The Elastic Model of two free parameters m,d given by Scalia has
been used for wider energy regions to fit the available experimental data for
potential barriers and cross sections. In order to generalize Scalia's formula
in both sub- and above-barrier regions, we calculated m, d for pairs rather
than those given by Scalia and compared the calculated cross sections with
the experimental data. This makes a generalization of the Elastic Model in
describing fusion process. On the other hand, Scalia's range of interacting
systems was 24 < A < 194 where A is the compound nucleus mass number.
Our extension of that model includes an example of the pairs of A larger
than "his final limit aiming to make it as a general formula for any type
of reactants: light, intermediate or heavy systems. A significant point is
the comparison of Elastic Model calculations with the well known methods
studying complete fusion and compound nucleus formation, namely with
the resultants of using Proximity potential with either Sharp or Smooth
cut-off approximations.

1. Introduction

Fusion occurs when two nuclei come together with sufficient kinetic en-
ergy to overcome their mutual electrostatic repulsion and form a new nucleus
having charge and baryon numbers equal to the sum of those of the reac-
tants [1]. Study of heavy-ion fusion has an increasing interest as a greater
variety of heavy-ion beams are becoming available. Large accumulated data
and much theoretical activity is devoted to understand the basic terms for
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describing the process of nuclear fusion of heavy-ion (barrier heights, fu-
sion radii, critical angular momenta, etc.) [2] Depending upon the available
kinetic energy, fusion will take place either by passing over (above-barrier fu-
sion) or by quantum mechanical tunnelling (sub-barrier fusion) through the
Coulomb barrier generated by the electrostatic repulsion [1]. Cross sections
for near- and sub-barrier heavy-ion fusion can beisome orders of magnitude
larger than the predictions of traditional models that are quite successful
above the barrier [3]. Low energy fusion of two colliding ions depends on
the possibility to overcome the repulsive potential barrier between them. At
classical level, the transmission coefficient as a function of bombarding en-
ergy changes suddenly from zero to one at E = VB. Quantal effects smooth
out this transition. The presence of couplings to other degrees of freedom
modifies substantially the penetration and enhances the sub-barrier fusion
cross sections [4].

2. Theory

In order to calculate fusion cross section, Scalia deduced the following
formula within his successive work on the elastic model [5]

-^ J exp ( -
(1)

where rj is the Coulomb parameter, k is the wave number, and m, d are the
two free parameters, m is expressed in (MeV"1), d is dimensionless. These
parameters are energy-independent and are different for different reactions.
This formula is valid for the sub-barrier fusion systems with 24 < A < 194
as A is of the compound nucleus. Scalia tabulated the two free parameters
for 53 interacting systems within the above considered range.

In order to expand Scalia's range of interacting systems, we calculate
the m, d parameters and cross sections for new systems, and compare our
cross sections with those obtained by the well known analytical form of the
reaction cross section [6]

(2)
1=0

where Ti(E) is the transmission coefficient and Pi(E) is the probability of
the specified process to take place.

For fusion, we have Pi{E) = 1. The transmission coefficient in sharp
cut-off approximation is given by [6]
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where lmax is the maximum angular momentum, and so the cross section in
sharp cut-off approximation will be

•ma

(4)
1=0

On the other hand, a smooth cut-off approximation [7] gives the value
of fusion cross section as:

2/

o i + exp j (5)

The barrier potential, V, contains a nuclear part taken from the proximity
formalism [18]. The present study gives a wide range of comparisons between
the calculated <7fus due to Eq. (1) and in parallel due to Eqs. (4) and (5) to
fit the available experimental data.

3. Results and discussion

To apply Scalia's formula for 18 new pairs systems, we calculated m, d
parameters using a non-linear least square program [19] for these pairs and
they were used to recover both of the sub- and above barrier fusion re-
gions. Results are shown in Table I. Inserting these values into Eq. (1), to

TABLE I

Values of m, d parameters due to present work for different systems

Systems
30Si +24 Mg
28Si +26 Mg
28 Si + 1 0 0 Mo
48Ti +58 N i

50Ti +60 N i

64Tj +64 N j

27 Al + 7 4 Ge
27 Al + 7 3 Ge
2 7 A l + 7 2 G e

m

0.163843

0.158695

0.063515

0.064455

0.066500

0.062261

0.080216

0.080219

0.086942

d

4.340716

4.295850

5.059009

5.500944

5.541179

5.129971

4.723900

4.768351

5.141291

Systems
27 Al + 7 0 Ge
i e F +93 N b

28Si + 9 3 Nb
35 C 1 + u e S n

35C1 +124 S n

16O +1 4 4 Sm
17O + 1 4 4 Sm
4 He+ 1 5 4 Sm
16Q +186 W

0.087249

0.097973

0.076786

0.042273

0.044458

0.081789

0.077014

0.284878

0.067235

d

5.173701

5.104471

6.043992

4.785914

5.078492

5.422129

5.051195

4.771994

5.019201
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calculate fusion cross sections, we compared the results with those calcu-
lated by Eqs. (4) and (5). To show the ability of recovering wider energy
range, we calculate fusion cross sections of the undertaken pairs and com-
pare these values with the available measured data. It is clear that Eq. (1)
can be successfully used to fit the available data as largely as Eq. (4) and
even in comparison with the most accurate form (5). Results are shown on
Figs. 1-10.
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— PH6S WORK
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" SHARP
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20 25 3C

ECM (MeV)

35

Fig. 1. Calculated fusion cross section for the reaction 30Si +24 Mg compared to
experimental data [10]. The solid curve is calculated from Eq. (1), the long dashed
curve from Eq. (4) and the dotted curve from Eq. (5). The sign (•) indicates the
value of fusion barrier.
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Fig. 2. (a) — Same as for Fig. 1 for the reaction 28Si + 2 8 Mg [10], (b)— Same as
for Fig. 1 for the reaction 28Si +1 0 0 Mo [11].
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Fig. 3. (a) — Same as for Fig. 1 for the reaction 48Ti +5 8 Ni [12], (b) — Same as
for Fig. 1 for the reaction 50Ti + 6 0 Ni [13].
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Fig. 5. (a) — Same as for Fig. 1 for the'reaction 27A1 + 7 3 Ge, (b) — Same as for
Fig. 1 for the reaction 27A1 + 7 2 Ge [14].
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Fig. 6. (a) — Same as for Fig. 1 for the reaction 27A1 + 7 0 Ge [14], (b) — Same as
for Fig. 1 for the reaction 1 9F + 9 3 Nb [13].
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Fig. 7. (a) — Same as for Fig. 1 for the reaction 28Si + 9 3 Nb [15], (b) — Same as
for Fig. 1 for the reaction 35C1 +1 1 6 Sn [16].
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for Fig. 1 for the reaction lflO +1 4 4 Sm [17].
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Fig. 9. Same as for Fig. 1 for the reaction 1 7 0 +1 4 4 Sm [17], (b) — Same as for
Fig. 1 for the reaction 4He +1 5 4 Sm [18].
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Due to all of these figures, we can note that the maximum excitation
energy exceeds the barrier heights of the studied pairs. This will display our
result that the elastic model can be used to fit measured excitation functions
for both below and above barrier fusion channels. In terms of the available
experimental data a percentage approaching can be defined as:

(6)

where Ee is the upper limit of an energy region (Table II) within which it is
given an accurate fit of the measured cross sections [8-17]

From Table II, it can be seen that the value of a increases as the mass
number of the compound nucleus increases.

Percentage approach parameter (a) for different systems

Systems
30Si +24 Mg
28 Si +26 Mg
28Si +100 Mo
48Ti +58 N i

so T i +«o N i

64 Ti + 6 4 Ni
27Al + 7 4 Ge
27 Al + 7 3 Ge
27 Al + 7 2 Ge
27 Al + 7 0 Ge
iB F + 93 N b

28Si + 9 3 Nb
35 C 1 + 118 S n

35C1 +1 2 4 Sn
1 6 O + 1 4 4 S m
1 7 O+ 1 4 4 Sm
4He +1 5 4 Sm
16Q+186 W

VB

22.39

22.31

73.40

78.94

77.52

77.84

53.05

53.23

53.42

53.82

46.49

72.66

113.42

111.88

60.58

59.77

14.29

69.50

•Emax

28 50 [10]

30.00 [10]

96.50 [11]

90.70 [12]

90.80 [13]

92.30 [13]

61.60 [14]

61.70 [14]

60.40(14]

59.90 [14]

59.40 [13]

91.40 [15]

130.10 [16]

132.30 [16]

89.90 [17]

89.30 [17]

23.40 [18]

92.00 [17,19]

E-VB

6.11

7.69

23.10

11.76

13.28

14.46

8.55

8.47

6.98

6.08

12.91

18.74

16.68

20.42

29.32

29.53

9.11

22.50

a

28

35

32

15

17

19

16

16

13

11

28

26

15

18

48

49

64

32

TABLE II
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Fig. 10. (a) — Same as for Fig. 1 for the reaction 16O +186 W [19], (b) — Same as
for Fig. 1 for the reaction 160 +186 W [17]

Another significant note is clear from Fig. 10, where the compound nu-
cleus mass number exceeds effectively the maximum limit given by Scalia,
namely A = 16 + 186 = 202 > 194. This will guide us to deduce the final
result as that the elastic model (1) could be significantly reliable for lighter
interacting pairs.
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The Church of Abu Serga (St. Sergius)

Above: Chapel of The Curch of Abu Serga. Below Left: Steps of the Crypt of the Church of Abu
Serga.

The Church of Abu Serga (St. Sergius) is
another 4th Century church, dedicated to
two early martyrs and supposedly built on
the spot where the Holy Family, Joseph,
Mary and the infant Christ, rested at the end
of their journey into Egypt. They may have
lived here while Joseph worked at the
fortress. However, the church is dedicated to
Sergius and Bacchus, who were soldier-
saints that were martyred during the 4th
century in Syria by Maximilan. The original
building was probably done during the 5th
century. It was burned during the fire of
Fustat during the reign of Marwan II around
750. It was then restored during the 8th
century, and has been rebuilt and restored
constantly since medieval times, however it
is still considered to be a model of the early
Coptic churches. Again, the most precious
and ancient of the icons are on the southern
wall. A vast central hall is divided into three
naves by two rows of pilasters. In much the
same style as the Hanging Church, Abu

Serga has 12 unique columns decorated with paintings of the Apostles. This church
resembles religious structures in Constantinople and Rome. The main attraction, situated
directly under the choir, is the crypt. This crypt contains the remains of the original
church where tradition says the Holy Family lived. Originally this crypt was the
sanctuary, but became the crypt after the larger church was built. The crypt is closed due
to flooding by water seeping in. Being tied to the Holy Family, the Church of Abu Serga
continues to be a draw for Christian visitors.
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ABSTRACT. We have been made extensive systematic studies of the aluminium and
magnesium light alloys by proton activation analysis (PAA) combined with y-ray
spectrometry based on a germanium semiconductor detector. The incident energy of the
projectiles has been chosen of the order of 11 MeV. We analyzed more than 10 types of
light alloys. It has been shown that under our experimental conditions the determination of
25 chemical elements concentrations in aluminium alloys is possible. We have determined the
traces of 16 chemical elements in magnesium alloys. The detection limits for Li, B, N, Na,
Mg, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Sr, Y, Zr, Mo, Ce, W, Pb are of the
order of 0,1-1 jUg/g.

1. INTRODUCTION

Light metals - aluminium and magnesium and Al- and Mg-bearing alloys are widely
used in aviation, navigation and as a material for fabricating chemical, food equipment and
reservoirs and so on. Increased number of sorts of aluminium and magnesium alloys is a
result of complicating alloys composition. For instance, Cu, Mg, Mn, Fe, Si, Zn, Ti, Cr, are a
part of some aluminum-base alloys, and Al, Mn, Zn, Ge etc , of magnesium alloys [1]. The
presice determination of concentration of adding components specially incorporated in amount
of 10"4 - 10" % and the study of uniformity of their distributions are of special importance [2].

Methods used in studies of such alloys are often inadequate to meet the requirements
imposed on analysis sensitivity [3], Moreover, the methods are very time consuming and make
it impossible to determine contents of elements under investigation at a time. These alloys are
also difficult to analyze by reactor neutron activation analysis, because of the high matrix
activity due to high thermal neutron cross sections for the nuclear reaction on Co.Cu.Zn, etc.
So, radiochemical variants of neutron activation analysis find use in analyzing these materials
[4].

For the determination of light, medium and some heavy element contents in the
aluminium and magnesium light alloys by the charged particle activation analysis (ChPAA),
protons are the most appropriate projectiles [5]. The proton activation analysis (PAA) allows
high sensitive interference-free and purely instrumental determination of the contents of more
than 20 chemical elements. For the analysis such alloys an incident energy about 10-12 MeV
is optimal. Using a specially devised techniques, we have determined components and impurity
elements in the above mentioned alloys[6,7]. The following are the results of our investigation.

2. EXPERIMENTAL PROCEDURE

The cyclotron U-150 (Institute of Nuclear Physics, Tashkent) providing protons up to 18
MeV was used as a source of charged particles [8], The beam of charged particles was
focused by two grids, turned through 50 degrees by bending magnet, then, again, it was
focused by the two grids and turned through 30 degrees; finally, the beam fell into the
activation chamber (after the deflecting magnet).
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Samples irradiation is effected by two irradiation facilities. To determine the contents of
elements using short-lived radionuclides, the pneumatic rabbit unit {9] was used, where the
samples was irradiated by an external beam. If a sample is not irradiated in vacuum, it will be
intensively oxidized owing to high heating. Such condition of irradiation may influence the
experimental results [10]. To avoid such consequences, it is desirable to irradiate samples
under vacuum. With multielemental analysis, the samples was irradiated in vacuum using the
activation chamber (details see in [11]). The samples were placed in an electrically insulated
target holder suitable for the irradiation of disk-shaped samples, cooled with water , mounted
on the experimental set-up. The proton beam traverses the sample installed in the copper target
holder, which is pressed to the centre of ion tube through vacuum seal by the gripping device
of the activation chamber. It allows a high vacuum in the chamber to be reached and the target
holder to be vacant after irradiation.

The samples are water cooled during irradiation. For the contact between the sample
and the target holder to be close, the bottom of the latter is well polished and connected with
the current integrator. To measure the current of charged particles, we used the current
integrator providing a good linearity over a wide range of charges.

We have analyzed the following types of alloys: AD-1, D-16, AKCh-1, 1201, AMG-6,
V-95, MA2-1, IMV-2, IMV-6. The cylinder-shaped samples were 14-16 mm in diameter, and
2-4 mm in height. Before irradiation, the surface contimanations were eliminated by etching
the samples in the HF :HNO3 mixture (1:4) during 3-5 s. After etching, the samples were
washed properly in distilled water.

The induced activity of radionuclides was measured with Ge(Li) semiconductor
detector having 55 cm3 in volume and energy resolution for the 1332.51 keV line of 60Co of
4,4 keV. The detector was connected to multichannel analyzer ( TA-512B), energy calibrated
and its relative efficiency was measured using a calibration source.

3. DISCUSSION

3.1. Determination of element content using short-lived radionuclides

The proton current was 0.1 - 0.2 uA, the irradiation time was 15-20 s. After
irradiation , the samples "were cooled" during 20-25 s and the induced radioactivity was
measured during 20-30 s. The measurement was repeated 2-3 times. The short-lived
radionuclides were identified by measuring y-ray energy and the half-life of radionuclides. We
observed some good resolved peaks of y-rays of 23Mg and ' C produced in reactions on
natrium and boron, respectively. To determine the contents of N, Cu, Zn, Mo and Ge the
samples were irradiated by proton current of 1-2 uA during 40-60 s . In 2 or 3 minutes, the
radioactivity of the samples was again measured several times. The contents of N, Zn, Mo and
Ge were determined by absolute method, and the contents of Cu - by relative method. . In
some cases the samples were etched to 5-10 p.m in depth to eliminate 14O contamination
produced in *4N (p,n)14o reactions.

Copper and zinc as well as some other elements are the base of light alloys and their
contents are preset in advance. The content of nitrogen in magnesium alloys is in the range of
10'3-5*10"4% ; chrome- within the 2.8 *10'3-1.4*10"4 % range; molibdenum - within the
3.0*10-2-3.5. 10"4 % range and cerium -in the 4.7*10-2-7 *10'4 % range. The content of N
in magnesium alloys is 2.2* 10'3 - 4.2* 10"4 %.

3.2. Multielemental proton activation analysis

The samples were irradiated by a 1-2 uA intensity proton beam. The irradiation time is
of order of 1 h. The cooling time is 10-12 h. Instrumental analysis by y-ray detection is
possible since interfering reactions were avoided. The induced activity was measured during
30-60 min. On the same element, one or several radionuclides were produced in (p,n)
reactions and each radionuclide emitted one or several y-rays, thus we could choose more
suitable radionuclides and g-rays. The concentration of chemical elements was determined by
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the internal standard method. Copper was used as an internal standard. In Table 1 the
experimental results are given.

Table l.Contents of chemical elements in aluminium and magnesium alloys

Chemical
elements

Li

B

N
Na

Mg

Si
Ca
Ti
V
Cr

Mn

Fe

Ni
Cu

Zn

Ga
Ge
As
Se
Sr

Y

Zr

Mo
Ce
Cd

W
Pb

Aluminium alloys

V-95
7.5 ±2.2

45 ±13

2.5+0.3

*104

1.0 ±0.3

4.3 ±1.2

43 ±9

28 ±8

6.9±1.3
*103

630 ±180

310 ±90

1.6 ±0.2
*104

4.1±0.6
*104

17 ±5

8.0 ±2.0

1.0 ±0.3
0.5 ±0.2

2.1 ±0.6

1.1 ±0.3
*10''
1.1 ±0.4
"40"1

300 ±90

68 ±20

60 ±18

12 ±4

1201

1.5 ±0.4

3.3±0.8
*102

9.0 ±2.7

320
±260

0.4
±0.06
*104

52 ±15

15 ±3

1.4 ±0.4

5.5 ±1.1
*103

370
±110

230 ±60

2.7 ±0.8

*wl
2.7±0.8
•10'1

17 ±4
1.0 ±0.3
4.7 ±1.4
1.5 ±0.4

2.7 ±0.8
* 1 0-i

1.7 ±0.5
*10"'
2 ±6
M0'1

3.5 ±1.1

7.0 ±2.1

D-16

4.9 ±1.5
320 ±60

2.8 ±0.4

*104

44 ±13

46 ±14

1.7 ±0.5

17 ±4

6.5 ±1.3
*103

210 ±60

150 ±40

4.8 ±0.7

*104

4.8±0.7
*104

1.9 ±0.6

2.9 ±0.8

6.6 ±1.9
1.2 ±0.3

1.8 ±0.5
*10"'
1.0 ±0.3
•10"1

1.1 ±0.4
M0"1

17 ±5
470 ±140

19 ±6

Magnesium alloys

M V - 6
4.6±1.3
*104

820 ±120

270 ±80

1.0±0.2
*103

4.0 ±0.8
*103

13 ±2
*103

910 ±270

23 ±6

120 ±30

5500
±1100

1300
±200

IMV-2

4.2 ±1.2

150 ±40

2200 ±400

4.3 ±1.2

140 ±40

49 ±7
*103

26 ±7

1501±30

1.1 ±0.3
*104

510 ±150

MA2-1

22 ±7

250 ±40

24 ±4
*103

120 ±40

180 ±30

43 ±14

43 ±14

3.7 ±1.1

The contents of Fe, Ni in alluminium alloys are 10"3-10"4 g/g; Ca, Ti, V, Ga, Ge and
*10 - 10-6 alo- and Li. As. Se. Sr. Y. 7r. W 10"6 1f)-8 pip.Pb 1.2 *10 - 10 g/g; and Li, As, Se, Sr, Y, Zr, W 10"
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The concentration of ehemical elements in magnesium alloys are in the 3.7*10"^ - 4.6*10*2
g/g limits. The content of Li in the alloys is up to 4.6%. The concentrations of Ca, Ti, V, Cr,
Fe, Ge, Sr, Y, Zr, Cd and Pb are equal to 0.1-3.7 10"6 g/g. It is practically impossible to
determine the contents of Mg, Al, Si, Mn using the proton activation analysis.

4. SUMMARY

It has been shown that under our experimental conditions the determination of
25 chemical elements concentrations in aluminium alloys is possible. We have
determined the traces of 16 chemical elements in magnesium alloys. The detection
limits for considered elements Li, B, N, Na, Mg, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn,
Ga, Ge, As, Se, Sr, Y, Zr, Mo, Ce, W, Pb are of the order of 0,1-1 jag/g.

REFERENCES

1. Magniyvo-litievie splavii. (Pod redaktsiey M.T. Dritsa, in Russian). Moskov,
Metalurgiya, 1980, 140 s.

2. Shibata S., Tanaka S., Suzuki T., Umerawa H.,Lo J.G.,Yen SJ. Determination of
impurities in aluminium metals by proton activation. Int.J. Appl. Radiation.
Isotopes, 1979, v.30, N°9, 563-565.

3. Muminov V.A., Mukhammedov S. Sostoyanie i perspektivii razvitiya yaderno-
fizicheskikh metodov analiza na zaryajennikh chastitsakh. In "Ispolzovanie
uskoriteley v elementnom analize". Tashkent, FAN, 1980, 4-40 .

4. Benrton G., Beyseir B., Angella A. Determination of about thirty elements in
aluminium and its alloys by means of neutron activation analysis. J. Radioanal
Chem.l977,v.38,N92, 257-265.

5. Yagi M., Masumoto K. Simultaneous determination of Ti,Cr, Fe, Cu, Ga and Zr in
aluminium alloys by charged-particle activation analysis using the internal standart
method. J. Radioanalytical and Nuclear Chemistry, Articles, 1985, 91/2, 379-387.

6. Muminov V.A., Mukhammedov S., Vasidov A. Aktivatsionniye metodii analiza
deformiruemikh alyuminiyevikh splavov na zaryajennikh chastitsakh. Dokl.AN
UzSSR,N93,1980, 31-34.

7. Vasidov A., Muminov V.A., Mukhammedov S. Aktivatsionniy analiz
deformiruemikh magniyevikh splavov na tsiklotrone. Dokl.AN UzSSR,N22,1980, 30-
31.

8. Irisbaev K.N. Izuchenie nekotorikh kharakteristik puchka uskorennikh ionov
tsiklotrona U-150-2. Izv. AN UzSSR, ser. fizmat nauk 1969, Ns4, 64-66.

9. Muminov V.A., Mukhammedov S., Vasidov A. Vozmojnosti protonno -
activatsionnogo analiza pri opredelenii soderjaniya elementov po korotkojivushim

radionuklidov. Atomnaya energiya 1980, t.49, vip. 2, 101-105

lO.Vandecasteele C. Activation asnalysis with charged particles. (Editor Chalmers
R.A.). Ellis Horwood Limited Publishers.Chichester, 1988, 170 p.

11.Mukhammedov S. Issledovanie protonno - aktivatsionnogo analiza nekotorikh
legkikh I srednikh elementov. Disstrtatsiya. Tashkent, 1973, 205 s.

558



EG0600218

2°d Conference on Nuclear and Particle Physics,
13 -17 Nov. 1999, Cairo, Egypt

NAA OF AN EGYPTIAN CERAMIC
ELECTRIC INSULATOR SAMPLE

L. S. ASHMAWY, E. A. EISSA, N. B. ROFAIL and A. M. HASSAN.

Reactor and Neutron Physics Department, Atomic Reactor Division,
Nuclear Research Center, Atomic Energy Authority, P O. Box 13759, Cairo, Egypt

A. SIMONITS

*KFKI, Atomic Energy Research institute, Neutron Center, Budapest, Hungary

ABSTRACT

In this work a sample of a ceramic electric insulator material used in Egypt in the production of
transformers and indoor electric equipment has been elementally analyzed by Neutron Activation
Analysis (NAA) technique. The Pneumatic Rabbit Transfer System (PRTS) of the 10 MW Budapest
Research Reactor (BRR) was used, for short time irradiation of 120 s. Long time irradiation was
performed at the reactor core periphery for 24 hours. The thermal neutron fluxes at full reactor
power in both cases were 6 x 1013 n/cm2.s and 3 x 1013 n/cm2.s, respectively. The gamma-ray
spectra obtained have been measured for several times by means of the Hyper Pure Germanium
Detection System (HPGe). The ko computer programs were used for data analysis. A total of 42
elements have been identified as: Na, Al, Cl, K, Sc, Ti, V, Mn, Fe, Co, Zn, Ga, As, Br, Rb, Sr, Zr, Mo,
Ag, Sb, Te, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, Lu, Hf, Ta, W, IT, AU, Th and U.

Key Words: Ceramics - Insulators - Neutron Activation

INTRODUCTION

Ceramics, (Greek keramos, "potter's clay") originally the art of making pottery, now a general term
for the science of manufacturing articles prepared from pliable, earthy materials that are made rigid
by high-temperature treatment. Ceramic materials are nonmetallic, inorganic compounds, primarily
oxides, but also carbides, nitrides, borides, and silicides. Ceramics have characteristics that enable
them to be used in a wide variety of applications including: high heat capacity and low heat
conductance, corrosion resistance, electrical insulation, semiconductance, or superconductance,
nonmagnetic and magnetic, hard and strong but brittle. The diversity in their properties stems from
their bonding and crystal structures. Two types of bonding mechanisms occur in ceramic materials,
ionic and covalent. Often these mechanisms co-exist in the same ceramic material. Each type of bond
leads to different characteristics. Ionic bonds most often occur between metallic and nonmetallic
elements that have large differences in their electronegativities. Ionically-bonded structures tend to
have rather high melting points, since the bonds are strong and non-directional. The other major
bonding mechanism in ceramic structures is the covalent bond. Unlike ionic bonds where electrons
are transferred, atoms bonded covalently share electrons. Usually the elements involved are
nonmetallic and have small electronegativity differences. Many ceramic materials contain both ionic
and covalent bonding. The overall properties of these materials depend on the dominant bonding
mechanism. Compounds that are either mostly ionic or mostly covalent have higher melting points
than compounds in which neither kind of bonding predominates. Ceramic materials can be divided
into two classes: crystalline and amorphous (noncrystalline). In crystalline materials, a lattice point is
occupied either by atoms or ions depending on the bonding mechanism. These atoms (or ions) are
arranged in a regularly repeating pattern in three dimensions (i.e., they have long-range order). In
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contrast, in amorphous materials, the atoms exhibit only short-range order. Some ceramic materials,
like silicon dioxide (SiO2), can exist in either form.

Ceramics vary in electrical properties from excellent insulators to superconductors.Thus,
they are used in a wide range of applications. Some are capacitors, others are semiconductors in
electronic devices. In 1986, a new class of ceramics was discovered, the high Tc superconductors.
These materials conduct electricity with essentially zero resistance. Finally, ceramics known as
piezoelectrics can generate an electrical response Piezoelectric materials can convert mechanical
pressure into an electrical signal and are especially useful for sensors. Ceramics are probably best
known as electrical insulators.

The sample under investigation is a ceramic electric insulator material commonly used in the
production of transformers and indoor electric equipment. It is provided by the Egyptian company
EGMAC [1] as one of the Ciba -Geigy chemical products.

De corte et al. had established the ko,Au factors and the related nuclear data used in the
present work. The use of high|2,3] resolution HPGe detection system in NAA technique with
application of the ko method is considered as one of the most precise tools for such purposes. The
used pneumatic transfer rabbit system was described elsewhere[3].

EXPERIMENTAL

Irradiation:
For short- (120 s) and long- (24 hours) time irradiation, 21.4 mg and 0.015 mg of the sample

provided by the EGMAC Company were used. The samples were ground in a powder form and
compressed into pellet shape then sealed in polyethylene capsules. Each sample was associated with
Zr foil and the convenient alloys of (Al-0.1% Au) and (Al-0.1% Lu) wires for determining the
irradiation parameters f and a at the irradiation position, f is the thermal to epithermal neutron flux
ratio and a is the deviation factor concerning the departure of the epithermal neutron spectrum from
ideality (1/E law). In short irradiation, f=27.7 and a=0.0625. The thermal neutron flux at the core of
the 10 MW BRR was about 6x 1013 n/cm2.s for short time irradiation while it was about 3 x 1013
n/cm2.s for the long time irradiation.

Measurements:
The (HPGe) detection system is used for measuring the gamma- rays emitted by the

activated samples as well as the standard materials used for flux monitoring. The gamma-ray energy
E (in keV) dependence of the detector resolution (FWHM) follows the empirical relation:

FWHM = 0.793 + 8.0 10'4 Ey + 6.2 10s E2y

In case of the short irradiation time, three y-ray spectrum (for Eg from 52 to 3356 keV)
measurements for periods of 600, 1200 and 1800 seconds were carried out after cooling times of 240,
8940 and 81240 seconds, respectively. Figs, (la), (lb) and (lc) show the gamma-ray spectra of the
three runs. A total of 42 elements were identified in both cases of short-and long-time irradiation.
Elemental identification was performed by using criteria based on the half-life time as well as the
intensity of the well resolved gamma-ray lines each element. The concentration of each element was
estimated by applying the KAY/ZERO/SOICOI program package [2,3] on the well resolved gamma-
ray lines of each element.

RESULTS and DISCUSSION

Table (1) gives the concentration values (C) and their errors (C) in mg/kg for the identified
42 elements in the Egyptian ceramic electric insulator. It can be noticed that Al, Cl, and Fe can be
considered as major elements, while Na, K, Ti, V, Mn, Zn, Rb, Sr, Zr, Mo, Ba La, Ce, Nd, Hf and Th
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can be considered as minor elements. The remaining 23 elements are present in a trace level (< 1
mg/kg). The concentration values of the major, minor and trace elements presented in this sample
have a great importance in assigning the physical properties (Elasticity, homogeneity, insulation
properties, stability and mechanical properties) and in turn the quality of the material [4-11].
The high aluminum content in the sample may indicate that it is manufactured from alumina,clay.
The existence of titanium may indicate that it is an aluminum titanate (AI2TiO5) based material.
Aluminum titanate is also a material suitable for an application at higher temperatures, resistant to
thermal shocks, and an excellent thermal insulator. Ceramics are probably best known as electrical
insulators. The existence of Ba may indicate the presence of BaTiO3. Some ceramic insulators (such
as BaTiO3) can be polarized and used as capacitors. Other ceramics conduct electrons when a
threshold energy is reached, and are thus called semiconductors.

Table l.The Concentration Values of the Elements Identified in the
Egyptian Ceramic Electric Insulator Sample.

Element

Na
Al
Cl
K
Sc
Ti
V

Mn
Fe
Co
Zn
Ga
As
Br
Rb
Sr
Zr
Mo
Ag
Sb
Te

Concentration
(C)

mg/kg
29.3
1980
3320
316
0.160
203
1.40
5.97
1320
0.120
2.200
0.350
0.200
0.16
2.10
10.0
61.0
1.40
0.130
0.031
0.73

Error
(±AC)

0.5
6
20
22
0.002
10
0.09
0.05
11
0.002
0.064
0.053
0.018
0.02
0.15
2.6
1.7
0.06
0.008
0.002
0.07

Element

Cs
Ba
La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Tra
Yb
Lu
Hf
Ta
W
Ir
Au
Th
U

Concentration
(C)

mg/kg
0.180
44.0
5.76
12.80
5.30
0.7416
0.083
0.650
0.087
0.46
0.25
0.040
0.280
0.043
1.36
0.072
0.2955
0.0030
0.0008
3.46
0.7541

Error
(±AC)

0.004
1.6
0.04
0.04
0.18
0.0002
0.004
0.044
0.001
.01
0.01
0.006
0.003
0.003
0.02
0.002
0.0001
0.0002
0.000
0.01
0.0003

CONCLUSION
On conclusion, attention may be drawn to the feasibility of the NAA with HPGe detection

system in industrial applications. The kO standardization method improves the precision of the
results to a great extent.
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ABSTRACT

According to the information given by recent published data , more than
150 million landmines are buried in more than 70 countries, among them is
Egypt . In Egypt, more than 23 million landmines lie buried in the northern
parts of the western desert and western parts of Sinai . These mines are
triggered accidentally by civilian activities, ravaging the land and killing or
maiming a lot of innocent civilian people . For humanitarian demining , the
removal of landmines already in the ground is very difficult and quite costly.
Inaddition, detecting minimum metal antipersonnel mines and distinguishing
them from the metallic debris of a minefields is difficult with current
available detectors.

Key Words : "explosive materials", "fast neutrons", "thermal neutrons",
"inelasticscattering"," radiative capture"

INTRODUCTION

Landmines were first developed and used during the first World War, to stop tanks rolling
right over their battle lines . By the time the second World War started in 1939, a much more
effective light weight explosive called TNT, had been developed and much better antitank
mines could be deployed . Three hundred million of them were laid , almost two third of them
by the Soviet Union . However, advancing troops, soon found they could remove the antitank
mines by hand . So the next development in mine technology emerged mines designed to
explode under the pressure of a human foot. These were laid close to the antitank mines to
protect them [1].

Antitank (ATs) and antipersonnel (APs) mines played a controversial role in Vietnam war.
During the early of 1960s, the United States began using new, smaller, remotely delivered APs
mines, which could be dropped by thousands from airplanes over a broad region. The same
method of randomly scattering mines was used by the Soviet Union during its invasion to
Afghanistan, in the 1980s

Recently , mines become a weapon of choice in smaller skirmishes and civil war largely
because they are so cheap (few bucks) and easy to obtain. Instead of being used to protect
military positions , mines are often used to terrorize and demoralize civilians; Bosnia and
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Croatia now have millions of landmines to deal with many of them planted around wells,
rivers , power sources, buildings and other high- traffic areas [2].

According to official figures, more than 150 million landmines have been laid in several
countries, among them is Egypt, with more than 23 million land mines lie buried in the
northern parts of the western desert and in vast areas in the western part of Sinai.

Demining operation using conventional methods even with most recent techniques is slow ,
costly and dangerous . Therefore , the removal of all landmines laid already in the ground will
be costly. Some estimates put final tab as high as $ 100 billion . Perhaps, the only thing more
costly will be to leave them in the ground [3].

It is therefore of the highest priority and prime importance that scientists in each discipline
share their knowledge and result of their experiments to design solutions for humanitarian
demining with techniques efficient in terms of safety, reliability, costs and speed , and to
tackle the problem from a technical point of view by the identification of the variable that
determine the complexity of demining operation [4].

NUCLEAR TECHNIQUES

Among the techniques which could be used to identify the explosives charge itself, is the
nuclear detection methods applying neutrons and nuclear quadrupole resonance. These
methods are the most promising at the current stage of development, especially in the aviation
security .The interest of nuclear techniques is related to their capability to detect mines at
large depths and their capability to recognize sensitive elements of the explosives in mines
such as hydrogen , carbon , nitrogen and oxygen .These elements, however, are found in soil
with different elemental ratios and concentrations. This makes it possible to distinguish
mines from soil . nevertheless, only few nuclear methods are of interest as soon as the false
alarm rate is expected to be low . This can be achieved if all the explosive constituents of the
mine are detected with an analysis of their ratios and to compare them with reference data
from a data base .

The nuclear techniques are performed via thermal neutron analysis, fast neutron analysis,
and combination of thermal and fast neutron analysis. It could be performed using the
quadrupole moment of nitrogen to detect the presence of compounds such as TNT. A detailed
discussion of these methods is given below [5].

Thermal Neutron Analysis

Thermal neutron analysis,TNA relies on the activation via neutrons emitted by a
radioisotopic source of the nitrogen nuclei, abundantly contained in most explosives.The
activated nitrogen nuclei emit specific gamma-rays which can be detected quickly .Sensors
based on TNA yield good results for antitank mines but not for antipersonnel mines which
contain a smaller explosive volume [6]. Another drawbacks of TNT include system complexity
and limited depth at soil penetration (10 -20 cm).
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When a thermal neutron is captured by a nucleus, the following reactions take place ;

The 15N" de -excites to its ground state by the emission of one or more gamma-rays of energies
up to 10.82 MeV. This reaction has a capture cross section of about 80 millibarns ; the
hydrogen cross section is four times more and the capture reaction rate is almost 400 times
larger for hydrogen than for nitrogen .

Fast Neutron Analysis

Fast neutron analysis ( FNA ) uses the gamma-rays which are produced by inelastic
neutron interaction whose energy is determined by the element in which the incident neutron
interacted . Thus, measuring the energy and origin point of the gamma-ray determines the
element present and its location within the ground . The measured gamma-rays give a three
dimensional image of the source by separating out the gamma-rays from each element.

Fast neutrons especially those with energies above a few MeV, are capable of penetrating
materials depth sufficient for identification of mines at depths up to 50 cm in ground . While
limited by the mean free path of neutron and gamma-rays and by the noises coming from
equipment and from the soil around the mine . Other distinct factors make fast neutron
detecting technique very promising are [7],

1. The interactions of neutron with materials are very sensitive to the neutron energy and
the nuclides in the material, and this makes it possible to determine these nuclides (and
have the corresponding chemical elements) by monitoring the neutron interactions in
various ways.

2. In case of explosive materials are the element, hydrogen , carbon , nitrogen and oxygen
(HCNO) which differ strongly from one - another in their interactions with neutrons and
can thus be characterized via the different reactions .

3. The energy spectrum and time of arrival of prompt gamma-rays which are excited by
inelastic neutron scattering in the interrogated material can by measured .

4. Different elements are identified via their characteristic gamma spectra and the time
measurement is used to locate the position of different scatter.

The neutron techniques utilize either fast neutrons for the identification of elements such
as carbon and oxygen or thermal neutrons for the measurement of elements such as nitrogen.
Detection of all elements from mines is only possible using neutrons at energy higher than 9
MeV. 14 MeV neutrons emitted in pulsed mode allow to separate the different reactions by
the time at the microsecond scale. A SODERN small size sealed neutron tubes are best used in
pulsed mode and is turned off after used [8]. The neutron tube produces in the pulsed mode a
train of 14 MeV neutrons pulses a few (is wide ( 10- 15 |j.s ) . Figure 1 shows the time
sequence of the nuclear reactions taking place .
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The fast neutrons impinge on the object to be interrogated and a series of nuclear
reactions such as ( n , n y ) and (n, p y ) with nuclei of C and 0 , which have a large cross
section for these reactions. Slowed -down neutrons to energies about 1 eV (through the
collision with soil and explosive nuclei) interact with the H, N, S, Cl and Fe nuclei and emit
prompt gamma-rays through (n, y ) reactions. The same set of gamma-ray detectors will be
used to measure the gamma-rays produced from fast and thermal neutron interactions as well
as those gamma-rays emitted from elements such as Si and P that have become activated after
a predetermined number of neutron pulses. Different modes of gamma- rays produced during
different sequences of operation mode, are stored at different sections of the acquisition
system and are used by the analyzing codes to give information for ratios and concentrations.
Therefore , by utilizing gamma-rays produced from fast neutron reactions , thermal neutron
reactions and activation reactions a large number of elements contained in the object can be
identified [9].
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A schematic diagram of the experimental arrangements for landmine identification by
nuclear technique is shown in Fig.2 . The system consists of shielded neutron container for
accommodating a sealed tube neutron generator with emission rate up to 109 n /s, or a sealed
tube neutron source of Californium-252 with an approximate activity of 100 m Ci ,
corresponding to an emission of about 4.5 x 108n/s . The source container will be made from
lead and borated high density polyethylene with thickness quite enough to reduce the
background level at 4 meter distance from the source to a maximum dose rate of 2.5 (i Sv/h
public maximum permissible level. This radiation level is only when the neutron generator is
on or when the source house is charged with the Californium -252 neutron source. The
detectors array holders will be provided with a mechanical adjustable system for adjusting the
detector inclination angle for maximum counting rate . These adjustments will be performed
by stepping motors with power supply units controlled by a computerized controller.

Neutron Source

Shielding Shielding

Detector Detector

Fig.2 . Shcmatic Diagram of The Experimental Arrangements
For Landmine Identification By Nuclear Technique

During the Held operations, the detection system will be fixed in front of a vehicle ( at a
distance approximately 50 cm above the ground ) or carried by a an aerial vehicle operates in
vertical take-off and landing modes and can be operated manually. Other electronic
equipment including power supplies, discriminators, data acquisition systems, computers and
controller units will be placed inside the vehicle in a local operation mode.

568



Nuclear Quadrupole Resonance

Nuclear Quadrupole Resonance ( NQR ) relies on the resonant response of certain nuclei
possessing electric quadrupole moments. In case of mine detection , NQR technique uses the
quadrupole moment of nitrogen nuclei to detect the presence of compounds such as TNT. The
NQR detects RDX material well but it does not efficiently detect TNT, the chief substance in
mine explosives . To achieve a better detection efficiency of TNT by NQR, the signal to noise
ratio for TNT has to be increased . This is a priority in current NQR research [10].

NQR has the advantage that there are essentially no false positives , but the techniques
possesses these problem ,

1. It cannot detect explosives within conductive materials and thus will be useless against
metal mines .

2. Sensitivity is limited for TNT and in particular, it is necessary to use a non optimum
probe coil arrangement to detect mines from the surface.

3. The method works even if the mine is surrounded by materials found in soil.

CONCLUSIONS

1. None of the well know landmine detection techniques has the capability to detect mine in
various environments. Therefore, a combination of techniques is required.

2. Explosive materials are rich in nitrogen which serves as a bonding agent as well as with
oxygen which is the oxidizer. Therefore, the mine identification technique must detect the
nitrogen content together with the oxygen content.

3. Detection techniques with high energy neutrons from pulsed neutron generator can offer a
viable solution to the problem of landmine detection and removal in terms of safety , and
efficiency. They can offer the unique feature of unambiguous identification of the hidden
object through either partial or complete chemical characterization .

4. A nuclear sensor based on TNA and FNA could be used with other currently used
techniques to increase the detection efficiency, and greatly enhance the level of safety and
reduce the demining cost*

5. Removal of all landmines already in the ground is very costly, but the only thing more
costly will be to leave them in the ground .
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Mosque of Amr Ibn El-Aas

This is the first and oldest mosque ever built on the land of Egypt. Erected in 642 AD
(21 AH) by Amr Ibn al'As, the commander of the Muslim army that conquered Egypt,
the mosque is also known as Taj al-Jawamie (Crown of Mosques, al-Jamie'al-Ateeq (the
Ancient Mosque) and Masjid Ahl ar-Rayah (Mosque of Banner Holders).

The mosque is said to have been built on the site of Amr Ibn el-As's tent at Fustat, is the
oldest existing mosque, not just in Cairo, but the entire African Continent. Located north
of the Roman Fortress of Babylon, it is actually on the edge of Fustat, the temporary city
founded by Amr, and was an Islamic learning center long before El-Azhar Mosque. It
could hold up to 5,000 students.

The mosque was originally built on an area of 1,500 square cubits, overlooking the Nile.
The
initial structure was quite simple; with walls bare of any plaster or decorations, but
without niche (miharb), minaret or ground cover. It had two doors on the north and two
others facing Amr's house.

The mosque area remained unchanged until 672 AD (53 AH), when Musallama al-
Ansari, Egypt's ruler on behalf of Caliph Mu'awiya Ibn abi-Sufian undertook expansion
and renovation works for the mosque. Walls and ceilings were decorated and four
compartments for "muezzins" (callers for prayers) were added at the corners, together
with a minaret, while the mosque ground was covered with straw mats.

In 698 AD (79 AH), the mosque was demolished and expanded by Abdul-Aziz Ibn
Marwan, Egypt's ruler. Once again in 711 AD (93 AH), the mosque was demolished by



Prince Qurrah Ibn Shuraik al-Absi, Egypt's ruler. Upon the orders of Caliph al-Waleed
Ibn Abdul-Malek, the mosque area was enlarged, a niche, a wooden pulpit (minbar) and
a compartment and copings of four cloumns facing the niche were gold-coated. The
mosque had then four doors to the east, four to the west and three to the north.

Under the Abbasid state, successive additions and repairs were introduced. In 827 AD
(212 AH), Abdullah Ibn Taher, Egypt's ruler on behalf of Caliph al-Ma'moun ordered an
equivalent area to the north to be added to the mosque, thus bringing its total area to its
present level of 13,556,25 square metres. (112.3m x 120.5m). However, the Fatimid
period was the gold era for the mosque, where gilted mosaics, marble works, a wooden
compartment and a moving pulpit were introduced and part of the niche was silver-
coated

The last structural amendments in Amr Mosque were made during the rule of Murad
Bey under the ottoman era, in 1797 AD (1212 AD). Because of the collapse of some
columns, the interior of the mosque was demolished and rebuilt. As a result, eastern
archades were repositioned so as to be perpendicular to the mihrab wall. Accordingly,
arches were extended across windows. Two minarets were built and are still extant.

Amr Mosque was not merely a place of worship but also served as a court for settling
religious
and civil disputes. Moreover, teaching circles were organized either for general religious
preaching or teaching lessons in Quranic sciences, jurisprudence and Prophet
Muhammad's Tradition (Hadith) as well as letters.

The mosque incorporates elements of Greek and Roman buildings, and has 150 white
marble columns and three minarets. Simple in design, its present plan consists of an
open sahn (court) surrounded by four riwaqs, the largest being the Qiblah nwaq. There
are a number of wooden plaques bearing Byzantine carvings of leaves, and a partially
enclosed column is believed to have been miraculously transported from Mecca on the
orders of Mohammed himself. There are many other ancient legions related to the
Mosque



The Mohammad Ali (Alabaster) Mosque

Designed by the Greek architect Yussuf Bushnaq, The Mohammad Ali (Alabaster)
Mosque in the Citadel was begun in 1830 (finished in 1857) in the Ottoman style by
Mohammad Ali Pasha, ruler of Egypt, and founder of the country's last dynasty of
Khedives and Kings The mosque is the Tomb of Mohammad Ali and is also known as
the Alabaster Mosque because of the extensive use of this fine material from Bern Suef.
Its two slender 270 foot minarets are unusual for Cairo. From the arcaded courtyard,
visitors have a magnificent view across the city to the pyramids in Giza. Just off the
courtyard is the vast prayer hall with an Ottoman style dome which is 170 feet above.
The parapet to the southwest offers a good view of the Sultan Hassan and Ibn Tulun
Mosques and of Cairo itself. Perhaps because of its location, it is one of the most
frequented Mosques by tourists.



The Refa'i Mosque

Designed by Mustapha Fahmi with a Bahri Mameluke style, the Refa'i Mosque faces the
Sultan Hassan Mosque and is named after a Muslin holy man, Shekh Ali Abu El-
Shoubak who is buried here. The mosque was completed in 1912 by Max Herz Pasha
and was constructed at the order of Khoushiar, mother of the Khedive Ismail. The
mosque also became the Royal Crypt of Egypt's last dynasty. It was built on the former
site of the Sheikh ar-Rifa'i zawia and covers 75,350 square feet.
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ABSTRACT

Spinel ferrite series of NiCrxFe2.xO4 with x ranges from 0.0 to 1.0 has been
prepared. M6ssbauer effect spectra recorded at room temperature for
these compounds show a ferrimagnetic ordering and fitted into two
Zeeman sextets due to ferric ions at tetrahedral A - and octahedral B -
sites. The obtained parameters are discussed as a function of Cr
concentration. Using the cation distribution obtained from the Fe3+ ratio
at the two sublattices, the magnetic moments of these compounds are
found to exhibit a collinear ferrimagnetic structure. Results of
conductivity measurements for these materials as a function of frequency
and temperature reveal a semiconducting behavior. All compositions
exhibit a transition temperature, which decreases as Cr concentration
increases. The dielectric permittivity and dielectric losses are discussed
in the light of hopping conduction mechanism occurred at the octahedral
B - site.

Key Words: Mossbauer Effect / Cation Distribution / Magnetic Moments /
Dielectric Constant

INTRODUCTION

The transition metal oxides with the spinel structure have attracted widespread
attention because of their remarkable electrical and magnetic properties [1-3], These
properties are controlled by the oxidation state and distribution of the cations at A- and
B- sites in the lattice. The cation distribution depends on temperature, stoichiometric
composition and the method of the preparation of these compounds. Amer et.al. [4]
studied the system CuCrxFe2.xO4 by using Mflssbauer effect and IR absorption spectra.
They discussed the effect of variation of chromium substitution on various hyperfine
interactions and found that the cation distribution makes clear that all Cr3+ ions occupy
octahedral sites. Mohan et. al. [5] studied Mfissbauer effect and magnetization
measurements of mixed spinel CoFe2.xCrxO4 at 300K with a selective Fe - dilution of B -
sublattice. Their results indicate that the increasing Fe - dilution of the B- sublattice, a
collinear ferromagnetic phase breaks down at x>0.8 before reaching the ferrimagnetic
percolation limit occurred.
The aim of this paper is to prepare the non-stoichiometric oxide system NiCrxFe2-x O4

(0.0<x<1.0) and investigate its magnetic and electric properties with various chromium
concentration.
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EXPERIMENTAL DETAILS

Six polycrystalline samples of NiCrxFe2.x04 (0.0 < x<1.0) were prepared by the usual
ceramic method [6], High purity oxides [NiO, CT2O3 and aFe2O3] were mixed in the
desired proportions and prefired at 1100°C for 24 hours. The resultant powders were
reground and fired again at the same conditions to improve homogeneity. The final
products were pressed into pellets at pressure 5 ton/inch and sintered at 1250°C for 10
hours then slowly cooled to room temperature. X-ray powder diffraction measurements
were obtained using Co-ka radiation and their analysis showed that the samples have a
single phase of the cubic spinel structure with no evidence of impurities or separated
phases. Mossbauer effect spectra were recorded with a time mode spectrometer, using a
constant acceleration drive and a personal computer analyzer (PCAII card with 1024
channels). Metallic iron and a- FeC>3 spectra were used for calibration of both observed
velocities and hyperfine magnetic field. The source of y -ray 57Co with initial activity
(50mCi) embedded in Rh matrix is used. The absorber thickness was approximately
10mg/cm2 of natural iron. Spectra were analyzed with computer program [7].

The electrical measurements were carried out on the polycrystalline samples in the
form of a disc with diameter 2cm and thickness 4mm, where the polished surfaces of the
specimens covered with silver paste. Complex impedance technique over the
temperature range (300-850K) was applied using two - probe method with Lock - in
amplifier in the frequency range (102-105 Hz).

RESULTS AND DISCUSSION

X-ray powder diffraction patterns at room temperature for the studied compositions
NiCrxFe2-xO4 indicate the presence of single-phase cubic spinel structure with no lines of
individual oxides observed. Figure 1 shows a linear variation of the lattice parameter a
with chromium concentration x for the studied system in accord to Vegared's low [8].
This behavior is similar to those reported previously [9]. Such remarkable change is due
to that the fact that the Pauling ionic radius of Cr3+ (0.64 A) ions is smaller than that of
Fe3+ (0.67A) ions.

8 . 3 6

8 . 3 2

8 2 8

8 . 2 4

8 . 2 0
0 . 0 0 . 2 1 .0

Fig. 1. Lattice parameter a versus Cr concentration x for NiCrxFe2.x O4 .

Mossbauer effect (ME) spectra at room temperature for NiCrxFe2.xO4 spinel ferrites are
given in Fig.2. The figure shows a well-resolved spectra characteristic for spinel ferrites
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Fig. 2: ME spectra at room temperature for NiCrxFe2.xO4 ferrite system.
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below their Neel point. These spectra were analyzed on the basis of N magnetic sextets
of Lorentzians [7]. For the stoichiometric compound NiFe2O4, the ME spectrum consists
of two clearly splitted Zeeman sextets with equal intensity, due to Fe3+ at A- and B -
sites. The ME spectra for Cr contain nickel ferrite [NiCrxFe2.xO4] were analyzed in the
same way.

Cation distribution of these compounds is estimated from the fraction of iron at A -
and B - sites determined using the area's of ME spectra. For NiFe2O4 sample the ME
spectra [Fig.2] analyzed with equal area of both A-and B-sub spectra giving rise to a
cation distribution as Fe3+[Ni2+Fe3+]O4 in agreement with the most reported literature
[10]. The area ratio [A/B] obtained from ME spectra is given in table 1 with other ME
parameters. The estimated cation distribution from [A/B] ratio and from the preference
of both nickel and chromium ions for occupation A- and B - sites in the spinel unit cell
[5,9,11] (table 2) indicates that Cr3+ replaces Fe3+ at B - sites till x=0.6. As Cr
concentration x increases (x > 0.8) the area ratio decreases. This could be explained as
the introduction of Cr3+ with these values at B -sites causes a migration of some Ni2+

ions to A - sites.
Based on the cation distribution obtained above the magnetic moment of the present
compounds was determined, with the use of:
1) Neel Two - Sublattice Model; nN (x) = \iB(x) - \i A (x) Where nN is the Neel's
magnetic moment per formula unit, (IB and \i A are the [B] and (A) sublattice magnetic
moments in (Bohr magneton ).

Table 1. ME parameters for NiCrxFe2-x O4 spinels

X

0.0
0.2
0.4
0.6
0.8
1.0
errors

Hhf(A)
kOe
496
482
453
446
455
445
±2

HhKB)
kOe
523
513
483
477
475
458
+2

IS(A)
mm/s
0.361
0.394
0.385
0.390
0.397
0.398
±0.001

IS(B)
mm/s
0.471
0.494
0.539
0.515
0.456
0.437
±0.0015

QS(A)
mm/s
0.0170
0.0001
0.0145
0.0145
-0.0117
-0.0444
±0.0005

QS(B)
mm/s
0.0001
-0.0164
0.0072
0.0166
0.0944
0.0965
±0.0007

A/B

1.21
1.33
1.93
3.98
2.07
1.37

IS values are relative to natural iron.

Table 2. Cation distribution ofNiCrxFe2.xO4 ferrites

X

0.0
0.2
0.4
0.6
0.8
1.0

Sample

NiFe2O4

NiCr0 2Fe, 8O4

NiCro4Fe1604

NiCro.6Fei 4O4

NiCro.8Fe1.2O4
NiCrFeC-4

Cation distribution

(Fe)[NiFe]O4

(Fe)[NiCr02Feo8]04
(Fe)[NiCr0.4Feo6]04

(Fe)[NiCr06 Fei.4]O4

(Nio.3iFeo.69)[Nio 69Cro.8Feo 5i]O4

(Nio.5iFeo.49)[Nio 49CrFe0.5i]O4
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2) Tachiro's Formula [9] nT(x) = (2- 2x ) |iB where, nT(x) is the magnetic moment
3) Mohan's Formula [5] tfx) =[(|HnB|M5(x)/ HnB(0))]- [|(HnA(x)| MA(x)/| Hn (0)|] where
l̂ (x) is the magnetic moment per formula, HnB and HnA are the magnitude of the internal
magnetic field for the B and A-sites respectively. Also, Mfl(x) and MA(x) are the [B] and
(A) sublattice magnetic moments in (Bohr magneton ). The calculated magnetic
moments using the previous formulas are presented in table 3. It is clear that as long as
the samples have inverse spinel structure (where x<0.8), their magnetic moments are
evaluated well by the above models. This result confirms a collinear ferrimagnetic
structure for the studied nickel chromium series. At x > 0.8 there is a break up could be
attributed to, the random distribution of antiparallel spins and long - range ordered
triangular configurations.
The quadrupole splitting QS values for all compounds under investigation are negligible
as shown in table 1. This might be explained by the presence of chemical disorder in the
present spinel compounds, which produced an electric field gradient (EFG) of varying
magnitude, direction, sign and symmetry. In other words the EFG at 57Fe nucleus arises
from the asymmetrical charge distribution surrounding the ion.

Table 3. The calculated magnetic moments for NiCrxFe2.x O4 compounds.

X

0.0
0.2
0.4
0.6
0.8
1.0

Neel Two -
Sublattice Model

2.0
1.6
1.2
0.8
3.3
2.5

Tachiro's
Formula

2.0
1.6
1.2
0.8
0.4
0.0

Mohan* s
Formula

2.0
1.6
0.9
0.6
2.8
2.1

Since the Fe3+ ion has half filled 3d - shell (3d5), the EFG in this case can arise only
from an asymmetric charge distribution surrounding the Fe3+ ion. Because of the overall
cubic symmetry of the spinel ferrite and randomness of chemical disorder, there will be
an equal probability for small QS of opposite signs. Hence the centers of the Zeeman
lines will not change, and consequently there will be no observable of QS in the present
compounds. The observed quadrupole splitting value of Fe3+ ions at B - site for x >0.8 in
this ferrite system can be explained as a deviation of local charge symmetry from cubic
symmetry and one anticipates a large electric field gradient.

Isomer shift IS values obtained from the analysis of ME spectra for Fe3+ at A- and B-
sites lie between 0.3 and 0.5 mm/s (as given in table 1), which are characteristic of high
spin state of the iron ions. These values (within the experimental error) are very similar
to those reported by Evans et. al. [13] in spinel- type systems. The IS values show no
variation with Cr content in the range 0.0 < x < 0.8 indicating that the replacement of Fe
with Cr does not affect the s- electron charge distribution of Fe3+ ion.

The hyperfine field Hhf measured by the ME consists of 3 contributions: Hhf = Hcore +
Hdip + Hsthf where; Hcor results from the polarization of s- electron by the magnetic
moments of d-electron. This field is larger for free ions than for ions in a crystal,
because of the covalency. Hdip: represents the dipolar fields produced by the
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surrounding magnetic ion. This field will depend on the distribution of the cation in A-
and B- site (i.e. it will also change if one of these ions is replaced by an ion with
different magnetic moment). The third contribution is the supertransferred hyperfine
fields Hsthf at a central cation originates from the magnetic moments of nearest
neighboring cations, (i.e. from the inter-sublattice contribution HAA and HBB and the
inter-sublattice contributions HAB and HBA [7]). The calculated values of the magnetic
field of both A- and B- sites for NiCrxFe2.x O4 compounds were found to decrease as the
Cr concentration increases [table 1]. This can be explained as; the replacement of Fe
with Cr in this system changes the number of magnetic bonds and a decrease of super-
exchange interaction between and within the sublattice could exist.

The relation between ac conductivity as (lno) and reciprocal of temperature as
(1000/T) at frequencies (100kHz-50kHz-10kHz-lkHz) for NiCrxFe2.xO4 ferrite is
represented in Fig.3. It is clearly observed from this variation that; the conductivity a
increases with increasing temperature, in a behavior similar to that exhibited by many
semiconducting materials [14-16]. The frequency dependence of conductivity at low
temperature is very clear for these compounds, while at higher temperature it decreased
and became frequency independent at a certain point (which separates the ferrimagnetic
region where conductivity is frequency dependent and the paramagnetic region where
conductivity is frequency independent). These points were taken as the Neel
temperatures TN for these samples. The determined transition temperature TN from the
relation in fig.3 is found to decrease as the chromium content increases [as seen from
table 4].

Table 4. Activation energies for G\ and a2 calculated from Fig. 3 for NiCrxFe2.x O4

compounds

Sample

0.0
0.2
0.4
0.6
0.8
1.0

Below transition temperature Tc (Ef) eV

lOOkHZ
0.2052
0.3217
0.3665
0.2712
0.261
0.2663

50kHz
0.235
0.237
0.269
0.300
0.291
0.263

10kHz
0.325
0.239
0.243
0.350
0.306
0.253

1kHz
0.206
0.302
0.311
0.412
0.309
0.276

Above Tc

(EP) eV

0.239
0.344
0.485
0.388
0.328
0.353

It is thus expected in the present compounds (NiCrxFe2.xO4) that; the substitutions of
chromium ions in place of iron ions decrease the number of Fe3+-O2" -Fe3+ linkages and
therefore the Neel temperature. Table 4 gives the activation energies in the ferrimagnetic
region (below TN) Ef and in the paramagnetic region Ep (above TN), which are calculated
from Fig.3 according to the relation cr=aoexp-(E/kT) where, E is the activation energy
and k is the Boltzmann's constant.. From this table the activation energy Ep is higher
than E f , which could be attributed to the ordered state of the ferrimagnetic region and
the disordered state in the paramagnetic region, where the charge carrier needs more
activation energy to jump between adjacent sites [14].
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Fig. 3: Variation of ln a with 1000/T for the ferrite system NiCrxFe2.x O4.
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The variation of dielectric loss tangent (tan 8) with frequency at room temperature for
the ferrite system NiCrxFe2.xO4 shows a normal behavior i.e. tan5 decreases with
increasing frequency as shown in Fig. 4 except for the compound with x=0.0 where a
loss peak is observed at frequency 8 kHz.

1000

100
to

5 10
D)
O

-304 K

-347 K

-372K

-422 K

-468K

-561 K

-596K

-646 K

7.5 8.5 9.5 10.5 11.5

Ln CO

12.5 13.5 14.5

Fig. 4. The variation of dielectric loss tangent (tan8) with frequency for NiCrxFe2.x O4
compounds at room temperature.

The appearance of loss peak can be explained in a qualitative manner as K. Iwauchi
reported [17]; that there is a strong correlation between conduction mechanism and
dielectric behavior in these compounds. This conduction mechanism is assumed to be
mainly due to the hopping process at the octahedral B-sites. A maximum in the
dielectric losses is observed when the jump frequency of this process is approximately
equal to that of the external electric field.
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Fig. 5. The variation of dielectric loss tangent (tan5) with frequency for NiCr0;
compound at different temperatures.

8O4

578



1.5E-03 1.8E-03 2.0E-03 2.3E-03

1/T

Fig. 6. Variation of the relaxation time with reciprocal of temperature forNiCrO2Fei gO4

compounds

The dielectric loss tan5 can be written as a function of relaxation time x and frequency
as; tan8=(F,T). Where the change in temperature affects the relaxation time as:
T=T0 exp(E/kT); where:'E is the activation energy of the relaxation process and k is the
Boltzmann's constant. The relaxation time versus temperature gives a straight line as
shown in Fig.6. This means that there is one hopping process, which contributes to the
conduction in these compounds.
Figure 7 shows the variation of the dielectric constant e' with frequency at different
temperatures for sample with x=0.2 (as an example for the ferrite system NiCrxFe2.xO4.
It is clear that s' shows a normal dispersion with frequency at low temperature. This can
be explained by the fact that; by increasing frequency, electron hopping can no longer
follow the alternating field and so does the polarization. As temperature rises e' shows a
maximum which shifts to higher frequency with increasing temperature in agreement
with Rezlescu interpretation [18]. According to this model the abnormal dielectric
behavior of some ferrites is due to collective contribution of two types of carriers (p and
n). The contribution of p- carrier,

1 0

CO

C

Fig. 7. The variation of dielectric constant e' with frequency for ferrite system
NiCro.2Fe1.8O4 at different temperatures.
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which results from the exchange of Ni2+ <=> Ni3+, is lower than that obtained by
electronic exchange Fe3+ <=>Fe2+ n-carriers. On the other hand, the temperature
dependence of e' showed that at higher frequencies the dielectric constant is almost
temperature independent, but as the frequency decreases, its value becomes more
temperature sensitive.
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ABSTRACT

Spinel ferrite system Nii_xCuxFeAlO4 with (0.0< x <1.0) were prepared,
checked by X-ray diffraction and studied with 57Fe Mbssbauer effect (ME)
spectroscopy in the temperature range 77 - 470K. Characteristic
paramagnetic and magnetic spectra for the different compositions were
observed. Cation distribution obtained from ME spectra revealed an
inverse spinel structure. Hyperfine parameters at 77K were temperature
and concentration independent. At 293K the hyperfine field decreased with
increased Cu concentration. The Neel transition temperature obtained
decreased linearly with the compositional parameter x. The temperature
dependence of the sublattice magnetization as(T) obeyed one-third power
law.

Key Words: Spinel Ferrites / Mossbauer Effect / Hyperfine Parameters /
Sublattice Magnetization

INTRODUCTION

Substitutions of diamagnetic elements in spinel ferrites have received a great deal
over the last decades [1,2]. This kind of substitution is found to alter the magnetic and
electric properties of these materials. Such isomorphous substitutions in iron oxides are
particularly apparent in their Mfissbauer effect spectra, since these will drastically
reduce the magnetic interactions, resulting in lower magnetic ordering temperature
[3]. Studies on aluminum magnetite AlxFe3.xO4 showed that Al3+ ions have an
octahedral B-site preference [4,5]. Also, studies of mixed nickel ferrites Ni-Cu show
interesting results of cation distributions and magnetic properties [6].

The present work deals with the results of Mossbauer effect studies of the ferrite
system Ni,.xCuxAlyFe2.y04; (with 0.0<x<1.0 and y=1.0).
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EXPERIMENTAL DETAILS

Six samples of the chemical formula Nij.xCuxAlyFe2.yO4; (with 0.0<x<1.0 and
y=1.0) were prepared by solid state reactions using Fe2O3, NiO, CuO, and A12O3 (with
purity > 99.99%) as starting materials. The mixture of the oxides was prefired at (950-
1100°C) depending on the CuO content, for 72 hours. The product was reground and
fired again at the same condition. The final products were pressed into pellets and
sintered at (1000-1200°C) for 8 hours, then slowly cooled to room temperature. X-ray
powder diffraction measurements at room temperature were obtained using CoKa
radiation and their analysis confirmed the presence of a single-phase cubic spinel. The
ME spectra of the samples were recorded with a time mode spectrometer, using a
constant acceleration drive and a personal computer analyzer (PCA II-card with 1024
channel). The source was 57Co in Rh matrix with initial activity 50 mCi. Metallic iron
and a-Fe2O3 spectra were used for the calibration of both observed velocities and
hyperfine magnetic fields. Absorber thickness was « 10 mg/cm2 of natural iron.
Measurements at different temperatures were made using liquid-nitrogen cryostat
Model (DN1726) and variable temperature oven. Spectra were analyzed with a
computer program (Mos-90) [7].

RESULTS AND DISCUSSIONS

The result of indexing the X-ray powder diffraction patterns showed that the
nominal composition structures with different concentration are cubic single phase with
no additional lines corresponding to any other phases. The variation of the lattice
parameter a with the compositional parameter x is given in Table 1, where a is found to
increase with increasing Cu concentration. This is due to the fact that Pauling ionic
radius of Cu2+ (0.72A) is greater than that of Ni2+ (0.69A).

Table 1. Lattice parameters a of Nii.xCuxFeA104 spinel ferrites

X
0.00
0.25
0.50
0.75
1.00

Lattice constant a (A)
8.1891 ±0.004
8.1957 ±0.0038
8.2082 ± 0.0044
8.2186 ±0.0041
8.2264 ± 0.005

The analysis of ME spectra for the Nii_xCuxFeA104 is based on the general results
previously reported on spinel ferrites. To identify and distinguish the different spectral
lines from iron on tetrahedral A- and octahedral B - sites, and determine their ME
parameters in order to discuss their nuclear and magnetic behavior the following points
were first considered:
- The magnetic hyperfine splitting contain three pairs of doublets and each is

separated according to the ratio; 81: 82: 83 = 1: 0.58: 0.16, where; 5i is the relative
separation between peaks 1 and 6, 82 between 2 and 5 and 83 is that between 3 and 4
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- The hyperfine fields Hhf for both A- and B-sites are determined from separation
between the centroids of the outermost peaks in each Zeeman pattern.

- For magnetically ordered spinel ferrites the magnetic hyperfine field due to Fe at A-
sites HhfA is usually smaller than that of Fe at B-sites Hhfs [8].

- The Zeeman pattern with the smaller isomer shift exhibits the smaller hyperfine field
(in agreement with the generally accepted correlation between isomer shifts and
hyperfine fields in ferrites) [9].

- In most spinels there is a small deviation from cubic symmetry maintained about
tetrahedral B-sites. This leads to a quadrupole splitting (QS) of the nuclear level of
B-site iron and hence to a doublet ME spectrum [10], while Fe at A- sites produce a
single line.

- The line width (full width at half-maximum FWHM) of the tetrahedral component in
spinel ferrites generally is less than that of octahedral component [11].

ME spectrum at room temperature for the stoichiometric NiFe2O4 sample consists of
two clearly split Zeeman sextets due to Fe3+ at A- and B-sites as shown in Fig. 1. ME
spectra at 77K for Nii.xCuxFeA104 spinel ferrites with composition range 0.0 <x< 1.0
exhibit a well defined absorption lines. These spectra were fitted with one sextet due to
Fe + at one of the two crystallographic distinct sites and were attributed to the
tetrahedral A-sites on the basis of the isomer shift (IS) and the hyperfine field Hhf
values. ME spectra at room temperature for these samples showed a relaxed spectra,
where the relaxation effect is found to increase as Cu concentration (x) increases as
shown in Fig. 1. The dominant spin lattice relaxation in the relaxed spectra may be due
to the presence of the octahedral quadrupole interaction [12]. Representative ME
spectra for compounds with (x= 0.25 and 0.5) in the temperature range 77K up to their
magnetic transition temperatures are shown in Figs. 2 and 3

Cation Distribution

The fraction of iron ions at crystallographic distinct site can be determined from the
ME spectra, by knowing the area under the resonance lines due to these ions. In order
to get the correct intensity ratio; the A- and B-site patterns should be well separated. In
the simple ferrite NiFe2O4 sample where, a well resolved ME spectrum into two
Zeeman sextets with equal areas of A-and B-subspectra as shown in Fig. 1 gives a
cation distribution as Fe3+[Ni2+Fe3+]O2'4 for this simple ferrite. Since, Ni2+ and Al3+

ions on the basis of the site-preference energy data [13], are present at B-sites. Thus
cation distribution of the present spinel ferrite system Ni^CUxFeAlC^ is (Fe3+)[Ni2+i.
xCu2+

 XA13+]O2V This deduced from ME spectra at 77K, where the resolved spectra
fitted to one sextet due to Fe3+ ions at A-site. This means that the introduction of Al in
NiFe2O4 replaces Fe at the octahedral B-sites. Also the substitution of Cu2+ in this
spinel ferrites results in replacing Ni at B-site. These results of the deduced cation
distribution give an evidence of a complete inverse spinel in this system.

Quadrupole Interaction

The presence of chemical disorder in spinel structure will produce an electric field
gradient (EFG) of varying magnitude, direction, sign and symmetry. In other words the
EFG at 57Fe nucleus arises from the asymmetrical charge distribution surrounding the
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ion. However, since a Fe3+ ion has a half-filled 3d-shell (3d5), the EFG in this case arise
only from asymmetric charge distribution surrounding the iron ion. In a cubic system
having Fe3+ at both A- and B-sites, the A-site shows QS due to the asymmetric charge
distribution from the twelve B-neighbors. Where, Fe3+ ion at B-site has trigonal
symmetry and therefore B-sublattice exhibits an electric field gradient with its principal
component Vzz along the [111] direction. This EFG may arise from, depature of the six
nearest anion neighbors from their ideal octahedral symmetry and, the non-sphrical
distribution of charges on the next nearest cation and anion neighbors of the B-site. For
the present ferrite Ni^CuxFeAlC^ there is no QS at low temperature [77K and 293K]
as given in Table 2. This could be explained due to the overall cubic symmetry of the
spinel ferrite where, the centers of the Zeeman lines not changed and consequently
there will be no net observable QS.

Table 2. Hyperfine parameters of Nii.xCuxFeA104 spinel ferrites at 77K and 293K

X

0.00
0.25
0.50
0.75
1.00

Q.S.[mm/s]
77K

-0.03H0.021
-0.028±0.018
-0.001±0.016
-0.02U0.03
-0.007±0.02

293K
-0.012±0.027
-0.027±0.011
-0.018±0.016
-0.003±0.028
-0.022±0.07

I.S.[mm/s]
77K

0.408±0.011
0.39U0.009
0.402±0.008
0.401±0.015
0.431±0.01

293K
0.31±0.014
0.31±0.006
0.32±0.01
0.34±0.015
0.36±0.04

Hhf[kOe]
77K

446.9±0.09
443.7±0.08
447.1±0.07
436.4±0.14
436.3±0.1

293K
394.6±0.14
379.8±0.06
359.7±0.09
327.2±0.18
243.8±0.41

The I.S. values are relative to natural iron

Isomer Shift

The obtained IS values for Nii_xCuxFeA104 spinel ferrites at room temperature
(Table 2) were in the range (0.31~0.36mms') which typical for that of Fe ions with
high spin state at tetrahedral A-sites of spinel structure [14-16]. There is no significant
change of such values with copper content observed in this spinel system which means
that the s electron charge distribution of Fe ions is negligibly influenced by copper
substitution.

Hyperfine Fields

The hyperfme magnetic field at the iron nucleus is assumed to be proportional to the
spontaneous magnetization of the sublattice to which the particular nucleus belongs.
The hyperfine field Hhf measured by the Mossbauer effect consists of three
contributions: - Hhf =Hcore +Hdip +Hshlft where; Hcore results from the polarization of s
electrons by the magnetic moments of the d electrons. This field is larger for free ions
than for ions in a crystal because of covalency. H<j,p represents the dipolar fields
produced by the surrounding magnetic ions. This field depends on the distribution of
the cation over A- and B-sites. HSh,n is the supertransferred hyperfine fields at a central
cation and originate from the magnetic moments of the nearest neighboring cations, i.e
from the intersublattice contributions hAA and hes and the intersublattice contributions
hAB and hBA.
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The hyperfine field Hhf values at (293K and 77K) for Ni,_xCuxFeA104 spinel ferrites are
given in Table 2. It can be noticed that the hyperfine field Hhf decreases as Cu content
x increased at 293K, where at 77K there is no significant change in Hhf; which remains
almost constant at a value (« 442 kOe). This means that at 293K the intersublattice
contributions hAB and IIBA were predominant and the introduction of Cu2+ in place of
Ni + at the octahedral sites results in a decrease of these intersublattice contributions.
But at 77K the intersublattice contributions hAA is the most predominant. So, there is no
significant change in Hhf with Cu content at 77K. The Neel temperatures TN obtained
are listed in Table 3.

Table 3. Some Mossbauer Effect parameters

X
0.00
0.25
0.50
0.75
1.00

TN(K)
463
440
404
368
343

P
0.357
0.459
0.383
0.328
0.327

It shows that as the copper concentration x increased, TN decreased linearly. This is
in agreement with Gilleo studies for superexchange interaction for various oxides [16],
which indicated that Neel point depends primarily upon the number of Fe3+-O2"-Fe3+

linkages. In Ni1.xCuxAlyFe2.y04 ferrite spinels, TN depends also upon the number of
Ni2+-O2"-Ni2+ linkages. The replacement of Cu in these samples in place of Ni,
decreases the number of Ni2+-O2"-Ni2+ linkages and therefore Neel temperature. The
values of the determined hyperfine magnetic fields [H(T)/H(0)] versus T/TN are plotted
in Fig. 4. A good agreement is obtained for the reduced hyperfine magnetic field versus
T/TN plot for these compounds with the Brillouin function Bs=5/2, reflecting the same
spin state for iron situated at A-site, even in the high temperature range. It may be
concluded that the electronic relaxation in the | ±5/2> electronic crystal field levels of
6S5/2 57FeJ+ ions is large enough compared to the nuclear Larmer precession time. The
relative sublattice magnetization as a function of temperature T has been found both in
various theories [17,18] and experimentally [19,20] to follow the equation:

as(T)/as(0)=D[l-(T/TN)]p

Where as(T ) is the sublattice magnetization at a given temperature. In Fig. 5 the
internal field H(T)/H(0) versus [l-(T/TN)] for Ni].xCuxFeA104 spinel ferrites is plotted
on a double logarithmic scale. These plots are straight lines where the exponent p is
and listed in Table 3. On the average, P=0.358 which is thus quit close to 1/3. The
analysis of ME data showed that the one - third power law [20], which describes
sublattice magnetization at T/ TN>0.5 is valid for the studied compositions.
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ABSTRACT

The 1996 NOVA atmospheric boundary layer data from North Carolina

are used in 30 minute's averages for five days. Because of missing data of

friction velocity "u»" and sensible heat flux "H", it is urgent to calculate

"u»" and "H" using the equations of logarithmic wind speed and net

radiation (Briggs [7]), which are considered in this work. It is found that the

correlation between the predicted and observed values of "u»" and "H" is

0.88 and 0.86 respectively. A comparison is made of the Monin-Obukhov

length scale "L" estimated using Richardson number "R," and bulk

Richardson number "Rib" with L-value computed using formula of "L", it is

found that the agreement between the predicted and observed values of "L"

is better in the case "L" is estimated from the bulk Richardson number

"Rib", rather than from the gradient Richarson number "Rj".

Keywords: "Monin-Obukhov length scale, Bulk Richardson number, Friction

velocity, Sensible heat flux

INTRODUCTION

Numerical models often employ the Monin-Obukhov length scale, L, for
characterizing the turbulence within the surface boundary layer, which is defined by

-p CT ul
L = -£—*• (1)

kgH
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where p is the density of air at temperature T, Cp is specific heat capacity at constant
pressure, u. is the friction velocity, k is the Von Karman constant and H is the sensible
heat flux. Because of the difficulty of characterizing u. and H by direct measurements,
the Monin-Obukhov length is often estimated from routine meteorological
measurements, see Golder [1]. We compared the estimates of L, obtained using the
gradient Richardson number and bulk Richardson number, with values of the Monin-
Obukhov length, L, compared directly from the field measurements of u. and H. The
formulations used to estimate L using profile measurements of wind speed and
temperature gradient are analogous to those described by Binkowski [2], and Barker
and Baxter [3]. From a practical viewpoint, the bulk Richardson number is easy to
compute requiring only a single wind speed measurements and a temperature
difference measurement; while the gradient Richardson number requires
measurements of both temperature and wind speed gradients. The bulk Richardson
number may be more useful than the gradient Richardson number in routine
measurement programs where estimates of the Monin-Obukhov length are desired.

THEORY

The minimum information needed to compute a gradient Richardson number, Ri,
are wind speed and temperature at two levels, allowing Ri to be approximated as

(2)

where A0 = 02 - 0t , Au = u2- w, and Az = z2-zx in which zi and z\ are the upper and
lower levels at which temperature and wind speed are measured, 62 and#, are the
mean potential temperature at the two levels, and U] and u2 are the wind speeds at the
two levels. A bulk Richardson number can be computed with a measurement of wind
speed only at the upper level, see Barker and Baxter [3].

*'"»= T ^ T I (3)

Businger et al [4] suggested
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where z IL - £, z is the geometric mean height of z2 and Zi used in the computation

of Ri, and 0m and <j>h are the nondimensional functions for wind shear and temperature

gradient <f>m and <j>h have the form (Dyer [5])

-1/4

(5)

A - i-r'O -1/2

C>o (6)

Dyer [5] suggested k=0.4, R=1.0, /? = /?' = 5 and y = y' -16 . Substituting equations

(5) and (6) into equation (4) yields an empirical relationship between Ri and L, which
can be solved by iteration for L, given some value for Ri, is the approximation
(Binkowski [2]), yielding:

f — KRil R)(\-yRrf12 l(\-yRi)X12 Ri<0
^ ~ \(Ri/R)/(\-Rij32/j3') 0<Rifi2 /J3'<\

(')

Barker and Baxter [3] discussed how the bulk Richardson number is related to the
Monin-Obukhov length. The relationship between the Monin-Obukhov length and the
bulk Richardson number is then

in which
z =(z, + z2)/2

z2 / L = kRibF
2 I G (8)

where

In

(9)

G =
A0 u,

{-we1)
flln

/ t ,+l

) ]+ /T( Z 2
J - r , ) / £ , ! > < ) (10)
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and

Where z0 is the roughness height. The expression for F and G given in equations (9)
and (10) for unstable conditions are equivalent to those recommended by Benoit [6]. A
comparison is made of the L-values estimated using Equations (7) and (8) with the L-
values computed directly using equation (1).

COMPARISON

Using the 1996 NOVA atmospheric boundary layer data (unpublished) from North
Carolina a comparison was made of the L-values estimated using equations (7) and
(8). with L-values computed using equation (1). The NOVA data are reported in 30
minute averages for five days. The surface roughness was assumed to be 0.06 m, the
displacement length was equal to 0.5 m. The half hour temperatures at 2 m were used
with equation (1) to compute the Monin-Obukhov length. The wind speed and
temperature data at the 2 and 10 m height are used to compute Ri and Rib in view of
equations (7) and (8) to estimate values for the Monin -Obukhov length.

Because of missing data from the NOVA tower for friction velocity " u," and
sensible heat flux "H", the friction velocity was calculated from the formula

M. = ukl \n(^~) (11)
O

where u is the mean wind speed, k the Von Karman constant equal to 0.4, z the

height in meter, d the displacement length equal to 0.5 m, and z0 the roughness height
equal to 0.06 m. We used another formula for the sensible heat flux which is very near
to fact when using the form (Briggs [7])

H=c0N (12)

where c0 is a constant equal to the value 0.17 and N is the net radiation in units of
(W/m2).

Figure (1) shows comparison between calculated and observed values of friction
velocity which agree very well, with correlation coefficient 0.88, mean of calculated
and observed value equal 0.17 and 0.16 respectively, and standard deviation of
calculated and observed value equal 0.09 and 0.10 respectively. Note the missing data
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in the observations. Figure (2) shows the relation between calculated and observed
sensible heat flux at 2 and 10 m, the correlation between them at 10m equals 0.86. As
shown from these statistics, the predicted and observed values agree well.

Fig. (1) Comparison between calculated and observed friction velocity at lOrh.
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Fig. (2) Comparison between calculated and observed sensible heat flux at 2 and 10 m
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We have calculated the wind speed from Businger [8], with this formula

u.
u = (13)
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Fig. (3) Comparison between observed and calculated wind speed with time
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We get the best agreement between the observed and calculated values, as shown m
Fig (3) The non-dimensional profiles of wind (u) and potential temperature (0) can W
introduced in the following forms:

O =
kzdu

u. dz

°"= ft ^ (15)

where ft is a scaling temperature. These may be integrated following Panofsky [9]
from z0 to z in the surface layer, yielding wind and potential temperature profiles

u(z) =
II,

In
z-d z z

(16)

In
z-d z z

7,-7L L

I.cef 10] took the value of z/L in unstable and stable cases as:

(17)

z-f/ z-d Rih 1
I / i = ( ) t a ( , ^ (
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and

IZJLUEZSL

zl L =
-r)Rih

} b

1/2

respectively, where the values of r and J3 are constants equal to 1 and 5 for Dyer [5],

0.74 and 4.7 for Businger [4], and the constant /?' is equal to 0.077 and 0.367 when
we used the Dyer and Businger formulas, respectively. After substituting the values of

z/L in the two equations (14) and (15), we obtain the values of u and 6 plotted
below. Figures (4) and (5) show the best result between observed and calculated wind
speed and potential temperature at 2 meters.

Figures (6) and (7) show the variation of estimated values of absolute L from
gradient Richardson number and bulk Richardson number and computed values of
absolute L with time using Dyer's [5] suggestions of k=0.4, r= 1.0, y = y' = 16 and

p = p' = 5. The result between the computed and estimated values of absolute L is

better in the case where absolute L is estimated from the bulk Richardson number
rather than the gradient Richardson number.

Fig. (4) Comparisons between the values of observed and calculated wind speed, using the Dyer's
(1974) and Businger's (1971) constants
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Fig. (5) Comparison between the values of observed and calculated potential
temperature, using the Dyer's (1974) and Businger's (1971) constants

--
- •

- •

- •

— ^

- -

- •

• . . -Mb i ri^1

1 1 1

0

Time (hours)

y obs potem,2m r\ Cal potemDy,2m

1500

Cal potemBus,2m

Fig. (6) Comparison of estimated M-0 scaling length absolute L using local gradient Richardson
number, computed values of absolute L with time using Dyer's constants
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Fig. (7) Comparison of estimated M-0 scaling length absolute L using local bulk Richardson number,
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Figures (8) and (9) show the same thing except using another constant for Businger's
et al. [4], k=0.4, r=0.74, /? = j3' = 4.7, y' =9 , / = 15. Also we find that the estimated

values of absolute L using bulk Richardson number has good agreement with
computed values of absolute L. Both gradient Richardson number approach and bulk
Richardson number for estimating L from equations (7) and (8) and computed L from
formula (1) yield good results. The statistics are shown in Table (1).

Fig. (8) Comparison of estimated M-0 scaling length absolute L using local gradient Richardson
number, computed values of absolute L with time using Businger's constants
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Fig. (9) Comparison of estimated M-0 scaling length absolute L using local bulk Richardson number,
computed values of absolute L with time using Businger's constant
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Table 1. Evaluation statistics for the comparison of computed and estimated Monin-
Obukhov lengths

Mean
SD
OBS RANG
NS
R
FB
NMSE

Dyer's constants
Richardson

OBS
399 5

1303 8
79-9337 5

226
033
0 95
28 2

number
PRED

141 5
298 4

bulk Richardson
OBS
4416

1395 7
79-9337 5

220
0 49
0 93
223

number
PRED

161 3
485 7

Businger's constants
Richardson

OBS
4319

1378 3
79-9337 5

226
0 45
1 13
32 4

number bulk
PRED

120 5
328 7

Richardson number
OBS
4319

1378 3
79-9337 5

226
0.45
1 13
32 4

PRED
120 5
328 7
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where the mean is the average of the observed and predicted L, SD is the standard
deviation of the two values, NS is the sampling size, R is the correlation coefficient,
FB is the friction bias, and NMSE is the normalized mean square error. A good model
is indicated by FB value close to zero; a NMSE value of about 1.0 indicated that the
typical difference between predictions and observations is approximately equal to the
mean. From Table (1), one finds that Dyer's constant for estimating L from the bulk
Richardson number is better than estimating L from gradient Richardson number. Also
when we use Businger's constants one gets the same result in both cases, and this
result agrees with Irwin [11].

Figures (10) and (11) show variation values between computed "L" and estimated
"L" from gradient and bulk Richardson number using Dyer's and Businger's constant
values.

Fig. (10) Variation values between computed L and estimated L from gradient and

bulk Richardson number using Dyer's constants.
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Table 2. Values of Monin-Obukhov length with stability class for two estimation
schemes, compared with direct calculation from Eq.l.

Stability

A
B

C
D

n
F

G

l/L(Eq.l)
38
24

44

49
46
13
22

l/L(Eq.7)
24
75
47

51
25

5
13

l/L(Eq.8)

26
29

39

49
31
10

48
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where A is extremely-, B moderately-, and C slightly unstable, D Neutral, E is
slightly-, F moderately-, and G extremely stable.

Table 2 gives the relation to the Pasquill stability using the previous three methods
which shows that the number of the stability class in the case of the bulk Richardson
number (Eq. 8) yields as good an estimate the Monin-Obukhov length (Eq. 1) as the
gradient Richardson number (Eq. 7)

Fig. (11) Variation values between computed L and estimated L from gradient and
bulk Richardson number using Businger's constants.
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CONCLUSIONS

Upon comparing calculated and observed values of friction velocity, which agree
very well, it is to be noted that the correlation coefficient is 0.88, the mean of
calculated and observed value equal 0.17 and 0.16 respectively, and the standard
deviation of calculated and observed value equal 0.09 and 0.10 respectively. The
correlation between calculated and observed sensible heat flux at 2 and 10 m, equals
0.86. When predicting Monin-Obukhov lengths to evaluate atmospheric stability, we
find that the agreement between the predicted and observed " L" is better in the case
where L is estimated from the bulk Richardson number "Rib", rather than from the
gradient Richardson number "Ri" except at stability G.
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Abstract-A transport theory method for calculating flux distributions in slab fuel

cell is described. Two coupled integral equations for flux in fuel and moderator

are obtained; assuming partial reflection at moderator external boundaries.

Galerkin technique is used to solve these equations. Numerical results for average

fluxes in fuel and moderator also the disadvantage factor are given. Comparison

with exact numerical methods, that is for total reflection moderator outer

boundaries, show that Galerkin technique gives accurate results for the

disadvantage factor and average fluxes.

"Keywords:" Reactor fuel cell, angular flux, average flux, disadvantage factor

1. Introduction

A measure of the differences in the one speed neutron flux in fuel and moderator of an

infinite slab lattice is provided by the disadvantage factor £. This factor is defined by the ratio

of the space and angle-averaged thermal flux in the moderator to that in the fuel. It is well

known, in weakly absorbing media whose physical size is several neutron mean free paths in

extend, that diffusion theory leads to accurate results. Leslie [1] devised a technique for

grafting diffusion theory onto transport theory. Ferziger and Robinson [2] utilized the method
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of singular eigen function expansion developed by Case [3] to rigorously calculate % for

isotropically scattering slab cells. Eccleston and McCormick [4] used this method to obtain

the solution for the one speed disadvantage factor in slab cell of fuel and moderator, which

may scatter neutrons in a highly anisotropic manner.

Nanneh and Williams [5] used a diffusion-transport theory hybrid method for calculating

flux distributions in slab lattices. They considered total reflection at moderator external

boundaries The results lead to a single integral equation..

In this work, we consider a two - region slab fuel cell as shown in fig.(l). We use

subscript 1 to denote fuel region properties and subscript 2 refers to moderator. We consider

partial reflection at moderator external boundaries which is more reasonable according to

existence of reflector blanket outside the moderator. In Sec. 2, we give the basic formulations

of two coupled integral equations, based on transport theory, for neutron flux in fuel, <j>i(x),

and moderator, <}>2(x). In Sec.3, Galerkin method [6-8] is used in solving these equations to

obtain expressions for <|)i(x) and <|>2(x). Numerical calculations for the disadvantage factor £

with average fluxes (j), and <|)2are given. The results for cells of totally reflected external

moderator boundaries are compared with the published calculations [4,5,11].

2.Basic Equations

In the fuel, the angular flux is described by the transport equation [9]

-a < x < a.

The transport equation in the moderator is

aM/^yi) + ^ ( x ^ } = L i jcha>2(x,n') + S(x)
5x 2 _, (2)

a <|x|<b

where the boundary conditions on i|/i(x, |i) and vj/2(x, pi) , - 1 ^ ji <1, are

-. H)» (3a)

vj/i(a, u) = \|/2(a, u), (3b)

v|/2(b,-H) = R \|/2(b, n ) ,R<1 , (3c)
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where \j/,(x, u) is the angular flux at position x and with direction cosine u. ,ZS, and Ztl, (i

= 1,2) are the scattering and total cross sections respectively, R is the reflection coefficient

of external moderator boundaries and S(x) represents an external uniform source of

neutrons in the moderator region.

moderator fuel moderator

-b -a 0

Fig.(l): A two-region slab fuel cell

Eqs. (1) and (2) are first order differential equations and can be integrated to give

vj/, (x,u) = vj/, (a,-n)Exp[-ItI (a + x)/u] +

|il- Jdx' Exp[-Stl (x - x') / u ] i (x'), (4)

V, (x,- u) = v|/, (a,- u) Exp[-Ztl (a - x) / u] +

| ^ JdxlExp[-Z!l(x'-x)/^](()1(x'), (5)

+ - Jdx' Exp[-Zt2 (x - x') / ji] S(x')
r a

c,-(i) = M/2(b,-fi)Exp[-Zt2(b-x)/|a]

1
—fdx'Exp[-S12(x'-x)/n]S(x'),
2JI J

where

<t>,(x)= |duM/,(x,u)=
- i

(6)

(7)

(8)
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and

i i i

<j)2(x)= JdjLi\|/2(x,ji)= $d\i\\>2(x,ii)+ Jdn\|/2(x,-n) (9)
- 1 0 0

are the angular-averaged fluxes in fuel and moderator respectively. Substituting Eqs. (4), (5),

(6) and (7) in Eqs. (8) and (9) respectively , we obtain

(10)

and

i

<|>2(x)= jdfa{i|/2(a,}!)Exp[-It2(x-a)/n]
0

+V|/2(b,-ji)Exp[-Z,2(b-x)/n]}

2

Jdx'
a

Where En(x) is defined by Le

i

En(x)= JdtExp(-x/

-Jdx'E,[2t2
a

E,[£t2
x-x

Caine[10]as:

t)tn"2.

x-x'|]

'|]S(x').

(12)

Substituting vj/i(a, -[i), \j/2(a, p.), and \j/2(b, -\x) into Eqs (4), (6), and (7) respectively, we get

(13a)

(13b)

(13c)

where
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- - 1 fdx'Exp[-?11(A-x')/^(|)1(x<). (14)
2V{

y b

- fdxExp[-It2(b-x')/|a]S(x')

and

-fdx'Exp[-I l2(x'-a)/^]S(x')

Applying the boundary conditions and solving system of Eqs.(13), gives

+Ti,Gi)ExpH2aZII +Z,2(b-a)/n]}},

and

M/2(a)-u) = A-1((^){ri1(n)RExp[-22t2(b-a)/u] +

with

= l-RExp{-2[aZ t l +Z i a(b-a)]/ l i} l (20)

Substituting Eqs.(17-20) in Eqs.(10) and (11) to get
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and

's2 Jdx'k12(x,x')*2(x')+Jdx'kl2(x,x')S1(x'),
(21)

^Jdx'k22(x,x')4>2(x') (22)

Jdx'k22(x,x')S2(x'),

where

(23)

and

Z t 2(2b-a-x')]

k22(x,x') = E1 x-x RQ[Itl(2b-x-x')

(24)

(25)

(26)

with

(26a)
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In the next section we use Galerkin method to solve the two- coupled inhomogeneous

Fredholrn integral equations (21) and (22) to get expressions for <J>i(x) and <|)2(x),

consequently the space average fluxes <j),, §2, and the disadvantage factor £.

3.Galerkin Method

A proper choice of the trial functions to approximate solutions of the integral Eqs. (21)

and (22) using Galerkin technique [6-8] are ,

c1 (27)
1-0

)
J (28)

j-0

where C, and Dj are unknown coefficient to be determined. Substituting Eqs. (27) and (28) in

Eqs. (21) and (22), multiplying the obtained equations by xm, (m = 0, 1, 2, ...,N) and

integrating the first over xe [-a, a] and the second over x € [a, b], we get

D n H ^ = S'm (29)
n=0 n=0

N N

n-0 n-0

where

H^ = Jdxxir+n - ^ - JdxJdx'xmx /nk11(xJx'), (31)
-a ^ -a -a

Hi =~- Jdxjdx'x"1 x"k,2(x,x'), (32)
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H^=MdxJdx'xmx'"k2](x,x'),
• " a - a

(33)

Jdxx"" - M d x Jdx'x" x'"k22(x,x'), (34)

a b

= JdxJdx'S,(x)k12(x,x'), (35)

b b

= Jdxjdx'S,(x)k22(x,x'), (36)

The set of linear Eqs.(29) and (30) are solved simultaneously to obtain the coefficients Cn,

and Dn for known values of ZS1, Zt,, and reflection coefficient R

4.Numerical Results

Solution of Eqs.(29) and (30) can be used to calculate the average fluxes in the fuel <)),

and moderator <j>2 and consequently, the disadvantage factor 4 = (|)2/(J)1 .We studying three

cells, cell 1 and 2 were considered by Nanneh and Williams [5] for highly enriched Uranium

lattices. The other cell 3 is divided into two cases I and II which was considered by Eccleston

and McCormick [4]. Data for these cells are given in table (1).

Table 1. Data for two-region slab fuel cells
Physical

properties

Sai (cm'1)
Ssi (cm"1)
Sa2 (cm"1)
Es2 (cm"1)

a (cm)
b (cm)

Cell 1

0.9202
0.7278
0.0197
3.6713
0.0508
Various

Cell 2

0.3668
0.4311
0.0002728
0.3811
0.62645
3.93315

Cell 3

Case I Case II

0.319998
0.397002
0.0195021
2.3104979
2.0
9.0

0.319998
0.397002
0.0195021
2.3104979
4.0
18.0
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Galerkin method is used to compute the neutron fluxes in a cell having a unit source in

the moderator. For cell 1 .tables (2-4) present a compared results for average fluxes (j), ,99 and

the disadvantage factor £, for varies fuel and moderator thickness in the case of R=l.The

comparison in table (2) is made with ANISIN-S16 ,Ref [1 l].In tables [3,4] the comparisons is

made with data given in Ref [5]. Calculations when R<1 are also given which is a new result.

For cell 2, table (5), shows our calculations with that given by ANISINg, Ref [11], for R=l.

The results at R < 1 are also included. In table (6) results for cell 3 cases I and II are given at

R<1 with comparisons.

Table 2. The average fluxes and disadvantage factor for a = 0.0508 cm., Cell 1

R

0.6

0.8

1.0

f

i

A

B
A

B
A
B

b=0.2007
cm
0.70809

0.82091

1.1593

1.2542

1.4113

1.1252
2.9918

2.99745
3.3491

3.29580
1.1194
1.09954

b/a=3

0.72087

0.83519

1.1586

1.2751

1.4349

1.1253
3.0392

3.4041

1.1200
1.10032

b/a = 4

0.98272

1.1254

1.1451

1.6922

1.9071

1.1270
3.9600

4 4830

1.1321
1.11442

b/a=5

1.2561

1.4246

1.1341

2.1095

2.3805

1.1285
4.8380

5.3295

1.1429
1.12685

b/a = 6

1.5384

1.7304

1.1248

2.5249

2.8526

1.1298
5.6755

6.5434

1.1529
1.13829

b/a = 7

1.8276

2.0409

1.1167

2.9370

3.3216

1.1309
6.4744

7.5249

1.1622
1.14906

b/a=8

2.1221

2.3544

1.1059

3.3450

3.7862

1.1319
7.2368

8.4749

1.1711
1.15937

A: Our results
B: ANISIN-S ,6 , Ref. [11]
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Table 3. The average fluxes and disadvantage factor using various thicknesses of
fuel and moderator, R=1.0, Cell 1

a
(cm)

0.03033
0.04549
0.06065
0.07582
0.09098
0.1061

b
(cm)

0.1606
0.1582
0.1658
0.1734
0.1810
0.1885

T
1

3.9475
2.5423
1.8069
1.3544
1.0479
0.8265

T
^ 2

4.2395
2.7968
2.0316
1.5545
1.2268
0.98674

Our results
1.0740
1.1001
1.1244
1.1478
1.1708
1.1939

Ref.[51
1.05675
1.08514
1.11339
1.14170
1.17010
1.9866

Table 4. The average fluxes and the disadvantage factor using various thickness
of fuel and moderator, R=1.0, Cell 1

a
(cm)

0.1516

0.3033

0.4549

b
(cm)

0.2032

0.3387
0.47471
0.6096
0.4064

0.5419
0.6773
0.4741

0.6096
0.7451

0.36586

1.29402
2.17146
2.99667
0.365027

0.830640
1.27824
0.0457989

0.36402
0.673083

0.463457

1.171808
3.03280
4.37841
0.580699

1.40584
2.31600
0.096722

0.719087
1.43162

Our results
1.26675

1.32771
1.39666
1.46109
1.59084

1.69248
1.81187
2.11192

1.97540
2.12696

Ref.[51
1.26139

1.33105
1.40048
1.46959
1.62047

1.75934
1.89756
1.93509

2.1434
2.35075

Table 5. The average fluxes and the disadvantage factor for R < 1., Cell 2

R

1.0
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.90

l-e-

Our
results
16.956
16.576
16.211
15.860
15.523
15.199
14.887
14.587
14.297
14.018
13.748

Ref.pi]

16.955

?
Our

results
28.720
28.038
27.386
26.760
26.160
25.583
25.030
24.497
23.985
23.492
23.016

Ref.pi]

28.884

Our
results

1.6938
1.6916
1.6894
1.6873
1.6852
1.6832
1.6813
1.6794
1.6776
1.6758
1.6742

Ref.pl]

1.701
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Table 6. The average fluxes and the disadvantage factor for R < 1, cell 3.

R

1.0
0.98
0.96
0.94
0.92
0.90

Case I

8.6755
8.0027
7.4247
6.9227
6.4827
6.0937

i

Case 11.

8.1790
7.7672
7.4028
7.0777

6.7859
6.5224

Case I

10.605
9.7427
9.0033
8.3626
7.8021
7.3079

Case 11

12.933
12.159
11.475
10.867
10.323
9.8339

Case I
Our results

1.2224
1.2174
1.2126
1.2080
1.2035
1.1992

ref.[ll]

1.2317

Case II
Our results ref.fll]

1.5812
1.5654
1.550!
1.5354

1.523
1.5077

1.6284

One can see that the existence of partial reflection at the moderator external

boundaries affects the average fluxes <j), and<|>2 which increased with increasing the

value of R.

All numerical calculations we present in this work were done using two terms only in

the expansion of equations (27) and (28). This means that, the use of Galerkin

technique is very efficient in studying these types of problems.

Acknowledgements- the author would like to thank Prof. Dr. S. A, El Wakil for his
encouragement, guidance and review of this work.
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The neutron transport in a solid cylinder that contains an inhomogeneous medium
with anisotropic scattering is considered. The medium has diffuse reflecting
boundary with an external incidence and contains an internal neutron source This
general problem can be solved in terms of the solution of the corresponding
source-free problem with transparent boundary and isotropic external incidence.
The source-free problem is solved in its integral form using the variational
method. Trial functions of the solution are assumed in terms of the asymptotic
solution of the Pomraning-Eddington approximation of the source-free problem.
The vanational technique is used to determine the constants of the trial functions
The partial flux at the boundary, the neutron density and the net flux of the general
problem are calculated.

PACS 44.30,+v

I. INTRODUCTION
The transport equation in cylindrical media of reflecting boundaries has numerous
applications e.g, astrophysics and neutron physics. This problem has mathematical
complexity. It is solved using different methods as the PN method [1, 2] and the FN method
[3, 4]. In the analysis of the transport equation, an effective approach is to solve the integral
form of the equation. Many authors have applied this procedure to study transport problem in
cylindrical media [5-7].

In this work, the transport equation in an inhomogeneous solid cylinder of diffuse
reflecting boundary and has internal source (as general problem) is solved in terms of the
solution of the corresponding source-free problem of transparent boundary (as source-free
problem). Relations of partial flux at the boundary, neutron density and net flux of the general
problem are given in terms of the neutron density of the source-free problem and the
integration of the internal source. The source-free problem is solved in its integral form using
the variational method. Trial functions are assumed in terms of the asymptotic solution of the
Pomraning-Eddington approximation of the same problem. The variational technique is used
to determine the constants of the trial functions. The partial fluxes at the surface, the neutron
density and the net flux are calculated in homogeneous and inhomogeneous cylindrical media
with isotropic and anisotropic scattering for source-free media and media contain internal
neutron sources.

II. BASIC EQUATIONS
The neutron transport in an inhomogeneous, anisotropic scattering and participating medium
contains inhomogeneous internal neutron source Q(r) enclosed in a solid cylinder of optical
radius R is considered. The medium has diffuse reflecting boundary of diffuse reflectivity pd
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and is affected by isotropic external incidence of intensity F This problem is assumed to have
complete cylindrical symmetry and is described mathematically by [8]

sin(9){cos((|))ai(r ! 9, <|>)/dr + [sin(<|>)/r] dl(r, 6, <J>)/d<|>} +I(r, 0, <|>)

= [co(r)/47i] j^de* sin(G') ft* dtf p(Q, Q') I(r, G1, f ) + Q(r),

0 < r < R , O<0<7i and 0 < <j) < 2TT, (1)

subject to the boundary condition

I(R, 9, -<t>) = F + (pd/7r) q+(R), 0 < 0 < TC and -TT/2 < <J> < n/2. (2)

Here I(r, 8, <)>) is the neutron intensity at optical variable r, polar angle 9 and azimuthal angle

<)), co(r) is the space-dependent single scattering albedo which is given by as(r)/|3 where p

= as(r)+aa(r) is the extinction coefficient while as(r) is the scattering cross section and aa(r)

is the absorption cross section. p(Q, Q') is the scattering phase function which can be

represented in terms of the angle between incident direction Q and the scattering direction Q'.

It may be expanded in terms of the Legendre polynomials Pn(cos 9) and associated Legendre

functions Pn
m(cos 9) as [8]

P(Q, Q')= 2 > n £ K Jy (2 - Sm0) Pn
m(cos 0)Pn

m (cos 0') cos[m((t)-<t)')], (3a)

where N is the anisotropic order and an are the expansion coefficients which can be given in

terms of the refractive index and the size parameter of the medium with aQ=l. This phase

function can be represented for linear anisotropic scattering by

P(Q, Q') = 1 + a {cos(9) cos(0') + sin(9) sin(9') cos(()) - f )}, (3b)

where a is the linear anisotropic scattering coefficient. Also, the partial flux at the surface of

the medium q+(R) is defined by

q+(R)= f d G sin2(9)J_^2d()) cos(«|)) I(R, 9, <|>)

= 4 f / 2 d 0 sin2(9) f / 2d( | ) cos(<t)) I(R, 9, <|>). (4)

The general problem described by Equations. (1) and (2) can be solved in terms of the
solution of the corresponding source-free problem with transparent boundary and isotropic
external incidence represented mathematically by

sin(9){cos(()))3vF(r, 9, <|>)/dr + [sin(<|))/r] d^ r , 9, <t>)/3(j)} +vF(r, 9, <|>)

= [co(r)/4rc] £ d 0 ' sin(6') J^dcj)' p(Q, Q1) ^(r, 91, <j>'),

0 < r < R , 0<9<7i and 0<$<2n, (5)

subject to the isotropic boundary condition
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, 6, -<)))= 1, 0 < e < n and -TT/2 < (j) < nil. (6)

where 4^(r, B, 40 is the neutron intensity of the source-free problem

This source-free problem has an adjoint equation of the form

- sin(0){cos((t))5MJ(r, 0, -$)/dr + [sin(<f>)/r] 5T(r, 9, -§)/d§} +T(r, 0, -<j))

= [»(r)/47r] £ d 0 ' sin(6') |0
2T:d(j)' p(Q, Q') ¥(r, 0', -f),

0 < r < R , O < 0 < n and 0 < <|> < 2rc, (7)

with boundary condition as that is given by Eq. (6).

Multiplying Eq. (1) by r sin(0) ^(r, 0, -40 and Eq. (7) by r sin(0) I(r, 0, <)>), integrating over r e
[0, R], 0 € [0,7i] and <f> e [0, 2n], subtracting the resultant equations and using the bovindary
conditions, Eqs. (2) and (6), lead to

q+(R) = [1 - (pd/n)*+(R)]-l [(1/R) J^dr r Q(r) ^0(r) + F Y+(R)] (8)

where ^oir) the neutron density of the source-free problem is defined by

0 sin(6)

- 4 %/2d& sin(0) %/2dk [¥(r, 0, $ + ^(r, 0, -<)))]. (9)

and VP+(R) the partial flux at the boundary (the albedo of the source-free problem) is defined
by

f 2 J ^ ^ ( t ) cos(<|») T(R, 0, +)

= 4 J o
u / 2 d0 sin2(0) f /2d<J) cos((j.) 4>(R, 9, <)>). (10)

Equation (8) represents the partial flux at the boundary of the general problem in terms of the
solution of the source-free problem and the integration of the internal source.

The Pomraning-Eddington approximation assumed the angular neutron intensity of the
source-free problem as [9,10]

^(r, 9, <>) = *Vr) E(r, 9,40 + ¥,(r) O(r, 9,4>), (11)

where E(r, 0, 4>) and O(r, 0, <))) are even and odd angular functions, respectively, slowly
varying functions in space r and defined by [10

E(r, 0,40 = [co0/4n][l + a a sin2(9) cos2(4>)]/[l - v2 sin2(0) cos2((j))]J (12a)

and

O(r, 0,4>) = [COO/4TI][(X/V2][1 + a a/v2] sin(0) cos(4>)/[l - v2 sin2(0) cos2(<|))], (12b)

where coo is the average of the single scattering albedo co(r), which is defined by

co0= |0 dt tco(t)/ |0 dt t. (13a)
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while the parameter v is represented in terms of the single scattering albedo by the

transcendental equation

2 v/coo = {[1 + aoc/v2]/[l + aaco0/v2]}Ln[(l + v)/(l - v)], (13b)

and

oc= 1 - ©o, (13c)

Comparing q+(R) and ^ ( R ) using Eq. (8) and Eq. (11) lead to

I(R, 0, (|>) = [1 - (pd/7i)T+(R)]-1 [1/(2E,R) £ dt t Q(t) [T(R, 9, <t>)-T(R, 0, -()))]

+ F ^ (R , 0, <(>)], 0 < 6 < 7 r and -id! < <|> < nil, (14)

where

E, = f d G sin2(9) J^ 2 d( |> cos(<|))E(r, 0, <)>) (15)

This relation gives the neutron intensity of the general neutron transport problem in terms of
the neutron intensity of the corresponding source-free problem and the integration of the
energy source.

Substituting Eqs. (2) and (14) into the definition of the neutron density and the net flux at the
boundary of the general problem G(R) and q(R) defined by

G(R)=

= 4 £ c / 2 d e sin(0) j0
K/2d(t) [I(R, 0, <|>) + I(R, 0, -<|>)], (16a)

and

q(R) = £ d9 sin2(0) f d<|> cos((J)) I(R, 0, <j>)

= 4 f / 2 d G sin2(0) J^^dcj) cos(<|>) [I(R, 0, <(>) - I(R, 0, -®], (16b)

leads to

G(R) = [1 - (pd/n)^+(R)] •' {1/(2E,R) jf dt t Q(t) T0(t) + F [E0^0(R) + O0^,(R)]}

+ 2[nF + pdq+(R)]. (17a)

and

q(R) = [1 - (pd/7i)*+(R)]-' {1/R jf dt t Q(t) ¥0(t) + F V+(R)} - [n F + pd q+(R)],(17b)

where

Eo = f d0 sin(e) j _ ^ 2
2 # e(r, 0, <j>), (18a)

and
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O0 = JQ d0 sin(9) j ^ 2
2 d(() O(r, 9, <|>), (18b)

Therefore, to find the physical quantities of the general problem described by Eqs. (1) and (2)
the source-free problem defined by Eqs. (5) and (6) must be solved.

III. SOLUTION OF THE SOURCE-FREE PROBLEM
The source-free problem described by Eqs. (5) and (6) can be solved using different technique
e. g.. the variational method. The variational method needs the integral form of the neutron
transport equation. For linear amsotropic scattering the source-free problem has integral
forms given by [11]

H0(r) + [l/4n] J^dt t co(t) {T0(t) L0(r, t) + a T,(t) L,(r, t)}, (19a)

and

T,(r) = H,(r) + [1/4TI] J^dt t co(t){^0(t) L,(r, t) + a ¥,(t) L2(r, t)}, (19b)

where the neutron density ToM is defined by Eq. (9), the net flux ^ ( r ) is defined by

¥,(r) = 4 j ^ d G sin2(6) f /2d<|) cos(<|>) [¥(R, 9, <|>) - T(R, 9, -(())], (20)

2r2sin2((())]1/2{exp<-{[R2-r2sin2((())]1/2 +r cos(<|»)}/sin(0))

+ (-1)1 exp<-{[R2-r2sin2(<t))]l/2-r cos(<j))}/sin(9)>}. (21)

rl , n 2 fKn(r/x)I0(t/x), r > t ,
Ln(r,t) = 47i Ldx x"'2 n (22)

J0 l ( - l )nIn(r /x)Ko( t /x) , t > r ,

and In(y) and Kr(y) are the first and second kinds, respectively of the modified Bessel

functions of order n and argument y [12].

The forward partial flux at the boundary of the source-free problem is given by [11]

y+(r) = H2(r) + [1/4*] J^dt t w(t){%(t) L,(r, t) + a *,(t) L2(r, t)}, (23a)

where

H2(r) =4 jo" / 2d0sin2 (9) |0"
/2d(j)cos((|)) exp<-2 Rcos((|))/sin(0)). (23b)

The variational method is used to solve equation of self-adjoint operator [13].

Therefore, multiply both of Eqs. (19) by •N/rco(r) and rearrangement the resultant equations

to have

f0 %*(t) = <D0(r), (24a)
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and

f, T,*(t) = O,(r), (24b)

where t 0 and T, are self-adjoint operators defined by

t 0 = ^o*(r) - [1/4TI] J^dt %*(t) L0*(r, t), (25a)

t, =T,*(r)-[a/47:] |0
Rdt H>,*(t) L2*(r, t), (25b)

<Do(r) = H0*(r) + [I I An] J^dt ¥,*(t) L,*(r, t), (26a)

<D,(r) = H,*(r) + [l/4n] J^dt T0*(t) L,*(r, t), (26b)

Tn*(r) = 7rco(r) Tn(r), n = 0 and 1, (27a)

H,,*(r) = 7rco(r) Hn(r), n = 0 and 1, (27b)

and

Ln*(r, t) = ^rco(r ) ^/tco(t) Ln(r, t), n = 0 and 1. (28)

The solution of Eqs. (24) using the variational technique is carried out by defining the

two functionals

A o ( ¥ o) = 2 <^F 0(r), O0(r)> - < ¥ 0(r), f0 ¥ o(t)>, (29a)

and

= 2<^F ,(r), <D,(r)> - < ¥ ,(r), T, V ,(t)>, (29b)

*where ^ o and ^ i are two trial functions, which tend to be the functions % * and ^Fi* by

optimising the functionals Ao and A| with respect to the constants of the trial functions.

In our treatment, the trial functions will be used in terms of the asymptotic solution of

the Pomraning-Eddington approximation [9, 10] by the forms

¥ o(r) = y[r/0)(r) [A, exp(-v r) + A2 exp(v r)], (30a)

and

W ,(r) = V r / © ( r ) [B, exp(-v r) + B2 exp(v r)], (30b)

The solution of the problem is carried out by substituting the trial functions ^F o and

¥ i of Eqs. (30) into the functionals Ao and A| of Eqs. (29) and optimising the resultant

equations with respect to the constants A|, A2, Bi and B2. The optimisation of the functionals

Ao and A| is given by
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= 3A0/3A2 = 0, (31 a)

and

5A,/5B, = 5A,/5B2 = 0. (31b)

This optimisation leads to the constants Ai, A2, Bi and B2 of the trial functions SP o and W \

which tend to equal the functions % and Ti .

This solution is used to calculate the neutron density and the net flux of the source-free

problem as

yo(r) = H0(r)+{[A, SL0(r, -v)+A2 SL0(r, v)]+a [B, SL,(r, -v)+B2 SL,(r, v)]}, (32a)

and

¥ , (0 = H,(r)+{[A, SLi(r, -v)+A2 SL,(r, v)]+a [B, SL2(r, -v)+B2 SL2 (r, v)]}, (32b)

where

SLn(r, v) = [1/4*] f d t t exp(vt) Ln (r, t). (33)

This solution of the source-free problem can be used in Eqs. (8) and (17) to calculate the

physical quantities of the general problem.

IV. RESULTS AND DISCUSSION

The forward partial flux q+(R), the neutron density G(R)/47i and the net flux q(R) at the
boundary of a solid cylindrical medium are calculated for homogeneous and inhomogeneous

media of isotropic and forward and backward linear anisotropic scattering The linear
anisotropic parameter a is calculated in terms of the coefficients am of the Legendre
polynomial expansion of the scattering phase function as [14]

a = Z(-l)ma2 m + 1 (2m)'/[22mm!(m+l)!]. (34)
m=0

The above physical quantities are calculated for a homogeneous solid cylindrical
medium of transparent boundary affected by a unity external incidence and has no internal
neutron source. The calculations are carried out for isotropic, forward anisotropic and
backward anisotropic scattering and tabulated in table 1. The results of isotropic scattering
are compared with the calculations of Ref. 7. In table 2, the same calculations are carried out
for the same medium of calculations of table 1 but with internal source of space dependence
of the form Q(r) = (1-co0)[l-(r/R)2]. The calculations for isotropic scattering are compared
with the results of Ref 5. The calculations of q+(R), G(R)/47T and q(R) for inhomogeneous
solid cylindrical medium of transparent boundary affected by unity external incidence and has
no internal source are carried out for isotropic, forward anisotropic and backward anisotropic
scattering and represented in table 3. In table 4, the calculations of q+(R), G(R)/4n and q(R)
for inhomogeneous medium inside a solid cylinder are represented. The medium is
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considered to be of reflected boundary of diffuse reflectivity pd=0.5 affected by unity external
incidence and has internal source of the form Q(r) = (l-wo)[l-(r/R)2]. The calculations are
carried out for isotropic, forward anisotropic and backward anisotropic scattering. For
inhomogeneous media, the space-dependent single scattering albedo are taken in the form

Table 1: The partial flux, the neutron density and the net flux at the boundary of a
homogeneous solid cylinder of transparent boundary with unity external
incidence, no internal source and with radius R

a = 1.81517

q+(R)

coo Present

R=1.0

G(R)/4n

Present

-q(R)

Present

a =0.0

q+(R)

Present

G(R)/47t

Present Ref 7

-q(R)

Present Ref. 7

a =-0.58659

q+(R)

Present

G(R)/4TC

Present

-q(R)

Present

0
0
0
0
0
0
0
0
0

100
300
500
700
800
900
950
990
999

0
0
0
1
1
2
2
2
3

61695
.72620
99293
24215
.58777
12984
53854
.98784
11752

0.73437
0.76607
0 79647
0.82262
0 85030
0 89413
0.92833
0 96715
0 97851

2.52464
2 41540
2.14867
1 89944
1.55383
1.01175
0 60306
0 15375
0.02407

0
0
1
1
2
2
2
3
3

69911
97579
.33816
.83953
.17337
59323
84748
07865
13461

0.74468
0.79796
0.84539
0 89361
092151
0.95446
0 97372
0 99093
0.99506

0
0
0.
0.
0
0

65290
69437
74754
81947
86653
92493

2
2
1.
1.
0.
0
0
0
0

44249
16581
80343
30206
96822
54837
29411
06294
00698

1 29897
0 96482
0 54539

1
1
1
2
2
2
3
3

04228
43172
.93600
25633
64673
87789
08532
13523

0
0
0
0
0
0
0
0

80441
.85402
902O0
.92892
96030
97846
99459
99845

2
1
1
0
0
0
0
0

09931
70988
20559
88526
49486
26371
05628
00636

Table 2: The partial flux, the neutron density and the net flux at the boundary of a
homogeneous solid cylinder of transparent boundary with no external incidence,
internal source Q(r)=(l-a>o)[l-(r/R)2] and with radius R

a = 1.81517

q+(R)

W o Present

R=0.5

G(R)/4n

Present

q(R)

Present

a =00

q+(R)
Present

G(R)/4TI

Present Ref 5

q(R)

Present Ref 5

a =-0 58659

q+(R)

Present

G(R)/4TT

Present
q(R)

Present

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

100
300
500
700
800
900
950
990
999

0 82810
0 71497
0.55065
0.36976
0.26221
0 14027
0 07277
0 01502
0.00151

R=1.0
100
300
500
700
800
900
950
990
999

1.06666
0.96168
0.85436
0 56904
0 43037
0 24822
0 13494
0 02915
0.00297

0
0
0
0
0
0
0

07327
07606
06714
05050
.03773
02123
01130

0 00238
0

0
0
0
0
0
0
0
0
0

00024

.09438
10231
.10417
07771
06193
03758
02095
00462
00047

0.82810
0 71497
0 55065
0.36976
0.26221
0 14027
0 07277
0 01502
000151

1.06666
0.96168
0 85436
0.56904
0.43037
0.24822
0 13494
002915
0 00297

0.83100
0 71337
0 56781
0 38411
0 27334
0 14649
0.07596
001565
0 00158

1.07153
0.97401
0.83341
0.62012
0 46871
0 27003
0 14602
0 03123
0 00317

0.07105
0 07150
0 06664
0 05168
0.03906
0 02214
0.01179
0 00248
0 00025

0.09162
0.09762
0.09781
0 08343
0.06698
0 04081
0 02266
0 00495
0 00050

0 10008

0.06938

0.01817

0 12543

0 09977

0 03306

0.83100
0.71337
0 56781
0 38411
0 27334
0 14649
0 07596
0 01565
0.00158

1.07153
0.97401
0.83341
0 62012
0.46871
0 27003
0 14602
0 03123
0.00317

0

0

0

1.

0

0

83074

56683

14596

07080

83057

26770

0.71541
0.57055
0 38671
0.27544
0.14774
0 07664
001580
0 00159

0.97778
0.83921
0.62646
0 47430
0 27369
0 14811
0 03169
0.00322

0.06977
0.06564
005168
0 03926
0 02231
001189
0 00250
0.00025

0 09536
0.09654
0.08372
0 06760
0 04133
0 02298
0 00502
0 00051

0
0
0
0
0
0
0
0

0
0.
0
0.

71541
57055
38671
27544
14774
07664
.01580
00159

97778
83921
62646
47430

027369
0
0
0

1481 I
03169
00322
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Table 3: The partial flux, the neutron density and the net flux at the boundary of an
inhomogeneous solid cylinder of transparent boundary with unity external
incidence, no internal source and with radius R

a:

3

o
0
0
0
0
1

3
0
0
0
0
0
1

»($), $=i/R

R=0.5
$/4
1+0 6$
5
9-0 6$
4-0 3 $ +0 6
8-0.6 $ +0 2
-1 5$ + $2

R=1.0

.1+064

.5

.9-0.6 $

4-0.3 $ +0.

8-0 6 $ +0

-1 5 ^ + $2

$2

6E;
2$2

a = 1.81517

q+(R)

1 27740
2 12947
1 63712
1 71295
1.66656
1 67350
1.65344

0.84333

0.84629

0 99293
0 89274

0 86405

0.65440

0.73378

G(R)/47t

0.84981
0.89034
0.86334
0.86410
0.86671
0.86335
0.86248

0.79347

0 79264

0 79647
0.78604

0 79212

0 77400

0 77920

-q(R)

I
1
1
1
1
1
1

2
2
2,
2
2
2
2

86420
01213
50447
42864
47503
46809
48816

.29826

29530

.14867
24885

27754

48719

40781

a =00
q+(R)

2 00851
2.00009
1 97046
1.95225
1.98550
1 95809
1.95240

1 43967

1.41918

1.33816
1.27965

1 38976

1 30128

1 30394

G(R)/4TI

0 90608
0 90476
0.89925
0 89443
0 90260
0 89631
0.89638

0.85771

0 85545

0.84539
0 83662

0 85211

0 84011

0 84103

-q(R)

1

1
1
1
1
1
1
1

13309
.14151
.17114
.18934
.15609
.18350
.18920

70193

72242

.80343

.86195

75184

.84032

83765

a =-0 58659

q+(R)

2 09160
2.08072
2.03649
1.99899
2 06199
2.01335
2.01088

1 55716

1 53332

1 43173
1 34594

1 49858

1.37981

1 38738

G(R)/4TT

091215
0 91070
0.90449
0.89883
0 90835
0.90108
0 90130

0 86766

0 86522

0.85403
0.84383

0 86159

0 84795

0 84914

-q(R)

1
1
I
1
1
1
1

1
1
1
1
1
1
1

04999
06087
10510
14261
.07960
12824
13072

.58443

60827

70986
.79566

64301

76178

75421

Table 4: The partial flux, the neutron density and the net flux at the boundary of an
inhomogeneous solid cylinder of reflected boundary of pd=0.5 with unity external
incidence, internal source Q(r)=[l-co(r)][l-(r/R)2] and with radius R

a = 1.81517 a =0.0 a =-0.58659

5). 5=r/R
R=0.5

q+(R) G(R)/4TI -q(R) Q+(R) G(R)/4TI -q(R) q+(R) G(R)/4TI -q(R)

3$/4
0 1+06$
05
0 9-0 6 $
0 4-0 3 $ +0 6 $2

0 8-0.6 $ +0 2 $2

R=1.0
3$/4

0.1+0.6 %
0.5
0.9-0.6 E,

0 4-0.3 E, +0 6 &/

0 8-0.6 E, +0.2 E,2

1-1 5 £ + E2

0 95213
1 05791
0.95381
0 91657
0.99551
0.93112
0.93597

1.05039

1.04314

1.04703
0.90138

1.05602

0 78455

0.83506

061108
0 70469
0 62906
0 62227
0.64327
0.62436
0.62474

0.59786

0.59636

0.60359
0 56507

0.60019

0 53081

0.54419

1 09473
1 04184
1.09389
1 11251
1.07304
1.10524
.10281

.04560

.04923

.04728

.12011

.04279

.17852

15327

1
1
1
0
1
0
0

1

07962
06763
.01866
.96598
05588
.98839
.99581

. 18744

.16928

10007
02164

.15396

.05617

06749

0 70474
0.70046
0 68336
0 66569
0.69586
0.67311
0.67502

0.67599

0.67010

0.64789
0.62460

0 66454

0 63465

0 63771

1 03099
1 03698
1 06147
1 08781
I 04286
1 07660
1.07289

0.97708

0.98616

1 02076
1.05998

-.99381

1 04271

1 03705

1 09091
1 07896
1 02950
0 97516
1 06712
0 99841
1.00611

1.20618

1.18806

1 11810
1 03646

1.17257

I 07265

1.08456

0
0
0
0
0
0
0

0
0
0
0
0
0
0

71543
71088
.69228
67265
70582
68093
.68313

.68842

.68215

.65800

.63220

67603

64337

64686

1 02534
1 03131
1.05605
1 08322
1.03724
1 07159
1.06774

0.96771

0.97677

1.01175
1 05256

0.98451

1.03447

1 02851

N
= 2>n(r/R)n, (35)

n=l
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for linear and quadratic cases,
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ABSTRACT

Two different techniques have been used to solve the Boltzmann-transport equation
describing the peneteration of light ions through solids in the continuous slowing down
approximation (CSDA), namely maximum entropy and flux-limited. The solution ob-
tained for the scalar flux function </>o(£,s) by using the flu-x-limited as well by means of
the maximum entropy are agree with obtained by Chandrasekhar method.

Key Words: Ion Transport Equation/ moment Method/ Flux-Limited
Method/ Maximum Entropy Method/ Chandrasekhar Method.

INTRODUCTION

The energy-dependent Boltzmann-equation for slow light ion incident on a solid has
been solved withm the continuous slowing down approximation (GSDA1) by using double
Legendre polynomials over the angular variable DPN method ^\ The reflected energy
spectra, particle, and energy reflection have oeen analytically derived in the DPO ap-
proximation.

The energy-dependent albedo problem of low-energy light ions from heavy targets is
treated in a multiple collision model. The collision integral of the ion transport equa-
tion is replaced by a new approximation that takes into account the anisotropy of the
scattering (3).

The particte transport equation has been solved by Levermore and Pomranrng ^ in
the flux limited approximation using Chapman-Enskog approach. This was extended by
Pomraning (4) to include both a Fokker-Planck equation as well as the case of anisotropic
scattering (Pomranrng (5)),

The motivation of this paper is to solve the ion transport equation in the frame of
the flux-limited, Chapman-Enkog approach ^. The maximum entropy ^-as a powerful
technique to solve the transport equation is also used to solve the ion equation. The
two solutions are numerically computed together with that obtained by Chandrasekhar
method (8).

FORMULATING THE PROBLEM

Peneteration of light ions through solids is conveniently described by the Boltzmann-
transport equation in the form
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^ M l = N J a(E,n'.n)Ma, //, E)-<f>(x, /z, £ ) ] ^ ' + ̂ [7V <?(£M*, /,, £)] (1)

with the boundary condition

= 0, /z, £ ) = £(£ - E0)8{n - //0), Mo > 0

In equation (1), (/>(.T,/Z, £ ) is the distribution function, x is the penetration depth
in the target, fi is the cosine of the angle between the ion direction and the inward
target surface normal(x-axis), and E is the instantaneous ion energy. Moreover, N is
the density of target atoms, cr(E, fi .fl)eftl is the differential cross section for a light ion
with energy E to scatter from the direction fi into the direction 17 and S(E) is the total
stopping cross section.

The variables E and x of the distribution function < (̂x, //, E) can be transformed into
the relative path length travelled s and the relative penetration depth z

s=T
v^ = ^r (2)
To T0

where the path length r and the total path length r0 are defind by

Eo dE'

dE'

/o NS(E'Y

Making use of the transformation Eq.(2), Eq.(l) takes the form

i ^ s) _ ^ ^

with the boundary condition

(j>(z = 0, fi, s) = S(s)6(fi - no),(io > 0

The right hand side of Eq.(3), named the collision integral / c o / j , can be transformed
into the form

Icon = -NT0

1=0

where Pi(fi) are the Legendre polynomials, and a\ are the transport cross sections of
the /th order

= J
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where da(R,fi) denotes the differential cross section for the projectle at energy E to
scatter into the cosine (fi,d{i) and fi is the cosine of the scattering angle.

The collision integral Icou can be well approximated by the expression following
Snvovic', R., and Vukanic' [1]

\s)dfi'

which indicated that the multiple scattering of low-energy ions by target atoms is
described by the transport cross section O\.

Within this approximation the transport equation can be rewritten in the form

+ \L ««•"'•
with the boundary condition

</>(( = 0, fx, s) = S(s)S(fi - ii0), no > 0

where £ = //z, v =
By means of maximum entropy and flux-limited techniques one can write down an

expression for the scalar flux function <?>o(£, s) explicitly. Consequently, the energy dis-
tributions backscattered ions R(fiQ,s) can be directly evaluated.

MAXIMUM ENTROPY APPROACH

Maximum entropy method is very useful for approximating solutions to system where
there is a general paucity of data or nonunique solutions. The concept of information
entropy originated by Shannon [9] as an algorithm for estimating the uncertainty in a
signal.

The maximum entropy approach to the solution of under-determined inverse problems
is studied in detail in context of the classical moment problem. In important special cases,
such as the Hausdroff moment problem, Mead and Papanicolaou [10] established the
necessary and sufficient conditions for the existence of a maximum entropy solution and
examined the convergence of the resulting sequence of approximations. An approximate
means to solve the Fredholm integral equations by the maximum entropy method was
developed by Mead [11].

El-Wakil et al.[12] have used the maximum entropy approach to evaluate some prob-
lems in radiative transfer and reactor physics such as the escape probability, the emergent
and transmitted intensities for a finite slab as well as the emergent intensity for a semi-
infinite medium. Also, it is employed to solve problems involving spherical geometry,
such as luminosity ( the total energy emitted by a sphere), neutron capture probability
and the albedo problem. The technique is also employed in the kinetic theory of gases
to calculate the Poiseeuille flow and thermal creep of a rarefied gas betwwen two plates.

Jumarie [13] used the maximum entropy principle method in order to determine
the non stationary solutions of the one-dimensional Fokker-Planck equation by directly
referring to the dynamical equations of the state moments.
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Garth [14] used a maximum entropy method to solve the Fokker-Plajick equation for
electron transport. By this method an analytic representation for scalar flux function
are obtained.Baker et al.[7,15] have applied the maximum entropy minimum norm for
solving differential equations.

In order to solve eq.(4) by means of maximum entropy, expanding the distribution
function <f>((,fj,,s) in terms of Legendre polynomials Pi(f*) as

where <f>i(£,s) is given by

then Eq.(4) becomes

| ^ j ^ j ^ V ) (5)
Define the Legendre spatial moments of (f>(£,(i,s) by

For the special case (/ = 0), the spatial moments are given by

J—s

Multiplying Eq.(5) by ^n and integrating over £ € [—5, s], the moment equation yields

•foM*) = ^fJjll<f>"-U-l(*) + V + l)4>n-U+l(s)] - V<f>ntl{a) + ^nM (6)

Eq.(6) represents a set of coupled ordinary differential equations that can be solved
analytically. Starting with the known n = 0 moments, one gets

Eq.(6) gives a closed form for the different order of the moments associated with
, s). In case of / = 0 and n = 1,2, the first two moments are readily found to be

(8)
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where X(s) and 0(a) are the Lagrange multipliers.In order to determine A(.s) and 0(s)
explicitly, we need, in addition to Eq.(7), another equation for A(s), 0(s).

The variance is then

< CW > - < « . ) >'= ^ <»)
In terms of A(s), 0(s), maximum entropy technique [7] suggests the distribution

function <jf>o(£,s) a s follows

Solving Eqs.(7), (9) for ^(5) and A(s), one obtains

3
0(3) =

A ^ = T~^—7 r^i?

In the next section another class of solution of the transport equation (4) can be
found by applying the flux-limited method.

FLUX-LIMITED METHOD

The flux-limited, Chapman-Enskog approach is shown to be powerfull technique for
finding an analytical solution of the ion transport equation. For the sake of simplicity
of the transport equation (4), define the energy density

then Eq.(4) yields

Integrating Eq . ( l l ) over fi € [—1,1] gives

where F(£, s) is the net flux given by

In the same manner, multiplying Eq.(ll) by \i and integrating over \i € [—1,1] yields
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+ r + , F « , . ) - 0 (13)

where P is defined by

P = J lJ.2<f>(^^s)dfjL (14)

Let us now use Chapman-Enskog approximation to solve Eq.(ll). In this approxi-
mation, the distribution function <f>(£,pi,s) expressed as

>,fO, (15)

where ?/>(£, s,^) is slowing varying function in £, 5 and normalized to unity

f1

J-i
Multiplying both sides of Eq.(15) by // and integrating over \i € [—1,1] gives

or

/ = /

then Eq.(14) can be rewritten as

) (17)

where \ ls the Eddington factor given by

- / :

Substituting Eq.(15) in Eq.(ll) becomes

1
^ $ ; ^ ) (is)

Eleminating | j from Eq.(18) by using Eq.(12) and using eq.(16) one can get

an

Define the flux-limited parameter RQ

then Eq.(19) yields
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«•"> = iFbsi (20)

where

G=l+fRo

The relation between the flux-limited parameters RQ and / can be directly evaluated
by integrating Eq.(20) over fi G [—1,1] yields

/ = cothRo — —

An iteration method is used to calculate RQ and / for particular value of x-
By using Eqs.(16) and (17), the first order differential Eq.(13) for the energy density

E(£,s) can be solved using maximum-entropy technique [7].
Multiplying Eq.(13) alternately by ( and £2, integrate over £ € [-00,00], we obtain

the following two moments

j £(s) >= J,

which we may integrate to yield

< e(s) >+v< (\S) >=

>= ~fi - e-»'] = ̂ \ , (21)

where X(s) and /3 (s) are the Lagrange multipliers to be determined and the variance
is

As we have mentioned above, maximum entropy technique [7] suggests the energy
density E(£, s) as follows

s) = ]/^^P[-^'(^ ~ /?'(^2 + ̂ y ] (23)

Therefore, we can solve Eqs.(21) and (22) for the Lagrange multipliers fl'(s) and
A'(.s), one can get

1

- e-"(2vs
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» ' / N 1 — e "*
[S)~ * [ l - e - " ( 2 i / « + e - " ) ] '

Inserting Eqs.(23) and (20) in Eq.(15), it is easy to write down in analytic form for
the, distribution function <ji>(£,/j,s) as

h (24)
With the knowledge of Eq.(24), the quantity of physical interest, such as the energy

distributions of backscattcred ions R(fio,fi,s), is defined by [1]

^ 0 , /M) , /* < 0, (25)
ho

can be calculated.
Substituting the solution obtained Eq.(24) at the target surface £ = 0 in Eq.(25) and

integrating over /x € [0,1] yields

1 I W ) ,A' 2 (s) , rG, , G

The numerical calculations for the energy distributions backscattered ions i?(/xo, s)
for normal and oblique incidence are compared with that obtained previouly [1,16] using
(DPO) flux approximation and Chandrasekhar's H-function. Figures [4(a),(b)] illustrate
the obtained results are quite good.

The scalar flux function <f>o{£,s) can be directly evaluated using the flux limited
method, as well the scalar flux function </>o(£,.s) can be obtained by applying the maxi-
mum entropy technique using eq.(10).

Results for the scalar flux <f>o(£,s) are shown in Figures [1,2,3] at different values of
s and these results are compared with that obtaind numerically by means of maximum
entropy method. The comparisons demonstrate that the scalar flux function obtained
by the two methods are in excellent agreement.

The maximum entropy technique provides the solution in a compact form which is
physically more meaningful than the expression by means of other methods.

It can be, therefore, concluded that the flux-limited, Chapman Enskog approach is
the one of most powerful technique for finding the solution of the ion transport equation.

Acknowledgments: I would like to express my deep gratitude to Prof.S.A.El-
Wakil for his useful discussions and comments.
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ABSTRACT

The concentrations of the natural radionuclides in bottom sediments of EI-
Mansouria and Tawfeeky canals have been measured using the y-spectrometer
based on the Nal(TI) detector. The activity concentrations are found to be rare
and range from 4.34 to 22.66 Bq.kg'1 for U8U series and from 4.66 to 16.95 Bq kg'1

for 23ITh series, but it is found to be of higher values for '"'K and range from 63.9 to
148.271 Bq.kg'1. These values are in the safe and acceptable limits for the public
health. Also the exposure rates are small and there is no radioactive hazard. The
water running in these canals can be safely used for drink and irrigation purposes.

Key Words: y-Spectroscopy/Activity concentration/Exposure rate/Absorbed dose/
Radium equivalent activity

INTRODUCTION

The radiological survey in this work is concerned with the study of the water quality in
the environment of Dakahlia province. The El-Mansouria and Tawfeeky canals as seen in the
given map transfer the drink and irrigation water to about three governrates: Kaluobia,
Dakahlia and Damietta. Thus the live of the people, plants and animals in this region depends on
the stream water brought by these canals. This water and the bottom sediments are coming from
the Nile River.

Eleven bottom sediment samples were collected from El-Mansouria and Tawfeeky canals
starting from Mansoura city along a distance of about 50 km to the south and ending at Meet
Nagi village. Generally the collected bottom sediment samples are beach (gray) sand. They
contain some heavy minerals, which come as load of the Nile river to accumulate and deposit on
the bottom of branches and canals. It is well known that, the y-rays due to the 238U series ,U2Th
series and of 40K play an important role in the exposure dose of the public in dwellings[l]
(UNSCEAR,1993).

EXPERIMENTAL PROCEDURE

A-Sampling and Sample Preparation:
The samples were taken from 11 sites along a distance of 50 km to the south of

Mansoura city with about 5 km separation between any two adjacent sites. This distance is
divided into two sectors: A on El-Mansouria canal (36km) starting from Mansoura city to
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Dakkadous village and B on the Tawfeeky canal (14 km) from Dakkadous to Meet Nagi village.
The two sectors lay in the Dakkahlia province as it can be seen in the map Fig (1).
The bottom sediment samples from the sectors A and B were collected at winter season
(January) when both canals were empty, where there was no flow of water. The samples were
taken by the core method using a cylindrical plastic container of 10-cra diameter and 12 cm
depth. About 1 kg weight each of the surface bottom samples was packed in a plastic bag [2] and
transferred to the laboratory in Mansoura. The samples were prepared for the measurements.
First, they were dried for one week, pulverized, sieved to pass through 1 mm mesh and then
weighted individually.

The meshed sample was put in about 250 ml cylindrical container (3"diameter X
2"height), and then carefully sealed for 4 weeks to reach secular equilibrium between 22*Ra (of
"'U) and U2Th and their corresponding progenies [3,4,5]. The measuring time for the
background and that of each sample was taken to be 10 hrs.

B- y-Ray spec'trometry:
The natural radioactivity or the y-spectra for each bottom sediment samples were

measured using the y spectrometer. The systera was based on 3"X 3" Nal(TI) detector that is
connected to suitable set of electronics containing MCA of 2048 channels. The three y-ray peaks
1.764 MeV of 214Bi, 2.614 MeV of 208TI and 1.460 MeV of ^K were used to determine the activity
concentrations of U8U series, U2Th series and '"K respectively. For these environmental low level
y-ray measurements, it is good enough to use Nal (TI) detector, because we select only the
resolved peaks which can be detected easly by this detector and lie within its resolution (from 4 -
5%). At the beginning the system has been calibrated for energy and efficiency using 226Ra
standard source with similar geometry as that of the samples according to the methods and
procedure presented in Ref. [6].

The radiation exposure rate I in uR/hr and the absorbed dose D in air, 1 meter from the
surface in each location in nGy/hr and finally the radium equivalent activity Ra^in Bq kg1 can
be obtained from the following simplified matrix form of the activity concentrations Cu CTi, and
CK in(Bq/kg)[7,9]as

-\
I
D
Ra~,

=
1.9
0.427
1.0

2.82
0.662
1.43

0.179
0.043
0.077

-\

J J
Here the activity concentrations of " Ra are assumed to represent that of U because

116x- and y-rays in the chains before Ra contribute little to the total exposure rate[10].

RESULTS AND DISCUSSION

The activity concentrations for dry weight, bottom sediment samples in Bq.kg'1 for 238U
series,232^ series and 40K are put in table (I) and represented graphically by Fig(2) across the
distance concerned of the two sector A and B. From Table (I) and Fig (2), one can see that the
activity concentrations of "'U series^Th series are very low and almost of equal values and
ranging from 4 to about 20 Bq.kg'1 on the average.

Similarily the radiation exposure rate I, ilie. radium equivalent activity Ra«, and the
absorbed dose rate for the 11-bottom sediment samples are estimated and tabulated in Table (1).

6<(0
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The exposure rate components Iu & I-m are ranging from 9 to 47 fiR/hr on the average for both
^'U series,2J2Th series. But for WK, the samples show higher activity concentrations ranging
from 63 to 148 Bq.kg'1, while their IK components are from 11 to 27 uR/hr. The high activity
concentrations of *K for the samples may be due to the fact that these canals are close to the
cultivated lands on both side (banks) where such canals receive agricultural (containing
fertilizers), domestic and industrial drainage water.

Table (I)

1
2
3
4
5
6
7
8
9
10
11

Cu
Bq.kg1

11.66 ±1.25
8.09 ±1.14
4.71 ±1.19
7.22 ± 1.49
4.34 ± 1.05
9.15 ± 1.26
8.54 ±1.32
12.15 ±1.00
22.66 ± 1.40
13.89 ± 1.05
6.86 ±1.54

Cxh
Bq.kg1

11.12 ±1.15
6.44 ±1.04
4.85 ± 1.14
16.95 ± 1.41
4.66 ± 0.96
12.59 ± 1.20
13.90 ± 2.02
10.95 ± 1.52
7.30 ±2.02
11.65 ±1.58
13.76 ± 2.40

C K
Bq.kg1

109.31 ±2.88
73.04 ± 2.65
63.09 ±2.72
126.32 ±3.50
70.02 ±2.40
122.00 ±2.96
85.35 ±3.25
94.75 ± 2.48
81.70 ±3.26
148.27 ± 2.69
132.20 ±3.40

I
uR/hr
73.08
46.61
33.92
84.13
33.92
74.73
70.70
70.92
78.26
85.78
75.5

D
nGy/hr
17.04
10.86
7.93
19.74
7.95
12.49
16.52
16.51
18.02
20.02
17.72

Ra«,
Bq/kg"1

35.98
22.92
16.50
41.19
16.40
36.55
35.00
35.10
39.39
41.97
36.72

The activity concentration for "*U series, 232Th series and ^K in Bq/kg , the exposure rat I in
fiR/hr, the radium equivalent activity Ra*q in Bq/kg and the absorbed dose D in air in nGy/hr
with an average value 14.98 nGy/hr which is far below the UNSCEAR (1982) value which is 45
nGy/hr.

From this analysis we conclude that the obtained results of the average dose rates in air
calculated at a height of lm above the ground surface for each samples are small compared with
that of the United Nation Scientific Committee on the effect of Atomic Radiation (UNSCEAR,
1982), 45 n Gy/hr. Also from the above results, it can be seen that there is no radiative hazard
for the human beings, plants and animals, who are using the water from EI-Mansouria and
Tawfeeky canals for drinking and for irrigation.

work.
The radiological survey of the stream water running in these canals is the aim of next
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ABSTRACT

Maximum entropy approach is used to find the exact solution of the one-
dimensional Fokker-Planck equation with variable coefficients. The exact
solutions of the probability density of generalized Fokker-Planck equation
are explicitly obtained. Three classes of special interest of Fokker-Planck
equations are discussed in details.
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INTRODUCTION

The maximum entropy (ME) technique is very useful for approximating solutions to
system where there is a general paucity of data or nonunique solutions. The concept of
information entropy as an algorithm for estimating the uncertanity in a signal goes back
to Shannon [1]. Since then many researchers have used extensively the technique in a
wide array of applications [2,3]. Jaynes [4,5] extended this work to statistical mechanics
and data reduction maximized the information entropy.El-Wakil et al.[6], have used the
maximum entropy method to study some physical problem in radiative transfer and
reactor physics.

Normally, the maximum entropy approach is used to approximate solutions to either
differential or integral equations [7,2]. In addition to approximate solutions, we aim in
this article to find out exact solutions of Fokker-Planck equation with variable coefficients
using maximum entropy approach.

Based upon the use of Jaynes [4,5] maximum entropy principle, the entropy with M
constraints (number of moments) on the differential equations and norm conditions can
be written as

S= [-p{V)lnp{V) - XQp(V) -
M N N

n=l

where p is the probability density, A, and f3 are the Lagrange multipliers and the
function V is represented by a discrete set of N points .
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In order to estimate the probability density p(V), we shall select the p(V) which
must satisfies these constraints and maximizes the entropic function (1). Carrying out
a variation of S yields

SS= [-1 - lnP(V) - Ao - £ T3V3 - 0 J2 V?}6pdV = 0,
J-cc 3 j

where F_j is given by

M

then obtain the probability density in the form

where Z is the partition function defined by

Z — exp(l + Ao),

or

Inserting Eq.(2) into the following eq\iation

<V,>=Jp(V)V}dV

one gets

< Vt >= ^ , (3)

and the average of V? is

In order to complete fch? defirjjug «i«atjonfi for Lagrajjge TOi)Jt,3pJkrfi we sbaJJ use tJbe
definition of variance

1 V2

< V-2 > = — - —i1 2/3 4/?

Via the relations (3),(4) the variance can be calculated to be

Now with the knowledge of the Lagrange multipliers Xt, ft, the probability density
p(V) can be written down explicitly according to Eq.{2). In the next section we shall
apply the maximum entropy method to solving the generalized Fokker-Planck equation.
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APPLICATIONS

The generalized Fokker-Planck equation with time varying coefficients reads

with the normalization condition

/ p(x,t)dx = 1,
J—oo

boundary conditions

:"p(z,*) = 0, (6)

and initial conditions

p(x, 0) = S(x - x0), 0 < x0 < 1. (7)

In equation (5) p(x,t) is the probabitity density, D(x,t) and v(x,t) are the diffu-
sion and convection coefficients depend on x and t. Equation (5) has a wide array of
applications according to different forms of the variables coefficients D(x,t) and v(x,t).
The Fokker-Planck equation serves as a mathematical model for a number of problems
in physical and biological sciences [8 — 10]. It is also powerful in the study of stochastic
processes, and for all these reasons, it is of paramount interest to have efficient methods
for obtaining the explicit expression of its solution.

Multiplying both sides of (5) by xk and integrating over x £ (—00,00), yields the
following closed form for the moments in terms of the coefficients D(x,t) and v(x,t),

j t < x\t) >= k < x
k-\t)[^^l + „(*,*)] + x

k->(t)(k - l)D(x,t) >, (8)

where

< xk(t) >= / xkp(x, t)dx, k >
«/-00

For a given D{x,t) and v(x,t) as

D(x,t) = c(t)x + G(t),

v(x,t) = a(

Equation (8) takes the form

^ < x
k(t) >=k< x^it^kcit) + b(t)} + a(t)xk(t) + G(t){k - l)x*"2(Z) > . (9)
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Equation (9) gives a closed form for the different order of the moments associated
with p(.r,/) in terms of a(i), b(t), c(t) and G(t). In case of k = 1,2, we obtain the
following first two moments

— < x(t) >=< c(t) + a(t)x(t) + b(t) >,
at

j t < x2(t) >= 2 < x(t)[2c(t) + b(t)] + a(t)x2(t) + G(t) >,

which we may integrate to yield

< x(t) >= [ < c(t) + a(t')x(t) + b(t) > dt' = - ^ r , (10)
Jo t.pyt)

< x2(t) > = 2 /* < x(t')[2c(t) + b{t')] + a(t')x2(t) + G{t) > dt'. (11)
Jo

The variance is then

< x2(t) >-< x(t) >2= 2 / < x(t)[2c(t) + b(t')} + a(t')x2(t) + G(t') > dt'-

J\< c(t) + a(t)x(t) + b(t) >] V = ~^-y

Now the probability density p{x,t) in terms of A(2), fl(t) can be written as

P(x, t) =

It is noted that the functions a(t), b(t), c(f) and G(t) should be given in order to carry
out the integrals (10),(ll) exactly. Hence one can write down an explicit expression for
the probability density in time and space.

Three examples are chosen for the interesting nature of the solutions, but they are
by no means claimed to be unique, there may be other similar examples and perhaps
more interesting ones.

Example (1):
Consider first well-known Ornstein-Uhlenbeck equation differential equation [11]

which is a particular case of (5); f is a small constant.
When applied to this particular case the first two moments are readily found to be
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< x2(t\ > - x2e~2' + ffl - t~2i]

and th^ variance is

< T
2(t) > - <r r(t) > 2 - «fl - f ~2t] — (U)

Solving Eqs.(13) and (14) for A(<) and )8(<), one obtains

Then the exact, solution for the probability density p(x, t) statisfies (12) and the initial
and boundary conditions {6) and (7) is

On the other side the Omstein-Uhlenbeck equation (12) may be rewritten in the
conservetive form

vt — tpx{x, t) + xp(x, t)

Pucci et al.{12] studied the potential symmetries and solutions of Eq.(15) without
introducing any boundary and initial conditions. However, they have shown that this
equation admits six-dimensional potential symmetries group and also found the following
solution

x2

p(x,t) = {ai(l - i2) - aaxexp(t) + b^Zx - x3)exp(-t) + b^xp(2t)]txp{-2t - —) (16)

where a, and hi arc arbitrary constants.
By simple inspection it is easily seen that the two solutions obtained by means of the

maximum entropy (15) and potential symmetry (16) are nearly the same as t tends to
oo. Also, by looking upon the two obtained solutions (33),{35), one may conclude that
introducing boundary conditions (14) and (15) puts further constrains on th« solution
of Fokkcr-Planck equation.

Example (2)
A second instructive example is the Lamm equation [11]
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In this case, the first two moments are

< x(t) > = x^ + e[e< - 1] = ^ , (17)

< x2(t) >= x2e2t + 4e[x0 + e]e'[e' - 1] - 2e2[e2t - 1], (18)

and the variance is

< x2(t) >-< x(t) > 2 = e '[e* - 1][26 + 4e2] - e2[3e2i - 2e* - 1] = ^ (19)

Solving (17),(19) Lagrange multipliers are found to be

xpe* + c[et - 1]

W) '
1

where

C(t) = e'fe' - l][2e + 4e2] - e2[3e21 - 2ef - 1].

We thus obtain the probability density p(x, t) in the form

Assuming c is a small dimensionless constant, one may neglect the terms porpor-
tional to e in Eq.(17) and c2 in Eq.(18). Therefore, the first two moments, variance and
Lagrange multipliers become

< x(t) >— zoe\

x2(t) >-< x{t) >2= 2eet[et - 1],

X(t) =
2e[l - e-«]

e"2'

4e[l-e-'] '

650



Hence the probability density p(x,/) in this limiting case is

- e (]

which is exactly the same as obtained previously by Weiss et al.[ll].
Example (3)
Consider the Fokker-Planck (FP) equation of the linear Brownian motion [13]

( t ) {F t p ( x , t ) = { ( 1 x g x ) + e } p ( x 1 t )

where e, 0 and 7 are constants. This example has been previously solved by Fang
et al.[14] using the Lie Algebraic method. However, equation (8) reveals the first two
moments as follows

>=

xje2""(l + Y{t)f -I-
> = O

and the variance is

<,V) > - < « « > ' - ^ $
where

1),

Solving (20),(21) Lagrange multipliers A(t) and ^(t) are given by

26

then the probability density p(a;, i)
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-^ZWl- (22)

It can be seen that in the limit case as g —• 0 the solution (22) reduces to the one
of Ornstein-Uhlenbeck equation (15).

On the other side when (g ^ 0) the solution of the probability density (22) is com-
pared with that obtained by using Lie Algebraic method [14] as shown in Fig.(l). Ob-
viously Fig.(l) shows that the two solutions are nearly the same.

Now it can be concluded that maximum entropy approach provides the solution in
a compact form which is physically more meaningful than the expression by means of
other methods.

Also, the maximum entropy technique can be extended to solving higher dimension
Fokker-Planck equation with an external potential.
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ABSTRACT

The operator method and the technique of exponential operator decom-
position have been used to solve the moments equation of the Fokker-Planck
equation. The obtained results are compared with that obtained by other
method such as the expansion of moments technique.
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INTRODUCTION

The Fokker-Planck equation in one-dimension can be written in the form

ot
where the operator L is given by

with the normalization condition

/ p(x,t)dx = 1,
J — oo

boundary conditions

lim xnp(x,t) = 0,
X—»±OO

limp(x,t) = 0,
x-+0

and initial conditions

p(x, 0) = 8{x — aro),0 < x0 < < 1.

In eq.(l) p(x,t) is the probability density that depends on x and i, D[x) and v(x)
are the diffusion and convection coefficients. Eq.(l) has a wide array of applications
according to different forms of the coefficients D(x) and v(x).
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The Fokker-Planck equation serves as a mathematical model for a number of problems
in physical and biological sciences whose analysis reduces to the problem of finding
the solution of the Fokker-Planck equation with variable coefficients [1 — 3]. It is also
powerful in the study of stochastic processes, and for all these reasons, it is of paramount
interest to have efficient methods for obtaining the explicit expression of its solution.

The problem of fast charged particles slowing-down in a medium through Coulomb
interactions can be appropriately studied in the framework of the Fokker-Planck equa-
tion. It is important to obtain an approximate solution in closed form which, in spite
of the used approximation, gives more accurate results. Molinari [4 — 6] has solved the
Fokker-Planck equation using a direct method for obtaining an expression for the prob-
ability density of charged particles which diffuse in plasma.

In this paper, the operator method is used to solve the moment equation of the
Fokker-Planck [7] equation by using the definition of the shift operator and the technique
of the exponential operator decomposition by Suzuki [8 — 13]. However in order to
understand the method we first apply it to solve the Fokker-Planck equation of the
linear Brownian motion as well as the Fokker-Planck equation for charged particles.

EXPANSION of MOMENTS TECHNIQUE

Let us first assume that the solution of eq.(l) has the series form

J2p()
n=0

(2)

The spatia] moments of p(x, t) are given by

Mk(t) =< xk(t) >= f°° xkp(x, t)dx (3)
J — 00

Inserting eq.(2) in eq.(3) one can get

071=0

where

f°°
k,n = / Xhpn(x)dx -

J—oo

Hk,n — I -c Pn\X)OX —<^ X ;>n
•/—oo

Substituting the expansion series of eq.(2) into eq.(l) we find that the pk,n can be
generated recursively from the relations

9 . . . / . . . d r . .
Vn4-'[(x) — T ~ " LZ/IJCJD ( £ ) ~~ ~ ~ ~ I U ( 3 ? ID« (X )1 ( 4 )

Multiplying both sides of eq.(4) by x* and integrating over x € [-00,00], yields the
following closed form for pk,n in terms of the coefficients D(x) and v(x)

Pk,n — K <*. X \K — l)U\X) -f- X [V\XJ + * •t' *̂JJ ^ n - l j H > 1.
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with

Pk,n =

The advantage of using the expansion of moments technique is to obtain a closed form
for the different order of moments associated with p(x, t) in terms of the coefficients D(x)
and v(x). Hence for a given the coefficients D(x) and v(x) the relation pk,n provide us
the corresponding moments of the Fokker-Planck equation.

APPLICATIONS

Two examples are chosen for the interesting nature of the solutions, but they are
by no means claimed to be unique, there may be other similar examples perhaps more
interesting ones.

Example (1):

Consider first the Fokker-Planck (FP) equation for the linear Brownian motion [7] in
the form

j ^ ( z ,0 = [~(ax + px-1) + e-^}p(x,t) (5)

where p(x,t) is the probability density, a, fl and t are constants. When applied this
particular case the first two moments of pk<n are readily found to be

Pi,n = ocnxQ

These results allow us to sum the series for the moments in closed form to find the
first two moments are

]
a a

which are exactly the same as those obtaind by Ming [7] by means of the operator
method.

THE OPERATOR METHOD

Example (1):

The operator method has been successively used to solve the moment equation of the
Fokker-Planck equation using the definition of the shift operator and the technique of
the exponential operator decomposition.
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Multiplying eq.(5) by xk and integrating over x € (—00,00), the moment equation
yields

^ = \kaMk{t) + {3kMk_2(t) + ek{k - l)Mk.2(t)}, (6)
at

Eq.(6) can be rewritten in the operator form

') (7)

where
A

A = ka,

C = [kp + tk{k -

A_ is the translation operator, its definition is

A-Mk{t) =

The formal solution of eq.(7) gives

Mk(t) = e^+^Mfe(0) (8)

By applying the decomposition theory [8],

exp[A + C]t = exp[tA]exp[f(it)tC],

where

7 = 2a

Eq.(8) becomes

Mk(t) = etA[Mk(0) + JT [f{2^)t]CrMk(0)} (9)
r=l

where

CTMk(0) = [A/? + eA:(Ar - l)]r...M t_2r(0), (10)

^ l f c > l . (11)

657



Inserting eqs.(10) and (11) into eq.(9) one can get

Mk(t) = etka[xh
0 + Y, [f{2af)tY [Pk + ek(k - l)]r...M,_2r(0)] (12)

By using the operator method we derived the recursion relation for the moments.
Then the different order of the moments can be can be directly evaluated via eq.(12). In
case of k = 1,2, the first two moments are found to be

Mx(t) = xQeat,

» *• / . \ O.rrtT 9 . fi * 1 r *

It is clear that M\(t) and M2(t) are also in agreement with the above results obtained
by means of expansion moments approach by Weiss [14].

Example (2):

A second instructive example describes the Fokker-Planck equation for charged parti-
cles transport introduced by Molinari [4]. The problem of fast charged particles slowing-
down in a medium through Coulomb interactions can be appropriately studied in the
framework of Fokker-Planck equation. We will consider the slowing down of charged
particle emitted with velocity u0 by a collimated source. If n is the cosine of the angle
between the direction of the test particle and vo, the Fokker-Planck equation for the
probability density /(i;,/z,£) can be written in the following form [5]

(13)
Here,/(u,/x,2) is the probability density that depends on velocity, angle,time and

Q(v,fi,t) is the source term. The expression of the coefficients a (the dynamical fric-
tion coefficient), j3 and 7 (the coefficients of the diffusion velocity tensor) for coulomb
interactions as follows

a = nM0[l - ^

/? = nM2-
2/nA1

7 = nM26(l - l/(2/nA)/2,

eV/nA
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M = -^L
rrif + mt

and

A =

rrif being the field particle mass, mt the t.p mass and Xmm the lower limit of the
deflection angle x m the center of mass system of two colliding particles.

For v < VQ the problem can be solved if we use the homogeneous equation (13).
To solve eq.(13),expand the probability density f(v,fi,t) in terms of Legendre poly-

nomials pn(n) as

2n

n=0

and

where N is the number of test particles per cm3 and s,
then eq.(13) takes the form

d ^-v , . d r a ^-\ . ., d2 .fl

n=0 n=0 n=0

00

J 2_. ann(n + l)Pn{fJ-)fn(v,t) + NS(t)S(v — Vo)6(fJ, — 1),

where

Multiplying the above equation by pn'(fJ.) and integrating over n 6 [— 1,1] and using
the orthogonal relation, one gets

f{j) l [ ^ / ( M ) ] + l ^ / ( M ) ] ^ ( + l ) f ( t ) NHt)^-V0)Sn,0 (15)

The fn{v,t) as denned by eq.(14) can be expanded in Legendre polynomials by Fil-
ippone [15]

OO n , -I

m=0
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Hnm(t)= f Pm(-)fn(v,t)dv. (16)
J V-vo

where

m

) ()

where a™ is the Legendre coefficient. Then eq.(16) takes the form

p p '
p=0 U °

where

Mk,n(t)= I vkfn(v,t)dv (17)
J-i

Multiplying eq.(15) by vk and integrating over v G [—1,1] and using eq.(17), the
moment equation becomes

d . .
-j;Mk,n{i) = [0k(k - 1) - ak - •yn(n + l)]Af*_3)n(it) + N6(t)8nfiVo (18)

Introduce the two shift operators E\ and E2 defined by Ronald [16],

E™E2Mk)Tl(t) = Mfc+min+;(<)

then eq.(18) can be rewritten in the operator form

d
— Mkn(t) = AMkn(t),n > 0 (19)
dt

where

A = [/3k(k — 1) — ak — 7n(n + l ) ] ^ 3

The formal solution of eq.(19) reads

Mk,n(t) = exp[At]Mk,n(0)

which is equivalent to

0 0 y

Mk,n(t) = [AffclB(0) + J2 ^ ^ ^ , n ( 0 ) ] (20)
r=l '

where

irM,,n(0) =

Eq.(20) leads to
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co tr

Mk,n(t) = [Mk,n{Q) + £ ~lPk(<k ~ l) ~ ak ~ ~<<n + l)]r^-3r,n(0)] (21)
r=l ^

In order to complete the formulation of the problem we impose the boundary condi-
tion of the probability density f(v,fi,t) at t = 0 in the form

f(v,»,0) = NS{v - vo)S{fi -l),v< v0 (22)

From eqs.(22) and (14) we have

and

Hence eq.(21) becomes

Mk,n(t) = N[vi + ^

We thus obtain the probability density f(v,fi,t) has the form

n=0 m=0 p=0

c = [/3p(p -l)-ap- 7n(n + 1)].

Now with the knowledge of the probabilty density some physical macroscopic quan-
tities, such as average velocity and energy can be directly evaluated.

AVERAGE VELOCITY AND ENERGY

Average velocity:

In order to estimate the average value of the velocity that is so defined

i rv° f^ t^*
v > = — I I I vf(v,fi,t)dfid<j)dv

N Jo J-\ Jo

Now by means of eq.(23), it is easy to calculate the average velocity of tesr particles
< v >.

Realling that

v = v[iix -f u y ( l — n2)cos<j>iy + u y ( l — H2)sin<j)iz

where
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Vx - Vfl,

Vy = Vy/{1 -

vz = u \ / ( l — H2)sin<j).

one has for the Cartesian component of < vx > are given by

2 [ m + 1 ]4L.i i

Average energy:

In order to determine the < v% >, < v2 > and < v\ > we define

2 v.. _ _ / / 2 2 r / (24)

v >= 77 / r T "'C1 - H2)cos2<t>f(v,fi,t)dndvd<f>, (25)
J* J J J/o Jo J-i

and

<v2>=— / / v2(l- n2)sin24>f(v,ii,t)diidvd4>. (26)

To evaluate eqs.(24), (25) and (26) we write

v2
x = v2n2 = v2[l-po(v) + \pM\, (27)

2 2
uj = u2(l - n2)cos2<t> = u2[-po(//) - -

=

Introducing eq.(27) in eq.(24) yields

3

p=0
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OO /

(m
(2m+ 3)

m2(2m + 3) + (2m - l)(m + I)2 ( - l ^ f m - 1)!
(2m-l)(m + 3) 2-[|m + l]![Im -

m(m-l)
+ (2m-l)

and

=< v] >=
n

p=0

(2m+ 3)

m2(2m + 3) + (2m - l)(m + I)2 ( - l )^ (m - 1)!
(2m-l)(m + 3) 2-[|m + l]![lm - §

m(m-l) ( - l )^ (m-3) !

Consequently, it is easy to calculate the average energy

E = -m[vl + v2
y + v2

2}
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CONCLUSION

In this paper we have used two different techniques for finding the moments of the
one-dimensional Fokker-Planck equation namely, the expansion of moments approach
and operator method.

The advantage of using the expansion of moments technique is to find a closed form
for the different order of the moments in terms of the diffusion and dirft coefficients,
but the difficulties in using such technique lie carrying out the integration to obtain the
different order of moments.

In order to avoid the difficulty in the expansion of moments, we introduce another
technique namely, the operator method in which the moments equation of the Fokker-
Planck equation is written in the operator form.

The operator method has been successively used to solve the moment equation of
the Fokker-Planck equation for charged particles slowing down in a medium through
coulomb interactions. An expression of the probability density of test charged parti-
cles are obtained. Knowing the probability density allow us, to calculate directly some
macroscopic quantities such as average velocity and average energy.

It can be conculuded that, the operator method is shown to be useful technique to
solve the moment equation of the Fokker-Planck equation and the obtained results are
exactly the same as obtained by means of the expansion of moments approach.
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ABSTRACT

A double focusing (JEOL, PLASMAX2) and quadrupole (ELAN6000,

PERKIN ELMER) mass spectrometers were used for the quantitative

analysis of trace elements in steel samples from Hiroshima. The

quantification of the analytical results was carried out using steel468 as

a standard reference material. The relative sensitivity coefficients

(RSC's) for most of the elements varied between 0.12 and 2.93. The

effect of iron as a matrix and the non-spectroscopic interferences are

studied. Comparison of the results obtained on two steel samples from

Hiroshima with that obtained on steel468 standard reference materials

demonstrated that there is no significant difference between them.

Therefore, it is possible to say that the irradiated steel samples from

Hiroshima have nearly the same specifications of trace element content

as those of the normal steel samples.

Key words: laser ablation /ICP-MS /Steel

INTRODUCTION

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is
widely accepted as a rapid and sensitive technique for trace elemental analysis of
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solid materials[l]. It is desirable to analyze solid samples directly in their original
form. This fits with laser ablation technique which is used for this type of analysis.
The evaporation of the solid target material is carried out in a laser ablation
chamber[2]. The evaporated and dissociated material (atoms, molecules, ablated
particles) is transferred by a transporting gas (argon) in the inductively coupled
plasma where the neutrals are dissociated and ionized. An advantage of LA-ICP-MS
compared to ICP-MS of aqueous solutions is not only the simpler sample preparation
but also the significant reduction in interferences of oxide ions, hydroxide ions and
hydride ions with the analyte ions.

Currently laser ablation is used for the investigation of trace elements in steel
samples. Yasuhara et al.[3] described a rapid quantitative analysis of the trace
elements in steel by laser ablation inductively coupled plasma mass spectrometry.
Allen et al.[4] obtained a precise measurements of isotopic ratios, for Cr and V, in
steel samples (SRJVI, NIST) using laser ablation with a twin quadrupole ICP-MS.
Richner et al.[5] applied the laser ablation and electrothermal vaporization as sample
introduction techniques for ICP-MS to put a distribution patterns for ceramics and
alloy samples. Watlin et al.[6] used the laser ablation-ICP-MS for fingerprinting scene
of crime evidence using steel samples obtained from sixty-nine sources. Allen et
al.[7] constructed a calibration curves using results obtained from NIST SRM series
1761, 1762, 1763 and 1765 low alloy steel. They[7] obtained quantitative trace
element analysis of metals, using calibration curves, by laser ablation inductively
coupled plasma time-of-flight mass spectrometry. Giinter et al.[8] also reported a
calibration study on dried aerosols for LA-ICP-MS. Kuss et al.[9] determined silicon
in steel by LA-ICP-MS. Hager[ 10] studied the relative elemental responses for LA-
ICP-MS. Ramendik and Tjurin[ll] reported a relative sensitivity coefficient model
for ion formation during mass spectrometric elemental analysis. Raith et al.[12]
described a non-destructive sampling method of metals and alloys for LA-ICP-MS.

Additional publications about using laser ablation ICP-MS for trace element
analysis of steel were reported by some authors [13-16]. Determination of trace
elements in steel by electrothermal vaporization-inductively coupled plasma mass
spectrometry was also investigated [17-19].

In the present work two different steel samples from Hiroshima are studied
namely, ring steel and P2-3-5 steel. Steel468 is taken as a standard reference material
for the determination of the relative sensitivity coefficient and to compare the results.

EXPERIMENTAL

All measurements are performed using Jeol high resolution inductively
coupled plasma mass spectrometer (JMS-PLASMAX2) which is installed at the
Central Laboratory for Elemental and Isotopic Analysis, Nuclear Research Center,
Atomic Energy Authority, Egypt, and a quadrupole mass spectrometer (ELAN6000,
Perkin Elmer) which is installed at Centralabteilung fur Chemische Analysen,
Forschungszentrum Jiilich, Germany.

Figure (1) is a schematic overview of the PLASMAX2 mass spectrometer.
Fig. (2) shows a schematic diagram of the laser ablation system coupled with the
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M*gn«ltc Analyzer

Fig.(l): Schematic overview of a JEOL JMS-PLASMAX high resolution ICP.MS.

SIM

Fig (2) Schematic diagram of the laser ablation system coupled to the ICP-QMS (ELAN6000)
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ELAN6000 mass spectrometer [20-22]. The operating parameters for the Nd.:YAG
laser and the ICP mass spectrometers are summarized in Table (1). Steel samples are
shaped to have a flat or parallel to be better than ±250 (am across the area to be
ablated.

Table (1): The experimental conditions used in the measurements

Parameters
ICP-MS:
Forward RF power
Reflected RF power
Coolant gas flow rate
Auxiliary gas flow rate

Nebulizer gas flow rate

Mass resolution (m/Am)

Detector mode

Switching
Optimization

Laser Ablation conditions:
Laser type
Wavelength
Pulse duration
Spot diameter
Repetition frequency
Power density
Energy per pulse

Double focusing ICP-MS

1300 W
<2W
14 L/min
0.3 L/min
0.77 L/min

500
analogue
1000 ms
Maximum ion intensity
of lppbof8 9Y+

Nd:YAG laser (Q-switched)
266 nm
6 ns

60 jam
20 Hz
1010w/cm2

4mJ

Quadrupole ICP-MS

1200 W

< 2 W
14 L/min
0.8 L/min
0.75 L/min

300

pulse counting
100 ms

Maximum ion intensity
of lppbof103Rh+

Nd:YAG laser
266 nm
5 ns

200 jam

10 Hz
1010w/cm2

l l m J

RESULTS AND DISCUSSION

Detection Limits

The detection limits (DL's) provide the analyst with information on the lowest
levels, which can realistically be measured in samples. The smallest signal Lc

(without laser shout) can be defined as:

L, = XB + kaB (1)

Where XB and CTB are the mean and the standard deviation of the background,
respectively. In analytical science k has usually the value 3. The detection limit DL, is
defined as the analyte concentration yielding an analytical signal equal to the
minimum detectable one, and can be calculated as:
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Table (2): The detection limits (ppb) for trace elements in steel468 (SRM,
NIST) by the double focusing and the quadrupole mass spectrometers.

Elements

Al

P

Ti

V

Cr

Co

Ni

Cu

Ge

As

Zr

Nb

Mo

Ag

Sn

Ta

W

Pb

Double focusing ICP-

MS (PLASMAX2)

0.079

0.077

0.017

0.005

0.018

0.003

0.010

0.040

0.010

0.071

0.003

0.116

0.025

0.062

0.0114

0.032

0.002

Quadrupole ICP-MS

(ELAN6000)

0.132

3.459

3.922

0.010

0.145

0.008

__*

0.077

0.022

0.056

0.029

0.004

0.014

0.011

0.016

0.001

0.005

0.003

* The cones are from Ni in the quadrupole ICP-MS.
** The cones are from Cu in the double focusing ICP-MS.
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DL = LC/S (2)

Where S is the sensitivity of the instrument. From equation (1) it follows that the
detection limit can be decreased either by improving the sensitivity, i.e. using a more
sensitive detector or by measuring at a more intense spectral peak for spectrometric
methods. If this is not possible, then decreasing the standard deviation of the
background by selecting the best instrumental conditions.

The limits of detection for impurities in steel468 standard sample by LA-ICP-
MS are summarized in table (2) using PLASMAX2 and ELAN6000 mass
spectrometers.

Quantification of analytical results

The quantification of results is carried out using steel468 (NIST) as a standard
reference material. The relative sensitivity coefficients (RSCs) are determined (Table
3) to correct the measured values. RSCs are function of the atomization energy, the
ionization potential of chemical elements and of the experimental parameters of mass
spectrometric analysis. Correcting the measured concentrations of trace elements in
steel468with RSCs provides an accuracy of the analytical results with deviations in
the range of 10-20%.

Trace Elements in Hiroshima Steel Samples

Fe is the major element of the highest concentration in steel samples. In ICP-
MS, large amounts of concomitant elements are known to affect analyte sensitivity
and often signal suppression are observed [23-27]. Thus for the analysis of steel, the
effect of high Fe concentrations on the analyte sensitivity must be evaluated. Several
studies [24-27] showed that instrumental parameters such as the aperture sizes of the
sampling and skimmer cones, the carrier gas flow, the RF power and the sample
uptake rate may all have an influence on the observed matrix effect. Explanation for
the matrix effect is based on two reasons:

The first reason is due to the presence of the pressure of high Fe concentration
in plasma [28] which contributes strongly to the electron density in the plasma and
therefore shifts the following ionization equilibrium; M <-> M* + e', so that the analyte
elements are ionized to a lesser extent.

The second reason for the matrix effect is based on the space charge effect[29]
occurring after extraction of the beam from the plasma. Because of the electrostatic
lens system, only positive ions are transmitted to the spectrometer, so that the ion
beam leaving the skimmer cone very rapidly acquires a high density of positive ions.
In the absence of a matrix these positive ions are mainly Ar+, O+, N+ and C+. When a
matrix is added the number of positive ions in the extracted beam increases. These
ions repel analyte ions, and because of the increased space charge the beam is less
easily focused by the electrostatic lenses and passes less easily through the apertures
in the lens system. Lighter analyte ions can be expected to suffer more from this effect
than heavier ones, and are thus preferentially lost from the transmitted ion beam.
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Table (3): Comparison between the Relative Sensitivity Coefficients
(RSC's) for different elements in steel468 (SRM, NIST) by using LA-
ICP-MS.

Elements

Al

P

Ti

V

Cr

Co

Ni

Cu

Ge

As

Zr

Nb

Mo

Ag

Sn

Ta

W

Pb

Certified

concentrations

(P-g/g)

0.160

0.023

0.110

0.170

0.540

0.160

1.030

0.260

0.001

0.008

0.005

0.006

0.200

0.0002

0.009

0.005

0.077

0.0005

PLASMAX2

Measured

concentrations

(ng/g)

0.040 ± 0.005

0.010 ±0.002

0.012 ±0.002

0.064 ± 0.005

0.576 ± 0.006

0.065 ± 0.009

0.251 ±0.015

0.001 ±0.0001

0.006 ±0.001

0.002 ±0.0001

0.006 ±0.0003

0.189 ±0.019

0.0002 ±0.00003

0.008 ±0.001

0.002 ± 0.0003

0.083 ±0.010

0.001 ±0.0003

RSC

0.25

0.43

0.12

0.38

1.07

0.40

0.24

~

0.90

0.80

0.35

0.96

0.95

0.98

0.91

0.31

1.08

1.75

ELAN600C

Measured

concentrations

(Hg/g)

0.057 ±0.005

0.012 ±0.0001

0.005 ±0.001

0.065 ±0.014

0.175 ±0.024

0.030 ± 0.002

__*

0.040 ± 0.002

0.0007± 0.0001

0.004 ±0.0001

0.001 ±0.0003

0.004 ±0.001

0.245 ±0.015

0.0001 ±0.0001

0.009 ± 0.0004

0.008 ±0.001

0.092±0.0038

0.002 ±0.0001

)

RSC

0.36

0.51

0.48

0.38

0.32

0.19

~

0.15

0.69

0.46

0.20

0.72

1.25

0.42

0.99

1.63

1.21

2.93

Mn is an internal standard element
* The cones are from Ni in the quadrupole ICP-MS.
** The cones are from Cu in the double focusing ICP-MS.
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Table (4): Analytical Results of ring steel sample from Hiroshima
by LA-ICP-MS

Elements

Al

P

Ti

V

Cr

Co

Ni

Cu

Ge

As

Zr

Nb

Mo

Ag

Sn

Ta

W

Pb

PLASMAX2

Measured concentrations

(M-g/g)

0.440 ± 0.080

0.017 ±0.002

0.009 ±0.001

0.005 ±0.0002

0.030 ±0.001

0.025 ±0.001

0.139 ±0.007

0.002 ± 0.0002

0.004 ±0.001

0.00005 ± 0.00002

0.0008 ±0.00001

0.002 ±0.0001

0.0013 ±0.0002

0.008 ± 0.0004

0.005 ± 0.0002

0.005 ±0.0001

0.002 ±0.0001

ELAN6000

Measured concentrations

Og/g)

0.349 ± 0.066

0.035 ± 0.002

0.008 ± 0.002

0.0009 ±0.0001

0.027 ±0.0012

0.014 ±0.0008

__*

0.101 ±0.008

0.0008 ±0.0001

0.013 ±0.0002

0.0002 ±0.00001

0.00004 ±0.00001

0.002 ±0.0001

0.0001 ±0.00008

0.008 ± 0.0002

0.001 ±0.0001

0.002 ±0.0001

0.003 ±0.0001

Mn is an internal standard element
* The cones are from Ni in the quadrupole ICP-MS.
** The cones are from Cu in the double focusing ICP-MS.
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Table (5): Analytical Results of P2-3-5 steel sample from
Hiroshima by LA-ICP-MS.

Elements

Al

P

Ti

V

Cr

Co

Ni

Cu

Ge

As

Zr

Nb

Mo

Ag

Sn

Ta

W

Pb

PLASMAX2

Measured concentrations

(ng/g)

0.218 ±0.025

0.026 ± 0.005

0.0012 ±0.0001

0.003 ± 0.0003

0.024 ± 0.004

0.019 ±0.004

0.087 ±0.018

0.0007 ± 0.0001

0.012 ±0.002

0.0008 ±0.0001

0.0001 ±0.00004

0.0024 ± 0.0005

0.0002 ± 0.00003

0.016 + 0.006

0.0005 ±0.0001

0.004 ± 0.0003

0.002 ±0.00019

ELAN6000

Measured concentrations

(ng/g)

0.625± 0.022

0.052 ± 0.008

0.001 ±0.0001

0.002 ± 0.00023

0.039 ±0.006

0.015 ±0.003

__*

0.148 ±0.029

0.001 ±0.0001

0.035 ± 0.007

0.005 ± 0.0005

0.0004 ± 0.00002

0.004 ±0.0001

0.00013 ±0.00002

0.014 ±0.003

0.0002 ±0.000015

0.005 ± 0.0002

0.0124 ±0.001

Mn is an internal standard element
* The cones are from Ni in the quadrupole ICP-MS.
** The cones are from Cu in the double focusing ICP-MS.
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Heavy matrix elements have a larger influence than light ones, as they are
more effective in repelling analyte ions However, the degree of the matrix effect
changes slowly as a function of mass over a modest mass range of analytes, and for a
relatively light matrix element (such as Fe) all analytes experience a similar matrix
effect. Mn is used as internal standard to compensate for drift problems and matrix
effect.

Because of the special behaviour of each element in the matrix during the
analysis process by LA-ICP-MS, a discussion of the trace elements in the two steel
samples (ring and P2-3-5) from Hiroshima are explained in the following:

Aluminum (Al)
The detection limit for Al using steel468 standard reference material (NIST) is 0.132
ppb and 0.079 ppb by the quadrupole and the double focusing ICP-MS, respectively.
The relative sensitivity coefficients (RSC's) of Al, using 55Mn as an internal standard
element, are 0.25 and 0.36 (table 3). The mean values for the measured
concentrations, using two LA-ICP-MS instruments (ELAN6000 and PLASMAX2), of
Al in Hiroshima steel samples, are 0.395 ppm and 0.422 ppm in ring and P2-3-5 steel
samples, respectively. The precision of the mean value of the measured
concentrations is 13.02%.

Phosphorus(P)
The detection limit for P using the double focusing ICP-MS is 0.077 ppb, while it is
(3.922 ppb) when the quadrupole ICP-MS is used. The higher DL is due to the
formation of nitrogen-oxide and nitrogen-hydroxide ions (I5N16O+, I4N17O+,
14N16O'H+) at masses 30.99502, 31.00220, 31.00581, respectively. The exact mass of
P is 30.97376 and the required resolution to separate P from the interference ions are
1458, 4318, 8589, respectively. The RSC's of P are 0.43 and 0.51 (Table 3). The
mean value for the measured concentrations of P in Hiroshima steel samples are
0.026 ppm and 0.039 ppm in ring and P2-3-5 steel samples, respectively. The
precision of the mean value of the measured concentrations is 13.04%.

Chromium (Cr)
The detection limit using the double focusing ICP-MS is 0.018 ppb, while it is higher
(0.145 ppb) when using the quadrupole ICP-MS. The higher DL is due to the
formation of the ions Pd++, Ru^, ArC+, ArO+ and ArN+, at masses 51.95201,
51.95271, 51.96238, 51.96246 and 51.96581, respectively. The exact mass of 52Cr
(the most prominent ion) is 51.94051 and the required resolutions to separate Cr from
the interference ions are 4516, 4258, 2376, 2367 and 2054, respectively. Fortunately,
the abundance of the 36Ar160+ and 38Ar14N+ ions in the background of the ICP
spectrum are 0.34 and 0.06, respectively. The RSC's of Cr are 1.07 and 0.32 (Table
3). The mean value for the measured concentrations of Cr in Hiroshima steel samples
are 0.029 ppm and 0.032 ppm in ring and P2-3-5 steel samples, respectively. The
precision of the mean value of the measured concentrations is 9.95%.

Titanium (Ti)
The detection limit for titanium is 0.02 ppb in the double focusing ICP-MS while it is
3.92 ppb in the quadrupole machine. The higher detection limit is due to the formation
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of oxide, hydroxide and doubly charged ions with different isotopes of titanium
(table 6).

Table (6): different interferences with Ti isotopes.

Isotope
symbol

46Ti

4 / Ti

4STi

4yTi

5UTi

Mass
45.95252

46.95176

47.94795

48.94787

49.94479

Interference
Species
Mo
NO2

CO2

A10H+

Mo + +

Zr
PO+

NO+

M o ~
Zr++

ArC+

PO+

POH*"

NO2
+

Mo++

PO+

POH+

POH+

M o ^
ArC+

ArN+

POH+

Mass

45.95340
45.99290
45.99407
45.98853

46.95254
46.95316

46.96868
46.98994

47.95234
47.95414
47.96755
47.97289

47.97650
47.99715

48.95270
48.97292
48.98072

48.98278
49.95374
49.96273
49.98075

49.98700

The mean value for the measured concentrations of Ti in Hiroshima steel samples are
0.009 ppm and 0.0011 ppm in ring and P2-3-5 steel samples, respectively. The
precision of the mean value of the measured concentrations is 11.55%.

Nickel (Ni)
The detection limit for Ni when using the double focusing ICP-MS is 0.01 ppb. The
higher DL is due to the formation of ions Sn++, ArO+ and ArOH* at masses 57.95137,
57.96154, and 57.96934, respectively. The exact mass of 58Ni (the most prominent
ion) is 57.93535 and the required resolution to separate Ni from the interference ions
are 3616, 2213 and 1705, respectively. The measured concentrations of Ni in
Hiroshima steel samples using the double focusing ICP-MS are 0.193 ppm and 0.087
ppm in ring and P2-3-5 steel samples, respectively. The precision of the mean value
of the measured concentrations is 12.85%.
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Copper (Cu)
The detection limit for Cu when using the quadrupole ICP-MS is 0.077 ppb, but it is
higher (1.587 ppb) when using the double focusing ICP-MS. The higher DL in case of
using double focusing ICP-MS, because the cones material are formed from Copper.
The concentrations of Cu in Hiroshima steel samples using the quadrupole ICP-MS
are 0.101 ppm and 0.148 ppm in ring and P2-3-5 steel samples. The precision of the
mean value of the measured concentrations is 13.66%.

Vanadium (V), Cobalt (Co), Zirconium (Zr), Niobium (Nb),
Molybdenum (Mo)
Table (7) gives a brief summary of the concentration of these elements in ring and P2-
3-5 steel samples from Hiroshima.

Table (7): Measured concentrations of V, Co, Zr, Nb and Mo
in ring and P2-3-5 Hiroshima steel samples.

Element

V
Co
Zr
Nb
Mo

Measured concentration (ppb)
Ring sample

2.95
19.20
0.13
0.42
2.00

P2-3-5 sample
2.50
17.00
2.90
0.25
3.20

Precision

9.15
12.8
16.9
8.81
8.30

Germanium (Ge), Arsenic (As), Tin (Sn), Lead (Pb)
The detection limits for those elements are in the range of ppt. Table (8) shows the
measured concentrations of these elements in the investigated samples.

Table (8): Measured concentrations of Ge, As, Sn and Pb
in ring and P2-3-5 Hiroshima steel samples.

Element

Ge
As
Sn
Pb

Measured concentration (ppb)
Ring sample

1.40
8.50
8.00
2.50

P2-3-5 sample
0.85

23.50
15.00
7.20

Precision

11.7
15.8
16.6
6.47

Silver (Ag)
The detection limits of Ag are 110 and 250 ppt (Table 2). Possible interference on Ag
comes from the formation of the refractory oxides (MoO+, ZrO+ and NbO+) and
argon compounds (ArGa+ and ArGe+). The intensities of those interference ions are
about 0.03%. The mean value for the measured concentrations of Ag in Hiroshima
steel samples are 0.72 ppb and 0.17 ppb in ring and P2-3-5 steel samples,
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respectively. The precision of the mean value of the measured concentrations is
12.69%. The standard deviation of the measured concentration value namely, 0.10 ±
0.08 ppb gives poorer precision and does not taken in the calculation of precision.

Tantalum (Ta)
The detection limit of Ta in the range of ppt. The mean value for the measured
concentrations of Ta in Hiroshima steel samples are 3.0 ppb and 0.35 ppb in ring and
P2-3-5 steel samples, respectively. The precision of the mean value of the measured
concentrations is 9.45%.

Tungsten (W)
The detection limit of Ta in the range of ppt. The mean values for the measured
concentrations of W in Hiroshima steel samples are 3.5 ppb and 4.5 ppb in ring and
P2-3-5 steel samples, respectively. The precision of the mean value of the measured
concentrations is 4.95%.

Inspection and comparison of the results obtained for Hiroshima steel samples
and that obtained for steel468 standard reference material, demonstrated that there is
no clear difference between them. Therefore, it is possible to say that the irradiated
steel samples form Hiroshima have approximately the same trace element (Al, P, Ti,
V, Cr, Co, Ni, Cu, Ge, As, Zr, Nb, Mo, Ag, Sn, Ta, W, and Pb) content as in the
normal steel samples.
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