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The contents of this volume
are dedicated to the memory of

ProfJDr. M. EI-Nadi
Professor of Nuclear Physics

Professor Mohammed Abdel-Maksoud El-Nadi, emeritus professor at the
Faculty of Science, Cairo University, deceased last November 2001 at age of 83.
He was graduated as a physicist from Faculty of Science, Cairo University in
1940. Professor El-Nadi got his Ph.D. in Theoretical Nuclear Physics from the
university of London in 1948, and his D.Sc. from Cairo University in 1968.
During his scientific carrier, Prof. El-Nadi occupied several scientific key
positions: Head of Physics Department at the Atomic Energy Establishment
(1961- 1970), Head of Physics Department, Cairo University (1964- 1971), Dean
of the Faculty of Science, Cairo University (1971-1974), and Vice President of
EI-Mansoura University (1974- 1978). Starting from 1978, Prof. El-Nadi became
an emeritus professor at the Faculty of Science, Cairo University. Prof. El-Nadi
established large scientific school in the field of Theoretical Nuclear Physics and
High Energy Physics at the Faculty of Science, Cairo University and the Atomic
Energy Authority of Egypt. He also supervised similar scientific schools at
Mansoura, Zagazig, and South-of-Valley (Sohag, Qena, and Aswan) Universities.
Over 50 years of scientific activities, Prof. EI-Nadi published ~ 130 scientific
publications in prestigious Egyptian and International science magazines. Prof.
El-Nadi was the author of several university physics books in Arabic, had
pronounced lecture notes in nuclear and theoretical physics. Professor EI-Nadi
was an eminent scientist, well known on the Arab and international levels,
member of several national and international scientific institutes, societies, and
organizations. Professor El-Nadi is the owner of State Promotion Prize in Physics
for 3 times. For his efforts in the advancement of science, Prof. El-Nadi was
awarded the State Supreme Prize in Basic Science in 1978, and the Mubarak
Prize in Basic Science in 1998.
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PREFACE

This volume contains the proceedings of the NUPPAC '01 " The Third
Conference on Nuclear and Particle Physics " held in Cairo, Egypt,
during the period 20 - 24 October 2001. The proceedings contain the
invited talks and the contributed papers presented in the 19 sessions of the
conference. The NUPPAC 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 Ministry of Agriculture and Lands Reclamation of Egypt and
under the auspices of HE Prof.Dr. Y. Waly, Deputy Prime Minister
of Egypt and Minister of Agriculture and Land Reclamation. The
venue of the conference was the main auditorium of the International
Agriculture Center, Dokki, Giza. About one hundred scientists from
different countries shared in the conference discussions. 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 views that participants, had the chance to visit the outstanding and
magnificent archeological places of Egypt in a very pleasant autumn time
weather. The range of the 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. AH the papers in this volume,
except the invited talks where the full scientific responsibility rests
with their own authors; were refereed according to usual scientific
rules.
In the occasion of the very big cultural event happened soon in Egypt,
i.e., the new reopening of " Bibliotheca Alexandrina " which was
originally built in the fourth century BC and was the world's first
university with its college scholars including such famous names as
Euclid, Erastosthenes, Heron, and Archimedes. We attach at the
beginnings of the sessions interesting photographs and relevant texts,
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, October 2002 M.N.H. Comsan , K.M. Hanna
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Address by Prof. K.M. Hanna, Conference Coordinator

Mr. Personal representative of His Excellency Prof. Youssef Waly, Deputy Prime
Minster and Minster of Agriculture and Land Reclamation,

Prof. (Deputy) President of Atomic Energy Authority,

Prof. Comsan, Conference Chairman,

Prof. Vice President of Egyptian Nuclear Physics Association,

Dear Guests,

Ladies and Gentlemen,

I would like to welcome every one of you in the third round of your conference on
nuclear and particle physics abbreviated as NUPPAC'01. As you know the Egyptian
Nuclear Physics Association, in cooperation with Atomic Energy Authority of Egypt,
organizes this conference. Indeed, to organize such a conference in the conditions of a
developing country like Egypt is not an easy problem. So, I consider that the success to
organize this third round give me enough confidence to claim that this conference will be
the traditional Egyptian conference of nuclear and particle physics. So, dear friends, wait
us always during autumn, the golden season of weather in our country, in the odd years of
this new century.
I wish all of you success and to enjoy not only physics but also the quite very rich
cultural environment, which is embedded in the conference. Simply enjoy the peaceful
and deep civilized nature of the Egyptian people. Thank you very much and you are
welcome again.
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Address by Prof. M.N.H. Comsan, Conference chairman

Dear Participants ofNUPPAC'Ol,
Ladies and Gentlemen,
Dear Guests,

It gives me pleasure in the name of the Egyptian Nuclear Physics Association ENPA
to welcome your presence at this 3rd Conference on Nuclear and Particle Physics
NUPPAC 01 in Cairo at this pleasant time of October. Started in 1997, this
conference has gained momentum and reputation as an international conference on
the subject organized on the land of Egypt, the cradle of civilization. This conference,
the third in its order, is organized with the presence of- 100 participants from Egypt
and twelve other countries from Africa, Asia and Europe. The number of submitted
contributions are 119 distributed over 20 scientific sessions that cover the 4 working
days of the conference. Our honorary guest is Professor Mohammed Abdel-Makssoud
El-Nadi, the eminent Egyptian scientist founder of our national school in theoretical
nuclear physics and high energy physics, and science father of Egyptian scientists in
these fields. We hope him good health and long life. The plenary session of the
conference is devoted to him, his efforts in science and science teaching over than 50
years. In these days for ourselves and the humanity connected with the tragedy of the
11 th of September, we stress our solidarity with the people of the United States of
America. We believe that science is a bridge for cooperation and friendship between
people, nations, and civilizations. We hope that wisdom will take over, and that
relations based on real peace and true justice will be established on the earth for the
benefit of current and future generations.
I take the opportunity to wish you good stay in Cairo and happy return home.

- V I -





10 December 2002 18:26:48
sparkle color Sep. 800 4511761/2571445

Cte175r12c





TABLE OF CONTENTS

Conference Committees iii

Preface iv

Addresses v

Conference Program

Invited Talks

1. Yu.V. Lobanov, etal (Joint Institute for Nuclear Research, Dubna, Russia)
The Heaviest Nuclei With Z=l 10-116 1

2. M. Adib (Atomic Energy Authority, Cairo, Egypt)
Powder neutron diffractometers 8

3. A.M. Hassan (Atomic Energy Authority, Cairo, Egypt)
Uses of isotopic neutron sources in elemental analysis applications 25

4. B. Slowinski, Kh.M. Hella, M.N.H. Comsan (Institute of Atomic Energy,
Otwock-Swiek, Poland)
Transmutation of radioactive nuclides: Basic conceptions and results 40/-^

5. S. Mukhammedov (Nuclear Physics Institute of Uzbekistan, Academy of
Sciences, Ulugbek, Tashkent, Uzbekistan)
Activation analysis using Cyclotron-produced fast neutrons 46

6. B. Slowinski (Institute of Atomic Energy, Otwock-Swiek, Poland)
Inclusive (jc,27t) reactions in nuclei at GeV energies 54

7. M.N. Yasin El-Bakry and S.M. Abd El-Halim (Physics Dept, Faculty of
Science, Cairo University, Fayoum Branch, Fayoum, Egypt)
Comparative study between hadron and heavy ion dissociation at high energies ... 60

High Energy Physics

8. N.M. Elnagar, L.I. Abou-Salem, and A.G. AH (Physics Department, Faculty
of Science, Zagazig University, Benha, Egypt)
Proj ectile fragmentation in hadron-hadron interactions 86

9. S.M. Abd El-Halim (Physics Department, Faculty of Science, Zagazig
University, Benha, Egypt)
Study of backward, forward and grey particles production from the interactions
of 16O emulsion nuclei at 4.5 GeV 100

- vm -



10. Z.A. Saleh and A. Abdel-Hafiez (Experimental Nuclear Physics
Department, Atomic Energy Authority, Cairo, Egypt)
Study of experimental data of multifragmentation of Gold and Krypton nuclei
in the interactions with photoemulsion nuclei at high energies 116

11. K.M. Hanna, V.K. Lukyanov, B. Slowinski, and E.V. Zemlyanaya
(Joint Institute for Nuclear Research, Dubna, Russia)
Restoration of nucleus-nucleus optical potential at intermediate energy 121

12. L.I. Abousalem, M. Hammad, and A. Elazazy (Physics Department,
Faculty of Science, Zagazig University, Benha, Egypt)
Non-relativistic study of heavy mesons spectra 134

13. N. Zenine (Division de Physique Nucleaire, Centre de Recherche Nucleaire
d'Alger - Algiers - ALGERIA)
The analytic running coupling of QCD at the two loop level 140

14. N. Zenine (Division de Physique Nucleaire, Centre de Recherche Nucleaire
d'Alger - Algiers - ALGERIA)
The Coulombian quark antiquark potential in position space 147

15. N. Zenine (Division de Physique Nucleaire, Centre de Recherche Nucleaire
d'Alger - Algiers - ALGERIA)'
Heavy Quarkonium thermal properties ., 157

16. N. Zenine (Division de Physique Nucleaire, Centre de Recherche Nucleaire
d'Alger - Algiers - ALGERIA)
Spectroscopic properties of the Bc system 163

Nuclear Scattering and Reactions

17. M.Y.M. Hassan and A.Sh. Ghazal (Physics Department, Faculty of Science,
Cairo University, Giza, Egypt)
Folded potential with Satchler effective interaction 168

18. M. Belgaid, F. Kadem, and'M. Asghar (Faculty of Sciences, Physics Institute,
Bab-Ezzouar, Algeria)
Semi-empirical systimatics of (n,t) cross sections for 14.5 MeV neutrons 178

19. E.H. Esmael and Sh.A. El-Muhbad (Physics Department, Faculty of Science,
Cairo University, Giza, Egypt)
Elastic Scattering between heavy ions using density-dependent interactions .... 186

20. E.H. Esmael and Sh.A. El-Muhbad (Physics Department, Faculty of Science,
Cairo University, Giza, Egypt)
The elastic Scattering between heavy ions using Glauber model 196

21. A.Sh. Ghazal and M.Y.M. Hassan (Physics Department, Faculty of Science,
Cairo University, Giza, Egypt)
Density-dependent interaction in Glauber model 207

-ix-



22. M. EI-Azab Farid (Physics Department, Assiut University, Assiut, Egypt)
Double folding cluster optical potential of heavy ions interaction 217

23. A.H.M. Solieman and M.N.H. Comsan (Cyclotron Project, Atomic Energy
Authority, Abu Zaabal, Egypt)
Evaluation of double differential yield as used for representation
of neutron spectra 223

Nuclear Models and Spectroscopy

24. N. Benhamouda, M.R. Oudih, M. Fellah, and N.H. Allal (CRNA, Alger-Gare,
Algiers, Algeria)
Particle-number projected charge radii and quadrupole moments of neutron-rich
Osmium isotopes 231

25. N.H. Allal, M. Fellah, N. Benhamouda, and M.R. Oudih (Laboratoire de
Physique Theorique, Faculte des Sciences, Alger, Algeria)
Simultaneous evaluation of the shell and pairing corrections to the nuclear
deformation energy: The case of odd-systems 243

Neutron and Reactor Physics

26. M.A. Zahran and M.A. Abdou (Theoretical Research Group, Physics
Department, Faculty of Science, Mansoura University, Mansoura, Egypt)
The operator method for solving the fractional Fokker-Plank equation 253

27. M. Adib, N. Habib, A. Ashry, and M. Fathalla (Faculty of Education,
Ain-Shams University, Cairo, Egypt)
Attenuation of thermal neutrons by crystalline silicon 268

28. K. Naguib, M. Adib, and H.N. Morcos (Reactor Division, Atomic Energy
Authority, Cairo, Egypt)
High order depletion sensitivity analysis 282

29. R.M.A. Maayouf and Y.H. El-Shaer (Nuetron Physics Dept, Atomic Energy
Authority, Cairo, Egypt)
Residual stress studies using Cairo Fourier diffractometer facility 291

Applied Nuclear Physics

30. A.P. Kobzev, S.M. Abu Al Azm, A.I. Helal, and N.F. Zahran (Frank Laboratory
of the Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia)
Some peculiarities of element analysis using charged particle beams 297

31. M.E. Medhat, M. Fayez Hassan, Z. Awad, and M.A. Ali (Experimental
Nuclear Physics Dept., Atomic Energy Authority, Cairo, Egypt)
Analysis of some Egyptian cosmetic samples by using
fast neutron activation analysis 305

- x -



32. M.A. Amr, A. Abdel-Hafiz, H.T. Mohsen, N.F. Zahran, and A.I. Helal
(Nuclear Research Center, Atomic Energy Authority, Cairo, Egypt)

Effect of skimmer cone material on the spectra of inductively coupled plasma
mass spectrometry 313

Computer Codes

33. H.M. El-Gazzar, N.M.A. Ayad, N.A. Ismail, and F.A. Torkey (Atomic Energy
Authority, Reactor Dept, Computer and Control Lab., Cairo, Egypt)
Fast robot kinematics modelling by using a particle simulator (PSIM) 318

Selected Topics

34. R. Machrafi, M.E. Medhat, B. Slowinski (Experimental Nuclear Physics
Department, Atomic Energy Authority, Cairo, Egypt)
Neutron detectors for transmutation of radioactive waste: The state the art 328

35. S. Szegedi and M. Fayez-Hassan (Experimental Nuclear Physics Department,
Atomic Energy Authority, Cairo, Egypt)
K X-ray production cross sections for 40-180 keV protons 332

36. M.A. Kenawy, A.A. Morsy, T.M. Hegazy, M.F. Zaky, and A.A. Youssef
(Experimental Nuclear Physics Dept., Atomic Energy authority, Cairo, Egypt)
Studies of isothermal annealing fission fragment and Alpha particle tracks in
CR-39 polymer detectors ....; 339

37. M.A. Kenawy, A.A. Morsy, T.M. Hegazy, M.F. Zaky, and A.A. Youssef
(Experimental Nuclear Physics Department, Atomic Energy authority,
Cairo, Egypt)
The effect of Gamma dose on the PADC detectors 345

38. A. Abdel-Haliem, U. Seddik, M.R. El-Aasser, R.A. Rizk, A.A. Abdel-Mongy,
and T.A. Salama (Experimental Nuclear Physics Department, Atomic Energy
Authority, Cairo, Egypt)
Effect of UV radiation on the bulk etching rate activation energy and response of
CR-3 9 to Alpha particles 349

39. F.W. Abdel Salam, A.G. Helal, H. El-khabeary T., M.M. Abdel Rahman,
and Kh.M. Khalefa (Accelerators & Ion Sources Department, Atomic Energy
Authority, Cairo, Egypt)
Production and diagnosis of Krypton ion beam using Freeman ion source 356

40. M.A. Ardyshev, G.I. Ayzenshtat, D.L. Budnitsky, S.S. Khludkov, O.B.
Koretskaya, V.A. Novikov, L.S. Okaevich, A.I. Potapov, O.P. Tolbanov, A.V.
Tyazhev, and A.P. Vorobiev ( Siberian Physical Technical Institute,
Tomsk, Russia)
Gallium arsenide structures for ionizing particles detectors 364

- xi -



41. A.R. Degheidy, M.T. Attia, and M. Sallah (Theoretical Physics Research
Group, Physics Department, Faculty of Science, Mansoura University,
Mansoura, Egypt)
Stochastic radiative transfer in a finite plane-parallel medium with general
boundary condition 377

Radiation Science

42. A. Abdel-Naby and A. Ahmed Morsy (Phys. And Chem. Dept., Faculty of
Education, University of Alexandria, Alexandria, Egypt)
Radioactivity on the surfaces of computer monitors and television screens due
to progeny plateout 389

43. M.Ayad, A. Bakazi, and H. Elharby (Radiation Protection Department,
Atomic Energy Authority, Cairo, Egypt)
Dosimetry measurements of X-ray machine operating ordinary radiology and
fluoroscopic examinations 395

44. M.A. El-Kolaly (Radiation Protection Department, Atomic Energy Authority,
Cairo, Egypt)
Thermolummescence of LiNaSo4: TI after exposure to radiation doses
From electrons of different energies 403

Index of Authors 411

-xn-





At the meeting point of the three continents, Asia, Africa and Europe, Egypt
has been the cradle of civilizations since ancient times. The ancient city of
Alexandria was at the beginning of the third century B.C. the birthplace of
the great plan to build a library: the Bibliotheca Alexandrina. But a fire,
which ravaged Alexandria, destroyed the library, this vast storehouse of
learning. The Egyptian Government, in co-operation with UNESCO, has
decided to resurrect the old dream to endow this part of the world with an
important focal point for culture, education and science.



Facts and Figures

The cost of this ambitious international project is estimated at US $172
million. This does not include the cost of the land, the Conference
Center, the Consultant fees and GOAL'S budget that were donated by
the Government of Egypt and are worth US $182 million.

The Library construction cost is estimated at US $121 million, while
both book collections and periodicals are expected to cost about US $31
million and the cost of equipment about US $20 million.

Total site area: 45,000 m2

Total Library floor areas: 69,000 m2

No. of floors: 7
No. of seats: 3500
No. of volumes: 4 million
No. of maps: 50,000
No. of manuscripts: 100,000
No. of electronic applications: 30 data bases
No. of rare books: 10,000
No. of electronic materials: 100 CD-ROM titles
No. of musical media: 200,000 disks/tapes
No. of audio-visual material: 50,000 disks/videos
No. of staff: 578
Complex includes: Conference Center (3200 seats), science
museum, planetarium, school of information studies, calligraphy
institute and museum.



Design of the new building

The design concept is a simple circle inclined towards the sea, partly
submerged in a pool of water, the image of the Egyptian sun, that in
contemporary terms will illuminate the world and human civilization.

Moreover, an inclined roof allows indirect daylight and a clear view of
the sea. Designed as an arrow, an elevated passageway links the
University of Alexandria to the Corniche. The building is surrounded
by a wall clad with Aswan granite engraved with calligraphic letters
and representative inscriptions from the world civilizations.

This timely conceptualization symbolizes a unique form cum fiction
which combines the heritage of the region with the intended revival of
cultural radiance to reach the corners of the universe.



^|The Bibliotheca Alexandrina
^Library Sections
^Library Services

The Bibliotheca Alexandrina |

The Bibliotheca Alexandrina is not only a Library. It is also an integrated cultural complex, with
libraries, museums, exhibition areas, educational centers and an international conference center.

Library Sections j

The Library consists of:
- The Main Library
- The Taha Hussein Library
- The Young People's Library
- The Children's Library
- The Audiovisual, Multimedia and Music Library.
- The Microfilm Reading RbomT
- The Manuscripts Reading Room.
- The Rare Books Reading Room.

The Main Library is a Universal Library designed to serve the public
and researchers.
The Library collection is displayed over 7 levels from the Roots of
Knowledge to the New Technologies.

The Taha Hussein Library is a facility to open doors to the blind and
visually impaired. All that appears on a computer screen can be read
in Braille or heard using a special program. By browsing through the
OPAG (Online Public Access Catalog), they can select the material
they need, deposit it on a scanner connected to a workstation, and
either read it in Braille or listen to it: a whole new world is now at
their fingertips.
The Taha Hussein Library is located in the level (B3).

The Young People's Library is a special library to orient 12-to-18-
years-old to all the services and facilities in the Main Library.
It is located in the first floor.

The Children's Library is a new addition to the Bibliotheca
Alexandrina for children aged 6 to 12, While promoting reading and
research abilities, it prepares them to the use of the Main Library,

The cascade of levels in the
reading areas

Young People's Library



with all its services and facilities. It is also located in the first floor,
next to the Young People's Library.

One of the main features of the library is its Multimedia and Music
Library, which offers a selective collection of CD/DVD,
audiocassettes, video tapes, records, slides and photos covering all
aspects of culture.

The Microfilm Reading Room allows researchers to read manuscripts,
documents, daily newspapers and special book collections on
microfilm. It is located in the entrance level (Bl).

The Manuscripts Reading Room , located in the level (Bl), contains
the manuscript collection of the Bibliotheca Alexandrina, which
includes manuscripts in Arabic, Turkish and Persian. Access is
limited to post-graduate researchers.

The Rare Books Reading Room , also located in the level (Bl),
contains the rare book collection of the Bibliotheca Alexandrina. The
collection includes books published before 1920 as well as facsimile
prints, limited editions and dedicated books. Access is limited to post-
graduate researchers.

Audiovisual & Multimedia Show
Rooms

Library Services

Guided tours:
A reception desk is located in the foyer of the library (the Hall of
Fame) in order to guide newcomers and explain to visitors the
historical background of the library (the history of the ancient library
of Alexandria) and the current efforts to design and build the new
library as a revival of the old one. It also offers guided tours to explain
the services and activities of the library and the other sections of the-
cultural complex.

Orientation tours:
The materials of the Bibliotheca Alexandrina are cataloged according
to the Anglo American Cataloging Rules (AACR2), and they are
classified according to the Dewey Decimal Classification System
(DDC). Data is entered in Machine-Readable Cataloging Format
(MARC21) which prepares bibliographic records for remote access
from the OP AC. The computer library system used for data entry is
the Virginia Tech Library System (VTLS; VIRTUA version with
Unicode).
The library will offer new users guided orientation tours to explain
library policies and collections, how those standards can be helpful to
users, how to use the OP AC, the library electronic information
system, retrieving books from shelves, and other aspects of library
use. These orientation tours will help users to get acquainted with

Reception & Visitors Information
Desk

Open Acess Shelves



library regulations and learn how to take full benefit of all its services
and facilities.

Open access reading area:
Open access shelves display the library's collections through a reading
area, which cascades over the 7 levels of the library, and
accommodates 2,000 readers at the same time. The Bibliotheca
Alexandrina is thought to have the largest reading room of all the
major libraries of the world.
Each level of the Main Library - as well as each specialized library -
is equipped with an information desk in order to serve the public and
acquaint the user with the OP AC, the electronic resources, the audio
video collections and other facilities. A general information desk is
located at the entrance of the Main Library in order to give general
information to the public and to refer users to the appropriate
specialized information desk.

Special reading rooms for microfilms, manuscripts and rare
books:
The microfilm, manuscript and rare book collections of the
Bibliotheca Alexandrina are displayed in special reading rooms.
Access to both the manuscripts and the rare books reading rooms is
limited to post-graduate researchers.

Study rooms for researchers:
The Bibliotheca Alexandrina serves researchers with 200 study rooms
spread over the 7 levels of the library. This service allows them to
work in an environment surrounded by books and printed reference
sources, with access to selected databases and other electronic
resources. Study rooms can be reserved at the information desk of
each level.

Loan:
The circulation desk is located at the entrance of the Main Library.
Only selected titles will be available on loan. Starting date for this
service will be announced later.

Acquisition requests:
Library users can place requests to acquire specific titles at the
circulation desk. The library will make every endeavor to acquire the
suggested titles.

Photocopying:
Users and researchers can purchase pre-paid cards at the General
Information Desk to do their own photocopying in the dedicated areas
on levels B2 and B4. Users are kindly requested to follow instructed
copyright rules and regulations.

Printing:
Users can also print from their workstations. The printouts can be
collected from the information desks, where they are also paid.

General Information Desk

Membership Desk
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THE HEAVIEST NUCLEI WITH Z=110-116

Yu.Ts. Oganessian1, V.K. Utyonkov1, Yu.V. Lobanov1, F.Sh. Abdullin1,
A.N. Polyakov1,1.V. Shirokovsky1, Yu.S. Tsyganov1, A.N. Mezentsev1,

S. Hiev1, V.G. Subbotin1, A.M. Sukhov1, O.V. Ivanov1, K.Subotic\
A.A. Voinov1, M.G. Itkis1, K.J. Moody2, J.F. Wild2, N.J. Stoyer2,

M.A. Stoyer2, R.W. Lougheed2, and C.A. Laue2

; Joint Institute for Nuclear Research, 141980 Dubna, Russian Federation
University of California, Lawrence Livermore National Laboratory,

Livermore, California 94551, USA

Abstract. This paper presents results of the experiments aimed at producing long-lived super-
heavy elements located near the spherical shell closures with Z>114 and N>172 in the
244Pu+48Ca and 248Cm+48Ca reactions. The large measured ot-particle energies of the newly
observed nuclei, together with the long decay times and spontaneous fission terminating the
chains, offer evidence of the decay of nuclei with high atomic numbers. The decay properties
of the synthesized nuclei are consistent with the consecutive a-decays originating from the
parent nuclides 288>289H4 a nd 292116, produced in the 3n and 4«-evaporation channels with
cross sections of about a picobarn. The present observations can be considered as experimen-
tal evidence of the existence of the "island of stability" of superheavy elements.

Keywords: radioactive decay, heavy nuclei, superheavy nuclei.

INTRODUCTION

The heaviest nuclei provide fertile grounds for testing nuclear structure at the limits of nuclear
stability. Beyond the domain of the heaviest known nuclei located near deformed shell clo-
sures with Z-10S and N=162, a substantial enhancement in the stability of heavy nuclei is
predicted when approaching the next spherical shells, with Z>114 and 7V>184, above Z=82
and N=126. The most neutron-rich isotopes of superheavy elements and, consequently, the
most stable, are expected to be produced in the fusion reactions of actinide targets with the
doubly magic 48Ca projectile. The resulting compound nuclei should have an excitation en-
ergy of about 30-33 MeV at the Coulomb barrier and should de-excite with the greatest prob-
ability by the evaporation of three or four neutrons. The investigation of the heaviest even-
even nuclei produced in the 4n-evaporation channel allows a more clear comparison with
theoretical predictions due to their unhindered a-decays and spontaneous fission (SF). Our
experiments with the 244Pu+48Ca and 248Cm+48Ca reactions were designed to produce ele-
ments 114 and 116 at the picobarn cross-section level, thus exceeding the sensitivity of previ-
ous attempts to synthesize new elements in 48Ca-induced reactions with actinide targets by
more than two orders of magnitude.
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EXPERIMENT AND RESULTS

A beam of 48Ca+5 ions was delivered by the U400 cyclotron at FLNR, JINR. The average
beam intensity at the target was 0.7 puA at the consumption rate of 48Ca material of
~0.3 mg h'1. The 32-cm2 rotating targets consisted of the enriched isotopes 244Pu (98.6%) and
248Cm (96.3% 6r 97.4%) in the form of dioxide deposited onto 1.5-um Ti foils to a thickness
of 0.32-0.37 mg cm"2. We chose the bombarding energies for 48Ca ions of 236 MeV and
240 MeV in the middle of the 244Pu and 248Cm layers, respectively. Taking into account the
energy losses in the targets and the overall beam energy and target thickness variations, we
expected the resulting compound nuclei 292114 and 296116 to have excitation energy in ranges
of 31.5-39.0 MeV and 28.9-37.2 MeV, respectively. Thus, the compound nuclei that survive
fission should de-excite most probably by the evaporation of 3 or 4 neutrons and y-rays.

The evaporation residues (EVRs) recoiling from the target were separated in flight from the
48Ca beam ions, scattered particles and transfer-reaction products by the Dubna Gas-filled Re-
coil Separator [1]. The transmission efficiency of the separator for Z=114 and 116 nuclei was
estimated to be about 35-40%.

The detection module mounted in the separator's focal plane consisted of a time-of-flight
system (TOF) followed by a 4xl2-cm2 semiconductor detector array with 12 vertical position-
sensitive strips, in which the recoils were implanted. This detector, in turn, was surrounded by
eight 4x4-cm2 side detectors without position sensitivity, forming a box of detectors open
from the front side. The detection efficiency for a-decays of implanted nuclei was 87% of 4TT.
The detection system was tested by registering the recoil nuclei and a- and SF-decays of the
known isotopes of No produced in the reactions 2M,206-208pb^8Caj xn^ j - ^

The energy resolution for a particles absorbed in the focal-plane detector was about
55 keV. For a's escaping the focal-plane detector at different angles and registered by side
detectors, the energy resolution of the summed signals was -190 keV. The FWHM position
resolutions of the signals of correlated decays of nuclei implanted in the detectors were
1.4 mm and 1.2 mm for EVR-a and EVR-SF signals, respectively, in the experiments of
1998. Values of 0.8 mm and 0.5 mm, respectively, were obtained in subsequent experiments
due to the improvement of the detection system.

Fission fragments from 2S2No implants produced in the 206Pb+48Ca reaction were used for a
fission-energy calibration. The measured fragment energies were not corrected for the pulse-
height defect of the detectors, for energy loss in the detectors' entrance windows, dead layers,
and the pentane gas filling the detection system. The mean sum energy loss of fission frag-
ments for 252No was about 20 MeV.

The 244Pu+48Ca bombardments were performed in November-December, 1998, and June-
October, 1999. A total of 1.5xlO19 48Ca projectiles was delivered to the target.

According to the concept of the "stability island" of superheavy elements, when an oc-decay
chain reaches the edge of the stability region, it should be terminated by SF [3,4]. In the
course of this experiment, we observed five SF events. Two SF decays with total measured
energies of 149 MeV and 153 MeV occurred within milliseconds following the implantation
of the recoil. Based on the lifetime, we assigned these events to 0.9-ms 244mfAm, a product of
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transfer reactions. Three other SF events terminated the cc-decay sequences of relatively long-
lived nuclei. Two such SF events, with energies of 221 MeV and 213 MeV, were observed in
strips 2 and 8, respectively [5]. The full decay chains including these SF events are shown in
Figure 1.

We calculated the probabilities that these decay sequences were caused by chance correla-
tions of unrelated events at any positidn of the detector array and at the positions in which the
events occurred [6]. The probability that both decay chains consist of random events is less
than 5x10-13

The formation of the nuclei which initiated the observed decays resulted from "instant"
48Cabeam energies of 237.6 and 237.0 MeV in the middle of the target. This would favor de-
excitation of the compound nucleus by evaporation of 4 neutrons, which leads to the even-
even nucleus 288114. Indeed, the observed chains, including two a-decays and terminated by
SF, match the decay scenario predicted for the even-even nuclide 288114 [3,4]. The detected
sequential decays have T\a vs. Ea values that correspond well to the decays of the even-even
isotopes of elements 114 and 112 (see below). The measured total energies deposited in the
detector array for both fission events exceed the average value measured for 252No by about
40 MeV, which also indicates the fission of a rather heavy granddaughter nucleus. From the
above considerations, we can conclude that the detected decay chains originate from the par-
ent even-even nuclide 288114, produced in the 244Pu+48Ca reaction via the 4n-evaporation
channel.
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Figure 1. Time sequences in the observed decay chains. Vertical positions of the observed
events are given with respect to the top of the strip. Values in parentheses show a-particle and
fission energies measured by the focal-plane and side detectors, respectively
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The next SF event was observed in strip 8 with an energy of 172 MeV [7]. The entire posi-
tion-correlated decay chain is shown in Figure 1. The probability that this decay sequence was
caused by the chance correlation of unrelated events is 6xlO"3. This decay sequence evidently
originates from a different parent nucleus than the chains that were assigned to the decay of
288 j j ^ y j i e kes(; canciidate for the parent nucleus is the even-odd isotope 289114, produced in
the 3rc-evaporation channel. Indeed, the a-decaying nuclides in this chain are characterized by
lower decay energies than the corresponding members of the chain attributed to the decay of
288114, while SF terminates the decay sequence at a later stage.

A priori, one cannot exclude that the investigated excitation energy range of 31.5-39 MeV
was not optimal for the production of this isotope. To check this assumption, we performed an
experiment in November-December, 1999, using lower projectile energy of 231 MeV
(£*«28.5-34.5 MeV). A total beam dose of 4.6xlO18 was accumulated. Only one fission event,
the 0.9-ms 244mfAm isomer with £tot=156 MeV, was detected in this bombardment.

We estimate the cross sections for producing both nuclides in this reaction to be about a pi-
cobarn. The bombardment performed at the lower projectile energy resulted in an upper pro-
duction limit of 2 pb.

On June 14, 2000, we started an experiment aimed at the synthesis of superheavy nuclei
with Z=l 16 in the complete fusion reaction 248Cm+48Ca [8]. During June-July and November-
December, 2000, January and April-May, 2001, we collected a beam dose of 2.3xlO19 48Ca
projectiles.

To improve background conditions for detecting long-time decay sequences, a special
measurement mode was employed [1]. The beam was switched off after a recoil signal was
detected with parameters of implantation energy and TOF expected for Z=116 evaporation
residues, followed by an a-like signal with an energy of 10.05 MeV<LEa<11.5 MeV, in the
same strip, within a position window Ay=2 mm and time intervals of up to 5 s. The duration
of the pause was determined from the observed pattern of out-of-beam a-decays and varied
from 2 to 60 minutes. Thus, all the expected sequential decays of the daughter nuclides with
Z<114 could be observed in the absence of beam-associated background. The total counting
rate for a-particles.with Ea>8 MeV by the whole detector array during beam-off pauses was
about 2h"', the counting rate of the focal-plane detector alone was about 6xlO"5min"1 per
pixel Ay=1.4 mm. The majority of these events is caused by the a decays of short-lived iso-
topes 212Po and 213Po detected in coincidence with p~ decays of their precursors 212Bi and
2l3Bi produced in the transfer reactions with 244Pu [5,7] and 248Cm [8] targets. During the
bombardments of the 248Cm target and subsequent off-line measurements we observed SF
events that could be attributed to the spontaneous fission of 252>254cf and 256Fm, long-lived
products of transfer reactions with the Cm target. For a pixel Ay=l .4 mm, the signals from
SF events were observed with an average frequency of 7x10"7 min'1.

During these irradiations three similar decay sequences were observed that can be assigned
to the implantation and decay of the isotope of element 116 with mass number 292 (Figure 1).
The implantation events of heavy recoils in strips 4, 5, and 1 of the focal-plane detector were
followed by a-particles with £a=10.53±0.06 MeV. These sequences switched the ion beam
off, and further decays were detected under lower-background conditions. All events in the
three decay chains appeared within position intervals less than 0.6 mm and are consistent with
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one another taking into account the energy resolution of the detectors and statistical uncer-
tainty in lifetimes determined from a few events. The third a-decay with the energy of
8.63 MeV in the first decay chain was registered by a side detector only. The energy deposited
by this cc-particle in the focal-plane detector was not registered because it was lower than the
detection threshold of 0.92 MeV. However, the probability that the third a-particle appeared
in the chain (At~l min) as a random event can be estimated to be only - 1 % , so we assign it to
the decay of the same implanted nucleus. Thus its total energy is determined with a larger un-
certainty to be £a=9.09±0.46 MeV. The probability of the observed event chain being totally
of random origin is negligible [6].

All the decays following the first 10.53-MeV ot-particles agree well with the decay chains
of 288114, previously observed in the 244Pu+48Ca reaction (see Figure 1). Thus, it is reasonable
to assign the observed decays to the nuclide 292116, produced via evaporation of four neutrons
in the complete-fusion reaction 248Cm+48Ca. All the decay chain members follow the Geiger-
Nuttall Qa vs. Ta relationship for even-even nuclei. Substituting the values iiai=10.53 MeV
and r a i=53i^ ms, Ea2=9.S2 MeV and ra2=2.6^°8 s, and £a3=9.15 MeV and r a 3 =45!^ s,
measured in the 244Pu+48Ca and 248Cm+48Ca reactions into the formula by Viola and Seaborg,
with parameters fitted to all the known even-even nuclides with Z>82 and N>\26 [3], results
in the atomic numbers Zi=l 15.8 + $ , Z2=l 14.8 $ | , and Z3=l 12.1 ^ , respectively.

DISCUSSION

The lifetimes of the new isotopes 112 and 110 appear to be approximately 10 times
longer than those of the known nuclei 112 and 110 [9,10], which have eight fewer neu-
trons. The newly observed nuclides 284112, 288114, and 292116 are the heaviest known a-
decaying even-even nuclides, following the production of 260>266Sg [11], 264>266Hs [11,12], and
270110[12].

11.5

168 170 172 174 176 171 173 175 177 179

Neutron number

Figure 2. Comparison of experimental (solid symbols) and calculated Qa values for the a-
-292, 289decay chains of 116 and 114. Circles show data from Refs. [3,4] (mean values for neigh-

bouring even-even nuclei are used for odd-TV isotopes); squares, from Ref. [15]; open dia-
monds, from Ref. [14]; triangles up, from Ref. [16]; and triangles down, from Ref. [13].



A comparison with theoretical calculations [3,4] of the measured decay properties of these
new nuclides, including 28O110 {T\n=l.6*2.3 s)> indicates that nuclei in the vicinity of spheri-
cal shell closures with Z=1.14 and N—IS4 could be even more stable than predicted by theory.
It can be seen in Figure 2 that a-decay energies of the heaviest new even-even nuclides with
Z=112, 114, and 116 are 0.35-0.5 MeV less than the corresponding predicted values. The
heaviest even-odd nuclides follow this trend as well. Such a decrease in Qa values leads to an
increase of partial a-decay lifetimes by an order of magnitude. Calculations are far less defi-
nite regarding spontaneous fission; however, we note that the observed SF half-life of2 110
exceeds the predicted value [3] by more than two orders of magnitude.

The principal result of the present work is the observation of the considerable increase in
lifetimes of superheavy nuclei with Z>110 with increasing neutron number. Comparison of
the present data with predictions of macroscopic-microscopic models [3,4,13,14] and recent
self-consistent models [15,16] shows that theoretical predictions agree with experimental re-
sults (see Figure 2). The observed chains, including three a decays and terminated by SF,
match the decay scenario predicted for the even-even nuclide 292116 [3,4]. In this respect, the
decay properties of the new nuclides observed in present experiments confirm theoretical ex-
pectations and can be considered the proof of the existence of enhanced stability in the region
of superheavy elements around Z-\ 14 and N=l 84.
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Russian Foundation for Basic Research under grant No. 01-02-16486, and under the auspices
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tional Laboratory under Contract W-7405-Eng-48. Much of support was provided through a
special investment of the Russian Ministry of Atomic Energy. The 244Pu and 248Cm target
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by the RIAR, Dimitrovgrad. These studies were performed in the framework of the Russian
Federation/U.S. Joint Coordinating Committee for Research on Fundamental Properties of
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Basic properties and applications of powder neutron Diffractometers are described for

optimum use of the continuous neutron beams. These instruments are equipped with position

sensitive detectors, neutron guide tubes, and both high intensity and high resolution modes of

operation are possible .The principles of both direct and Fourier reverse time-of-fiight neutron

Diffractometers are also given.

1. Introduction

1.1 Why powder neutron diffraction?

New materials are generally at first only available in polycrystalline, quasi-crystalline or

amorphous form. Here powder neutron diffraction yields complementary to powder X-ray

diffraction on atomic scale important first informations on average static properties such as crystal

structure and on magnetic ordering phenomena. Due to the special features of thermal neutron

waves (cf. table I)

Table I: Basic Neutron Properties And Resulting Applications.
Neutron properties
wavelength comparable to
interatomic distances

ricctric neutrality

nuclear particle/wave

low energy

1 limited1 neutron source
intensity
magnetic moment

Consequences
interference effects on an
atomic scale

generally weak absorption,
mainly information on
volume properties

nuclear scattering isotropic,
constant amplitude not
depending on scattering
angle, irregular dependence
on the atomic number,
isotope dependent
almost no radiation damage

weak scattering intensities

magnetic neutron scattering,
depending on scattering
angle

Applications
investigation of crystal, quasi
crystalline, amorphous and liquid
structures
phase analysis, average over large
sample volumes, ease of
performing investigations as a
function of external parameters
such as temperature, pressure etc.
precise determination of average
thermal motions such as isotropic,
anisotropic and anharmonic
temperature factors

non-destructive investigations of
internal strains (residual stresses)
or in biological experiments
compensation by sample size and
by multidetectors
investigation of magnetic ordering
phenomena in condensed matter
on an atomic scale
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this technique represents a versatile, interdisciplinary research tool in many fields of applications

such as crystallography, solid state physics, chemistry, materials science, geology and biology,

which range from basic science to technical applications. In particular the generally weak

absorption of neutrons facilitates essentially experiments as a function of external parameters

such as high or very low temperatures.

Therefore, two complementary high resolution powder neutron diffractometers will be described

2 .1 Optimum Powder Neutron Diffractometers For Continuous Neutron Sources Of

Medium Intensity .

Compared to the generally very high intensity of X-ray synchrotron radiation the present

neutron sources are rather limited in flux. Obvious ways to make efficient use of a continuous

neutron source for powder neutron diffraction are to maximise the number of detectors and to use

large vertical divergences. Presently the best such instrument is D2B[1]

The difiractometer D2B is characterized by the very high take-off angle (135°) for the monochromator. which

has a relatively large mosaic spread of 20' to compensate for the corresponding intensity (Dl/1) loss. It is 300

mm high, focusing vertically onto about 50 mm; this large incident vertical divergence is matched by 200 mm

high detectors and collimators. A complete diffraction pattern is obtained after about 100 steps of 0.025° in 20.

since the 64 detectors are spaced at 2.5° intervals. Such scans take typically 30 minutes; they are repeated to

improve statistics.

Apart from the work on superconductors.D2B is particularly well suited for the Rietveld refinement of

relatively large structures, such as zeolites with absorbed molecules. It has also proved successful for the

solution of some of the new 'quasi-crystalline' materials.

D2B was also designed for work on magnetism and high resolution of very large d-spacings using

wavelengths of Between 2.4 A and 6 A Unfortunately we do not yet have the large pyrolytic graphite

filter needed with such long wavelengths, and although 2.4 A has been used for zeolites and magnetism, there

is about 4 % 7J2 and 7J3 contamination despite the Ge[hhl] monochromator. The Schematic layout of D2B is

given in Fig. 1 and its main parameter are listed in Table 2.
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Fig.l Schematic layout otD2B
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Table.2 high-resolution two-axis diffractometer D2B

reactor hall, thermal beam Hll

monochromator
28 Ge[l 15] crystals of 1x5x1 cm3

take-off-angle 135°
Germanium

[hkl]
557
337
551
335
331
113

wavelengths
A/A
1.051
1.277
1.464

1.594(optimumX,)
2.398
3.152

flux at sample =106 high resolution
A= 1.594 A =107 high intensity

sample
beam size at sample 2x5 cm2

angular range 5° < 20 < 165°
6° < co < 360°

detectors
643He counting tubes

background without 0.1 Hz
sample

sample environment
cryostat 1.5... 300 K

cryofumace 1.5... 600 K
furnace 200 ...1000K

cryomagnet
dilution cryostat 50 ...4000mK

pressure cell 2GPa and 4GPa
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However, to obtain the same counting statistics at the continuous spallation neutron source
SINQ with about an order of magnitude lower thermal neutron flux would require about 5 hours.
Therefore, at SINQ an instrument design to get this value down to the order of minutes, has been
chosen.
2 . Design, Properties and Applications of the High-Resolution Powder Neutron

DifTractometer HRPT for Thermal Neutrons

At the 10 MW reactor Saphir of Paul Scherrer Institute they got very good experience with

the DMC [2] "banana" type detector (BF3, 400 wires at 0.2° intervals at a radius of 1. 5m).

Therefore, and in view of the as a function of time compared to a reactor certainly considerably

less stable neutron flux at SINQ, it was decided to use a large position -sensitive (PSD) He3

detector system consisting of 25x64 = 1600 detectors at 0.1° intervals at a radius of 1.5 m, similar

to D20 of ELL. It has been shown by Popovici et al. [3]that such a PSD system has particular

advantages for smaller sample sizes (diameter < 15 mm, best figure of merit for sample diameter of

5 mm), which is frequently needed in case of new materials available only in smaller quantities.

Compared to D2B the 25 times larger number of detectors compensates the lower source flux.

The instrument is situated at a tangential beam tube for thermal neutrons of the target

station of SINQ, as it will be important to reach small lattice spacings in case of high-resolution

structural studies (large Q range) the schematic view of HRPT is given in Fig. 2 . To obtain high

resolution the large take-off angle of the monochromator 29M = 120° as well as primary collimation

of 6 ' may be used. On the other hand without primary collimator and with 29M = 90° high-

intensity modes of operation are possible . Corresponding calculated resolution functions are

shown in figure 3. Further characteristics of HRPT are summarised in table 3 .

Because of the high energetic spallation neutrons a "high energy shutter' system and a liquid

nitrogen cooled Si filter are installed in the plug. Different primary collimations may be chosen by

means of collimator drums in this plug. A massive prototype monochromator shielding should

absorb unwanted radiation. The vertically focusing wafer type Ge monochromator [4] with mosaic

spread* 101 -KL51 will be 28 cm high, consisting of 11 slabs of 57 mm width, 25 mm
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Fig. 2 Schematic view of the high-resolution powder diffractometer HRPT for thermal neutrons.
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Table 3: Characteristics of HRPT at SINQ.

SINQ target haJl, thermal neutron beam
Primary beam width: 55,44 or 29 mm (+beam closed), height 150 mm Primary collimation:
Al alloy-Gd-O Soller collimators with ai =6', 12' (high resolution), ( high intensity) respectively
Liquid N2 cooled Si filter of 20 cm length Monochromator:
Ge (hick), wafer type, vertically focusing
Ge 100 wavelength I [A0]

(hkl) COM 2 9 M = 9 0 ° 2 e M = 1 2 0 °
111 54.74 4.620 5.658
311 25.24 2.413* 2.955
400 0.00 2.000 2.450 *
511 15.79 1.540 1.886
533 40.32 1.220 1.494
711 11.42 1.120 1.372
733 31.22 0.978 1.197
755 45.29 0.804 0.985

*PG(C) filter

a2concerning horizontal width variable slit system

26«5o-rl65°, o2e:+0.001°
radial (1°) mylar-Gd-0 collimator
PSD detector:
He3(3bars)+CF4(lbar)

25x64 = 1600 (150 mm high Au plated W wires of O«25u,), angular spacing 0.1 °
Sample temperature: 7 mK -5- 2100 K
zero matrix pressure cell

height, 10 mm thickness and primary orientation (511). {Similar to D2B the horizontal slit system

(0:2) between monochromator and sample allows further optimisation of resolution and

background. Compared to D20[l] a unique feature of HRPT should be the large radial mylar-Gd-0

collimator suppressing Bragg peaks from the sample environment.

Applications of HRPT will be high-resolution determination and refinement of chemical

and magnetic structures including detection of structural defects such as stacking faults and internal

strains. In particular measurements as a function of external parameters such as temperature will be

possible on e. g. high-temperature superconducting materials(HTSC) and related systems,

nickelates with metal-insulator transitions, other ceramics, ionic and proton conductors, zeolites,

sodalites, metal deuterides and other hydrogen -bond systems, supramolecular and other magnetic
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compounds, intercalates, fullerenes and quasi crystals etc.. A particular feature should be real-time

investigations of structural and magnetic phase transitions as well as the study of slow chemical

reactions. Moreover phase analysis of novel materials, e.g. of composite systems and in situ

investigations of hydrogen storage systems will become possible.

3.F0URIER RTOF DIFFRACTOMETERS

Structural investigations of matter can be performed effectively by thermal neutron

scattering using a time-of-flight (TOF) diffractometer which for the first time was realized by

B.Buras et al. at the steady state reactor in Warsaw in 1966 and at the IBR pulsed reactor in

Dubna in . 1964A conventional TOF diffractometer at a pulsed neutron source with a narrow

neutron pulse can provide high resolution at a reasonable neutron flux on the sample. In the case of

a steady state neutron source or a pulsed neutron source with a large (> 100 jus) neutron pulse

duration conventional TOF diffractometry is not an effective way of using the available neutron

flux. In this case a Fourier chopper can be applied to provide a more economical use of available

neutron fluxes without loss in resolution.

General ideas of neutron Fourier diffractometry were considered by J.P.Colwel. P.H.Miller

and W.L.Whittemore in 1968. This technique involves neutron beam modulation by rotating a disk

with a pattern of alternating neutron absorbing and neutron transparent slits which ensures little

loss in neutron intensity. In this case, spectrum refinement requires exact knowledge of the phase of

the chopper at the time the neutron wave passes through it. Solution of this problem in the form of

the reverse TOF method (RTOF method) was proposed by P. Hiismaki in 1972.

The basic idea of the RTOF method is to check, for each detected neutron, whether certain

postulated neutron histories have a high or low probability of occurrence on the basis of a

knowledge of the actual state of the source or of the time-dependent selectors installed on the

flight path. Because the detection ofa neutron takes place at the very end of its flight , checking

must extend from the instants of the immediate past all the way to the longest TOF expected.

Therefore, the history of the state of the source and of the neutron selectors must be made available

as contiuously updated arrays for real time classifications between the high or low probability

histories. Such arrays are conventioanlty obtained from discrete electronic correlators which are

essentially the time-shift registers provided with parallel outputs for every time channel.
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The RTOF method was demonstrated at the low power steady state reactor of VTT in

Espoo , Finland in 1975. In 1984, the first Fourier RTOF diffractometer, mini SFINKS, was

constructed at the 16 MW reactor of PNPI in Gatchina, Russia, in collaboration with a group from

Finland. The experience of the Gatchina group was utilized at the 5 MW reactor of GKSS in

Geesthacht, Germany, where a specialized Fourier Strain Spectrometer (FSS) was constructed in

1988. A basic step forward was the construction of the HRFD high resolution Fourier

diffractometer at the IBR-2 high flux pulsed reactor in Dubna, Russia. It was the first

implementation of such a diffractometer at a pulsed source with a relatively long pulse. The IBR-2

reactor is the most intense pulsed source in the world with a peak flux of 1016n/cm2/s and pulse

width of 320 \x. s for thermal neutrons.

The experience of the Gatnclnina group was also utilized , at the 2MW ET-RR-1 reactor the
Cairo Fourier diffractometer facility (CFDF)

To illustrate the gist of the Fourier RTOF method, let us consider the spatial resolution of the TOF
diffractometer

= [{At/t)2+{A0/tg0)2}'\

where At is the neutron pulse width, and t ~ L.d.sin0,9 is the scattering angle. We have several
possibilities for improving the resolution: R ->0 at At ->0 or L-> oo and A0 ->0 or 9 -»7t/2.

A usual TOF diffractometer can give high resolution for a fixed narrow pulse at a large distance
from the source, as in the case of HRPD at ISIS:0->7c/2,At«12|is, L = 100 m,R =5.10"4.

The Fourier RTOF diffractometer produces a narrow pulse from an initially long pulse:

At « Cl'lm, the inverse maximum frequency of neutron beam modulation, and can give high

resolution at a minimal distance, as in the case of HRFD at IBR-2:

At ->0, At(reduced) «7|as, L=20m, R=5.10"4.

Report on the "Principles of the RTOF method and Fourier technique" is given by

P.Hiismaki (VTT, Finland)[5], report on the operating Fourier RTOF diffractometers including

"M.SFINKS diffractometer at the Gatchina reactor" by V.Trounov(PNPI, Russia)[6], "The Fourier

RTOF neutron diffractometer FSS at the 5 MW research reactor FRG-1" by H.-G.Priesmeyer[7]

(Kiel University, Germany), "Performance of the high resolution Fourier diffractometer at the

IBR-2 pulsed reactor; latest results" by A.M. Balagurov (FLNP JTNR, Russia)[8] and a report on

"Calibration of the RTOF mini SFINKS diffractometer for precision structure investigations" by

D. Chemyshov (PNPI, Russia)[9].The main parameters of CFDF is reported by
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R.M.A.Moayouf[10] Table.4 summarizes the parameters of the reported diffractometers in

comparison with theconventional TOF diffractometer HRPD at ISIS.

Table.4 Parameters of high resolution TOF Diffractometers

Parameter

X
e
s
O
R.104

HRPD RAL UK

0.9-8
3.106

2
0.2
5

m-SFINKS
PNPI Russia
0.9-.6
1.107

4.5
0.09.
20

FSS GKSS
Germany
0.9-12
1.107

5
0.1
20

HRFD JINR
Russia

1.107

2
0.16
5

is the interval of wavelength, 9 (n/cm2/s) the neutron flux at the sample position, S(cm2)the

maximal "useful" cross-section of the sample, Q, (sr) the solid angle of the detector assembly, and

R = Ad/d - the resolution of the diffractometer.

Considering the experience of operating Fourier RTOF diffractometers and the results obtained by

their users, we can conclude that today, we have a powerful and effective method for structural

investigations with steady state and, especially, with large pulsed sources. This provides an

additional argument in favour of the greater importance of higher flux rather than narrower pulse

width for effective use of neutron sources.

3.1 . THE EXPERIMENTAL SET-UP of HRFD

The HRFD diffractometer is installed on one of the beam-lines of the IBR-2pulsed reactor (Fig.4).

Immediately behind the reactor shielding a background chopper is placed as a filter for fast

neutrons and y-rays. The distance between the moderator and the Fourier chopper is about 9 m. The

neutron beam before the Fourier chopper is formed by a straight mirror neutron guide, and after

it, by a Focusing, horizontal and vertical, curved neutron guide 19 m in length. This guide tube

acts both as the forming element for the neutron beam and an additional filter of fast neutrons and

y-rays. Having passed through the choppers and the neutron guide, the neutron flux at the sample

position is close to 107n/cm2/s. Currently, only two of the four detectors planned for operation are

working, at the scattering angles of+152° and +90°. The RTOF electronics of the HRFD is based

on a dual-delay-line correlator [11] of special design. At present, two 8192-channel analyzers

operate simultaneously with the Fourier chopper pickup signals, in opposite phases. For a back-

scattering detector these -analyzers cover the 3.2 Ad-spacing interval, usually from 0.6 A to 3.8

A, if the channel width is equal to 4 JIS.
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3.2 INSTRUMENT PERFORMANCE

Usual experiments with standard samples have been performed with HRFD. They revealed the

main parameters of the diffractometer to be close to the computed ones [12]. The resolution

function of HRFD depends on the maximum modulation frequency of the neutron beam and on

geometrical uncertainties. In principle, the value of 0.00035 is accessible at HRFD for both terms

and then R=0.00035 4l =0.0005) for d=2 A). Usually, however, experiments are performed with

RsO.0010 (Fig.5). The effect of such high resolution is shown in Figure 6. The d-spacing scale cf

HRFD is very linear (Fig.7) and that offers the possibility of obtaining lattice parameters of

powders with an accuracy close to 10' .

3.3 Examples of Experimental Studies

Among the physical experiments performed at HRFD, the following HTSC
compounds were studied: Y(44Ca)Ba2Cu4O8, YBa265Cuz7Zno^07 and several
HgBaaCuQi+y (Hg-1201) samples with various oxygen contents. As an example, in
Figure 8 tine diffraction pattern of HgBa2CuO4.i2 is shown after Rietveld refinement.

4.1. The Fourier-RTOF neutron diffractometer FSS at the 5 MW research
reactor FRG-I

At the GKSS research center new experimental facilities have been built around the FRG-I

reactor to cover a wide variety of different aspects of materials science, which will help to

understand the macroscopic behaviour of materials by studying their microstructure. This covers

also the non-destructive measurement of strains within polycrystalline materials and the

subsequent calculation of the internal stresses, which are important both from the technical as from

the basic research point of view.

The concept and layout of the FSS spectrometer - which stands for Fourier Strain

Spectrometer - was therefore optimized for this purpose. From comparison of the positions of

Bragg reflections in strained and unstrained specimens the lattice strain is determined as the

relative difference between the two. The fact that the elastic constants of most materials are

crystal-orientation dependent and that texture may considerably influence their intensities, led to

the decision to use time-of-flight diffractometry to measure the positions of Bragg reflections- Any

variations of peak intensities at different angle of observation indicate the presence of texture, the
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knowledge of which is important in order to calculate stress factors, using the orientation

distribution function. Stress factors replace elastic constants when stresses are calculated from

strains for textured samples.

Since the duty cycle of a high-resolution chopper is too low to allow to perform time-of-

flight spectroscopy at a steady state reactor source economically, only a correlation spectrometer

can be used. In this case the two competing properties ,,neutron intensity" and resolution" are

decoupled: the resolution in a time-of-flight Fourier spectrometer is determined by the three

components: angular resolution (divergent neutron beams), flight path resolution (sample sizes and

aperture outlines) and time resolution (e.g. the maximum frequency of beam modulation and time

channel width in this case).

If this latter component is further decreased by using a higher modulation frequency, this

will not affect the intensity of the neutron beam. There is another advantage of a Fourier

spectrometer which becomes important, when the widths of Bragg reflections have to be

measured. Peakbroadenings in general can be caused by size effects or microstrain effects. If they

need to be analysed, the shape of the resolution function must be accurately known. Using the

calculations of V.Kudryashev, we can choose adequate rotor rotational frequency programs to

make the resolution function Gaussian, or the first or second derivative of it, so that any deviation

from these shapes leads to information about the physical phenomenon which caused the

broadening.

4.2 Technical details of the FSS design

The main features of the spectrometer have been described in [7]. The instrument is operating in a

stable and reliable manner over the periods of time necessary at a low power neutron source to

arrive at the statistics requested .According to the materials investigated, standard rotor speed

programs, delay times and channel widths have emerged from the growing experimental

experience, so that a standardized data evaluation can be performed on a PC. The sample positioner

control system is connected to the control of the experiment, so that scan measurements (like

through-thickness scans or measurements across the foil geometrical extension of a sample) can be

performed automatically.
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Figure 9 is a schematic of the RTOF diffractometer at this time, while there is hope to be able to

install an second detector opposite to the existing one, in order to do simultaneous measurements

in the directions of two mutually orthogonal scattering vectors. This will reduce the measuring

times for tensor determinations by more than a factor of two.

The detector bank is equipped with 16 ^i-glass sintillator/photomultiplier units(5 "

diameter), aligned according to the optimization calculations described in [12] Figure 10 shows,

how the defectors were lined up with a certain tilt from the ideal time-focussing curve to achieve a

larger area coverage of deectors. So a typical run in our case for a 4x4x25mm3 scattering volume

can be done in about 3 hours for steel.

The nominal spectrometer resolution is determined three component: the angular and the

fight path uncertainties-combined as the geometric component and the time component.
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ABSTRACT

The extensive development and applications on the uses of isotopic neutron
in the field of elemental analysis of complex samples are largely occurred within
the past 30 years. Such sources are used extensively to measure instantaneously,
simultaneously and nondestruclively, the major, minor and trace elements in
different materials. The low residual activity, bulk sample analysis and high
accuracy for short lived elements are improved. Also, the portable isotopic
neutron sources, offer a wide range of industrial and field applications. In this
talk, a review on the theoretical basis and design considerations of different
facilities using several isotopic neutron sources for elemental analysis of different
materials is given.

INTRODUCTION

In principle there are two ways to use neutrons for elemental and isotopic
abundance analysis in samples. One is the neutron activation analysis which we
call it the "off-line" where the neutron - induced radioactivity is observed after
the end of irradiation. The other one we call it the "on-line" where the capture
gamma-rays is observed during the neutron bombardment. Actually, the
sequence of events occurring during the most common type of nuclear reaction
used in this analysis namely the neutron capture or (n, gamma) reaction, is well
known for the people working in this field. The 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
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neutron with the nucleus. This compound will almost instantaneously de-excite
into a more stable configuration through emission of one or more characteristic
prompt gamma-rays. In many cases, this new Configuration yield a radioactive
nucleus which also de-excites (or decays) by emission of one or more
characteristic delayed gamma-rays, but at a much lower rate according to the
unique half-life of the radioactive nucleus. Depending upon the particular
radioactive species, half-lives can range from a second to several years.
Therefore, with respect to the time of measurement, neutron activation analysis
falls in two categories: (1) the prompt gamma-ray neutron activation analysis
(PGNAA), where the measurements take place during irradiation, or (2) delayed
gamma-ray neutron activation analysis (DGNAA), where, the measurements
follow radioactive decay.

In fact, the neutron activation analysis with both modes (PGNAA) and
(DGNAA), is considered as a very sensitive analytical technique, which is very
useful for performing both qualitative and quantitative multi-element analysis of
major, minor and trace elements in samples from almost every conceivable field
of scientific applications, this technique offers, sensitivities that are superior to
those attainable by other methods, on the order of parts per billion or better. In
addition, because of its high accuracy and reliability. The worldwide of this
technique is so wide-spread it is estimated that approximately 100,000 samples
undergo analysis each year as reported by Michael D. Glascock of Missouri
University Research Reactor .

Neutron activation analysis technique was discovered in (1936) when
Hevesy and Levi found that samples containing certain rare earth elements
became highly radioactive after exposure to a source of neutrons. They quickly
recognized the used of such nuclear reactions on samples followed by the induced
radioactivity to facilitate both quantitative and qualitative identification of the
elements present in the samples.

In order to carry out the analysis of the samples by the neutron activation
technique, a source of neutron is required. Also, instrumentation suitable for
gamma-rays detection and a detailed knowledge on such nuclear reaction are
needed.

Nuclear research reactors, radioisotopic neutron emitters and accelerators
are the main sources of neutrons. Also, there are three types of neutrons
considered as the principal components (thermal, epithermal and fast neutrons)
are used, in addition to cold neutron in some cases.

Although, in absence of the nuclear research reactor facilities (which are no
longer in use, due to different reasons) the neutron activation analysis using the
low flux isotopic neutron sources is put to use in different areas of applications.

So, a review on the uses some isbtopic neutron sources in multi-element
analysis of several applications are given below.
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ISOTOPIC NEUTRON SOURCES

The possible choices for radioisotope neutron sources production are based
on either spontaneous fission or on nuclear reactions for which the incident
particle is the product of a conventional decay process. Accordingly, the neutron
sources could be classified to tile following four categories:

(a) The spontaneous fission sources:

Many of the transuranic heavy nuclides have an appreciable spontaneous
fission decay probability. Several fast neutrons are promptly emitted in each
fission event, so a sample of such a radionuclide can be a simple and convinient
isotopic neutron source. When used as a neutron source, the isotope is generally
encapsulated in a sufficiently thick container so that only the fast neutron and
gamma-rays emerge from the source.

252 '

The most common spontaneous fission source is Cf. Its half-life of 2.65
years is long enough to be reasonably convenient, arid the isotope is one of the
most widely produced of all transuranics. Fig.(l) shows
the double walled capsule of stainless steel surrounded the
active Cf source. Table (1) gives the Cf capsule types
and table (2) gives the content, activity, emission n/s and

252

the capsule number of Cf isotope neutron source taken
from ref.(3).

252252

Table(2) Cf content, activity, emission in n/s
and the capsule number (ref.(3)

c o n t e n t ' '••

0 - 0 1 u g •.:;•:•

0-1 ua ;
0-6ug .-.-:•.

i n g • : •••••••

2 ' n g / • •••"•'.•.•

. • • • • . ' • • • • . • ; • • • • • ; \ -

Bug .
•.10'Mff-/ '•;.."

2 0 j i g •;••: •••; •-;.•

BO|ig;:••;. ,•

activity
5nCi :•'.
54uCi
268nCi

536nC
1̂ 07m<

2v7mC
5'4mC
10-7m(
27mCI

emiss ion ••;.;
n/sec-• '•••• . ' , ' • • . ;••

^•,,^2-3x10?x;-
1-1BX109,
2-3X109

:r :,4'6x10B

;*.:--''i\\: :;•£?.•:•:'•'''}$'i

:•-::/:> •t'A&HAO^,
. : 2 - 3 x 1 0 7 . .

2i;-;vV:v-.4*03< lOT-v.-

1-15x10".

. capsule:'

••.:.:;.-X.1 X:'•;'•'

• ^ • X i i - . - V - ; ; . .

X.1
feiX.1 .-;".:•:.:•.•
. X . 1

. : . - . ' • ' • : : • .

X . 1 ;

'/'.'.•..•X;.1>:',-i•:•:•

, X.1

X.1 .

mim

. • CVN.2

CVN.3
CVN.4;

CVN.B -

ig.(l) T n e double walled
capsule of stainless steel
fpr252Cfsource.(ref.3)

252252

Table (1) The capsules type for Cf (ref. 3)

Varfeus'i61BRS :offeifeiij' iot.s6\iicos Ih the fiptiowiSg
^ta i lS ore available bri rtquest

threaded
capsule
type

overall
dla
'A'
mm

overall
height
•B'
mm

wall
thickness
C
mm

IAEA
special
form

ISO
classification

| - ••••;{: 2 - 3 x 1 Q*-;-- yj:C"^^ •:', '-
2O.QUg/-v-:•• 1 PTrtiCi :• -;• 4.r6 x 1 0 ° , ^ •••̂ V • .•/-;:. .

:500t ig ;. :.268nnCI•:.;.-.-.-1 -1.5x 10^.;•;-,.; ;•"

X.3
X.4
'X.14

22-4
22-4
30

31
48-5
60

1
1
1

•2
•2
•2

SFC.9
SFC.10
SFC.11

C(E)64445
E64445
E64445

Capsules X.3, X.4 and X.14 have 6M threads. Alternative
threads to customers' specifications can be supplied on
.request.
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(b) Radio isotope (a ,n) Sources:

It is possible to fabricate a small self- contained neutron source by mixing
an a-emitting isotope with a suitable target material. This is due to the energetic
a-particles which are available from the direct decay of a number of convenient
radionuclides. The maximum neutron yield is obtained when Be is chosen as the
target, and neutrons are produced through the following reaction:

Which has a Q-value of+5.7 MeV.
Some of the common choices for a-emitters and properties of the resulting
neutron sources are listed in table (3) (taken from ref. 4).

Table (3) Characteristics of Be(g,n) Neutron Sources .

Pu/Be 24000y 5.14 9-33
210

Po/Be 138d 5.30 73 69 13 12
1JK

Pu/Be
"3TT

87.4y 5.48 79

Am/Be 433y 5.48 82 70 14 15-23

Cm/Be 18y 5.79 100 18 29

Cm/Be 162y 6.10 118 106 22 26
Ra/Be

-^Daughters
162y Multiple 502 26 33-38

Ac/Be
+Daughters

21.6y Multiple 702 28 38

239

The Pti/Be source is probably the most widely used of the (a,n) isotopic
neutron sources. However because about 16g of the material is required for ICi
(3.7x10 Bq) of activity, sources of this type of a few centimeters in dimension
are limited to about 10? n/s. Sources of 24lAm (Half-life of 433y) and " V u (Half-
life of 87.4y) are also widely used if high neutron yields are needed. In case of
241

Am/Be source, fig. (2) shows the stainless steel capsule types while table (4)
gives its dimensions. Table (5) gives the activity, emission neutron n/s, capsule
type and its code for this isotopic neutron source (taken from ref. 3).
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Table(5): The activity, neutron emission in n/s,
capsule types and their codes for 241 Am/Be source

Americium-241 /Beryllium
activity

1mCi
3mCi
lOmCi
30mCi ..
30mCi

100mCi
lOOmCi
300mCI
BOOmCl

1Ci
3Ci
5Ci
1OCi
25Ci
50CI

emission
n/sec
2 -2x10 3

6 -6x10 3

2 - 2 x 1 0 4

6-6X10 4

6-6x10*

2-2x105

2-2x10*
6-6X106

1-1x10°

2-2X108

6-6x10°
1-1x10'
2-2x10'

capsule
type

X.2
X.2
X.2
X.2
X.21

X.2
X.20
X.2
X.3

X.3
X.4
X.14
X.14

specification on request
specification on equest

code

AMN.11
AMN.13
AMN.16
AMN.16
AMN.168

AMN.17
AMN.170
AMN.18
AMN.19

AMN.22
AMN.23
AMN.24
AMN.25

Fig.(2):
The double

walled stainless
steel capsule of

241

for Am/Be
source i

X.2
(X.1 , X.211

241
Table(4): The dimensions of Am/Be capsules

capsule
type

;

overall
dia
'A'
mm

overall
height
•B'
mm

wall
thickness

•c
mm

IAEA
special
form

ISO
classification

7-8 10 0-8 SFC.7 C(E)64344
X.2. 17-4 19-4 0-8 SFC.8 C(E)64544

X.21 7-8 15 0-8 SFC.43 C64444

The neutron energy spectra from all such [a/Be] sources are more or less
similar and any differences reflect only the small variations in the primary a
energies. Also, these sources are in appropriate for some applications in which
the intense gamma-ray background interfers with the measurements. So, for sake
of comparison the spectra for Am/Be and Cfisotopic neutron sources of
neutrons and gamma-rays are given on fig. (3) which taken from reference (3).

Neutron spectra
100 n

Gamma spectra

'Am/Be

10

ENERGY MeV

Fig. (3) Neutron and Gainma.-Ray spectra for Am/Be and Cf
isotopic neutron sources
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(c) Photo neutron Sources:

Some radioisotope gamma-ray emitters can also be used to produce
neutrons when combined with an appropriate target material. Only two target
nuclei, Be and H are of any practical significance for radioisotope photoneutron
sources. The corresponding reactions can be written as follows:

hy->J.B&f{n-1.66MeV

\ l ' MeV
The main disadvantage of photo neutron sources is the fact that very large

gamma-ray activities must be used in order to produce neutron sources of
24 28 56

attractive intensity. The gamma-ray emitters used as Na, Al, Mn, ...
For many of these sources, the half-lives of the gamma-ray emitters are short
enough to require reactivation in a nuclear reactor between uses.

(d) Reactions from Accelerated Charged Particles:

Two of the most common reactions of this type used to produce neutrons
are:

The D-D ]H+]H-^]H+l
on + 3.26 MeV

reaction

The D-T
reaction

Because of the coulomb barrier between the incident deutron and the light
target nucleus is relatively small, the deutrons need not be accelerated to a very
high energy in order to create a significant neutron yield. These reactions are
widely exploited in "neutron generators in which deuterium ions are accelerated
by a potential of about 100-300 kv. All the neutrons produced are of about the
same energy, this is because the incident particle energy is small compared with
the Q-value of either reaction. The neutrons energy will be 3 MeV for the D-D
reaction and 14 MeV for the D-T reaction. A 1 mA beam of deutrons will

9 ii
produce about 10 n/s and about 10 n/s from a tritium target.

A number of other charged-particle-induced reactions that involve either a
negative Q-value or a target with higher atomic number are also applied to
neutron generation. Some common examples are:

Be(d,n), 7Li(p,n)and 3H(p,n).
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In these cases, a higher incident particle energy is required, and large
accelerator facilities such as cyclotrons or Van-de-Graff accelerators are needed
to produce the incident particle beam.

NEUTRON CATEGORIES AND THEIR USES IN "NAA":

The more important neutron categories used in DGNAA and PGNAA are
listed as follows:

(a) Cold Neutrons:
The cold neutrons are produced by a device depends on coherent scattering

of slow neutrons and according to Bragg's law

It is apparent that when (X), the neutron wave-length, exceeds (2d), where (d) is
the grating spacing of the crystal, the value (SinO) becomes greater than unity,
which is impossible mathematically. Therefore there is no reflection. If a beam
of thermal neutrons traverse a column of polycrystalline graphite, the neutrons
which have wavelengths less than (2d) will be reflected and ultimately be
removed from the column. Thus, the high energy neutrons are not transmitted
since 2cf of graphite is 6.7 A0, the computed maximum energy transmitted
neutrons is 0.002 eV. This is well below the average of thermal agitation for
neutrons at room temperature.

(b) Thermal Neutrons:
When fast neutrons have been slowed down until the average energy of the

neutrons is equal to the average thermal energy of the atoms of the medium, the
neutron are called "thermal neutrons". The energies and corresponding velocities
of the neutrons then depend upon the temperature of the medium. The
distribution of the velocities approaches the Maxwell distribution,

Where v is the neutron velocity, M its mass, k is Boltzmann's constant and T is
the absolute temperature. The maximum number of neutron have the energy kT.
The value of kT at 20°C is approximately 0.025eV

(c) Epithennal Neutrons:
Suppose that we have an arrangement in which are being produced at

energies much greater than thermal by a source of neutrons: Also assume that the
source of neutrons is surrounded by eventually they have energies in thermal
equilibrium with the molecules of the moderator: At any location where complete
thermal equilibrium has not been established, the distribution of neutron velocities
which exceed any permitted by Maxwell distribution for the temperature of the
moderator. Such a distribution is called epitherrrial and the neutron in it are called
epithermal neutrons.
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(d) High Energy Neutrons:
In the region of high energies, neutron classifications based on energy are

.somewhat less sharply defined. Ordinarily, high energy neutrons are assumed to
have energies in the region from 0.5 to 10 MeV.

By all means, the thermal neutron component with a mean energy of
0.025 eV which has a most probable velocity of 2200 m/s at room temperature
and described by a Maxwell-Boltzmann distribution, is the most suitable one for
thermal neutron activation analysis. A cadmium foil of 1 mm thick absorbs all
thermal neutrons but will allow epithermal and fast neutrons above 0.5 cV in
energy to pass through. Both epithermal and thermal neutrons induce (n,y)
reactions on target nuclei. By irradiating the samples being analyzed inside either
cadmium or boron shields, the technique called epitlierrnal neutron activation
analysis (ENAA). Fast neutrons (energies above 0.5 MeV) contribute very little
to the (n,y) reaction, but instead induce nuclear reactions, the ejection of one or
more particles - (n,p), (11,11') and (n,2n) are prevalent. Employing this fast
neutrons for activation analysis, the technique is called (FNAA).

THEORETICAL BASES OF CALCULATIONS

The sensitivity of neutron activation analysis (NAA) is excellent to the
(ppm) and even to (ppb) for many elements. Very important feature of the
method is that, it is theoretically well based. Also, the "absolute" standardization
procedure can be applied and this can be made more economical and faster by
simplifying the standardization procedure. This means that quantitative NAA is
possible by neutron flux monitoring, by absolute gamma-ray counting and direct
calculation of concentrations from nuclear constants as follows:

a) Delayed Gamma-ray Neutron Activation Analysis (DGNAA):

^i(l-e-"ll)e-'td

Where:
A - activity (net peak area of the interested y-line).
m - mass of the element.
Nav- Avogadro's number.
fi - Isotopic abundance, (fractional Isot. Abund.)
arh- Thermal (n,y) cross-section.

(j>rh- conventional thermal neutron flux.

erh- Efficiency of the full energy peak.
IY- Intensity of the gamma-ray line, (absolute)
X- Decay constant,
tj- Irradiation time.
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td- Decay time (cooling time).
t,n- Measuring time.
M-• Atomic mass.

b) Epithermal Neutron Activation Analysis (ENA A):
For epithermal neutron activation analysis, the flux ratio <j>ih/<j>ep

 m u s t be well
known. Usually this could be determined by means of the cadmium ratio value
(R .) as follows: .

_ Asp
Ca""(Asp.)d

Where:
Asp - is the specific activity of the full energy peak counts of a given

product isotope measured for E and normalized time tm
By considering the resonance integral value Io , the cadmium ratio will be:

cp

and the flux ratio:

p <*th

For an epithermal neutron flux <j>e contributing to a given nuclear reaction,
the activity, A, induced from an isotope with resonance integral Io , will be:

mNav ^ ^ . _

M

c) Prompt Gamma-Ray Neutron Activation Analysis (PGNAA):
In case of prompt gamma-rays emitted due to neutron capture by nucleus,

leads to the formation of an excited state and immediately decay by emitting in
-14

=10 s. One ore more gamma-ray lines. The prompt y-rays are analyzed while
the sample is being irradiated where the decay factors (1-e )e d are almost =1
and the following equation will be applied.

mNav.f i cj ( h ( | ) ( h s i I Y

M

d) Fast Neutron Activation Analysis (FNAA):
The concentration of a certain element (m) within a sample of total mass (w) is

proportional to (A), the full energy peak of the gamma-rays emitted by the
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characterizing radioisotope produced after neutron irradiation can be given by the
(7)

well known activation equation (as mentioned before):

m =
w

Nav
M

Where Q. is the counting solid angle corrected for photon absorption, while <f>
is the effective flux measured by (Al) foil monitor

(7)

CURRENT APPLICATIONS AND DESIGN CONSIDERATIONS OF
DIFFERENT FACILITIES USING ISOTOPIC NEUTRON SOURCES

Nowadays all over the world a wide variety of materials have been >
analyzed by neutron activation analysis techniques (DGNAA, PGNAA and
FNAA) in laboratories and fields, using the iscjtopic neutron sources. Many of
application such as: Geological, Agricultural, Environmental, Biological,
Industrial, Oil and Mineral exploration and Medical diagnosis are reported
On the following there are some of these applications which have been selected
just to give some information on the design considerations and the field of
application:

Nal|TI)-CRYSTAL-4(—

1) An
241

Am/Be isotopic neutron source of
2.5x10 n/s was employed to determine
the Nitrogen in organic materials. The
10.82 MeV gamma-rays emitted due to
the prompt (n,y) reaction on Nitrogen
were used . The neutron howitzer was
as shown in fig. (5).

•s. —PARAFFIN

252.
2) A 0.9jig of Cf neutron source was used

in a probe for neutron activation analysis in
(9)

a drill hole . A Ge(Li) detector cooled by
melting cryogen was used. A radiative
neutron capture spectrum of Ni ore was
investigated and the Ni percentage was
determined. The system used is shown in
fig- (6).

"1Am/Be
NEUTRON
SOURCE

Fig. (5) Neutron "howitzer"

T

I —SUSPENSION CABLE
DETACHABLE END CAP

ELECTRONICS

i
6 -_L

OlornaKr 7.S-"

-CRYOSTAT

-G«(U>OETECTOR

-SHIELD (Ltnglh vorltt)

-SOURCE HOLDER

-ENO CAP

Fig. (6) Schematic drawing of the
borehole sonde
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3) A lOOng of Cf
was used as a source
of neutrons for
neutron capture
gamma-ray spectra
for estimation of
Calcium in the
presence of Titanum.
A linear combina-
tion technique is
used for high sen-
sitivity. The system
used was as shown
in fig. (7).

phenolic rod

borax

GelLi)
crystal

71cm

Fig. (7) Sketch showing the position of the Cf source in
the water'relative to the Ge(Li> detector

4)Po/Be neutron source with a power of
about 107 n/s and NaI(Tl) detector of
80x80 mm in size were used for
investigation of coal ash content, by means
of gamma-radiation emitted due to

(10)

radiative capture of thermal neutrons
The system was designed to use it for fast
neutron application as well through the
(n,n'y). The measurement geometry was
as shown in fig. (8).

Fig.(8). Measurement geometry..
l)Po-Be neutron source; 2)lead cone; 3)
Nal(TI) scintillation detector; 4)boron
screen; 5)coal sample; 6)paraflin reflector.

/ Cable

252

5) A 185 ng of Cf source was used for
a bore hole sonde using a 200 mm
planar intrinsic germanium detector
cooled by removable canisters of
frozen propane had been constructed

(12)

and tested . The sond was especially
useful in measuring X-and y low
energy gamma-ray spectra (40-400
keV). Natural gamma-ray and
neutron-activation gamma-ray spectra
were measured. Thorium and uranium
analysis were investigated using the
geomet ry a s Shown in fig (9) Fig.(9)>- Sketch of principal sections of sonds. The
° lower two sections are optional for use

with a Cf neutron source. Sonde is
7.30cm in diameter and is approximately
1.7m long depending on the shield and
spacers used.

•Electronic unll

, —Electrical connection
re

Propane c«nl«ler

.Molecular sieve
-Cold finger
Detector

J-Shleld and spacers

252
Cl source
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6) A 24jLig of Cf source was used
for neutron activation analysis of
vanadium in oils . Two systems
were designed and constructed for
this analysis as shown in figi-(lO)
and (11). Also a 200[ag of 2 2Cf
source was used. The neutron

7

fluences were at 5.9x10 n/s and
4.2x10* n/s.

Sample

Samplt

Not (T I )

Counting Shitld Activation

Flg.(10). Schema of llic analyzing system: Type I (wcil-detcctor geometry).

S a m p U

N a l ( T I ) -

Uad-

Counling Shitld Activalion

Flg.(U). Scliema of analyzing system: type 11 (optimized sample geometry).

7) An 85 Ci Pu/Be isotopic neutron
source was housed in a
collimator made of epoxy resin
heavly doped with Li compound,
to measure Cd in kidney and
liver. The gamma-ray detection
system consists of two Ge (Li)
detectors having a total active
volume ofl93cc. The detectors
are positioned in offset (double
neck) dewars to minimize' the
detector skin distance The
technique employs the detection
of prompt y-rays emitted under
slow neutron capture in Cd. It
allows measurement of Cd
concentration in Kidney and
Liver. Fig. (12) shows the
schematic representation of the
irradiation and detection facility.

Ge(LI)
DETECTORS

Structure mot.eriols

Epoxy resln-
i, Lead-
Polyester resin-
Tungsten alloy-

Blsmulh-

x axis

\"«Pu-Be
N NEUTRON

SOURCE

Fig. (12). A schematic representation of the irradiation and
detection facility
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8) Two Cf neutron sources of
27 and 15 jxg were used in a
neutron capture gamma-ray
facility designed for analytical
purposes of different materials
in a solid or a liquid form. A
weight of 50 to 100 g of any
sample encapsulated in a
polyethene container was used.
Sensitivity curves using
different standard concentration
values for B, Cl and P were

(14)

constructed . The overall
sketch of this facility is shown
in fig. (13).

77/////
/ PARAFFIN

2S2-CI SOURCE-I

TARGET

352-CI SOURCE-1

.YETHENE PLUG

IB/C'CdUACKET

OelUI DETECTOR

Fig. (13). Overall sketch of Ihe prompt gnuuiia neutron
activation analysis (PGNAA) facility using

the Cf neutron sources

9) A 2.5 Ci Pu/Be isotopic
neutron source was used in a
system designed to measure
the prompt gamma-rays due
to thermal neutron capture in
limonite ore sample . The
measurement geometry was
as shown in fig. (14). The Ge
(Li) detection system was .
used. The designed system '
depends on the idea of the
bor-hole logging.

252

10) A 2jig Cf source and an
11% efficiency Ge (Li) detector
separated by a heavy metal
shadow shield 60 cm long were
used to construct a facility for
mutielement analysis of coal
during borehole logging. This
was done by measurement of
the prompt y-rays from thermal
neutron capture . The general
arrangement is shown in
% (15). !

Fig. (15). General arrangement of neutron source, y-ray detector
and shadow shields in (he simulated borehole probe. -

Fig. (14). Measurements geometry ,-

Neutron
moderolor
(Polythene)

Boron carbide \—

Section of
borehole probe

Boron oxide

Isotope neutron
source

r- roy shield

1 tin > bismuth)

Slow neutron
absorbers

Gel Li) detector
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11) A 2jj.g Cf source
(emission rate 4.6x10 n/s)
used for prompt gamma-ray
neutron activation analysis
technique to determine,
lime, silica, alumina and
iron oxide concentration in
raw materials for cement
making . Fig. (16) shows
the experimental arrange-
ment using the HPGe and
Nal (Tl) detection system.

Neutron
source

Sample

-Polyethylene

D'1

Borated paraffin

Cu Pb

Fig. (l(i). Experimental arrangement using the HPGe detector (Dl) and
Nal (TIMD2).

12) About 6mg of Cf source
was put to use for neutron
activation analysis in Savannah
River Technology Center. This
was to support the national
uranium resource evaluation
(NURE) program. The facility
mentioned in fig. (17). Provide
multielement solid and liquid

, (18)

samples

252
Fig. (17). Cf Neutron Activation Analysis Facility

CONCLUSION

In conclusion no doubt to say that the sensitivities for NAA in general are
dependent upon many of parameters as: neutron flux, irradiation and decay times,
measurement time, detection efficiency, isotope abundance, neutron cross-section,
half-life and gamma-ray abundance. So, the neutron flux irradiation, decay and
measurement times, which we call (irradiation parameters) are differs by using the
isotopic neutron sources than that of reactor and accelerator neutrons. But, for
bulk materials, liquid samples, in-situ analysis, and some medical applications,
the isotopic neutron sources jump to have the priority over the other for elemental
analysis. Also, in many of nuclear research laboratories all over the world
belonging to universities have no big machines like research reactors or
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accelerators and the isotopic neutron sources can solve this problem especially in
the fields of "NAA". ! ;

The irradiation of the samples together with standards, the so-called
comprator method and the Ko standardization method could be developed for
(DGNAA) and (PGNAA) using thermal, epitheral and fast neutrons emitted from
the isotopic neutron sources, The gamma-ray spectrometry systems including the
high resolution evaluation of the data collected by using the isotopic neutron
sources are achieved. By all means one can conclude that the use of isotopic
neutron sources in many of elemental analysis applications has its own identity
and always needed.
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A b s t r a c t
The main results of radioactive waste transmutation (RWT) studies conducted in several nuclear

centers are briefly overviewed. Particular attention has been given to the works performed in the Laboratory
of High Energies of the Joint Institute for Nuclear Research (Dubna). We also point up the basic problems,
which have to be solved to put the RWT on the practical level.

I. INTRODUCTION

In recent years one can notice increasing realization that the future energy production will be
based for the most part on nuclear methods (for example, [1]). There is the multitude of varied
reasons for such a point of view, which are the subjects of wide and continues discussion. We stress
only that nuclear power do not consumes oxygen, i.e. one among the most important element of our
biosphere and so do not disturb the ecological balance of our planet. Mention also that the present
oxygen consumption caused by mankind reaches about 2% of the total uptake of this element and
shows evidence of significant growth whereas the regeneration ability of nature decreases. But
nuclear power must be safe and not producing hazardous radioactive waste (RW). It turned out to
be quite possible in the so-called sub-critical or accelerator driving system (ADS) when the effective
multiplication factor of neutrons may not excide -0.95 and the RW may be incinerated and
transmuted to the acceptable rate [2]. As an illustration Fig.l shows a schematic sketch of such an
apparatus. In this way one can also considerably diminish the huge amount of about 200 000 tons of
up till now accumulated RW, which derives mostly from operation of nuclear reactors and military
devices and increasing of some 10 000 tons every year. These amount of RW makes very serious
problems both from economic and ecological point of view.

Fig. 1. Schematic view of the ADS for incineration of RW [3].

The term "RW" is rather ambiguous and has changed its meaning (see, for example, [4]). But
bearing in mind such criteria as the length of half-life time, radiotoxity, activity and dose factor,
which are very significant from the practical viewpoint, the International Commission on Radiation
Protection published the list of the most important long-lived fission fragments and transuranic
nuclides [3].

Nowadays one can consider as commonly accepted that the best way for transmutation of such
hazardous material to stable or short-lived nuclides leads by using intense and higher than thermal
energy neutron fluxes (~1016n/cm2s)[l] and for this purpose a beam of ~1 GeV protons interacting
with heavy extended targets (Pb, W, U or their compositions) should be used [5].

Although our knowledge about nuclear reactions is extensive enough but the more or less
- 4 0 -



thorough and systematic investigation of radioactive waste transmutation (RWT) started relatively
not long ago and so far the problem of RWT still remains on the level of scientific investigation and
several experimental set-ups have been constructed and successfully applied (for example, [6,7]).

In this work we briefly overview the main results of such studies conducted at several nuclear
centers [6,7] and, in particular, in the Laboratory of High Energies of the Joint Institute for Nuclear
Research (Dubna), where it has been demonstrated then even by means of a simple and cheap
experimental assembly it turned out to get useful results and practical suggestions for further
investigation. We also indicate that the basic problem which may be solved just by means of a small
apparatus like the one constructed in the JTNR is the investigation of neutron fields (i.e. a double
differentia] energy-angle cross-section) produced by different relativistic particles in extended
targets.

100I

II. EXPERIMENTS AND RESULTS
During several last years intense investigations of the RWT process are conducted in many

laboratories and first reliable estimations have been obtained of the yield of some concrete processes
for the major long-lived nuclides: "Tc, n% ^ N p and 239Pu occurring in acceptable conditions via
the following reactions:
" 5 100 1 0 O Ru(s t ab le ) ,

» J 3 O X e(s t ab l e ) ,
)->238Pu(/i/r=88 yr.),
92Sr, 97Zr, " M o , 1 0 3 ^ 1 0 5 ^ 1 3 ^ 133I, I 3 5 I and 143Ce)

having the half-life time of several hours up to several days.
Below short insights into two such experiments: TARC (CERN) [6] and L H E JINR (Dubna) [7,8]
are given. We also briefly discuss the results of the investigation of spallation reactions in heavy
nuclear targets initiated by ~ l G e V protons under conditions of inverse kinematics [3,10].

g
"Tc(*i/2=2.11xl05yr.)+n
129I(fi/2=1.57xlO7yr.)+n -
237Np(/1/2=2.14xl06yr)+n ^ i
239Pu(/,rf=2.41xl04 yr.)+n -+fragments

I(/1/2=15.8 s
]3OTc(f1/2=12.4

II.1. Experiment T A R C [6]
Fig. 2 demonstrates schematically the general view of the setup used in the experiment TARC for

the investigation of the capture rate (CR) of neutrons for w T c .
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Fig.2. General view of the TARC experiment (lower left) as well as wTc neutron capture cross-section vs.
neutron energy En (left-hand scale) and typical neutron fluence energy distribution (hole 10. z=+7,5 cm) vs.

for 3.5 GeV/c protons (right-hand scale). Energy distribution of neutrons from the spallation process (in
arbitrary units) (all from [6]).
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The principal idea of this experiment consists in the use of the conception of Adiabatic
Resonance Crossing for transmutation when a block of pure lead (3.3x3.3x3 m3) was taken as a
moderator of spallation neutrons and dense neutron "storage" medium [6]. The CR of neutrons
(from 2.5 and 3.57 GeV/c proton beams) for "Tc, 129I and 127I were measured in different places of
the lead block. So, for example, the CR for "Tc is (2.67±0.43)xlO5 per 109 protons. Similar values of
CR for 129I and 127I in the same place are 26100±2600 and 14900±1500, correspondingly [6].
Measured was also in detail the neutron fluence over 8 orders of magnitude in neutron energies from
thermal up to 2 MeV. The conclusion was made that it appears possible to destroy very large
amounts of "Tc or 129I at a rate exceeding the production rate and, therefore, to reduce the existing
stockpile of long-lived fission products [6].

H.2. JINR Experiment [7-9]

The experimental set-up for transmutation of some long-lived RW nuclides ( I, Np
and ^ ^ u ) build up at the LHE JTNR (Dubna) is sketched in Fig.3. Several targets materials (Pb, U-
Pb and Hg) were used to study the effect of target material on thermal neutron yield at different
proton energies within the energy range 0.5GeV-1.5GeV. This experimental set up for Pb target
consisted of 20 Pb discs each of diameter 8 cm and thickness 1 cm surrounding by 6 cm paraffin
(CH2) as moderator. The second target was composed of U-Pb and consisted of two U foils each
with diameter 3.6 cm and 10.5 cm length. The two U foils were slid inside 21 lead cylinders each of
1 cm in thickness, 3.6 cm as inner diameter and 8 cm as outer diameter. The lead cylinders were also
surrounding by 6 cm paraffin as moderator. The mercury target was'filled to the cylindrical stainless
steel container of diameter 4.2 cm. It was held inside the paraffin moderator with the aid of two thin
Perspex rings and the space between the Hg-target and paraffin was occupied by air.

A t Mtnittr i AXMenitw 1

I eon I

36 HI

Fig.3. Experimental setup of the LHE JINR (Dubna) [7-9].

Spallation neutrons were produced as a result of interaction between relativistic protons and
heavy massive targets. One of the most effective methods to measure the distribution of spallation
neutrons around the target is by measuring the activity of two radiochemical sensors through (n,y)
and (n,f) reactions. Two radiochemical sensors, La-139 and natural uranium were used too, as
having suitable cross sections with thermal neutrons and the daughter nuclei have acceptable half-life
times. Since the natural uranium consist of two different isotopes 235U and 238U (with isotopic
abundance 0.720% and 99.275%, respectively) and spallation neutrons have a wide energy range,
238U nuclei interact with neutrons through two channels: 238U(n,y)239U (P') ^ ^ p and 238U(n, 2n)237U
depending on neutrons energies. Since 238U is a fission material as well as 235U hence it follows that
the natural uranium will fission into four fragments: 91Sr, 132Te, 133I and 97Zr. In the case of I39La
sensor we deal with the activation reaction 139La(n, y) I40La.

Five natural uranium sensors in the form of uranium-oxide (UO3-H2O) and eighteen
lanthanum sensors in the form of lanthanum-chloride (LaCb7 H2O), each of about 1 gram filled in
small bottles, were installed around the surface of paraffin moderator. Five La sensors were placed at
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1 cm depth on the top surface of the paraffin moderator separated by 5 cm. Next five U sensors were
arranged in the same manner with an angle of 20° to La sensors. Other La sensors (from 6 to 10)
were distributed around the paraffin moderator with angle 60° and two La samples were placed at
the end of moderator. To study the radial distribution of neurons around the target (inside and
outside) six La sensors were used. All this sensor topography is depicted in Fig.4.

Fig.4. Positioning of La and U sensors in the LHE JINR (Dubna) experimental setup for
transmutation investigations: plane (left) and front, i.e. along the beam, projections (right) [7-9],

After the irradiation is finished the gamma rays spectra of radiochemical sensors were measured
using several HPGe detector systems. Two such examples are shown in Fig. 5.
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Fig.5. Examples of gamma spectra from La and U sensors [7-9].

The efficiency of the detectors was checked using standard calibration sources (l52Eu) which
contain several gamma lines in the sufficiently wide energy range covered by these detectors.

The distribution of neutrons in different positions was estimated for each radiochemical
sensors by calculating the so-called experimental transmutation rate or B-value defined as:
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BCX)= ^
(Ig of _ sensor _ material)^. _ primary _ particle)

where NfX) is the number of created ^Xnuclides. Next the weighted B-value, B^X), i.e. averaged
over all investigated sensors, was calculated.

The relative transmutation rate R is define as the fraction R= BavfX)/Ep, where Ep is the
energy of protons used for transmutation whereas the integral proton flux was evaluated using two
Al foils installed one closed to the target and the other was placed at 35 cm far from the target
(Fig.3).

Finally, the following macroscopic transmutation rates of long-lived RW nuclei have been
deduced under conditions that a Pb target setup was exposed to the lGeV and 10 mA proton beam
(using lg samples) [9]:

6,7 mg of ^^Pu is transmuted per day,
3,3 mg of 238U is transmuted in one month,
21 mg of ^7Np is transmuted in one month,

3 mg of 129I is transmuted in one month.

n.3. Investigation of the spallation reaction

The spallation processes initiated by relativistic particles in heavy targets are of considerable
importance when we are dealing with the RW transmutation and especially with the so-called hybrid
system (ADS) because they lead not only to the multiple production of neutrons but also of charged
particles and fragments of all atomic masses up to that of the target mass. This involves the need of
thorough investigation of the mechanism of these phenomena using a fragment separator [3,10], as
well as of detail studies of material, radiation and other processes occurring in the spallation target
and the entrance window (for example, [11]).

III. CONCLUSIONS

Summing up one can draw the following conclusions [12]:
1. The experimental estimation of transmutation rates of main long-lived radioactive nuclides
performed in different laboratories shows that it appears possible to passivate very large amounts of
"Tc or 129I at a rate exceeding the production rate and, therefore, to reduce the existing stockpile of
RW [13]. This conclusion seems to refer equally to other RW, particularly to ^ N p and ^ ^ u [7-9].
2. A substantial but not dramatic discrepancy between experimentally measured and calculated (both
using LAHET and DCM-CEM codes) neutron fluences on the surface of the paraffin moderator
have been noticed [9]. Moreover, sometimes one order of magnitude disagreement between
experimental data and widely used calculation codes is noticed [14]. It follows that simple
probabilistic Monte Carlo simulation of direct intranuclear cascading combined with pre-equilibrium
and compound nuclear models cannot be more consider as a reliable one within such large interval of
energy (from thermal to relativistic) of primary and secondary particles. The more so as there exists
fully quantum-mechanical microscopic approach (RQMD code) is able to predict much more
precisely all the different reaction channels [15].
3. Rather small and quite not expensive experimental assembly used for transmutation studies at the
LHE, JINR (Dubna), as shown in Fig.3, turned out very informative providing valuable information
about main characteristics of nuclear reactions, which occur within extended heavy targets. But it is
well to bear in mind that the number of spallation neutrons is strongly dependent on the target
composition and size (length and diameter) and, to much lower extent, on the energy and a sort of
the relativistic incident particle.
4. As during the irradiation of a slice of concrete nuclide the produced stable product may be excited
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again to the radioactive state it is necessary to stop the process after some optimal time in order of
removing by means of radiochemical methods these products and only then to start continuing with
the transmutation [4].

It should be added that irradiation of extended materials comprised of heavy unstable nuclides
leads to complicated phenomena. So, for example, it was demonstrated by modeling that as a
consequence of permanent incineration of Am and Cm radioactive nuclides in a thermal neutron
fluency of lO^s^cm"2 the radiotoxicity reaches its maximum value, (several times greater then the
former one) after 5 years only [16]. Therefore the conclusion is made that the optimal transmutation
of actinides should be conducted in a steady-state regime when the fission products are progressively
removed and new fissile material added (see also [17]).

Mention finally that although great efforts are made up to now in the field of transmutation of
long-lived fission products and incineration of transuranic nuclides 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. Nevertheless the successful solution of this problem seems to be inevitable.
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ABSTRACT. The possibilities of activation analysis by using cyclotron-
produced fast neutrons are investigated for more than 30 chemical elements.
The angular distributions of fast neutrons produced by bombarding a thick
beryllium target with 11.5 MeV protons, 3 and 6 MeV deuterons were
obtained for five angles in the forward hemisphere. The yeilds of the
radionuclides produced by nuclear rections (n,p), (n,a), (n,y), (n,n'y)
were measaured or calculated. It is showed that the yields of the majority of
radionuclides are within 103-105 Bk.(jaA.h.g)"1. These data were used for the
evaluation of the limit detection of chemical elements. The values of the LD
are egual to 0.1-1 \x% for some elemtnts, whereas for majority elements they
arel-100 |j.g.

INTRODUCTION

Higher fast neutron fluxes with variable energy may be obtained by bombarding different
materials with cyclotron-accelerated charged particles(I). The value of the flux as well as the
energy and angular distribution of the cyclotron-produced neutrons depend on the type and initial
energy of the charged particles, and on the converter materials(2l With respect to neutron yield,
the neutron-producing target material would be all light nuclei with Z<10. Among the light
nuclei, lithium and beryllium are most appropriate for this purpose. However, when high beam
powers are necessary for practical applications, lithium metal is not suitable because it has a
melting point of 179°C in contrast with 1278°C in the case of beryllium. Therefore in view of
hot-stability and the cost of the material, beryllium is the best suited target material(3). Among the
different accelerated charged particles, protons and deuterons are optimum projectiles for the
producing considerable higher fluxes of fast neutrons(1).
d+Be neutron sources were described in numerous articles(4"9). When a thick target is bombarded
by energetic deuterons, neutrons to be produced mainly by stripping and break-up nuclear,
reactions are emitted predominantly in the forward direction. An energetic distribution of fast
neutrons have a broad asymmetric peak.
p+Be neutron sources were also described in several articles(5'10>11). When (d,n) and (p,n)
reactions are used for the production of neutrons, by changing the incident particle energy, the
optimum neutron spectrum can be chosen and therefore certain nuclear reactions are selectively
excited. This effect can then be used to determine some elements in matrices that contribute
overwhelming interference^''2>13).
Deuteron-producing fast neutrons are mostly used for the determination of element content via
(n,2n)-, (n,p)-, (n,a)-reactions. The sources based on the (p,n)-reaction is a more profilic source
of neutrons for the determination of a element content by the inelastic scattering or by the
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neutron capture reaction. For example, the reaction 197Au(n,n')I97mAu producing isomeric state
through inelastic scattering have the maximum cross section at energies of a couple of MeV.
During the past several years some applications of activation analysis technique with cyclotron-
produced fast neutrons have been reported(13"19). In many applications of activation analysis a
beryllium converter and deuteron energies higher than 30 MeV, and the highest beam intensities
were used for producing fast neutrons. For example, the determination of 15 elements: Pb, Sr,
Ba, Ti, Ca, Sc, Cs, Zr, Rb, Cr, Se, Ni, Y, Co and Zn was investigated by fast neutron activation
analysis using 80 MeV deuterons on various environmental samples0 8). Analytical sensitivities
for Mg, Al, Si, P, Zr, Mo were investigated in activation with cyclotron-produced fast neutrons
for deuteron energies between 10 and 50 MeV(13).
Although in all cases, the sensitivity increased with the deuteron or proton energies, the number
of interfering elements also increased. Therefore, it is important to study the analytical
possibilities of cyclotron-produced fast neutron activation analysis at low particle energies when
the number of interfering nuclear reactions is smaller. The compact isochronous cyclotron with
the armor type electromagnet and one 180° dee is recommended for the application in the
charged particle activation analysis, which accelerated light ions up to energies: p(H+)=10-ll
MeV; p(H++)=2-3 MeV; d(D"*>5-6 MeV(20).
This paper reports analytical sensitivities for 31 chemical elements in activation with cyclotron
produced fast neutrons for deuteron energies equal 3 and 6 MeV, proton energy equal 11,5 MeV.

EXPERIMENTAL

Irradiation. Neutrons were produced by bombarding a thick beryllium target with protons and
deuterons of corresponding energy using the external beam of U-150 cyclotron of Institute of
Nuclear Physics of Uzbekistan Academy of Sciences. The initial energies of accelerated particles
were 18 MeV for protons, 16 MeV for deuterons. To obtain lower proton and deuteron energies
Ta-degrading foils were used. The energies of incident particles onto the surface of Be-converter
were 11.5 MeV for protons, 3 and 6 MeV for deuterons. The installation showed in Fig.l was
used to measure the angular distribution of fast neutrons by the activation method.
The particle beam was transported outside through thin Ta-foil. Two Ta-collimators to be served
for the getting narrow beam of charged particles were mounted behind this Ta-foil. The first
collimator Kl was placed at the outside through thin Ta-foil. Two Ta-collimators to be served for
the getting narrow beam of charged particles were mounted behind this Ta-foil. The first
collimator Kl was placed at the immediate nearness, the second collimator K2 was placed at the
distance of 28 cm from the first one. The diameter of the slit is 4 mm. The samples to be
irradiated by fast neutrons have been mounted in cells placed at the distance of 8-22 cm behind
of Be-converter. The charged particles current was measured directly at Be-target by integration
of the total charge. The installation allows a several dozen of samples to be irradiated
simulteniously. Charged particles currents up to 1 pA and the irradiation time up to 5Ti/2 for
short - lived radionuclides and up to 1 h for long-lived radionuclides were used, depending on
the half life and the yield of radionuclide. For the transporting of samples containing short-lived
radionuclides (Ti/2<5 min.), the pneumatic post was used. If it was required, the irradiating
samples may be placed at the immediate nearness to Be-converter and they were covered over
the 180° cone in the forward direction.
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Fig.l. Set-up for the measurement of the angular distribution of fast neutrons

Samples. Metallic foils, pressed tablets, powders were used as samples, depending on the
physical-chemical property of the materials. The weights of samples varied between 20 and 150
mg. The purity of the samples was high.

Measurement of activity. The activity of samples was counted with the calibrated high
resolution y-ray spectrometry that was connected to a 80 cm3 Ge(Li) detector having an energy
resolution of 4 keV FWHM at 1332 keV y-ray of 60Co. The absolute photopeak efficiencies for
the Ge(Li) detector were determined by using calibrated absolute g-ray standards OSGI-Separate
Standard Gamma-Ray Sources (SSSR). The detector connected to a multichannel analyzer NTA,
placed in a 15 cm think lead shield was covered over with a plastic cup, which served as the
holder for a sample. Photopeak intensities were evaluated by means of a usual methods and were
extrapolated to the end of the irradiation..
The measured photopeak intensities were extrapolated to the end of the irradiation. The activity
was evaluated with the calculation of the irradiation time, the counting time, the beam intensity,
the detector efficiency, and the weight of the sample.

RESULTS AND DISCUSSION

Angular distribution of fast neutrons. By bombarding of thick Be-target with deuterons or
protons the distribution of fast neutrons is not monoenergetic in many cases, and the yield as
well as the energy and angular distribution, the maximum and mean energy of fast neutrons
depend on the initial energy of the charged particle, and on the converter materials. If the
probability for a nuclear reaction as a function of E is represented as cr(E) and the fast neutron
flux density per unit energy interval as <|>(E), the reaction rate as a function of E is given by
a(E)(j>(E), the total reaction rate is given by
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R = |a(E)<j)(E)dE (1)
o

Usually an effective threshold Eeff is defined, and in this case all neutrons above Eeff are assumed
to be equally effective, whereas below this energy the reaction does not occur:

. E<Eeff or(E)=0 E>Eeff o(E)= aeff

00 00

thus R = Ja(E)<|>(E)dE = creff J<(>(E)dE (2)
0 Eeff

The activity of a radionuclide is given by

CpEm
A = — 0N A I W 2 T I J J<j>(E, (p)cy(E) sin cpd(pdE (3)

M 0 E t h

where <p-the angle of the distribution of fast neutrons, sr.;
(|)(E,(p)-spectral distribution of fast neutrons, (MeV.sr.pA)"1;
Em- maximum neutron energy, MeV;
Eth-the threshold energy, MeV; .
I- the beam current, JJA;
a(E)-the excitation function of nuclear reaction, mb;
W = [1 - exp(-A,t j r r)][ l - e x p ( - X t c o o l ) ] [ e x p - A, t d e t ]

tin-, tcooi, tdet - irradiation, cooling, detection times, min.;
We introduced the concept of the yield radionulide produced by cyclotron-produced fast neutrons

Y
mItirrW

or (4)
fl 9Em

Y = — NA\2%[ J(j)(E,(p)a(E)sinq)d(pdE
^ OF ,

As it is seen for the evaluation of the yield of the radionuclide the angular distribution is
required. In our laboratory such data were obtained for large diapason of the energies of protons
and deutrons: Ep=8.5, 11.5, 15, 18 and 20 MeV; Ed= 5.5, 9, 12, 16.5 and 20 MeV (21). In Tables 1
and 2 the angular distributions of secondary fast neutrons are given for protons of the energy
equal 11.5 MeV and for deutrons of the energy equal 5.5 MeV for the angles -0°' 20°, 40°, 70°
and 90°.
Yields of radionuclides (Y:Bk(g.|j.A;h)"1 and LD (g) for more 30 chemical elements determined
by cyclotron-produced fast neutron were listed in Table 3.
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Table 1. Angular distribution of fast neutrons from thick Be-target at proton energy 11.5 MeV
((bN:108 neutrons/sr. uC.MeV)

MeV
0° 20° 40° 70° 90°

1
2
3
4
5
6
7
8
9
10

30.0±8.1
14.0±3.0
8.0±1.4
5.2±0.8
3.6±0.6
2.7±0.4
2.1±0.3
1.8±0.3
1.6±0.3
1.4±0.2

26.0±7.3
12.0±2.8
7.4±1.5
4.7±0.8
3.1±0.6
2.4±0.4
1.8±0.3
1.5±0.2
1.2±0.2
1.0±0.2

23.0±7.7
11.0±2.8
6.6±1.4
4.2±0.7
2.7±0.5
2.0±0.3
1.5±0.3
1.U0.2
0.9±0.2

0.73±0.14

21.0±6,0
10.0±2.6
6.0±1.4
3.8±0.8
2.5±0.5
1.7±0.3
1.2±0.2
1.0±0.2

0.74±0.13

20.0±6.0
9.5±2.5
5.6±1.3
3.5±0.8
2.3±0.4
1.6±0.3
l.l±0.2
0.8±0.2

Table 2. Angular distribution of fast neutrons from thick Be-target at deuteron energy 5.5 MeV
(<f>N:108 neutrons/sr. iiC.MeV)

En,
MeV

0° 20° 40° 70° 90°

1
2
3
4
5
6

8.0±2.1
8.0±2.0
7.0±1.5
4.8±0.9
1.3±0.2

0.44±0.07

7.2±1.8
5.0±1.3
3.6±0.9
2.6±0.6
1.7±0.3
1.0±0.2

5.4±1.4
3.3±0.7
2.2±0.5
1.4±0.3

0.84±0.17
0.37±0.07

3.6±1.0
1.9±0.5
1.0±0.2

0.62±0.11
0.35±0.06
0.17±0.08

2.9±0.8
1.4±0.4

0.70±0.15
0.38±0.08
0.22±0.04
0.12±0.02

Total neutron flux in 40° cones=2.0±0.2.10 neutron/s/jjA
in 80° cones=3.0±0.4. 109neutron/s/|^A

Table 3. Yields of radionuclides (Y:Bk(g.|uA.h)'
produced fast neutron activation analysis (There

and LD (g) of chemical elements for cyclotron-
is the degree often is given in a bracket)

Chemical Radio-
element nuclide

Ed=3 MeV
Y LD

Ed=6 MeV
Y LD

Ep=11.5MeV
Y LD

F

Na

Mg
Al

Si

P
K
Ti

I yo16N
24Na
23Ne
24Na
28A1
2 7Mg
24Na
28A1
2 7Mg
28A1
41K
47Sc

2.4(5)
3.0(6)
0.7(3)
1.8(5)
0.5(4)
4.4(4)
3.4(5)
0.24)
1.1(6)
1.7(3)
3.6(4)
0.3(4)
0.9(3)

3.8(-4)
3.7(-4)
5.1(-3)
5.8(-4)
6.5(-4)
2.8(-3)
1.4(-4)
1.5(-3)
1.1 (-4)
2.2(-2)
3.4(-3)
5.3(-4)
1.7(-3)

5.6(5)
8.6(6)
2.4(3)
4.8(5)
2.2(-4)
2.1(4)
7.1(5)
0.9(4)
2.4(6)
3.4(3)
8.0(4)
0.7(4)
2.6(3)

1.6(-4)
1.3(-4)
1.4(-3)
2.2(-4)
1.5(-4)
5.9(-4)
5.3(-5)
4.0(-4)
5.0(-5)
5.0(-3)
1.5(-3)
2.5(-4)
6.0(-4)

3.9(5)
2.6(6)
9.0(3)
3.8(5)
2.4(4)
4.5(4)
3.1(5)
1.3(4)
2.2(6)
2.4(3)
7.5(4)
4.2(4)
1.0(3)

2.3(-5)
4.3(-5)
3.7(-4)
2.7(-5)
1.4(-5)
2.7(-4)
1.2(-5)
2.6(-5)
5.5(-6)
7.8(-4)
1.6(-4)
4.3(-5)
1.6(-4)
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V
Cr
Mn

Fe
Co
Ni
Cu

Se
Br
Sr
Y
Mo
Ag
Cd
In

Sn
J
Ba
Lu
W
Au

Hg
Pb

4 SSc
5 2 V

5 6 Mn
5 2 V

5 6 Mn
5 6Mn
5 8Co
6 4Cu
6 6Cu
7 7 mSe
7 9 mBr
87mSr

89my
1 0 1Mo
l 0 7 m Ag
l l lmc d

115mIn
116mIn
1 1 7 mSn
.28j
137mBa
176mLu
187W
197mAu
198 Au
199mHg

204pb

0.3(3)
0.5(5)
0.6(5)
0.3(5)

1.3(4)
0.2(4)
0.1(4)
0.7(4)
0.5(5)
0.4(7)
0.7(7)
0.4(5)
9.5(7)
0.2(5)
0.7(7)
0.5(6)
0.4(6)
0.2(6)
0.4(3)
0.8(6)
0.5(6)
0.2(6)
0.4(4)
0.7(7)
0.9(4)
1.6(5)
0.4(4)

1.0(-2)
1.7(-3)
1.3(-3)
7.1 (-5)

1.5(-4)
9.8(-4)
1.8(-3)
8.5(-4)
9.3(-3)
2.0(-4)
5.8(-5)
1.2(-4)
2.0(-4) '
8.2(-4)
2.1(-5)
l.l(-5)
2.3(-6)
6.6-5)
8.3(-3)
1.8(-4)
1.2(-4)
6.0(-4)
1.4(-3)
4.2(-5)
1.8(-4)
3.7(-5)
1.4(-3)

4.8(3)
1.7(5)
1.6(5)
1.4(5)
0.3(4)
3.1(4)
0.4(4)
0.4(4)
2.6(4)
1.8(5)
1.3(7)
2.0(7)
1.4(5)
13(7)
1.7(5)
2.0(7)
0.9(6)
1.1(6)
6.5(6)
1.2(3)
3.9(6)
1.6(6)
1.5(6)
2.4(4)
2.0(7)
5.2(4)
4.6(-5)
2.5(4)

6.5(-4)
2.9(-4)
3.0(-4)
1.4(-5
2.4(-2)
6.3(4)
4.9(-4)
7.0(-4)
2.1(-4)
2-4(-3)
6.2(-5)
2.0(-5)
3.5(-5)
7.4(-5)
9.6(-5)
7.0(-6)
6.4(-6)
7.9(-7)
2.0(-5)
2.9(-3)
3.5(-5)
4.1 (-5)
9.6(-5)
2.5(-4)
1.4(-5)
3.3(-5)
1.3(-5)
2.1(-4)

6.3(5)
1.3(5)
4.0(5)
7.7(4)

' 3.1(5)
5.0(4)
1.5(4)
1.0(4)
6.8(5)
4.9(7)
7.6(7)
5.5(5)
5.2(7)
3.3(5)
7.6(7)
3.6(6)
4.8(6)
2.3(6)
4.5(3)
1.3(6)
6.6(6)
4.2(6)
7.3(4)
7.6(7)
1.6(4)
1.7(5)
3.9(4)

1.2(-4)
5.9(-5)
7.0(-6)
9.3(-4)
6.3(-6)
3.9(-5)
1.7(-4)
5.5(-5)
6.3(-4)
1.6(-5)
5.3(-6)
8.0(-6)
1.8(-5)
5.9(-5)
1.8(-6)
1.6(-6)
1.8(-7)
6.0(-6)
7.8(-4)
1.0(-5)
1.0(-5)
3.4(-5
8.5(-5)
3.6(-6)
l.l(-5)
3.7(-6)
1.4(-4)

As it si seen the yields of the majority of radionuclides are within 103-105 Bk.(nA.h.g)'1. These
data were used for the evaluation of the limit detection of chemical elements. Table 4 lists
chemical elements arranged over the values of the limit detections.

Table 4. LD for chemical elements determined by cyclotron-produced fast neutrons (The beam

LD, ng
0.1-1

1-10

10-100

Ed= 3 MeV
Cdln

Br Ag Au Hg

F Na Mg Al Si K Mn
Fe Co Cu Se Ba Y Mo
JSrLu

Ed= 6 MeV
Ag Cd In

Al Si Mn Fe Se Br Sr
V Mo Ba Lu Au Hg

F Na Mg K Ti V Cr
Co Cu Zn J Ba W Pb

Ep= 11.5 MeV
Si Mn Fe Co Br Cd In
AuHg Ag
F Na Mg Al Cr Cu
Zn Se Sr V Mo Ag J
Ba Lu W
P Ti V Ni Sn Pb
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It is found the values of the LD are egual to 0.1-1 jug for some chemical elemtnts, whereas for
most part of elements they are 1-100 jag.

CONCLUSION

The possibilities of activation analysis by using cyclotron-produced fast neutrons are investigated
for more than 30 chemical elements. The angular distributions of fast neutrons produced by
bombarding a thick beryllium target with 11.5 MeV protons, 3 and 6 MeV deuterons were
obtained for five angles in the forward direction. The yeilds of the radionuclides produced by
nuclear rections (n,p), (n,a), (n,y), (n,n'y) were measaured or calculated. It is showed that the
yields of the majority of radionuclides are within 1O3-1O5 Bk.(uA.h.g)"1. These data were used
for the evaluation of the limit detection of chemical elements. The values of the LD are 0.1-1 jag
for small chemical elemtnts, whereas for the most part of elements they are 1-100 |ag.
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A b s t r a c t
We discuss the experimental data, in which the emission of secondary mesons produced in different

channels of mesons interactions with nuclear targets at several GeV have been studied. In more detail we
examine our earlier results concerning the neutral pions emitted in selected channels of peripheral Xe
interactions and compare them with the simulation by the modified FRITIOF code. These results show that the
problem ofmesonic degrees of freedom ofnucleons and nuclei may be investigated in this way. A suggestion is
also put forward that the Glauber-Sitenko approach together with the techniques used for the analysis of the
quasi-elastic knockout of pions from nucleons is quite suitable for this purpose.

I. GENERAL

I In the GeV energy region the pions are most often used as a probe of the nucleus, as well as for the
search of collective pionic modes in nuclei and to study the role, which plays the pion in hadronic
structures.

£ i At the near-threshold energies the influence of the nuclear medium on the 7Ut interaction is studied
(as at TRIUMF experiments) using the pion induced pion-production reactions and the problem of partial
restoration of chiral symmetry in nuclear matter is under investigation.

t

II. EXPERIMENT AND THEORY

i Search for intranuclear effective targets using high enough energy particles (mostly pions) producing
quasi-free (and quasi-two-body) reactions (Warsaw-Dubna cooperation).

i i Analytic approach to the process of quasi-elastic knockout of pions from nucleons and Monte Carlo
simulations by using the modified FRITIOF and RQMD codes.

III. RESULTS

Kinematic correlation diagrams for pions produced in quasi-free channels of rcXe, %C and TtEm at several
GeV have been experimentally investigated and compared with MC calculations.

IV. CONCLUSIONS AND SUGGESTIONS

I Simple inspection of experimental data seems to suggest the existence of an intranuclear target of
pionic rest mass (for n° only).

i i Present version of traditional Monte Carlo codes seems to not reconstruct the existing experimental
data.

1 i I Glauber approach for investigation of quasi-free n° production on nuclei as an analytic approach
to the analysis of quasi-elastic knockout of pions from nucleons is quite promising.

2 1 I £ Further experiments are still needed.

I. INTRODUCTION
The inclusive (?T,2K) reactions in nuclei provide valuable information on interactions,

which play the central part in strong interactions of elementary particles and nuclear matter
structure investigation. Therefore a serious effort has been made during last several tens of
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years to study the properties of mesons and their interactions (see, for example, [1,2]). In
general, the problem of pions in nuclear medium consists in using the pions as a probe of the
nucleus, as well as to search for the collective pionic modes in nuclei and to study the role,
which plays the pion in hadronic structures. Nevertheless, so far the relevant investigations,
both experimental and theoretical, predominantly concentrate on the low energy region (up to
a few hundreds of MeV) where serious interpretative simplifications are practically not
permissible and the problem remains very complicated [3]. Meanwhile at higher energies,
about several GeV, and at not so large energy transfer the situation is much more favourable
and it is possible to study as well the meson structure of the nucleon by means of quasi-elastic
nock-out of pions from the nucleon [4,5] but till now the relevant experimental works are few
in number (for example, [6]).

In the present work we overview briefly the experimental investigations of (JT,2H)

reactions in the GeV energy range with emphasis on our earlier works in which several quasi-
two-body channels of Xe interactions at 2,34 and 3,5 GeV/c were investigated using two
xenon bubble chambers. The experimental data are compared to the relevant simulations
performed using the modified FRITIOF code [7]. A suggestion is also put forward that for the
analysis of relevant experimental data it would be reasonable to use the well known Glauber-
Sitenko approach, which has been recently brought up to the much more informative level in
the case of elastic scattering of swift nuclei [8].

II. RESULTS
In figures 1-3 the scatter plots 0O/ Eo for experimental points corresponding to

7t°mesons from two reactions: 7i++Xe at 2.34 GeV/c and 7i'+Xe at 3.5 GeV/c are shown,
leading to quasi two-body channels pointed in these figures. Here 0O is the emission angle of
secondaryn mesons andE0 - their total energy, all in LAB. The results have been obtained
earlier using the 24 1 Xenon Bubble Chamber (XeBC) of JINR and 1 m long XeBC of the
Institute of Theoretical and Experimental Physics, Moscow (see [9] and references therein).

?LA£

135°

0 0.5 1.0 1.5 2.0 2.5.

Fig. 1. Diagram of experimental points for
7i° mesons produced in the reaction 7t++Xe
->7t°+p+A at 2.34 GeV/c [6]. Two solid
curves correspond to kinematics of two-
particle reactions pointed in the Figure.
Within the two dashed curves it should be
comprised about 90% experimental points
representing n° mesons from the reaction
7t++n-> 7tc+p when target neutrons oscil-
late at the temperature of 20 MeV.
Crosses mark out the regression curve for
experimental points within intervals of 0.5
GeV energy.

= S.5GeV/c
N=S78 o=19.9t1.6 mb

Fig.2. Same as in Fig.l but for the
reaction

7f+Xe->7i°+7f+A at 3.5 GeV/c [6].
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135°

90'

45l

................
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Tit

:#:

= 3.5GeV/c
a=6.1tO.4mb

t

..:....:. ;..
i ; i i

i. I. . j . . . I.. . \..\...

Fig.3. Same as in Fig.l but for the
reaction pointed in the figure.

One can notice that the experimental points are remarkably concentrated around the
curve corresponding to the pionic effective mass target: experimental regression curves
coincide with kinematic curves for 7i7T—»7trc 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
7c++Xe-»(r|0-»2Y)+A at 2.34 GeV/c where only one t|° meson has been produced (Fig.4),
although in this case a number of analysed events is very low [6].

Fig.4. Same as in Fig.l but for the
reaction indicated in the figure

One can also notice that the collimation of experimental observations around the
kinematic curves for mz-^nn scattering appreciably vanishes when the number of secondary
pions increases as demonstrated in Fig. 5.

13Sa

90°

4S'

h

Pn.-2,34GeVk
N-436 a-410±2Smb

0.5 1.0 1.5 2.0

m,-100McV
m," aHMtV
m,~ 4HMeV

2.5

Fig.5. Same as in Fig.l but for all
channels of quasi-free 7i++Xe inter-
actions at 2.34 GeV/c [6]. Different
kinematic curves are described in the
figure.
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Moreover, there is no correlation in the case of two simplest channels of interactions of
7t+ mesons with free protons: 7T++p-»7t°+7i++p and 7i++p-»7i++7t++n at 2.34 GeV/c (data
received from 24 1 propane bubble chamber of JINR [10]) (Figs 6 and 7) even when a
constraint following from the condition of applicability of one pion exchange mechanism of
the interaction was taken into consideration (Fig.8, [6]). There is no kinematic correlation
under discussion of charged pions produced in 'Em interactions at 7GeV/c (Fig.9, [11]), and
in the case of MC modelling by means of modified FRITIOF code [7], as illustrated in Figs
10 and 11 for two reactions: %~ +Xe->7i° +n° + A at 3.5 GeV/c and 7i++Xe -»7i°+p+A at 2.34
GeV/c.

135°-

7t+p *7Z°*7t+p
Pn.-2.34GeV/c

N-209
Fig.6. Same as in Fig.l but for n° and
7t+ mesons produced in the reaction
7i++p->7r°+7r++p at 2.34 GeV/c [10].

Fig.7. Same as in Fig.l but for
TT+ mesons produced in the reaction
7T++p->7i++7t++p at 2.34 GeV/c [10].

E%B(GeV)

er

135'

7?*p*7?*7f*n N-34
~7U°*7f*p N-80

4a<i0.2S(GeV)!

Px.-2.34GeV/c

Fig.8. Same as in Fig.l but for %° and
TC+ mesons produced in the reactions
7T++p->7r++7i++p and 7r++p-»7r°+7i:++p at
2.34 GeV/c [10]. The plot is sketched for
these n° and n+ mesons, which satisfy the
condition for their four momentum squa-
red 20,25 (GeV)2 (the condition of
applicability of one pion exchange
mechanism).

0 0.5 1.0 1.5 2.0 E?B(GeV)
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<sc

Fig.9. Same as in Fig.l but for n
and 7i+ mesons produced in the
interaction of 7 GeV/c n~ me-
sons with emulsion nuclei [11].
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Tf~*Xes — TT° + TT° 4- A
P7T~ = 3.5 GeV/c

N=50000

7T - } - X c ~* Tt H~ 7v ~(~ A.
PTT"=3.5 GeV/c

N=5O000

Fig. 10. Same as in Fig.l but simulated using
the modified FRITIOF code [7]. N is the
number of modelled events (calculation
performed by A.Galoyan).

Fig.l 1. Same as in Fig.l but simu-
lated using the modified FRITIOF
code [7], N is the number of
modelled events (calculation
performed by A.Galoyan).

2.5
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III. CONCLUDING REMARKS

One can make the following conclusions:
1. Simple analysis of experimental data seems to suggest the existence of an intranuclear
target of pionic rest mass but in the case of secondary n° mesons only. _
2. Present version of modified FRITIOF code seems to not coincide with the cited
experimental observation.
3. It seems quite reasonable to use the Glauber-Sitenko approach for farther investigation of
quasi-free 7t° mesons production on nuclei applying the analytic approach to the quasi-elastic
knockout of pions from nucleons.
4. The revealed puzzle of?:0 mesons correlation needs further experimental investigation using
gamma spectrometers.
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ABSTRACT
The present work deals with the dissociation of hadrons and heavy ions at

high energies. In investigating hadron nucleus and nucleus-nucleus collisions,
it is imrportant to classify the experimental data into two main classes; the
coherent and incoherent reactions. The coherent production is the main of
our study.

This process called electromagnetic dissociation (ED) and can be differ-
entiate into coulomb dissociation (CD) and diffraction dissociation (DD).
This work explains the experimental data of collisions of hadrons K* (70
GeV/c) and 71-(340 GeV/c) and heavy ions 6Li, 7Li, J2C and16O at Dubna
energies (3-4.5 A GeV/c)with emulsion target, in the frame of some models
and theories which describe the mechanism of ED dissociation.

KEYWORDS : High Energy, Dissociation, Heavy ion, liadron.

1 THE DISSOCIATION OF HADRONS :

The coherent induction resulting from the interaction of the incident
hadrou with nuclear licld of the target nucleus called diffraction dissociation
an where the interaction with the coulomb field leads to the so-called coulomb
dissociation1. The coherent interactions leading to pion production was dis-
cussed by many authors2"0. A theoretical analysis of these typos has been
reported by Man>.(•;<<*, Drell1", Mal.hews a.nd A.Sa.la.mo" And Zhizh.iu and
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Yu.P.Nikitin12. Bomporad et al.i:! concluded that kinematics of the coherent
production process (insure; that the three produced pious remains within the
range of strong interaction along their path througji the nucleus.

The characteristics of the selected events (interactions) in emulsion are
characterized by numbers of relativistic charge particles (fast) Ns, grey parti-

. cles N,, (intermediate energy), black particles (slow) N;, and heavily ionizing
particles (low energy) N/,(N/l=N,,+ N/,). The coherent events satisfy the fol-
lowing criteria:

a) Since the target nucleus should not break-up, there should be no short
heavily ionizing trades i.e N/t=().

b) No singhvelectioti tracks (pairs are allowed if they could be Dalite
pairs).

c) Since in coherent events there is no charge exchange, the total multi-
plicity must be odd.

d) Since the four-momentum transfer "t" is small in coherent production,
the multiplicitymust be small.

e) Elastic events as well as knock on and direct electron pair productions
are excluded14'15.

3.1 £,• Sin Oi analysis and pseudorapidity distribution.

Oi analysis:
The parameter X)i=i #i, representing the degree of collimation of the sec-

ondaries, is roughly proportional to q/ the longitudinal-momentum transfer
to the target nuclwcys (̂ .; is the anglo of emission of the i"1 particle in the
laboratory system ).

The coulomb dissociation is more prominent when the charge of the target
nucleus is very high. So the main contribution to the coherent cross-section
is due; to the collisions with (Ag, Br) for which the longitudinal - momentum
transfer (̂ •••."{() MeV/c. Thus the expected coulomb dissociation take place
when ELiHmtf,: < 0.22 .

On the other hand, the diffraction dissociation is expected to talw place
with scnii-Lnmspnrnil. nulei (CNO). In this ca.se (q( nmx— (i() MeV/c) ;uul
hence the geometrical condition for such events is J2i=i sin 6i <0.43.

We are found 65 (N4 = 3) events in case of ir~ (340 GeV/c) nucleus
interaction (nut oMflKi scanned events) having XT'Li sin 0,- < 0.43 .

I'"or K ' and K (70 (ieV/c) emulsion interaction '.?:! and l(i events (out
of 528 and 511 events) were found respectively having yj; • sinfl, < 0.43.
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F1GURES1A-C represent the £?_i sin 0* distribution for these events. FlG-
URE2 represents the 5Z?=i sin#j (iistribution of the coherent events produced
from interactions of different hadrons at nearly the same incident momentum(60-
70 GeV/c). The distributions are collimated at small values of £?_ , sin #, for
all the different hadrons.

The angular distribution of fast, particles is presented in terms of the
pseudo-rapidity variable:

i] — —In tg(f), where 0 in the laboratory space angle of rdativistic par-
ticles.

Fic:ui!lcs3A-c sliow the pseudo-rapidity distribution for showers produced
in coherent events (N.s = 3) of 340 GoV/c TT , 70 GeV/c K+ and 70 GeV/c K~
-nucleon interactions. Tliese 77 spectra are shifted towards the high-rapidity
region, that is the projectile fragmentation region. This indicates that the
multiparticle production in coherent events is mainly due to projectile frag-
mentation.

Also, many authors15"20 illustrated Ns distributions for clean events (N^
=0) for different incident particles and energies. The observation reflects
an enhancement of the coherent cross-section in case of n meson and could
be expected due to the difference in the rest masses of proton and pion.
Whereas these N., distributions for different incidents particles at nearly the
same incident momentum indicated to the same effect of enhancement at N5

= 3 events in all incident hadrons.

1.2 Tho a:/irnuthal angular distribution:

The azirnuthal angle * can be determined from ^=s in - 1

where a is the dip angle and 8 is the space angle of emission.
In this analysis, a sample of n~ nucleon, K+ nucleon and K"~-nucleon

interactions (different topologies of N«) were taken. The azimuthal angular
distribution was constructed using the method of consecutive angles1. In case
of azimuthal isotropy, the probability distribution of $ for n-prong events is
given by:

'I'lie observed distribution together wil.li random-ones-obtained- from the;
above expression for events having different number of prongs (non-coheivut
events) are shown in FIGURES4A-C for 7r~-nucleon (340 GeV/c), K+-nucleon
(70 GcV/c) and K~-riucl(!ori (70 GcV/e) interactions with emulsion nuclei.
'They cannot detect a. deviation from, the azimutha.l isotropy .FlOURlis5A-O
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illustrate the azimuthal angular distributions for the coherent events with Ns

== 3 for TT-(34O G«V/c.), K1 (70 GeV/c) and K" (70 GoV/c).
The shapes hero arc quite different from those of the random ones. These

characteristic shapes suggest thai; these interactions consists of two types
of events one causes the deviation from isotropy and the other giving the
isotropic part, of the'distribution. The events, which cause the anisotropic:
part, are due to I.IK; diffraction mechanism.

2 THE DISSOCIATION OF HEAVY ION

The diffraction dissociation (DD) of incident heavy ion is the dislocation
of this particle due to collision with the surface of nuclear target at higher
degree of peripherality at impact parameter of collision, bmjT1 .equal to the
summation of both nuclear projectile and target radius, whereas the dissoci-
ation due to coulomb field only is occurred at impact parameter b>bm t n and
called coulmb dissociation (CD).

To distinguish between the (DD) and (CD) events, the expected char-
acteristics of (ED) events as the detailed mentioned in ref's.1,2 must be
considered. Generally these (ED) events are characterized by (N;t=0) events
which means that no slow emitted particles and no lepton pair produced or
/?-decay. If the incident particle in a reaction is composite, it may bre?.k
up by the coulomb (CD) or, nuclear field of the target without capture of
the fragments (DD), and with or without excitation of the target. These
relal.ivisl;ic heavy ions may be dislocated by the coulomb field of the target
nucleus, the basic diagram for coulomb break-up20' nas in FiGUREG is the
same as that for electordisintegration but the cross-section is enhanced by a
factor Z2- (Zr = charge number for the target nucleus).

For a heavy target, 1.1m coiilinb dissocail.ion process c.-i!> make ;i .significant
contribution to the inelastic cross-section. A convenient w;i,v to consider I his
olTw.i. is using the method of virtual quanta developed by Wdzackcr and by"
Williams22. This method considers that the incident nucleus has a classi-
cal uniform motion a.t a transverse distance b from the target mueleus T.
if b<Rp.-l-R.7' (Rp,It7')the nuciear radius of the projectile and target respec-
tively), the probability of an inelnstic strong collision is nearly one.

In the rest frame of the incident nucleus, the coulomb field of the target
nucleus appears as a packet of quasi real photons, with the same motion as
the target. The photon flux per unit frequency is approximately given by:

rf:'n _
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, for rob<().77 arid is cut-off at. zab-=j (we set h=c=l)
when integrated over 1), the spectrum becomes :

%11 If (akwia) (2a)

,where a is the fine structure constant = 1/137, 7 = JjF (target frame)

If the photon flux seen by the incident nucleus is assumed to be uniform
all over its surfac.: (i.e. for large; target nucleus relative to the incident beam)
the contribution to the inelastic cross section can then be expressed as :

(Tivci = fu dn(iv)ay(u) (3)

Where rr7 is the photodesintegration cross-section for incident nucleus
(measured by .sending photons of known energy into the projectile ;-.s a tar-
get and determining whether they were' absorbed with the products). The
particular shape of the spectrum (2) will enhance the low energy contribution
in (3). This is precisely where <r7 has a. pcn.k, due to the giant resonance.
In this numerical application, the giant resonance will in fact give the main
contribution to rrinri .

2.1 The Data Analysis.

In our interest which focuses on the fragmentation of the projectile nucleus
cither by peripheral collision or by dissociation through .the Coulomb field
of a target nucleus. Our colleague in ref.23 concentrate his study on these
specific reaction channels which are produced from the interactions of °Li,7Li
and ]2C with emulsion a.t diibna. energies.

The passage of a. high-energy projectile charge tJirough a nuclear tar-
get field provides: an enhanced electromagnetic pulse of short duration due
to the Ijorenl.1/. Contraction. Such pulse can be sufficiently energetic to
excite I'iunl. resonances in the nucleus, or to create lepton pairs (like e
o+ pairs) or poms24'25. The long range of the electromagnetic interaction
leads to large cross-sections, which can be easily verified experimentally.
Many experimeiilaliKts2'1'21* have given evidences for the existence; of electro-
magnetic multiple proc<iss<is.(liM))cross-sections have; been measured in some
experiments'1*1'110 :;;| and compared with the calculated ones'2'1'2r)':i0~:)r> from a
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virtual-photon spectrum obtained using the Weizs?;.cker-Williams(WW)rnodcl
22,33,3̂  gjmp]y} the model assumes that there is a flux of photons around the
nucleus. The photon energy spectrum is computed classically25'36"38 and
treated by quantum-mechanical calculations distinguished by multipolarities

. of photon spectri'm.
Since the main object is to study the dissociation process either by more

peripheral nuclear collision or by pure Coulomb dissociation, it is important
to differentiate between their characteristic and try to distinguish each of
them separately Irani the experimental observations. The expected spectral
characteristics of (ED) events are generally classified as follows24:

1) No low-energy particle produced (N^ = 0 events),i.e. no target evap-
oration.

2) The sum of produced fragment charges (Z/) is equal to the incident
projectile charge (Zp,.), i.e.(Zp,. = £ Z / ) .

3) No lepton pair produced or jS-decay.
4) No recoil proton or nucleus.
5) Strong collirnation of the fragments in the forward hemisphere direction

in which the 9pj. is determined by the approximate ivl.nion dl.ji <P/-/P, ,
where P; is the incident momentum and P/.- is the Fermi momentum, (tie
values of P/,' getting from ref.38. This gives 0P./. < 3.0° in our case at Dubna
energy.

The details of the selection criteria for these (ED) events are given in
ref.24. By applying these stringent selection criteria, on our experimental
(lal.fi. of 12C-Em interactions at -1.5A GeV/c, we got about 6% from the total
inelastic events resulting from the dissociation process which are due to both
Coulomb and diffraction effects on incideu(.12C at Dubna, energy. This ratio
is about 10% forI(iO projectile in emulsion at 200A GeV'CERN energy24.

TABLE 1 gives the number of all the analysed inelastic collisions for each
beam. The N/i - 0 events include diffraction dissociation events occurring
on the nuclear target surface as well as Coulomb dissociation events. An
event-by-event analysis was carried out to select (ED) events from all (N>,
—• 0) events. The (ED) events can further be divided into two groups, one
of then: due to the Coulomb field effect and the other due to the diffraction
on target surface. This could be separated experimentally by dividing the
restricted angle of the emitted fragment (9p_j. < 3.0°) into two ranges. This
description lias been born out. by the ob.serva.tion. This has been performed
by counting the number of (I0D). events which are not associated with pious.
The fragments emitted in the narrower angular range 0p./, « (0-1.0°) are
classified as due to the effect of the Coulomb field whereas those in the
relative wider angles (up to 3.0") result from the effect of diffraction on the
outer surfa.ee of target nucleus. It is clear that these (ED) events (due to both
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Coulomb and diffraction dissociation) increase with the energy and charge
of the incident beam. The dissociation ratio of 12C into three clusters of a-
particlcs at 4.5A CcV/c is nearly three times the splitting 16O (200A GeV)
into A-a particles. OIK; of the reasons for this may be due to the difference
in the: duration time {t = (Rp + R t)/7c}25 for passing the projectile inside
the Coulomb field of the target nucleus.

The above procedure has also been applied for (Nh — 0) events of 7Li-Em
interaction at. 3.0 A GeV/c in order to determine the two easily identified
fragments of Z -~ 1 and Z -- 2. TIWJSO selected events are;compared with
other collected dal.aa'I':ti) A2. Tin; difference in the (ED) events ratios in case
of incident (iLi &. 7Li may be interpreted as due to loosely bound structure
of (>Li which processes a size larger than that of 7Li and hence easier to
dissociate when incident on the same target nucleus with the same incident
energy,see TABLE2 '

On the other hand, the values of Lorenta factor 7's and the maximum
photon energy E™ni (hcry/b,,^ ) for the Ag target nucleus'strDubnaenergies
and at higher energies* are calculated as indicated in TABLE2, corisiderinj!,
I>,,im '~ 1̂< HV It is round that at lower energies (3.0 and 4.5 GeV/c, the 7
values arc 3.2 and 4.8) a.nd the corresponding E™01^ values range from 72 to
100 MeV for carbon and lithium projectiles, whereas these values increase at
ultrarolativi.sf.ic energies approaching (7—215) and E™ax =4:64 GoV/c and
'A.\)\ GeV for oxygen and sulfur beams at. 200 A GeV, respectively. It could
bo concluded that-at lower incident energies (3.0-4.2 A GoV/e ) the max-
imum photon oner ',y of the Ag target, (E""1*) is less than the threshold of
pioni/ation, whereus in case of the incident l0O(f30 A GeV) it is equal to
or slightly larger than the threshold of A-resonanccs (1232 MeV). However,
at incident 200 A (>eV "'(), il. could produce A-resonances whicii are subse-
quently dissociated into protons and pious accompanied the separated events
dim to diHVa.cl.ion dissociation whicii clarify the difference between the two
mechanisms of dissociation in t.his technique.

3 CONCLUSIONS

In the'last few years, tlio authors in ref.43 searched for the coherent dis-
sociation of rd.al.ivi.sl.ic. oxygen nuclei into four.a-parUdcs at momentum 4.5
A GeV/c. Tho reactions of this type are characterized by a significantly
lower decay temperature than the conventional multifragmentation of resid-
ual projectile nuclei .The- momentum spectra and correlation of or-particles
am not produced by l.ho simple statistical mod«l of direct fragmentation. Also
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the possibility that the oxygen nucleus undergoing fragmentation acquires a
nonzero angular momentum in the collision process is discussed.

The authors (our colleague) in ref.44 studied the dissociation of incident
ieO-projectiles beside the break-up of 12Cand 7Li at momentum (3.0-4.5 A
GeV/c) in the frame of Weizsacker-Williams theory36. They analyzed all
the possible fragmentation modes and compared with that of the same 16O
projectile but at higher energy (200 A GeV). The coherent dissociation of
ieO —> 4a, are inclusively presented. The interactions rhnraelcrizod by all
relal.ivisl.ic secondary particles produced in a narrow o>nt i..nva:-.l direction
(i.e. N/i =0 events) and the events due to both coulomb arid diffraction
dissociation have been selected and analyzed as a function of impact para-
meter. Also, the dependence of electromagnetic dissociation cross-section on
incident energy and on both projectile and target are performed. TABLE3
clarify the difference between the coulomb and diffraction, dissociation for
16O at different energies. . •'

TABLE4 represents the different modes of carbon and oxygen break-up at
4.5 A GeV/c inside the emulsion target (mainly due to the electromagnetic
field of Aa target nucleus component). Their fractions are listed in this ta-
ble. The relative majority of events lies in the channels of producing lHe and
2He respectively. T'lis reveals qualitatively that the relative production rates
of a-particles in th) projectile fragmentation processes are consistent with
that values at diffei cnt projectiles and energies45. The largest yield of (ED)
events occurred in (ase of emission of one He-fragment associated with com-
plete disintegration of the projectile. This result shows that with decreasing
lie-multiplicity, 1.1K: surface excitation energy of the projectile spectator in-
creases. Also, the r< suits confirm the same conclusions from the distributions
of He fragments produced from nuclear events46, which implies the limiting
fragmentation behavior of the He-multiplicity distribution.

TAFJLI5S2,5 represent the topologies and the electromagnetic dissociation
cross-section of these interactions, it is clear that electromagnetic dissociation
cross-sections are dependent on incident energy and charge.

Vidovic and Greiner et al,47 have been studied the impact parameter
dependence of the electromagnetic particle production in ultrarelativistic
heavy-ion collisions and directly deduce the equivalent photon method 36>'18

from quantum electrodynamics (QED). The simplicity of the photon method
of Williams and Weizsacker (WW):"'enabled scientists to use it in a wid'j
scale25 A iniodel49wliich depend}! on (WW) method3" is proposed for the dis-
sociation of relativistic nuclei in the coulomb field of heavier nuclei which are
easily excited or dissociated by a target nucleus.

In ref.55 the decay channels of 28Si projectile dissociation to 1P+27A1,
1n+27Si and 2d+26Mg using (WW) approximation with the experimental
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data on the photonuclear cross-sections were examined. It was found that
thorn is no evidence for two photon excitation of 28 Si nucleus. Whereas
the. authors of ref.50 found a. large values of ncifron '•ross-i:<'r-|,ions of the
electromagnetic dissociation of 197Au targets by inciilnii '"'Ne (1.7 A GeV/c)
and 8GK, 197Au, WB\ beams with 1 A GeV/c. They explained this obser-
vation by dominant contribution from two-photon giant dipole excitation
and interpreted the large cross-section due to Zt dependence, since the i wo
photon excitation will behave as 7Jr while the one photon excitation shows
Z'f behavior (or 7J,:H behavior fo- heavy target nucleus) as carried out by the
authors or ref.51.

Their results confirm the dependence of electromagnetic dissociation cross-
section on both incident charge and energy. The measured (ED) cross-section
has the same trend as the calculated one based on (WW) method and it was
increased by inc. .'easing projectile charge and energy.

For the light projectiles, it was found that the largest yield of (ED) events
occurred in the < aso of one He-fragment associated with complete disintegra-
tion of the projectile. This shows that with decreasing He-fragment multi-
plicity, the surface excitation energy of the projectile spectator increases.

The calculations by (WW) method with the data of counter experiments
can be used to examine the decay channels of projectile dissociation by the
excitation of pro jectile micleus, whereas another experiments can interpreted
the (ED) of target nucleus by dominant contribution from two photon giant
dipole excitation.

The larger yield of 6Li-projectile dissociation than that for incident 7Li-
may be due to the smaller binding energy per nucleon of ''Li-nucleus.

Our msults of I2C 2:i and " '0 ^ are strongly support as Lhere is no pious
associated with pure (ED) events. The pions accompanied the separated
events due to diffraction dissociation is clear from the data in ref's.23 (our
colleague). TAIil.K.'i confirm this technique of differentiation between (DD)
and (CD). It could be concluded that this technique can be used only at inci-
dent energy smaller that 10 A GeV/c for incident light nuclei (as mentioned
in sec. 3).

In spite of heterogeneity of emulsion target, it can be used to measure
the (ED) cross-section.

On the other hand, some studies52"56 of dissociation in case of hadron-
harlron and hadron-nucleuK interactions are discussed. The hadron diffraction
in IIJMII'OM liaxlmn interactions^" are studied in 1,1K; frame; of I.IK; poiiKTon
structure (triple pomcron approximation).

Whereas in hadron-nucleus interactions53, the stronger in nuclear shad-
owing in the total cross-section the higher is the multiplicity o'f secondary
luuIrons. This conclusion fm.s il.s origin in nuclear enhancement of the co-
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licirwil. (DD) of photons whicli affects iinil(.ipt*ocliic:t.ic>ti in I.he shadowing re-
gion mid docs no), contribute; in the: non-sliadowing region. Also, Capelln el.
al.5<! givo a good description of the data from DESY HERA for the diffrac-
tive events and readied to an indication that the pomeron, unlike ordinary
liadron, is a mostly gluonic object. Prom this analysis we conclude that the
dissociation of hadrons and heavy ions are commonly in the main concept
bul. completely different, in the mechanism of dissociation as shown before.

This object still need further study and kinematics for getting exact for-
mulas and i-estrictions to separate the different types of dissociation for both
hndroii and heavy ion particle.
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FIGURES' CAPTIONS :

FlCUJREl :

A ) ^ _ J sin^j distribution for 65 coherent events produced from the inter-
action of 340 GeV/c 7r~-mesons with emulation nuclei.

rj)D?=i s ' n^t distribution for 23 coherent events produced from the inter-
action of 70 GeV/c K+-ineson with emulsion nuclei.

c)53i*=i s"» ̂ * Distribution for 1G colierent events produced from the in-
teraction of 70 GeV/c K~-mesons with emulsion nuclei.

FK;URB2 :

^i=i sin&i distribution for coherent events produced from the interactions
of different hadrons at nearly the same incident momentum.

F!GUiuc3 :
The pseudorapidity distribution for the interaction of different hadrons

with emulsion nucleons and for coherent events : ( coherent events(N,=3),
incoherent events)

A) for7r-(340GeV/c).
B) for K+(70 GeV/c).
c)K"( 70 GtiV/c).
FIGURE 4:

The azimuthal angular distribution of white sl.rrs (N/t=0) produced from
the interaction of different hadrons with emulsion nuclei :

A) TT-340 GeV/c .
B) .K+70 GeV/c .
<:) K- 70 Gv.V/v. .
Full line : N(^ )d(^) = (77 -1)(1- tp/2 )n~2 dt^/27r .
FIGURE 5:

The ayjiniithal angular distribution for colierent ovents (Ns-3) produced
from the interaction of different hadrons with emulsion nuclei :

A) TI-340 GeV/c .
u) K+70 GoV/c: .
(.:) K 70 GeV/c .
l^ill line : N(M>)d(*)=(7/ -1)(1- * /2 )n~2 d$/27r .
FiatJRR 6:
A)C(iiiloinl) Dissocial-ioii (CD).
li)Coulomb Dissociation &. Difraction Dissociation (CD&DD) .
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TABLES' CAPTIONS :
TAM,E 1:
The (N/t = 0) events and the selected one due to both Coulomb and

(infraction dissociation in 12C-Em at 4.5A GeV/c and 1<50-Em at 200 A GeV.
Their separation is deduced from the experimental data.

TABLE 2:

Topologies of ('Li,7Li, 12C and UiO -Em. Interactions at Dubna energies
compared with I6()-Em. At higher energies.

TAUhE 3:
The (A^ — 0) events and t.ho .selected one due to both. Coulomb and

diffraction dissociation in"160-Em. at 4.5A GeV/c and 160-Em at 200 A
GeV. Their separation is deduced from the experimental data.

TABLE 4:
The mode of fragmentation channels of 16O projectile at both energies

4.5 and 200 A GeV/c.

The nuclear mean free path's and inelastic cross-sections compared with
the corresponding ED.Mean free path and (TE.D. for different projectiles at
various energies.
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TABLES :

The projectile and energy 1 2C (4.5A GeV/c)
No. of events %

Total analyzed events
N/,=0 events (peripheral coli.+ .
Coul. And diff. Diss. + Simulated ED)
ED events (coulomb diss. +diff. Diss)
Pure ED event (coulomb diss.)
Diff. diss. On target (associated with poins)
The dissociation into ^-fragments only.
Diffractive dissociation into
ra-fragments
References

1000
98

60
21
39
8
2
3a+low-energy
23

—
9.8±1.0

6.0 ±0.77
2.1± 0.45
3.90± 0.6
0.80 ±0.3
0.22± 0.15

The projectile and energy 1 6O (200A GeV)
No. of events %

Total analyzed events 920 —
Nh=0 events (peripheral coll.+ 112 12.00±1.13
Coul. And diff. Diss. + Simulated ED)
ICD events (coulomb diss. ! diff. Diss) 92 10.00±1.00
Pure ED event (coulomb diss.) — —
Diff. diss. On target (associated with poins) — —
The dissociation into or-fragments only. 3 0.3()±0.0C
Diffractivc dissociation into 2 in all scanned 0.07±0.05
^-fragments 2934 events
References 24,31
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Type of projectile and energy (A GeV) °Li(4.5) 7Li (3.00) V2C (4.5)
Total no. of events
Nh—Q events
Fraction %
R.D. events
l-Vad.ion %
Nuclear radius

968 970 1000
147
15.2± 1.25

136
14.02 ±1.2

98
9.8 ±1.0

(McV)
U.E./N(MoV)

70
7.2 ±0.86
2.55 fm
32.09
5.35

45
4,64 ±0.7
2.42 •

39.25
5.61

60
G.()± 0.77
2.46 fra
92
7.7

Lorent.y, f;u:tor(7 )
fpinax (McV)

Duration time rd
through Ag target
Reference

Type of projectile and energy (A GeV)
Total no. of events
Nfc=U events
Fraction %
E.D. events
Fraction %
Nuclear radius
Binding Energy (MciV)
B.E./N(McV)'

4.51
99.4
0.66x

. 10~18sec.

3.22
72.0
0.93 x
10~18sec

4.51
100.5
0.66x
10-18ser.

44,23 our work 23 our work 23 our \ rl<

16O (4.5)
708
98
13.98± 1.4
81
11.43± 1.27
2.73 fm
128
8.0

i a O (60)
528

31
5.87± 1.05
2.73 fm
128
8

I 6 O (200)
920
112
12.00 ±1.1
92
10.00 ±1.0)
2.73 fin
128
8

Lorontz fac.tor(7 )
pniiw (Mc.V)

Duration timo rd
through Ag target
Reference

• 4.51
98.1
0.68x
10-18sec.

. 44 our work

64.41
1392.3
0.50 x
10-19sec.
42

214.71
4641.1
0.14x
10"12sec.
24
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TAHL1S3:

The projectile and energy

Total analyzed events
(Nh=0) events(periph. coll.4
coul.&diff.disso.+simulated
Pure ED ov(mt(couJ. Diss.)
Diff. diss. on (.argot,
(assiciated with pions)
The dissipation into
rv-fragmenl.K only
Diffractive diss. into
cv-fragment
Reference

16O (4.5 A <SeV/c)
No. of events %
708
98

45
30

2
0 -> 4a
2
4a +slow
44

—
13.98 ±1.4

6.35± 0.94
5.08± 0.85

0.28 ±0.19

0.28 ±0.19

16O(200 A GeV)
No.
920
112

—

3

2 in
2934
24

of events %
—
12.0Q± M

—

0.3.± 0.06
'4a
all scanned 0.07 ±0.0i
events

TABLE4:

Fragmentation
mode of 16O

Fraction of fragment Channel
10 O (4.5 A GeV %) i0O (200 A GeV %)

N + H
C + 2H
C + He
B + He + H
B + 3H
Be ..
Li .. [
4He
3Ho + 2H
2He + 4H :
He + 6H
Reference

42.2± 6.2
1.8 ±1.3
5.5 ±2.2
1.8 ±1.3
2.8± 1.6
4.6± 2.1
2.8± 1.6
1.8 ±1.3
5.5± 2.2
1.8± 1.3

. 0.9± 0.9
44 our work

56.0± 4.0
,14.0± 2.0
10.0± 2.0
3.6± 1.0
0.8± 0.5
5.5± 1.2
2.5± 0.8
0.8± 0.5
4.4± 1.1
3.3± 1.0
0.8± 0.5
24
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TA1JL135:

Type of projectile and energy 7Li3 3.0 A GeV 12C64.5A GeV
A>w(cm) 15.2± 0.50 14.4± 0.33
Afi.o. (cm) 351.3i 0.50 236.±0 28.2
a int (mb) 1740.5± 20.0 1837.2± 20.0
a is.n. (mb) 50.50± 0.6 75.11± 0.5
Reference 23 our work 23 our work

Type of projectile and energy lbO8 4.5 A GeV 1SO8 200A GeV
() 12.18±0.33 12.0± 0.20

X,.J.IX (cm) ' 106.45± 10.68 9G.0±5.0
a , n l ( m b ) 2070.0± 140.0 2620.0± 50.0
a E-,D. (mb) 91.2.± 0.9 198.96± 11.3
Reference 44 our work 24
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March 31, 2002

Bibliotheca Alexandrina Re-
born

The unique cultural role of the Bibliotheca focuses on
four themes:
• To be a window for the world on Egypt,
• To be a window for Egypt on the world,
• To be an ultra-modern digital library,
• To be a center for education and dialogue.

"Egypt is resolved to go ahead with reviving the
Library of Alexandria out of its belief in the effective role
it can play in enhancing understanding among world
peoples and realizing global peace.

This can be achieved through cultural exchange,
meeting of scientists and enhancing cultural development
on the land of Egypt, the cradle of civilizations".

This is Egypt's cultural perspective as expressed by
President Mubarak. In short, he described the Library as
a window for new human knowledge, typically indicative
of Egypt's heritage of civilization and culture as well as
its role as a bridge for cultural interaction between three
continents of the world.

The rebirth of the Bibliotheca Alexandrina, as the
beacon of arts, literature and applied sciences, is the most
significant scientific event in the early 21st century. It is
indeed a fresh addition highlighting the international
dimension of Egypt's role in contemporary cultural life.

Early Beginnings

Bibliotheca Alexandrina dates back to 300 BC, when
Ptolemy I, successor of Alexander the Great assigned his
advisor Dimitrius Valerius, himself a disciple of Aristotle,
to establish a meeting place for the most eminent minds of
the time who gather in the temple of the muses or the
Museum.

The Library was completed in 290 BC during the era of
Ptolemy II within the royal Ptolemic quarters, the same
site where the new Library was built (now called as-



Silsila).

It expanded to include all the knowledge in the ancient
world. Under the aegis of Dimitrius, it contained 200,000
manuscripts and under Ptolemy II, a chip of the old
block, more papyrus scrolls were brought from Rhodes
and Athens.

According to Calimachus, then a member of the
Bibliotheca board in charge of cataloging, the Library
contained 400,000 papyrus scrolls.

At the time when Julius Caesar was in Alexandria (47
BC) the number rose to some 700,000 scrolls. Many more
buildings were added to the Library compound of which
the most famous were the museum and the library by the
waterfront and the daughter library in the Temple of
Serapis (the Serapeum).

Thus, Bibliotheca Alexandrina became the world's
largest library and a beacon of knowledge that out-famed
Athens' schools and libraries.

College of Geniuses

Scientific activity had flourished in Alexandria, thanks to
its library research center that attracted many men of
letters intellectuals and scientists.

In literature, Theocritus, the crown poet of Ptolemy II,
was the pioneer of romantic and bucolic poetry in the 3rd
century BC.

In philosophy, Villon wrote a nine-volume book called
Mechanics. In humanities, Strapus wrote a 17-volumes
book on geography containing valuable historical and
geographical information on the ancient world and the
philosophy of geography.

Later, geographer Ptolemy introduced a new
mathematical/astronomical approach to geography, thus
paving the way to modern geography. Dionysus founded
the science of linguistics and Satirus was the most famed
historian of his time.

In science, Euclides wrote a pioneering 13-volume book
on the elements of geometry that remained the main
reference for geometry students since the Hellenistic age



until quite recently.

Archimedes, the greatest mathematician of the ancient
world lived and studied in Alexandria. His book on
equilibrium on plane surfaces is seen as the first thesis on
mechanics.

In the Third Century BC, Heracleus made pioneering
research on the anatomy of the nerve system, kidney,
genitalia and brain. He was known as the founder of
anatomy.

Demise of the Old Library

The old Library was destroyed not by the conquering
Arabs, as some stories would have us to believe. It was
destroyed much earlier through a protracted decline
punctuated with fires and destruction over four and half
centuries.

1 - The first fire came about during the Alexandrian
War, when Julius Caesar burnt the Egyptian fleet in 48
B.C. and the fire inadvertently spread to the library
buildings near the docks.

During the upheavals of the Roman Empire in the third
century of our era, Alexandria suffered many upheavals
and suppressions which led to the city being invaded by
Roman armies several times and the whole royal district
where the old Library and Museum were located was
destroyed.

Alexandrian scholarships moved to the daughter
library in the temple of Serapis (the Serapeum) in the
southwest corner of the city.

That too succumbed to destruction in a wave of anti-
pagan actions and the rest of the Library was burnt in the
Serapeum in 391 A.D. Hypathia (the Mathematician) and
the daughter of the Library's last recorded scholar was
brutally murdered by the mob in 415 AD bringing a final
stop to the seven centuries of Alexandrian scholarship.
That was 230 years before Amr Ibn El Aas entered Egypt
at the head of the first Arab Muslim army.

Though 1600 years have elapsed since the age of the
Ancient Library of Alexandria came to an end, all
scholars and scientists still acknowledge their debt to that



remarkable institution and look with admiration on the
role played by the Ancient Library as a center for
dialogue and tolerance as well as science and learning.

Re-creating the Library

The idea of reviving the Bibliotheca Alexandrina
sparked off in the University of Alexandria in 1974.

To that end, the university allocated the land, and
established the Conference Center in a distinguished site
near El-Silsilah. H.E. President Mubarak adopted the
project nationally, and Dr. Fathi Serour, the Minister of
Education at that time assumed the responsibility of
calling for this international project along with the
UNESCO.

The General Organization for Alexandria Library
(GOAL) was then founded with a Presidential Decree in
the year 1988, and affiliated to the Ministry of Education
under the supervision of Dr. Hussein Kamel Bahaa El-
Din.

Dr. Moufid Shehab then followed up the project, when
he took over the Ministry of Higher Education. Dr.
Shehab played a key role in preparing the new legislation
and administrative regulations for the library. UNESCO
Director- General participated in supporting the project
with an appeal in 1987.

Unique Architectural Design

Under the supervision of the Paris-based International
Federation of Architects, Egypt arranged an international
architectural competition where more than 1366 design
firms from 77 countries participated.

Snoheta of Norway won the first prize for the best
design. Snoheta made a joint venture with Hamza
Associates who carried out the engineering designs. The
unique and innovative design makes the Library one of
the most magnificent modern buildings all over the world.

The building is shaped as a solar disk gradually
slanting backward to allow sea view from all parts of the
building. It is also a smart building where colors are



ingeniously used. Each level of luminance penetrating
through the tinted glass roof shows time without the
reader having to look at his wristwatch.

The sun-disk-shaped building rises from a depth of 15.8
meters underground to a height of 37 meters above
ground, slanting at 8.22 degrees. The reading halls cover
12,500 sq. meters, including a 1520 sq.metre audio-visual
library and 691 sq.metre musical library.

The building is equipped with the most advanced and
efficient fire fighting system that allows isolating any part
that may be affected, thus preventing fire from spreading.

Egyptian Involvement

According to Dr. Mamdouh Hamza, whose consulting
firm "Hamza Associates" carried out the engineering
designs for the project, stresses that designs are 16
percent Egyptian, construction works 86 percent
Egyptian and construction supervision works more than
70 percent Egyptian.

Bibliotheca Alexandrina, a Corporate Body

Law No. 1/2001 approved by the People's Assembly
stipulated that the Bibliotheca Alexandrina is a corporate
body directly affiliated to the President of the Republic,
with its Headquarters in Alexandria.

Bibliotheca Alexandrina is an Egyptian cultural edifice
and a beacon for thought, culture and sciences. It
encompasses the masterpieces of human ancient and
modern civilizations in all languages.

Article Two of the Law defines the components of
Bibliotheca Alexandrina, which are the library,
planetarium and conference center.

It comprises also international IT institute,
documentation and research center, science museum,
calligraphy institute, manuscript museum, and center for
maintaining rare books and documents.

Moreover, the President of the Republic may order the



establishment or addition of other scientific and cultural
centers.

Bibliotheca Alexandrina is carrying out all activities
and taking all procedures to realize its message. To this
end, it may take the following actions:

1- Acquire studies, books, periodicals, manuscripts,
and papyrus documents ... etc. related to Egyptian
civilization and world's scientific, intellectual and cultural
heritage.

2- Collect manuscripts originals or copies that reflect
intellectual achievements of both Arab and Islamic
Worlds.

3- Collect biographies and human intellectual,
scientific, political and religious achievements.

4- Conduct studies related to historical, geographical,
cultural and religious origins of the Mediterranean Basin
and Middle East in general and Alexandria in particular.

Director of Bibliotheca Alexandrina, Dr. Ismail Serag
Ed-Deen stressed that while the Bibliotheca would be a
general knowledge library, its administration will focus
on the cultures of the Mediterranean basin, Arab region
and South Sahara.

"We shall also work to make of Bibliotheca
Alexandrina a pioneering center either in collecting books
or practicing activities in specific fields such as scientific
research ethics and new technological applications and
persisting issues. Accordingly, I believe that in only a
decade, Bibliotheca Alexandrina would be an
international library," elaborated Dr. Serag Ed-Deen.

A Variety of libraries

Bibliotheca Alexandrina comprises a library for youth
between 10 and 18 years, a printing press, an audio-visual
library with huge number of scientific and cultural
research tapes, a library for blind people, a business
center, a music library and a library for rare and
historical documents.



Experience Exchange Protocols

Experience exchange protocols have been signed with
many world libraries and remote learning centers in
advanced countries such as France and UK, with major
libraries such as the Congress Library and peer
Canadian and Italian ones. Through information
technology, researchers may have access to world
libraries and the most advanced scientific and cultural
production.

Donations

A big number of Egyptian intellectuals were ready to
donate valuable collections of books and manuscripts to
the Library. Donations from all over the world, until late
2001, hit 119,000 books, 50 manuscripts and 100 antique
coins.

In early September 2001, the Library held a ceremony
in honor of donors of personal collections.

Egyptian donations

The Bibliotheca received a lot of Egyptian
donations from prominent figures and families as
follows:

• Dr. Ahmed Abu Zeid, a leading anthropologist,
donated his personal library of 3,000 books and
complete volumes of "Alam EI-Fikr" Magazine, of
which he was editor-in-chief for many years.

• Mrs. Zeinab Al Qotb donated her late father's
library that comprises 2,635 books in various fields
of knowledge and arts. This collection is considered
one of the richest private collections in Egypt.

• Professor of Philosophy at Alexandria
University, Dr. Habib Iskandar El-Sharouni,
donated his personal library that includes rare
books dating back to the 19th century, besides
masterpieces of Arab thought and Islamic



philosophy books.

• Mrs. Zeinab Fathi Hussein, donated a
collection owned by uncle, prominent Alexandrian
intellectual Radmis El-Laqqani, including
Description de I'Egypte, old pictures of Alexandria
and other rare books that amounted to some 3,200
books.

• The book collection from the library of late
celebrated papyrus researcher Dr. Mustafa El-
Abbadi, is distinguished with its papyrus and
selected collection of masterpiece ancient Egyptian,
Greek and Roman civilization books.

• Dr. Maha Burham donated the 1,100-book
collection of her late father, Dr. Abdul Aziz
Burham, professor of Arabic and Oriental
languages including rare editions such as history of
the Bible in French.

• Dr. Abdul Fattah Mansour donated some 1,100
old books.

• Philosophy professor, Dr. Fathallah Kholeif,
donated some 439 books.

• Ambassador Fathi Draz donated the 945-book
collection of his late father Abdullah Draz.

• Engineer Mohamed Mohssin Gemaei donated
his late father's collection of 554 books on history
of sciences and sources of Arab legacy.

• Dean of the Faculty of Sciences, Alexandria
University, Dr. Mahmoud Ahmed El-Sherbini
donated a precious library of 897 books and
scientific theses and encyclopedias.

• Family of late great thinker Mohamed Hussein
Haykal donated his private library that comprises
more than 1,000 books including masterpieces of
Arabic culture.

• Family of late Dr. Abdul Hamid Badawi



donated his 295-book collection, including
masterpieces of Arab heritage.

• Mr. Mohamed Yousry el-Sherif donated his
library that comprises 736 books in all walks of
knowledge and arts.

• Lawyer Mohamed el-Bardisi donated a
collection of 133 books.

• Dr. Mustafa Mahmoud donated a precious
manuscript of al-Mathnawi by the great Sufi poet
Galal Eddin ar-Romi dating back to 896 Hijira,
besides a rare edition of the Holy Quran in
Russian.

• Dr. Henri Amin Awad, a dermatologist and one
of the greatest collectors of rare books and items
collectors, donated his collection including
priceless antique coins, stationery items from the
Victorian Age, political religious statement of Al
Mahdi of Sudan together with hundreds of rare
books.

Still more donations are expected.
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Abstract
A theoretical model is formulated to study the projectile

fragmentation in hadron-hadron interactions by using the momentum

distribution function and fragmentation function at different incident energies.

The longitudinal-momentum dependence of the inclusive cross sections for

different fragments are studied.

A satisfied agreement between our theoretical calculations and available

experimental data is obtained.

1. Introduction

Much work has been devoted in recent years [1-15] to the description of low-

pt hadronic fragmentation in terms of quark model. In hadron reactions the initial two

hadrons are excited into resonant or nonresonant systems, and the excited systems

hadronize into the final hadrons. In hadron-hadron reactions one can study the

inclusive cross section in which all outgoing particles are not known to investigate the

reaction mechanism. In this paper two models are considered. The first one is

formulated for projectile fragmentation in hadron collisions [16] in this model the

inclusive cross section consists of two parts the initial decay effect and many particle

production mechanism. The second model deals with the color excitation due to quark

and quark-antiquark removal from the projectile. This model depends on the quark

distribution function and the fragmentation function [17,18].

2. Projectile fragmentation in hadron collisions
In terms of Yoshida model [16] of projectile fragmentation and under the

assumption that the excited composite systems hadronize into the final hadrons

through sequential decays as shown in fig. (1).

The scattering amplitude for hadronic reaction a + b —>{/?} is given by;

} = TFab,cdGc,{h'}Gd,{h'} 0)
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2 q

Fig. 1. Allowed decay of the composite systems.

Where c and d are the composite systems formed from the initial hadrons a and b and

hadronized into complementary sets of final hadrons, {/?'}, {/?"}. The factor Fabcd is

the scattering amplitude. The factor Gc,{h'\ is the amplitude for the excited composite

system c to decay into hadrons \h'} and Gdsh-\ is that for d-^f\. If the two

composite systems formed ' from the initial hadrons have masses mop and m'op and

momenta x$p and XQP , so the cross section can be given by [17];

2 2-m0

<jn=wnfdm0 jdm'op(mQ,m'0)v(mQ,x0)Fn(xQ,x) (2)
0 0

Where, m0 = , < = \l-yf -(l-zo

(3)

And ^(mo./fto)^ f° ,2 ,Po'ls a constant and w,, is the relative weight of the

contribution of the n-step decay. The function Fn(x0,x) is the probability with which a

composite system with momentum xp is obtained from the initial composite system

with momentum xop . V(mo,xQ) = VQmQX0 ; x0 = (l + y), z0 = 1 - x0. The inclusive
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cross section consists of two components aicj and am „ p due to the initial decay effect

and many particle production effect. These two components are given by; [16]

for

Where [YH] is the relative weight of the production amplitude of the composite

system i produced from a composite system j , A denotes i.d and m.p.p mechanisms,

°» ~* (°"»~* j denotes the contribution of the production cross section of a meson

(baryon) from the initial excited mesonic (baryonic) composite system. The leading

particle effect is included in the cross section for the production of the same hadron

and is given by [16];

(4)

With a constant WL, PQ and m'o = \4-4\m2 +x2)2+m2 , where the mass of the

hadron is mp.

In case of meson produced from meson system the relative weight of the i-th

qq produced from the j-th qq system is written as [16];

Where [e] is the ratio of the creation amplitude of strange qq pair to that non-strange

qq pair and m (i,l) = 1 for q(i) = s, m (i,2) = 1 for # (/) = S ,n(i,j,l)=l for

<7 (0 = <i (j)» n(i,j,2)=l for q(i) = q(j) and m(i,k) = n (i,j,k) =0 otherwise. The cross

sections of the initial decay effect and many particle production effect is written as;

[16]

(h^f^^) (6)

'(a,.4 (7)

Where; Hf = —^— n sm^ (8)
(2 + s) k=\
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And

\dy
+ (l - y)B H^H {w, x ,-y) • {SL (x, y) - SA {x,y)}_

(9)

The forms of these functions for each case are given in the table (1).

In case of baryon produced from baryon system the relative weight amplitude

Y?B is written as; [16]

~ « 1 3 ,/. , %

(U=l~27) (10)

Where nV(i,k)=l for qk (i)=s, n (ij,k)=l for qk(i)=qic0) and m%(i,k)= n*(ij,k)=0

otherwise.The cross sections can be given by;

Where Y?B' = 6Y,fB -9 [(,VBB)2]5 »d rf = h?B -?-[(ifiB f ], (12)

Where [r\y] is the relative weight of the production amplitude of composite

system i from composite system j (for n-steps decay). The values of these parameters

are taken from Ref. (16)

(13)

Where .•(a) (14)
(2+«p£i

In case of meson produced from baryon the relative weight amplitude Y^3 is

written as [16];

i 3

3(2 + <?) k=l

Where; m"(i) = 1 for q(i) = s ,n"{i, j,k) = 1 for q(i) = qk(j) and w'(/) = n% j,k) = 0

otherwise. In this case the cross sections can be given as;

TMB rr>D->iM i - „ • „ „ i (\f\\
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(17)

Where Hf* =
3

{f'k) (18)

In case of baryon produced from meson the relative weight amplitude Y?M is

written as [16];

<i==1 ~ 2 7 >i = 1 ~ 9 )(2 + e) k=2

where ; m'(i, k) = 1 for qk (/)=s, n"(j, i, k) = 1 for ?k(i)=?G) and m'(i, k) = n"{j,i, k)=0

otherwise. The cross sections can be given as [16];

^a/|&.*)-2^a/,|&,*]}(2i)

Where; Hf1 = At*)

T a b l e (1) : The different functions in our calculations.

(22)

SA(x,y)

SL(x,y)

T(x,y)

BM^M(w,x,y)

BB^B(w,x,y)

B B ^ > l 5 w 2 > x , y )

cosh X'IJC V)

I -^ 2
+ /

2wx expj>f(l - x + y\\ + x-y)]

2w>2 J c?/exppj(f-x)+w21[

r hy

[ ** 6XPWl
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3. Dual parton model

This model based on the Dual parton model by Capella [19] and can be used

to calculate the longitudinal -momentum dependence of the inclusive cross section

for the leading particles produced from hadron-proton collision at high energies. This

model depends on the fragmentation function of the projectile and momentum

distribution function of the quarks inside the produced particle. In this model there are

two possible mechanisms of color excitations, the quark removal (^-removal) and

quark- antiquark removal (##-removal) see Fig. (2)

w

N,

•

•

•

^

Nr

(a) (b)

Fig. (2) Possible realization of the two processes of the model "quark removal" (a)

and "quark antiquark removal" (b). Full dots are quarks, open dots are antiquark.

In this work one can assumed that the removed quark in both cases may be a

valence quark or a sea quark, according to our assumption the inclusive cross section

to produce a hadron h' in a hadron proton collision can be written as;

(23)

Where w\ M>2,W$,W4 are the weight factors for the different mechanisms

4 . . •

and 2] Wj = 1. Eq.(23) can be expressed in terms of momentum distribution functions

of quark and antiquark in a nucleon and the function D% for the fragmentation of a

projectile remnant a into a hadron h'.Since the projectile remnant carries the
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momentum of the projectile reduced by the momenta of the removed quark or qq

pair so;

.3 hp-^h'x
1 E (g) {

a in dp5
(24)

: (xlttPt) ( 2 5 )

The symbol ® means folding and is defined by;

q ® q{x) = \\dxxdx2q{xx )q(x2 )5(x -xl-x2) (26)

Where;Dh
a (xI'z,pt)can be split into two functions Dh

a [xIz)and D^ (pt) so that the

inclusive cross section can be rewritten as;

, J 3 hp^-h'x

— ^ v j - O - z j D j f l , (x/z)Dh
h'_ (Pl) ( 2 7 )

The parameters of the momentum distribution and the fragmentation functions

are given in tables (2) and (3). The function D%(pt) is taken as;

(28)

3. Results and Discussion

The inclusive cross section is calculated using both Yoshida and DPM models.

In the case of Yoshida model. The parameters (gM~SB) a nd S have been determined

by the least squares fit to the experimental data for any produced particle [16]. The

values of these parameters are gM =gB=1.24 and s =0.47. The experimental data are

taken from ref. [20,21]. From the calculated values of Yy and Hjj for different types of
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reactions one can see that, the relative weight of the initial decay effect vanishes and

the total contribution of the inclusive cross section due to many particle production

mechanism. In this case the constituent quarks of the produced particle are in quark

flavor different from these in the incident particle. But for some reactions both i.d and

m.p.p mechanisms contribute the cross section with different weights. In the case of

DPM model the weight factors; Wi are adjustable parameters which fit the

experimental data ( X w i = 1 )• Table (4) shows the values of these parameters for each

reaction type. Fig. (1) shows the theoretical and experimental results of the reaction

pp—>p+x for the incident momentum; pjn=100 GeV/c and transverse momentum;

pt=0.5 GeV/c. From this fig. one can distinguish the component of "q removal" and

subsequent diquark fragmentation at intermediate values of x and "qq removal" and

subsequent triquark fragmentation at large values of x. The two components are

separated by a minimum at x «0.9. Figs.(3,4) show the theoretical and experimental

results of the reaction n~p —> TZ~ + x at the incident momentum; pjn=100 GeV/c and

transverse momentum ; pt=0.5 GeV/c . From this fig. one can see that the two

component q- removal and ##-removal are separated by a minimum at x«0.8. The

reactions pp - » p+x and n±p->z± + x are different at small values of x due to the

much harder diquark fragmentation function into protons compared to q or qq

fragmentation into pions. Figs. (4-11) show the theoretical and experimental results of

different fragmentation reactions.

In all cases the cross sections drop rapidly with increasing x this behavior is

related to the fragmentation functions of q and qq. From these calculations one can

see that the DPM model describes the experimental data better than the Yoshida

model.
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T a b l e ( 2 ) : Values of the quark distribution function parameters, where
the functions are parameterized using the form

xq(x) = Axa (l - x)b (l + ax + fix2 + yx3)

H

Proton

S(x)

Pion

uv +

dv

2(USH

qv

2 ( U , H

dv

Kds-

- d s -

f S

f S

s)

s)

A

Norm

Norm

1.265

Norm

0.9

A'

0.419

0.763

0

0.4

0

b

3

4

8

0

5

.46 '

.0

.05

.7

a

4.4

0

0

0

0

Table (4):

Reaction

7T+ + p-^TC* +X

n~+p-J>7r~+x

p + p -> p + x

K++p-^K++x

p + p->K+ + x

7Z+ + p^>71~ +X

p + p —> K~ + X

p+p-^>Jly/ + x

7T+ + p - » p + X

0.4

0.5

0.1

0.1

1.0

1.0

1.0

0.7

1.0

w2

0.2

0.2

0.2

0.9

0.0

0.0

0.0

0.3v

0.0

W3

0.3

0-1.

0.1

0.0

0.0

0.0

0.0

0.0

0.0

w4

0.1

0.2

0.6

0.0

0.0

0.0

0.0

0.0

0.0
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T a b l e ( 3 ) : Values of the fragmentation function parameters, where the functions are
parameterized using two forms; xD(x)=a(l-x)n or D(x)=Ae'Bx.

Experiment

BE BC [22]

vp,vp

EMC [23J

f*P

Fragmentation
/ - > A

d ~>n~

d->n+

M - > 7U~

ud -*7t+

ud —> n~

uu —> n +

UU -^7C~

dd->n+

u ~>n+

d ->TV~

d-+n+

U —> K~

q-*p

qq->p

a

0.562

0.401

0.400

0.322

0.554

0.476

n

1.19

209

3.18,

4.51

1.74

2.82

A

6.53

4.94

4.66

4.97

B

5.31

6.63

8.55

10.55

0.776 XU 8 4 (1-X)2"3

1.15 (1-X)1063 0.758 X1232
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ABSTRACT

This paper presents the results of the study of interaction of the relativis-
tic 16O nucleus with the momentum 4.5A GeV/c with the photo emulsion.
The average multiplicities of the different emitted hadrons (shower and grey)
in the forward (FHS) and backward (BHS) hemisphere, compared with other
data from the interaction of XP, 4He, 6Li, 12C, 22Ne and 28Si at nearly the
same momentum, have been studied as a function of projectile mass number,
the number of interacting projectile nucleons, impact parameter and number
of shower particles emitted in the backward hemisphere. The multiplicity
distribution of tiie shower particles emitted in the forward and backward
hemisphere directions using the KNO representation axe represented and de-
scribed by an exponential form for BHS shower particles. Another objective
of this paper is to examine whether the mechanism of particle production
in the BHS is significantly different from the operating in the production of
particles in the FHS which can help to solve some questions connected with,
the role of collective phenomena in the backward emission of particles from
the nuclear targets.

1. INTRODUCTION

Many experiments1"12 were performed to study the characteristics of mul-
tiparticle production, mainly forward enussion, which can in general be de-
scribed by superposition models 6,7 . The production of backward particles
at relativiotic energies has received considerable experiments during the last
few years13"19. The importance of the study of the emission of relativistic
hadrons (mainly pions) from nuclei in the backward direction is that, in free
N-N collisions such production is kinematically restricted, the emission of
hadrons beyond the kinematic limit may be evidence for exotic production
mechanism like production from clusters. Therefore, the emission of such
hadrons in heavy ion-collision in the BHS supplies interesting information
on nuclear effects such as the interaction of hadrons from the primary in-
teraction zone with the surrounding nuclear matter, the internal nucleons
motion inside the nucleus and short range correlation between nucleons. The
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simple Fermi motion could not account for such backward hadron emission,
the dominant mechanism for such production was an interaction between in-
cident nucleons from the projectile and multi nucleori clusters in the target
(cumulative production)13-20"22 .On the other hand, the emission of backward
fast protons is strictly forbidden in free N-N collisions.

In this paper we studied the general characteristics of pions and protons
emerging in the backward and forward hemisphere from the interactions of
16O with emulsion nuclei compared with different projectiles at nearly the
same incident momentum. '

2. EXPERIMENTAL TECHNIQUE

The use of the nuclear emulsion (Em) both as a target and a detector is
very convenient for the investigation of nuclear interactions. The multiplicity
characteristics of all secondary particles and the number of non-interacting
projectile fragments can be determined accurately for each event.

A stack of BR-2 nuclear emulsion with dimensions 20 x 10cm2 x600/xm
have been exposed to the 16O-beam at 4.5 AGev/c at the Dubna Synchropha-
sotron . All charged secondary particles have been classified, according to
the velocity/? = 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 relat.wistic shower track in the narrow forward cone of an opening
angle 9 < 3° . These secondary particles emitted in the measured events are
classified as: .

i) The shower tracks producing particles "s" having I*<1.4 and @ > 0.7.
They are ths singly charged relativistic particles with K.E > 400 MeV outside
the the projectile fragmentation cone (6cone < 3° ).

ii) The grey tracks producing particles "g" having L 3mm, K.E in the
range (26-400 MeV), a relative ionization 1.4<I*<10, and 0.3< /? <0.7.
These are charged recoil nucleons. The tracks of such type having 6 <3°
and L>2 cm are. considered to be projectile fragments having Z=2.

iii) The black tracks producing particles "b" with L<3 mm (/5 < 0.3).
These are slow nucleons and nuclear target fragments with K.E < 26 MeV.
The b-particles having 8<3°zxid L>1 cm are considered to be projectile frag-
ments 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, Zfceom-The black and gray tracks together (b+g) are called the tracks of
heavy ioniz^tion particles "h".

iv) Projectile fragments: referred to the spectator nucleons of the projec-
tile with velocity«0.97c emitted inside the forward fragmentation cone. The
singly and doubly charged and projectile fragments emitted within 0 < 3°
were23 carefully excluded from the above shower and grey multiplicities.

-101-



In each event, the total charge of projectile fragments Q = £Ni Zj was
estimated, where N» is the number of projectile fragments having charge
Z. Then the number of projectile nucleons interacting per event Nint was
calculated from the approximate relation Nint=A-AQ/Z, where A and Z are
the mass and the charge of the incident projectile nucleus.

3. EXPERIMENTAL RESULTS AND ANALYSIS

Hadrons produced in A- A interactions at high energy may originate from
two mechanisms. They may participate only in the primary reaction and
leave the overlap region of projectile and target without further interactions.
In emulsion experiments such hadrons are seen as shower tracks (ns) or they
may be involved in the rescattering process by knocking out further nucleons
while penetrating through the spectator parts of the nuclei. The intranuclear
cascade is responsible for knocking out cascade protons and neutrons of the
spectator fragments. Most of the cascade protons are the grey particles (n5).

Both i;he primary and secondary N-N interaction contribute to the ex-
citation of the spectator fragments. In peripheral A-A interactions the de-
excitation of th^ residual nuclei proceeds via evaporation of nucleons and
light fragments uncil a stable configuration is reached. In emulsion such
particles are seen as black tracks (n(,).

We axe going to investigate hhe shower and grey particles in FHS and BHS,
their average multiplicities projectile mass number, number of interacting
nucleons, impact parameter and number of shower particles emitted in the
BHS dependencies.

^3.1 Average multiplicities of forward-backward shower and grey
particles:

The average values of the shower and grey particle multiplicities in the
forward {9 <90°) <n{> and <rJg> , backward hemisphere (9 > 90°)<n*>
and ,<n£> for the interactions of different projectiles( P,4He,6Li,12C,16O,22Ne
and28Si) ivitb emulsion nuclei are tabulated in table(I) to show the effect
of the projectile size or mass number. The average number of interacting
nucleons from each projectile <NjMt> and the average number of heavily
ionizing particlas Nh are included in addition to the values of the forward to
the backward (F/B) ratios for each projectile are also presented in table(I) .
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Thble I.The values of <ns> ,<ng> in the FHS and BUS, the (F/B)a ,
(F/B)g and the average number of interacting nucleons <Nint> for different
projectiles^' 2S.

Proj. Incident mom. Gev/c

P
4H
6I,i
12C
1GQ
22Ne
28Si

4.5
4.5
4.5'
4.5
4.5
4.1
4.5

1.50i0.01
4.04±0.01
5.71±0.15
7.11±0.02
10.03±0.30
9.85+0.04
11.36±0.09

0.028±0.02
0.24±0.04
2.08±0.08
4.52±0.20
3!58±0.15
4.8±0.20
4.98±0.18

0.11±0.02
0.23±0.01
0.41±0.01
0.45±0.01
0.46±0.02
0.45±0.01
0.44±0.02

0.98±0.05
1.38±0.07
0.97±0.04
1.42±0.08
1.42±0.07

Proj Incident mom. Gev/c <Nint> <N/i> (F/B). (F/B)g

P
4H
6Li

16 Q
22Ne
28Si

4.5
4.5
4.5
i.b
4.5
4.1
4.5

1
2.40
3.56
5.88
6.35±0.27
8.98
10.43

8.05±0.25
10.74±0.37
10.98±0.46
11.44±0.19
11.67±0.35

13.16
17.56
13.83
16.93
21.74
21.89
25.82

2.15
3.51
3.69
3.30
3.52

The data in table I shows that:
<n{>.is strongly dependent on the projectile mass, Ap.This dependence

is displayed in fig.(la) and can be described by the power relation :

<n{> = 12.22 - 11.41) exp(Ap/11.98)

This means that <n{> is almost proportional to the geometrical cross-
sectional ejrea of the incident projectile nucleus ( ~Api6), which 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{> as a function of the average number of the
interacting nucleons from each projectile.(<Njni> =A-AQ/Z), which gives a
linear relation in fig (lb):

<n{> = 0.84 + 1.10 <Nint>

From table (I) one also can notice, a significant increase in the values of
nbs as the mass number of the incident projectile increases at small projectile
mass number until12C then the values of <n*> are nearly equal (within
experimental, error) in the interactions induced by 12C, 16O,22Ne and 28Si
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nuclei. Fig (lc) displays the dependence of the <nb
a> on the projectile mass

number Ap. Fitting this dependence by a relation of the form:

<n*> = 0.456-0.596 Exp(Ap/3.15)

This mesixs that nbs is independent of Apfor Ap >12, i.e the production
of shower particles in the BHS occurs by different mechanism than that for
particle production in the FHS for heavy projectile.

The dependence of the multiplicity ratio R on the mass number of the
projectile is represented as :

•R/j, {A1/) , R/)6 = <n{J>>proj-Em / <n{'6 >proton-Ern

Where R is the ratio between the average multiplicity of the shower par-
ticles in the forward or backward hemisphere for any projectile and the cor-
respondence value in the case of proton interactions at the same incident
energy per nueleon where<a; {>ttO.7,<ab

a>ttQAl, which means that <n{>
increase with the increase of the geometrical cross-section of the projectile
(~Ap/3), this supports the independent picture of the multi particle produc-
tion in the forward hemisphere.On the other hand the values of <nb

a> are
relatively damped, which cannot confirm the independent particle models.

The ratios (F/B) reflects the above remarks, where the ratio (F/B) s is
seen to increase with the projectile mass number while (F/B)p is nearly
projectile independent. Also we can notice that, the average values of the
grey particles emitted in the FHS are weekly depend on the projectile mass
number, and BHS are nearly projectile independent.

3.2 Multiplicity distribution of forward-backward shower and
grey particles:

As we know that the particle produced in the BHS is intimately connected
with the target fragmentation region5'17"-19 i.e with that part of phase space
where all siugle particle characteristics are most safe from being dependent on
the projectile. Therefore, it is desired in this section to study the multiplicity
distributions of FHS and BHS shower and grey particles and compare it with
the data of different projectiles.

Fig. 2 (a, b), 3(a, b) repr&sent the multiplicity distributions of shower and
grey particles emitted (in the BHS and FHS directions) from the interactions
of 160-Em. These distributions are consistent with those for (6Li,12C,22Ne
and 28Si) in ref.34'25, we can notice that: the multiplicity distributions of
shower particles in the BHS are the same for all the projectiles under study.
This leads us to conclude that the mechanism of shower particles production
in the BHS is the same for the projectiles under the study and is not the
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same one dominating in the FHS. 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.

In Fig 4 (a, b) we show the shower particles multiplicity distribution
produced in BHS (fig.4a) and FHS (fig.4b) from the interactions of 16O-
Em when expressed in normalized form <ns>crTJ/crire. As a function of the
Kuba-Nielsen- Olesen (KNO) Scaling variable Z= na/<n3>: The distribu-
tions of the emitted shower particles produced in BHS axe fitted by exponen-
tial function^ (Z) —A exp (-BZ), where A and B are the fitting parameters
to the experimental data which gives:

A = 0.322 ±0.003 and B = 1.710 ± 0.035

The distribution is completely different from the scaling formula used
in hadro.u-hadron and hadron-nucleus26'27. This figure leads us again to a
conclusion that the mechanism of the shower particles production in the
BHS is not the same mechanism in the FHS.

3.3 Target size dependencies:
The measured parameter which represents the target size is the value of

the number of emitted heavily ionizing particles from each event. Fig (5,
6) present the dependence of the average multiplicities of shower and grey
particles from the interaction of 16O(4.5 GeV/c)-Em (in FHS and BHS) on
the target size. It is clear from Fig 5 (a, b) that the values of <n{'*> increase
over the whole range of N^. The increase of the <njj>with N^ is much slower
than that of the <n{>. As shown from the fitting equations:

<n{> = 0.010 + 0.415 NA , <nb
s> = 0.004 + 0.043 NA

Comparing with the data of ref.25 we can notice that the dependence
of <nb

a> on Nh is projectile independent, where as the variation of <n{>
with N/j is projectile - dependent. Fig. 6 (a, b) presents the multiplicity
correlation's for grey particles emitted in the BHS and FHS directions as
a function of the target size Nh .Our data and that of ref.24-25 show's that
<n£> are nearly projectile independent where as these data exhibit a positive
correlation with the target size which can be given by the linear relation:

,.,g> = -0.10 + 0.88 Nfc for 16O - Em
<nf

g> = -0.06 + 0.31 Nh for 1 60 - Em
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Table II gives another representation for the effect of the target size where
the forward-backward ratios for both shower and grey particles for different
target size are tabulated [ Nh = (1-7), (8-17), (18-27) and Nh >28 ] . The
data show that, the value of (F/B)s decreases rapidly with increasing N/t for
all the projectiles, while the degree of centrality has nearly no effect on these
values. For grey particles the (F/B)9 ratio shows a possible limiting behavior
in the region of N^ >28 . ' •

Table II . The Forward-Backward ratios for different projectiles for different
values of Njt..

N/,

1-7

8-lf

18-27

> 28

.6Li

(F/B),

20.56

12.45

12.29

8.98

07%
2.48

1.91

2.19

2.28

(f

14

27

22

18

7B)s
.2

.0

.5

.R

<F/B)fi

4.08

3.11

3.20

3.30

i o 0

(F/n),

42.33

19.75

19.47

18.19

07%
4.19

6.99

4.28

3.32

ai iNe

( F / D ) ,

' 48.04

27.54

2 . .21

16.68

07%
4.8

3.30

3.10

2.90

28Si

O7")s
62.40

44.04

23.04

17.88

07%
4.40

3.56

2.90

3.10

4. CONCLUSION

In this work, we have studied the multiplicity of shower and grey particles
produced in the backward and forward hemisphere from the interactions of
16O with emulsion nuclei at 4.5 A GeV/c and made a systematic comparison
with the data from different projectiles (XP, 4He, 6Li, 12C,22Ne and 28Si ) at
nearly the same incident momentum . We can conclude the following :

1) The average multiplicity of the shower particles in the FHS <n{> is
strongly dependent on the projectile mass number Ap , while the average
multiplicity of the shower particles in the BHS, <nb

s> has a very weak de-
pendence, or we can say that, it is independent on the projectile mass number

2) The same conclusion holds also for the multiplicity correlation between
<n/-6> and the average number of the interacting nucleons from the projectile
<Njnt>and the correlation with the target size N^ .

3) The multiplicity distribution of shower and grey particles emitted in
the BHS are nearly independent of the projectile mass while the FHS one is
Ap dependent.

4) The analysis of the multiplicity distributions of the shower particles,
emitted in the FHS and BHS, in the (KNO) representation, shows that the
production mechanism of shower particles in FHS and BHS are completely
different.

5) The (F/B)a rabio for any projectile decreases with increasing the target
size (where N,t is a measure of the target size).On other hand the (F/B)a ratio
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FIGURES' CAPTIONS

Figure la:The dependence of the average multiplicities of the emitted
shower particles in FHS on the projectile mass number or size.

Figure; lb:The average multiplicities of the emitted shower particles in
FHS and BHS for different projectiles as a function of the average number
of interacting nucleons from each projectile.

Figure lc:The dependence of the average multiplicities of the emitted
shower particles in BUS on the projectile mass number or size.

Figure 2a, b: The multiplicity distribution of the shower (a) and grey
(b) particles in BHS.

Figure 3a, b: The multiplicity distribution of the shower (a) and grey
(b) particles in FHS.

Figure 4a, b: <na>.a „ /a'in as a function of scaling variable ns / <ns>
for BHS (a) and FHS (b) shower particles.

Figure 5a, b: The dependence of <n£> and <n{> on the number of
heavily ionizing particles (N/J.

Figure 6a. b: The dependence of <n*> and <n^> on the number of
heavily ionizing particles (N/t).
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increases with the projectile mass number .While (F/B)fl is independent on
the projectile mass number. The degree of centrality has nearly no effect on
the two ratios.
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ABSTRACT

Results from EMU-01/12 collaboration for the experimental data on
multifragmentation of gold residual nuclei created in the interactions with
photoemulsion nuclei at the energy of 10.7 GeV/nucleon are presented together with
the experimental data on multifragmentation of krypton created on the interactions
with photoemulsion nuclei at energy of 0.9 GeV/nucleon. The data are analyzed in the
frame of the statistical model of multifragmentation. It is obvious that there are two
regimes for nuclear multifragmentation: the former is when less than one-half of
nucieons of projectile nucleus are knocked out, the later is when more than one-half of
nucleons are knocked out. Residual nuclei with masses close to each other created at
different reactions are fragmented practically simultaneously when more than one-half
of nucleons of original nuclei are knocked out. These results give an indication that
projectiles other than Gold and Krypton may give the same characterization on
interaction with emulsion nuclei at high energies

"Keywords: Nuclear Physics, High Energy Physics, Nuclear Reactions

1 INTRODUCTION

interesting experimental results on nuclear multifragmentation at low and
intennedlate energies have been recently obtained. The existence of the flow
contradicts the assumption of a stochastic character of the nuclear multifragmentation
pfoees£ Jit the same time, the exper t [1] obtained bytheALADIN
coilabpratibn treated t ie constancy of isotope temperature over a wide range of the
excitation energy as an evidence of first order phase transition (liquid-gas) and
statistical nature of the nuclear multifragmentation. The experimental results reported
by the D ^ R A collaboration [2] interpreted the independence of isotope composition
of the fragments on the mass of fragmenting nuclei at the same excitation energy as a
sign of spinoidal instability of residual nuclei. Which means 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) [3,4]
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was used to describe both heavy nuclei and oxygen residuals fragmentation [5]. THe
famous the quantum molecular dynamic model[QMD] [6], in particular, the quantum
antisymmetrized molecular dynamics model[AMD] [7] which incorporates effects of
the mean field, are generally applied to light nuclei induced interactions. Hence, there
is an intersection region where two approaches can be applied. The purpose of this
paper is to present the experimental data on multifragmentation of residuals created on
bombarding emulsion with 0.9 GeV/nucleon krypton.

We start our analysis with the definition of the bound charge :

_ , ,(ZF>2) (1)

or
, (ZF>3) (2)

where Zp is the fragments charge.
We analyzed the dependence of fragment multiplicity on Zbound and Zb3. Our

consideration is summarized in a brief summary.

2 EXPERIMENTAL MATERIAL

Stacks of NIKFIBR-2 emulsion pellicles were exposed to a 0.9 A GeV 84Kr beam at
the SIS/GSI and a 10.7 A GeV I97Au beam at the BNL/AGS. The sensitivity of the
emulsion was not worse than 30 grains per 100 [ok for singly charged particles with
minimal ionization.

To carry out the analysis, the events induced by krypton nuclei in the energy 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 611 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 ionizatioh of such tracks is constant over 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 a length not less than 10 mm The calibration was made up on a
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 < Go (9 is the emission angle) were considered
as singly charged fragments. 90 is determined as

Sin0o=O.2/Po (3)

where Po is the projectile nucleus momentum per nucleon in GeV/c.
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In each investigated event, the polar 9 and azimuthal cp angles of all charged particles
were measured.

The transverse momentum of a spectator fragment was defined as

I PF | = 2ZFPosin9 (4)

The ratio A/Z for the fragments was assumed to be 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 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 the projectile nucleus. Having this in mind, 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),
relation (4) underestimates the transverse momentum. For double charged fragments
among which 3He isotopes are presented , relation (4) overestimates, on average, the
transverse momentum. As shown in [8-9], 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, has any
effect on the conclusion of the present study.

Identification of the target fragments in photoemulsion experiments requires a special
track measurement technique which is not used in the experimental data. Thus the
data is concerned with 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 DEPENDENCIES OF INTRINSIC CHARACTERISTICS OF DECAYING
SYSTEM ON Zbound AND Zb3 , '

The correlations between the mean number of single charged fragments and double
charged fragments and the total bound charge (Zbound and Zb3) are depicted in Figs, la,
lb, lc and Id. In case of the reaction of Kr with emulsion, it is obvious that there is an
increase in the multiplicity for single and double charged fragments if ZbOund and Zb3 are
less than or equal to 40, also it is obvious that these characteristics rises with
increasing the excitation energy at a fixed nuclear residual mass. However, at high
excitation energies, the production of fragments gets dominant, and < Nj=i > and <
Nz=2 > must decrease. It is just the dependence that has been observed by the
ALADIN-group [10-12] for multifragmentation of gold residual created on 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
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measure of nuclear residual mass. Since cc-particles can be produced at the pre-
eqiiilibrium decay stage, another value, Zb3 [13], was suggested to be used. The most
remarkable result was that < Nz=i > and < Nz=2 > as a function of Zbound or Zb3 show
that the distribution is independent on the target mass.

Figs, la, lb, lc and Id displays the single and double charged fragments multiplicity
as functions of Zbound and Zb3 in the interactions of krypton nuclei with photoemulsion
nuclei at energy of 900 MeV/nucleon(open circles) in a comparison with the analogous
data on 10.7 GeV/nucleon gold nuclei interactions (closed squires) [9]. As shown, the
data points for Rr and Au nuclear residual fragmentation are close to each other for
Zbound ^ 1 0 and Zb3 ^ 5. This indicates that nuclear residuals of the same masses formed
in interactions of different systems at high energies have approximately the same
excitation energies moreover the distribution is independent on the target mass .

It is noteworthy that, as Zb3 decreases, the single and double charge multiplicity
grows sharply around the Zb3 value of 20. In all probability, this rise seems to be
related to a threshold character of the nuclear multifragmentation. The evaporation of
nucleons and light nuclei is obvious dominant at low excitation energies. The channels
of multifragment decay open up at higher excitation energies. It is not clear whether
this occurs smoothly or abruptly at certain threshold value.

A

zbound

V

bound

Fig.l:a The average multiplicity of single charged fragments,b the average multiplicity
of double charged fragments as a function of Zb3, c The average multiplicity of single
charged fragments and d the average multiplicity of double charged fragments as a
function of Zbound- Closed squires - data for Au interactions at E=l0.7 GeV/nucleon
and open circles - data for Kr interactions at E=900 MeV/nucleon.
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4 SUMMARY

The experimental data on the multifragmentation of the krypton residual nuclei
formed in the interactions with photo emulsion 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 the projectile nucleus.

The evidence are obtained that the multifragmentation is of a threshold character.
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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Abstract

The nucleus-nucleus eikonal phases are calculated in the Glauber approach using realistic
Fermi type nuclear densities taken from electron scattering data. Special method for
solving the inverse problem is suggested to restore the Woods-Saxon type optical poten-
tial. The problem of ambiguity in the parameters of the obtained potentials is discussed.
Comparisons are carried out between both of the restored potentials, the fitted to the
experimental data ones, and the respective elastic differential and total reaction cross
sections.

K e y w o r d s : optical potential, ambiguities, inverse problem, eikonal phases

1 Introduction

A restoration of the heavy-ion optical potential from experimental data is usually realized
by assuming its definite shape (usually supposed the Woods-Saxon (WS) form), then, by
solving numerically the corresponding wave equation, and applying a fitting procedure
to determine the potential parameters from the calculated elastic scattering differential
and total cross sections at fixed energy. In spite of the elegance of this procedure, the
inherent ambiguity problem in both the shapes and parameters of the tested potential [1]
still poisons that method.

Meanwhile, inverse methods give the possibility to deduce potentials from the exper-
imental data, where as a first step, a fit of the parameters of any special form for the
^-matrix is carried out by comparing the calculated elastic scattering amplitudes with
their respective experimental data. One of these forms is as follows, [2]

n = l

where S^ and the complex values an and bn are fitted parameters. If one determines this
set of 5(A)-matrices then the corresponding unique potential can be reproduced in an
analytic form as well. This procedure can be improved if one fits the iS-matrix in Eq.(l.l)
to another one, known in a simple analytic form and fitted to the experimental data.
These simple forms of ̂ -matrices which have only a few parameters, e.g., the Mclntyre
.^-matrix [3], or Ericson's one [4], are determined very precisely in many papers. However,
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an ambiguity problem still exists, where the same data can be explained by using different
number of terms in Eq.(l.l). Thus, one can obtain different sets of parameters {an,bn}
and, as a result, different corresponding potentials. This method is often applied for
restoring optical potentials (see, e.g., [5, 6] and refs. therein), and gives a typical slightly
different potentials, which fail to describe the interaction in its central domain.

At intermediate energies, it was suggested in [7] to utilize a more appropriate semi-
classical inverse method, which is mostly applied in heavy-ion scattering. It is known that
the eikonal phase $(b), with b being the impact parameter, is an integral of a potential
over z-axis running along the straight line trajectory of motion of the projectile nucleus.
In fact, this is an Abel type integral equation [8] which solution (the potential in this
case) can be presented in the following explicit form,

In case of using the Gaussian function for $(6), then the integral in Eq.(1.2) is performed
analytically. For more complicated forms of $(&) the special methods should be developed
(see, e.g., [9, 10, 11]). For example, in Ref.[10], the phase $(6) = — i\nS(l ~ kb) obtained
from the Mclntyre parametrization for ^-matrix [3], was presented in the form of a sum
of Gaussian functions, which gives a possibility to perform integration in Eq.(1.2) analyt-
ically. Instead, in Ref. [4] the Ericson Sj-matrix was utilized in numerical calculations to
obtain the respective potential. Both results exhibit a smooth behavior of the real and
imaginary parts of the restored potentials without any visible radial variations. At the
same time, their imaginary parts show different behavior when compared with the tails of
the fitted optical-model potentials. As to the real parts, their slopes in the surface region
occur in a decent agreement. Although one may think that this method enables to get a
unique restored potential from the experimental data, one should remind that the repro-
duced potentials depend on the proposed form of the ^-matrix and the fitted parameters
inherent in its shape. Indeed, both the form of 5-matrix and its set of parameters can
be changed, and the resulting potentials occur in different shapes, too.

In this paper, we develop and suggest to use a practical method for solving the inverse
problem for restoring the Woods-Saxon type potentials. In Sec. 2 the microscopic eikonal
phase is calculated without any free parameters by using the optical limit of the Glauber
multiple scattering theory. Together with this, let us call "realistic" phase, an analytic
form of a "model" phase [12] inherent in the Woods-Saxon potential is presented. In Sec.
3 the procedure of fitting the "model" phase to the "realistic" one in the peripheral region
of impact parameters is developed. This region is of most importance in order to obtain
the true physical results of the differential and total cross sections. As a result of fitting
the tails of both phases, one gets the parameters of the Woods-Saxon potentials having
different behavior in their central region. The calculated phases and cross-sections are
given and compared with the corresponding optical-model calculations and the experi-
mental data. In Sec. 4, concluding remarks and discussion are presented.
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2 Eikonal phases for the Fermi type shape of the po-
tential and nuclear density distribution

In the present paper we use a realistic forms for both the nuclear density distribution and
heavy-ion potential to calculate the microscopical and phenomenological eikonal phases,
respectively. Then, by comparing these two phases, we establish the parameters of the
potential inherent in the microscopical phase, which, in fact, has no free parameters.
Towards this aim the symmetrized shape of the Fermi function (SF) is utilized for the
nuclear densities and potentials as well. This function is given by,

smh(R/a)usFir) = —, ,„ , > —-—, . . v — Uflr) — o(r), (2.1)v ; cosh(jR/a) + cosh(r/a)

where uF = [1+exp (r—i^/a]"1, and 6 = [1+exp {r + R)/a\~x is the negligible correction
when R/a >• 1. It is shown [12] that, from mathematical and physical point of view, the
form (2.1) is more convenient for analytic estimations in comparison with the ordinary
Fermi function. The corresponding expressions, used for the symmetrized Woods-Saxon
(SWS) potential and the nuclear SF-density distributions are as follows

PSF{T) = PSF{0) uSF(r), PSF(O) =
3A

1 +
7TG,\ 21 - 1

(2.2)

(2.3)

where A is the atomic number. Then, the eikonal phase in the nuclear scattering function
SM = exp(i<&Ar) of the high-energy approximation [7, 13] can be expressed in the form,

*JV = - ^ (V& + iW0) I{b) = \ Q- +1) X(b), (2.4)

where

^ (2.5)

(2.6)I(b) = 2 /
J 0

The latter expression defines a profile (or thickness) integral which can be easily performed
analytically for the Gaussian function. Many studies based on this function, which is
convenient specially for light nuclei, were accomplished. Recently, in Ref.[14], the integral
(2.6) was estimated analytically, too, using the symmetrized Fermi function. Introducing
the dimensionless values (3 = b/R and C — R/a, its value gets the form,

ISF(b) = ISF(/3R) = 2RX{fi), 1(0) = uSF{(3) P((3, C), (2.7)

where

uSF{f3) = * " " h C \ a n , P = ^ ln(4/.T), (2.8)
cosh C + cosh pu C
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with P(/3, C), the smooth correcting function, and

coshC
cosh C + cosh j3C

1 +
A C - 1

cosh/?C
(2.9)

K = eF, F= 1.1032 + 0.3460 C - 0.00446 C2. (2.10)

Thus, for the symmetrized Woods-Saxon optical potential one gets the phase x{b) in the
form,

C = R/a. (2.11)

In view of the main role plays the surface region of interaction in nucleus-nucleus collisions
when comparing the differential elastic and total reaction cross sections with experimental
data, it is plausible to simplify the correcting function by taking its value only at 6 = R,
i.e. P — 1. Then one gets for R^$> a,

P a ( l ,C) = 2.4895 C~l + 0.3460 - 0.00446 C (2.12)

and the respective phase reads,

X{b) = -2kR^uSF(b)Pa(l,C), C = R/a. (2.13)

It is to be noted that starting with the symmetrized Woods-Saxon (SWS) potential,
we obtain an approximate phase which has the same spatial shape as the potential itself.
Figure la shows the X{(3 = b/R) thickness densities calculated by numerical integration
of Eq.(2.6) (circles), using analytic expression (2.7) with exact (solid curves) and ap-
proximate (dashed curves) correcting functions P(/3,C) and PO(1,C), respectively. It is
clear that all values are in a very good agreement with each others in the surface region
while the values using P and Pa differ slightly in the interior region of the interaction.
Meanwhile, this difference does not give any effective influence on either the form or the
absolute values of the elastic differential cross sections, shown in Fig.lb (for details, see,
e.g. [14, 15]; the experimental data are taken from [16, 17]).

For further comparisons we estimate the phase in the framework of microscopical the-
ory by using the optical limit of the multiple scattering Glauber theory. In the case of
nucleus-nucleus scattering the respective expression was carried out in [18, 19], and can
be presented as follows,

^N(b) = ~(i + aNN):X(b) (2.14)
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Figure 1: (a) Thickness integrals X{j3), eq.(2.7), of the SWS-potentials; calculations are
made by numerical integration (circles) and analytically with exact (solid curves) and ap-
proximate (dashed curves) correcting functions, (b) Differential cross sections predicted by
using these thickness functions. Parameters of potentials and the experimental data are from
Refs.[16,17].
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X(b) = crNN j d2spd
2stpp(sp) pt(st) f

Here CT^N is the isospin average total cross section, and en AW, the ratio of the real to
imaginary part of the nncleon-nucleon amplitude at forward scattering angles. We have
also included the finite range iVTV-forces in the usual adopted form,

fNN(0 = jji-p exp(-e/a%), (2.16)

as well as the factor fm for correcting /V/V-interaction in nuclear medium. The elementary
volume in the impact plane is expressed as d2s — sdsdcfi, with 0 being the azimuthal an-
gle. Below we consider the cases of thickness densities p(s) obtained for the symmetrized
Fermi distributions,

PSF(S) = 2 jo pSF(V^T^)dz = pSF(0) ISF(s, R, a). (2.17)

with Rp(t) and ap(t), the radius and diffuseness parameters of the projectile (p) and target
(t) nuclear densities, and

PG{*) = PG(O)(V^aa)exp(-s2/a2
G), (2.18)

where a,QV and PG,P(0) can be considered as independent parameters. In Ref.[20], the
Gaussian thickness density PQ(S), which is responsible for the non-normalization of the
Gaussian function, was matched at s — R and s = R + Aa to the numerically calculated
Fermi thickness density, and thus the values of ag and PG(Q) can be easily obtained. This
is the reason why we insert in Eq.(2.18) a separated form of (y/naG)pc;(0), rather than
the factor A{^/Tvaa)~2 corresponding to the one-parameter normalized Gaussian function
with PG,P(0) = A/(y/7raG)3.

It was shown in Refs.[21, 22] that when using the Gaussian function for a projectile,
the integral in (2.15) can be reduced to the one-dimensional one,

2 ,2

X(b) = aNN 2TT G* {V^aG,P) PG I P(0) e x p ( — ) x
aG,p + a0 aG,p + a

x rdststPt{st) e x p ( - 2
 S* 2 ) J0( 2

2St* 2 ) (2.19)
Jo ^ O'Gp + aQJ KO-Gp + alJ

Here Io(x) is the zero-kind Bessel function with imaginary argument, and pt{st) is the
target thickness density.

When both densities have non-Gaussian shapes, then another expression for the eikonal
phase should be used. This can be achieved by using the two-dimensional Fourier trans-
form for every one of the integrand functions in Eq.(2.15). As a result, a one-dimensional

-126



integral is obtained of the Fourier-Bessel transforms of density thickness functions in the
form,

/•oo

p(k) = 2ir sds J0(ks) p(s) = p{-k), (2.20)
J 0

and the eikonal phase gets the form,

1 r°° ( k2a2\
= aNN— / kdkpv(h) pt(k) exp - ^ JQ(kb), (2.21)

Zir Jo \ 4 J

where JQ(X) is the zero-kind cylindrical Bessel function. It is important to note that for an
appropriate SF-thickness density function patsF(s), which includes the approximate cor-
recting function Pa(l,R/a) instead of the exact one P(s/R, R/a), the respective integral
can be expressed in the following analytic form [23, 24].

^ (2.22)

Using this equation, then the integrand function of Eq.(2.21) will be presented totally in
an analytic form which facilitates the numerical evaluation of the eikonal phase integral.

3 Calculation of phases and inverted potentials

In Ref.[22], by using the phases given by Eq.(2.19) and Eq.(2.21) a successful agree-
ment was obtained between the elastic differential, total reaction crdss sections, and the
experimental data in a wide range of energies for a variety of colliding nuclei. Therefore,
in this paper we limit ourselves to demonstrate only two Figures where such comparisons
are shown. In Figure 2 we show the 12C + 12C total reaction cross sections calculated in
the high-energy approximation by using the expression,

<jR = 2n l°° dbb [l - e'XW], (3.1)

and compare them with the experimental data, taken from Ref. [16], at energies from
10 to 1000 MeV. In calculating %(&), the SF-density parameters were taken from the
best-fit analysis [25] of electron scattering data. The corresponding cross section aR is
shown by the solid curve in Fig.2. We show also calculations (dashed curve) when for
the projectile a modified Gaussian p<5p(s)-thickness density is taken with parameters aQp

and PG,P(0) fr°m [20]. One can notice that both curves are in acceptable agreement with
the experimental data, the result which supports the statement about the importance of
nuclear surface in explanation of the total reaction cross sections in heavy-ion collisions.

In Fig.3a we show the phase, predicted for 16O+40Ca scattering at E = 1503 MeV
where the SF-density parameters are taken from [25] (solid curve). The dashed curve is
the phase calculated by using the WS-potential parameters, fitted in [17] to the exper-
imental data. Figure 3b'exhibits the corresponding differential cross sections estimated
by using the expression of high-energy approximation for the scattering amplitude,

1®" +/(t?) = ik J™ dbb J0(qb) [l - e1®" + &C]} (3.2)
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Figure 2: Total reaction cross sections calculated with eikonals obtained with the SF-densities
for both 12C nuclei (solid curve) and when for one of them the (5-thickness density is applied.
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Figure 3: (a) Eikonal phases: solid curve is the microscopic prediction for the SF-densities
of colliding nuclei, dashed curve is our reproduction the phase for the fitted potential from
[17]. (b) The corresponding cross sections compared to the experimental data from [17].
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where q — 2&sin?9/2 is the momentum transfer, •d is the scattering angle and $c is the
standard Coulomb phase. It is seen that both phases, the microscopical one (solid curve),
and that calculated from the best-fit analysis (dashes), are in a good agreement with each
others in the periphery region of the interaction. They differ only at b < R, but this does
not affect significantly the form and value of the differential cross sections. We denote,
that here and below we do not take into account in our calculations the in-medium factor
and the finite size form of iVAMnteraction, i.e. fm = 1 and ao = 0. However, the inclusion
of these factors, accompanied by the input of the nuclear density distributions as a "point
like" nucleons, gives a slight effect in the results (for details, see Ref.[22]).

Below we describe the procedure of restoring potentials by fitting the phenomeno-
logical (model) phase Xm(b) = XsF(b) given by Eq.(2.13) to the microscopical phase
x{b) calculated by using Eq.(2.15) or Eq.(2.21). First, we emphasize the importance of
the surface part of the interaction in the process of fitting the two phases. We use the
dimensionless unified impact parameter ft — b/R which approaches unity or larger in
the peripheral region of collision, and also the joint parameter C = R/a, which char-
acterizes the shape of the symmetrized Fermi function rather than R and a parameters
separately. Next, it is more reasonable to carry out the comparison not between the
phases themselves but between their ratios to the model one Xm at 6 = 0. In this case
USF(0) = sinh C/(cosh C + 1 ) ~ 1 at R > a, and P(0,C) = 1 by definition. Thus, one
introduces the ratios

Xm(0) 2(k/E)W0Rcof$
C

+1 ~ 2kR(W0/E)

Xm(B) = *™W = coshC + 1 p(g c) ^ P(P,C)
{ ' Xm{0) coshC + cosh/?C {P' >~ 1 + (coshPC/coshC) [ j

It is seen that for /? = 0 always one has Xm(0) = 1, and for /? larger than unity, this phase
Xm(/3) ~ P(P, C) exp[-C(/3 -.1)], i.e., it falls down as an exponential function, and its
slope depends on the parameter C = R/a. Thus, when fitting'Xm(j3) to X(f3) one should
change, firstly, the parameter C. As to the function X{0), its absolute value (at fixed k
and E) depends mainly on the product W$R. Therefore, for all colliding couples of nuclei,
one can see the same patterns when mapping X-values as a function of the variable /?.

In this context, we recommend the following procedure of fitting phases X: a) One
should use a logarithmic scale for the vertical axis for displaying the phases; b) The need
to fix the parameter r0 of the radius R = rQ{AlJz + Al

t
/3); c) Varying the value of the

C-parameter such that to obtain the same slopes of both the phases X(fi) and Xm(0)\ d)
Finally, by choosing Wo, one gets coincidence between both the phases in the region of
/? > 1. This procedure can be repeated for another fixed value of r0.

Figure 4a shows such comparisons for the microscopical x(b) calculated for 12C+12C
scattering at E = 120-A MeV. Solid curves show the X(fi) function and dashed curves give
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10
. E, =120 A (MeV)

P=b/R

Figure 4: (a) Ratios X{0) of the "microscopical" phase and those for the SWS-potential to
the respective SWS-phases taken at /? =0 for three sets of SWS-parameters (the values done
in Fig.5). (b) The SWS-phases (dashed curves) fitted to the microscopical one (solid).

the other model Xm(P). As an example, only three cases of coincidences are exhibited,
and three sets of parameters of the WS potential correspond to these cases. In Fig.4b,
the phases x(b) and Xm{b) = Xsp{b) are done to exhibit the coincidence of their tails at
b > R. The respective potentials are presented in Fig.5, where one finds different values
for their depths in the interior region, while they coincide in the peripheral region. In
Fig.6 the potentials and their corresponding differential cross sections are represented and
compared with their relevant experimental data [17]. It can be noticed the satisfactory
good agreement between both the calculated and the experimental results. This means
that all these potentials are equivalent in describing the elastic scattering of these nuclei.
It is obvious that the respective total reaction cross section Eq.(3.1) which is calculated
on the basis of these potentials will have the same values due to the rapid attenuating
transparency function and S'-matrix at b < R.

As to the differential cross sections, their values can vary slightly from one another
because of choosing different real parts in their corresponding potentials. In principle, if
one knows the value of the ratio a^N of the real to imaginary part of JViV-zero angle
scattering amplitude, then the value of the real part of the WS- potential becomes Vo =
WoaHN. However, this part can be calculated, independently, using the double folding
method [26] where realistic NN-forces usually introduced (e.g., M3Y interaction) and
the in-medium density dependence can, also, be taken into account (see, e.g., [27]). This
method introduces another form for the real part of the optical potential in comparison
with its imaginary part evaluated from the proposed method used above. It is to be noted
that, in practice, in the best fit analysis of the experimental data, it is accustomed to test
different forms for the real and imaginary parts of the optical potential.
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Figure 5: Imaginary parts of the optical potentials, corresponding to the phases in Fig.4b,
which coincide with the microscopical phase in the surface region.

4 Concluding discussion

The suggested method, developed for solving the inverse problem in case of heavy-ion
collisions is rather simple in applications when using the symmetrized form of a Woods-
Saxon potential. In many published papers, solutions of the inverse problem were based
on the choice of a certain form for the S-matrix which will be fitted to the experimental
data and by its turn will be used for calculating the potential with the help of inverse
formula Eq.(1.2). Instead of this approach, we have used the microscopical eikonal phases,
which has no free parameters and calculated with the help of known nuclear distributions.
The method can be applied not only for calculating elastic differential and total reaction
cross sections, but also for further predictions of potentials for estimating cross sections
of more complicated processes such as the direct inelastic scattering and nucleon transfer
reactions where the distorted wave Born approximation method is needed in the optical
potentials both in the initial and final channels. Analysis of these processes can give
additional information in order to decrease the ambiguities in parameters of the phase
equivalent potentials which restored from the calculated phases.

The main conclusion in the paper is the emphasis that the nucleus-nucleus potentials
can be uniquely established only in the peripheral region of interaction. The internal
structure of the heavy ion potentials has many uncertainties originated from either solving
the incorrectly established problem, or because of the unclear physical research problem
of the existence of two nuclei at short distances. Thus, the problem of ambiguity of
heavy-ion potentials still exists. So different methods are generally used to overcome this
difficulty and complement each others nicely (e.g., the closure approximation model and
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Figure 6: (a) Imaginary potentials of the surface equivalent phases, and (b) the respective
elastic cross sections in comparison with the experimental data from [17].

the folding model with complex NN-foxces, both are introduced to calculate the real and
imaginary parts of optical potentials (see, e.g., refs.[28, 29] and references therein)). In
this connection, we hope that the contribution of our proposed method for solving the
inverse problem will give a fruitful addition towards more understanding the nature of
the nucleus-nucleus optical potential.
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Abstract

Using one free parameter potential, Schrodinger equation can be solved non-
relativistically and the spectrum of different heavy mesons is obtained. The flavor
dependence of our potential form is studied for different quarkonium systems. One
can see a satisfied agreement between our results and available experimental data.

"Keywords:" quarkonium , spectroscopy ,bound states

INTRODUCTION

The great complexity of hadronic phenomena is due to the fact that hadrons,
like atoms or nuclei, are composite structures built up from small number of
structureless objects called quarks. Virtually all of hadrons physics-spectroscopy,
weak and electromagnetic decays, collisions and hadrons production in

e+e~ annihilation- can be understood in terms of the quark modeP ' . Strong
evidence that has lent great credence of the quark model was the discovery of two
families of mesons that have an excitation spectrum which is quite similar to that of

the hydrogen atom. These are the y/ and y families^ . The quark model can
(4 5)

account for these spectra in quantitative details ' . All mesons consist of quark and
antiquark. Mesons can be classified into light and heavy mesons according to its
quark structures. Heavy mesons (which consist of the heavy quarks c, b or t) are the
simplest one to study its structure and the dynamics of its constitutions. These mesons
can be regarded as bound systems and can be studied non-relativistically to study its

structure and the nature of the force acting between its constituent quarks ~ .

THE USED MODEL

Although we are now sure that QCD is a correct theory for strong interactions,
the important problems of confinement and spontaneous violation of Chiral
symmetry, are still not solved. This is connected with the fact that the confirmation of
QCD up to now comes mostly from the study of processes at small distance where the
interaction is weak and the perturbative methods are valid. Since the processes at
large distances are much less clear, therefore potential models can be successfully
used to describe many properties of these heavy mesons states.
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In this work the spin-average state masses of cc , bb and tt mesons are calculated
using the following potential form;

a + r
(1)

This potential form contains one free parameter only; J3 ; beside the quark

masses. To calculate the energy states of these mesons we solve Schrodinger
equation using the above potential form.

The radial Schrodinger equation is defined as;

d2U{r)

dr2

where ju is the reduced mass.

U(r) = 0,

The bound state boundary conditions are given as;
U(0) = U(oo) = 0

Substituting in equation (2) with;

(2)

(3)

X = (4)

and using % =1 (the natural units) one gets;

dr1

Introducing the dimensionless variables;

1
t-

l + r/ro
and p(t) = tU(t),

the radial equation (5) becomes;

,.2'

dt

with the boundary condition;

(5)

(6)

(7)

(8)

Equation (7) is a true eigen-value equation which can be solved numerically using

Jacobi method to obtain the eigen values E.
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The different energy levels of this systems are seen experimentally as different
mesons with masses M, where M is related to the energy eigen value E by;

M = m\ + m2 + E (9)

where rrt\ and m2 are the quark and the antiquark masses of the mesons.

RESULTS AND DISCUSSIONS

In this work, the potential form contains one adjustable parameter (/?). In

addition to this parameter, the quark masses (mc,mbandmt) are considered as

adjustable parameters also. These parameters are varying until we get a good
agreement with the experimental state masses. The experimental data which are using
in this work are taken from reference (12).

Table (1) shows the values of the quark masses and the potential parameter

which are used in the present calculation. The value of the top quark mass (jnt) are

taken from reference(13). From this table one can see that, the parameter ( /?) is

smoothly dependent on the quark flavor ( j3 = 0.13 ± 0.03) to give a good description

for both cc and bb states.

The theoretical values of the state masses of cc meson are given in table (2).

From this table one can see a satisfied agreement between our calculations and the
available experimental values.

The spectra of the bb system contains more experimental energy levels than
the cc system. So, it can be considered as a good test for the considered potential

form. The theoretical state masses of bb system are given in table (3). From this table
one can see a satisfied agreement with the experimental data.

Since, the spectra of it -system is not measured experimentally up till now, The
theoretical predictions of these state masses by using the experimental value (13) of
the top quark mass, mt=174 Gev are given in table (4). From this table one can see
that the splitting between the first
2s states (m2S-mis) is about 300 Mev.

The behavior of the potential with the values of the binding energies for each
quarkonium system are shown in figures (1, 2 and 3).
From these figures one can see that, at small r the interaction looks very much like
Coulomb interaction, but at large r the interaction grows linearly, which agree with
the QCD requirements^.
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Table (1): The potential parameter values.

Parameter
mc

mb

mt

P

Value(Gev)

1.50

4.86

174.0

0.13 ±0.03

Table (2): The theoretical and experimental state masses of cc in (Mev).

State

mis

™2s
m3s

m4s

mlp

Theoretical

3069.0

3665.0

3960.5

4302.8

3527.4

3891.5

Experimental

3067.2 ±1.0

3662.5 ± 1.0

3523 ± 10

Table(3): The theoretical and experimental state masses of bb in (Mev).

Splitting

mis

™2S-™\S

™3s - m\s
mAs - mls

mlp

W2P ~ mip

Theoretical

9447.5

560

889.5 '

1103.2

9855.9

363.2

Experimental

9439 ±14

560 ± 3

889 ± 4

1114±5

9900

360

Table (4): The theoretical and experimental state masses of tt in (Mev).

Splitting

m2s"mls

WSs-Wls

m4s-mls

m2p-m\p

Thebretical

299.2

508.8

672.8

235.5
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Abstract
In the framework of the analytic approach to QCD, the QCD running coupling constant, at

the two loop order, is given in an integral representation form.
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1. INTRODUCTION

In Quantum ChromoDynalmics (QCD), the momentum dependence of the running
coupling is of great importance from both the theoretical and phenomenological points of
view. At small distances, perturbative approximation of the coupling is an adequate tool since
the theory is asymptotically free. In the infrared (IR) region, perturbative methods are not
applicable. Moreover, the coupling has wrong analytical properties like the unphysical
Landau ghost.
The so called "analytization procedure" consists to remove all unphysical singularities from
the coupling [1-2]. The basic idea of this procedure goes back to Refs: [3-4] devoted to the
ghost pole problem in QED. The foundation of this approach is the Kallen-Lehmann
analyticity (that is causality) [1-4].
As a result, instead of the usual one loop expression (q2 being the Euclidean momentum
squared):

where

>? 0 =ll - |n / (2)

one obtains the expression:
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a
0)

Ln(- -1
A lana A lana

(3)

Eq. (3) is an analytic function in the q2 complex plane with a cut along the negative real
semiaxis, i.e. the coupling has not unphysical singularities. The landau ghost of the
perturbative running (1) is canceled by the nonperturbative contribution and the value aana

 (I)

(0) = 47r/p0 is finite and independent of Atana. The most important feature of the analytization
procedure is the stability of the analytical running coupling at zero with respect to higher loop
corrections: ctana

 (1) (0) = a^a® (0) = aana
(3) (0). This property provides the stability of aana

(q2) in the whole IR region.
At the two loop level, approximate analytical coupling have been obtained by using the
analytization procedure to the iterative [2, 5-6] and to the perturbative [5-6] solutions of the
two loop renormalization group equation. In Ref.[7], the exact two loop analytical coupling
has been obtained with the help of the Lambert W function. In this work, an alternative
derivation of the exact two loop analytical QCD coupling is given.

2. THE ANALYTIC COUPLING AT THE TWO LOOP LEVEL

Let us consider the two loop P function:

dq- O * . (4)

where

38
102 — 11 (5)

The coefficients Po, Pi ^ e positive definite for nf runnmg from 0 to 6 and are Renormalization
Scheme (RS) independent.
Defining the quantity:

An

the two loop differential equation for the running coupling can be written as follows:

(6)

7 O "> T 1

q — - a = -a -bxa (7)

with
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Integrating Eq. (7), one obtains:

2

A
i l + ( 9 )2 ( 2 ) ^ V(2)

The QCD scale A is related to the conventional A ̂  through the relation:

A = A _ _ V V 2 (10)

According to the definition [1-2], the analytical running coupling is obtained by the integral
representation:

aana{q2)--)^p(cr) (11)

where the spectral density is defined by:

p(o)=Ima(-cr-iO) (12)

Replacing q2 by (-cr-iO) and putting cr = A2 Exp(t), the transcendental equation (9) becomes:

t-in = — £ , L n l + (13)

with a = a(- a - z'O). The analytical running coupling (11) can be written as follows:

where the spectral density: pier) - p(t) = Im a .
In Ref. [7], the exact solutions of Eqs. (9, 13) have been expressed in term of the Lambert W
function and the analytical running coupling is written as an integral representation containing
an imaginary part of a particular branch of the above mentioned special function.

In this work, we adopt a different method. Since aana[c(2) is defined through an integral
representation, it is not necessary, as we shall show it, to know the explicit solution of
equations (9, 13). The spectral representation of the analytic coupling means that the spectral
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density is positive definite: p{p) = p(t) > 0 . Furthermore, for the full range rij- = 0,6, the

coefficient Z?j, defined by (2, 5 and 8), being RS independent and positive, we have the
following RS independent property:

Imfl + — <0 (15)

Using (15) and going to polar coordinates in the complex II a plane, we can write:

1 + — = re~ie with#e[0,7r] (16)
bxa

Injecting the relation (16) in Eq.(13), we obtain the following exact relations:

sin
(18)

Collecting together the relations (16-18), changing the variable of integration from t to 9, the
analytic coupling (14) can be written, after some manipulations, as follows:

dO
(19)

A2

with t{0) being defined by (18).
Finally, we have obtained a compact expression for the exact two loop analytic coupling
without the need to know the explicit solution of the transcendental equations (9, 13). On a
practical ground, the expression (19) is more numerically tractable than the one obtained in
Ref [7]. In addition, the universality property of the analytic coupling at zero
momentum: aana (0) = 1 is trivial with the expression (19) obtained in this work.

Using expressions (3) and (18-19) for the analytic coupling, the experimental value [8]:

as\mT
2J= 0.35 ±0.03 allows us to determinate the QCD scale A at the one loop and two

loop levels (Table 1).
Furthermore, a distinctive feature of the analytic charge is its IR finiteness. This property,
sometimes' called the coupling "freezing", is often used for phenomenological purposes [9].
Experimental evidence for the regular IR behavior of the QCD coupling was extracted from
jets physics using the integral characteristics :
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(20)

It has been found [10] that: A(2GeV) = 0.52 + 0.10. Using the expressions (18-19), the IR
integral characteristics (20) can be written, at the two loop level, in the following tractable
form:

A^ = ~T7i)de E x p ^ ! 2 1 arctg

A>0 Q o
A

(21)

Table 1. The analytic one and two loop level values of the scaling parameter (in MeV) for

( 2

as(mT
2

A

0.32

234.5

565.6

0.35

296.7

717.2

0.38

366.0

890.2

Table 2. The quantity A(2GeV)evaluated at the one and two loop levels for normalization at
the t-lepton mass.

as(mr
2

Auoop^GeV)

A2loop(2GeV)

0.32

0.4698

0.4545

0.35

0.5097

0.4906

0.38

0.5475

0.5249

It is also interesting, for theoretical and phenomenological purposes, to study the

nonperturbative contributions of aana [c[2 J at large q2 and to compare with previous work [5].

The exact two loop analytic coupling (18-19) can be decomposed in perturbative (ap) and

nonperturbative (a n p ) parts, as follows:

= ap\q
2)+anp(q

z) (22)

Knowing the expression of the analytical coupling, the form of the nonperturbative
contributions is obviously related to the definition of the perturbative coupling, so one must
take care in the definition of ap.

We recall' that the basic feature of the analytization procedure is to remove unphysical
singularities from the QCD coupling by the help of nonperturbative contributions. The exact
two loop analytical coupling (18-19) is the exact solution of the integrated two loop RG
equation (9), "analytized" by the spectral representation (11). Therefore, ap must be taken as

the exact solution of the two loop perturbative RG equation (9). Indeed, the transcendental
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equation (9), defining ap, exhibits the Landau ghost-pole at x = q / A =1 while the usual

approximate solutions (ctapp or an ) of Eq.(9) have other singularities [5]:

= Ln(x)-b]Ln(b1)

(23.b)

(23 .c)

Furthermore, even for large q2, there is a numerical non negligible difference between ap and

the usual approximate solutions (23).
For large q2, the nonperturbative part can be expanded in powers of\lx:

(24)
n=\

For n r = 3 , one can obtain:

0.4056 0.3012 0.2502 0.2185
2 p

•*- X X X

The expansion coefficients obtained in this way are smaller than the ones obtained in Ref. [5]
where the approximate solutions (23) were used as input. In addition, as noted in [5], the
decrease of the cn parameters, when we go from the one loop level (where cn = -1) to the

two loop case, can point to the tendency of a high loop minimization of the nonperturbative
contributions in the ultraviolet region.

3. CONCLUSION

In this work, we have derived a compact expression for the exact two loop analytical QCD
coupling, calculated the IR integral characteristics and obtained the explicit expression of the
nonperturbative contributions in the ultraviolet region.
In our approach, we do not need to know explicitly the exact solution of the integrated two
loop RG equation, unlike Ref.[7].
The next step is to apply this method to the three loop case.
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Abstract
In this work, we study the different models of the regularized QCD coupling constant, at

leading order, by means of nonperturbative contributions. We investigate the theoretical and
phenomenological implications of these models on the Coulombian quark antiquark potential
in position space.
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1. INTRODUCTION

The static potential of quantum chromodynamics (QCD) is subject to theoretical
investigations since more than twenty years [1-7]. This interaction energy of an infinitely
heavy quark antiquark pair is a major ingredient in the description of quarkonia [8-10] and it
is also of importance in many other areas, such as quark mass definition and quark production
at threshold [11].
The static potential consists of two terms: a Coulomb-like term and a confinement term. The
Coulomb-like part ("Coulombian" . or "Coulombic" potential) represents the gluon exchange
term and is calculable, at short distances, with perturbative QCD.
A first calculation of the static "Coulombian" potential has been performed in [1]. This work
was extended by other groups to complete Next to Leading Order (NLO) [2-4]. At present
time, the "Coulombic" quark antiquark potential has been calculated at the Next to Next to
Leading Order (NNLO) [5-7].
The Coulomb-like quark antiquark potential is, first, calculated in momentum space for large
momentum transfer using perturbative QCD. To obtain the "Coulombian" potential in
position space, one has to calculate the three-dimensional Fourier Transform (FT) of the
momentum space potential. This FT is usually made by adopting a strictly perturbative
approach [6]. The position space potential, obtained in this way, is valid only at small
distances where r A « l , A being the QCD scale parameter. Indeed, the QCD perturbative
coupling has unphysical singularities rending the quark antiquark potential meaningless
outside the perturbative region [6].
In this work, restricting our self to Leading Order (LO), neglecting quark thresholds, we
propose (section 2.) different models of a momentum space regularized QCD coupling; i.e. a
coupling with no unphysical singularities in the whole q2 complex plane. Therefore, the FT
of the momentum space "Coulombic" potential can be performed without the need of any
strictly perturbative approach. The obtained position space "Coulombian" potentials are thus
available at all distances (Section 3.). The theoretical and phenomenological implications of
our models are discussed in Section 3. Section 4. contains our concluding remarks.
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2.THE MOMENTUM SPACE REGULARIZED COULOMBIAN POTENTIAL

Defining, throughout this paper, the quantity: a = (fiQl47t)ccs with j30 = 11 - (2/3)« / , the

momentum space static Coulombic potential can be expressed as follows [5-8]:

At LO, the expression of the coupling av(q2) is :

where A is the QCD scale parameter at LO. Obviously, the potential (1) with the perturbative
expression (2) of the coupling is valid only in the perturbative region due to the presence of
the so-called Landau pole at x = q 2 / A 2 = l . We propose four different models of the LO
regularized QCD coupling, valid in all momentum space (x = q2 / A2):

T (Model 1.) (3)

- (M o d e 1 2-) w

=az ( q 2 ) = — r — \ ' w i t h c = m 2 / A 2 > l ( M o d e l

Ln(c + x)

for x > c

with c = m2/A2 > 1 (Model 4.) (6)

for x < c
Ln(c)

In the model L, the coupling is the LO analytic coupling given in the framework of the
analytic approach to QCD [12-14]. The coupling in model 2. is the Richardson coupling [15]
without the pole at x = 0 which means that the linear part, at large distances, has been
subtracted, since we are dealing, throughout this work, with the Coulomb-like part of the total
interquark potential. The form of the coupling given in Eq. (5) is based, theoretically, on the
background field formalism for QCD [16-17]. The last model is a toy model since putting the
QCD coupling, as a constant in the InfraRed (IR) region is the simplest regularization. In
addition to the theoretical foundation of the first and third models [12-14, 16-17], all the
regularized couplings (3-6) are IR finite and this IR finiteness, sometimes called the coupling
"freezing", is often useful for phenomenological purposes [18]. Indeed, experimental
evidence for the regular IR behavior of the QCD coupling was ingeniously extracted from jets
physics using the integral characteristics:
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(7)

It has been found [19] that: A(2GeV) = 0.52 ±0.10.
The parameters of our models are constrained to reproduce the experimental value of the IR
integral characteristics together with the small and large momentum experimental values of

the QCD coupling [20]: as{m2) = 0.35 ±0.03 and as(mz
2) = 0.1181 ±0.0002. Due to the

smallness of its uncertainty, we take ccs\mz
2) = 0.1181 as input value, throughout this paper.

The number of active flavors ( nf) is not fitted, we take nf = 3, as it is often done in potential

models [8]. The fitted parameters for all the models are displayed in Table 1.
The couplings given by the different models are displayed in Figures 1-3, where the coupling

at LO is given by the expression (2) normalized at as[mz
2) = 0.1181, keeping nf = 3 . In all

figures, the model 3. is represented with the parameter values corresponding to

A(2GeV) = 0.52. We note that for Q = |q| > 10 GeV, the accuracy of our models is less than

0.4% comparatively to the LO formula (2).

Model 1.

Model 2.

Model 3.

Model 4.

Tablel. Parameters values
h{MeV)

247.10992

247.11082

246.99554
246.98748
246.98542

246.98314

ccs(m
2
T)

0.32634

0.32516

0.33393
0.34602
0.34958

0.35378

A(2GeV)

0.4785

0.4421

0.4200
0.5200
0.6194
0.4200
0.5200
0.6200

of the different models.
m(MeV)

913.87
540.76
392.06
1173.58
694.93
488.06

c

13.6897
4.79366
2.51985
22.5783
7.9167
3.9049

a(0)

1

0.5

0.3822
0.6380
1.0820
0.3208
0.4833
0.7341

as(0)

1.396

0.6981

0.5336
0.8909
1.5108
0.4479
0.6749
1.0250
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Figure 3. Comparison of the momentum space couplings for the range 10 - 100 GeV.

3. THE POSITION SPACE COULOMBIAN POTENTIAL

The position space potential is obtained through a three-dimensional FT:

(8)

where a(l/r) is the position space coupling, given for each model by:

a,,(l/r) = - J-£sin(qr)an(q
2) ;q =

K 9
(9)

with a,,(q2) given by Eqs. (3-6). Since the momentum space couplings (3-6) have not
unphysical singularities, the FT (8-9) can be performed without any additional assumption
and without the need of a perturbative approach. The obtained position space couplings are
thus defined at all distances. We have to compare, at small distances, these quantities to the

usual LO position space coupling aw(l/r) which is given by [6, 8]:

Ln(l/rAejr)
; y = 0.577... (10)

where A is the LO QCD scale given by the normalization of the momentum space coupling

(2) at as [m7
2 j = 0.1181, keeping nf = 3 .
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Model 2.
Model 3.
Model 4.

0,030
0,0000

CO
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0,01 0,02 0,03 0,04 0,05 0,06

r (fermi)

0,07 0,08 0,09 0,10

Figure 4. The position space coupling a(l/r) as a function of r (fermi), compared to the LO
expression (10). The models 3. and 4. are represented with the parameters corresponding to
A(2GcV) = 0.52 (see Table 1.).

Table 2. The relative error between the different models, taking the model 2. as reference.
r (fermi)

io-u

io-'°
io-9

10"8

lO"7

10"6

io-5

io-4

l O " 3

erLO(%)
0.16

0.19

0.25

0.32

0.44

0.65

1.05

1.94

4.03

erl(%)

10"6

10~6

10"6

10~6

10~6

4 10"4

4 10"3

3 10~2

0.2

er3(%)

2 10~3.

2 10""3

2 10"3

3 10~3

3 10~3

3 10"3

4 10~3

7 10~2

0.5

er4(%)

io-5

io-5

lO'5

10"6

io-4

io-3

io-2

7 1O~2

0.5

At very small distances (r < 0.001 fermi), as seen in the Figure 4., the obtained position space
couplings are practically the same and differ from the usual LO one given by the expression
(10). To be more illustrative, we have calculated the relative error between the different
couplings, - keeping the coupling given by the model 2. as a reference (Table 2.). This choice
of reference is dictated by the fact that the Richardson potential has been successfully used for
quarkonia spectroscopy [15]. However we note that using an other coupling as reference does
not change the order of magnitude of our results.
The results displayed in Table 2. indicate that, at very short radii, the position space couplings
obtained in this work are model independent. This model independence means that these

-153-



couplings are more reliable than the usual LO expression (10). Indeed, this latest quantity is
calculated through a FT using a strict perturbative approach and this approximation leads to
theoretical uncertainties in the position space potential and in the determination of heavy
quark pole masses [21].
At intermediate distances, as seen in Figure 5., the couplings depend strongly on the particular
regularization chosen.

0,68-

0 ,64-

0 ,60 -

CO

Model 1.
Model 2.
Model 3.

— - -Model 4.

i—•—i—'—i—•—i—'—i—'—i—>—i—'—i—•—i—•—r
0 , 1 0 , 2 0 , 3 0 , 4 0 , 5 0 , 6 0 , 7 0 , 8 0 , 9 1 , 0 1 , 1 1 , 2 1 , 3 1 , 4 1 , 5 1 , 6 1 , 7 1 , 8

r(fermi)

Figure 5. The position space coupling a{\.lr) as a function of r(fermi). The models 3. and 4.
are represented with the parameters corresponding to A(2GeV) = 0.52 (see Table 1.).

0,9-1

0,8-

0 ,7-

0,6-

0,5 -

Model 1.
Model 2.
Model 3.
Model 4.

0,4'
10 12

r(fermi)

14 16 18 20

Figure 6. The position space coupling a(l/r) as a function of r(fermi). The models 3. and 4.
are represented with the parameters corresponding to A(2GeV) = 0.52 (see Table 1.).
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For the interquark distances greater than about 2 fermi, the couplings (Figure 6.) reach their
saturation values a(6) defined in Table 1. and the position space Coulombic potential has the
following behavior:

^ (11)

4. CONCLUSION

In this work, we have proposed different nonperturbative regularization of the momentum
space LO QCD coupling. The Fourier transformed position space Coulombian quark
antiquark potential has been obtained without any additional assumption.
The parameters of these models are not determinate by quarkonia spectroscopy, they are
rather constrained by large momentum experimental values of the QCD charge and by the IR
integral characteristics defined by the relation (7).
We want to stress that the regularization procedure is not a pure mathematical artifact.
Indeed, the IR finiteness of the QCD coupling is supported both theoretically [12-14, 16-17]
and phenomenologically [18-19].
We can summarize our results as follows:

(i) - At small distances, where perturbative QCD is an useful tool, the position space
Coulombian quark antiquark potential : is, in fact, independent of the nonperturbative
regularization chosen and has no theoretical uncertainties as it is the case in the framework of
perturbative QCD [21].

(ii) - At large distances, the different potentials depend on the a(p) value and behave

like: -{CFIr) as(o).
(iii) - In the intermediate region (0.1 < r < 1 fermi), the position space couplings are

obviously model dependant. This can leads to a nonperturbative choice of the regularization
model, since the above mentioned region is essential for quarkonia spectroscopy [8].
Further investigations are clearly needed to generalize this approach to NLO and NNLO
calculations.
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Abstract
We investigate the binding and dissociation properties of heavy quarkonium in a thermal

environment using different models of the screened quark antiquark confining potential.

Keywords: quark gluonplasma, color screening. \

1. INTRODUCTION

It is widely believed that a phase transition would take place from hadronic matter to
deconfined quark gluon matter at sufficiently high energy. The relativistic heavy-ion
collisions are the most useful way to produce a such hot and dense matter. It was theoretically
[1] proposed that the formation of deconfined quark gluon medium in high energy nucleus
collisions would lead, due to color screening, to the J/^F suppression, which has been
confirmed by the NA38 collaboration [2]. At present, the suppression of the J / T yield
production is regarded as one of the Quark Gluon Plasma (QGP) signals. It is therefore
interesting to study the binding and the dissociation of quarkonia in a thermal environment.
The study of the binding and dissociation of heavy quark antiquark bound states has been
performed in the framework of the Non Relativistic (NR) potential model approach [3 - 5].
In this work, in the framework of the NR potential model approach, we take the Cornell [6]
potential to be the zero temperature potential as it is done in [3,5]. However, we do not use
the parameters given in [3], we rather fit them from actual quarkonia experimental masses [7].
Obtaining best agreement with experiment than in previous works [3-5], we propose different
models of the screened quark antiquark confining potential and study their implications on the
binding and dissociation properties of heavy quarkonium in a thermal environment.

2. DISSOCIATION OF HEAVY QUARKONIUM

We take, at zero temperature, the Cornell potential defined by [6]:

V(r,6) = V(r)=--+ err (1)
r

The parameters a and a are determinate by minimizing the quantity :
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t)OCt

where j runs over the five following states: Y(lS), Y(2S), Y(3S\ J/T and W; Oj represents the

experimental mass error given by the PDG data table [7]. The result of fit gives the following
in GeV units :

ex = 0.1690802;a = 0.5160314; mb =4.800232; mc =1.379665 (3)

The obtained spectra and the corresponding x* compared to previous calculations are
displayed in Tables 1-2.

Table 1. The obtained spectra with the Cornell potential (1) together with the parameters
shown in Eq. (3) compared to experiment and to previous calculations. All masses are in MeV

units.
State
J 7 ¥

4" (2S)
Y(1S)
Y'(2S)
Y"(3S)

Experiment
3096.87 ±0.04
3685.96 + 0.09
9460.30 ±0.26
10023.26 ±0.31

10355.2 + 0.5

Ref. [3]
3069.7
3697.8
9445.0
10004.0
10354.7

Ref. [4]
3070.0
3686.3
9431.0
10008.3
10356.4

. Ref. [5]
3069.7

.. 3697.8
9445.0
10004.0

, 10354.7

This work
3096.87
3685.94
9460.31
10022.94
10355.97

Table 2. The x1 values for the different models.

x2
Ref. [3]
97202.3

Ref. [4]
93259.3

Ref. [5]
97202.3

This work
0.6923

In hot and dense matter, as at zero temperature, the static interquark potential consists on two
terms: a Coulomb-like part and a confinement one. In the thermal environment, the gluon
acquires a Debye screening mass and this color screening property modifies the Coulomb-like
potential {-air) into a color Yukawa interaction [3-5]:

(4)

where ju is the temperature dependent screening mass. Concerning the confining part, the
situation is quite different, since its form is not theoretically established. The authors of Refs.
[3, 5] take a linear screened form while in Ref. [4], an error function form was used.
Following these previous constructions, we consider the two different models of the confining
screened potential:

VConf{r,M)=-{l-Exp{-Mr)) Modell

VConf{r,M)=-Erf{4^Mr!2 ) ModelII

(5)

(6)

The total quark antiquark potential is the sum of the Coulombian screened potential (4) and
the thermal confining potential (5) for Model I. or (6) for Model II.
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The significant quantity, for quarkonia, in hot and dense matter is the dissociation energy,

which can be defined, for a bound state with quantum numbers nland mass M ( )

follows:

(7)

This latest quantity is positive for bound states and negative for continuum. Thus the critical
Debye mass /uc is defined such that:

(8)

The different results are presented in Tables 3-4 and in Figures 1-4.

Table 3. The critical Debye masses juc in MeV.

State
JM

Y(1S)
Y'(2S)
Y"(3S)

Ref. [31
700
360
1560
660

Ref. [4]
600
260
1500
560

Ref. [5]
689
354
1525
660

Model I
678.5
336.9
1612.7
633.5
414.7

Model II
552.8
238.8
1509.7
482.3
294.3

Table 4. The critical bound states massesMnl{juc) in MeV.

State
JW

*F(2S)
Y(1S)
Y1 (2S)
Y"(3S)

Ref. [3]
2914.5
3172.5
9610.8
9783.8

Ref. [4]
2877.9
3296.4
9537.9
9752.8

Ref. [5]
2918
3188
9617
9782

Model I
3008.5
3261.2
9705.3
9867.4
10008.2

Model II
3065.2
3467.4
9712.5
9951.0
10175.0

The Tables 3-4 point out the strong model dependence of the critical Debye screening mass
and the critical bound state masses. However, some remarks are in order.
The confining screening potential used in Refs. [3, 5] is the same as the Model I of the
present work. The author of Ref. [5] uses the Cornell model with the set of parameters given
by Karsch et al. [3] and includes spin dependant effects. On one hand, as seen in Tables 3-4,
the inclusion of spin dependant effects does not change the order of magnitude of the results.
On the other hand, seen the better agreement with experiment of our set of parameters (3)
than the previous calculations [3, 5] (see Tables 1-2), we can argue that the critical properties
calculated with the Model I are more reliable than those obtained in [3,5].
The authors of Ref. [4] take an error function form for the confining potential with a non null
screening mass, even at zero temperature. In this situation, it is not clear how to interpret their
results.
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3. CONCLUSION

In this work, we have used, at zero temperature, the Cornell model [6] as input potential
with parameters adjusted to actual quarkonia masses data [7]. Better agreement with
experiment has been obtained comparatively to previous works [3-5] as displayed in Tables 1-
2 (see the order of magnitude of the difference).
We have investigated the binding and dissociation properties of heavy quarkonium in a
thermal environment with two completely different models of the screened quark antiquark
confining potential.
Seen:
- the agreement with experiment, at zero temperature, of our input Cornell potential with

the set of parameters shown in Eq. (3),
- the use of the same zero temperature potential for two different models of the confining

potential in a thermal environment,
we can conclude, as displayed in Tables 3-4, that the critical properties of heavy quark
antiquark bound states in hot and dense matter depend strongly on the form of the confining
screening potential.
In this situation, results from the future experiments at RICH or LHC will be helpful to give
us tests and insights into the form of the confining quark antiquark potential in a
thermodynamic environment.
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Abstract
We present a calculation of the masses of the low lying levels of the bottom charmed

meson system, in the framework of the non relativistic potential model approach. We carry
out a comparison with previous calculations.

Keywords: potential model, quarkonia, and spectroscopy.

1. INTRODUCTION

The copious production of b quarks in Z° decays at the Large Electron-Positron (LEP)
collider and in 1.8 TeV proton-antiproton collisions at the Fermilab Tevatron opens for study
the rich spectroscopy of mesons and baryons containing^? and c quarks. A particularly

interesting case is the spectrum of cb states.
The spectrum and properties of the above mentioned states have been calculated various times
in the past in the framework of the potential model approach [1-6]. The recent experimental
observation [7-11] of the :B^ meson has inspired new theoretical interest in the problem. The

cb spectrum has been considered again either from the potential approach [12-16] and from
the lattice simulation point of view [17-18].
In this work, in the framework of the Non Relativistic (NR) potential model approach, we
consider five completely different functional forms of the potential that give reasonable
accounts for bb and cc spectra [19-23]. The parameters of these different models [19-23] are
fitted to actual quarkonium masses [24]. We calculate the masses of the low-lying levels of
the bottom charmed meson system that lie below the threshold for strong decay.

2. POTENTIAL MODELS

We consider five functional forms of the potential [19-23]:

V(r)=ar---U0 (Cornell potential [19]). (1)
r

V{r) = arb -Uo (Martinpotential[20]). (2)

V(r) = gLn(r)-U0 (Logarithmic potential [21]). (3)
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(Ref. [22]). (4.a)

with:

1 "I 1£*7- S'i APS)
(4.b)

UA for R>R0

23rLn[l/rAe>') * ' (Ref.[23]). (5)

a r Uo for R < Ro

12 r

where / = 0.577... , the parameters a and £/< are defined by the continuity of the potential and

its first derivative at Ro, while the scale A is the QCD scale parameter at Leading Order and it

constrained to reproduce the experimental coupling at the Z° mass, with nf = 5 [23].

Some comments are in order about the choice of the above mentioned models. The first one is
the usual and useful Cornell model, the second and the third ones [20-21] are purely
phenomenological models. The fourth model [22] is a QCD inspired model since it
incorporates the Next to Leading Order Coulomb-like term (with four active flavors) at short
distances. Finally, the last one incorporates the Leading Order Coulomb-like term (with five
active flavors) at short distances and a modification of the confining part at short distances.
The parameters of these models are determinate by minimizing the quantity:

2 1 v-5 - A °, J
where j runs over the bb and cc vector meson states that lie below the threshold of strong
decay: Y(ljS), Y(2S), Y(3S), JP¥ and T ' ; <jjrepresents the experimental mass error given by

the PDG data table [24]. In this work, the overall additive constant Uo is not a free parameter.
It is rather fixed by imposing that our set of parameters reproduces the value of the ground
state energy for the p meson with the constituent masses of u and d quarks

mu = md =336 MeV deduced from the well established value of the magnetic moment of the
proton (see Ref. [23]). The result of fit gives the parameter values displayed in Table 1.
Hereafter, the models defined by Eqs. (1-5) together with the corresponding parameters
shown in table 1. will be, respectively, denoted: Model I, Model II, Model III, Model IV and
Model V. '
To be more illustrative about the necessity to adjust the different parameters, see Table 2.,
where the x2 values calculated with the earlier values [20-23] are compared to the present
ones.
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Table 1. Parameters (in GeV units) obtained by fit for the different models with the
corresponding %2. For the model defined by Eq. (5), A is fixed by the experimental value

[24]: ocs[mz
2j= 0.1181. Taking the Leading Order formula for the coupling with five active

flavors gives A = 0.0883457 GeV .
Model

Parameter
values

z2

Form (1) [19]
mb
me

a =

a =

= 5.198784
= 1.816374

= 0.852737

0.19056

0.468458

75.9

Form (2) [20]
mb

me

u.
a =

b =

= 5.170199

= 1.806946

= 9.105147

7.933887

0.0856565

20.3

Form (3) [21]
mb

me

Uo

= 5.176126

= 1.807614

= 1.179800

0.7314325

811.7

Form (4) [22]
mb

me

u0
A =

c =
(7 =

= 5.183906

= 1.813715

= 0.613050

0.3114212

25.300

0.154602

0.07

Form (5) [23]
w6 = 5.188656

we = 1.817406

Uo =0.939971

Ro =2.5802

cr = 0.198616

0.09

Table 2. The %2 values with the present fit compared to the earlier works [20-22].
Model Model II

20.3
Ref. [20]

8798
Model III

811.7
Ref. [21]
133036

Model IV
0.07

Ref. [22]
2402

Our different forms (1-5) of potential are constrained to reproduce the vector meson states.
For pseudo-scalar mesons like the B*c state, it is necessary to consider only the spin-spin part
of the spin dependent potential, and to deal with it as a perturbation improvement [1, 5,14].
Considering a spin-spin term as contact interaction, the rcS-state hyperfine splitting is given
perturbatively by [1, 5, 14]:

a?
(7)

where m,,m2 are the masses of the constituent quarks and WnS(o) the wave function at the
origin, of the considered nS state. In the present work, once the parameters have been fixed by
minimizing the quantity (6), the hyperfine splitting is treated as a perturbation improvement
and the parameter as is constrained to reproduce the JVNP -TJC splitting (see Table 3.).

Table 3. The value of the parameter as constrained to reproduce the JVT -rjc splitting.
Model

ccs

Model I
0.34148

Model II
0.448052

Model III
0.410232

Model IV
0.404601

Model V
0.399936

The vectqr meson masses (n3,?, states) of heavy quarkonia are calculated with the potentials
(1-5) with the parameters defined in Table 1., the pseudo-scalar ones are calculated with the
help of Eq. (7). The different results for bb , ccand cb spectra are displayed, respectively, in
tables 4-6.
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State

1%

1%

2%

2%

3%

3%

Experiment [24]

9460.30±0.26

10023.26 ±0.31

10355.2±0.5

Table 4. Upsilon energies (MeV).
Model I
9331.24

9460.28

9962.77

10020.11

10319.2

10363.46

Model II
9395.59

9460.46

9989.12

10024.78

. 10325.5

10350.86

Model III
9380.24

9449.43

10001.5

1.0036.84

10336.2

10360.27

Model IV
9377.5

9460.32

9982.12

10023.20

10324.1

10355.46

Model V
9376.06

9460.30

9982.96

10023.21

10322.5

10355.5

Table 5. Charmonium energies (MeV).
State

1%

1%

2%

2%

Experiment [24]
2979.8 ±1.8

3096.87+0.04

3685.96 ±0.09

Model I
2979.83

3096.90

3606.86

3685.81

Model II
2979.79

3096.86

3621.71

3686.07

Model III
2980.09

3097.16

3624.84

3684.58

Model IV
2979.81

3096.88

3614.66

3685.97

Model V
2979.81

3096.88

3611.5

3685.97

State

i%
2%

2%

Experiment [7-11]
6400 ±390 ±130

Table 6. Bc

Model I
6252.34

6339.24

6847.46

6899.19

system energies (MeV).
Model II
6250.41

6322.46

6862.62

6902.24

Model III
6247.93

6321.72

6871.48

6909.14

Model IV
6250.62

6328.08

6855.0

6898.45

Model V
6251.04

6329.05

6851.4

6895.08

3. CONCLUSION

In this work, the calculation of the Bc system masses of states that lie below the threshold of

strong decay has been performed in the framework of the NR potential model approach. The
functional forms of the potentials used, in the present paper, are quite different: the Cornell
model [19], two purely phenomenological ones [20-21] (power law and the logarithmic form)
and two QCD inspired forms [22-23]. Despite the different order of magnitude of the
respective x1 value defined for each model (see Table 1.), the results displayed in Table 6.
point towards a model independence of the obtained masses. Averaging the different
predictions, we get the final result for the cb spectrum:

MQ. %

M(I3S,

Af(2 \

6250.5

6328.1

6857.6

6900.8

5
5 MeV

' MeV

MeV

j MeV
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Alexander the Great's dream of unifying the world sparked
the idea of constructing a great library which would gather the
cultures and civilisations of the whole world.

The location of this great library was Alexandria, Egypt, at
the crossroads of the three continents of Asia, Africa and
Europe.

In this historical moment, the Bibliotheca Alexandrina was
built on a site near the famous Lighthouse of Alexandria, one
of the seven wonders of the ancient world.

The Egyptian government and UNESCO are keen on reviving
the role that the Ancient Library of Alexandria played in
advancing knowledge, scholarship and the cultural
development of Egypt and the Mediterranean area.

To this end a new library is being built in Alexandria.
Construction began in 1995 and the inauguration of the
Bibliotheca Alexandrina is due to take place in 1999.

Apart from the main Library,
the complex will include a
Library for the Blind, a
Young People's Library, the
Alexandria Conference
Centre, a Science Museum, a
Planetarium, the International
School of Information Studies
(ISIS), a Calligraphy
Museum, a Restoration and
Conservation Laboratory and
the Hall of Fame.

Objectives:!) The Revival of the Ancient Library of
Alexandria Project aims at building a universal modern public
research library to be a centre of culture, science and
academic research.
2) The Library is to provide both the national and
international communities of scholars and researchers with
unique collections and facilities focusing on Alexandrian,
Egyptian, ancient and medieval civilisations as well as on
contemporary disciplines. The Library shall also have
valuable collections of science and technology resource
materials to help the socio-economic and cultural
development studies on Egypt and the region.



The institution of libraries and archives was known to many ancient
civilisations in Egypt, Mesopotamia, Syria, Asia Minor and Greece;
but all and sundry were of a local and regional nature, primarily
concerned with the conservation of their own respective national >
tradition and heritage.

The idea of a universal library, like that of Alexandria, had to wait for
historic changes that would help to develop a new mental outlook
which could envisage and encompass the whole world.

We owe it primarily to the inquisitive Greek mind, which was
impressed by the achievements of its neighbours and which led many
Greek intellectuals to explore the resources of Oriental knowledge.

This mental attitude among the Greeks,
and the emergence of the concept of a
universal culture, was given full
expression in due course when Alexander
embarked on his global expedition.

We are familiar with a Greek literary
tradition that preserved a vague memory
of eminent Greeks - both legendary and
historical - who made the journey to
Egypt in the quest of learning (Diod. I.
98. 1-4). In many cases, the accounts are
either fictitious or exaggerated, but during
the century prior to Alexander's
campaign, there is concrete evidence of
Greek individuals visiting Egypt in
particular, to acquire knowledge; this is
reflected in the surviving writings of, for
example, Herodotus, Plato (esp. Phaedo ^ ^ 0 ^ ^ ^ ^
and Timaeus), Theophrastus (Athen.2. 42b) and Eudoxus of Cnidus (D.
L. 8. 86-90).

It may be relevant, at this point to cite the example; of Eudoxus, whose
subsequent influence seems to have had bearings on the beginnings of
the Library in Alexandria. .

Diogenes Laertius, in introducing this outstanding astronomer and
mathematician, enumerates among his sources, the Pinakes of
Callimachus and also a work of Eratosthenes addressed to Baton, both
writers known to be extremely well informed on Greek science and
scientists, especially when related to Egypt.



Eudoxus, we are told, came to Egypt (c. 350 BC.) with letters of
introduction from Agesilaus to Nectanebo II, who in turn introduced
him to the priests with whom he spent 16 months studying astronomy.
He was entrusted to the special care of Chonouphis, a priest from
Heliopolis, the highly reputed centre of learning in Egypt at that time.

While in Egypt, Eudoxus composed a book on astronomy entitled The
Eight Year Cycle (Oktaeteris) and, according to Eratosthenes, the work
called Dialogue of Dogs may have been a translation by Eudoxus from
the Egyptian. This biographical data, with its implied Egyptian
influence, has more than once been subjected to disparaging criticism.1

Photo: Part of a column from a payrus roll containing Aeschines' "Against
Ctesiphon"
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ABSTRACT

Elastic scattering of heavy-ion reactions has been performed
using folded potential based on the density-dependent effective
nucleon-nucleon (NN) interaction of Satchler type. The
parameters of the effective NN potential are adjusted so as to
reproduce the saturation conditions of nuclear matter (NM).The
obtained results are compared with the experimental data.

Key Wards: Glauber model, Folding potential, Elastic scattering.

I. INTRODUCTION

Glauber model has been successful to describe elastic scattering at
intermediate energy [1]. The optical limit of Glauber theory is the simplest form
of Glauber theory. In this form, the phase shift is calculated from the nucleon-
nucleon scattering amplitude which in turn depends on the total nucleon-
nucleon reaction cross section. Several attempts are made to include in-medium
effects to the total nucleon-nucleon reaction cross section [2]. This in-medium
cross sections come out due to Pauli blocking which leads to suppression of
two-body scattering. An alternative procedure to calculate the phase shift is to
obtain it from the optical potential.

A simple phenomenological nucleon-nucleon effective interaction was
obtained by Satchler [3], which was derived by folding model analysis of 36
sets of heavy-ion elastic scattering data. It was represented by a simple Yukawa
term with complex strength. It was used by El-Azab Farid and Hassnain [4] to
analyze 26 data sets of 6'7Li elastic scattering from six different targets. A
modification was introduced by taking the imaginary part to be Wood-Saxon
potential. Both the original Satchler interaction (SI Y) and the modified form
yeilded reasonable fit to the experimental data. For comparison El-Azab used
M3Y NN interaction instead of SI Y interaction and comparable results were
obtained.

It is known that the effective interaction between two nucleons in a nucleus
depends upon the density of the surrounding medium. This density dependence
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is important to saturate nuclear matter (NM). Saturation requires that the
attraction weakens as the density increases [5]. As suggested by Satchler, we
introduced density-dependence to extend the model to more central collision.
This interaction is used in our calculations since it incorporates real and
imaginary parts together.

In this work we modify Satchler potential by introducing the density-
dependent term. Its parameters are determined so as to give the properties of
nuclear matter. Using this density-dependent potential, we calculate the elastic
scattering cross section of l 20- Ca, 16O-90Zr and 16O-20gPb at 1503 MeV. The
density of the projectile (160) is considered as the harmonic oscillator [6],
while that of the target (40Ca ,90Zr and 208Pb) is taken to be Gaussian [7].

The formalism will be given in section II. Section III includes results and
discussion.

II. FORMALISM

The nucleus-nucleus differential cross section is given by:

ail
for different spinless nuclei.

The elastic scattering amplitude f{6) is given by:

- I ) i ) ( c o s 0 ) (2)

where 07 is the Coulomb phase shift, and the Coulomb amplitude fc{6) is given
by:

2/3/

n esc %
'7 / 2

where (3)

+tan"1F?7/r/ + l)l and n-
fiv

In the WKB approximation, we can write ; keeping the first term of Wallace [8]
expansion :
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M
oo

(4)

k =

In the folding model;

and

oooo

vopt. (R) = J \vnn CO Pp (rp) pT (h ) drpdfT (5)
0 0

with s =Fp —rj + R is the distance between the two nucleons , and vm(s) is

the density-dependent effective nucleon-nucleon interaction given by[5]:

- /3{pp {rp ) + pT (rT)) j (6)

The effective nucleon-nucleon interaction vm(s)is taken in the form of
Satchler type [3];

,-slt

sit
where t is the range parameter and the parameter vj is given by

(7)

(8)

where x = 0:0015 for 16O-40Ca, x = 0.0026 for 16O-90Zr and x = 0.0041 for
16O-208Pb; and w} values are taken from table (1) in ref. [3]. The projectile
density pp {rp)\s assumed to be of harmonic oscillator type given as[6] :

(9)

The parameters Cp, ap andyp are given in table (1).

Table(l): The parameters of the density of 160-projectiIe [6].

Nucleus
16Q

Cp (fm-3)

0.144

a p (fm-2)

0.685

YP(fm-2)

0.400
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As for the target density p? (Ff) we considered the Gaussian form [7] given
by:

(10)

where the parameters CT and (3T are given in table(2).

Table (2) : The density parameters of the target nuclei [7].

Nucleus
40Ca
90Zr

208 p b

CT(fm-3)

0.3129
0.3825
0.4120

yT(fm-2)

0.1238
0.0824
0.0496

The density-dependent parameters C and (3; appearing in equation (5); are
calculated so as to satisfy the following saturation conditions of NM,

(E/A)o=o =-\6.QMeV,
>P=Po

—{EIA\ =0
dpK Ao=o~

(11)

For the calculations of the binding energy of NM, we used the real part of
Satchler potential taking into account only the energy-independent term of
equation (8); let us denote it by v0. Similar procedure has been first adopted by
Khoa and von Oertzen [5].

Accordingly, the binding energy of NM is given by [9]:

E/A=

2 2
in K r

L-

10M

2k
/ (12)

where,

Mo
,with vo=6O. and (13)

Inserting equations (5-8) into equation (4), we get the following form, for
the density dependent folding potential:
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Vopt. (R) = j jpp (rp )PT <fr ) ̂ [l - fi(pp (rp ) + pT (rT ))}vm (s) drp drT
OG

= - (vv + ^ ) {C VpT (R) + C J3 (v2pT (R) + Vp2T (R)}

(14)

where

- c2
p cT r~/2 r/2

5 cct J3(S
2

pT,R)

64r
2

p

(16)

(17)

C30

SpT =

= \
kJs

>R(k2+ju2)

S2
pT =

4yT
and

(18)

(19)
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III.RESULTS AND DISCUSSION

The density-dependent parameters; C & (3; for the nucleon-nucleon (NN)
potential are calculated for saturated nuclear matter (NM) using equations (11-
13). They were found to be C = 2.85 and p = 2.22 . The binding energy of NM
versus k/is given in fig.(l).

C =2.85 , B = 2.22

Fig. (1): The binding energy of NM B(kj) as a function of kf.

Using these parameters (C & P), the folding potential is calculated for each
of the reactions 16O-40Ca, 16O-90Zr and 16O- Pb via equation (14) using the
NN potential of Satchler type traced in equation (7) with both the real and
imaginary parts [3]. The density of the projectile (16O) is taken to be of
harmonic oscillator type [6] (equation (9)) whose parameters are given in table
(1), while those of the targets (40Ca, Zr and 208Pb) each is taken to be of the
Gaussian form [7](equation (10)) whose parameters are given in table (2). The
folding potential for the concerned three reactions are shown in figures (2,3 and
4).

From these figures it could be seen that the calculated folding potential is
deeper than the corresponding Woods-Saxon (W.S.) potential [10] for all of the
three reactions but they are almost identical at the strong absorption radius Rs

given by:
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R (fm)

-500

10 12 14

16O-40Ca 1503 MeV

Fig. (2): The folding potential of 16O-40Ca at 1503 MeV, compared with
that of W.S.. The solid line for the folding potential and the dotted for

thatofW.S..
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Fig. (3): The same as fig. (1) but for 16O-90Zr at 1503 MeV.

0

-100

O-*u°Pb 1503 MeV

Fig. (4): The same as fig. (1) but for 16O-208Pb at 1503 MeV.
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This agreement of the potential at the surface is reflected in fair agreement
of the calculated differential cross section with that obtained using the Woods-
Saxon potential fitted to the experimental data. Since we have not the
experimental data for the concerned reactions, we compared our results with
those obtained using the W.S. potential. This could be seen from figures
(5,6,and 7).

For l6O-90Zr and 16O-208Pb , the agreement is quite good (figures (6&7)). As
for 16O-40Ca ,the agreement is not so good (figure (5)) which may be attributed
to the form of the desity chosen for 40Ca. Therefore more realistic forms of
density are preferable.

Indeed these calculations are preliminary and other reactions where the
density-dependence is important should be considered.

1.E+01

a.
5

1.E+00 ><*••

1.E-01 -

1.E-02 -

1.E-03

16O-40Ca 1503 MeV

0 2 4 6

Gc.M.

Fig. (5): Elastic scattering cross section CJ/CTR for 16O-40Ca at 1503 MeV.
The dotted line is for our calculations with Satchler potential and the black

circles are those with that of W.S,.
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Fig. (6): The same as fig.(5) but for 16O-90Zr at 1503 MeV.
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Fig. (7): The same as fig.(5) but for 16O-208Pb at 1503 MeV.
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ABSTRACT
A new semi-empirical formula with four parameters has been derived to

systematize the (n,t) cross section data of 14.5MeV neutrons. It is based on the
evaporation model and uses the Droplet model of Myers and Swiatecki to express the
Q(n,t). The behavior of the different terms of the Droplet model involved in Q(n>t) was
checked individually before choosing the pertinent terms and setting up the formula. This

relation leads to the lowest value of %2 compared with the existing formulae, when used
to correlate the experimental o"(njt) data for 27 nuclei.

1. INTRODUCTION

The data for gas production via neutron induced reactions are of great importance in
the domain of fusion reactor technology, particularly in the calculation of nuclear
transmutation rates, nuclear heating and radiation damage due to gas formation. In order
to determine unmeasured data, model theory calculation and systematic predictions are
useful for estimating this quantity. The integrated (n,t) cross section at 14 MeV
neutrons for many nuclei vary rather smoothly with N and Z and several simple semi-
empirical formulae have been proposed to systematize them.

The aim of this work is to develop a semi-empirical formula, which depends only
on the mass and charge numbers, in order to calculate the (n,t) reaction cross section for
14.5 MeV neutrons. The evaporation statistical model [1] shows that the (n,t) cross
section depends essentially on the reaction energy Q, the nuclear temperature T and the
coulomb barrier Vt.

The use of the effective reaction energy Q deduced from the Myers and Swiatecki
[2] mass formula shows for the first time an important dependence of the (n,t) cross
section on the (2Z-1)/A term describing the Coulomb diffuseness energy and also a
dependence on an additional (2Z-1)/A1/3 term that describes the usual Coulomb effect.

However, we derive an analytical expression with five parameters to study the
systematics of (n,t) reaction cross sections and determine the values of the parameters
through least-squares analysis of the existing (n,t) cross section values for different
nuclei. We analyze its predictive value and compare it with the existing formulae.
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2. FORMALISM AND MODEL PARAMETERS

Let us consider the reaction A(n,t)B and define the entry and the decay channels by the
symbols a=A+n and b=B+t. According to Blatt and Weisskopf [3] we can write the
(n,t) reaction cross section [4] as

where aacN is the compound nucleus (CN) formation cross section through the entry
channel (a) and Fb represents a quantity that is proportional to the partial decay width
Fb of the CN for the emitted particle through the decay channel (b) calculated via the
detailed balance theorem; 2 indicates the sum over all the decay channels b1. One can
write Fb as .

Fb = -f(2Ib +1) )cx°CNEbco{EB)dEb (2)
* 0

where Ib and nib are the spin and the reduced mass of the emitted particle from the
compound nucleus respectively; CO(EB) is the level density of the residual nucleus B at an
excitation energy EB. WB and EB are related to the excitation energy ECN of the
compound nucleus through WB = EcN-Sb and EB=EcN-(Sb+Eb), where Sb and Eb are
respectively the separation energy from the compound nucleus and the kinetic energy
of the emitted particle; CO(EB) is related to the nuclear temperature via the
thermodynamic relation

d(Logco(EB))

T dEB

In the vicinity of ECN > we have

) (4)

The formation cross section of compound nucleus abcN through the inverse process
b

Y+p > CN can be taken as

ab
CN =TCR2 for neutrons (5)

\7tR\\-VbIEb) if Eb>V
for charged particles (6)

V Eb - vb

where Vb is the coulomb barrier for the channel b. Using eqs.(5) and (6), the quantity
Fb of eq.(2) can be written for triton emission as

^ (ECN)TTR2 T2 expH^i^-) (7)

and for neutron emission as H__



^ ^ r ) (8)

The sum 2 Ft,' can be approximated for 14 MeV neutron by:

2Fb> =F n + Fp + F a = Fn (9)

Now with eqs.(l), (7) and (8), one can write

^ ^ ^ e x p ( f c ^ ) (10)

where Qnt is the (n,t) reaction energy, Vt is the coulomb energy for triton and T is the
nuclear temperature assumed to be equal for triton and neutron emission.

On the other hand and on the basis of the mass formula of Myers and Swiatecki
[4], Kalbach [5] gives, with the pairing and shell terms neglected, the separation
energy for compound nucleus C into a particle b and nucleus B as

(Nc-Zc)
2 (NB-ZB)2^

4 / 3 J 5
(11)

Here the subscripts C and B refer to the corresponding nuclei, the quantities N, Z
and A are the neutron, triton and mass numbers of the nuclei, and Wb is the energy
required to break the emitted particle b up into its constituent nucleons.
With this, the expression of Qnt becomes :

7 1
+ terms with relatively small contributions ignored (12)

where Pi and P2 are the unloiown coefficients describing respectively the coulomb and
coulomb diffuseness effects.
Equations (10) and (12) allow to write ant as

(13)

where a"cNcan be approximated, at 14 MeV neutron energy, to the total reaction cross
section OR. AS shown in Fig. 1 , we kept the partition of the nuclei into two groups with
even A and odd A. For odd A nuclei, we used the o-(n,t) data on 7 nuclei compiled by Qaim
[6] and Konobeyeve [7] . Hence, the quantity OVCR is presented in Fig.2 and Fig.3
respectively as function of (2Z-1)/A1/3 and (2Z-1)/A for even A nuclei. The correlation
coefficients have been calculated for (n,t) cross section dependence on the term of
equation 13. The correlation coefficient values R2= 0.90 and 0.71 show close dependence
of the (n,t) cross section respectively on the (2Z-1)/AI/3 and (2Z-1)/A terms. For the first
time, it should be noted that the Fig. 2 shows a strong dependence of the (n,t) cross
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section on the (2Z-1)/A term which has been derived inequation (13). Then, with the
dependence of ant on Vp/T neglected, equation (13) can be written as

(14)
T AUi T A

At 14 MeV, the total reaction cross section OR can be written as

(15)

In order to develop the systematics for the (n,t) reaction cross section at 14.5 MeV
the following expression resulting from eqs.(14) for even A nuclei and from the
dependence on asymmetry term (N-Z)/A for odd A nuclei:

crn,=(l+Ai/3)2exa G+C2^^+C3^=^ For even A nuclei

£=^- For odd A nuclei (16)

3. FITTING OF THE SYSTEMATICS PARAMETERS

The data for experimental (n,t) reaction cross sections at 14.5 MeV for 25 nuclei with
40<A<209, were used to determine the parameters Ci , C2 , C3, C4 and C5 ofeq.(16).
The best fit is obtained with the five free parameters in order to provide the minimum
value of the following expression

(17)

where a t
 exp and Ao/xp are respectively the experimental cross section and its error

and CT j C a l is the cross section calculated through eq.( 16). Table 1 presents, fora
nucleus with mass number A and charge number Z, the experimental value of (n,t)
reaction cross sections at 14.5 MeV energy chosen from the compilations of Qaim [6]
and Konobeyeve et al. [7], the calculated cross sections CTJ cal and the values of

((o;exp - o f ' ) / A a f p ) describing the deviation of calculated cross sections from the
experimental one.

The minimum value, corresponding to the best fit, of %2 was deduced through
X2 = 2 / (N-M), where 2 is defined in eq.(17), N is the number of experimental

data given in Table 1 and M is the number of free parameters. The results of fitting the
parameters of eq. (16) to the experimental data are listed in Table 2. The comparison
between the experimental and the calculated data is illustrated in Figure 2.
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4. COMPARISON WITH OTHERS SYSTEMATICS

Among the various relations proposed to describe the (n,t) cross section, the
formula established by Forrest [8], for nuclei with 40 < A < 209, was considered to be
the best systematic with the minimum % value and is given by

For even A nuclei

= £ For odd A nuclei (18)

The parameters Cj (i=l,2,3,4) for relation (18) are given in Table 2. The predictions
of formula (16) are compared with those obtained from expressions (18) by using the
same experimental values of Table 1. The results are given in Table 2.

In our case the mean difference between the experimental and the fitted values is
about 10 % if we take into account the error bars, and about 25 % when not considering
the error bars. However, we feel that this difference results from the possible
systematic errors in the measured (n,t) values, the approximate character of eq.( 16) and
the finer nuclear structure effects that the phenomenological formulae ignore.

5. CONCLUSION

This work attempts to derive a new phenomenological formula to systematize (n,t)
cross section values. For the first time an important dependence of the (n,t) cross
section on (2Z-1)/A term deduced from the Coulomb diffuseness effect has been shown
and an additional parameter for describing the usual Coulomb effect has been
introduced. This formula has been tested for 25 nuclei with 40<A<209. It shows an
improvement in describing the (n,t) data compared with the existing relations.
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Table 1. The experimental (n,t) reaction cross sections for 14.5 MeV neutrons aexp±
Aaexp, calculated cross sections through eq.16 with parameters from Table 2
(acal) and (aexp- acal)2/(Aaexp)2 corresponding to the target nucleus with mass number A
and charge number Z.

Z A aexp± Aaexp(u.b) acal (ub) (qexp-acal)2/(Aaexp)2

22 46 123 ± 25 65.5015 5.29
24 50 77.0 ±20.0 75.9903 0.00
25 55 990.0 ±198.0 639.3226 3.14
26 54 121.0 ±30.0 86.7294 1.30
26 56 46.0+12.0 50.6694 0.15
27 59 640.0+128.0 07.3683 1.71
28 58 90.0 ±20.0 97.6845 0.15
28 60 54.0 ±18.0 59.0198 0.08
30 64 78.0 ± 16.0 67.7332 0.41
32 70 42.0 ±12.0 50.3512 0.48
38 86 30.0 ±8.0 37.2251 0.82
38 88 63.0 ±22.0 27.1534 2.65
40 90 26.5 ±7.0 42.5739 5.27
41 93 372.0 ±74.4 354.6609 0.05
42 92 70.0 ±21.0 65.5179 0.05
45 103 730.0± 146.0 291.3460 9.03
46 102 64.0 ±22.0 60.5104 0.03
48 106 86.5 ±15.0 67.0870 1.67
48 114 36.0 ± 8.0 24.6206 2.02
50 112 77.5 ±13.0 57.2185 2.43
59 141 134.0 ±30.0 107.0821 0.81
68 170 12.7 +3.2 18.3117 3.08
81 203 30.0 ± 6.0 38.1862 .1.86
82 204 30.0 ±6.0 23.9682 1.01
83 209 300.0 ±60.0 34.4331 19.59

Table 2. The parameters Ci of the different systematics with their S and C2 resulting
from the fit of the 25 experimental (n,t) cross sections of Table 1.

Formula Zone 2 %2 C L C2 C3 C4 C5

6.24 -31.83

6.21 -31.83

-20.51
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This work

Forrest

Qaim

even A nuclei
odd A nuclei
Total
even A nuclei
odd A nuclei
Total
even A nuclei
odd A nuclei
Total

26.90
36.18
63.08
27.63
36.18
63.81
30.20

46.20
76.40

1.79
7.23
3.15
.1.84
7.23
3.19
1.88

9.24
3.63

-14.48

1.35

6.98
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.65

.45
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Fig. 1 : Values of the ratio ant/cjR at 14.5 MeV , showing the dependence
On (2Z-1)/A term and the difference between even and odd nuclei.
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Fig. 2 : Values of the ratio ant/aR at 14.5 MeV , showing the strong
dependence on (2Z-1)/A term for even nuclei.
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Fig. 3 : Values of the ratio tfnt/oR at 14.5 MeV , showing the
1/3dependence on (2Z-1)/A for even nuclei.
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Fig. 4 : Ratios of the experimental cross sections from Table 1 to the cross
sections calculated through (16) with parameters from Table 2
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ABSTRACT

The differential cross section of elastic scattering of 12C-I2C at 289, 360
and 1016 MeV; 16O-12C at energies 311, 608 and 1503 MeV and 16O-16O at
energy 350 MeV have been calculated where the refractive rainbow
phenomenon is detected. This phenomenon is interpreted according to
density-dependent double folding model. Different forms of the two body
effective interaction are used. The modified Gaussian density distribution is
used to describe both the projectile and target nuclei. A satisfactory fit
between the experimental data and theoretical results are obtained.

INTRODUCTION

Elastic scattering can be considered as an important source of information about
nuclear properties. This information can be understood through studies of optical
potential.

The double folding model (DF)for the real part of the optical potential is successful
to describe elastic and inelastic scattering of heavy ions (HI) in a wide range of
energies [1-6]. Density-independent folded potential could produce the data at forward
angles or low energies, but the rainbow phenomenon [7] seen at higher energies and
large angles is sensitive to the real part of the potential at small radii.

The effective interaction must depend upon the position within the nucleus of the
two interacting nucleons. Density-dependence is a simple way to represent this
phenomenon.

In this work, we try to study the elastic scattering of HI systems such as 12C-12C,
I6O-I2C and 16O-16O at wide range of energy. In the analysis of such systems,
analytical DF is deduced using effective nucleon-nucleon (NN) interaction of
Knyazkov and Hefter [8]. Modified Gaussian density (MGD) distribution is used to
describe both the projectile and target nuclei [9]. Density-independent and Density-
dependent DF models are used to describe the elastic scattering differential cross
section of the interacting systems under consideration. In section II, we give the
formalism. The results and discussions are traced in section III.

II. FORMALISM

According to the density dependent DF model, the real part of the optical potential
can be calculated through the following equation [10]:

= lJp[(rl)p2(r2)VNN(E,p,F2+R-?l)dr]dr2 (1)
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here P\{rx) ,p2{f2) are the density of the projectile and target nuclei respectively

and Vtfx is the density dependent effective NN interaction.
The density of the projectile (target) nucleus is chosen to be in the form of MGD

given by [9]

e °° +C,

where the parameters pQ, bQ ,b2 and C2 are listed in table (1).

Table (1): Parameters of MGD [9],

Nucleus
12C
1 6 Q

P»(fm3)
0.127
0.129

bn(fm)
2.04
1.99

b,(fm)
1.75
1.75

Q
1.06
1.77

The NN interaction is given by [11]:

where

VNN{E,p,s)=f{p)V{s,E) ;s=?2+R-r]

a* +d(E)S(s)
k=\

the parameters vk, ak and d(E) are listed in table (2) and

(2)

(3)

(4)

(5)

where n= 1,2,3 and B is the density-dependent parameter.

Table (2) Parameters of NN interactions F,, F2 and F3 [8].

Interaction
F,
F,
F,

v1(MeV)
-20.97
-553.18
-601.99

v2(MeV)
—
1781.4
2256.4

a,(fm)
1.47
0.8
0.8

a2(fm)
—
0.5
0.5

d(E)(MeV fm3)
—
—
-276(1 -0.005E/A)

Substituting equations (4,5) into (1) we get:
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r))np2(r2))

a" +d(E)S{s)
k=l

dndr
(6)

\ur2

Analytical forms of Vf(R) are obtained for different NN interactions. The total optical
potential is given by:

(7)

where W(R) is the Wood-Saxon potential and it has the usual form [10];

and Vc is the Coulomb potential.

III. RESULTS AND DISCCUSSION

The experimental data of the elastic scattering of 12C-12C at 289 [12], 360 [13] and
1016 MeV [14]; 16O-I2C at energies 311[15], 608 [16] and 1503 MeV [17] and 16O-16O
at energy 350 MeV [18] have been analyzed using density-independent and density-
dependent double folding model. The elastic scattering differential cross section is
calculated using code DWUCK4 [19], The real part of the optical potential was
obtained analytically by folding three forms of NN interaction (Fj, F2 and F3) into
MGDfor both the projectile and target nuclei. In the density-dependent calculations we
take n = 1, which is proved to be better than n = 2,3 [10]. The imaginary part of the
optical potential is taken to be of Wood Saxon form. For 16O-I6O, we include the
surface term of the imaginary part as in Ref. [20]. We fix the reduced radius (R/) and
the diffuseness (a,) and their values taken from Satchler [10] and are given in table (3).
The strength W| of the imaginary part, the density-dependent parameter (B) and the
renormalization factor Np, for the real part of the potential are taken to be free
parameters. The best fit parameters in the density-independent case are listed in table
(4), and the set of parameters producing best fit for density-dependent case are listed in
table (5).
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Table (3): The optical model parameters [10].

Reaction

16O-16O

(MeV)
289
360
1016
311
608
1503
350

Vo

(MeV)
175
175
120
175
175
80
400

Rv
(fm)
3.07
2.87
3.01
3.82
3.15
4.24
3.8

av

(fm)
0.9.55
0.894
0.879
0.846
0.975
0.763
1.6

Table (4): The best fit parameters

Reaction

16O-16O

(MeV)

289
360
1016
311
608
1503
350

Table(5)

Reaction

16Q 16Q

(MeV)

289
360
1016
311
608
1503
350

F,
W,

(MeV)
30
55
70
31
44
60
25

w D
(MeV)

—

—

12.11

NF

0.9
0.9
0.9
1.1
1.1
1.1
1.0

W,
(MeV)
22
25
25
25
24.7
23.1
29.7

Ri
(fm)
5.33
4.87
4.41
5.69
5.21
5.07
6.27

(fm)
0.663
0.645
0.862
0.643
0.662
0.825
1.02

(MeV)

:

7.63

RD
(fm)

—.

—

4.62

aD

(fm)

0.

for the case of density-independent

(MeV)
30
50
60
29
40
50
23

F,

w D
(MeV)

—

—

13

NF

1.1
0.9
0.95
1.1
1.1
1.1
1.0

321

F,

(MeV)
34
70
80
31
46
70
28

(MeV)

—

—

14

: The best fit parameters in case of density-dependent.

F,
W,

(MeV)
26
50
34
24
32
40
16

w D
(MeV)

—

—

13

B

0,4
014
hi
0;4
.0:3
0̂ 5
0;9

F,
W,

(MeV)
26
45
28
20
28
40
18

w D
(MeV)

—

—

12.11

B

0.4
0.6
0.9
0.85
0.3
0.3
0.6

NF

1.1
1.0
0.8
1.0
0.9
1.1
1.0

F,
W,

(MeV)
30
50
75
24
40
40
23

w D
(MeV)

—

—

12.11

B

0.4
1.3
1.3
1.2
0.6
1.9
1.2

The values of B vary for different cases between 0.3-1.9. It is found that NF = 1 for
density-dependent cases and differ "mostly" than one for density-independent cases.
For all the considered reactions, the density-dependent calculations give a better fit
with the experimental data than that of density independent cases. At low energies, the
form F3 gives relatively better fit; while for high energies F] shows to be better than
the other two forms. Since F3 includes zero-range exchange term, one may say that this
term does not improve the fitting at high energies.
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The elastic scattering differential cross section for 12C-12C using the density-
dependent NN interaction is displayed in figures (1-3) at energies 289, 360 MeV with
F3 form and 1016 MeV with Fj form respectively.

In figure (1), the agreement with the experimental data is satisfactory except at
angles between 11°-15°. We found that the density-dependent NN interaction slightly
improved the fitting than the case of density-independent. The results of the present
model are comparable with those obtained by Brandan and Satchler [4].

1.E+01

a.

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

12C-12C 289 MeV

0 10 20 30 40 50 60

Fig. (1): The elastic scattering cross section calculated with MGD (solid line) with
F3 set compared with the experimental data (black circles) [12].

Figure (2) indicates that the agreement with the experimental data is good except in
small range of angles (12°-22°). The present results are comparable with that of
Brandan and Satchler [4].

It is shown from figure (3) that the agreement with the experimental data is good
except at range of angles (7°-12°). This results are comparable with that obtained by
Ref. [4] and Khoa et al [3,22].

We can not determine the reliability of calculation from figure (1), but for figures
(2,3) the role of density-dependence improved the fitting more at higher energies and
covers the data at the rainbow region.
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12C-12C 360 MeV

a:
b

1.E-05 ' ' • •-^-^-•-J

0 10 20 30 40 50

Fig. (2): The same as fig. (1) but at 360 MeV.

12C-12C 1016 MeV

.to
to

10 15 20 25

9CM.

Fig. (3): The same as fig. (1) but at 1016 MeV with Fi set.
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Figure (4-6) show the elastic scattering differential cross section for !6O-12C at
energies 311, 608 and 1503 MeV respectively. As in the previous case, the fit is
obtained with F3 for energies 311 and 608 MeV and Fi for 1503 MeV with density-
dependent calculations.

Figure (4) indicates the fitting with experimental data is satisfactory. The present
calculation gives comparable results with that of Ref. [4].

1 . E + 0 2 :• -•

1.E-02

1.E-03

1.E-04

18O-12C 311 MeV

10 20 30 40

16Fig. (4); The same as fig. (1) but for lbO- C at 311 MeV.

From figure (5) it is noticed that the agreement with the experimental data is good for
angles 0>2O°, but less good in smaller angles. The present model gives results
comparable with that of Ref. [4], Khoa et al [22] and Ogloblin et al [24].

As shown in figure (6), the agreement with the experimental data is good for angles
0>7° and less satisfactory at range of angles 4°-8°. The present model gives a
comparable result with that obtained in Refs. [3,4,22,23].

As in the previous reaction the role of density dependence become more effective as
energy increases.
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1.E+02

1.E+01

1.E+00 r

1SO-12C 608 MeV

10 20 30 40

Fig. (5) : The same as fig. (4) but at 608 MeV.

16O-12C 1503 MeV

10 15 20 25

eCM.

Fig. (6): The same as fig. (4) but at 1503 MeV with
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Figure (7) shows the elastic scattering of 16O-I6O at energy 350 MeV using density
dependence interaction and F3 form. It is noticed that the fitting with the experimental
data is good except at angles 40° < 9 <60°. Our results are better than that obtained by
Khoa et al. [20] for M3Y and DDM3Y, but their calculation using M3Y/FRE
interaction their results shown to be better especially at angles 40° <G< 60°. The same
conclusion is satisfied by comparison with Refs. [3,22,25,26]. It is clear that the exact
finite range calculation and including the polarization term AV may improve the
results especially at angles 40° < 0 <60°.

1.E+01

1.E+00

1.E-05

16O-16O 350 MeV

20 40 60 80

16,Fig. (7): The same as Fig. (4) but for 10O- O at 350 MeV.

IV. CONCLUSION

From the above results and discussion one can reach to the following conclusions:

1) The density dependent calculation gives a more improvement fit with the
experimental data than that of density independent especially at large angles
and energies.

2) Reasonably good fits were obtained at all energies and all systems considered.
3) The imaginary parts for all considered systems were more weakly absorptive in

the density dependent case than that have been found in the density independent
case.

4) The form F3 gives a better fitting than that of the other two forms F, and F2 at
low energy for. all considered reactions, while F] shows better fits than other
two forms F2 and F3 for high energies.
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5) In spite of simplicity of the present model, it gives comparable results with that
obtained by complicated calculations.

6) A more improvement with the experimental data may be achieved if we include
finite range calculation and polarization potential AV.
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ABSTRACT

The differential cross sections of the elastic scattering of 12C+12C at
energies 1016, 1449 and 2400 MeV and 1<;O+12C at energy 1503 MeV are
calculated using high energy folding model. An analytical expression for
the optical potential is derived. The effect of introducing imaginary phase
and the dependence of the ratio of the real to imaginary parts of the
forward nucleon-nucleon scattering amplitude on the square of
momentum transfer are taken into consideration. Two different types of
nuclear densities of the projectile and the target nuclei are considered.
The considered systems of interaction are studied by using both modified
Glauber I and modified Glauber II. The results show that the elastic
scattering differential cross section for the considered interacting systems
can be satisfactorily reproduced by this model.

Keywords: Elastic scattering, Glauber model, Folding model.

INTRODUCTION

The elastic scattering of heavy-ions is the most direct and simplest approach to
study heavy-ions at intermediate energies .It is widely analyzed on the basis of the
double folding model [1]. Also, Glauber's theory of multiple scattering was used in the
analysis of the data for intermediate and high energy ranges. This model has been
developed by many authors [2,3]. In this model [4] each partial wave phase shifts is
expressed as integral along straight line trajectories of quantities involving
contribution of microscopic collisions weighted by the local matter density. This
model is called standard Glauber model [5]. The last model is modified to account for
Coulomb distortion of trajectory occurring in case of heavy-ion scattering and it is
called modified Glauber model (I) (MGI) [2]. The modified Glauber model (I) was
modified again to include the deflection effect of trajectory due to the real nuclear
potential in addition to the Coulomb effect which is called modified Glauber (II)
(MGII) [6].

Many studies [7,8] have shown that the introduction of the imaginary phase in the
scattering amplitude of NN interaction gives good description for nucleon-nucleus and
nucleus-nucleus interactions. Finally, authors [9,10] conclude that the choice of the
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r COO dOt
dependence of the ratio of real to imaginary parts of the forward NN scattering
amplitude (a) on the square of the momentum transfer (q2) improve the results
especially at large momentum transfer. We have derived an analytical expression for
nuclear phase shift using both MGI and MGII. In our calculations, the nuclear density
of either the target or the projectile is taken to be of Gaussian and harmonic oscillator
forms[l 1]. For the NN amplitude, first we considered the form adopted by Townsed et
al.[l 1] which we refer by A|.This form is then modified by introducing the phase
variation[7] (case A2). After that we adopt another modification of the NN amplitude
which is the dependence of a on q2 (case A3). Finally both modifications [12] are
considered, this referred as case A4. The elastic scattering of 12C-12C at energies
1016, 1449 and 2400 MeV and 16O-12C at energy 1503 MeV, are considered for our
study.

The formalism is given in section II. In section III we draw the results and
discussion.

II. FORMALISM

The high energy double folding potential for the nucleus-nucleus scattering is given
by:

Ap and AT are the projectile and target masses respectively, pp and p^are the

projectile and target nuclear densities normalized to unity. We choose two different
forms of the density ;
(1) Gaussian form given by [11]:

ap,T r2

where

C 2 _ p,i <YI
Sp'T~ 4 ' 6

and rn is the radius of the proton and

a,
( i "

where {i'pj)2 is the r.m.s. of the projectile or target nucleus. The values of r.m.s.

are given in table (1).

-197-



Table (1). The parameters of Gaussian density[14].

Nucleus

I2C
>6Q

(rlTy (fm)
2.450
2.718

(2)Harmonic Oscillator density [11]:

3 ^

,3
*P,T

1 +

2 2 ^

,2
*PJ

165,

(3)
where the parameters flnj and Yp,T a r e g i v e n m table (2) and pp

determined from the normalization condition.

Table (2). The parameters of harmonic oscillator density[15].

Nucleus
I2C

a (fm)
1.692
1.835

7
1.082
1.544

In equation (1) 7(e,y)is the energy dependent constituent averaged two-nucleon
transition amplitude obtained from scattering experiment. In the present work we used
four different types of NN scattering amplitudes:

-y
2/2/3{e)

{In /3{e)}3/2
(4)

7 ( \ ( i ^tNN{e,y)={elm) -y
2/25(e) (5)

-y
,3/2
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where " e " is the NN kinetic energy in the CM. system. The parameters used in
equations (4-7) are the iospin average of data values given in table (3).

Table (3). Parameters of the NN scattering amplitude[16].

E
(MeV)
100
150
200

o-flpCmb)

33.2
26.7
23.6

a

1
1
1

PP

87
53
15

0
0
0

,(fm2)

.66

.57

.56

apn (mb)

72.7
50.2
42.0

a

1
0
0

pn

.0
96
71

PPn

0.
0.
0.

(fm2)

36
58
68

The nuclear phase shift is given by :

(8)

2mApAT

p AT

W{x) (9)

where "m " is the nucleon mass and ub " is the impact parameter which is determined
according to 1)MGI :the value of "6" is replaced by d0 given by [2]

1/2
(10)

where TJ is the Sommerfeld parameter gi\-cn by: 7] = ZPZTe~ I'hv

and 2)MGI1[6]:

(11)
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The differential cross section is given by [11]:

dQ.

where the scattering amplitude f(0) is given by:
1 CO

(12)

(13)
i _ i

where fc (0) is the Coulomb amplitude for point charge and

(14)

III. RESUTS AND DISSCUSION

The elastic scattering differential cross section for the reactions C+ C at energies
1016, 1449, 2400 MeV and 16O+I2C at energy 1503 MeV have been calculated using
high energy folding model given by equation (1). The present work has been done
using two different nuclear densities defined by equations (2,3), and four different
types of NN scattering amplitudes traced by equations (4,5,6&7). The values of the

0 2 4 6 8 10 12 14 16 18 20

9c.NI.

Fig. (1). Calculations with Gaussian density for 12C-!2C at 1016 MeV .
2

imaginary phase "&>" and the parameter "c " of the dependence of a on q are
chosen to be free parameters. Calculations with equations (4,5,6&7) are denoted by
Ai, A2, A3 and A4 respectively in the figures. Generally, it is found that the results of
MGII is better than that of MGI.

Figure (1) shows that the agreement with the experimental data is good up to angle
8° only for the form A| of NN amplitude. But the introduction of imaginary phase
(form A2) produces a reasonable change in the fitting especially at angles greater than
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8°. At the same time the effect of form A3 produces effective change up to angle 14° in
comparison with At. The effect of the form A4 produces better agreement with the
experimental data than the other three forms for 9>12°.

Figure (2) indicates that the form A2 (with H.O. density) gives better fit with the
experimental data than the other forms. The two forms A3 and A4 give better results
than that of A, especially at 0>1O0.

I tT r f\<t.fc+v l r

1.E+00

1.E-01

1.E-02

0 2 4 6 8 10 12 14 16 18 20

0C.M.

Fig.(2). The same as fig. (1) but using H.O. density.

From figure (3), it is obvious that the fitting for Ai is good up to angle 5°. The
introduction of the imaginary phase (form A2) reproduces acceptable improvement up
to 12°. The forms A3 and A4 continue the improvement at larger angles.

1.E+00

-£ 1.E-01
b

1.E-02 L

1.E-03

0 2 4 6 8 10 12 14 16

Fig. (3). The same as Fig. (1) but at 1449 MeV.

It is shown from figure (4) that the form A? gives better fit with the experimental data
than the other three forms.
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1.E+01

1.E+00

1.E-01

1.E-02

1.E-03

0 2 4 6 8 10 12 14 16

Fig. (4). The same as Fig.(2) but at 1449 MeV.

Figure (5) indicates that the agreement with the experimental data (at higher energy) is
good for large angles for A3 and A4 NN amplitude, but they don't give satisfactory
agreement with the data in the angular range 2°-6°.

1.E+01

1.E-03

Fig.(5). The same as Fig.(l) but at 2400 MeV.

In figure (6) we noticed that the agreement with experimental data can not be
considered reasonable for the two forms Ai and A3. But the other two forms (A2 and
A4) has better improvement at angles greater than 5°.
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1.E+01 r-

.0
D

0 2 4 6 10 12 14 16

'CM.

Fig.(6). The same as Fig. (2) but at 2400 MeV.

It is noticed from fig. (7) that A3 and A4 give better agreement with the experimental
data than that of Aj and A2 and this could be attributed to the inclusion of complex
amplitude and q2-dependence.

1.E+01 i

0 2 4 6 8 10 12 14 16

1.E-03

Fig.(7). The same as Fig. (1) but for 16O-12C at 1503 MeV.

From figure (8) one can notice that the only fair agreement is obtained with the form
A2uptoe<10°.
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1.E+02

Fig.(8). The same as Fig. (2) but for I6O-12C at 1503 MeV.

In general, the fit with the experimental data has clear improvement if we introduce
both imaginary phase and the "q2' dependence of a especially at large angles,
however more investigation on nuclear density is required. Hostachy et al[17]
calculated the elastic and inelastic scattering of 12C+ C at energies 1016, 1449 and
2400 MeV using Glauber model including Fermi motion, Pauli blocking and finite size
effects. The present model (A4) gives better results than those obtained by them at
energy 1016 MeV and similar results for the other two energies. Lenzi et al [18] used
Glauber model with optical limit to describe elastic and inelastic scattering of 12C+12C
at different energies, besides'they introduced a coupled channel in the Glauber model
in another paper [ 19]. The present calculation, gives better results than the first and
similar to the second.

Metawei et al [20] used Glauber model with density-dependent interaction in the
NN amplitude to describe the elastic scattering of both 12C+I2C and 16O+12C. The
present calculations give better results than theirs. Moharam et al [22] have analyzed
the elastic scattering of C+ C and 0+ C using high energy folding with density
dependent interaction and four alpha cluster model for I6O. They used the Love and
Franey [24] for the NN interaction. We obtained better results than that they obtained.

Kezhong et al [21] used both the independent a-particle model and individual
nucleon model of 12C-nucleus for elastic scattering of 12C+12C at 120 MeV/n and 200
MeV/n. Their results using independent a-particle model are better than ours, while
using the individual model our results are better. El-Gogary et al [23] using a full
Glauber series with consistent center of mass correlation to describe the elastic
scattering of 12C+I2C and I6O+l2C. Their results for 12C+I2C at 1440 MeV are similar
to that of ours, but for l2C+l2C at 1016 MeV and 16O+12C at 1503 MeV our model
gives better results.
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CONCLUSION

From the results and discussion we reach to the following conclusions:
1- Introducing either the imaginary phase or the dependence of the real to imaginary

part of the forward scattering amplitude on the square of the square of the
momentum transfer or both may improve the calculations compared with the
experimental data.

2- For all the studied reactions at different energies it was found that, in comparison
with the experimental data, calculations with A3 and A4 give better results than
the others using the Gaussian density. While using the harmonic oscillator
density, calculations with A2 give better results.

3- Further improvement could be obtained by including:
a)Non-eikonal terms in the calculations.
b)The introduction of density-dependence in the NN amplitude.
c)The description of the a-cluster nuclei i2C and 16O according to a -cluster model.
d)The effect of inelastic channels on the elastic scattering using coupled channel.
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Elastic scattering cross section of heavy-ion reactions at low
energy is calculated. The calculations have been performed
using the first and second order non-eikonal corrections to the
Glauber model. The optical potential is calculated using the
double folding. We used the density dependent effective
nucleon-nucleon (NN) interaction whose parameters are
adjusted to the saturation conditions of normal nuclear matter
(NM). The obtained results are compared with the available
experimental data.
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I. Introduction

The semiclassical eikonal approximation has been applied extensively in high-
energy projectile scattering in nuclear physics. Eikonal models have many
variants, the most successful has been formulated by Glauber [1]. In the case of
scattering of nucleons by nuclei in the region of 1 GeV, the model reproduced the
experimental data quite well. But for protons, the model predicts too pronounced
minima. This deficiency of Glauber model was attributed to the neglect of higher
order terms in the eikonal expansion. Wallace[2] has derived expressions for the
corrections to the eikonal phase shift. Waxman et al ^ have shown that the
inclusion of the first-order non-eikonal corrections considerably improved the
agreement with data for elastic scattering of 800 MeV protons by nuclei. The
calculations have been extended to lower energy protons, antiprotons and alpha-
particles by Goran Faldt et al.14-1. Reasonable agreement with the corresponding
partial-wave calculations was obtained for the differential cross section,
polarizations, spin rotations and reaction cross section.

Woods-Saxon or simplified forms of the optical potential were introduced in
calculating non-eikonal terms. More sophisticated potentials were introduced in
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kaon-nucleus scattering by Hanna [5\ which is basically single folding. Another
refinement has been introduced by Khaled ^6\ which deals with high energy
scattering by folding the two-body transition amplitude and using the Coulomb
modified eikonal phase shifts. Carstoiu and Lombard ^ studied the validity of
the eikonal expansion for the calculation of the total at and the total reaction CTR

cross section in the case of low-energy heavy-ion collision. They found that, at
low energy , the eikonal expansion does not necessarily converge and faces a
violation of flux conservation especially at low-impact parameter. For well
behaved cases they found that adding the first correction to the eikonal
approximation had lead in general to an acceptable accuracy with respect to the
quantum mechanical result. The first- and second corrections to the eikonal phase
shifts for the heavy-ion elastic scattering based on the Coulomb trajectories of
colliding nuclei were considered by Cha and Kim[8].

In the present work we obtain the optical potential by folding Knyazkov and
Hefter[9] nucleon-nucleon potential and introducing density-dependent term. The
parameters of the density dependence are adjusted to fulfill saturation of nuclear
matter. In section II, the formalism of the calculations is outlined. Section III is
devoted to results and discussion.

II. Formalism

The elastic scattering differential cross section is given by:

— = \f(0f (1)
dQ. ' '

for different spinless nuclei and by:

f (2)
da

for identical spinless nuclei , with the usual expression for the scattering amplitude:

00

(3)
llK I_Q

where fc (0) is the usual Coulomb scattering amplitude , a, is the Coulomb
phase shift [10l The phase shift S, will be calculated taking into account the first
three terms of its WKB expansion considering the deflection effect due to the
Coulomb field [8]:
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00

n2k
(4)

sf=- 3 + 5r. — + r;

where

(6)

Z ZTe
and t]= i

/zv
is the Sommerfeld parameter.

The nuclear optical potential VN(R) is given by:

(7)

where VF (R) is the folding potential given by:

VF(R)= \\vnn ) drp drT (8)

where s=fp - FT + R is the distance between the two nucleons. The projectile

(target) density pp(T)(,rp(T))'ls assumed to be of harmonic oscillator type given
[12]:as

(9)

where the parameters Cp^,ap^ andyp^ are given in table (1).
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Table(l). Density Parameters [12].

Nucleus

12C
16Q

Cpm
(faT)
0.182
0.144

aPm
(faT)
0.533
0.685

Yp(T>
tfnT2)
0.400
0.343

The density-dependent effective nucleon-nucleon interaction vm (s) given by :

(10)

where vnn (s) is taken in a Gaussian form given by Knyazkov and Hefter[9] :

'««' te-s '"' +d(E)S(s) ,

= do(\-O.OO5Ep/A)

(11)

where d0 = -276, and the parameters of this interaction are given in table (2).

Table (2). Parameters of v [9]
nn

ai(fin)
0.8

a2(fm)
0.5

v,(MeV)
-601.99

v2 (MeV)
2256.4

The density-dependence parameters C and 3 are chosen to reproduce the
saturation properties of nuclear matter. For this potential the binding energy of
nuclear matter is given by[11J:

E/A=
3h2k2

f

10M
(12)

where

+d0

We .have to keep in mind that the calculations of NM have been done using the
energy-independent term of the nucleon-nucleon interaction (11), i.e. with do
only, similar to the procedure adopted by Khoa and von Oertzen ^l3]
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The saturation conditions of nuclear matter are given by:
)

=0 ,p0 =0

The last condition in equation (13) is equivalent to

(14)

with

n2kj
5Mp '

2k}
g(p):

- 0

-C{\-2/3p)

DDL Results and Discussion

Our aim is to calculate the elastic scattering cross section of heavy-ions using
the density-dependent nucleon-nucleon interaction (NN) in Glauber model. To
do this, we choose a simple form of double Gaussian NN potential suggested by
Knyazkov and Hefterf9], which is energy-dependent given by equation (11). This
NN potential is modified by introducing the density-dependence as given by
equation (10). As shown from this equation, this density-dependence has two
parameters C and P which have to be determined. So, we used the saturation
conditions of nuclear matter (NM) outlined by equations (12-14) to determine
these two parameters (C and P). This means that we found out the values of C
and P that satisfies the saturation conditions of NM.

Using eq^. (14), the density-dependent parameters were found to be 0=5.06
and p = 2.22, for saturated nuclear matter (i.e. E/A = -16MeV,/?0 = 0.17 fin'3).
So, having obtained the values ofCandp, we calculated the folding potential
given by equation (8) using the harmonic oscillator density of the form given by
equation (9) for both the targrt and projectile. The imaginary part of the optical
potential is taken to be a part of the real folding potential as shown from equation
(7)(a =1.5 for 12C-12C at 127 MeV, a =1 for 12C-12C at 300 MeV and a = 0.8 for
16O-12C at 139 MeV). Then using this potential we calculated the eikonal phase-
shift (equation (4)), and the first and second order non-eikonal corrections
(equations (5)&(6)) to the phase shift, from which we can calculate the scattering
amplitude (equation (3)) and hence the elastic scattering cross section (equations
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In this work, we considered the reaction 12C-12C at enregies 127 MeV and
300 MeV.The results of these two reactions are shown in figures (1-4). Also the
reaction 16O-12C at 139 MeV is considered and the results are shown in
figures (5-6). In these calculations, the obtained values of the parameter C and P,
at saturated NM did not give a satisfactory agreement to the elastic scattering
data. The values of the density parameters C& p that fits the elastic scattering
data were found to be C = 1.75 and p = 2.22 for 12C-12C. As for 16O-12C, it was
found that C = 0.8 and p = 2.22.

From figures (1,3&5) for the folding potential, we can notice that introducing
the density-dependence makes the nuclear potential shallower. This has a good
effect in improving the calculated elastic scattering cross section compared with
the experimental data fl4J as could be seen from figures (2,4 &6).

It is worth mentioning that the second order non-eikonal correction to the
phase shift has a negligible effect (as shown by Ref.[8] ), especially in the
presence of the density-dependent effective NN interaction.

As a conclusion, the density-dependence of the NN potential is important for
improving the results of elastic scattering cross section especially for the heavy-
ion reactions considered in this work. The density-dependence permits us to use
simple forms of NN potenial (Gaussian) and simple forms for both the projectile
and target densities like H.O. or Gaussian at least for such reactions at the
considered energies.
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Fig. (3). The same as Fig.(l) but for 12C-12C at 300 MeV.
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Fig. (5). The same as Fig.(l) but for 16O-12C at 139 MeV.
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The alpha-cluster model was used to construct the double-folding cluster optical model
potential of heavy ions interaction. The derived potential was employed to analyze
elastic scattering data of 32S+24Mg at 65, 75, 86, 95 and 110 MeV laboratory energies.
An energy-dependent renormalization coefficient was necessary in order to obtain
successful reproductions of the data.

Keywords: Optical model, Elastic scattering, Cluster model.

It is well known that phenomenological optical potentials (POP's) are often
successfully, used to describe the heavy ions (HI) elastic scattering d&a^The use of
folding model (FM), however, is appealing because it allows one to predict the
potentials of systems for which scattering data are not available. Furthermore, the
folding potentials make it possible to eliminate ambiguities, which appear with the
phenomenological ones. Moreover, the FM gives a better interpretation as basic
physical ingredients the nuclear densities folded with a nuclear interaction in a correct
way.

In the last two decades or so, the FM for the real part of the optical potential has
proved to give a good description of HI elastic [1,2] and inelastic [3] scattering data.
At the same time, the cluster model (CM) using the double folding (DF) potential has
revealed to be quite successful for the comprehensive understanding of the structure of
light and medium nuclei [4-8].

Recently, we used the alpha (a)-cluster structure of light HI to generate the a-
nucleus and nucleus-nucleus single folding cluster (SFC) [7] and double folding
cluster (DFC) [8] potentials, respectively, based upon an cc-a interaction folded with
the a-particle distributions in the colliding nuclei. The derived potentials were
successfully used to describe twenty seven sets of a-particle [7] and twenty sets of C
and 16O [8] elastic scattering data from 12C, 16O and 28Si targets at a wide range of
energies.

In the present work and another recent article [9] we extend the DFC approach
to construct optical potentials for middle HI systems. The present study is confined to
analyze the 32S+24Mg elastic scattering data at 65, 75, 86, 95 and 110 MeV laboratory
energies using the derived DFC potentials. These data were recently [10] measured
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and analyzed using DF potentials based upon the M3Y nucleon-nucleon (NN)
interaction.

The DFC potential is defined as [8]

(1)

where px and p2 are the of density distributions of oc-particles inside 32S and 24Mg
nuclei, respectively. These densities were obtained [7,8] from the Fourier transformed
folding based upon the nuclear matter densities of 32S and 24Mg nuclei and that of
alpha particle. The nuclear density parameters of 32S and 24Mg nuclei required for the
present calculations are taken from Ref. [11]. The obtained density distributions of a-
particles inside 32S and 24Mg nuclei have the form [7,8]

p(r) = po(l + mr2)exp(-/3r2) (2)

The parameters &>and J3 are taken from Ref. [7]. Faais the interaction potential

between an a-particle in the projectile (32S) and another cc-particle in the target (24Mg).
This interaction is used in a simple Gaussian form as [7,8]

Vaa (s)= 122.6225 exp (-0.22 s2) (3)

Then, the nucleus-nucleus interaction is considered as

U(R) = -NVDFC (R) - W(R) + Vc (R), (4)

where Nis a renormalization coefficient, W represents the imaginary part of the optical
potential defined in a phenomenological Woods-Saxon (WS) radial form factor [12]
and Vc is the Coulomb repulsive interaction with a radius Rc=\. 1(321/3 + 241/3) fin.

The computer code HIOPTIM-94 [13] was used to calculate the angular
distribution of the elastic scattering differential cross sections. In order to fit the data
by minimizing the x2 parameter four free parameters were optimized: N and the
imaginary WS parameters; the depth Wo, radius 77 and diffuseness ah

We start our analysis by fitting the elastic scattering data using the WS
parameters obtained for the M3Y DF potential listed in Table 1 of Ref. [13]. The
present best fit parameters are given in Table 1 as the set A. Then we used parameters
of a shallow WS potential, which yielded the set B. Both sets produce almost identical
predictions and comparable values for the %2 parameter and total reaction cross
sections. Figure 1 demonstrates a comparison between experimental data and the
predicted elastic scattering using set A.

As shown in Fig. 1, the renormalized real DFC potential successfully
reproduces the data of all the five considered energies. We notice that the success of
the derived DFC potential to predict the data is more pronounced at backward angles
(larger the rainbow angles) for the two highest energies than that found by the M3 Y
DF potential [10].

From Table 1 it is evident that the renormalization factor N has a clear energy-
dependence, where N decreases as energy increased. This result is consistent with that
noticed for the renormalization of the M3 Y DF potential [10] obtained by the analysis
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3 2 S+ 2 4Table 1. Best fit parameters obtained from the analysis of S+ Mg elastic scattering

E
(MeV)

65 A
B

75 A
B

86 A
B

95 A
B

110A
B

N

0.92
0.89
0.84
0.81
0.72
0.71
0.65
0.63
0.62
0.60

Wo
(MeV)

60.0
6.46
52.6
3.18
52.5
19.7
60.0
11.8
60.0
21.6

(&0

1.279
1.394
1.305
1.513
1.211
1.294
1.139
1.323
1.075
1.209

(fin)

0.219
0.230
0.376
0.227
0.476
0.464
0.586
0.557
0.676
0.615

"Ji
(MeVfm3

)
154
21.4
145
13.5
118
53.5
115
34.8
100
49.4

ok
(mb)

37.5
47.1
429
404
732
726
974
983
1257
1200

0.12
0.14
0.24
0.33
1.3
1.3
1.74
1.54
5.4
2.77

b

10

10

10

10

10-

65 M eV

75 M eV

32 24
S + i H M g

E la st ic s c a tte rin g
- E x p .

FC

x1 0

20 40 60 80 100 120 140

•32Figure 1. Angular distributions of elastic scattering cross section of S+ Mg reaction
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of the same data. In the lower part of Fig. 3, values for TV are plotted against the energy
E in comparison with the result of the previous analysis. Both results, as shown in the
figure, have a linear energy-dependence with the same energy dependence factor ~(1-
0.005£), i.e. similar behaviors. TheM3Y values, however, are larger than those of
the DFC by approximately a
factor of two. This behavior resembles that observed from the analysis of HI elastic
scattering using the DFC potential based upon an cc-nucleon interaction and M3 Y DF
potential [8], which indicates that the DF model using the a-cluster model yields
successful DF potentials to reproduce HI elastic scattering.

On the other hand, it may be useful to compare the M3 Y potential with the DFC
one. The M3 Y DF potential is defined as

where /?, and p2 are the nuclear matter densities of 32S and 24Mg nuclei, respectively,
and vnn is the M3 Y effective NN interaction used in Ref. [10], which is defined as

vnn(s) = eXp(4s)-2134e*m^-2628(s)
4s 2.5s

(6)

where the 5 (s) term accounts for the
knock-on exchange term. Usually, this
term is used in the case of weak energy
dependence. However, for the considered
energy range, we ignored this energy
dependence because of its negligible
effects on the results.

We use the same densities
employed in the DFC potential to derive
the M3Y one. The two potentials are
shown in Fig. 2. We notice that although
the two potentials are built on,
separately, on two different interactions;
Vaa and vnn, they are almost
indistinguishable. This may indicate that
the DFC potential is as realistic as the
M3Y one.

From Table 1 we notice, also, that
the two deep and shallow sets, A and B,
respectively, of the imaginary part of the
optical potential yielded similar elastic
scattering results. This means that the
calculations are insensitive to the
strength of the imaginary potential Wo.
This indicates, as mentioned in Ref.
[10], that the absorption takes place on

1000

100 7

I

0.01 -

1E-3
10 12 14

R (Fm)

Figure 2. A comparison between the
unnormalized M3Y and DFC potentials
using the same nuclear matter densities
of32S and 24Mg nuclei. .
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the same -region of the nuclear surface
independently of the strength Wo. We
notice, further, that the fitting is insensitive
to the imaginary potential at the strong
absorption radius Rs 9.7 fin [1].

The volume integral per interacting
nucleon pair of the real DFC potential, JR,
has the.same energy dependence as N,
where ,/«=-413.5 N MeVfm3 [7]. The
obtained values of the volume integral of
the imaginary WS potential, Ju are listed
in Table 1. There is a linear energy
dependence similar to that observed for the
M3Y DF potential analysis [10] as shown
in the middle part of Fig. 3. At the same
time, we notice that.// has the same energy
dependence factor ~(l-0.005£") as N.
However, values of,// obtained from set B
don't show any clear energy correlation.

The energy dependence of the total
reaction cross section, GR, obtained from
the present analysis is shown in the upper
part of Fig. 3 in comparison with that of
Ref. [10]. As clearly noticed, both results
are identical and have a linear energy
dependence. It is clear that at near-barrier
energies the total reaction cross section is
veiy small because it takes place at the
nuclear surface in a veiy narrow domain.
This domain broadens with increasing
energy and consequently GR increases.

Finally, from the present analysis,
we can extract two interesting conclusions.
First, the DFC potential renormalized by a
real energy-dependent factor has
successfully reproduced the elastic
scattering differential cross section data for
HI reactions at near- and sub-barrier
energies. The success of the DFC potential
to predict the data is on the same foot with
that of the M3Y one. Second, the DFC and
M3Y DF -potentials based upon the same
nuclear matter densities are identical all
over the radius range 0-15 fm.
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Figure 3. Energy-dependence of the
renormalization coefficient N (lower
part), volume integral of the imaginary
potential J} (middle part) and the total
reaction cross section crR (upper part).
Squares for the present work and up-
triangles for Ref. [10].
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ABSTRACT

The neutron intensity for TOF spectra representation has, until now, only
been expressed in terms of double differential yield; number of neutrons per unit
charge per unit solid angle per unit neutron energy interval (i.e. neutron intensity
at a given resolving power).

For accelerator-based neutron sources, the double differential yield - in terms
of neutron energy interval - is found to be affected by the kinematics of the
neutron producing reaction, to produce intensity irrelevant spectra. The results
affect not only the applications that depend on relative neutron intensities, but
also the applications that depend on the neutron intensity-weighted integration of
the neutron spectra (e.g. neutron average energy calculation, and dose calculation
using kerma factors).

Other definition of the double differential yield - in terms of projectile energy
loss - is suggested to avoid the drawbacks of the old definition. The neutron
spectra that are driven using the two definitions are discussed.

Keywords: Neutron Spectra, Accelerator-Based Neutron Sources,
TOF Technique, and Double Differential Yield.

INTRODUCTION

The methods of measurement of neutron energy spectra can be classified into three
main categories: 1) Activation and fission spectroscopy, 2) Proton recoil spectroscopy, and 3)
Time-of-flight (TOF) technique. For the first two categories, the measured data are presented
in terms of channel number vs. counts per channel. The counts per channel data are
transformed linearly to yield per unit solid angle, i.e. differential yield. The channel numbers
are transformed linearly into neutron energy using a suitable calibration curve. For the TOF
technique, the measured data are presented in terms of time-of-flight vs. counts per time
interval, which could be linearly transformed into differential yield vs. neutron velocity.

Neutrons can be detected with reasonable efficiency, but they are virtually impossible
to accelerate. This situation was responsible for the fact that among the earliest studies with
neutrons were those in which the neutron energy was determined from measurement of its
velocity. The introduction of the TOF technique has made the study of the reactions yielding
neutrons much less laborious. Although the TOF technique results in obtaining a good
neutron velocity spectra, however transforming these velocity spectra to energy spectra pass
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through a non-linear relationship. Therefore, this non-linear relationship between the
measured quantity, "time-of-flight", and the represented quantity, "neutron energy", leads to
non-equal neutron energy intervals, which cause a loss of linearity between the neutron
energy and the related neutron intensity (see figure 1). To avoid this non-linearity and to
obtain energy interval-independent spectra, the neutron intensity - or the differential yield - is
divided by the width of neutron energy interval. In other words, to differentiate the angular
differential yield with respect to the neutron energy, and hence the name double differential
yield.

ne
l

a

C
ou

nt
/c

l

i i i i i i HI

Channel Number

Figure 1: General representation of raw neutron spectra, where channel
number is replaced by time-of-flight in case of TOF spectra.

For accelerator-based neutron sources, the double differential spectra are considered as
an intrinsic property of a certain reaction. The double differential yield may be calculated
theoretically by the expression

(1)
39

where No is Avogadro's number (6.023 x 1023 molecule per mole), A is the target material
molecular weight (mass number in grams, g/mole), a(£, 0^ is the reaction cross-section (cm2,
where 1 'cm2 = 10 4 barn) which depends on the projectile energy and neutron emission angle,
S(C) is the stopping-power of the target material ( MeV/(g/cm2) ), and d£ / dEn is the
transformation coefficient between projectile energy, ^ , and the neutron energy, En . The
double differential spectra are derived using the projectile energy range though the target
thickness, starting from the projectile incident energy, Ep, down to the projectile exit energy,
Ep-E,, from the target slap, considering that reaction cross-section equal to zero for values of £
less than reaction threshold energy. The target thickness in energy unit, Et, represents the
projectile energy loss during its passage through the target.

In the present work, the cross-section and stopping power data are supplied from the
DROSG-2000 code database. The angular and energy dependence between the projectile
energies and neutron energies are calculated using the classical relativistic two-body
kinematics model.
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RESULTS AND DISCUSSION

Evidence of existence of drawbacks

In this section, some examples will be discussed to prove that the calculated double
differential yield results in intensity irrelevant spectra at different conditions, i.e. forward
angles, backward angles, and region of kinematic non-linearity. The resultant double
differential spectra are complex ones.

..Figure 2.a reflects that, for d-T reaction, there are infinite peak at projectile energies
1,0, 2.0, and 4.0 MeV and angles 112°, 122°, and 142°, respectively. This peak has no
evidence from the reaction cross section (compare with figure 2.b), which indicates that this
peak do not reflect the actual laboratory neutron intensity. Actually, it is evident that all
exothermic reactions have such infinite peak at different backward angles - depending on the
energy - in the double differential yield. It seems that this peak tends to 90° as the projectile
energy tends to zero, and moves up to 180° as the projectile energy increases.

Examining the reaction kinematics indicate that this peak coincide with region of
possibility of producing a same neutron energy from two different projectile energies (figures
3.a and 3.b). This region characterized by slow rate of changing emitted neutron energies
regarding to the incident projectile energies. This change tends to zero at different emission
angles and incident energies. Thus, differentiation with respect to neutron energy at this
region leads to this peak which tends to infinity at energy corresponding to zero change in
neutron energy. It means that this peak is a kinematic peak and not intensity related, and that
the neutron spectra will reflect misleading high intensity, up to infinity, around these angles.

Double differential yield may result in intensity-irrelevant energy spectra, at regions
of different kinematic dependence between projectile and neutron energies, even at same
neutron emission angle. As the double differential yield is a complex quantity, so the current
problem will be discussed using the kinematic term in the equation (1), d£/dEn . For d-T
reaction, the neutron energy is non-linearly dependent on the projectile energy at low energies
(figure 4.a). It is seen from figure 4.b that the corresponding kinematic factor, d£/dEn, tends
to zero as projectile energy tends to zero. As the projectile energy increases the kinematic
factor increases up to unity at high energy. Another famous non-linear region is the double-
valued region just above the reaction threshold of endothermic reactions, e.g. p-Li reaction
(figure 5.a). It is seen from figure 5.b that the corresponding kinematic factor, d£/dEn, tends
to infinity as neutron energy of the second energy group tends to zero! The factor tends to
zero as the neutron energy approaches that correspond to reaction threshold. At high incident
energies, the kinematic factor tends to unity. Such unstable behavior of the kinematic factor
means that different parts of the double differential spectra will have different weight. In other
words, it means that at regions of kinematic non-linearity the neutron intensity spectra will be
weighted according to the rate of neutron energy change with respect to the projectile energy,
e.g. curves 4.b and 5.b can be seen as weight functions of the actual intensity spectra.

Double differential yield may result in an intensity-irrelevant angular anisotropy of
the neutron producing reactions, even at forward angles. Figure 2.b indicates that the d-T
reaction cross section has maximum value at zero degree. As the projectile energy loss is
independent of the neutron emission angle, so it is expected that the neutron intensity have the
maximum value at zero degree (equation 1). However, figure 6 shows that the double
differential yield has the minimum value at zero degree for incident energies of 1.0 and 2.0
MeV and at 63.75° for 4 MeV. It means that the double differential spectra can not be used to
study different angular spectra of neutron producing reactions, as it is not real intensity
spectra. Also, integration of such angular spectra with respect to solid angle will result in
accumulation of the kinematic factor effect over many polar angles.
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Figure 2 : Angular anisotropy of d-T reaction : a) double differential yield (gas target) shows
infinite peaks at different angles, while b) the cross section has no such peaks.
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Figure 3 : Energy dependence of d-T reaction : a) Double differential yield (gas target) shows

infinite peaks at different energies and b) the corresponding kinematic dependence.
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Figure 4 : For the d-T reaction : a) neutron energy shows a non-linear dependence on the
projectile energy at low energies and b) the corresponding kinematic factor of
the double differential yield, which tends to unity at high energies.
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Figure 5 : For the p-7Li reaction : a) Neutron Energy shows a non-linear dependence on the
projectile energy at low energies and b) the corresponding kinematic factor, which
tends to infinity as the second energy group tends to zero.
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Alternative quantity

The initial requirements of the alternative quantity are to be kinematically
independent, intensity related, and to avoid the non-equal width of the neutron energy
intervals of the TOF spectra. This can be achieved by differentiating the angular differential
yield with respect to target thickness in terms of projectile energy loss, d£, instead of the
produced neutron energy spread or interval, dEn. Thus, the kinematic factor d£/dEn will be
replaced by d£ / d£ , which equals unity, and the kinematic term will disappear from the
double differential yield expression.

Figure 7 shows comparison between the neutron spectra 'of d-T reaction using the old
definition of double differential yield and the suggested one. The old spectrum shows lower
intensity of neutron peak, which is attributed to the kinematic factor (see figure 4.b). The new
spectrum reflects the resonance peak of d-T reaction at 110 keV incident energy. The intensity
of new spectrum is 4 times higher than the old one at the peak position of 14.7 MeV.

Also, the suggested double differential yield reflects the real angular intensity of the
produced neutrons. Figure 8.a shows that the calculated intensity have the same shape as the
reaction cross-section (figure 2.b) - disregarding the peaks at some backward angles -
considering that the stopping power decreases exponentially with increasing incident energy.
The reason for such peaks is that the exothermic reactions at backward angles have a
possibility to produce same neutron energy group from two different projectile energies
(figure 3.b). The resultant neutron intensity is summation of the two possible values. The
addition of the two possible yields must consider the target thickness, in which the thin target
restricts the existence of the lower projectile energy throughout the target thickness. So these
peaks appear to have less width in figure 8.b, with a thin target of 0.5 MeV energy loss,
compared to thick target of figure 8.a'. Figure 8.a shows that these peaks is very high for the
low incidence energy, e.g. 1 MeV, which can be attributed to the coincidence of second
possible yield from the lower incident energy with the resonance cross-section at 110 keV.

In the above treatment, the kinematic ratio d% / d£ is considered to equal one.
However, this is applicable for ideal experiments only, i.e. thin target, point neutron source,
point detector, and mono-energetic incident particle. For thick target neutron sources, some
factors, which affect the projectile energy-loss rate inside target volume, can affect this ratio.
Depending on the efficiency of the cooling system, the energy transferred from the incident
particles to the target can produce temperature gradient throughout the target volume, causing
local variation of stopping power. After long irradiation time, the incident particles as well as
the reaction residual nuclei will deposit in the target volume, affecting the energy loss rate.
Also, any non-homogeneity in the target material can affect the energy loss pattern.
Therefore, the d£ in the denominator, which is calculated using the reaction kinematics and
express the projectile ideal energy loss, may be not equal to d£ that is included in the
measured quantity "count per channel" and express the projectile effective energy loss. The
extent of the deviation of this ratio from unity depends on the experimental conditions, and it
needs further study to investigate its effect on the calculated neutron energy spectra and
possibilities of corrections.

One limiting factor of using this new definition of double differential yield is the
measurement of neutron spectrum under complex conditions, e.g. wide-angle detector, bad
projectile energy resolution, and three-body reactions. In such case, the measured neutron
intensity will be corresponding to neutron energy that results from many angles and/or
projectile energies. Therefore, the projectile-neutron energy relationship can not be simply
deduced, and d^con not be kinematically determined.
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CONCLUSION

The quantity that is called "double differential yield" (or double differential cross
section) is a complex quantity. The neutron spectra in terms of this quantity are complex
spectra, due to the incorporation of the kinematic factor in calculation of the double
differential yield. It will be kinematics-intensity-related spectra, and don't reflect the real
intensity of the neutron source. Therefore, the double differential spectra are not suitable for
studding of neutron intensity angular anisotropy. Also, such spectra are not useful in
comparing different reaction intensities. Even, different regions of the same spectrum at same
angle with different kinematics behavior can not be analyzed from intensity point of view. All
applications that use these spectra as a weighting distribution will be affected, e.g. Monte
Carlo simulations, average energy calculation, and calculation of neutron dose. In these cases,
some energy intervals will have higher or lower weight than the real one.

For accelerator-based neutron sources, a new definition of the double differential yield
- in terms of projectile energy loss - is suggested to avoid the drawbacks of the old definition.
The new definition is found to be kinematics independent and intensity related. Thus, it can
be used to represent neutron spectra in kinematically non-linear regions. The new spectra
could be used to study neutron intensity angular anisotropy, and neutron spectra of different
reactions. The new spectra could be used as a density function for relative-intensity dependent
applications (e.g. average energy calculation, Monte Carlo simulations).

However, absolute-intensity dependent applications (e.g. dose calculation), which
require the real intensity of the produced neutrons, need integration of neutron spectra with
respect to projectile energy loss. This integration procedure is not convenient, because it
needs applying of the kinematics model and that the neutron spectra to be accompanied by a
complete knowledge of the target nucleus and thickness, projectile nucleus and projectile
energy.

This problem of complex spectra and the suggested solution are dedicated to the
accelerator-based neutron sources, and it is due to kinematics non-linearity. Indeed, it is not
clear if this problem exists in case of other neutron sources (e.g. fission and reactor sources)
or not, as they use a different kinematics model other than the two-body reactions.
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Against this background of avid hunger for knowledge among
the Greeks, Alexander launched his global enterprise in 334
BC. which he accomplished with meteoric speed until his
untimely death in 323 BC.

His aim throughout, had been not only restricted to
conquering lands as far as India, bur also to explore them He
therefore dispatched his companions, generals as well as
scholars, to report to him in detail on regions previously
unmapped and uncharted.

His campaigns therefore resulted in a "considerable addition
of empirical knowledge of geography" as Eratosthenes later
remarked. (ap.Strabon 1.2.1; 2.1.6.)

The reports he had acquired, survived and motivated an
unprecedented movement of scientific research and study of
the earth with its natural, physical qualities and inhabitants.
The time was pregnant with a new spirit that engendered
renaissance of human culture; and it was in this exhilarating
atmosphere that the great Library and Mouseion saw the light
of day, in Alexandria.



The founding of the Library and the Mouseion, is
unquestionably connected with the name of Demetrius of
Phaleron, a member of the Peripatic school and former
Athenian politician. But there are two conflicting traditions as
regards the person of the king who commissioned this double
project.

The older one, which originated with Aristeas {Letter, 9-10
Ilnd cent. BC.) favoured Ptolemy II as founder in association
with Demetrius, whereas at variance with this tradition,
Iraneaus in the Ilnd cent. AD. (Ill 21.2) expressly gave the
credit to Ptolemy I, son of Lagos.

However the opinion among scholars is almost unanimous
now, in favour of Ptolemy I, at whose court c. 297 BC.
Demetrius sought refuge after his fall from power in Athens
and became his trusted advisor.

Furthermore, we know that Demetrius fell into disfavour with
Ptolemy II, and did not long survive his accession to the
throne (Diog. L.5.78; Cic. Pro C. Raberio Postumo 23).2

In view of these events, it is obvious that it was Ptolemy I,
Soter who, c. 295, commissioned Demetrius with the task of
founding the Library and the Mouseion. The choice was most
appropriate, for Demetrius, besides being a brilliant politician,
was also a most prolific writer "whose learning and
versatility" was highly thought of by Diogenes Laertius (5.77-
80).

There is little doubt that it was his dynamic role as the first
director of the Library and Mouseion that firmly established
their international renown.

Photo: A leaf of an open papyrus codex



Regarding the collection of books, we learn from the oldest
surviving text, which is the Letter ofAristeas, that it was
conceived as a universal library (9-10) "Demetrius... had at
his disposal a large budget in order to collect, if possible, all
the books in the world; .. .to the best of his ability, he carried
out the king's objective."

The same claim is reiterated more than once: Irinaeus (ibid.)
speaks of Ptolemy's desire to equip "his library with the
writings of all men as far as they were worth serious
attention". Much later, a medieval text, most probably also
derived from Aristeas, repeats the same allegation (Tzetzes,
Proleg. p.31. Mb 8 f). Undoubtedly, however, the larger
amount was in Greek, in fact, judging from the scholarly work
done in Alexandria, we have the impression that the whole
corpus of Greek literature was amassed in the Library.
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Abstract
The mean square charge radii and quadrupole moments of some even-even
neutron-rich nuclei are evaluated by means of a discrete particle-number
projection before variation method.

Keywords: Electromagnetic moments- Pairing - Projection method

I-INTRODUCTION:

The study of exotic nuclei with large isospin values is one of the most active
fields in nuclear physics.
On the neutron rich side in particular, it is crucial to treat these nuclei by including
pairing correlations since the pairing effects become important when the energy
difference between the last occupied level and the first unoccupied level is small [1].
On the other hand, the microscopic calculation of the electric quadrupole moments and
the mean square charge radii should provide information On the structure of these
nuclei, especially the nuclear size and shape.
The aim of the present contribution is to evaluate the microscopic electric quadrupole
moments and mean square charge radii of some Osmium neutron-rich nuclei by
including the pairing correlations in a rigorous way. This is done by means of a
discrete particle-number projection before variation method (of FBCS type)[2,3]. The
method which is based on the SBCS wave-function [4] that strictly conserves the
particle number and is well adapted to numerical calculations is recalled in section II.
The expressions of the quadrupole moment and mean square charge radius exempt
from the particle-number fluctuations are deduced in section III. The numerical results
are presented and discussed in section IV.
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f &
II-PARTICLE NUMBER PROJECTION?

II.1- Projected wave-function:

In the BCS theory, the intrinsic motion of P pairs of paired particles, is
described by the intrinsic Hamiltonian:

H = (1)
v>0

where a* and av respectively represent the creation and annihilation operators of the

state | v), of energy 8V ; and a~ and a? those of the state | v) , which is the time

reverse of | v) and has the same energy. G is the pairing strength and is supposed to be

constant.
The ground state of the system is then given by:

(2)
v>0

where vv and uv are the occupation and inoccupation probability amplitudes of the
state | v).
However, this state is not an eigen-state of the particle number operator:

N=2(^V+^F) (3)
v>0

since:

(4)
v>0

In fact, the state | vj/) is a superposition of states corresponding to different numbers of
particle pairs, since it may be developed as:

(5.a)
,v>0 >V>(r m=0

where Q is the total degeneracy of pairs and where :

v>0 uv

m

(5.b)
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is the m pairs of particles component.
If the number of particle pairs of the system is P, all m*P components are the non-
physical components (or false components).

One remarks that if all ratios — of (5 .a) are multiplied by a non-zero complex
uv

number a, the P pairs of particles component defined by (5.b) is multiplied by a factor
ap. As a result, the states of the form :

(6)
v>0

have the same physical component as the state |v[/>.
As the states (6) describe the same physical system as \\\i >, the choice of a does not
result from physical considerations. The only constraint that remains is the
normalization condition :

u2
v+v2

v=u2
v+\a\2v2

v=\ (7)

which imposes that a belongs to the unity circle. This condition is used to extract the
non-physical components in the state |i|/).
Let us consider the state:

(8)

[l if 0<k<n+l
w i t h \ { ) ) Y l ( t 4 } ) i f = 0 o r k = n + l

v>o U

and zk = Gxp(i<pk) , <pk = (9)
n + \

where n is a non-negative integer, Cn is a normalization factor and c.c means the

complex conjugate with respect to zk.

It has been shown [4] that the sequence of states | y/n) corresponding to P pairs of
paired particles, converges toward the projected BCS state (PBCS) or the fixed BCS
state (FBCS) according on whether the projection is done after or before minimization.
The evaluation of the expectation value, over the state \y/n), of any operator O that
conserves the particle number is easily performed by means of the following property
[5]:
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(10)

In particular, one has:

(11)

That is, when extracting the real part:

{0+1

(12)

where:

and ^ =

= -5vtgxk ,

with pvjt = (l - y2
v sin2 xA) , yv = 2uvvv (13)

II.2-Energy

The energy of the system in the y/n) state is given by:

(14)

The second part of (14) may be easily calculated by means of the property (10):

En =2{n B\y,) = 2{n + l)C2
n

n+\

(15)
U=o

with:

j +zkv
V/.1

5)
(16)

That is, by extracting the real part:
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En =

where:

1
--Gv2

v)v
2
v

k=0 k=0

(17)

II.3- Gap equations:

In order to take into account the particle number conservation, one
considers the variational Hamiltonian:

(19)

where A, is a Lagrange multiplier and where N is the particle number operator defined
by (3).
The uv and vv parameters are then chosen such as to minimize the expectation value of
the Hamiltonian H' :

% J V ) O (20)

that is.: ,Vv (21)

Let us set:

E'(zk) is obtained by replacing sv by (sv-X) in (16).
Thus, the new gap equations are:

A=0

u 1±

where: .

k=0

(22)

(23)

(24)

-235-



(25)
with:

E'n=4(n + l)C2
n hzL-A —

[ V \

«+l

k=0

n+\

n+\
B =

(26)

(27)

(28)
k=0

n+l

k=0

n+l

,2
k=0

(29)

It is worth noticing here that the vv and uv are no longer the occupation and

inoccupation probabilities of the state v). The latter are rather given by the following

expectation values : r.
(3O.a)

(3O.b)

II.4- Particle-number conservation condition'

If N=2P is the particle number, the particle number conservation condition may
be written:

That is:

When the real part is extracted, (3 La) becomes:
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(32)

The new gap equations that enable one to derive uv , vv and X are then constituted by
the equations (23) and (32).

II.5- Particle number fluctuation.

For a system in the q>) state, the particle number fluctuation is measured by the

mean square deviation of the particle number :

In BCS state, it is given by :

v)0

And in the y/n) state :

where:

k=0

(33)

(34)

(35)

(36)

III- CHARGE RADIUS - QUADRUPOLE MOMENT

In the microscopic approach, the charge radius and the quadrupole moment are
calculated as the expectation values of the f2 and Q operators respectively over the
BCS wave function, that is:

1BCS -I \ry (37)

where r^ are the diagonal matrix elements of the r operator and Z is the proton

number.

where Qw are the matrix elements of the Q operator.
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The charge radius and quadrupole moment expressions, exempt from the particle-
number fluctuations, may be easily obtained by means of the expectation value of the
and Q operators respectively over the |\|/n) state, that is :

(v.P'lv.)
lFBCS

These expressions become, using the property (10):

rFBCS - .

(39)

(40)

(41)
n>o

After extracting the real part, one has

r — l _ V r 2 v 2

zH>0

C O S ^

Expressions (43) and (44) may also be written :

s i n s i n

(42)

(43)

(44)

(45)

(46)

where V^ (ri) is the occupation probability given by (3O.a). So, it appears that the

effect of particle-number projection consists into a renormalization of the multiplying
factor of r2M and Qm.

IV-NUMERICAL RESULTS - DISCUSSION;

The previously described method is applied to the evaluation of the mean square
charge radii and quadrupole moments of some even-even Osmium neutron-rich nuclei.
The energies and single-particle states of the Woods-Saxon mean field explicitly
dependant on the nuclear shape have been chosen for this work. The equilibrium
deformation are those of Moller et al [6] .The number of the oscillation shells is
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x=12. In all our calculations we have taken into account P levels over and below
the Fermi level. The pairing strength has been chosen such as to reproduce the even-
odd mass differences [7].

IV.l- Convergence of the projection method:
In order to test the convergence of the projection method, the occupation

probabilities, of the five levels over and below the Fermi one, for the I90Os proton
system, are numerically evaluated . The variation of the Vv

2(n) versus the extraction
degree n of the non-physical components is reported in table I. A very rapid
convergence is observed, since the stability is reached for n>4. Indeed, let us recall
that it has been shown [8] that the false components amplitudes are all zero as soon as
the inequality:

l))max(P,Q-P) (47)

is satisfied.
In the present case, the convergence is supposed to be reached for n about 50. The
actual convergence is much more rapid, proving the efficiency of the projection
method.

n = 0
0.98911
0.98582
0.98402
0.96919
0.95921
0.02459
0.02019
0.01674
0.01665
0.01091

1
0.97966
0.97357
0.9702
0.93908
0.91099
0.05185
0.04108
0.03334
0.03314
0.02123

2
0.96971
0.95951
0.95371
0.89702
0.84334
0.09163
0.07012
0.05524
0.05485
0.03319

3
0.96891
0.95838
0.95238
0.89372
0.83808
0.0948
0.07244
0.05699
0.05659
0.03414

4
0.9689
0.95836
0.95237
0.89368
0.83803
0.09483
0.07246
0.05701
0.05661
0.03415

5
0.9689
0.95836
0.95237
0.89368
0.83803
0.09483
0.07246
0.05701
0.05661
0.03415

Table I : Convergence of the occupation probabilities , of the five levels over and below the
Fermi one, for the 190Os proton system, versus the extraction degree n of the non-physical
components.

On the other hand, the use of the SBCS method allows one to project the
BCS wave-function over any state of the decomposition (5). This technique has been
used for the evaluation of the weights of the various BCS wave-function components
for the 190Os proton system that are reported in figure 1. From this figure, one may
infer the three following remarks:
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(i) The weight distribution is approximately symmetrical with respect to the
central component (the physical one),

(ii) The weight of the physical component is only about 30% of that of the
BCS state. This fact shows the importance of the spurious components
and the necessity of theirs elimination,

(iii) In practice, it is not necessary to eliminate all the non-physical
components since their amplitudes become negligible as the pairs of
particle number that they describe withdraws from the actual number of
pairs P.

34 35 36 37 38 39 40 41 42

Figure 1: Weight of the various BCS wave-function components

for the lvuOs proton system evaluated by the projection method.

IV.2- Charge radius - Quadrupole moment:

We have reported in table II the isotopic shift of the mean square radii:
2 A A ' 2 A 2 A '

where A' is the atomic number of the reference nucleus (188Os in the present case).
The results of the present work are compared with the experimental data [10], when
available, and with the previsions of ref. [9], evaluated by means of the GCM method.
Our previsions are in good agreement with those of the previously cited references for
the nuclei lighter than the reference nucleus. However, for the other isotopes, our
previsions differ from those of ref. [9]. This fact could be due to the charge radius
value of the reference nucleus.
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Nuclei
5<r2>(fm2)
(present work)
5<r2>(fm2) [9]_

S<r2>exDt.(fm
2)

1!iuOs
-0.224

-0.216
-

1({iOs
-0.214

-0.137
-

l w Os
-0.095

-0.025
-0.164

li!6Os
-0.016

-0.030
0.

0.

0.
0.Q71

l w Os
-0.058

0.027
0.134

iy2Os
-0.092

0.066
-

iy4Os
-0.169

0.160
-

iy6Os
-0.489

0.132
-

Table I I :
Isotopic shift of the mean square radii.

We have reported in table III, the values of the quadrupole moments (in barn). The
previsions of the present work are compared to the experimental data, when available,
and to the previsions of ref. [9].
Contrarily to the case of the isotopic shifts of the mean square charge radii, the
agreement between our results and the experimental data seems to be better in the case
of the heaviest isotopes.

Nuclei
Q(b)
(present work)
QCb)
QexDt.0))

lii0Os
6.73

6.43
-

^ O s
6.69

6.23
6.19

l w Os
5.94

5.97
5.67

li{6Os
5.20

5.61
5.41

l w Os
5.22

5.13
5.05

1%Os
4.98

4.59
4.81 '

ly2Os
4.55

3.99
4.54

194Os
4.05

3.33
-

iy6Os
2.42

2.29
-

Table IH:
Microscopic quadrupole moments

V- CONCLUSION.

The non-physical effects due to the particle-number fluctuations have been
canceled both in the charge radius and in the quadrupole moment by a discrete
projection before variation method (of FBCS type). The cancellation of the non-
physical effects is reflected by the re-normalization of the multiplying factor of the

diagonal matrix element of the r and £ operators. The projection method is found to
be fast and well adapted to the numerical calculation.
Theoretical predictions have been established for some Os even-even neutron-rich
nuclei. Some improvements of our results could be expected by including the dynamic
effects.
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Abstract:
A method of simultaneous evaluation of the shell and pairing corrections to
the nuclear deformation energy, recently proposed for the even-even nuclei,
is generalized to the case of odd systems.
By means of the blocked-level technique, a level density with explicit
dependence on pairing correlations is defined. The microscopic corrections
to the deformation energy are then determined by a procedure which is
analogous to that of Strutinsky.
The method is applied to the ground state of Europium isotopes using the
single-particle energies of a deformed Woods-Saxon mean-field. The
obtained results are in good agreement with the experimental values.

Keywords: Shell correction, Pairing correction

I-INTRODUCTION

The nuclear deformation energy is generally evaluated by means of the Myers-
Swiatecki-Strutinsky macroscopic-microscopic model [1], The macroscopic part of the
energy is calculated within the liquid drop model (LDM) which is able to reproduce
the smooth trends of the potential energy. The microscopic corrections are then added
in two steps:

i) The shell effects are taken into account by means of the Strutinsky
method . The shell correction is defined as the difference between the
total energy and its smooth part. The latter is deduced from an expansion
of the level density into a series of Hermite polynomials,

ii) The pairing effects that are generally described using the BCS theory, in
which the pairing correction is defined as the difference between the
pairing correlation energy Ep of the considered nucleus and its averaged
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equivalent Ep. The basic principle of the correction definition is

therefore the same as for the shell correction.
In fact, the shell and pairing effects are closely related and must be taken into account
at the same time. The foundations of such an approach have already been developed in
a previous work [2,3]. The method of simultaneous evaluation of the shell and pairing
effects is based on a level density that explicitly depends on the pairing correlations.
However, the method have only been introduced for even systems. The aim of the
present work is to extend the method to odd systems by means of the blocked-level
technique.

The level density is defined in Sec. II. Its smoothed part is extracted after an
expansion into a series of Hermite polynomials and the total microscopic correction to
the deformation energy is deduced in Sec. III. The method is then applied to the
ground states of several Europium isotopes. The results are given and discussed in Sec.
IV and summarized in Sec. V.

II-LEVEL DENSITY

ILl-Defmition

Let us consider a system of (2P+1) particles (neutrons or protons). The level density
that includes the pairing correlations will be deduced from the particle-number
conservation condition in the BCS theory:

( S - ^ | (1)

where the ev are the single-particle energies, X is the Fermi level, k refers to the blocked-
level and Ak is the half-width of the gap given by:

uv and vv being the un-occupation and occupation probability amplitudes of the v) state
respectively, such as:

, v * k (3)

The level-density is then given by:

ds
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The averaging parameter y is introduced to make the arguments dimensionless such
that:

l
where

,3/2

ak=Ak/y and xv=(e-ev) /y (6)

11,2-Smoothed level density:

In order to define the smoothed level density in a way which is analogous to the
Strutinsky method, g^(e) must be expanded into a series of Hermite polynomials. For

this aim, g^(s) must be considered as a generalized function. It is then expressed in
terms of the Dirac 5 -function and its derivatives:

where :

KM=

Since the expansion o

to (n-2k)!22
a:nLog— - mj/(k • ,2n

2n(2n)'

into a series of Hermite polynomials is well known:

V

that of g^(s) is finally given by:

(7)

(8)

(9)

with:

(j-2k)!22k(k!)2
a,JLog-^--jv);(k-

(10)

(11)

Since the' expansion (10) is formally identical to that of the Strutinsky method, the
smoothed level density g£(s) will be defined in a similar way, by limiting the sum
over m to a given order p:
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n=o

where ak = Ak/y (13)

III- ENERGY CORRECTION

The smoothed Fermi level X and pairing gap Ak are determined on one hand, from
the particle-number conservation condition:

with:

N; t l K J d l f l x J L i C j H i J ^ (15)

(16)

n=l

and on the other hand from the smoothed BCS gap equation:

n + 2J)H2|WI,2(XV)1 e* (17)
J

The total energy correction that simultaneously includes the shell and pairing effects is
defined by the difference between the usual BCS energy:

and its smoothed homologue:

that is:

5E = EB C S-E (20)
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With this definition of E, it is no longer useful to introduce the cut-off. The latter was
introduced, somewhat arbitrarily in the BCS calculations. Indeed, to reproduce the
phenomenological A"!/2 dependence of even-odd mass differences, the number of
levels included in the BCS calculations are taken as Vl5N levels above and below the
Fermi level for neutrons and Vl5Z for protons [4].

IV- RESULTS AND DISCUSSION

The previously described method is applied to the total microscopic correction
6E to the liquid drop energy of some Europium isotopes in their ground state. The
single-particle energies used in the present work are those of a Woods-Saxon
deformed mean-field. The deformation is described using the dimensionless elongation
and necking coordinates c and h respectively [5].

Table I: Variation of the averaged pairing gap Ak (MeV) as a function of the pairing strength
parameter G(MeV) according to the truncature order of the expansion (7) for the ground state of the
155Eu. The columns (1), (2), (3) refer to the values obtained by limiting the expansion (7) to the term in
8(2), 5(4) and 5(6) respectively.
The experimental pairing gap is 0.947 for the protons and 0.978 for the neutrons. The corresponding
values for G are 0.1522 for the protons and 0.1207 for the neutrons respectively.

Neutrons
G

0.12000
0.12010
0.12020
0.12030
0.12040
0.12050
0.12060
0.12070
0.12080
0.12090
0.12100
0.12110
0.12120
0.12130
0.12140
0.12150

(1) (2) (3)
0.96136 0.95826 0.95826
0.96409 0.96097 0.96096
0.96682 0.96368 0.96367
0.96956 0.96640 0.96639
0.97230 0.96911 0.96911
0.97504 0.97183 0.97183
0.97779 0.97456 0.97455
0.98053 0.97728 0.97727
0.98329 0.98001 0.98001
0.98604 0.98274 0.98273
0.98880 0.98548 0.98547
0.99156 0.98822 0.98821
0.99432 0.99096 0.99095
0.99709 0.99370 0.99369
0.99986 0.99645 0.99644
1.00263 0.99920 0.99919

Protons
G

0.15100
0.15110
0.15120
0.15130
0.15140
0.15150
0.15160
0.15170
0.15180
0.15190
0.15200
0.15210
0.15220
0.15230
0.15240
0.15250

(1) (2) (3)
1.01664 0.92079 0.92084
1.01891 0.92290 0.92295
1.02117 0.92505 0.92506
1.02343 0.92717 0.92717
1.02570 0.92928 0.92929
1.02797 0.93140 0.93140
1.03024 0.93352 0.93353
1.03251 0.93564 0.93565
1.03479 0.93776 0.93777
1.03706 0.93988 0.93989
1.03934 0.94201 0.94202
1.04162 0.94414 0.94415
1.04390 0.94627 0.94628
1.04619 0.94840 0.94841
1.04847 0.95054 0.95055
1.05076 0.95268 0.95268

-247-



IV.l- Choice of the parameters -The plateau condition:

The pairing strength parameter is chosen such as to suitably reproduce the
experimental odd-even mass differences [6].For this aim, we studied the variation of
the smoothed gap parameter Ak as a function of the pairing strength parameter G and
according to the truncature order in the expansion (7), for fixed values of y and p
(y = 1.2h(o0 , ftcoo = 41A"1/3, p=5). Table I shows this variation for I55Eu chosen as an
example. The columns (1), (2), (3) refer to the values obtained by limiting the
expansion (7) to the term in 8(2) , 5 W and 8(6) respectively.
The stability of the results is reached from the second column. It is therefore no use
carrying the expansion beyond the term in 8(4). This will be done in what follows.
We obtain in this way a smoothed half-width of the gap that depends simultaneously
on the nucleon type (neutron or proton) and on the nuclear deformation. This was not
the case with the commonly used form:

On the other hand, the y and p parameters introduced in the previous section are not
physical quantities. When suitably chosen, these quantities would therefore have no
influence on the energy correction. This latter must then satisfy to the so-called plateau
condition. It is illustrated in fig. 1 for the proton systems of I53Eu and 155Eu. The
corresponding optimum values are y = (1. -1.4)7zco0 and p=4,5.

IV.2- Total microscopic correction;

We have evaluated the ground state total microscopic correction to the deformation
energy for several Europium isotopes. For this aim, we minimized the deformation
energy in the (c,h) plane, with 1.0 < c < 1.3 and -0.300 <h < 0.300. For each
nucleus, the ground state deformation parameters c and h are given together with the
calculated microscopic correction 5E and the corresponding experimental value (see
Table II) .The results are also reported in fig. 2 as a function of the neutron number N.
They are compared to the values evaluated by Myers [7] as well as the experimental
values of the same author obtained by subtracting the droplet mass from the
experimental one.
It is clearly shown that in most cases, the results of the present work are closest to the
experimental data. This is particularly the case in the neutron-rich side where they
sensibly differ from the Myers results. In the proton-rich side, where the experimental
data are not available, the present work predictions rejoin those of Myers.
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Figure 1: Variation of 8E (MeV) as a function of Y(/ZCOO) for various
truncature orders p for the proton systems of 153Eu (a) and 155Eu (b) in
their ground state.
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Table II: Ground state deformations and calculated ( 5 E ) and
experimental (5E , ) total microscopic corrections (in MeV).

Nucleus
iJ7Eu
138Eu
139Eu
140Eu
141Eu
142Eu
143Eu
144Eu
145Eu
146Eu
I47Eu
148Eu
149Eu
150Eu
151Eu
152Eu
153Eu
154Eu
155Eu
156Eu
157Eu
158Eu
159Eu
160Eu
]61Eu

c

1.164
1.100
1.094
1.071
0.892
1.
1.
1.
1.
1.
1.
1.206
1.191
1.245
1.236
1.288
1.274
1.338
1.351
1.351
1.351
1.364
1.304
1.280
1.257

h

0.057
0.103
0.105
0.116
0.157
0.248
0.
0.042
0.
-0.027
0.
-0.230
-0.186
-0.235
-0.192
-0.242
-0.198
-0.252
-0.254
-0.254
-0.254
-0.257
-0.203
-0.169
-0.134

5E
1.73
1.71
1.41
1.08
0.38
-0.23
-0.72
-1.71
-2.29
-1.89
-1.01
-0.38
0.37
0.81
1.49
1.74
1.38
1.17
0.76
0.34
0.29
0.14
0.23
0.14
0.25

SEexp,
-
-
-

•
-
-
-0.71
-1.72
-2.36
-1.83
-1.0
-0.40
0.3
0.88
1.42
1.76
1.34
1.19
0.78
0.39
0.36
0.09
0.43
0.02
-
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Figure 2: Variation of the total microscopic correction 8E (MeV) as a
function of the neutron number N for some Europium isotopes in their
ground state. Squares refer to 5E of the present work, circles to that of
Myers [7] and triangles to the experimental data when available.

V- CONCLUSION

A recently developed method of simultaneous evaluation of the shell and
pairing effects in the case of even-even nuclei has been generalized to the case of odd
systems.
A level density which is explicitly dependent upon the half-width of the gap has been
defined by means of the blocked-level technique. Considered as a generalized
function, the density has been expressed in terms of the Dirac 8 -function and then
expanded into a series of Hermite polynomials. The smoothed quantities (i.e. density,
energy and pairing gap) have been easily deduced.
The method have been applied to the evaluation of the total microscopic correction to
the ground state of the Europium isotopes. The obtained results are in good agreement
with the experimental data .
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It appears that from the beginning, the combination within
one project between Mouseion and Library under the dynamic
direction of Demetrius of Phalerum was most advantageous.

In so far as the Library was required to satisfy the needs of
scholars at the Mouseion, this association helped the Library
to develop into a proper research centre.

Furthermore, their
location within the
grounds of the royal
palaces, placed them
under the direct
supervision of the
kings (Letter of
Aristeas) and this
situation was
favourably reflected
in the rapid growth of
the collection of
books. Haifa century
had hardly passed
after its foundation in
c. 295 BC, when it .
was felt that the
premises of the 'Royal
Library1 was not large
enough to contain all
the books that had
been acquired, and
that it was found necessary to establish an offshoot that could
house the surplus volumes.

This branch library was incorporated into the newly built
Serapium by Ptolemy III, Euergetes (246-221 BC.) which was
situated at a distance from the royal quarter in the Egyptian
district, south of the city.10

As regards the total number of books in the Library various
figures were reported at different times:

The earliest surviving figure under the first two Ptolemies is
reported as "more than 200,000 books" (Aristeas, 9-10)
whereas the medieval text of Tzetzes, derived from an ancient
source, mentions "42,000 books in the outer library; in the
inner (i.e. Royal Library) 400,000 mixed books, plus 90,000



A still higher estimate of 700,000 was reported between the
second and fourth centuries AD. (Aulus Gellius, Attic Nights
7.17.3; Amm. Marcellinus 22.16.13).

An interesting passage in Galen, reveals the existence of an
intricate system of registration and classification. The
information recorded on each book revealed not only the title
of the work and the names, of its author and editor of the text,
but also the place of its origin, the length of the text (i.e.
number of lines) and whether the manuscript was mixed
(containing more than one work) or unmixed (one single text
only) (Galen, Comm. Hipp. Epidem. III.4-11).

An early example of the title and number of lines at the end of
a text has been found in a papyrus roll of Menander's
Sicyonius of the third century BC.11

It is worth noting that a scribe's pay was rated according to
the quality of writing and the number of lines. A papyrus of
the second century AD. gives the rates "for 10,000 lines, 28
drachmae.... For 6,300 lines, 13 drachmae."

In an attempt to standardise costs and wages throughout the
Empire, Diocletian rated a scribe's pay as follows : "to a
scribe for the best writing, 100 lines, 25 denarii; for second
quality writing 100 lines 20 denarii; to a notary for writing a

petition or legal document, 100 lines, 10 denarii." 12

Photo: Sappho reading her book (From an Athenian vase 5th c. BC



Among the major acquisitions was the collection which our
sources call "Aristotle's books", concerning which we have
two conflicting accounts.

According to one version, Athenaeus (1.10) asserts that
Philadelphus purchased the books for a large sum of money;
whereas Strabo (12.1.54), following another tradition, reports
that Aristotle's books passed on in succession to Neleus, and
were subsequently sold by his family to the great book
collector, Apellicon in Athens, whence they were later
confiscated by Sulla in 86 BC. who carried them away to
Rome.

Should there be any veracity in these accounts, a solution to
their conflicting contents is perhaps to suggest that they deal
with two different things.

The one reported by
Athenaeus, could be
concerned with the
collection of books
from 'Aristotle's
library' amassed at his
school in Athens
which Philadelphus
was able to purchase
during the time when
his former tutor,
Straton was head of
the Lyseum. This
suggestion may find
support in Strabo's
statement that .
Aristotle ranked "first
as a book collector
and taught the kings
of Egypt the
institution of a library" (13.1.54).

Strabo's account, on the other hand, is apparently concerned
with the personal writings of Aristotle and Theophrastus,
which were bequeathed to Neleus and eventually confiscated
by Sulla. Plutarch's remark gives weight to this understanding
when he says that the Peripatetics did not possess the original
texts of Aristotle and Theophrastus, because the legacy of
Neleus had "fallen into idle and base hands" (Plu., Sulla 29).
The wide-spread belief that Aristotle's library was deposited
in Alexandria, gave rise in the Middle Ages to the credence
that Aristotle himself may even have taught at that city.3

Photo: Mummy portrait of Hermione, grammatike (woman of letters)



There were fabulous stories that circulated concerning the
lengths to which the Ptolemies would go in their avid hunt for
books.

One of the methods was to search every ship sailing into the
harbour of Alexandria, if a book was found, it would be taken
to the library where the decision would be taken whether to
return it, or confiscate it and replace it by a copy made on the
spot, with an adequate compensation, to the owner.

Books acquired in this manner were designated, according to
Galen "from the ships" for identification of the origin (Galen,
Comm. in Hippocr. Epidem. III.pp.4-11).

Another notorious story that reveals the unscrupulous means
to which the Ptolemies would go in order to acquire original
texts, is the one told whereby the original manuscripts of the
works of the great dramatic poets, Aeschylus, Sophocles and
Euripides were obtained:

The precious texts were safe-guarded in the Athenian state
archives and were not allowed to be lent out. Ptolemy III
however was able to persuade the governors of Athens to
permit him to borrow them in order to have them copied. The
enormous sum of fifteen talents of silver was deposited in
Athens as a pledge for their safe restitution. The King
thereupon kept the originals and sent back copies, willingly
forfeiting his pledge (Galen, In Hippocr. De Nat.Hominis, I.
pp.44 ff, = Corpus Medis. Graec. V.9.1, p.55).

Beside these irregular methods, books were usually purchased
from different places, especially from Athens and Rhodes, the
largest book marts at the time (Athen. I, 10). Different
versions of the same work would occasionally be bought as,
for example, those of the Homeric text which came "from
Chios", "from Sinope" and "from Massalia".4
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As already stated, the Library was intended to be universal,
comprising the writings of all nations. Foremost among non-
Greek works, was no doubt the Egyptian section.

The founder of the Dynasty must have realised that a
thorough knowledge of the country and its inhabitants was
necessary for'the establishment of his monarchy on a sound
basis. He therefore encouraged Egyptian priests to accumulate
records of their past tradition and heritage and to render them
available for use by Greek scholars and men of letters whom
he invited to reside in the country.

Diodorus provides a description of what took place at that
early stage in the life of the Library: "Not only," he reports,
"did the priests of Egypt render accounts of their records, but
many also of the Greeks who went up as far as Thebes, under
Ptolemy son of Lagos, composed histories of Egypt, one of
whom was Hecataeus (of Abdera)" (Diod. I. 46.8=F.Jacoby,
FGH, 3a, 264 F 25, p.33)

In confirmation of this statement, two names immediately
occur to the mind, Manethon and Hecataeus of Abdera.

Manethon is the well-known Egyptian high priest of
Heliopolis, well versed in the lore of his native land, whom
Ptolemy I consulted on the adoption of Sarapis as the official
deity for the new dynasty. His other, more lasting task was to
collect information from the 'sacred records' and compile a
complete Egyptian history in Greek (Aegyptiaca), which he
dedicated to Ptolemy II (Diod.I.87.1-5 ; 88.4).

Due to his command of the Egyptian language and knowledge
of the history of Egypt, his complete work would have been
of unique value; unfortunately it has only survived in
excerpts. Although his long recital on the episode of the
Hysksos and Moses, is believed to have been much interfered
with, yet his long chronological lists of the Egyptian dynasties
and kings is of great value as is his division of the Pharaohs
into thirty dynasties and three major periods which is still

adopted by modern Egyptologists.5



As for Hecataeus, he was one of the Greek writers invited by
Ptolemy I to reside in the country and write its history. His
"Aegyptiaca" has not survived in its entirety but long excerpts
from it were incorporated into 'Histories' of Diodorus.

In describing his own method of writing history, Hecataeus
makes the following claim, "As for the stories invented by
Herodotus and certain writers in Egyptian affairs, who
deliberately preferred to the truth the telling of marvellous
tales and the invention of myths for the amusement of their
readers, these I shall omit, and we shall set forth what appears
in the written records of the priests of Egypt and had passed
our careful scrutiny" (ap. Diod. I. 69. 7).

We need not take this criticism too literally since Hecataeus
adopted much of Heridotus1 account in its main outline while
making his own contributions only in certain matters of detail
which were probably derived from the sacred records, as well
as from his own personal observations.

Recent studies have revealed certain points in which
Hecataeus differed from or even corrected Herodotus.6 In
dealing with the aspect of the Egyptian scientific activity, he
highly praised the efforts of the Egyptian scientists in
particular in the field of astronomy where he asserts that, "to
this day, they have preserved records concerning each of the
stars over an incredible number of years..... and as a result of
their long observations they have prior knowledge of
earthquakes and floods, of the rising of comets.. ..etc." (ap.
Diod. I. 81.4-5).

Admiration for Egyptian astronomy by the Greeks was not
limited to Hecataeus alone; mention has been made of
Eudoxus of Cnidus, who studied astronomy in Egypt shortly
before Alexander's conquest.

Photo: A papyrus roll of Homer's Iliad



The papyri provide us with evidence that this aspect of
interchange still continued after Alexander and coincided with
the founding of the Library.

The Greek Hibeh papyrus
no.27 which dates from 301-
298 BC, has as its main
subject, a detailed calendar
from the Saite nome in the
Delta; and it is prefaced by an
introduction, presumably in
the epistolary form, in which
the compiler informs us that
he "spent five years in the
Saite as disciple to a wise
man from whom he learned a
great deal."

He goes on to say that the
wise man explained and
indicated all the facts in
practice, with the use of a
cylindrical stone instrument
which Hellenes call
"gnomon ". Furthermore, the
wise man expounded that the sun had two courses, one
dividing night and day and the other winter and summer.

At this point the compiler adds a remark on the method with
which astronomers and sacred scribes (Hierogrammateis)
could fix the setting and rising of the stars and thereby could
keep most of the festivals annually on the same day without
alteration.

There is little doubt but that the wise man referred to was an
Egyptian priest versed in astronomy. Furthermore, the
identification in the text of the Greek word 'gnomon' with the
Egyptian stone instrument for the measuring of time, is an
indication that translation into Greek was active at the time of
the founding of the Library.7

One might add that similarities between parts of the Hibeh
papyrus and an astronomical treatise known as "Ars Eudoxi"
which has survived in Papyrus de Paris no.l (of the 2nd
century BC), suggest that both were derived from a much
older prototype.



In addition, we know of a Ramesside calendar8 that has
survived in a hieratic papyrus which employs the same system
for measuring time on the basis of an equinoctial hour (of a
constant duration), there is reason, therefore, to believe that
the Ars Eudoxi and the Saite calendar were following an old
Egyptian tradition.

Photo: A private letter from Oxyrhynchus



In addition to the acquisition of the bulk of Greek literature
and a full corpus of Egyptian records, there is' evidence that
the new Library also incorporated the written works of other
nations.

Almost simultaneously, at the beginning of the third century
BC, similar work was taking place in the Seleucid kingdom,
where a Chaldaean priest named Berossos wrote a history of
Babylonia in Greek. His book immediately became known in
Egypt and was probably used by Manethon (Maneth.fr.3,ed.
Waddell).

Oriental religions seem to have had a great attraction and
according to Pliny (H.N.30. 3-4) a voluminous book - in two
million lines - on Zoroastrianism was written by Hermippus, a
pupil of Callimachus (Diog. Laert., Proem. 8 speaks of a book
"On the Magi" hy Hermippus). Such an ambitious
undertaking would imply that detailed material on the Persian
Mazidan faith was available in the Alexandria Library.

Buddhist writings would also be available as a consequence
of the exchange of embassies between Asoka and
Philadelphus (Corpus Inscript. Indie. I. P.48, ed. E. Hultzsch).
Intellectual curiosity as well as academic interest no doubt
motivated scholars to study and write about oriental and
ancient religions, but more crucial reasons lay behind the
translation of the Pentateuch of the Old Testament. Such a
translation from the Hebrew into Greek, was a practical
necessity for the large Jewish community in Alexandria,
already Hellenised by the end of the third century BC. The
obviously fictitious presentation of the translation of the
Septuagint as related in the Letter of Aristeas is no longer
accredited, in actual fact, the translation was executed

piecemeal during the third and second centuries BC.9 But the
important point here, is that such an achievement was
rendered possible in Alexandria owing to the abundance of
research material available in the Library.

The Septuagint has survived as the most valuable work in the
history of all translations and it continues to be indispensable
to all biblical studies.
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Abstract

The operator method has been used to solve the fractional Fokker-
Planck equation which was recently formulated as a model for the
anomalous transport process. Two classes of special interest of frac-
tional F-P equations coming from plasma physics and charged parti-
cle transport problem has been considered. It is shown that the mean
square-displacement < x2(t) > satisfy the universal power law charac-
terized the anomalous time evolution e,i. < x2(t) > ~ t~t, 0 < 7 < L

Keywords : Fractional Fokker-Planck
Equation, Operator Method, Anomalous Transport.

1 Introduction

The linear time-dependent Fokker-Planck equation (PPE) for the probability
function p(x,t) is of the form,

m =Lfpp{x,t) (1)

with Ljp is given by,
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where D(x) and V(x) are referred to as the diffusion and drift coefficients.
Equ.(l) is currently one of the most important equation in the study of
dynamical process of nonequilibrium systems where the explicit forms of D(x)
and V(x) vary considerably and depend on the particular application^1"3).
Usually, the FPE can be derived following the Langiven approach, that is
starting from the stochastic equation of motion for the dynamical variable
whose probability distribution is of interest. The basic properties of Equ.
(1) are exponential decay of the single modes in time,

Tn{t) = exp(-An|1i) (3)

with Xn,i is the eigenvalue of the operator L/p. Also Equ.(l) has the
following formal solution,

p{x}t) = cxp(tLfp) 5(x — x0) (4)

where 6(x — XQ) is the initial distribution function. In the absence of drift
term i. e. V(x) = 0, the equation describes a Gaussian evolution as may
be anticipated based on the central limit theorem. Also, the mean square
displacement < x2(t) > is proportional to time t,

<x2(t) > ~Kxt . ' (5)

where K\ is constant related to the diffusion coefficient. Finally the sta-
tionary solution,

pst(x) = Limt-toopixit) (6)

is given by the Gibbs-Boltzmann distribution.

pH(x)~exp(V(x)/kBT) (7)

with {ksT)'1 denotes the Boltzmann factor.

2 Fractional Fokker-Planck Equation (FFPE)
In recent years some interest has been focused on non-standard diffusion
mechanism taking place in system with fractal rather than Euclidean geom-
etry. Indeed, there is some evidence that many experimental data can be
fitted and interpreted much better within the context of fractal rather than
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Euclidean geometry'4). Some typical examples of transport in Fractured^,
phase-space motion in chaotic dynamics^6), and transport in heterogenous
media such as porous materials or gels'7'8) are some of the main instances
where anomalous diffusion underlies transport process. Anomalous diffusion
is characterized through the power form'9),

< x*(t) > ~K^, 0 < r < 1 (8)

In analogy to the description of normal diffusion-drift equation, one may
expect to introduce FPE involving with a fractional differential operator of
time i.e. d?p(x, t) .where 7 is the anomalous diffusion exponent, of the system
under consideration,

0D7p(x,t) = L}pp(x,t) (9)

with,

D*(x) and V*(x) are the diffusion coefficient and the external potential
related to the disordered system under consideration respectively. The oper-
ator QD] is so-called the Liouville-Rieman fractional operator and is denned

t) = jtODrlp(x,t) (11)

and,

0D] p(x, t) = ^ f f r - ^ (12)

where T(~/) is the Gamma function. Equation (9) is called the fractional
Fokkcr-Planck equation and it has been recently derived and investigated
in( l l-I4)) and it is easy to see from Eq.(ll) that 7 = 1 , Eq. (9) reduces to the
standard PPE (1). One can obtain the formal solution of Eq.(9) by taking
it into Laplace domain yielding,

p(x,u) = u'-1(ui--L}p)-
1p{x,O) (13)

where,
/•oo

p(x, u) = L{p(x,t),u] = / exp(—ut)p(x,i)dt (14)
Ja

and p(x, 0) is the initial condition. A direct transition to time domain
(i.e.. inverting the Laplace transform) does not seem to be feasible. This
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difficulty is circumvented by passing through the intermediate step of the
Mellin transform,

p{x,s) = I™ ts-lp{x,t)dt (15)
Ja

and the cnnection between Laplace and Mellin transforms given by,

p{x,s) = f^Z^)M {L\p(x,t)](v)> 1 - s} (16)

Applying the formula (16) to Eq.(13) leads to,

^r^(*, 0) (17)

Comparing the inverse of Mellin transform (15) with the definition of
H-function(25'26) which has the following form,

•Ljmnir7\_ rrmn
pq pq {jij)j1^ ) (18J

one gets,
p(x, t) = (l/7)/7» ((LJp)1^ \$\ffm)) P(x, 0) (19)

where the H-function represented by following contour integration,

- f 1 A(S)B(S) J -

where

A(s) =
3=1

B{s) = ft r(l - aj - ajS)
. 7 = 1

(21)

j=l+m

D(s) = f[ r(aj-ajS)
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H-function is closely related to the class of Mittag-Leffler function^26),
therefore the series representation of (18) gives,

( oo { T * \viryT "\

or
p(x,t) = E7tl(L*fpti)p(x,0) (23)

where £?7ii denotes the Mittag-Leffler function and has the following form,

Evidently the solution (22) represent very slow non-exponential dynamics
approaching time decay in the long limit. It is easy to show that this non-
exponential decay reduces to the formal solution (4) for 7 = 1. Also the
basic properties of FFPE are the monotonically decreasing Mittag-Leffler of
the single modes in time,

Tn(t) = EljX(-Xntlf) (25)

comparing with exponential decay of Equ.(3) which is monotonically de-
caying and interpolates between the initial stretched exponential behavior
and the final inverse power-law pattern. Thus, one can show that Equ.(25)
represents as an exact relaxation function for underlying fractal time walk
process, and that function leads to the Cole-Cole behavior for the complex
susceptibility, which widely used to describe the experimental results. It
is worth mentioning that fractional kinetic equation have been extensively
shown to be a well-suited tool for the description of anomalous relaxation
and diffusion process in complex systems, see for instance^10'11). Since, there
are no solution of Eq.(9), there is some motivation here to introduce the
operator method for solving the corresponding fractional moment equation
of FFPE. The operator method has been successively used to solve the mo-
ment equation of FPE^L5l using the definition of the shift operator and the
technique of the exponential operator decomposition^16"18).

The purpose of this paper is to extend the analysis of the operator method
introduced by EL-Wakil et al.[19] to solve the fractional moment equation of
FFPE. Two different examples are chosen for the interesting nature of the
solution, but they are by no means claimed to be unique, there may be other
similar examples perhaps more interesting ones.
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3 Example (1)
The first example come from plasma physics in terms of quite complicated
integrals^20). The governing equation is taking as^21),

dp(x,t) 1 d2 . z 1 - 2 6 . ,. d . a r 2 e . ..

with € ^ —1/2, Eq.(26) can be written in the fractional form as follows,

02 .x1-^ . .. 0 ,ar26 , ,,
{—pM) ~ Tx{—pM) (27)

Making use of the replacemen

p{x,t) -

t = r (28)

2e

Eq.(27) reduces to the fractional FFP for the linear Brownian motion as,

d^wjy, r) = ld2w(y,r) _ d My,r)
dr-r 2 dy2 dy[ 2y ' ^ '

Assume that the above equation subject to the following boundary con-
ditions,

Limy^±QOyKw(y. r) = 0 (30)

and initial condition,

w ( y , 0 ) = 6[y - y 0 ) , 0 < y 0 < l (31)

Multiplying Equ.(29) by yK and integrating over y 6 [—00,00], the mo-
ment equation becomes,

<PM (T)
KV ± = ( 1 / 2 ) [ K M K _ 3 ( T ) + K(K - l)M«_2(r)] (32)

where ^
M«(r)= I yKw{y,T)dy (33)

J —no
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Eq. (32) can be rewritten in the operator form,

™ ; ( T ) =C MK(r) (34)

with,

where E±n is the translation operator defined by(23),

E±nMK(r) = MK±n(r) (36)

Using the Laplace-Mellin technique introduced in [24] to solve Eq.(34),
one can obtain the solution in a closed form of H-fuiiction as,

/ - 1/7 \

MK,(r) r-. {lh)H\l U-C) r Igi/^^o,!) I M«(°) (37)

Equation (37) in series expansion becomes,

MK(T) = I f ) p P ^ y I .^(0) (38)
v )

with,

{C)rMK{0) = (l/2)r[rt + K{K - l)]rMK_2r(0) (39)
The advantage of applying the operator method is to obtain a closed form

for the different order of the moments which can be directly evaluated via
Eq.(38). For example, when K = 1,2, then first two moments are readily
found to be,

It is obvious that the moments increase sub-linearly in time which is very
similar to the power law that describes the mean-square displacement in
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anomalous diffusion founded in Equ.(8). For 7 = l,eq.(38) reduces to the
familiar results as shown,

MK(r) = exp(r C) MK(0) (42)

which in series form take the form,

MK(T) = MK_2r(0) + f ) ^r(l/2Y(K + K(K - l))rMie_2r(0) (43)
r = l

4 Example (2)

A second instructive example describes the FP equation for charged particles
transport introduced by Molinari et al. [27-29]. The problem of fast charged
particles slowing down in a medium through coulomb interactions can be
appropriately study in the framework of FP equation. We will consider the
slowing down of a charged particle emitted with velocity t>oby a collimated
source. If y. is the cosine of the angle between the direction of the test particle
and wo, The FP equation for the probability density f(v, /i, t) can be written
in the following form

(44)
with the initial condition,

f{v, n, 0) = N06{v - vo)S{fi - l)S(t) (45)

Here f(v,/j.,t) is the probability density that depends on velocity, angle
and time. The expression of the coefficients a( the dynamical friction coeffi-
cient), ft and A (the coefficients of the diffusion velocity tensor) for coulomb
interaction as follows,

a = nmS[l - M(l - ^ ) ] , (46)

(47)
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A = nM2O(l - -r—r)/2, (48)

„ e VlnA

^ - , (50)

and,

1

?ny being the field particle mass, mt the last particle mass and Hm;n
the lower limit of the direction angle E in the center of mass system of
two colliding particles. Now, the corresponding fractional Molinari equation
which can be used to describe the transport of a charged particle through
a hypothetical fractal structure has an anomalous diffusion exponent ( 0 <
7 < 1) is given by,

(52)
To solve Equ.(52), expand the probability density /(u,/i, i) in terms of

Legendre polynomials pn{lA as,

(53)
7!-=0

with
f1fn{v,t)= f(v,ii,t)pn{^)dn (54)

J — 1

Then Equ.(52) takes the form,

d1 °° d a °°
OZ n=Q OV V n=0

A
n=0 v n=0
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where,
2n+l

Multiplying Eq.(55) by pn{p') and integrating over JJ, € [—1,1] and using
the orthogonal relation, one gets,

UM £ [ £ A ( M ) 1 + [ f M ] ^[n(n+1)/M] (56)

The function fn(v, t) is defined by Equ.(54), can be expanded in Legendre
polynomials by Fllippone [30],

fn(v, i) = E -^—Xnm(t)pm(v/vQ), v < v0 (57)

with,
Hnm(t)= [V fn(v,t)Pm(v/Va)dv (58)

Using the exjwession of the Legendre polynomials pm{v/vo) in the form,

m

pm{vlvti)=Y,^i^y (59)
p'=0

where â 1 is the Legendre coefficient. Then Eq.(58) takes the form,

HUt) = t s"%^ (60)
p'=0 ^0

where
Mp,,n{t)= I r/fn(vtt)dv (61)

Multiplying Eq.(56) by vk and integrating over v € [—00,00] and using
Eq.(61), the moment equation takes the form

By using the definition of the two shift operators Ei, E2 defined by
Ronald[23]

l
 ll(t) (63)
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Therefore, Eq.(62) can be rewritten in the operator form,

£ J * e & - A j i 4 , ( O , » > o (64)

Applying Laplace-Mellin technique to solve Eq.(64), we obtain the solu-
tion in a closed form in terms of H-function,

^ ( > ) AfM(o) (65)

using the series expansion for Fox-function

Its obvious that the solution (66) represents a closed form of moments
which increase sub-linearly in time that may characterize the transport of a
charged particle through a hypothetical complex medium. Here, the change
of diffusion character is caused by two reasons: strong tortuous (twiatness)
of percolation ways and presence of impasses (dead ends on current ways
at least). Therefore, the result (66) describes the generalized solution for
nbnstationary macroscopic observable whose macroscopic time evolution is

governed by A- In regular domain i.e. 7 = 1, formula (66) reduces to the
familiar result,

A4,n(0) + E {-^r- ^4,n(0) (67)

with,

A M*,n(0) = [Bk{k\-1) • • ak • • Xn(n -I l )] r A4_3)n(0) (68)

Equ.(67) leads to,

Mkin{t) - <Mk,n(0) + £ -APk(k + l)-ak- \n(n + l))r) Mfc_3r,n(0)
I r=() T- )

(69)

.263<



In order to complete the formulation of the problem we impose the bound-
ary condition of the probability density at t = 0 in the form,

f(v, i>, 0) = N06{v - vo)S(fi - l)S(t), v < v0 (70)

where No is the number of the test particle per cm3. By means of Eqs.(70)
and (61) we have,

f(v,0) = N0S(v-v0) (71)

Mkin(0) = N0v
k
0, k > \ (72)

Hence Eq.(69) becomes,

Mk.n(t) = Âo (vo + £ -,(PHk + l)-ak- \n(n -h l))r) vk
0~

Sr (73)

Thus, we obtain the probability density /(t;,//,i) in the form,

00 Or, _L 1 °°

n=0 ^ m=0 Z p'_0
(74)

with,
c0 = (Pk{k + 1) - afc - \n(n + 1)) (75)

Now, with the knowledge of the probability density eq.(74) some physical
macroscopic quantities such as average velocity can be directly evaluated.
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5 Conclusion
It is worth noting that, if the stochastic process is markovian (7 = 1), the
Fokker-Planck equation associated with this process and its solution can be
found in standard textbooks of non-equilibrium statistical physics. On the
other side, for the generalization the order of time evolution operator ( change
of noise of the physical system from white i.e.(7 = l)to grey i.e. ( 0 < 7 < 1)
where 7 may be considered as the grayness parameter, there is no simple FP
equation. In this paper, the fractional FP equation which contains fractional
time operator (we are dealing witli the so-called Liouvell-Rieman differential
operators) can be introduced within the framework of fractional calculus
represent a promising tool for studying anomalous transport process through
complex system characterized by power law mean square displacement <
x2(t) > ~'K^. ' .

Here, we introduce a technique , widely used to solve the FP E, namely,
the operator method to solve the fractional FPE associated with two exam-
ples, one coming from plasma physics and the other coming from slowing
down of charged particle through a fractal structure with coulomb interac-
tion.

Using the Laplace-Mellin technique to solve, the fractional moment eqxia-
tion, we can derive the recursion relation for the moments in a closed form
of H-function which interpolates between initial stretched exponential form
and inverse long-time behavior.

This means that, the fractional calculus technique offers some physical in-
sight into the origin of fractional dynamics for systems which exhibit multiple
trapping such as the charged carrier transport in amorphous semiconductor.

Finally, it can be concluded that, the operator method represents one of
the most powerful technique for solving the fractional moment equation of
F-PE,
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A simple formula is given which allows to calculate the contribution of the total neutron
cross - section including the Bragg scattering from different (hkl) planes to the neutron
transmission through a solid crystalline silicon. The formula takes into account the
silicon form of poly or mono crystals and its parameters. A computer program DSIC
was developed to provide the required calculations.

The calculated values of the total neutron cross-section of perfect silicon crystal at
room and liquid nitrogen temperatures were compared with the experimental ones. The
obtained agreement shows that the simple formula fits the experimental data with
sufficient accuracy .A good agreement was also obtained between the calculated and
measured values of polycrystalline silicon in the energy range from 5eV to 500u.eV.

The feasibility study on using a poly-crystalline silicon as a cold neutron filter and
mono-crystalline as a thermal neutron one is given. The optimum crystal thickness,
mosaic spread, temperature and cutting plane for efficiently transmitting the thermal
reactor neutrons, while rejecting both fast neutrons and gamma rays accompanying the
thermal ones for the mono crystalline silicon are also given.

INTRODUCTION

A fission reactor is a prolific source of fast neutrons, thermal neutrons and gamma

radiation . However , to improve the signal-to-background ratio for thermal neutron

scattering experiments has required the development of thermal neutron filters .

For most media the reflective index for neutrons is less than 1.0. It follows that

when a neutron beam strikes the boundary of a medium from out side (i.e. from

vacuum) , one should observe an almost total internal reflection of neutrons from the

surface at small enough glancing angles .As shown by several authors [l,5],that curved

guide tubes transports neutrons by total internal reflection from a surface coating of 58Ni

mirror ; while reject both fast neutrons and gamma radiation. Therefore, such neutron

guide tubes are now-a days used as thermal neutron filters.
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Such thermal neutron filters are expensive to construct and the neutron scattering

facility are usually installed far away from the reactor core.

However poly and momo-crystals have been recently used as thermal neutron

filter[6,7].When evaluating crystal filters that pass thermal neutron and exclude both

fast neutrons and y-rays , the material used must be of small absorption cross-section

and small diffuse scattering cross-section . Therefore the present work deals with the

feasibility study on using a poly and mono-crystalline silicon as a thermal neutron

filter.

A simple formula was introduced for calculating both the total thermal cross-

section and Bragg scattering cross-section of a silicon in poly and mono crystalline

form.

The computer program DSIC, a new version of computer code ISCANF-II was

adapted to provide the required calculation.

THE THEORETICAL TREATMENT

1. Attenuation of thermal neutrons by a crystalline solid:

The total cross section determining the attenuation of neutrons by crystalline solid

is given by

CT = Gabs + Otds + OBragg (1)

The first contribution o-abs for the most of the elements obeys the 1/v law where v

is the neutron velocity and can be written as:

aa bs=CiE-1 / 2 (2)

where E is the energy of the incident neutron

According to Freund [8] the second contribution atds can be split into two

parts, aspii and omph depending on neutron energy. The single-phonon-scattering cross

section aspi, concerns the energy range E « KB 6D , where KB is Boltzmann1 s constant

and 9D is the characteristic Debye temperature is given by the equation:
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36A V E )

R x<6

(3)

3.3x-7/2 x>6

where x = 6D/T ( T is the temperature ), Obat = S + s the sum of coherent and incoherent

scattering cross section of the bound atom, A is the atomic mass number and

00

R= X Bnx
n-l/[n\(n+5/2)]

n=0

where Bn are the Bernoulli numbers.

The second part, the multi-phonon scattering cmph of the atds is predominant on

the range E » KB 9D and is given by:

C?mph= Ofree { 1 - exp[ - (B o + BT) C2 E ] }

where C2 is a constant independent of the scattering material,

Bo = 3 h2 / (2 KB 0D)

B T = 4 Bo <p(x)/x

in which h is plank's constant and

is the free atom cross section given by

afree = abat [ A/A+lf

2. Bra2S Scattering:

The contribution of Bragg scattering asragg to the total cross section taking into

account the resulting reflection from different QtM) planes, which are able of giving the

Bragg reflection for the neutron wavelength X, was calculated. In case of poly-

crystalline material the reflections are from all planes having spacing dhki ^ X/2, while in

case of mono crystal, reflections are from the (hkt) planes satisfying the Bragg equation:

n^ =2 dhki sin

where n is the order of reflection, QHM is the glancing angle to the {hkt) plane.
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2.1. Bragg Scattering bv a Polvcrvstalline Material:

It was shown by Bacon [9] that for a Polycrystalline material with grain size less

than 10"4 mm, the total coherent Bragg scattering cross-section can be given as:

where Nc is the number of unit cells per cubic centimeter, F/,# is the structure factor of

the unit cell and e"2vv is the Debye-Waller factor.

2. 2. Bragg Scattering bv Single Crystal:

Following Naguib K. and Adib M., [10], the Bragg scattering cross-section by a

single crystal is given by:

M (5)
Brags )

where N is the number of atoms per cubic centimeter and t0 is the effective thickness of

the crystal in cm. TBragg is the resulting neutron transmission from different (hkl) planes

given by:

•I Bragg

hkl

where P^ is the reflecting power of the (hkl) plane inclined by an angle Qhki to the

incident beam direction.

As shown by Naguib K. and Adib M., [10] the reflecting power P®kl for an

ideally imperfect crystal depends upon the direction cosine of the incident beam y0

relative to the inward normal to the crystal surface cutting along the plane (hckclc), the

direction cosine of the diffracted beam ym and the inclination of (hkl) plane to the

crystal surface

For the diamond cubic structure, the equation describing the cutting plane (hckclc)

which is parallel to the crystal surface can be given as:
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while any of the (hkt) planes can be given as:

hhc+kkc+llc _
+ — z - ao (p)

Jhlki12

where ao is a lattice constant.

Let the angle between the neutron beam direction and the direction [hckjc] is

then the direction cosine of the diffracted beam y^ki can be expressed as:

/;; n 11 \ j(hhc+kkc ijhf+kf) .
(hhc +kkc +llc)cosy + /J r ^ ~ - j \ sin V

while the inclination angle am of any plane (hkl) to the cutting plane (hjcjc) can be

given as:

{hhc+kkc+llc)
COS CLhkl ~ , = = = 1 ===• (8)

jh2k2l2 Jh2k'l2

If the cutting plane is (00lc) equations (7) will be:

/ cosy + k siny

Description of DSIC Code

DSIC code is an adapted version of ISCANF-I and ISCANF-II codes developed to

calculate the total neutron cross-section and transmission through crystalline material

for neutron energies below 10 eV [11]. The contribution of oabS, and atdS are calculated
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in similar way as given in ISCANF-I and ISCANF-II programs. The adapted version

DSIC can provide additionally the following calculations:

1-The nuclear unit-cell structure factor and the reflecting power P®k] of a diamond

structure with 8 atoms per unit cell.

2-The energy and wavelength distribution of incident reactor neutron flux before and

after its transmission through the crystalline filter, where the reactor neutron flux

distribution was assumed to have 1/E for neutron energies E more than epithermal

ones and Maxwellian with neutron gas temperature 300K or 77K for thermal or cold

neutrons respectively. .

Comparison with Experiment

In order to check the applicability of the deduced formula, the calculations were

carried out for poly and mono crystalline silicon crystals and compared with the

experimental ones. The main silicon physical parameters used for calculations are listed

in Table 1

Table. 1 The physical properties of Silicon

Atomic Weight

Crystal Structure

Lattice Constant

Atomic Positions

Number of Unit Cell s/m3

Debye Temperature

Neutron capture cross-section at 0.025 eV

Obat

Coherent Scattering

28.08

Diamond Structure

a« = 054307 nm

o o o , Vi Vi o, '/2 o V2, o y2 v*, XA V* VA,

VA VA VA , VA VA VA , VA VA VA

0.6243E+28

420K

0.161 barns

2.180 barns

4.2 fm
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1. Polycrystalline Silicon

The total neutron cross-section of silicon was calculated in the energy range from

0.1 meV up to 10 eV using DSIC. The result of calculation was displayed in Fig. 1 as

solid line. For comparison the available experimental values measured for

polycrystalline silicon in powder form and reported in Refs 6&12 were also displayed in

Fig. 1 . The calculated values are in reasonable agreement with the experimental ones at

the fitted parameter C2=6.4 . This value is close to that value 6.36 deduced from the

semi empirical formula reported by Freund [ 8 ] .
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i

CO
CO
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• •Ref[6]

xRef[12

reticai •

1

0.0001 0.001 0.01 0.1

Neutron Energy -eV

10

Fig .1 The Total Neutron Cross-Section For Polycrystalline Silicon .

To show the effect of both thickness and temperature of the polycrystalline silicon

on its filtering characteristics, the calculations were performed at room and liquid

nitrogen temperatures in the energy range from 1 meV up to 10 eV. The result of

calculation is displayed in Fig. 2. It seems that 40 cm thick polycrystalline Si cooled at

liquid nitrogen temperature has a better signal to background ratio for neutrons with

wavelengths longer than the cut off wavelength at 0.628nm .

The calculated cold neutron flux having Maxwellian distribution with neutron gas

temperature close to liquid Hydrogen (~ 20° K) incident on a 40 cm thick

polycrystalline silicon cooled at liquid nitrogen before and after its transmission is

displayed in Fig. 3 .
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Fig. 3 shows that 40cm of silicon transmits about 31% of the incident neutrons

with wavelengths longer than 0.628nm. However it transmits about 9% for neutrons with

wavelengths close to 0.38 nmjdue to the reflection from (202) plane. Its seems that 40cm

thick polycrystalline silicon cooled at liquid nitrogen is sufficient of almost removing

epithermal neutron* and transmits less than 1% of fast ones with energies more than 1 MeV

and less than 5% of y-rays with energy Ey =2 MeV; while,providing reasonable intensity of

thermal neutrons (31%). Such transmission behavior limits the application of

polycrystalline silicon when it used as a cold neutron filter.

0.2 0.4 0.6 0.8 1

Neutron Wavelength -nm
1.2 1.4

Fig.2 Neutron Transmission through different thickness Polycrystalline Silicon .
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Silicon Single Crystal:

The total neutron cross-section data carried out by Brugger[6] at both room and

liquid nitrogen temperatures are displayed as dots in Fig.4a & b respectively. The

calculated values using DSIC are also displayed in Fig.4 as solid lines assuming that Si

single crystal is perfect and the neutron incident perpendicular to the (111) plane .

One can notice that the calculated values are in good agreement with the

experimental ones. However as reported by Brugger[6]the neutron Bragg reflections from

the crystal were smoothed by slightly titling crystal around zero inclination angle during

the measurements.
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Fig .4 Neutron Cross-Section of a Perfect Si Single Crystal.
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In order the check the effect of crystal mosaic spread on the neutron attenuation,

the calculations were carried out assuming that 30cm Si single crystal is cut along (111)

plane and cooled at liquid nitrogen temperature at different mosaic spread! Fig. 5 displays

the result of calculation .From the figure one can notice that the Bragg reflections can not

be neglected at mosaic spread values higher than 0.5mRad .
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To show the contributions of the Bragg reflections on the transmitted neutron

spectra through also 30cm silicon single crystals cutting along different Qtjcclc) planes and

at room temperature, the calculations were performed in the whole energy range from 1

meV to 10 eV and assuming that their mosaic spread are the same and have the value of

4mRad. Fig. 6 displays the results of calculation for neutron transmission through silicon

crystals cut along, (331), (311), (202), (002) and (11 l)planes at \\i = 0° . From the curves

one can notice that the silicon crystal cut along (111) plane is preferable than others when it

is used as a thermal neutron filter, since there is no disturbing Bragg reflections at neutron

energies less than 0.01 eV
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To find the optimum thickness of silicon (111) crystal, the neutron transmission*

were calculated assuming that the mosaic spread has the value of 0.5mRad and lmRad

where the crystal was cooled at liquid nitrogen temperature. Fig.ia & b display the

results of calculation for silicon single having mosaic 0.5mRad and lmRad respectively

. It seems that a 30 em thick crystal with mosaic spread of 0.5mRad and cooled at liquid

nitrogen temperature is free from parasitic Bragg reflection

Fig~f Neutron Transmission through silicon Crystals Cut along (111) Plane for
Different Crystal Thickness
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To show that such silicon crystal can be successfully used as thermal neutron filter

the calculation of the transmitted thermal neutron flux through 30 cm silicon was

carried out . The result of calculation is displayed in Fig.& Where the thermal neutron

flux was assumed to have a Maxwellian distribution with neutron gas temperature close

to 3 00 K, while the fast neutron one to have dE/E, where E is the neutron energy .

Its seems that 30 cm thick single crystal cooled at liquid nitrogen it sufficient of

almost removing epithermal neutron and transmits less than 1% of fast ones with

energies ~1 Mev and less than 5% of y-rays with average energy Ey =2 Mev while,

providing reasonable intensity of thermal neutrons .

Such silicon single crystals now a days are commonly used to reduce the

background of the high resolution powder diffractometers at both high flux reactors[4]

and SINQ[5].

CONCLUSION

The simple formula presented in this paper permits the calculation of the total

cross-section of poly- and mono Si crystals with diamond structure to be deduced

within an accuracy which is sufficient for determining the validity of such a crystal

when it used as a thermal neutron filter. Calculations showed that polycrystalline silicon

could be used as cold neutron filter while single crystal as a good thermal one at low y-

ray and fast neutron background .
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ABSTRACT

A high order depletion sensitivity method was applied to calculate
the sensitivities of build-up of actinides in the irradiated fuel due to cross-
section uncertainties. An iteration method based on Taylor series expansion
was applied to construct stationary principle, from which all orders of
perturbations were calculated. The irradiated EK-10 and MTR-20 fuels at
their maximum bum-up of 25% and 65% respectively were considered for
sensitivity analysis. The results of calculation show that, in case of EK-10
fuel (low burn-up), the first order sensitivity was found to be enough to
perform an accuracy of 1%. While in case of MTR-20 (high burn-up) the
fifth order was found to provide 3% accuracy. A computer code SENS was
developed to provide the required calculations.

"Keywords:" Sensitivity Analysis, Burn-up Sensitivity, Pu, Am, Cm.

INTRODUCTION

The accurate prediction of neutronic properties during fuel depletion is very
important for core design. The calculated neutronic properties have some uncertainties
incurred by errors in the utilized cross-sections and calculational methods. It is generally
recognized that uncertainties in calculated reactor-design parameters may necessitate
excessive and expensive design margins.

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.

Sensitivity methods based on generalized perturbation theory have been developed
and used for problems related to the time-dependent behavior of the nuclides [1-4]. The
practical use of these formulations is generally limited to first order effects. In general
the first order formulations are routinely used, and higher order effects are neglected.
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Greenspan et al. [5] have treated a source-driven sub-critical system to second
order with multiple perturbations. Pomraning [6,7] gave an early account of higher order
variational methods that encompass perturbation methods via a Green's function
development. Albert [8] introduced a Green's function method at higher order in
shielding theory, and this was used by Dubi and Dudziak [9] in studies of sensitivity
effects in reactor shielding.

However as reported by Weisbin et al. [10], that the use of adjoint function based
formulations of sensitivity analysis is the most efficient way to evaluate the linear
sensitivities for problems involving a large data base and relatively few functional-type
responses. Palmiotti et al. [11] have developed a practical approach to take into account
higher order effects in time dependent sensitivity analysis in the nuclide field for fuel-
cycle related problems.

In the present paper the higher order sensitivity method developed by Palmiotti et
al. [11] was used to calculate the sensitivities of build-up of actinides in an irradiated
fuel due to cross-section variations. An iteration method based on Taylor series
expansion was applied to construct stationary principle from which all orders of
perturbation may be derived.

THEORETICAL TREATMENT OF BURN-UP SENSITIVITY

The transmutation equation of the nuclide density in a matrix form can be written

as:

— = MN (1)
dt

(for simplicity the subscripts are omitted)

If a perturbation SM is introduced into the system (which may correspond to
perturbation due to cross-section uncertainties 5 a), then a perturbed system can be
expressed as:

— = M'N' (2)
dt

where M' is the perturbed isotope concentration vector and

We may now define an importance function N*(t), the physical meaning of its n'h

component N* (t) may be interpreted as the increase of N(t) due to the introduction of

one nuclide of isotope at time /. N can be represented by:

MN ( 3 )

dt
where MJ is the transposed matrix of M. Equation (3) can be solved by finite difference
method with boundary condition,
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The perturbation expression for the final (at time/ = tj) isotope density vector variation

SNf can be given.as [11]:

'/,
SNf = \N\t)8MN\t)dt (4)

i.

If the perturbed N'{t) isotope concentration vector is substituted by the
unperturbed one N(t) we obtain the first order expression [1]:

V
8Nf = \N\t)8MN{t)dt (5)

As reported by Palmiotti et al. [11], the higher order perturbation expressions can
be thought of as perturbation expressions, where the effects due to 8N(= N' - N) are
evaluated without recalculating N'.

If 8N is not a small quantity as compared with TV, therefore we must evaluate a
number of higher order terms that increasingly approximate the r.h.s of equation (4).

In the perturbed case we have from equation (2)

(—-M')N' = 0 (6)
dl

which can be written as:

— -(M + 8M) (N + 8N)=0

neglecting 8M8N terms we have

(—-M)(8N\=8MN (7)
dl

with boundary condition {8N)O = 0 at / = to, the value (8N), is an approximation of
the exact 8N.

Consider a system adjoint to equation (7) given as

V' (8)
dt

with the boundary condition iyl = 0 at t = tf

The successive approximations 8N can be defined as

(9)
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where (8N), is the solution of equation (7) obtained neglecting terms of the order
SMSN . The value (8N) 1, which is equal to 8(8N), is the solution of the equation:

(—-M)(8N)^=SM{8N), (10)
dt

This equation is obtained neglecting terms of the order of 8MSN. In general we
obtain,

{{M){SN),dM{N)M (11)
at

where, (^AO, =£(<?A0M = 4 ^ 0 , - 2 ] = = S'(SN)., is obtained neglecting
terms of the order of 8M(8N)r For each (SN), one has the following boundary
condition:

(SN), = 0 at / = /.

As we have defined system (8) adjoint to equation (7) we can do the same
for equation (10) and in general for equation (11). Therefore,

dt

^~~dt

with boundary conditions i//' = 0 at /=/_,• .

At this point we can use the properties of the adjoint operators to obtain the higher
order perturbation expressions. In fact we have:

SNf =N'SN[ =N'Y,

'/
= \N>SMNdt+\)N

tSM'YJ{SN)idt (14)

But, we also have from equation (1) and (13) (recalling that 8N' = 0 at t = / , . ) :

NSN t = JN'SMNdt + J £ IJ/' SMNdt (15)
I. I. i-°

we use the principle of importance conservation in the perturbed system :

N"N'\ =N"N'\ •• (16)

which gives, recalling the conditions at t0 and t/,

N'-8N =N8N' (17)

• 2 8 5 -



Relation (17) enables us to write,

'/ '/
8Nf = JN'SMNdt + feiy'SMNdt (18)

i=0

Equation (18) is the higher order perturbation expression. It implies for a calculation at
order /, the calculation of/ vectors if/' with an iterative system of the type of equation
(13).

Assuming now that the perturbation 8M is time independent and looking into the

linear structure of equation (13) recalling that the y/' functions are zero at t/, we see that

we may write,

^={8My-'f; {i =1,2,3, ) (19)

where//* (/) are defined by the recurrent system,

dt

• = Mr f'+ f^ (/ = 1,2,3, ) (20)
dt ' "'

Therefore equation (18) becomes,

v v «
SN,, = JN'8MN8l + J]£ f* (8M)' Ndt (21)

'. '. '='
For /—> co, it may be shown that the/}* vanishes in the whole interval (tOltj). In

fact, assuming that all these functions are finite, regular and derivable to any order, we
may expand them in Taylor series only for i > 2.

~i^f\ ' (22)

Since these series converge we may find an integer n, such that:

m \ at
•, (to<t<tf) (23)

where s is an arbitrary small positive quantity. Neglecting higher order differentiation,
we can write:

where df*/dt are given by the system (20), and can be solved using the finite difference
method.

A-computer code SENS was designed to provide the required calculations for
higher order sensitivity terms.
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RESULTS AND DISCUSSION

The sensitivities produced in this analysis can also be used in cross-section
adjustment procedures if experimental values of 5Nf are available. The cases considered
here are both the irradiated EK-10 and MTR-20 fuel types at their maximum burn up of
25% and 65% respectively. The cross-sections used were taken from JEF-14 [12]. All
the calculations were performed using BAC-code for direct [13], and SENS code for the
higher order sensitivity method.

Sensitivity for 239Pu Number Density

As reported by Naguib et al. [13], the contribution of U-238 capture cross-
section is the most prediction error of Pu-239 atomic number density .

The results of calculations of the sensitivities of Pu-239 build-up due to variation
in U-238 capture cross-section up to 100 % for both EK-10 (10% enrichment and 25%
burn-up) and MTR-20 (20% enrichment and 65% burn-up) fuel rods are listed in Tables
1 and 2 respectively.

Table 1. 8N/N% of 239Pu Due to 8o.JcA % of 238U
For EK-10 Fuel Rod

Scra /aa

0

10

20

30

40

50

60

70

80

90

100

I "order

0

10.044

20.088

30.132

40.147

50.218

60.265

70.309

80.352

90.396

100.440

2nd order

0

-0.002

-0.008

-0.019

-0.034

-0.053

-0.076

-0.103

-0.135

-0.170

-0.210

3rd order

0

0

0

0

0

0

0.0001

0.0002

0.0003

0.0004

0.0006

Sum of
orders

0

10.042

20.080

30.113

40.113

50.165

60.1891

70.2062

80.2173

90.2264

100.2306

Direct

0

9.9751

19.9464

29.9137

39.8877

49.8371

59.7924

69.7429

79.6897

89.6324

99.5710
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Table 2. 5N/N% of 239Pu Due to Saja,
For MTR-20 Fuel Element

,% of"8U

5a . / a .

0
10
20
30
40
50
60
70
80
90
100

1st order

0
11.635
23.269
34.904
46.538
58.173
69.808
81.443
93.077
104.703
116.347

2ndorder

0
-0.710
-2.280
-4.725
-7.853

-11.554
-15.761
-20.203
-24.886
-29.590
-34.133

3rd order

0
0.025
0.221
1.008
2.874
5.301
8.221
11.365
14.471
18.125
20.329

4th order

0
0

-0.005
-0.288
-2.566
-3.561
-4.660
-5.808
-6.740
-8.211
-8.388

5th order

0
0
0
0
0
0
0
0

0.001
0.005
0.012

Sum of
orders

0
10.95

21.205
30.899
38.813
48.359
57.608
66.797
75.923
85.032
94.163

Direct

0
9.795
19.571
29.330
39.070
48.794
58.498
68.186
77.855
87.506
97.141

From Table 1. it is seen that in cases of small perturbations due to low burn-up as
in the case of EK-10 fuel rod, the first order perturbation is enough to perform the
required accuracy (approximately 1%). While from Table 2. at 65% burn-up of MTR-20
higher orders are required, where the fifth order is sufficient to reduce the discrepancy
with a direct recalculation of the effect of a perturbation to no more than 3%.

Sensitivity for Am and Cm Number Densities

The effect due to the variation of 24lAm-absorption cross-section cra on the buildup
of241 Am itself and on the 242Cm buildup was calculated. The sensitivities for241 Am and
242Cm for EK-10 fuel rod are displayed in Fig. (1), while those of MTR-20 fuel
elements are displayed in Fig. (2) respectively.
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Fig.(l). 5N/N % of Am-241 and Cm-242 Due to 8ara/cra % of Am-241
For EK-10 Fuel Rod
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Fig (2). 8N/N % of Am-241 and Cm-242 Due to 8aa/oa % of Am-241
For MTR-20 Fuel Element

Figure (1) shows that the perturbation for the case of the EK-10 fuel is almost
linear and hence the second order is enough to bring the results close to the direct one
within accuracy 2% , even at high uncertainties in the cross-sections. While, figure (2)
for the case of MTR-20 the perturbation is nonlinear and much diverges from the direct
one. Therefore the calculations of higher orders are essential. The results show that the
4th order is sufficient to reduce the discrepancy with a direct recalculation of the effect
of a perturbation to no more than 3%.

CONCLUSIONS

The results obtained indicate that large variations in cross-sections and long
irradiation periods give rise to strong nonlinear effects in buildup number densities.
Therefore, the first order perturbation is not enough to perform the required accuracy.
The higher order sensitivity method is adequate to avoid the large amount of direct
recalculations using a perturbed burn-up matrix of the effects of cross-section variations.

In particular the cross-section variations of Am-241 give rise to strong nonlinear
effects in the Am-241 and Cm-242 build-up. Therefore, Am-241 data should be treated
with higher order sensitivity methods.

In order to decrease errors in burn-up calculations due to cross-section variations,
adjustment of cross-section data can be deduced from direct experimental
measurements. A multilevel shape fit analysis was proposed for determination within
accuracy of 5%, the content concentrations of plutonium isotopes in irradiated fuel
element [14].
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ABSTRACT

The present paper deals with residual stress studies using the Cairo
Fourier diffractometer facility CFDF. The CFDF is a reverse - time of -
flight (RTOF) diffractometer; applies a Fourier chopper. The measurements,
were performed for copper samples in order to study the residual stress after
welding. The maximum modulation of the Fourier chopper during the
measurements was 136 kHz; leading to a time resolution half-width of about
7 u. s. It has been found from the present measurements that, the resulting
diffraction spectra could be successfully used for studying the residual
stress; in the wavelength range between 0.7-2.9A at ~ 0.45 % relative
resolution.

Keywords: neutron diffraction, lattice strain, internal stress

1- Introduction

The residual stress can be introduced into engineering components
during fabrication and also as a result of creep and plastic deformation
incurred during use. Hence, the presence of residual stress can significantly
affect both their load capacity and resistance to fracture. Consequently, it is
necessary to know the magnitude and distribution of the stress in order to
quantify its effect. Residual stress determination from peak shift of large
angle Bragg reflection has been widely used, as a non-destructive tool, to
examine three dimensional stress fields in structural components; using high
resolution neutron diffractometers. Accordingly, nondestructive neutron
diffractometery is considered as one of the powerful tools could be used for
studying the deformation, due to stress, of materials, and several laboratories
[1-5] make use of the available neutron diffractometers for evaluation of the
residual stress in order to serve the industry. The preliminary results of
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neutron diffraction measurements performed using the Cairo Fourier
diffractometer facility (CFDF), for steel samples were reported before [6]
and confirmed the possibility of its use for stress studies. The present work
Presents the results of neutron diffraction measurements performed, for
stress analysis of copper samples, using the CFDF.

2- EXPERIMENTAL MEASUREMENTS

The experimental measurements were performed using the CFDF.
The CFDF is based on the reverse time of flight principle [7], and was
recently installed in front of one of the ET-RR-1 reactor horizontal channels.
The CFDF applies a Fourier chopper of 1024 slits and two neutron guides.
While one of them is curved (22m length) and is installed between the
reactor beam hole and chopper, the other one is straight (3m) and is used
after the chopper for beam collimation. The main parameters of the CFDF
are given in table 1. More details about the facility are given elsewhere [8,9]

Table 1: The parameters of the CFDF

Parameters

X(A) range
dhk| (A) range
Resolution
§ (n/ cm2/s
Vs (cm3)

Value

1-4
0.5-3.0
0.45%
1.1*106
2.125

The samples used for the present measurements are copper rods. Two
rods were prepared for each of them; while one rod is constructed from two
electrically welded, the other one is without welding. Both copper samples
were of the same diameter (5.5mm). The diffraction patterns were measured
for the samples using the CFDF at the following conditions:

-The Fourier chopper speed =8000 rpm.
-The delay time =2048 u. sec.

-Area of the neutron beam incident on the sample ~0.55cm2.
The measurements were performed for the welded sample at the

welding point, 2cm and 4cm distances from it. Besides, diffraction patterns
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were measured for the sample without welding.
The diffraction patterns of the samples were measured at room

temperature, with the following set-up of the diffractometer:
- The frequency window is G3 (Gaussian with oscillation amplitude 3%)
- The RTOF multichanel analyzer is set up at channel width 2(i sec.

The diffraction patterns measured both for welded and free samples were
typically the same as those displayed in Fig. (1).

c
3

o
o

3
CD
z

60000

45000

30000

15000

(442)

(444)

(422)

(222)

600 800 1000 1200

30000

20000

10000

b

600 800 1000 1200

Channels

Fig.l. Measured diffraction patterns of copper; a) stress free
sample, b) at welding point.
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3- RESULTS AND DISCUSSION

The internal 'lattice' stress presented in material is obtained from the
measured elastic 'lattice' strain which is determined [10] using Bragg's low
of diffraction:

2dhki 0)

Where dhki is the crystallite lattice plane spacing corresponding to
Bragg reflection (hkl) observed at scattering angle cphkl =28hld, X is the
neutron wavelength, and (hkl) are Miller indices of diffraction planes.
The Fig. (2). The peaks observed in all diffraction patterns at distinguished
copper lattice planes are represented in Fig. (2).The elastic strain, ehki is
given by:

(2)£hki = AAA = (dhki -
Where dOhki is observed for the stress free sample

The strain determined for the measured points of copper is given in table (2).

Table 2: The observed strain values of of copper.

\d&£

hkl\

(222J

(422)

(442)

do (A)

0.5640

0.6912

0.9768

dw (A)

0.565

0.6924

0.98040

P

2.128*10-2

1.736*10-2

3.686*10-2

d2(A)

0.5676

0.6948

0.985

6.383*10-3

5.208* 10-3

8.6*10-3

d,(A)

0.565

0.6936

0.978

-2.188*10-3

-2.188*10-2

-2.188*10-2
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It is noticeable that the value of strain is highest, for all values
displayed in Fig.2, at the welding point. Besides, the values of strain are
consistent, for the three planes, at points far from the welding one. This
leads to the same conclusion reported before [6] for steel. This also confirms
the fact that the CFDF can be successfully used for stress measurements; as
it allows for the simultaneous measurement of several d- spacings, then it.
can be used for studying different types of stress.
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We should not end this chapter without briefly mentioning the
well-known work of Callimachus regarding the Alexandria
Library.

So far we have seen that an up-to-date register of the books
was available for the use of readers, still it was thought
necessary to compose a critical appraisal of this unique
collection of books, in other words, a bibliographical survey
of the contents of the Library 'in every field of learning'.

Such a tremendous undertaking was entrusted to Callimachus
of Cyrenae, who was known for his encyclopaedic knowledge
and erudition.

The result was the Pinakes.

The work in its entirety has not survived except for a few
fragments, which attest to the following divisions :

rhetoric, law, epic, tragedy,, comedy, lyric poetry, history,
medicine, mathematics, natural science and miscellanea.13

Under each division, individual authors were arranged in
alphabetical order; and each name was followed by a short
bibliographical notice and a critical account of the author's
writings. 14

It seems that the Pinakes proved indispensable to scholars all
over the Mediterranean and it immediately became a model
for future works of the same kind.15

We can even trace its influence down to the middle ages, to
its brilliant Arabic counterpart of the tenth century, Ibn-Al-
Nadim's Al-Fihrist, or Index, which has fortunately reached us
intact.



It was mainly due to the great Alexandria Library that
scholarship in Alexandria flourished and continued to
flourish, for it was based upon thorough study and an
understanding of the value of a past heritage that was deemed
worthy of preservation.

Vitruvius, in the first century (de Arch. VII. praef. 1-2)
expresses the appreciation and gratitude felt by subsequent
generations for the work of the 'predecessors' in preserving for
the 'memory of mankind1, the intellectual achievements of
earlier generations.

"Hence," he adds, "we must render to them more than
moderate thanks, indeed the greatest, because they did not let
all go in jealous silence, but provided for the record in writing
of their ideas in every kind."

Photo: Scribes writing on wooden tablets. An author who wanted to
make ten copies of his work dictated to ten scribes at the same time.
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Abstract

Multilayer structures, SiC -layers at Si substrate, have been analyzed by

RBS, NR, ERD and PIXE methods using the charged particle beams from EG-5

Van de Graaff accelerator of JINR. The depth profiles of the based deposited

layers were obtained for the multilayer structures.

Keywords: RBS, ERD, Multilayer structure, Silicon Carbide Film

Introduction

The different tasks of nuclear physics, solid state physics and applied problems could

be solved using charged particle beams from the Van de Graaf accelerator of the Joint

Institute for Nuclear Research at Dubna. The main parameters of the EG-5 accelerator are

typical for this category of the accelerators:

Energy range - 0 . 8 - 3 . 5 MeV

Accelerated ions - 'H, 2H, 3He, 4He, 12C, 14N, I6O

Beam current - 0.2 - 20 uA

Energy spread - < 500 eV

Accuracy in energy - 1 keV

The different equipment for the investigation of the element contents and a structure of

solids by the nuclear methods such as Rutherford Backscattering Spectroscopy (RBS ),

Nuclear Reaction (NR), Elastic Recoil Detection (ERD), Particle Induced X-Ray Emission

(PIXE), and Channelling are installed on the six beam lines of the EG-5 accelerator. Some

peculiarity which has arisen in process of the decision of the different analytical and structural

tasks are reviewed below.
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Pi ot
Si/Ge multilayer structures

Multilayers have considerable interest as industrial materials because of their specific

properties and many promising areas of applications in electronics or optics like X-ray and

UV mirrors, giant magnetic resonance and magnetic recording, etc. However, the multilayers

as artificial, compositionally modulated materials are not equilibrium structures. In particular,

they have high interfacial density gradients and sufficient atomic mobility even at moderated

temperatures, hence changes in the composition profiles are expected to occur.

Si, Ge and O depth profiling in the Si/Ge multilayer structure consisting of 5 bilayers has

been performed by the RBS and NRA methods [1]. The determination of the depth profiles of

oxygen atoms in the investigated samples was carried out using the16O (a,oc)160 nuclear

reaction. A number of spectra were measured for the different angles of the incident Energy

300°

200

s&
800 O ^

Fig. 1. spectra of 3.112 MeV 4He ions scattered at 170° by the Si/Ge multilayer

structure. The incidence angle cp =6° -E, (p =10° -D, (p = 20° - C,

(p=40°-B, <p = 60°-A.
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beam with respect to the surface of the samples (cp ranging from 5° to 60°) with 3.112 MeV

helium ions.

Some of the measured spectra are shown in Fig. 1. All silicon and germanium layers

are seen in the spectrum as the separated peaks for cp=6°. But the depth resolution is worse for

deeper layers because of energy struggling. Nevertheless a layered structure with degraded

interfaces is observed. From our analysis it is seen that all layers contain some oxygen

impurity (10-13%), and a definite SiO2 layer with a thickness of 177A situated between the

multilayer structure and the Si wafer is revealed. The oxygen peak pointed in Fig. 1

(spectrum B) corresponds to this layer. A sharp resonance in the 16O (a,a) l 60 reaction for the

3.045 MeV is observed for all incident angles except 9=60° (spectrum A, fig. 1). For this

incident angle and an initial energy of 3.112 MeV of 4He ions resonance occurs in an

oxygen free substrate.

Modelling has allowed us to determine the full thickness of the Ge-layer which is

about 130 A and that of the Si layer to be about 231 A, including the mixed layers with the

thickness 64.7 A. It is essential that the same model has been used for the description of all

the experimental spectra obtained at different incident angles. So, a complete structure of the

sample has been reconstructed by this non-destructive technique.

Neutron polarised mirrors

The supermirror neutron guides consist of the alternating magnetic and unmagnetic

layers (usually FeCo and TiZr layers) deposited on the glass substrates. Such neutron guides

allow to transport the neutrons at the tens meters away from nuclear reactor where the

backgroundless conditions can be supplied for an experimental setup. Besides, the neutrotics

devices are capable to produce the polarised monochromatic neutron beams.

Some important problems raised in producing process of the effective mirror devices

are : a violation of the optimal ratio between Fe and Co, Ti and Zr in the apropriate layers,

the roughness of the surface and interfacial diffusion which create together mixing layers, the

presence of different impurities ( O, Ar, N,C ). The RBS investigation at 4He+ beam allows to

solve all these tasks [2]. As an example, we will discuss the results of investigation of

multylayer structure consisting of 12 pairs of FeCo/TiZr polarising layers and one GdTiZr

absorbtion layer. In order to reach the better depth resolution a glancing experimental

geometry was applied.
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Fig.2. Spectra of 3.058 MeV 4He ions backscattered at TiZr/FeCo multilayer

structures with period of 15.3nm. Partial spectra for heavy elements are shown.

The spectrum of 4He ions with initial energy of 3.058 MeV bombarding the target

under the incident angle 10° is shown in Fig.2. Though some superposition of the partial

spectra is observed and influence of the struggling takes place nevertheless the periodic

structure according to the first five pair of layers one can see. The concentration depth profiles

Ti, Fe, Co, and Zr have been derived from the simulation of this spectrum. In this way the

thickness has been determined as 9.1 nm for TiZr-layers and as 6.2 nm for all FeCo-layers

except second FeCo-layer which contained 16.3% oxygen and thus its thickness was

7.4nm.The oxygen depth profile has been derived from another spectra measured for the

different incident angles.

Fig.3 shows spectrum for the incident angle of 38° when narrow resonance at 3.045

MeV in elastic scattering of 4He ions is placed in second layer. From this spectrum we can

also see some violation from the homogeneity of absorbtion sublayer in which Gd and Zr
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E =3.058 MeV

a

9=170°

1.0 1.2 1.4
Energy, MeV

Fig. 3. Experimental and simulated spectra for the incident angle of 38°

obtained at TiZr/FeCo multilayer structure.

depth concentrations change within the layer, whereas Ti contents stay constant. The

thickness of the absorbtion sublayer staying at 257 nm depth was determined as 473 nm. The

concentration Fe, Co, Ti, and Zr stays also constant over everything 12 pairs of refraction

layers. The finishing results giving the best description of all experimental spectra are

illustrated in Fig:4. So, using RBS method one can derive a lot of information concerning the

element contents and structure of the multylayer neutron polarised mirrors without their

damaging.

Silicon carbide films

Most traditional integrated circuit technologies using silicon devices are not able to

operate at temperatures above 250°C, especially when high operating temperatures are

combined, with high power, high frequency and high radiation envirnoment. Much attention

has been given to SiC, currently the most mature of the widebandgap (2.0 eV < Eg< 7.0 eV)
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Fig.4. Element depth distribution for TiZr/FeCo multilyer structure

derived from RBS and NRA experiments.

semiconductors, as a material well-suited for high temperature operation. High-temperature

circuit operation from 350°C to 500°C is desired for use in aerospace application (turbine

engines and more electric aircraft initiative), nuclear power instrumentation, satellites, space

exploration, and geothermal wells. In addition to high-temperature applications, SiC has

potential for use in high-power, high-frequency, and radiation-resistant applications.

Futhemore, SiC can also be used as a thin buffer layer for the growth of diamond films on

silicon substrates. For example, a-Sii.xCx:H was used as a wide window material to enhance

the conversion efficiency of amorphous solar sell. The significance of this material follows

from the fact that its electrical and optical properties can be controlled by varying the carbon,

silicon and hydrogen composition in the film. The actual amounts of carbon, nitrogen, and

oxygen in SiC films was determined by RBS method[3]. Such case is presented in Fig.5

where one can see the RBS spectrum for SiC-sample. At the spectrum one can substract the
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Fig. 5. Experimental and simulated spectra for SiC sample.

Partial spectra for C,N,0 are shown also.

partial spectra scattered at all elements incoming in the sample except hydrogen. The

hydrogen concentration was determined by the Elastic Recoil Detection (ERD) method. The

spectrum of the recoiled H atoms was stored simultaneusly with the RBS spectrum. The

computation of the both spectrum allows us to determine the thickness ( 435 nm) and the

element contents of SiC film: Si-20%, O - 5%, N - 18%, C - 24%, H - 33%.

Conclusion

The anylsis of Si/Ge multilayer stractures showes all the layers contain some oxygen

impurity and a definite S1O2 layer situated between the multilayer structure and the Si wafer.

From the anylsis of neutron polarised mirrors, the thickness of TiZr-layers about 9.1 nm and

6.2 nm for all FeCo-layers except second FeCo-layer which contained 16.3% oxygen and its

thickness was 7.4 nm.
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ABSTRACT

A description of our neutron generator (NG) facility for neutron
activation analysis is presented. As an example, the concentration of Na,
Mg, Al, Si, K, Cl, Ca and Fe elements were determined in two domestic
brands of face powder by using a beam of 14 MeV neutrons. An empirical
expression for detector efficiency in terms of incident gamma ray energy
and the source-detector distance has been obtained for a hyper pure
germanium detector (HPGe) using different standard point sources. The
comparison of the calculated efficiencies and the measured values in the
energy range from 59.5 to 1332.2 keV and for source-to-detector distances
of 5-30 cm show the agreement between the calculated values and the
measured experimental values.

Keywords: Neutron Generator Facility, Neutron Activation Analysis, and
An empirical Expression for Detector Efficiency

INTRODUCTION

From the beginning of neutron activation analysis in the late 1930s, neutron
sources have been the factor limiting its widespread use [1]. In contrast to the
funding requirements, radiological safety, governmental regulation and often-
negative public interest associated with nuclear reactors, one finds small accelerators,
as neutron generator systems are particularly accessible. Neutron activation using
neutron generators, the so-called fast neutron activation analysis (FNAA) or 14 MeV
FNAA has gone through a long developmental history [2]. Ehmann et al [3], Bahal
and Pepelnik [4] and Perelnik [5, 6] demonstrated the precise and accurate
determination of elemental composition of different materials. The use of 14MeV
FNAA can be helpful in the determination of certain elements, which cannot be
measured via other reactions. There exist various fast neutron reactions such as (n,
p), (n, a).and (n, 2n) leading to short lived nuclides which may be successfully
utilized in rapid elemental analysis with 14 MeV neutrons.

Physics Department, Faculty of Science, Zagazig University, Zagazig.
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Today developments of low voltage neutron generators (NG) are used in the
field of NAA. Neutrons are produced in a continuous mode by creating deuterium
ions and accelerating these ions into a tritium or deuterium targets according to the
following reactions:3H(d, n)4He with En~14 MeV or 2H(d, n)3He with En~2.5 MeV.

In the present study, the 14 MeV FNAA was performed with NG model Mf-
Physics (A-1254). It consists of four main parts: the accelerator, the cooling and
vacuum units, the power supply and the remote control console. Deuterium gas is
moved through the palladium leak assembly into the ion source. Ions are generated
using a penning ion source and are accelerated under 190 KV. The target is isolated
from the rest of the accelerator tube. All of these parts are under vacuum of about 10"8

ton". The effective flux was measured using a calibrated Aluminum foil monitor and
was found to be 108 n.cm"2.s"' at a distance of 1 cm away from the target.

It is evident that the detector efficiency plays an important role in quantitative
elemental analysis. Therefore, it is worth to get simple, and general, empirical
formula for the detector efficiency as a function of the incident y-ray energy and the
source to detector surface distance. This formula is useful in rapid analytical routine
tasks.

In this work, we are interested in:
• Getting an empirical formula for the detector efficiency of the used HPGe

detector in terms of gamma ray energies and the source to detector distances.
• Applying the 14 MeV FNAA technique to determine the Na, Mg, Al, Si, K,

Cl, Ca and Fe concentrations in two domestic brands of face powder.

AN EMPERICAL EXPRESSION FOR THE DETECTOR EFFICIENCY
AS A FUNCTION OF ENERGY AND DISTANCE.

The detector efficiency (s) may be expressed in the form of a polynomial with
respect to the incident gamma-ray energy (E) as [7,8]:

(1)
i=0 '

Where k\ are the coefficients of the polynomial of order n. These coefficients
variation depending on the source-to-detector distance d. The coefficients kh may be
obtained for each distance by fitting Eq.l to the experimental measured efficiency
values for that particular distance.
Assuming that the coefficients kt , for different distances, can be also expressed in a
polynomial form, then we may write:

j (2)

Where k^ are the coefficients of the new polynomial. These coefficients % are also
obtained by fitting the graphs of k\ versus the distances d. Thus by combining Eq 1
and Eq2, a general equation for the detector efficiency may be expressed as:

(3)
,=o /=o ''
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Hence, from the k^ coefficients, the detector efficiency may be obtained for a wide
range of gamma-ray energies and for a various distances.
Experimentally, the detector efficiency for a particular sample-to detector distance is
obtained by measuring the net counts under the photopeak energy of interest and
using the formula:

N ^ (4)

where N(E) is the net activity (count/second) under the photopeak, Astd is the activity
of the standard source, Ir((E) is the emission probability per decay for the particular
gamma ray transition, CSA and CSE are the respective correction factors for self-
absorption and summing effect.

Determination of the coefficients, ki5 k-^

To obtain k, coefficients, the measured detector efficiency for different d-
positions was fitted using the above algorithm. Since it was not possible to cover the
whole energy range from 59.5 to 1332.2 keV with the same polynomial, the energy
range was divided into two portions. A lower energy portion with E< 356 keV and a
higher energy portion with E>356 keV. The fit was then applied to each energy range
portion separately. For the lower energy portion a second order polynomial in the
energy, E, could fit the experimental data; therefore

s = !>,£'• (5)

where k\ are the coefficients of the polynomial.
For the higher energy portion a first order polynomial in In (s) was used to fit the
experimental data; therefore

\n(s) = k0 + k.WE) (6)
The k\ values obtained from the fit for different d positions were deduced.

To obtain the k^ coefficients, graphs of the coefficient k,- versus the distance d, for
the two-energy range portions, were fitted and the values of the coefficient k^ were
then deduced. The results of the fit showed that for the two energy range portions a
fourth order polynomial in terms of d could fit the data; i.e.:

y=o

RESULTS AND DISCUSSIONS

In this work a high pure germanium detector with relative efficiency of 25 %
and 1.9 keV energy resolution for the 1332.5 keV y line of Co60 was used. The
detector was housed in a lead cylinder of 5 cm thickness to reduce the effect of the
background as low as possible. The other associated electronics consisted of an H. V
model ORTEC 660 and an amplifier of type TC-243 TENNELEC. The electronics
was configured to observe gamma rays in the range of -30 to 2000 keV. A personal
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computer analyzer (PCAIII) card is used in the measurements. Point standard sources
of known activities, provided the necessary gamma ray energies for the measurement.
The sources were placed at different distances from the surface of the detector such
that the vertical axis through the center of the detector and the normal to the plane of
the source coincided with that of the detector. The sources were counted for 2000
seconds at distances of 5,10,15,20,25,30 cm. The deduced experimental detector
efficiency values (by using Eq.4) are displayed as dots in Figl.

From the fit processes of polynomials to the experimental data, the following
expressions were deduced for the detector efficiency in the energy range
59.5 < E < 1332.2 keV and for source to detector distances of 5 < d < 30 cm:

o

For E <356 keV (8)

For.E>356keV
y=o j=olj

The dashed lines in Fig. 1 are the calculated values according to these equations
at different d values.

Thus, these equations represent general and simple formulas for calculating the
detector efficiency as a function of both distance and energy. Table 1 shows the
experimental and the deduced values obtained from Eqs 7 and 8 for the detector
efficiency. It can be seen from Fig. 1. that the calculated efficiencies agree with the
experimental values.

•3.

1E-3

x Experiment

Calculated

I..

1..

I , •

I...
' • • £ .

'-I..
""I..
' . ' • • £ . ,

' • ! • • •

I-
"• I - .

""£•

• - • I ,

' • • I -

"'•••... ' J j d = 5 c m
'"• •.., 2*'• ;x ;•«:• d=10 cm

- . . * I I d=15cm
"" •••-... S"" i - i E d=2Q c m
' • • • * • I - I - d = 2 5 c m

™" i=30 c m-I-...:

600 800
Energy (KeV)

Fig.l. A comparison of the experimental and calculated efficiencies of a HPGe detector at
different source-detector distances (d).
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Table 1. A comparison between the experimental (Exp.) and the deduced values
(Cal.) for the detector efficiency at various energy and source to detector distance (d).

-2\
Detector efficiency (eff x 10").

Energy
(keV)
59.5
81.0
122.1
356.0
661.7
834,8
1173.2
1275.5
1332.5

Exp.
d=5 cm
13.590
13.790
11.920
4.895
0.818
0.390
0.144

0.1200
0.1300

Calc.

13.756
13.223
12:155
4.852
0.800
0.407
0.151

0.1189
0.1247

devation
%

1,22
-0,04
0,02
-0,01
-0,02
0,04
0,05
-0,01
-0,04

Exp.
d=10cm
7.653
7.559
5.687
2.229
0.475
0.244
0.0991
0.0827
0.0773

Calc.

7.902
7.151
5.853
2.249
0.453
0.248

0.1032
0.0831
0.0742

devation

%
3.24
-5.44
2.92
0.89
-4.58
1.84
4.17
0.47
-4.05

Energy
(keV)
59.5
81.0
122.1
356.0
661.7
834,8
1173.2
1275.5

1332.5

Exp.
d=15 cm

3.754
3.833
2.848
0.828
0..262

0.1450
0.0735
0.0629

0.0618

Calc.
3.915
3.567
2.955
0.848
0.241

0.1505
0.0755
0.0637

0.0583

devation
%

4.28
-6.94
3.77
2.41
-7.93
3.79
2.74
1.31

-5.71

Exp.
d=20 cm

1.188
1.438

1.18
0.385
0.147

0.0893
0.0459
0.0418

0.0401

Calc.

1.144
1.379
1.244
0.400
0.144

0.0892
0.0450
0.0423

0.0391

devation
%

-3.72
-4.08
5.42
4.10

-1.76
-0.12
-2.06
1.08

-2.60

Energy
(keV)
59.5
81.0
122.1
356.0
661.7
834,8
1173.2
1275.5
1332.5

Exp.
d=25 cm

0.688
0.814
0.702
0.265

0.0927
0.0609
0.0347
0.0317
0.0290

Calc.

0.663
0.839
0.733
0.261

0.0926
0.0627
0.0355
0.0308
0.0287

devation,
%

-3.50
3.132
4.415
-1.24
-0.12
2.88
2.26
-2.78
-1.03

Exp.
d=30 cm

0.463
0.536
0.498
0.192

0.0660
0.0453
0.0262
0.0232
0.0216

Calc.

0.485
0.500
0.512
0.188
0.0678
0.0462
0.0263
0.0229
0.0213

devation,
%

4.83
-6.69
2.95
-1.61
1.95
2.02
0.49
-1.29
-1.47

Deviation % represents the mean standard deviation.

DETERMINATION OF THE ELEMENTAL CONCENTRATIONS OF
Na, Mg, Al, Si, K, Cl, Ca AND Fe

IN TWO DOMESTIC BRANDS OF FACE POWDER.

As an application, two brands of Egyptian face powder, labeled as sample 1 and
sample 2 respectively, were chosen to be analyzed by using the fast neutron
activation analysis technique. About 2g of cosmetic samples were weighted and
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pressed under a pressure of 200 kg/cm2 for three minutes and placed into
polyethylene capsules with 26mm diameter and 60 mm height. For correction
purposes an identical empty polyethylene capsule was used. The polyethylene
capsules, the first including the sample and the second is a blank one, were placed
about 15 mm away from the target. The powder samples were irradiated for 300
seconds then transferred by the pneumatic system within 30s to the counting
position. Thu irradiated samples were counted using a high-resolution gamma-ray
spectrometer, Figs. 2, 3, 4, and 5 represent the typical measured y ray spectra.

The concentration of a certain element C within a sample at the end of the
irradiation can be obtained from the activation equation:

p
~ M[N J A)h(f>azfQ.e ^

where P is the peak area, M is; the total mass of the sample, NA is the Avogadro's
number, A is the atomic weight of the element, h is the isotopic abundance, § is the
effective flux measured by a calibrated Al foil monitor, a is the reaction cross-
section, f is the relative gamma ray intensity, Q. is the counting solid angle (corrected
for photon absorption), 8 is the efficiency of the gamma detector, and Z is the time
factor.

z = ( i - e - * ' ) e - * ' ( i - e - * » ) / ; i (10)

Where t; is the irradiation time; tc is the cooling time; tm is the counting time and X is
the decay constant. The concentration of the following elements Na, Mg, Al, Si, K,
Cl, Ca and Fe were determined in two domestic face powder samples, labeled as
sample 1 and sample 2, are listed in Table 2 with details of determination, based on
previous papers [9, 10]. Consequently, FNAA has a good sensitivity for the
determination of the elements of interest in face powder samples

ZBBO

16«KJ
14-00
1ZOO
lO-OO
8DO
SOO
400
2OO

Si

I

.2.0C »| ^ ^ „ m-i _..m̂ ._,_. ..„ ^

O 500 10&0 1500 2000 S500 000

Fig.2. Gamma ray specti'a of neutron activated sample of face powder (Sample 1)
irradiation time = 300 s, cooling time = 30 s, counting time =100 s.

BOO -

soa -

^ zaa -j i Ii

Fig.3. Gamma ray spectra of neutron activated sample of face powder (Sample2)
irradiation time = 300 s, cooling time = 30s, counting time =100 s.
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Fig.4. Gamma ray spectra of neutron activated sample of face powder (Sample 1)
irradiation time = 300 s, cooling time = 500 s, counting time =1200 s.

Channel Number

Fig.5. Gamma ray spectra of neutron activated sample of face powder (Sample 2)
irradiation time = 300 s, cooling time = 500 s, counting time =1200 s.

Table 2. Concentrations (in %) of light elements in two types of Egyptian natural
cosmetics (face powder).

Element

Na
Mg
Al
Si

K

ci
Ca
Fe

Reaction

'jNa(n, p)2JNe
24Mg(n3 p)24Na
"Al(n,p)2/Mg
^Si(n,pfAl
4iK(n,P)4lAr

J5Cl(n, 2n)i4mCl
^CaCn, p)44K

i(1Fe(n5 p)56Mn

a
mb
41
181
75
135

52

7.2

44
123

E,
keV

439.9
1368.5
843.7
1273

1293.7

146.4

1157.0
846.8

Interference
26Mg (n,a)
27A1 (n,a)
30Si (n,a)

-

-

-

-

-

Sample (1)

0.051±0.013
0.388+0.047
0.134±0.024
0.509+0.053

0.092+0.012

0.130+0.028

0.032±0.006
0.132+0.026

Sample (2)

0.113+0.028
0.426±0.047
0.105±0.030
0.347±0.042

0.032±0.021

0.089010.045

0.021±0.001

0.080±0.019
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CONCLUSIONS

A simple empirical expression for the detector efficiency in terms of the
incident gamma ray energy and the source-detector distance has been obtained for the
used hyper pure germanium detector (HPGe) using different standard point sources.
The results show that empirical expressions for the detector efficiencies as a function
of energy and distance might be used in rapid routine activation analysis.

The elemental concenterations of the light elements such as Na, Mg, Al, Si, K,
Cl, Ca and Fe in two domestic brands of face powder were determined by using the
fast neutron activation analysis technique.
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ABSTRACT

The inductively coupled plasma ion source for mass spectrometry
is very sensitive for multielement analysis with detection limits down to
sub part per trillion (ppt). Polyatomic ions which could be formed in
the mass spectra may interfere in the analysis of some element.
Experimental conditions have great influences on the formation of
polyatomic ions. The present work demonstrates that the skimmer
materials (Au, Ag, Ni, and Cu) are participating in the formation of
polyatomic ions, meanwhile the sampler materials have no real effect.
The mechanism of formation of polyatomic ions is explained.
Heats of formation of polyatomic species formed from the skimmer
materials such as: AuX, AgX, NiX and CuX; where X= Ar, O, N, C
and H are calculated by Gaussian program (G94W).

Key words: ICP-MS/ sampler and skimmer materials/ heat of formation

INTRODUCTION

When the first commercial inductively coupled plasma mass spectrometry
were launched in the early 1980s, great hopes existed for interference free analysis.
However, even in the first publications on plasma mass spectrometry [1], a number of
interferences were identified. Since then, many studies have been carried out to

identify and characterize them [2-5], and in some cases to attenuate them [6]° .The

present work concentrate on the formation of polyaions from the material of the
skimmer, stability of these polyion species is calculated as heats of formation and
their ionic stability are observed by time.

THEORETICAL CONSIDERATIONS

The calculation of the thermodynamic quantities in the Gaussian program is
based on the simplest molecular models [7]. The equation for the formation reaction
of diatomic molecule is given as:x'+y+ — • [xy] + . The enthalpy AH change for this
reaction is calculated by subtracting the sum of the heats of formation AHf values for
the reactants from the sum of the heats of formation values of the products.

AH = sum of AHf(products) - sum of AHf (reactants) (1)

In the present calculations the Gaussian program with Hartree-Fock calculations and

the LANL2MB [7] basis set are used to calculate AH298, where:
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cii
AE298 = AEC° + A(AEe)

298 + AEV° + A(AEV)298 + AE,298 + AEt

298
(3)

where the terms are defied as follows: AEe is the energy difference between products
and reactants at 0° K, A(AEe)

2 is the change in the electronic energy difference
between 0° K and 298° K, AEV° is the difference between the zero-point energies of
the products and reactants (0° K), A(AEV)298 is the change in the vibrational energy
difference between 0° and 298° K, AEr

298 is the difference in the rotational energies of
the products and reactants, and AEt is translational energy change between the
products and reactants. By using the calculated values of energy changes of products
and reactants and the values of the heats of formation of the reactants, it is possible to
calculate the heats of formation of the products.

EXPERIMENTAL

All measurements are performed using the high resolution inductively coupled
plasma mass spectrometer (JMS-PLASMAX2). The resolving power of the machine
is 12000. With this resolution, masses of the interference and element ions can easily
be separated from each other if the required resolution is less than 12000. The
operating conditions are shown in Table (1).

Table (1): Experimental conditions used in the measurements

Forward RF power
Reflected RF power
Coolant gas flow rate
Auxiliary gas flow rate
Nebulizer gas flow rate

Mass resolution (m/Am)
Detector mode
Optimization

Blank solution

1200 W
< 8 W
14 L/min
0.3 L/min
0.77 L/min
300 10000
analogue
Maximum ion intensity
of 100ppbof89Y+

1 % nitric acid

RESULTS AND DISSCUSION

Extracting ions from the plasma into the vacuum system is critical in ICP-MS,
because it depends mainly on the experimental conditions and the surrounding
environment. A schematic diagram of plasma extraction interface of PLASMAX2
mass spectrometer is shown in Fig. (1). Ions flow through a sampling orifice (0.9 mm
diameter in a cooled cone) into a mechanically pumped vacuum system, where a
supersonic jet forms. The central section of the jet flows through the skimmer orifice
(diameter = 1.1 mm). The extracted gas containing the ions attains supersonic
velocities as it expands into the vacuum chamber and reaches the skimmer orifice in
only a few microseconds. The material of the sampler is changed beside Cu sampler
to be from Au, Ag and Ni. Changing of the sampler material does not give any
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remarkable changes in the mass spectra. On the other hand, careful investigation
of the effect of the skimmer cone shows that the skimmer materials are greatly

Induction region of
ICP

Expanding
jet

of gas
sampled
from ICP

—9 mm-—i

Solution aerosol

To
mechanical

pump
~ 1 torr)

Load coil
40.86 MHz
1200 watt Boundary layer of ICPI

gas deflected outside j
sampling orifice

12.5 mm

To mass analyzer

To high
vacuum

pump
(-ICHtorr)

Sampler
cone 6 kV

DC

Skimmer
cone 6 kV

DC
Pullout
cone

Fig. (1): Schematic diagram of ICP ion source of PLASMAX2 mass spectrometer.

participate in the formation of polyatomic ions. The experimental process is
proceeded in the way that the Cu sampler (which has no real effect on the formation
of polyatomic ions) is used in all conditions while the material of the skimmer is
changed to be, beside Cu, the coated Cu . Cu skimmer is coated by Au by a coating
unit, by Ag and Ni-Cr by chemical coating in solutions. The initial degree of coating
is determined from electron energy disperisive X-ray measurements by Jeol machine
(SEM5600LV). Coated Cu by Silver, Gold and Nickel are used as skimmers. Table
(2) shows the concentration percentage of the coated Cu which are used as skimmers.

Figure (2): SEM micrographes of copper skimmer cone coated by gold before
working in the plasma (left) and after working in the plasma (right).

315-



Figure (2): SEM micrographes of copper skimmer cone coated by gold before
working in the plasma (left) and after working in the plasma (right).

Table (2). Different coated materials concentrations before and after working in the
plasma of the ICP-MS for a period of one hour.

"^-^Material
Element~^~->^
Au%
Cu%
Ag%
Ni%
Cr%

Skimmer Au
Before
83.61
16.39

-
-
-

After
0.09

99.91
-
-
-

Skimmer Ag
Before

-
46.46
53.54

- - •

After
-

99.99
• 0.1 .

• • " • . - . ,

Skimmer Ni
Before

-
-

•

85
15

After
-

31.55
-

68.44
0.01

The mechanism of formation of polyatomic ions is explained as the supersonic
jet consists of a freely expanding region often called the zone of silence surrounded
by shock waves caused by collisions between fast atoms from the jet, the background
gas and the tip of the skimmer cone, which reheat the tip of the skimmer material and
induce emission of atoms. Recombination between the ejected atoms and background
gas atoms are possible in the region between skimmer and pullout cone.

Tables (3) shows the heats of formation of polyatomic species (AuX, AgX,
NiX, CrX and CuX; where X = Ar, O, N, C and H) using sampler from copper and
skimmers from gold, nickel-chromium, silver and copper. In general, it found that the
heat of formation of polyatomic species YAr+, YH+, YO+ and YC+ , where Y = Au,
Cu, Ag and Ni, are arranged in the manner as AHf (YAr+) < AHf (YH*) < AHf (YO+)
< AHf (YC+), as shown in Fig. (3).

Table (3): Heats of formation of argides, oxides, hydrides, nitrides and carbides
polyatomic ions by using Au, Cu, Ag and Ni-Cr skimmer materials.

Species

AuAr+

CuAr+

AgAr+

NiAr+

CrAr
AuO+

CuO+

AgO+

NiO+

CrO+

AuC+

CiiC+

AgC+

AHf(KJ/mol)
This work

1251
942
877
186
948
1407
1364
1386

1022, 1340*
861,1178*

1531
1966
1926

Lit. [81
--
—
~
--
—
—
—
—

1234
1000

--
—

Species

AuH+

CuH*
AgH*
NiH+

CrBT
AuN+
CuN+

AgN+
NiN+

CrN*
NiC+

CrC+

AHf (KJ/mol)
This work

1369
: 1222

1161
701
1331
1709
1569
1524
1243
1386
1213
1483

Lit. [8]
—

1170
—
—

—
—
—
«
—
«

* using the value AHf (O)= 437.9 kJ/mol
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Considering that modern scholars estimate that surviving
classical works do not exceed one tenth of the original legacy,
it is inconceivable that one can form even a vague idea of the
contents of the ancient library in its entirety . Yet with the
help of surviving literary tradition as well as with
papyrological finds, one may tentatively suggest the following
brief list as a possible indication of the contents of the ancient
Alexandria Library:

A. Greek:

I Poetry : Homer, Hesiod, Sappho, Anakreon, Simonides,
Pindar, Bacchylides, Callymachus, Apollonius, Theocritus,
Aratos.

II Drama Aeschylus, Sophocles, Euripides, Aristophanes,
Menander, Straton (com.).

HI Criticism Zenodotus, Aristophanes (ofByz.), Aristarchus
(ofSamothr.), Aristonicus.

IV Philosophy Pre-Socratics (e.g. Anaxmander, Parmenides,
Xenophanes, Heraclitus), Plato, Aristotle, Theophrastus,
Zeno, Epicurus, Pyrrhon, Panaetius, Philon (Alex.),
Apollonius (ofTyana), Plotinus.

V History Hecataeus, Herodotus, Thucydides, Xenophon,
Ephorus, Hecataeus (Abdera)...

VI Science Original exploration reports, Eudoxus (Cnid.),
Euclid, Aristarchus (Samos), Straton (Lampsacus),
Eratosthenes, Megasthenes, Patroclus, Archimedes,
Apollonius (Perga), Hipparchus (Nicaea), Cl. Ptolemy,
Theon, Hypatia.

VII Medicine Corpus of Hippocrates, Herophilus (anatomy),
Erasistratus (veins), Callimachus (med.), Sarapion,
Heracleides (Tarentus), Rufus, Apollonius Mys, Galen.

B. Non-Greek :

Egyptian sacred records, Manethon, Egyptian manuals on
astronomy, instruments, medicine; Berossos (Babylonia),
Persian religion, Hebraic scriptures, Buddhist writings....
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Abstract
High-speed computers are strongly needed not only for solving scientific and
engineering problems, but also for numerous industrial applications. Such
applications include computer-aided design, oil exploration, weather
predication, space applications and safety of nuclear reactors. The rapid
development in VLSI technology makes it possible to implement time
consuming algorithms in real-time situations. Parallel processing approaches
can now be used to reduce the processing-time for models of very high
mathematical structure such as the kinematics molding of robot manipulator.
This system is used to construct and evaluate the performance and cost
effectiveness of several proposed methods to solve the JACOBIAN algorithm.
Parallelism is introduced to the algorithms by using different task-allocations
and dividing the whole job into subtasks. Detailed analysis is performed and
results are obtained for the case of six dof (degree of freedom) robot arms
(Stanford Arm). Execution times comparisons between Von Neumann
(uniprocessor) and parallel processor architectures by using parallel simulator
package (PSIM) are presented. The gained results are much in favour for the
parallel techniques by at least fifty-percent improvements. Of course, further
studies are needed to achieve the convenient and optimum number of
processors has to be done.

"Keywords:" Fast Robot, Parallel Simulator (PSIM), Speedup and Efficiency

1. Introduction
Industrial robots as shown in Figure (1) are being used more and more in many
industrial fields where they are replacing human operators engaged in tedious,
repetitive or potentially hazardous jobs. A particular point in favor of robots is
that they can be taught to do jobs, which are not amenable to automation or
mechanization through conventional approaches. Robot systems are certainly
only one of the many possible means of automating and simplifying the
production process. They pave the way to a qualitatively new stage of
automation, namely, the development of production system, which would
require a minimum of human attendance. One of the main advantages of
industrial robots is that they can be quickly reprogrammed to undertake tasks
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Si If
that differ in sequence and character of manipulation steps. Robots are therefor;
most cost-effective way in conditions of frequent product changes and in
automation of jobs requiring manual unskilled labor. A major share of the
products of the metal- working and machine-building industries comes in low-
volume batches. It is essential to evolve automatic assembly machines suitable
for short and medium production runs. Of no less importance is to ensure fast
retooling of automatic lines and putting them on stream as fast as possible. [1] [2]

Figure 1. Tooi Frame Relative to Base Frame Coordinate systems (C. S)

BaseC

Tool C.S

2. The Simulated Machine
The simulated machine is the ANUPAM, which is a parallel computer recently
developed at the Bhabha Atomic Research Center, Mumbai, India [3], [4] and
[5]. ANUPAM is a message passing, loosely coupled, Multi-instruction Multi-
data (MIMD) or Single-instruction Multi-data (SIMD) parallel computer based
on bus topology. The computer is built using a number of RISC
microprocessors interconnected using communication links. The system is
based on a cluster approach. Such cluster consists of a master processor and up
to 15 node (or slave) processors slotted into a Multibus-11 backplane. The
clusters are connected to each other by a 16-bit wide SCSIbus. The cluster
consists of an Intel Multibus-11 and up to 15 processors boards that are plugged
into this Multibus with other peripheral boards link disk controller, network
controller, etc. Each processor board consists of an Intel i860 processor
running at 40 MHz, 16 to 64 MB of DRAM memory, an Intel 82389 message-
passing coprocessor (MPC) chip for data transfer, direct memory access,
programmable interrupt controller (PIC) and other associated devices or chips.
The Master processor runs the UNIX operating system and handles all system
management etc. The Slave processors act as live backend computer engines
for executing user programs. A user program has to be written as a Master
program and a Slave program keeping in mind that all operating system
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related activities have to be kept in the master. Thus, the user has to
parallellize his program because there is no automatic parallelizer program in
existence.

2.1. Parallel Simulators
Computer simulation and modeling techniques are being used now as a low
alternative or complement technique to conventional experimental or prototype
methods. Simulation studies has a valuable role to play at all levels of design
and performance analysis of multiprocessor or multi computer systems, from
architecture run time system to algorithms and application. Two types of
simulators have been designed and developed for the ANUPAM system. There
are the parallel simulator package (PSIM) and parallel virtual machine (PVM)
[6] [7] [8] and [9].

2.2. PSIM and PVM
PSIM is a set of tools, which simulates the ANUPAM on a normal sequential
machine. The job of the parallel simulator is to provide the same environment
to the user on a machine in which the real parallel hardware is not actually
installed. The user is able to develop his program and execute it on the
sequential machine. Since a parallel job consists of several concurrent
processes, the simulator should run all these processes together and take care of
any data communication [3] and [8]. PVM, on the other hand, enables a
collection of heterogeneous computers to be viewed as a single parallel
machine. The programming philosophy of PVM is based on communicating
sequential processes. That is, the user develops his parallel application as a set
of processes, which communicate with each other. PVM provides the
primitives for this communication. Also, it takes care of message routing and
other incompatibles among the heterogeneous machine constituting the virtual
machine [9]. However, only the PSIM simulator is now employed, and all
results presented in this paper have been developed on it. Most of the parallel
programs developed in the world are based on the paradigm of
"communicating sequential processes". This specifically means that a parallel
job should be made up of several constituent sequential processes each of them
performs distinctive task. These processes should run concurrently on different
processors. Thus completing the total job ideally in (t/n) units of time where (t)
is the time required for execution in a sequential machine and (n) is the number
of processors running concurrently. Obviously, there is no problem which can
be divided into (n) distinct tasks such that, each task is totally data independent
of other tasks. To be able to run these simultaneously, they should be able to
communicate with each other and exchange data among themselves.
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2.3 Message Passing
PSIM simulator uses Message Passing type of communications. This means
that, the several CPUs that make up the system are completely independent of
each other, having their own memory and local bus. The CPUs execute
different copies of the program and operate on different data residing in their
own local memory. In case that any exchange of data is needed between
processors, the data is transmitted from the sender processor to the receiver
processor in the form of a message. This message can be physically
transmitted on a high-speed bus or through specialized hardware links.
Basically, a job to be run on PSIM consists of tow programs called master
program and slave program. One main feature of the PSIM parallel simulator
is the support for Fortran and C languages. Thus, programs written in Fortran
(like ours) and C can be run using PSIM. Run time libraries for both Fortran
and C are available. Those include Initialization calls, Termination calls,
Communication calls and Miscellaneous calls. These library calls are
available for both master and slave processors [8].

3. Fast Robot Kinematics Modeling by Using PSIM

3.1 General Background
Parallel processing approaches can now be used to reduce the processing time
for models of very complex mathematical structure such as the kinematics
modeling of robot manipulators. We used network as shown in figure (2) below
to control the robot arm.

The problem is solved for a six degree of freedom (dof) robot arm (Stanford
arm). [10], [11], [2], [12]

Figure 2. Network between Master Processor and Slaves Processors

P0 (master processor)

P2 (slave processor)

A robot arm consists of a chain of (AO rigid links. The links figure (3) are
arranged such that link (i) is connected to a preceding link (i-l) and following
link (z+1). In robot manipulators, two types of joints exist, transnational and
rotational joints. The transnational joints are such that the adjacent links
translate linearly to each other along the joint axis, while the rotational motion
adjacent links are to rotate with respect to each other about the joint axis.
Therefor, the links (i) motion with reference to the link (i-l) depends only on
one variable, rotation 6t or translation d; [10] [2] and [12]
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Figure 3. Robot Arm Links Arrangement

Link /-

Joint;-l

Generally, the robot base is considered to be link (0). The last one, link (N)
carries a gripper (hand) or tool (drill, pincer) and is called the end effector of
the robot. The location of an object in space is determined by six degrees of
freedom (dof), three of which represent position and other three orientations. If
a task is performed in space without constraints, 6 dof are necessary. But if the
task is performed in a plane, only 3 dof are necessary.
The choice of the computer architecture used to control the robot is of great
importance. Most of the algorithms used for controlling the various aspects of
the motion of a robot are complicated and involve trigonometric functions,
multiplication and/or inversion of matrices. In addition, many of these
calculations have real-time constraints in that, they must be computed within
some small time period or the robot control loop may become unstable. [12]

3.2. Problem Formulation
The Jacobian
Several remarks are in order with regard to the Jacobian (J). First, it relates
changes in joint space to changes in Cartesian space. Hence (J) is necessary in
any Cartesian-based control scheme. Second, it is not a constant matrix, but
depends on the arm configuration. This fact makes real-time computation a
major challenge.

AX=J(6>)*A0 (1)
Where: x is the Cartesian coordinates vector, and 0 is the position vector of
joint angles.
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Nomenclature
The well-known conventions first proposed by Denavit and Hartenberg are
used [12]. The main idea is to assign a coordinate frame to each link with the
z-axis along the joint axis. This gives rise to four transformation, the rotation
angle (di) which rotates about the ZM, translation of distance dj along the Zn, aj
the shortest distance between ZM and Z{ (link length), and rotation angle (di)
about the 2, ( t w i s t anS l e)- F r o m t h e s e parameters a 4*4 homogeneous
transformation matrix is produced At

Ar

Cos0«

Sin*,

0

0

SinOiCosCCj

CosOiCos(Xj

Sin££;

0

-Cosdi Sin CC

Cosa,
0

(2)

Where (di: The rotation angle, rf.: The transnational joint, # . : The angle

between joint direction and vertical, Q. : The link length.).

For a revolute joint, d-, changes while dh at and (%. remain constant. For a

transnational joint dj is changing and ai=0. To achieve transformation between
different coordinate.
Frames a matrix bold Tn is defined such that:

r ~~~ A r . A _ . A ^ A . A _ . A , I s I »

By using these matrices the derivation of (J) for a six dof robot arm, as given
by Paul (1981), is as follows:

=J1

=J2

=J3

=J4

=J5

= J6

; = r i l 2 ^ =A2*A3*A4*A5*A6

Where J/ =Joint (i)

4. Parallelization:
For more information, refer to [12], PO (master processor) send (61-66) to
slave processors (P}, P2 and P3y
(91,92) to PI, (63,64) to P2 and (65,66) to P3.
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Pi = compute the fourth, fifth and six columns of (J)
P2 = compute the second and third columns of (J)
P3 = compute the first columns of (J)

4.1. The Parallization Algorithm
4.1.1 The master algorithm at processor (Po)
(A)
Send 0, and 82 to P3

Send e3 and 04 to P2

Send 6S and 86 to Pj
(B)
Receive J} from P3

Receive J2 and J3 from P2

Receive J4, J5> J6 from Pj

4.1.2 The slave algorithm (p/, p2andp3)
This stage is divided into 3 sub-stages working in parallel together, but each
sub-stage is running sequentially.
(a) Processor Pj
- Form A5 and A6

- Multiply As by A6 to form T6
4.

- Send T6
4 to P2 and P3 receive A4 from P2.

- Multiply A4 by T6
4.

- J4=A4*T6
4:

- J5=T6
4.

- J6=A6.
- Send J4, J5 and J6 to Po.
(b) Processor P2

- Form A3 and A4.
- Multiply A3 by A4 and store in T,.
- Send T, and A4 to P3 and Ph and receive r / from P} and v42 from P3.
- Multiply the Tj * T6

4 to form r / and A2 * T6
2 to form T6

3

- J>- T\

. Send J2 and J3 to Po

(^Processor P3

- Form^/ and ^ 2

- Multiply ^ ; by ^ 2 and store in T2

- Send ^ 2 to P2 and receive T; from P2 an

- Multiply Tj*T2* T6
4 to form rtf°

- J,= 'T6°
- Send J} to Po
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4.2. The Algorithm Operation
The algorithm will work as follows
1-Pj compute J4,js,J6
2- P2 compute/?, j 3

3- P* computey"/
Pi:

^z'=AI * A3 * M * AS * M = T \ * AI=T\
Jl= Tile^ = Al* A2* A3* M* A5* A6 = T\* Al

5. Conclusion:

PSIM is being used to investigate the fast robot kinematics modeling. The
results as illustrated in figures 4,5,6 and 7 indicate the speedup is improve and
increases almost by the double; and time taken to execute and solve the
kinematics modeling decreases to half. However, the efficiency decreases
somehow, because of the communication time between the slave processors
and master processor.
In recapitulation parallelism has proven to be a convenient technique for robot
application. Figures 8,9 and 10 indicate that, the best speedup is achieved at
four processors. On, the other hand if the number of processors is increased, the
speedup will be dramatically decreased. That is mainly dye to the processors
communication time which is highly increased compared to the processing
(problem solving) time.
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The persistent question that is invariably asked when mention
is made of the Alexandria Library, is how the greatest
collection of books in the ancient world came to an end.

To cut a long story short, we know that there were two
principle centres wherein the books were kept: the Royal
Library, located close to the harbour within the precincts of
the royal palaces, and the Daughter Library, incorporated in
the Sarapeum, south of the city.

The Royal Library
The Royal Library was an unfortunate casualty of war. In 48
BC, Caesar found himself involved in a civil war between
Cleopatra and her brother Ptolemy XIII. Caesar sided with
Cleopatra and was soon besieged by land and sea by the
Ptolomaic forces. He realised that his only chance lay in
setting fire to the enemy fleet and it was by this drastic
measure that he managed to gain the upper hand. But the fire,
in the words of Plutarch, spread from the dockyards and
destroyed the "Great Library" (megale bibliotheke) [ Caes.
49]. :

The Daughter Library
As regards the Daughter Library, it continued to function
throughout the Roman period under the protection of the
Sarapeum. Nevertheless, with the end of paganism and the
ascendancy of Christianity in the fourth century, the
Sarapeum lost its sanctity. In 391, when the Emperor
Theodisius ordained the destruction of all pagan temples,
contemporary eyewitnesses assert that the Sarapeum, together
with all its contents, suffered complete annihilation. [Rufinus,
H.E. 2. 23-30; Eunapius, vit. Aedesii, 77-8; Socrates, H.E.
5.16.].

The Arab Conquest
Thus, when the Arabs conquered Egypt in 642, the
Alexandria Library no longer existed. It is noteworthy that no
historians of the conquest, whether Byzantine or Arab, ever
mention any accident that could have occurred to the Library.
It was not until six centuries later, during the time of the
Crusades, when all of a sudden a story emerges, claiming that
the Arab general Amr Ibn Al-As, had destroyed the books by
using them as fuel for the baths! [Ibn Al-Quifti 354].

Modern scholarship has proved beyond any doubt that this
story was a twelfth century fabrication, resulting from war
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A b s t r a c t
We overview in short the neutron detectors currently used in the investigation of the

transmutation of radioactive waste. Such detectors should comply with some specific requirements. In
particular, they have to be small enough, non-expensive, easy in use, radiation-resistant and covering
sufficiently large energy intervals. These conditions are met to the acceptable extent in the case of
activation foils, gas detectors and solid track detectors, which are discussed briefly in our work.

I. INTRODUCTION
The neutrons play exclusively important role not only from the cognitive viewpoint as

basic, together with protons, ingredients of atomic nuclei and as complex quark-gluon
systems. At the same time, they have widespread application in modern practice, such as the
production of radioactive isotopes, investigations of structure of solids and neutron
radiography. In particular, owing to large cross-section of absorption by heavy nuclei the
thermal neutrons can cause, far easily then other particles, nuclear reactions transforming of
nuclei into another ones. This property is quite suitable for passivation (or transmutation) of
long-lived radioactive nuclides that remain as a result of operation of diverse installations
using nuclear methods. Moreover, one can produce at rather little cost intense beams of such
low energy neutrons in nuclear reactors and in massive targets irradiated by accelerator beams
of relativistic protons.

The transmutation of radioactive waste (TRW) is thought to be the hope for utilization or,
at least, passivation of very large amount of hazardous material accumulated in the world
during several tens of years of activity of nuclear plants and other implements (industrial,
research, medical or military), in which nuclear materials are used [1]. It means that the RW
processing should fulfil certain and rigorous conditions and, in the first place, the condition of
high efficiency and acceptable cost. As has been shown in the first investigations [2,3] the
principal meaning in this respect has the exhaustive and precise knowledge of space-energy
spectrum of neutrons produced by intermediate energy (i.e. of about 1 GeV [1]) particles
(mostly, protons) and next multiplying and slowing down these neutrons in a heavy extended
target with the minimum lost of created neutrons. To this end, the suitable detectors of
neutrons, i.e. the particles being much more difficult for energy determination than charged
particles or photons, are needed. Therefore, in this case much more sophisticated methods and
approaches should be used.

In the present work we briefly overview the optimal methods and present-days detectors
which are suitable for the study of the space-energy spectrum of neutrons in heavy extended
targets and, as a consequence, for the construction of future high efficiency assemblies
processing the RW. They are as follows:
# activation methods (with fissionable materials and threshold reactions for high energy
neutrons and with non fissionable materials for low energy neutrons),
# neutron counters and ionization chambers,
# track registration in solid-state detectors.

Activation detectors are very convenient because they are cheap, small enough (even
as small as of about several grams), and may be situated in different places inside of an
extended target. Moreover, they are easy for farther processing and suitable for neutrons of
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large energy interval. It should be particularly emphasized that for the transmutation of RW
(mainly fission fragments) the low-energy neutrons (up to ~10 keV) are mostly copious and
^ e scintillation counters can play an important role as they can cover this energy region. In
the same time, from tens of keV to a few of MeV, an ionization chamber filled with ^ e [4] is
a standard detector for this purpose. The hard part of neutron spectrum or high-energy
neutrons may be investigated using the threshold reactions (n,2n), (n,xn) and by means of
samples of fissionable materials where the (n,f)-reaction is registered. The solid-state track
detectors are most effective especially for the determination of fission rates distribution [5,6]
because the density of neutrons with a definite energy (dependent on the fissionable nuclei) is
proportional to the density of created tracks. A combination of all data obtained from different
neutron detectors placed into the extended target can get an exhaustive picture of space-
energy distribution of spallation neutrons. Moreover, the use of various detectors gives higher
accuracy and, as a consequence, more exact rate of the investigated process of transmutation,
which is determined by two factors: its cross-section and neutron flux. Below the main
characteristics of present-day neutron detectors and their possible applications especially for
the purpose of the TRW are discussed.

H. ACTIVE DETECTORS
Activation foils are widely used types of neutron detectors owing to their following

advantages: comparatively little dimensions, the property to be activated and the presence of
gamma rays or other types of radiation does not interfere with the neutron activation of the
foils. Active detectors are suitable for studying neutron spectra via different reactions inside
of an extended target.

. The specific rate of the process of TRW depends on two factors: the cross section and
the neutron flux. Therefore to have a more efficient rate one has to insert the sample in an
appropriate place. For this purpose it is necessary to choose a suitable element. So, non-
fissionable materials can be used for low energy neutrons that are more relevant in the case of
the thermal region via (n, y) reactions (i.e. In, Au, Co, Mn, La with and without Cd).
Fissionable materials can be used for high-energy neutrons via (n, f) reaction (237Np, 238U and
232Th). As an example, Figures 1 and 2 show the gamma spectra due to the interaction of
spallation neutrons with La and U detectors.

9x1 O3 -g

8x1 O

7x10'i

6x1O*J

6x1 O*

4x1O*

3x16*4

2 x 1 O * ••'! L LJL

Z O O 4 O O 6 O O 8OO 10OO 12OO

Energy (keV)

1-400 1600 18OO

Fig. I. The gamma spectrum from La irradiated in spallation neutrons [7].
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Fig.2. Same as Fig. 1 but for U [7].
One can also use some stable materials for studying fast neutrons via different reactions,

for example, 32S(n, p), 58Ni(n, p), 54Fe(n, p), 27Al(n,a), 65Cu(n, 2n) and 58Ni(n, 2n).
Nevertheless it should be noted that the cooling time factor after the activation of foils plays a
great role in deciding on a particular element.

HL GAS DETECTORS
The principle of ionization of atoms if voltage is applied across the material is used as

the basis for the operation of gas detectors (GD). Next the released electrons drift to one side
and the positively charged ions move toward the opposite one. The generated in this way
signal can be easily measured and readily converted into a number, which means how much
ionization is set in giving information on the total number, energy, and type of particles
passed through the material (gaseous or semiconductor as well). Neutrons can also be
detected by GD but only as a result of secondary interactions when charged particles are
liberated (see, for example, [8]). In particular, the reaction 3He (n, p) 3He with Q = 764 keV
turned out quite suitable for this purpose. Moreover, 3He gas proportional counter provides
the best combination of energy resolution and detection efficiency especially for fast
neutrons, i.e. in the energy range from tens of keV to a few MeV [9]. Nevertheless, there are
many methodical problems connected with GDs and the basic challenge is the energy
resolution that may be affected by general parameters such as amplifier noise, pulse shaping,
mechanical vibrations and homogeneity of the electric field. The best results have been
obtained with gridded ionization chambers, also in the case of extended targets.

IV. SOLID STATE NUCLEAR TRACK DETECTORS
Solid-state nuclear track detectors can be used validly in the study of the space-energy

neutron field by inserting sheets of plastic inside the extended target. After some processing
one can distinguish clear tracks of nuclear fragments. Figure 3 shows such fission fragments
due to spallation process in Pb (U) target obtained at different etching time.

The main parameters that influence on the track quality can be divided into three
categories: material, particle and etching parameters [10]. In the case of an etched track
essentially two parameters are measured: the track etching rate VT and the residual range R.
The range R of a particle is a function of its charge (Z), mass (M) and energy (E). Thus by
measuring of R(Z,M,E) and Vr(Z,E), we have only two equations for three unknowns, and at
first sight a complete identification of the particle would seem to be impossible. However, the
dependence of R upon M is weaker than its dependence on Z and, in addition, we can usually
place restrictions on the possible values of M for a given Z and then two relations, VT = /
(Z,E) and R = g(Z,M,E) are sufficient to identify the particle. In practice it is often possible to
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measure VT and R at a number of points along the particle trajectory, and so a series of
equations VT (Rj) =/(Z,E) and R; = g(Z,M,E) would be solved.

(c)

Fig.3. Fission fragments registered in mica detectors after different etching time: a) 2 h, b) 3 h and c)
4 h. Real dimensions of samples are: in the vertical direction 20 mm and the horizontal - 45 mm.

V. CONCLUSION
Different types of detectors shortly discussed above can afford acceptable accuracy for

the neutron energy distribution determination in extended targets. The appropriate
accommodation of such detectors within the investigated massive target can give detail
information about the space-energy structure of neutrons originating from the spallation
process inside this target. Fig.4 displays schematically the energy ranges of optimal
applicability of the neutron detectors used in the study of TRW.

Gas detectors SSNTDs

Active dtetectotsj
Active detectors

1OJ IO-»

Energy, ®V
Fig.4. Energy ranges covered by different types of neutron detectors.
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ABSTRACT

In view of the importance of the X-ray production cross-section for the determination of
element concentration in a given material, we have measured them experimentally for light
elements Sc and Fe using proton beams of energy between 40 and 180 keV. The obtained K
X-ray production cross-section is compared with the previous experimental results. The
experimental K X-ray production cross-section for proton induced X-ray emission (PIXE)
analysis, using low energy (200 keV) accelerator, have been improved.

Keywords: PIXE; k-X-ray production cross-section; modification of neutron generator

INTRODUCTION

Particle induced x-ray emission PIXE [1], is a powerful non-destructive elemental analysis
technique now applied routinely by geologists, archaeologists, art conservators and others to
support answer questions of provenience, dating and authenticity.

Quantum theory states that orbiting electrons of an atom must occupy discrete energy
levels in order to be stable. Bombardment with ions of sufficient energy (usually MeV protons)
produced by an ion accelerator, will cause inner shell ionization of atoms in a specimen. Outer
shell electrons drop down to replace inner shell vacancies, however only certain transitions are
allowed. X-rays of a characteristic energy of the element are emitted. An energy dispersive
detector is used to record and measure these x-rays and the intensities are then converted to
elemental concentrations.

The quantitative analysis by PIXE using fundamental parameter method, requires the
knowledge of X-ray production cross sections. In this work the K-shell X-ray production cross
section measured for low-Z elements Sc and Fe bombarded by slow protons with energies
ranging from 40 to 180 keV are compared with Ref. [2]. All these results have importance for
fundamental physics considerations as well as for low-energy PIXE (keV protons) Ref. [3],
and in general, for application in which thick targets need to be used. Nevertheless, there are a
number of laboratories all over the world which can only product proton beams with energies
less than 1 MeV. It has been explained by J. Rickards [4] and J. Miranda [5] that the
application of these energies has certain advantages, especially when analyzing light elements
because the bremsstrahlung background in the spectra is much lower within this proton energy
region.
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EXPERIMENTAL PROCEDURE

The experiments were carried out with a 200 keV accelerator at the Institute of
Experimental Physics of Kossuth University routinely used as a neutron generator. For the
measurements, 40-180 keV protons deflected by a 60° analyzing magnet was used. The energy
calibration of the accelerator has already been described in Ref. [3] and the basic measuring
geometry is shown in Fig. 1.

counter X-Ray

Samp!e/ /P-b e a m Quadrupol
Analyzing

magnet

Hydrogen
gas -

200 kV

Fig. 1. Experimental arrangement for cross section measurements.

Samples were placed at the center of a scattering chamber at an angle of 45° with respect to
the proton beam direction (see Fig. 2). The K X-rays are detected with a Si(Li) detector, which
has an area of about 200 mm2 and a resolution of 200 eV at 5.9 keV and is located about 15
mm away from the target, outside the vacuum. The detector is coupled to an ATOMKI main
amplifier and a computer controlled ACCUSPEC ADC card, and is mounted at 90° with
respect to the proton beam. The K X-rays pass through a 6 urn thick X-ray polypropylene foil
window, 5 mm air and a 35 (im thick Be window.

100

Fig. 2. Irradiation chamber for X-ray production measurements.
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The total detection efficiency, taking into account the absorption in the X-ray foil, air, Be
window, the incomplete detection in the detector itself and the solid angle of the measurement,
was determined experimentally using 54Mn, 57Co, 137Cs and 241Am standard y-sources. Since
suitable radioisotopes are not available: fo cover the X-ray low energy region 1-6 keV, the
efficiency curve was completed using the following method. Characteristic K X-ray spectra of
Al, Si, Cl, K, Ti, V, Fe, Ni, Cu, Zr, Nb and Mo standard elements excited by 55Fe and 125I ring-
shaped sources were measured using the same geometry for the absolute efficiency
determination. The X-ray emission rate, for each of the K lines was calculated from the line
intensity. The relative efficiency curve from the X-ray emission rates of the standard elements
was normalized to the absolute detector efficiency values (see Fig. 3). The estimated total
errors were 15 %, mainly due to the uncertainties in the X-ray emission rates and the curve
normalization procedure.

For beam current measurements, in case of metallic sample, the sample holder was well
isolated from the irradiation chamber as well as the isolated target was connected to a beam
integrator which transfers the proton current to an electric pulses. The obtained calibration
factor was 5.45* 1G10 protons/count.

1.00E-02

1.00E-03
uco

0 1.00E-04

1.00E-05

f -•——
- - • —

10 15 20 25

X-ray energy (keV)

30 35 40

Fig. 3. Plot of the efficiency values of the Si(Li) detector.

The efficiency curve for 0-6 keV energy interval can be fitted as polynomial of 4thdegree:
sd=-0.0005+0.0004*E-2.6490e-5*E2-2.5120e-6*E3+2.5562e-7*E4 and it is a third
degree polynomial in the energy region 6-30 keV:
e<r=-1.22e-5+1.46e-4*E-6.03e-6*E2+6.45e-8*E3.

The carbon contamination from the vacuum system is a serious problem at proton energies
of 200 keV or lower. The carbon layer formed on the target surface, due to this effect, can
decreases the production of X-ray as a result of reducing the energy of incident protons. To
solve this problem, a liquid nitrogen trap was introduced inside the beam-line just before the
irradiation chamber. With this modification the carbon contamination effect can be neglected
through (20-30 minute) measuring period. During this time, the heating effect of the target can
also be neglected. This method was confirmed by the use of thermocouple.

For the measurements Sc and Fe thick samples, of 19-mm diameter, were irradiated by 40-
180 keV protons energy. Fig. 4 shows the Ka X-ray yields measured of thick-targets in this
energy interval by step of 10 keV.
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Fig. 4. Thick-target yields of Sc and Fe X-rays as a function of incident proton energies.

A typical scandium X-ray measured spectrum can be seen in Fig. 5. Sample was bombarded
by 180 keV proton energy (the Si Ka line seen in the spectrum originated from the excitation
of the detector material by the produced Sc X-rays).
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Fig. 5. A typical X-ray spectrum for Sc bombarded by 180 keV protons.

DATA ANALYSIS AND RESULTS

For thick target, defined as one which has thickness greater than the range of the incident
protons, the yield of the X-ray production by protons of incident energy E can be calculated as
follow:

Ro
Y(E) = N a N p s d J ssaax(E)dz , (1)

0
where Na is the number of atoms in the Ro range of the protons energy E, Np is the total
proton number producing Y(E), sd is the full energy peak efficiency of the detector at the
energy of the observed transition, ssa is the self-absorption of the target for the X-ray line
and ax(E) is the X-ray production cross section at energy E.
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By integrating equation (1) the cross section at energy Eo can be calculated by the
formula

dY dE / dNa

MJr, UzJF I dz L
(2)

For the calculation of dY/dE value, the yields Y were fitted by the function of the type

(E) = -BE " 3 / 2 (3)

where = 1 +

The parameters obtained by means of a weighted least-square fitting program are given in
Table 1.

The self-absorption correction factor was calculated using the equation:

ssa -
1-e" e-u.d

ixd
• + • (4)

The ranges R of protons in the samples were determined by the expression

R ( E ) = —r—
V ' 7 C 1 -

4E7/4

exp(-3/7aE)j '
(5)

Where E is the proton energy in MeV, a and C are constants. The calculated range R is used
to evaluate the value of dNa/dz by the formula Na=R-L/M, where L is the Avogadro's number
and M is the mass number see Ref. [3].

Science Na/dz=dNa/dE*dE/dz, the final formula for determination the cross section is:

(6)

The experimental K X-ray production cross sections and the data for the calculations of Sc
and Fe using proton beams of energy between 40 and 180 keV are listed in Tables 2 and 3.

Table 1. Parameters used in the fitting of Eq. (3).

Element
Sc
Fe

A
2.15008e-8
1.59149&-8

al
100

199.8724

a2
0.01

-1.599469

a3
0.001149
0.005284

B
2999.999
4671.8676
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Table 2. Parameters used in the calculation of K X-ray production cross sections.

Element

Sc

Fe

Energy
(keV)

40
80
120
160
180
40
80
120
160
180

dY/dE
(keV1)

0.0000005
0.00212
0.02498
0.09309
0.15132

~
0.00019
0.00433
0.02133
0.04063

dNa/dE
(keV1)
*E+16
5.0015
4.5281
4.3925
4.3768
4.3934
4.9841
4.4779
4.3132
4.2695
4.2723

Self
abs.

0.9918
0.9858
0.9803
0.9748
0.9721
0.9945
0.9905
0.9867
0.9831
0.9813

Table 3. K X-ray production cross sections.
Uncertainties for CTX are all on the order of 20%.

Element

Sc .

Fe

Energy (keV)

40
75
100
125
150 .
175
180
40
75
100
125
150
175
180

CTx ( m b )

Present exp.
3.52E-4

1.40
10.55
26.24
59.9
107.7

119.13
6E-07
0.099
1.383
3.979
10.607
22.276
25.28

ax (mb)
Ref. [2]

~
1.65
9.9

32.5
78
155
~
—
—
—

2.24
7.35
17.1
~

The root-mean-square errors were used in every case, taking into account the errors for the
peak area determination, detector efficiency and beam current measurements.

CONCLUSION

We have measured K X-Ray production cross sections for elements Sc and Fe using
protons with energies between 40 and 180 keV. Table [3] shows that the obtained ax are in
good agreement with previous work [2]. From this study we conclude that the Debrecen
neutron generator was successfully modified for PTXE especially for quantitative analysis of
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light elements. Finally we note that we have improved the experimental cross section for PIXE
analysis at low proton energies.

This work was supported by the International Atomic Energy Agency througy the Egyptian
and Hungarian collaboration No. EGY/00053R.
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ABSTRACT

Two groups of CR-39 detectors samples are axposed to two types of
charged particle radiation. The first group are severe damaged with fission
fragment tracks from 252Cf source. The second accepted alpha particles
resulting from the interaction of highly energetic 19F-ions and a copper disk
with thickness lcm, which are of less damage tracks than fission fragments.
The isothermal annealing: of tracks in the temperature range from 175 to
300 °C in step 25 °C for annealing time of 10,15,20,25 and 30 minutes has
been investigated. The changes introduced in the track density and track
diameter for two types of irradiation in the detector have been observed and
compared between mem. The results indicate that the track density and the
size of the tracks are considerably changed due to annealing.

Keywords: Annealing Process, CR-39, Alpha particles, Track diameter, Track density.

INTRODUCTION

The annealing of radiation damage in different categories of solid state nuclear track
detectors (SSNTDs) has been studied by several researchers [1-11]. The annealing of the
damage trails at elevated temperatures presumably occurs via the diffusion of atomic defects
through the crystal lattice or the movement of molecular fragments within a polymer.
Interstitial atoms can then recombine with lattice vacancies, and broken molecular chains
may re-join and various species recombine. In plastic, some repair of broken molecular
chains may occur.

Fleisher considered that the most useful type of information as to the thermal stability of
charged particle tracks in various dielectric materials comes from the heating of duplicate
sample sets at various combinations of time (t) and temperature (T). Results of this form
may then be used to construct an Arrhenius plot log (t) against (1/T). Those time and
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temperature combinations, which have resulted in total fading, can be separated from those,
which have only produced partial track fading, by a single straight line. This indicates a
relationship on the form,

t = B exp (E a /kT ) (1 )

where Ea is the activation energy of annealing; B is a constant of proportionality; k is the
Boltzmann constant; T and t are the annealing temperature and annealing time
respectively[12].

For any degree of track fading, the Arrhenius plot may be constructed to show a series of
time and temperature combinations, which achieve this degree of fading. This series of data
points will define a straight line. It has been found that each depicting degree of fading
produce a " fan like " distribution. The lower the degree of fading then the smaller is the
gradient of the line, indicating a lower activation energy.

Fleisher concluded that as the range of activation energies produced was similar to those
values obtained from atomic diffusion studies then the annealing of charged particle tracks
consisted of a diffusional motion of displaced atom back into stoichiometric positions[13].

EXPERIMENTAL PROCEDURES

To study the complete annealing of alpha particles and fission fragment tracks in CR-
39, a number of experiments were carried out. A set of CR-39 plastic foils were irradiated,
in vacuum, by a collimated beam of fission fragments from a 252Cf source incident
perpendicularly to the detector surface, the second set was irradiated with alpha-particles
produced from the nuclear reaction between 19F-beam and a copper disc target in the
Arbuzov set-up [14].

In Arbuzov experiment, the copper disk in the Arbuzov set-up was bombarded with about
9.73x108 19F-ions of 3.4 GeV/N specific energy at normal incidence at the
Synchrophasotron, Dubna. Light particles are emitted from a copper disc target at the
samples making with its axis an angle of 25° to the 65 GeV F-beam. The Arbuzov
experiment is mainly to investigate with solid state nuclear track detector the relativistic
heavy fragments emitted at wide angles in relativistic nuclear reactions. A special set-up is
designed for this purpose [15].

All samples, irradiated from 2:>2Cf and that irradiated from Arbuzov set-up, were
isothermally annealed at 175, 200, 225, 250, 275, 300 °C respectively. Both sets of annealed
samples of CR-39 along with unannealed reference standard were then etched with 6.25N
NaOH. The temperature was well controlled within less than 1 °C around 70 °C. Track
density and track diameter are measured with an optical microscope.
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RESULTS AND DISCUSSION

The ratios of the survival to the original track densities as a function of the annealing
time at various temperatures were plotted.

Figure (1) shows the ratios of the survival to the original track densities as a function of
the annealing time at various temperatures [for alpha-tracks]. The complete annealing of the
alpha tracks takes place after 15 minutes annealing at 300 °C. Figure (2) shows the ratios of
the survival to the original track densities as a function of the annealing time at various
temperatures [for fission-fragment tracks]. The complete annealing of the fission-fragments
tracks takes place after 30 minutes annealing at 300 °C.
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Fig. (1): The variation ratio of the track density of annealed samples to unannealed

reference standard with annealing time at annealing temperatures 175 'C.200 "C,

225 "C.250 'C,275 "C and 300 "C for alpha tracks in CR-39 track detector.
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Fig. (2): The variation ratio of track density of annealed samples to unannealed

reference standard with annealing time at annealing temperatures 175 °C, 200 'C,

225 *C, 250 'C, 275 *C and 300 °C for fission fragment tracks In CR-39 track detector.

Figure (3) shows the dependence of the ratio of the survival tracks to the original track
density, on the temperature of annealing, when the samples are annealed at different
temperatures for a fixed period of time (isothermal annealing).
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Figure (4) shows the dependence of the ratio of the survival tracks to the original track
density, on the time of annealing, when the samples are annealed at different time for a fixed
temperature.

When irradiated track detectors are held at high temperatures for a given time, it is found
that either the latent damage trails are totally removed from the detector, so that they cannot
be revealed by subsequent etching, or their development by etching is impaired.

Higher annealing temperatures often result in the degradation of the polymer. The
material is then considerably softened .resulting in an increase in the bulk etch rate which
would result in a decrease in the etching efficiency. This could be a possible explanation for
the decrease in track density in these temperature ranges. The polymer chain spacing are
probably rearranged thus changing the detection thresholds. This may account for the
change in track density in these temperature ranges.

160 180 200 220 240 260 2S0 300

Fig. (3): The variation of track density of annealed samples of CR-39 along
with unannealed standard at annealing time 10 minutes.

Fiubn^ragmanl Tra
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15 20
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Fig. (4): The variation of track density of annealed samples of CR-39 along

with unannealed reference standard at annealing temperature 175 °C.

Figure (5) shows the change of the track diameter of fission fragment and alpha tracks
with annealing temperature at fixed period of time in CR-39 track detector.

Figure (6) shows the change of the track diameter of fission fragment and alpha tracks
with annealing time at fixed temperature in CR-39 track detector.
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It is clear that the degradation of the polymer occurs by increasing the annealing
temperature and annealing time and the fading in the track diameter is observed in fission
fragment and alpha tracks. In alpha tracks the reduction in the track diameter is higher than
the reduction in case of fission fragment tracks because the damage in case of fission
fragments is more severe than the damage due to alpha particles.

CONCLUSION

CR-39 nuclear track detector heavily damaged, with ionizing particles, noticeably
response to annealing at 200 °C. Raising the temperature may lead to drastic changes in the
detector material as a whole. The bulk etch rate rapidly increases at temperature beyond 300
°C. This increment, in turn, negatively affects the detector efficiency. For accurate track
measurements such effects should be taken into consideration.
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ABSTRACT

The effect of irradiation by 60CO gamma rays in the range 0-60 Kgray has
been examined on CR-39 SSNTDs. The fission fragment tracks diameter were
measured using an optical microscope, the bulk etching rate was calculated using
the equation VB = D/2t. The results indicate that, the track diameter is seen
increase slowly in the range 0-60 Kgray. The bulk etching rate increases almost
linearly as the given gamma dose increases up to (22.5 KGray), at hiegher doses
the bulk etching rate increases exponentially. The exposure of the CR-39 to
gamma rays could sensitize the CR-39 plastic and thus improve the Z/p threshold
for track registration.

Keywords: Gamma Dose, Bulk Etching Rate, Track Diameter, CR-39.

INTRODUCTION

The effect of gamma ray in different categories of solid state track detectors (SSTDs) has
been studied by several researchers[l-14]. Plastic solid state nuclear track detectors
(SSNTDs) consists of long-chain organic molecules, and have different threshold for
charged particle detection. The chemical etch rate along the trajectory of a charged particle
depends on the absorbed dose. Exposure of such detectors to ionizing radiation produces
ionized and excited molecules, electrons, gamma-rays, etc. The net effect on the plastic is
the production of many broken moleclular chains, leading to a reduction in the average
molecular weight of the substances. It has been reported that the rate of chemical attack on
the plastic increases as the average molecular weight decreases. On the other hand, radiation
can initiate cross-linking, and thus produce an increase on the track formation. The effect of
gamma-ray on the properties of plastic detector poly allyl diglycol carbonate (CR-39), has
been studied in this work in order to understand particle registration properties of the
detectors as well as their use in gamma-ray dosimetry.
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EXPERIMENTAL PROCEDURES

In order to investigate the influence of the gamma ray on the properties of the CR-3 9
plastic, a series of experiments were carried out. The gamma-source of the Atomic Energy
Authority (AEA) is provided by a few thousand Curies of Cobalt-60. The maximum activity
of the irradiator Ci, not more than 2.88x104. The dose calibration of the source is regularly
updated.

Several CR-39 foils were placed for various periods of time in order to expose to the
required dose, with a will known dose rate. A 252Cf source was used for fission fragments
irradiation, the irradiated CR-39 were given a different gamma doses up to (60 KGray). The
foils were etched in 6.25N NaOH for 3 hours at 70 °C. The fission fragments track, diameters
were measured using an optical microscope, the bulk etching rate was calculated using the
equation

V

2VBt (1)

It

RESULTS AND DISCUSSION

On passing through a substance, the y-ray quantum participates in a series of successive,
statistically independent interactions with the electrons and atoms of the medium, during the
course of which, a part of its energy is transmitted to the substance. As a result, there is a
change in the energy and the direction of passage of the y -quantum through the substance.

The energy and spatial distribution of the y-ray in the substance is an extremely
complicated function of the energy of the primary radiation, physical properties of the
irradiated medium, mutual geometry of the radiation source-object system, and other factors.
In the y-quantum energy region, which is of interest during irradiation of polymeric
materials, these interactions are the photo-effect, the Compton effect, and the formation of
pairs. A quantitative characteristic of probability of interaction of the y-radiation with the
substance is given by the values called cross-sections. The value of the cross-section is
numerically equal to the probability of the interaction of a y-quantum in a unit path of the
substance, containing one electron per unit volume.

Figure (1) shows the calculated bulk etching rate in (um/h) plotted as a function of the
given gamma dose in KGrays. It is clear that the bulk etching rate increases almost linearly
as the given gamma dose increases up to about (22.5 Kgray), at higher doses the bulk
etching rate increases exponentially. This fast increase in the bulk etching rate may be due to
the conversion of the gamma-ray energy absorbed by the polymer into thermal energy,
considerable heating of the CR-39 is possible. At the same time cross-linking, degradation
and gas evolution takes place and produces a major change in the bulk properties. The rise in
the bulk etching rate can be attributed to the scissions of the molecular chains caused by the
gamma rays. This scissions reduce the average molecular weight and, as a result, increase
the rate of chemical attack.
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Figure (2) shows the measured track diameters as a function of gamma-dose ranging
from 7.5 Kgray up to 60 Kgray. The track diameter is seen increase slowly in this region.
The case of almost linear behavior of CR-39 means that the pre-exposure to gamma rays
could sensitize the CR-39 plastic and thus improve the Z//3 threshold for track registration.

CONCLUSION

. It is found that the exposure of the CR-39 to gamma ray energy could sensitize the CR-39
plastic and thus improve the Z / p threshold for track registration.The rise in the bulk etching
rate can be attributed to the scissions of the molecular chains caused by gamma rays. These
scissions reduce the average molecular weight and, as a result, increase the rate of chemical
attack.

Gamma Dow (kGray)

Figure(1): The bulk etching rate plotted as a

function of the given gamma dose.

0 10 30 X 41 M

Gamria Dose (kQay)

Fig.(2): The measured track diameters as a

function of gamma dose.
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ABSTRACT

A set of CR-39 plastic sheets is exposed to UV radiation from mercury lamp for
different periods of time. Then irradiated by alpha particles from 241Am point source at
different energies. The Bulk etching rate activation energy is calculated for non-exposed
and exposed sheets for time periods of 1.5 and 3hr. It is found that their energy values are
0.76, 0.75 and 0.72eV respectively. The track diameter (d) is calculated for different
exposure times, it is found that d increased gradually as the exposure time increases before
saturation. Further, two samples are irradiated by alpha particles but one is pre-exposed to
UV for a time period of 3h before being exposed to alpha, then the response function (V)
is calculated for both. The values of V decreased for pre-exposed sample.
The present data are the first measurements of the recent nuclear track laboratory at the

experimental nuclear physics department, NRC, AEA.

KEY WORDS: CR-39/ACTIVATION ENERGY / UV - RADIATION /

1. INTRODUCTION
When a high-energy heavy ion penetrates through an insulating material a

permanent change of molecular structure is created in the volume along the ion's path, the
latent track. Chemical agents are able to resolve predominantly these regions of latent
track. Thus after a certain time of etching a tiny etch cone or cylinder is created, which can
be observed under an optical microscope. This phenomenon is known as solid-state
nuclear track (SSNT) since about forty years, but there is still no unifying model to
understand the formation of the etched tracks of heavy ions [1]. This may be one of
several reasons, which stand behind the installation of our compact SSNTD laboratory.

One of the factors, which affect track formation in plastics, is the exposure to UV-
radiation; many authors studied this effect [2-4]. However, further study should be carried
on for'more investigations of several parameters that govern the etched nuclear track
formation in plastic materials. Here, the effect of UV-radiation on the bulk etching rate
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activation energy and the response function is investigated for Polyallyldiglycolcarbonate
(CR-39) .
2.Experimental method and apparatus.

A set of CR-39 (Pershore Moulding Ltd. UK) with dimensions of 10x10x0.5mm is
exposed to UV radiation for different time periods, which range from 1 to 6hr, step one
hour each.
2.1 Method.
The samples were etched using a NaOH solution of normality 6.25N at a fixed
temperature of 70°C for 4hr. The bulk-etching rate (Vb) is measured by mass decrement
method [5] for these six samples. The Vb values are also measured and it is used to
calculate the bulk etching rate activation energy (Q) for another set of samples, of the
same dimensions, which is exposed to UV for time periods of 1.5 and 3hr at different
temperature values namely 60, 65, 70, 75°C using an NaOH solution of the previous
normality. In order to evaluate the effect of UV on the irradiated CR-39 by Alpha particles
a set of samples pre- exposed to UV for different periods was irradiated by Alpha particles
with different energies from a point source 24IAm, the variation of Alpha particle's energy
is obtained by changing the distance between the source and the plastic detector. The
samples are then etched using NaOH solution of 6.25 N at 70°C then the track diameter is
measured.

The UV-source is a low-pressure lamp of 30W power, which emits radiation
chiefly at 360nm wavelength, which is equivalent to 3.4eV. The CR-39 sheets of samples
are located at a distance of 4cm from the UV lamp. An automatic image analyzer of type
LEICA, described in details next section, measures track diameter.

2.2 APPARATUS
2.2.1 Automatic image analysis.
The principle involved in image analysis may be described as follows:
1-Scanning the etched plastic foil by closed circuit TV camera
2-To distinguish feature of interest from general surroundings, two forms of feature are
usually employed in analysis:
a) The selection of the gray level such that only this region of the image where the
blackness exceeds this predefined lower limit are considered. This enhances the contrast of
the image.
b) Introducing the shape of the feature consideration to exclude unwanted features that
couldn't be excluded purely by gray level settings.
2.2.2 Leica Q500IW analyzers

This system provides a complete of image and data analyzing functions in high
processing speed. Once a picture has been optimized the tracks are investigated for every
field of view using predefined parameters as diameter, area, perimeter, light density along
x-y axis or indifferent directions, and a very interesting facility is the volume
determination. Figure 1 shows a simple diagram of the image analyzer.
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Interface Converter

Monitor PC
Motorized
stage

Figure (1) A simple block diagram of the image analyzer

The main feature of this system is that the operator can define the pattern classes
based on the combination of the track parameters.
The program which is (LIECA QWIN) make the statistical calculations during analysis,
the system use a (DMRE) advanced microscope equipped with motorized x-y stage and
focus controls and auto focus options controlled by (LTECA QWIN) program by the PC
where the program work through windows 98,

RESULT AND DISCUSSION

The variation of bulk etching rate (Vb) , is obviously increases with increasing exposure
time increase as shown in figure (2)before it reaches a saturation at a certain time which
has here a value of 3.5h .To understand the increase of bulk etching rate (Vi, ) with
exposure time to UV-radiation, the bulk etching rate activation energy (Q) should be
calculated. The bulk-etching rate (Vb) is calculated at different temperature values namely
60, 65, 70 and 75 °C. The variation of In Vb versus the resperocal of etching temperature
(K) for non-exposed -and pre exposed samples at different exposure time to UV. The data
shown in figure (3) fit a straight line, which is drived originally from the following relation.

Vb=ae"' 0)

Equation (1) is often assumed to govern such behavior, where k is the boltezman constant,
a is a proportional constant, Q(eV) (Q The energy required to activate the reaction
between the material detector and the etchant solution ) and T is the etching temperature
(K). The activation energy of bulk etch rate is obtained from the slope of these curves and
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its values for non exposed samples is 0.76eV this value is in good agreement with several
previous published data for NaOH viz 0.77 + 0.02 by Green et al. [6]and 0.88+ 0.03 by
smogy and Hunyadi, [7], 0.78+ 0.03 by Amin and Henshow [8], 0.78+0.02 by Abou El-
Khier. A. A [9]. On the other hand the value of the activation energyfor the pre- exposed
samples is slightly decreasing with increasing the exposure time see table (1).

Table (1)
Exposure time

(hour)

0

1.5

3

Activation energy
(eV)

0.76+0.24
0.75+0.024
0.72+0.024

Table (1): activation energy values for different UV. Exposure period of time

3.5

3 . 0 -

£ 2.5-
10

2.0-

1.5-

1.0.

...
• present data
® A.Khier[9]
A k.Aziz|10l

&

a
•

8

•

I

&

9

..A...

i

0.0 0.5 1.0 i.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Exposure time (h)

Figure2.The variation of bulk etching rate versus the exposure time

-352-



in comparison with literature
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are etched by 6.25 N of NaOH at 70 °C.
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The variation of track diameter against exposure time to UV- radiation for alpha particles
with energy values of 3 and 5 MeV is shown in fig (4) represents. The track diameter
increases gradually then reaches constant value as the exposure time increases

The variation of response function (V) with etching time for samples, which are
none, exposed to UV. Together with that exposed for 3 h shown in figure (6) it seems that
the sensitivity decreases by pre- exposure to UV. This agrees with the published data.

CONCLUSION
The variation of response function with etching time for samples those are non-exposed
together with these, which are non-exposed for 3 h to UV. Shows that the sensitivity
decreases strongly by exposure to UV. (See figure 6).
It could be possible to use CR-39 as an UV. dosimeter .
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ABSTRACT

The present work investigates the processes and phenomena occur in a
Freeman heavy ion source system using krypton gas. The ion source
parameters are adjusted in order to obtain the desired beam current with
highest efficiency. The relations between the discharge current Id and the
ion beam current Ib are obtained at constant pressures and for various
accelerating voltages. The curves indicate a linear dependence of ion
current from plasma density. Optimization of the ion source required
adjustment of the cathode current and gas pressure. The dependence of ion
beam currents on the accelerating voltage is given at constant discharge
current (Id = 0.8A) and for various pressures. The ion beam current reaches
3mA at 45KV and at a pressure of 2 x 10"sTorr, and a cathode current equal
to 130A. An analysis has been made for an implanted Krypton ion beam in
a zinc specimen using laser ablation inductively coupled plasma mass
spectrometry. Photographs show the examined zinc specimen are presented.
The depth profile shows that the highest concentration of Krypton ion under
the surface of the zinc specimen is located at about 10 ran.

"Keywords:" Freeman Ion Source, Ion Sources Optimization, Krypton Ion
Beam Applications.

INTRODUCTION

The ion source is the beginning of the ion process, whatever the application is
to be. The ion beam is created at the source, transport over distances from a meter or
so up to many hundreds of meters and delivered to the intended device or use. The
physics and technology IJ'4' of beam transport is a sibling field to that of ion sources
which attains increasing importance as the required beam transport efficiency and the
beam current density increase. Understanding of the physical principles of ion source
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$Fr|eman sources JS^T^re used extensively in the semiconductor ion implantation field.
friighCfeiSleflt Stavf -wanSource system of Freeman type has been installed [8] at the

Accelerators and Ion Sources Department, Nuclear Research Center, A.E.A., Egypt. This
source [9] is supplied by Efremov Research Institute of Electrophysical Apparatus, Saint
Petersburg, Russia. The extracted ion beams are particularly quiescent and stable and we used
before [10] different elements such as Sb, Tick, KI and Bi. The intended applications at the
department are ion beam lithography, micro machining, material surface characterization
using finely focused beams and further to be used for isotope separation.

CONSTRUCTION OF THE HEAVY ION SOURCE SYSTEM

The general view of the ion source system is shown in fig (1). Ions of various elements
are generated in a Freeman type ion source and accelerated in a four electrode
acceleration / deceleration system to obtain energy of up to 50 KeV. The ion source and the
accelerating system are constructed as a single cement unit mounted on the vacuum chamber
of the system. For measuring the ion beam current at the outlet aperture, a movable Faraday
cup is installed in the vacuum chamber. The vacuum system comprises two turbomolecular
pumps, each with a pumping rate of 950 L/S mounted on the chamber via vacuum gate valves
and fore vacuum pumping station.

1 2 3.. 4 5 6 7 8 . 10.

Fig. (I) Genera! view of the heavy ion source system.

1-Control rack 2-SupportS 3-Turbomolecularpump 4-Vacuum chamber with movable F;C
5- Cooling water divider 6-Cascade voltage generator 7-Gas flow rate 8-Ion source power
Supply 9- Inverters unit 10- High voltage terminal.
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The power supply and control system are based on the use of high frequency (16 KHz) for
feeding the cascade generator and equipment located in the high voltage terminal as well as
fiber optic communication lines for the control of power circuits of the ion source and the
accelerating system and for measuring their parameters. The components of the system are
located in two racks, a high voltage rack and a control rack.

Decelerating
electrode

Accelerating Extracting
electrode electrode

Emission Cathode
slit

Thermocu

Internal oven

"IS
Liquid vapor

inlet

Solid vapor

Fig. |2( The scheme of the heavy ion source of Freeman type.

The ion source scheme is shown in fig (2). It consists of a thermoemission tungsten
cathode rod with 2mm diameter, fixed inside a molybdenum anode by boron nitride
insulators. The anode has an emission slit 40mm in length and 0.5 - 2mm wide, which is
formed by two replaceable molybdenum plates mounted between the anode and the emission
electrode, where the distance between the cathode and the exit slit is equal to 3.7mm. An
auxiliary magnetic field of 100 gauss is maintained parallel to the axis of the cathode. The
anode contains three holes for feeding with gas, liquid or solid materials.

RESULTS AND DISCUSSION

1- Measurement of Beam Parameters:-

The measurements were recorded at an extraction current of 0.1mA and cathode current
130A -150A. The extraction voltage was kept constant at 17KV and the feed material was
krypton gas. These parameters produced a more intense plasma and greater yield of the
primary ions.
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Fig.(3a) and Fig.(3b) show the results obtained after the optimization of the source
parameters. The ion current is controlled by the discharge current, which is controlled by the
filament and the gas pressure. The two figures show the dependencies of the ion beam current
on the discharge current at a pressure of 3x10"5Torr and at various acceleration voltages for
130A cathode current (Fig.3a) and 150A cathode current (Fig.3b). The correspondence of
discharge current and ion beam current is obvious. 11 indicates a linear dependence of ion
current from plasma density. For higher ion currents or discharge currents above 1.5A,
however a fine control of the discharge current with a current controlled power supply is
necessary to keep the discharge stable. The discharge voltage (30-100V) is then slowly
readjusted to its optimum value by readjusting the filament emission. Adequate filament
lifetime (>24h) required running the ion source at minimum discharge voltage.

0.? 0.4 0.6 0.8
0.2 CU 0.6 0-« 1 1.2 l.t 1.6

* (A)

Kie (3a) The dependence of ion beam current Ikon discharge current Ij u( y T h e d c p e n t I s n c c o f j o n btim turtm ibOn discharge current U at
cathode current It=130A. and a presiur* of 3x10 torr. cnilioilo current I«»i50A and ft pressure of RKTIorr.

Fig.(4a) and Fig.(4b) show the relations between the discharge current Id and the ion beam
current Ib for various pressures at an acceleration voltage Vacc

 = 40KV and at cathode current
Ic =130A, 150A respectively. The ratio Ib/ Id is practically constant for the pressure limited
mode and is a characteristics of the source. This ratio is useful for predicting the maximum
beam current and hence the efficiency. Thus optimization and therefore stable operation
required adjustment of the cathode current and gas pressure within the ion source. Decreased
cathode currents, however, were favored while optimizing the ion source during operation.
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0 0.2 0.1 0.8 O.» 1 1.3

Fig.(4n) Tlie rclollon between discharge current U and ion benin current %
for various pressures at W 130A and V , « - 40I<V.

r'ig,(4l>) The relation between discharge current Id and ion beam current Ik

for various pressures at I t - 150A and Vltt=40KV.

Fig.(5a) and Fig.(5b) show the dependence of ion beam current Ib on the acceleration
voltage Vacc for various pressures at Id = 0.8A and Ic=130A, 150A respectively. From the
figures it is seen that the maximum [11] ion beam current obtained is a function of voltage.
For a given arrangement of extraction system, drift space and acceleration gap, there exists an
optimum ratio of extraction over acceleration voltage yielding the highest transported beam
currents. The ion beam current reaches 3mA at an acceleration voltage 45KV, extraction
voltage 17KV and at a pressure of 2xlO'5 Torr for a cathode current equals 130A..

i.s - 1,,-O.SA

• P=2jlO''torr

00 <0 SO

V,« I KV )

FlR.(Sa) The dependence oflon beam current Ifcon the nucclernliou voltage
for various pressures nt Ij» 0.8A for It™ 13&A.
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2-Application of Krypton Ion Beam:

The movable Faraday cup is designed for measuring a total beam current at the source
outlet, for shutoff a beam to control the exposure time. The Faraday cup is mounted in the
vacuum chamber. The zinc specimen was placed at a distance of 1 cm from the Faraday cup.
This specimen has a thickness of 1.5mm and has been exposed to the krypton ion beam for a
period of 3 hours. The operating parameters for the ion source are kept as follows:
Vacc= 40KV, Vex= 17KV, Iex= 0.6mA, Ib= 7.2mA, Id =1 A, Vd = 61V and at a pressure of
3xl(T5Torr.

The specimen was examined using laser ablation inductively coupled plasma mass
spectrometry [12] (LA-ICP-MS). Fig. (6a) shows the surface of the polished zinc specimen
before exposure to the krypton ion beam. Fig.(6b) shows the surface of the zinc specimen
after exposure to the krypton ion beam without laser ablation (without any shots). Fig.(6c)
shows the zinc specimen exposed to the krypton ion beam after ablation by laser.

fig.(6j) Imjge shows the surface of tile i;nc spmmtn before eiposure to
(he krypton ion beam.

Fig.t6b> Imignhowsthtsurface of theiinc specimen »fttr exposure-to Iht
krypton ion k i rn without User ablation,
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Fig.(6ci Image shows the zinc specimen Mposetf to the krypton ion beam
jfterablalinii by laser.

Fig.(7| The depth distribution of Krypton on the surface «f zinc specimen
afler implantalion by Kr ion beam.

Fig.(7) shows the depth distribution of krypton on the surface of the zinc specimen after
implantation by krypton ion beam. The depth profile [13] shows that the highest concentration
of krypton ions under the surface of the zinc specimen is located at about lO îm. The profile
shows a tail in the low concentration region, which is attributed to fragmentation and energy
contamination.

CONCLUSION

The experimental study yielded a practical method of adjusting the different source
parameters. The exact knowledge of these parameters is necessary in order to plan correctly
for implantation using ion beams with energies in the kilovolts range [14]. Applications such
as ion beam lithography and materials surface characterization using ion beams call for
relatively low current, finely focused beams with high efficiency and the excellent
performance of this ion source made it successful for these purposes.
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Abstract
A comparable analysis of characteristics of the detector structures
fabricated with the use of different technologies is presented in this work
as well as advantages and disadvantages of each method proposed for
high-resistive layers formation. Limit characteristics, which can be
achieved by using a combination of the technological methods, are
analyzed.

Keywords: charge collection efficiency, amplitude spectra

INTRODUCTION

A success in development of detectors for X-ray systems depends on progress
in development and investigation of a semiconductor material capable to provide
reliable registration of single X-ray photons. Traditionally used pure Si and Ge are not
available for this aim. An intensive search for a material, which is more widegap than
Si and Ge, is characterized by good dielectric properties and has a high absorption
coefficient of X-rays is carried out at present. Among the materials with these
requirements, a semi-insulating (SI) GaAs is of permanent concern of researchers. An
attempt to create detectors based on GaAs and other binary wide-gap semiconductors
is confronted by a serious obstacle and, namely, the impossibility of obtaining a pure
material. Therefore, to achieve the required dielectric properties, GaAs is compensated
with deep level impurities.

The thermodynamic conditions of growth of an ingot SI-GaAs do not allow
decreasing the concentration of the EL2 centers less than 10 5 cm"3. The EL2 centers in
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cross section more than 10"13 cm2, thus limiting the

electrons lifetime up to these values [1]

Most of investigators have found it necessary to reduce the EL2+ concentration by all
means [2-4]. It will allow increasing the non-equilibrium charge carriers lifetime in the
track according to (1).

There are two ways of decreasing the concentration of the EL2+ centers:

• By decreasing the growth temperature of undoped SI-GaAs ; which causes a
changeover to the epitaxial technology;

• By filling the centers with electrons when they are in the state of equilibrium
EL2+ +e->EL2° which is possible by doping with shallow donors (Nd) of the
concentration Nd > NEL2, during growth followed by overcompensation with deep
acceptor Cr impurity (N&)-

Alternative ways of fabrication of SI-GaAs and structures based on it, which can be
used for the ionizing radiation detectors development, are presented in this work.

The work has been carried out in the following directions:

1. growth of "pure" (undoped) GaAs layers by means of vapor-phase epitaxy (VPE)
in the chloride transport system;

2. doping GaAs wafers of n-type conductivity with Cr during the diffusion process.

SI-GaAs layers compensated with Cr during the process of liquid-phase epitaxy are
of undoubted interest. Works in this direction are also carried out [5].

UNDOPED GaAs EPITAXY LAYERS

VPE-GaAs characterization

A growth of epitaxial GaAs layers from vapor phase is carried out under a
temperature which is much lower than the temperature of bulk monocrystals growth
(T < 750 C). At this temperature a length of GaAs homogeneity region is small.
Therefore, the equilibrium concentration of native point defects, caused by a deviation
from stoichiometry , should be several orders lower in epitaxial layers than in the ingot
GaAs. A great number of DLTS measurements have shown that the concentration of
deep centers corresponding to native point defects or to their complexes with impurity
atoms does not exceed 10 3cm"3 in VPE layers including layers grown in the chloride
transport system [6]. Only the concentration of the electron traps EL2 can reach «
5-1014cm"3 value when the relation As/Ga is high.
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The level of background impurities in VPE GaAs depends on the used system
and on particular growth conditions. In this regard the Ga-AsCl3-H2 system has the
advantage over other VPE methods, since it assumes deep cleaning of initial
components. Therefore, this method is expedient for fabrication of the ionizing
radiation detectors material.

Epitaxial GaAs layers were grown in the Ga-AsCl3-H2 system on substrates of
the orientation 2 from (100). GaAs wafers doped with Te with the electron
concentration of n+«1018cm"3 were used as the substrates. The undoped epitaxial layers
were (40-50)jim thick. For an electrophysical parameters control epitaxial layers on
SI-GaAs substrates were grown under the same conditions. For these samples Hall
constant was measured by means of Van der Pauw method. The parameters of the
undoped epitaxial layers are presented in Table 1. Concentrations of ionized donors
(A^) and acceptors (Na) and a compensation factor for an n-type GaAs sample have
been calculated according to the Brooks-Herring formula. It can be seen that the
undoped epitaxial GaAs layers are: of n-type conductivity with a free carriers
concentration of «10 I4cm"3 and high compensation factor; of p-type conductivity with
a concentration of « 1 0 n cm"3 and high resistivity. The nature of compensating acceptor
centers is unspecified. Previous investigations have shown that in highly doped GaAs
layers the effect of self-compensation occurs due to shallow acceptor centers, for
example, complexes a donor-Ga vacancy or an impurity atom in the As node (for
amphoteric impurities). For the low doping level the compensation is mainly due to
deep centers. These centers are possibly conditioned by background deep acceptor
impurities (Fe, Cr). The presence of these impurities is confirmed by our
measurements made by means of the secondary ion mass-spectroscopy method.

Table 1. Electrophysical and charge collection efficiency of VPE-GaAs structures

N-
type

1
2

d, [im

35-55
40-60

Cond.
type

n
P

p, Ohm-cm

>10z

(0.8-2)- 10s

n, cm' j

<10l*

(0.6-2)-10"

cm2/V-s

>5000
390-420

Qp
90Sr

6200
6700

Qy
238Pu

3250
3600

Qy
241Am

13950
14250

The control of the parameters of the layers grown on n+-substrates was carried
out by means of C-V characteristics of a mercury probe or electrolytic profilometer as
well as by means of measurement of the point probe breakdown voltage on angle laps.
The results of this measurements indicate that the undoped epitaxial layers grown on
n+-substrates as well as on SI-GaAs substrates have the charge carriers concentration
<1014 cm"3 and can be of both types of conductivity. In all cases there is a transition
region of n-type near the layer-substrate interface (Fig. 1) caused by the effect of auto-
doping by impurities from the n+-substrate . The electron concentration in this region
decreases from the layer-substrate interface to the layer depth. A n-v junction is
formed at the end of the layer.
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Experimental results

High charge collection efficiency (CCE) has been obtained on the detectors
fabricated on the base of the structures of p-type conductivity. Generalized
experimental data on ionizing radiation detection is presented in Table 1. The typical
amplitude spectra under y-rays from the 238Pu and 241Am sources are shown in Fig.2
(a,b). The observed peaks positions on the X-axis correspond to almost 100% CCE for
the average electric field strength in the structure of-10 kV/cm. Energy resolution is
~1.6keV at the temperature of 300 K. An analysis of the C-V dependencies shows that
the full depletion of the epitaxial layer occurs at the bias voltage of several volts. An
amplitude spectrum under p-radiation from the 90Sr source is shown in Fig.2(c). The
maximum position corresponds to the registered charge of Q/e « 6200. It means that
the sensitive layer thickness (d) exceeds the 35 |am value.

N

K,

TC
J n-GaAs

!v ! substrate

Fig.l. Schematic distribution of the concentration of doping impurities in GaAs VPE
structures

DIFFUSION Cr COMPENSATED GaAs LAYERS

Effects related to GaAs doping with d-impurities

We used doped GaAs of n-type with the electron concentration n - Nd «
1017cm'3 which is overcompensated into the p-type by means of Cr diffusion [7]. Cr
diffuses like an internode atom Gfj. Meeting with the gallium vacancy Crj+VGa-» CrGa

results in fixing chromium in the gallium node with the strongly localized potential
which is a feature of impurities with the unfilled electron d-shell. Thus, allowed
energy levels appears near the middle of the band gap [8]. For the concentration
relation

NCr>Nd>Nf, (2)

where Nf is the total concentration of the background impurities and native defects, the
background impurities partly compensate each other [9]. Electrons of the shallow
donors fill deep EL2 centers according to (2) and partly compensate Cr centers.
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Diffusion of the deep-level Cr impurity occurs at high temperatures. Therefore,
compensation processes take place at the same time with the rearrangement of the
native defects of a crystal. When we used the above technology we observed a
formation of layers of dielectric type with a high level of compensation with deep
centers. The resistivity of compensated layers reaches limit values [10]:

8000

6000

•4000

2000

o
O

(a) 0

- \s~J-
-1

\
i

i W Pu
-sov .

1-13.SkcV
2-]7keV

\
• IOO

channel
200

800

•fiOO

400:

201)

~ Am

U=-t5t)V

-13;8keV

2-59.6keV

200 400
channel

600

(c)
0 : 200 v 400'.-.. 600 .

channel

Fig.2. The typical amplitude spectra of GaAs VPE structures under y-rays (a, b) and (3-
radiation (c).

(3)

where nt is intrinsic concentration, b = /un/jup& 15, /?,->109 Ohm-cm.

A technology of formation of structures of two types is developed on the base of
doping with Cr during the diffusion process. Structures of 1 type (7t-v-n) are presented
in Fig.3'schematically. The Cr distribution in the structure is nonuniform. Therefore, a
double-layer structure is formed step-by-step on the n-GaAs substrate. The relation of
concentration in the first layer is Nd = NCr - Nf. In this case the electrons of the
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donor centers completely fill the Cr centers and the high-resistive layer is of n-type
conductivity (v-layer). In the second layer the concentration relation
NCr > Nd ~Nf takes place and the high-resistive layer is of p-type conductivity (71-
layer), Fig.3. Structures of the second type (i-type) are formed by means of reach-
through diffusion of Cr into n-GaAs with resistivity pt & pmax. The structures have
different contacts to the i-layer.

71 V n

N

Ec
E f

Ev

Fig.3. Schematic distribution of the concentration of doping impurities in SI-GaAs
structures compensated with Cr.

Electrophysical characteristics of compensated structures

AE

Fig.4. A fragment of the energy diagram of highly compensated structures.
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In highly compensated crystals, and such are our structures, one can observe
effects related to the random character of impurity distribution. Since in the
equilibrium thermodynamic system (in a crystal) the chemical potential level is
equalized, the energy diagram of the inhomogeneous crystal begins to look like goffer
[11]. A fragment of the potential energy changes related to the random character of
impurity distribution for the electrons photo-excitation from the valence band to the
conduction band (transitions 1,2,3) is shown in Fig.4.

As a result, the electrons and holes in ..their gaps turn out to be spatially
separated. Since for recombination they have to overcome an energy barrier of height
AE, the electrons and holes can stay in the non-equilibrium state for a long time until
they will be forcibly transited (transition 5) to the crystal point where a direct
recombination can occur (transition 4). The non-equilibrium carriers lifetime (r) in the
crystal with fluctuations of the bands edges increases according to the following law
[1.2]:

T = r0 • exp(A£ / kT), (4)

where ra-is the lifetime before compensation, AE is the mean value of the height of the
recombination barrier. Estimations show that in GaAs structures compensated with Cr
A =0,15eV and the lifetime increases up to 3-lO"7s.

£
450

300

150

0
~ /

0 5 10
bias voItage,V

15

Fig.5. The field dependence of charge collected by the %-v junction in the case of a-
particles detection.

The increase of the lifetime has been experimentally confirmed by means of
two independent methods. In Fig.5 a field dependence of the amplitude of charge
collected by the TT-V junction (a structure of 1 type) registering a-particles is presented.
The dependence corresponds to the known expression [13]:

^ • ' 1-exp (5)
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where Qo /e = Ea I E, is a number of electron-holes pairs created in the structure by a
single a-particle. The TC-V junction is reverse-biased and, therefore, we register the
charge of electrons drifting through the high-resistive layer. In the region of low bias
voltage the exponent in the expression (5) can be neglected, therefore, experimentally
we observed a linear dependence QfUJ. The slope of the dependence corresponds to a
value describing the non-equilibrium electron drift length in a low electric field when

jun -rn «10"4cm2/V. Parallel measurements have been made for a photoexcitation of
non-equilibrium electron-holes pairs on the 7t-v-n structure surface by ultraviolet (UV)
radiation of energy hv ~ 6 eV. Without applied bias voltage we have observed a
photovoltaic effect in the %-v junction due to non-equilibrium electrons and have
defined the diffusion length which consists ^(lO'^lO'^cm. Estimations show that the
non-equilibrium electrons lifetime in GaAs structures compensated with deep level
impurities is in the range of (10'7-*-10"6)s.

Investigations of electrophysical characteristics of the diffusion layers have
confirmed the above model of the high-resistive compensated GaAs with the goffer
energy diagram [11]: low values of Hall mobility of charge carriers (jun < 103 cm2/V-s ,
jup <102 cm2/V-s) indicate the formation of drift barriers in the crystal.

Electric characteristics of the compensated structures

400

thickness,; jjm

Fig.6. The electric field distribution in the diffusion structures of 1st type for different
reverse bias voltages: 1-50V; 2-100V; 3-200V; 4-300V; 5-500V; 6-7G0V; 7-900V.

Electric characteristics essentially depend on the structure type. In the structures
of 1st type, which contain a substrate, the electric field is always localized at the high-
resistive layer-substrate interface with a maximum within the space charge region
(SCR) of the 7t-v junction. The electric field shifts towards the high-resistive rc-layer
with the increase of the bias voltage as it is shown in Fig.6. The dependence was
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obtained by differentiating a curve of the potential distribution in the structure
measured by means of a probe technique. In terms of the step distribution of the
concentration of the deep compensating impurity within the SCR of the 71-v junction a
concentration of non-compensated Cr atoms at the edge of the 7t-region of the SCR has
been evaluated: iVj, = (N& - N/) — (3-5)-1013 cm"3. It can be shown, by an analysis of
the filling function of deep centers, that the decrease of the negatively charged deep
centers concentration at the edge of the 71-region of the SCR is related to the non-
equilibrium holes trapping on the negatively charged deep Cr centers when the 71-v-n
structure is reverse-biased. In the structures of 2 type, which contain only the high-
resistive layer, the distribution of the electric field is close to uniform along the whole
high-resistive layer thickness. But a certain maximum is observed near the anode
independently of the conductivity type, the contact layer properties and the bias
voltage polarity, related presumably to the formation of a stationary domain of the
electric field.

The structure type defines also the mechanism of current flow which is
analyzed in previous works [14,15]. We would like to note only that because of the
formation of high-resistive layers with the extremely high resistivity and formation of
local barriers, the bulk current density in the structure doesn't exceed (10'VlCT6)A/cm2

value for the average electric field strength <10kV/cm.

Experimental results on y-rays detection

Structures for X-imaging detectors must satisfy the following:

The condition of high (>95%) efficiency of detecting radiation can be written as
a • d{^) > 3 , where a is the absorption coefficient of X-radiation, d(£,) is the
thickness of the sensitive layer depending on the distribution of the electric field
strength. An ideal variant is fulfilled in the structures of 2 type (p-i-n) when the
electric field is uniformly distributed in the thickness of the high-resistance layer,
therefore we have d(£) —> d0.

The condition of complete collection of non-equilibrium charge carriers in the
sensitive layer corresponds to the following relations

p p p (6)

In the compensated structures the drift length of the charge carriers considerably
increases, which is confirmed by the experimental data presented in 3.2 and,
consequently, one can expect higher CCE.
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In accordance with the above conditions the structures of 2nd type (p-i-n) with the
high-resistive layer thickness di> 400|J.m are the most promising for the X-ray imaging
detectors development. In these structures it is possible to "lengthen" the electric field
along the whole high-resistive layer and it provides the absence of "dead" regions in
the structures. From the other side, the increase of the non-equilibrium charge carrier
lifetime in the ionization track allows to achieve high CCE. The typical amplitude
spectra under y-rays from the 238Pu and 241Am sources are shown in Fig.7. Field
dependencies of the CCE from y-rays of different energy are presented in Fig.8. For y-
rays of low energy a 100% charge collection is observed at the average electric field
strength more than 5kV/cm. For a fixed value of the electric field strength, the CCE
decreases with the increase of the y-ray energy. Field dependencies of CCE from (3-
particles irradiation from the 90Sr source are presented in Fig.9, from what follows that
properties of the contacts to the SI-GaAs layer compensated with Cr greatly influence
the CCE.

a)

ou
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b) 1200

900

1 600
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- | H U=300V

1 I

1 ' 1 ' 1

0 300 600
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Fig.7. The typical amplitude spectra
of diffusion Cr compensated GaAs
structures under y-rays (a,b) and (3

radiation (c).
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Fig.8. Field dependencies of CCE of structures of 2 type under y-rays.
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Fig.9. Field dependencies of the charge amplitude from f3 radiation of the structures of
2 type with different contact types: 1 Shottky contact-i-n-n+; 2 Ohmic contact-i-n-n+;

3 p+-i n+.

CONCLUSIONS

Different variants of the GaAs technology for X-ray detectors fabrication is
proposed in this work. The technology allows decreasing the concentration of the EL2+

centers that are the efficient centers of electrons trapping. It is shown that epitaxial
methods of formation of SI-GaAs layers, for example, a growth of undoped GaAs
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layers by means of vapor phase epitaxy in the chloride transport system, are have
future potential.

A fundamentally new diffusion technology of obtaining a promising SI-GaAs
material of the p-type conductivity for X-ray detectors is suggested.

The main advantages of the above detector material as compared to the
conventional ingot SI-GaAs are due to the following factors:

• a much greater drift length value both for electrons and holes;

• a larger value of the resistance of SI-GaAs, p -» pmax;

• a possibility to "lengthen" an electric field along the whole thickness of the high-
resistance layer.
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Abstract . '
The radiative transfer problem in a planar random medium with general boundary con-

ditions and internal energy source is considered. The medium is assumed to consist of
two-randomly mixed immiscible fluids, with the mixing statistics described as a two-state
homogeneous Markov process. The problem is solved in terms of the solution of the cor-
responding free-source problem with simple boundary conditions which :is solved using
Pomraning-Eddington approximation in the deterministic case. A formalism, developed to
treat radiative transfer in statistical mixtures, is used to obtain the ensemble-averaged solu-
tion. The average partial heat fluxes are calculated for isotropic and anisotropic scattering
for specular and diffused reflecting boundaries.

1. Introduction
The problem of formulating and solving linear transport equation in random or stochastic
medium composed of two or more immiscible mixed materials is very important for many
fields, such as the description of laser-or beam-driven fusion pellets1. In boiling-water
reactors, the water which acting as both a coolant and a moderator is a two random fluid
states (liquid and vapor).In shielding calculations through concrete, the random nature of
materials (e.g. gravel) in the concrete implies a need for statistical transport treatment to
obtain an accurate measurement of the effectiveness of the shield. The calculation of light
transport in a two-component random medium such as sooty air or murky water, is another
example. Recently, much of the literatures has been directed toward the development of a
mathematical formalism to estimate the ensemble-averaged intensity of radiation 1 - 8 . Lev-
ermore et all and Pomraning 10 developed a formalism, for a binary Markovian mixtures,
to treat a certain class of time-independent transport problems. For Markovian mixture,
Pomraning2 obtained an analytical expression for probability density distribution function.
Some problems of stochastic radiative transfer in rod and planar geometry have been treated
by this formalism5'7'8. In this study, one consider the radiative transfer through a plane-
parallel medium with diffusely- and specular-reflecting boundaries arid arbitrary distribu-
tion of the internal energy connected with the source-free problem with specular-reflecting
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boundaries in the deterministic case. We use the formalism given by Levermore et al1

and Pomraning10 to average the solution given by Pomraning-Eddington method11 for the
deterministic case. The obtained average solution is used to give explicit analytical forms
for the average reflectivity (R) and transmissivity (T), and hence calculating the average
partial heat fluxes (J*) at the boundaries of the medium. The calculations are carried out
for isotropic and linear anisofropic scattering in homogeneous medium.

2. Basic Equations

We consider the monoenergtic radiative transfer equation for a finite slab medium contain-
ing an internal energy source with anisotropic scattering, viz

- l < H < l ) 0 < x < a (1)

where I(x, /.i) is the radiation intensity, P(/J,,/J) is the scattering phase function, Q(x)
represent an internal source of particles, w is the single scattering albedo of the medium,
x is the optical depth space variable, and /.i is the direction cosine of the propagating
radiation.

Eq.(l) subject to boundary conditions

7 ( 0 , / / ) - Fi+ptKO.-^+pfJ- M > 0 , (2.a)

/ ( a , - ^ = F2+4l(a^i) + pU+
 M > 0 (2.b)

where Fi and F2 are the externally-incident fluxes on the left and right boundaries,
respectively. Also p? and pf are the specular and diffuse reflectivities of the boundaries,
respectively. The partial heat fluxes J * are defined by

J- = f 1(0, -rirfu , (3.a)
Jo

.7+ - /

Eq.(l) with the generalized boundaiy conditions can be solved by connecting it with
the solution of the corresponding source-free problem

- 1 < J.L < 1 and 0 < x < a (4)

with the boundary conditions

^ 0 ( 0 , - ^ ) ' , (5.a)

y) (5.b)
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The connection between the two problems may be demonstrated as follows. Eq.(4) has
two adjoint equations ,viz

Pi I

[ OX I J_i

[ _ — • - • ' • ' " W

1 Mcfe '

Multiplying Eq.(6.a) by I(x,/j.) and Eq.(I) by <j>{x, —/.i) , subtracting the given equa-
tions, and then integrating the resultant equation over /i € [-1,1] and x e [0,a] ,
yields

AUJ++ A12J~ = H! (7)

where

An = -4T, (8.a)

A12 = 1 - pt R , (8.b)

Qx = I Q(x)E(x)dx , (8.d)

(9.a)
Jo

rl

T = n<j>{a, n)df.i (9.b)
Jo

Further, multiplying Eq.(I) by cj>{a — x,[x) and Eq.(6.b) by I(x,{.c) , subtracting the
resultant equations , integrating over /i 6 [—1,1] and x € [0, a] and using the boundary
conditions, one finds

ASiJ++ A22J-= H2 (10)
where

^ 1 = I- piR + 2{p\- ps
2)R , (11.a)

A2i = - •/9jT + 2 ( p f - P 2 ) r > (1 l.b)

i i 2 — W2 > "l-L T T 2 " ) (.''•CJ

Q2 = Q(a-x)E(x)dx , (11 .d)
Jo

and

J-i
By solving equations (7) and (10), we obtain J~ and J + in terms of R,T, Q\, and Q2 .

The ensemble-avei'aged heat fluxes (J^) can be obtained from calculating the correspond-
ing stochastic values (R), (T), <Qi>,and (Q2),
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(R) = f M4>(0,-^))dpc> (13)
Jo

(14)/
o

where ((/>{x, /.t)) is the ensemble-averaged solution of the source-free problem.
For linearly anisotropic scattering, the scattering phase function reduces to

) (15)

where a is the anisotropy parameter which may be given in terms of Legendre polyno-
mial coefficients nn in the form12

CO

a = 2 £ [ ( - i r a 2 m + 1 (2m)!]/[22in+1m! (m + 1)!] (16)
m=0

Using Eq.(15) in Eq.(4) we get

or

[ ^ ^ + l]0(a:,/O = ^[E(x) + a/xF(x)} (18)

F(x) is the net radiant heat flux, which is defined by

F(x) = J (rtfaridn (19)
For solving the simple problem we used Pomraning-Eddington approximation11113

<f>(x, IJL) = e(x, fi)E{x) + o(x, fi)F(x) (20)

where e(-x,/.i) and o(x,/.i) arc even and odd functions in /t and are slowly varying
functions in x which are normalized as

d/.ie(x, fj.) =
i 7- i

(21)

Substituting Eq.(20) in Eq(18), and integrating over p e [-1,1], and using Eq.(21)
one gets

^P- + aE(x) = 0 (22)
ax

In the same way, multiplying of Eq.(18) by /i prior to integration over y. 6 [-1,1]
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gives

^{D(x)E(x)} + 0F(x) = 0 (23)

where

<* = l . - w , P= L -aw/3 , (24)

and Z)(.x-) = / d/.i/.L2e(x,fi) (25)
J-i

The even and odd functions are, respectively, given by

t2\J (26)
k2 + 5a \

)
 ( 2 7 )

where /c is the roots of the transcendental equation

with

aa

since I?(a;) is assumed to be a slowly varying function in x, Eqs.(22) and (23) leads to
the diffusion equation

^ - #EW - 0 (30)

which has the solution

E(x) = Aekx + Be~kx (31)

and A and B are constants to be detenu ined. Using Eq.(31) in Eq.(23) gives

F{x) =—[A^ - Be-^\ (32)

Using et|u.....-!;<=: (26), (27), (31), and (32) in Eq.(20), one gets

CKS./LI) = A/i_(/0efc!B + S/i+OOe"^' (33)

where
= | [l ± (& + Sa/fc)^ + Sa/i2] / ( I - fc2//.2) (34)

To determine the constants A and D . a weight function W(fi) is introduced in order
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to force the boundary conditions to be fulfilled

/ fi)) = 0 fx>0, (35.a)

M) ] = 0 fi>0 (35.b)
o

Using Eq.(33) we obtain

(C — Pi)A + (1 — Cp^jB = /o//+ , (36.a)

(1 -Cp2)A + (C-p2)e~2kaB - 0 (36.b)

where

f1 fl

C — I-/I+ , I±—j dj.iW{j.i) h±{p.) , and /o = / d/.iW(p,) (37)
Jo Jo

Then the intensity (/)(X,/L) takes the form
CO

k(2na + x)}} (38)
•«=0

where

Ax = C - p \ , A2 = l-Cp\, (39.a)

A3 = 1 - C/?| , ^ 4 = C - ps
2 , (39.b)

5 = "2—~&~ ' ° = 7—~A—J~ (3"-c)

Therefore, the ensemble-averaged solution can be obtained by using Eq.(38) in the equa-
tions of the ensemble averaging given by Pomraning2 to give

0 0 1 /-oo

(cf>(z,t,/.i)} = — AQA<I /I_(/U) 2_,A^ y j p i / dxfi(x\ 2)exp[—A;(2?i + l).r]
,1=0 -;=o ^°

/•oo

x / dx'fi(x';t-z)ex.p[-2k(n

00 1 ,.00

n=0 i=0 ^°
/•CO

x / dxfi(x\t-z)exp[-2knx) (40)
Jo

where x — a—.T; , and z is the spatial space variable, 0 < z < t, and
-(«, E) — Jo" ^(7(2', i?), wilh a(z, E) represent the total cross section of the medium2.
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Eq.(40) could be written in the form
oo 1

71=0 i=0

x {-AJi-d^Ei^in + l)k;t- z] + A3 h+(i.i)Ei[2nk;t - z]fl41)

where Ei{Nk, z) is the ensemble-average function, defined as
/•CO

Ei(Nk;z)= dxfi{x;z)exp(-Nkx) (42)
Jo

It was found by Pomraning2 that

Ei(k;z) =7 iexp(-r+z) + (l-7 i)exp(-7-_z) (43)

with Ei(Nk;0) = l.
where

7, = k a ' l ^ J V + .i = 0,l ,i=0.1 , ^ , , (44)

J ^ 2 - T^(PI -Po)(cri - crQ) +-
Ac y Ac Ac

and Ac = A0Ai/ (Ao + Ai)
Hence the average reflectivity (7?) and the average transmissivity (T )can be calculated

by using Eq.(41) into Eqs.(I3) and (14) to give
CO 1

(R) = A0'£iA%'%2pi[A3l2Ei(2nk;t)-A4I1Ei[2(n + l)k;t]} (46)
n-0 i-0
co 1

(T) = AoJ2^^2piEi[(2n + l)k;t](A3h-Ail2) (47)
•n=0 i=0

Therefore the ensemble-average partial heat fluxes (J±) for the general problem could
be calculated from _

<J~> = A2AU~AlAA ( 4 8 )

and _
(J+) = HjA-n-HjAu

M\M2- A12A2i

where the bar over each symbol repi'esents the corresponding average quantity. The
deterministic values of the quantities in equations (48) and (49) are given by equations (8)
and (11), then the corresponding average quantities are given by

(5O.a)

(5O.b)
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Al2 = I-PKR),

'MI =
A~22 = -(•

(5O.c)

(5O.d)

(5O.e)

(50.0

3. Numerical Results

The ensemble-average partial heat fluxes (J~) and ( J + ) at the boundaries of a random
plane-parallel medium are computed for different values of A; , o^ and thickness a, for
isotropic and anisotropic scattering and with internal energy source.

Case
1
2
3

Ao
99/100
99/10
101/20

Ai
11/100

'11/10
101/20

10/99
10/99
2/101

100/11
100/11 :

200/101

These values of Ai and cr, are taken from the references (3,5,6), and correspond to
an average cross section (a) = 1 . Two different forms of weight functions Wi(fi) = f.i
and W2QO = M#00/ (1 - k/.i) a'"e USQd t 0 solve Eqs.(35),where i?(/t) is the Chan-
drasekhar i?-function which given in an approximate form by11

H{fi) = 1 -
- kp)

1 + .
where

7 =
k/{\ + k) k)

(51)

(52)
ln(l + A;) - yk/u

and y is given by Eq.(29).
Table(l) shows the ensemble-average partial heat fluxes (J~) and (J+) of the free-

source medium with Fi = 2 , F2 = 0 , and pf — pf = 0. The results are calculated with
two weight functions and compared with the results of Adams et al3 based on the Monte
Carlo technique .The comparison show good agreement.

The backward ensemble-average partial heat fluxes {J~) is calculated for the medium
with only diffused-reflecting boundaries, pf = 0.5 , in the case of anisotropic scattering,
and internal source Q(x) = (1 - cj)e~x, for i*i = 1 and F2 — 0 .The results are given in
table(2).

Table(3) shows the results of the forward ensemble-average partial heat fluxes (J+) for
the same case of table(2). Tables (4) and (5) give the results of the backward and the for-
ward ensemble-average partial heat fluxes, respectively, for specular and diffuse reflecting
boundaries pj — 0.25, pf — 0.5. All results are calculated for the same single scattering
albedo u = 0.9. These results are computed for isotropic scattering a = 0, and linear
anisotropic scattering with different values of the anisotropic coefficients. The values of a
are taken from Refs.(9,12). No data available for comparison.
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Table(l) Ensemble — averaged partial heat
isotropic scattering with F[ — 2, F2 — f

fluxes (J±) in the case of
= p\ = Q(x) = 0, and u> = 0.9

(J-)
ref.3

0.1
1.0
10
20

0.1
1.0
10
20

0.1
1.0
10
20

0.041926
0.235750
0.468224
0.469058

0.037793
0.126961
0.419224
0.462834

0.054324
0.231315
0.434306
0.464564

0.040378
0.235344
0.468989
0.469826

0.036912
0.125922
0.419779
0.463276

0.052878
0.230836
0.434903
0.465311

Case 1

0.0473
0.2178
0.3707

Case 2

0.0426
0.1255
0.2910

Case 3
0.0669
0.2381
0.3272

W2(fj) ref.3

0.940331 0.942570 0.9344
0.620307 0.521481 0.6267
0.016973 0.016987 0.0237
0.00037 0.00037

0.944814 0.947084 0.9397
0.783617 0.785371 0.7733
0.196717 0.196959 0.1945
0.047353 0.047396

0.927047 0.929188 0.9137
0.617059 0.618309 0.6086
0.108472 0.108654 0.1195
0.018561 0.018586

Table(2) Ensemble — averaged partial heat flux {J ) in the case of anisotropic
scattering with Fi=l,F2 = 0, pf = 0.5, pj = 0, Q(x) = (1 - UJ) exp(-x),and w = 0.9
a

0.1
1.0
10
20

0.1
1.0
10
20

0.1
1.0
10
20

a=-0

0.15324
0.24729
0.3888
0.38940

0.15085
0.18661
0.35196
0.3842

0.16048
0.24244
0.35965
0.38536

.58659
W2{,,)

0.15327
0.24704
0.38805
0.38867

0.15089
0.18654
0.35135
0.38347

0.16049
0.24222
0.35902
0.38464

a =

0.15116
0.23578
0.36852
0.36927

0.14912
0.1804
0.33107
0.36343

0.15725
0.23264
0.34021
0.36516

= 0.0

Case 1
0.15084
0.23583
0.3692
0.36996

Case 2

0.14879
0.18022
0.33159
0.36409

Case 3
0.15696
0.23267
0.34076
0.36583

a = 0.643833

0.14866
0.22142
0.34056
0.34151

0.147
0.17280
0.30339
0.33495

0.15356
0.21985
0.31375
0.33737

W2(tt)

0.14805
0.22162
0.34228
0.34324

0.14607
0.17248
0.30466
0.33660

0.153
0.22002
0.31514
0.33906

a = 2
WI(JM)

0.14073
0.16968
0.20281
0.20380

0.13987
0.14515
0.18393
0.19801

0.14319
0.16936
0.18827
0.20070

.319461
W2(fi)

0.13985
0.16957
0.20456
0.20561

0.13898
0.14455
0.18487
0.19958

0.14234
0.1693
0.18955
0.20241

385-



Table{2>) Ensemble — averaged partial heat flux {J+) in the case of anisotropic
scattering with JFi — 1 , ^ — 0, pf = 0.5, pf = 0,Q(x) — (1 — w)exp(—x),and u> = 0.9
a

0.1
1.0
10
20

0.1
1.0
10
20

0.1
1.0
10
20

a=-0

0.51550
0.38935
0.01345
0.00025

0.51655
0.44896
0.14406
0.03786

0.51216
0.38695
0.07711
0.01386

.58659

WaM

0.51453
0.38863
0.01343
0.00025

0.51557
0.4481
0.14382
0.0378

0.5112
0.38620
0.077
0.01384

a =

0.51758
0.39997
0.01667
0.00038

0.51828
0.45304
0.15375
0.04235

0.5154
0.39624
0.08146
0.01522

= 0.0

W2(ji)

Case 1
0.51853
0.40066
0.01669
0.00038

Case 2
0.51923
0.45388
0.15398
0.04241

Case 3
0.51632
0.39697
0.08161
0.01525

3 = 0.

0.52008
0.41328
0.02193
0.00066

0.52040
0.45787
0.16627
0.04869

0.51909
0.40846
0.08761
0.01725

643833

0.52262
0.41524
0.02202
0.00066

0.52295
0.46015
0.16700
0.04889

0.52159
0.41046
0.08807
0.01733

a = 2

WM

0.52802
0.46173
0.06332
0.00058

0.52753
0.47461
0.21593
0.08128

0.52947
0.45735
0.12277
0.03116

.319461

W2{p)

0.53208
0.46531
0.06381
0.00058

0.53159
0.47835
0.2177
0.08193

0.53352
0.46092
0.12383
0.03142

Table(4) Ensemble — averaged partial heat flux (J ) in the case of anisotropic
scattering with FY =1:F2= O,pf = 0.5, p? - 0.25, Q{x) = (1 - w)exp(-x),and u = 0.9
a

0.1
1.0
10
20

0.1
1.0
10
20

0.1
1.0
10
20

a —

WiOO

0.34412
0.38517
0.45387
0.45431

0.34237
0.35032
0.42999
0.45054

0.34931
0.38062
0.43232
0.45113

-0.58659

W2(/0

0.34378
0.38459
0.4528.6
0.4533

0.34203
0.34991
0.42911
0.44954

0.34895
0.38005
0.43142
0.45013

a

WiM

0.34231
0.37344
0.42538
0.42584

0.34077
0.34385
0.40415
0.42207

0.34685
0.36957
0.40597
0.42284

-0.0

W2(fi)
Case 1

0.34229
0.37379
0.42637
0.42684

Case 2

0.34075
0.34396
0.40494
0.42303

Case 3
0.34685
0.36992
0.40683
0.42382

5 = 0
W!(fi)

0.34018
0.35912
0.38730
0.38775

0.33886
0.33584
0.37082
0.38427

0.34407
0.3557
0.37109
0.38506

.643833

W 2(M)

0.34044
0.36013
0.38972
0.39018

0.33910
0.33634
0.37274
0.38660

0.34437
0.35672
0.37317
0.38744

a =

0.33380
0.31087
0.21798
0.2157

0.33289
0.30648
0.23669
0.21951

0.33650
0.30683
0.2195
0.21587

2.319461

W2(n)

0.33433
0.31205
0.22022
0.21798

0.33341
0.30716
0.23836
0.22161

0.33707
0.30805
0.22138
0.21807
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Table(5) Ensemble — averaged partial heat flux {J+) in the case of anisotropic
scattering with F1 = 1,F2= O,pf = 0.5,pf = 0.25,Q(a;) = (1 -cj)exp(-x),andu> = 0.9

~a a = -0.58659 a = 0.0 a = 0.643833 a = 2.319461

0.1
1.0
10
20

0.1
1.0
10
20

0.1
1.0
10
20

0.64766
0.49645
0.01788
0.00033

0.64779
0.56204
0.1893
0.05049

0.64737
0.48645
0.09614
0.01779

0.64643
0.49548
0.01784
0.00033

0.64656
0.56094
0.18892
0.05039

0.646.14
0.48547
0.09593
0.01776

0.64945
0.50629
0.02182
0.0005

0.64936
0.56484
0.1983
0.05544

0.64983
0.49612
0.10038
0.01924

Case I
0.65054
0.50719
0.02186
0.0005

Case 2

0.65045
0.56583
0.19867
0.05554

Case 3

0.65091
0.49703
0.10059
0.01928

0.65156
0.51841
0.0281
0.00085

0.65124
0.56815
0.20946
0.06215

0.65261
0.50843
0.10634
0.021.37

0.65457
0.52095
0.02824
0.00085

0.65425
0.57089
0.21055
0.06247

0.65561
0.51097
0.10695
0.02149

0.65787
0.56005
0.07248
0.00659

0.65711
0.58013
0.24986
0.09292

0.66017
0.55303
0.13947
0.03531

0.66272
0.56454
0.07317
0.00665

0.66195
0.58456
0.25207
0.09379

0.66503
0.55750
0.14076
0.03565

4. Conclusion

The average partial heat fluxes at the boundaries of an anisotropic scattering, plane-parallel
Markovian stochastic medium containing an internal source with general boundary con-
ditions are calculated in terms of the average solution of the corresponding source-free
problem. The Pomraning-Eddington approximation is used to solve the source-free prob-
lem in the deterministic case with a linear anisotropic scattering phase function. The sta-
tistical formalism of Levermore et at1 is used to formulate the average solution of the
source-free problem. The calculations for an anisotropically scattering of the free-source
medium show good agreement with that of Ref.3. Calculations are also done for stochastic
medium with specular and diffuse reflecting boundaries assuming an internal energy source

Acknowledgment : We would like to thank Prof. S. A. El-Wakil for his encouragement,
guidance, and reviews of this work.
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ABSTRACT

Computer monitors and television screens can collect radon progeny. Radon
decay forming meta-stable progeny, namely, Po-218, Po-214, and Po-210, which
are found mostly in positively, charged aerosol particles. These particles are
attract by the large negative field of a video display terminals (VDT) leading to
buildup of radioactivity on the VDT screen. The charged aerosol particles might
drift in the electric field between the VDT and the operator and be accelerated
into the operator's face. The aim of this work is to measure these phenomena set
of ultra-sensitive TASTRAK detectors used to measure the plateout of positively
charged radioactive radon progeny. The track detectors were fixed on the outer
monitor screen. For an occupational computer worker spending 200 days per
year for 6 hours a day. It was found that the mean dose equivalent was 1.77 mSv,
0.25 mSv/year for normal CRT and LCD monitors respectively.

INTRODUCTION

Recent reports indicate that video display terminals (VDTs) can collect radon
progeny from air. This occurs especially when they are turned off and may have
negative electric fields, which attract positively, charged radioactive dust. Both the
free and attached daughters plate-out by diffusion onto solid surfaces where they are
held by the Van der Waals force. Unattached daughters will plateout much more
quickly than those attached to aerosols, the plate-out velocities being 2mm.s*1 and
0.02 mrn.s'1 respectively [1]. Once the daughter has attached itself to the surface of
the face, the subsequent alpha can irradiate the skin. Again, it is possible for the
daughter to become detached from the surface after alpha decay (e.g. approximately
half of the lead -214 formed by the alpha decay of previously deposited polonium-
218 will be lost from the surface in this fashion).
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Three studies have shown that video display terminals (VDTs) may getter
radioactive radon progeny from the air because of their electric fields [2,3 and 4]. This
phenomenon occurs with most types of VDTs, such as television sets and computer
monitors. This study is primarily concerned with whether VDT operators might inhale
increased radioactivity when the monitor is switched from oft' to on. This switching
may release some of the electostatically gettered particles.

Miles[3] analyzed VDTs and radon and concluded that there was no hazard to
VDT operators from plateout of radon progeny on their skin; however, he suggested
enhanced inhalation might be a problem. Tuyn and Roger [2] concluded that a VAT
does getter radon progeny and thus slightly reduces airborne activity in the vicinity of
an operator. Ziemba[4] measured high alpha-particle emissions from VAT screens
and suggested there might be some hazard to VDT operators.

CA CULA TING THE DOSE TO SKIN FROM RADON DA UGHTERS

The method use to estimate doses comes from a theoretical model of the dose
from plane sources of alpha activity present on the skin surface [5].

D = w; f2"1

where D= dose rate (MeV. g'.s"1)

N = Alpha particle activity (cnr.s'1)

p = tissue density (g.cm'')

R = nominal range of alpha particles (cm)

a, b = constants

R = perpendicular distance from source (cm)

E = energy of the alpha particles (MeV).

This gives a dose rate in MeV.g''.s'' at a distance r (cm) from the skin surface.
This can be rewritten in mSv.y'1 and integrated to give a mean dose rate at the
estimated position of the surface of the skin [6]. This yields:

py (2)
Where: D = mean annual dose equivalent (mSv.y'1)

E = initial alpha particle energy (MeV)

Q = alpha particle quality factor (=20)

N = alpha particle activity (m'2.s"')

R« = alpha particle range, slightly less than true range (m)

p = density of epidermal tissue (= 1100 kg.m'3)

and
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F =
R'a

+2a{e{cl-R°)/z"-ln(q/Ra)-l

Xoe~
(3)

Where: Ei is the exponential integral function, substituting from the
p and q.

values of

D 2.27x10"'
R

(4)

To estimate the calibration factor of the detector, one might assume that N, the
alpha particle activity, is the same as the number of alpha tracks observed per m2 per
second on the detector. This number needs to be increased by a factor of four [7] to
account for alpha particles emanating from daughters on the surface of the detector
which escape detection.

When the activity of alpha particles in the air are homogeneously distributed
and the detector is exposed to the 2K geometry, the alpha particle activity N is related
to the number of alpha tracks observed p by the relation [6]

P -N..t.R .cos29.4 (5)

where: Ro. is the effective range of alpha particles in air, t is the total exposure
time and 9C is the critical angle of etching (« 10° for TASTRAK detector).

To calculate the dose received by a computer occupational worker, it is
necessary to take into account the time spent in front of the computer monitor screen.
The dose calculated by Eq. (2) could be considered as continuous dose. This is
obviously unrealistic. For an operator working on a regular base of h hours per day for
d-days per year, the total dose Dr per year is to be:

DT
24 24

d

365

365-6/

365
(6)

Where: DT =

D =

Db =

h =

mean operator's dose (mSv y"1)

Mean continuous dose (mSv.y'1)

Mean background dose (mSv.y"1)

Hours spent at VDT per day (for work days)
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EXPERIMENTAL PROCEDURE

This experiment is designed to measure radon daughters in normal room air,
which plate-out on a VDT Screen by virtue of the fact that VDT screens carry a static
electric charge and therefore preferentially attract the radon daughters. During
radioactive decay radon-222 will transform to another element called a radon
daughter, in this case polonium-218. Polonium-218 is also radioactive similarly
emitting an alpha particle and transforming to lead-214. This sequence of events
emitting an alpha particle and transforming to Iead-214. This sequence of events
continues until stable lead, lead-206 is formed. The immediate daughters of radon-222
have short half-lives, less minutes, and for this reason they are known as radon short
lived daughters. Of these polonium-218 and polonium-214 emit alpha particles.

Radon short-lived daughters are present in air along with radon. However,
their behavior differs from radon because they are invariably ionic which means they
tend to attach themselves to natural aerosol particles in air. These particles in turn
stick to surfaces such as walls and ceilings, process known as plateout. The
experiment works on the assumption that the static charge on the screen transfers to
the surface of the plastic stuck to the screen face that the plastic itself also becomes
charged to some extent. This charge attracts plateout particles; hence the plastic is
fixed numbered face outwards and there are only a few tracks to be seen on the rear
surface (that which was pressed against the screen).

Different types of monitors were selected for this investigation, Cathode Ray
Tube (CRT) use a beam of electrons to stimulate phosphors and thus make the image.
Aperture Grilles consists of a phosphor pattern of stripes rather than dots on the
display face. Each stripe contains phosphors for all three primary colors red, green
and blue. Active matrix Liquid Crystal Display (LCD) depends on thin film
transistors and capacitors (TFT). This technology is used in the flat panel liquid
crystal displays of notebook.

For each monitor type fifteen detectors were distributed on the outer screen.
An additional monitor was used as control and kept switched off to estimate the
background dose Db. The monitors were switched on during normal working hours
(6 hours, five days a week) for eight weeks, number side out, using Sellotape across
the corners. Hang the other piece of TASTRAK in the air in another part of the room
nearby. Make a note of the numbers on the plastic and which was stuck on the screen.
If possible leave the screen switched on for 24 hours continuously, or two or three
days daytime use, to give time for particles to collect. After 24 hours re-wrap the
pieces of plastic in foil, package carefully and return it for processing to view with an
Optical Microscope.
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RESULTS

The effect of regular use of computer monitors on the exposure dose to the
occupational workers has been studied. The calculations are based on the assumption
that computer occupational workers spend six hours per working day for 200 days per
year in front of monitor screen as shown in Table (1).

Table (1) The annual dose exposed to occupational workers spend 6 hours per
working day for 200 days per year in front of the monitor screen

Product
title

Viewsoni
c

Sony

KDS

Viewsoni
c

KDS

Viewsoni
c

Sony

KDS

Sony

KDS

Display type '

CRT

CRT

CRT

Shadow Mask

Shadow Mask

Aperture Grill

Aperture Grill

Aperture Grill

Flat panel display,
TFT active matrix
Flat panel display
TFT active matrix

Diagonal size

17 in

17 in

17 in

17 in

17 in

19 in

19 in

19 in

15 in

17 in

Resolution

1280x1024

1280x1024

1280x 1024

1600x 1200

1600x 1200

1600x 1200

1800x 1440

1600x 1200

1024x765

1280x 1024

• Track
Density

rate (m'3.s'
')

35.4±0.6

22.2 ±0.4

36.3+0.7

18.2 ±0.3

22.1 ±0.4

14.1 ±0.3

12.1 ±0.4

15.2 ±0.4

6.2 ±0.4

5.1 ±0.4

Annual
dose

(mSV.y-1)

1.71 ±0.04

1.61 ±0.03

1.77 ±0.05

0.89 ±0.04

1.07 ±0.02

0.69 ±0.04

0.59 ±0.04

0.74 ±0.04

0.30 ±0.04

0.25 ±0.4

It is recommended to take into account this dose when estimating the total annual
exposure dose for computer workers.

To decrease the hazard while using computer screens regularly, we recommended

to use LCD computer screens

to keep away from the screen as possible

to minimize the use of touch screens and light pens.
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ABSTRACT

An assessment of radiation dose levels inside diagnostic radiology rooms at
King Khalid University Hospital was made. The measurements were taken using
lithium Floride detectors Also, an assessment of doses received by patients during
some radiographic examinations especiallyatfluoroscopyhasbeenmeasured.lt
has been noted that when rare-earth image intensifying screens were used the
radiation dose received by the patient was reduced by 60%. It has been shown that
a lead glass viewer caused a reduction of the radiation intensity by more than
50%. The variation of dose rate with the operating conditions of the X-ray tube
has been studied, as well as the machine factor (P)

INTRODUCTION

Diagnostic X-ray procedures contribute the most to man's exposure to ionizing
radiation from artificial sources. The ICRP [1] recommendation in this regard is that all
radiation doses should be kept "as low as reasonably achievable". This is a basic principle and
should always apply. [2] It is has developed to go in cost and efforts to reduce radiation
exposures. These principles are: (1) justification of the practice, (2) optimization of
protection, (3) dose limitation. These same principles have been adopted by the international
Atomic Energy Agency (IAEA) in its Basic Safety Standard [3] apply in principle and should
also apply in practice, in the protection of the patient in diagnostic radiology. Radiation
protection for patients has gradually shifted from a concern about population exposures and
hereditary effects, to the risk to the individual patient.

However it is still necessary to assess collective doses from various medical
procedures, since this gives a valuable information when taking protective measures related to
design or choice of procedure. The collective dose of a group of patients can be used as a
measure of stochastic fatal health radiation detriment (collective risk). Values for such a dose
have been recommended by different organizations [4].

The aim of this work is the following:

1. To assess the dose levels of the diagnostic radiology rooms while the X-ray machines are
in operation, and to investigate the effectiveness of the lead glass viewer as a shield.

2. To arrive at guidelines for proper machine operation, and frequent maintenance and
quality control.

3. To assess the dose rate imparted to the patient during fluoroscopic examination.
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4. To show the effect to the patient undergoing diagnostic X-ray.

MATERTAL AND METHOD

At the Department of Diagnostic Radiology at king Khalid University Hospital in
Riyadh, there are 8 X-ray machines located in 8 rooms. Most of the machines are
manufactured by Siemens Company. The dose measurements have been made in rooms 4,5,6
and 8.

There are other number of X-ray machines located at different departments at the
hospital, such as Cardiology, Angiography, Operation Theatre, Accidents and Emergency
department. The total daily exposures in the hospital are 1060 R total of 497 of them is made
at the main X-ray diagnostic department.

The X-ray machines are used for general radiation, skull radiography, mammography,
angiographic processure, tomography and fluoroscopy.

The operating conditions of the X-ray machines differ widely and they vary according
to the type of exposure and organ. Each X-ray machine consists of a tube as source of
radiation, a phantom as a target for the ionizing radiation, and the TLD dosimeter as a
detector.

The machines are operated at potential energy levels 70-100 KV. At this energy
range intensifying screens composed of Rare-earth phosphors can produce radiographs with
radiation dosage lesser than conventional screens with the same degree of image quality [5]. It
has been observed that when using this type of screen the dose is reduced by 60% [6] The
phantom used is a simulated tissue equivalent. Exposure at different positions is possible. The
specifications for the different positions, and different conditions of machine operations, as
well as the absorbed dose.

Thermoluminescent dosimeter specification

The detectors used for dose assessment are of 4040 model Harshaw
thermoluminescence dosimeters. The dosimeters consists of two phosphorus crystals firmly
mounted on an electrical filament, all encapsulated in a sealed glass buld.

The dosimeter detection range is between 1 mR and greater than 5000 R. The
thermoluminescent material, for radiation detection, is CaF3: DY.

The Dosimeter Reader

The reader unit of the dosimeter is model 2000 B picoammeter features .

The model 2000 B automatic integrating Picoammeter features automatic range
changing and automatic current integration by analog and digital techniques. It measures
constant or varying low-level currents over a wide range where the absolute and the time
interval are of importance.
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Currents are measured in the range between 10 13 to 10 4 ampere and the charge
between 10~~12 to 10""2 coulomb. Current and charge measurements automatically track so that
unknown inputs are always on scale. Automatic ofthepicoammeter makes it well suited to
both experimental and routine measurements.

Calibration

The dosimeters have been calibrated using a standard Cs-137 source of 0.5 mCi inside
a standard irradiator of type Tech/Ops Model 773 and the dosimeters of TLD bulb type model
4040.

Results and Discussion

The dose measurements in room-1, when operating the TRIODOROS-Opt-800 type
X-ray machine, showed that the dose rate behind the panel of control is less than that at any
point in front of the viewer (without shield). Moreover, the survey showed that there is a
noticeable change in the dose-rate at a particular point voltage and the current is changed (see
Table 1).

In room number 3, the machine of type TRIODOROS, Optimatic-1000 m.A.s. is used
for ordinary radiology procedures, as well as fluoroscopy.

When using the machine for fluoroscopy purposes, the level of the dose is quite higher
than when the machine is used foe an ordinary radiography procedure, the dose rate level is in
the range of 5.0 - 12 jiGy/hr at an operating voltage of 81 Kvp and current of 120 m.A.s

However, operating the same machine at 96 KVp and 200 m.A.s for ordinary
radiography would yield radiation level, measured behind the lead-glass viewer, equal to 15
u-Gy/hr.

As the voltage and current set to 80 KVp and 200 m.A.s instead of 0.96 KVp and 250
m.A.s respectively, reduced the dose-rate from 12jj.Gy/hr to 9|iGy/hr. ;

In (i-fluoroscopy procedures the detriment is quite high to the patient in comparison to
the operator (radiologist or the technician). Measurements using a phantom (simulated tissue
equivalent material), the dose rate measured was equal to 10.22 mGy/ minute (10220
jiGy/min).

It is worthwhile to mention that the fluoroscopy examination takes minutes, the
average time for each patient, goes up to 40 minutes.

The schedule of fluoroscopy procedures in the hospital is summarized in the following
table: -

Room / Dept. Xime

1 .Radiographic room No. 3. 50 minutes daily overall
2.Radiographic room No. 4. 50 minutes daily, overall
3.Radiographic room No. 8. 10-12 minutes daily overall
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-Other departments informed the fiuoroscopy procedures of time for patients:

4.Accident and emergency. 5-7 minutes / patient
Division.

5.Operation theatre. 45 minutes / patient
6.Cardiac Care Treatment Unit 10-15 minutes / patient
7.33A Bronchoscope room 15-20 minutes / patient

A measurements of dose levels inside some rooms of x-ray diagnostic radidigy were
achieved, to show a variation in dose - rate when changing the condition of operation.

Room No .4: The X-ray machine is of type TRIODOROS-optimatic 1000 m.A.s., and table
No.4 shows the dose rate at three different operating conditions.

It is obvious that as the voltage is increased, more energy penetrates the media. As the
voltage is increased from 96 to 117 KVp, the current from 120 to 400 m.A.s., and the
variation in the absorbed dose is significant from 0.9 to 48 |iGy/hr [7](see table No.4).

Room No.5. The type of X-ray machine is TRIODOROS-Optamatic 100 m.A.s. The dose
rate measurements were done inside the control cabinet.

The results show that an operator working behind the lead glass viewer will be safe.
(See table No. 5)

Room No.6. The machine is TRIODOROS, Opt-800 type and when operated at 70 KVp and
80 m.A.s. The level of radiation in front of the cabinet viewer is 970 |J.Gy/hr. when changing
the operation into 96 Kvp and 250 m.A.s. The dose rate is increased to 26000 |iGy/hr (See
table No.6).

Room No.8. The above mentioned observation concerning the relationship between the dose-
rate as an out-put of the X-ray machine and the operating condition , this has been verified
when using the machine type TRIODOROS opt-800 Siemens, and increasing the voltage and
current from 70 KVp and 80 m.A.s. to KVp 96 and 250 m.A.s., respectively then the dose rate
increased from 100 to 2600 p.Gy/hr respectively.

Safety and quality control

1 .Leakege •

1-To check for leakages, a surface survey was done at a distance of 100 cm from the
tube housing. It was found that the dose rate is equal to 0.04 mGy/hr., which is within the
ICRP limit. Since the maximum allowable limit at this distance should be less than 1 R/hr [8].

2- The second measurement is concerning the dose-rate as out-put of the X-ray tube
and the quality factor of the X-ray machine "p", the equation that makes a relationship
between the dose, voltage KVp, m.A.s. (Current).
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The machine characteristics are reported by Meredith and Hassey [9].

P (KVp)2 m.A.s
Dose (m.R)= 2

Where,
KVp = 66, m.A.s = 125.8 R = Distance = 115 cm
The dose value is equal 489 m.R

Then, the value of "P" will be equal to 11.874. The machine factor of the X-ray machines
ranges from 5 up to 30, if "P" is unknown, it can be considered equal to 15, according to
Meredith et al [9].

General view of the experiments

An experiment has been done using a TLD dosimeter fixed on the phantom (at chest)
and other two dosimeters to check the efficiency of the glass viewer of the control panel. One
dosimeter is in front of the glass viewer, the other dosimeter behind the glass viewer, the dose
levels measured is given in the following:

1. At the chest of the patient is 260 (iGy.
2. In front of the glass viewer it is equal to 8.1 uGy and behind the glass viewer

the dose measured is 4.8 uGy. Such level of radiation is a good guide to the
operator from protection point of view.

The fourth dosimeter was to find out the dose given to the patient under fluoroscopic
examination, and the measurement showed that the dose-rate given to the patient is 10220
nGy/minute.

Other experiment has been done to check the efficiency of the apron as a shielding
material from lead. The X-ray tube was operating at 81 KVp, current equal to 120 m.A.s., the
fluoroscopic procedure was on operation, the measured dose at the phantom indicated a dose
of 10.000 (iGy/hr and under the apron surface the dose rate indicated was ranging between
4.0 -21 |iGy/hr. the dose reduction factor is equal nearly to 0.21 %.

The gonads protection is very important especially with regard to the individuals with
reproductive potential and are within the primary beam within 5 cm of it. It is found that the
shielding for the male gonads can reduce dose to the gonads by 95%, in csce of female gonads
the saving is considerable lower of value equal to 50% as reported by ICRP 34 [5], In most of
the radiographic examinations on the abdomen (using phantom) such as lumber spine, pelvis
(antero-posterior, AP) and hip, the gondal dose is higher if compared with the other organ's
examination such as the skull and chest. An ancilliary experiment has been carried out to
show the gondal dose when the pelvis organ is under X-ray diagnosis, it was found that the
dose absorbed by the pelvis is equal to 610 |iGy, whereas the dose absorbed ratio by the testis
and the pelvis is 34%.

In radiotherapeutic management, when dealing with a patient of Hodjkin's disease, i.e,
in case of whole body irradiation using Co-60 teletherapy machine and the gonadal dose (for
male gonad) is ranging between 177- 1337.6 mGy, the integral patient dose is ranging
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between 24.6 - 282 Mega-gm-m.Gy as reported by M. Ayad [10], i.e. the ratio between the
imparted dose and gonadal one in case of therapy is much higher than in case of diagnosis,
since the therapy dose is quite higher than the diagnostic one.

In chest examination the skin dose from a fluoroscopic examination, is frequently 10
and 100 times that from a radiograph. Fluoroscopy should therefore be carried out only if the
required information cannot be optioned by radiography alone. Radiography and image
intensifier causes lesser doses than direct fluoroscopy.

A range of peak voltage from 80-100 KV is commonly used at Saudi Arabia for direct
fiuoroscopy.

This level of X-radiation energy is of high penetration and hence the dose imparted to
the patient is decreased and accordingly the current will be less than 2m.A. Under low current
value, the X-ray machine output dose will be small. Generally, it is worthwhile to mention
that due to the use of the image intensifying screen there is a reduction to the patient dose
with a factor of 60%.

To calculate for The dose rate as out-put of the x- ray machine, the following equation
can be applied.

0.04 x d2

B =
WUT

Where the value 0.04 is the maximum permissible dose in roentgen per
m.a. min / week - and d = is the distance of the point to be protected from radiation and the
centre of x-ray tube .

W = work load of the machine = milli ampere (m.a) . time ' t ' of the machine per week in
minutes, The use factor ' U ' and mostly equal to 1 . The occupancy factor ' T ' is equal to /4 .
In case of x-ray TRIODORUS type at King khalid Hospital and of current 800 m.a, working
for 5 hrs per day , 5 days per week , the dose rate B will be equal to 2.m . Gy / m.a . min
In case of the x-ray machine type DUA-900 at the teaching hospital of gynaecology and
obstetric - Egypt, the corresponding dose will be equal 1.7 m Gy / m.a .min when operating
the machine at the same conditions.
It is observed that the dose - rate coming from the TRIODORUS machine is higher than that
of the machine typ DUA-900
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Table 1. Dose Rate in room 1.

Position Voltage KVp Current Dose rate in

Behind the viewer

Behind the viewer

Behind the viewer

77

117

120

- 80 m.A

-250 m.A

-250 m.A

4.5

35

40

In front of the viewer 77 - 80 m.A 9.0

In front of the viewer 117 -250 m.A 90

In front of the viewer 120 -250 m.A 90

Table No. 4. Dose rate in Room 4.

KVp m.A.s Dose - rate jiGy/hr

During one exposure

96 64 Nil

96 120 0.9

117 400 48.0

Table No. 5. Dose rates at Room 5

KVp m.A.s Po^.T.r^.lP.Jf.Oy/^r Machine Type

In front Behind

96 64 0.7 0.3 TRIODORUS

96 200 91.0 50 TRIODORUS

66 32 5.0 0.35 TRIODORUS

96 250 500 40 TRIODORUS

Table No. 6.

The machine operating conditions Dose rate

Voltage Current pGyJhr

70 KVp , 80m.A.s 970

96 KVp 250m.A.s 26000
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ABSTRACT

Lithium sodium sulphate doped by rare impurities (LiNaSO4: TI) has been locally
prepared. Its Thermoluminescence properties (TL) have been performed from room
temperature up to 300 °C. The used heating rate was 5 °C/sec. The samples were
irradiated by electrons of different energies (5, 7, 9 and 13 MeV.). These samples
were exposed to different duration to attain different radiation doses. It has been
observed that the glow curves are consisted of four glow peaks at 75, 125, 225 and
250 °C respectively. The first peak showed a linear dependence with electron
radiation doses and can be used in radiation measurement. The irradiated
impurities LiNaSO4: TI with energies higher than 5 Mev showed no appreciable
change in the TL peak height. The obtained results will explore the probability of
using such system (double sulphates doped by rare earth impurities) in the field of
radiation measurements.

Key words: Thermoluminescence (TL) /Electrons of different energies /Energy transfer
/ rare earth ions / sensitizer / and activator.

INTRODUCTION

Thermoluminescence (TL) is well known as a research tool in solid state physics and
radiation dosimetry. Also, TL phosphors are precise, re usable and quick reading [1-3].
Because of the experimental simplicity and significant amount of informations that can be
obtained, TL has been considered as a tool for understanding the defect structure of the
crystals associated with luminescent centres and traps [4,5 ]. TL matrix is a convenient host
for studying the role of rare earth ions. Since, it is possible to produce optical quality crystals
containing controlled amount of rare earth ions [6-8 ].

TL sensitivity of singly doped phosphor can be enhanced by incorporating additional
activator in a given host lattice. The sensitized luminescence of phosphors has been the
subject of several investigators. They concluded that the TL sensitivity increases due to the
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transport of energy from sensitizer to activator. This transfer of energy in more probable
between neighbour pairs of activator and sensitizers. The authors [9,10 ] also suggested that
an excited sensitizer ion may transfer its energy to a neighbouring sensitizer ion and hence to
an activator in order to account for the high transfer efficiency observed. That means the
energy is transfered from sentitizer to activator over a distance greater than these seperating
only nearest neighbour pairs [11 J.When one activator gets excited, it may transfer its energy
to the other species of activator in order to account for the high tranfer efficiency observed.
The first is called sensitizer and the other is activator [12-14 ].

Double sulphates are known to be good thermoluminescence materials in case of
adding rare earth impurities (LiNaSO^ TL) It has been all ready shown that the glow curve
charactesintics depends drastically on the method of preparation, concertation impurities, pre-
heat annealing, radiation doses, and energy responses of these radiation types [15 ]. The aim
of the present work is to atudy the effect of electron irradiation dose and energy on the
thermoluminescence properties of LiNaSO4: TL. The obtained results will explore the
probability of using such system in the field of radiation dosimetry.

EXPERIMENTAL

1- Sample preparation:

LiNaSCU: TL. samples were prepared by the method discribed else where [5 ] . The stating
materials were equimolar Lithium sulphate (LiSO4) and sodium sulphate (NaSO4) together
with different concentration of thallium (Tl) added as TI2SO4. The mixture is melted at
950 °C for one hour and left to cool gradully to room temperature.

2- Irradiation facilities:

The LiNaSC>4: Tl samples were irradiated in linear accelerator type Mevatron 74
(7445). It is a compact device which is capable for producing x-ray energy (lOMeV) and up
to six nominal electron energies (between 5 ans 14 MeV). The accelerating wave guide uses
microwave fields to accelerate low energy electrons to high levels. The radiofrequency (RF)
system contains an automatic frequency control power source used for acceleration. The RF
system produces up to 2.5 Megawatts of pulsed power. This power is transmitted to the
accelerating waveguide through the RF transmission waveguide, where it is used to accelerate
electrons to the required energy levels. The electron gun (injector) is the source of electrons,
from an indirectly heated barium oxide impregnated cathode of pierce design. The stream of
electrons is focused into a tightly-packed beam and injected into the accelerating waveguide.
All experiments were performed at the same electron beam current. The only vairable were
the energy of electrons and the irradiation time.
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3- Thermoluminescence (TL) Measurement

TL measurement were carried out in the temperature range 300-600K, using Harshaw
2000 A + B TL reader. The heating rate was 5 °C/s. For high accuracy, measurements were
done in duplicates. Pure and dry nitorgen gas was flushed before and during the
measurements.

Results and Discussion

Electron irradiation affects quantitatively on the properties of the doped samples of
LiNaSO4 by Tl dopants in the same way as other kinds of radiation [12 ]. Fig (la, b & c) show
the TL glow curves of various concentrations (0.08, 0.2, 0.4 and 0.6% Tl) exposed to different
electron radiation doses with different energies (5, 9 and 13 MeV). It is observed that the
structure of the TL glow curves consists of 4 main glow peaks (at ~ 75, 125, 225, 250 °C) as a
result of electron irradiation. Fig. (1-a) shows that the TL intensity changes with the dopant
concentration of Tl+, reaching maximum enhancement at 0.6% by weight. This trend has been
observed for all exposure doses as wall as different electron energies. This may be attributed
to the fact that insertion of Tl impurities create sort of defects in the host lattice of LiNaSO4
samples as shown also in figures (1-b and c). In the mean time electron irradiation generate
ion vacancies. The presence of these vacancies in the bulk of the speciment facilitate
of Tl+ ions in the dislocation region would first leads to the formation of Tl+ ions pairs.
Hence, this effects on the TL enhancement.

Fig. (2) represents the TL glow curves for LiNaSO<i doped by 0,6% TI by weight.
Samples were irradiated by different energies and exposure dose equal to 82.6 Rad. It is
observed form this figure that strong TL peak are located at about 80 °C which can be used in
the dosimetric purposes. At low energy (« 5 MeV) the peaks are reasonably resolved while at
higher energies these peaks are overlapped. This can be attributed to the following aspects:

The losses in energy of the electrons when traversing the sample; Three essential mechanisms
are considered [13 ] .

inelastic interaction between electrons of the beam and those of the atoms in the crystal
lattice leading to excitation or ionization of the atoms.

elastic interaction between electrons of the beam and atoms of the lattice causing
displacement of whole atoms from equilibrium position within the lattice.

in elastic between electrons of the beam and the electric fields of nuclear leading to an
emission of x-rays (Bremsstrahlung). The first two mechanisms are essentially effective in
producing defects in the crystal lattice. Thus, the first mechanism can cause ionization of the
atoms leading to a disruption of chemical bonds in large molecules of the material.
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Fig. (3) represents the TL glow curves for 0.6% Tl by weight doped samples irradiated
with electron energy (13MeV) and different exposure doses. It is clear from this figure that
the first peak height increases linearly with dose as shown in Fig. (4). While the fourth peak
increases to certain extent then shows saturation by increasing the electron exposure dose.
This can be attributed that the number of population in the first TL trap is high enough to fill
up more electrons in this particular energy gap. While that corresponding to the fourth trap
show small energy gap and hence a small number of population that can be settled in this
energy region.

From the above studies it is observed that the peak temperature depends upon the extent
of trap filling as shown in Fig. (5). In this figure the first TL peak temperature (PKI)
decreases with increasing electron exposure dose. While TL peak temperature (PK IV)
increases with increasing of electron radiation dose. This can be attributed to the nature of
each TL trap, which behaves in separate manner.

Conclusion

From the obtained results it is concluded:

The TL intensity of (PKI) for LiNaSO^ Tl increases linearly with electron irradiation
doses up to 2500 Rads.

The peak temperature of (PKI) shifts to lower temperature as the electron irradiation
doses increases.

The peak temperature (PK IV) shifts to higher temperature by increasing the electron
doses.

0.6% Tl content is the most efficient ratio for the TL response.
It is concluded that there is no appreciable change in the TL peak height (PK I) after

5 MeV electron energy radiation.
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