A

| j‘y:r/ysmm-o o drrica)

-

e =T
Kt e

-

|

30 anos

(1977 - 2007)

Comisién de “"‘ Gobierno de la

Investigaciones s Provincia
- s

Cientificas > de Buenos Aires

CONICET




30 anos

(1977 - 2007)

Centro de Investigaciones Opticas

Comision de )
Investigaciones

Cientificas

CONICET



ClOp 30 afios / compilado por Marcelo Trivi; Daniel Schinca; Claudia Gonzalez
- 1° Edicién -

La Plata: Centro de Investigaciones Opticas (CONICET - CIC); La Plata, 2007
560 p.; 21 x 29,7 cm.

ISBN 978-950-692-075-3
Edicién bilingle: espafiol, inglés.

1. Investigacion Cientifica Argentina. I. Trivi, Marcelo, comp. Il Schinca, Daniel, comp.
Il Gonzalez, Claudia, comp.
CDD 001.429 82

Todos los derechos reservados / Hecho el depdsito que marca la Ley N° 11.723
ISBN 13: 978-950-692-075-3

La edicién de este libro fue financiada en parte por la Comisién de Investigaciones Cientificas
de la Provincia de Buenos Aires.



Autoridades CONICET

PRESIDENTE

Dr. Eduardo Hernan CHARREAU

VICEPRESIDENTE
DE ASUNTOS CIENTIFICOS

Dr. Ricardo Norberto FARIAS

VICEPRESIDENTE DE ASUNTOS
TECNOLOGICOS

Dr. Mario José LATTUADA

DIRECTORES

Lie. Carlos DEBANDI

Dr. Luis Maria FERNANDEZ

Dra. Noemi Maria GIRBAL BLACHA
Sr. Carlos Alberto MARTINEZ

Dr. Carlos W. RAPELA

Dr. Faustino SINERIZ

Autoridades CIC

PRESIDENTE

Dr. Néstor Julio AUZA

DIRECTORIO

Dr. Rodolfo Daniel BRAVO
(Vicepresidente)
Lie. Jorge Luis CAJAL

Lie. Conrado Daniel Antonio GONZALEZ
Dr. Mario Alberto Juan MARISCOTTI

SECRETARIO ADMINISTRATIVO

Contador Fernando ROSSI

DIRECTOR DE ADMINISTRACION

Sra. Maria Rosa DI SOMMA

DIRECTOR DE SERVICIO DE PLANIFICACION Y
COORDINACION CIENTIFICA'Y TECNOLOGICA

Ing. Agr. José M. RODRIGUEZ SILVEIRA



Centro de Investigaciones Opticas (CONICET - CIC)

Direccion Postal: Camino Parque Centenario e/ 505 y 508
Manuel B. Gonnet - La Plata
Direccién Postal: Casilla de Correo 124 - B1902WAB - La Plata - Argentina
Teléfonos: + 54 221 484 2957 | 484 0280
Fax: +54 221 471 2771
e-mail: info@ciop.unlp.edu.ar / www.ciop.unlp.edu.ar

Autoridades CIQp

DIRECTOR
Dr. Jorge Omar TOCHO

SUBDIRECTOR
Dr. Marcelo TRIVI

CONSEJO DIRECTIVO

Miembros titulares
Dr. Néstor A. BOLOGNINI
Dr. Ricardo DUCHOWICZ
Dr. Fausto O. BREDICE
Lie. Ricardo A. ARIZAGA
Ing. Pablo COSTANZO

Miembros suplentes
Dr. Héctor J. RABAL
Dra. Lucia B. SCAFFARDI
Ing. Anibal P. LAQUIDARA
Dr. Christian CUADRADO LABORDE


mailto:info@ciop.unlp.edu.ar
http://www.ciop.unlp.edu.ar

indice



Prélogo

El CIOp, origen y trayectoria institucional i

Breve resefa 3
Integrantes 5
Lineas de trabajo actuales 9

- Ablacién, limpieza y restauracién con laser ii

- Contaminantes atmosféricos 14
- Espectroscopia atémica 15
- Fendmenos dindmicos mediante técnicas de biospeckle 17
- Fotofisica de moléculas en solucidn y sistemas de interés 19
bioldgico
- Materiales optoelectrénicos 21
- Metrologia para las comunicaciones opticas 23
- Procesamiento opto-digital de informacion: cristales 25
fotorrefractivos, holografia dinamica, speckle
- Propagaciéon de la luz y formacién de imagenes a través 27
de medios turbios y turbulentos
- Scattering Gptico 29
Selecciéon de trabajos 31
Espectroscopia atdbmica y aplicaciones 33
- Espectroscopia atémica 35
- Medicién de gases contaminantes atmosféricos 117
Fibras Opticas 135
Fisica del laser y aplicaciones 161
- Ablacién, limpieza y restauracion con laser 165
- Fotofisica de moléculas en solucién y sistemas de interés 181
biolégico
- Laseres de colorante 203
- Laseres de estado sélido 217
- Laseres gaseosos 237
- Medicién del tamafio de particulas 255
- Optica integrada 281

- Pulsos cortos 297



Optica fisica y aplicada

- Holografia

- Metrologia empleando técnicas optoelectrénicas
- Optica fisica y propagacion de ondas

- Procesamiento Gptico fotorrefractivo

- Procesamiento por medio de speckle digital

- Speckle dinamico

- Speckle modulado

Patentes, desarrollo de instrumentos y servicios

Patentes
Instrumentos
Servicios

Publicaciones

Epilogo

311

315
325

353
417
435

4.6 1

557



Prologo



Prélogo

No resulta tarea fécil presentar 30 afios de vida institucional del Centro de
Investigaciones Opticas (CIOp), los cuales se cumplen el 12 de septiembre de 2007.
Desde aquél lejano 1977, el Centro ha pasado por las mismas circunstancias que
enmarcaron la historia de nuestro pais, con periodos de sombras y luces que
estuvieron presentes en toda su trayectoria. Sin embargo, el espiritu y la
contraccion al trabajo de todos los integrantes que pasaron por el Centro nunca
decayeron y hoy podemos decir con orgullo que los 30 afios de dedicacién a la
investigacion cientifica y tecnoldgica en el area de la Fotoénica, la Optica y las
Tecnologias de la Luz, llevaron al ClOp a ser uno de los Centros mas importantes
del pais y un referente en Latinoamérica en estas areas del conocimiento. También
ha alcanzado proyeccién mundial mediante una permanente presencia en distintos
ambitos a través de publicaciones en los medios mas prestigiosos, la asistencia de
sus integrantes a los principales Congresos y Reuniones, el dictado de cursos y
seminarios en importantes instituciones del pais y del extranjero y la visita al ClOp
de Nicolaas Bloembergen, quien en 1981 obtuviera el Premio Nobel de Fisica,
George Porter (Premio Nobel de Quimica 1967), y de los mas relevantes cientificos
de la especialidad, entre ellos Miguel Andrés, Pedro Andrés, Toshimitsu Asakura,
Christopher Dainty, Maurice Frangon, Joseph Goodman, Werner Juptner, Flerwig
Kogelnik, Emmet Leith, Indrek Martinsson, Giuseppe Molesini, Geoffry New, Jorge
Ojeda Castafieda, Reiner Roehler, Willy Persson, Sune Svanberg, Hans Tiziani,
Charles Vest, Jean Vienot, James Wyant y Maria Yzuel

Por todo ello, creemos que los objetivos iniciales que se propusieron cuando el
Centro fue creado han sido cumplidos y los logros alcanzados han sentado las
bases para encarar en el futuro nuevos desafios que el desarrollo de la cienciay la
técnica nos imponen dentro de una de las ramas méas dinamicas del conocimiento.
Los integrantes del CIOp estamos convencidos que podemos realizar los esfuerzos
para profundizar las lineas de trabajo existentes y abrir otras nuevas para mantener
la competitividad internacional de nuestra institucién, como asi también transferir
los resultados a nuestra sociedad y junto con otros colegas cientificos y tecnélogos
argentinos aportar nuestro pequefio grano de arena para el desarrollo del pais.

Este libro que hoy presentamos es un esfuerzo muy grande de la comunidad que
integra el ClIOp para realizar un resumen de sus actividades y sus logros. Por
supuesto que plasmar en unas cuantas paginas 30 afios de trayectoria es una tarea
casi imposible y necesariamente incompleta. Sin embargo, consideramos que es
valido el intento y esperamos que las instituciones que nos patrocinan y los colegas
gue nos acompafan valoren esta presentacion algo informal que cuenta el trabajo
de nuestra gente desde 1977 hasta el presente. También es una manera de
mirarnos a nosotros mismos, saber donde llegamos y ayudarnos a proyectar
nuestro futuro.

Claudia Gonzalez, Daniel Schinca, Marcelo Trivi



Preface

It is not an easy task to present an outline of the institutional life of the Centro de
Investigaciones Opticas (ClOp), whose 30t anniversary is due on September 12,
2007.

Since 1977, our Center went through the same circumstances as the country did,
with alternating periods of light and shadows. However, the high spirit and
dedication to scientific and technological research work in the areas of Photonics,
Optics and Light Technologies of its entire staff pushed the Center through these 30
years to a high rank level in the country and in Latinamerica. It is also well known
worldwide through its hundreds of publications in peer-reviewed international
journals, congress presentations, lectures and seminars in national scientific
institutions and relevant international research visitors, including Nobel laureates
George Porter and Nicolaos Bloembergen, and worldwide pioneering scientists like
Miguel Andrés, Pedro Andrés, Toshimitsu Asakura, Christopher Dainty, Maurice
Frangon, Joseph Goodman, Werner Juptner, Herwig Kogelnik, Emmet Leith, Indrek
Martinsson, Giuseppe Molesini, Ceoffry New, Jorge Ojeda Castafieda, Reiner
Roehler, Willy Persson, Sune Svanberg, Hans Tiziani, Charles Vest, Jean Vienot,
James Wyant y Maria Yzuel, among others.

We believe that the initial goals proposed when the Center was created have been
successfully met and the achievements of these 30 years set the basis for facing the
new challenges that science and technology put forward in such a rapidly evolving
area as Optics and Photonics. We are persuaded that we can put all the necessary
effort to continue the current lines of research and open new ones to keep the
Center at an international competitive level as well as to transfer the results of our
research to society, joining with other colleagues to the development of our country.

The present book has been done thanks to the effort of the ClOp community in
outlining 30 years of activities and achievements, a task forced to be incomplete.
We hope that our sponsoring institutions and colleagues enjoy this somewhat
informal presentation of our history since 1977. It is also a way of looking to
ourselves; see where we are standing and where to head our steps in the future.

Claudia Gonzalez, Daniel Schinca, Marcelo Trivi
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Breve Resefa Historica

En 1905 fue constituida la Universidad Nacional de La Plata (UNLP) y - dentro del esquema
académico de su fundador, el Dr. Joaquin V. Gonzalez - se cre6 el Instituto de Fisica, luego
Departamento de Fisica de la novel universidad platense de clara orientacion cientifica. Sesenta afios
después dentro del Departamento de Fisica se establecié el Laboratorio de Espectroscopia, Optica y
Laser (LEOL).

El LEOL conté desde su inicio con tres Secciones: la Seccién de Espectroscopia Optica - de
fuerte insercién desde la misma creacién del Instituto de Fisica, la Seccion de Espectroscopia Laser -
iniciada en 1966 respondiendo a un hecho histérico incontrastable: la aparicion del laser en 1960- y
la Seccién de Interferometria y Holografia, iniciada en 1969.

Las actividades del LEOL fueron facilitadas por los valiosos aportes, mediante subsidios o
cesion de instrumental o materiales, de la Universidad de Uppsala (Suecia), Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), Comision de Investigaciones Cientificas de la
Provincia de Buenos Aires, Comision de Investigacion Cientifica de la Universidad Nacional de La Plata
y Organizacién de los Estados Americanos. Los presupuestos propios del Departamento de Fisica de la
Universidad Nacional de La Plata contribuyeron decididamente al establecimiento de las facilidades
experimentales del Laboratorio como asi también a satisfacer en gran medida los requerimientos
bibliograficos y la imprescindible infraestructura técnica.”

En 1974 se realizaron unos ensayos metrolégicos fuera del LEOL para determinar épticamente
la calidad de las mesas de granito. Para ello se implemento en el Laboratorio de Ensayos de Materiales
e Investigaciones Tecnoldgicas (LEMIT), dependiente del Ministerio de Obras Publicas de la Provincia
de Buenos Aires, un experimento interferencia! cuyos resultados se presentaron en la Conference on
Laser Engineering and Applications, realizada en Washington, D.C. del 28 al 30 de mayo de 1975.

Ese antecedente motivo en 1976 al entonces Director del LEMIT, Ing. Luis A. Bonet, a sugerir
que el personal del LEOL con parte su instrumental, trasladado temporalmente a uno de los
pabellones del LEMIT en su sede de la localidad de Manuel B. Gonnet, pudieran emprender otras
experiencias metrolégicas, como la determinaciéon de la calidad de los vidrios para la construccion,
estudiar la factibilidad del empleo de laseres con emisiones visibles o infrarrojas en la determinacion
de la vertical o del plano horizontal del lugar, o introducir técnicas de moire para aplicaciones
metroldgicas. La Facultad de Ciencias Exactas prestd acuerdo al emprendimiento, permitiendo con ello
una fructifera actividad de complementacicjn, la que abrié posibilidades de realizacion de servicios de
gran magnitud, como los realizados para la entonces empresa de Servicios Eléctricos del Gran Buenos
Aires (SEGBA) para ‘determinar desplazamientos muy pequefios que sufren las vigas principales de las
fundaciones de las turbinas”, en 1975, o para los Astilleros y Fabricas Navales del Estado (AFNE) para
“determinar la alineacion y paralelismo de dos ejes en la maquina de timén de un buque en
construccién en nuestro Astillero”, en 1976.

Asi las cosas, el LEMIT considerd la posibilidad de ofrecer al LEOL la constitucion de un centro
de investigaciones Opticas bésicas y aplicadas, el que, ademas, deberia ofrecer servicios, y debia
contar con el sustento de la UNLP y del CONICET. Hacia fines de 1976 la entidad ya tenia designacion
-Centro de Investigaciones Opticas (CI0)- y hasta se proyectaba un edificio para alojarlo en la sede del
LEMIT en la localidad de Manuel B. Gonnet.

Las gestiones para este nuevo emprendimiento culminaron en setiembre de 1977 con la firma
de un convenio entre el CONICET, la UNLP y el LEMIT, dependiente del Ministerio de Obras Publicas de
la Provincia de Buenos Aires. Por entonces se mantuvo la denominacién de Centro de Investigaciones
Opticas y se pensé en utilizar sigla CIO para su identificaciéon. Esto cambié al intentar registrar dicha
sigla en el CONICET. El dia anterior a la presentacion de la propuesta, el Centro de Investigaciones
Oceénicas habia registrado CIO como su sigla identificatoria en el CONICET. Por ello, al Centro de
Investigaciones Opticas se lo identifica desde entonces con su sigla ClOp. Y aqui comienza la historia
que ahora ya lleva 30 afios.

El CIOp, constituido el 12 de septiembre de 1977, nacidé por el impulso y la tenacidad del Dr,
Mario Garavaglia, el Dr. Mario Gallardo y un pequefio grupo de jévenes investigadores y becarios que
se desempefiaban en el LEOL. En 1979, por Decreto N' 1476/79 del Poder Ejecutivo de la Provincia de
Buenos Aires, el LEMIT es transferido a la Comisién de Investigaciones Cientificas de la Provincia de
Buenos Aires (CIC). La CIC tomd entonces el lugar del LEMIT entre las instituciones que patrocinan al
CIOp. El 18 de noviembre de 1985, fue firmada por el CONICET, la UNLP y la CIC un acta de rescisién
del Convenio de Constitucion de Centros e Institutos, por la que el ClIOp pas6é a depender juridica,
organica y administrativamente de la CIC. El 2 de mayo de 1991, se firma entre el CONICET y la CIC un
nuevo Convenio de Colaboracion para el funcionamiento y desarrollo del instituto, pasando el CIOp, a
depender nuevamente de las dos instituciones. Esta situacion se mantiene en la actualidad. En estos
30 afios de trayectoria sus directores fueron Mario Garavaglia (1977-1992), Mario Gallardo (1992-
2004), Jorge Reyna Almandos (2004) y Jorge Tocho desde 2005.

Bl Centro de Investigaciones Opticas (CIOp) es un Instituto que desde hace 30 afios esta
dedicado a la investigacion cientifica y tecnolégica en el area de la Foténica, la Optica y las
Tecnologias de la Luz. Desde su creacién, los objetivos del ClOp son:



* Realizar investigacién cientifica, tecnolégica y desarrollos en el campo de la optica, el
laser, la foténica, las tecnologias de la luz y temas afines.

e Asesorar a entes publicos y privados de produccién de bienes y servicios, contribuyendo
a la transferencia de conocimientos, técnicas y metodologias.

e Contribuir a la formacién, perfeccionamiento y actualizaciéon de graduados universitarios,
profesores y técnicos.

 Difundir los resultados de su trabajo (publicaciones, congresos, reuniones cientificas,
medios masivos de difusién, etc.)

 Establecer relaciones con instituciones del pais y del exterior para organizar programas
de intercambio cientifico y/o tecnoldgico.

Los principales logros del Centro en sus primeros 30 afios de vida se resumen a continuacion:

e Los integrantes del CIOp han realizado mas de 600 publicaciones en revistas cientificas
con referato y mas de 350 presentaciones a Congresos nacionales e internacionales.

e En nuestro Centro han obtenido su titulo de Dr. en Fisica o Ingenieria 37 graduados y
més de 40 estudiantes han realizado su proyecto final profesional en Fisica e Ingenieria.
Se ha atendido la formacion de méas de 75 becarios de universidades nacionales y
extranjeras.

e H ClOp ha organizado de manera regular el dictado de 35 cursos de postgrado
contribuyendo a consolidar la formacién de mas de 1.000 participantes. Nuestros
investigadores han dictado méas de 50 cursos y seminarios en Universidades de Argentina
y el exterior.

e Se ha recibido la visita programada de méas de 130 investigadores extranjeros y se ha
participado en la organizacién de diversas Reuniones Cientificas a nivel nacional e
internacional.

e E CIOp ha brindado numerosos servicios tecnoldgicos de variada complejidad a
empresas e instituciones publicas del pais y del exterior.

e Méas de 30 convenios de cooperacion cientifica, tecnoldgica, intercambio de
investigadores, etc. han sido firmados con Universidades, Centros y otras instituciones
del pais y del exterior.

Brief Historic Outline

The National University of La Plata (UNLP) was founded in 1905, and within the academic scope
of his Founder, Dr. Joaquin V. Gonzalez, the Physics Institute was created. After an academically
reorganization into Faculties, the Physics Institute resulted in the Physics Department, under a clear
scientific orientation. Sixty years after this reorganization took place, the Laboratory of Spectroscopy,
Optics and Lasers (LEOL) was started.

LEOL initially consisted in three Sections: Optical Spectroscopy - of strong insertion since the
origins of the Physics Institute-, Laser Spectroscopy - originated in 1966 from a historical fact: the
Laser invention in 1960 - and Interferometry and Holography since 1969.

LEOL's activities were prompted by "the valuable support, thanks to grants or instruments and
material donations, from the following Institutions: Uppsala University (Sweden), Argentinean
Research Council (CONICET), Commission for Scientific Research from the State of Buenos Aires, and
the Organization of American States. The own budgets from the Physics Department definitely
sustained the building of experimental facilities as well as to satisfy the Librarian and technical
infrastructure”.

During 1974, metrological essays were developed to optically determine the quality of granite
tables. To this end, an interferential experiment was implemented in the Laboratory for Material
Essays and Technological Research (LEMIT). The results were presented in the Conference on Laser
Engineering and Applications, held at Washington, D.C. in May 1975.

This motivates the former LEMIT Director Ing. Luis Bonet, to suggest that the LEOL personnel,
along with part of their instruments be temporally moved to the LEMIT offices at Manuel B. Connet.
The aim was to accomplish further metrological experiences such as the building-glass quality
assessment, the feasibility for determining in-place verticality or horizontality using visible or IR laser
emissions, or introducing moiré techniques. The Faculty of Exact Sciences acknowledged this
agreement, allowing a fruitful activity besides opening possibilities to bring services like the ones to
the former Electrical Services (SECBA) to size small displacements of turbine foundation levers in 1975
or to the State Naval Shipyards and Industries (AFNE) to certify the alignment and parallelism of two
axis from the wheel machinery in a ship under construction in the shipyard in 1976.

In light of this situation, the LEMIT considered the chance to offer LEOL the formation of a basic
and applied optics research center, which should also have the commitment to bring metrological
assistance, and have the support from the UNLP and CONICET. By the end of 1976, this institute has a
name Centro de Investigaciones Opticas (CIO). The project included the use of a building in the LEMIT
premises at Manuel B. Connet.



The approaches to this new settlement ended in September 1977 with a signed agreement
among the CONICET, UNLP, and LEMIT. At that time, the denomination as Centro de Investigaciones
Opticas was kept, along using CIO for short. Although the situation changed when trying to register
such abbreviation at CONICET. The day before the Oceanic Research Center registered CIO as
identifying abbreviation. Due to this fact, the Centro de Investigaciones Opticas is nowadays identified
with ClOp. From here starts our present history, now reaching his 30 years.

The Centro de Investigaciones Opticas (CIOp) is a 30 year old Institute devoted to scientific and
technological research in the area of Photonics, Optics and Light Technologies.

It was created on September 12, 1977 by an official agreement between the Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), the Universidad Nacional de La Plata (UNLP) and the
Laboratorio de Ensayo de Materiales e Investigaciones Tecnologicas (LEMT). It was born due to the
effort of Dr. Mario Caravaglia, Dr. Mario Gallardo and small group of yaung researchers and fellows
belonging to the Laboratorio de Espectroscopia, Optica y Laser (LEOL) del Departamento de Fisica de
la Facultad de Ciencias Exactas de la UNLP, which was active since 1965. In 1979, LEMIT was
transferred to the Comision de Investigaciones Cientificas de la Provincia de Buenos Aires (CIC). Since
then, CIC is one of CIOp's state-government sponsoring institution.

In November 18, 1985, CONICET, UNLP and CIC agreed a new way for Center's management, by
which ClOp depended organically of CIC. After that, on May 2, 1991, CIC and CONICET signed a new
agreement by which CIOp depend on both granting institutions and which is the current
administrative status.

During these 30 years, the responsibility of the direction of the Center fell on Dr. Mario Caravaglia
(1977-1992), el Dr. Mario Gallardo (1992-2004), el Dr. Jorge Reyna Almandos (2004) y el Dr. Jorge
Tocho, from 2005.

Since its creation, the objectives of CIOp are:

- Conduct scientific and technological research in the area of Photonics, Optics, Lasers and
Light Technologies.

- Advisory of public and private Offices and Bureaus, contributing to the transfer of
knowledge, techniques and methods in the area of Optics and Lasers.

«  Publish its results in international journals and congresses.

- Contribute to the formation teachers, university graduates and technicians in Optics.

- Establish cooperative relations with national and foreign institutions to enhance scientific
and technological programs.

The main achievements of CIOP in its first 30 years are:

 More than 600 refereed publications in international journals together with more than
350 national and international congress presentations.

- 37candidates have received their Ph.D. degree in Physics or Engineering at our Center,
together with more than 40 students made their Final Project in the same disciplines.

- More than 75 fellowship-holders from national and foreign universities passed through
our laboratories.

* ClOp has regularly organized and lectured 35 postgraduate courses contributing to the
formation of more than 1000 participants.

- More than 135 foreign relevant scientific researchers visited the Center and have
participated in the organization of several international and local scientific meetings.

- More than 30 scientific cooperation agreements were signed with universities and
research centers worldwide.
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Lineas de trabajo actuales
Research Unes



Ablacion, limpieza y restauracion con laser

Responsable:
Integrantes:

Dr. Gabriel M. Bilmes

Dr. Daniel J. Orzi

Lie. Fernando Alvira

Est. Leandro Jofré

Alberto Orsetti (Restaurador, Director del drea de Restauracion de la Secretaria
de Cultura del Gobierno de la Ciudad de Bs.As.).

Temas de Investigacion:

Trabajos mas

Investigacion, desarrolloy servicios en el area de limpieza, restauracion, analisis de
superficies y caracterizacién de materiales, utilizando técnicas laser.

Limpieza por ablacion laser de suciedad superficial de objetos de valor
patrimonial (papeles antiguos, manuscritos, esculturas, piezas de vidrio, metal,
tela o cuero).

Caracterizacion de composicion elemental de materiales por medio de
Espectroscopia de Plasmas generados por Ablacion Laser (LIBS).

Desarrollo de métodos e instrumentos para aplicaciones industriales y control
de calidad de procesos basados en técnicas épticas y espectroscopicas,
fotoacusticasyde luminiscencia.

Dictado de cursos de especializacion en el tema Restauracion y limpieza con
laser, dirigido a restauradores, arquitectos, ingenieros, fisicos, artistas, etc.

relevantes:

e Seinventdy patent6 (AR 9906271. Argentina) un método para la Determinacion de
Suciedad en Superficies basado en ablacion laser y deteccidn acustica. Applied Physics B. 82,
643. (2006).

e Se invento, patent6 (P000101241 - Argentina y Patente 6.546.784 del 5-4-2003 al 15-4-
2021en EEUU), construy6 e instal6 en la Empresa SIDERAR - Ensenada (Bs.AS-Argentina) el
primer instrumento a nivel mundial que mide a tiempo real y en forma automética, la suciedad de
chapas de acero producidas por laminacion -ELMES 1: Equipo laser para medicién de suciedad
(Review of Progress jn Quantitative Nondestructive Evaluation.Vol. 20,1944. American Institute of
Physics, New York, . 2000. Surface Engineering Vol.18 N°1. 2002 y Latin American Applied
Research. Vol.32 N3 -263- 2002). Ver presentacion Flash

e Se inventoy patentd (Reg. 18/99 CUBA) un método para la limpieza de vidrios con laser.
(Léser cleaning of glassware by opposite incidence- lll International Conference on Lasers inthe
Conservation ofArtworks, Italia 1999).

e Se determinaron los umbrales de fluencia laser de dafio y se realizaron trabajos de
limpieza y eliminacién de manchas en papeles antiguos, libros y manuscritos. (Seminario
Iberoamericano sobre Procesamiento de Materiales con Laser, 1999).

« Se desarroll6 un método que utiliza procesamiento de iméagenes por computadora, para
analizar el grado de limpieza de una superficie, cuando esta es tratada por diversos
procedimientos, particularmente por técnicas laser (EFING 2000. La Habana-Cuba).

e Se determiné la composicién elemental de piezas arqueolégicas prehispanicas
encontradas en Argentina y Chile mediante la técnica LIBS. Proceedings of the
International Syposium on Optical Metrology 2005. International Society for Optical
Engineering (SPIE). 2005

« Se desarroll6 un método que permite conocer, en forma automaticay en linea de
produccion, lacomposicion cualitativa y cuantitativa de la suciedad superficial presente
en chapas producidas industrialmente. Applied Spectroscopy 58, 7028 (2004)

= Se esta estudiando mediante latécnica LIBS, la presencia de trazas de Magnesio y
Estroncio en dientes de hominidos, para su empleo como posible indicador alimentario y
evolutivo.

Colaboracion con otras Instituciones y grupos de Investigacion:

Laboratorio de Electrénica Cuantica- Depto. Fisica- FCEYN-UBA. Argentina.
Laboratorio de Tecnologia Laser- Universidad de la Habana-Cuba.
Secretaria de Cultura del Gobierno de la Ciudad de Bs.As.

Centro de Investigacion Industrial -FUDETEC. Argentina.

Empresa SIDERAR de Argentina
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Equipamiento disponible:

Laseres de Nd-YAG pulsados (1064 nm, 532 nm, 355 nm, 266nm).

Microscopio.

Espectrémetros con cAmaras CCD.

Espectrofotémetros 200-900 nm.

Osciloscopios digitales (300 y 150 MHz).

Sistemas de procesamientos de datos y andlisis éptico y acustico del proceso de
limpieza.

e Archivo actualizado de antecedentes, trabajos, e imagenes relativas al uso de
laser en limpiezay restauraciony temas afines.

Ablation, clearing and restoration with lasers

Lines ofresearch:

Research, development and services in clearing, restoration and analisis of surfaces and
characterization of materials using laser techniques.

Laser ablation clearing ofsurface dirt in material of cultural value (antique manuscripts,
scultures glassware, leatherand fabric)

Elemental composition caracterization of materials using Laser Induced breakdown
spectroscopy (LIBS).

Development of methods and instruments for industrial applications and quality control
using optical, photoacoustics and luminiscence spectroscopies.

Lecturing on restoration and laser cleaning for architects, engineers, artists and
physicists.

Most relevant works:

= Invention and patenting (AR 9906271. Argentina) of a method for determining
surface dirt base don laser ablation and acoustic detection Applied Physics B. 82, 643.
(2006).

< Invention, patenting (P000101241- Argentina y Patente 6.546.784 de 15-4-2003
al 15-4-2021en EEUU), construction and installation at SIDERAR site- Ensenada (Bs.AS-
Argentina)- the first worldwide instrument capable of measuring steel-rolls surface dirt
automatically and in real time. -ELMES 1: Equipo laser para medicion de suciedad (Review
of Progress in Quantitative Nondestructive Evaluation. Vol. 20,1944. American Institute
of Physics, New York, . 2000. Surface Engineering Vol. 18 N'l. 2002 y Latin American
Applied Research. Vol.32 N3 -263- 2002).

- Invention and patenting ( Reg. 18/99 CUBA) of a method for glassware laser
clearing. (Laser cleaning ofglassware by opposite incidence- Il International Conference
on Lasers in the Conservation ofArtworks, Italia 1999).

- Determination of laser fluence damage threshold and cleaning ofantique papers
booksand manuscripts. (Seminario Iberoamericano sobre Procesamiento de Materiales
con Laser, 1999).

« Development of a method based computer image processing for laser assisted
surface-cleaning degree analysis (EFING 2000. La Habana-Cuba).

- Determination of elemental composition of prehispanic objects found in
Argentina and Chile using LIBS. Proceedings of the International Syposium on Optical
Metrology 2005. International Society for Optical Engineering (SPIE). 2005

« Development of an automatic, in-line method for qualitativeand quantitative
determination ofsurface dirtin industrial rolls. Applied Spectroscopy 58, 7028 (2004)

e We are Currently studying the presence of Mg and Sr traces in hominid teeth
using LIBS.
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Colaboration with other institutions and Research Croups:

Equipment:

Quantum Electronics Lab- Depto. Fisica- FCEYN-UBA. Argentina.
Laser Technology Lab- Universidad de la Habana-Cuba.
Secretaria de Cultura del Gobierno de la Ciudad de Bs.As.
Industrial research Center -FUDETEC. Argentina.

SIDERAR, Argentina

Pulsed Nd-YAG Lasers (1064 nm, 532 nm, 355 nm, 266nm).

Microscope.

Spectrometers with CCD cameras.

Spectrophotometer 200-900 nm.

Digital oscilloscopes (300 and 150 Mhz).

Optical and acoustical detectors for laser clearing data processing

Updated file of previous Works and images related with laser use for clearing
and restoration.
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Contaminantes atmosféricos

Responsable: Dr. Jorge O. Tocho

Integrantes:

Dr. Daniel Schinca
Ing. Fabian Videla

Temas de investigacién:

Determinacién de contaminantes atmosféricos gaseosos y particulados por métodos
opticos.

Trabajos més relevantes:

Medicién de S02, NO2 en emisiones industriales con técnicas 6ptias no-
dispersivas.

Medicién de ozono estratosférico con absorcién diferencial no-dispersiva.

Medicion de S02, NO2 y ozono con en columna abierta en ambiente urbano utilizando
espectroscopia de absorcion diferencial (DOAS).

Medicién de NO2 en columna troposférica con DOAS multiaxial.

Equipamiento disponible:

Modelo de chimenea industrial con calentamiento y tomas de medicion central de
gases calibrados EPA.

Interferometro infrarrojo con transformada de Fourier, resolucién maxima 0,125
cm-1.

Espectrégrafos de 25 cm de focal.

Espectrografo multicanal.

Medidor no-dispersivo de gases.

Equipo de absorcion optica diferencial (DOAS) para determinacion de S02, N0O2 y
ozono en ambientes urbanos.

Atmospheric gas pollutants

Research lines:

Most relevant works:

Equipment:

Determination of gaseous atmospheric pollutants and particulate matter using optical
methods.

Determination ofS02, NO2 in industrial emissions with non-dispersive optical
techniques.

Measurementof stratospheric ozone concentration by non-dispersive optical
techniques.

Measurement of open column S02, NO2 and ozone in urban environment using
differential absorption spectroscopy (DOAS).

Measurement oftroposphric column NO2 with multiaxial DOAS.

Industrial chimney lab cell withgas inlets and outlets and crossed optical paths.
Fourier transform IR spectrophotometer, 0.125 cm-1 max resolution

25 cm focal length spectrograph.

Multichannel spectrograph.

Non-dispersive optival gas detector.

Differential optical absorption equipment (DOAS) for urban air S02, NO2 and
ozone determination.
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Espectroscopia Atomica

Responsable: Dr.Jorge Reyna Almandos
Integrantes: Dr. Mario Gallardo.

Dr. Fausto Bredice.

Dr. Monica Ranieri.

Temas de Investigacion:

Espectroscopia atémica de gases nobles mediana y altamente ionizados en las regiones
UV-VIS-IR.

Andlisis de los espectros obtenidos en el marco de las regularidades propias de la
estructura atémica tales como secuencias isoelectrénicas, isonucleares y homologas.
Utilizacion de programas de calculo tipo Hartree-Fock y de diagonalizacién de matrices de
energia para la determinacion de niveles de energia, probabilidades de transicion, vidas
medias y otros parametros caracteristicos.

Espectroscopia temporal de plasmas generados por pulsos laser (LIBS-OES).
Determinacion de temperaturas, densidades electrénicas, coeficientes de autoabsorcion
y caracterizacion del plasma mediante perturbaciones a campos eléctricos externos.
Aplicaciones tecnolégicas de laespectroscopia Optica. Analisis de la radiacién emitida por
fuentes de iluminacion.

Trabajos mas relevantes:

Analisis de los espectros realizados (Referenciados por el NIST (National Institute for
Standard and Technologies, EE. UU.)

e Xell, lil, IV, V, VI, Vil, VI

e Krll, I, IV, V, VI, Vil, VIlI

e Arlll, IV, V, V, Vil,

e Nel,lil, IV

Colaboracién con otras Instituciones y grupos de Investigacion:

Grupo de Espectroscopia, Universidad de Lund, Suecia

Grupo de Fotofisica, CCADET, Universidad Nacional Auténoma de México.
= Applied Laser Spectroscopy Laboratory, Istituto per i Processi
Chimico-Fisici (IPCF) CNR, Pisa, Italia

Laboratorio de Plasmay Espectroscopia Atémica, Universidad Federal
Fluminense, Niteroi, Brasil

IFAS, UNCPBA, Tandil

Facultad de Ciencias Exactas y Naturales, UNMdP

Instituto de Fisica de Rosario (IFIR)

Equipamiento disponible:

« 2espectrografos (UV-VIS-IR) montaje Ebert de 3,4 m de distancia focal con
deteccion fotograficay en tiempo real mediante arreglos de diodos.

1 espectrografo (V.U.V.) de incidencia normal de 3 m de distancia focal.
lespectrografo (V.U.V) de incidencia rasante, de 3 m de distancia focal.
Monocromador (UV-UV-IR) de 0,5 m de distancia focal equipado con cAmara CCD.
Equipos de alto vacio y fuentes de alta tension.

Microdensitémetrojarrell Ash.

Atomic Spectroscopy

Research Lines:

Atomic spectroscopy of medium and highly ionized noble gases in the UV-VIS-IR region.
Isoelectronic, isonuclear and homolog atomic sequences spectra analisis.

Hartree-Fock and energy matrix diagonalization codes for energy level, transition
probabilities and mean-life determination.
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Time resolved spectroscopy of laser produced plasmas (LIBS-OES). Determination of
electron temperatures, densities, self-absorption coefficients and plasma
characterization through electric field perturbation.

Technological applications of optical spectroscopy. Illumination sources spectroscopic
analysis.

Most relevant works:

Analisis de los espectros realizados (Referenced by NIST (National Institute for Standard
and Technologies, USA.)

- Xell, I, 1V, Vv, VI, Vil, VIl

e Kri, I, IV, V, Vi, Vil, VIl

e Arlll, IV, V, W, Vil,

< Nell, I, IV

Collaboration with other institutions and research groups:

- Lund University Spectroscopy Croup, Sweden.

-  Photophysics Group, CCADET, Universidad Nacional Auténoma de México.

« Applied Laser Spectroscopy Laboratory, Istituto per iProcessi Chimico-Fisici
(IPCF) CNR, Pisa, Italia

< Atomicspectroscopy and plasma Lab Universidad Federal Fluminense, Niteroi,
Brasil

- IFAS, UNCPBA, Tandil

- Facultad de Ciencias Exactas y Naturales, UNMdP

e Instituto de Fisica de Rosario (IFIR)

Equipment:

e 2 UV-VIS-IR Ebert mount 3,4 m focal length spectrographs with photographic and
diode array detection.

1V.U. V. normal incidence 3 m focal length spectrograph.

I V.U. V. grazing incidence 3 m focal length spectrograph.

1UV-VIS-IR 0,5 m focal length monochromator with CCD.

High vacuum pumps and lines. High voltage sources.

MicrodensitometerJarrell Ash.
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Fenomenos dindmicos mediante técnicas de biospeckle

Responsables: Dr. Héctor Rabal
Dr. Marcelo Trivi
Integrantes: Lie. Ricardo Arizaga
Lie Beatriz Ruiz
Lie. Nelly Cap
Ing. Eduardo Grumel
Ing. Hernan Sendra
Lie. Paula Faccia

Temas de investigacion:

Desarrollo de modelos numéricos para caracterizaciéon de speckle dinamico
Desarrollo de métodos de medida de actividad Optica utilizando speckle
Estudio de procesos biolégicos e industriales mediante técnicas de speckle

Colaboracion con otras Instituciones y grupos de Investigacion:

Facultad Ingenieria U.N. Mar del Plata
Facultad Ciencias Exactas y Veterinaria U.N. Centro (Tandil)
Grupo Laser U. Salta.

IFIR, U.N. Rosario.

INTA.

INTI.

Universidad Federal de Lavras (Brasil).

U. San Pablo (Brasil).

UdeAntioquia (Colombia).

Pontificia Universidad Catélica de Pert (Per().
Istituto Nazionale di Ottica Applicata (Italia).
Instituto Politécnico ISPJAE (Cuba).

Equipamiento disponible:

Mesa antivibratoria "Newport RC"

2 Léaseres de He-Ne de 10 mW c/u "Melles Griot"

Componentes Opticos varios de precision (divisores, polarizadores, espejos,
lentes, etc.)

Procesador de imagenes "Imaging Technology" serie 151.

Procesador de imagenes "Matrox Pulsar.

Posicionador piezoeléctrico de alta precisién con consola de comando "New
Focus" Modelo OpticClaw.

Video Printer "Sony".

2 Cé&maras CCD de video "Pulnix 765".

Study of dynamic processes by biospeckle techniques

Research Lines:

Numerical model development for dynamic speckle characterization.
Development of optical activity measurement methods using speckle.
Study of biological and industrial processes using speckle techniques.

Collaboration with other institutions and research groups:

Facultad Ingenieria U.N. Mar del Plata

Facultad Ciencias Exactas y Veterinaria U.N. Centro (Tandil)
Grupo Laser,Universidad de Salta, Argentina

IFIR, Universidad Nacional de Rosario, Argentina.
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. INTA.

INTI.

Universidad Federal de Lavras (Brasil).
University ofSan Pablo (Brasil).

Antioquia University (Colombia).

Pontificia Universidad Catoélica de Perd (Perq).
Istituto Nazionale di Ottica Applicata (Italia).
ISPJAE(Cuba)

Equipment:

- Antivibration table "NewportRC"

2 He-Ne lasers, IOmW "MellesGriot"

Precision optical components (polarizers, beam splitters, mirrors, lenses, etc.)
Image processor “"Imaging Technology”serie 151.

Image processor Matrox' Pulsar.

High precision piezo positioner "New Focus" Model Optic Claw.

Video Printer "Sony".

2 video CCD cameras "Pulnix 765".
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Fotofisica de moléculas en solucién y sistemas de interés bioldgico

Responsable: Dr. Gabriel M. Bilmes
Integrantes: Lic. Mariana Mesaros
Ing. Anibal Laquidara

Temas de investigacion:

Estudio de procesos fotofisicos y fotoquimicos de moléculas en solucion, utilizando
laseres como fuentes de excitacion y técnicas fotoacusticas, espectroscépicas y de
luminiscencia para su caracterizacion y analisis.

Identificacion de mecanismos de conversion de energia a estados transientes (tripletes,
fotoisomeros, etc.); caracterizacion de procesos de absorcién y emision de radiacion,
emision estimulada, absorcién de estados excitados y procesos multifotonicos.
Desarrollo e implementacion de técnicas laser de alta resolucion y sensibilidad
(fotoacustica inducida por léser, fotoacustica resuelta en tiempo, fluorescencia y
absorcién inducida por laser) para larealizacién de los estudios propuestos.

Estudio de procesos de cavitacion en plantas mediante deteccién acustica.

Colaboracién con otras Instituciones y grupos de Investigacion:

e Max-Planck I. fur Strahlenchemie, Milheim a.d. Ruhr, Alemania (Prof. S.E.
Braslavsky).

Universidad de Parma, Italia, Depto. de Fisica (Prof. C. Viappiani).

Universidad de Santander, Bucaramanga, Colombia (Prof. Orlando Haya).
CIHIDECAR-CONICET, Q. Organica, FCEyN-UBA Argentina (Prof. R.Erra-Balsells).
INIFTA- UNLP-La Plata, Argentina(Dr. Daniel Martire).

INQIMAE- FCEyN-UBA (Dr. Pedro Aramendia).

Facultad de Agronomia y Agroindustrias, UNSE, Argentina ( Dr. Claudio
Borsarelli).

e IFEVA Facultad de Agronomia-UBA.

Equipamiento disponible:

Laseres de Nd-YAG pulsados (1064 nm, 532 nm, 355 nm, 266 nm) y OPO.
Laser CW Argén, laser de colorantes continuo.
Sistemas para mediciones fotoacuUsticas (celdas, montajes, detectores,
procesamiento).

e Sistema de deteccion de oxigeno singlete.

Photophysics of molecules in solution and biological systems.

Research Lines:

Photophysical and photchemistry processes of molecules in solution using laser based
spectroscopic techniques.

Identification of the mechanisms for transient status energy conversion (triplets,
photoisomers, etc.); characterization of absorption and emision processes , excited
stateabsorption and multiphotonic processes.

Development of high resolution high sensitivity laser techniques (laser induced
photoacoustics, time resolved photoacoustics, laser induced fluorescente and
absorption)

Study of cavitation processes in plants through acoustic detection.

Collaboration with other institutions and research groups:

e Max-Planck I. fur Strahlenchemie, Mulheim a.d. Ruhr, Alemania (Prof. S.E.
Braslavsky).
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Equipment:

Universidad de Parma, Italia, Depto. de Fisica (Prof. C. Viappiani).

Universidad de Santander, Bucaramanga, Colombia (Prof. Orlando Haya).
CIHIDECAR-CONICET, Q. Organica, FCEyN-UBA Argentina (Prof. R. Erra-Balsells).
INIFTA- UNLP-La Piata, Argentina (Dr. Daniel Martire).

INQIMAE- FCEyN-UBA (Dr. Pedro Aramendia).

Facultad de Agronomia y Agroindustrias, UNSE, Argentina ( Dr. Claudio
Borsarelli).

IFEVA Facultad de Agronomia- UBA.

Pulsed Nd-YAG lasers (1064 nm, 532 nm, 355 nm, 266 nm)and OPO.
CWArgon laser, CWdye laser.

Systems for photoacoustic measurements.

Detection systems for singlet oxygen.
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Materiales optoelectrénicos

Responsable: Dr. Jorge O. Tocho

Integrantes: Dra. Lucia Scaffardi
Dr. Daniel Schinca
Dr. Gustavo Torchia

Temas de investigacion:

Absorcidn de estado excitado en KCI: Eu

Estudios de transiciones de fase en sélidos amorfos y en polimeros.

Resolucidn de sitios cristalinos en niobato de litio dopado con cromo y zinc.
Determinacién del rendimiento cuantico de fluorescencia en cristales dopados con cromo
Caracterizacion de microguias de luz en niobato de litio fabricadas con laseres de fs.
Estudio del guiado de luz por arreglo 2D de microguias fabricadas con laseres de fs.

Colaboracidén con otras Instituciones y grupos de Investigacion:

Servicio Laser, Dto de Fisica, Facultad de Ciencias Exactas, Universidad de
Salamanca, Espafia.

Grupo Fisica de Materiales, Dto de Fisica, Universidad Auténoma de Madrid,
Espafia.

Laboratorio de Materiales Ceramicos, FCElyA, IFIR, Universidad Nacional de
Rosario, Argentina

Equipamiento disponible:

Laser de neodimio Q-switch, 10 ns, 750 mj, con generadores de 2da., 3ra. y 4ta.
Arménica.

Generador paramétrico OPO, 400 2500 nm.

Laser de Argon, 5W.

Laser de colorante continuo.

Espectrégrafo de 25 cm de focal.

Espectrdgrafo multicanal.

Espectrofotémetro 200-1100 nm.

Espectrografo infrarrojo por Transformada de Fourier 1 15 pm
Fotodiodos - Fotomultiplicadores.

Contador de fotones.

Amplificador Boxear.

Amplificador Lock-in.

Osciloscopio digital 300 Mhz.

Céamara CCD intensificada con gate temporal.

Criostato para nitrégeno liquido.

Optoelectronic materials

Research Lines:

Laser, optical and photoacoustic spectroscopy of optoelectronic crystals.

Photophysics ofrare-earth doped alkali-halide crystals.

Photophysics of microstructured light waveguides generated by ultrashort laser
pulses. Application to Integrated Optics.

Study ofsolid state sensors based on multilayered structures

Most relevant works:

KCI:Eu excited state absorption

Phase transitions inamorphous solids and polymers.

Site résolution in lithium niobate doped with Cr andZn.
Determination offluorescente quantum yield in Cr doped crystals
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KCI: Eu excited state absorption

Phase transitions in amorphous solids and polymers.

Site resolution in lithium niobate doped with Cr andzn.
Determination offluorescente quantum yield in Cr doped crystals.

Collaboration with other institutions and research groups:

Equipment:

Servicio Laser, Dto de Fisica, Facultad de Ciencias Exactas, Universidad de
Salamanca, Espafia.

Grupo Fisica de Materiales, Dto de Fisica, Universidad Autonoma de Madrid,
Esparia.

Laboratorio de Materiales Ceramicos, FCEIyA, IFIR, Universidad Nacional de
Rosario, Argentina

Nd-YAG laser, Q-switch, 10 ns, 750 mj, with 2nd., 3rd. and4th. harmonic.
Optical parametricgenerator OPO, 400 2500 nm.
Argon laser, 5 W.

CW tunable dye laser.

25 cm focal length spectrograph.

Multichannel spectrograph.

UV-Vis-NIR spectrophotometer200-1100 nm.
Fourier Transform IR spectrophotometer, 1 15pm
Photodiodes, photomultipliers.

Photon-counter.

Boxcar.
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Metrologia para las comunicaciones 6pticas

Responsable: Dr. Ricardo Duchowicz

Integrantes:

Dra. Nélida Russo

Dr. Christian Cuadrado Laborde
Ing. Sergio Noriega

Ing. Pablo Costanzo Caso

Sr. Augusto Mantesa (colaborador)
Sr. Claudio Lambert

Sr. Emanuel Paulucci

Temas de investigacion:

Estudios de procesos fotofisicos en fibras dopadas.

Analisis y desarrollo de amplificadores épticos de fibras.

Estudio, modelado tedrico y desarrollo de laseres de fibra Optica.

Analisis de la propagacion de pulsos luminosos en medios guiados. Estudios de
procesos lineales y no lineales.

Desarrollo de dispositivos sensores por fibras opticas.

Disefio y aplicacién de redes de Bragg en fibra dptica.

Disefio e implementacion de técnicas e instrumental para analisis de componentes
opticos utilizados en sistemas de fibras.

Colaboracidn con otras Instituciones y grupos de Investigacion:

Dep. de Fisica Aplicada, Universidad de Valencia, Espafa; Dr. Miguel Andrés.
e Laboratorio de Léser, Facultad de Ingenieria, Universidad Nacional de Mar del
Plata; Ing. Gustavo Arenas.
e Facultad de Ingenieria y Ciencias Exactas, Universidad Argentina de la Empresa
(UADE), Buenos Aires; Dr. Enrigue Sicre.

Equipamiento principal:

* Analizador de Fibra Optica (OTDR), marca Ando.

* Monocromador marca CVI Digikrom, de 0,48 m de distancia focal y 0.03 nm de
resolucion.

e Osciloscopio Digital Marca Hewlett & Packard, de 500 MHz, 2 Gsample/sec.

« Medidor de potencia 6ptica Wander & Goltermann, OMS-200, de 800 a 1600 nm,
rango dinamico: +1 3a 110 dBmy precision de +-2%, trazable al PTB.

e Medidor de potencia Optica piroeléctrico, marca Laser Probe, rango espectral de
250 a2000nm y precision de +-1 «, trazable al NIST.

= Empalmadora de fibras 6pticas, marca Ericsson.

e Laser sintonizable, marca Photonetics. Rango espectral: 1480 1550nm.

* Fuentes laser estabilizadas en potencia, con emisiéon en 1550 nm y 1310 nm,
marca Ando.

e Laseres de He-Ne.

= Fotodetectores para diferentes regiones espectrales.

« Mesa antivibratoria marca Melles Griot.

e Modulos laser de semiconductor de emision continua en 980 nm.

Optic Communication Metrology

Research Lines:

Study ofphotophysial processes in doped fibers.

Andlisis and development ofoptical fiber amplifiers.

Theoretical modeling and development of optical fiber lasers.

Propagation ofoptical pulses in guided media. Study of linear and non-linear processes..
Development of optical fiber sensors..

Design and application of Bragg gratings in optical fibers.

Development of techniques and instruments for optical component analysis in optical
fiber systems.
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Collaboration with other institutions and research groups:

Equipment:

Dep. de FisicaAplicada, Universidad de Valencia, Espafia; Dr. Miguel Andrés.
Laboratorio de Laser, Facultad de Ingenieria, Universidad Nacional de Mar del
Plata; Ing. Gustavo Arenas.

Facultad de Ingenieria y Ciencias Exactas, Universidad Argentina de la Empresa
(UADE), Buenos Aires; Dr. Enrique Sicre.

Optical fiber analyzer (OTDR), Ando.

CVI Digikrom Monocromator , 0.48 m focal length and 0.03 nm resolution.
Digital Osciloscope Flewlett & Packard, 500 MFlz, 2 Gsample/sec.

Power meter Wander & Goltermann, OMS-200, 800 to 7600 nm, dynamic range:
+13to 110dBm and +-2%, precision, traceable to PTB.

Pyroelectric power meter, Laser Probe, 250 to 2000nm, +- 7%, precision NIST
traceable.

Optical fiber splicer, Ericsson.

Tuneable laser, Photonetics, 7480 to 7550nm.

Power-stabilized laser sources, for lasers at 7550 nm and 1310 nm, Ando.

He-Ne lasers.

Photodetectors forseveral spectral regions.

Antivibration table, Melles Griot.

Semiconductor laser modules CW@ 980 nm.
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Procesamiento opto-digital de la informacion:
cristales fotorrefractivos, holografia dindmica, speckle

Responsable: Dr. Néstor Bolognini
Integrantes: Dr. Roberto Torroba

Dra. Myrian Tebaldi

Dr. Alberto Lencina

Lie. Beatriz N.Ruiz

Lie. Gustavo Forte (colaborador)

Ms. Dafne Amaya Roboayo

Ing. Fis. Edward Fabian Mosso

Temas de investigacion:

Desarrollo de técnicas de holografia dinamica.

Implementacion de correladores dpticos para el reconocimiento de imagenes mediante el

registro hologréafico de volumen en un medio fotorrefractivo.
Implementacion de correladores conjuntos completamente digitales.

Desarrollo de métodos para validacion, encriptacién y codificacion de informacién

mediante técnicas de procesamiento digital de iméagenes.
Arreglos dpticos de encriptacion multiple utilizando cristales fotorrefractivos.

Disefio de nuevas méscaras de fase aleatorias para utilizarlas en el campo de la

encriptacién y/o validacion de lainformacion paragenerarjerarquias de acceso.

Estudio del registro de distribuciones de speckle en medios de registro volumétricos

(cristales fotorrefractivos).

Estudio de filtros holograficos fijados en cristales ferroeléctricos.
Caracterizacion de materiales mediante técnicas de speckle con luz blanca.
Desarrollo de VOIS (Virtual Optics Imaging Systems).

Estudio y aplicaciones de procesadores acromaticos.

Estudio de distribuciones de cluster de speckle.

Momento angular de la luz.

Colaboracién con otras Instituciones y grupos de Investigacién:

Universidad EAFIT, Medellin (Colombia)
Universidad de Antioquia, Medellin (Colombia)
Fundagéo Visconde de Cairu (Brasil)

Universidad Autonoma de Madrid, Madrid (Espafia)
Universidad Jaime |, Castellon (Espafia)

Equipamiento disponible:

Mesas antivibratorias.

Laser Nd YAG CW 532 nm, 150 mW; He-Ne, 30 mWw.

Laseres de He-Ne.

Cristales fotorrefractivos tipo selenitas (BSO, BGO, BTO) y ferroeléctricos
(LiNb03).

Moduladores espaciales de luz.

Opto-digital information processing: photorefractive crystals, dynamic
holography and speckle

Research Lines:

Development ofdynamic holography techniques.

Optical correlators for image recognition through volume holography in photorefractive

media.

All-digitaljoint transform correlators.
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Development of methods for validation, encryption and information coding using digital
image processing techniques

Multiplexed encryption optical arrays using photorefractive crystals.

New random phase masks for encryption/validation of information for access hierarchy
generation.

Speckle distributions recordings in volume media (photorefractive crystals). Holographic
filters in ferroelectric crystals.

Material characterization through white light speckle.

Development of VOIS (Virtual Optics Imaging Systems).

Acromatic optical processors.

Speckel cluster distributions studies.

Optical angular moment.

Collaboration with other institutions and research groups:

Equipment:

Universidad EAFIT, Medellin (Colombia)
Universidad de Antioquia, Medellin (Colombia)
Fundando Visconde de Cairu (Brasil)

Universidad Auténoma de Madrid, Madrid (Espafia)
UniversidadJaime I, Castelldn (Espafia)

Antivibration tables.

Nd YAC CWlaser @ 532 nm, 150 mW; He-Ne, 30 mW.

He-Ne Lasers.

Selenite - type photorefractive crystals (BSO, BCO, BTO)y ferroelectric (LiNb03).
- Lightspacial modulators.
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Propagacion de la luz y formacién de imagenes
a través de medios turbios y turbulentos

Responsable: Dr. Mario Garavaglia

Integrantes:

Dra. Lia M. Zerbino (Co-Director)
Dr. Luciano J. Zunino

Ing. Anibal P. Laquidara

Ing. Eduardo C. Cortizo

Ing. José A. Bava

Ing. Rubén Freccero

Arqg. Alexander Rodriguez

Sr. Pablo F. Meilan

Colaboradores: Prof. Diego Palazzesi

Srta. Paula Bergero
Sr. Héctor Rioja Roldan

Temas de investigacién:

Propagacion y formaciéon de imégenes a través de medios con indices de refraccion
estructurados, como son los medios anisotropos, los medios GRIN (Graded Index of
refraction), las fibras Opticas, etc.

Perturbaciones sobre la estructura modal de un haz laser debidas a la propagacién en una
atmoésfera turbulenta a nivel de laboratorio.

Desviaciones estadisticas de la propagaciéon de un haz laser provocadas por las
perturbaciones atmosféricas en experimentos a nivel de laboratorio y a nivel de campo.
Desviaciones estadisticas de la formacién de una autoimagen de una grilla provocadas
por las perturbaciones atmosféricas a nivel de laboratorio.

Transmision de un haz laser a través de medios turbios.

Formacion de imagenes a través de medios turbios y turbulentos por microscopia de
barrido laser confocal.

Colaboracién con otras Instituciones y grupos de Investigacién:

e Se encontré que el indice de refraccion del aire tiene un comportamiento
Browniano fraccionario.
Se explicé laformacién de autoimagenes mediante el formalismo Feynman.
Se encontr6é un método para medir la lacunaridad de una estructura fractal por
difraccion.

e Mediante la introduccion de una técnica interferencia! microscépica se
determinaron variaciones morfoldgicas de células vivas.

« Se lograron determinar las variaciones topogréaficas del pie humano durante la
pisada por iluminacién estructurada.

* Se establecieron las bases para la formacién de moiré mediante grillas ocultas o
implicitas y se realizdé una ampliacion a la medicion de distancias.

Equipamiento disponible:

e Laseres visible e infrarrojo.
Banco 6ptico y mesa Optica completos.

« Detectores, camaras fotograficas, videocamaras, camaras CCD.
Computadoras decalculoyde simulacion

Light propagation and imaging through turbid media

Research Lines:

Propagation and imaging through structured refractive index media (Graded Index of
refraction, optical fibers, etc.)

Perturbations of the modal structure of a laser beam due to propagation through
turbulentatmosphere.

Statistical deviations in the propagation of a laser beam due to atmospheric
perturbations in the lab
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Most relevant works:

Equipment:

Statistical deviations in selfimaging ofa grid due toatmospheric perturbations at the lab.
Transmission ofa laser beam through turbid media.
Image formation through turbulent media by confocal laser scanning microscopy.

[twas found that air refractive index has a fractinary Brownian behaviour.

The formation ofselfimages was explained through the Feynman formalism.

A method was found to measure the lacunarityofa diffraction fractal structure.
Living cells morflogical variations were determined using a microscopic
interferential technique.

Topographic variations of a human foot were determined using structured
illumination.

Moiré formation through hidden gratings.

Visible and IR lasers.

Optical bench and antivibration table.
Detectors, cameras, videocameras, CCD.
PC for simulations.
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Scattering optico

Responsables: Dra. Lucia B. Scaffardi
Dr. Jorge O. Tocho

Integrantes: Dr. Daniel Schinca
Ing. Fabian Videla

Temas de investigacion:

Medicion de radios medios y distribucién de tamafios de material nanoparticulado en
soluciéon mediante scattering 6ptico angular.

Desarrollo y aplicacion de espectroscopias de backscattering y de scattering a bajo
angulo para caracterizacion de nanoparticulas dieléctricas.

Estudio de propiedades épticas de nanoparticulas metélicas por espectroscopia de
extincién

Trabajos mas relevantes:

Medicién de ladistribucion de tamafos de particulas dieléctricas en solucién por
espectroscopia de backscattering en el visible y cercano infrarrojo.

Estudio de la influencia de los electrones libres en el espectro de extincién de
particulas metélicas nanométricas.

Estudio de la dependencia de la funcion dieléctrica con los electrones ligados
para particulas metéalicas subnanométricas.

Medicion de distribuciones de tamafio y composicién de aerosoles atmosféricos
(en curso).

Medicion de radio medio de particulas nanométricas semiconductoras (en curso).

Colaboracion con otras Instituciones y grupos de Investigacion:

Servicio Laser, Dto de Fisica, Facultad de Ciencias Exactas, Universidad de

Salamanca, Espafia.

Grupo Fisica de Materiales, Dto de Fisica, Universidad Autonoma de Madrid,
Espafia.

Grupo del Laboratorio de Materiales Ceramicos, FCElyA, IFIR, Universidad
Nacional de Rosario. Argentina

Equipamiento disponible:

Optical Scattering

Research Lines:

Equipo de scattering angular.

Opacimetro.

Contador de particulas micrométricas.

Particulas patron calibradas EPA.

Nanoparticulas metélicas Standard de oro.

Espectrofotémetro UV-Visible de doble haz con barrido de alta velocidad,
computarizado, marcaShimadzu, modelo UV-1 650PC

Mean radius measurement and size distribution of nanoparticles in solution using
angular scattering.

Development and application of backscattering spectroscopy and low-angle scattering
for sizing dielectric nanoparticles.

Optical properties of metal nanoparticles using extinction spectroscopy.

29



Most relevant works:

Measurement of size distribution of dielectric microparticles in solution using
Vis-NIR backscattering spectroscopy.

Study of the influence of free electrons in the extinction spectrum of metal
nanoparticles.

Study of the dependence of the dielectric function on bound electrons for
subnanometric metal particles.

Size distribution and composition ofatmospheric aerosols (in due course).

Mean radius measurementof semiconductor nanometrica particles (in due
course).

Collaboration with other institutions and research groups:

Equipment:

Servicio Laser, Dto de Fisica, Facultad de Ciencias Exactas, Universidad de
Salamanca, Espafia.

Grupo Fisica de Materiales, Dto de Fisica, Universidad Autonoma de Madrid,
Espafia.

Grupo del Laboratorio de Materiales Ceramicos, FCEIyA, IFIR, Universidad
Nacional de Rosario, Argentina

Angular scattering system

Opacimeter

Particle counter.

EPA calibrated particles

Standard gold manoparticles.

UV-Visible-NIR spectrophotometer, Shimadzu, UV-1650PC
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Seleccion
de trabajos

Espectroscopia atomica y aplicaciones
Fibras Opticas
Fisica del laser y aplicaciones

Optica fisica y aplicada



Espectroscopia Atomica

Desde de lacreacién del CIOPen 1977 las primeras Investigaciones en espectroscopia
laser y espontanea se centraron en el estudio del nitrégeno molecular y en gases nobles. H
laser de N2 fue utilizado como una intensa fuente de radiacion ultravioleta (337.1 nm) y
permitia el estudio temporal y en frecuencia de sus bandas en el cercano infrarrojo. La
investigacion mas importante se llevd a cabo empleando un laser de nitrégeno molecular
pulsado y refrigerado a temperatura de aire liquido conjuntamente con espectrografos de alta
resolucion los cuales podian transformarse en monocromadores a través de la deteccion por
fotomultiplicadores.

Por otra parte, utilizando Xe como medio activo, el laser fue empleado como
generador de emision estimulada en la zona del azul-verde, y el mismo laser pero sin los
espejos, como fuente espectral por emitir espectros de iones del Xe muy ricos en lineas
espectrales. La investigacién en Xe muestra como un uso apropiado de las técnicas
espectroscopicas puede resolver problemas y contribuir a generar nuevos trabajos en el
mismo tema.. Como en la metodologia de trabajo el analisis de la radiacion espontanea es
sistematico, el estudio de los espectros dio como resultado la deteccion de alrededor de 2000
lineas espectrales que no se correlacionaban con ninguna de las tabuladas en las bibliografias
existentes, yen algunos casos, las lineas laser tenian asignacion ionica desconocida.

Trabajos posteriores consistieron en el analisis de datos obtenidos de una fuente
spectral donde un banco de capacitores se descarga mediante una “llave rapida”a través del
tubo que contiene éste gas noble, como también Ne, Ar y Kr a baja presion. La radiacién
generada de este modo es registrada por un espectrégrafo de alta resolucion. Los espectros
asi obtenidos son medidos en el comparador fotoeléctrico de la Facultad de Ciencias
Astrondmicas y Geofisicas de la Universidad Nacional de La Plata (UNLP).

Ademas de estos trabajos se deben también mencionar aquellos orientados al
estudio de los parametros de las descargas, a la obtencion de espectros de distintis gases
nobles mediana y altamente ionizados mediante la variacion de la energia de excitacion, la
asignacioén ibnica de las transiciones, la construccion de tablas espectrales. H analisis
espectral se encuentra sustentado mediante calculos teéricos de diagonalizacion de matrices
de energia para la determinacion de los parametros atémicos, que permiten una mejor
interpretacion de los resultados experimentales.

Desde 1984 el ClOp cuenta con un espectrégrafo para trabajar en la zona del
ultravioleta de vacio del espectro electromagnético, el cual fue donado por la Universidad de
Lund, Suecia, con lacual se mantiene una fuerte relacion cientifica en espectroscopia atémica
desde hace varios afios. Este instrumento permitio que el ClIOp comenzara el estudio de gases
nobles ionizados en la regién del VUV, de especial interés en astrofisica y fisica de laser.
Ademas de este instrumento, el CIOp posee dos espectrégrafos que cubren el UV, visible, IR e
IR cercano del espectro electromagnético. Uno de ellos, Shimazdu, pertenece a la Universidad
Nacional de La Platay el otro, Hilger Watts a la Universidad Nacional de Cérdoba, Argentina.
Otro espectrografo Hilger Watts perteneciente a la Universidad Nacional de Tucuman,
Argentina, fue transferido al ClIOp mediante un acuerdo. Todo este equipamiento permite por
medio de registros fotograficos, el estudio de una amplia zona del espectro electromagnético
desde los 30 hasta los 1200 nm aproximadamente. Mediante deteccion electrénica, la zona
puede ser ampliada hasta longitudes de onde de varios micrones. Actualmente se utilizan
arreglos lineales de diodos y camaras CCD.

Recientemente otro tipo de técnica denominada LIBS (L&ser Induced Breakdown
Spectroscopy) fue incorporada a nuestro grupo. Este método involucra laseres de alta
potencia que son focalizados sobre un blanco sélido o gaseoso produciendo un plasma
ionizado. Estos espectros son registrados por un monocromador con una camara ICCD la cual
permite registrar laevolucion temporal de las lineas espectrales.

Cabe mencionar que todos estos trabajos brevemente descriptos dieron lugar a una
docena de tésis doctorales y un nimero importante de tésis de licenciatura. Por otra parte
mantenemos estrechas relaciones institucionales con otros grupos que trabajan en temas
similares en nuestro pais y en el exterior, especialmente con los grupos de plasma vy
espectroscopia Optica de las Universidades de Tandil, Rosario y Mar del Plata, Argentina, y las
Universidades de Lund, Suecia, Universidad de Campifias y Universidad Federal Fluminense,
Brasil. Esto incluye el intercambio de material cientifico, viajes y estadias de estudiantes e
investigadores para la realizacion de trabajos, cursosy ladifusdn de los resultados obtenidos.

Finalmente, los datos producidos en nuestro grupo sobre argon fueron reportados
por el NIST, USAy tres compilaciones sobre gases nobles, KryXe, fueron también publicados
por el NISTJ. Phys. Chem Ref. Data 20, 859-91 5, 1991 iJ. Phys. Chem Ref. Data 24,1 577-1608,
1995); J. Phys. Chem Ref. Data 33, 765-921, 2004) y
http://physics.nist.gov/PhysRefData/ASD/index.html)
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Atomic: Spectroscopy

When CIOp was created in 1977, investigations of spontaneous spectroscopy and
laser were centered on studies of molecular nitrogen and noble gases. The N2 laser was used
as an intense source of ultraviolet emission (337,1 nm) and had possibilities for the study in
time and frequency of its radiation in the bands of the near infrared. The main research was
carried out with a pulsed molecular nitrogen laser refrigerated at liquid air temperature,
employing already known technologies but with the support of a high resolution spectrograph
having the possibility of being converted into a monochromator with detection by means of
lead sulfide detectors, photomultipliers, oscilloscopes, etc.

Besides using Xe as a basis, the laser was employed as generator of stimulated
emission in the blue-green zone and the tube as light source, generating rich-in-lines spectra of
the first ions of the gas. Our research on Xe laser shows how a proper employment of
spectroscopic techniques can solve problems and contribute to generate new research works
in the same subject. As in our methodology the analysis of spontaneous radiation was
systematic, the study of the measurements gave as a result the detection of about 2000
spectral lines that did not correlate with the existent bibliography and in some cases, showed
the correspondence with laser lines having unknown assignments.

Later work consisted of the analysis of data obtained from an spectral source, where a
capacitor bank discharged by "quick switches" through a tube containing this noble gas or
others like Ne, Ar, Kr at low pressure. The radiation generates in this way is received at the
plate holder of a great-dispersion spectrograph. The obtained records are measured by
comparison with that of thorium 232, in the photoelectric comparator at the Facultad de
Ciencias Astronémicas y Geofisicas de la Universidad Nacional de La Plata (UNLP)., and final
data are managed by proper methods to reach the determination of the atomic structure of
studied spectra.

Among this general sequence of works, we must also mention those oriented to the
study of the discharge parameters, the attainment ofspectra by varying the excitation energy
of the discharge to be able to assign the ionization state of each transition and to prepare
spectroscopy tables. The employment of theoretical calculations programs for the
diagonalization ofenergy matrices and for the attainment ofother type ofatomic parameters,
which allows a better interpretation ofexperimental results, were also used.

Since 1984, the CIOp has had a spectrograph for working in the vacuum ultraviolet
zone of the electromagnetic spectrum, donated by Lund Universitet, Sweden, with which we
have maintained a strong scientific relationship on atomic spectroscopy subjects since several
years. This instrument has allowed the CIOp to begin the study on ionized noble gases in the
V.U. V. zone, which is ofinterestin astrophysics subjects and in V. U. V. and X-ray lasers.

Appartfrom this instrument, the ClOp has two spectrographs to cover the U. V. visible
and near IR zones of the electromagnetic spectrum. One of them, a Shimadzu, belongs to the
Universidad Nacional de La Plata, and another one, Hilger Watts, that belongs to the
Universidad Nacional de Cérdoba, Argentina. Another Hilger Watts instrument belonging to
the Universidad Nacional de Tucuman, Argentina, was transferred to ClOp, through an
agreement like the previous ones,.

All this equipment allows studies on a wide zone of the electromagnetic spectrum by
photographic means, from 30 to 1200 nm approximately. Employing electronic detection, the
zone can be widened up to wavelengths of several microns. Lately, new detection techniques
including linear diode arrays, modern monocromators and CCD cameras, have been used.

Recently, another kind of techniques was performed in our group, the Laser Induced

Breakdown Spectroscopy (LIBS). This process involves high-power laser beam focused onto a
sample surface or gas producing a ionized plasma and excited elemental components. These
spectra are recording in a monochromator with an ICCD camera wich allows to record the
temporal evolution of the spectra lines.
It is worth mentioning that all these works briefly described here have resulted in dozen of
doctoral theses, some in course at present, and an important number of pregraduate theses.
Furthermore we maintain close interinstitutional relations with other groups working on
similar subjects, in our country and abroad, especially with the groups of plasma and optical
spectroscopy in the universities of Tandil, Rosario, and Mar del Plata, Argentina; and the
University of Lund, Sweden, the University of Campinas, and the Universidad Federal
Fluminense, Rio de Janeiro, Brazil. These include the interchange of scientific material, trips
and visits of scientists and students for courses and/orjoint works, and the publication of the
results in specializedjournals.

Finally, data produced in our group aboutArgon were reported by the NIST, USA, and three
compilations about noble gases were also published by the NIST, including the Krypton
material J. Phys. Chem Ref. Data 20, 859-915, 1991;J. Phys. Chem Ref. Data 24, 1577-1608,
1995 recently the Xenon data in J. Phys. Chem Ref. Data 33, 765-921, 2004 and also in
http://physics.nist.gov/PhysRefData/ASD/index.html)
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Abstract

The spectrum of six times ionized krypton (Kr VII) has been observed in the
430-1000 Awavelength range and 23 lines have been identified as transitions
between levels of the 4s2, AsAd. Ap2 and AsAp configurations. For 13 of the
lines the classification is new. Revised values are proposed for three levels
while for the rest the uncertainty in the existing level values has been
considerably decreased.

The results are supported by isoelectronic comparisons along the Zn 1
isoelectronic sequence. The configurations are interpreted by fitting the
theoretical energy expressions to the observed energy levels using least-
squares techniques. The parameter values are compared with results from
Hartree-Fock calculations.

1. Introduction

The Kr6 ion belongs to the Zn | isoelectronic sequence. The
knowledge of the spectra in this sequence with the exception
of the Zn| spectrum was for a long time limited [1]. A small
number of levels were reported for Gall-BrVI [1], but for
KrVIl and more highly ionized ions, no information was
available. For Zn | the analysis presented in Atomic Energy
Levels [1] has been extended [2-4], and a few levels of Gall
[5] were added by Denne et al. Recently Isberg and Litzen
revised and extended the analysis of Ga |l [6]. The analyses of
SeV and BrVI have also been extended [7, 8]. For more
highly ionized ions the 4s-4p resonance transition of
RbVI1II-M o X1l and RuXV-Dy XXXV II was observed by
Reader and Acquista [9, 10]. Litzen and Ando reported the
4s-4p transitions including intercombination lines in ZrXI,
NbXIl and Mo X111 [11]. Observations of the K rV |1 spectrum
were reported by Fawcett et al. using a zeta-pinch [17].
Several reports on observations of KrV 1l spectra using the
beam-foil technique [13-16] have appeared. The Zn | isoelec-
tronic sequence has been studied theoretically in a number of
papers [17-20].

The present work concems the study of the 4r, 4s4d, 4p2
and 4s4p configurations in KrVII.

The revival of the interest in data on the Zn | isoelectronic
sequence is due to observations of impurity-lines from highly
ionized heavy ions with few valence electrons in high tem-
perature plasmas [21, 27]. Such lines have been used for
diagnostic purposes. The resonance transition 4s* ,S0-4s4p P,
has been observed for a large range of z values in the Zn |
isoelectronic sequence [9, 23].

* Permanent address: UNICAMP,
13100 Campifias SP, Brasil.

* Permanent address: Centro de Investigaciones Opticas (CIOp), La Plata.
Argentina.
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2. Experimental arrangements

The light source used in the present work is a theta-pinch
discharge built at Lund Institute of Technology [24],

The spectra were recorded using a 3m normal-incidence
spectrograph equipped with a 1200 lines/mm grating blazed
for 1380A. The plate factor in the first diffraction order is
2.77 Amm-1.

To distinguish between different stages of ionization, a
number of experimental parameters, i.e., gas pressure, dis-
charge voltage and number of discharges, were varied. A well
developed KrV I spectrum was obtained with the following
parameters: 4mTorr, 13kV and 800 discharges.

The spectra were exposed on Kodak SWR plates and lines
from C IIl, N 1ll, O lll, Kr 1l and Kr |11 were used as internal
standards. The plates were measured with a semi-automatic
comparator with a photoelectric setting device [25]. For sharp
lines the settings are reproducible to within + 0.5pm. Third
order interpolation formulas, together with correction curves,
were employed to reduce the comparator settings to
wavelength values. The accuracy of the wavelength values is
estimated to be #0.0LA

3. Analysis

The KrVII lines observed in the present work are given in
Table 1,13 of them being without previous classification. The
intensity figures given in the table are based on visual estimates.

The energy levels derived from the observed lines are given
in Table 1l, and the general structure of the term system is
shown in Fig. 1 When establishing the energy levels, we were
guided by isoelectronic comparisons taking into account Zn |
[, Gall [6], Gelll [1, AslV [1], SeV [7] and BrVI [7, 8].

When performing the analysis we also used theoretical
predictions of the structures of the configurations. The
predictions were obtained by diagonalizing the energy matrices
with appropriately scaled Hartree-Fock (HF) values for the
energy parameters. For this purpose the computer code
developed by Cowan [26] was used. A comparison with the
level system given by Pinnington et al. [16] shows that eight
of their levels values have been confirmed, although the
accuracy has been considerably improved. However, for
three levels we propose new identifications as discussed
below.

For the level 4s4p yv0 we propose the new value
117389cm-1. The level is established from a line at 617.18 A,
classified as the4s4p FB4p2\P, transition. This position is in
reasonable agreement with the value predicted by Curtis [20].

For the level 4j4rfZ>, we propose a new value at
349973cm'1 The level is determined by a line at 558.22 A
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Transitions Within the n = 4 Complex of Kr VIII Obtainedfrom a Theta-Pinch Light Source

Table 1. Identified lines of Kr VII
a(cm J
Intensity (A) Obs. Calc Combination
15 434.140* 230340.4 22.0 4s4p P, -4s4d yD2
8 435.018 229875.5 8.3 3Pi- D,
20 445.309 224 563.2 2 V 2- 3D}
8 446.700 223 863.9 8 3Pi- 3D>
3 447.606 223410.8 20.1 3Pi- *>,
25 479.264 208 653.3 3 Pi- i
4 556.855 179580.0 18 Pi- D>
4 558.221 179 140.5 381 ‘pi- i
15 585.361 170834.8 5.0 4s2'S0-4s4p 'I>
30 594.899 168095.8 4 4s4p yPt- 4p2V,
30 617.189 162024.9 9 3P0- Pi
40 618.664 161 638.6 7.2 Pi- Pj
4 626.486 159620.5 .0 3>,- ‘2>,
30 627.668 159319.9 N Pi-~ Pi
30 645.847 154835.4 6.9 Pi- 3P0
5 652.905 153161.6 .8 1P2- >,
50 654.189 152861.0 5 Pi- i
9 832.682 120093.9 4.8 4p 'S0-4s4p *P,
5 852.120 117 354.4 5.2 4s4p 4p2
60 918.446 108 879.6 8 Pi- Di
5 920.983 108 579.6 5 'Pi- vV,
5 960.638 104097.5 6.7 i o

* Asymmetric line.

classified as the 4s4p 'Pt-4s4d D { transition. This identifi-
cation is confirmed by the lines at 435.01 A and 447.60A
corresponding to the 4s4p 3P x4s4d 3> and 4s4p P 2~4s4d iD]
transitions. This new level value is in agreement with the
theoretically predicted value by Ivanova et al. [19].

For the level 42 'D2we propose the value 279 714cm™],
determined by a line at 918.45 A and dlassified as the 4s4p 'P, -
4p2 1D 2 transition. The identification is confirmed by a line at
626.48 A classified as 4s4p 3 1—4p2 ID2and a line at 652.90 A
classified as 4s4p P2-4p2'D2. This new level value fits well
with the graphic prediction that can be made from the work
by Litzen and Ando [11]. The calculated eigenvector compo-
sition shows that this level is strongly mixed with the level
4ir 2. In thework by Ivanova et al. [19] the two designations
are interchanged but we prefer to maintain the old designation.

Table Il. Energy levels of Kr VII

Energy Obs.-Calc
Designation (cm'l) (cm-") Percentage* composition
4P 'S0 0.0 98
4s4p 3»0 117 389.6 9 100
Pi 120094.8 13 100
Pi 126553.0 3 100
'Pi 170835.0 0 100
y vo 274931.7 0 98
Pi 2794145 0 100
i 288 190.2 1 72p21P + lip2'D + 4sd>D
'Di 279 714.8 1 62p2'D + TiplV + 1lsd 'Z
4s4d D, 349973.1 2 100
£, 350416.8 4 100
A3 351 116.2 1 100
'Di 379488.3b 0 85sd'D + 15p2'D

* Percentages lower than 4% are omitted. The average LS purities of the 4.p,
AsAd and 4ftl configurations are 91% and for 4s4p 90%.
b This level was determined by one line only.
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Fig. 1. The gross structure of the lower part of the KrVIII energy level
system.

Table I11. Energy parametersfor the 4s4p configuration of Kr VII
HF value Fitted value*
Parameter (cm-1) (cm-1) Fit.HF
117277 135244 1.153
G'(4s, 4p) 93 240 70442 0.755
ab> 5256 6105 1.161

* The rms deviation of the fit is 17cm™ 1for 4 observed levels.

Table IV. Energy parameters for the 4sl, 4s4d, 4pr, 4s5s and 4d2 configur-
ations of Kr VII

HF value Fitted value*
Configuration Parameter (cm-1) (cm™") Fit/HF
4P £v 0 9269
4s4d tav 330775 354121 1.071
G2(4s, 4d) 54420 34635 0.636
<, 406 458 1.128
4P2 £v 260760 292271 1121
F2(4p, 4p) 70181 68692 0.979
& 5241 6138 1171
4j5j ” 419161 419 161(fix) 1.000
G°(4s, 5s) 3203 3203(fix) 1.000
4d2 677283 677 283(fix) 1.000
F2(4d, 4d) 57 766 57 766(fix) 1.000
F*(4d, 4d) 38999 38 999(fix) 1.000
425 425(fix) 1.000
Configuration interaction integrals
4P-4P2 RI(4s4s, 4p4p) 93147 93 147(fix) 1.000
4s2-4d2 R2(4s4s, 4d4d) 56228 56 228(fix) 1.000
4s4d~4p2 R}(4s4d, 4p4p) 81966 73052 0.891
4s4d-4d2 IP(4j4</, 4d4d) 54 838 54838(fix) 1.000
4pl-4s5s R* (4p4p. 4s5s) -5944 —b5 944({fix) 1.000
4P2-Ad2 R'(4p4p, 4d4d) 76105 76 105(fix) 1.000
Ry(4p4p, 4d4d) 47659 47 659(fix) 1.000
4sSs-4d2 R2(4s5s. 4d4d) 12341 -12 341(fix) 1.000

* The rms deviation of the fit is 5cm 1for 9 observed levels.
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This is in accordance with our theoretical prediction and with
the graphic extrapolation along the isoelectronic sequence
shown in the work of Litzen and Ando [11].

4. Theoretical interpretation

The level structure was theoretically interpreted by a least-
squares fit of the energy parameters to the experimental level
values. The computer code by Cowan [26] was used (Tables 111
and 1V). In the calculation for the even parity configurations,
i.e., 4s2 4s4r/and 4p 2, configuration interaction was included.
The experimentally unknown 455j and 4d 2were also included
in the theoretical calculation. The configuration interaction
parameters were kept fixed at their Hartree-Fock (HF) values.
However, due to the strong interaction between the terms
4p2 3D and 4s4d *2 [17] the configuration interaction par-
ameter R\4s4d, 4p4p) was free to vary. This reduced the
mean error of the least-squares fit from 56cm"'* to 5cm

The odd parity 4s4p configuration was interpreted without
inclusion of configuration interactions, the reason being
that the only experimentally known levels belong to this
configuration.
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Abstract

The spectrum of doubly ionized xenon has been investigated. The study is
based on photographic recordings of xenon spectra in the 490-8900 A range.
The number of classified lines has been increased from about 300 to about
1400. The lines have been classified as transitions between 73 even levels
belonging to the 5s2Sp4, S~"Sp”6p, 4/, 5/ and 5r°5/>6 configurations, and 83
odd levels belonging to the 5sSps, 5s15r*6s, 7s, 5d and 6d configurations. In
particular, the classifications include most of the Xe Il laser lines. The
experimentally observed level structures are compared with the results of
Hartree-Fock calculations and least-squares fits. A comparison is also made
between the results of the present analysis and the published data on the
Xe N4.00 Auger spectrum.

1. Introduction

The doubly ionized xenon atom, Xe2+ (Z = 54), is isoelec-
tronic with neutral tellurium. The ground configuration in
this sequence is 5*5pA Although there has been a great
demand, eg., from laser and collision physics, for improved
data on the Xe |11 spectrum and energy level system for many
years, very little work has been reported since the 1930’s when
Boyce [1], Humphreys [2] and Humphreyset al. [3] undertook
extensive studies of the spectrum. A fewreports have appeared
treating the lower levels of the spectrum [4-6] and the
5/5/7%6“So level [7, §].

A large number of strong xenon laser lines were reported
some 20years ago [9]. Primarily due to the work of the group
in La Plata, the laser lines were classified as originating in
doubly and trebly ionized xenon, but no further classifica-
tions were possible due to the lack of relevant spectroscopic
data.

In the present investigation we have recorded xenon
spectra photographically in the 490-6900A range. When
analysing the vast amount of experimental data we have
made extensive use of Hartree-Fock calculations and para-
metric fits. Configuration-interaction (Cl) effects, including
Rydberg series Cl, have been included in the calculations.
The configurations studied are 5s1Sp*, SsSp5, 5*°5pb, 5s15pi 6p,
6s, 7s, 5d, 6d and 4/. The lowest term of the 5/configuration
has also been located. The number of classified lines has been
increased from about 3001to, in all, 1400. These lines originate
from transitions between 73 even- and 83 odd-parity levels.
As a consequence of the present analysis it has been possible
to classify the majority of the laser lines ascribed to Xe Ill.

The extended analysis of the Xe Ill spectrum also has
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some consequences for the interpretation of the Auger spec-
trum following ionization in the 4d subshell of neutral xenon.

2. Experimental

The vacuum-ultraviolet part of the spectrum was recorded in
Lund. Two different light sources were used: a direct-current
hollow-cathode discharge [10] and a theta-pinch discharge
[11]. The hollow-cathode source gives a Xe |1l spectrum
of better quality as regards resolution and obtainable
wavelength accuracy, while the theta-pinch exposures were of
great value in the determination of the ionization stages
of the observed lines. The spectrum was photographed
on a 3m normal-incidence spectrograph with a plate factor of
2.77 Alramin the first diffraction order [12]. The wavelength
range above 2000A was recorded on a 3.4m Ebert plane-
grating spectrograph in La Plata. This instrument has a plate
factor of 5SA/MMin the first diffraction order. The results of
the wavelength measurements in air have been discussed
previously [13]. The spectrum was excited in a laser-tube-like
source (without end-mirrors) about 1m in length and with an
inner diameter of 3mm. The tube has inner electrodes and
was viewed end-on [14].

The wavelengths and intensities of all classified Xe 111 lines
are given in Table I. In the long-wavelength end of the
spectrum, outside the range covered by the present recording,
a few lines have been included from an unpublished xenon
line-list by Humphreys [15]. The quality of the recorded
spectra does not permit very accurate wavelength determina-
tion. Most lines are fairly wide. The overall wavelength
accuracy is estimated to be 0.05 A in the air region and 0.02A
in the vacuum-ultraviolet wavelength region.

The intensity figures are visual estimates of photographic
density, and are on a uniform scale only within limited
wavelength ranges. For the lines quoted from Humphreys’
list the intensities are on a completely different scale.

All the experimentally established Xe 111 levelsaregiven in
Tables Il and Ill. The level values were determined by a
least-squares procedure in which the appropriately weighted
wave numbers of the identified lines were used as input. All
level designations are in LS notation. In most cases the names
given to the levels were taken from least-squares fits of the
theoretical energy expressions to the experimentally observed
level values. In general, the calculated purities of the states
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Fig. 1. Gross structure of the observed Xe Ill configurations. Broken lines
indicate that not all levels of the configuration have been located.

(Tables 11 and I11I) are low, showing that the coupling con-
ditions in the configurations investigated are intermediate.

3. Analysis

When performing the analysis of the experimental data we
were guided by theoretical predictions of the level structures.
Such predictions were obtained by diagonalization of the
appropriate energy matrices, including Cl matrix elements.
The radial parts of the matrix elements were determined in
Hartree-Fock calculations. Approximate scaling factors
were determined from comparisons with calculations for
similar structures. Figure 1 shows the relative positions and
extensions of the configurations studied. The levels in 5s25p*,
5s5p5 and 5sP5p6 were known from earlier investigations,
though the designation of one level, 5s5ps X X has been
revised. The 5s15pinl configurations can be considered as
being built on the ground configuration of Xe IV, 55?503,
with the addition of an outer electron. The parent configur-
ation gives three terms, namely .S, 2 and 2». Almost all
levels of the 5s25pi6p, 6s and 5 configurations have been
experimentally established or verified in this work. In the 4/
configuration, five of the levels based on the 2P parent term are
missing and in the 5s25p*7s and  configurations only levels
based on the4s and D parent terms have been located. In the
5/configuration, only the levels belonging to the lowest term,
CS)¥F, have been located with certainty.

Figure 1 shows that there is severe overlapping of con-
figurations of the same parity. This leads to heavy mixing of
states belonging to different configurations, even if the matrix
elements connecting the states are small. Such mixing occurs
between ss and 5d, 75 and «d and between sp and 4/ states.

3.1 Even configurations

When interpreting the observed energy-level structure of the
even-parity configurations, the total energy matrix for the
5s25p4 + 5si25p3(6p + 4 + 5f) + 5s5p*5d - 5j°5p6 con-
figurations was diagonalized. The calculated energy-level
values were fitted to the observed ones by least-squares fits in
which some of the energy parameters were treated as free
parameters (Tables IV and V).
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As is evident from Fig. 1, there are large energy separ-
ations between the levels of the ground configuration and the
excited configurations. In cases like this, it is customary to
diagonalize the energy matrix and to perform a least-squares
fit for the ground configuration separately. However, it was
found that a least-squares fit to the levels of the ground
configuration, omitting the effective configuration-interaction
parameter a, gives a large discrepancy between the observed
and the calculated positions of the 5s? 5p* 'D 2level. The radial
integral in the CI matrix element between the s and s°p6
configurations is very large (~ 67000cm-1). A simple per-
turbation calculation indicates that this interaction gives rise
to a large shift (~ 8000cm-1) of the “So level of the ground
configuration. In a similar way, it was found that the interac-
tion between the ground configuration and a ““pure’ 5s5p45d
configuration gives rise to large shifts (~ 4000cm- 1) of the
and ID levels, but not to the 'solevel. Evidently, large specific
level shifts may occur from these interactions between distant
configurations. It was also found that the 5s°5p6 'So state
interacts strongly with the 'So state of the 5s5p45d configur-
ation and a substantial mixing of these two states occurs.

In the light of the above discussion we decided to include
the ground configuration and the high-lying 5s5p45d con-
figuration in the energy matrix of the even configurations.
Cl effects between all the configurations were taken into
account. In particular, it was found that the large specific
deviation of the p4 02 level was removed in this way, even
with the configuration interaction parameters fixed at their
HF values. As none of the levels belonging to the 5s5p45d
configuration has been established experimentally, the energy
parameters of this configuration were held fixed at their HF
values during the fitting process (except the F2(5p, 5p)
integral which was scaled to 0.8 times the HF value.)

The level structure of the 5s?5p*6p and 4/configurations is
given in Fig. 2. The positions of the observed levels of the
lowest term of the 5/configuration are also indicated. It turns
out that 4/is almost as low a configuration as sp. This reflects
the fact that Xe |11 is close to the lanthanides and & is no
longer hydrogenic. All levels are given in L S notation. Gener-
ally the designations given represent the largest contribution
to the eigenvector. However, for many levels the purities are
very low, the largest component amounting to only about
30% in some cases. In one case we have used the second
largest eigenvector component to name the level. Thus theL S
designations often have very little physical significance.

3.2. 0dd configurations

The odd-parity configurations were also interpreted by
means of energy matrix diagonalizations and parametric
least-squares fits to the energy levels. The energy matrix
included the 5s5ps + 5s25pi(6s + 7s + 5d + 6d) configur-
ations (Tables V1 and VII).

The detailed structure ofthe 5s5ps and the 5s25p3(5d + 6s)
configurations is shown in Fig. 3. The experimentally estab-
lished part of the 5s25pi (6d + 7s) configurations is shown in
Fig. 4. As can be seen from the figures, there are a number of
fortuitous coincidences between 6s and 5d levels, and between
7s and s d levels causing severe mixing of the corresponding
states.

All levels are given in LS notation, but, as for the even-
parity levels, the designations often have very little physical
significance because of the severe mixing of states with



Fig. 2. Structure of the 5s*5py(6p + 4/) configurations of Xe Ill. The
position of the lowest 5/'term is also indicated. 6p levels are indicated by fully

different L and s values. To avoid duplication of labels it
has sometimes been necessary to use the second largest or
even the third largest eigenvector component to name the
level.

There is also strong mixing between 5s5ps and 5s*5p*5d
states. Primarily this mixing is not caused by close level
coincidences, but rather by large matrix elements connecting
the states. The mixing is most pronounced for the singlets. In
fact, there is no level having 5s5ps IP as its largest eigenvector
component. On the other hand, there are five levels having a
substantial 5s5ps IP contribution to their eigenvectors. As
will be discussed below, this mixing has some consequences

43

Spectrum of Doubly lonized Xenon (Xe I11) 349

drawn lines, 4/"levels by dashed and 5/levels by broken lines with dots in the
centre. All levels are given in the LS coupling scheme.

for the Auger spectrum following ionization of an inner 4d
electron.

A general observation regarding p*d configurations seens
to be that the 35 term of the lowest d configuration is predic-
ted far below its observed position. In the 4py4 d configuration
of Kr Il [16], Rb IV [17], Sr V [18], and Y VI [19] the dis-
crepancy is of the order of 3000cm- 1 The discrepancy is also
present in lighter elements, for instance in the 2py?d con-
figuration of Ne Il [20]. It was shown in Refs [17] and [18]
that, to a large extent, the discrepancy in the 4py\d configur-
ations of SrV and Rb IV could be accounted for by the
introduction of Rydberg-series configuration interactions, in
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Fig. 3. Structure of the 5s5ps + 5r5p*(5d + 6r) configurations of Xe IlI.
5p5levels are indicated by broken lines with dots in the centre, 6r levels by
dashed and 5d by fully drawn lines. AH levels are given in the LS coupling
scheme.

particular the4d & interaction, in the theoretical predic-
tions of the level structure.

In Xe Il the deviation between the observed and the
calculated positions of the 5pi5d3Si level is 700cm-1, even
when using fitted values of the energy parameters. When
introducing the Rydbergseries configuration interaction the

Fig. 4. Structure of the 5s*5py(6d + 7s) configurations of Xe IlIl. Only
levels based on the *Sand ~D parent terms are experimentally established and
indicated in the figure. 6d levels are indicated by fully drawn lines and 7s
levels by dashed lines. All levels are given in the LS coupling scheme.
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deviation decreasesto 170cm . At the same time the overall
mean error of the fit decreases by approximately 20%. The
5d <» 6d R3Cl integral could not be treated as an adjustable
parameter at the same time as theR' and R2Cl integrals. The
R3 integral was therefore optimized in a series of separate
calculations and kept fixed in the final calculation.

In general there is good agreement between the gj factors
determined in the least-square fit and those obtained exper-
imentally by Humphreys et al. [3] (Table VI). We have no
reasonable explanation for the small observed gj factors of
thetwoJ = 1llevels at 133234 and 138 145cm"L

4. Discussion

Recently, much effort has been devoted to the construction of
VUV lasers. One recently observed [21] VUV laser transition
is the transition at 1089A in Xe2+ connecting the odd level at
119026cm-1 above the ground state, and the even-parity
5s?5p6 IS0 state at 210857cm-1. The lower state, previously
designated as 5s5ps IP t, is considered to decay rapidly to the
ground state while the upper state can be populated by Auger
processes.

As already pointed out, there is considerable mixing
between the 5s5p5and the 5s*5p35d states, and in the present
analysis the lower level has been designated 5s25p3(*D)5d 'P x.
The purity of the state is only 44% and the 5s5ps 'P, contri-
bution is 28%. The 5s5ps ‘P, state is mixed into a number of
different 5d states and this opens many different decay modes
for the upper 5s°5p6 IS0 state. This fact probably has to be
taken into account when discussing the possible efficiency of
the laser action of this particular transition.

The present analysis, in particular as regards the mixing
between the 5s5ps and the 525p35d states, also has conse-
quences for the intrepretation of the Auger spectrum of
xenon following the ionization of a 4d electron, the N450 0
spectrum (Fig. 5). The spectrum shown was recorded by
Werme et al. [22], but has also been extensively studied by
Southworth et al. [23], and Aksela et al. [24].

The spectrum consists of lines corresponding to the Xe2+
ion being left in different final states. There are two lines
possible for each final state, corresponding to the fine struc-
ture of the initial hole in the 4d shell. One group of strong
lines corresponds to the ion being left in the 5s254configur-
ation, another group to the 5s5ps final states and a third
group corresponds to the ion being left with an empty 5s
shell, i.e., the configuration 5s°5ph. The additional strong
lines are satellites and are mainly caused by final-state con-
figuration interaction, i.e., in the terminology of the present
study, by the mixing between the 5s5ps and the Ss”/r*Si/iand
possibly 6j) states.

A detailed comparison between the Auger data and the
present optical data is given in Table V1lI. The energy of the
Sir5p4 2ground level is set to zero. The agreement in rela-
tive energies is very good; the deviation never exceeding the
estimated uncertainties in the Auger values (« 0.05eV). The
largest discrepancy is found for the (P)6j ‘R, level. However,
the identification of this state in the Auger spectrum is
tentative as it is based on a single line. Moreover, this line is
doubly classified. It can also be seen that those 5i/levels which
have a significant 5s5ps contribution to the eigenvector give
rise to strong satellite lines in the Auger spectrum.

The new classifications for the Xe2+ laser lines are sum-



Fig. 5. Xenon No 0 0 Auger spectrum, from Ref. [22] (with permission from
the authors).

marized in Table IX. The laser data are taken from the
compilation by Beck etal. [9]. Table IX includes all laser lines
ascribed with certainty or with some doubt to Xe2+. Only
very few lines remain unclassified. We have also included a
laser line at 3349A, which, with a question mark, has been
ascribed to Xe3+, but in the present analysis has been classi-
fied as a Xe2+ line.

Based on a revised analysis and isoelectronic comparisons,
Gallardo et al. [5] determined the value of 250400 *
300cm-1 (31.05 £ 0.04eV) for the ionization energy of
Xe2+. Their value, which was about 9000cm- lower than the
previously accepted value [25], is in fairly good agreement
with the later value by Dutil and Marmet [26]. Using electron-
impact ionization of xenon they arrived at the value of
31.24 £ O.I0eV. The present analysis does not indicate any
need for revising the value of the ionization energy.
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Table I. Observed spectral lines of Xe 111. Wavelengths in air
are givenfor lines with X > 2000 A. The intensityfigures are
visual estimatesfrom the photographic density ofthe lines. An
intensity figure in parenthesis indicates that the experimental
datafor the line stem from the unpublished wavelength list of
Dr Humphreys. The calculated wavenumbers have been
obtained from the level values given in Tables Il and Il by
means o f the Ritz combination principle. Only that part o f the
calculated wavenumber which differsfrom the observedisgiven.
Level designations are given in LS notation

acm)
Intensity* 2(A) obs calc Classification

@ H 8869.40 11271.62 23 (*S)6d 3Z-CS)SF 2
(%) 8369.9 11944.3 363 cpw D3(D)6d 'Ge
M h 8241.1 12131.0 8 cpw 'D2-(D)7s D2
@ h 8239.3 121336 35 (*96d H2-Cpw 32
(20) h 8047.28 1242314 55 (DW 'Gs-CDW 'g4
(100) h, b 8038.26 12437.08 5l csw F4-CS)6d D3
G b 8020.07 12465.29 492 (*S)ed D2-CS)Sf *F,

@ 7902.9 12650.1 4992 CS)4/ F2~(*S)ed D}
21) 7790.5 12832.6 39 (5)6d H2-Cpw H3
10) s 12854.7 503 CSW F¥2-CS)6d &

(20) h 7589.40 13172.65 312 cpw iD2-(D)6p P2
m H 7483.2 13359.6 60.20 CP)5d 'Pi-CDW i

(5 Hw 73530 135%.1 710 cgw 'FH~CD)6d ‘D2
(100 h 731115 13673.97 A7 CS)7s F2-CPW P
(100 Hw 71273 14026.7 768 Q@w IHi-(D)ed 3A
(2000 H 6949.93 14384.67 53l Ccgw Ht~(D)6d b
0 6918.74 1444953 891 ¢m IHs-(D)6d S
0 6895.69 14497.83 3B CD)Sd Fo-CPW Ax
0 6858.44 14576.55 56 cgw H4-(D)ed 33
1 6850.12 14594.27 24 (b)6d D4A-CS)5f T4
4 6847.83 14599.14 32 (D)ep 'D2-CS)6d DX
0 6826.81 14644.09 386 (pw H~(D)6d 3A
0 h 6815.76 14667.85 .80 22DW F2~(D)6d 35,

4 6799.47 14702.97 B (*96d gxCpw I
2 a 6780.40 14744.34 34 (&)6d 4~cs)s/ BFs
4 6767.94 1477147 7l CPW 'p,-Cdw 'D2
4 6767.94 4747 Sl CS)ls o -CPW ~2

2 h 6759.44 14790.04 89.77 CS)Bd y3-Cpw 3F2
15 6733.87 14846.22 09 ¢*S)6ed D3-CS)Sf sf4

6 6722.74 14870.78 75 Csw FB3~(45)6d D2
0 6710.60 14897.68 M (Dw F3-Cdw 32
2 6698.81 14923.92 97 ¢m IiH4-(D)ed F3
2 6665.55 14998.39 M (P 'H-cpw D2
2 6657.74 15015.96 2L ¢cm 3R-Cdw 3F3
15 6656.17 15019.50 03 Cdw '» -(D)6d

15 6656.17 15019.50 8% cm FH~D)dIH

3 a 6638.35 15059.84 688 CS)6d Dx-CS)Sf F,

8 6625.46 15089.14 06 CS)6d iDO-(*S)5f &F,

2 6622.88 15095.00 02 (P)6p 'd2-Qdw Ix
15 6619.33 1510311 08 CS)7s % -CS)5f F,

7 6611.28 1512149 34 (&)6d D3I-CS)5f F,

2 6608.30 15128.32 26 CS)7s B2~(*S)5f F,

3 6585.26 15181.25 28 Cdw h5(@Hw 'cd
(6) Hw 65585 15243.2 49 Cdw ¥F4-Cdw H3
3 a 6556.35 15248.17 79 c¢'S)ed B2-(45)5/ F3
2 6541.47 15282.86 B Cdw 3F-Cdw 3Hx
7 6530.17 15309.32 06 Cs)6d Dt~CS)5f 2
7 6530.17 15300.32 20 csw FH~*7s X

2 6513.62 15348.20 59 CP) 'f3-Cdw 33
2 6513.62 15348.20 4 csw 3 -Csw %
7 6501.08 15377.81 64 C)7s % -CS)Sf 3r2
7 6501.08 15377.81 18 Csw *F -{*S)6d Dt
| 6493.33 15396.16 590 (*S)6d D}~{*S)5f 2

3 6484.78 15416.46 42 CD)ep P2-CS)7s -S,

1 6462.19 15470.37 B CY7s % -CPW

3 6456.10 15484.96 500 CD)6p 32-Csw 59),

2 6454.53 15483.71 8l (*96d =, -Cpw 3y,
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Table |. Continued

Intersity ~ A(A)
6400.67
6407.53
639607
6367.63
6350.46
6341.26
6333.90
6283.74
a 6259

6273.33

6268.33

6260.10

6259.05

6238.19

622164

6205.96

6205.9

620381

6196.42

6129.10
a 611190
a 611178

6110.35

6060.35
a 612651
5970.0
506115
5013.6
5857.55
5857.55
578051
576194
5754.03
5748,67
5701.24
5663.85
5657.24
5653.87
5641.26
5610.18
5604.33
5565.83
555178
5548,05
5524.33
551053

I—\o/wool—‘Hl—‘lc—)‘B(ﬂBlE\l—Nl—‘N@wmwl—\l—‘H

s3]

~~
Hal—\b\n—\mml—\ﬁl\)wl—\mﬁgmHNHNwNoor\)mn—\-bNr—\l—w—w—\w@#r—\Nwwt‘,
m
&
N

cem?)
obs

15597.11
15602.34
15630.28
15700.09
15720.26
15765.37

15969.79
15972.47
16025.88
16068.51
16109.10
16109.10
16114.66
16133.88
16311.11
16356.99
16357.34
16361.14
16496.13
16588.78
16745.8

16770.64
169055

17067.27
17067.27
17294.73
1735045
17374.33
17390.50
17535.20

17650.96'

1767158
17682.09
17721.64
17819.79
17838.39
17961.78
18004.02
18019.37
18096.73
18142.06
18144.95
18163.65
18239.14
18273.34
18302.82
1833325
18467.23
18509.93
18559.31
18567.89
18607.01
18613.32
18627.09
18636.29
18693.83
18696.27
18781.90
18823.73
18887.93
19068.96
19082.58
19100.70
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Classification

Cow
CSwW
Cdw
Cd w
Csw
Cdw
Cdw
Cdw
Cow
Cdw
Cdw
CPW
Csw
Cd w
Cd w
CSwW
Csw
Cdw
Csw
Cdw
Cow
Cdw
Csw
Cdw
Cow
CS)6p
Csw
CSwW
CcDW
Cdw
Cow
Cd w
Cd w
(D)bs
Cd w
Cd w
Cd w
Cow
Cd w
Cow
Cow
Cdw
Cd w
Cow
CPW
Cd w
Cdw
Cow
Csw
Cdw
Cd w
Cow
Cd w
Cd w
Cow
Cpw
Sp*
Cdw
Cd w
Cpw
Cd w
Cd w
Cow
Cd w
Cd w
Cd w
Cdw
Cow

iDJ-CD)6p 'd2
F, -CS)7s Bj
P\ -Cdw %
3p\-Cs)7s 3,
5-Csw 33
H3Csw ™3
P3-Cs)7s F2
F-Csw 3H3
'f, -Cdw Y<
JPs-Cdw P4
'd2-Cdw Dt
J2-Csw sF3
% -Csw 34
‘f3-Cdw 13
3$2-Cdw 'f3
% -CS)7s >x2
F-Csw «d3
H3-Cdw P2
F3-Csw 33
3H5-Cdw ¥4
H2-Csw 3F3
35-Cdw 3
F-Csw «d4
'd2-Cdw 3y
3,-Cd)eP W2
P\ SsSp3 'r,
3H,-Copw D2
F2-CS)7s %
'Pi -CD)7s 'd2
HxCsw P
¥F2-Cdw 33
P,-Cdw 'd2
34-Cdw 33
H2-(sw 32
A3-Cdw 3r2
34-Cdw 'g\
33-Cdw 32
¥F2-Cdw Jx
34-Cdw 3F3
¥4-Csw 54
3Fx-Csw 5F,
'Fj -Csw 3r3
¥F2-Csw I3
¥4-Cdw 34
Di-CD)bp 'D,
f3-Cdw 3r4
FIx-Cdw 3F0
3¥4-Cdw 3
2-Cpw A2
Hx-Cdw A3
3Gj-CDW &H
U x-Csw 32
‘f3-Csw 5r2
Jp2-Csw &r,
FPo-Cdw IHx
bx-Cpw 32
'PX-Cpw Fx
3H3-Csw b5F,
H2-Cdw 3F,
'3-Cdw 3r2
H3Cdw 34
32-Cdw

Ix-Cdw 'd2
HxCsw Di
3-Csw 5,
Hh3Cdw ¥4
3F,-Csw 2
$2-Cpw 3F,
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Intensi ty*

e g i Y

OO o D

Continued

X (A)

5233.10
5229.99
5223.62
5203.67
5148.03
5142.98
5114.53
5107.33
5041.40
5040.06
5038.62
5023.01
5008.53
4996.10
4952.53
4927.51
4926.72
4918.87
4881.05
4869.40
4796.51
4794.49
4781.08
4757.32
4748.94
4743.90
4723.60
4712.58
4697.42
4685.19
4683.55
4680.73
4673.67
4671.81
4671.60
4657.78
4656.73
4644.17
4643.60
4641.40
4632.64
4631.65
4620.42
4614.83
4601.60
4592.98
4578.03
4569.12
4555.51
4537.38
4528.24
4528.24
4525.63
4503.41
4492.80
4492.80
4488.90
4480.05
4470.90
4468.16
4453.60
4453.29
4434.17
4417.97
4417.78
4413.06
4395.17
4387.72

a (cm*1)
obs

19103.81
19115.17
19138.51
19211.88
19419.49
19438.59
19546.72
19574.24
19830.25
19835.52
19841.20
19902.85
19960.40
20010.02
20186.06
20288.55
20291.83
20324.22
20481.70
20530.66
20842.69
20851.44
20909.92
21014.39
21051.47
21073.83
21 164.40
21213.89
21282.35
21337.87
21 345.38
21358.24
21 390.46
21399.01
21 399.98
21463.47
21468.32
21 526.33
21529.01
21 539.18
21579.95
21 584.56
21636.98
21663.19
21725.47
21766.29
21 837.33
21879.95
21945.28
22032.99
22077.47
22077.47
22090.20
22199.20
22251.62
22251.62
22 270.95
22 314.95
22 360.61
22374.33
22447.47
22449.03
22545.83
22628.50
22629.48
22653.67
22745.84
22784.50

calc

.73
.03
51
a7
51
.57
61
15
.25
6.26
0.92
3.09
.37
9.98
5.89
.58
.35
.16
.70
.55
.65
49
.78
.36
.60
.93
42
.92
41
.96
.36
21
44
8.98
400.37
45
.35
27
.04
.18
.96
.65
.95
2.97
41
19
.32
80.02
.39
3.10
.52
49
.16
12
.69
.66
1.09
.98
.63
.38
.39
24
81
43
.50
.63
.97
46

Classification

(D)5d D3-(D)6p D2
(£>)4] 3H3-(D)6d +GS
(P)5d F2~(D)6p 'F3
(D)j "Z2-(22D)l>ic 3
(/>)5<) 'Fs -~D)4/ 33
(:Z9)5< D3-(D)6p F3
(2D)6$ 'Z)z -(22>)6/> 3Fs
(I>)5< 225 - (4S)s/> sFo
2P)Sd Dx-{P)op DX
QP)bp 'D2~(D)6d 'Fs
(P)Sd D2-(4)4f F2
A1 1>, - (2% 1f B2
(:F)5rf 35, ~{D)6p F2
(*5)4/ % -?5)6d D3
(zz>)4/ JGs -(ZD)G 32
(225)5< 3S, -(£2) > 5P,
(eD)sp 3Z2-(4S)W 525
(D)5d 'D2-(P)6p BX
555p3 'P, ~(P)6p D2
?D)Sd D2-(D)6p F3
(D)5d F3~(4S)6p P2
(D)6s 2% -{D)6p 32),
(2F)s/> 3DXQD)Is D2
(P)Sd F3-(«5)4/ sF,
(F)5d 'Fs - (:P)el> *Zo
(P)Sd F2~{*SW iFJ
(«S)sj Bx-(aS)s" sP,
{P)Sd F3~(D)6p F4
(D)5d D3-(D)6p 'Fs
(P)sd D2-{P)6p DX
(«S)sj 35, -(aS)sp *P2
(P)5d 3F} ~(D)6p D3
(D)6s 'D2~(D)6p IF3
(P)5d F2~(D)6p D3
(D)5d P0-(P)6p BX
(22>)GS 'Z)z-(zb)sb ‘F,
(:Z>)4 Di -(D)6d 'Fs
22k > 32 - (4S)7j sS,
(®)sd 5P, ~(D)6p D2
(P)5d sFs -fSH/ sF
QP)5d F2~(/8)4f F2
CZ))4! sG: - (2296 </:GS
{P)5d 'F3~(P)6p D3
(D)5rf 'D2-?DW P,
GP)5IT oFs - (22))/> 5P
(P)Sd F2 ~{D)6p P2
(D)5d 'Fs ~(*S)4f F3
(D)5d P2-(:S)4/ sF
(*D)6p IF3~{45)6d DS
(D)6s D3-(D)6p F2
(P)6p D2-(D)7s D3
(D)6p ‘P, ~(45)6d DX
(D)5d F2-(*S)6p sP,
(D)Sd ID2-(2P)6p D2
CP)6s 3P, -(:S)4/ F2
(B)f F2-(D)6d'F3
{:D)5d F2 ~(45)6p P2
(:S)4/ F4~(D)6d 363
5s5p3 ‘P, ~(P)6p 'P,
(D)5d D2-(D)6p IF3
{D)5d >D2-(“D)bp ‘P,
(P)5d IF3-(2Z>)4 F4
(D)6s Dx-(D)6p F2
(P)Sd D x-(P)6p Pt
(2P)Sd 'D2-(D)6p Dt
(P)5d Dx-{P)6p PO
(P)j 'P, ~(P)6p BX
(:D)5</ ID2-(P)6p D3

47

Table I.

Intensity*

Nt W w A

o

QT T T

Spectrum of Doubly lonized Xenon (Xe I11)

Continued

A(A)

4387.47
4386.01
4373.06
4357.63
4319.85
4309.32
4308.01
4308.01
4305.83
4297.96
4289.33
4287.58
4285.89
4278.91
4274.14
4272.58
4263.40
4246.38
4240.24
4235.76
4226.97
4225.96
4216.71
4213.99
4209.58
4203.89
4202.39
4194.87
4181.15
4176.53
4167.60
4162.37
4154.66
4152.74
4152.04
4150.78
4145.74
4143.92
4141.99
4132.40
4110.05
4109.08
4095.03
4078.70
4072.97
4060.45
4058.15
4050.07
4043.23
4032.91
4030.46
4028.56
4026.82
4021.60
3998.55
3992.85
3992.54
3985.96
3969.91
3965.45
3950.59
3950.12
3941.50
3932.81
3922.55
3915.31
3903.67
3895.05

a(cm 1)
obs

22785.80
22793.35
22860.88
22941.83
23 142.47
23 199.03
23206.07
23206.07
23217.82
23260.34
23307.13
23 316.65
23325.85
23363.90
23389.97
23 398.50
23448.88
23 542.86
23576.96
23601.90
23 650.97
23656.63
23708.53
23723.82
23748.63
23780.83
23789.32
23 831.96
23910.15
23936.61
23987.89
24018.04
24062.61
24073.73
24077.78
24085.10
24114.33
24124.92
24136.16
24 192.21
24 .323.78
24329.51
24412.98
24510.72
24545.20
24620.88
24634.84
24683.98
24725.74
24789.01
24804.08
24 815.78
24826.50
24858.72
25002.02
25037.71
25039.65
25080.99
25 182.39
25210.71
25305.54
25308.55
25363.90
25419.94
25486.43
25533.55
25609.69
25666.36

calc

.87
48
.93
.80
.51
.03
12
.04
.82
.82
.07
.56
86
.39
.96
.59
91
88
.99
77
91
.76
.57
.85
73
72
22
.89
.08
61
.85
12
.73
.87
8.05
4.77
48
5.34
13
A1
.82
.56
88
.90
4.85
.92
.85
4.04
.85
.26
.28
.82
.92
.73
.06
.80
66
1.00
45
.76
.54
.56
.99
20.11
A7
.69
77
.34
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Classification

{2P)Sd
SsSp3

(D)6p
(D)sd
(*S)4f
(D)sd
CD)4f
CP)6s

CD)5d
QP)6p
CDyes
(D)5d
CD)6s
?P)5d
(D)5d
(2D)sd
(2P)6s

(D)5d
(D)5d
(D}Ss
(D)6s
(P)sd
(2D)5d
(*D)5d
(2P)6s

{2P)Sd
(D)6p
(2D)65
(2D)5d
(D)6s
(?D)6p
CD)6s
CF)5d
(P)sd
(D)sd
fP)6s

(D)6s
?D)6s
<?P)5d
(D)5d
(2P)5d
(D)6s
()sd
(2D)5d
(z P)e S

(2P)6s
(2D)5d
(4S)6s
(2P)6s
(D)6p
(D)5d
(D)5d
(2P)5d
(4S)5d
(2D)5d
(D)6s
(*S)5d
(P)6s
(D)sd
(P)5d
<*S)6s
(P)6p
(2D)5d
(P)6p
(4S)e ™
(ID)5d
(2D)5d
(2P)6s

3r2-Cdy» :P,

‘P, -(P)6p P2
D2-(48)6d D2
F3~(45)6p P3
F2~(D)6d DX
D3-(45)4f s

B63-(D)6d D2
Pj~(P)6p BX
3D3-(45)4f F3
DX-(D)6d P2
*2-(4S)4] sfa

PX~(P)6p D2
W2-(*sw %

% -(2P)6p P2
PX-{P)6p PX
D3-(D)6p F4
P2-(:D)4/ D3
D3-{D)6p D3
IF3-(D)6p *
D3~(2D)6p
‘D2-(D)6p
'F3~(D)4/
B3~(4S)6p
D3-(45)4f
P x~{P)6p
PX-(D)6p ',
F3~(45)6d
'D2-{45)4/ %
3e>3~(2D)6p
D3-(D)6p
,D2-(D)6d F2
ID2- (D)6p
D2-(P)6p
P0-CD)6p
'D2-(P)6p
o, - (22)41
Dx-{D)6p
‘D2- (45 W
D2-(P)6p
B X~(D)6p
ID2-CD)6p
3Dz-(2D)ep
D2-QD)AF
1b2-(2)6p
3P2~(D)4f
W X~(P)6p
D2-{D)6p
BX~{*S)6p
PO~(P)6p
Dx~(*S)7s
'D2-{DW
D2-{45W
P2-{P)bp
D x-{*S)6p
D2-(D)6p
ID2~(D)6p
D x~(45)6p
P2-(P)6p
'D2-{D)4/
PX(D)6p
sS2 ~(4S)6p
Dx~(D)7s
P2~(4S W

D2-(D)6d
% -CS)6p
'F3-CSW
2 ~(43)6p
P, -(P)6p

P2
‘D2
D2
3P0
$X
‘D2
F2
‘D2
P2
F4
PX

32),
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Table I. Continued

Intensity*

2
13
18
20
7
19

2
14
8
18

0

AwN® owe e

[N

@ A N W e ® e e e NN
[ ) o o

[uny
w

(2 BE2 LG |

>

¢(A)

3890.98
3884.99
3880.46
3877.82
3861.51
3861.04
3860.19
3854.28
3847.40
3841.87
3841.53
3829.71
3823.15
3819.49
3816.78
3811.74
3802.98
3801.71
3792.74
3791.67
3781.00
3776.32
3775.49
3772.53
3772.25
3768.93
3765.85
3762.28
3757.98
3751.44
3745.71
3743.74
3739.60
3728.91
3721.82
3721.03
3711.91
3708.94
3708.15
3707.63
3689.83
3687.04
3676.63
3675.17
3654.61
3653.09
3649.57
3644.14
3640.99
3636.02
3632.14
3628.52
3624.06
3623.13
3621.59
3620.00
3618.86
3615.86
3610.97
3609.46
3609.07
3607.02
3601.87
3596.59
3593.38
3591.98
3584.27
3584.27

Physica Scripia 38

a(m %)
obs

25693.21
25732.82
25762.86
25780.40
25889.29
25892.44
25898.14
25937.85
25984.23
26021.63
26023.94
26104.26
26149.05
26174.10
26192.69
26227.32
26287.73
26296.51
26358.70
26366.14
26440.54
26473.31
26479.13
26499.91
26501.87
26525.22
26 546.91
26572.10
26602.51
26648.88
26 689.65
26703.69
26733.25
26809.89
26860.96
26866.66
26932.67
26954.24
26959.98
26963.76
27093.83
27114.33
27191.10
27201.90
27354.93
27366.31
27392.71
27433.52
27457.26
27494.79
27524.16
27551.62
27 585.52
27592.60
27604.34
27616.46
27625.16
27648.08
27685.52
27697.10
27700.09
27715.84
27755.46
27796.21
27821.04
27831.88
27891.75
27891.75

calc

2.74
.84
.97
44
42
49

7.85
.95
.33
.73

88
.07
15
.06
.79
.34
.92
66
.76
.16
.66
.50
.16
.86

2.15
.30
.90

10
.58
91
.69
.70
.24

10.19
1.03

71
.33
.93
.76
91
.30
11
.95
5.06

6.16
.07
.50
.86
46

20
.05
.99
48
.67

Classification

(22)/?
(:S)5d
(22))5d
(23
(P)sp
(2P)5d
(D)6p
(D)5d
{2P)5d
{2D)5d
(DW
(5)4/
(®)sd
555/

(:F)5</
(~54
(S)4/
5s5/

(:5)4/
() ]
(«S)si
(F)fc
(*S)4f
(2P)6s
(D)6p
(*S)4/
(2F)s i
<P i
i2)n

(2P)sd
(®)5d
(*S)af
(*F)5J
(:F)s/>
CD)5d
fF)W
(:F)si

(~rsd
(2F)6 i
5*5/

(D)5d

sF2 -(4S)6J 335
D3-(*S)6p sF2
225 —D) > 2 2,
D3-(D)6p F3
D2-(D)6d IF}
'D2- (D)6p D2
F2 ~(*S)6d DX
F3-{/5)6p P,
Dy-(DW D3
D2-(D)6p Pt
D2-(D)6p F2
oF,, ~(?D)6d 354
oF, ~{*S)4/ sF»
'F, - (:D)4/ sF,
+2), - (:D)4/ sF2
'D2-fD)6p F3
Fj (24
'F, -(:D)4/ ‘Z:
Fj oFs
3>, -(~o6p 'F,
Bx-(:8)s/> 3F2
sF, ~(P)6p D2
F4~(D)6d FH4
'F, ~(@)6p °F,
'D2-(D)6d P2
oFs ~{D)6d GS
sk, -fF» sF,
3F| ”(23)5[) 3Fo
'd2-Cdw sf2
3F, -(zz))e/> 1£52
F2 ~(D)6p ‘D2
F4-{D)6d D3
32> -(J:)ep 3S,
32,
P2-(2F)s/> 52),
'Fs -(ID)4/ %>
'F, “(23)6[) sF2
sF, -C/))4/ sf2
sF2 ~(P)6p *F,
'E, -(F)sl> %
D3-(*SW sFj

(2))s/> *D2 ~(D)6d S,

(S)s s
C2))s i
(~>5*/
ez?)5rf
(F)s i
(22))54

3S, -(4S)s/> sFo

sFs
3F, -("6;» sF,
aF2 - (4S)6/7 jF
sF2 ~(2P)6p sF2
3S, -(2F)ep 32>

(:Z7)5rf 225, ~(D)6p F2

(D)Sd
(2F)s s
(2)5d
(:5)6j

i27))"

(Pw

(F)5</
(P)sd
(2F)5</
(2F)s s
I
(:F)5</
(2)s j

ez>)5d
(2
(D)6p
?S)Sd
(2D)5d
(’\>5/»

aF, -(2F)sp 3S,
3Fo ~(23)6p JF,
aF2 -(zF)ap 3le2
'Sz - (4S)s/> sFj
D2-(D)6p D2
'F, - (:22>)4] jZ.
sD3-(2F)sp "Zo2
sF2 *‘(23)6[) sF,
3Fo ~(Z:))6p 3F,
sF2 - (22))4/ 3Fj
Z?73-(:5)4/ sF:
D2-(D)4! sF
3D3-(4S)4/ sFj
'F, -fSKy &,
32>, - (222% /> sFo
sF, ~(D)1s 32
Di-(8B)6p sFj
'D2-(DY4! F,
oF, ~(D)6d F2

Table I. Continued

Intensity’

25
25
6
5
2
17
4
10
14
14
10
18
5
10
20

12

10

w e N wWwwowo s

B
o

48

2(A)

3583.65
3579.70
3578.54
3574.40
3568.63
3565.19
3564.86
3562.99
3562.22
3561.37
3561.23
3552.12
3546.88
3544.86
3542.35
3539.94
3539.94
3531.82
3531.62
3522.80
3519.11
3509.77
3501.65
3494.82
349451
3488.13
3479.14
3472.35
3468.22
3467.22
3467.22
3454.27
3451.23
3444.39
3444.24
3435.74
3414.54
3403.91
3399.87
3395.53
3392.58
3390.64
3386.23
3384.10
3383.92
3383.92
3381.64
3379.03
3376.98
3370.65
3365.70
3365.32
3363.50
3362.77
3358.50
3357.99
3353.54
3350.35
3349.76
3345.49
3344.93
3344.27
3340.67
3340.37
3340.06
3339.50
3338.99
3336.24

a (cm-1)
obs

27896.57
27927.36
27936.41
27 968.76
28013.98
28041.01
28043.61
28058.33
28064.39
28071.09
28072.19
28144.19
28 185.77
28201.83
28221.81
28241.02
28241.02
28305.95
28307.55
28378.42
28408.18
28483.78
28 549.82
28605.62
28 608.16
28660.48
28734.54
28790.72
28825.01
28833.32
28833.32
28941.41
28966.90
29024.43
29025.69
29097.50
29278.15
29369.58
29404.48
29442.06
29467.66
29484.52
29522.92
29541.50
29543.07
29543.07
29562.99
29585.82
29603.78
29659.38
29703.00
29706.35
29722.42
29728.87
29766.67
29771.19
29810.70
29839.08
29844.33
29882.42
29887.43
29893.32
29925.54
29928.23
29931.00
29936.02
29940.59
29965.27

calc

.63
40
.39
.96
4.08
0.91
.63
74
.33
17
.04
.18
.89
77
.89
0.94
.82
6.17
.55
.34
12
.81
.89
.62
.20
40
.59
.63
15
.58
.58
.62
7.69
.38
.95
.58
.56
.73
.34
1.82
71
46
.38
40
2.59
10
.39
.80
.61
.20
.09
.68
.33
.83
.87
.23
.30
8.96
.24
3.03
44
.25
.56
21
.03
5.95
.50
.35

Classification

(D)6s Dj-(D)6p F4
CDW D2-(D)6p Fs
CD)Sd 'F, ~(*S)6p jF:
?D)Sd 'D2-(D)4f 'Fj
(Z)5</ 'D2-(D)4f 12
(D)6s D3-(D)6p Dj
(D)6p 'D2-{D)1s D2
QD)Sd sFo -(2Z2>)4/ D,
(eF)st jF2 ~(D)4f D2
QP)5d 'D2-(2D)6p 'Fj
(zF)5(; A -(2D)4/ 'F,
(F)5rf 'D2-(D)6p °F,
(D)5d D2-CSW F,
(*>54 $19j-QP)Sp Dj
CD)6s D3-(*SW %
(F)5d D2~(P)6p %
Csy\f Fj -(D)6d P2
I*sy¢d 2),-5j°5/F 'So
(P)5d °F, -(:F)4/ D2
CS)Sd 32), -4 ~ sF,
()i Z>j-(:2p sFe
(®)5d D2-(DW D3
(D)6p ID2- QD)1s ID2
CF)Sd 3f3-Csw 34
(P)sd iDI~(®)6p D2
(D)6p 'D2-CD)6d D3
CD)6s Dt-CS)4f %
(D)6p sF, -CD)6d Dx
CS)6s s52-CS)6p F,
(D)5d D3-CD)6p D2
CD)5d sF, -CDW 'F,
(2)i 'D2-(D)6p D2
(ID)5d sFo ~{DW SF,
eF)si 'F, -(*Z))4/ sFs
(zD)5rf 3D, -C2 [» a2
sF2 -(:D)W sf
(:2)kp D3-CD)6d F2
2D)Sd sF| - (:F)s/> 22
(F)ss 'F, ~(DW jz,
027)6" D3-{MD)7s D2
(P)5d Fj -(:2))4/ 1G:
fFE ™ sF2-(2£5)4] sF2
(D)6p 'D2-(2D)6d D2
CS)Sd D2-CS)6p sF,
(D)6p P2-CD)6d F3
(D)5d 'F, -(2F)sp D2
(D)6p D3-?D)6d 363
CD)5d P2-(2P)6p D2
Csw % ~CD)6d 32
(ID)Sd P2-(:F)s/> sF,
("5)4/ sF, -in )~ 32
(D)6p F4-CD)6d 363
CS)5d D2-CS)6p sF-
CSW % ~CD)6d Fj
Csw % ~(D)Is A2
(D)6s D2-(D)6p 'Fj
(D)6p P2~{D)6d Dx
(ID)6p D3-(D)6d ‘G4
CDW *D2-(D)6p °F,
(D)Sd "G4~(D)6p sFj
CSW % ~(D)6d 33
(D)Sd 'Fj -CDW Gj
(2D)5d D2-(D)6p ID2
CP)5d D3-(P)6p P2
CP)5d 3F2-(:F)6p DX
(2D)5d P2-CDW 363
Cdw 3 xCD)6p sF,
(2D)6p FO~(D)7s Dx



Table I.

Intensity*

o

® ® O~ ~ "

Continued

2 (A

3334.23
3331.65
3326.39
3320.07
3320.07
3319.55
3317.45
3314.87
3314.26
3306.80
3306.46
3304.05
3301.54
3295.94
3288.54
3287.91
3287.80
3285.82
3284.64
3280.50
3279.13
3278.44
3276.39
3269.40
3268.98
3267.05
3261.46
3257.85
3256.52
3256.25
3248.62
3246.85
3244.13
3242.86
3240.47
3236.84
3235.73
3227.16
3222.99
3214.12
3199.22
3196.51
3196.25
3185.21
3184.27
3177.11
3169.75
3164.47
3160.66
3160.66
3156.67
3155.51
3153.44
3153.00
3151.83
3150.97
3150.83
3150.69
3141.63
3138.28
3126.77
3124.95
3124.60
3122.15
3121.01
3120.52
3114.41
3107.56

a(m *
obs

29983.34
30006.56
30054.00
30111.21
30111.21
30115.93
30134.99
30158.45
30163.99
30232.04
30235.15
30257.20
30280.20
30331.65
30399.90
30405.73
30406.75
30425.07
30436.00
30474.41
30487.14
30493.55
30512.63
30577.87
30581.79
30599.86
3065121
30686.27
30698.80
30701.35
30773.45
30790.23
30816.04
30828.11
30850.85
30855.45
30896.04
30978.08
31018.16
31 103.76
31248.62
31275.11
31277.65
31386.06
31395.32
31466.07
31539.13
31591.75
31629.84
31629.84
31669.81
31681.46
31702.25
31 706.67
31718.45
31727.10
3172851
31729.92
31821.42
31855.39
31972.65
31991.27
31994.85
32019.96
32031.65
32036.68
32099.53
32170.28

calc

25
.58
.09
24
27
.90
97
.52
4.01
1.92
4.85
12
.16
.64
400.07
.98
.76
.02
5.89
.34
13
.60
61
.88
.78
.75
1.72
5.92
.84
.25
.36
.29
.08
14
.84
41
5.96
.08
12
2.98
.66
.07
.64
22
.39
.02
.03
.95
.28
8.83
.85
51
.29
.64
.52
6.87
.52
.90

.53
a7
0.52
.83
88
.70
.78
A3
27

Classification

(D)6p
(2P)5d
CD)6p
cw
(\F)eS
(2P)5d
CS)5d
(2D)Ssd
Csw
(2D)5d
(*sSw
CD)sd
CS)6p
()sd
(*5)4/
(D)6p
CS)6p
(*s)6P
{P)6s
CD)Sd
CP)5d
CS)6p
QF)5d
(D)5d
CS)6s
(IP)Sd
CP)6s
(D)6s
QP)5d
(2P)5d
(2P)6s
(2D)5d
(D)6p
(*S)sd
(2P)6s
(*S)5d
CP)GS
CS)6p
(D)6p
CP)6s
(2D)sd
?D)Sd
(2D)5d
(2D)6p
(D)6p
(D)6p
(D)6p
(2D)6s
()6p
CP)(*
QD)sd
CD)5d
(D)6p
CD)6s
('P)sd
(2D)5d
<*S)6p
(2P)5d
(4S)5d
(D)6p
(P)sd
(2P)6s
(P)sd
(2P)Sd
(2D)6j
(*S)ép
(D)6p
(D)6p

3F4-CD)6d
ID2-CS)4f
¥F4-CD)6d
aF, -(22)ed
JF,-CDW
D2-(P)6p
D X~(*S)6p
3S, -QP)Sp
sF, -(*)&/
B X~(2P)6p
Fj ~(2D)6d
% ~(2P}6p
3P2-?5)6d
'D2-(2D)6p
3P3-CD)6d
sF, -(D)6d
3P2-CS)6d
P 2-Csyis
'‘P,-QDW
'F, -CD)4/
JD, -(2P)6p
IP2-CS)6d
'D2-CSW

3dP3-CSW

sS2 -(4S)6p
d3-Cdw

P, -(2F)s/>
'D2-CSW

ID2-(2D)6p
3D2-CP)6p
3P2-QDW
P3-CSW

'D2-(2D)6d
3D3-(*S)6p
Pj~(DW
3D X~(«S)sp
3p2 -Cd w
3Fo -CS)Is
J, -CD)6d
'F, -CP)6p
sF, -CP)6p
'F, ~(*s)6p
D x-(D)6p
'D2~(2D)6d
'F, -CD)ls
'F, -(2D)6d
'F, ~(2D)6d
D3-CS)4f
'F, -(2D)1s
*Po-Cp*p
Ad2-(bw

sF| -QPY>p
'F, ~(Dyis
d2-(*s w

'D2-(2D)6p
'G4~(2D)6p
3P2-CS)ls
P2~(2P)6p
3D2-CS)6p
'D2-CD)6d
P2~(d w

JF, -CD)4/
D2-CP)6p
d3-Cd w
3D2~{2D)6p
sF, -CS)6d
'F, -{D)6d
'F, ~(D)6d

‘G4
sFj
aF,
'Fj
3F2
‘D2

D2
[}
3F,
3F3
aF,
D2
*D,
D3
P2
D3
sS2
‘D2
3G
P,

3F2
3F2
3Pr2
3d 2
X
F2
3P2
3P3
Pt
F4
13
P2
',
3P0
'd2
3BX
35,
'So
',
P,
13
‘D2
3D,
F2
3F2
Fj
D2
%

3F2
3P2
3D2
%

P,
',
+9|
3,
P3
Fj
A3
',
'F,
32
D3
D7
‘G4
Fj

49

9
13
13
10
9
11
18
11
3
18

Intensity™

QD

QD

Spectrum of Doubly lonized Xenon (Xe II1)

Table I. Continued

2 (A)

3106.47
3106.34
3103.47
3102.69
3102.36
3099.87
3091.05
3090.00
3088.87
3083.53
3082.89
3080.42
3073.51
3068.57
3065.19
3055.26
3054.48
3051.21
3048.86
3042.04
3026.52
3023.83
3023.65
3020.33
3015.77
3015.41
3014.59
3014.13
3009.03
3004.65
3004.26
3001.52
2999.29
2999.03
2997.50
2994.95
2994.67
2994.37
2992.89
2991.49
2991.25
2990.82
2990.33
2986.11
2985.53
2984.58
2981.32
2980.09
2980.09
2976.75
2974.90
2971.26
2971.17
2970.49
2970.08
2970.08
2969.77
2969.43
2968.57
2968.43
2966.92
2964.93
2964.17
2960.87
2960.34
2960.07
2959.36
2959.28

a (cm-1)
obs

32181.57
32182.92
32212.68
32220.78
32224.21
32250.09
32342.11
32353.10
32364.93
32420.98
32427.71
32453.71
32526.67
32579.03
32614.96
32720.95
32729.31
32764.39
32789.64
32863.15
33031.66
33061.04
33063.01
33099.35
33 149.40
33 153.36
33 162.38
33167.44
33223.65
33272.08
33276.40
33306.77
33331.54
33334.43
33351.44
33379.84
33382.96
33386.30
33402.81
33418.44
33421.12
33425.93
33431.40
33478.65
33485.15
33495.81
33532.44
33546.27
33546.27
33583.91
33604.80
33645.%
33646.98
33654.69
33659.33
33659.33
33662.84
33666.70
33676.45
33678.04
33695.18
33717.79
33726.44
33764.03
33770.07
33773.15
33781.25
33782.17

calc

.64
.95
.67
85
.03
.23
15
.06
97
1.08
.68
72
.67
.21
5.02
1.06
20
.76
.96
.36
.70
01
.18
.23
42
.36
43
6.89
.57
11
31
.79
.62
.33
A8
.92
.86
.27
91
.58
17
6.20
.39
.62
15
77
48
12
.27
.90
.86
6.07
7.07
77
.39

.28
.69
54
.18
.33
.70
.57
02
14
19
0.98
.14

Classification

{4s)6p
(D)6s
CD)6s
{45)6p
cs)4/
(4s)6p
(D)sd
cD)sd
CD)6p
cD)sd
(2P)5d
cD)6p
(F)sf

CD)6p
(2P)sd
(2P)sd
CP)sd
(2P)6p
(F)ep
@F)s/»
cD)sd
("'5)5"
(*5)6/>
(F)5</
CP)sd
CsSw

CD)6p
cD)sd

P,-C9)7s
'Dz-(zP)ep
d2-(4s w

sF, -(45)6d
Fj -(D)6d
sF, -CS)6d
3G, -CD)6p
sF[-CDW
*F ~(2D)6d
F4-CD)6p
D2-(P)6p
sF, -CD)ls
sF, -CP)6p
'F, ~(D)6d
Fj -(2F)p
H2-Cdw

F2-CP)6p
F0-(F)W
J, -(2P)6d
3D2-(2P)6d
SE - (4G N
D2-(45)6p
Fj-(:5)ed
P2-CDW
F4-CDW
sF2-CD)7s
3P0-CD)6d
3D2-(P)6p

(:D)5rf ®2-CcD W

(2D)sd
(4s)6p
(:5)4/
CD)6s
CD)6p
(D)6p
(*S)6s
CD)6p
CP)5d
(*S)ep
CD)6s
Csy>p
CD)6p
()sd
(D)6p
CS)6p
(2)p
CD)6p

(2P)sd
(D)6p
CP)sd
CD)5d
CD)6p
CS)6p
(*sw

CSw

(2D)5d
(D)6p
CSW

Csw

CSW

(D)6p
CD)6p
CD)sd
CSW

CD)Sd
CS)6p
CD)5d

'F3-CDW

Fj-(H)M
F} - (:2) f
3D3-(2D)6p
P3-(D)7s
D3-(D)6d
% -CD)6p
F3-CD)6d
3D3-CD)Af
5j-cs)ed
3D2-CD)6p
% -cs)is

sF, -(D)6d
33-Cd w

F4-CD)7s
sF, -(45)7j

3sFs -CD)6d
oF, -(:D)W
5j -(D)7s
¥F3-CDW

3P2-CD)6d
Pp2-Cpy>»

sD,~CsSw

3D2-(D)7s
sF, -(45)6d
% ~(D)7s

'‘Pi-CD)7s
'G4-CSW

Fj-CD)6d
‘Pi ~CD)6d
"p* ~(2d )7s
'Pa ~CD)6d
3D2-(D)6d
3P3-CD)6d
3P2~(2P)6p
% ~<?D)6d
F,-CDW

W -CS)6d
'F, -CS)6p

355

%2
D,

Do
X,

3D,
3F2
D2
1D,
F,

P2
ID2
D2
'So

D2
3fs3
*,
D,
D,
D,
aF2
aF,

0j
3d 2
4
3d3
It
D,
3F2
3H4
Dj
3Gy
‘D2
Dj
et
DX
F2
Fj
sDj
aF,
%

D2
'd2
Dj
3S,

3G4
3Fo
D2
3G4
Dj
'd 2
5F2
Dt
D4
3
'd2

Bj
B4
3d3
e
Fj
3F4
X
Dj
'Pi
3D x
SFD
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Table I. Continued

Intensityl AA)
17 2954.93
10 a 2954.17
10 a 2954.10
7 2953.94
6 2953.86
3 2951.53
19 2948.07
17 2947.51
18 2945.23
10 2944.68
7 2944.56
7 2943.43
n b 2942.06
12 2941.39
17 2940.21
10 2939.73
12 2939.11
15 b 2935.86
10 2935.72
18 2932.76
10 b 2932.09
18 2930.27
4 2927.13
n 2926.07
n 2923.96
16 2923.53
15 2917.60
8 2916.63
7 2915.04
18 2914.14
20 2912.38
19 2911.91
6 2911.48
12 2910.37
3 2910.09
15 2906.56
7 2904.17
5 2902.29
4 2897.70
14 2896.65
2 2896.07
6 2895.04
18 2891.72
8 2889.97
2 2886.93
12 2886.68
5 2879.36
4 2873.29
4 2872.75
25 2871.69
25 2871.69
17 2871.27
17 2871.10
3 2869.52
3 2868.45
8 2864.62
2 2863.86
25 2862.42
3 2856.67
4 2850.27
10 2847.92
14 2847.67
7 2845.06
4 2844.12
5 2838.81
8 2833.12
6 2832.97
2 2832.83

Physica Scripta 38

a(m ")
obs

33831.90
33840.60
33 841.40
33843.23
33844.15
33870.87
33910.62
33917.06
33943.32
33949.66
33951.04
33964.07
33979.89
33987.63
34001.27
34006.82
34013.99
34051.64
34053.27
34087.63
34095.42
34116.60
34153.20
34165.57
34190.22
34195.25
34 264.75
34276.14
34294.84
34305.43
34326.16
34331.70
34336.77
34349.86
34353.17
34394.89
34423.19
34445.49
34500.05
34512.56
34519.47
34531.75
34571.39
34592.33
34628.75
34631.75
34719.79
34793.13
34799.67
34812.52
34812.52
34817.61
34819.67
34838.84
34851.84
34898.43
34907.69
34925.25
34995.55
35074.12
35 103.06
35106.15
35 138.35
35149.96
35215.71
35286.43
35288.30
35290.04

calc

231
.60
.49
.05
.33
.86
81
.00
.26
.69
A1
17

80.32
.34
.53

4.10
.62
.33
.53
40
.56
.15
.65
21
.33
91
17
.96
.66
31
.58
73

8.94
.07
.88
.16
.88
.22
.52
.36
42
.53
A7
.32

211
91
37
.69
.68

3.08
.64
.80
45
.98

9.32
73
.10
.79
24

2.82
.04
14
.84
74
.37
.33
.05

Classification

(D)5d DX(*D)6p P2
CD)6p 34 ~(D)7s 'D2
(P)5d P4-CDW D3
CD)5d 'G4~(D)6p P4
(D)6s D x~(D)6p ID2
CD)6p F4~(Z>)d P4
(2D)Sd B3~(D)6p D2
(D)6p F4-?D)6d Bi
(D)6p F3-(D)6d IG4
(D)6p P, -CD)6d P,
(D)6p P3~(D)6d Dj
CD)5d 'P3-?D W

CD)6p 'P, ~(D)6d P2
CD)5d 'G4-<?D)6p D3
(D)6p D2-(2D}6d B3
(D)Sd P2 d3
CD)6p P, ~(D)6d Fj
(*S)4f %, -CD)6d F4
(D)6p 'P, -(D)6d Fj
(*S)5d iDc~(4S)6p P,
?D)6p F4-?D)6d Dj
(45)4/ sF4~(D)6d G5
{D)Sd P, -(ZZ>)4 D,
4S)4/ %, -QD)ls 'd2
(IP)5d P2~(2P)6p D,
(2D)5d 3Gj-(4S)4/ P4
(Z7>)5<] P4 -(2>)6p 'P,
(*S)4/ %, ~(D)6d 32}
(*5)4/ P4~(D)6d D3
(D)5d F2~(D)ép B,
(*S)ép P2~(45)6d Dy
(*S)5d *0, -(4S)6p P,
(D)5rf B, ~(P)6p BX
(2567 D2-(D)6d JFj
(2P)5d 'P3~(*S)5f 3P4
(22))5d 3ES~(D)6p F4
(P)5d 32, -(22))4/ 'i>2
(DY6p P2-(Z)M j272
(P)5d P, ~(P)6p D,
(*S)5d DX (49)6/> P2
(P)5</ D2-{DW 3P2
(45)6/> P2-(%b)6rf 32
QD)Sd Pj -(2Z))6p P2
(D)6p 'P, -(2Z))6J 3,
(P)5rf 'P, -(45)5/ sPj
(*5)4/ - (D)érf 3z2
(2A)6p P, ~(D)6d 'P,
(2P)5d PO0~(P)6p D,
(D)5d D3-(2P)6p D2
(D)5d G4~(D)6p Fj
(22))6p 2)3~(2D)6d D2
(*S)5d D2-(4S)6p P2
CS)6p P, -(4S)6rf 322
(P)6s P, -(P)6/> P2
(D)5</ 32), - (22)6l> P,
(P)5rf 32)j-(22))4] 3,
(D)6s ID2-(2P)6p D2
(45)Sd 'D2~(4S)6p =P,
(P)Sd 'P, -(2P)4] 33
(46)6s 35, ~(D)6p F2
(D)5d P2-(Z41 P,
(4S)5</ BD2-(4S)6/j sP2
45)4/ P3-(ZZ>)erf D2
(D)Sd Di-(tD)4f Gj
(D)6p P2-(2Z2>)7i D,
(D)6p P2~(D)6d F2
(D)6s D3-(4SW jP4
(2)6/> P, ~(D)6d 'D2
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Table I. Continued

Intensityl AR
17 2827.46
14 2825.99
8 b 2817.36
16 2815.92
1 2815.27
13 a 2814.46
8 2811.61
7 b 2810.46
3 2809.53
10 a 2809.06
10 a 2809.06
7 2808.57
7 2808.46
12 2807.22
6 2806.40
4 2805.09
3 2802.19
17 2800.20
9 2797.87
12 2797.12
14 2794.84
3 2792.47
7 2785.80
6 2785.33
7 2784.93
17 2783.33
10 2782.69
4 2782.30
n 2779.64
J3 2777.94
16 2776.96
6 a 2774.79
0 2774.44
16 2772.40
16 2772.40
10 2769.17
15 2766.18
5 2765.95
6 2763.01
6 2763.01
9 b 2762.73
15 2761.58
13 2760.72
13 2760.72
n 2759.19
3 2757.56
13 2754.88
14 2747.86
16 2740.78
4 2739.19
14 2736.99
9 2728.20
n a 2727.20
1 w,b 2725.69
2 2718.10
2 2714.05
10 a 2713.39
0 2711.34
6 2710.94
12 2708.45
3 2704.41
2 2702.31
0 2701.71
5 2701.50
15 b 2696.51
15 b 2696.51
3 2695.65
3 2695.65

a (cm-1)
obs

35357.06
35375.45
35483.81
35501.95
35510.15
35520.37
35556.37
35570.92
35582.69
35588.65
35588.65
35594.86
35596.25
35611.97
35622.38
35639.01
35675.90
35701.25
35730.98
35740.56
35769.71
35800.07
35885.78
35891.83
35896.99
35917.62
35925.89
35930.92
35965.30
35987.31
36000.01
36028.16
36032.71
36059.22
36 059.22
36101.28
36 140.30
36143.30
36181.76
36181.76
36185.43
36200.49
36211.77
36211.77
36231.85
36253.26
36288.53
36381.23
36475.21
36496.38
36525.71
36643.39
36656.83
36677.13
36779.54
36834.42
36843.38
36871.24
36876.68
36910.58
36965.71
36994.44
37002.66
37005.53
37074.01
37074.01
37085.83
37085.83

calc

.01
46
.79
2.06
.00
.32
40
.20
74
.62
.90
.80
.26
.95
.35
8.97
.54
.26
.94
.46
.84
1.02
74
.67
7.16
.61
81
.87
.07
.04
5999.97
.06
.53
8.92
.33
.07
.20
31
.53
.61
.33
.32
.58
.69
2.01
2.79
.05
.09
.04
5.95
.38
291
51
6.93
.03
.01
4.15
22
7.23
.06
27
3.90
1.98
4.76
.23
3.55
.18
.66
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Classification

(4s)sd
(*S)ép
CP)5d
(*S)6p
fPidy

(*5)6’\
(*S)6p
(2D)6p
(®>)6s
CD)6s
(4S)6/>
(2D)6p
?D)5d
@ N

N 5 N

QD)5d
CD)sd
(4S)6/>
i2)~

(*S)ép
CS)6p

AP)5J
~i))6p

@s)af
QP)sd
(D)5d
CD)6p
CD)sd
(D)6p
(2P)5d
(P)Sd
(*S)6p
C™ép
CD)5d
?D)5d
i2))n

(D)6p

(D)6p
~ASil
QD)6p
2P)5d
(*S)6p
(D)sd

sD3-{4S)6p P2
P2~(45)6d Z2
3P2-(P)6p 'P,

B2-(45)6d 52
P, - (D)4l D2
5P2-(\S)7j sS2
JP, -(4S)6rf 522
P2-(2)& 3G3
3)2-(\S)4/ Fj

), -(45)4] jP2
P2 -(45)6</ s2),

'Pj -(22))7s D3
'P3 ~(P)6p Z2
'P, -C2))N A4
'D2-(D)6p 'D2
P2~(P)6p 'D2
3, -(2D)4l P,

P, -(4)7j s52
)3- (2Z>)4l G4
P, ~{45)6d DO
P, -(H)6rf 55,
')2-(4%6)5/ P,

22~(D)4f 'P3
ZR-(P)6p )2
33 -CAJjerf 32
F2-(D)6J Pj

52 ~{2D)6d 'P,

D2-(D)4f 'D2
D2-(P)6p P,

'P3-(Z))W P4
F2-CD)6p P2
'P, ~{2p)1s 'D2
PD3-(D)4/ ‘G4
F4 ~{P)6p D3
P3-(5b)6rf 2
'F3-~(2p)1s 'D2
F3~(D)6p D2
'2)2-(2P)4] B3
P4 -(45)4] sP4
'P3-(P)6p 323
F2-(2D)6d D,
F4-(*5)4] P3
'P3 - (2ZZ>)6rf 3)j
P, -(P)6p D2
PD2-(D)6d P2
P3~(D)4f F2
P, ~(*S)6d Dx
P4 -(D)6p P4

(2A)5iF P3 - (2896 P3

(*S)4f
(2D)5d
(45)6j

(D)5d
(2))6p
(D)6p
N P )I\

(D)ép
(2P)sd
(D)5d
(D)6p
(45)4/

(*5)4/
CS)6p
(48)5J
(D)6p
(*S)a1
(D)6j

$2- (D)6d 'D2
P4 ~(2D)6p D3
3, ~(D)6p D2
B4~(D)6p 'P3
D3-(D)6d 'D2
P2~(D)6d 'P3
P2~(?P)6p B,

D2-(D)6d 3,

34 ~(Hw 34
P0-(45)5/ jP,

D), -(2)7s 3,
$2-(D)6d 'P3
'P3-(2))4/ P,

3 ~(?D)6d 'D2
P, -(H)7j B,

L), ~(D)6p Dx
'P3~(D)6d D2
P2-(P)6rf ),
E> ~(P)6p Dx



Table I.
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Continued

(A)

2694.12
2691.44
2691.22
2685.51
2678.55
2678.55
2670.25
2669.01
2669.01
2667.94
2661.00
2659.36
2658.27
2641.13
2639.15
2634.21
2626.98
2624.52
2619.85
2616.90
2616.63
2613.99
2611.03
2610.57
2607.50
2600.12
2595.03
2594.53
2591.69
2591.24
2590.42
2578.62
2578.37
2574.61
2572.33
2572.33
2570.26
2568.81
2568.81
2550.55
2544.10
2541.88
2541.028
2538.918
2536.868
2533.318
2523.967
2521.428
2515.117
2514.09
2513.337
2511.288
2509.74
2504.907
2501.037
2486.727
2485.006
2483.464
2479.876
2479.130
2477.062
2472.377
2471.319
2468.393
2464.555
2463.557
2463.061
2452.644

a(m ")
obs

37 106.89
37143.84
37146.88
37225.86
37322.58
37322.58
37438.58
37455.98
37455.98
37471.00
37 568.72
37591.88
37607.30
37851.34
37879.74
37950.77
38055.21
38090.88
38 158.77
38201.79
38205.73
38244.31
38287.67
38294.41
38339.50
38448.31
38523.72
38531.14
38573.36
38580.06
38592.27
38768.86
38772.62
38829.24
38863.66
38 863.66
38894.96
38916.91
38916.91
39195.51
39294.87
39329.19
39342.34
39375.03
39406.85
39462.07
39608.25
39648.14
39747.61
39763.89
39775.76
39808.22
39832.81
39909.61
39971.36
40201.37
40229.20
40254.18
40312.42
40324.56
4035821
40434.68
40452.00
40499.94
40563.01
40579.44
40587.61
40759.98

calc

.95
.24
.00
A1
AT
.64
.79
6.16
.30
.64
.55
15
.20
.64
75
41
.62
48
42
.67
13
21
.25
42
7.72
AT
0.93
13
79.59
1.92
.55
.69
AT
68
4.39
.59
.98
7.39
02
.32
8.81
.15
4.70
71
172
7.83
7.88
.32
.53
71
7.66
51
.04
0.95
.34
8.98
.29
74
.63
.27
5.05
31
500.10
73
.34
.90
60.32

Classification

(D)6p
(D)6p
(D)ép
(P)5d
(2D)6s
(*S)6p
CD)6p
(D)6p
(*S)5d
cCsw

(2D)5d

‘>, -(D)6d PO
D X-(D)7s D2
D3-(D)6d 'F3
P, ~(P)6p D2
D2-(D)6p 'D2
Ps ~(*S)6d D3
P, -QD)1s D3
3F3~(D)6d B4
sDj ~(*S)6p P3
sP, ~(D)6d 'Fj
F2 ~(D)6p D2
{23)5(21 3Po -(23)6’) 3P,
@S)Sd sDO-(45)6p <P,
(:S)5</ D X~(*S)6p 3P,
(*D)6p D X=(D)6d DX
aP2 ’*(23)6[) 3P2
CD)6p F3-?D)6d D3
QD)Sd BX~(P)6p 'P,
(aS)sp sP2 ~(«S)sd D2
(D)5d Pj - ()41 Pj
(2D)5d 353-QD)6p <P
(D)Sd H2-Cd w 3r3
(P)6s :Po -Czjn/ J>,
(E)/j P, ~(D)6d 'P,
(4S)sp sP, -(4S)sJ 32
5%5/ 3Po -(45)6/> sP,
(D)Sd 3‘3X-(2P)sp P2
(2/>)53 sC, -(:5)4/ 52
(?D)5d 354-(*S)4f sPe
(D)sd IF3-CDW D2
(D)Sd 3G4-(:5)4/ P,
(*S)5d <25 ~(D)6p F2
(D)5d B4~(D)6p F4
(2D)6p 'D2-(2P)6d Dx
(P)Sd 'D2-(P)6p DX
(D)6p 'P, -CAY N 'Ze
(45)6* 3S, ~(2D)6p P,
(ASTf $Ge ~(D)6p D3
(D)6p Pj ~(D)6d D2
(D)5d B, ~(DW D2
(2P)Sd 3:2-(2P)sp 3Z)j
(2)* ‘Bz ~(D)4f D3
?D)6p F2~(D)7s D3
{P)5d P2~(D)4/ IF3
(D)6p 'Pj ~(D)6d 'Pj
(:S)5</ D3-(D)6p F2
(4S)5d DX (45)6p P2
(D)6s D3-(DW I3
(2D)5d 3F2 ~(D)6p 'Ps
(P)Sd D3-(PW
(D)6p D2-(D)6d
(*S)6p sP, ~CS)6d
5*5/ P, -(:P)4/
(D)GS 3Z), -(zP)sn
(25 P,
(*S)5rf sD2-(4S)6p
CD)6s D3-(:£5)4/ :Ge
(D)5d P, - (4S)4/ sPj
(D)5d D2-{DW D3
ZSX"*(D)BD 3Po
(#S)5rf sD, - (4S)s/> 3Po
(2D)5d 33j -(zD)sp 3P4
(AS)SI’f 5D3-(43)e/> 3P2
3D, -(4S)4/ 3F
(:2)* D2-(P)6p DX
(D)5d Pj ~(D)6p D3
<?P)5d 3P2 -(zP)sp P,
(D)5d Pj ~(:S)4/ sF-
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Table I.

Intensity*
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Continued

A(A)

2447.083
2446.503
2441.523
2439.516
2436.491
2423.918
2422.767
2422.139
2419.740
2418.744
2416.744
2414.544
2414.230
2414.230
2414.104
2412.505
2406.229
2403.792
2397.566
2394.083
2392.376
2388.573
2385.902
2385.673
2383.947
2382.087
2379.783
2378.714
2369.595
2366.115
2365.416
2359.159
2354.456
2353.936
2350.563
2339.398
2338.884
2333.555
2326.369
2323.455
2320.992
2316.583
2313392
2312.276
2309.922
2305.502
2305.502
2303.735
2303.735
2300.876
2300.716
2300.353
2298.540
2290.834
2288.009
2286.634
2283.828
2273.709
.2273.488
2272.609
2271.382
2271.055
2268.923
2258.847
2249.630
2247.556
2247.335
2245.280

a (cm-1)
obs

40852.60
40862.29
40945.63
40979.32
41030.18
41243.00
41262.59
41273.29
41 314.20
41 331.22
41 365.41
41403.10
41408.49
41408.49
41410.64
41438.10
41 546.16
41 588.28
41696.27
41 756.92
41 786.71
41 853.25
41900.09
41904.11
41946.77
41967.19
42007.82
42026.69
42188.42
42250.46
42262.94
42375.02
42 459.67
42469.04
42529.98
42732.94
42742.34
42839.94
42972.26
43026.14
43071.79
43153.76
43213.29
43234.14
43278.20
43361.15
43361.15
43 394.42
43 394.42
43448.33
43451.35
43458.22
43492.48
43638.77
43692.65
43718.91
43772.63
43967.41
43971.70
43988.70
44012.46
44018.80
44060.15
44256.68
44437.97
44 478.99
44483.36
44524.07

calc

.86
a7
6.55
97
.39
42
3.03
.35
13
.33
.23
21
68
.82
1.23
21
.25
45
.36
.90
.59
.35

.05
.90
.34
.79
.65
.76
.50
3.01
00
48
8.93
30.18
3.30
.02
.83
1.63
74
.65
4.06
.28
3.94
17
.05
.92
21
.67
21
22
.02
.39
.67
.62
81
.79
.18
73

.37
.94
.09
.62
8.04
.82
.16
3.94

357

Classification

(D)Sd D3-(P)6p 'D2
(P)5d PX-(2Z>)4 F2
2D)Sd sFj ~(D)6p P2
QP)Sd F3~{P)6p P:
(S)5d D3-(D)6p D2
2P)5d sF: -QDW %
cs)6s BX-?SW SR
®)5d Fj ~(DW F3
(P)5d F2-CDW F3
2D)5d P2-(2Z>)4/ 3P,
(48)5d D3-(D)6p <Fj
(®)5d P, -(P)6p BX
CD)5d D2-{DW P,
(D)5d P>-QDW 'Ps
CD)5d 'Ps -CDW 'D2
QD)Sd D3~(P)6p D3
CD)6s ‘D2-(P)6p }D3
(P5d 'D2- (P)6p D2
(P)Sd sPo ~(P)6p BX
(45)5d D2~(D)6p Dx
CD)5d Fs-(*SW sFe
(P)5d DX?2PW F2
(D)Sd BGj - (:5)4/ Pj
(D)5d BX-(:2)4/ P,
(2P)5d 'Pj - (:P)4] 'Gu
5s5p?  sPo -(*S)6p P,
CZJiSil 3P, ~(D)6p D3
(D)5d BX-QDW 'D2
(D)5d F2-CSW %
(D)5d D3-(D)4f P
(P)sd D2-QPW Pj
QD)Sd 2 -<?D)6p P2
(®)5d Dx-(:5)5/ sP.
(4S)6s BX~(D)6p PX
(D)5d D2-{P)6p D3
(D)6p P, ~(P)6d Dx
CP)5d 3P, -(22))4/ P,
CD)6s 'D2~(P)6p 'P,
(D)5d 5P, -(s5)5/ P,
(2)i D3-(D)4f 3n4
QP)Sd Pj ~(D)4f P
QDFiP 32 -(2D)6d 'Ps
5j5/ P, -(45)6p sP,
(2D)5d P, -(R))6/> :3:
(zP)SI’f 3P, -(zp)sp "2
GP)5il 32k -(:P)4] sFo
2k D2-(P)6p <P,
5*5/ P, -(AS)sp P
(D)5d sF2 -(2D)s/> 3P|
iy * 3> ~(2Z>)4] 3P
(*S)5d D2-(D)6p F2
(D)5d D3-QDW 3Pj
(P)Sd ¥2-Cdw i x
(D)6s D2-QD)AF :Gj
(®)5d D2-(&5)5f Pj
W3- (Ww M3
(D)5d F4-CSW F4
(2P)5d D2-CS)5f 5P
(P)s* 'P, -(:P)4l sZ
(2ID)Bs Dx-(P)6p B,
CD)5d ‘Pj ~(DW 'G4
CS)5d D X~(D)6p sPo
(P)5d D2-{PW 3Gj
(2Z))5I’f sD2 “(23)6[) P2
QP)5d Pj -(:2))4/ 'Pj
@P)srf 3F2-Cdw '¢3
(P)5d Pj -(:D)4/ Z:
(=P)5rf sp2 'd2
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Table I. Continued

Intensity* A(A)

U 2243.970
2235.349
2231.673
2230.419
2227.588
2225.071
2223.640
2220.544
2214.382
2213799
2210.420
2205.587
2204.333
2203.682
2202.695
2199.514
6 2199.287
1 2198.583
10 2197.801
1 2194.292
1 2192.428
1 2189.828
3 2185.701
7 2179.684
9 2172.779
3

3

7

~

N ° O1TwWwOWw*e © M Ugl©Ow®°?

2165.526
2165.526
2160.935
2156.896
2147.683
2144.189
2142.129
2139.375
2139.375
2139.236
2138.432
2130.809
2128.473
2123.163
2122.205
2118.036
2114.762
2106.354
2099.545
2096.570
2095.350
2095.126
2093.862
2091.996
2090.225
2084.598
2084.461
2083.088
2079.995
2077.610
2075.090
2072.866
2072.247
2067.384
2067.175
2060.702
2060.385
2055.034
2052.729
2052.166
2051.875
2046.555
2044.430

P NOPF B WO N2 g

w O °

S WON° NN O O ~NOu 2

© g o1 ® o
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a(m )

obs calc
44550.06 49.99
44721.86 .92
44795.52 .32
44820.69 .52
44877.64 .60
44928.41 .16
44957.33 .34
45019.99 .89
45 145.26 4.48
45157.14 10
45226.17 22
45325.27 .24
45351.04 0.90
45 364.44 .36
45 384.76 .96
45450.39 .25
45455.09 4.77
45469.64 .53
45485.82 .63
45 558.56 .83
45 597.28 .37
45651.42 0.51
45751.90 .97
45863.84 .61
46009.58 .53
46 163.67 .24
46 163.67 4.39
46261.74 .50
46348.36 .29
46547.15 .08
46623.00 2.71
46667.82 .83
46727.90 .23
46727.90 8.25
46730.93 74
46748.50 54
46915.73 66
46967.20 .23
47084.65 .30
47 105.90 AT
47 198.62 .56
47271.68 .57
47456.31 14
47614.26 .34
47681.81 .63
47709.56 .59
47714.67 68
47743.47 .37
47786.06 .08
47826.52 .76
47955.61 6.06
47958.77 9.01
47990.37 19
48061.73 .58
48116.88 7.06
48175.32 .39
48226.99 97
48 241.41 .40
48 354.87 .73
48359.74 68
48 511.63 72
48 519.10 01
48645.42 02
48700.03 699.95
48713.39 44
48720.31 .54
48 846.93 .94
48 897.70 73

Classification

cD)sd
(2D)5d
(2D)sd
(2D)5d
(2D)6p
(2D)5d

3D2~(2D)4/ 3F3
D X~(2P)6p 3D2
D X-{P)6p I>
3D X~(2P)6p sFo
3H0~(2P)6d 32
P2-(DW 3D2
CS)S(’, 32}-(45)4/ sF2
(*S)Sd D2-(D)6p 34
(\S)5</ j2s-(\S)4/ sFj
(P)5d JF, -("FIdj 'F,
()5d 'D2-CDW 'F,
CS)5</ Dj - (£2) > 3F4
()i i2i~(P)6p D2
(20)6s iD2~(D )4/ jF2
(2Z5)5¢/ IGj -(+5)4/ sF:
(2F)5J sFo ~(2P)6p '/>,
’\Fjés 3F2-(2F)4/ D3
(*S)5d 3D3-(2D)6p 3D3
(2D)5d 'F, -(22)p 1>
(2D)5d sF2 -(4S)4/ sFj
(Z>)5d 3Gs - (:S)4/ sF,
(:5)5J sZx-(45)4/ s
(2F)5rf sF2 - (2F)4/ 3Fj
(2D)GS QZ),'(ZF)GI\ Z),
(F)53 'Z»-(22))4] :3s
(«S)5rf 3D, ~(D)6p 3F|
(2D)5</ 3Gs ~(*S)4f 3F4
(2P)5d sF, ~(D)4f 3D2
(2D)5d D2-(D W 3P2
(*S)5d D X~(2D)6p 3D X
(2D)Sd 3D3-(D)4f 'Fj
(
(

2D)5d D3-{DW 'D2
*D)Sd 3GS- (:Z>)4/ :Gs
D -(:D)4/ 52),
'D2-CD)4f 'Fj
D3-(D)4af sk
1>, - (22287 sFo
D3-CPW 3D2
Fj - (224 "Gs
'D2-(2D)4f 'F,
D2-(D)6p 'F,
342 ~(D)6p 'F,
aF2 ~(*S)5f sk
sFj-fsy/ sf
(2P)sd sF, -(22))4/ :Fj
(:D)sj D2~(D)4/ Dj
(22))5</ 3D2 - (2Z2>)4 'Fj
(=D)5rf 'Fj - (2F)4/ 3Fj
i2)~ sF2-(2F)4/ sFj
(22>)5rf 3Fj - («S)4/ sFs
(2D)s j 3Dj-(2£>)4/ sFj
(:F)5J 52),-(:F)4/ sD:
CF)5<! sflj-(:F)4/ :2)j
(F)5rf sF, - (2Z2>)4] 3>,
(«5)6j s3S, -(4S)4/ sk
()i 225~ (P)6p :F
(2P)5d XD2~{P)6p 2>
(«5)5</ sD, ~(2D)6p sF
(2P)5d sFo -(2i>)4/ 3>,
(D)5d 3D X-(2Z>)4/ sF2
(2F)5(‘, aaj-(zF)4/ 'Cs
5s5p*  3F2 -(4S)sp sF,
(2D)Sd XG<~{2D W 3H3
SsSp> 3p2-Csy>p sf2
(2/>)5¢ sFa -("DM/ sC4
(:D)5</ sF, - (2F)4/ 322
(ZZ))dS 32?,-(2D)4/ 3D2
(2£>)5¢, 'F, -(«S)5/ &

(2D)6s
(2 i
()5d
(2P)5d
(2P)5d
(A5*/
(:S)5rf
("5)5n
(2P)5d
QD)5d

Table I. Continued

Intensity* A(A)
2 2043.286
1 2041.276
7 2039.314
5 2038.394
7 2037.670
8 2031.996
9 2029.216
8 2029.023
10 2026.062
2 2021.304
6 2020.914
5 2018.714
2 2017.911
2 2016.174
8 2013.859
4 2006.317
1 2001.085
0 1997.497
6 1997.330
7 1990.182
1 1989.377
10 1985.405
5 1983.985
2 1980.606
2 1979.266
8 1978.705
1 1974.445
4 1973.829
1 1970.899
7 1970.059
4 1969.474
5 1967.905
1 1966.733
7 1966.345
7 1956.759
2 1956.154
1 1945.419
12 1942.913
4 1941.329
6 1935.038
11 1930.083
6 1929.158
5 1927.622
2 1926.291
4 1924.757
4 1924.757
8 1924.197
5 1921.644
5 1916.211
2 1915.595
2 1912.564
0 1911.131
1 1910.626
0 1907.038
6 1904.599
0 1901.779
4 1900.693
9 1899.216
9 1899.216
7 1899.156
10 1896.921
1 1895.099
0 1892.723
7 1888.374
8 1888.083
11 1886.426
3 1883.687
1 1882.957

52

a(m )
obs

48925.07
48973.24
49020.36
49042.48
49059.89
49196.86
49264.25
49268.94
49340.94
49457.06
49466.60
49520.52
49540.22
49582.89
49639.88
49826.46
49 956.71
50062.65
50066.83
50246.66
50267.00
50367.56
50403.61
50489.61
50523.78
50538.10
50647.15
50662.96
50738.26
50759.90
50774.98
50815.46
50845.75
50855.78
51 104.92
51 120.73
51402.81
51469.11
51511.11
51678.58
51811.25
51 836.09
51877.40
51913.24
51 954.60
51 954.60
51 969.74
52038.77
52186.31
52203.09
52285.82
52325.03
52338.88
52437.33
52504.50
52582.35
52612.39
52653.31
52653.31
52654.98
52717.02
52767.68
52833.94
52955.62
52963.76
53010.29
53087.38
53 107.97

calc

15
17
.57
.79
.97
86
3.67
97
1.68
6.84
71
.55
45
3.16
40.00
.24
.93
97
7.07
.78
.07
.32
.59
.67
.95
02
.02
3.22
43
60.24
5.09
.30
91
6.08
5.04
.75
.75
31
21
.57
.36
.16
48
.34
12
.59
.66
.63
31
.27
.69
01
.87
AT
.54
.26
.38
4.02
.16
5.27
6.95
40
.23
.67
.80
.07
6.87

8.01

W. Persson, C. -G. Wahlstrom, G. Bertuccelli, H. O. Di Rocco, J. G. Reyna Almandos and M. Gallardo

Classification

(2P)sd sFs ~(*S)5f
(D)5d IG<-?D W
CS)5d D3-{asW
CD)5d 3F2-(4S)4/ sF2
?D)5d ‘F, ~{D)6p sF,
(D)5d 3Gs -(22))4/ 3H3
(2P)5d 3Fo - (222041 3F|
(D)5d D3-(DW >G4
(:2)j D2-(2P)6p D2
<?D)5d sS, -(2F)4/ sF.
(P)Sd 32 -(2F)4/ D2
(2P)5d »D2~(2P)6p 'F,
(2D)Sd 'Fj -("FH/ 33
(D)5d P2-(F)4/ Gj
C*S)5¢ 3D2-(45)4/ sk
CS)5d D2~(D)6p :F
Y3~{dw L3
% -(*S)5f &
32),-(22)p B2
2 - (2£>)4] sFj
Dt~(DW F,
3£)j-(2F)4/ sk
(58)5d D2~(2D)6p D2
(P)5d D2-QP)4/ D,
(22))5J 3G - (2F>)4/ Gj
3Gj - (22))4 G4
Dt-(22))4/ 3D,
P0-7D)Sp D{
D2-(D)6p <Fj
D3-{D)6p D2
D{~(P)6p D2
sFj-CpW  3F3
D2-(D)6p $F,
F2~(PW sFj
3G - (22))4/ jGu
D3 {DW 'Fj
G4-CDW :Gj
'F,-5/5/ '50
oFa -1 D)4/
(D)6s :2),-i~ |
05)5rf 32), - (s5)4/
(D)5d Fj ~(P)6p
(F)sj sF, -(2F)4/
(F)5rf sFj -(2F)4/ sFj
(:F)5J sFz -(:F)4/ oF:
(£>)5rf 3Gs-(2/))4/ 3Gj
(iF)5</ sFj ~(sS)5/ sFs
5s5/ sF2-(45)6p sF,
G1?2)5r Fj -02)~ | B
(D)5d F4~(DW D3
(®)5d sF2 -(:S)5/ sFi
(:Z%s D2-(D)4f D2
CS)6s S, ~(2P)6p D2
(*S)GS X, -(2F)e/> sFo
C5)5I’f 32)]-(45)4/ sF2
C5)5J 2-(D)6p *Fj
(2F)5J sF, -(2F)4/ 3Gj
(zi))Srf 3D, -(zF)sp 'F,
(:F)5d sF2 -CFK/ 3G,
CS)Sd D2~(D)6p °F,
(45)5I’f 3£ —(45)4/ 3Fs
(2F>)5¢, 3Fj -(2D)4/ :Gs
(:S)5d sD3-(:£%p 'Fj
(zF)5rf sF2 -(2F)4/ 342

'F, —2)67 "2
C5)5; 3Dj ~(*SW sFj
(2f>)5l’f SZ), -(2 F)ep sk
@2)s *B2-(2F)4/ sFj

Fj
3H4
3F,

(?D)5d
(*s)5d
(F)5rf
(2]

(?P)5d

(D)6s
5s5ps

(*S)5d
i45)5d
(2D)5d
(P)sd
(*S)5d
CP)sd
(D)sd
(D)6s
(D)5d
(F)si

‘D2
3F2

D2
3Zz



Table I.

Intensity*

1
8
10

10

9
9

0

° 00w

10

10

Continued

A(A)

1878.049
1875.878
1875.772
1874.915
1872.254
1870.665
1869.447
1866.547
1865.157
1860.631
1860.181
1859.877
1856.569
1855.196
1854.375
1853.884
1852.583
1850.903
1848.989
1848.695
1837.300
1837.223
1835.811
1835.532
1834.255
1833.588
1831.680
1830.939
1827.883
1827.367
1826.490
1826.490
1825.867
1823.391

1821.334
1819.857
1817.397
1815.085
1814.503
1812.301

1811.263
1810.520
1807.746
1805.316
1804.117
1803.073
1799.900
1799.769
1799.691

1790.544
1789.258
1786.678
1785.311

1784.661

1780.067
1778.783
1788.425
1777.910
1777.551

1775.174
1774.033
1771.778
1770.919
1770.174
1770.099
1767.089
1760.178

1759.622

a(cm-1
obs

53246.74
53308.36
53311.38
53335.76
53411.57
53456.94
53491.76
53574.85
53614.80
53745.21
53758.21
53766.99
53862.81
53902.66
53926.53
53940.82
53978.68
54027.68
54083.60
54092.20
54427.68
54429.98
54471.84
54480.13
54518.04
54537.87
54 594.69
54616.78
54708.10
54723.55
54749.82
54749.82
54 768.49
54842.88
54904.82
54949.37
55023.74
55093.85
55111.51
55 178.48
55210.08
55232.75
55317.51
55391.96
55428.78
55460.87
55558.64
55562.68
55565.08
55848.96
55889.09
55969.79
56012.64
56033.05
56177.66
56218.22
56229.54
56245.82
56257.19
56332.50
56368.75
56440.47
56467.87
56491.62
56494.01
56590.26
56812.45
56830.40

calc

.80
40
14
.79
AT
.59
.79
66
.76
14
42
7.01
.98
81
.58
.79
.63
.85
49
1.94
.34
30.19
2.03
79.59
7.68
.62
.87
43
.09
.64
.86
.74
.65
.73
5.09
Al
71
.70
.53
.55
09.94
3.01
.16
2.05
.78
91
.50
.50
17
9.19
02
70.03
74
.18
.89
12
.62
.29
.24
.39
88
.53
45
.56
.03
.05
31
14

Classification

(D)5d ICj -CD)AF F4
(*s)5d iD[~(2)6p iDI
CD)Sd IG4-CDW IHs
(ID)Sd 3Gj - (:Z)4/ H4
(?P)Sd 'D2- (D)4f 3
?P)Sd 'd2-Cdw 'd2
Cs)5d iDI—LZ% /> sFo
(*D)5d +Gu - (:25)4/ 31
CD)5d 32-CDW G,
CD)6s D2~CDW P2
(D)5d )DI-QDW D2
(D)6s 3Z>,-(2Z2>)4] 'Gs
QD)5d :GS-QD)AF *Hs
CD)Sd 3a-QD)4/ H4
(D)Sd :GS-CDW Ht
?D)5d 4 -CDW :Gs
(2P)Sd sF2-CpW ds
(D)Sd [Bj-QDW D3
(*S)Sd s>y - (4S)4/ sFs
(D)5d D2-(PW F3
(*S)5d }D4~(D)6p D3
CS)5d 52), -CSW sk
(*S)5d D4-(*SW sFj
(*S)5d 'D0-CSW sF,

(*S)5d D2-(*S)4/ Fj

CD)6s ID2-{45)5f Fj

2D)Sd sGi -(2D)4/ D3
(sS)5</ s2), ~(D)6p sF2
(D)Sd °F, -(:5)4/ sFj

(«S)5</ 52>,-Cs w  sF,

(*s)Sd D2-(*5)4/ sF:

(:S)5</ D2-(D)6p 'D2
(*S)5d sDj-C W sFj

(:S)5rf iD2-CD)6p D3
(D)6s 'D2-(PW sGj
(AS)Sd 3Z)j ~CD)6p 3Fs

(AS)SI’f 522-(45)4/ sk

(:S)5</ sDi - (D)6p D3
(D)6s D2-(DW °Fj

(D)5d Dt~(D)4! sF

(:S)5rf D2-(D)6p P2
(D)Sd sFs -(22>)4/ 3F

(45)5I'f s£> -(48)4/ sF,

(:S)5</ sDO-(D)6p P,

5s5ps 3P, ~(D)6p 32>,
(*S)5d 3-CD)6p P2
(D)5d D, - (22))4/ :2),
(D)5d % ~{PW 3D2
(D)5d Fij - (2£))4] 3T«
CD)Sd F4-QDW 'Hs
(D)Sd D2-(P)Af 3
(D)5d 'F, -(:F)4/ :Dj
QD)Sd P2-(PW :2j
05)5rf D, ~(PW D2
SsSp3 Jro -(2D)6p 'F,

(D)Sd sF, -55*V 'S

(:S)5rf iD2-(D)6p sF,

(D)5d 35j - (:F)s/> 52
(D)5d Fj -CDW Dj
(D)Sd F4-CD)4/ sGS
(F)5rf Fs -fFM / 'G:
CD)Sd ¥4 -CD)Af sF}
(D)5d 325 - (:D)4/ sF,

CD)Sd 'Fj - (:F)4/ 'Gs
(*s)5d D2-CSW jF

32> ~(22>)4l

(22))5J jG: - (2F)s/> 3Dj
A5)65 sS; -CD)4f :Gj

53

Table I.

Intensity*
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Continued

A(A)

1757.396
1752.626
1752.318
1752.022
1750.609
1735.371
1734.368
1733.536
1728.420
1727.429
1724.983
1724.776
1722.358
1717.515
1717.005
1716.290
1713.867
1712.522
1705.178
1704.946
1703.820
1699.754
1699.515
1696.936
1694.820
1694.134
1693.703
1691.798
1685.823
1684.194
1678.873
1675.824
1674.633
1673.566
1672.557
1669.355
1663.390
1661.093
1661.029
1660.808
1656.612
1656.069
1653.039
1647.338
1647.010
1646.504
1642.767
1642.395
1637.572
1635.382
1634.072
1633.489
1633.255
1631.429
1629.312
1628.148
1626.309
1626.183
1624.678
1623.748
1622.595
1621.407
1619.484
1616.083
1612.970
1612.970
1610.658
1606.393

a (cm-1)
obs

56902.37
57057.24
57067.27
57076.90
57 122.99
57642.56
57657.90
57685.55
57856.31
57889.49
57971.60
57978.54
58059.92
58223.66
58240.95
58265.21
58347.59
58393.42
58644.89
58652.88
58691.66
58832.03
58840.31
58929.74
59003.30
59027.21
59042.24
59 108.71
59318.20
59375.59
59563.78
59672.13
59714.57
59752.66
59788.71
59903.37
60118.18
60201.31
60203.63
60211.67
60364.15
60383.96
60494.65
60704.01
60716.09
60734.75
60872.91
60886.68
61066.01
61147.81
61 196.81
61218.65
61 227.42
61 295.96
61 375.60
61419.48
61488.93
61493.68
61 550.66
61585.90
61 629.67
61674.84
61 748.05
61 878.00
61 997.45
61 997.45
62086.42
62251.26

calc

.37
.59
17
.50
3.09
.60
.59
68
5.89
.33
73
.38
.78
4.48
.78
11

.16
77
74
37
.76
12
30.78
91
31
8.51
1.96
.76
.77
.06
49
0.95
.89
24
73

7.76
11
.67
.39
12
4.41
49
3.82
5.85
51
.66
a7
.00
43
71
.34
6.63
.64
37
.09
.79
2.90
.20
81
.56
.75
.16
7.74
6.81
01
.35
48

359

Classification

(D)Sd F2-CDW jF2
CD)Sd Gj-CDW F4
CD)Sd 'G:-CDW 'Fj
CS)Sd H3-Cd w 3Gj
55507 P, ~(D)6p F2
CD)5d 3y4-Cd w 3f4
CS)5d A3-Cdw 4
CD)5d 3f2-Cdw 33
Cs)6s S, -CD)4/ °F,
CD)5d sFj -CP)6p 'D2
CD)Sd 353-CP)6p sF:
(4S)5d D4-(*SW :Fj
(2F)5</ 3F2 -(2F)4/ jA:
("5*] 3R -(2F)4/ jFs
Y4-Cdw 'hs
CD)Sd 3G3-CDW sFj
(2254 'F, -CPW sF.
(45)5«/ sD2-CSW sF,
(«S)5J 52)j-(4S)4/ sF,
(2i))65 3Dj-r5)5/ B
555/ sF, ~CD)6p D2
CD)5d 364-CD)4/ Fj
5i5"s  JFo -(45)4/ sF,
CD)Sd 'F, ~CP)(>p 'D2
CD)5d 'F, -(2F)sp aF,
'F, ~(2F)s/> Fo
Fj -(2F)4/ 32,
d,-Cpw 3F2
F2-CP)6p D2
(2F)65 sF,-5i°5/ 'Se
CP)sd Fj -(:F)4/ ‘G
(*S)5</ 32), - (2D )4/ sF
i 3Z>,-(s5)5/ sF
5i5>s 3Fo ~(D)6p sF,
'd2-Cpw sFj
sF2 ~CP)6p D3
% -CD)4f oF:
(:D)5rf Fj ~CP)6p P2
CD)Sd D3-CPW 3D2
CS)5d 3Z),-(2F)sp 35,
(s5)5rf H3-Cd w 3f2
(«5)5rf D3-(2D)6p 'D2
CD)5d sFj -(2Z>)4/ sFj
(«S)sj 3S, -(2F)sp 3F2
(4S)5</ 3£ - (2F)6 ™ 3es2
535,35 s ~CD)6p D,
(D)5d Fj ~CDW D2
(P)5d 'D2-CPW 3i
(:5)5</ D2-(DW :Gj
(*S)Sd H3-Cdw H3
CD)Sd F2-CP)6p °F,
GF)5rf 'Dr rd)5/ i
(D)Sd D3-(PW D3
CD)Sd P2-CPW D2
CS)6s 5, ~CDW D2
(P)Sd Fj -(:F)4! jF
(*N)<« H2-Cpw 33
(F)5J "2:-(:5)5/ sk
(:S)5rf 52), - (22))4! °F,
(F5< W2-(dw F3
CD)5d &2 -CPW 3P
CS)Sd H4-Csw 3r4
(D)Sd D3-CPW 1G4
Cs)5d H2-Csw %
CD)5d 354-CDW °Fi
CSW % -Cdw 'Pt
CS)5d :D,-CPW 'D2
CD)5d sF: ~(DW 'G4

(D)6i
(D)sd

CS)6s
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Table I. Continued

Intensity* A(A)

9 1605.322
10 1605.106
8 1604.074
10 1603.241
9 1601.817
1 1598.260
11 W 1596.687
10 1592.466
4 1589.351
12 1585.770
9 1584.577
10 1579.476
9 1578.154
9 1574.847
9 1572.188
6 1570.865
9 1569.753
10 1569.338
12 1562.547
9 1562.006
10 1560.437
11 1560.011
7 1558.178
5 1557.460
8 1554.426
10 1553.907
1551.651
1549.961
1548.008
1547.346
1546.952
1540.970
1538.863
1538.220
1536.812
1536.386
1535.328
1535.224
1533.416
1532.765
1530.558
1526.586
1524.280
1521.501
1520.619
1515.558
1511.119
1509.841
1509.530
1509.458
1508.178
1504.900
1503.997
1501.157
1497.708
1495.446
1488.474
1486.291
1484.688
1482.243
1474.781
1472.727
1471.312
1468.378
1468.178
1462.549
1461.206
1458.806

©° Nhe BeC WONWO® C OO RNC Y WNOY y® Y O~ ©O©:-
=

A OI® O - ©~ P
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a (cm-1)
obs

62292.78
62301.19
62341.26
62373.67
62429.09
62568.05
62629.68
62795.69
62918.75
63060.83
63108.33
63312.15
63365.16
63498.22
63605.62
63659.19
63704.28
63721.14
63998.06
64020.25
64084.60
64 102.10
64177.53
64207.12
64332.43
64353.91
64447.50
64517.77
64 599.14
64626.80
64643.24
64894.18
64983.05
65010.22
65069.76
65087.81
65132.65
65137.09
65213.86
65241.58
65 335.64
65 505.65
65604.76
65724.58
65 762.71
65982.31
66176.14
66232.15
66245.78
66248.96
66305.15
66449.59
66489.51
66615.30
66768.67
66869.67
67182.92
67281.56
67 354.20
67465.34
67806.69
67901.25
67966.57
68 102.35
68111.62
68 373.79
68 436.61
68 549.23

calc

.79
10

12
48
8.83
7.67
8.98
.50
40
.07
12
1.88
4.87
12
.33
17
.29
24
7.50

40
1.19
.16
.00
.34
.62
6.92

8.79
37
.07
.06
.07
13
68
62
74
6.93
4.42
51
39
6.04
64
67
85
48
17
87
6.20
9.18
44
70
81
40
9.02

.98
.76
.36

7.06
31
40

1.80
.59

4.07
.64
.36

Classification

CD)5d
(D)5d
(45)5d
5*5/7*

5s5ps

(2D)5d
(2P)Sd
<*S)6s
?D)6s
(2D)5d
(2D)5d
5*5/7*

(45)5d
5*5/7*

5*5/7*

CD)5d
(D)5d
(2D)5d
5*5/7*

(D)5d
(4S)6s
(?D)Sd
(*S)5d
(aS)s *
5*5/7*

CS)5d
(D)5d
5*5/7*

(D)5d
(D)sd
(D)5d
(*S)5d
('‘D)sd
(D)5d
(*S)5d
(D)5d
(D)sd
(4s)sd
(22))s >
(D)5d
(*S)5d
(4s)5d
CS)5d
(i) *
(45)5</
(2D)5d
5*5/7*

fSArf
() *
5*5p*

(2D)5d
(S)5rf
(4S)5</
(4S)5d
(*S)5d
(«S)5</
("s~d
(45)5rf
(4S)5</
5s2Sp4
{2D)Sd
fSISrf
(2D)sd
(:D)s*
5*5/,*

(D)5d
5*5/7*

(4s)sd

sFs ~(D)4f
Fj ~(D)4af
Ad3-Csw

sF, ~(D)6p
P2~(D)6p
'P,-QDW
Py-(PW
3S, ~(D)4f
D2-(*S)5f
3B, -5*°5p*
'P, -(2F)s/j
sF, ~(*S)4f
iDi-(2P)6p
sF, ~(2D)6p
sF, ~(sS)4/
F} ~(D)4/
Fj ~(D)4/
F2~(DW
F2~(D)6p
*£), - (&F)4/
St ~(DW
F2~(D)4l
D3~(D)4/
3S, -Cd w

P2~(D)6p
D2-QDW
'F, -QDW

aF2
D2
F4
aFo
2

P2
*F
'F3
‘D2
P2
D2
F2
P>
*D,
sk,
'd2
Fj
F2
'F,

oF, 267 jF,

'G4-(*S)5f
oZ5, ~(49)5F
BLA-fDW
D2~(P)6p
'F, (P)6p
3:2-(zz>)4/
D{~(DW
F2~(DW
F2-(D)4/
D2-(DW
i£>,-(2F)4/
'G4~(P W
*20 - (2F)6/7
I, - (:F)6I7
D, -(:F)6I7
Zi-(2F)4/
D3-QD)4f
F4-QPW
sF2 ~(2D)6p
Hd2-Cdw
12)j-(:F)4/
sF2 ~(2D)6p

sFj - (22))4f *

*> - (2Z2>)4]
:2),-QDW
D4-(D)4f
D2 - (2F)BI7
*, - (:D)4/
s2)j-(:D)4/
*Ds - (2D )4/
D2-(P)6p
'S0 - s*s/*
3Gs - (2F)4/
3D, -(*0)4/
‘P, ~(D)4/
Zs-(2F)4!
oF2 -(4S)4/
G - (:F)4/
sF2 - (tD)6p
sDs-(2D)4/

*
*
‘G4
3,
‘D2
iF,
D2
%
‘D2
D3
D2
B3
sF,
D2

3Gj
3P2
ket

Table I. Continued

Intensity*

® e N W~ @ O

~
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AR

1457.845
1457.351

1455.769
1453.408
1451.141

1450.093
1447.580
1447.487
1446.268
1441.199
1440.650
1440.089
1438.259
1436.707
1435.045
1434.820
1433.956
1432.185
1428.810
1427.844
1425.999
1425.200
1418.027
1414.921

1413.006
1412.846
1412.466
1407.990
1405.042
1404.681

1404.586
1402.224
1399.271

1399.271

1399.271

1397.573
1392.122
1391.936
1389.129
1380.055
1378.128
1377.722
1375.295
1374.809
1370.076
1366.709
1364.977
1356.358
1355.012
1347.545
1344.320
1342.928
1342.534
1341.518
1338.153
1337.652
1333.145
1330.927
1327.475
1325.014
1320.689
1316.873
1316.442
1314.390
1314.088
1309.881
1309.818
1309.656

a (cm~1)

obs

68594.40
68617.66
68692.20
68803.79
68911.30
68961.10
69080.82
69085.26
69143.49
69386.67
69413.11
69440.17
69528.49
69603.61
69684.23
69695.13
69737.16
69823.37
69988.31
70035.68
70126.29
70165.59
70520.51
70675.30
70771.09
70779.11
70798.14
71023.22
71 172.27
71 190.55
71195.37
71 315.26
71465.79
71465.79
71465.79
71552.63
71832.78
71842.37
71987.53
72460.90
72562.23
72583.58
72711.67
72737.36
72988.64
73168.47
73261.32
73726.86
73800.10
74209.01
74387.03
74464.17
74486.02
74542.43
74729.85
74757.88
75010.60
75135.60
75331.01
75470.91
75718.03
75937.45
75962.30
76080.92
76098.41
76342.84
76346.46
76355.92

calc

48
.62
49
.85
.07
42
.80
02

.80
.53

.20
43
4.14
.25
57
.32
.53
.29
6.44
.56
91
.63
43
.60
00
.04
.05
48
.80
.63
.15
4.88
13
6.05
43
3.52
75
68

1.38

.98
2.00
8.07
9.04
9.05

.96
7.35

.38

14

.73

.50

.33

.53

30.67

.88

.76
6.05

.50

1.65

.61

.63

66

.99

.62
.95
6.24

Classification

(4s)5d D3-{DW

5A5%  oF ~(*S)4/
(D)6s 3D2-(2P)4/
5%/7*  sF. ~(2D)sp
5ET* §F. -(sS)4/
(D)Sd 3G3~(4S)ST
('S)Sd D2-(:F)s/>
(4S)Sd D4-CDW
28)5d *&, ~(D)4/
(D)5d 'F, -CDW
(45)5d 5d4-Cd w

CS)5d *2p - (:F)6/7
CD)5d sG: - (:S)5/
@” sG-fFH/
CS)5d *25,-(:F)s p
5%/7*  sFo -(2F)6/7
(:S)5</ D2-(D)4f
5*%/7* sF2 -(2D)s >
(:5)5¢ D3-CDW
(:E)5rf sFs - (:F)4/
(2F)5I"f sF, -5*°5ps
5ST* SF, -(sS)4/
(:S)5rf D2-{D)4/
(D)Sd °F, -(*0)4/
(5)5J 5d3-(2d w

(45)Sd DO-CDW

(F>)5d 'F, - (E>)4
(:5)5t/ *D, - (22))4/
(«5)5</ H2-Cd w

(:2))5</ sFs -(:5)5/
(«S)5rf }d3-Cd w

(48)5d *D» - (:F)6/7
{D)5d F2-CPW

(D)Sd *F, ~(:F)6I7 *

(D)5d sF} -(:S)5/
(S)5i/ H2-Cd w
QD)Sd 3r3-C pW
(45)5d *Ds-(=2))4/
557 F2 -(4S)4/

(«S)5i/ 3Dz -(22))4/ j

(2D)5I’f 3F2 -(zF)4/

CSISd D2 -(£>)4/ -

- O -
(«S)5rf *2 - (2F)6/7
(«S)5rf *728-(2F)s/j
sF2 ~(sS)5/
(Z))W sk -(F)4/
5s5/€¢  sF2 - (2£5)6/7
5%5/7*  sF,, -(2F)6/7
(22)5< sFs -~"FM/
557 sF, -(2F)6/7
(«S)5rf *2) - (2F)6/7
557 sF, -(2F)6/7
(4S)5</ *£5,-(2Z))4/
(22))5rf sFs -(2F)4/
(«S)5i/ «d2-Cd w
CD)5d3G3-CPW
(*S)5d *>- (22241
CS)N 25 -(F)4/
5%/ sF2.-CS)4/
Cs)Sd Do-Cd w
CS)«/ 3al),-(4S)5/
(«S)5rf *25, - (22))4/
rS)’\ 3Z)3-(45)5/
(4S)5</3D0-Cd w
CS)Sd sDt-CDW
5s25p4 'so ~(4S)5d
(*5)5" si)s-(4S)5/

'D2
*=
3Dz
P2
*Fv
*F
aF2
Hs
sF2
*F
4
3S,
*
3Gs
35,
sF,
3F2
sk,
sF2
sFs
50
sk
3Ds
sF,
a3
F,
2
'E,
3f2
*R
‘g4
D2
Fi

*

3S,

3£>2
sk
sF,,
342
jen
3F3
D2

aF2
aF2
K
*
SFZ
*
A,
32),
2
*



Table I.

Intensity*

Ao gm w o N

o

~

Continued

A(A)

1306.260
1305.721
1305.475
1303.385
1299.234
1294.672
1294.477
1292.427
1281.633
1278.311

1277.742
1272.819
1269.293
1267.171

1253.650
1251.484
1249.319
1247.610
1244.235
1242.875
1238.955
1237.316
1232.070
1228.991

1227.943
1205.929
1202.593
1200.033
1198.683
1195.107
1188.853
1186.249
1185.767
1182.729
1179.186
1178.630
1177.617
1174.243
1173.857
1173.370
1173.146
1170.988
1170.812
1166.789
1166.467
1166.228
1163.061

1160.992
1158.329
1156.475
1135.613
1131.838
1130.348
1127.018
1124.428
1109.257
1092.168
1088.954
1077.844
1066.393
1060.529
1058.136
1055.326
1048.755
1047.799
1017.682
1016.188
1014.825

a(m )
obs

76 554.46
76586.02
76600.49
76723.29
76968.45
77239.62
77251.26
77373.82
78025.43
78228.25
78263.07
78 565.77
78784.02
78915.95
79767.06
79905.14
80043.61
80153.27
80370.66
80458.63
80713.18
80820.08
81 164.24
81 367.53
81437.00
82923.60
83 153.65
83331.02
83424.86
83674.55
84114.69
84299.35
84333.60
84550.21
84804.29
84844.30
84917.28
85161.27
85189.24
85224.64
85240.89
85397.97
85410.79
85705.29
85728.92
85 746.53
85980.05
86133.25
86331.26
86469.69
88058.15
88351.89
88468.32
88729.74
88934.09
90150.46
91 561.03
91 831.25
92777.81
93774.02
94292.61
94505.83
94 757.44
95351.18
95438.18
98262.53
98406.97
98539.15

calc

5.25
.27
73
71
.69

40.14
.56

4.17
49
22

10

.94

.63
6.13
6.86
4.74

61

.92
.76
21
19.80
3.74
.70
.16
.08
.29
.23
22
.82
.54
.83
.88

.80

.36
.05
.10
8.89
31
43
.87

.16
9.44
.63
Al
.26
.98
A7
Al
.79

11

74
.09
.60
46
46
3.85
.18
6.68
.65
.16
12
A7
7.59
40

Classification

(D)Sd }C3~(PW 'Ga
{D)Sd F4-CPW FH
CD)Sd 3G4-QP)4f I
(*s)Sd d3-Cpw :Gj
SsSp?  P2-{P)6p 2
(D)Sd 3F3-(2F)4/ D2
(*S)Sd D X~(D)4f PX
(*S)5d DXQD)4f 'd2
SsSp3 PX~{DW F2
(ID)5d IPt ~(2P)4f 3F2
CD)5d F3-CPW D3
SsSp? P, -CP)6p 3,
CD)5d af, -Qpw ‘g4
(4S)5d iD2-(P)Af aF,
5sSf P2-QF#p Pt
SsSp3 sF, -CDW 'F,
SsSp3 P2-{D)4f G3
(45)Sd iD4-(D)4af '
(*S)Sd 3D2-(*S)Sf sF,
SsSp5 3Hp0-Cd w 3 x
(45)5d 3D2-(PW B3
(4S)5d sD3-(D)4af ‘G4
5s2Sp4 *D2-SsSp3 P2
SsSp3  P0-?D)4f PX
(45)Sd Jd1-?pw H2
SiSp4 1S0-(D)Sd IPx
CS)5d D3~(P)4f D3
5s5ps  3P2~(D)4f F2
5s5ps P, ~(D)4f D2
(*S)5d D3-(P)4f ‘G4
SsSp3 P2~(D)4/ D3
(*S)5d D2-(P)4f F3
?D)Sd 'F, -QPW D2
(4S)Sd 3D3-{P)4f F3
(4S)Sd DX(PW 3F2
SsSp3 PX~{DW P2
C*S)Sd sDO-{*S)5f sF,
CS)Sd D XCS)Sf F,
(*S)Sd Dt -(45)5f sF,
SsSp3 P, ~(D)4f 32,
(<S)ss 3Bt-5j°5/ 'S
(4S5)5d H2-Qpw 3f2
(4S)Sd Dx-C:5)5/ F2
(*S)5d D3-CS)Sf FH4
(*S)Sd sD2-(*S)Sf 33
SsSp3  P2~{P)6p 'D2
{45)Sd D3-(45)Sf F3
SsSp3 sfF,-Cd w  Pi
SsSp3 P2-(2P)6p D3
Step* 1D2-SsSp3 sF,
SsSp3 - P2 ~(P)6p P2
SsSp3 P2-(D)4f F3
Ss Sp4 P, -5sSps P2
5s5i? P2-Qdw H2
(4S)Sd 3Dt-55°5,6 'So
SsSp3  P2-CD)4f P2
SsSp3 $2-Qdw 'd2
CD)Sd 'F, -Ss°Spb 'So
(*S)Sd H3-CpW A3
5s*Sp4 Pt -SsSp3  sF|
SsSp3 3Pj ~(+S)5/ F2
Ss*Sp4 ID2~(*S)Sd D3
sisp4 'D2-{45)Sd D2
SiSp4 'D2-(*S)Sd D,
SiSp4 3P0-SsSp3 sF,
Ss28p* 3P2-SsSp3 P2
(4S)Sd sZ> -Ss°Sp6 'So
5s2Sp* P1-SsSp3 PO

55

Table I

Intensity”

6

12
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(1)

Spectrum of Doubly lonized Xenon (Xe I11)

Continued

2 (A)

1002.087
981.097
979.980
974.133
971.818
965.548
960.325
958.591
953.983
930.702
917.258
915.487
901.745
898.870
896.014
895.401
894.003
891.835
889.284
878.789
870.342
863.385
861.064
852.947
851.152
850.563
840.151
838.441
838.244
826.132
824.878
823.202
822.640
820.166
811.138
810.110
808.860
801.978
800.835
800.228
799.333
796.067
793.968
793.282
792.896
790.056
784.785
780.027
779.782
779.124
779.124
769.140
765.442
765.120
763.729
761.790
761.532
756.031
754.144
750.451
750.160
744.142
742.570
737.977
733.314
731.023
727.042
724.623

a (cm-1)
obs

99791.73
101926.8
102043.
102655.4
102899.9
103568.2
104131.
104319.8
104823.7
107445.7
109020.6
109231.5
110896.1
111250.8
111605.4
111681.8
111856.5
112128.4
112450.0
113793.0
114897.4
115823.2
116135.4
117240.6
117487.8
117569.2
119026.2
119269.0
119297.
121046.
121230.1
121476.9
121559.8
121 926.
123284.
123440.0
123631.
124691.6
124869.6
124964.
125 104.2
125617.5
125949.6
126058.5
126120.0
126573.2
127423.
128200.6
128241.
128349.3
128349.3
130015.3
130643.5
130698.
130936.5
131270.
131314.2
132269.7
132601.
133253.2
133305.0
134382.9
134667.5
135505.6
136367.3
136794.6
137543.6
138003.

calc

71
7.29
2.55

.54

.59

20
0.85

.82
4.02

.72
1.04

.67
5.95

42

4l

.58

.38

.39

49.90
2.67
6.97
2.70

.28

.08
6.98
8.68

.03
8.74

.96

.76

29.58
5.94

A7
2.75
5.23

39.66
2.20

.33

73.06
5.53
3.93

.06

A7
751

19.77

12
4.46
1.40
2.18

.15

51.13
Al
43

68

.57
1.40

.10

91
0.85

.84

51
3.70

42

77

48

A7
0.64

.06

361

Classification

SsSp3 Pt-Cpw H?2
SiSp* 'D2-(2D)Sd 'F,
5s25p4 'So - (D)6s Dx
Ss28p* sFt ~(*S)Sd D,
58280* sF, ~(*S)Sd H,,
Ss28p* 3P2-SsSp3 sF,
5s28p* 'D2-(45)Sd D3
528" jFo ~(*S)5d D,
SiSp4 ID2-(45)Sd Dx
SiSp4 sF, ~(*S)Sd D2
SiSp* ID2-(2D)Sd F3
SiSp* sF| ~(2D)Sd 'F,
SiSp4 sFo -CD)Sd 'F,
SiSp4 'D2-{D)Sd 3
SiSp4 FP2~(*S)Sd D3
SiSp4 F,-CS)6s %
SiSp4 P2~(*S)Sd D2
SiSp4 P X~{*S)Sd Dx
575N P2-(45)Sd DX
SiSp4 sFo ~(*S)Sd DX
SiSp4 F, ~(D)Sd F2
SiSp4 jF, ~(*S)6s sS,
SiSp4 ID2-(D)SdDx
SiSp* sFj ~(*S)Sd D2
SiSp4 F0-(*S)6s %
SiSp4 'D2-(D)6s D2
SiSp* F2~(D)5d 'F,
SiSp4 >D2-(P)Sd 'd2
SiSp4 'So ~(P)Sd Dt
5iSp4 'D2-(D)6s Dx
SiSp* 3P2-(45)Sd D3
SiSp4 P2-(*S)6s 3152
SiSp4 D2-(D)6s D3
SiSp4 P2~(*S)5d Dx
SiSp4 'Sj ~(P)6s 'F,
SiSp4 sF, ~(D)Sd DX
SiSp* 'D2-{P)Sd :F,
SiSp4 P2-QD)Sd F2
SiSp4 P X~(D)6s D2
SiSp4 'D2-(D)Sd D2
SiSp4 sfo -CD)sd 1d,
SiSp4 3P2-(*S)6s sS,
SiSp4 1D2-(D)6s ID2
SiSp4 ID2-(D)Sd D3
SiSp4 32-QD)Sd F3
SiSp4 :F, -CP)Sd 'D2
SiSp4 'S™-SsSp?  'F,
SiSp4 ID2-(P)Sd 32
SiSp4 'D2-(P)SdF3
SiSp4 P2~(D)Sd I3
SiSp4 sF, -(2))6j Dx
SiSp4 sFo -(D)6s Dx
SiSp4 sF, ~{2P)Sd 3P0
SiSp4 ID2-(D)Sd sS,
SiSp4 sF, ~{P)Sd :F,
SiSp4 'D2-(2D)sd Fj
SiSp4 'D2-(2D)Sd 'Fj
SiSp4 sF, ~(D)Sd D2
SiSp4 3P0~(P)Sd F,
SiSp4 sF, - (jX))6s 'D2
SiSp4 ID2-(2P)Sd P2
SiSp4 'D2-(P)6s sF,
SiSp4 3P2-(z))e; D2
SiSp* sF, ~{P)Sd F2
SiSp4 3P2-(P)Sd D2
SiSp* ID2-QP)Sd D2
SiSp4 'D2-?D)Sd sF,
SiSp4 sF, ~(D)Sd sS,
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Table I. Continued

Intensity* 2 (A)
(5) 723.873
(-1) 723.055
(2d) 721.630
13 721.199
12 719.694
2 717.911
() 715.986
4 711.190
4 710.680
4 710.575
2 705.777
12 705.095
3 703.906
10 702.795
5 699.069
12 . 698.550
7 697.584
10 693.971
8 691.036
12 690.400
1 688.239
10 688.044
(5) 686.792
10 685.599
13 682.926
12 682.563
6 679.022
9 676.602
9 673.991
7 673.798
(1) 670.550
1 668.476
8 664.878
2 662.516
1 661.125
1 660.133
0 657.831
12 650.479
10 646.667
8 639.419
m 633.089
7 629.216
1 627.403
() 611.511
) 590.707

Physica Scripla 38

a (cm-1)
obs

138146.

138302.

138 575.

138658.1
138947.9
139293.0
139668.

140609.

140710.3
140731.1
141 687.8
141 824.9
142064.5
142289.0
143047.5
143153.7
143352.0
144098.3
144710.3
144843.7
145.298.3
145339.6
145 604.

145857.9
146428.7
146506.6
147270.7
147797.4
148 369.9
148412.5
149132,

149593.9
150403.5
150939.8
151 257.4
151484.6
152014.8
153 732.9
154639.2
156392.0
157956.

158927.9
159387.1
163529.

169289.

calc

5.49
17
a7
.20

9.42
.94

7.33
.88
.95

0.93

8.07

9.37

44
8.20

6.24

5.62
3.04
.37
68
3.63
8.10
8.18
7.40
5.30

Classification

5s*5p4
5s*5p4
S5s*5p4
55* 3)*
5s*5p4
5¢*5p*
5s15p*
5s*Sp4
5s*5p4
5s*5p4
58* 5p*
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*Sp4
5s*5p4
55*5p4
5s*Sp4
5s*Spd
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*Sp4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s* 54
5s*5p4
5s*5p4
5s*5p4
55* a)*
5s* 5p*

P2~{*D)6s 2>
‘D2~(*P)5d 323
Pt ~(*D)5d P2
P2~(*D)6s }D3
'S0 -(*P)5d ‘P,

ID2-(*P)5d iDJ
P0~(*D)5d It
Pi ~(*P)5d P2
Pi-CP)6s Pa
P2~(*P)5d PX
PX~(*P)6s P,

'D2-(*P)6s 3P2
3P2- (*D)5d 3D2
'D2-(*P)6s 'Pt
3P2~(*D)6s ‘D2
F2~(*D)5d D3
FO0-(*P)6s PX
Pt-QP)5d D2
ID2-(*D)5d 'D2
P, ~(*D)5d Pt
P2-QP)5d F2
P2~(*P)5d F3
Pt-(*P)5d Di
‘D2-(*P)5d ‘F3
'D2- 5s5ps  'Pi

3P0 ~(*D)5d i

PO ~{*P)5d Di
P, ~(*D)5d 3,

P2-(*D)5d P2
P2~(*D)5d 'F3
P X~(*P)6s P2
Pt ~(*P)6s 'Pt
P2-(*P)5d P2
P{~(*D)5d 3P0
FPO~(*P)6s 'Pt
P2-(*P)6s Pi
Pi ~(*D)5d 'D2
PI1-5s5ps 'Pt
IP2 ~(*D)5d &Pi

P2 ~(*P)5d D3
'D2-(*P)5d 'Pi

P2~(*P)6s P2
P2~(*P)6s 'Pi
P1-5s5pi 'Pi

'D2-(4S)6d D3

56

Table I. Continued

Intensity*

®
®)
o)
©)]
®)
©)
©)
(-D
Q]
(-1)
(-D
()
©)
4)
(1)
()
(-D
®
®)
4
(-2)

(-1 a

()
(-D
(1)
()
(-D
©)
(1)
(-2)
o)
(x)
()
(-2)
(-D
©)
()
(-2)
()
()
(-2)

A(A)

574.738
570.365
569.292
565.620
560.355
559.256
559.030
549.447
548.444
548.021
548.021
547.790
544.108
540.190
538.490
537.287
537.106
536.844
536.524
535.476
534.537
533.910
529.955
529.826
528.235
524.258
523.644
521.315
520.194
516.578
510.252
509.519
508.625
507.960
503.802
499.923
498.378
497.457
496.260
493.092
490.579

a (cm-1)
obs

173992.
175326.
175657.
176797.
178.458.
178809.
178881.
182001.
182334.
182475.

182475.

182552.

183787.

185120.
185704.
186120.
186 183.
186274.

186385.
186750.
187078.
187297.
188695.

188741.

189310.

190746.
190969.
191 823.
192236.
193582.
195982.
196264.
196608.
196866.
198491.
200031.
200651.
201022,
201 507.
202802.
203841.

calc

1.88
.54
6.16
4.79
9.06
8.31
78.94
5.39
7.88
82.74
64.48
1.32
6.24
.90
7.17
12.68
31
7.31
4.04
46.62
82.27
6.50
7.62
6.54
09.76
5.35
74.04
4.12
41.32
1.68
77.67
1.50
91
76.63
.98
3.45
0.23
4.94
12.20
5.90
5.36

5s*5p4
5s*5p4
55* 5p*
5s*5p4
5s* 5p*
55* @*
5s*5p4
5s*5p4
5s*5p4
5¢*5p4
Bs*Bp*
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s*5p4
5s15p4
5s*5p*
5¢*5p*
5s*5p4
Ss*5p*
5s* 5p*
5s*5p4
Bs*5p*
5¢* 5p*
5s*5p4
5s*5p4
55* Sp*
5s*5p4
5s*5p4
Bs*5p*
Bs*5p4
55*5p4
5s*5p4
5s*5p4
5s*5p4
5s*Sp4
5s*5p4
575N

5s*5p4
5s*5p4
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Classifii:ation

Pi-rsyis FIx
Pi -(45)6d D2
Pt ~(45)ls Hi

Pi ~(8)6d D
F0-CS)6d Dx
'‘D2-CD)1s Di
'D2-(*D)6d F2
'D2-(*D)f>dSi

P2~(45)6d D2
P2~<*S)7s %

P2~(45)6d iDJ
P2-(*S)6d D,
P2-(48)7s Bt
P2-{45)6d D2
'D2-(*D)6d 'P,

Pi ~(*D)7s Di
Pt ~(*D)6d F2
'D2-(*D)6d 'D2
P2~{45)6d D3
»D2-(*D)6d 'F3
Pi~(*D)6d Di
Pi ~(D)6d 'St
Pt -(*D)6d P2
FO~(*D)6d Di
Pi-<*D)6d %

Ft~(*D)Is 'D2
P0~(*D)6d %

Pi ~(*D)6d Ft
Pi -(*D)6d P,
Pt ~(*D)6d 'D2
P2-(*D)bd F2
P2~(D)6d IGj
P2~(*D)6d F3
P2 ~(*D)6d Dt
P2~(*D)6d P2
PF2~(*D)Is D3
P2-(*D)6d D3
Pt ~(*P)6d Di
P2~(*D)6d D2
P2~{*D)6d 'Pi
P2-CD)6d 'F3

' Meaning of the letters in the column®Intensity”:a = affected, b = blend.
h = hazy (diffuse), H = very hazy, u —unsymmetric and w = wide.



Table I1. Even levels of Xe Ill. All levels are given in LS Table Il. Continued

notation. The numbers in parentheses indicate the purities

(in %) of the states

Designation

5j*5p*

5¢5p>CS)6p

CD)6p

?P)6p

5., 5p\*SW

'P2

g<

E (cm-1)

0.00 (86)
9794.36(98)
8 130.08 (79)

17098.73 (86)
36 102.94 (78)
149061.57(84)

146962.42 (66)
146781.48 (73)

152057.72 (64)
150301.10 (57)
152808.17 (89)

166554.82 (82)
162594.81 (56)
160691.30 (54)

166699.11 (66)
162259.97 (47)
158996.98 (38)

167066.32 (55)
168086.00(62)
165941.69 (84)

164438.64 (49)
171 989.82 (70)
164511.65(41)
184594.45 (57)

177955.93 (59)
175231.15 (66)

186320.88 (27)
178029.33 (59)
178054.53 (83)

182134.14 (58)
184009.10(44)
185 888.03 (37)
190491.16 (67)
166743.80(84)

166355.27 (64)
166374.06(74)

57
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Designation

Cd w

(2P W

tf& Csysf

5j°5p*

n2
%
"
3F>
32

J/t

3g >

%

'S0

E (cm-1)

166880.09 (81)
167 173.54 (87)

173946.53 (65)
170250.15 (42)
173734.12(77)

186086.52 (100)
181 356.80 (36)
181684.94 (56)

184114.53 (81)
178887.17 (58)
178306.08 (51)

185406.74 (42)
186614.26 (67)
181 593.70 (41)

182377.01 (42)
186992.43 (25)
188 792.52 (92)

188412.56 (38)
189701.46 (79)

186022.92 (62)
192425.21 (76)
189778.94 (55)
189824.07 (50)
183472.95 (70)
197953.29 (29)
206760.00(30)

196156.21 (51)
197254.25 (43)

204382.87 (43)
203359.91 (51)

204904.40(34)

197460.67 (89)
197310.57 (74)
197585.82 (56)

. 197860.38 (68)

197611.00(90)
210857.49 (56)
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Table lll. Odd levels of Xe I1I. All levels are given in LS
notation. The numbers in parentheses indicate the purities

(in %) ofthe states

Designation

5s5pi X

Ss25p}(4S)ns

(D)ns

(P)ns

Ssl Sps(4S)nd

(D)nd i

Physica Scripta 38

E (cm 1)

98262.47 (75)
103 568.20 (62)
108 333.76 (55)
163527.40(27)

n=s

121475.94 (87)
125617.06(78)

138658.20 (83)
134667.42 (33)
138 145.49 (49)
143048.20(54)

158928.10(53)
151482.43(46)
150505.31 (87)
159388.18 (32)
n=>5

112271.78 (ss)
111605.41 (80)
111 856.38 (78)
112449.90 (87)
112 693.95 (69)
121 229.58 (37)
117240.08 (27)
121 922.75 (51)

132159.94 (100)
127 782.14(40)
128349.15 (s5)

n=7
182482.74 (45)
183786.24 (84)

200033.45 (99)
196 140.93 (38)
195907.04 (57)
200539.71 (64)

n==6

182716.33 (85)
182464.48 (79)
182337.88 (42)
182551.32 (85)
182521.94 (s6)
186384.04 (71)
185 120.90 (62)
186 589.15 (76)

200471.83 (100)
200050.60 (43)
196261.50 (58)

Table III.

Designation

58

{2P)nd

Continued

>
i

g X

XXX

8)><><><><><'%’

XXX g XXX X XX X

o

E (cm™")

132711.78 (73)

130173.73 (71)
126119.77 (58)
124691.33 (52)

148412.84(42)

143 156.24 (38)
142064.27 (24)
133234.01 (36)

161 809.98 (39)

148370.13 (39)
154639.37 (20)
160733.77 (43)

119026.03 (44)
147797.41 (49)

148 535.52 (70)
145340.91 (56)
145300.13 (50)
162957.50 (40)

156392.68 (33)
153893.20 (28)
155400.90(45)
136367.48 (15)

150404.24 (54)
140730.93 (44)
140437.79 (42)

175052.36 (64)

196538.07 (31)

200425.68 (82)
196608.91 (43)
195977.67 (47)

203845.36(71)

200650.23 (64)
201 512.20 (44)
196876.63 (45)

203376.04 (54)

198491.98 (22)
202035.68 (46)
201 618.48 (62)

202805.90 (37)
199104.12(45)
197090.86 (58)
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Table 1vV. Comparison between observed and calculated energy-level values (in cm~I) and calculated percentage compositions
for the5s15p4 + 5&5j?(6p + 4f + 5f) + 525p6 + (5s5p*5d)* configurations ofXe Il1. Eigenvector components larger than
5% are given. Observed [3] and calculated gjfactors are listed

J

6

£(obs)

186087

166744
181357
184115
186023
197461

166355
166555
173947
178887

181685
185407
192425-
197311
204904
206760

149062
162595
164439
166374
166699
170250

178306
182377
184594
186614
189779
196156
197586
197953
204383

0
17099
146962
152058
160691
162260

166880
167066
171990
173734
177956
181 594

184009
186321
186992
188413
189824
197254
197860
203360

9794
146781
150301
158997
164512
167174
168086
175231
178029
182134

F(calc)

185871

166592
181 345
184477
186324
197583

166084
166999
174182
179265

181834
185544
192122
197619
205178
206576

148836
162680
164862
166433
166812
170166

178780
181721
184 505
186511
189 591
196050
197457
197931
204551

-146
17246
146789
151885
160864
162342

166832
167057
172231
173626
177530
181005

183888
186108
187118
188681
190397
197145
197695
202682

9739

146609
150097
159349
164853
166984
168 301
175094
177703
181990

obs —cale

215

152

12
-363
-301
-123

271
-444
-235
-378

-149
-137
303
-309
-273
184

225
-85
-424
-59
-113
85

-474
656
90
103
188
106
129
23
-168

146
-148
173
173
-173
-82

48

-242
108
426
588

213
-125
-268
-573

109

165

678

55
173
204
-352
-341
190
-215
137
327
144

£,(obs)

157

1.70
1.50

2.28
159

£,(calc)

1.167

137
111
118
101
1.38

1.30
1.26
121
111

0.96
114
1.03
131
1.06
1.07

161
116
113
1.20
1.23
1.05

0.89
125
1.27
1.10
1.03
111
0.96
111
1.22

144
1.06
1.67
1.48
0.95
118

1.02
1.36
110
0.72
118
0.86

1.00
134
1.03
1.28
1.10
0.81
0.94
1.10

150
2.19
155
101
0.97
0.06
1.42
0.66
1.40
1.80

100 Cd w 'h

84Csw'f
36 (D)4fiH
8l (22))413G
62 CDW'H
89 CS)SfsF

64 {Sy\pF
82 (D)6piF
65 (4S)4/3F
58 (2D)4/3G

6 (P)4IF
56 (2Z>)413/
42 CD)\pF
76 (D)4f'G
74 (45)5/sF
34 (PW'G
30 (PW'F

84 (4S)6pP
56 (2D)6p*F
49 (D)6p'F
74 ("SM/*/2
66 (22))6p3z>
42 (‘SW °F

5 (P)4/%)
51 (ZW'G
42 (Z>)43>
57 (1P)6piD
67 (Z>)UF
55 (Z>)4I'F
51 (P)4TF
56 (45)5/iF
29 (P)4IG
43 (P41

+ o+ F o+ + 4+ o+

Percentage composition

il fw ’c

22 (Z>)AM + 17 (P)MLG + 15QDW'G + 9 (*S)4fsF

13CDW'H
38 (Z))4/31
7 (235/%G

17 (Z)6pF + 7 (P)AIF + 5 (P)4IG
13CSW'F

9 (D)4FF + 8 (49)4IF + 6 (E>)4/31 + 6 (P)4FG
IUASW SF + 6 (P)4/T + 6fW 'C + 6 ("5)AF +

5 (2>)41F

23 (D)4IF + 8 (P)4I6G

20{DWIH + 16 (22))4/3G + 12 (48)4/F
6 (X>)4/3G + 5 (X>)4IF

8 (P)4IG

17 (P)4IG + 10 (ZH)AAT + 9 (P)AIF + 7 (*S)SPF + 7 (88)4IF
30 (P)4F'G + 10 (DW'G + 9 (ZHUG + 7 (F)4I% + 5 (X))4/F

12 (Py6pD
17 (Z))6p'F + 14 (iP)6p32) + 10 (*S)6psP
32Q0DAD + 16 (Z)6pF

7 (F)4IF

21 (D)6p'F + 12 (2D)6piF

12 (Z)4IF + 11 (P)AI'F + 10 (Z)43G + 8 (45)4/F +

5 (P)4/G

13 (4S)4/F + 12 (P)4I3G + 6 (45)4/F
12 (F)4Z> + 12 (48)4IF

9 (ZY)6pF + 87?D)4TD + 7 (D)6pIF

15 + 7 (P)HF + 5(D)4fD
18 {P)4F'F + 9 (D42

17{PWD + 12 (P)4F'F + 6 (4S)5/F
21 (2%)41%G

25 (45)5/F + 16 (P)AF'F + 12 (Z)AI'F + 8 (ZHHL

24 (Z))4D) + 14 (P)4FF + 6 (P)AFF

86 p43P + 1l p4'/>
86p4'2) + U pdaP

66 (45)6pP
64 fSJ6p3I»
54 (2£>)6pF
47 (D)6p7)

6 (45)6p%P
8l (W 5
55 (2))6p3»
70 (D)6p'D
77 (48)4IF
59 (P)6pD)
41 (Z2))4IF

6 (b)4/jF
44 (P)6p'D
27 (F)6pF
31 (Z2))4/3F
38 (X£))4/F
50 (Z>)4I'E>
43 (P)4IF
68 (45)5/sF
51 (P)4/3Z

98 p4 P
73 (4S)6pF
57 (*S)6pP
38 (D)6p'D
41 (D)6p'P
87 (48)4/5F
62 (2D)6pF
66 (2F)6pD
59 (P)6pP
58 (P)6pB

59

+
+

+ o+ o+t 4+ +

14 (S)6pF + 7 (P)6pP + 6 (¥I6pW)
19 (4S)6pF + 8 (F)6p'D
15 (Z))6pZ) + 10 (4S)6pP + 9 (P)6pT)

16 (2>)6p3) + 10 (P)6p\P + 10 (Z)6p3F + 6 (P)p'Z> +

7 (F)4/%

20 (D)6piD + 10 (D)6p'D + 5 (2P)6pP
20 (‘Dtfp'P

6 (P)4IF + 5(P)4afl>

19 (F)6p'D + 14 (F)6pP

15CDW'D + 14 (%>)4/3> + 7 (P)4/'D + 7 (P)4fyD +

17 (P)6p3D + 14 (E>)6pF + 8 (Z))4IF
27 (ID)4/3 + 1l (F)6p'D + 7 2DY>p'D

25 (D)4ID + 12 (F)6p3F + 10 (DYAFF> + 6 (P)4/>

25 (2Z))AID + 12 (F)6pF + 8 (F)4/3)
21 (2Z2))A13Z + 7 (22))413F
22 (*S)5fF + 17 (45)5/F + 6 (P)4/ X
U (2F)4IF + 7 (%H)5/F
16 (X>)4/F + 13 (4S)5/3F + 7 (Z2)>41'2)

9 (4S)6pF + 6 (F)6pF
14 (4£)6piF + 10 (F)6p'F + 6 (D)6pP
26 {D)6p'P + 12 (4)6pF + 5 (*S)bpP

32 (Z)6p3D) + 8 (F)Bp’S + 6 (F)6pI) + 6 (D)6pF + 5 (4S)6pF

10 (F)4/E>

12 (Z2))6p'F + 11 (4S)6pFP + 5 (ZF)6p’S
20 (P)6p'P + 6 (Z))6p'F

18 (F)6p'F + 12 fPJop™ + 7 (F)6p)
17 (Z))6p3F + 11 (P)6pP + 7 (Z>)6p'P
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Table 1V. Continued

J  £(obs) £(calc) obs - calc gy(obs) .¢/(calc) Percentage composition
183473 183352 121 0.91 70 QDW'P + 12 (P)4/%>
185888 186233 -345 0.99 37 CP)6p'P + 15 (P)6pP + 14 (D)6p*D + 8 (P)6piD
188793 188447 345 0.54 92 QDW'D
189701 190482 -780 1.37 79 (D)4pP + 10CDW'P + 5(P)4/3Z
197611 197587 24 0.05 90 (*S)S/FF + 7 (P)SfD
0 8130 8271 -141 79p4P + 19p*'S
36103 36012 91 78p* 'S + 19p4P
152808 152577 231 89 CS~Ap'P + 6 (‘P'fip'P
165942 166239 -297 84CDAP + 13(P)6p'S
178055 177654 400 83 (P)6>P + 13 (F)6p'S
190491 190484 7 67 (P)6p'S + 15 (D)6piP + 7 (MS)6/7P + 6 (P)6/P + 5 (Z>)4P
191 529 91 (D)4/P
210857 210861 -3 56 pt 'S + 39 ('D)5d'S

* No levels of 5s5p*5d have been established experimentally bat the configuration is included in the theoretical treatment of the even configurations
(see Section 3.1).
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Table V. Energy parameters (in cm~') for the 5s25p* +
575p2(6p + 4f + 5f) + 5i°5p6+ 5s5p*5d configurations
of Xe Ill. Mean error of the least-squaresfit a = ['L(Eds —
Ecaic)2(N ~ P)Im — 331cm~I with N — 73 known levels
and P — 22 adjustable parameters

Parameter

5s*Sp4

E.r

F\5p, Sp)
Cv
S/Sp3bp

F7(Sp, Sp)
FHSp, bp)
G°(Sp, bp)
G\Sp. bp)
Cv

c*
SfSpPAf

F\Sp, Sp)
F2(Sp, 41)
G2(5p, 4/)
G\Sp, 4/)
c*

(3
Ss2Sp5Sf

F2(Sp, Sp)
F\5p, 5f)
GHSp. Sf)
G*(Sp, Sf)
v
ov

£v

SsSp*Sd
E,

F2(Sp, Sp)
F2(SP. 5d)
G'(Ss, Sp)
G'(Ss, Sd)
GI(Sp, Sd)

HF(E.

50596
6626

52840
12549
2072
2982
7301
939

v)

51553

29252
22845
15446
6920
48

52207
12582
8811
6274
7102
33

51463
36501
68 320
26862
41701

Fitted

16905
43681
7995

O

167407
39889
11964

2007
2443
8688
1526

WO+

187817
38033
24040
18859
9950
8421
0

WO

216345 *

160
1300
300

70
630
760

80
600
150
120

110
720
900
720
920
190

60

180

41766 (fix)
12582 (fix)
8811 (fix)
6274 (fix)
7102 (fix)
33 (fix)

251540 +

590

263000 (fix)
41170 (fix)
36501 (fix)
68 320 (fix)
26 862 (fix)
41 701 (fix)

Fitted/HF
0.863 + 0.026
1.207 + 0.045
0.755 + 0.012
0.953 + 0.061
0.969 + 0.039
0.819 + 0.200
1.190 £ 0.021
1.625 + 0.130
0.738 + 0.014
0.822 + 0.031
0.825 + 0.032
0.644 + 0.060
1.217 + 0.027
0.000 = 1.250
0.800

10

1.0

1.0

1.0

10

0.800

10

1.0

1.0

10
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Table V. Continued

Parameter

G\Sp, Sd)

Cv
]

Configuration
interaction
integrals

P*~bp

F2(SpSp, Spbp)
p*-Af

PiSpSp, SpAf)
p*-Sf

R\SpSp, SpSf)
p4-Sd

R'(SsSp, SpSd)

R2(SsSp, SdSp)
P4~P6

R'(SsSs. SpSp)
bp-Af

R\Spbp, SpAf)

R\Spbp, AfSp)
bp-Sf

R\Spbp, SpSf)

R2(Spbp, SJSp)
bp-Sd

R*(Ssbp, SpSd)

R2(5sbp, SdSp)
Af-Sf

* 2(SpAf, Spsf)

R*(SpAf SfSp)

R*(SpAf SJSp)
Af-Sd

R'iSsAf SpSd)

R2(SsAf SdSp)
Sf-Sd

R"(5sSf SpSd)

R2(SsSf SdSp)
Sd-p6

R*(SsSd, SpSp)

367

HF(E,) Fitted Fitted/HF
25951 25951 (fix) 10
6893 6893 (fix) 10
381 381 (fix) 10
5419(.349)* 5419 (fix) 10
—32918(—940) -32918 (fix) 10
—20304(—911)  -20 304 (fix) 10
51463(.998) 51463 (fix) 10
37121(.996) 37 121 (fix) 1.0
67375(1.000) 67375 (fix) 10
3107(.197) 3107 (fix) 10
—2428(—220) -2428 (fix) 10
—4503(—530) -4 503 (fix) 10
2450(—.360) 2450 (fix) 10
7831(.331) 7831 (fix) 10
—2443(—199)  -2443 (fix) 10
15068(.859) 8670 + 5160 0575 + 0.340
13 820(.896) 13159 + 1584 0.952 + 0.120
9594(.960) 9594 (fix) 10
—37462(—894) -17636 (fix) 0.471
—24234(—941) -2 4 234 (fix) 1.0
—16823(—720) -7 920 (fix) 0471
—14589(—910) -14589 (fix)
50988(.998) 50988 (fix) 10

1 The values in parentheses are a measure of the amount of cancellation
which occurred in forming the integral. These numbers are the ratio of the
true £* value to an /?* value calculated using the absolute value of each

wavefunction.

Table VI. Comparison between observed and calculated energy-level values (in cm~x) and calculated percentage compositions
for the 5sbps + 5s*5p3(6s + 7s + 5d + 6d) configurations of Xe Ill. Eigenvector components larger than 5% are given.

Observed [3] and calculated gjfactors are listed

J  £(obs)

5 132160
200472

4 112272
127782
130174
132712
148 536
182716
196538
200051
200426

3 111605
121 230
126120

£(calc)

132443
200436

112250
127735
130702
132800
148459
182754
196411
200074
200451

111401
121 363
126121

obs —calc

-283
35

21

47
-528
-88

76
-37

127
-24
-25

204
-133
-1

f;(obs)

g,(calc)

120
1.20

147
116
1.20
1.02
121
1.46
113
1.06
121

144
129
112

Percentage composition

100 (2D)Sd3G
100 (D)bd'G

88 [45)SdiD
40 (D)SdBG
71 (D)SdF
73 (D)SHG
70 (P)SdiF
85 CS)bdD
42 (D)bdL
43 ?D)b<?G
82 (D)bdF

80 (45)SdsD +
37 (45)5dD +
58 (D)SAF +

ot o+ o+ o+ o+ o+ +

6i

10 {P)SdF

27 (D)SAF + 16 QP)SAF + 9 (D)5d'G + 7 (*S)SdiD

22 (D)SALG
25 (D)SdG

13 (D)SdIG + 12 (D)SABG

12 (P)bdF

31 (D)bd'G + 15 (P)bdF + 10 <*S)bdsD
42 (D)bd'G + 15 (D)bdF

16 <?D)bd'G

6 (P)5diF + 6 (P)SAD
25 (D)SAdD + 15 (45)5d*D + 6 (D)5dW + 6 (P)SAF + 5 QD)SIF
11 (45)SdD + 1 (D)SdD + 10 (P)SAF + 8 (D)SAH
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Table VI. Continued

J  £(obs) £(calc) obs —calc £,(obs) S/(calc) Percentage composition

128349 128385 -35 0.87 66 CD)5d3G + 18 (D)Sd3+ + 7 CS)5d*D
138658 139048 -389 1.33 133 83 (2Z22)6CD + 8 (D)5</3)
143156 143110 46 1.22 122 38 (D)SAD + 21 (485)SAD + 12 (P)5rfF + 10 (Z))5dG + 7 (P)5</'F + 6 (D)6sD *
145341 145259 83 114 56 (P)5dF + 11(P)5</3Z>+ 7 (D)6j\D + 6 (Z2))5dF + 6 {D)SdD + 5 (45)5dD
148413 148691  -278 1.16 42 (D)5d'F + 31 (2P)5dD + 10 (45)5dD
156393 156261 132 115 33 (P)5rf) + 32 (P)5d'F + 15 (27>)5</'F + 6 (ID)5dF + 5 (D)5dD
162958 163174 -216 1.04 40 CP)$d'F + 35 (2D)SA'F + 7 (P)B<PZ> + 5 (*S)5dD + 5 (Z))&PF
182464 182430 34 144 79 (4S)6dsD + 6 CPW'D + 6 (P)6*/F
186384 186311 74 128 71 (45)6dD + 9 CP)M'F + 6 (45)6d}D
196262 196 304 -42 0.93 58 (2D)6d3G + 11 (*S)6diD + 11 (D)6d3 + 8 (P)6</'F + 7 QD)M3D
196609 196640 -31 113 43 (D)6d'F + 13 (2>)6dG + 11 (D)6dD + 9 (P)6d3D + 9 (45)6dD +
6 CDW'F + 6 (P)6</F
200033 200054 -21 133 99 CD)IPD
200650 200815 -165 1.25 64 (Z>)6rf) + 30 (D)6dF
203845 203921 -76 1.04 71 (2>)6rf*P + 11 (D)6dD + 5 (Z))6J,G
2 98262 98217 45 1.50 75p* 3P + 16 CD)SAP + 8 (P)5</P
111856 111 593 264 1.40 78 (45)5dsD + 6 (P)5</3Z
117240 117130 110 1.09 27 CS)5dD + 17 (D)SAdD + 16 (D)5dF + 15 (45)5rfaz> + 12 (P)5°Z) + 6 (P)5</F
121476 121343 133 1.95 1.93 87 CS)6PS + 10 QPy"PP
124691 124721 -30 0.86 52 (D)5dF + 18 (2Z2)5dD + 16 (45)5dD + 11 (P)5IF
134667 134767 -99 118 1.20 33CDNCD + 20CD)6s'D + 12 (P)5rfZ>+ 11 CP&P + 6 (45)tfS + 6 (D)5d'D
136367 136137 231 0.90 1.08 22 CD)bPD + 16 CtySd'D + 15 (2)Sd'D + 15 (225)5rf2) + 10 (2P)5°F + 8 (P)5</3Z
142064 141 824 241 112 117 24 (D)5dD + 22 (45)5d'D + 18 (PB<Z+ N C A~ D + 10 (52> + 6 CP)NP
143048 143109 -61 0.96 1.02 54 (652> + 19 (2)6j3> + 12 (P)5</F + 5 (P)orf'z>
145300 145112 188 0.81 0.85 50 (P)5dF + 18 CD)SAF + 13 QPW'P + 8 (2P>)5d'D
148370 148590 -220 1.37 39 {D)SdP + 14p* P + 10 (P)5IP + 9 (2>)5dD + 6 (P)5</'Z) + 6 (2P)5dD
150404 150246 159 137 54 CP)5d®P + 12 (D)5dP + 6 (D)5d'D + 5 (P)6"P
153893 153614 279 122 28 (P)5dD + 12 (B)B<Z> + U (D)5iCP + 11 (P )P + 10 (*S)5dD +
6 (P)5d'D + 6 (D)5dD
158928 159117 -189 141 53CPAP + 18 (D)SAP + 8 (Z))drd + 8 (2ZZ>)6s'D
161810 162283 -473 1.04 39 (D)5d'D + 20 (P)5d'D + 19 (P)5rfF) + 7 (45)5dD
182338 182357 -19 1.66 42 (4S)6dsD + 41 CSVAS + 5 (F)7iFP
182483 182450 33 1.69 45 (45)7s55 + 38 (45)6dsD + 6 (P)7jP
185121 185220 -99 116 62 (45)6dD + 10CPW'D + 6 (D)6dD + 6 {45)6dID
195978 195970 7 0.95 47 (2ZZ5)6dF + 11 CD)7siD + 7 (45)6dD + 7 (Z)W2)
196141 196 103 38 1.16 38 CD)7PD + 20 (229)7i'D + 13 (D)6d3F + 13 (P)7rP + 7 (4£)7j%
198492 198506 -14 1.26 37 (D)6dD + 22 (Z))6dP + 10 (45)6dD + 9 (P)6dP
200540 200520 20 1.06 64 CD)7s'D + 34 (X)7iD
201512 201 507 5 122 44 CD)6dD + 30 (D)6, P + 13 CD)6d'D + 6 (Z2)6dF
203376 203 194 183 113 54 (D)6d'D + 30 CD)6d3P + 7 (2D)6dF
1 103568 103639 -71 145 62ps3P + \A{D)SdP + 8 CP)$dP
112450 112328 122 1.48 87 CS)5dD + 6pi3P
119026 118935 91 101 44 {D)5d'P + 28/5> + 7 (F)5"P + 7p5F + 6 (H6)51)
121923 122282 -359 0.60 51 CS)SdD + 31 (D)SdD + 5 (P)SdD
125617 125594 23 177 1.80 78CSNS + 7(P)6I'P
133234 133412 -178 0.38 0.65 36 (X»)5</130 + 25 (Z))6jF) + 22 CP)M3D + 6 ("5)6"5
138145 138128 17 0.50 0.70 49 (2Z))6™) + 17 (D)SdD + 9 (P)5rfX) + 6 (P)6i'P + 6 + 5 (45)5rf3)
140731 140464 267 153 44 (P)5dP + 19 (D)5d>S + 18 (D)5dP
147797 147630 168 1.70 49 (0)5d3>3 + 20 (P)6jP + 18 (D)5dF
151482 151584 -102 1.47 1.46 46 (2P)6j3P + 22 (P)6i'P + 15 (Z)5rfH + 12 (P)5rfP
154639 154 546 93 1.30 20 (D)SdP + 18ps ‘P + 15(P)5dP + 13 (P)6j'P + 9 (X)) 535 +
71 F + 7 (2>)5<I'P
155401 155333 68 0.64 45 (2P)SdD + 16 (4S)5dD + 12 (IP)Sd'P + 8 (2Z))5d3D + 6 (4S)W3Z)
159388 159126 262 1.20 32 (P)6s'P  + 20 (P)6sP + 14 (D)5dP + 13 (22)6jX) + 6p53F + 6 (P)5rfFP
163527 163844 -316 0.99 33 (D)5d'P + 27p3'P + 10 (P)6s*P + 7 (P)5rfD + 7 (P)5</P
175052 174482 570 0.99 64 (P)5rf'P + 8p5'P + 6 (P)WP + 5 (45)5dD
182551 182496 55 145 85 (4S)6diD + 8 (P)6IFP
183786 183795 -9 184 84 (4S)7i3> + 8 (P)7s'P
186589 186645 -56 0.60 76 (45)6dD + 5 (P)6</E) + 5 (P)WP
195907 195948 -41 0.77 57 i21))?*3) + 1 (D)6dD + 8 (4K8)7jH + 7 (P)7i'P
196877 196881 -5 0.74 45 (D)6d3D + 18 CD)7s*D + 12 (D)6d'P
199104 199122 -18 158 45 (D)6dBS + 21 (Z)WP + 10 (P)6rfP + 7 (D)W'P
202036 202066 -31 1.16 46 CD)6d3P + 22 (D)6d'P + 22 (D)6dD
202806 202589 217 145 38 (22))6J35 + 37 (D)6d'P + 16 (Z>)6rfP
0 108334 108380 -46 55~ P + 22 (%)5</}2) + 12 (D)SAP + 10 (P)5</FP
112694 112591 103 69 (4S)5</52> + 20/P P + 9 (D)5dP
126871 85 () 5rf'S + 8 (P)5rfP
140438 140556 -118 42 (P)5i/P + 31 (2))5rfP + 12 (D)5d'S + 8 (P)6r'P
150505 150324 181 87 (P)6jjP + 10 (P)SdP
160734 160743 -9 43 {D)SdFP + 28 (P)5«/P + 205 P
182522 182482 40 86 (4S)6i/22) 4- 11 CPKd'P
197091 197024 67 58 (£>)6£S + 19 (2D)(>d'P + 15 (P)6rfP + 8 (45)6dsD
201618 201847 -228 62 (ZZ>)6<T? + 32 (NIW'S



Table VII. Energy parameters (in  cm~I) for the
5s5ps + 5s*5p3(5d + 6d + 6s + 7s) configurations of
Xe Ill. Mean error of the least-squares fit o — fL (Eds —
E@c)A(N — P)]'2= 217cm~I with N = 83 known levels
and P = 30 adjustable parameters

Parameter HF(E,,) Fitted Fittedl/HF
P5
E., 123209 + 430
G'(5s, 5p) 67295 47314 £ 950 0.703 + 0.014
z, 6605 7760 £ 310 1.175 + 0.047
6s
E., 140786 + 90
F2(5p, 5p) 52231 41089 + 630 0.787 + 0.012
G'(Sp,6s) 4544 3795 + 250 0.835 + 0.055
ov 7169 8078 + 190 1.127 + 0.027
7s
E,, 200200 + 160
E\5p,5p) 52644 40033 + 1320 0.760 + 0.025
GI(Sp, 7s) 1376 1072 + 300 0.779 + 0.220
iv 7261 8072 + 490 1.112 + 0.360
Sd
E,, 136928 + 130
F2(5p, Sp) 51522 39438 + 440 0.765 + 0.009
F\Sp, 54) 35641 29232 + 440 0.820 + 0.012
G'(5/>, 5d) 40265 28868 + 570 0.717 + 0.014
GJ(5", Sd) 25050 16810 + 560 0.671 + 0.022
w 6933 8308 + 100 1.198 + 0.014
c* 358 467 + 60 1.304 + 0.170
6d
E., 200589 + 140
F2{5p, Sp) 52621 40006 + 630 0.760 + 0.012
F\5p, 6d) 8853 6757 + 820 0.763 + 0.093
G'{5p, 6d) 6482 2384 + 580 0.368 + 0.089
G*(Sp, 6d) 4400 1089 + 710 0.248 + 0.160
c* 7239 8456 + 240 1.168 + 0.033
av 98 161 + 52 1.643 + 0.530
Configuration
interaction
integrals
ps-6s

R 1(SpSp, Ss6s) 375(.014)* 375 (fix) 1.0
fp-Is

RX(SpSp, 5s7s) —318(—.021) -318 (fix) 1.0
pi-Sd

R}(SpSp, SsSd) 50086(.998) 33048 + 300 0.660 + 0.006
p*-6d

R*(SpSp,Sséd) 20212(.919) 16016 + 1760 0.792 + 0.087
6s-7s

R" (5p6s, 1sSp) 2426(.370) 2426 (fix) 1.0
6s-Sd

R1(Sp6s, SpSd)  —9991(—507) -9991 (fix) 1.0

R1(Sp6s, SdSp)  —2966(—.141) —2966 (fix) 1.0
6s-6d

Sp6d) 3214{.379) 3214 (fix) 1.0

R'{Sp6s, 6d5p) 271(.031) 271 (fix) 1.0
Is-Sd

R\Spls, SpSd)  —4994{—453) -4994 (fix) 1.0

R'iSpls, SdSp)  —2042(- .167) -2042 (fix) 1.0
Is-6d

R2(Spls, Sp6d)  —2 138(—384) -2138 (fix) 1.0

R' (5p7s, 6dSp) —148(—029) -148 (fix) 1.0
Sd-6d

R2(SPSd, Sp6d) 11 112(.756) 11638 + 1720 1.047 = 0.160

Rx(SpSd, 6dSp) 15402(.901) 14647 + 1150 0.951 + 0.075

R\SpSd, 6dSp) 9957(.943) 5000 (fix) 0.502

* The values in parentheses are a measure of the amount of cancellation
which occurred in forming the integral. These numbers are the ratio of the
true R* value to an A* value calculated using the absolute value of each
wavcfunction.
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Table VIII. Comparison between xenon N4&80O Auger
spectrum and optical spectrum of Xe2*. Optical data: Present
work. Auger data: L. O. Werme, T. Bergmark and K. Siegbahn
[22]

Auger data Optical data Energy
difference
Energy %SsSpi Optical-Auger

Line No. Intensity eV Classification 'P 1P ev*

1, 3 15, 86 0 SPSp* P2 0.00
2. 6 43, 39 121 E. 0.00
-, 5 48 1.00 ipO +0.01

4, 7 104, 97 212 Di 0.00

8 9 100, 73 4.49 % 0.00
13, 15 1, 7 1217 SsSp? 32 - 75 +001
14, - 10, - 12.85 E. 5 62 -0.01
16, 18 62, 80 14.76 (D)sd P, 28 7 0.00
17, 19 3, 8 1513 (*S)Sd 3, 2 1 -0.01
20, 23 7, 1 1744 (P)sd iPi 2 - +001
22,25 41, 74 1917 (D)Sd P, 18 7 0.00
-, 26b 31 19.73 (P)6s ‘P, 1 6 +0.03
24, 27 90, 134 20.27 5sSpi 'P, 27 2 0.00
26, 28 31, 25 21.70 (P)sd P, 8 1 0.00
29, 30 107, 133 26.13 5s°5/» 'S0 +0.01
* leV = 8065.545cm-".

b Doubly classified.

Table IX. Classification of Xe2* laser lines. Data on laser
lines arefrom Beck et al. [9J

Laser data Spontaneous data

Wavelength Comment* Intensity Classification

2477.18 Xe2+? 0 CS)Sd 2),~(*S)ép 3P0
2691.939 Xe Vb

3079.738

3305.99 Xc2+? Xe IVe

3349.74 Xe3+? 12 (22>)6s 3Z2-(D)6p 'P,
3454.248 16 (D)6s 'D2-(D)6p ‘D2
3596.61 17 (D)6s iDt-(D)6p 3P0
3669.21 Xe Vb

3745.71 18 (2P)Sd P2~(D)6p 'D2
3780.990 28 (*S)6s 35 ,-(4S)6p P2
4050.05 22 (*S)6s 3St-(4S)6p P,
4060.48 25 (2P)6s ‘P, ~(P)6p ID2
4214.01 24 (D)Sd D j-(45)4f 52
4240.24 16 (D)sSd 'Pj ~(2D)ép 'D2
4272.59 17 (D)5d 3D3-(D)6p P4
4285.88 20 (D)6s 'D2-CS)4/ =P,
4413.14 8 (2P)5d 3Z),-(P)6p 3P0
4434.15 15 (D)6s 3D, ~(D)6p F2
4673.68 18a (D)6s 'D2-(D)6p 'Fj
4683.54 20 (4S)6s 35 ,-(45)6p P2
4723.57 16 (*S)6s I ,-(4S)6p P,
4748.95 18 (2P)Sd 'Fj -(2P)6p 'D2
4869.46 21 (D)Sd D2-(D)6p Fj
5238.93 16 (D)5d 35, -CSW 52
5401.04 17 (D)Sd 3P2-(45)4f sF2
5524.42 Xel+? 8 (2P)Sd 3D2-(D)6p ‘D2
6176.6

6238.24 13 (D)Sd 'Fj -(D)6p 'Fj
6343.5

7148.94

8571.6

* 2 lonisation stage of laser line uncertain.
b Ref. [27].
e Ref. [13].
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The spectrum of triply ionized xenon (Xeiv) has been observed in the region 570-6900 A. The
configurations 5s25p25d and 5s25p26s have been studied and the energy levels reported for these
configurations by Moore [Atomic Energy Levels, Natl. Bur. Stand. Ref. Data Ser., Natl. Bur. Stand.
(U.S.) Circ. No. 467 (U.S. GPO, Washington, D.C., 1971)] were revised and extended to include
seven new levels. The configuration 5s5p4 was included in the analysis to take into account the

strong interaction between this configuration and 5s25p25d.

Configuration-interaction Rydberg

series have been also included in the calculations. This investigation was supported by Hartree-

Fock calculations.

INTRODUCTION

The triply ionized xenon atom is isoelectronic with
neutral antimony. The ground-state configuration is
5s25p3and the lowest excited configuration is 5s5p4. The
spectrum of Xe iv was studied by Boyce and Hymphreys
and the results were published in Atomic Energy Levels:
(AEL). Subsequently, Di Rocco et al.2 published the re-
sults of the analysis of the ground-state configuration and
the first excited-state configuration.

There is great interest in spectroscopy data from xenon
due to applications in collision physics and laser physics.
In the present investigation we have photographically
recorded xenon spectra in the 240-6900-A range.
When analyzing the experimental data we have made

use of Hartree-Fock calculations and parametric
fits. Configuration-interaction (CI) effects, including
Rydberg-series Cl, have been included in the calcula-

tions. The present work concerns the study of the
configurations 5s25p25d and 5s25p 26s.

EXPERIMENTAL METHODS

In the vacuum ultraviolet region we have used three
different light sources: a direct-current hollow cathode
discharge.s a o-pinch discharge,« and a capillary pulsed
discharge.s The first two light sources, built at the Lund
Institute of Technology, Sweden, and a 3-m normal in-
cidence spectrograph, built at Lund, were used to record
the spectra. This spectrograph is equipped with a ruled
grating having 1200 lines/mm. The plate factor in the
first diffraction order is 2.77 A/mm. The spectra were
exposed on Kodak standing-wave radio plates, and lines
from C, N, and O were used as internal standards.
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The capillary pulsed discharge source was built at the
Centro de Investigaciones Opticas, Argentina, and a 3-m

normal incidence spectrograph (Hilger & Watts) was
used to record the spectra. This spectrograph is
equipped with a ruled grating having 1200 lines/mm.

The plate factor in the first diffraction order is 2.77
A/mm. lliford Q-2 plates were used to record the spectra.
Known lines of C, N, and O were used as internal stan-
dards.

In the 2500-6900-A range the spectrum was obtained
using two different laser-tube-like sources. One of them
is 1 m in length and has a 3-mm inner diameter.s and the
other is 20 cm long and has a 3-mm inner diameter.s
Both tubes were viewed end on. To record the spectra,
the 3.4 m Ebert plane-grating spectrograph at Centro de
Investigaciones Opticas was used. The grating has 600
lines/mm, corresponding to a plate factor of 5 A/mm in
the first diffraction order. Kodak 103 a-O and Kodak
103 a-F plates were used to record the spectra in the first,
second, the third diffraction orders.

The 5s25p3-5525p25d and 5s25p3-5s25p26s combina-
tions observed in the present work are listed in Table I.
The wavelength values are estimated to be correct to
+0.01 A and the intensities of the lines are based on visu-
al estimates.

ANALYSIS

We present in Table Il the values of the energy levels
experimentally established in the present work. Seven of
them are new and the rest correspond to undesignated
levels from Boyce and Humphreys.: The levels were
determined from combinations with levels of the ground-
state configuration and also from combinations with
higher-lying odd levels tentatively assigned to the

6098 ©1991 The American Physical Society
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5s25p2(5d+6s) CONFIGURATIONS IN TRIPLY IONIZED ...

TABLE I. Classified 5525p3-5525p25d, 6s lines in the Xe iv spectrum.

~Nec PN )

558.65
577.295*
578.40
578.76
586.54
587.77
591.70
593.34
598.06
603.38
605.03
611.27
619.238*
619.45
625.17
626.40
626.47
636.05
637.50
642.12
642.22
647.11
649.61
653.69
655.22
657.83
660.12
665.21
672.56
674.919*
676.74
683.17
683.97
684.54
688.78
689.147*
690.33
697.58
703.57
705.09
707.90
718.54
722.80
728.634*
732.63
737.67
738.46
740.85

Obs.

179003.0
173221.7
172 890.7
172783.2
170491.4
170134.6
169004.6
168 537.4
167207.3
165 733.0
165 281.1
163 593.8
161488.8
161433.5
159956.5
159642.4
159624.6
157 220.3
156862.7
155734.1
155709.9
154533.2
153938.5
152977.7
152620.5
152015.0
151487.6
150328.5
148 685.6
148 165.9
147767.2
146376.5
146205.2
146083.5
145 184.2
145 106.9
144 858.3
143 352.7
142 132.3
141 825.9
141 262.9
139171.1
138350.9
1372431
136494.5
135 562.0
135416.9
134980.1

66

a (cm

)

Calc.b

2.0

2.4
2.3
0.0

8.2
6.9
4.1
0.5
6.2
90.0
4.1
4.0
31
4.4
2.0
4.6
3.8
9.9
2.0
8.9
7.9
0.5
2.5
9.7
8.2
5.2
6.1
8.4
51
6.4
4.1
6.0
5.7
6.4
1.7
1.0
4.4

4.0
0.9

1.8
4.5
5.7

0.2

7.2

Classification

4S3/2A'D)5d 2D s/2
*S3/2A F)6s P jl2
4S3/2A'D)5dP 112
D 32A'D)5d 2D 32
*S3/2A'D )5d P 312
*S32A P)6s *P3/2
45 3/2A P )5d2Di/2
2J9j/2—'D )5d 2D 3/2
4S312A F)6s P12
2D 3/2A'D)5d 2D 52
*S312A P)6s P2
4S3/2A P)5d2D 32
DsnA ID)5d 2%,
4S3/2A 3P )5d 4P 32
D 32 (33)55 P
*S3/2A 3P)5d 4P 52
D32A'D)5dP W2
Dijl2— P32
D 3/12A P Yo s *Psi2
D 32A P )5dDi/2
DsnAP)ss Psre
32~(FP *Pure
223/2A P HsSP 112
Di/2A'D)Sd2P 32
2D 5/2A 3P )654P 52
2D 3/2A )65 4P 312
D 52A P )5dDil2
2D 3/2A 3P )5d 2D 3/2
4S3/2A P )5d4D 312
2D 3/2A 3P )5d4P 32
2D 5/2A 3P)6s 4P 3/2
2D 3nA P )5d 4Psi2
4S3/2A 3P )5d4D 3n
4D 5/2A 3 )5d D 312
Pl~(F 2P 32
4S3nA P )5d4Din
2P 1/2A ID)5d2P 1/2
2P3nA'D)5dDil2
2D 5/2A 3P )5d 4P 52
453/2A'D )5d 2752
2Z>/2—3P 6 S4P 112
PI2A P)(* 2P .2
DinAP)5dFin
P 1/2A P )6s4P 32
4S 3/2A 3P )5d 4F5/2
2P 1/2A P )5d2D 32
2D3nA P)5d4D W2
4S3nA 3P)5d4F 32
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*v,c (A)

741.621*
749.64
751.73
752.23
758.51
762.35
777.04
777.88
781.58
784.32
805.71
811.50
821.60
835.01
840.44
846.23
851.29
854.19
865.68
904.51
952.47
1006.75
1026.935*

J. G. REYNA ALMANDOS etal

TABLE I

Obs.

134 839.8
133397.4
133026.5
132938.1
131 837.4
131 173.3
128 693.5
128 554.5
127 946.0
127 499.0
124114.1
123228.6
121713.7
119 759.0
118 985.3
118171.2
117468.8
117070.0
115516.1
110557.1
104990.2
99329.5

97 377.1

(Continued).

a (cm 1)

Calc.b Classification

39.6 ]Ps/z—()D)Sd Psi
o1 PxnA P)5dP32
7.1 B3I2A P)5dP32
8.4 27>3/2—F )5d D32
7.7 D3I2A P)5dDw2
31 D52A P)5d*Di/2
4.3 Ds/2r)5d D32
6.4 DinA'D)5dFi/2
5.8 P3I2A P)5d D32
9.2 DWA P)5dD 12
3.0 D52A P)5d4F12
7.7 D3nA P)5d *FH2
26 D3I2AP)5dF32
9.1 D3I2-AP)5d P32
3.6 DWA P)5d*F52
0.4 Px2AP)5dD3I2
8.5 D52A P)5d432

69.7 PWA P)5dD X2
5.0 D3I2 {P)sd Ps.
6.0 P32A P)5d'D3I2
11 PWA P)5d P32

30.2 P32A P)5d*F3n
6.7 P3nAP)SAdP3n

"From an unpublished Xenon line list by Boyce, kindly put at our disposal by Humphreys (Ref. 11).
bFrom the level values given in Table Il by means of the Ritz combination principle. Only that part
which differs from the observed is given.

6100
Intensity
)
4
5
3
8
2
3
6
6
11
11
2
2
7
6
0.5
10
6
6
8
4
11
1*
Designation
5525p3AS3n
5s25p 32D 32
5s25p32D 5/2
5s25p32P W2
5525p32P 3/2
585p**Ps /2
5s5p**Ps2
5s5p**P 12
5s5pA2D 3/2
5s5p*2D 3n

555p2AP)5d P32

5525pV P)5d4F3/2
5525pH3P)5d*Fs/2
5s5p42P 112

Energy
(cm-1)

0.0

13268.0
17512.1

28036.0
35650.4
99663.8
106923.3
109254.4
121928.8
125474.9
133027.1

134980.6
136495.7
136795.8

TABLE Il. Energy levels of Xe iv.

Percentage composition*

86(5j25/73  )-F 11(5525p32/>)

76(5525p322))+15(5525p32P) + 9(5525p345)
100

100

74(5525p32P) + 21(5525p32D) + 5(555p34S)
85(5s5p44P) + 10[5s5p2(3P)5d 4]

85(5s5p44P )+ 11[55s5p2(P)5rf 4P]

83(5s5p44P) + 11[5525p2(3P)5d 4P] + 5(555p42S)
6HSsSp42D ) + 1&[55s5p2('D)5d2D ]+6[555p2AP)5d 2P]
70(5s5p42D) + 21[55%5p2CD)5d D]

33[5s25p2(P)5d P) + 21[555p2AP)5d 4F]

+ 12(5s5p42P )+ m 5s5p 42D )+ 11[5525p2(P)5d4D]
62[5525p2(3)5d 4F] + 20[5525p2(P)5d 2P ] + 12(5s5p 42P)
71[5s25p (3P )5d 4F ]+ 20[5s25p2(FP )5d 4D ]
22(5s5p42P )+36[555p2(3P)5rf P]

+ 23(5s5p4%5 )+ 8[5525p2(3P )5d 42) ]+ 8[5525p2('D )5d 25 ]
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TABLE II.
Energy
Designation (cm-1)
5s5pAP)5d 472 141 625.1b
5s5p2ID)5d Fs/2 141 824.4b
5s5pHP)5dD 72 145011.3b
5s5p2P)5dDw2 145 105.7
5s5p 2P )5d 4F92 145 991.6b
5s5pHP)5dD3I2 146206.4
5s5pHP)5d4D32 148 685.2
5s5p425t/2 150737.4
5s5p2A P)6s 4P\2 154 532.0
555 p\P)5dF7n 155 863.9b
55s5pAP)5dPW2 159 643.1
555pAP)5d4P 32 161434.1
5s5p2P)5dD3I2 163 596.2
5s5pHP) 654 32 165 280.5
55s5pAP)6sP /2 167206.9
555pAP)5dDsn 169001.8b
555pA P) 6PV 170 132.6
5s5pAID)5d P32 170490.0
5s5pAID)5d P1/2 172 892.4b
5sBpA P)6sPi/2 173222.0
5s5pAID )5d D5n 179002.1
555p'D)5d2D3n 186050.3

55 25/72(5r f+ 65) CONFIGURATIONS IN TRIPLY IONIZED .. .

6101

(Continued).

Percentage composition*

82[55 259p2(3F )5d 4F ] + 16[ 55 Bp 2P )5d D]
37[5s BpAID)5d F] + 30[ 55 25p 2P )5d ]

+ 16[5s75p2(FP )5d 41+ 1 5[5s Bp2(P)5d D]
41[5s25p AP )5d 42>+ 30[5s25p A |D )5d F]

+ 16[5sz5p2A P )5d F]+.8[5sB5pAP)5d4F]
62[55%5pP)5d D]+2M555p42S) + &[555p2 ID )5d 5]
86[5s5p2AP)5d 4F 1+ 14[5s25p2('D)5i/ L]
83[5s25p2(FP)5d 4D ]+ 8[5s525p2 P )5d 4F]
55[5s5pAP)5d 4D] + 16[5sBpAP)5d F]

+ 14[5s25p2ID)5d 271 + 10[5525p2(P)5d 4F]
24(5s5p425)+ 28[ 55 Bp2( P )5d D]

+27[555pAP)5dP]+1U555p42P) + 7[555pZ1D)5dzS]
75[5s25p2( P )6s 4P |+ 13[5525p AP )6s P ]+ 9[5525p 1S )6s )
22[5s25p AP )5dF] + 39[5s5pVP)5dD ] +16[5sBpz(*D)5dzG]

+14[5s25p2(‘Z>)5rf F 1+ 9[5sZ5p AP )5d 4]
78[5s5p2P)5d4P] + 5[ 55 5p2(P )5d D]
40[5s5p2AP)5dP) + 18[5sBp2ACP)5d D] + 15[555p ' D)5dP]

+ U[555pDS)5dD] + 5(5s5p44P)
33[555p2AP)5d D]+23[555p2P)5d4P)

+ 17[5s5p2CS)5dD] + M5s5p42P)

82[ 55 B5p A F )6s 4F 1+ 7[5s252('D )5d 2F |+ 7[5s25p AP )6s P ]
58[5s5p2(F)6s P + 18[5s5p2AF)6s 4F]

+ 11[5s5p2(F )5d 4P 1+ 7[5525p2( D )5d 2F ]
49[5s5p2(1P)5dzD] + 20[ 55 Bp2( P )6s £}

+ 1115s25p HID )6s D ]+ 8[5sz5p2(FP )5d ZF]

49155 Bp2(P)6s P1+ 17[5525p2FP)5d D)

+ 15[555p'D)6sD]-h7[555pH'D)5d D]
23[555p ' D)5dP] + 3S(5s5p42P ) + n [55s BpAP)5d4P]

+ 9[5s5p'D )5d D 1+ 9[ 55 25p2(P )5d P ]
59[5s25p2('D)5d P ]+ 14(5s5p4P)

+ 12[5s5p2AF)5J L]+ 10[5525/72(P)6s P]
58[5s 25/72(3F )65 2F] + 29[5s Z5p2( 1D )6s D]
50[555p'D)5dD] + 12(5s5p4D) +9[55BpHFP)5d F]

+ 8[5s5p'D)5dF] + 7[5sBpAP)654P]
20[5s5p'D)5d D ]+ 23[5s75pz(ID)6szD] + 16[55HpAP )od 2]

+ 16[ 5s5pz(iD)5dP] + 13{5s5p42P) + 7(555p42D)

‘Percentages lower than 5% are omitted. The average LS purity of the 5s5p4 5s%5pz(5d + 65) is 58%b.

New level.

5525p26p configuration, except for the levels at 154 532,
170132, 179001, and 186052 cm-1, which were previ-
ously observed by Boyce and Humphreys,1 where we
mainly observed transitions with the ground-state
configuration. The levels corresponding to the 5s%5p26p
configuration will be discussed elsewhere.

The energy-level values shown in Table Il were deter-
mined in an iterative procedure that takes into account
the wave numbers of the observed lines, weighted accord-
ing to their estimated uncertainties. All level designa-
tions are in LS notation, and in the same table we present

the percentage composition of the levels in LS coupling.

We confirm the energy levels of the 5s5p4 con-
figuration previously classified by Di Rocco et al.2except
for the level at 134980.1 cm-1, which is now designated
as 5s25p25d(3P)A-i/2 in accordance with the percentage
composition of the level for LS coupling.

All levels presented in Table Il are now classified
through a least-squares fit of the observed levels. So we
have classified 23 energy levels belonging to the 5525p25d
and 5s5p26s configurations.
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THEORETICAL INTERPRETATION

Theoretical calculations were made at the Department
of Physics, University of Lund, using a vax computer,
model Vax/VMS version V5.2 from Digital Equipment
Corporation.

Theoretical predictions of the energy levels of the
configurations have been used in the analysis of the spec-
tra. The predictions were obtained by diagonalizing the
energy matrices with appropriate Hartree-Fock8 (HF)
values for the energy parameters. For this purpose the
computer code developed by Cowan9was used.

In the initial phase of the analysis we did not take into
account the interactions between the 5s5p4, 55s25p25s,
and 5s25p26s configurations. The results showed the
necessity of considering configuration-interaction in-
tegrals. The 5s5p4-5s25p26s configuration interaction
can be neglected because its HF value is 543.0 cm-1, but
the 5s5p4-5s25p25d interaction is very strong since its
Hartree-Fock value for the interaction integral is 53 723.5

cm-1. In spite of considering the interactions, the inter-
pretation of the configuration-level structures using a
least-squares fit was not good.

In order to obtain a better interpretation of the levels it
was necessary to introduce the 5s25p26d configuration
that forms a Rydberg series with the 5s25p25d
configuration. The 5s5p4-5s25p26d configuration interac-
tion has a value of 21 420.0 cm-1. On the other side, the
555p25d-5525p26d Rydberg-series configuration interac-
tion has, for one of the integrals, the Hartree-Fock value
16500.0 cm-1. Calculations considering the introduction
of Rydberg-series configuration interactions in Xelll
were made by Persson et al.10 The results of the para-
metric calculations are present in Table I11. In our case,
all the experimental level values of the 5s25p26d
configuration are unknown, and due to this, all parame-
ters of this configuration were held fixed in the least-
squares-fit calculations. All the configuration-interaction
integrals were held fixed in the calculation at scaled
Hartree-Fock values. The scaled Hartree-Fock factor is

TABLE I1l. Energy parameters (cm *) for the 5s5p*, 5s25p2{5d + 6s+6d) configurations of Xeiv. V represents the value in
column four divided by the value in column three.
Configuration Parameter HF value Fitted value* \%
5s5p* E, 116163 1379024274 1.187+0.002
F2(5p,5p) 53058 44580+2019 0.840+0.038
Gp 9470 8836465 0.933+0.049
G'(5s,5p) 69 722 56 145+979 0.805+0.014
5s%p25d E, 141 182 158033+136 1.119+0.001
F\5p,5p) 53 339 34832+1473 0.653+0.028
9639 8857+249 0.919+0.026
fsd 684 762+164 1.114+0.240
F25p,5d) 39919 36251+ 1039 0.908+0.026
G x5p,5d) 45 262 31 365+414 0.693+0.009
G3(5p,5d) 28429 25941+1196 0.912+0.042
5s25p26s E. 158 554 175432+335 1.106+0.002
F2(5p,5p) 53 878 44941+3839 0.834+0.071
9925 99354269 1.001+0.027
G\5p,65) 6 361 5777+602 0.908+0.095
5s25p26d E, 235 367 276902 (fix) 1.176
F25p,5p) 54529 46350 (fix) 0.850
@p 10137 9630 (fix) 0.950
201 191 (fix) 0.950
F\5pM) 11 566 9831 (fix) 0.850
G\5p,6d) 7 111 6044 (fix) 0.850
G\5p,6d) 5058 4299 (fix) 0.850
Cl integrals
5s5p*-5s25p25d R'(5p5p,5s5d) 53724 43341 (fix) 0.807
5s5p*-55s25p2%s R 1(5p5p,5565) 543 462 (fix) 0.850
5s5p*-5s25p26d R t(5p5p,5s6d) 21420 18207 (fix) 0.850
55 25p 25d-55 25p Bs R 2(5p5d,5p6s) -12211 -10379 (fix) 0.850
55 25p25d-55s5p s RH5p5d,5p65s) -4221 -3 588 (fix) 0.850
5s525p25d-5s5p%6d R°(5p5d,5p6d) 0 0 (fix)
5s5p25d-5s25p 6d R 2A5p5d,5p6d) 11451 9733 (fix) 0.850
55 25p 5d-5s 5p 6d R'(5p5d,5p6d) 16 500 14025 (fix) 0.850
5525p 25d -55 25p 6d RH5p5d,5p6d) 10 846 9219 (fix) 0.850
5s 2Sp 26s-55 25p 26d R A5p6s,5p6d) 5688 4835 (fix) 0.850
5s 25p 26s-5s 25p 26d R *(5p6s,5p6d) 780 663 (fix) 0.850

“The rms deviation of the fit is 325 cm 1for 31 observed levels.
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0.85 in all the integrals, except for 5s5p4-5s25p25d where
the value is 0.81. For the configurations 5s5p4 and
55 25p 26s all parameters were let free. The standard devi-
ation for the 31 observed levels is 325 cm-1.
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Abstract

The spectrum of five times ionized argon, (Ar V1), has been observed in the
280-2100 A wavelength range. Eighty-seven lines have been identified as
transitions between levels of the 3s23p, 3s3p2 3s234, 3p3, 3s3p3d, 3s24s,
3s244 and 3s3p4s configurations. For 33 of the lines the classification is
new. Forty-one energy level values belonging to these configurations were
analyzed and we propose 9 new energy level values for levels corresponding
to odd parity configurations. The configurations are interpreted by fitting
the theoretical energy expressions to the observed energy levels using least-
squares techniques. The parameter values are compared with results from
Hartree-Fock calculations.

1. Introduction

The ground-state configuration of five times ionized argon,
(Ar5+), is 3s23p with the term 2P. Ar VI belongs to the Al I
isoelectronic sequence. Excited states either belong to simple
one-electron configuration of the type 3sl or to three-
electron configurations such as 3s3p2, 3p3 and 3s3p(1,3P)n/
etc., giving both doublets and quartets.

The spectra of the first, second and third elements in this
sequence are presented in Atomic Energy Levels (AEL), Ref.
[1]. Subsequent to this tabulation, the Al | spectrum was
investigated by Eriksson and Isberg [2]. Results about Si Il
were published by Shenstone [3] and the P I1ll spectrum
was studied by Magnusson and Zetterberg [4]. Early results
on the spectra of S IV and ClI V have been published in
AEL but later results of S IV were compiled by Martin et
al., see Ref. [5] and references therein. The first results about
the spectrum of Ar VI in the vacuum ultraviolet were
published by Phillips and Parker [6]. Fawcett et al. [7]
studied the spectra of multiple ionized inert gases, including
Ar, and Schdnheit [8] made a similar study finding a large
quantity of new lines. Lines corresponding to the spin-
forbidden resonance multiplet 3s23p 2P-3s3p24P were
reported by Ekberg and Svensson [9]. Using a Theta-Pinch
light source Fawcet et al. [10] classified some lines of Ar VI.

« Permanenl address: Instituto de Fisica “Gleb Wataghin”, Universidade
Estadual de Campifias (UNICAMP), C.P. 6165, 13081 Campifias, Sao
Paulo, Brasil.
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Using the beam-foil technique Livingston et al. [11] have
studied the argon spectra from Ar V to Ar VIII and using
the same technique Buchet-Poulizac et al. [12] have studied
the argon spectra from Ar VI to Ar VIIIL. A few lines of Ar
V1 were classified in the work of De-Ye etal. [13].

Theoretical calculations for the Al 1 isoelectronic
sequence were made by Fawcett [14]. Computed ab-initio
transition probabilities and energy levels for Al I-like ions
were made by Huang [15] and data about highly ionized
copper and zinc, belonging to this sequence, were published
by Sugar and Kaufman [16-17],

Recently, Trabert et al. [18-19] have studied the spec-
trum of argon and other ions in the vacuum ultraviolet.
They searched for lines of Mg-, Al- and Si-like ions. Recoil
ion spectroscopy was used by Lesteven-Vaisse et al. [20]
who have studied all argon spectra from Ar | to Ar IX
Some anomalies in resonance transitions in the Al I isoelec-
tronic sequence were observed by Engstrom et al. [21] and
a new work about energy levels and lifetimes of Ar VI was
recently published by Pinnington et al. [22]. An extended
analysis of spectra and term systems in Al-like Ca VIII to
Ni XVI1 was published by Redfors and Litzen [23] and life-
times of the 3s24s S states for Al-like ions from S IV to Fe
X1V were published by Thombury et al. [24]. Transitions in
spectra of highly ionized Kr and Mo belonging to the Al |
isoelectronic sequence were recently reported by Jupen et al.
[25]. In the present work we report a revised and extended
analysis of Ar VI that includes 33 newly classified lines and
9 new energy level values.

Experiment

The light source used in the present work is a discharge
tube built at the Centro de Invesitgaciones Opticas, (ClIOp),
to study highly ionized gases [26]. It is a 30cm long Pyrex
tube with an inner diameter of 3mm. Gas excitation was
produced by discharging a bank of low inductance capa-
citors varying between 2.5 and 100nF and charged up to
19kV through the tube. Light radiation emitted axially was
analyzed using a 3m normal incidence vacuum spectro-
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graph with a concave diffraction grating of 1200 lines/mm,
blazed for 1200 A. The plate factor in the first order is
2.77 Almm. Iiford Q-2 plates were used to record the spectra
between 280-2100 A. C IIl and N I [27], O 11l [28] and
lines of Ar Il11-Ar V [27] were recorded as internal wave-
length standards. Exposing the plates with 104 shots we
were able to obtain good spectra of argon below 300 A The
lines were observed in the first, second, and in some cases,
third order of diffraction.

The gas pressure, the discharge voltage, and the capac-
itance were varied to distinguish between different stages of
ionization. A well developed Ar VI spectrum was obtained
with the following parameters: 120mTorr, 18kV and 20nF.
The positions of spectral lines on the plates were determined
with a rotating prism photoelectric automatic Grant com-
parator whose precision is 1pan. The uncertainty in deter-
mining the wavelength of unperturbed lines by this
procedure is estimated to be +0.01 Ain the first diffraction
order.

Analysis

The Ar VI lines observed in the present work are given in
Table I, 33 of them being without previous classification.
The intensities of the lines given in the table are based on
visual estimates and the values given in the calculated
column are deduced from the optimized level values. The
optimized energy values derived from the observed lines are
given in Table Il and the general structure of the term
system is shown in Fig. 1. The level values were determined
in an iterative procedure where the wavenumbers of the
observed lines are weighted according to their estimated
uncertainties. Theoretical predictions of the structure of the

Fig. /. Gross structure of the observed Ar VI configurations
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Fig. 2. Level structure of the observed 3p3, 3s3p3d and 3s3p4s configu-
rations in Ar VI

configurations made at the Department of Physics, Uni-
versity of Lund, were also used in the analysis. The predic-
tions were obtained by diagonalizing the energy matrices
with appropriately scaled Hartree-Fock (HF) values for the
energy parameters. The computer code developed by
Cowan [29] was used. All levels designations in Table Il are
in LS notation, and in the same table we present the per-
centage composition of the levels.

A comparison with the level system given by Pinnington
et al. [22] shows that six of their level values have been
confirmed, although the accuracy has been considerably
improved. However, for seven levels we propose new identi-
fications as discussed below.

The observed structure of the configurations 3p3, 3s3p3d
and 3s3pAsis shown in Fig. 2. For the level 3s3p(3P)3d
we propose the new value 344 307.9cm |.The level is estab-
lished by five new lines that are given in Table I.

For the level 3s3p”P)3dZ- 12 we propose the new value
346073.4cm’ 1 determined by two new lines, see Table 1.
Both level values fit well with the extrapolation that can be
done from the isoelectronic data published in Ref. [23].

For the level 3s3p(2P)3d 2P 3/2 we propose the new value
375657.6cm’ 1. This level is determined by four new lines,
see Table I. The level value fits very well with the isoelec-
tronic trend from Ref. [23]. The isoelectronic graph gives
for the 3s3p{3P)3d2P1/2 level a probable value near
376300cm-1. We were not able to find the transitions
establishing this level, but according to the extrapolated
values mentioned above and our theoretical predictions we
reject the experimental value published in the work of Pin-
nington etal. [22] for this level.

Physica Scripta 45



586

Table 1. Classified lines in the Ar VI spectrum

a (cm-1)
Ini. A(A) Observed Calculated Transition
4 219.91%-* 454736.6 456 3s*3plpm - 3524d2D3N2
6b! 220.93*-* 4526217 591.7 3**3p 2P m 3s2Ad2D i/t
1 281.43s* 355321.2 16.8 3s3p2*P}2 3s3p(3P)4s*P,/2
| 281.91%4 354723.8 14.3 3s3pz*Pil2 3s3p(3P)4s*P 32
2 28142%-* 354077.9 812 353p2*P ,f2 - 3s3p(3P)As*P,2
1 282.55*-* 353917.7 7.7 3s3p**Pm 3s3H3P)4S*P3ll
1 283.16%-* 353155.0 5.0 3s3pz *P3I2 3s3p(3P)4s *P 112
1 283.55* 352676.0 83.1 3:3p**Psll 3s3p(3P)is*P1/2
2 294.03*-* 340095.7 5.7 * 23p2Pw 352A 525,12
2b! 326.15* 3066091 598.3 3s23d2D 31l 3s3p{iP)*s1P3n
4 326-22*-* 306537.4 8.5 3s23d2Dil2 3s3p(IP)4s2P 312
4 326.32*-* 306448.7 50.6 3s23d2Din 3s3p(,P)4s2P m
6 409.10* 244440.4 0.1 3s3p22D 3l 3s3p(*P)3d 2F ,i2
2 40928* 244328.9 7.4 3s3p22Dilt 3S3pi'P)3d1F ,I2
6bl 410.10“ 2438414 31 3s3p22Dsli 3s3p(IF)3d2F m
6A 455.83*'4 219379.6 8.3 3s3p2*Pin 3s53p(3P)3d*Dil2
6 456.38*-4 2191135 3.8 3s3p2*Pm 3s53pi3P)3d*D Il
8 457.01%4 2188112 12 3s3p2*Pm 353p(3P)3d*Dsl2
8h! 4S7.46*-4 218.598.3 3.0 3s23p2P in 3s23d2D 3,2
4b! 457.51*-* 218574.5 81.7 3s3p2*P3I2 3s3pi3P)3d*D 312
8bl 458.05*-4 218318.6 71 3s3p2*P,/2 - 3s3p(3P)3d*DU2
8w 459.32'-4 2177145 4.5 3s3p2*P,2 3s3p(3P)3d*D ,i2
6 460.09*"'4 217346.0 7.1 3s3p2*P /2 353p(3P)3d*D V2
6 460.19*%-4 217300.7 0.6 3s3p2*Pu2 - 3s3p{3P)3d*P 12
8w 46123** 216811.3 13 3s3p2*P,i2 - 3s3p(3P)3dAP3IJ
4 461.894 216501.8 504.0 3s3p2*P312 - 3S3p(3P)3d*Pln
6 46101* 216445.3 5.7 3523 p2P 312 3s23d2Din
6 462.13* 216386.7 59 3s23p2Pill 3523d2D 32
2 462.93* 216013.8 5.7 3s3p2*P3/l - 3s3p(3P)3d*Pil2
8 464.26*-* 215397.0 6.8 3s3p2*PV2 3s53pCP)3d*Pm
6 465.58** 214783.2 11 3s3p2*Ps/2 - 3s3H3P)3d*Pm
8 466.94** 214161.5 12 3s3p2*Pil2 3s3p(3P)3d*Psn
4 468.39* 213498.6 92 3s3p22D,12 3s3p(3P)3d 2F Vi
6 468.80*-* 213310.3 0.9 3s3p22Pm - 3s3p{lP)3d2D 312
8 471.19*-* 212227.8 7.9 3s3p21Pin - 3s3pi'F)3d2Dii2
4A 471.87* 2119216 15.9 3s53p2 2P 3i2 3s3p(IP)3d2D 312
6 47104*" 211844.4 6.5 3s3p22D,/2 - 3s3p(3P)3d2Fm
4 472.29*-* 211735.2 3.8 3s3p2 2D si2 3s3pf3P)3d2F ,n
6 485.78%-* 205853.5 3.9 3s3p21S112 - 3s3p(3P)3d 2P 32
8 508.83*-* 196528.6 85 3s3p22D3i2 3s3p{3P)3d2D 312
8 508.91** 196496.9 7.4 3s3p22Din - 3s3p(3P)3d2Dil2
am 509.12* 196417.0 5.8 3s3p22D, 1 3s3p(3P)3d 2D 372
8 50910*-* 196385.3 4.7 3s3p22Dsn 3s3p(3P)3d2DslI2
4 516.86“ 193476.2 6.5 3*3p22P m 3s3pi3P)3d2P 3,2
1New line

b Previously identified by Lesteven-Vaisse (Ref. [20])
1 Measured in second order

* Previously identified according to Ref. [27]

* Previously identified by De-Ye et al. (Ref. [13])

» Previously identified by Pinnington et al. (Ref. [22])
A = Asimetric line

w = Wide line

bl = Blended line

For the levels 3s3p(1P)3d2D3I2 and 3s3pilP)3d2D Sf2 we
propose the new values 395492.0cm-1 and 395804.1cm-1
respectively. These level values are in accordance with the
values obtained along the isoelectronic sequence using data
of Ref. [23] and with our theoretical predictions. The
3s3p(1P)3d 2D 32 level is determined by four new lines, see
Table I. For the other level of the same multiplet we classi-
fied three lines that are given in the same table.

For the 3s3p(1P)3d2F 712 level we propose the new value
376417.2cm-1. This level is determined by a new line at
410.10 A, classified as 3s53p22Dsl2-3s3p(1P)3d2F 712 and
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a (cm-1)
Ini. ((A) Observed Calculated Transition
4 520.61* 1920817 15 3s3p2 2P 3li 3s3p(3F)3d2P 3,2
10 54433*-4 183576.3 6.1 3si3p2P /1 3s3p22PJn
10 548.91'-4 1821791 81.1 3s23p 2P .2 3s3pl2Pt/2
6M 551J54 181373.6 69.0 3sJ3p 2P 3,2 3s3p22P 312
S55.63*-4 179975.5 4.0 3523 p 2P 3,2 3s3p22pP tll
4 564.30% 177209.9 111 3s523d 2D312 - 3s3p(IP)3d2D If2
564.49*-* 177151.9 02 3s23d2D 312 3s3p{IP)3d2Dsn
6bl 56519* 176901.4 899.0 3s23d2D 3/2 3s3p{'P)3d2D 3f2
4 565.49* 176838.4 92 3s23d2Dsn - 3s3pCP)3d2Din
8 587.02*~ 1703515 12 M p1Apm ~ 3P>*S3I2
8w 588.91 ** 169803.9 3.7 3s523p2P tl2 3s3p22Sin
8 58918*-4 169555.4 5.6 3s3p2*P3/2 ~ 3PiIAS3I2
8 594.10*-4 1683212 1.0 3s3p2*P,/2 ~ 3P3*S3li
6w ' 596.67* 167596.8 6.6 3s23p2Ps,2 - 3s3p22Sin
8b! 6\% EV S 161637.5 8.1 3s53p22D312 ~ 3P12Pin
6bl 618.72 161624.0 3.4 3s3p22D32 -3 p32P3n
8 619.16*" 161508.7 10.7 3s3p22Ds/2 3p32PvI
6 622.15“ 1607311 18 3s3p22Pw - 3s3p(3P)3d2F Vi
6 631.68* 158307.9 85 3s523d2D3II 3s3pi‘P)3d2F Sf2
4 631.91 158248.9 8.7 3523d2Din 3s3pCP)3d2D 3/i
6A 633.85* 157765.0 4.4 3523 d2Dsli 3s3pCP)3d2F Vi
4 63654 157001.5 4.8 3s523d 2D sl2 3s3pCP)3d2P 32
6 687.84» 1453818 17 3s3p22P 312 3s3pCP)3d2Difl
Iow 754.93s4 1324611 14 3523 p2P til 3s3p22Dil2
6A 767.07*-4 130366.3 7.0 3523 p 2P 312 3s3p2 2D si2
10 767.73*-4 130253.2 42 3s13p1P,2 3s3p22D3/2
6 78141» 127810.7 0.0 3s3p2 2D 3il 3p32Ds/2
8A 783.07» 1277015 6972 3s3p22Ditl 3p 32Dsi2
8A 783.66» 1276062 5.5 3*3p21DV2 3pi2 D32
6 784.35» 127494.0 2.8 3*3p22Ds,2 ~ 3p52D3il
6 784.80* 127420.9 0.6 3s23d 2D sll 3s3p(3P)3d2Fin
6A 795.44* 125716.8 4.9 3s523d2D V2 3s3p(3P)3d2Fsl2
6M 795.85% 125651.8 5.1 3s23d 2D,2 - 3s3pt3P pd2F SR
8 804.62» 1242813 11 3*3p225n2 -3 Pi2P3I2
8 893.50» 1119192 8.4 3*3p22P 1,1 ~ 3pi2Pin
6b! 893.63» 1119032 3.7 3s3p21P 112 3pi2 P3I2
6 904.90» 110509.0 8.7 3s3p22P3n ~ 3p32Pin
8 998.43* 100157.6 82 3s3p2iP I~ 350w p
1000.16'* 99983.8 22 3*3p22PvIl ~ 3P2APin
6 1012.66* 98749.4 7.7 3s3p22P .2 ~ 3P3*P3Il
Iow 1303.87» 76694.6 5.3 3*3p22Pm -3 p32DU2
4 1420.60* 703915 25 3s24d2Din - 3s3p('P)\s2P 3n
4 142151* 70298.0 8.0 3s24d2Dsl2 - 3s3p{IP)4s2P U2
another new line at 633.85 A, classified as

3523d 2D s/2-353p{1P)3d2F 712. For the 3s3p(iP)3d2F 3/2 level
we propose the new value 376901.5cm-1. The level is deter-
mined by four new lines that are classified in Table I. Both
level values of this multiplet are in good agreement with our
theoretical predictions and with the graphic extrapolation
along the isoelectronic sequence based on the work of Ref.
[23].

For the level 3s3p(IP)4s2P 1j2 we propose the new value
525043.6 cm-1. The level is determined by a new line at
326.32A, classified as 3s23d2D3i2—3s3p(1P)4s2P 1i2, and
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Table 11. Energy levels of Ar VI

Designation Energy (cm".7)

3s*3p2Pi,2 00 97
3s23p 2Pm 2207.1 97
3s3p2*Pif2 100158.2 99
3s3p2*Ps12 100954.8 99
3s3p2*P5ll 102189.2 99
3s3p22Ds 2 132461.4 87
3s3p22D Y1 132574.1 87
3s3p22St/l 169803.7 99
3s3p22P 112 182181.1 99
3s3p22P3/1 183576.1 99
3s23d2DV2 2185930 87
3s23d2D5li 218652.8 87
*Pi2D32 260066.9 64
3P32DS2 260271.4 64
3P3AS3I2 270510.4 99
1P32P3,1 294084.8 73
3P32Pm 294099.5 74
3s3p(3P)3d*Ps/2 316351.6 98
3s3p(3P)3d4P 32 316970.5 97
3s3p(3P)3d4P L2 317458.8 98
3s3p(3P)3d*D 12 319272.0 98
3s3p{3P)3d*D3I2 319536.5 97
3s3p{3P)3dAD5/2 319767.0 98
3s3pfP)3d4DV2 319903.9 99
3s3p(3P)3d2Ds/2 328958.8 47
3s3p(3P)3d2D 32 328989.9 47
3s24s 2S W2 342302.8 99
3s3p(3P)3d 2F312 344307.9¢ 71
3s3p(3P)3d2F V2 346073.4* 71
3s3p(3P)3d2P 32 375657.6“ 78
3s3pilP)3d2FV2 376417.2" 71
3s3p(IP)3d2F52 376901.5" 71
3s3p(1P)3d2D312 395492.0“ 66
3s3p(1P)3d 2Dsi2 395804.1“ 67
3s3p(3P)4s*p ir 454109.8 99
3s24d2D32 454745.6 99
3s24d 2DS1 454798.8 99
3s3p(3P)4s4P 32 454872.5 99
3s3p(3P)4s4P 32 456271.6 99
3s3p(IP)4s2Pin 525043.6“ 99
3s3p(iP)4s2P 32 525191.3" 98

* Percentages lower than 5% are omitted
" New level

another new line at 1422.51A, classified as
3s24d 2Dm -3s3pCP)4s 2P M.

For the level 3s3p{1P)4s2P 3/2 we propose the new value
525191.3 cm-1. This level is supported by three new lines
that are classified in Table I.

We report a new line at 618.72A, classified as
3s3p22D32-3p3 2P 3/2 transition. For us, the line at 804.62 A,
corresponds to the 3s3p2251/2-3p32P 3/2 transition. This line
has a double classification in the previous work of Ref. [22].
In the same work, some other lines also appear with double
classification, but for us, the lines at 893.50 A, 893.63 A and
904.90 A correspond to the 3s3p22P-3p32P multiplet. These
transitions confirm (fairly well) the previously observed
values of the 3p32P 1/2 and 2P 3/2 levels, see Ref. [22].

We report two new lines at 508.91 A and 509.12 A
classified as 3s3p22DV2-3s3pCP)3d2D5,2 and
3s3p2 2D Sf2-3s3p(3P)3d 2D 32 transitions. These lines confirm
the previously observed values of the 3s3p(iP)3d 2D doublet,
see Ref. [22].
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Percentage composition*

3s3p22D + 12
3s3p22D + 12

3s23d2D
3s23d2D

3s23d2D + 12 3s3p22D
3s23d 2D + 12 3s3p22D
3p32D + 35 3s3p(3P)3d2D
3p32D + 35 3s3p(3F)3d 2D
3p32P + 19 3s3p(3P)3d2P
+ 6 3s3p(iP)3d2P
3p32P + 19 3s3p{3P)3d2P
+ 6 3s3p(IP)3d2P

3s3p3d(3P) 2D + 32
3s3p3d(3P) 2D + 32

3s3p(1P)3d2D + 20 3p32D
3s3p(1P)3d2D + 20 3p32D

3s3p3d{3P)2F + 28
3s3p3d(3P) 2F + 28
3s3p3d(3P)2P + 16
3s3p3d(IP)2F + 28
3s3p3d(IP)2F + 28
3s3p3dCP)2D + 17
3s3p3d(IP)2D + 17

3s3p(,P)3d2F

3s3p(IP)3d 2F

3p32P

3s3p(3P)3d2F
3s3p(3P)3d2F
3s3p(3P)3d2D + 15 3p32D
3s3p{3P)3d2D + 15 3p32D

Theoretical Interpretation
The level structure was theoretically interpreted by a least-
squares fit of the energy parameters to the experimental
level values. For this purpose the computer code developed
by Cowan [29] was used.

The scaled Hartree-Fock factor was 0.85 for all param-
eters, except for G where the scaled factor was 0.95 and for
£ ay where the scaled factor was 1.00. These scaled factors
were taken in this form because the computed energy-level
intervals agree better with the experimental ones.

In order to obtain a better interpretation of the levels it
was necessary to introduce the 3s24p configuration. The
results of the parametric calculations are presented in Table
1.

The a parameter was kept free because all the levels of the
3p3 configuration are known. The first three configuration
interaction integrals were held fixed in the calculation scaled
at 0.75, 0.95 and 0.95 of their Hartree-Fock values. The rest
of the configuration interaction integrals were held fixed at
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Table Ill. Energy parameters (cm
Scaled
Configuration Parameter Hf Value
3s23p 0
3s23p c3 1307
3s24p E,, 391438
3s*4p 394
3P3 287614
3p3 F23pjp) 66962
3PJ ot(3p.3p)
3P3 Cs, 1306
3s3p3d 323495
3s3p3d F\3pJJ) 63506
3s3p3d GI(3s,3p) 90341
3s3p3d G2(3s,3d) 61497
3s3p3d C*(3p3d) 78310
3s3p3d G3(3pjd) 48916
3s3p3d tip 1319
3s3p3d Gn 60
3s3p4s E,, 463784
3s3p4s GI1{3s,3p) 82900
3s3p4s G°(3s,4s) 5896
3s3p4s G!(3p,4s) 7775
3s3p4s tip 1405
Configuration
Interaction
Integrals
3si3p -3p3 R }3s3st3p3p) 79351
3s23p -3s3p3d R1[3s3p,3p3d) 92765
3s23p - 3s3p3d R2{3s3p,3d3p) 70775
3s23p -3s3p4s R°(3s3s,3s4s) 4725
3s23p -3s3p4s R1(3s3p,3p4s) 7557
3s23p -3s3p4s R°(3s3p,4s3p) 1368
3s2p - 3s3p3d R 1(3s4prJp3d) 8998
3s24p - 3s3p3d R2(3s4pM3p) 10777
3s24p - 3s3p4ds R1(3s4p,3p4s) 38098
3s24p -3s3p4s R°(3s4p,4s3p) 6074
3pi - 3s3pad R 1{3p3p,3s3d) 82900
3ps - 3s3pds R1(3p3pjs4s) 7384
3s3p3d-3s3p4s R2{3p3d,3p4s) 2974
3s3p3d-3s3p4s Ri(3p3d,4s3p) 5010
*The RMS deviation of the fit is 210cm~1for 28 observed levels
the standard 85% of the Hartree-Fock values. The 5.
standard-deviation for the 28 observed levels was 210cm “ 1. 6
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Abstract—The atomic-emission spectrum of four times ionized xenon (Xe V) has been observed
in the region 500-6700 A; 233 lines were classified as transition between 5s5p3,5s25p5d, 5525p6s
with 5s25p2,5s25p6p and 5s25p4f configurations. Ninty-seven of these lines are reported for the
first time. Two new energy level values corresponding to the 5s25p4f configuration have been
determined, and we proposed two new values for the previously reported 3Dj and 3G5 energy
levels of this configuration. The value of the 5s25p6p *Sqenergy level has also been determined,
and we propose a new value for the previously reported 5s25p5d 3F4 energy level. New adjusted
values for the previously known levels of the studied configurations are included. Least-squares
fitted parametric calculations involving configuration interactions have been carried out to
interpret the observed spectrum. © 1998 Elsevier Scince Ltd. All rights reserved.

1. INTRODUCTION

There is great interest in spectroscopy data from xenon due to applications in collision physics,
high-temperature plasmas and laser physics. In this last point, the understanding of the population
mechanisms that affect the laser action for this element, require a knowledge of the spectral analysis
corresponding to the different ions involved.

The spectrum of four times ionized xenon (Xe V) has the ground configuration 5s25p2, the same as
Sn I. Spectraof Sb I11,111V,2Cs VI3 and Ba VII4in this sequence were previously analysed by other
authors. Several ionic UV-visible Xe lines were charge-state assigned to Xe V by Duchowicz et al5
but not classifications. Gallardo et al6 obtained nine new levels ofthe 5s25p6p configuration, the first
established energy levels of an even excited configuration. Pinnington et al7 have presented a study
of the beam-foil spectrum of Xe V. Recently, Tauheed et al8 made the analysis of several configura-
tions of this ion using a gas-triggered spark as a light source. Very recently, a work concerning
5525p5d-5s25p4fand 5s5p3-5s25p4f transitions, establishing 10 new levels of the 5s25p4f configura-
tion, the remaining 3F 4 level of 5s25p5d and the classification of several known Xe V laser fines, was
reported by Larsson et al,9 using collision-based spectroscopy.

With the final goal of completing the classification of the most prominent UV-visible Xe
laser fines, we have continued an investigation of the Xe V spectrum that concerns the study of the
energy levels in the configuration 5s25p4f, and the transitions 5s5p3-5s25p4f, 5s25p5d-5s25p4f,
5s25p6s-5s25p4f, and the classification of fines belonging to transitions between the 5s25p6p
configuration with odd parity configurations.

2. EXPERIMENT

The experimental set-up is similar to that described in the work of Gallardo et al6 SWR plates
were used to record the new spectra in the vacuum ultraviolet region, where known fines of C, N, O,
Xe Il and Xe Il were used as internal standards. In the UV-visible region new spectra were recorded
using a water-cooled Pyrex tube 1.3 m long and 3 mm internal bore. The indium-coated tungsten*

t To whom all the correspondence should be addressed.
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electrodes were placed in side arms 1m apart. Using a 140 nF capacitor, peak current pulses of
3.5 kA and 1ps (FWHM) were obtained. In certain cases, larger capacitances up to 280 nF were
used. Thorium lines from an electrodless discharge were superimposed on the spectrograms and
served as reference lines.10

The spectrograms were measured with a photoelectric automatic Grant comparator, and
the accuracy of the wavelength values is estimated to be =+ 0.01 A in the first diffraction order.
The intensities of the lines were based on visual estimates. To distinguish among different
states of ionization, we studied the behaviour of the spectral lines intensities as a function of
pressure.

3. RESULT AND DISCUSSION

The lines observed in the present work, are listed in Table 1. The total number of observed lines is
233, of which 97 correspond to new classified lines. Table 1 also contains almost all the lines
previously reported in the work of Duchowicz et al5as laser lines. It is interesting to note that most
of these laser lines correspond, in spontaneous emission, to high intensity transitions between the

Table 1. Classified lines in the Xe V spectrum

Intensity 2[A] afecm * Ref. Classification
(vac.)
Obs Calc

10 543.05 184145.1 7.6 6 5s25p2 3P0-5s525p5d 3Pi

n 566.57 176500.7 3.2 6 5s25p2 3Px-5s25p5d >d 2
8 571.90 174855.7 5.8 7,8 5s25p2 3Px-5s25p5d 3Pi

7 575.59 173734.7 3.4 8 5s25p2 3P !-5s525p5d 3Po
6 577.79 173073.3 17 8 5s25p2 3P0-5525p5d 3Di
7 582.52 171667.9 8.3 8 5s25p2 3P2-5525p5d xd 2
6 582.93 171547.2 7.8 8 5s25p2 1D 2-5s525p5d xPi

5 588.16 170021.8 0.9 8 5s25p2 3P2-5525p5d 3Pt
4 593.22 168571.5 69.8 7.8 5s25p2 1S0-5525p6s xPi

8 595.09 168040.9 0.5 78 5s25p2 3P 2-5525p5d 3D3
1 599.24 166878.0 7.6 8 5s25p2 3P2-5525p5d 3d 2
7 603.40 165727.5 6.8 7,8 5s25p2 1D 2-5525p5d xf 3
6 610.57 163781.4 79.9 8 5s25p2 3Pj-5s25p5d 3D,
9 635.39 157383.7 3.8 78 5s25p2 1D 2-5525p5d >d 2
8 637.51 156860.2 0.9 78 5s25p2 3P2-5525p5d 3d 2
6 662.10 151034.5 3.7 6 5s25p3 552-5525p6p Pi

7 679.28 147214.7 5.0 78 5s25p2 3P !-5525p5d 3f2
7 691.27 144661.3 0.5 8 5s25p2 ‘D 2-5525p5d 3D,
6 701.38 142576.1 6.4 8 5s25p2 1D 2-5525p5d 3p2
12 702.34 142381.2 0.1 8 5s25p2 3P 25525p5d 3f2
12A 702.87 142273.8 2.8 6 5s5p3 §S2-5525p6p 3Pi

10 707.26 141390.7 14 7,8 5s25p2 3P2-5s5p3 3Si

6 707.90 141263.0 14 8 5525p2 1D 2-5s5p3 ‘Pi

3 735.94 135880.6 21 6 5s5p3 §S2-5525p6p Dt
2 765.47 130638.7 8.2 5s5p3 3D 3-5525p6p D2
3 768.58 130110.1 1.0 5s5p3 3D 2-5525p6p 3d3
7 772.00 129533.7 5.0 6 5s5p3 3D !-5525p6p 3p2
6 bl 776.87 128721.7 4.3 6 5s5p3 3D 2-5525p6p 3p2
6 777.61 128599.2 601.3 8 5s25p2 1S0-5525p5d 3Di
7 780.67 128095.1 5.6 78 5s25p2 1D 2-5525p5d 3f2
3 786.66 127119.7 9.5 5s5p3 3D 2-5525p6p Pi

8 791.84 126288.1 9.0 6 5s5p3 3D 3-5525p6p D3
5 797.38 125410.7 0.9 8 5s25p2 3P!-5s5p3 3p2
7 798.19 125283.5 34 8 5s25p2 3Pi-555p3 3P1
5 798.71 125201.9 2.2 8 5s25p2 ~0-SsSp3 XPx

continued
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Table 1—continued

Intensity 2 [A] a [cm Ref. Classification

(vac.)

Obs Calc

7 805.70 124115.7 6.3 8 5s525p2 3Pi~5s5p3 3Po
9 829.35 120576.4 6.0 7.8 5s25p2 3P2-5s5p3 3p2
6 830.23 120448.6 8.5 8 5s25p2 3P25s5p3 3Pi
1 834.08 119892.6 2.6 6 5s5p3 3D j-5s25p6p D2
2 839.15 119168.2 9.3 5s5p3 3D !-5s525p6p 3Pi
6 844.89 118358.6 8.6 6 5s5p3 3D 2-5s525p6p 3Pj
7 851.82 117395.7 5.8 7.8 5s25p2 ‘D"sSp3 ‘d2
6 862.20 115982.4 2.0 6 5s5p3 3Pi-5s525p6p ‘P2
3 863.15 115854.7 4.5 5s5p3 3P2-5525p6p ‘d 2
8 867.40 115287.1 6.3 78 5s25p2 3P0-5s5p3 3Di
9A 886.68 112780.3 78.6 6 5s5p3 $S2-5525p6p 3D,
1 893.12 111967.0 7.9 6 5s5p3 3D 2-5s525p6p 3P
10 896.82 111505.1 5.3 6 5s5p3 3P2-5525p6p 3d 3
6 900.51 111048.2 7.7 8 5s25p2 ~0-SsSp3 3Si
9 907.06 110246.3 6.1 6 5s5p3 3P !1-5525p6p 3p2
6 908.11 110118.8 8.6 6 5s5p3 3P2-5525p6p 3p2
7 921.54 108514.0 3.8 6 5s5p3 3P2-5525p6p Pij
13 936.29 106804.5 5.2 7.8 5s25p2 3P1-5s5p3 3d 2
8 940.81 106291.4 15 7.8 5s25p2 ~z-SsSp3 3p2
5 941.95 106162.7 4.0 6 5s525p2 N-"Np3 3P,
7 943.44 105995.1 4.5 8 5s25p2 3Pi-5s5p3 3d 3
7 954.66 104749.3 50.2 6 5s5p3 1D 2-5525p6p ‘d2
12 980.68 101970.1 0.3 6 5s25p2 3P2-5s55p3 3d 2
10 988.55 101158.3 9.6 7.8 5s525p2 3P2-5s5p3 3Di
3 989.63 101047.9 7.5 5s5p3 3P0-5525p6p 3Pj

995.26 100476.3 6.2 5s5p3 3P2-5525p6p 3d 2
10 1002.48 99752.6 2.9 5s5p3 3P2-5525p6p 3Pi
9 1026.60 97408.9 9.5 6 5s5p3 1D 2-5525p6p ‘Pi
3 1056.47 94654.8 6.8 6 5s5p3 3P0-5525p6p 3Di
6 1059.34 94398.4 8.7 5s5p3 3D 3-5525p4f ‘g4
4 1063.26 94050.4 0.4 6 5s525p5d 3F2-5525p6p ‘d?2
7 1063.55 94024.7 4.4 5s5p3 3D x5s25p4f 3D,
8 1071.10 93362.0 2.2 5s5p3 3P2-5525p6p 3Dt
6 1072.81 93213.2 3.7 5s5p3 3D 2-5525p4f 3Di
3 1083.53 92290.9 2.3 6 5s5p3 3S!1-5525p6p X,
4 1086.01 92080.1 0.4 5s5p3 3D !-5525p4f D2
6 1092.79 91508.9 7.8 78 5s5p2 ANsSp3 3d 3
8 1095.65 91270.0 69.7 5s5p3 3D 25s525p4f 3d2
6 1109.81 90105.5 4.8 8 5s25p2 1S0-5s5p3 3P1
5 1111.49 89969.3 9.7 5s5p3 XP 1-5525p6p ‘So
3 1114.82 89700.6 12 6 5s25p5d 3F2-5525p6p D3
1 1115.28 89663.6 18 5s5p3 3D 2-5525p4f 3d 3
6 1118.92 89371.9 19 6 5s5p3 1D 2-5525p6p 3d 2
4 1119.77 89304.1 3.2 6 5s5p3 3S!1-5s525p6p 3p2
3 1128.06 88647.8 8.6 6 5s5p3 1D 2-5525p6p 3P1
5 1132.32 88314.3 4.5 6 5s25p5d 3F2-5525p6p 3P2
6 1140.28 87697.8 8.4 6 5s5p3 3S!1-5s525p6p ‘Pi
8 1143.53 87448.5 7.7 5s5p3 3D 3 5s525p4f 3d 2
6 1153.27 86710.0 9.7 6 5s25p5d 3F2-5525p6p ‘Pi
4 1155.13 86570.3 0.6 5s25p5d 3F2-5525p6p ‘So
1 1164.96 85839.9 9.8 9 5s5p3 3D 3-5s525p4f 3d 3
9 1168.52 85578.3 7.6 5s25p5d 3F3-5s525p6p 3d 3
10 1191.69 83914.4 3.2 9 5s5p3 3D 25525p4f ‘“£3
7 1218.88 82042.5 2.9 5s5p3 3P2-5525p4f ‘d2
12 1225.10 81626.0 6.2 9 5s5p3 3D 3-5525p4f 3f4
4 1236.34 80883.9 4.6 6 5s5p3 1P 1-5525p6p ‘d2
7 1248.58 80091.0 12 5s5p3 3D 3 5525p4f ‘£3
5 1255.32 79661.0 0.8 6 5s5p3 3Sj-5525p6p 3d 2

continued
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Intensity

o U1l © U1 0 OO OO W

AlA]
(vac.)

1256.75
1271.10
1281.13
1282.89
1290.57
1301.69
1317.46
1324.38
1324.58
1329.44
1330.70
1338.05
1340.34
1341.42
1354.40
1359.31
1359.74
1373.79
1376.20
1393.73
1397.45
1407.34
1409.67
1412.12
1413.91
1425.61
1433.80
1437.75
1496.38
1505.80
1531.22
1533.66
1543.61
1544.11
1557.84
1561.47
1566.96
1568.10
1574.73
1575.59
1607.41
1610.11
1624.41
1629.08
1648.14
1655.26
1668.00
1675.51
1692.91
1712.52
1741.50
1753.52
1775.44
1782.05
1818.40
1844.91
1845.87
1862.62

o’ [cm
Obs

79570.3
78672.0
78056.1
77949.0
77485.1
76823.2
75903.6
75507.0
75495.6
75219.6
75148.4
74735.6
74607.9
74547.9
73833.4
73566.7
73543.5
72791.3
72663.9
71749.9
71558.9
71056.0
70938.6
70815.5
70725.9
70145.4
69744.7
69553.1
66827.9
66409.9
65307.4
65203.5
64783.2
64762.2
64191.4
64042.2
63817.8
63771.4
63502.9
64468.3
62211.9
62107.6
61560.8
61384.3
60674.5
60413.5
59952.0
59683.3
59069.9
58393.5
57421.8
57028.1
56324.1
56115.1
54993.4
54203.2
54175.0
53687.8

"]

Calc

69.6
21
6.1
8.8
5.5
2.8
26
6.5
4.7
20.4
8.7
5.5
8.0
8.5
3.7
6.8
3.9
15
4.0
9.6
81
6.1
8.6
5.9
5.6
4.8
4.8
2.9
7.7
9.6
75
3.7
3.0
2.2
13
0.8
7.0
1.6
3.7
8.0
2.2
7.2
59.7
3.9
3.7
3.0
18
3.3
8.9
2.3
15
8.3
45
5.2
3.2
3.2
4.6
73
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Table 1—continued

Ref.
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5s25p5d
5s25p5d
5s25p2
5s25p5d
5s25p5d
5s25p5d
5s5p3
5s5p3
5s25p5d
5s25p5d
5s5p3
5s5p3
5s5p3
5s25p5d
5s25p5d
5s5p3
5s5p3
5s5p3
5s5p3
5s25p5d
5s25p5d
5s5p3
5s5p3
5s25p2
5s5p3
5s25p5d
5s5p3
5s25p5d
5s5p3
5s25p5d
5s5p3
5s25p5d
5s5p3
5s25p5d
5s25p5d
5s25p5d
5s25p5d
5s25p2
5s5p3
5s25p5d
5s25p5d
5s25p5d
5s5p3
5s25p5d
5s25p5d
5s25p5d
5s5p3
5s25p5d
5s25p5d
5s5p3
5s25p5d
5s5p3
5s25p6s
5s25p5d
5s25p5d
5s5p3
5s25p5d
5s25p5d

Classification

3P 2-5525p6p
3F2-5525p6p
3P2-5s5p3

3F25s25p6p
3D j-5525p6p
3P 2-5525p6p
3P0-5525p4f
3D 2-5525p4f
3P x-5s25p6p
3P 2-5s525p6p
1P 1-5525p6p
3P x5525p4f
3P 2-5525p4af
3F3-5s525p6p
3P2-5525p6p
3D 2-5s525p4f
1P 1-5525p6p
3P 1-5525j)4f
3P 2-5525p4f
3D x5525p6p
3F2-5525p6p
3P2-5525p4f
JD 2-5525p4f
*S0-SsSp3

3D 3-5525p4f
3D x-5525p6p
3D 3-5525p4f
3D 2-5s525p6p
3D 3-5525p4f
3P x5525p6p
3P2-5525p4f
3D 2-5s25p6p
1P 1-5525p6p
1D 2-5s525p6p
3P2-5s25p6p
3D 3-5525p6p
3D 2-5525p6p
‘D"sSp3

xD 2-5525p4f
3P 2-5525p6p
3D 2-5525p6p
3D x5525p6p
1D 2-5525p4f
3D x5525p6p
3P x-5s25p6p
1D 2-5525p6p
1D 2-5525p4f
1P 1-5525p6p
3P x5s25p6p
1P 1-5525p6p
1D 2-5525p6p
3P x5s525p4f
3P x5s25p6p
3F3-5s25p4f
3D x5525p6p
1D 2-5525p4f
3D 2-5s525p6p
3F35525p4f

‘d 2
3d 2
5s2
3P1
Y02
3SX
3D X
3fF2
‘So
3D3
3p2
3D X
3D X
3d 2
3p2
3F3
‘Pi
3D2
3d 2
3p2
3D X
3D3
‘d 2
3D X
3g4
‘Pi

‘d2
3g3
‘d 2
‘f3
3d 3
3P1
‘D2
3d 2
3d 3
3p2

3D X
3Pi

‘Pi

3d 2
3d 2
3P X
3p2

3d3
3d3
‘So

‘Pi

3D X
‘Pi

3F2
‘d 2
‘d2
3D X
‘“£3
3d 2
‘g4

continued
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Table 1—continued

Intensity X[A] afcm * Ref. Classification
(vac.)
Obs Calc
4 1870.87 53451.1 13 5s25p5d 3D 25525p6p 3Pi
3 1893.79 52804.2 3.9 5s25p5d 3F2-5525p4f 3Di
2 1920.49 52070.0 0.0 5s25p5d 1F3-5525p6p 3d3
10 1921.44 52044.3 4.0 9 5s5p3 3P2-5525p4f 3g3
3 1928.68 51848.9 8.6 5s5p3 3S,-5525p4f 3d?2
2 1944.34 51431.3 0.4 5s25p5d 3P0-5s525p6p 3P1
4 1959.60 51030.8 13 5s25p5d 3Pi-5s25p6p 3D2
6 1976.36 50598.1 8.2 5s25p5d 1P 1-5s525p6p ‘d2
5 1987.79 50307.1 8.0 5s25p5d 3Pj-5s525p6p 3P1
X (A) (air)

2 2024.35 49382.7 39 5s25p5d 1D 2-5525p6p D2
8 2029.75 49251.3 2.0 5s25p5d 3F2-5s525p4f 3d3
6 2032.56 49183.2 3.4 5525p6s 3P0-5525p6p ‘Pi
5 2040.86 48983.2 3.6 5s25p6s 3Pi~5s25p6p 3Si
1 2089.12 47851.8 14 5s25p5d 1P 1-5525p6p 3Si
8 2123.69 47073.0 3.0 5s5p3 1P ,-5525p4f ‘g2
4 2124.25 47060.6 0.6 5s25p5d 3D 2-5525p6p 3D,
5 2138.99 46736.3 6.3 5s25p5d 3F3-5525p4f 3d 2
9 2145.16 46601.9 21 5s25p6s 1P 1-5525p6p ‘So
8 2184.69 45758.8 8.0 5s25p5d 3P 2-5525p4f ‘d 2
3 2228.33 44862.7 2.3 6 5s525p5d 1P 1-5525p6p 32
4 2311.04 43257.3 75 6 5525p5d 1P 1-5525p6p Pi
1 2409.59 41488.3 8.3 6 5525p6s 3P2-5525p6p ‘d2
2 2435.82 410415 0.9 5s25p5d 1F3-5525p6p 3d 2
14bl 2441.49 40946.2 6.0 5s25p6s 3Pj-5s25p6p 3d 2
15 2441.86 40940.0 39.7 5s5p3 XD 25525p4f 3g3
10 2443.37 40914.7 4.8 9 5s25p5d 3F3-5525p4f 3f4
12 2473.11 40422.7 25 6 5s525p6s 3P0-5525p6p 3Pi
9 2485.41 40222.7 2.7 6 5525p6s 3P1~5s25p6p 3Pj
5 2513.88 39767.1 6.4 6 5s25p6s 3Pi-5s525p6p 3Po
1 2522.04 39638.6 8.1 5s5p3 1P 1-5525p4f 3Di
1 2538.60 39380.0 79.8 9 5s525p5d 3F3-5525p4f ‘“£3
6 2664.68 37516.8 7.0 6 5525p6s 1P i-5525p6p ‘d2
15w 2691.74 37139.7 9.1 5,6 5525p6s 3P2-5525p6p 3d 3
3 2780.10 35959.4 9.4 5s25p5d 3F4-5525p4af 3d 3
6 2796.17 35752.7 24 6 5s525p6s 3P2-5525p6p 3p2
9 2848.43 35096.8 6.7 9 5s25p5d 3F2-5s25p4f 3f2
1 2875.15 34770.6 . 5s25p5d 1P2-5525p4f 3d 3

lol.g 6 552565 1P1-5525p6p it
10 2927.64 341473 7.6 6 5s525p6s 3P2-5525p6p Pi
3 2936.86 34040.1 0.3 6 5s25p5d 1P 1-5525p6p 3Po
12 2937.57 34031.8 18 6 5525p6s 3P0-5525p6p 3D,
10 2954.93 33831.9 2.0 6 5s525p6s 3P!-5s525p6p 3D,
13 3015.09 33156.9 7.0 9 5s25p5d 3F25525p4f 33
16 3077.71 32485.5 2.4 5s25p5d 3F4-5525p4f 395
9 3109.49 32150.3 0.5 9 5s25p5d 3D 3-5s525p4f ‘g4
10 3145.57 31781.6 11 6 5s25p6s 1P 1-5525p6p 3p2
13 3149.11 31745.8 5.8 5s25p5d 3F4-5525p4f 3f4
5 3227.69 30973.0 31 5s25p5d 3F3-5s25p4f 3fF2
6 3230.04 30950.5 0.6 5s25p5d 1D 2-5525p4f ‘g2
16 3305.96 30242.5 9.9 5 5s25p5d 3F2-5525p4f 393
2 3309.11 30210.9 0.8 5s25p5d 3F4-5525p4f ‘“£3
9 3312.92 30176.2 6.3 6 5s525p6s 1P 1-5525p6p ‘Pi
16 3330.84 30013.9 4.2 5 5s25p5d 3F3-5525p4af 3f4
9 3443.32 29033.4 3.4 5s25p5d 3F3-5s525p4f 3f3
8 3444.70 29021.8 2.6 5s25p5d 3P2-5525p4f “£3

continued
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Table 1—continued

Intensity A[A] o [em 1] Ref. Classification

(vac.)

Obs Calc

3 3556.98 28105.7 5.9 5s25p5d 1P i-5525p6p 3D X
1 3792.31 26361.7 24 5s25p5d 3D 2-5525p4f 3d2
12 3803.26 26285.8 5.7 5 5s25p5d 3P0-5525p4f 3Dt
14 3827.98 26116.1 6.3 5s25p5d 3F3-5s25p6p 3g 3
6 3828.89 26109.8 10.0 6 5525p6s 3P2-5525p6p 3d2
3 3938.04 25386.2 6.7 6 5525p6s 3P2-5525p6p 3Pi
6 3967.25 25199.3 9.5 5s25p5d 3D 3-5s525p4f 3d 2
8 3973.01 25162.7 31 5 5s25p5d 3Pi-5525p4f 3D*
4 4038.46 24754.9 45 5s25p5d 3D 2-5s25p4f 3d3
10 4237.66 23591.3 16 5s25p5d 3D 3-5525p4f 3d 3
15 4305.69 23218.5 9.1 5 5s25p5d 3Pt-5525p4f 3d 2
12 4422.08 22607.5 7.6 5s25p5d 1F 3-5525p4f
1 4515.67 22138.9 8.7 6 5525p6s 1P 1-5525p6p 3d 2
15 4558.49 21931.0 0.9 12 5s5p3 1P 1-5525p4f 3f2
12 4634.49 21571.3 17 5s25p5d XD 2-5525p4f 3d?2
7 4769.94 20958.8 9.1 6 5s25p6s 1P 1-5525p6p 3Po
9 4849.30 20615.8 5.9 5s25p5d 3P2-5525p4f 3f3
15 4954.13 20179.6 9.7 5,9 5s25p5d 1F3-5s525p4f *g4
12 5007.80 19963.3 3.8 5 5s25p5d 1D 2-5525p4f 3d3
1 5151.90 19405.0 51 5525p6s 3P2-5525p4f 3f3
15 5159.08 19377.9 8.0 5 5s25p5d 3D 3-5525p4f 3f4
15 5260.19 19005.4 5.9 5 5s25p5d 3D 2-5525p4f ‘F3
16 5352.92 18676.2 6.2 5 5s25p5d 3P2-5s25p4f 3f3
15 5394.62 18531.9 18 5 5s25p5d 3D i-5525p4f 3f2
9 5602.83 17843.2 3.0 5s25p5d 3D 3-5525p4f ‘F3
2 5899.11 16947.0 7.3 5s25p5d 3F4-5525p4f 3g3
12 5955.67 16786.1 6.6 5 5s25p5d 1P 1-5s525p4f *d 2
1 6653.85 15024.7 4.7 5s25p6s 1P 1-5s525p6p 3Dj

Notes: Int. Observed line intensity from visual estimation.

2 (A): Observed wavelength in A.

vac. Values of the observed wavelength in vacuum,

air Values of the observed wavelength in air.

0 (cm-1): Wave number in cm-1.

Obs. Observed wave number.

Calc. Calculated wave number from the level values given in Table 2 and the work of Tauheed et al.8 by the Ritz
combination principle.

Ref: References of previously published lines.

Classification: Level designations for the transition including configuration, term and total angular momentum.

levels involved. We present in total, 14 classified laser lines, 11 more than were observed in the work
of Larsson et al9 using collision-based spectroscopy.

We present in Table 2 the adjusted energy level values corresponding to the analysed configura-
tions. We have revised the energy values corresponding to the 5s25p4f D j and 3G 5levels reported
in the work of Larsson et al,9 and changed them to 209310.0 and 202281.5 cm-1, respectively. We
also present in Table 2 two new energy levels values in 207366.7 and 216745.6 cm- 1that correspond
to the levels 5s25p4f D 2 and ™ 2, respectively, in order to complete all the energy level of
this configuration. Our fitted values for these levels are also in agreement with the predicted
values showed in the work of Larsson et al9 In the same table is presented also the new
value in 169799.4cm-1 for the 5s25p5d 34 energy level reported in the same reference. This new
value is supported by four new classified lines and by the line in 3077.71 A corresponding to the
5s25p5d F45525p4af 3G 5 transition.
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Table 2. Energy level values of Xe V

Designation Fobs (cm %) Fcaic (cm % Percentage composition
5s25p2 E3p}3po 0.0 153 89 + 10 (1S)1S
3p)3PI 9291.8 9300.8 99
(3P)3P2 14126.7 14150.2 67 + 32 (»D”~D
(*D) 3D2 28411.2 28387.8 66 + 32 (3P)3P
CS)'So 44470.4 44476.1 87 + 10 (3P) 3P
5s25p6p (2P)3Dx 228064.9 228484.3 67+ 30 (~P
(2p)3d 2 235178.9 234968.0 74 + 13 (2P)3P + 12 (2P)‘D
(2p)3d 3 246208.0 246101.9 100
(2P)3Po 233999.3 233755.0 89 + 11 (2P) *S
(2P)3Pi 234459.6 234452.7 45 + 20 (2P)X + 19 (2P)3S + 16 (2P)3D
(2P)3P2 244821.3 244805.1 62 + 24 (2P)3D + 14 (2P)!D
(2P)3S, 247810.4 247814.9 77 + 15 (2P)5P + 6 (2P)3P
(2P)jD2 250557.2 251227.1 73 + 24 (3P)3P
(2P)‘Pi 243216.5 242881.6 49 + 34 W P + 16 (2P)3D
W So 259642.3 259465.7 89 + 11 (2P)3P
5s25p4af (2p)3g 3 186746.7 186752.3 57 + 38 (2P)'F
(2p)3F4 190644.7 190712.6 53 + 39 (2P)3F + 8 (2P)*G
(2P)3Gs 202281.8 202517.7 100
(2p)3fF2 191603.5 191268.2 81 + 11(2P)3D + 7(2P)1D
(2p)3f3 189663.8 189876.0 47 + 22 (2P)3D + 22 (2P)*F + 9 (2P)3G
(2p)3g 4 201545.2 201559.1 58 + 42 (2P)3G
(2P)3Di 209310.7 209139.1 100
(2P)3D 2 207366.7 207204.4 80 + 16 (2P)3F
(2P)3D3 205758.8 205913.2 74+18 (2P)3F + 7 (2P)5F
(2P)1G4 214317.7 214683.1 92
(2P)*F3 200010.2 199883.4 33 + 33 (2P)3G + 32 (2P)3F
W D, 216745.6 216483.3 86 + 9 (2P)3D
5s5p3 (4S)5S2 92182.8 92202.7 93 + 6 (2P)3P
(2D)3D, 115286.3 115276.0 75 + 11 (2P)3P
+ 8 5s25p5d (2P)3D
(2D)3D2 116097.0 116021.0 73 + 14 (2P)3P
+ 8 5s25p5d (2P)3D
(2D)3D3 119919.0 119931.7 91+9 5s25p5d (2P)3D
(2P)3Po 133408.1 133406.5 92 + 8 5s25p5d (2P)3P
(2P)3pP1 134575.2 134536.5 77 + 7 5s25p5d (2P)3P
(2P)3P2 134702.7 134737.0 43 + 21 (2D)*D

+ 11 5s25p5d W D

+ 6 5s25p5d (2P)3P
(4S)351 155518.1 155545.3 62 + 30 (2P)*P
(2P)*P1 169672.6 169435.1 28 + 23 5s25p5d (2P)5P

+ 13 5s25p5d (2P)3P

+ 9 5525p5d (2P)3D

+ 5 5s25p5d (2D)3D
W D, 145807.0 145976.2 29 + 27 (2P)3P

+ 32 5s25p5d (2P)*D

+ 6 5s25p5d (2P)3F

5525p5d (2P)3F2 156506.8 156462.7 89 + 8 5s5p3 (2D)*D
(2P)3F3 160630.4 160663.5 93
(2P)3F4 169799.4 169759.2 100
(2P)3Dt 173071.7 173220.1 57+9 (2P)3P

+ 19 5s5p3 (2P)3P
+ 11 5s5p3 (4S)3S

(2P)3D 2 181004.3 181050.6 41 +31 (2P)*D
+ 19 5s5p3 (2D)3D
(2P)3D 3 182167.2 181959.0 80 + 6 (2P)3F + 6 (2P)XF
+ 8 5s5p3(2D)3D
(2P)3Po 183025.2 183059.3 92 + 8 5s5p3 (2P)3P
(2P)3P! 184147.6 184139.3 68 + 18 (2P)3D

+ 7 5s5p3 (2P)3P
continued
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Table 2—continued

Designation EObt (cm-1) Ecaic (cm ) Percentage composition
(2P)3P2 170987.6 171018.9 48 + 25 (2P)3D
+ 10 (2P)XD
+ 12 5s5p3 (2D)*D
W E * 194138.0 194190.1 90 + 8 (2P)3D
(2P)‘D2 185795.0 185803.9 15 + 43 (2P)3P + 22 (2P)3D

+ 10 5s5p3 (2D)‘D
+ 7 5s5p3 (2P)3P

W P x 199959.0 200018.4 55 + 13 p3 (2P)‘P
+ 24 5525p6s (2P)3P
5525p6s (2P)3P0 194033.1 194065.0 99
(2P)3Pi 194232.9 1941825 57 + 26 APAP
+ 10 5525p5d W P
(2P)3P2 209068.9 209045.5 100
W Pi 213040.2 213058.2 73 + 18 (2P)3P

+ 8 5525p5d W P

Notes:

Designation: Level designation, including configuration, parentage, term and total angular momentum.

Eobs; Experimental energies in cm-1. The energy values for the even parity are based on odd parity levels given in
the work of Tauheed et al.6 and wave numbers of Table 1 weighted according to their estimated uncertainties.

E Calc: Values obtained from the least-squares fitting.

Percentage Composition: Percentage composition of the experimental energy level. Percentages lower than 5% are
omitted.

In accordance with our wavelength values, we classified the laser line in 3305.96 ,&
as a 5s25p5d 3F 2-5s25p4f 3G 3 transition, rejecting the previous classification reported by Larsson
et al9 We also report in this work a new value in 259642.3 cm-1 for the 5s25p6p 1SO energy
level.

The level values were determined in an iterative procedure where the wavenumbers of the
observed lines were weighted according to their estimated uncertainties.

Theoretical predictions of the energy levels have been used in our analysis of the spectra.
Relativistic Hartree-Fock calculations were used to obtain the energy parameters with the computer
code developed by Cowan.12 Predictions of the energy levels are then made by diagonalizing the
energy matrices. A least-squares fit of the parameters to the observed levels was carried out involving
configuration interactions.

In Table 3 we present the parameters obtained in the LSF calculations for the 5s25p2, 5s25p6p
and 5s25p4f configurations with their corresponding Hartree-Fock values and scaling factors.
We have included the 5p4 configuration in this calculation because the 5s25p2 configura-
tion structure is affected through the s2-p 2 interaction and the standard deviation was reduced
from 368 to 328 cm-1. The inclusion of the 5s25p6p 1SO0 level made possible to let free the G2
(5p6p) parameter, which was fixed in the table of energy parameters reported by Gallardo
et alé

All the configuration interaction integrals were fixed at their Hartree-Fock values in the calcu-
lation except the 5s25p2-5p 4 integral that it was fixed at 85% ofits Hartree-Fock value. Hereby we
achieved better results in the least-squares fit and the standard deviation was slightly reduced. These
configurations structures are also affected by the interaction with the experimental unknown
5s5p25d configuration, but its inclusion in this calculation significantly increases the standard
deviation.

The fitted values for the odd configurations were calculated including configuration Rydberg
series interaction and the new experimental value for the 5s5p25d 3F4 energy level. The results were
in general accordance with the previously published values,8 except that our calculation shows
a small reduction of the standard deviation value, considering that we were using different scaled
values for the interaction integrals.
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Table 3. Energy parameters for the 5s25p2, 5s25p6p, 5s25p4f and 5p4 configurations of Xe V

Configuration

5s25p2

5s25p6p

5s25p4f

5p4

Parameter

fav

F 2(5p,5p)
a(5p,5p)
i5p

E,

i5p

F 2(5p,6p)
G°(5p,6p)
G2(5p,6p)
Fav

i5p

off

F 2(5p,4f)
G2(5p,4f)
G4(5p,4f)
Fav

F 2(5p,5p)
a(5p,5p)
isP

Configuration interaction integrals

5s25p2-5s525p6p
5s25p2-5525p6p
5s25p2-5525p4f
5s25p2-5p4
5s25p6p-5s25p4f
5s25p6p-5s525p4f

Notes:

R°(5p5p, 5p6p)
R2(5p5p, 5p6p)
R2(5p5p, 5p4f)
R”sSs, 5p5p)
R2(5p6p, 5p4f)
R2(5p6p, 4f5p)
ub

HFR value
(cm-)

55554

9095
225119
9793
2586
19780
4267
5648
187936
8858
168
48022
37402
26627
249988
55559

8994

1851

8658
-43668

72 662
-5314
-6025

Configuration: Configurations involved in the calculation.
Parameter: Energy parameters.

HFR: Hartree-Fock values in cm-1 of the energy parameters.
Fitted value: Fitted value of the energy parameters: a, The a value is taken from the work of Tauheed et al.8.

Fitted value
(cm™1)

21403
50278 + 1007

- 143 (FIX)a
9593 + 202
242484 + 113
8739 + 167
2594 + 213
17839 £902
3503 + 149
5846 + 809
200751 +96
9330 + 191
168 (FIX)
39199 + 1173
29201 +825
18663 + 1123
249988 (FIX)
55 559 (FIX)

0 (FIX)

8994 (FIX)

1851 (FIX)
8658 (FIX)
-43668 (FIX)

55680 (FIX)
-5314 (FIX)
- 6025 (FIX)

328

Fit/HF: Rate between fitted and Hartree-Fock energy parameter values.

Configuration interaction integrals: Values of the Configuration interaction integrals for the involved

configurations.

b, The rms. deviation of the fit.

Fit/HF

0.905 +0.018

1.055 +0.022
1.077 + 0.001
0.892 +0.017
1.003 +0.082
0.902 + 0.046
0.821 + 0.035
1.035 +0.143
1.068 +0.001
1.053 +0.021
1.000

0.816 £0.024
0.781 £0.022
0.700 + 0.042
1.000

1.000

1.000

1.000
1.000
1.000
0.766
1.000
1.000
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Abstract

The spectrum of four-times-ionized krypton (Kr v) has been observed in the
240-2500 A wavelength range. Three of the four possible levels of the 4s24p5s
configuration and two of the three remaining energy level values for the 4s24p4d
configurations were determined. Nine of the ten possible levels for the 4s24p5p
configuration are also reported. The observed configurations were interpreted
theoretically by means of Hartree-Fock relativistic calculations and a least-
squares fit of the energy parameters to the observed levels. 111 new classified
lines are reported among the 4s24p2, 4s24p5p, 4s4p3, 4s24p5s, and 4s24pdd
configurations.

1. Introduction

Energy levels of Kr i to Kr xxxvi were reviewed and compiled by Sugar and Musgrove (1991)
and tables of the classified lines of Kr v to Kr xxxvi were compiled by Shirai et al (1995).

Four-times-ionized krypton, Kr v, belongs to the Ge i isoelectronic sequence and has the
ground configuration 4s24p2. The spectra of the first, second, third and fourth elements of this
sequence were presented in the book Atomic Energy Levels (Moore 1971). The As nspectrum
was reinvestigated by Li and Andrew (1971) and the Br rv spectrum was revised by Joshi and
Budhiraja (1971).

The krypton isonuclear sequence has also been studied in different works by members of
the Centro de Investigaciones Opticas Group, La Plata, Argentina and the Campinas Group,
Sao Paulo, Brazil. Reyna Almandos et al (1996,1998) published new energy levels for Kr hi
and Kr iv. Pagan et al (1995) reported the study of the 4s4p4d and 4s4p5s configurations of
Kr vi and Raineri et al (2000) presented the spectroscopic analysis of the 4p4d configuration
of Kr vii. All these experiments were carried out using a discharge tube and a theta-pinch
discharge.
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Trigueiros et al (1989, 1993), and references therein, studied the Kr v spectrum using
different spectral sources. These authors presented new energy levels of the 4s24p2, 4s4p3,
4s24p4d and 4p4 configurations.

In this work we report an extended analysis of the four-times-ionized krypton (Kr v). We
have established three new energy levels for the 4s24p5s, two for the 4s24p4d and nine for
the 4s24p5p configurations. 111 new lines were classified as combinations between levels of
4s24p2, 4s24p5p, 4s4p3, 4s24p5s, and 4s24pdd configurations. Analysis of the experimental
data used Hartree-Fock calculation and parametric fit.

Configurations of the type ns2npn/p have been studied by Kramida et al (1999) (n = 2,
n' = 3) and Gallardo et al (1999) (n = 5, n* = 6) for elements of the same homologous
sequence.

The interest in spectroscopic data for rare gases is due to applications in collision physics,
laser physics, photo-electron spectroscopy and fusion diagnostics.

2. Experiment

The work is based on photographic recordings of the spectra of krypton between 240 and
2500 A. We have used two different light sources in our experiment, adischarge tube and atheta-
pinch discharge. In both cases the energy is fed into the plasma using acapacitor bank, charged
from ahigh-voltage power supply. The discharge tube was built at the Centro de Investigaciones
Opticas (CIOp), La Plata, Argentina, to study highly ionized gases (Gallardo et al 1989). It is
made with a Pyrex tube ending in a quartz window. The electrodes, 20 cm apart, were made
of tungsten and covered with indium. The gas pressure was measured by a thermocouple
vacuum gauge before and after exposures. The pressure range was varied between 20 and
300 mTorr. Gas excitation was produced by discharging through the tube a bank of low-
inductance capacitors varying between 2.5 and 100 nF and charged up to 19 kV. A normal-
incidence vacuum spectrograph with a concave diffraction grating of 1200 lines mm-1 was
used. The plate factor in the firstorder is 2.77 A mm-1. Kodak SWR plates were used to record
the spectra. C in, N nandN in(Kelly 1987), O in (Pettersson 1982) and known lines of krypton
(Kelly 1987, Shirai et al 1995, Raineri et al 1998) were recorded as internal standard lines.

The other experimental data were obtained several years ago by two of the authors (JRA
and AGT) at the Lund Institute of Technology, Sweden, using the theta pinch discharge. This
consisted primarily of a cylindrical discharge tube, excited by an induction coil. The spark
gap was pressurized with air. It was ignited by lowering the pressure in the spark chamber by
means of amagnetic valve and triggered when the capacitor voltage reached apreset value. The
theta pinch device had the following specifications: total capacitance 7.7 jx¥, total inductance
76 nH, period of damped oscillation 4.8 fis. Maximum current at 10 kV discharge voltage
is about 100 kA. The repetition rate of the discharge was about 15 min-1 at a capacitor bank
voltage of 10KkV. A 3 m normal-incidence vacuum spectrograph with a concave diffraction
grating of 1200 lines mm-1 was used. The plate factor in the first order was 2.77 A mm-1.
The spectra were exposed on Kodak SWR plates and the lines from C m N nand N in (Kelly
1987), O m (Pettersson 1982) and known lines of krypton (Kelly 1987) were used as internal
standards.

To distinguish between different states of ionization in both spectral sources, a number
of experimental parameters, e.g., gas pressure, discharge voltage, capacitance and the number
of discharges were varied (Gallardo et al 1989, Trigueiros et al 1989). The approximate total
number of Kr lines for all stages observed over the pertinent wavelength range was 7500. The
accuracy of the wavelength values is estimated to be £0.01 and £0.02 A in the measurements
of Lund and La Plata respectively.
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3. Analysis

The line identifications were guided by theoretical predictions of the energy level structure and
line strengths obtained from the Cowan (1981) computer code, using Hartree-Fock relativistic
(HFR) wavefunctions.

The new Kr v classified lines observed in the present work are given in table 1. The
intensities of the lines are based on visual estimates and the wavenumber values in the calculated
column are derived from the experimental energy level values, which, in tum, were derived
from the observed lines. The predicted wavelength and log g f values, shown in columns 3
and 4 of this table, were obtained considering the fitted values for the energy parameters, in
the HF calculation. This kind of calculation was also used to obtain the values of weighted
oscillator strengths for Kr ni and Kr iv spectra (Raineri et al 1998, Bredice et al 2000).

The new energy level values derived from the observed lines belonging to the 4s24p5p,
4s24pAd and 4s24p5s configurations are given in table 2. The energy level values were
determined from the observed wavelengths. In our case the uncertainties of the adjusted
experimental energy level values are generally less than 2 cm-1. All level designations in
table 2arein LS notation, and in the same table we present the percentage composition of the
levels that were taken from the least-squares fit.

The configuration set used in the calculation was 4s24p2, 4s24p5p, 4s4p24d, 4p4 and
4s24p4ffor the even parity and 4s4p3,4s24p4d and 4s24p5s for the odd parity.

(i) 4s24p4ad. The 4s2p4d configuration was studied by Trigueiros et al (1989). In this
work we have extended the analysis reporting the new values 190279 and 192949
cm-1 for the 3> and 3 energy levels respectively. These levels were found by
transitions with the new 4s24p5p and ground configurations. The theoretical value for the
remaining 37 energy level of the 4s24p4d configuration obtained from the least-squares
fitis 196425 cm-1.

(i) 4s24p5s. We propose three new energy level values of this configuration. For
the i, P. and IPi levels, the experimental values are 240926,246 798 and 250993 cm-1
respectively. These levels were also found by transitions with the new4s24p5p and ground
configurations. The calculated value for the3o energy level, obtained from the least-
squares fit, is 238 871 cm-1.

(iii) 4s24p5p. Of the ten possible levels of this configuration, we found nine of them by
transitions with the 4s4p3and 4s24p4d configurations. Only the level 4s24p5p 30 was
not determined. The theoretical value for this level obtained from the least-squares fit is
284942 cm-1. From the percentage composition of table 1, we can observe that the D i
and 'Pi levels are very mixed. In this case the LS designation has very little physical
significance.

4. Theoretical interpretation

The configurations were interpreted by fitting the theoretical energy expression to the observed
energy levels using least-squares techniques. The adjusted parameter values for the odd
and even configurations are compared with results from HFR calculations in tables 3 and 4
respectively.

For the odd parity the matrix included the 4s4p3+ 4s24p4d + 4s24p5s configurations. The
fitted energy parameters were in accordance with scaled Hartree-Fock values. The effective
electrostatic parameter a(4p, 4p) and the configuration interaction integral R 1(4p4p, 4s4d)
between 4s4p3and 4s24p4d configurations were optimized and fixed in order to obtain better
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Table 1. Classified lines of Kr v. Int: line intensities from visual estimation. Key to symbols: w,
this line appeared wider than the others in our experiment; d, the line contour is not clear in our
plate, increasing the error in the measurement; us, shaded to shorter wavelengths; ul, shaded to
longer wavelengths. (.): these lines appeared blended.

~obs ~pred obs <Tcol

(A) (A) Loggf (cm-1) (ecm-1)b Transition

2490.95 2495.11 -1.043 40145 40145 4524p5p 3P2” s24pss
2426.80 2429.37 -0.267 41206 41207 4524p5p 3D i-4s24p4d *Pi
2387.50 2386.44 -0.596 41 885 41 885 4s24p5p 3Pi-4524p5s 3P2
2341.13 2341.95 -0.911 42714 42712 4s24p5p 3Si-4s24p5s IPi
2339.19 2335.17 0.141 42750 42751 4s524p5p 3D2-4524pss 3Pi
2314.79 2316.24 0.475 43 200 43 200 4s524p5p 3Us- 4524 pss 3P2
2255.34 2259.41 0.280 44339 44340 4s524p5p 3P2- 4524 p5s 3P2
2192.60 2190.33 0.290 45 608 45 607 4s524p5p 1D2-4524p5S
2181.60 2186.99 -0.659 45 838 45 838 4s24p5p 1P j-4s24p4d *Pi
2176.02 2174.76 -0.194 45 955 45 956 4s24p5p 3D2~4524pad *Pi
2131.83 2133.08 0.054 46908 46907 4s524p5p 3S]-4524p5s 3P2
2007.96 2006.57 -0.869 49 802 49 802 4s524p5p 102-4 s24pss 3P2
1991.63 1993.77 -1.2692 50 210 50212 4s24p5p 3P2- 4524 ps5s 3Pj
1894.70 1894.75 -0.700 52779 52779 4s524p5p 3Si-4s24p5s 3Pi
1796.21 1794.26 -1.629a 55 673 55674 4s524p5p 1U2- 4524 pss 3Pi
1789.65 1790.12 -2.806 55 877 55 877 4s524p5p 3D3-4s24pad ~ 3
1764.47 1765.43 -0.370 56674 56674 4s24p5p 1S0”Is24p5s 1Pi
1698.42 1698.03 -0.778 58 878 58 879 4s524p5p 1U2- 4524 pad ]P]
1661.72 1657.07 —2.726b 60179 60181 4s24p5p 3D i-4s24p4d 3D
1611.49 1616.72 -1.050 62 054 62053 4s524p5p 3D i—4s24p4d *U2
1599.82 1603.29 —2.786b 62507 62508 4s24p5p 3D i-4s24p4d 3Po
1568.91 1568.57 -1.279 63 738 63 736 4s24p5p 'Pi-4s24p4d 3Dz
1566.03 1562.27 -1.653 63 856 63 854 4s524p5p 3D2-4524pad 302
1555.39 1555.69 -0.883 64293 64 295 4s524p5p 30274524 pad 303
1542.91 1540.61 —2.862b 64813 64812 4s24p5p 1Pi-4s24p4d 3Di
1540.07 1534.53 —3.522b 64932 64930 4s524p5p 3D2-4524pad 3D j
1538.55 1539.95 -1.294 64996 64995 4s24p5p 3D i-4s24p4d 3Pi
1499.64 1505.67 —2.587b 66683 66684 4s24p5p 1P i-4s24p4d *U2
1498.28 1498.77 —1.876b 66743 66741 4s524p5p 1S0-4524p5s 3P]
1452.26 1449.56 -1.564 68 858 68 860 4s524p5p 3P]-4s24p4d 302
1436.20 1438.86 —2.530b 69 628 69 626 4s24p5p *Pi-4s24p4d 3Pi
1433.78 1433.56 -1.551 69 746 69 744 4s524p5p 3D2-4 524 pad 3P]
1429.84 1425.65 -0.811 69 938 69 936 4524p5p 3P i-4s24p4d 3D]
1429.84 1431.02 —4.565b 69 938 69 946 4s524p5p 1S0-4s24p4d 1Pi
1424.97 1423.36 - 1.668 70177 70175 4s524p5p 3D3- 4524 pad 302
1416.14 1417.90 -0.516 70614 70616 4524p5p 3D3-4s24pad 3D3
1402.20 1401.70 -0.360 71 316 71315 4s524p5p 3P2-4s24p4d 3D2
1393.61 1396.40 -0.197 71756 71756 4s524p5p 3P2- 4524 pad 3U3
1392.63 1395.68 -0.447 71807 71808 4s24p5p 3P i-4s24p4d
1384.59 1386.03 -0.379 72223 72222 4s24p5p 1P i-4s24p4d 3P2
1383.86 1385.66 -1.350 72262 72263 4s24p5p 3P i-4s24p4d 3Po
1382.35 1381.11 -1.170 72 341 72 340 4524p5p 3D2- 4524 pad 3P2
1367.56 1371.37 -2.130 73123 73123 4s524p5p 3D3-4s24pad 1Dt
1337.77 1338.09 —1.932b 74751 74750 4s24p5p 3P i-4s524p4d 3Pj
1334.08 1331.19 -0.729 74958 74958 4s524p5p 3Si-4s24p4d 3D
1302.43 1300.06 -1.258 76780 76777 4s524p5p 102-4524pad 3D2
1301.58 1305.03 -1.339 76 830 76 830 4s524p5p 3Si-4s24p4d *U2
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Table 1. (Continued.)

Int.

and robs Apred Gobs Geal

shape* (A) (A) Log gf (cm-1) (cm" 1)0 Transition

10 1295.08 1295.51 -1.291 77 215 77218 4524p5p *D2-4s24p4d 303
(io 1292.87 1292.29 -0.992 77 347 77346 4s24p5p 3Pi-4s24p4d 3P2
7 1284.47 1280.80 -2.370 77 853 77 853 4s24p5p *D2—4s24p4d 3D
6d 1271.28 1271.42 —2.300b 78 661 78661 4s524p5p 3D 3-4524p4d 3P2
12w 1254.32 1256.55 - 1.000 79724 79725 4524p5p *D2-4s24p4d 102
12 1253.54 1254.54 -0.881 1911A 79772 4s24p5p 3Si-4s524p4d 3Pi
10) 1253.12 1254.10 -1.022 79 801 79 801 4s524p5p 3P2-4s524p4d 3P2
10 1214.07 1214.19 -1.119 82368 82368 4s24p5p 3Si-4s524p4d 3P2
10 1209.63 1209.68 -1.886 82670 82667 4s24p5p 1D 2-4s24p4d 3Pi
7 1128.04 1129.30 -0.268 88649 88649 4s24p5p 3D i-4s524p4d 3F2
3d 1117.09 1117.40 -1.813 89518 89518 4s24p5p 'Pi-4s4p3 *Pi
12w 1102.19 1099.36 0.108 90728 90728 4s524p5p 3D 2-4s24p4d 3Fs
(12 1072.04 1073.97 -0.498 93 280 93 280 4s24p5p IPi-4s524p4d 3F2
15w 1070.69 1071.01 -0.867 93 397 93 398 4s24p5p 3D 2-4s24p4d 3F2
12 1030.40 1028.71 -0.841 97050 97049 4s24p5p 3D 3-4524p4d 3F3
11 1018.44 1017.35 -0.904 98189 98189 4s24p5p 3P2-4s24p4d 3F3
11 1016.22 1016.81 -1.041 98404 98404 4s24p5p 3P i-4s24p4d 3F2
5 1003.37 1002.96 —5.744b 99 664 99664 4s524p5p 3Si-4s4p3 1Pi
20wus 1002.74 1003.85 -2.444 99727 99719 4s24p5p 30 3-4s524p4d 3F2
20wus 965.09 964.78 -1.784 103617 103619 4s24p5p 3Pi-4s4p3 3Si

7 964.77 962.73 -1.770 103 652 103 651 4s24p5p 102-4s24p4d 3Fs
2 940.55 940.92 -2.342 106321 106321 4s24p5p 'D2-4s24p4d 3F2
9 880.08 879.90 -0.807 113626 113 626 4s24p5p *So/ls4p3 1Pi

2 815.62 815.85 -0.572 122606 122 603 4s24p5p 1S0-4s54p3 3Si
4d 767.69 768.03 -1.736 130261 130260 4s24p5p 3DiNls4p3 3P2

8 767.35 767.75 -1.467 130319 130318 4524p5p 3Si-4s54p3 102
50w 763.35 763.03 —3.652b 131001 131003 4s24p5p 3D i-4s4p3 3Po
11 750.67 750.72 -0.583 133214 133 213 4s24p5p 1D 2-4s54p3 *D2
3d 707.56 707.87 -2.046 141 330 141 330 4s24p5p 3D 3-4s4p3 3P2

9 701.9 702.47 -1.216 142470 142470 4s24p5p 3P2-454p3 3P2
10 689.47 689.77 -1.234 145039 145037 4s24p5p 3Si-4s4p3 3P2

9 687.66 687.71 -1.226 145421 145418 4s24p5p 3Si-4s4p3 3Pi
4d 685.98 685.73 -1.683 145777 145780 4s24p5p 3Si-4s4p3 3P0
3d 676.00 675.99 —2.798b 145929 147932 4s24p5p 1D 2-454p3 3P2
6) 674.24 674.01 —3.251b 148 315 148 313 4s24p5p 1D 2-4s4p3 3Pi

7 655.05 655.24 -1.177 152660 152661 4s24p5p 302-4s54p3 303
10 650.27 650.26 -1.046 153 782 153780 4524p5p 1Pi-4s4p3 302

6 649.78 650.17 —2.361b 153 898 153900 4s24p5p 1Pi-4s4p33Di

6 649.78 649.17 -2.135 153 898 153 898 4s24p5p 3D2—4s4p3 3Do

9 629.00 629.47 -1.414 158982 158982 4524p5p 3D3-4s4p33D3
9 628.83 628.86 -1.018 159025 159025 4s24p5p 3Pi-454p3 3Di

8 627.40 627.53 -2.219 159 388 159380 4s24p5p 1S0-4s54p3 3Pi
40wul 624.53 625.20 -0.664 160120 160122 4s24p5p 3P2-4s4p3 303

3 624.13 623.88 —2.660b 160223 160219 4s24p5p 3D3-4s54p3 3D2
8 619.73 619.68 -1.339 161361 161 359 4524p5p 3P2-4s4p3 302

5 619.31 619.60 -2.426 161470 161480 4s24p5p 3P2-4s4p33Dii
4 603.91 604.14 -1.368 165 588 165584 4s24p5p *D2-4s4p3 3D3
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Table 1. (Continued.)

Int.

and ¢-obs Kpred <obs ncal

shape2 (A) (A) Loggf (cm-1) (cm_1)c Transition

12ul 586.31 585.90 -1.519 170555 170556 4s24p2 1D 2-4s524p4d 3F2
10 577.28 577.75 -2.109 173 226 173 226 4s24p2 1D 2-4524p4d 3Fs
9 547.38 547.08 -1.822 182688 182 684 4s24p2 3P2"ts24p4d 3F:
11w 539.50 539.97 -1.210 185 357 185354 4s24p2 3P2-4524p4d 3Fs
1lui 536.08 535.91 -1.854 186539 186536 4s24p2 3Pi-4524p4d 3F:

7 495,72 495.82 0.019 201 727 201 722 4524p2 1S0-4524p5s 3Pi

7 472.19 472.22 0.037 211779 211789 4524p2 1S0-4524p5s 1Pi

5 452.08 452.03 —2.672b 221 200 221 203 4s24p2 N 2 —4s24p5s 3Pi
6 440.37 440.29 -1.168 227082 227075 4s24p2 1D 2-4524p5s 3P2
15 432.41 432.33 0.034 231 262 231 270 4s24p2 'D2-4524p5s 1Pi
12d 428.56 428.57 -0.679 233 340 233 331 4s24p2 3P2-4524p5s 3Pi

10 421.63 421.68 -0.855 237 175 237 183 4s24p2 3P i-4s24p5s 3Pi

15w 418.08 418.01 -0.109 239 234 239203 4s24p2 3P2-4524p5s 3P2
10 415.08 415.13 -0.692 240917 240926 4524p2 3P0™N4s24p5s 3Pi

10 411.45 411.45 -0.519 243 043 243055 4524p2 3Pj—4s524p5s 3P:

6 410.87 410.83 —1.658b 243 386 243 398 4s24p2 3P2-4s524p5s 1Pi

6 404.45 404.49 -1.761 247 249 247 250 4524p2 3Pi-4524p5s *Pi

2 Lines with cancellation factor (Cowan 1981) <0.05.
b Calculated wavenumber.

Table 2. New energy levels of the 4s24p4d, 4s24p5s and 4s24p5p configurations of Kr v.

Designation Eexp (cm > Ecalc (cm ‘)a  Percentage compositionb

4s524p4d 32 190279 190362 99
3f3 192949 192770 99
3f4 - 196425 100

4524p5s 3Po 238 871 99
3Pi 240926 240908 67 + 24 4s24p4d P + 5 4s54p3 1P
3p2 246798 246 806 100
Pl 250993 250987 79 + 12 4s24p5s 3P + 7 4s24p4d 1P

4s524p5p 3D, 278 928 278 926 56 + 42 4s24p5p 'P
3d2 283677 283 745 85 + 8 4524p5p 3P + 6 4s24p5p *D
3d3 289 998 289 992 99
3Po - 284942 92 + 6 4s24p5p 1S
3PI 288 683 288 722 64 + 22 4s24p5p P + 12 4s24p5p 3D
3p2 291138 291 079 78 + 13 4s24p5p 3 D + 8 4s24p5p *D
3Si 293 705 293 699 86 + 9 4s24p5p3P
ld2 296600 296656 85 + 13 4524p5p 3P
*P1 283 559 283488 32 + 32 4524p5p 3D + 26 4524p5p 3P + 9 4s24p5p 3S
% 307 667 307 640 68 + 21 4p4 1S

a Calculated energy level values obtained using the fitted energy parameters.
b Percentages below 5% have been omitted.

results in the least-squares fit. The standard deviation was 124 cm-1. If we compare this work
with the report of Trigueiros et al (1989), we find that our electrostatic energy parameters
are lower than those reported in that paper, except for the G34p4d) parameter of the 4s24p4d
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Table 3. Energy parameters (cm *) for the odd-parity configurations of Kr v studied.

Configuration Parameter HF value Fitted value FIHF

4s4p3 Eav 148 381 151 658 +63 1.022 +0.001
F2(4p, 4p) 65943 48764 + 493 0.739 = 0.007
a(4p, 4p) -659 (FIX)
£4p 4619 5949 + 106 1.287 £0.023
G 1(4s,4p) 88242 64666 +181 0.733 + 0.002

4s24p4ad Eav 208466 206922 +52 0.993 + 0.001
24p 4784 4528 + 109 0.946 + 0.023
24d 273 273 (FIX) 1.000
F2(4p,4d) 52205 41 807 +426 0.801 + 0.008
G 1(4p, 4d) 62999 48954 204 0.777 + 0.003
G3(4p, 4d) 39020 29318 +485 0.751 +0.012

4524p5s Eav 245727 245 132 +97 0.998 + 0.001
24p 4953 5309 + 182 1.172 +0.036
G 1(4p, 55) 7504 6283 £ 306 0.837 £0.041

Configuration interaction integrals

4s4p3-4s24pad R1(4p4p,4s4d) 72 645 57 252 (FEX) 0.788

454p3—4s524p5s R1(4p4p, 4s5s) 1472 1252 (FIX) 0.850

4s524p4d-4s24p5s R2(4p4d, 4p5s) -10756 -9143 (FIX) 0.850
R1(4p4d,5s4p) -3103 -2638 (FIX) 0.850

configuration. Theinclusion of the 3. and 3z levels of the 4s24p4d configuration and the three
new energy levels of the 4s24p5s configuration affect this calculation, although the interaction
integrals with the latter are not very significant.

For the even parity the matrix included the 4s24p2+ 4s24p5p + 4s4p24d + 4pd + 4s24paf
configurations. The configuration interaction integrals among these configurations are very
strong except for thase involving the4s2p5p because this has little influence on the calculation.
The fitted average energy value of the 4s24p2 configuration is affected when we include the
4p4 and 4s4p24d configurations in the calculation. The fitted value is increased by 8022.74
cm-1 with respect to the experimental energy value. If we consider in the calculation only
the 4s24p2+ 4s24p5p configurations, the average energy value maintains its real value but the
standard deviation increases substantially.

The levels belonging to the 4s4p24d configuration are intermixed with the levels of the 4p4
configuration. For this reason we did not fix E av for both configurations in the least-squares fit
calculation. The energy parameters £,/, Fk(nl, n1) and Gk(nl, nl) forthe 4s4p24d configuration
were fixed at 1.00,0.85 and 0.85 of their Hartree-Fock values respectively.

From the 4s24p2 and 4p4 we obtained two adjusted parameters (in addition to E av), by
linking together all Coulomb parameters F2(4p4p) in one group and the spin-orbit parameter
Pin asecond group. A similar procedure was adopted in the work of Cavalcanti et al (1996)
for Ar v. These authors also include nshd2(n = 3) type configurations in the calculation, butin
our case (n = 4) this was not necessary because the E av is so far from the other configurations.
However, we included the same ns2nvp4f (n = 4) type configurations as Gallardo et al (1999)
for Xe v (n = 5), as this reduces the standard deviation in our calculation. The energy
parameters E av, £/, Fk(nl, nl) and Gk(nl, nl) for the ns2np4f configuration were fixed at 1.00,
1.00, 0.85 and 0.85 of their Hartree-Fock values respectively.

All the configuration interaction integrals were held fixed in the calculation at 0.85 of their
Hartree-Fock values, except for the direct radial integrals of the 4s24p2 4 p4,4s4p24d™lp4and
4s4p24d-Ms2Apafthat were fixed in the calculation t00.75,0.70 and 0.75 of their Hartree-Fock
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Table 4. Energy parameters (cm-1) for the even-parity configurations of Kr v studied. (Note:
the values for the Eav listed in the column ‘HF value’ were obtained by adding the experimental
average energy of the ground configuration to the Hartree-Fock values.)

Configuration Parameter HF value  Fitted value F/HF
4s524p2 Eav 12468 20491 +43 1.643 £0.003
F2(4p, 4p) 65 984a 52 183 +216 0.791 +£0.003
a(4p, 4p) 90 (FIX)
cap 4627a 5008 £64 1.082 +0.014
4524p5p Equ 289 834 289398 +31 0.998 + 0.001
24p 5014 537972 1.073 £0.014
25p 1255 1420 + 69 1.131 £0.055
F2(4p, 5p) 21614 19865 +303  0.919 +0.014
G°(4p, 5p) 5302 4036 +57 0.761 +0.011
G2(4p, 5p) 6671 4961 +332  0.744 + 0.050
4p4 Eav 309959 291 684 +997  0.941 + 0.003
F2(4p, 4p) 65 920a 443212 + 184  0.672 = 0.003
a;(4p, 4p) 0 (FIX)
24p 4616a 4995 +63 1.082 £0.013
4s4p24d Eav 335994 333337 £398 0.992 + 0.001
F2(4p, 4p) 66699 56 694 (FIX) 0.85
a(4p, 4p) 0 (FIX)
cap 4769 4769 (FIX)  1.000
<ad 282 282 1.000
F2(4p, 4d) 52 804 44 884 (FIX) 0.850
G1(4s, 4p) 89160 75786 (FIX)  0.850
G2(4s, 4d) 44464 37795 (FIX)  0.850
G1(4p, 4d) 64061 54452 (FIX) 0.850
G3(4p, 4d) 39678 33726 (FIX) 0.850
4s24p4af Eav 341 257 341 257 (FIX) 1.000
2ap 4986 4986 (FIX)  1.000
caf 3 3 (FIX) 1.000
F2(4p, 4f) 27406 23 295(FIX) 0.850
G2(4p, 4f) 18274 15533 (FIX) 0.850
G4(4p, 4f) 12165 10 339 (FIX) 0.850
Configuration interaction integrals
4524p2-4524p5p R°(4p4p, 4p5p) 2325 1976 (FIX) 0.850
R2(4p4p, 4p5p) 10824 9200(FIX) 0.850
4524p2-4p4 R1(4s4s, 4p4p) 88211 66 159 (FIX)  0.750
4524p2-454p24d R1(4s4p, 4pad) 73683 62631 (FIX)  0.850
R2(4s4p, 4d4p) 54405 46245 (FIX)  0.850
4524p2-4524paf R2(4p4p, 4p4f) 32895 27961 (FIX)  0.850
4s24p5p-4s4p24d  R1(4s5p, 4p4d) -2359 -2005 (FIX) 0.850
R2(4s5p, 4d4p) 7837 6662 (FIX)  0.850
4524p5p—4s24p4f  R2(4p5Sp, 4paf)  -9187 -7809 (FIX) 0.850
R2(4p5p, 4p4f) 2381 2025 (FIX)  0.850
4p4-4s4p24d R1(4p4p, 4s4d) 73 265 51 285 (FIX) 0.700
454p24d-4s24p4f  R1(4p4d, 4s4f) 46595 34946 (FIX)  0.750
R2(4p4d, 4f4s) 27418 23 306 (FIX) 0.850

a Linked parameters. These parameters were linked (i.e. the mutual ratios of their values remained
constant during the iteration) during the least-squares calculation (Cowan 1981).

values respectively. In this way we achieved better results in the least-squares fit. The standard
deviation was 82 cm-1.
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Abstract

A capillary light source was used to observe the spectrum of eight times ionized xenon, Xe IX, in the vacuum ultraviolet
range, 270-2000A. Sixteen transitions have been identified as combinations between energy levels of the 4d95s with 4d9%5p
configuration, and all 4d%s levels have been determined. The present analysis is based on an accurate extrapolation of
energy parameters and experimental energy level values in the Pd | isoelectronic sequence. The energy parameters were
obtained with Hartree-Fock relativistic calculations. Least-squares parametric calculation has been carried out to study
the fit between experimental and theoretical values.
© 2006 Elsevier Ltd. All rights reserved.

PACS: 32.30 Je; 52.80 Yr

Keywords: Atomic spectroscopy; Energy levels; Nobles gases; Isoelectronic sequences; Transition probabilities

1. Introduction

Palladium-like xenon, Xe IX, has a closed 4d10shell in its ground state. Data for higher members of the Pd |
sequence are important for achieving the laser action at shorter wavelengths, and laser effect was demonstrated
for Xe 1X at the wavelength of 418, 1A [1]. Resonant transitions against the 4d9np + n'f) configurations were
studied in the Pd | isoelectronic sequence from Cd |11 to Cs X by Churilov et al. [2], and also in [3].

The spectra of Cd Ill, In IV, and Sn V, were studied by Joshi and van Kleef [4,5], and the previous studies
on Sb VI and Te VI [6] were revised and extended, including | VIII, by Churilov et al. [7], and Xe IX [8,9].
Recent analysis of the Cs X-Ce XIII, and Pr XIV-Nd XV [10,11] has been published.

Spectroscopic data from rare gases can be used in studies related with collision physics, photoelectron
spectroscopy, fusion diagnostic, and as mentioned, in laser physics. For a better understanding of the eight
times ionized xenon atomic structure, the present investigation was undertaken to study the 4d%s
configuration of the Xe IX ion, and all energy levels belonging to this configuration were determined by
4dBp-4dPBs transitions.

~Corresponding author. Tel.: +542214840280; fax: +542214712771.
E-mail addresses: monicar@ciop.unlp.edu.ar (M. Raineri), jreyna@riop.unlp.edu.ar (J.G. Reyna Almandos).

0022-4073/$-see front matter © 2006 Elsevier Ltd. All rights reserved,
doi: 10.1016/j.jqsrt.2006.02.020
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The spectral analysis was supported by theoretical calculation using the Cowan codes [12] and by means of
least squares fits along the Pd | sequence for the 4d9%s configuration [7]. For this configuration we also
extrapolated accurate energy level values along the isoelectronic sequence, using the multiconfiguration Dirac
Fock (MCDF) method [13], and Hartree-Fock relativistic calculations [12].

2. Experimental

To excite the xenon spectra we used a capillary pulsed discharge that is a Pyrex tube, 100cm long, and with
an inner diameter of 0.3cm. The electrodes, placed 80cm apart, were made of tungsten covered with indium,
this one, used to avoid the impurities coming from the electrodes. At one side of the tube there is an inlet
connected via a pressure reduction system to the bottle of xenon. In this way a continuous flow of gas was
achieved during the exposures.

Gas excitation is produced by discharging a bank of low-inductance capacitors of 240 nF and charged up to
19kV through the tube. The gas pressure was measured by a thermocouple vacuum gauge before and after the
exposures. The pressure range was varied between 5and 150mTorr. Light emitted axially was analysed using a
3m normal incidence vacuum spectrograph with a concave diffraction grating with 12001lines/mm, blazed for
1200A, with plate factor 2.77 A/mm in the first diffraction order. llIford Q-2 and Kodak SWR plates were used
to record the spectra. Known lines of Xe and C, N, O, were used as internal wavelength standards.

The wavelength values of the measured lines are estimated to be correct to +0.02 A. The intensities figures
are visual estimates of photographic density, and are on a uniform scale only within limited wavelength
ranges. To distinguish among different states of ionization, we studied the behaviour of the spectral lines
intensity as a function of pressure.

3. Results and discussion

Theoretical predictions were used in the analysis of the spectra. To obtain these predicted energy level values and
the transition probabilities from de Cowan computer codes [12], we included into calculation the even 4d10, 4d9ns
(n= 5,6), 4d9nd (n = 5,6), 4d85s2, 4d8 5s5d, 4d85d2, 4p55d105p and 4p55d10nf (n = 4,5) configurations and
the odd 4d9np (n = 5,6), 4d9nf (n = 4 — 6), 4d85s5p, 4d85p5d, 4d85s nf (n = 4,5), 4p54d105s and 4p54d105d
configurations. The radial parameters were scaled to 0.85 of their ab initio Hartree-Fock values.

The transitions observed in the present investigation are listed in Table 1 They are shown as combinations
between energy levels of the 4d%s configuration, against levels of the 4d95p configuration, taken from the
work of Churilov et al. [9]. The intensities of the observed lines, marked by Int. in the table, are based on visual
estimates and the wavenumber values given in the calculated column are deduced from the optimized level
values. The level values were determined in a procedure where the wavenumbers of the observed lines are
weighted according to their estimated uncertainties. We also presented in this table the calculated transition
probabilities (gA, where g is the statistical weight of the upper level and A, the Einstein coefficient for
spontaneous emission).

Theoretical calculations along the isoelectronic sequence were also made using the MCDF code of Grant [13].
We also use the predicted MCDF and HFR [12,13] energy levels together the reported experimental 4d9%s energy
levels in the sequence, to help us in the search of the energy levels. Studying the behaviour of the difference between
the observed and calculated energies along the isoelectronic sequence and using the energy of D 3 as reference
value, we established all the extrapolated energy level values of the configuration. Fig. 1 shows the P !-P 3and
D 2 D 3energy level differences usingE » -E » (HFR) values, along the isoelectronic sequence.

Table 2 shows the experimental energy level values of the 4d9 6s configuration and the percentage
composition of the 4d9%6s energy levels in L-S coupling. The designation of the levels ID2and D 2 is a little
ambiguous. The contribution to the D 2level is 54% D and 46% !D. The same fact can be seen with these
levels in other ions belonging to the isoelectronic sequence.

To give the best possible fit between the calculated eigenvalues and the observed energy levels, the radial
integrals Eav, F*, Gk, £ and R* were considered as adjustable parameters, whose values were determined
considering their behaviour through the isoelectronic sequence. The accuracy of the fit is measured by means
of the standard deviation in a least-squares calculation [12].
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Table 1
Classified lines in the 4d95p-4d9%s transitions in Xe IX

gA* Int. Wavelengths A (A) Wavenumber Classification
ffobs (cm-1) «Ted (cm 7)

57 2 306.52 326243 326248 5p 3P26s3D3
33 1 307.50 325203 325 192 5p 3F26s 3D,

18 1 308.02 324650 323654 5p 3P,-653D2
0.1 1 308.80b 323834 324824 5p 3P,-6s 3D,

0.3 1 308.80b 323834 323824 5p 3F3-6s ‘D2
27 1 309.88 322706 322700 5p 3F3-6s3D3
15 1 318.15 314317 314299 5p 'P,-6s 3D2
10 1 322.10 310463 310440 5p 3P0-6s 3D,

14 1 324.38 308282 308 288 5p 3P!-6s *D2
92 3 328.04 304841 304832 5p 3F4-6s3D3
68 3 330.03 303003 303019 5p 'F36s3D2
41 2 333.05 300255 300269 5p '‘D26s 'D2
24 1 333.27 300057 300077 5p 3U!-6s 3Di
30 1 335.53 298032 298029 5p 3D26s3D2
21 1 336.24 297411 297400 5p 3D36s'D2
17 1 336.51 297168 297 199 5p 3D26s 3D
42 1 337.53 296270 296276 5p 3D36s3D3

“Calculated gA values (given in the 109s-1 units) where g stands for statistical weight of the transition upper level and A, for Einstein’s
coefficient for spontaneous emission.
bDouble classification.

Table 3 shows the energy parameters for the 4d10, 4d9 5s, 6s and 4d9 5d configurations of Xe 1X. All the
parameters are free except the configuration interaction integrals which were fixed at 0.85 of their
Hartree-Fock value. The average parameter deviations of the fits are also given in this table. The Fit/HF
parameter ratios for the G and G24d,6s) of the 4d96s configuration are in accordance with the scaled factor
of the isoelectronic sequence [7]. The configuration interaction integral for the 4d9 6s configuration are not
significant with respect to the other interactions involved in the calculation. The standard deviation of the least
squares fit of the observed levels is 85cm-1.
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Table 2
New energy level values of the 4d96s configuration of Xe IX

Designation Lexp (CM 7) Leale (CM *a Percentage composition
3d, 918 346 918 340 100 3D

3d 2 919176 919178 54 3D2+ 46 'D2

3d3 901 686 901685 100 3D

*d 2 902810 902 801 54 *D2+ 46 3D2

“Calculated energy level values obtained using the fitted energy parameters.

Table 3
Energy parameters for the 4d10, 4d95s, 4d96s and 4d95d configurations of Xe IX

Configuration Parameter H-F value Fitted value Fitt/H-F
4d10 Lav 0 1482
4d95s Lav 465 886 461992+44 0.99
ctd 6397 6614 + 36 1.03
G2 (4d, 5s) 18 847 16922 + 416 0.90
4d9%6s Fav 908208 908853 + 43 1.00
°s 6447 6663 + 34 1.03
G2 (4d, 65) 5128 4797 + 425 0.93
4d95d Lav 799545 799392+ 24 1.00
cad 6439 6635+19 1.03
isd 1181 1389 + 27 1.17
F2(4d, 5d) 32600 28716 + 356 0.88
F4 (4d, 5d) 15408 14918 + 565 0.97
(f (4d, 5d) 7692 6103 + 28 0.79
G2 (4d, 5d) 9742 8930 + 242 0.92
G4 (4d, 5d) 8195 7438 + 544 0.91
Configuration interaction integrals
4d*°-4d95s R2 (4d4d, 4d5s) -7893 -6709 (FIX) 0.85
4d10-4d9%6s R2 (4d4d, 4d6s) -5348 4546 (FIX) 0.85
4d10-4d95d R° (4d4d, 4d5d) 2284 1942 (FIX) 0.85
4d10-4d95d R2 (4d4d, 4d5d) 17038 14483 (FIX) 0.85
4d10-4d95d R* (4d4d, 4d5d) 13162 11 188 (FIX) 0.85
4d95s-4d96s R2 (4d5s, 6s4d) 9287 7894 (FIX) 0.85
4d95s-4d95d R2 (4d5s, 4d5d) 35703 30348 (FIX) 0.85
4d95s-4d95d R2 (4d5s, 5d4d) 10134 8614 (FIX) 0.85
4d96s-4d95d R2 (4d6s, 4d5d) 5680 4828 0.85
4d96s-4d95d R2 (4d6s, 5d4d) 4335 3685 0.85

The standard deviation of the fit is 85cm 1 for 26 observed levels.
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Abstract

This paper is part of a more general study aimed to the determination of the best experimental procedures for reliable quantitative
measurements of Fe-Mn alloys by LIBS. In this work, attention is pointed on the self-absorption processes, whose effect deeply influences the
LIBS measurements, reflecting in non-linear calibration curves. The effect of self-absorption on the line intensity can be quantified by defining a
self-absorption coefficient, that measures the deviation of the line intensity from the linear extrapolation of the curve of growth in the optically thin
regime. The authors demonstrated in a previous paper that self-absorption coefficients could be calculated once the electron density of the plasma
is known and the Stark coefficients of the lines are available. However, when the Stark coefficients of the lines of interest are not known, a
different approach is needed. In this work a new method for evaluation of self-absorption coefficients in LIBS measurements is presented, which
does not require the knowledge of Stark coefficients. In order to understand the basic principles and setting out the theoretical tools that will be
used for the analysis of the alloys, a preliminary study was done on pure Mn; LIBS spectra were acquired in different experimental conditions, at
different laser energies and different delays after the laser irradiation of the sample. Moreover, collinear double pulse measurements were also
performed. Analytical relations were derived and experimental procedures devised for evaluation of the self-absorption coefficients of several Mn
lines, which are important for characterization and control of the experimental conditions in which the analysis is performed.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Laser-Induced Breakdown Spectroscopy; Fe-Mn alloys; Self-absorption

by high temperatures [5,6] or radiation hazards [7,8], in the
presence of toxic wastes [9,10] or in potentially harmful sit-
uations [11]. The analysis of industrial materials, as ferrous and
non-ferrous alloys has also attracted the attention of many

1. Introduction

In recent years, the Laser-Induced Breakdown Spectroscopy
(LIBS) technique affirmed as a powerful analytic tool for the

determination of the elemental composition of materials [1-4].
Due to its intrinsic fastness of analysis, limited dimensions of
the experimental setup and no need for sample pre-treatment,
LIBS has been proposed and used for in-situ and on-line
analysis of materials even in hostile environments characterized

Abbreviations: LIBS; Fe-Mn alloys; Self-absorption.
* Corresponding author. Tel.: +39 050 3152222; fax: +39 050 3152230.
E-mail address: gabriele@ipcf.cnr.it (G. Cristoforetti).

0584-8547/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi.T0.1016/j.5sab.2006.10.015

researchers, for the potential use of LIBS in closed-loop
diagnostic systems and as a non-invasive, minimally destructive
method capable to operate as a fast screening technique [6,12—
16]. In this framework, it seems particularly interesting to see
the use of LIBS for the analysis of Fe-Mn alloys, which are
extremely important, for example, in shape-memory alloys
applications [17-21].

However, a precise compositional analysis of these alloys by
LIBS requires a clear understanding of the main effects
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influencing the LIBS spectrum, and in particular self-absorption
effects [22-28] and matrix effects [29-31]. In this work, the
self-absorption effects on pure manganese will be studied, and
the theoretical basis of the spectral analysis will be laid.

In a previous paper [28] it was demonstrated that the self-
absorption effect on spectral line intensity can be calculated once
the electron density of the plasma is known and the Staik co-
efficients ofthe lines are available. Unfortunately, in literature the
measured Stark coefficients are available only for a few ionic Mn
lines [32]; moreover the measured values differ substantially from
the calculated analogues [33]. Therefore, a different approach is
needed. The method here proposed is based on the measurement
ofthe intensity ratio of two lines of the same ionization stage and
on the comparison of the experimental to the theoretically pre-
dicted value; this approach is well known in the literature as a
direct check ofthe absence ofimportant self-absorption effects in
spectroscopic measurements [34]. In a recent paper [35],
Amamou et al. used the ratio of emission lines coming from the
same multiplet for correcting the self-absorption effects in the
measurements of transition probabilities of silicon lines, in the
limit of moderate self-absorption. The analysis of emission lines
belonging to several multiplets is also the basis of the semi-
empirical method developed by Friedjung and Muratorio [36,37].

In this paper, starting from the theoretical treatment of these
effects, we propose a method for quantifying the influence of self-
absorption on the measured intensity ofthe lines considered, at the
same time providing a quick way of determining, among the
different emission lines ofa given element, the ones more appro-
priate for the calculation of plasma parameters (temperature and
electron density) as well as for LIBS analytical measurements.

2. Theoretical analysis:
plasma rod

emission from a homogeneous

According to the two-levels treatment of atomic emission
[38], the light intensity, i.e. the energy emitted per unit time, unit
surface and unit wavelength (erg s- 1cm-3) by a homogeneous
plasma rod of length / can be calculated writing the so-called
transport equation, which describes the change in radiation
intensity after travelling a distance dx into the rod, in the form

(1)

where e(A) represents the plasma spontaneous emissivity, i.e. the
energy emitted per unit time, unit volume and unit wavelength
(erg s-1 cm-4):

@

h is the Planck constant (erg s), c is the speed of light (cm s-1),
A0 is the central wavelength of the transition (cm), A ki represents
the transition probability between the upper level k and the lower
level i (s-1), nkis the population (cm-3) of the upper level andZ,
(A) is the spectral emission profile (cm-1).

The k(A) coefficient is the absorption coefficient (cm-1),
which takes into account both the absorption by lower level
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atoms and the stimulated emission of the upper level atoms
under the effect of the radiation I(Xpc):

©)

where gk and g; are the degeneracies of the upper and lower
level (dimensionless), respectively, and is the population
(cm-3) of the lower level.

Since in typical LIBS experiments the detectors used do not
give the intensity o fthe emission, but a measure of the number of
photons emitted (per second) at a given wavelength, Eq. (1)
should be divided by the energy ofthe photon he! A0 for obtaining
the transport equation for the photon number np, yielding:

@)

where e'(A) is defined as e'{X) = j*A*n"L{X).
The solution of Eq. (4) gives the number of photons emitted
by a homogeneous plasma rod of length /, in the form

®)

Assuming the Local Thermal Equilibrium in the plasma rod,
the population of the energy level k,i can be expressed through
the Boltzmann distribution of equilibrium:

(6)

where n is the total number of atoms of the species per unit

volume (cm-3), EA,- is the energy of the level (erg), kB is the

Boltzmann constant (erg K-1), T is the plasma temperature (K)

and U (T) is the partition function for the species (dimensionless).
Therefore, in this approximation

Q)

(8)

where the further approximation ~ « 1 was introduced,
corresponding to neglecting the stimulated emission effect
with respect to plasma absorption.

2.1. Self-absorption

In order to quantify the effect of self-absorption on the
emission lines intensity, let us introduce the self-absorption
coefficient SA, defined as the ratio of the actual intensity of the
emission line at its maximum (np(2.0), in counts per seconds)
over the value (npo2.0)) obtained by extrapolating the curve of
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growth valid in the optically thin regime to the same emitters
number density of the actual measurement [27]:

©)

The number density ofthe emitters is in general not known and
therefore the actual value of SA cannot be directly calculated;
notwithstanding, the definition given in expression (9) is useful
for deriving the expected behaviour of the line intensity in
correspondence of change in the global plasma parameters (size,
total density, electron density and temperature).

In a previous paper [28], itwas demonstrated that the ratio of
the integral intensity of the self-absorbed emission line Np over
the non self-absorbed one WR (defined by extrapolation as in
expression 9) scales as

(10)

with /3=0.44.

Bearing in mind that in typical laser-induced plasmas the
Stark effect is the dominant line broadening mechanism, while
the Doppler effect can be safely neglected, we can assume that
the emission lineshape L (X) has a normalized Lorentzian shape

(11)

In this case, it has been demonstrated [28] that the FWHM of
the measured emission lines becomes

(12)

with a=-0.56.
The equations here reported are the basic tools thatwe will use
in the following for the interpretation of the experimental data.

2.2. Intensity ratio oftwo lines

According to Eqg. (10), and taking into account the definition
of SA coefficient (Eq. (9)), the intensity ratio of two lines of the
same species can be written as:

(13)

where the subscripts 1and 2 correspond to the lines considered. In
turn, the self-absorption coefficient ratio is by definition (Eq. (9))

(14)

Moreover, from Egs. (8) and (11) we can write

(15)

From Egs. (13), (14) and (15) we can immediately see that the
dependence ofthe line intensity ratio on the plasma parameters is
quite complex, since both the absolute values of the fc(AQ)
coefficients and their ratio depend on plasma temperature; more-
over, both the absolute values of the self-absorption coefficients
and their ratio depend on the plasma dimensions / and, through
the parameter n (the total number of atoms of the species con-
sidered), on the plasma electron density ne.

In fact, the number density of the species considered obeys,
under the approximation of LTE, the Saha-Boltzmann equation
(which also depends on the plasma temperature) [39]

(16)

where me is the electron mass (g) and Eion is the ionization
energy (erg) of the element.

The superscripts | and Il refer, respectively, to the neutral and
singly ionized species of the element under study, which in
typical LIBS experiments are the only dominant species, i.e.
nTol~ nl+nu where nTot is total number density of the element.

A further dependence on the electron temperature and density
is brought into the equations by the line width AX0, which, in first
approximation (i.e. neglecting the atom and ion impact contribu-
tion to the broadening), is proportional to the electron density
through the temperature-dependent Stark coefficientws (T) [40]

17)

2.2.1. Limit case: weakly self-absorbed lines

In the limit case of low self-absorption (k(20) 1 « 1) the SA
coefficient defined in Eq. (9) equals unity, therefore the ratio of
the integrated intensities of two lines of the same species in this
limit becomes:

(18)

2.2.2. Limit case: strongly self-absorbed lines

Despite the intrinsic complexity of Egs. (13)—15), we can
easily derive the SA coefficients in the limit k(A0) / » 1, which
corresponds to the condition ofvery high self-absorption. In this
case

(19)

The ratio of the integrated intensities of two lines of the same
species, both subjected to strong self-absorption, can be obtained
by putting Eq. (19) togetherwith the equation system (13)-(15), as

(20)
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2.2.3. Limit case: lines belonging to the same multiplet

We expect that the intensity ratio of lines connecting levels
with similar” andiq, i.e. lines belonging to the same multiplet,
would not change with the plasma tenrperature. From the point
ofview of the real measurements, if the plasma temperature was
the only time-varying parameter during the plasma evolution, in
this limit case the intensity ratio should be independent on the
delay of acquisition of the LIBS spectra. By resorting to the
previous expressions (18) and (20), the intensity ratio in this
limit case should then be comprised between the two extremes

(21)

(22)

in the limit of low and high self-absorption, respectively, since the
Lorentzian width of the lines, mainly dominated by the Stark
broadening effect, is the same for lines belonging to the same
multiplet. Considering thet, in general, for lines be-
longing to the same mulltiplet, we observe that the maost intense
line of the multiplet is always more self-absorbed than the less
intense. Therefore, if the intensity ratio of two lines belonging to
the same multiplet is greater than one in low self-absorption
conditions, at the increase of self-absorption the ratio will de-
creese, and vice-versa.

2.2.4. General case

In the general case, according to Eg. (15), the ratio
must be known for obtaining the predicted intensity ratio of two
lines. If the Stark coefficients of the two lines are known,
according to Eq. (17) the above mentioned ratio can be imme-
diately calculated as

(23

If the Stark coefficients of the lines are not known, on the
other hand, the ratio of the Lorentzian widths of the emission
lines can be derived from the experimental data combining Egs.
(12) and (13), in the form

24

The knowledge of the ratios for the lines here con-

sidered can now be exploited for obtaining, from Eq. (15), the
ratio of the x (a0)i and « (20)2 coefficients.
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This ratio can be substituted in Eq. (13), yielding:

)

where

(26)

is the low self-absorption limit ofthe intensity ratio (Eg. (18)) and

@7

Eq. (25) can be numerically solved for the opacity k (X0)21 since
the intensity ratio of the two lines, the j” j 2parameter and

the plasma termperature T are known from the experimental data.
Once the k(10)1 parameter is known, for a given line, at given
experimental conditions, the self-absorption coefficient SA canbe
easily calculated from Eq. (9).

3. Experimental results

The Fe-Mn alloyswill be analysed, using the LIBS technique,
in the different laboratories participating to the SAILORMAN
(Southem American-Italian LIBS-Oriented Research for Mate-
rial Analysis Network), a cooperative research network connect-
ing LIBS laboratories in Argentina (CIOP, La Plata and
University of Tandil), Mexico (Universidad Nacional Autonoma
de México), Brazil (Universidade Federal Fluminense) and Italy
(ALS Lab.-CNR inPisa), using the experimental facilities and the
specific know-how in spectrascopy there available. For this
preliminary work on pure manganese, the samples were analysed
at CIOP (La Plata, Argentina) and at ALS Lab (Pisa, Italy). The
CIOP LIBS setup used a Nd-YAG Laser emitting pulses at
1064 nm with 200 mJ eneigy and 7 ns FWHM, coupled to a
Czemy-Tumer spectrometer (50 cm focal length, 1200 grooves/
mm grating) equipped with an Andor iCCD for time-resolved
spectral analysis. At ALS Laboratories the measurements on the
same pure Mn sample were performed using Modi (Mobile Dual-
Pulse Instrument) [41], a double pulse mabile LIBS systemusing
aDouble-Pulse Nd-YAG Laser emitting pulses at 1064 nm with
60 mJ energy per pulse and 12 ns FWHM, coupled with an
Echelle spectrometer equippedwith aniCCD. The measurements
in Pisa were performed both in single pulse, at two energies (60
and 120 mJ) and double pulse regime (60+60 mJ with an
interpulse delay 0f2 ps). In particular, the evolution of the plasma
intime has been studied by varying the acquisition delay for every
given irradiation regime. Fifty LIBS spectra were averaged for
each of the different acquisition delay times considered, cal-
culated after the (second) laser pulse, with a 50 ns gate in La Plata
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Fig. 1. Typical LIBS spectra on pure manganese obtained A) at ALS Lab. in Pisa
(only a portion of the spectrum is shown, where the most intense Mn lines are
present). Black: single pulse at 120 mJ; Gray: Double pulse at 60+60 mJ with
2 ps interpulse delay. B) At CIOP, La Plata (single pulse at 200 mJ). The spectra
shown were acquired 1 ps after the laser spark. Some ofspectral lines considered
in this paper are marked.

measurements and 500 ns gate in Pisa measurements. While the
measurements in Pisa were performed with a broadband
spectrometer, which allowed for acquisition of the whole LIBS
spectrum from 230 to 900 nm in a single run, the La Plata
spectrometer was operated in two spectral windows between
285-304 nm and 336-354 nm, where several intense Mn Il lines
are well visible. A comparison between the LIBS spectrataken in
Pisa and La Plata is shown in Fig. 1A and B.

In order to calculate the self-absorption coefficients of the Mn
lines under study, the main parameters characterizing the laser-
induced plasma (temperature and electron density) were measured.
In particular, electron density was determined from the spectra
acquired in Pisa, in both single and double pulse configuration,
measuring the Starik broadening ofthe Hydrogen Balmer alpha at
656.3 nm [28,42], The use of the hydrogen lines for electron
density measurements has been demonstrated to yield a precise

Table 1

Spectral parameters of the Mri lines consicE () paper

Species  Wavelength (nm) gj gk > =3 Ei(cm"™) (s "
Mnl 382.4 6 6 1.75x104 4.36xI04 23xI07
Mnl 383.4 6 8 1.75xl04 4.35xI04 4.3xI107
*Mn | 471.0 8 8 233xl04 4.45x104 17xI07
*Mn | 472.7 6 6 235xI04 4.47x104 1.7xI07
*Mn | 473.9 4 4 237xI04 4.48x]04 2.4x107
Mnl 478.5 8 8 1.85X104 3.94xl04 4.0xI107
Mnl 482.4 10 8 1.87X104 3.94xl104 5.0xI07
Mn 1l 261.8 1 13 2.76xI104 6.58xI04 2.9x10*
Mn 1l 293.3 5 3 9.47x103 4.36xI04 2.0x10s
Mn 1l 293.9 5 5 9.47xI03 4.35xI04 1.9x10s
Mn 11 294.9 5 7 9.47xI03 4.37xI04 1.9x10s
*Mn 1l 344.2 9 7 143x104 4.34x104 4.3xI107
*Mn 11 346.0 7 5 1.46xI104 4.35xI04 3.2xl107
*Mn 1l 347.4 5 3  148xI04 4.36x104 1.5x107
*Mn Il 348.3 5 5 147xI04 435xI04 2.0xI07
*Mn 1l 348.9 3 3  149xI04 436xI04 25xI07

The spectral lines used for plasma temperature measurements are marked with
an asterisk.

determination of the plasma electron density, which is not affected
by self-absorption and does not depend on any specific hypothesis
of Local Thermal Equilibrium [28]. The error estimated on the
electron density measurements is of the order of 10%. The plasma
temperature was measured using the Saha-Boltzmann plot
method, described in Ref. [43]. The lines used for the deter-
mination of the temperature are shown in Table 1; all of them are
relatively isolated, non-resonant emission lines. As shown in the
following discussion, these lines are weakly to moderately self-
absorbed, and thus they can be considered appropriate for temper-
ature measurements using the Saha-Boltzmann method. In this
case, since a single plasma temperature can be defined only in the
presence of thermal equilibrium, the hypothesis of LTE has to be
introduced. As demonstrated in a previous paper [28], this pro-
cedure guarantees an accuracy in plasma temperature determina-
tion around £5%, which is more than satisfactory considering the

Fig. 2. Time dependence of the electron density, at 60 mJ laser energy (full
squares), 120 mJ laser energy (open squares), 60+60 mJ with 2 ps interpulse
delay (open triangles). The relative errors are of the order of 10%.
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Fig. 3. Time dependence of the plasma temperature, at 60 mJ laser energy (full
squares), 120 mJ laser energy (open squares), 60+60 mJ with 2 ps interpulse
delay (open triangles). The relative errors are of the order of 5%.

above discussion about LTE and the uncertainties related to the use
of the approximation of homogeneous plasma (see below).

The evolution of plasma electron density and temperature is
plotted in Figs. 2 and 3, as a function o f the acquisition delay. In
the time window investigated, the electron density varies from
about 8x 1017cm-3 to4 * 1016cm-3. At agiven delay time, the
electron density corresponding to laser energy of 120 mJ is
roughly double of the one corresponding to 60 mJ. The electron
density measured in double pulse mode (60+60 mJ with a2 ps
interpulse delay) is essentially the same, within the experimen-
tal errors, of the one corresponding to a single pulse of 60 mJ.
As for the plasma temperature, in the explored time window it
decays from values of about 1.1 eV to 0.7 eV.

Within the experimental errors, the plasma temperature is
about the same in all the configurations studied (single pulse
60 mJ, single pulse 120 mJ, double pulse 60+60 mJ). These
results are coherent with the behaviours reported in the literature
in similar conditions [44].

Itis important to note, at this point, that both the evaluation of
electron density through the Stark broadening ofHa line and the
evaluation of the plasma temperature through the Saha-
Boltzmann plot method rely on the hypothesis of homogeneous
plasma. However, in recent years several experimental works
[23,26] have shown that laser-induced plasmas in LIBS ex-
periments are characterized by spatial variation of their main
parameters (temperature and electron density) which obviously
cannot be reproduced in the framework of the homogeneous
plasma approximation. On the other hand, at least in the limitof
small to medium self-absorption, it has been demonstrated that a
realistic evaluation - and, possibly, correction - of the self-
absorption effects can be obtained using the homogeneous
plasma approximation (see, for example, Gomushkin et al. [22],
Bulajic et al. [27], El Sherbini et al. [28], Amamou et al. [35]).
Obviously, the extension of the self-absorption theoretical
treatment to the more realistic case of inhomogeneous plasma
would be highly desirable; however, atthe moment, it seems that
only the limit situation of strong plasma inhomogeneity (leading
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to self-reversal effect) can be treated in a relatively easy way
using space-integrated LIBS spectra (see Amamou et al. [24] and
Gomuskin et al. [25], for example). A more detailed calculation
of the self-absorption coefficients, taking into account the
plasma inhomogeneity, calls for different and more complex
experimental strategies, involving tomographic reconstruction
of the plasma parameters (see for example Aguilera et al. [26],
Corsi et al. [44], and Cristoforetti et al. [45]).

3.1. Measurements on ionized Mn lines

Using the theoretical treatment described in previous section,
we have evaluated the self-absorption coefficients of 9 intense
ionized Mn lines (Mn Il at 261.8; 293.3; 293.9; 294.9; 344.2;
346.0; 347.4; 348.3; 348.9 nm). These lines have been chosen
since they are well insulated and free from interferences of other
Mn lines, therefore they are good candidates for analytical LIBS
measurements. The spectroscopic parameters of these lines are
shown in Table 1. As an example of the application of the
theoretical treatment described in previous sections, in Fig. 4 are
shown the intensity ratios of the lines Mn Il at 293.3/Mn Il at
294.9 nm (lines belonging to the same multiplet) and Mn 1l at
293.3/Mn 1l at 348.3 nm (lines belonging to different mul-
tiplets). The intensity ratios are plotted as a function of the
acquisition delay after the laser pulse. In case of double pulse
measurements, the delay is calculated after the arrival on the
sample of the second laser pulse. Since the first couple of lines
in Fig. 4 (Mn Il at 293.3 and Mn Il at 294.9 nm) belongs to the
same multiplet, the theoretical treatment of Section 2.2.3 is
applicable. According to the theory, if a limit case (low or high
self-absorption limit) is applicable, the intensity ratio of these
two lines is essentially independent on the variation in plasma

Fig. 4. Time dependence of the intensity ratios of Mn Il at 293.3/Mn Il at
294.9 nm lines (full squares, 60 mJ laser energy, open squares, 120 mJ laser
energy, crossed squares, 200 mJ laser energy (La Plata measurements),
diagonally crossed squares, 60+60 mJ double pulse measurements) and Mn
11 at 293.3/Mn 1l at 348.3 nm lines (full circles, 60 mJ laser energy, open circles,
120 mJ laser energy, crossed circles, 200 mJ laser energy (La Plata
measurements), diagonally crossed circles, 60+60 mJ double pulse measure-
ments). The dotted and dashed lines represent the low self-absoiption and high
self-absorption limits, respectively, for the two line pairs. Note the logarithmic
scale on they axis.
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Fig. 5. Time dependence of the intensity ratios of Mn | at 478.5/Mn 1| at
482.4 nm lines (full squares, 60 mJ laser energy; open squares, 120 mJ laser
energy; diagonally crossed squares, 60+60 mJ double pulse measurements) and
Mn | at 482.4/Mn | at 472.7 nm lines (full circles, 60 mJ laser energy; open
circles, 120 mJ laser energy; diagonally crossed circles, 60+60 mJ double pulse
measurements). The dotted and dashed lines represent the low self-absorption
and high self-absorption limits, respectively, for the two line pairs. Note the
logarithmic scale on they axis.

temperature and, consequently, on the increasing acquisition
delay. The theoretically predicted values of the ratio are about
0.5 for the low self-absorption limit and about 0.7 for the high
self-absorption limit.

Even though the two limit values are quite close, it can be
noticed that single pulse irradiation leads to optically thin lines,
while the double pulse irradiation shifts the plasma conditions
toward the high self-absorption limit.

In the same figure, the intensity ratio Mn Il at 293.3/Mn Il at
348.3 nm is also shown. In this case, since these lines do not
belong to the same multiplet, the general theoretical treatment of
Section 2.2.4 should be applied. As predicted by the theory, the
intensity ratio Mn 1l at 293.3/Mn Il at 348.3 nm indeed depends
on the acquisition delay (especially in single pulse high energy
measurements). Moreover, for the intensity ratio of lines be-
longing to different multiplets, a strong dependence on the
experimental configuration used is evident. This behaviour is
made clear considering the two limits of weak and strong self-
absorption (Egs. (18) and (20)), represented in figure with
dotted and dashed lines, respectively. The experimental results
are coherent with a strong increase of the self-absorption of the
lines changing the experimental conditions from the lowest
laser energy (60 mJ single pulse) to the highest laser energy

Fig. 6. Time dependence of the self-absorption coefficients SA for some of the Mn Il lines considered in this paper (full squares, 60 mJ laser energy; open squares,
120 mJ laser energy; open triangles, 60+60 mJ double pulse measurements). A) Mn Il at 293.3 nm, B) Mn Il at294.9 nm, C) Mn 1l at 346.0 nm, D) Mn Il at 348.3 nm.
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(200 mJ single pulse) and finally to double pulse configuration
(60 + 60 mJ). Inthis case the dependence ofthe intensity ratio on
time delay practically coincides with the temperature depen-
dence of the strong self-absorption limit at each time delay
considered. The same considerations apply for the other line
intensity ratios of the lines reported in Table 1 (not shown here).
The opacities and therefore the SA coefficients of the Mn 11
lines here considered can be calculated using Eqg. (25). Some
results are reported in Fig. 6.

3.2. Measurements on neutral Mn lines

Seven Mn | lines have been considered for this study (Mn I at
382.4; 383.4; 471.0; 472.7; 473.9; 478.5; 482.4 nm). Also in
this case, the lines are well insulated and free from interferences
of other Mn lines. The spectroscopic parameters of the lines
considered are reported in Table 1. In Fig. 5, the intensity ratio
of three neutral Mn lines (Mn | at 478.5/Mn | at 482.4 nm and
Mn | at 482.4/Mn | at 472.7 nm) is reported, in single pulse
configuration (60 mJ and 120 mJ) and double pulse
configuration (60+60 mJ). Since the spectral windows used
in the La Plata experiment did not include these Mn | lines, only
the Pisa results will be shown here. The first couple of lines in
Fig. 5(Mn 1 at478.5 and Mn | at 482.4 nm) belongs to the same
multiplet, so that the theoretical treatment of Section 2.2.3 is
applicable. It is evident that the intensity ratio of these two lines
is essentially independent on the acquisition delay. On the other
hand, the low self-absorption limit predicted for these two lines
(0.8) is very close to the high self-absorption limit (0.9), so that
no appreciable difference can be observed, within the exper-
imental error, between the measurements corresponding to dif-
ferent experimental configurations.

In the same figure, the intensity ratio of Mn I line at482.4 nm
with Mn | line at 472.7 nm is also shown. In this case, since
these lines do not belong to the same multiplet, the general
theoretical treatment of Section 2.2.4 should be applied. In fact,
the intensity ratio Mn | at 482.4/Mn | at 472.7 nm depends,
although weakly, on the acquisition delay, as expected from Eq.
(25), due to the variation in plasma temperature with time.

As in the case of ionized Mn lines, the ratio of lines be-
longing to different multiplets shows a dependence on the
experimental configuration, which is coherent with an increase
of self-absorption with the increase of the laser energy.

The opacities and SA coefficients of the seven Mn 1| lines
here considered can be calculated using Eq. (25); some relevant
results are reported in Fig. 7.

4. Discussion

The variation ofthe self-absorption with the acquisition delay
depends on the growth of plasma dimensions, on the decrease of
plasma temperature and on the atoms-ions equilibrium, all the
three effects being strictly interrelated during the plasma
dynamic expansion. The increase of dimensions of the plasma
affects the SA coefficient in the growth of the optical path / and
in the decrease of the number density n~ 1/13, the net effect
being a reduction of self-absorption (&(/)* 1°c1/12). On the
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contrary, the cooling of the plasma tends to increase the pop-
ulation ofthe lower atomic energy levels in proportion to that of
the higher levels and thus to enhance the self-absorption of the
lines. On the other hand the plasma temperature variation leads
also to a shift of the atoms-ions equilibrium, which is however
strongly dependent on the plasma electron density according to
the Saha equation.

It is clear from Figs. 6 and 7 that the SA coefficient at the
different wavelengths decreases and then the plasma opacity
dramatically increases in double pulse configuration, for both
neutral and ionized Mn lines. In those conditions, the errorin the
determination ofthe absolute value of the plasma opacity can be
quite high. In fact, although the treatment of self-absorption
effects here presented is quite general, under the hypotheses of
plasma homogeneity and Local Thermal Equilibrium, from an
experimental point of view for obtaining a quantitative es-
timation of the line opacities the dependence of the right side of
Eq. (25) on the k(Xq)21 parameter should be strong enough, for
making the comparison with the experimental determined value

Fig. 7. Time dependence o fthe self-absorption coefficients SA for some ofthe Mn
1 lines considered in this paper (full squares, 60 mJ laser energy; open squares,
120 mJ laser energy, open triangles, 60+60 mJ double pulse measurements). A)
Mn | at472.7 nm, B) Mn | at482.4 nm.
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of the line intensity ratio meaningful. However, we have

already shown in Section 2.2.2 that Eq. (25) in the limil
k(Xg)21 » 1 transforms in

(28)

i.e. the line intensity ratio (at a given temperature) becomes a
constant. Therefore, the determination ofthe line opacity k (X0)21
from the measurement o f intensity ratio becomes impossible. As
a consequence, the estimation of k(X0)21 (and k(X0)il from Eq.
(15)) can be obtained only in the limit o f small to moderate self-
absorption (k(a0)2/< 1). In the measurements performed in
double pulse configuration, it is clear that the condition k(AQ)
/» 1 is realized at all time delays for all the lines here con-
sidered, therefore the only information we can obtain from the
measurements is that all the Mn lines here considered are
strongly self absorbed.

However, in single pulse configuration, at least for ionized
Mn lines, the increase of plasma opacity with the acquisition
delay, at both 60 mJ and 120 mJ laser energy, is well appreciable.
Moreover, in the La Plata measurements a clear transition
between the low self-absorption to high self-absorption regime is
visible at increasing acquisition delays. Since in this condition of
irradiation the plasma is strongly ionized (nl/(nl+nll)~0.1
during the time window investigated) and the increase in time of
the plasma dimensions would tend to lower the opacity, on the
basis ofwhat discussed above it is clear that the increase of self-
absorption with the acquisition delay is justifiable by the cooling
of the plasma.

In the present experimental conditions it is clear that the five
Mn Il lines belonging to the multiplet centred around 347.0 nm
are considerably less self-absorbed than the corresponding lines
at 293.3 and 294.9 nm, by about one order of magnitude.

The acquisition delay dependence of the opacities of the Mn
I lines considered is more complex and difficult to interpret,
being also strongly affected by the atoms-ions equilibrium. It is
possible that the initial growth of die self-absorption coefficient
(corresponding to a decrease of the self-absorption effect) ob-
served in Fig. 7 in the case of single pulse with energy 120 mJ,
is due to the strong decrease of atoms number density due to the
initial fast expansion of the plasma. However, it is clear that at
all the delays considered the Mn | lines belonging to the mul-
tiplet centred around 472 nm are definitely less self-absorbed
than the Mn | lines at 478.5 and 482.4 nm. For these lines the
condition k(X0)21 « 1 is well realized, in single pulse con-
figuration and at the energies used in the Pisa experiment,
practically at all the time delays here considered. These lines
can thus be good candidates for analytical measurements on
Fe-Mn alloys. The results reported above pose some questions
on the use of double pulse LIBS method for the analysis of the
major components of a given material; in fact, the strong im-
provement on signal intensity reported in double pulse con-
figuration brings as a side effect a strong increase of the self-
absorption effect, which is very difficult to deal with, at the
levels measured in the experimental conditions of this paper, in
the framework of precise analytical measurements.
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5. Conclusions

Starting from the basic equations describing the self-
absorption process in a homogeneous plasma, we have derived
several analytical relations and devised experimental proce-
dures for the evaluation of self-absorption coefficients (even in
the absence of known Stark coefficients), which are important
for characterization and control of the experimental conditions
in which the analysis is performed. Although the experimental
uncertainties and the strong starting hypotheses of the method in
many cases do not allow a precise calculation of the self-
absorption coefficients, a quick and clear discrimination of the
experimental conditions and the emission lines which are less
sensitive to self-absorption, and thus are more appropriate for
analytical measurements, can be obtained. This estimation, in
our opinion, can be very useful in practice because it is fast
and do not rely upon any external (not experimental) param-
eter such as plasma dimensions /, plasma number density or
target composition. These results are considered as prelimi-
nary for the following study, which will be reported in a
forthcoming paper, on matrix effects in LIBS analysis of Fe-
Mn alloys.
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AN AUTOMATIC HIGH-RESOLUTION SCANNING DENSITOMETER
APPLIED TO OPTICAL SPECTROSCOPY

A. P. Laquidara

ABSTRACT
A high-resolution digital scanning densitometer was built to record spectral UV-VIS-JR lines on magnetic mediafrom
photographic transparencies. The system was assembled with a sliding table measuring machine drivenfrom a PC and a
silicon photodiode and A/D converter to record light intensities. A spectroscopic plate orfilm can be read andrecorded
with a sampling step of 1.20 pm.

1L.INTRODUCTION

In the last three decades, the Centro de Investigaciones
Opticas (CIOp), has produced many research works in
atomic and molecular spectroscopy using different optical
spectrographs, recording stimulated and spontaneous UV-
VIS-IR emissions on photographic plates.

Spectral lines are identified visually by comparing
photographic records obtained after long periods of
exposition. This recording media reaches a very high
resolution: about .01 nm/ram.

The use of an automatic plate reading system offers better
resolution between lines and easier identification of weaker
spectra, printing them on paper for direct eye observation.

Using a GSDP precision length measuring machine, usually
hand operated, and joining a stepper motor to the fine
displacement motion control, the sliding table moves
horizontally carrying the film or plate to be read and

recorded.

A white light optical beam strikes the bottom face of the
film and the light intensity detected on the upper face. The
detected signal is sampled with a 12 bit A/D converter and
is saved to disk.

The recorded spectra is plotted spanning each slot a
hundred times. This magnification between lines allows
easier visual identification. A spectroscopic plate 25 cm
long may be plotted at a Inm scale per page, in about a
hundred paper sheets size A4.
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2. OPTO-MECHANICAL SETUP

(Société Genevoise
D Instruments de Physique), mod. MU-214B, is a
universal three-dimensional high-precision measuring
apparatus that was used in the present project taking
advantage of the quality of its linear displacements and
ability to connect to a PC to perform the adquisition and
control. This avoided the construction of an expensive
system of the same mechanical precision.

The metrological machine GSIP

The machine has a horizontal sliding table 50 cm long and
18 cm wide, with a 40 cm per 11 cm slit. It can be slid
manually or by means of a stepper motor up to a distance of
27 cm.

The film is held on the table by a thin glass plate. If the
spectra is recorded on a glass plate, this is held on the table
bv small weights on the edges of the plate.

The light of a 50 W dichroic lamp at the back of the
machine is taken by an optical system to the base of the
sliding table, lighting the area of the plate to be read.

The machine holds a microscope which slides normally to
the table, making an image of the required size on the
detector.

The detector optical system is a |Ox microscope objective at
the bottom of a tube 23 cm long, which makes a real image
of the spectroscopic line on a stainless steel slit 50 pm wide
by 3 mm height, aligned with the line image, at the
opposite end of the tube.

3. MEASUREMENT AND CONTROL INTERFACE

Behind the slit is assembled a silicon photodiode integrated
to a I-V variable gain amplifier ranging between 100 KQ
and 10 Mil and offset adjust. The I-V amplifier output
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Figure 1. Photograph ofthe spectroscopic plate reading
system.

drives a V-V amplifier stage of gain 130, and limited to a
maximum of +5 volts. Both amplifiers are fed from the A/D
converter board inside the PC which performs measurement
and control.

Figure 2. Schematic o fthe spectroscopic plate reading
setup.

Another 1/O board inside the PC together with a power
supply and an external field switching circuit controls the
stepper-motor motion driving the table.

The motor shaft coupled to the fine displacement motion
control gives a linear step advance to the table of 1.20 pm.
enough to resolve the spectral lines on the plate at a 0.4
nm/mm scale for the visible spectrum. The exact value of
the linear dispersion (Ax /AX) must be computed for each
slot of the spectrum.

The mechanical coupling between the fine motion control
and the table suffers sliding that reaches a maximum lack
of advance of 2.5 pm per each record of 8000 samples, that
is, less than 0.026 % of the linear displacement. This lack
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of advance could be corrected by coupling the table to a
linear precision transducer in a closed loop control.

4. SOFTWARE

The plotting mode chosen is the spreadsheet which requires
recording of files of 8 KB consecutive samples at a full
adquisition and recording lime of 90 s per file of almost 10
mm of spectrum on the plate. As well as this, a file is
created with the background transparency of the plate,
averaged and substracted from each data file for contrast
enhancement.

The resultant contrast is over 0.9, limited mainly by the
residual noise of the modified file. These are plotted and
observed later on the spectrum sector investigated.

The uncertainty noise of the A/D converter does not impair
the recorded contrast, and is of +/- | LSB. The conversion
time per sample is 0f 60 ps.

Every 8 KB samples the file is closed and the next is
opened, avoiding the accumulation of sliding errors, larger
than the error mentioned above.

Between every two registers, the zero transparency value is
set to its least positive value, ensuring the intensity plotting
errors below 5% for each record.

The following programs were written for an IBM PC.

1- Zero setting: inicializes the output voltage value of the
detector amplifier before the plate logging.

2- Background intensity: fixes the reference level of the
intensity data files.

3- Adquisition and control: saves the spectral intensity
data to disk and controls the sliding table motion.

4- Background substruction: this program modifies all
data files substracting the averaged background intensity of
the plate and gives a sequential number to each modified
data file for its recognition.

5. SUMMARY OF TECHNICAL
CHARACTERISTICS

1- File generation of 8 KB samples in 90 s, equivalent to
9.6 mm of spectral plate or film.

2- Step resolution of 1.20 pm with an error of 0.026 % of
linear position for each register, with a spectral dispersion
better than 0.4 nm/mm (VIS) for each plotted page.

3- Intensity resolution of +/-5 %.

4- Posibility of substracting the background level from
each record to allow' the recognition of weak lines.
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Figure 3. Spectral line logging obtained with the plate
reading system.
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6. CONCLUSIONS

A spectroscopic plate densitometer was built, adapting an
existing machine at CIOp employed in three-dimensional
metrology. A high spectral resolution was achieved and a
plotting method was developed that simplifies the study and
recognition of fine structures.

The open loop operation of the system and the I-V
amplifier instability’ are the limiting factors of the precision
of system in its current state.

The resolution reached is better than that of similar
apparatus for transparency logging which have 60 pm [1J
between samples, and 100 pm |2] between samples, and it
allows the printing of spectrum pieces at a scale of 1 tun

per page.
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Medicién de Gases contaminantes atmosféricos

La experiencia adquirida en estos 30 afios tanto en estudios basicos de
espectroscopia 6ptica como en técnicas de medicion, llevé a la aplicacion de las mismas al
estudio de problematicas concretas de interés mundial, como lo son el llamado agujero de
ozonoy lacontaminacion gaseosa atmosférica por emisiones industriales.

Desde mediados de la década del 80 y durante ladel 90, ambos temas han estado al
tope del interés tanto cientifico como popular, debido a la concientizacion general de la
problematica ambiental. La Optica y la Espectroscopia pueden colaborar activamente en la
determinacién de concentraciones estratosféricas de ozono y troposféricas de otros gases
contaminantes. En particular, optamos por desarrollar técnicas de medicién que requirieran
de instrumental de bajo costo y facil manipulacion, basadas en espectroscopia de absorcion
diferencial de columna abierta. Los dos trabajos seleccionados ejemplifican las principales
tareas realizadas dentro de esta linea de investigacion.

El primero trata sobre los resultados de una campafia de medicion de radiacion UV en
el cono sur del continente americano con una red de dispositivos épticos (7) desplegados en
tierra. Cada uno de los dispositivos que conforma esta red incorpora un par de fotodiodos de
silicio sensibles al azul (respuesta espectral entre 250 y 900 nm), con Optica de enfoque y
sendos filtros interferenciales integrados a ellos, centrados de 300 nmy 31 3nm. Al detectar
la radiacién directa del sol a nivel del mar, lagran diferencia en valores de la seccion eficaz de
absorcion del ozono en estas dos longitudes de onda permite, a partir del cociente de las
irradiancias medidas y de una cuidadosa calibracion, determinar el decrecimiento en el
ozono total estratosférico. Los resultados obtenidos coinciden muy bien con los datos
satelitales tomados en la misma region y durante el mismo intervalo de tiempo, en el cual se
detectaron varios eventos de notable disminucion en el espesor de lacapa de ozono como asi
también importantes incursiones del mismo dentro del territorio del cono sur hasta latitudes
de 53°Sur.

El segundo de los trabajos seleccionados resume el trabajo realizado en mediciones
de gases contaminantes atmosféricos de origen industrial, como el S02 y el NO2. Como
evolucion de los dispositivos para medicion de ozono, se desarrollaron medidores no
dispersivos en UV (NDUV) para deteccion de estos gases en boca de chimenea, en los que los
filtros Opticos fueron debidamente seleccionados para que coincidieran con bandas de
absorcion de las especies a medir. Para la deteccidon de estos gases a nivel de ambiente
urbano, se utilizé la técnica de espectroscopia de absorcion éptica diferencial dispersiva
(DOAS), que consiste en enviar un haz colimado de luz blanca por una columna abierta de
atmoésfera de varios cientos de metros 'y observar con un espectrografo en el otro extremo
las bandas absorbidas. De la medicién de la profundidad de dichas bandas y la aplicacion de
la ley de Lambert-Beer, es posible determinar la concentracion de los gases en cuestion. H
trabajo trata sobre una novedosa forma de utilizar esta ley para el posterior tratamiento de
los datos y ladeterminacion de las respectivas concentraciones.

Atmospheric trace Gas measurements

The experience in basic optical spectroscopy.and related measurement techniques
acquired during these 30 years enabled its application to worldwide concern issues such as
ozone depletion measurements and atmospheric gas pollution detection.

Since mid 80s and all through the 90s, these problems have been both of scientific
and popular interest, mainly due to the growth of global environmental-protection
awareness. Spectroscopic and optical methods can be readily used for the determination of
ozone depletion and atmospheric pollution measurements. We developed low-cost, user-
friendly techniques based on open column differential optical absorption. The two papers
selected here show the main activities carried out in this line ofresearch.

The first one deals with ground-based ultraviolet radiation measurements during
spring in the southern-hemisphere part of the American Continent, using a network ofoptical
devices deployed in 9locations in Argentina and Chile.

The devices built for this purpose have been designed to be of low cost and easy to
manipulate, in order to implement an extended UV network. The device consists of two EGG

117



detectors (type DF) incorporating blue silicon photodiodes (spectral response 250-900 nm)
and integrated interferential filters (centered at 313 nm and 300 nm, with 10 nm
bandwidth). Two quartz based telescopic assemblies and an equatorial mounting (ALSTAR)
allow Sun tracking for direct solar-radiation measurement. The relative response of the
devices has been carefully calibrated at CIOp.

Due to the great difference (a factor of six) in the absorption cross-section at the
selected wavelengths (313 and 300 nm), changes in the irradiance ratio at these wavelengths
clearly indicate a decrease in the total ozone amount. Ozone data obtained from the ground
stations are compared with total ozone values supplied by the satellite showing a very good
agreement.

The second paper exemplifies the work carried out for measurement ofatmospheric
pollutant gases such as S02 and NO2. Similarly to those developed for ozone, non dispersive
UV (NDUV) devices with appropriate interference filters were constructed and run in a
laboratory-based industrial chimney, with very good sensitivity. For urban air quality
measurements, differential optical absorption spectroscopy (DOAS) was used. A collimated
white light beam is launched, at one end, through a several hundred-meter long atmospheric
column and analyzed with a spectrograph at the other end. The absorption bands found and
their deepness provide accurate information about the gas species and its concentration
through the direct application of Lambert-Beer (LB) law. In particular, the paper shows a
novel application ofLB to the determination ofthe concentration ofinterfering gases.
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Abstract - We report the first measurements obtained by a network of UV -B detectors established

through Argentina and Chile, at locations covering latitudes extending from 53° Sto 18° S. Evidence
that UV -B increases are detected at these latitudes during the Austral spring 1993 is presented.

Introduction. - The destruction of the stratospheric ozone layer is generally considered one of the
most serious environmental problems. It has been recently published that during October 1998 the
ozone hole has been the deepest ever recorded [1]. Reduction of the stratospheric ozone layer was
unambiguously detected about two decades ago in the Antarctic continent [2,3]. Since then it has
been systematically monitored by different means (satellite, balloon soundings and ground station
observations [4-6]. One of the most serious content reduction is the increase of biologically effective
ultraviolet doses, particularly the so-called ultraviolet B radiation (280-320 nm) received at the Earth
surface, with multiple possible hazards for living species [7]. Despite these consequences, ground
stations to check the UV Sun radiation are not very numerous, particularly outside the circumpolar
area in the Southern Hemisphere. With the aim of studying whether the ozone depletion over the
Antarctic area has extended further, and whether the possibility that UV-radiation increase may
begin to affect inhabited regions, a network of UV -B detectors has been established through

Argentina and Chile, at locations covering latitudes extending from 53° Sto 18° S (fig.l). Here we
report the first measurements obtained by this network providing evidence that UV -B increases are
detected at these latitudes during the last Austral spring.
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Fig. 1 - Location of the ground - based UV -B detectors through Argentina and Chile

Experimental results and discussion. - The devices built for this purpose have been designed to be of
low cost and easy to manipulate, in order to implement an extended UV network. The device
consists of two EGG detectors (type DF) incorporating blue silicon photodiodes (spectral response
250-900 nm) and integrated interferential filters (centred at 313 nm and 300 nm, whith 10 nm
bandwidth). Two quartz based telescopic assemblies and an equatorial mounting (ALSTAR) allow
Sun tracking for direct solar-radiation measurement. The relative response ofthe devices has been
carefully calibrated at the Centro de Investigaciones Opticas (CIOp), La Plata, Argentine./p>

Due to the substantial difference (a factor of six) in the absorption cross-section at the selected
wavelengths (313 and 300 nm) [8], changes in the irradiance ratio at these wavelengths clearly
indicate a decrease in the total ozone amount. Although the irradiance ratio between these two close
wavelengths corrects several effects, such as light scattering by clouds [9], all data presented in this
work have been taken in clear days, with high horizontal visibility.

Figure 2a) shows the variation of the total ozone during September 1993 (days 245 to 274 of the

year), recorded in Punta Arenas (lat. = 52° S), Chile, with a Brewer spectro-photometer, calibrated in
Dobson units. It can be observed that a remarkable depletion in the total ozone between the days 250
to 260 was detected, followed by narrow deeps occurring on the days 270 and 276. The overall
ozone reduction registered between the days 248-270 was about 50% ofthe predepletion values.

Figure 2b) shows (circles) the midday irradiance ratio (R) at 313 nm and 300 nm, taken at the

Observatorio Astronémico de Rio Grande (lat. = 53° S), Argentina, a locality near Punta Arenas,
during the days 246-280 of 1993. As can be observed, this ratio shows a pronounced drop in the R
values between the days 250 and 260, followed by narrow deeps on the days 270 and 276. The
overall decrease registered between the days 246-270 was about 50% ofthe predepletion values.
These results are in agreement with the evolution of the total ozone measured in Punta Arenas during
the same period oftime (fig. 2a).
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continent during the beginning of the 1993 spring.

It is accepted that ozone depletion in the atmosphere is caused by a series of UV induced
photochemical and catalytic reactions involving halogens as well as hydrogen and nitrogen

compounds (HOx and NOXx). The injection of these components, due to the polar-vortex destruction,
is generally associated with the recurrent ozone depletion during the Austral spring.

In relation to the UV increase at the Earth surface presented in fig. 2 and 3, the appearance of
episodes well localized in time during the days 270 and 276 is apparent. These episodes are of short

(few days) duration and appear practically coincident at latitudes as different as in Rio Grande (53°

S) and Antofagasta (23° S). Therefore, they seem to be inconsistent with a diffusion process of the
"ozone hole"™ from the Antarctica, and other possibilities must be considered.

It is generally accepted that high-intensity (X) solar flares are capable of depositing large amounts of
energy in a shorttime, involving the production of high concentrations of nitrogen oxide and
affecting the ozone concentration at different atmospheric altitudes [10-12], so that this possibility
must be considered.

An inspection to the solar-activity reports published by the National Oceanographic and
Atmospheric Agency [13,14] reveals the absence of high-intensity (X) solar flares, although two

moderate solar flares of magnitude M 1.8 on September 27th, and another solar flare (M |.4 intensity)
on October 2nd (days 270 and 276) were detected.

Fig.3 - Evolution of the irradiance ratio at 313 and 300 nm: Valparaiso (Chile), San Luis (Argentina) and Mercedes
(Argentina) during the days 256-280 of 1993.

Fig. 4

Fig.4 - Dependence of the percentage decrease of the irradiance ratio at 300 nm and 313 nm (R) with the latitude
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(lambda), observed around the day 270 of 1993 at the localities of Punta Arenas, Rio Grande, Bariloche, Tandil,
Valparaiso and Antofagasta. The inset illustrates the power dependence. The solid line represents the least-squares fitting
of the data.

Some ofthese less intense events have also been associated to ozone depletion [11], although the
connection of this lower intensity (M) events is not as clear as with the high-energy (X) events,
which are occasionally associated with a measurable solar-proton event at the Earth surface
(Ground-Level Solar Proton Event).

Therefore, although it cannot be unambiguously stated, the coincidence in time suggests a possible
connection between solar flares and the UV-radiation increase. We want to remark also that the
ozone depletion here reported on days 270 and 276 of 1993 in Punta Arenas amounts to a 50% of its
predepletion value. This is higher than the values previously reported (23% [11] and = 5% [12]) in
connection with solar-flare events.

The establishment of a more extensive network, devoted to permanent UV radiation monitoring,
covering even higher (equatorward) latitudes than those shown here, would be very convenient to
ascertain the origin of the observed UV-radiation increase.

W e thank CONICET and CIC-BA (Argentina) and MEC and ICI (Spain) for support. The authors
also wish to express their gratitude to Prof. TEITELBAUM and Dr. M. VAZQUEZ for their
invaluable suggestions.
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Alternative method for concentration retrieval in
differential optical absorption spectroscopy
atmospheric gas pollutant measurements

Fabian A. Videla, Daniel C. Schinca, and Jorge O. Tocho

Differential optical absorption spectroscopy is a widely used technique for open-column atmospheric-gas

pollution monitoring.

absorbance through the Lambert-Beer law.

The concentration retrieval is based on the fitting of the measured differential

We present an alternative method for calculating the gas

concentration on the basis of the proportionality between differential absorbance and differential ab-

sorption cross section ofthe gas under study.
analysis or as a complementto the standard technique in multicomponent cases.
the method for the case of cross interference between two gases is analyzed.

The method can be used on its own for single-component
The performance of
The procedure can be used

with differential absorption cross sections measured in the laboratory or taken from the literature. In
addition, the method provides a criterion to discriminate against different species having absorption

features in the same wavelength range.
010.0010, 010.1120, 280.0280, 280.1120, 300.0300, 300.1030.

OCIS codes:

1. Introduction

Optical sensing techniques have been used during
the past decade for environmental studies. Laser-
and nonlaser-based long-path absorption methods
are particularly advantageous over point-monitoring
techniques, since they can perform large area mea-
surements in a single experiment. Differential op-
tical absorption spectroscopy (DOAS) is an open-
path, nonlaser-based technique pioneered by Platt,
Perner, and co-workers.1-3 Inits original form, light
from a high pressure Xe lamp is collimated with a
parabolic mirror and launched horizontally into open
atmosphere over a distance of several kilometers.
The beam is received by a suitable optical device
(telescope) and focused in the entrance slit of a spec-
trometer for wavelength intensity analysis by use of
a photomultiplier. The authorsl-3 used a thin spin-
ning metal disc with 100-um-wide radial slits (rotat-
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ing slit) placed in the focal plane ofthe spectrometer.
Thus the slit repetitively scanned a short portion of
the spectrum where the gas shows absorption fea-
tures. Consecutives scans are performed, up to 100
scans per second. For scans of less than 10 ms the
effect of atmospheric turbulence is small, because its
frequency spectrum is important only around 0.1-1
Hz. In this way, single and multispecies atmo-
spheric UV-visible absorption spectra could be re-
corded.

After that, Axelsson, Edner, and co-workers4-6
used a similar DOAS configuration to measure the
concentrations of ozone, sulfur dioxide, nitrogen di-
oxide, ammonia, and some volatile organic com-
pounds in urban environments over one kilometer
path  length. Bonasoni, Giovanelli and co-
workers7-9 used a linear photodiode array instead of
the photomultiplier, measuring several pollutant
gases in both urban and field scenarios, as well as for
vertical tropospheric column.

In all of these cases, the concentration is derived
either by correlation with laboratory-calibrated ab-
sorbance spectra or with synthesized spectra from a
previously measured absorption cross section. The
algorithm for concentration retrieval relies then on a
least-squares fit of the measured differential absor-
bance spectrum with the reference spectrum. The
main point in the DOAS method is the use of the
so-called differential cross section, defined as the part
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of the absolute cross section that varies rapidly with
wavelength.

In this paper we present an alternative method for
determining gas concentration in DOAS measure-
ments, using the linear relationship between the area
of the measured differential absorbance curve and
that ofthe differential absorption cross-section curve,
as taken from the literature. The method can also
be used as a complement to the traditional least-
squares fit, helping to discriminate among other ab-
sorbing gases in a fixed-wavelength range. The case
of single- and multiple-component species is ana-
lyzed, and a comparison with the standard method is
presented. The paper shows experimental results
for both cases obtained in a gas test chamber and
compares them with concentration values derived
from calibrated electrochemical measurements.

2. Theoretical Background

A thorough discussion of the DOAS method can be
found in the work by Platt and Platt and Pemer.11
The latter tutorial contains details about basic prin-
ciples, hardware, and algorithms, recommended for
the interested reader. Following it briefly, the ab-
sorption of radiation is described by Lambert-Beer’s
law:

(D

where 70(X) denotes the incident intensity emitted by
a suitable light source and /(X) is the radiation inten-
sity transmitted through a layer of thickness L,
where the species to be measured is present at the
concentration ¢. The quantity a (X) represents the
wavelength-dependent absorption cross section,
which is characteristic of each species. The deter-
mination of the fight path length L is usually trivial.
Once these latter quantities are known, the average
trace-gas concentration c can be calculated from the
measured ratio 7(X)/70(X):

(2)

where A = log(70/7) denotes the absorbance of the
layer of length L. Typical absorbance values re-
corded in DOAS applications range from 10*2 to
10-4. DOAS makesuse ofthe characteristic absorp-
tion features of trace-gas molecules along a path of
known length in open atmosphere. The problem of
determining the true intensity 70(X), as would be re-
ceived from the fight source in the absence of any
extinction, is solved by working with the so called
differential absorption, which is defined as the part of
the total absorption cross section of any molecule
rapidly varying with wavelength in a given interval.
Figure 1 illustrates this fact for the case of sulfur
dioxide (S02),12 but a similar concept can be applied
to the case of other pollutant gases, such as nitrogen
dioxide (N02) and ozone (03). As ageneral fact, the
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Fig. 1. Part of the raw spectra (solid curve) with interpolating
third-degree polynomial (dashed curve). Inset: Typical raw
spectra showing the S02 absorption modulation in the 300-nm
region.

absorption cross section of a given molecular species
may be written as the sum of two terms:

®)

where clO(X) represents the monotonously (slow) vari-
ation of the cross section with wavelength (due to
scattering, for example) and cr/(X) represents the
rapid variation due to an absorption band. Al-
though the absorption spectra of polyatomic mole-
cules may be complicated owing to the presence of
numerous closely spaced vibrational-rotational lev-
els,13typical spectrographs used in DOAS do nothave
the necessary resolving power to discriminate the
rovibronic bands. So, the meaning of “slowly” and
“rapid” are related to the instrument resolution and
to the extent of the wavelength range. Thus a dif-
ferential absorbance can be defined similarly to Eq.
(2) as:

4)

where 70'(X) is the intensity in the absence of differ-
ential absorption.11 Thus the concentration can be
calculated from Eq. (4) with the or/(X) taken from the
literature (or measured in the laboratory) and fitting
70'(X) by a suitable polynomial, up to the fifth or sixth
order, depending on the selected spectral range.25
After we divide the raw spectrum by this polynomial
and take its logarithm, a differential absorbance
spectrum (or differential transmission spectrum) is
obtained. We can synthesize this spectrum by mul-
tiplying CTj'(X) by a suitable concentration-times-
length factor [according to Eq. (4)], which is obtained
by a least-squares fit.

The residual spectrum generally shows some dif-
ferential features that may be due to the presence of
another species having absorption features in the
same spectral region as the former or may arise from



artifacts of the algorithm.5% These artifacts may be
introduced by inaccurate matching between the
multiple-regression analysis and the actual differen-
tial absorbance spectrum, which, after subtraction,
yields a residual spectrum showing relatively large
structures.5 This matching process requires shift-
ing up and down in wavelength one ofthe spectra for
precise peak matching.6 In addition, the reference
absorption spectrum must be measured with the
same instrumentation or convoluted with the appro-
priate instrument function to ensure the same reso-
lution for both spectra. This fact makes necessary
an accurate determination of the reference concen-
tration to get reliable absorption cross-section values.

An alternative approach is to regard Eq. (4) as a
linear parametric relation between the measured dif-
ferential spectra [A'(\)] and the differential cross sec-
tion [o-j'(X)]. To make this approach effective, the
two functions are matched in both wavelength range
and spectral resolution. In such a case, Eq. (4) may
be integrated from a certain initial wavelength value
to a certain final wavelength value to yield:

(®)

Physically, this equation means that the area under
the differential absorbance curve is proportional to
the area under the differential cross-section curve.
This interpretation is in accordance with the fact that
the area under an isolated absorption line remains
constant regardless ofits width (for a given absorber
concentration). If the absorption bands of the gas
under study are close enough to each other that they
are blended, the above statement may not hold
strictly. Nevertheless, since A'(X) and cr/(X) are
matched in spectral resolution (0.1-0.3 nm for a typ-
ical DOAS spectrograph), Eq. (5) still holds. In fact,
numerical calculations were carried out convoluting
A'(\) and ar/iX) with instrument functions of differ-
ent widths (covering the range mentioned above).
The changes in the resulting spectra do not modify
the estimated value of concentration, since the larg-
est width of the instrument function is much less
than the width ofthe bands. For the cases shown in
this work and, in general, for almost all gas pollut-
ants that can be measured by DOAS, the combination
of band separation, width, and spectral resolution
produces negligible blending of the bands. If the
lower integral limit in Eq. (5) is kept fixed and the
upper limitis taken as a variable parameter, a plot of
the values of both integrals for different Xfwill yield
a linear plotwhose slope is proportional to the actual
concentration.

3. Experimental Setup

A. DOAS System

Our DOAS system has been described in detail else-
where.14 Briefly, it consists ofa 150-W Xe arc lamp
placed at the focus of a Newtonian telescope. The
collimated beam traverses a long atmospheric path

and is collected by another telescope and focused into
a spectrograph for wavelength analysis. This setup
was used previously to make measurements on S02
and NO02 at a local oil refinery.15 Since for the
present measurements the light path inside the test
chamber was about 1 meter, the collimating telescope
was removed and the lamp was run at about 70% of
its rated power.

Spectrograph

The spectrograph was the same as the one described
in a previous work.13 For high-resolution spectros-
copy, an echelle-based spectrograph is preferred over
common gratingin low order. The main reason is its
inherent higher light throughput because ofits short
focal length. Because the echelle grating has a large
groove spacing, it is used at high-order numbers, but
itis necessary to provide cross dispersion to avoid an
overlapping of diffraction orders. The cross dis-
perser is simply a prism or another grating whose
dispersion is at right angles with that of the echelle.
The angular dispersion of the cross disperser is usu-
ally many times smaller, so the combination of the
two elements gives a two-dimensional spectrum for-
mat. The cross-dispersion spectrograph used in this
work is a Mechelle 900 model from Multichannel In-
struments AB (Sweden). The exact position of any
wavelength can be determined by use of ray tracing.
Thus, for a given wavelength X, the spectral order m
and the focal plane co-ordinates Xc, yc can be calcu-
lated. Recording a spectral image of a calibration
source (such as a low-pressure mercury lamp) con-
taining well-defined known spectral lines provides
the means for fine calibration. The image has a res-
olution 0f0.23 nm. Although the Mechelle 900 has a
built-in pre-exposure command that optimizes expo-
sure time to prevent pixel saturation, the relative
intensity ratio between the UV (300-nm) light and
near-infrared (900-nm) light of the Xe lamp imposes
the use ofa UV bandpass filter to cut off most of the
visible-NIR Xe emission. This fact also applies to
conventional grating-based spectrographs, since the
stray light effectively reaching the optical sensor
(usually a CCD) is large enough to create a noisy
background that masks the weak UV portion of the
signal.

C. Test Chamber

The test chamber used in these experiments was con-
structed at our site and simulates a portion of an
industrial chimney.. It is a stainless-steel cylinder,
50 cm tall and 50 cm in diameter with internal reg-
ulated electrical heaters that can raise the tempera-
ture inside the chamber up to 250 °C. It has two
pairs of optical ports (25 cm long each) placed oppo-
site to each other through which absorption-
transmission experiments can be conducted. Since
the length of optical path between these ports was
1 m, the DOAS concentration measurements are
given in parts-per-million meter. It also has four
other input-output ports for gas inlet, vacuum line,
vacuum gauge, and electrochemical probe connector.
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Fig. 2. Experimental setup.

The latter is a TESTO 360 electrochemical sensor
capable of measuring S02,NOx, CO, C02 and oxygen
in the 0-5000 ppm range with an error of 5%. An
overall block diagram of the experimental setup is
shown in Fig. 2.

4. Data Processing

Since uneven sensitivity of the CCD pixels together
with a possible lack of smoothness in the intensity
spectrum ofthe Xe arc lamp may introduce fictitious
features in the absorption spectrum, a raw spectrum
of the lamp in the absence of gases is recorded. A
third-order polynomial is fitted and subtracted. The
residual difference (positive and negative) is then
subtracted from the former raw spectrum to account
for the noise features. This procedure is iterated
until a smooth lamp spectrum is obtained and saved
for future use.

A.  Single Component Analysis

The procedure is as follows: A raw spectrum is re-
corded as shown in the inset of Fig. 1, where it can be
seen that the short wavelength side of the transmis-
sion profile ofthe bandpass filter is modulated by the
absorption features of S02 in the range of 280-320
nm. Only a portion of this spectrum is taken for
processing (namely, 295-310 nm), since it contains
several peaks usable for concentration retrieval.
This spectrum is then matched to the saved smooth
lamp spectrum, and the noise is subtracted to elimi-
nate the lamp’s features. The differential absor-
bance spectrum is evaluated according to Eq. (4),
where 70" is a third-order polynomial and | is the
matched raw spectrum. At this stage, the areas are
calculated and stored for values of coincident with
successive minima under the absorbance curve.
This way oftaking values is for ease ofcalculation,
but in principle all values within the wavelength
range are equally selectable. An S02library differ-
ential cross section is selected and then convoluted
with the instrumental function and its areas calcu-
lated similarly as the absorbance. This process is
illustrated in Fig. 3, where part (a) shows a typical
S 02 absorbance spectrum and part (b) shows a coin-
cident portion ofits cross section as taken from Brass-
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Fig. 3. (a) Typical absorbance S02 spectrum. The labeled areas
are used for concentration determination, (b) Differential absorp-
tion cross section taken from Ref. 12 convoluted with instrument
function.

ington12 convoluted with an instrument function of
0.25-nm width. In each curve, the different areas
used for the calculation of Eq. (5) Eire labeled. Fi-
nally, the areas under each absorption band are
added to yield

(6)

where zK is the error, since the left-hand side is a
measured magnitude.

By varying K from 1to n, we obtain n points that
can be fitted by a linear regression whose slope is the
product ofc times L (Fig. 4). Itshould be noted from
Fig. 3 that the index K may take values from 1 to 6
(that is, several bands are taken into account), allow-
ing a reliable regression.

B. Multicomponent Analysis

Since the total differential absorbance can be con-
sidered as the linear combination of the component
differential absorbances, Eq. (5) can be generalized



Fig. 4. Linear regression corresponding to Eq. (6). Its slope is
proportional to the concentration.

to many species by rewriting its right-hand side
as

™

where a7(\) is the absorption cross section of species
j, between the wavelengths X~and Xf;Jis the number
density of species J; and m is the number of species
present. For the case oftwo components, m = 2, so
the difference between the measured total differen-
tial absorbance value and the calculated component
differential absorbances can be written as

(8)

where e(X?) is the error as a function of If this
parameter takes n values within the selected wave-
length range, then Eq. (8) yields a set of n equations
whose solution is given in matrix form by16:

9

where L is the concentration matrix with elements
cn,cl2. Sisthe n X 2 matrix with elements

C = [SASJI-"A,

where n — 1lis the number ofregions to integrate, Sr
is the transpose of S, and A is the n X 1 matrix with
elements
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Fig. 5. (a) Differential absorbance curves for different concentra-
tion ranges. The numbers in the top right comer are the concen-
tration measured by the electrochemical sensor, (b) Linear
regression for the differential absorbance curves of part (8). The
confidence interval is shown for each case. The numbers in the
top left comer are the retrieved concentration values.

The use ofthe filter may modify the measurement
of the absorbance. Ifthe filter is placed before the
absorbing media, the I/1Qratio shows the actual mod-
ulation depth of the absorption features, in accor-
dance with the Lambert-Beer law. If the filter is
placed after the absorbing media (for example, at the
entrance slit of the spectrograph), the modulation is
modified by a factor that is a function of the filter
transmission. In this case, the measured intensity
values must be suitably corrected to take into account
this departure from the real modulation depth.

5. Results

A. Single-Component Case

This procedure was tested for different S02 concen-
trations diluted in N2, ranging from 4 to 400 ppm as
measured with the calibrated electrochemical sensor.
Figure 5(a) shows the differential absorbance spec-
trum corresponding to four different concentrations
with a 100-ppm interval increment. It can be seen
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Fig. 6.
electrochemical sensor and those retrieved by the integral method
for single-component atmosphere.

Comparison between concentration values measured with

that there is proportionality between the height of
the peaks and the concentration values. Ifthe pro-
cedure based on Eqg. (6) is applied to each of these
absorbance spectra, a family of linear plots is ob-
tained [Fig. 5(b)]. The slope of each curve deter-
mines the concentration, as mentioned before. [Ifthe
concentration values retrieved by DOAS are plotted
against the values measured by the electrochemical
sensor, it can be seen that a linear regression fits
these points (Fig. 6). This shows that there is an
excellent agreement between both sets ofvalues, in-
dicating that the integral procedure retrieves concen-
tration values very close to those determined by
nonoptical methods. Analogous results are obtained
for lower concentrations (Fig. 7).

Totest the method for another single gas, pure N 02
was introduced in the test chamber at different con-
centrations. Itis well known that N02has its max-
imum differential absorption cross section in the
range 430-450 nm and extending with decreasing
intensity to both the red and the UV. For reasons
that will be clear below, the wavelength range 290—
310 nm was chosen. A similar analysis to the S02
may be applied to N02. Figure 8(a) shows a typical
absorption spectrum in this range for a given concen-
tration, and Fig. 8(b) shows the corresponding linear
regression.

B. Multicomponent Case

To evaluate the algorithm performance for the cross
interference, several mixtures of N02 and S02 were
tested in the chamber. The mixing ratios of these
gases span 0 and 100%. Figure 9 shows an example
oftotal differential absorbance for some mixtures and
the approximate mixing ratios are (@) S02:N02 =
1:1.5, (b) S02:NO02 = 1:10, and (c) S02:N02 = 1:30.
Use of Egq. (9) allows us to calculate the individual
concentrations, whose values are shown in the bot-
tom rightcomer ofthe figures. The dotted curvesin
Fig. 9 show the calculated differential absorbance
with these retrieved values. It can be seen there is
a good match between the measured and the calcu-
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Fig. 7. (a) Differential absorbance curves for low concentration
range, (b) Relation between DOAS and electrochemical sensor
concentrations for the low concentration range.

lated curves. The percentual difference with the
electrochemical values lies between 1% and 6%.
However, it was found that addition of a third gas in
Eqg. (9) may yield a nonnegative concentration coeffi-
cient; despite this, gas was not added to the mixture
in the test chamber. This fact was checked includ-
ing ozone cross section4’1? (which has a nonnegligible
value in the wavelength range used). This possible
drawback concerning multiple regression analysis
has been mentioned by some authors.6 To overcome
this problem, the integral method can be applied to
the resultant spectrum obtained after subtracting
from the total differential absorbance a synthesized
spectrum corresponding to the component that has
the largest N times cproduct. Figure 10(a) shows
the result of using this approach in the case of the
mixture of Fig. 9(a). When a synthesized S02 spec-
trum is subtracted from the total differential absor-
bance, a resultant spectrum is obtained (inset) that
contains features of the other species plus noise.
The squares correspond to N 02 and the circles to 0 3.
Based on the proportionality between differential ab-
sorbance and concentration, it is observed that N02
squares are best fitted by a linear regression,



Fig. 8. (a) Differential absorbance spectrum of N02 in the 295-
310 nm range. The number in the top left comer is the concen-
tration measured by the electrochemical sensor, (b) Linear
regression for the differential absorbance curve of part (a). The

number in the top left comer is the retrieved concentration.

whereas the 03 circles show a significant departure
from linearity. This establishes a criterion to iden-
tify the possible absorbing species present. Figures
10(b) and 10(c) show similar results for other concen-
tration ratios.

Finally, Fig. 11 shows the traditional least-squares
method applied to the same mixing ratios used above.
The dotted curves represent the calculated differen-
tial absorbances with this algorithm. Here also the
numbers in the bottom right comer are the retrieved
concentrations. It can be seen that the fit is very
similar to the one shown in Fig. 9, and the percentual
difference with the electrochemical values lies be-
tween 1% and 8%. The concentration values re-
trieved by both methods differ from each other by
about 2% to 3%.6

6. Conclusions

An alternative method lor concentration retrieval in
DOAS measurements on the basis of parametric in-
tegration of the differential absorbance equation is
proposed. The method is tested in a laboratory gas

131

Fig. 9. Measured total differential absorbance (solid curve) and
calculated differential absorbance (dotted curve) by use ofthe con-
centration coefficients determined by the integral method for dif-
ferent mixing ratios ofS02and N 02 (see text), (a)S02, 105 ppm;
N 02, 161 ppm. (b)S02, 23 ppm; NO02,216 ppm. (c) S02,8 ppm;
N 02,231 ppm.

chamber for pure S02and N 02in the range 0f4-400
ppm over a 1-m optical path. The retrieved concen-
trations agree with the values measured by a cali-
brated electrochemical sensor.
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Fig. 10. Linear regression of the values calculated applying Eq.
(5) to the resultant spectrum (inset) for the mixtures (a) S02, 105
ppm; N02, 161 ppm. (b) S02,23 ppm; NO02,216 ppm. (c)S02, 8
ppm; N02, 231 ppm.

To expose the method to the cross-interference
problem, mixtures of these gases with different
mixing ratios were also measured. A multiple-
regression analysis applied to the values determined
by Eqg. (6) yields concentration that agrees with the

8 APPLIED OPTICS / Vol. 42, No. 18 / 20 June 2003
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Fig. 11. Measured total differential absorbance (solid curve) and
calculated differential absorbance (dotted curve) by use ofthe stan-
dard least-squares method for different mixing ratios of S02 and
N 02 (see text), (a) S02, 105 ppm; N02, 161 ppm. (b) S02, 23
ppm; N02, 216 ppm. (c) S02, 8 ppm; N02, 231 ppm.

electrochemical sensor values. Once the resultant
spectrum is obtained by subtraction ofthe main com-
ponent, the method provides a criterion to identify
other species that are probably present in the mix-
ture that absorb in the same wavelength range.
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Fibras Opticas

Las fibras épticas son importantes componentes en los sistemas de comunicaciones
actuales, permitiendo transmitir por un par de fibras la informacion que de otro modo
necesitaria varios miles de cables de cobre. Su importancia radica en su potencialidad en la
transmision de pulsos luminosos por una guia de unos diez micrones de diametro por varias
decenas de kilometros sin necesidad de ser regenerados.

Debido a lafalta de una base de conocimiento sobre fibras dpticas y sus aplicaciones
en el pais, en 1995 iniciamos en el ClOp las actividades del LAMECO (Laboratorio
Metrolégico para las Comunicaciones Opticas) por un grupo de investigadores con diversas
especialidades dentro de la Optica (Optica espacial, laseres y espectroscopia). Conté con el
apoyo de la Comisién de Investigaciones Cientificas de la Provincia de Buenos Aires, a fin de
generar un laboratorio destinado a brindar servicios a empresas de comunicaciones. Desde
entonces se han realizado unos 400 servicios a dichas empresas y entes gubernamentales
incluyendo calibracién de equipamiento 6pticoy asesoramiento.

En la fase de investigacion, se analizaron e implementaron técnicas de
caracterizaciéon y metrologia de fibras, estudio de medios de ganancia (amplificacion optica
en fibras dopadas), desarrollo de laseres de fibras dpticas, disefio y desarrollo de sensores de
fibras, y andlisis de la propagacion de sefiales luminosas de muy corta duracion en dichos
elementos. La labor realizada en investigacion en los altimos 5 afios dio lugar a un nimero
relevante de publicaciones en revistas internacionales especializadas, asi como numerosas
presentaciones a congresos. Parte de ellas han sido realizadas conjuntamente con
investigadores y grupos de trabajo de otros centros inclusive internacionales. Desde el afio
2001 se realizan investigaciones conjuntas sobre laseres de fibray sensores incluyendo un
continuo intercambio de investigadores, con el grupo del Profesor Miguel Andrés del
Departamento de Fisica Aplicada, Facultad de Fisica, Universidad de Valencia, Espafiay
desde 2003, luego de realizarse un Convenio de Colaboracion ClIOp- Fac. de Ingenieria,
Universidad Nacional de Mar del Plata, generamos un fuerte apoyo al Laboratorio Laser de esa
Facultad. La colaboracion se manifiesta en la linea de Sensores de Fibras Opticas.

En forma paralela se ha dado un fuerte impulso a laformacién de recursos humanos.
Se impartieron diversos cursos de capacitacion tedrico practicos: tres de ellos para personal
de las empresas vinculadas con las Telecomunicaciones (convenio ClOp - FOETRA, TELECOM
de Argentina, OPTIM S.A. y REYCOM S.A.) y diversos cursos de postgrado para ingenieros y
cientificos en distintas Universidades Nacionales (La Plata, Corrientes, Comodoro Rivadavia,
Bahia Blanca, Gral. Pico y Mar del Plata). Paralelamente, y en forma ininterrumpida, se
realizan diversas actividades docentes y de formacién de recursos humanos, incluyendo
supervision de tareas vinculadas a Tesis de Doctorado, Maestrias y/o Trabajos de Final de
Carrera. Un encuentro relevante fue el Curso Latinoamericano de Capacitacion denominado
Training course on 'Optical Fibre Communication Networks', La Plata (Argentina), 24 - 28 de
octubre 2005, auspiciado por el International Centre for Science and Technology (ICS) de
Trieste, Italia y the United Nations Industrial Development Organization (UNIDO), con
participacion de Profesores extranjeros y participantes de 10 paises de Latinoamérica.

Optical Fillers

Optical fibers are important current communication system's components, that
allow transmitting along a single pair of fibers the same amount of information that
otherwise would require several thousands of copper cables. Its importance is based on the
potential ability for transmitting a light pulse within a ten-micron diameter waveguide along
several tens ofkilometers withou tamplification. ]

In 1995, LAMECO (Laboratorio Metroldgico para las Comunicaciones Opticas)
started its activities at ClOp based on a multispecialists researh staff(space optics, laser and
spectroscopy), devoted to the development of knowledge and applications of optical fibers.
LAMECO was supported by Comisién de Investigaciones Cientificas de la Provincia de Buenos
Aires and since then, more than 400 services to telecom firms as well as to federal labs were
done, including optical equipment calibration and assessment.

As scientific research is concerned, characterization and metrology fiber techniques
were implemented, study of doped fiber amplifiers, development of optical fiber lasers and
sensors and short pulse fiber propagation. These works gave rise during tha last five years,
to several international journals publications and meetings presentations, many of which
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were done in collaboration with other research groups. Since 2001, we were visited by
Profesor Miguel Andrés from Departamento de Fisica Aplicada, Facultad de Fisica,
Universidad de Valencia, Espafia and in 2003 we work in collaboration with Laboratorio
Laser, Fac. de Ingenieria, Universidad Nacional de Mar del Plata in optical fiber sensors.
Several courses were lectured by LAMECO staff in telecom firms (TELECOM de
Argentina, OPTIM S.A. and REYCOM S.A.) and in several national universities (La Plata,
Corrientes, Comodoro Rivadavia, Bahia Blanca, Oral. Picoy Mar del Plata), where master and
PhD thesis were supervised.
During 24 - 28 October 2005, the Training course on 'Optical Fibre Communication
Networks', La Plata (Argentina) was carried out sponsored by International Centre for
Science and Technology (ICS) Trieste, Italy and the United Nations Industrial Development
Organization (UNIDO), with participation of international professors and Latinamerican
attendants.
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Abstract

The performance of the Q-switched erbium-doped fibre laser

with two fibre Bragg gratings as cavity mirrors was theoretically analysed,
employing a set of rate equations for the ion populations and the photon flux
inside the cavity. The simulation considers a system where the pulsed laser
emission is produced by the temporal modulation of a Bragg grating fixed to
a piezoelectric and operating in the 1550 nm spectral region. The temporal
evolution of different frequency components of the laser emission produced is
governed by the instantaneous overlap between the two gratings. Theoretical
results are in agreement with previously reported experimental values.

Keywords: Fibre laser, erbium, Bragg grating, Q-switching

1. Introduction

Erbium-doped fibre lasers (EDFLs) have a variety of potential
applications, as sources for wavelength division multiplexing
(WDM) and soliton communications systems, and in sensor
devices, optical time domain reflectometry, non-linear
phenomena studies and applications, etc. Continuous-wave,
Q-switching and mode-locking laser systems constructed by
using doped fibres have been demonstrated. High continuous-
wave powers (>100 W) have been achieved with fibre lasers
by using the cladding pump technique. Inthe pulsed operation
regime (the Q-switched mode), the energy storage that can be
achieved within conventional single-mode erbium-doped fibre
limits the maximum energy. The use of fibre Bragg gratings
to develop the laser cavity allows one to operate the laser
with a narrow linewidth because of the frequency-selective
reflectivity of such gratings. They act as high-reflectivity
mirrors for the laser emission wavelength, but are transparent
to the pump radiation, allowing the obtaining of very low-loss
resonators. This has the additional advantage that an all-fibre-
in-line laser system can be developed [1-5].

Recently, we reported the performance of a Q-switched
erbium-doped fibre laser operating with two fibre Bragg
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gratings as cavity mirrors where the temporal modulation is
performed fixing one of the gratings to a piezoelectric (PZT:
Pb(Zr~Tii_x) element [6, 7]. Applying voltage pulses to
the PZT, the laser cavity was modulated. By using this simple
scheme, a Q-switched laser output has been generated with
high laser efficiency of energy conversion. Q-switched laser
pulses of 0.5 W peak powers were obtained pumping at 76
mW at 18.5 kHz and an energy conversion efficiency of 26%
was obtained. Typical laser emission had temporal widths of
2-3 fis and an optical bandwidth of ~0.1 nm. The results
depend on the pumping level of the active medium. In
particular, exciting the medium at pump powers larger than
six times Ppj, where PPth is the pump power of the laser
threshold, produces not an increase in the laser output but the
generation of additional laser peaks. A similar scheme has
been reported before, but its performance was quite poor [8].
In view of the importance of fibre lasers and of the
necessity of having perfect knowledge of the device operation,
it is important to obtain a correct description of the laser
evolution. So, we analyse here the behaviour of the Q-
switched laser by using a general theoretical model based on
ahomogeneous, three-level approximation of amplification in
erbium and compare the results with the behaviour of our Q-
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switched erbium fibre laser based on a modulation produced by
a Bragg grating fixed to PZT. The laser cavity was simulated
assuming that its wavelength (frequency) distribution has a
different temporal modulation for each component.

2. Theoretical model and results

The system is shown schematically in figure 1. The laser
resonator consists of a fiore WDM coupler, a segment of
erbium-doped fibre and two fibre Bragg gratings acting as
mirrors. In the previous experimental work, we employed
as the gain medium 5.5 m of erbium-doped fibre containing
790 ppm Er3+ with a core diameter of ~4.8 ¢¢m, a numerical
aperture (NA) of 0.21 and a confinement factor (T) of 0.59.
Excitation was produced at 0.98 fxm. By means of the
pumping action, population from the mmanifold (level 0) is
transferred to the 4li :VZIeveI (level 2). Excited ions inthe4in
state decays to the 4ligdZmanifold (level 1, with a lifetime of
ri « 10 ms) in tens of microseconds, mainly in a non-radiative
way. Lasing action occurs in the 41idZ-* 4lis/£transition. In
general, the populations are not uniform along the amplifying
path. However, for the sake of simplicity we assume that there
is uniform volume excitation of the doped fibre. It is also
assumed that there is no excited state absorption at the pump
wavelength.

In the theoretical comparison, the erbium-doped fibre
laser is treated as a three-level homogeneous system. For
the continuous laser regime and pumping into the 0.98 /xm
absorption band, the population in the 4ln/£ manifold is
negligible in relation to the population in the other levels
(t£ « q) and the theoretical model may be considered as
a two-level approximation. This could not be so for a high-
repetition-rate pulsed regime, where the pump period would be
of the same order as X - The laser dynamics, in this case, can
be described by the usual set of coupled rate equations for the
photon number and the normalized populations corresponding
to the active levels [1, 9-13]:

where r = t/x\ with x\ ~ 10 ms the decay time of the
upper level of the active medium and t the time; im is the
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photon flux spectral density, no,n\,n2 are the ion populations
corresponding to the 4l is/2 411341 :VZIeveIs normalized to
the total Er3+ population and An is the population inversion
between the 4l and 4lb/4 levels, also normalized; P
represents the pumping rate normalized to 24-1; a%~ =
Ti (crem = co m) with ae, aa the emission and absorption cross-
sections of the gain medium (constants within the Bragg
gratinginfluence range); b — IN /T where/is the gainmedium
length, N the total ion concentration and T the time taken for
the light to make one cavity round trip. The decay rate of the
laser light in the cavity is given by vy,,, (r) = —yo In(RiRiir)),
where yo = x\/T is a dimensionless constant, R\ and Ri are
the mirror reflectivities (Bragg gratings) of the optical cavity
and m is the frequency index.

When the PZT is excited, the wavelength distribution
of the reflecting grating fixed to it (R2) starts to oscillate
in the spectrum with an amplitude depending of the applied
voltage. In order to correlate the experimental behaviour
of [7] with theoretical results obtained with this model, we
have simulated the reflectivity of the practical gratings (which
were characterized in that work by using an optical spectrum
analyser) with a Gaussian distribution for the reflectivity of R
and a super-Gaussian for /?2- Mathematically we express this
as

with

where X is the wavelength, X:,Xo2 and AA 1, AX. arethe central
wavelength and the bandwidth of each grating reflectivity
distribution, SX. is the wavelength modulation amplitude
and / is the excitation frequency of the PZT. The set of
coupled rate equations (1)-(5) under the cavity conditions
given by equations (6)—8) were solved numerically by using a
personal computer with the help of a fourth-order Runge-Kutta
integration method.

Typical parameters corresponding to a practical laser
system of erbium-doped fibres were employed: % = 10-2 s,
ar = 0.2 x 10-27 m2s, ay = 2.8 x 10-27 m2s, b =
14 x 102 m~2s.1, yo = 2 x 107, RA = 0.75, ki =
1540.3 nm, AAi = 0.12 nm, Roz = 0.97, Xo2 = 1540.0 nm,
AX2 = 0.38 nm, SX2= 0.4nmand/ = 18.5 kHz. A value of
590 was taken for the ratio between the time decays (ri/r3.
When a modulated voltage is applied to the PZT, the temporal
distribution of R shifts in wavelength as given by equation (6),
overlapping periodically with the reflectivity distribution of Ri
(figure 2). The amplitude of this displacement is, in principle,
dependent on the PZT voltage input. The overlap time depends
on this amplitude, the PZT frequency modulation and the
spectral widths of the two gratings.

The evolution of the cavity factor (/?j R2) determines the
laser operation. Figure 3 shows the wavelength dependence on
the temporal evolution of this product. As can be observed, the
cavity behaves differently for each laser component, shifting
in time (in this case), for the positive edge of the distribution,
from lower- to larger-wavelength components. The direction
depends on the initial spectral positions of the two gratings.
The influence of these temporal differences depends on the
modulation amplitude and frequency.
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Figure 2. The spectral dependence of the temporal modulation.

Figure 3. Spectral sweeping of the laser cavity. The spectral
distributions correspond to: (a) 1540.23, (b) 1540.26, (c) 1540.30
and (d) 1540.34 nm, respectively.

Figure 4 shows: (a) the PZT modulation voltage with a
frequency /o = 185 kHz, (b) the population inversion for the
laser transition, (C) the population of the 4n - level (n2) ad
(d) the laser autput, for apump power Pp = 4Pp<h

Figure 5 shows the behaviours adbtained for the laser
operation under different continuous pumping conditions. By
using theabove-mentioned parameters in themodel resolution,
we have dserved thet at -values larger than Pph and

S218

Figure 4. Numerical simulation with Pp = 4Ppy. (a) the
normalized PZT modulation signal at/ 0 = 18.5 kHz; (b) population
inversion for the laser transition (An); (c) population of the 4lii..
level (n2), and (d) normalized laser output.

smaller than ~2Ppjh, lasing occurs in an unstable regime with
afrequency / < /0; a ~2PPh < Pp < ~6Ppk, PZT
governs the laser oscillation and we had a stable regime with
/ = Jo; and when the pump excitation incresses to above
6Pp<h , thelaser output does not increase and the laser operation
becomes unstable with the appearance of additional laser peaks
(/ > Io). The experimental limit for stable operation wes
found to be lower (Pp 5ppj,) than the theoretical ae.
The general characteristics described using this model are in
agreement with the experimental behaviour of the Q-switched
laser described in [7].

For comparison, figure 6 shows typical experimental
pulsed laser emission, obtained with the laser systemdescribed
in [7], as well as the modulating signal at 185 kHz repetition
rate measured for the PZT. Theoretical values of the temporal
pulse width obtained from the model at 185kHz (~1 fis) are
close to the experimental ones. This value is approximately
constartt in the region of stable operation.

Figure 7 shows the spectral evolution of ane of the
pulses when the laser operates at 185 kHz. A very small
frequency shift of the maximum occurs before a ‘broadband’
distribution is achieved. The temporal distributions (@),
®), ©), (d) ad (e) corespond to the wavelengths 1540.20,
144023, 154026, 1540.30 and 1540.34 nm, respectively.
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Figure 5. Laser output behaviour under different pump conditions.
PL and PLio are the laser output power at an arbitrary pump power
and with the lowest pumping for stable operation, respectively. The
solid line represents the theoretical results and square points are
experimental data.

Figure 6. The experimental PZT modulation voltage and laser
intensity evolution.

At larger frequencies (/ /o), the frequency shift starts
to become more important and the pulses are chirped,
due to the faster frequency oscillation of the cavity. A
complementary experimental study of the spectro-tenporal
behaviour will be carried out in the near future. Figure 8 shows
the agreerment between the theoretical and the experimental
spectral distributions obtained in the 1540 nm region for the
emission of the Q-switched laser. The asymmetry observed in
both curves appears alsowhenthelaser systemoperates at 1530
and 1554 im. The spectral pulse width depends on the spectral
characteristics of both gratings and, particularly, on thet of the
grating with the narrow spectral width. Differences between
theoretical and experimental curves are due to inperfections

Q-switching of an erbium-doped fibre laser modulated by a Bragg gratinj

Figure 7. Evolution of the laser emission (theoretical) for several
frequency components (solid curves): the temporal distributions of
(a), (b), (c), (d) and (e) correspond to the wavelengths 1540.20,
1540.23,1540.26, 1540.30 and 1540.34 nm, respectively. The
normalized population inversion is also shown (dashed curve).

Figure 8. Spectral distributions of the laser emission: theoretical
(dashed curve) and experimental (solid curve).

of the spectral grating distributions used in the experimental
system.

In [7], the PZT was modulated by a square or sinusoidal
wvoltage wave. In both cases, the laser system was always
modulated at /o = 185 kHz, because PZT works better at its
resonance frequency. Also, other frequencies have harmonics
coincident with this value (18.5 kHz). Because of this, under
continuous optical excitation and with souare voltage pulses
applied to the PZT, the laser behaves similarly for frequencies
f = fo/n (Wheren is aninteger). When the pump excitation
was alsomodulated, theexcitationtime could only be increased
by 10-15% due to the PZT resonance. In these conditions, the
laser output was increased by a factor ~2 and the tenporal
width was reduced by the same factor.

3. Conclusions

A Qswitched fibre laser system actively modulated by using
a Bragg grating fixed to PZT was theoretically analysed
employing athree-level scheme for the erbium-doped fibre and
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a wavelength dependence for the temporal modulation. In our
model, we assume that the cavity length is large enough (some
metres) that thousands of modes are simultaneously excited.
Therefore the wave patterns between different waves can
become sufficiently complex that many of the cross-coupling
effects tend to be washed out on average, with the result that
only the averaged intensity of all the waves is significant [11].
Results obtained with this scheme show several characteristics
of the laser operation and they are in good agreement with
experimental data previously reported [7].
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Abstract

We report a high-repetition rate actively Q-switched all-fiber laser. The acousto-optic interaction controls the cou-
pling between co-propagating core and cladding modes and is used to modulate the optical losses of the cavity, which
permits to perform active Q-switching. Using 1.4 m of 300 ppm Er-doped fiber and a maximum pump power of 120
mW, we have obtained up to 1W peak power pulses, with a pulse repetition rate that can be continuously varied from
1Hz to 120 kHz and a pulse width that changes from 70 ns to 2.2 ps.
© 2004 Elsevier B.V. All rights reserved.

PACS: 42.55W; 42.60.G
Keywords: Fiber lasers; Q-switching

1. Introduction systems, medicine, sensing and spectroscopy. In
order to produce an erbium-doped Q-switched la-

The development of new fiber optic laser sys- ser many different approaches can be employed.
tems is of permanent interest in the optical field, Passive Q-switching can be obtained by using a
especially on the communication spectral window. saturable absorber constructed by inserting a seg-
In particular, erbium-doped fiber lasers have ment of samarium-doped fiber into a ring cavity
shown a variety of potential applications, such as [1]. Active Q-switching was performed using an
sources for WDM and soliton communications electro-optic modulator, an acousto-optic modula-

tor (AOM), or an intensity modulator based in the

* Corresponding author. Tel.. 34 963983431; fax: 34 transmission of a COUpIer in the _CaVIty _[2-4]'
963983146, On the other hand, U-V written fiber Bragg
E-mail address: antonio.diez@uv.es (A. Diez). gratings (FBGS) as a reliable fiber technology has
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generated very important advances in the develop-
ment of fiber-based devices and systems. In partic-
ular, FBGs can be used as all-fiber mirrors to
define a Fabry-Perot cavity. The laser emission
wavelength is, in this case, determined by the
Bragg wavelengths of the fiber gratings. Many de-
signs of fiber lasers for optical communications,
making use of fiber gratings to the resonant cavity,
have been previously reported [5].

In a previous work, we demonstrated active Q-
switching of an erbium-doped fiber laser that em-
ploys a pair of fiber Bragg gratings as reflective
mirrors. The laser operation was based on modu-
lating the Bragg wavelength of one grating fixed
to a piezoelectric ceramic tube. By using this very
simple scheme, we obtained a Q-switched laser in
the erbium spectral gain region with a high laser
efficiency of energy conversion. Pumping at 76
mW and operating the laser at 185 kHz, an effi-
ciency of 26% was achieved [6,7].

Recently, Liu and co-workers [8] demonstrated
an actively Q-switched fiber laser in which an
acousto-optic-based fiber attenuator [9,10] placed
inside the cavity was employed to actively control
the cavity losses. Microbending induced in the fi-
ber by a flexural acoustic wave produces resonant
coupling between the fundamental core mode and
cladding modes, which are rapidly attenuated by
the fiber coating [11]. Pulses of several pJ per
pulse, 150 ns wide and a repetition rate of up to
5 kHz was reported.

In this paper, we report an optimized design of
a Q-switched all-fiber laser based on the idea re-
ported by Liu and co-workers [8]. We have in-
cluded two modifications to Liu’s design to
improve the performance of the system. First, we
used photosensitive erbium-doped fiber, so that
the FBG used as reflective elements were written
in the active fiber itself, giving rise to a splice-less

laser cavity. Second, to enhance the efficiency of
the acousto-optic attenuator, it was made on a
section of fiber that was tapered down using a fu-
sion-and-pulling technique. This allows making
acousto-optic attenuators as efficient as the one
used in [8], which was made using HF etching,
but with smaller reductions of the fiber diameter.
This is relevant to the performance of the
Q-switched laser, i.e. the maximum repetition rate
achievable, since the time response of the attenua-
tor shortens as the fiber diameter increases due to
the dependence of the acoustic velocity with the
diameter [11].

We demonstrate a Q-switched laser with up to 1
W peak power, pulses from 70 ns to 2.2 ps wide,
and a pulse repetition rate that can be continu-
ously varied from 1Hz to 120 kHz.

2. Experimental setup and results

Fig. 1 shows a schematic diagram of the Q-
switched erbium-doped fiber laser. The fiber used
in the experiments was an erbium-doped german-
osilicate fiber containing 300 ppm Er3+, with a
cut-off wavelength of 965 nm, and a numerical
aperture (NA) of 0.23. Two Bragg gratings,
FBG1 and FBG2, were written on the core of
the Er3+doped fiber by UV exposure using a
doubled argon laser and a uniform period phase
mask, to define a cavity of 140 cm in length.
The fiber was hydrogen loaded to enhance its
photosensitivity. The Bragg wavelength of both
FBGs was 1546.6 nm. The reflectivity of FBG1
and FBG2 was 60% and 99%, respectively, and
the bandwidth was 0.15 and 0.25 nm.

The acousto-optic attenuator was implemented
on the Er3+doped fiber itself. Flexural acoustic
waves were imposed on the fiber using a piezoelec-

Fig. 1. Experimental setup.
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trie transducer (a PZT ceramic disc of 1cm diam-
eter) driven by a RF signal, and an aluminum horn
(see Fig. 1). The acousto-optic interaction takes
place in a section of 8 cm long of the Er3t+ fiber.
To enhance the acousto-optic interaction, this sec-
tion of fiber was tapered down from 125 to 80 pm
in diameter using a standard fusion-and-pulling
tapering technique [1Z7]. We found that resonant
coupling between the fundamental core mode
LPO and the LP212 cladding mode occurred at
around 1.55 pm when the frequency of the RF sig-
nal was 1.2 MHz. Fig. 2 shows an example of the
transmission spectrum of the fiber when an RF sig-
nal of 1.201 MHz and an amplitude of 15V was
applied to the piezoelectric. An attenuation peak
centered at 1546.6 nm (i.e., the Bragg wavelength
of the FBGs) as deep as 16 dB is observed. The in-
set of Fig. 2 shows the tunability of the dip with
the frequency of the RF signal. Coupling from
the LPOi to other cladding modes was also ob-
served for other frequencies. Measurements shown
in Fig. 2 were done before the FBGs were written.

Fig. 3 shows the time response of the acousto-
optic attenuator. For this experiment, the fiber
was illuminated using a laser diode tuned at the
acousto-optic resonant wavelength and the FBGs
were detuned to avoid reflections from them. Fig.
3(a) shows the electrical signal applied to the pie-
zoelectric transducer and Fig. 3(b) shows the cor-

Fig. 2. Transmission spectrum when an electrical signal of 15V

and 1.201 MHz is applied to the piezoelectric. The dip is caused

by the resonant coupling between the LPoi core mode and the

LP12 cladding mode. Inset: acousto-optic resonant wavelength
as a function of the RF frequency.
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Fig. 3. Time response of the acousto-optic process, (a) Electri-
cal signal applied to the piezoelectric and (b) light transmission.

responding optical transmission. The switching
time, i.e., the time that the signal takes to change
from 100% to 0%, is about 50 ps. This value is
an order of magnitude shorter than the best value
reported in [8]. A delay of 30 ps between the elec-
trical and the optical signals is also observed,
which is caused by the overall system that gener-
ates the acoustic wave.

The active medium was pumped through a
W DM coupler using a pigtailed semiconductor la-
ser diode (980 nm, 125 mW of maximum optical
power). The optical output from FBG1 was de-
tected using a 125 MHz bandwidth InGaAs photo-
detector. The efficiency of the fiber laser in CW
operation (without acoustic excitation) was about
5% and the threshold was 4 mWw.

To perform Q-switching, the RF signal was
amplitude modulated by a rectangular wave of
variable frequency and duty cycle. This modula-
tion produced on-off periods of the acoustic wave
being imposed to the fiber, which results in a mod-
ulation of the cavity losses at the laser emission
wavelength.

Fig. 4 shows an example of the laser system run-
ning at 10kHz. Fig. 4(a) is the laser signal and Fig.
4(b) shows the modulation signal. The duty cycle
was adjusted to optimize the amplitude and the sta-
bility of the pulses. Fig. 4(c) shows the perform-
ance of the fiber attenuator under the same
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Fig. 4. (a) Laser output when operating at 10 kHz. (b)
Corresponding modulation signal, (c) Light transmission under
the same piezoelectric excitation.

piezoelectric excitation. This measurement was
done in a similar way as in Fig. 3 (with no pump
and detuning the FBGs to avoid reflections), and
it shows that just a few percent of attenuation
change is enough to generate Q-switching. Fig. 5

Fig. 5. Laser output when operating at 120 kHz.
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shows an example of the laser operating at 120
kHz. Higher repetition rates could be attainable
by reducing the time response of the acousto-optic
attenuator. This could be achieved, for example,
by shortening the length of the acousto-optic
attenuator, provided that enough acoustic power
is available to obtain the required attenuation level
to perform Q-switching.

Fig. 6(a) gives the output peak power of the Q-
switched laser pulses against the continuous pump
power, for several repetition frequencies. Pulses of
up to 1W were obtained at low frequencies. Pulse-
to-pulse fluctuation of the peak power was typi-
cally about 5%. Fig. 6(b) gives the peak power
and the pulse width as a function of the repetition
rate, when pumping at 8 mW. Around 1-2 kHz
the peak power starts to decrease significantly
and the pulse width to increase, as expected for a
medium with an upper-level effective lifetime of 1
ms. Pulses from 70 ns to 2.2 ps wide were obtained.
The long microsecond pulses at high-repetition
rates may limit the use of the system in some appli-
cations. Shorter pulses could be obtained by
reducing the length of the laser cavity and also
by improving the time response of the acousto-
optic modulator.

Fig. 6. (a) Optical peak power versus continuous pump power,
for several pulse repetition frequencies, (b) Optical peak power
and pulse width against pulse repetition frequency when
pumping at 85 mW.
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3. Summary

In summary, we have reported a high-repetition
rate acoustic-induced Q-switched all-fiber laser. A
single piece of Er3+doped germanosilicate fiber
has been employed to make the laser, writing the
FBGs and performing the modulation of the cav-
ity losses in the fiber itself. Q-switching was per-
formed by controlling the optical losses in the
Er3t+ fiber by coupling fight from the core mode
to cladding modes using flexural acoustic waves.
The active Q-switching can be operated continu-
ously from 1Hz to 120 kHz and the pulse width
changes from 70 ns to 2.2 [is. Using 1.4 m of 300
ppm Er-doped fiber and pumping powers lower
than 120 mW, up to 1 W peak power pulses were
achieved at 2 kHz repetition rate.
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Abstract

By using the Radon-Wigner transform (RWT), we analyze the temporal selfimaging or Talbot effect for producing well-conformed
pulse trains with variable repetition rates and duty-cycles. The relationships linking the selfimaging conditions with the fractional orders
of the RWT are first obtained for unchirped pulse trains. Then, we extend the analysis to chirped pulse sequences by deriving the con-
ditions to be fulfilled by an equivalent unchirped pulse train producing the same selfimage irradiances. This result becomes relevant for
observing well-defined high order fractional selfimaging, which are of interest due to their repetition rate multiplication. Besides, the
effect of the finite extension of the pulse train on the selfimage quality is analyzed and a condition is found for relating the required min-

imum pulse number with the chirp parameter of the pulses.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Pulse propagation; Temporal Talbot effect; Phase-space signal representations

1 Introduction

The development of techniques for the analysis and
synthesis of ultrashort optical pulses has become of most
importance in the field of optical communications, pho-
tonic signal processing and ultrafast optics. The charac-
terization of the optical pulses can be performed from
direct interferometric measurements in different domains
such as time (t), frequency (v) or in a combined phase-
space domain (t, v). Signal analysis using phase-space rep-
resentations, like the Wigner distribution function
(WDF), has been successfully applied to describe the sys-
tem properties in several spatial optics applications [1-3].
Related with the WDF, a formalism based on the frac-
tional Fourier transform (FRT) was developed in recent
years to describe the properties of many optical devices

Corresponding author.

E-mail addresses: daborde@ciop.unlp.edu.ar (C. Cuadrado-Laborde).
ricardod@dop.unlp.edu.ar (R. Duchowicz), esicre@uade.edu.ar (E.E.
Sicre).

0030-4018/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
d0i:10.1016/j.optcom.2007.03.021

in the spatial domain [4-10]. The FRT of a given optical
signal can be also considered as a dual phase-space signal
representation where the fractional order p varies from
zero (only space information) to one (pure spatial fre-
quency information). Several optical devices were pro-
posed for implementing the spatial FRT, either through
guided light transmission in a medium having a quadratic
refractive index profile [4] or by combining lens action and
free-space propagation [5]. Besides, an alternative inter-
pretation of the FRT was given in connection with the
Radon-Wigner transform (RWT) [/ The RWT is
obtained by performing a phase-space coordinate rotation
of the WDF associated with the signal followed by a pro-
jection of this rotated WDF into the spatial frequency
axis. An optical setup was proposed to implement the
RWT of a one-dimensional input signal employing a vari-
focal lens device [9]. The RWT was successfully applied in
signal processing as e.g., in the analysis and synthesis of
multicomponent linear FM signals [11,12] and for enhanc-
ing resolution in ultrasound imaging [13].
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On the other hand, the space-time duality theory was
developed based on the analogy existing between the prop-
erties of quadratic-phase filters and Fresnel transforms in
the spatial domain and the time impulse responses of differ-
ent dispersive media and the frequency modulation of time-
varying pulses in guided light transmission [14-18]. In this
way, well known concepts and experiments developed in
the framework of spatial optical systems can be transferred
to the temporal domain thereby providing new ways for
analyzing and processing time optical signals. Among sev-
eral applications (as eg., spectrum analyzers, temporal
microscopy and pulse compression), temporal selfimaging
or Talbot effect was implemented in order to produce peri-
odic pulse trains with minimum distortion and different
repetition rates [19-26]. Although selfimaging is a linear
phenomenon, it has been also applied in connection with
some nonlinear phenomena, such as Raman pulse com-
pression [27], soliton generation [28] and cross-phase mod-
ulation [29].

In this paper we analyze the pulse trains conformation,
which is produced from a proper combination of dispersive
transmission and phase modulation applied to a periodic
input signal, by employing an approach based on the tem-
poral RWT and its connection with temporal selfimaging.
To this end, we generalize a previously reported optical
implementation of the RWT that is based on the space-
time analogy and the theory of temporal imaging [30]. In
that work, a relationship for obtaining the fractional orders
p for which the FRT’s coincide with a certain selfimaging
condition was derived for the particular case of unchirped
periodic pulse trains. Now, we extend the RWT signal
description for analyzing pulse train conformation in the
more realistic case of finite periodic pulse trains where
the individual pulses are frequency chirped. The new condi-
tions, for obtaining the fractional orders for which self-
images can be found, are derived by performing the
analogy between our chirped pulse train and the equivalent
unchirped pulse train, which would produce the same
RWT at the specific fractional orders associated with selfi-
maging. The role of this unchirped pulse train is rather sim-
ilar to the equivalent dispersion line which was used by
Chantada et al. [31] in the spectral analysis of the temporal
Talbot effect, without considering time lens action. We also
investigate the relation between the number of pulses N
that is required for obtaining a well-defined selfimage and
the spectral content of the pulse trains. It is derived a rela-
tionship between N and the pulse chirp parameter which is
corroborated in the numerical simulations.

In Section 2, we summarize the basic definitions of the
FRT and the RWT in the spatial domain, together with
the link between the FRT and the general spatial selfimag-
ing. In Section 3, we introduce an optical definition of the
RWT in the temporal domain. In Section 4, we analyze the
temporal selfimaging by using the RWT formalism. The
general relationships for producing integer and fractional
selfimages of a finite, periodic chirped pulse train are
obtained here. In Section 5, some numerical simulations
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are shown which illustrate the derived results. As we shall
see, the previously found relationship betweenp and selfi-
maging, for the case of unchirped pulses, can be approxi-
mately applied for obtaining integer selfimages of an
input chirped pulse train with small distortions. However,
for the case of fractional selfimaging (which is of interest
due to its repetition rate multiplication capability), the gen-
eral relationships obtained here should be used for observ-
ing well-conformed pulse trains.

2. FRT and selfimaging: definitions and basic relationships
in the spatial domain

The FRT can be defined explicitly in standard notation
as an integral transform [4,5,10] as well as in several differ-
ent ways [10]. We prefer to use the definition which
involves a given rotation in the phase-space plane of the
WDF [7,20]. The FRT of a given signal uq(x) can be found
by performing the following steps

being

@
the WDF associated to the input signal, which is a dual sig-
nal representation defined in a phase-space: spatial coordi-
nate (x) vs. spatial frequency (V). In Eq. (1), Ry is the
rotation operator acting on the WDF which changes
te. V) => (i, V) = (xcos O —vsin  vcos () + x sin B, being
() = pn/2. Thus, the FRT modulus squared of uo(x) is ob-
tained: (i) by passing to the WDF domain, (ii) rotating the
WDF by an angle ¢and (iii) by performing a projection
into the spatial frequency axis. As these two last steps rep-
resent the Radon transform of a signal, pp(x)J2 is also
called the Radon-Wigner transform (RWT) of Mo(X).

The FRT of a given one-dimensional space signal Uo(x)
can be optically implemented by properly combining lens
action and light propagation. This combination can be per-
formed either in a distributed or in a tandem way. In the
first case, light transmission in a guided medium having a
quadratic refractive index profile (like a GRIN medium)
originate the successive FRT’s of increasing fractional
orderp [4]. We focus our attention in the second approach
where Lohmann proposed two simple setups for obtaining
the FRT [5]. In one of them, the input signal u0(x) is illumi-
nated by a monochromatic plane wave of wavelength X,
then interacts with a first lens of focal length/, then it prop-
agates by a distance z, and it again interacts with a second
lens having the same focal length/. The amplitude distribu-
tion after the second lens, which can be expressed as a
proper scaled Fresnel integral, becomes the FRT of the
input object being denoted as up(x) = 3{uQ(x)} where
0</?< 1 The geometrical parameters are related withp as
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(32)
(30)

being/ a scaling factor. Ifp = 0 the FRT becomes uqg(x),
and ifp = 1the FRT becomes the normal Fourier trans-
form of M(x). For other values ofp, the FRT exhibits both,
mixed space and spatial frequency information about the
input signal. As we are mainly interested in the light irradi-
ance, «/,(*) Ris the magnitude to be considered. As it was
proved in [7], \up{x)" displayed in a two-dimensional do-
main (x,p) becomes the RWT of the object Hy{x). The
RWT is a bilinear, phase-space signal description which
is very useful in signal processing [11-13], Thus, if a
RWT display is obtained for 0 <p < 1, the information
about the input signal uo(x) continuously changes from a
spatial representation (p — 0) to a pure spatial frequency
description (p = 1.

The free-space diffraction originated by an input object
under spherical illumination is closely related to the FRT
production, as it was demonstrated in [9]. In the FRT setup
described above, the first lens generates the spherical wave
being the only difference with free-space diffraction the
second lens action introducing a quadratic-phase factor.
However, this effect is not relevant since the irradiance is
the magnitude to be analyzed. Thus, if we choose the out-
put plane placed immediately behind the second lens and
we select the radius of the illuminating spherical wave
R—f and the propagation distance z accordingly with
Eqg. (3), the output irradiance 7,u(X) can be written as

@)
where uR{x\z) is the Fresnel pattern diffracted by wo(*) a
distance z=f0sm(piz/2) when the object is illuminated
with a spherical wave of radius R = f = /Q'tan(p7r/4).
In the particular case of a periodic object uo(x) = t(x; d)
(being d the spatial period), if t[x\d), located atz= O, is
illuminated with a spherical wave converging to z= R,
selfimages appear at the distances z = sMd2/X, being
M — (R —z)/R and s —n/m, where n and m are integers
(see e.g., [21]). Two kind of selfimaging should be distin-
guished: (i) integer or Talbot selfimages, for which's = n
(i.e., m = 1), having periods M x d, and (ii) fractional or
sub-Talbot selfimages, for which n and m are coprime
integers and m ~ 2, having periodsM x d/m. From these
Talbot conditions, and by taking into account Eq. (4), the
relationship between the selfimage patterns of t(x] d) and
the FRT is obtained as

®)
where the specific valuesp = ps for which Eq. (5) is satis-
fied are given by

(6)

and the selfimage period dT results as

U]

Egs. (5)-(7) include both fractional and integer selfimaging.
The fractional orders associated with the integer selfimage
conditions are derived from Eq. (6) by placingm — 1 Thus,
for the fractional orders obtained from Eq. (6), the irradi-
ance of the FRT (or equivalently, the RWT) becomes iden-
tical to demagnified replicas of the input periodic object
with a period dT given by Eqg. (7). In the next section, we
extend the RWT definition to the temporal domain for
analyzing pulse train transmission in dispersive media
using the space-time optical analogy. Pulse trains having
a constant repetition rate are the equivalent time signals
to the periodic objects of the spatial domain.

3. Temporal Radon-Wigner Transform (RWT)

The space-time duality theory is based on the mathe-
matical analogy existing between the impulse response
functions associated with spatial and temporal optical
components. By using this analogy, pulse transmission
devices can be developed having the same properties in
the time domain that those having the amplitude distribu-
tions produced by the ““analogue’ or spatial counterparts
[14-17]. In the temporal domain, a time lens introduces a
quadratic-phase modulation into the time-varying signal.
Besides, a dispersive medium (up to the first-order) has
associated a quadratic-phase spectral response with a
mathematical expression similar to that found in spatial
Fresnel diffraction. In this way, through a suitable combi-
nation of dispersion and quadratic-phase modulation into
the propagating pulses, time-domain analogues of a spatial
imaging system can be synthesized. The equivalencies
between spatial optics experiments and guided pulse prop-
agation in dispersive media can be established in the fol-
lowing way

(8a)
(8b)

In Eq. (8), zand/ are the free-space propagation distance
and the focal length, respectively, of the spatial optical sys-
tem. Besides, <o is the second-order dispersion coefficient
of the medium where the pulses are transmitted (specified
at the working central frequency co = co0) and @20 is the
quadratic phase modulation factor associated with the time
lens. The symbol <=> means that the magnitudes of the
left side (spatial parameters) should be replaced by the
magnitudes of the right side (time parameters) in order to
produce the same impulse response (in case of spatial and
time lenses) or the same transfer function (in case of Fres-
nel diffraction and dispersive pulse transmission).

The optical production of the spatial RW T was discussed
in Section 2. By using Eq. (8), a photonic device for obtain-
ing the temporal RW T associated with a time-varying signal
uo(t) is shown in Fig. 1 The input light pulse first interacts
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Fig. 1. Scheme of the optical device proposed to implement the temporal
RWT. The input signal ucfi) is first phase modulated by I(t) and then it is
transmitted by the dispersive component having the transfer function
H(@>) = exp(ii,2otu2/2). The output optical power is \up(t)\2.

with a quadratic-phase modulator (having a phase modula-
tion factor (o) and then with a dispersive medium having a
second-order dispersion coefficient <2q, after which the
resulting pulse is detected as Pout(0 = p(0]2- It should be
noted that as we are only interested in the signal irradiance
(for producing the RWT), the second time lens that would
be required for correcting the phase term of the FRT is
not needed. Now, by applying Egs. (3) and (8), the time-
domain relationships linking the setup parameters <

and (20 with the fractional order p of \uJt)l2=
|3W{«o(0}] 2 result as
(9a)
(9b)

where 00 is a scaling factor having dimensions of ps
nm rad. Thus, if the setup parameters <0 and @ are var-
ied accordingly with Eqg. (9), FRT modulus squared with a
varying fractional order p are obtained from Po\ll(t), i-C.,

(10)

Finally, two features should be kept in mind in the obser-
vation of the RWT displays of this work. First, since the
set up parameters should be continuously changed to ob-
tain Poui(t) = \up{t)», for varying p, the temporal RWT
of the input signal is sequentially produced. Second, there
is a pulse delay effect that directly depends withp (through
<0, see Eq. (9a)) which, if it is not compensated, would
originate a shear display of the RWT [30]. Therefore, to
facilitate the comparison between different fractional or-
ders p, all RWT displays of this work were temporally
aligned with the input, and thus they do not show this
shear effect.

If the complete temporal RWT is to be photonically
realized, it should be taken into account that the setup
parameters < and @0 are continuously changed accord-
ingly with Eq. (9) for obtaining P oM = wp(t)\2 for vary-
ing p. Therefore, the complete RWT display of the input
signal can only be sequentially produced and it would
require a dispersive medium with a well-controlled sec-
ond-order coefficient and time lenses with different phase
modulation factors. By this reason, we propose a humerical
implementation of the RWT in order to achieve the whole
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display (0 < p < 1) for signal analysis purposes and, when
a particular valuep = po is selected depending on the pulse
transmission required application, the optical device is only
once implemented with the parameters $2 and @
obtained from Eq. (9) by replacingp = po.

4. Periodic pulse train conformation with different
repetition rates

A very important application related with the spatial-
temporal analogy is the temporal selfimaging or Talbot
effect where conformation of periodic pulse trains having
different repetition rates can be achieved by properly com-
bining signal phase modulation (or time lens action) with
pulse transmission in guided dispersive media [19-29].
Although this subject was extensively treated by many
authors, there are several features that can be conveniently
analyzed employing the RW T approach.

By using the photonic device sketched in Fig. 1, and by
considering as input signal uo(t) a sequence of N pulses hav-
ing a pulse width T0 and a repetition period T\, the output
optical power becomes Pauk(i) = p~{wo(0}] 2> whenever
the setup parameters <t and $%b are related with p in
accordance with Eq. (9). Besides, by taking into account
Egs. (5)«7) linking the selfimage patterns and the FRT
of a periodic spatial object, a temporal analogue condition
can be found as

(11)

where the selfimage magnification factor M is given by
(12

The specific values p = p s for which the FRT becomes a
temporal selfimage, as given by Eq. (11), can be found by
transforming Eqg. (6) to the time domain, so resulting

(13)

where, as m the spatial case, s = n, withn = 1,2,3,..., for
the integer or Talbot selfimages and s = n/m (being n and
m coprime integers and m ~ 2) for the fractional or sub-
Talbot selfimages. The main difference between integer
and fractional selfimaging, as replicas of the input pulse
train, are: (i) the repetition rates are T\xcos{psn/2) and
Ti/mxcos(psn/2) for integer and fractional selfimages,
respectively, and (ii) the duty-cycle T4 Ti remains un-
changed for the integer selfimages while it is multiplied
by m for the fractional selfimages. In this way, if the whole
RWT display is generated from a given input pulse train
uo(t), output pulse trains having different repetition rates,
and equal or different duty-cycles, can be produced by
choosing the setup parameters <20 and @0 in accordance
with the selected values ofps.

For establishing the spatial-temporal selfimaging anal-
ogy, periodicity becomes an essential condition. In the spa-
tial domain, a finite object may easily have N s 103
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diffracting lines, being its space-bandwidth product large
enough for considering it as a periodic object. In this case,
a large number of well-defined selfimages can be observed.
The situation is completely different in the temporal
domain. Although pulse trains having constant repetition
rate and time duration long enough as to be considered a
periodic time signal can be implemented, the actual number
N of consecutive pulses which can be phase-modulated by a
practical time lens and/or spectral overlapped by the
employed dispersive medium is rather limited. By this rea-
son, it is very important to establish the minimum number
of pulses N = No in order to obtain well-formed temporal
selfimages. This question was first analyzed by Azana
[26]. By considering the total time-bandwidth product Kenv
associated with the envelope of the pulse train, the selfi-
maging conditions and the relation N « AieW/Ti, being
Alerv the total temporal duration of the pulse train, they
derive the following inequality

4

where s = n/m characterizes the selfimage. Basically, this
relation states that N 0 should be large enough as compared
with the reciprocal of the pulse train duty-cycle. We here
analyze this question choosing as periodic input signal
Uo(t) a pulse train of N Gaussian-profile pulses, with repe-
tition rate T\, which can be expressed as

(15)

where A0 is the pulse maximum amplitude, T0 is the half-
width (measured at 1/e decay in power), C is the chirp
parameter and rect(f/At) = 1in a time interval At = NT\.
The Fourier coefficients aq become

(16)

In the spatial selfimaging, the so-called “walk-off’ effect or
lack of in-phase interference due to the spatial separation
of the several diffracted orders, determines the maximum
number of observable selfimages. Basically, the maximum
selfimage distance 2T is limited by the relationship
tanac= Nd/zT = qck/d, being Nd the spatial extent of the
finite periodic object, qc the maximum diffracted order that
is present in the selfimage and ac the angle subtended with
the optical axis which satisfies the grating condition
dsinac= qcL By translating this result to the temporal do-
main, by using Egs. (8a) and (9a), we abtain

1)
As hq\ is the optical power of the ~-diffracted order, we

limit the infinite Fourier expansion of Eq. (15) to a finite
Fourier series up to a maximum order qc such as

|e«o]2= 0.1, i.e., we neglect all the orders q > qc having
optical powers lower than 10% of that associated with the
zero-order. This criterion yields to different results depend-
ing on the shape of the individual pulses but it becomes
adequate for slow-varying functions like Gaussians. Thus,
gc can be derived, by using Eq. (16), from the condition

18

For a duty-cycle T¢/Ti = 0.05, it can be obtained qc= 5
for c = 0 and qc = 30 for C = —6. This means that the
pulse number N of the chirped pulse train should be in-
creased by a factor |C] as compared with the unchirped
pulse train for obtaining the same selfimage quality. This
fact will be further illustrated in the next section where
some examples were presented. Now, we are interested in
deeper analyze the selfimage formation when pulse chirping
is present by taking advantage of the RWT formalism. As
the procedure for obtaining the RWT, as shown in Fig. 1,
consists of a quadratic-phase modulation of the input sig-
nal mQ(i; C) by a time lens /(/) followed by dispersive prop-
agation (which is mathematically equivalent to delay the
signal spectrum by a quadratic transference function
H(w)), we can express the output amplitude as

19

being h(t) = 3~]{H(a>)} the impulse response associated
with the dispersive component and $-denotes convolution.
By calculating Eq. (19), it can be written as

(20)

where K is a complex constant and the approximation
At= NTi > To was used. Thus, the RWT associated with
the chirped pulse train can be obtained from Eq. (20) as

(21

being

(22a)

(22b)
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and the parameters $2 and ¢ are varied accordingly
with Eq. (9) for obtaining the whole RWT display for
0 < p < 1

Let us now investigate the relationship between the
RWT, as given by Eq. (21), and the selfimaging formation.
For the particular case of an unchirped pulse train, this
relationship was previously given by Eqgs. (11)~+13). Thus,
we reformulate the problem in the following way. We ana-
lyze the properties of the unchirped pulse train ito(t;C = 0)
that would produce the same RWT for selfimaging as it is
given by the output irradiance of Eq. (21). If T\ and To
denote the repetition rate and pulse width of uQ(i; C = 0),
then the output irradiance can be obtained by properly
using Egs. (21) and (22) with C = 0, i.e,,

(23

(243)

(24b)

where the unknown values of $20, &o, Ti and TOare to be
determined by equalizing Egs. (23) and (21), since the same
output irradiance was required. From this condition, we
derive the following three relationships

(258)

(25b)

(230)

By using Eq. (25), we intend to solve the following ques-
tion. We have two different pulse trains: (i) one chirped
uo(t] €) having known parameters {T\, T0,C / 0) for which
the fractional ordersps associated to the selfimages are un-
known; (ii) a second unchirped pulse train uQ{/; C = 0),
with Ti and To as unknown parameters, for which the frac-
tional order ps corresponding to a selfimage condition can
be obtained from Eq. (13) (since C = 0), i.e.,

(2)

Unfortunately, Eq. (26) can not be solved since Ti is un-
known. However, by returning to the previous heuristic
analysis (Egs. (15)<18)), we conclude that the main differ-
ence between chirped and unchirped pulse trains for pro-
ducing selfimaging lies in the number of required Fourier
coefficients rather than periodicity. Hence, we introduce
the condition T\ = Ti, approximation which is to be justi-
fied from the results shown in the next section. Now, we
can solve Eq. (26) for obtaining ps. By using Egs. (25a)
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and (25¢), together with Eq. (9), we derive the following
relationship to found the values ofps

@7)
Finally, from Eqg. (25b) it results
(29)

Thus, we arrive to the following result: The selfimages
produced by a chirped Gaussian pulse train uo(t; C), with
pulse width T0 and repetition rate 7j, which are observed
at p =ps in its RWT display, are the same selfimages
originated by an unchirped Gaussian pulse train
zio(i;C=0), having the same repetition rate T\ = T\
and pulse width TO= TO/\/1+ C2, obtained at p=ps
(derived from Eqg. (26) with T\ = T\) in its corresponding
RWT display. The relationship linking ps and ps is given
by Eqg. (27) being their main difference the term involving
CTda®@(l + C2. As we shall see in the next section, for
the first selfimage (j = 1) and its associated fractional self-
images (s= Um, with m » 2), with C ——6, a0 = 1.42
ps2/nm rad and X = 1550 nm, from Eq. (27) it can be ob-
tained p = 1.OOIps. However, this slight variation in the
selected fractional order of the RW T becomes very impor-
tant for observing or not fractional selfimaging of high
repetition rate multiplication (m > 10). As a final remark,
Chantada et al. recently presented a spectral analysis of
the temporal Talbot effect by only employing fiber disper-
sive lines [31]. The relationships we obtained between <20
and s20 (as given by Eg. (25¢c)) (or equivalently, between
ps and ps as given by Eq. (27)) using the tandem time
lens-dispersive line of Fig. 1, reduce to the equivalent
dispersion defined in Eq. (5) of [31], when unitary magni-
fication M = M = 1 is considered. For this particular
case, from Eq. (25a) it results Ti = T\ and the relation-
ships given by Egs. (27) and (28) are obtained without
any approximation.

5. Numerical results

We now illustrate the selfimaging formation properties,
discussed in the previous section, by analyzing the RW T of
the three following Gaussian periodic pulse trains, all of
them having a constant repetition rate T\ = 40 ps, pulse
width To = 2ps and a mean wavelength A = 1550 nm: (i)
N =21 pulses, C=0; (ii) N = 2L pulses, C= —6; (iii)
N = 129 pulses, C = —6. Accordingly with the analysis
done after deriving Egs. (17) and (18), the pulse train
(iii), having a pulse number |C] times greater than (i),
should originate the same selfimage quality as compared
with the non-chirped pulse train (i). Following the proce-
dure described in Section 3, we numerically compute the
RWT for the three pulse trains and the results are shown
in Fig. 2a-c as gray level displays. In order to better visu-
alize the behavior of the pulse trains, a time interval of
100ps is shown for which only three consecutive central
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Fig. 2. Gray level displays of the RWT associated with three periodic
pulse trains, all of them having a constant repetition rate T\ = 40 ps, a
pulse width TO= 2 ps and a mean wavelength X= 1550 nm. In (@) N = 2\
pulses, C=0; in (b) N = 21 pulses, C= —6; and in (c) N —129 pulses,
C —- 6. In the three displays, the temporal and fractional order
resolutions are At = 0.06 ps and Ap = 0.001, respectively. For sake of
clarity, only three central pulses of the input are shown.

pulses of the input trains can be observed. Besides, for pro-
ducing well-defined selfimages we restrict the selfimaging
orders to be analyzed to the range O<p <px being px
the fractional order associated with the first integer selfim-
age (s= 1. For obtaining repetition rate multiplication
capability, fractional selfimages are to be also considered
for these values ofp. For the unchirped pulse train (i), it
can be obtained from Eq. (13) px « 0.4004. By considering
this value ofp, the RWT displays of Fig. 2 are only shown
for 0 < p < 05. Next, we analyze the selfimage irradiances
for certain values of the fractional order p. In Fig. 3, the
output irradiances \up(t)\2 obtained from each RWT dis-
play are shown forp = px As it is expected, it can be seen
in (a) a well-formed selfimage of the pulse train (i) having
the repetition period Tx— T\ X cos(npx2) « 32.4ps
(accordingly with Eqg. (12)) and a duty-cycle of 0.05 identi-
cal to the input pulse train. In (b), a small distortion in the
selfimage of the chirped pulse train (ii) can be observed.
Two different distorting effects are present here: the num-
ber of pulses should be increased for obtaining a selfimage
quality similar to the unchirped case, and the fractional
order should be corrected, as it is established by Eq. (27),
for chirped pulses. However, as it is shown in (c), the self-
image irradiance of the pulse train (iii), for which the num-
ber of pulses is increased by |C] = 6, becomes identical to
(a) and the mismatch effect in p (due to pulse chirping) is

Fig. 3. Output optica] powers, associated with the first integer selfimage,
obtained from the slices atp « 0.4004 of each one of the RWT shown in
Fig. 2a-c.
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negligible. Now, we analyze the irradiances of \up{t)* for
p 8 0.0289. As it can be derived from Eq. (13), this value
ofp corresponds to the fractional selfimage s — 1/16 (i.e.,
m = 16) of the unchirped pulse train (i). The three irradi-
ances are shown in Fig. 4. In (@), the irradiance resembles
the input pulse train with a certain distortion level. In this
case, the small amount of dispersion <2o required to obtain
p « 0.0289 is not enough to spectrally overlap the pulses.
By inspection of Fig. 2a, it can be concluded that fractional
unchirped sefimages can only be observed forp ~ 0.1 In
Fig. 4b and c, the fractional selfimages corresponding to
the chirped pulse trains (ii) and (iii) appear severely
distorted. In (), although N is increased by | as
compared with (b), the mismatch effect in the selection of
p (by using Eqg. (13) instead of Eq. (27)) becomes relevant.
However, as it was discussed after deriving Egs. (27) and
(28), there is an unchirped equivalent pulse train, with rep-
etition period T\ = T\ = 40ps and pulse width To=
2ps/\/1+ c2a0.33 ps, which originates the same selfim-
age irradiances as (ii) and (iii). The RWT of this equivalent
pulse train is shown in Fig. 5a, where it can be observed
that this display is almost identical to the RWT associated
with (iii) (shown in Fig. 2c). To corroborate this equiva-

Fig. 4. Output optical powers obtained from the slices at p « 0.0289 of
each one of the RWT shown in Fig. 2a-c. This value ofp is associated with
the fractional selfimage m = 16 of the unchirped pulse train. It can not be
observed in (a) (due to the low amount of dispersion $2o associated with
this p), and it is not formed in (b) and (c) due to the shifting effect in the
selection of p that should be done for chirped pulses.
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Fig. 5. (a) Gray level display of the RWT corresponding to the equivalent
unchirped pulse train (associated with the chirped pulse trains of Fig. 2b
and c), having a repetition rate T\ = 40 ps and a pulse width To ~ 0.33 ps.
The temporal and fractional order resolutions are the same as in Fig. 2
and, for sake of clarity; only three central pulses of the input are shown,
(b) Output optical power which can be obtained either from the slice at
p « 0.0289 of the RWT shown in (a) or from the slice at the corrected
value p « 0.0301 of the RWT shown in Fig. 2c. Now, a well-defined
fractional selfimage m = 16 can be observed.

lence, we derive from Eq. (13) (or equivalently from Eq.
(26)) the fractional order for s — 1/16 resulting
Ps = 0.0289 (that is the same p as it was used in Fig. 4).
By employing Eq. (27), the corrected fractional order asso-
ciated with s= 1/16 for the chirped pulse train results as
ps ~ 0.0301. Fig. 5b shows the output irradiance obtained
either from the RW T of the chirped pulse train (iii) (shown
in Fig. 2c) forp « 0.0301 or from the RWT of the equiva-
lent unchirped pulse train (shown in Fig. 5a) for
p ~ 0.0289, so verifying the results found in Section 4. In
order to better illustrate the pulse conformation effect,
for the chirped and the equivalent unchirped pulse trains,
we show in Fig. 6, a small range 0.2218 ~ p ™ 0.2245 of
the two RW T of Figs. 2c and 5a. Thisp -range corresponds
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Fig. 6. Enlarged view of the gray level displays of the RWT of Figs. 2c
(left side) and 5a (right side). The output optical power corresponding to
the fractional selfimage s — 1/2 (m = 2) can be obtained either from the
slice at p  0.2221 of the RWT (right side) or from the slice at the
corrected value p ~ 0.2231 of the RWT (left side).

to the fractional selfimage s = 1/2 (i.e.,, m = 2). By direct
inspection of Figs. 2c and 5a there is no perceptible differ-
ence between both RWT displays in the neighborhood of
p N 0.22. However, it can be seen in Fig. 6 that both
RWT becomes identical (and so, the associated selfimage
irradiances) only for psss 0.2232 (left display, chirped
pulses) and ps ~ 0.2221 (right display, unchirped equiva-
lent pulses). For other values ofp (no satisfying a selfimag-
ing condition), both RWT of Fig. 6 become slightly
different. In summary, it can be observed that an additional
dispersion is required to observe a selfimage when each
optical pulse of the input is chirped, i.e. from p$ « 0.2221
(forC = Q)tops « 0.2232 (for C = -6). This is so, because
when the chirp parameter and the dispersion have opposite
signs, the length of the medium can be split in two positive
contributions, i.e. L = Lc + Lj, assuming that an optic
fiber is used as the dispersive medium. The first length of
the line (Lc) is used to compress the pulses in the input
train individually, and the remaining length of the fiber
(Lt) produces the corresponding Talbot selfimage of the
compressed pulses train [31].

6. Conclusions

We have presented a method of signal analysis and pro-
cessing in the time domain based on the RWT description.
By employing the space-temporal analogy, a photonic
device for producing the temporal RWT was proposed
which can be used to originate optical pulses having certain
predetermined properties which are of interest in pulse
transmission applications in different dispersive media.
This approach was applied to analyze several features of
the temporal selfimaging or Talbot effect. It was compared
the selfimage formation of unchirped and chirped periodic
pulse trains. The possibility to obtain, from a certain input
periodic train, an output with a higher repetition rate (i.e.

selfimages with high fractional order) becomes enhanced
by a muiltiplicative factor (JC]), when the input train is
chirped. Regarding with the finite extension of the pulse
trains, it was found that for obtaining the same selfimage
definition, the pulse number of the chirped pulse train
should be multiplied by the chirp parameter as compared
with the pulse number of the unchirped pulse train. The
general relationships linking the pulse train parameters
with the fractional orders for which selfimages appear in
the RWT were developed for both, unchirped and chirped
periodic pulse trains. These results become relevant when
fractional selfimages, having high repetition rates, are to
be produced since in this case the chirped pulse trains are
strongly distorted if they are originated employing the
setup parameters associated with the fractional orders cor-
responding to the similar unchirped condition.
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Fisica del Laser y Aplicaciones

La fisica del laser es un area amplia que abarca los estudios basicos de electronica
cuantica, los mecanismos macroscopicos de su funcionamiento, incluyendo el estudio de la
interaccion material activo-cavidad resonante. Dentro de este marco, el CIOp desarrollé una
extensa actividad de investigacién en temas basicos como de aplicacion del l&ser- Los
primeros abarcaron el estudio de los mecanismos de excitacion particulares que daban lugar
a la inversion de poblacion en laseres gaseosos iénicos y de moléculas diatémicas, en laseres
de colorantes organicos en solucidon y en materiales activos para laseres de estado sélido
sintonizables. Los temas de aplicacion del laser, tan amplios como pueden ser, se centraron en
la macrometrologia, micrometrologia, restauracion y éptica integrada. Cabe aclarar que la
presentacion de esta area dividida segun el estado del material activo es tradicional y se eligio
pues representa, en cierta medida, el desarrollo histérico de las lineas de investigacion en el
tema de fisica del laser.

Las investigaciones en espectroscopia laser comenzaron hacia finales de la década
del 60 en el Laboratorio de Espectroscopia, Opticay Laser (LEOL) del Dto de Fisica de la UNLP,
por un grupo numeroso de investigadores, muchos de los cuales se convertirian en los
investigadores de la linea fundacional del CIOp aproximadamente una década después.
Durante esa época y los primeros afios del Centro, los estudios se realizaban sobre la
espectroscopia de la emisién esponténeay estimulada de nitrégeno molecular (N2) y de xendén
(Xe)ysu relacién con diversos parametros experimentales como la presién del gas, forma del
pulso de corriente, temperatura, etc. El conjunto de datos asiobtenidos permiti6 describir la
cinética de poblacién de los niveles de energia involucrados, como base para una descripcion
tedrica del funcionamiento de estos laseres. Es de destacar el caso del laser de Xe que, con
diferentes configuraciones de excitacion, aun hoy sigue brindando datos accesibles a ser
interpretados por modelos de excitacion.

Con la llegada del laser de Ar y del laser de colorante sintonizable comerciales hacia
fines de los 70, se inaugura una nueva etapa en la linea de espectroscopia laser, en la que ya
no se analiza la salida del laser, sino que se lo utiliza como herramienta para estudiar
procesos fotofisicos en diversos materiales. En particular, se emprende un estudio sistematico
de la fotofisica de moléculas organicas de la familia de las cianinas, tanto por su importancia
como absorbente saturable para la generacion de pulsos ultracortos como por su parecido
quimico con las moléculas que forman los pigmentos naturales biolégicos. Para ello se
utilizaron técnicas espectroscépicas de alta relacion sefial-ruido, como fluorescencia inducida
por laser, espectroscopia fotoacUstica y lente térmica. Una de las complejidades de los
mecanismos de excitacién de estas moléculas es la generacién de una especie transiente,
inducida por absorcion de la radiacion de bombeo (fotoisémero), que puede retroisomerizar a
su especie original. Los resultados experimentales obtenidos fueron interpretados a través de
un modelo de excitacién y transferencia de poblacion de los niveles de energia de ambas
especies, logrando establecer la cinética del fendmeno a partir de procesos radiativos y no
radiativos internos. Técnicas similares se aplicaron al estudio de polimeros dopados con
colorantes organicos, de interés por su potencial uso como material laser sintonizable de
estado solido. En este caso, se lograron establecer los mecanismos béasicos de degradacion del
material por absorcion de la radiacion de excitacion.

A partir de la década del 90 se desarrolla una linea de estudio de propiedades 6pticas
de solidos cristalinos dopados con iones de tierras raras o metales de transicion con el fin de
investigar nuevos materiales para la optoelectrénica y para el campo de laseres sintonizables
de estado sélido. Con la llegada al Centro de un laser de Nd.YAG Q-switch con generadores de
2da, 3ra y 4ta armonicas y la posterior adicion de un generador éptico paramétrico, se
implementaron técnicas como la de bombeo y prueba, fotoacustica de pulso de ns y deflexion
térmica para estudiar el rendimiento cuantico de luminiscencia, absorcion de estado excitado
y acoplamiento electrén fonén de red de los materiales s6lidos mencionados. Los estudios se
centraron béasicamente en dos clases de cristales: haluros alcalinos dopados con tierras raras
y niobato de litio dopado con metales de transicion, este Gltimo por su excelente combinacion
de propiedades electro-Opticas, acusto-Opticas y no-lineales, que lo hace apto para
aplicaciones en Optica Integrada. En ambos casos, se demostrd la posibilidad de determinarel
rendimiento cuantico de luminiscencia y otras propiedades fotofisicas midiendo
simultaneamente las sefiales luminiscentes y fotoacUsticas para diferentes longitudes de
onda.

) Finalmente, debemos sefialar que las caracteristicas de trabajo en cualquier rama de
la Optica experimental hacen que surjan aplicaciones concretas de los resultados obtenidos.
Asi, se han realizado trabajos de aplicacion del scattering laser a la determinacion de tamafio
de particulas, medicién de velocidad de fluidos o de superficies en movimiento efecto Doppler
laser o interferencia (velocimetria laser), ablacion laser de materiales y restauracion de
piezas de arte o patrimoniales, generacién de guias de onda en piezas 6pticas (Optica
integrada).
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Laser Physics and Applications

Laser physics is a wide area of research encompassing basics of quantum
electronics, level pumping mechanisms and material-resonant cavity studies through mode
interaction. Within this framework, OOP developed an extended research activity both in
basic subjects as well as laser applications. The former include studies of the particular
excitation mechanisms responsible for inversion population in pulsed ionic and molecular
gas lasers, dye lasers and crystals for tunable solid state lasers. On the other hand, laser
applications, as vast as it can be, were addressed through macro and micrometrology, trace
analysis, art restoration and integrated optics. Note that the subsections presented here
represent mainly the chronological development of the laser physics research lines at ClOp.
Gas laser physics research has been one of the pioneering areas at ClOp, which started when
the researching staffstill belonged to LEOL, Physics Dept UNLP, many ofwhom would become
founders and pioneers of CIOp. During the first years, the studies aimed to the spontaneous
and stimulated molecular nitrogen (N2) emission spectroscopy as well as that of ionic xenon
(Xe), together with their relation to experimental parameters such as gas pressure, current
pulse, temperature, etc. These data enabled an accurate modeling of their population
inversion kinetics. It is worth to note that the Xe laser still yields new data to be interpreted by
the proposed modeling.

The purchase ofan 5 Wargon (Ar) ion laser pumped tunable dye laser by late 70's
opened a new era at CIOp in laser spectroscopy, where the laser were now used as a refined
tool to study photophysics of different materials. In particular, cyanine dyes were studied for
their importance as saturable absorbers in passive mode-locking and also for their
photochemical similarity to natural pigment molecules such as chlorophyll. One of the
complexities in the population kinetics of dyes deals with the generation ofa transient species
induced by the pump photons (photoisomer) that can change back to the original species
(backisomerization). Using high signal-to-noise ratio spectroscopies such as laser induced
fluorescence, photoacoustics and thermal tensing, the experimental results were interpreted
by an excitation and population-transfer model between the corresponding energy levels of
original and isomeric species, which helped to establish the kinetics of the different
processes. Similar techniques were applied to dye-doped polymers, in which case the basic
degradation mechanisms due tooptical pumping were established.

Since the beginning of the 90's, a new line on optical properties of optoelectronic
crystals was started around the newly acquired Q-switched Nd:YAG laser with harmonic
generators. In particular, rare-earth doped alkali-halide crystals for tunable solid state
lasers and transition-metal doped lithium niobate for Integrated Optics applications were
studied using several laser spectroscopy techniques such as pump and probe,
photoacoustics, excited state absorption and thermal lensing to determine luminiscence
quantum yield and electron-phonon coupling.

Finally, it must be remarked that, as a natural consequence of any work in
experimental optics, many real applications were derived from the results of the
abovementioned studies., particle size determination using optical scattering, laser Doppler
velocimetry of fluids and moving surfaces, laser trace element detection, laser ablation of
materials, restoration ofcultural heritage pieces and fabrication ofchanneled waveguides in
optical active substrates arejust some ofthe applications developed at CIOp.
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Ablacién,

Ablation,

limpieza y restauracion con laser

Esta area de trabajo jnidada en 1999 involucra tareas de investigacion, desarrolloy
servicios en el &rea de limpieza, restauracion, andlisis de superficies y caracterizacion de
materiales, utilizando técnicas laser. En particular: limpieza por ablacién laser de suciedad
superficial de objetos de valor patrimonial, (papeles antiguos, manuscritos, esculturas,
piezas de vidrio, metal, tela, cuero); caracterizacion de composicion elemental de materiales
por medio de Espectroscopia de Plasmas generados por Ablacion Laser (LIBS); desarrollo de
métodos e instrumentos para aplicaciones industriales y control de calidad de procesos
basados en técnicas Opticas y espectroscopicas, fotoacusticasyde luminiscencia.

El grupo de trabajo que lleva adelante estas tareas es de caracter fuertemente
interdisciplinario; es el Unico en el pais que trabaja en temas vinculados a la suciedad
superficial utilizando laseres y métodos Opticos, y es uno de los pocos en América Latinay el
mundo que realiza investigacion desarrollo y servicios en esta tematica.

Entre los trabajos més importantes realizados hasta la fecha se pueden destacar los
referidos a la medicion y caracterizacion de composicion de suciedad superficial, un
problema de particular importancia en la industria y la produccién. Estos comprenden por un
lado la invencidon de un método y un instrumento para medir in situ y a tiempo real el grado
de limpieza de una superficie. Estas invenciones estan basadas en ideas originalesy Gnicas a
nivel mundial, ya que no existian antecedentes previos ni métodos o dispositivos similares.

Por otro lado se aplicé por primera vez la espectroscopia de plasma inducida por
laser (LIBS) para caracterizar la composicion de la suciedad superficial. Lo novedoso de la
idea introducida en este caso es que el procedimiento empleado permite incluso identificar en
forma cuantitativa los componentes de la suciedad, aun en casos en que estos se encuentran
como parte constitutiva del sustrato (por ejemplo la cantidad de particulas microscopicas de
hierro distribuidas en una capa de grasa o aceite que cubre la superficie de una chapa de
hierro).

Otros trabajos realizados comprenden: la invencion y patentamiento (Reg. 18/99
CUBA) de un método para la limpieza de vidrios con laser. (L&ser cleaning ofglassware by
opposite incidence); la identificacién de trazas de Magnesio y Estroncio y el mapeo de estos
elementos en dientes de Homo Sapiens mediante la técnica LIBS, para su empleo como posible
indicador alimentario y evolutivo; la determinacion de composicion elemental de piezas
arqueoldgicas; la limpieza con laser de papeles y manuscritos antiguos y el desarroll6 de un
método que utiliza procesamiento de imagenes por computadora, para analizar lacalidad de
este y otros procedimientos de limpieza y la utilizacion de espectroscopia de plasmas
inducida por laser para el control de calidad de recubrimientos superficiales.

Cleaning and Restoration with Lasers

The activities in this field started in 1999, involving research, development and
services in laser-based methods for cleaning, restoration, surface analysis and material
characterization applied to cultural-valued pieces, compositional characterization of laser
produced plasmas (LIBS) and development of optical/photoacoustic-based methods and
instrumentation for quality contr processes in the industrial area.

Ourgroup is strongly interdisciplinary and it is the only one ofits kind in the country
and one ofa few in Latin America.

An outlook of the most relevant works of this group involve the development and
fabrication of a method and instrument for surface dirt compositional characterization
applied to the steel industry (patented and currently working in a steel plant), a method for
laser glassware cleaning (patent: Laser cleaning of glassware by opposite incidence),
Identification of Mg and Sr traces in Homo Sapiens teeth through LIBS technique, element
composition determination of archeological pieces, laser cleaning of antique manuscripts
and computerassisted image processing for surface cleaning quality control.
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ABSTRACT

Surface ablation with nanosecond laser pulses was applied to preservation, cleaning and compositional
identification of objects of cultural value. On one hand, treatments of fabrics, coins, bones, and other archeological
objects are shown, as well as applications to the preservation of covers, front of books and old manuscripts mede in rag
peper. Damage fluence thresholds for 17 different X IXthcentury types of papers, mede by processing textiles, were
determined. On the other hand, we use the spectrascopic analysis of the plasma generated as a result of laser ablation
(LIBS- laser Induced Breakdown Spectroscopy-) for the determination of the elementary composition of unique pieces
in anthropology and archaeology. In particular, we show applications to the identification of trace elements in Hominide
teeth, of interest conceming the analysis of eating habits. We also apply LIBS to the determination of the composition
of acheological objects belonging to different pre-Columbian cultures.

Keywords: Laser ablation; Laser cleaning, LIBS, Art conservation/restoration
1. INTRODUCTION

During the last 20 years optical methods and particularly laser processing of materials and related techniques
were increasingly applied to the preservation, cleaning and characterization of dbjects of cultural valuela The
development of appropiate laser systens and new instruments, together with a better knomedge of the mechanisms
involved during the interaction of laser with surfaces, boosted these methods into competitive options respect to
traditional ones.

Laser action on materials is strongly dependent on the different parameters involved (i.e. pulse duration,
fluence, excitation wavelength, and properties of the surface material). Laser pulses of short duration (below a few ns)
and sufficient fluence (energy per unit area) can produce surface ablation.§ characterized by material extraction,
plasma formation (with light emission) and sound emission. It was previously demonstrated7g that sound waves
produced during ablation procesess can be used for real time measurement of surface cleanliness, avoiding most of the
drawbacks of the traditional methods. The basis of this procedure relies on the fact that the intensity of the sound is
proportional to the amount of dirt on the surface, and provides a direct measurement of its cleanlinessQ

Material extraction during laser ablation can be used for surface cleaning. In this case the light emitted by the
laser is alsorbed by the layer of surface dirt, typically darker than the substrate. In most cases surface dirt can be
described as a thin film of organic substances, as oil or grease, in which a more or less homogeneous distribution of
particles of different compounds is present. Most of these particles are black, giving the dirt its dark aspect.

Depending on the material, ablation is produced above certain threshold fluence. In cleaning applications the
excitation fluence must be appropriate to eliminate the surface dirt without affecting the substrate. Then the excitation
fluence must be enough to produce dirt ablation, but it should be below the threshold for substrate ablation. Under this
conditions once the surface is cleaned, additional laser shots do not produce any effect.

* gabrielb@ciop.unlp.edu.ar. Casilla de Correo 124, (1900) TE-FAX: 55-221-4712771
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The spectral analysis of the plasma generated after laser ablation allows the possibility of determination of
material compasition. In the last years Laser Induced Breakdown Spectrascopy (LIBS) emerged as one of the most
versatile and powerful methods for determination of elementary compoasition of unique pieces of cultural valuegIQ1

In a previous workPwe show that, modyfing the laser fluence, ablation of surface dirt or substrate material can
be perfomled independently. This procedure can be made at real time simultanewsly with laser cleaning. On the other
hand, using higher fluences, characterization of substrate composition of unique pieces can be

In this work we show examples of application of laser ablation with nanosecond laser pulses for preservation,
cleaning and identification of the composition of objects of cultural value.

2. EXPERIMENTAL

A Qswitched Nd: YAG laser with pulse duration of ca. 7 ns (FWHM) operating at different wavelengths X =
1064 nm, X - 532 nmand X= 355 was used working at repetition rates of up to 10 Hz. Excitation fluence was changed
by focusing with apropiate lens and by using a neutral density wedge filter to change the energy of the laser pulse. Laser
fluences (F) ranging from O < F < 4.5 Jlam2were used. Energy was controlled by splitting part of the laser beamto a
pyroelectric detector. In order to change the impinging position of the beam, the sample was mounted on a xyz
controlled positioning step motor system.

For the LIBS experiments, the spectrum of the plasma was acquired focusing the light by means of alensto a
multimode fiber optic attached to a cross dispersion Echelle spectrometer (Mechelle Multichannel Instruments) with a
CCD incorporated camera. Data was sent to a computer and processed with appropriate software that gives the whole
spectra covering the 200 to 1100 nm region with a 0.3 nm spectral resolution. This combination enables simultaneous
detection of a large spectral range in a single laser shot. To maximize the signal to background ratio we use a spatial
screening procedure that allow to collect only light emitted by regions of the plasma far from the surface2

3. RESULTS AND DISCUSSION

3.1 Laser cleaning ofobjects

Figure 1shows a fragment of fabric (cafamo), ofthe XX century, founded in an urban excavation of one of the
older houses of the city of Buenos Aires. This fragment was buried and most of the dirt is stacked dust on grease. The
traditional methods for cleaning are brushing and vacuum cleaners with suction regulators, but in cases like this one
they may destroy the sample. On the contrary, laser cleaning avoids mechanical contact and undesired manipulation of

the sample.

Figure 1. Laser cleaning of fabric of XIX* century.
Origin: urban archeology of the city of Buenos Aires

Proc. of SPIE 585704-2
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Figure 2 is an example of laser cleaning of bones. In this case we show the inside face of a calota belonging to
a precolumbian craneous. The dirt is mainly compased by particles, grease and stacked earth. Usually the traditional
cleaning method is based on neutral detergent wash under controlled humidity, or application of alcohols or other
solvents that sometimes affect the material. Laser cleaning is dry, and regions with rough surfaces and weakened zones
can be easily treated.

Figure 2. Laser cleaning of a calota of a Precolumbian craneous

Figure 3 shows results of laser cleaning of a coin of 1891. Surface dirt in this case is grease with black particles
belonging to manipulation, and oxides. Usually the conventional cleaning is by means of electrolytic or electrochemical
baths or acids and alkaline solvents. In some cases these treatments produce erasion of the material, thus altering the

shape of the imprinted imege.

Figure 3: Laser cleaning of a coin of 1891. a) Partial treatment in each face .b) Final state

Laser cleaning of papers and parchments was previously studied showing that treatments require an appropriate
knowledge of the type of dirt to be cleaned and the characteristics of the substrate 315

Typical surface dirt in papers, books, and manuscripts are caused by use and manipulation, that produce a thin
film of grease with particles of dust, pigments and sometimes candle soot. This is very frequent to find in covers and
fronts of books. The traditional cleaning procedure is by means of dry cleaning with softy rubbers or glass fiber pencils.

Proc. of SPIE 585704-3
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Sometimes water and ancther solvents can be used. These cleaning procedures produce abrasion and damage of the
material causing loss of its mechanical properties.
Figure 4, 5 and 6 show examples of laser cleaning of covers, front and backs of books (clear rectangles).

Figure 4. Laser cleaning of cover of books

Figure 5. Laser cleaning of a back of a book

Figure 6. Laser cleaning of edge of a book

Restoration of documents and antique papers usually require cleaning of stains of grease, soot and handling dirt
and sometimes ink and pencil writings that must be eliminated. In the case of manuscripts before the X X thcentury most
of them were fabricated by processing textiles (Rag paper). For this type of papers, before laser cleaning, we study the
threshold damage fluences as a function of wavelength. We selected a collection of 17 different types of papers
belonging to the National General Archive of Argentina. Each sample was treated with increasing values of fluence in
different regions of the paper. In each case the energy of excitation and the area was measured. Damage was controlled
by microscope inspection.

Damage fluence threshold values c.a. 1, 2,2 and 2,8 J/cm2were found for excitation wavelengths of 355, 532,
and 1064 nm respectively. Taking into account this result we found that fluences one order of magnitude lower than this
values (typically 0,3 J/end) are the best suited for laser cleaning of this type of papers, without any damage of the

Proc. of SPIE 585704-4
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substrate. Figure 7 shows examples of laser cleaning of XX thcentury manuscripts, made on rag paper, written with
ferrogalic inks and covered by a dirt film of candle soot.

Figure 7: Laser cleaning (0=1064 nm) of amanuscript of XIXthcentury made in rag paper.

We performed also laser cleaning treatments on other materials like leather of seal, belonging to the Argentine
zone of Antarctica and used at the beginning o the XX * century for clothing. In this case the dirt was grease and
fungus. In this case laser cleaning allowed the leather to recover its original texture and shine. We also cleaned the
inside of glass bottles of the X 1X thcentury by using a method previously described’a

3.2 Material composition determination

One of the main data retreving pieces in anthropology are teeth, which yield information about alimentary
habits and community life conditions of the studied individuals. Trace elements like Mg, Sr, Ba, Cu, Sn, Va are
indicative of different feeding diets. Conventional technigues for trace concentration determination imply partial or total
destruction of the pieces which in most cases are unique. We show how LIBS is an option for this type of studies,
taking advantage of its microdestructive nature and its oustanding posibility of in situ and real time depth profiling.

As part of an ongoing projectl’ several nedlithic, Middle Ages and current teeth from different geographic
regions were analized using the LIBS set up already described. The presence of Ca (1 y Il) ;K'I,Nal, Mg 'y Sr(l'y 1)
was searched for and identified in the enamel and dentine spectra. Since Ca is the main constitutive element of teeth,
presence of the trace elements relative to Ca can be determined.

Figure 8 show the identification of Sr in dentine and enamel of current and Middle Ages teeth.The shown
spectra are typical of a collection of several pieces in each case. As it can be seen in the dentine of the latter there is a
noticeable content of Sr compared with its own enamel and dentine and enamel of current teeth, which is low for both.

For the case of the analized neolitic teeth we found that the relation Sr/Ca in dentine is almost twice that of
current teeth. The fact that Sr appears in enamel may be related with dietary habits during the early period of growing.

Proc. of SPIE 585704-5
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Figure 8. LIBS spectra of current and Middle Ages (south of France) teeth, showing the presence of Sr. Notice the
typical Ca I line appearing in both teeth that can be used as reference.

Figure 9 illustrates the depth profiling ability of LIBS. Fig 9a is a photograph of part of an enamel neolitic
tooth showing the ablation microdamage produced by increasing number of laser pulses. Figure 9b shows the LIBS
spectra obtained for selected number of laser shots (1, 2, 20, 100). Since each shot ablates a layer of material, the
correspondig spectrum shows the element content of in-depth zones. Notice the change in the Mg line intensity as a
function of depth. This result is important since it indicates that trace elements may be found non uniformly distributed
in the piece. This information is usually lost when conventional methods that need special sample preparation are used.

Figure 9. a) Photograph of part of an enamel neolitic tooth showing ablation microdamage as a function of the number
oflaser pulses (p). b) LIBS spectra corresponding to laser pulses number 1, 2,20 and 100 impinging on the sample.

Figure 10 shows another application of LIBS, in this case to an archeological piece. The study was aimed to
complement a more extensive analysis of a prehispanic bracelet of the Condorhuasi culture from the north of
Argentinal8 Concerning the delicateness of the piece, destructive analysis is prohibitive. In this case the LIBS

Proc. of SPIE 585704-6
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technique allowed us to obtain the spectra of the main components of the bracelet by impinging the laser on the edge of
a fixing hole, thus making almost imperceptible the microdestruction site. Besides, the use of a cross dispersion
spectrograph and the synthesis of the 200-1100 nm spectrum obtained in a single record, allows obtaining the main
components with few shots thus reducing the possibility of damage.

Fig 10. LIBS identification ofthe composition of a prehispanic bracelet
of the Condorhuasi culture from the north of Argentina
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AaBsTRACT The measurementof surface cleanliness is asignifi-
cant problem in many industrial and technological processes.
Existing methods are based on laboratory procedures, that are
not performed in real time, can not be automated, and usually
are restricted to a small portion of the sarmple. In this study we
describe a newmethod for real time measurement of the amount
of surface dirt or contamination deposited on a surface. It relies
on the ablation of the surface dirt film by means of a short laser
pulse, and the subsequent measurement of the emitted sound.
The intensity of the sound is proportional to the amount of
surface dirt and provides a direct measurement of the cleanli-
ness of the surface. We also developed a reference sample for
calibration, based on a uniform distribution of dots printed on
white paper. The density and the dot size can be easily modified
providing a homogeneous, uniform and reproducible standard
for the measurement. Based on this method, we designed, de-
veloped and patented the first industrial instrument for onHine
determination of the degree of cleanliness of manufactured cold
rolled steel plate bobbirs.

pacs 79.20.D; 81.70.C; 42.62.

1 Introduction

The measurement of the levels of cleanliness on
asurface is a problem of great importance in many industrial
and technological processes and in scientific research (fiber
optics, plastics, airplane and siderurgical industries, the con-
servation of pieces of cultural value, in material science, etc.).
Usually the main problems are to define what level of clean-
ing of the surface is necessary for a certain quality standard
and how to measure it [1]. Surface dirt deposited on an object
may have different origins. It may come from handling, aging,
pollution, or could be a consequence of fabrication or indus-
trial procedures. In many cases surface dirt can be described
as adark thin film of organic substances such as oil or grease
in which amore or less homogeneous distribution of particles
of different compounds is present. Most of these particles are
black, giving the dirt adark aspect. In other cases like in some
“‘clean industries™ such as microelectronics, micromechanics,
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data storage, etc. the main dirt is usually compased of small
isolated particles added to the substrate.

Laser cleaning methods have been developed over the last
twenty years, including patents and a theoretical understand-
ing of the mechanisms involved [2-7].

Existing methods for surface cleanliness determination of
dirt measurements are based, in most of the cases, on labora-
tory procedures, outside production fines [8,9], and in special
cases they give adirect measurement [10]. Many of themrely
on the quantitative analysis of the residues removed by sol-
ventextraction (i.e. by washing) or bumed fromthe surface, or
the measurement of the transparency of an adhesive tape that
has been stuck and removed from the surface to be tested (tape
method) [11].

All these methods have the following drawbacks: they are
not performed inreal time, and are time consuming; they can-
not be automated, and usually they are restricted to a small
portion of the sample.

In this study a new method that overcomes all the above
mentioned drawbacks is described [12]. The method allows
real time measurement of the relative or absolute amount of
dirt films present on different types of surfaces. It relies on
the ablation of the dirt film by means of a short laser pulse
and the subsequent measurement of the emitted sound. The
intensity of the sound is proportional to the amount of dirt
and provides a direct measurement of the cleanliness of the
surface. For the case of cold rolled steel plates, in aprevious
work we showed that there is an excellent correlation be-
tween the acoustic measurements and the standard laboratory
methods [13,14].

Surface dirt can be found on any dbject, but there is no
simple way to produce it in controlled conditions. Therefore,
most of the laboratory methods that measure the cleanliness of
a surface use an indirect calibration reference. To our know-
ledge, there are no references samples for calibration pur-
poses, of controlled thickness, particle size, and homogeneity
of thedirtdistribution. For that reason we developed adirtref-
erence for calibration purposes based on a uniform distribu-
tion of dots printed on white paper. The density of points and
their size can be easily modified by a simple computer pro-
gram, providing a homogeneous, uniform and reproducible
standard for dirt measurements.

Based on the method presented above, we designed and
patented a commercial instrument named ELMES (Equipo
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Laser para Medicion de Suciedad) for industrial purpases,
that can measure on-line the cleanliness of surfaces [13-16].
The first prototype of this instrument was developed for the
siderurgica! industry, and was used for the determination of
the amount of residual dirt on steel plates after cold rolling.
This information is crucial, both for the effectiveness of down-
stream operations such as galvanizing or painting and as
a control of possible malfunctioning of prior stages of the
process. This equipment was mounted at the final inspec-
tion line of the Ensenada plant of the company SIDERAR of
Argentina.

2 Experimental

A schematic of the set up used is shown in Fig. 1
A Q-switched Nd: YAG laser with pulse duration of c.a. 7ns
(FWHM) operating at a wavelength of 1064nm is directed
normal to the sample surface. A neutral density wedge fil-
ter is used to change the energy of the laser pulse to pro-
duce laser fluences (energy per unit area), F, ranging from
0 < F < 4.5J/cm2 For measurements as a function of the
excitation area, we change the fluence by modifying thediam-
eter of the laser beam using a focusing lens. A microphone
picks up the emitted noise. The detected acoustic signal is reg-
istered on an oscilloscope and is correlated with the amount
of dirt present on the sample. The pulse energy was measured
using an energy meter with a pyroelectric detector, splitting
the laser pulse by means of a calibrated beam splitter. Taking
into account the non-homogeneous spatial energy distribution
of the laser pulse and then the effective area of the laser spot,
the fluence values calculated in this work have an estimated
uncertainty of c.a. 30%.

The sample can be moved in order to avoid overlapping
of successive laser shots. Then, the whole sample can be ana-
lyzed giving a statistical measure of the dirt distribution on
the surface. It means that not only the mean value, but also its
dispersion can be tested. In this way the homogeneity of the
surface dirt can be evaluated. When necessary, averaging of
several shots, impinging on different sites of a small region of
the sample, can be made in order to further increase the signal
to noise ratio and subtract background noise.

FIGURE 1
ments

Experimental set-up used for real time cleanliness measure-
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FIGURE 2 Bare eye {upper) aspect and microscopic detailed picture
(lower) of the reference samples used, which are composed by uniform, ho-
mogeneous and reproducible distributions of ink points on white paper, (a)
Point diameter < = 60+ 10 pm. (b) Point diameter <¢ = 110+ 10 pm

Different types of surface dirt were analyzed: dirt pro-
duced by hand-manipulation of plastic surfaces; residuals
generated during manufacturing of cold rolled steel plates and
candle soot deposited on glass substrates.

For opaque samples, such as steel plates, conventional
measurements were performed using the tape method. In this
case a transparent adhesive tape is stuck to the sample and
removed, containing the surface dirt. Afterwards, the tape is
stuck to a white paper and the transparency is measured by
reflectometry. For transparent substrates (i.e. glass) the trans-
mission of a He-Ne cw laser beam was measured before the
ablation of the dirt.

Since it is not possible to produce surface dirt with con-
trolled thickness, size and distribution of the particles that
compose the dirt, we decided to develop reference samples.
These dirt references can be made easily by means of a sim-
ple computer program and a printer. They are composed of
a uniform distribution of black ink dots printed on white pa-
per. We used a standard graphic computer program (Corel 9.0)
and a HP LaserJet 5100 printer that allow us to change the
amount of surface points per square inch (p/inch?) and the
size of the dots, keeping constant the thickness of the dis-
tributed ink in the paper. For the experiments presented here
we used uniform, homogeneous and reproducible distribu-
tions of ink points of two different measured diameters of <P =
60+ 10pmand — 110+ 10pm, in sets of samples with
points densities of: 800 p/inch2, 1600 p/inch2, 3200 p/inch2,
6400 p/inch2and 12800 p/inch2

Figure 2 shows a bare eye and a microscopic detailed pic-
ture of the reference samples used.

3 Results and discussion

When alaser pulse of suitable fluence and short du-
ration (several ns) impinges on a surface, ablation of the dirt
film takes place without damaging the substrate. During ab-
lation, a layer of the dirt film is abruptly expelled from the
surface, aweak light pulse is emitted, and a sound that sounds
like a ‘crack’ is produced. When the sound is detected by
means of a microphone set at a fixed distance and angle with
respect to the impact zone of the plate, a typical signal can be
measured as shown in Fig. 3. This figure shows results cor-
responding to the ablation of a plastic surface with different
degrees of cleanliness. As it can be seen the intensity of the
sound depends on the amount of dirt and provides a direct
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FIGURE 3 Amplitude of the acoustic signals detected by a microphone,
corresponding to the ablation of dirt from a plastic surface with different
degrees of cleanliness

FIGURE 4 Acoustic signal s normalized in fluence F as a function of the
number of shots impinging on the same point of the sample. Sample 2 is
dirtier than sample 1

measurement of the cleanliness of the surface. We then used
the peak-to-peak voltage of the acoustic signal detected by the
microphone as a measure of the amount of dirt.

Figure 4 shows the dependence of the peak to peak value
of the detected acoustic signal S divided by the laser fluence F
as afunction of the number of laser shots that impinges on the
same point of the surface, for two different samples with dif-
ferentamount of dirt. Sample 2 is dirtier than the sample 1. As
can be seen, dirtier samples yield larger values for s/F, and
more shots are necessary to clean the surface.

In order to optimize the detection conditions, we studied
the response of the microphone as a function of its angular
position, performing measurements in two planes perpendicu-
lar to the surface. We found a more or less spherical distri-
bution of the emission of sound, which follows the inverse
sguare law. This allows high flexibility for reception designs,
provided that the calibration is performed at the final set up
configuration.

Taking into account this result and the need in some ap-
plications toavoid possible effects of environmental noise, we

a real time method for surface cleanliness measurement
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FIGURE 5 (a) peak to peak amplitude of the detected acoustic signal as
a function of the laser fluence for a steel plate with dirt residuals generated
during manufacturing processes, (b) Shows a detail of the low fluence part
of the curve corresponding to the dirt ablation region in which there is no
damage of the substrate. An error bar in some measurements corresponds to
average (10) values and its uncertainty

improved the directionality of the detection, by mounting the
microphone at the end of asmall 5 cm long plastic tube.

3.1 Thresholdfluences
for dirtablation and substrate damage

As is usual in any ablation process, there is a flu-
ence threshold below which thereis neither ablation of the dirt
nor a detectable acoustic signal. Above this threshold value,
ablation of the dirt film occurs and acoustic signals are emit-
ted. For larger values of the fluence, ablation of the substrate
can also take place. For a correct measurement of the amount
of dirt any influence of the substrate has to be avoided. For
that purpose, the laser fluence must be sufficient to produce
the ablation of the dirt, but it should be below the threshold for
ablation and damage of the substrate.

Figure 5a shows the typical dependence of the detected
acoustic signal 5 as a function of the laser fluence for a dirty
surface and Fig. 5b is a detail of the low fluences region. As
can be seen, below 0.05 J/cm?2 there is no acoustic signal.
Between 0.05 and 0.3 J/cm2 the acoustic signal grows lin-
early with the laser fluence and above 0.3 J/cm2a plateau is
reached. At even higher fluences a new linear region appears
between c.a. 1and 4 J/cm2. On increasing the fluence a new
slope change appears and above 5 J/cm2a new linear region
is obtained.

Figure 6 shows the dependence of the detected acoustic
signal as a function of the number of laser shots. Each curve
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FIGURE 6 Peak to Peak detected acoustic signal as a function of the
number of laser shots that impinges on the same point of the sample.
(¢)F = 0.2J3/cm2; (A)F = 3J/cm2; (m)F = 7J/cm2 (values are divided by
3 to fit the plot). Sample: steel plate with dirt residuals generated during
manufacturing process

corresponds to laser shots of the same fluence, impinging in
a fixed area of the sample. It can be seen that for a fluence of
0.2 J/cm2, after a certain number of laser shots no acoustic
signal can be detected. At 3 J/cm2 the acoustic signal corres-
ponding to the first shot is higher than that for 0.2 J/cm2 and
after that, the acoustic signal decreases from shot to shot but,
instead of disappearing, after ca. 50 shots it increases. At flu-
ences of 7J/cm2, a higher intensity of the acoustic signal is
observed for the first shot, and after that, S tends to rapidly
reach aconstant value.

The behavior shown in Figs. 5 and 6 was found for the
different types of dirt samples and substrates studied in this
work. Itis as expected for an ablation processes and is in very
good correlation with time-integrated fight intensity plasma
emission measurements [17]. We can interpret these results
as follows: at lower fluences no surface ablation takes place.
Above a threshold value (typically 0.15 J/cm?2) dirt ablation
takes place. Between this threshold and certain fluence values
that depend strongly on the substrate, the acoustic signal S
grows linearly as a function of the laser fluence (Fig. 5b).
Also, in this region the behaviour of 5 as a function of the
number of laser shots impinging on a fixed area of the sample
shows that after a certain number of shots no acoustic signal
can be detected (Fig. 6 filled circles). In this fluence region mi-
croscopic inspection of the substrate after laser action shows
no damage or visible surface modification. This corresponds
to what we call the dirt ablation region.

However, for fluence values above the linear region, mi-
croscopic inspection of the substrate clearly shows damage
produced by ablation. In these cases the laser pulse not only
ablates the dirt, but parts of its energy also interacts with the
substrate. We can conclude that substrate ablation occurs at
higher laser fluences and can be distinguish by abrupt changes
in the ratio between the sound intensity and the laser energy
(Fig. 5a). These are the cases shown in Fig. 6 (open squares
and triangles) for which, after the first shot, each new shot not
only removes the dirtbut also modifies the substrate.

We also studied the dependence of the acoustic signal, as
afunction of the excitation area (A) in the dirt ablation region.

For that we keep the values of the fluence constant and change
the diameter of the beam and the energy of the laser. In these
cases linear relationships were found between s and A.

We can conclude that acoustic detection can be used for
monitoring the ablation processes real time. Typical ablation
curves obtained in this way show fluence thresholds for sur-
face dirt ablation of the order of 0.1 J/cm2, and substrates
ablation thresholds of at least one order of magnitude greater
than this value. Then, typical fluences between 0.1 J/cm2 <
F < 0.5J/cm2 are best suited for the acoustic measurement
of surfaces cleanliness. In this fluence region each shot of the
laser ablates part of the surface dirt, and completely cleans the
surface after a certain number of laser shots, as can be seen in
Fig. 6.

3.2 Comparison between acoustic
and standard laboratory measurements

In order to evaluate the possibilities and advan-
tages of the new method developed in this study we compare
measurements of surface cleanliness of different samples, per-
formed by standard techniques relative to the above described
acoustic ones. The standard laboratory procedure for that pur-
pose is transmission measurements. For transparent substrates
these can be made directly. In the case of opaque substrates the
tape method is used.

Figure 7 shows the correlation between the acoustic meas-
urement and the tape method for a cold rolled steel sample
with dirt residuals generated during manufacturing processes.
The dispersion can be attributed to the inherent uncertainties
of the tape test.

Figure 8 shows the correlation for the case of candle soot
deposited on glass substrates.

As can be seen in both cases linear relationships were ob-
tained between the sound intensity and the absorbed energy.
The reason that the straight lines don’t pass through the origin
is due to the fact that transmission measurements are sensitive,
not only to absorption but also to scattering produced by the
wax film that acts as a host for the soot.

FIGURE 7 Correlation between Tape method and acoustic method //1q is
the reflectivity of the tape over a white paper

1/8
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FIGURE 8 correlation between transmission measurements performed
with a He-Ne CW laser and acoustic measurements for a sample of candle
soot deposited on a glass substrate. Insert describes the experimental set-up
used for the measurements. D: photodetector, S: microphone and BS: beam
splitter

This result can be described by the following simple ex-
pression:

(D

Where s is the peak to peak amplitude of the acoustic signal;
K is a constant that depends on the nature of the dirt film and
the detector geometry and sensitivity; F is the fluence; Fqis
the threshold fluence for dirt ablation; / the light transmitted
intensity by the tape or the substrate plus dirt, and 14, the light
transmitted intensity of the tape or the substrate without diirt.

The transmission coefficient / /14 contains the information
on the particle concentration through the Beer’s law:

2

where a is the average particle cross section, N the par-
ticle concentration, d the thickness and rjs the particle surface
density

33 Characterization o fdirt reference samples

Figures 9 and 10shows the dependence of the peak
to peak amplitude of the acoustic signal S as a function of the
laser fluence for references samples made by printing ahomo-
geneous distribution of dots (Point diameter <= 60 pm and
<P = 110 pm) of different point density on white paper, as pre-
viously described. A linear relationship s vs. F was observed
for all the samples. Threshold fluences Fo = 0.08 J/cm2 for

= 60pm and Fo= 0.13J/cm2for <= 110 pm were de-
termined. Due to limitations in the printing procedure for
each point diameter there is a limit to the dot densities that
can be used. Above this limit, partial overlapping of points
can be produced, and no linear relationship S vs. F is ob-
tained. For the case of 0 = 60 pm dot diameters, limit point
densities of 12800p/inch2were obtained. For dot diameters

a real time method for surface cleanliness measurement
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FIGURE 9 Peak to peak amplitude of the acoustic signal s as a function of
the laser fluence F for five reference samples made by printing a homoge-
neous distribution of points of different points density on white paper. Point
diameter <P — 60 £+ 10 pm. Threshold fluence Fq — 0.08 J/cm2

FIGURE 10 Peak to peak amplitude of the acoustic signal s as a function of
the laser fluence F for four reference samples made by printing a homoge-
neous distribution of points of different point density on white paper. Point
diameter 0 = 110+ 10 pm. Threshold fluence Fg= 0.13 J/cm2

of 110 pm, the limit point densities for linear behavior were
3200 p/inch2.

For this case (1) and (2) can be used assuming a = A
(the dots are opaque), where A is the point surface. Fig-
ure 11 shows the dependence of S/(F —Fq), obtained from
the slopes of Figs. 9and 10, as afunction of the point coverage
(ie. “dirt absorption™) 1— e~is.

As canbe seenfromFig. 11, alinear relationship between
the fluence normalized acoustic signal and the dirt absorption
was found. The interception at the origin of the corresponding
straight line can be interpreted as a constant background sig-
nal (So)- The origin of this signal can be explained by the fact
that the paper that acts as a substrate for the printed dots is not
completely “clean™. Small points produced by the splash of
the ink are randomly distributed on the white paper, and dur-
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FIGURE 11 Normalized acoustic signal obtained from the slopes of Figs. 9
and 10 as a function of the point coverage

FIGURE 12 Acoustic signal So vs. fluence F of a non-printed region of the
dirt reference (white paper printed with dots). The slope represents the back-
ground signal, and corresponds to the ordinate interception value of Fig. 11

ing ablation it causes a contribution to the signal produced by
the printed distribution of points.

Figure 12 shows the determination of this contribution So,
performed by measuring the peak to peak amplitude of S as
a function of F in a region of the substrate paper without
printed dots. As can be seen, the slope of the linear relation-
ship found for S vs. F (0.45 Vcm2/J) agrees with the ordinate
value of Fig. 11. Then, So mustbe subtracted from S each time
that the reference sample is used.

4 Conclusions

We developed a new method for real time meas-
urement of the degree of cleanliness or the amount of dirt of
any surface. The method is based on the detection of the peak-
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to-peak amplitude of the acoustic signal generated after laser
ablation of dirt. Itovercomes the most important drawbacks of
standard techniques improving quality and reliability, allow-
ing quality control and the possibility of immediate correction
of processing parameters that give rise to inadequate cleanli-
ness of the tested material. Measurements can be performed
in real time and automatically, avoiding uncertainties arising
from manual and laboratory operation, required in standard
methods. Due to the speed of the technique, multiple meas-
urements allow the determination not only of the average dirt
content but also its standard deviation in one or different re-
gions of the surface sample. A distribution map of the main
dirt can then be obtained.

We also presented a standard reference of dirt that uses
printed dots on white paper, of known size and density. This
reference can be used for calibration purposes and to study, in
acontrolled way, the physical bases of the method.

Finally, an analytical expression was found for the acous-
tic signal generated after laser ablation, as a function of the
laser fluence and the surface dirt parameters.
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Fotofisica de Moléculas en Solucién y Sistemas de Interés Bioldgico

Esta area de trabajo se lleva a cabo en el ClOp desde mediados de los afios 80 y esta
referida fundamentalmente al desarrollo e implementacidon de métodos fotoacusticos y de
luminiscencia y su aplicacién al estudio de moléculas organicas. Desde el afio 99 se le ha
impreso un fuerte enfoque dirigido al estudio de sistemas de interés en fotobiologia.

Ademas de los trabajos y publicaciones especificas realizados en este campo, el grupo
gue desarrolla estas tematicas se ha transformado en un referente a escala nacional e
internacional en la aplicacion de técnicas fotoacusticas y particularmente en el desarrollo de
instrumentacion fotoacustica. A nivel nacional por ejemplo para grupos de fotoquimica y
fotobiologia que funcionan en la Facultad de Ciencias Exactas y en la Facultad de Agronomia
de la Universidad de Buenos Aires; en la Universidad Nacional de La Plata; en la Universidad
Nacional de Cérdoba y en la Universidad de Santiago del Estero. A nivel latinoamericano e
internacional por haber transferido nuestra experiencia y el equipamiento desarrollado, a
grupos de investigacion que funcionan por ejemplo en la Universidad Nacional Autonoma de
México (UNAM), Meéxico; en la Universidad de Santander, Bucaramanga, Colombia; en la
Facultad de Ciencias Quimicas y Farmacéuticas de la Universidad de Chile yen la Universidad
de Angers, Francia. El reconocimiento alcanzado se expresa tanto en las colaboraciones y
proyectos conjuntos, como en la contribucion realizada al equipamiento de estos grupos
(provision de detectores, amplificadores etc., desarrollados en el CIOp)

Photophysics of molecules in solution and biologic systems

This area of research started at ClOp around mid 80's and is devoted to the
development of photoacoustic and luminescence methods applied to organic molecules
studies. Since 1999, itis strongly aimed to the study of photobiologic systems. Besides the
specific publication made in the field, our group has grown to be a reference group for the
application of photoacoustic techniques and particularly as a developer of photoacoustic
instrumentation. This is recognized in collaborations with other research groups working at
Facultad de Ciencias Exactas, Universidad Nacional de Buenos Aires, Universidad Nacional
de La Plata, Universidad Nacional de Cordoba y Universidad Nacional de Santiago del Estero.

Also, at latinamerican ando verseas levels, where our experience and technology in
detectors and amplifiers has been transferred togroups at Universidad Nacional Auténoma
de México, Universidad de Santander, Colombia, Universidad de Chile and Universidad de
Angers, France.
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Conclusion

DBPI is more readily reduced than its parent, perylene, due
to the electron-accepting nature of the carboximide substituents
in DBPI. The three electron-transfer products of DBPI examined
in this paper, DBPI*%, DBPI*', and DBPI2-, have intense ab-
sorption bands in the visible or near-infrared region that make
them easy to identify spectroscopically. Practical applications of

Photophysical Processes of Polymethlne Dyes.

J. Phys. Chem. 1989, 93, 6696-6699

DBPI or analogous dyes as photosensitizers may be limited to
singlet excited-state reactions because of the expected low re-
activities of their triplet excited states.
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An Absorption, Emission, and

Optoacoustic Study on 3,3'-Diethylthladicarbocyanfne lodide
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Laser Hash photolysis, laser-induced optoacoustic spectroscopy (LIOAS), and fluorescence data were used for the study of
the photophysical deactivation processes of excited 3,3"-diethylthiadicarbocyanine iodide (DTDCI). Direct excitation of
this molecule in air-saturated methanol solutions at room temperature results in the formation of only one transient species,
a photoisomer, the spectrum of which was derived for the 600-680-nm spectral range. The energy content difference between
the ground state of the stable form and that of the photoisomer was evaluated, AE * 0.15 + 0.15 eV, as well as limit values
for the photoisomer fluorescence quantum efficiency (i f < 0.2) and for the quantum yield for the back-photoisomerization
from the first excited singlet state of the photoisomer to the ground state of the stable form ($pn < 0.14).

Introduction

3,3'-Diethylthiadicarbocyanine iodide (DTDCI) is known as
a laser dye for pulsed operation in the region 700-760 nm and
as a saturable absorber for mode-locking, when used with cresyl
violet and rhodamine 101 lasers.*’23

Similar to the case of other cyanine dyes, evidences for a re-
versible photoisomerization process, produced by irradiation with
high fluences, have been reported.3-6 The lasing and saturable
absorption properties of DTDCI are probably closely related to
the absorption and emission spectra of the photoisomer (P).

The photoisomerization processes and the general photophysical
properties of DTDCI are not sufficiently well-known; e.g., the
possibility of the existence of more than one transient species has
been postulated.4

Conventional and laser flash photolysis experiments have been
carried out by various groups. Dempster et al.3reported the
existence, in ethanol solutions, of a photoproduct, P, and calculated
possible limits for its absorption coefficient. Kalittevskaya and
Razumova4 reported that the transient changes in transmission
were different for excitation with UV light at 347 nm than for
excitation with red light (690 mm). As a consequence, they
proposed the existence of two isomers, one (P) generated from
the first excited state of the stable form (N) and a second one
(M) generated from the first excited state of P. The absorption
spectrum calculated for P in this work was quite different from
the limits calculated by Dempster et al.3 Fluorescence studies
in different solvents including methanol, performed by exciting

*Max-Planck-Institut fur Strahlenchemie.
’Centro de Investigaciones Opticas.

with UV light, did not need the postulation of a second photoi-
somer.7 Thus, the accepted photoisomerization mechanism
through a twisted state, similar to that proposed by Rulliere for
the photoisomerization of DODCI,8was postulated.7 In addition,
there are various values in the literature for the quantum yield
of photoisomerization, $Np, from 0.015 to 0.5.346

Laser flash photolysis, laser-induced optoacoustic spectroscopy
(LIOAS), and fluorescence measurements were used in this work
to study the deactivation processes taking place upon excitation
of DTDCI in methanol. By means of a simple numerical model
to analyze the kinetic processes, the absorption spectrum of P is
determined and values for the deactivation parameters of the
photoexcited isomer are calculated.

Experimental Section

The experiments were made in methanol-aerated solutions at
room temperature. In order to minimize dimerization effects,
excitation was always performed with dilute (*"1O-6 M) samples.
Methanol was chosen among the alcohols due to the higher sta-
bility of the dye in this solvent. The absorption properties of
DTDCI in methanol are essentially the same as in other types
of organic solvents.

DTDCI was used as supplied by Eastman Kodak. Methanol
(Merck) was used as purchased. Absorption spectra were mea-
sured with a Cary Model 14 and a Perkin-Elmer Model 356
spectrophotometers. Corrected fluorescence spectra were taken

(1) Arthurs, E. G.; Bradley, D. J.; Roddie, A. G. Appl. Phys. Lett. 1972,
20, 125.

(2) Negran, T. J.\ Glass, A. M. Appl. Opt. 1978,17, 2812.

(3) Dempster, D. N.; Morrow, T.; Rankin, R.; Thompson, G. F. J. Ckem.
Soc., Faraday Trans. 2 1972, 68, 1479.

(4) Kaliteevskaya, E. N.; Razumova, T. K. Opt. Spectrosc. {Engl. Transi.)
1977, 43, 398.

(5) Enikhen, F.; Berezovin, D. N. J. Appl. Spectrosc. (Engl. Transi.) 1985,
43, 865.

(6) Chibisov, A. K. J. Photochem. 1976/77, 6, 199.

(7) Kasatani, K.; Kawasaki, M.; Sato, H. Chem. Phys. 1984, 83, 461.

(8) Rulliere, C. chem. Phys. Lett. 1976, 43, 303.
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Figure 1. Absorption changes, AA, immediately (IS ns) after the exci-
tation of an aerated 106 M DTDCI/MeOH solution at different exci-
tation wavelengths. The scale on the left corresponds to Xt = 6S0 nm
and 600 nm. The scale on the right corresponds to XI = 354 nm.

at 20 °C with a Spex Fluorolog spectrofluorimeter. Rhodamine
101 ($f = 1.09) and cresyl violet ($f = 0.54101 were used as
references. The solutions of sample and references had matched
absorbances at the respective excitation wavelengths. The two
references lead to the same fluorescence quantum yield for DTDCI
in methanol, $( - 0.36 £ 0.05, in agreement with the literature
data.#8 No corrections for the refractive index difference between
methanol and the solvent used for the reference (ethanol) was
made.

The nanosecond flash photolysis equipment with optical de-
tection was already described.12& It consists of a Nd:YAG laser
(15-ns pulse duration) either in its third harmonic at 354 nm or
when pumping dye lasers (R6G and DCM, Lambda Physik), in
its second harmonic at 532.5 nm. The transient absorbance
changes were monitored at 90° with respect to the excitation for
periods of 1 ms with the pulsed beam of a 150-W Xe arc lamp.
The laser energies employed were on the order of 3 mJ for all the
measurements. Signal acquisition was performed with a com-
puter-controlled Biomation Model 4500 transient recorder. Signal
averaging and handling was performed with an LSI 23/VAX 780
computer system.

The experimental setup for LIOAS was the same as used in
ref 13. The excitation source was a flash-lamp-pumped dye laser
(Chromatix Model CMX-4). Rhodamine 6G (Exciton) in
methanol/water was used for the range 580-620 nm and rho-
damine 640 for the region 630-690 nm. The laser beam (1-ms
pulse duration, maximum energy 1 mJ, repetition rate 2 Hz), after
focusing and passing through a diaphragm, had a diameter of 1
mm (1/e of the maximum intensity) in the sample cuvette. The
resolution time of the whole system was 1 ms.13*In these exper-
iments, CuClI2in methanol was used as a calorimetric reference.
Absorbances of DTDCI and those of the reference were matched
to £0.005 AU.

Results

Flash Photolysis. The transient absorption changes, AA, de-
termined after excitation at 354, 600, and 650 nm are shown in
Figure 1. The main characteristics observed immediately after
the pulse are a difference absorbance minimum at 655 nm, a
maximum at 690 nm, an isosbestic point at 675 nm, and a small
absorbance decrease in the range 600-630 nm.

The general features of the differential spectra are similar to
those reported previously34 for excitation in the orange-red region

(9) Karstens, T.; Kobs, K. J. Phys. Chetn. 1980, 8 4,1871.

(10) Madge, D.; Brannon, J. H.; Cremers, T. L.; Olmsted, J. J. Phys
Chem. 1979, 83, 696.

(11) Roth, N. J. L.; Craig. A. C. J. Phys. Chem. 1974, 78, 1154,

(12) Ruzsicska, B. P.; Braslavsky, S. E.; Schaffner, K. Photochem. Pho-
tobiol. 1985, 41, 681.

(13) Bilmes, G. M.; Tocho, J. O.; Braslavsky, S. E. Chem. Phys. Lett.
1987, i34, 335.
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Figure 2. Action spectrum of prompt heat dissipation (a) from pho-

toexcited DTDCI at X, - 605, 612, 617, 625, 630, 645, 650, 675, 680,

and 685 nm. Key: excitation energy, (A) 10 mJ and (*) 100 fil; O,

isooptoacoustic points. The fit with the mathematical model gives the

full and dashed lines for low and relatively higher energies for the values
- 0.5, #AN=0.14, and AE = 0.15.eV.

Figure 3. Energy dependence of the normalized heat emission HJEO for
an isooptoacoustic point for solutions DTDCI/MeOH and CuClj/MeOH
at the same absorbance (A —0.12) at Xj = 610 nm. Maximum laser
pulse energy, £ M= 150/J.

but different for excitation in the UV region. We found an
isosbestic point at X = 675 nm, independent of the excitation
wavelength in contrast to the reports by Kalittevskaya and Ra-
zumova.4 The first-order plot of the decay of the absorption was
identical for various detection wavelengths and yielded a rate
constantk = (3.9 £ 0.7) x 103s'l This value is similar to that
obtained by Dempster et al., using laser flash photolysis (k = 4.1
x 103s']),3and somewhat higher than that obtained by Kalit-
tevskaya and Razumova after excitation with red light (k =2.77
X 103s'1).4

LIOAS. As itis usual in these types of experiments,1314 the
maximum of the amplitude of the first acoustic signal generated
after the absorption of the laser pulse was measured for sample
(T/dedci) and reference (¢/cua,) under the same experimental
conditions. The prompt heat, dissipated during the time window
of the experiment (1 ns), for different wavelengths and energies
of excitation is calculated as a(X) = ¢{/DTDCT/#cuaj- The ratio
a was determined for the region 605-680 nm (Figure 2). For
each wavelength, the initial absorbances of the sample and ref-
erence were matched. Figure 2 shows the dependence of a with
the excitation wavelength for two values of constant excitation
energies (EM = 100 and 10 jiJ).

The results of Figure 2 can be discussed taking into account
the expected signal vs wavelength dependence for a system without
an energy-storing species. In such a case, the heat dissipated
promptly would have a constant value, independent of excitation
wavelength and energy. In our case, as the excitation energy is
increased, there is less heat emitted for the region 635-665 nm,
while, on the contrary, above 665 nm there is more heat released
to the medium than expected. In the region 605-625 nm and at
X=635nm, a = 0.67 £ 0.05 was obtained independently of the
excitation wavelength and energy. In addition, for this region,
the amplitude TTdtdci of the acoustic signal was measured as a
function of the energy of the exciting pulse (£0) in a range of 3
orders of magnitude. The energy-normalized heat emission
(H /E @) for the sample and reference plotted as a function of Ec

(14) Hcihoff, K.; Braslavsky, S. E. In Handbook of Organic Photochem-

istry, Scaiano, J. C., Ed.; CRS Press: Boca Raton, FL, 1989, in press.
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Figure 4. Scheme showing the stable (N) and isomeric (P) forms of
DTDCI and the rate constants for the different processes interconnecting
both species. The wavy lines represent the processes dissipating heat
within the time window of the experiment. See text for the explanation
of symbols.

shows no dependence with the energy. Figure 3 shows an example
for the case of excitation at 610 nm.

Discussion

The results of flash photolysis show the existence of one transient
species that thermally returns to N with a rate constant k - (3.9
+ 0.7) X 103s"1 We identify this transient with a photoisomer
(P) of N on the basis of the similarity of the spectral difference
between these species with those described for the photoisomers
of other cyanine dyes (e.g., DODCI3). No evidence of other
transient species was found at room temperature under our con-
ditions. Thus, the model and the equations employed in ref 13
for the photoisomerization processes of DODCI can be used to
analyze the LIOAS results and to evaluate kinetic and spectro-
scopic parameters of the photoisomerization of DTDCI. Figure
4 shows the scheme employed.

Since $jsc < 10~2was evaluated for DTDCI in ethanol and
a series of solvents36 the triplet was not considered in the scheme.

JA\Pand kPs are the rate constants for isomerization of N -*
Pand P <N from the excited states, k is the rate constant for
the thermal P *=*N isomerization, and &N kmp, far\, and kjJ are
the rate constants for radiative and nonradiative decay from
excited N and P, respectively. X is the laser wavelength and XN
and Xpare the wavelengths for the 0-0 transitions for N and P,
respectively. AE is the difference in energy content between N
and P.

At the low concentrations used in this work, it is reasonable
to assume that radiative or Forster energy-transfer processes
between both species can be ruled out, as well as the formation
of aggregates.

When DTDCI, initially is in its stable form (N), is excited with
microsecond pulses, a phototransformation from N to P (lifetime
of excited N, r, = 1.38 ns15 takes place. At fluence rates >1
kW/cmZland with the strong overlap of the absorption spectra
of both species being taken into account, a photochromic system
between N and P should be built within the laser pulse duration
as suggested by Dempster et al.3 The energy dependence of the
signal (Figure 2) at different Xj shows a behavior similar to the
one we found for DODCI,13 which was explained also by the
establishment of a photochromic equilibrium between N and P
within the laser pulse duration. The transient bleaching of the
sample observed in flash photolysis (Figure 1) and the loss of heat
at higher energies in the LIOAS experiments for wavelengths
below 665 nm (Figure i) is thus attributed to the formation of
P, which does not thermally return to N during the pulse duration
(lifetime of P, €2 260 ps). With the excitation energy in LIOAS
experiments being increased, less N is available for the process
and the value of a is reduced. For X > 665 nm, corresponding
to the region where the absorption of P becomes important (Figure
1) , the increase of the heat emission at higher energies (Figure
2) is due to an increase in the absorbance of the sample during
the pulse as a consequence of the buildup of P. It is then rea-
sonable to support the concept that the fluorescence quantum yield

(15) Sibbett, W.; Taylor, J. R.; Welford, D. IEEE J. Quantum Electron.

1981, QE-17, 500.
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of P should be smaller than that of N, in agreement with the
proposal by Enikhen and Berezovin.5

The lack of dependence of a with the laser energy in the
605-625-nm region and at X = 635 nm indicates that these are
isooptoacoustic points defined as the wavelengths at which the
total energy emitted by the sample as heat does not change upon
a chemical or physical perturbation.1617 In these points

where <N and aTare the absorption cross sections of N and P at
X| and aN and a? the nonradiative efficiencies of N and P, re-
spectively. The presence of isooptoacoustic points is further
demonstrated by the lack of dependence with laser energy of the
normalized heat emission for these wavelengths (Figure 3).
Consequently, care should be exercized when analyzing energy
dependences of optoacoustic signals, since linear dependencies do
not necessarily imply the lack of an additional absorbing species
in the system. Extended isooptoacoustic regions may be present
in a four-level system.

At very low excitation energies, the population N 2is negligible
with respect to N& and the only species absorbing is N. Thus,
at the isooptoacoustic points,a = aN= 0.67 + 0.05 (from Figure
2). Taking into account the scheme of Figure 4, energy balance
considerations lead to

D

$MNand $N\Fare the quantum yields of N fluorescence and N —*
P photoisomerization, respectively; Xris the wavelength of the
fluorescence maximum of N, h is the Planck constant, jVa is the
Avogadro constant, and c is the speed of light. With our value
of = 0.36

e

is obtained. This value represents the middle point between
extremes calculated for various combinations of Xt (isooptoacoustic
points, between 605 and 630 nm) and Xfand the values for
and $fN with their respective errors. Thus, the range for the
product $NpAE is +100%.

From the same analysis with the same nomenclature as in ref
13, the system of rate equations describing the time evolution of
the populations of the states (see Figure 4) can be solved, em-
ploying a fourth-order Runge-Kutta numerical method. The heat
released promptly by DTDCI and the reference is thus calculated,
and the values for a vs X are obtained, fitting this way the
experimental data.

The literature value for the lifetime of excited P, r3= 0.27 ns,B
and $fN = 0.36 £ 0.05 (see Experimental Section) were used.
Three values for #np = 0.5,60.12,3 and 0.0334 were tried with
the corresponding AE values from 2, and 0 < 4p < 0.2 (as
suggested in ref 5) were used. The fitting parameters adjusted
for the points of Figure 2 were as follows: B — a*[a** and €Np
and $PN= fooN'T3  In the region of 605-650 nm, the parameter
largely affecting the fit is B, especially at the isooptoacoustic points.
Changes in the other parameters do not produce important
modifications. For the region 650-690 nm, several combinations
of the fitting parameters can be used. Howeyer, in the isosbestic
point, determined by flash photolysis at X = 675 nm,B - land
the best fits for 10 and 100 fjJ were obtained with =05, AE
- 0.15 = 0.15 eV (eq 2), and $pn < 0.14. With these values,
B was then adjusted for the whole spectrum and good fits were
obtained for low and relatively high energies as shown in Figure
2.

Figure 5 shows the spectrum of P deduced from the calculated
values of B, together with the spectrum of N. The spectrum
determined for P is within the limits calculated in ref 3.

(16) Biimes, G. M.; Tocho, J. O.; Braslavsky, S. E.J. Phys. Chem. 1988,
92, 5958.

(17) Schneider, S.; Coufal, H. J. Chem. Phys. 1982, 76, 2919.

(18) Sundstrom, V.; Gillbro, T. 3. Chem. Phys. 1985, 83, 2733.
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Figure 5. Absorption spectra of the most stable isomer N (--) and the
photoisomer P (—) of DTDCI. The latter spectra is derived from the
optoacoustic measurements (see text).

The strong superposition of the spectra in both isomers was also
confirmed by means of fluorescence measurements. With DTDCI
being excited at 6S0 nm with the flash-lamp-pumped dye laser
and various fluences (from 8.5 to (4 X 103) kW /cm2) being used,
no changes were observed in the emission spectra, with respect
to conventional fluorescence measurements.19 For the same
conditions of excitation, other cyanine dyes, for which the ab-
sorption spectra of both isomers are not so strongly superimposed,
show important variations in the fluorescence spectra, depending
on the wavelength and excitation energy, due to the emission of
both species.20

The evaluation of the photophysical parameters for the pho-
toisomerization of DTDCI is less precise than for the case of
DODCI,1416a cyanine dye with the same polymethinic chain but
just a different heteroatom (S instead of O) in the final rings.
Some general conclusions can be extracted. Similar to the case
of DODCI, the fluorescence quantum yield of the excited isomer
of DTDCI seems to be lower than that of excited N and the
photoisomerization of N to P is more efficient than the back-
photoisomerization P* — N. The latter result can be discussed,
taking into account that the accepted scheme for the isomerization
mechanism of these molecules follows the normal double bond
photoisomerization through a twisted intermediate. This was
proposed for the case of DODCI, for which twisting constitutes
the main radiationless deactivation channel for the excited N,*
while internal conversion without passing through the twisted state
is the main deactivation channel for excited P.16 This conclusion
was derived from the fact that the branching ratio from the twisted
state to N and P has to be the same, independent of the origin

(19) Scaffardi, L. To be published.
(20) Scaffardi, L.; Bames, G. M.; Schinca, D.; Tocho, J. O. Chem. Phys.
Lett. 1987, j40, 163.
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of this state, and has been later confirmed by Rentsch et al.2land
Zhu and Harris.2

For the case of DTDCI, the situation cannot be defined so
accurately. When, in analogy with DODCI, no direct internal
conversion from excited N is assumed and a value $NP = 0.5 is
used, a value of 0.8 is obtained for the branching ratio to P from
the twisted state, when it is arrived from excited N. This value
is the same as that from excited P with use of <IN = 0.14. This
means that, under this assumption, in this case excited P deac-
tivates by passing through the twisted state. However, it is not
clear yet that this assumption is valid for DTDCI. More data,
especially temperature-dependent photoisomerization quantum
yields, are needed to completely understand the mechanisms of
deactivation of excited N and excited P in DTDCI.

Additional differences between DTDCI and DODCI are as
follows: (i) In the former, the ground state energy of P is much
lower than in the latter, i.e., it is only slightly above N. (ii) The
spectra of N and P overlap more for DTDCI than for DODCI.

Conclusions

The photophysical behavior of DTDCI can be explained in
terms of a reversible photoisomerization process between two
configurational isomers. No evidence was found for the presence
of an additional isomer in methanol as had been suggested by
Kaliteevskaya and Razumova.4

Using LIOAS and a simple scheme connecting the stable form
and its photoisomer, we can calculate the absorption spectrum
for the photoisomer and limits for its fluorescence quantum yield
(4>fp < 0.2) and the quantum yield for back-photoisomerization
from the first excited singlet state of this species to the ground
state of the stable form ($pN < 0.14).

The application of LIOAS to the study of this system has
resulted in a better resolved absorption spectrum of both species
than that resulting from conventional and laser flash photolysis.
No region shows absorption of one species alone, and it is not
possible to use the method developed in ref 16 to obtain the energy
content of the less stable isomer. Fitting the photoacoustic data
permitted us to estimate AE = 0.15 + 0.15 eV. The use of the
data at the isooptoacoustic points has lead to the evaluation of
spectroscopic and kinetic parameters of a photoisomer with optical
properties very similar to those of the parent compound. This
further demonstrates the potential of the LIOAS technique.
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Abstract In this work a pulsed laser photoacoustic technique
is employed in amorphous alloys for the characterization of
crystallization temperatures and the determination of the acti-
vation energies for the transitions. It is shown that the changes
produced in the photoacoustic signal generated by low en-
ergy laser pulses (< 200 pJ), is a sensitive probe for detecting
the crystallization of a metallic amorphous sample. A piezo-
electric transducer attached to the sample by means of a glass
substrate was used for the acoustic detection. The developed
technique has the advantages of requiring a minimum amount
of sample, with no special sample preparation or condition-
ing. In order to demonstrate the validity of the technique, it
was applied to the study of the crystallization processes of the
amorphous Mg-Zn alloy, comparing the result with respect to
resistivity measurements.

PACS: 78.20; 61.40; 64

The stability of amorphous metals can be determined by
thermal measurements. When an amorphous metal is heat-
ed above its glass transition temperature, it undergoes first
a second order glass to undercooled liquid transition and af-
terwards a first order liquid to crystal transition [1,2]. The
structural changes are usually detected by X-ray or neu-
tron diffraction, scanning calorimetry or electrical resistivi-
ty""'measurements. The stability of the amorphous phase and
the activation energies for the transitions are determined by
the kinetics of transformation, that is, the delay before the
transition takes place, after heating above the critical tem-
perature. When isothermal annealing is used, the activation
energy is determined from Arrhenius plots and at constant
heating rates from Kissinger plots [3]. In this work a new
technique for the determination of phase transition in metal
alloys, based on the photoacoustic effect is presented. Pho-
toacoustics is related to the phenomena of the generation
of acoustic waves in a medium after interaction with mod-
ulated or pulsed electromagnetic radiation. One interesting
property of-the phenomena, is that the photoacoustic signal
generated, depends on the thermoelastic parameters of the
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medium (thermal expansion, sound velocity, heat capacity,
etc.), magnitudes that change greatly in a phase transition,
hence, structural changes can be easily determined in realtime
by monitoring the changes in the photoacoustic signals. Prior
work related to photoacoustic characterization of phase tran-
sitions relies on the use of achopped lamp ora CW low power
laser and a gas cell with a microphone [4]. This technique re-
quires a very small volume of gas contacting the sample and
the microphone [5]. This requirementis difficult to achieve as
the microphone must be placed far from the sample, outside
the temperature controlled region, leading to sophisticated de-
signs [6,7].

In this work a pulsed laser photoacoustic technique is
employed. Pulsed laser generation of acoustic waves in the
condensed phase, has been widely used for the characteriza-
tion of materials [8]. Here, the laser excitation of the sample
acts only as a source of acoustic waves, then the energy of
the pulse must be always sufficiently low to avoid heating or
surface changes. As the detector used is a piezoelectric trans-
ducer contacting the sample by means of a glass substrate,
it can be easily placed outside the oven without any special
requirement in the design.

In order to demonstrate the validity of the technique de-
veloped, it was applied to the study of the crystallization
processes of the amorphous Mg-Zn alloy (Mg70Zn30). This
alloy was selected because it has been thoroughly studied
and the large number of prior publications allows a reliable
comparison with the results. It presents a eutectic at the com-
position used, and has a high temperature equilibrium phase
Mg5iZn2o (denoted as Mg7Zn3> that has been characterized
by Higashi [9], The sample becomes amorphous after rapid
cooling from the melt [10,11] with a short range order similar
to that of the Mg5iZn2o crystalline phase [12-14], Accord-
ing to Andonov [15] it is actually described by the coexis-
tence of a disordered phase similar to the liquid state and
better organized aggregates which are not yet crystallized.
The amorphous phase is only marginally “stable” [16] and
different authors have found somewhat different transition
temperatures, depending on the thermal history of the materi-
al [7,17]. The crystallization upon heating has been described
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by several authors [10,11,13,18,19], and the activation en-
ergy for crystallization has been determined [11,18].

In characterizing this new technique, electrical conductiv-
ity and photoacoustic signals were simultaneously measured
during different thermal cycles of the samples in the range
between room temperature and 560 K, identifying complete-
ly the most important phase transitions that take place in this
material. Activation energies of the transition as well as the
sound velocity in the amorphous and crystalline phase were
also measured.

Generation of photoacoustic signals and changes as
a function of temperature, are discussed in terms of the
changes in the thermodynamic parameters of the samples.

1 Experimental

The experimental setup used is shown in Fig. 1. The ex-
citation source was the second harmonic (A= 532 nm) of
a Q-switched Nd3+-YAG laser, providing 7 ns width pulses at
a repetition rate of 10 Hz and attenuated to less than 200 pJ to
avoid excessive heating of the material. The samples were rib-
bons 20 pm thick, 1 mm wide, and pieces around 1 mm long
were cut and pressed between an L-shaped glass substrate
and a glass cover, to ensure good acoustical contact (“sam-
ple holder™). The short arm of the substrate was located inside
a temperature controlled oven, and the end of the large part
outside it, attached with glue to the acoustic transducer. The
latter was a cylindrical ceramic piezoelectric detector (PZT)
4 mm in diameter and 4 mm long. The substrate was L-shaped
in order to avoid spurious acoustic signals produced by scat-
tered light absorbed at the surface of the transducer [20]. The
peak to peak amplitude of the first detected acoustic oscilla-
tion (H ) was monitored as a function of the temperature. The
acoustic signals were amplified (x 800), and afterwards pro-
cessed by a storage digital oscilloscope that sampled at 100
Msamples/sec with 8-bit resolution per point.

The temperature of the oven could be controlled between
room temperature and 560 K using heating rates between
1K/min and 15 K/min. The temperature of the sample was
measured by a thermocouple, mounted on the glass substrate
at a distance of a few millimetres from the sample. Energy
measurements (E) were performed with a pyroelectric detec-
tor, sampling the pulse using a glass plate as the beam splitter.
The four probe method was used for the measurement of the
resistivity (/?), using samples 10 mm long and electric con-
tacts made by pressing copper foils.

Automatic and simultaneous measurements of the ampli-
tude of the acoustic signal, energy of the pulse, temperature,
and resistivity, were made by taking 32 averages every 10
seconds. The data were stored in the computer for further pro-
cessing.

The samples (M gZJZn3 near eutectic composition), were
manufactured by the melt spinning technique [21], and X-ray
diffraction spectra were taken to verify that the material was
initially amorphous.

Figure 2 shows the changes observed in the acoustic sig-
nal at three different temperatures (290 K, 423 K and 523 K).
The registered signal is the result of the response of the de-
tector to all the waves, including reflections, and presents
a characteristic “ringing” of the piezoelectric crystal. Hence,
the selection of the part of the signal used to measure, must
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Fig. 1. Experimental set-up used for the photoacoustic detection. Automat-
ic and simultaneous measurements of the amplitude of the acoustic signal,
pulse energy, temperature, and resistivity, were made by taking 32 aver-
ages every 10seconds. The data was stored in the computer for further
processing

Fig. 2. Time dependence of the photoacousdc signal at different tenyera-
tures. (solid) 290 K (short dash) 423 K; (long dash) 523 K The change in
the shape is evident, and the peak to peak amplitude of the first oscillation
is taken as the photoacoustic signal H

be made carefully. It is clear that, with the exception of the
first part of the signal, the rest not only changes in ampli-
tude but also in shape, probably due to interference effects
between different acoustic waves, deformations of the sam-
ple, etc. Taking this into account, the peak to peak amplitude
of the first oscillation was used as the photoacousdc signal H ,
and was divided by the laser pulse energy (E) to compensate
the shot to shot laser fluctuations.



2 Results

Figure 3 shows a simultaneous measurement of the normal-
ized photoacoustic signal H/E and the resistance R as a func-
tion of the temperature, performed by heating the samples
at a rate of 9 K/min. In both cases strong changes were ob-
served above 360 K (an increase of H/E; decrease of /?),
corresponding to the crystallization of die sample, as it was
previously reported in the literature [10,11,13,18], After
heating to 570 K, the sample was cooled to room tempera-
ture, showing the irreversibility of the transition. Successive
temperature cycles of heating and cooling showed no further
changes, confirming complete crystallization. Thermal cycles
performed from room temperature to 410 K (after the first
transition), showed a similar behaviour consistent with acom-
plete crystallization also at this stage. Hence two transition
temperatures can be easily identified, one around 370 K and
the other around 470 K.

To determine the reproducibility of the measurements, ex-
periments were performed with the same heating rate with
different pieces of the same ribbon. Similar curves were ob-
tained with a reproducibility within 5% of the values of the
transition temperatures

The activation energies for the crystallization processes
were estimated by the Kissinger “peak shift” method [3,11].
This procedure involves plotting \og(T?/v) as a function of

1/7), where T\ is the temperature of the transition, and V is the”

heating rate. The slope of the straight line obtained gives the
activation energy of the transition.

Two activation energies were estimated, corresponding to
the two steps of the crystallization. Figure 4 shows Kissinger
plots corresponding to the data obtained for different heating
rates between 1K/min and 15 K/min. The activation ener-
gies obtained for the two transitions are E\ — 153 kJ/mole,
and £2 = 92 kJ/mole.

One of the possible sources of variation in the photoa-
coustic signal is a change in the sound velocity, a parameter
that has not been measured previously for this alloy. With the
aim of establishing the importance of the different parameters
in this change, the sound velocity was determined before and
after the crystallization of the sample. This was performed
outside the oven by measuring the arrival time of the acoustic
signal after the laser shot, as a function of the distance be-
tween the laser spot and the transducer. Figure 5 shows that
the sound velocity in the amorphous phase (4767 = 50 m/s) is
15% smaller than in the crystalline phase (5562 77 m/s).

3 Discussions

The origin of the acoustic signal is the pressure wave gener-
ated by the local heating of the material, after absorbing part
of the laser energy. The signal detected depends in a compli-
cated manner on die excitation-detection geometry conditions
of the experiment, and both the surface and bulk waves are
coupled to the detector. From the treatment performed by
Bunkin et al. for the thermo-optical generation of acoustic
waves in a solid [22], the following general expression for the
amplitude of the acoustic pulse as a function of the thermo-
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Fig.3. Simultaneous measurement of resistance (/?) and normalized photoa-
coustic signal {H/E), as a function of temperature for a Mgro0Znso alloy.
Arrows show the heating (—») and cooling («— cycles respectively. The
heating rate was 9 K/min. Two transitions appear. The transition tempera-
ture was taken at the half point of the signal change, as shown

Fig. 4. Kissinger plots for the two steps of the crystallization processes of
Mg-0Znso- The slope gives the corresponding activation energies, and the
values obtained are E\ = 153 kJ/mole, and 2 = 92 kJ/mole

elastic parameters of the media can be deduced:

(D

where fi is the volume thermal expansion coefficient, Cp is
the heat capacity at constant pressure, E is the absorbed laser
pulse energy, p is the density, F is a function of the temporal
and spatial shape of the laser pulse and the geometry of the
detection; r is the laser pulse duration, and D = 2csrz/a2 is
the acoustic diffraction parameter, with cs the sound velocity;
Z the distance between the acoustic source and the detector,
and a the diameter of the illuminated region.

From (1), changes in the acoustic signal can be expect-
ed from changes in the sound velocity, the alloy density, the
expansion coefficient or the heat capacity. The small change
measured in the sound velocity, together with the smooth de-
pendence of F with D, cannot explain the large variations
observed in the acoustic signal. The change in the density be-
tween the glass, crystal and liquid is also very small [14,15].
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Fig.5. Sound velocity determination in the amorphous and crystalline
phase. The delay in the arrival of the acoustic signal was determined as
a function of the distance between the laser spot and the position of the
transducer

During a glass to undercooled liquid transition, Cp and /J are
expected to increase upon heating, and conversely Cp and
/? should decrease in the undercooled liquid to crystal tran-
sition [1,2]. Hence from (1), the sign of the change in the
photoacoustic signal will depend on which of the two magni-
tudes has a larger relative change.

It is convenient at this stage to summarize prior results
obtained by other authors with this alloy. The crystallization
upon heating has been described by several authors [10,11,
13,18,19], showing first a crystallization transition around
360 K, reflected by a decrease of the order of 10% in the
electrical resistivity [11,13,18], and two peaks in DSC ex-
periments [10,19]. Smaller crystallization temperatures were
found by Schaal [23] using small angle X-ray scattering
and very slow heating rates (0.375 K/min). This first dou-
blet is associated with the polymorphous crystallization of
very fine grained MgsiZn2o which is highly defective, and
a subsequent recrystallization process to more perfect grains.
A much smaller DSC peak occurs at higher temperature
(around 500 K) due to the precipitation of some Mg.

From the photoacoustic results, the first transition can be
assigned to the material crystallization to M g5iZn:>0 (detected
as a doublet by DSC [11,13,18]). Our results with the elec-
trical resistivity are similar to those previously published [10,
19], validating our interpretation of the photoacoustic signal
changes. From Eq. (1), the increase of the photoacoustic sig-
nal upon crystallization indicates that the change in Cp is the
dominant mechanism involved in this transition. This is con-
sistent with the results reported in [15], where no important
change in the thermal expansions in this temperature range
were found during their diffraction studies.

From prior work, the activation energies of the two peaks
of the DSC doublet were found to be 160kJ/mole and
120kJ/mole [11]. Shiotani et al. [18] determined the ac-
tivation energy for different compositions between 69 at.%
and 72 at% of Mg by Arrhenius plots using the electrical re-
sistivity changes, yielding values between 150kJ/mole and
130kJ/mole. Calka [16] showed that the activation energy

depends on the composition and aging of the sample. With
our technique only one activation energy E\ = 153kJ/mole
was determined with a value Consistent with prior works.

The second transition detected corresponds to the segrega-
tion of Mg, as reported by several authors [10,11,13,18,19].
The activation energy for this transition has not been previ-
ously reported.

It was not possible to determine the glass transition from
our measurement, probably due to its proximity to room tem-
perature. The small decrease in the photoacoustic signal be-
tween room temperature and 350 K can be attributed to the in-
crease in Cpduring the glass transition, but this result was not
repetitive enough for an unambiguous assignment. This coin-
cides with previous findings, that showed that when scanned
with DSC the endothermic glass transition is either absent or
extremely weak [10].

The photoacoustic signal increases by a factor of two in
the first transition while the electrical resistivity decreases by
only 15%, showing a larger sensitivity of the new method
for this amorphous to crystalline transition. This feature aris-
es from the large change in Cp for these transitions. For the
crystal-crystal transition, the sensitivities are similar, showing
a 50% relative change in both magnitudes.

4 Conclusions

~Ht has been shown that the changes produced in the photoa-

coustic signal generated by low energy laser pulses (less than
200 ), is a sensitive probe for detecting the crystallization
of a metallic amorphous sample.

The developed technique has the following advantages
over other competitive methods. A minimum amount of sam-
ple is required, and it can be solid or a powder. Due to the
focusability of the laser and the negligible penetration depth
of the light, small area, thin amorphous layers can be studied.
No special sample preparation or conditioning is necessary.
No contacts are soldered or glued and no special shape is re-
quired.

In the particular case of the alloy studied, the sensitivi-
ty of the photoacoustic measurements was higher than that
obtained with electrical resistivity measurements.

Inspite of the high sensitivity of the technique, the Nd3+-
YAG pulsed laser used can be replaced by smaller compact
lasers such as diode pumped systems. In this way, the de-
veloped method can be converted in a very simple, compact
system, to be used for in situ studies and incorporated into
larger equipment such as electron microscopes, X-ray diffrac-
tometers, or scanning calorimeters.
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The photophysical behaviour of 1-nitrocarbazol and 3-nitrocarbazol in different organic solvents has been studied
by using spectroscopic, luminescence and photoacoustic techniques. Absorption spectra and triplet state transient
spectra were recorded and formation quantum yields and lifetimes determined. Phosphorescence emission at 77 K
and laser induced luminescence in acetonitrile solution at 298 K for the nitrocarbazoles were studied. Results are
discussed in terms of the optimized structure of 1-nitrocarbazole and 3-nitrocarbazole and compared with that of
carbazole. The nitro group attached to the carbazole moiety induces important changes in the photophysical

behavior of those compounds.

Introduction

As part of a comparative study of the photophysical processes
and the photoreactivity of azacarbazoles (P-carbolines)and
carbazoles34 and their potential use as matrices (photo-
sensitizers) in matrix assisted ultraviolet laser desorption/
ionization mass spectrometry (UV-MALDI-MS),56we decided
to examine the behavior of carbazole derivatives. To begin with,
nitrocarbazoles were chosen since for aromatic molecules the
nitro group as a substituent induces strong modifications on the
acid-base properties in the ground and electronic excited states
and on the nature (n,n*; n,n*), multiplicity (singlet, S,; triplet,
Tj), lifetime (rSJ; ©x1) and efficiency of population (&) of the
electronic excited states.7-10 Thus, after we completed the prep-
aration and full characterization of 1-nitrocarbazole (2) and 3-
nitrocarbazole (3)11 (Scheme 1), we studied their photostability
and their absorption and emission spectra under steady-state
conditions.7

Both nitrocarbazoles were shown to be stable after irradi-
ation in acetonitrile solution.7 In experiments of laser desorp-

Scheme 1 Structure of the carbazoles studied.

t Dedicated to Professor Silvia Braslavsky, to mark her great contri-
bution to photochemistry and photobiology particularly in the field of
photothermal methods.

808 Photochem. Photobiol. Sci., 2003,2, 808-816

tion/ionization mass spectrometry with an N2 laser source
(Aexc = 337 nm, LD-M S)511 they showed a high efficient desorp-
tion/ionization process. They also behaved as efficient photo-
sensitizers (matrix) in UV-MALDI analysis for low molecular
mass proteins and for carbohydrates.5 1-Nitrocarbazole 2
showed a phosphorescence emission which was weaker than
that of 3-nitrocarbazole 3, while neither compound showed any
detectable fluorescence emission in steady-state experiments.
Experiments were then coducted by comparing absorption and
emission spectroscopy, laser flash photolysis, photoacoustic and
laser induced luminescence properties of 2 and 3 relative to 1.

The results described in the present report show that the
presence of the nitro group as a substituent in the carbazole
moiety induces different photophysical behaviors in nitrocarb-
azoles 2 and 3 compared with that of carbazole 1. Besides, they
also show that not only is the presence of the nitro group
critical but also its location in the carbazole moiety.

Experimental
Chemicals and instrumentation

Materials. Spectrograde and HPLC grade cyclohexane,
carbon tetrachloride, ethyl acetate, acetonitrile, methanol and
acetic acid were purchased from J. T. Baker and were used
without further purification.

2-Hydroxybenzophenone, 1-cyanonaphthalene, carbazole
and Cresyl Violet were purchased from Aldrich and were
recrystallized from ethanol. Ceric ammonium nitrate
(Ce(NHAHZANO036; CAN), ammonium ferric(n) sulfate hexa-
hydrate ((NH4)2Fe(S04)2-6H20, Mohr salt), EDTA, copper(n)
nitrate trihydrate (Cu(N0323H20), sodium nitrite and nitric
acid were purchased from Aldrich. Solvents for chromato-
graphy and recrystallization were carefully purified and dried
before use.22 Thin layer chromatography (TLC) analysis was
performed with aluminium silica gel sheets (0.2 mm layer
thickness, silica-gel 60 F254). Products were isolated by pre-
parative thick layer chromatography and column chromato-
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graphy which was carried out using silica gel 200-400 mesh 60
A and ethyl acetate and ethyl acetate-ethanol as solvents. Melt-
ing points are uncorrected.

Equipment and experimental set-ups. UV absorption spectra
were recorded on a Shimadzu UV-1203 UV-visible spectro-
photometer and with a Beckman DU 65 spectrophotometer.
All the measurements were made with 1 cm stoppered quartz
cells at 298 K. Phosphorescence measurements were performed
on a Hitachi F-500 spectrofluorometer whose output is
automatically corrected for instrumental response by means
of a Rhodamine B quantum counter and equipped with a
Hamamatsu R 928 photomultiplier tube. The spectra at 77 K
were recorded in solid matrices produced by freezing the ethyl
ether-isopropanol (1:1) solution contained in a cylindrical cell
(2 mm path length) with liquid N2. The concentration of the
substrates were 5.0 x 10“5mol dm-3 and the solutions freshly
prepared in the solvent mixture at 298 K and degassed with
Ar during 10 min before freezing at 77 K. The electronic
phosphorescence emission spectra were recorded in phos-
phorescence mode from 350 to 650 nm at 77 K. The selected
excitation wavelength was 320 nm.

The phosphorescence lifetime values (rp) were measured in
the same apparatus at the maximum phosphorescence emission
wavelength. The monoexponential decay curves were acquired
on a PC that was interfaced to the spectrofluorometer. Then,
the phosphorescence lifetimes were determined by fitting the
phosphorescence decay curves with a monoexponential
function using the Origin 3.5 program.

The phosphorescence quantum yields (*p) of the nitrocarb-
azoles were measured relative to that of carbazole (&p = 0.24),7
which was used as a reference. A simple comparison of the
integrated areas under the phosphorescence spectra of the
nitrocarbazoles and carbazole yields the $pvalues.

Laser flash photolysis experiments were performed by using
the third harmonic of a pulsed Nd:YAG laser (Edinburg Laser
Flash Photolysis System). The energy of a single 355 nm pulse
was monitored with a beam splitter and a pyroelectric energy
meter (Laser Precision Corp.). Laser induced transient trans-
mission changes were monitored, perpendicular to the laser
beam, by using a Xe arc lamp (ILC UV 33P). The analysing
light passed through a 2 nm wide section of the excited sample
and was then focused at the entrance slit of a 0.25 mm, doubled
grating monochromator (PTI f/4, spectral resolution 3 nm). A
photomultiplier (Hamamatsu R 936) and a Tektronix R-7912
transient digitizer interfaced to a PC IBM Asyst. Programs
were used to acquire and process the signals. The electronic
absorption spectrum of the triplet transient of 3-nitrocarbazole
was obtained in Ar degassed acetonitrile solution (substrate
concentration: 5.0 x 10“5mol dm*“3 at 298 K. The triplet tran-
sient lifetime value («t) of 3-nitrocarbazole was measured with
the same apparatus at the maximum absorption wavelength
(2 =575 nm).

The triplet quantum yield (~T) values were measured by laser
flash photolysis in acetonitrile at 298 K. Benzophenone was
selected as the triplet energy donor and as a reference (&T= 1.0).
1-Cyanonaphthalene was selected as the triplet energy acceptor.
The absorbance of the triplet transient of 1-cyanonaphthalene
at 500 nm obtained by photosensitization at 355 nm in the
presence of benzophenone was meassured; 1-cyanonaphthalene
itself does not absorb at 355 nm. Similarly, the absorbance
of the triplet transient of 1-cyanonaphthalene was measured
at 500 nm in the presence of the nitrocarbazoles. Taking
into account a 100% efficiency of triplet-triplet energy
transfer between the triplet energy donors (benzophenone
and nitrocarbazoles) and the triplet energy acceptor (1-cyano-
naphthalene), a simple ratio of the absorbance values of
1-cyanonaphthalene measured at 500 nm in the presence of the
nitrocarbazoles and benzophenone yields the <1 values of
nitrocarbazoles.

194

Photoacoustic measurements were performed by using a
Q-switched Nd:YAG laser (Surelite Il, Continuum, 7 ns
FWHM) operating at the third harmonic (2 = 355 nm). The
diameter of the laser beam was controlled with a focussing lens
and a variable pinhole. The laser energy was attenuated using a
polarizer and a half wave plate and measured with a pyro-
electric detector (RjP-765, Laser Precision Corp.) using a
quartz glass as beam-splitter. Sample solutions were contained
in a spectrophotometric 1 cm quartz cell. For the detection of
the acoustic signals two different piezoelectric transducers were
used: a home-made ceramic PZT (4 x4 mm) attached to a rear
wall of the cell and a PVF2film of 25 pm width, attached to the
bottom of the cell. In both cases the detection was perpendicu-
lar to the direction of the excitation beam. Selecting the proper
value for the frequency response of the transducers and for the
diameter of the beam with the lens-pinhole, the time resolution
range for the acoustic measurements was 150 ns to 1.5 ps. The
detected acoustic signals were amplified and processed by a
storage digital oscilloscope (TDS 3032, Tektronix). Measure-
ments were performed averaging the signals generated by 64
laser shots for better signal to noise ratio. The absorbances of
the solutions were checked before and after each set of laser
shots.

2-Hydroxybenzophenone was used as a calorimetric refer-
ence.1l3 For the experiments, sample and reference solution
concentrations were matched to absorbance values between 0.1
and 0.2 at the laser wavelength. Signals were also processed
mathematically using deconvolution methods, combined with
an appropriate kinetic model. Experiments were performed at
open air and under controlled atmosphere, bubbling N2or 0 2in
the solution, during 15 min.

Laser induced luminescence experiments were conducted
using the same excitation set-up described for photoacoustic
experiments. The spectrum emitted by the sample was recorded
by means of an optical fiber attached to a cross dispersion
spectrograph (Mechelle Multichannel Instruments, AB) with a
CCD incorporated camera. The data was sent to a computer
and processed with appropriate software that gives the whole
spectra covering the 200 to 1100 nm region with a 0.3 nm
spectral resolution. The emission lifetime was measured at the
maximum intensity wavelength of the spectrum with a 10 ns
resolution photomultiplier.

’H- and 13C-NMR spectra were run in dimethyl sulfoxide-d6
at 500 MHz. Chemical shifts are reported in ppm values, using
tetramethylsilane as internal standard.

Synthesis of nitrocarbazoles

Olah’s method. A mixture of copper(n) nitrate trihydrate
(200 mg, 0.83 mmol) and acetic anhydride (1.5 ml) was stirred
at room temperature for 15 h. After that the carbazole
(0.72 mmol) was added to the mixture, and stirring was con-
tinued for 24 h. Additional copper(n) nitrate trihydrate
(100 mg, 0.83 mmol) was added, and stirring was continued for
another 24 h. Then methanol (10 ml) was added. After 30 min
of stirring volatiles were evaporated in vacuo, 20 ml of water
were added to the remaining solution, and the mixture was
stirred for 30 min. A pH of 14 of the aqueous solution was then
set using sodium hydroxide. The aqueous solution was washed
with dichloromethane (3 x 15 ml). The combined organic
extracts were washed with water (100 ml), and the organic layer
was dried over sodium sulfate, filtered and evaporated in vacuo
to give a solid residue. The residue was separated by flash
column chromatography with ethyl acetate-hexane mixtures as
eluent.

1-Nitrocarbazole (2). Yellow needles from ethanol, mp 195 °C
(lit.11 197-198 °C); '"H NMR (dimethyl sulfoxide-d6): 8 12.15
(brs, 1H,NH), 8.62 (d, 1H, 4-H, J= 7.3 Hz), 8.41 (d, 1H, 8-H,
J = 8.4 Hz), 8.31 (dd, 1H, 5-H, J= 1.1, 7.8 Hz), 8.24 (d, 1 H,
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Table 1 Spectroscopic data of carbazoles in acetonitrile at 298 K under inert atmosphere (Ar) together with the calculated spectroscopic data

Carbazole I'm¢(abs)/nm (e/dm 3mol *em-1) ~max(abs)”’nm (/(Sj-SJ 1) AfiagD ;.mmi(abs)7nrn (/(S~SJ™) A/lITD
1 260(90000) 292 (75000) 334(7800) 274 (0.458) 5.17 288 (0.014) 0.93
2 290 (80000) 300(100000) 404(48698) 336(0.110) 2.81 365(0.182) 3.76
3 279 (100000) 306 (60000) 366(45714) 321 (0.292) 2.77 326 (0.111) 2.44

° Calculated using the semiempirical ZINDO/S method after HF/3-21G geometrical optimization.

2-H, 7=8.0Hz), 751 (dd, 1H, 7-H, 7 = 7.3, 8.4 Hz), 7.35 (dd,
1H, 3-H,7=73,8.0Hz), 729 (dd, 1H, 6-H, 7=1.1, 7.3, 7.8
Hz); 13C NMR (dimethyl sulfoxide-d6): O 140.6 (1-C), 132.8
(4-C), 131.6 (9a-C), 130.9 (4a-C), 127.9 (3-C), 127.1 (7-C,
8a-C), 121.6 (2-C), 121.4 (4b-C), 120.5 (5-C), 118.2(6-C), 112.6
(8-C).

3-Nitrocarbazole (3). Yellow needles from ethanol, mp 215 °C
(lit.11 215-216 °C); *H NMR (dimethyl sulfoxide-d6): 5 12.02
(brs, 1H, NH), 9.15 (d, 1H, 4-H, 7= 1.8 Hz), 8.36 (d, 1H, 5-H,
7 =18.0 Hz), 8.29 (dd, 1 H, 2-H, 7= 1.8, 8.8 Hz), 7.65-7.58 (m,
2 H, 1-H and 8-H), 8.51 (dd, 1H, 6-H, 7= 6.9, 8.0 Hz), 7.29 (dd,
1H, 7-H, 7 = 6.9, 7.7 Hz); nC NMR (dimethyl sulfoxide-d6):
d 143.1 (3-C), 140.8 (9a-C), 139.6 (8a-C), 127.3 (7-C), 122.2
(4a-C), 121.9 (4b-C), 121.1 (2-C), 120.9 (5-C), 120.0 (6-C),
116.9 (4-C), 111.7 (1-C), 110.9 (8-C).

Computational details

The ground-state geometries were optimised by ab initio calcu-
lations (3-21G basis at HF level; Gaussian 98). UV-absorption
spectra were calculated by using the ZINDO/S (Cl, 6:6)
method.

Results and discussion

Absorption, fluorescence and laser flash photolysis measurements
at 298 K

The absorption spectra of carbazole 1 and nitrocarbazoles 2
and 3 were recorded in acetonitrile at 298 K and showed three
bands at ca. 270, 300 and 350 nm (Table 1).

Previously spectroscopic studies and theoretical calculations
have been carried out71416 allowing for unambiguous assign-
ment of the bands located in the 300 and 350 nm regions for
carbazole derivatives as *La (S2S0) and 'L (S,-S0) electronic
transitions, respectively.

Also, we observed that the absorption spectra of nitro-
carbazoles 2 and 3 recorded in acetonitrile at 298 K showed a
noticeable bathochromic shift of the band of 70 and 32 nm,
respectively, compared to that of carbazole 1, whereas the ‘L,
band showed a small bathochromic shift of ca. 10 nm. These
red shifts are a result of the in-plane conjugation of the nitro
groups bonded to the carbazole moiety and can be interpreted
by the mesomeric effect induced by the nitro group. The oscil-
lator strength /(Sj-S9 and /(S2S0) values and the dipole
moment (Afi) of the *Lband ‘L, electronic transitions were cal-
culated from the HF/3-21G optimised ground-state structures
of carbazoles using the semiempirical ZINDO/S method and
these values are shown in Table 1. The oscillator strength/(S,-
S0) associated to the "1™ electronic transition of nitrocarbazoles
2 and 3 are higher than that of carbazole 1 and it may be
attributed to an important change in the charge transfer char-
acter in the "Lbelectronic transition and to a noticeable increase
of the transition dipole moment (A/;), as can be seen from the
predicted (Afi) values of carbazoles 1, 2 and 3 shown in Table 1.
In the case of the S2S0 electronic transition of the nitrocarb-
azoles 2 and 3 we obtained oscillator strength and transition
dipole moment values lower than that of the carbazole 1.
Therefore, we concluded that a smaller change occurred in the
charge transfer character in the *Laelectronic transition of the
nitrocarbazoles 2 and 3 compared to that of the carbazole 1.
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The solvent effect on the absorption spectra of 1-nitrocarbazole
and 3-nitrocarbazole was studied and the spectra obtained are
shown in Fig. 1. A small bathochromic shift on going from non-
polar to polar solvents was observed. Thus, we concluded that
for compounds 2 and 3 the nature of the lowest singlet excited
state is most likely to be n,n* as in the case of carbazole 1.7

Fig. 1 Electronic absorption spectra of (a) 1-nitrocarbazole (2) and
(b) 3-nitrocarbazole (3) in different solvents: (—) cyclohexane (C6H 12),
( e+ ) carbon tetrachloride (CCU), (---) ethyl acetate (CH3C 02C2H s),
(O) acetonitrile (CH3CN), (¢) methanol (MeOH).

Carbazole 1 was a good fluorescent chromophore in
acetonitrile at 298 K with #{= 0.62 and rf= 15.1 ns, whereas
1-nitrocarbazole (2) and 3-nitrocarbazole (3) did not show any
fluorescent emission uner similar experimental conditions.
Thus, from the electronic excited singlet state one or two
radiationless deactivation processes could be operating: (i) an
efficient intersystem crossing process, and/or (ii) an efficient
release of heat to the medium.

We measured the intersystem crossing quantum yield

or €1) of the nitrocarbazoles by laser flash photolysis at



Table 2 Intersystem crossing quantum yield &) and triplet lifetime
(rT) of carbazoles in acetonitrile at 298 K *

Carbazole *-rJns
1 0.38* -

2 0.40 + 0.04 <10
3 0.50 + 0.05 500

""Measured by laser flash photolysis at Xoc 355 nm under Ar atmos-
phere. *From ref. 7.

X = 355 nm in acetonitrile, under Ar atmosphere at 298 K.
Benzophenone was selected as a reference and as a triplet
energy donor, whose <€ value is known (&r = 1.00).17-19
1-Nitrocarbazole (2) and 3-nitrocarbazole (3) were also selected
as triplet energy donors whose +¥ values are unknown and
1-cyanonaphthalene was selected as a triplet energy acceptor
for which a triplet energy value of 2.32 eV had been reported.18
It is noteworthy to mention that the triplet-triplet energy trans-
fer process between the donors and the acceptor occurs with a
quantum efficiency of 1.19Table 2 shows the ¢ values obtained
for carbazole (1), 1-nitrocarbazole (2) and 3-nitrocarbazole (3).
The high §T values obtained indicates that ca. 50% of the initial
electronic excited S, population is involved in the intersystem
crossing process S, —¢T.

Taking into account that the nitrocarbazoles 2 and 3 are not
fluorescent chromophores, the other ca. 50% of the absorbed
photons should be released to the medium as heat through a
radiationless internal conversion pathway from the S, state.

In order to characterise the triplet excited state of the
nitrocarbazoles 2 and 3, we recorded the electronic absorp-
tion spectra of the triplet transients by laser flash photolysis at
X=355nm in acetonitrile, under Ar atmosphere at 298 K. Fig. 2
shows the electronic absorption spectra of the 3-nitrocarbazole
(3) triplet transient.

Fig. 2 Electronic absorption spectra of the triplet transient of
3-nitrocarbazole (3) obtained by laser flash photolysis. Solvent:
acetonitrile: T = 298 K; atmosphere: An 2,,,, = 355 nm.

The triplet lifetime (rT) of 3-nitrocarbazole was also meas-
ured in similar experimental conditions at 2 = 500 and 650 nm.
At both absorption wavelengths, the triplet transient of
3-nitrocarbazole showed monoexponential decays giving the
same rx value (Table 2, 500 ns). We also attempted to character-
ise the triplet transient of 1-nitrocarbazole (2) by laser flash
photolysis experiments but no electronic absorption spectra
could be detected.

Photoacoustic measurements at 298 K

The peak-to-peak amplitude of the first acoustic pulse (H)
detected by the piezoelectric transducers was used to measure

the prompt heat released to the medium by the sample after
excitation.

Fig. 3 shows the photoacoustic signal amplitude (H) of
1-nitrocarbazole (2) and the calorimetric reference, 2-hydroxy-
benzophenone, as a function of the excitation fluence (F)
measured in different organic solvents at 298 K. In these
experiments, the sample and the reference absorbances were
matched to the same value.

Fig. 3 Amplitude of the photoacoustic signal H as a function of the
laser fluence F measured in different solvents; CCl4 (A = 0.168),
CeHR2 (A = 0.164), CHIC02C2H5 (A = 0.151), CHXN (A = 0.117),
MeOH (A = 0.110); rR= 1ps; (*) 1-nitrocarbazole (2), (O) 2-hydroxy-
benzophenone (reference).

Linear correlations and good reproducibility of the experi-
mental data were obtained in all the used solvents. No changes
in the relationship between sample and reference were observed
changing the resolution time of the experiments between 150 ns
and 1.5 ps. As can be seen, the same slopes were obtained for
the samples and the reference in all cases. These results can be
interpreted in terms of the well known eqn. (1) for the photo-
acoustic signal amplitude:

D

where K is an experimental constant containing the thermo-
elastic properties of the solution and instrumental factors, A is
the sample absorbance value and a is the fraction of energy
released in the medium as prompt heat within the time
resolution of the experiment.

Taking into account that for the calorimetric reference,
2-hydroxybenzophenone, aR= 1 and that the measurements for
sample and reference were performed in the same experimental
conditions (K is a constant in eqn. (1)), the ratio of the HIF
values obtained for sample and reference yields the sample a
value. Thus, for the 1-nitrocarbazole (2) a = 1 was obtained
when the experimental time resolution ranged from 1.5 ps to
150 ns. The same a value was obtained in the different solvents
used (Fig. 3, carbon tetrachloride, cyclohexane, ethyl acetate,
acetonitrile and methanol). Then, we assume that 1-nitro-
carbazole (2) releases to the medium all the absorbed energy as
heat in a time shorter than 150 ns. This result agrees with those
obtained by laser flash photolysis experiments and suggests that
the triplet transient of 1-nitrocarbazole (2) is short-lived
and, after its formation, it decays to the ground state rapidly.
Thus, we have roughly estimated for the triplet transient of
1-nitrocarbazole (2) a tt value <10 ns (the resolution limit of
the laser flash photolysis experiments conducted is 10 ns).

Fig. 4 shows the photoacoustic signal amplitude (H) as
a function of the excitation fluence (F) for the case of
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Fig. 4 Amplitude of the photoacoustic signal H as a function of the
laser fluence F measured in different solvents; CC14 (A = 0.168), C6H,2
(A =0.164), CHX 02CHs (A = 0.151); tR= 1ps; (*) 3-nitrocarbazole
(3), (O) 2-hydroxybenzophenone (reference).

3-nitrocarbazole (3) by using again 2-hydroxybenzophenone as
reference, in cyclohexane, carbon tetrachloride and ethyl acet-
ate solutions, at 298 K. Measurements were conducted under
the same experimental conditions described for 1-nitro-
carbazole (2). As can be seen, good linear correlations were
obtained yielding a - 1 for the three solvents used. It was con-
cluded that when cyclohexane, carbon tetrachloride and ethyl
acetate were used as solvents (Fig. 4), 3-nitrocarbazole (3)
showed a similar behavior to 1-nitrocarbazole (2) (Fig. 3)
releasing to the medium all the absorbed energy as heat in a
time shorter than 150 ns.

A comparative study of H as a function of F for 3-nitro-
carbazole (3) and for the calorimetric reference in acetonitrile
and nethanol, was conducted by using two different piezo-
electric transducers. Similar behaviors were observed in both
solvents. Fig. 5(a) shows the results obtained when a PVF2film
with a resolution time (tr) of 150 ns was used and Fig. 5(b)
shows those obtained with a PZT crystal with a resolution time
of 1.5 ps. As it can be seen, in both cases the sample releases to
the medium less energy as heat than the reference, showing a
quite different behavior than those observed in the other sol-
vents (Fig. 4, carbon tetrachloride, cyclohexane and ethyl acet-
ate). Taking into account eqn. (1), a different value for the Hsl
HR ratio between sample (S) and reference (R) is obtained,
depending on the resolution time of the experiment (HYHR =
0.77 for rR= 150 ns, and HIHR = 0.88 for tr = 1.5 ps). These
results can be explained assuming that a transient species with a
lifetime between 150 ns and 1.5 ps is formed and it stores part
of the absorbed energy. No effect on the 3-nitrocarbazole (3)
photoacoustic behavior was observed when the experiments
were conducted under different atmospheres (Oz, air, N2
(see Fig. 5). The absence of an effect due to oxygen in these
measurements can be explained taking into account the short
lifetime of the involved singlet and triplet states. Then, any pos-
sible quenching effect would be of low efficiency and the sensi-
tivity of the photoacoustic method is not sufficient to detect
any possible change.

In order to determine the lifetime of the transient storing
species and the value of a consistent with this lifetime value, we
used a deconvolution method. As it was previously demon-
strated,221 when the lifetime of the transient speciest istr/5<r
< 5tr, the observed energy normalised acoustic wave S(t) is a
convolution of the system response R(t) and the rate of heat
evolution q(t) as shown in eqn. (2):2
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Fig. 5 Amplitude of the photoacoustic signal H as a function of the
laser fluence Fin acetonitrile and in methanol solutions (absorbance =
0.110); (O) 2-hydroxybenzophenone (reference), (¢) 3-nitrocarbazole
(3) under air atmosphere, (A) 3-nitrocarbazole (3) under N2 atmos-
phere, (O) 3-nitrocarbazole (3) under 02 atmosphere, (a) Time
resolution tR= 150 ns, HIHR=0.77, (b) time resolution tR= 1.5 ps, Hsl
Hr=0.88.

where H(t) is the observed waveform of the sample and R(t) is
the system response which can be determined experimentally by
using the calorimetric reference.

Assuming a kinetic decay model with a fast decay and
one storing species, and performing the deconvolution by an
iterative deconvolution program based on the Lavenberg-
Marquardt X2 minimisation procedure? the values of r and a
can be calculated according to eqn. (3);

(3)

The deconvolution method is best for treating cases where a
clear phase shift between the observed waveform for the sample
and reference exists. This is the case for 3-nitrocarbazole (3) in
acetonitrile and in methanol solutions (see Fig. 6). Resolution
ofeqn. (3) by deconvolution yielded very good fits for values of
t in the range 350 < t < 650 ns giving values of a in the
range 0.65 <a < 0.74. These ranges of values were obtained
using sets of waveforms measured with resolution times of
150 ns (see Fig. 6), 1 ps and 1,5 ps. The range of the
calculated values for the lifetime of the 3-nitrocarbazole (3)
transient species (t) is in complete agreement with the triplet
state value rT = 500 ns determined by laser flash photolysis
experiments (see Table 2).



Fig. 6 Acoustic waveforms for 3-nitrocarbazole (3) (sample) and
2-hydroxybenzophenone (reference) measured with a piezoelectric
PVF2 film in acetonitrile. Simulation is the best-fit convolution
according to eqn. (3). Residuals of the fit are also shown.

A simple energy balance equationZcan be used to estimate a
range for the energy content of the triplet state (ANT~Sq) of
3-nitrocarbazole (3) in acetonitrile and in methanol, taking into

account that this compound did not show any fluorescence at
9QR IT-

where §¥ = 0.50 + 0.05 (see Table 2) is the quantum yield of the
triplet formation determined by laser flash photolysis (298 K);
the range 0.65 < a < 0.74 was determined by photoacoustic
measurements and e t is the absorbed energy at A = 355 nm.
From eqn. (4) we calculated that, at 298 K, the energy content
of the triplet state of 3-nitrocarbazole (3) is in the range 1.7 eV
< AF(T,-S0) <2.8 eV, leading to a phosphorescence maximum
emission in the range 450 < Ap(max) <750 nm.

Phosphorescence measurements at 77 K

The phosphorescence spectrum of 1-nitrocarbazole (2) and
3-nitrocarbazole (3) were measured in isopropanol-diethyl
ether (1:1, v/v) at 77 K. These compounds exhibited structured
phosphorescence emission spectra with excitation into the Sj
level (see Fig. 7).

Fig. 7 Phosphorescence spectra of 1-nitrocarbazole (2) (—) and
3-nitrocarbazole (3) (¢) in isopropanol-diethyl ether (1 :1, v/v) at 77 K.

It is interesting to note that the shape and the intensity of
both phosphorescence spectra are very similar showing three
broad bands which are quite different than those observed for
carbazole.7 Moreover, the structure and the shape of the phos-
phorescence spectra of compounds 2 and 3 resemble that of the
“benzophenone-like” molecules.9 The experimentally obtained
highest relative intensity radiative triplet transition (2p(max)) of
the nitrocarbazoles 2 and 3 are shown in Table 3 together with
that of carbazole 1.

Comparing these data, a noticeable red shift of the Ap(max) is
observed for compounds 2 and 3 which is due to the important
mesomeric effect of the nitro group, a strong electron withdraw-
ing substituent group, on the lowest triplet excited state. For
3-nitrocarbazole (3) the 2p(max) = 480 nm measured in this
experiment (T = 77 K), fit in the 2p(max) range predicted by
egn. (4), where data obtained in photoacoustic and laser flash
photolysis experiments (T = 298 K), are used (see Discussion
section above). It is interesting to point out that due to the
influence of the solvent, a red Stokes shift for 2p(max) can
be expected, when the temperature is increased from low values
(77 K) to 298 K. Thus, at 298 K the A£(T,-S0) value of 2.6 eV
would be the upper limit for the energy content of the lower
excited triplet state of 3-nitrocarbazole (3).

We also measured the phosphorescence lifetime (rp) and the
phosphorescence quantum yields (p) of nitrocarbazoles 2 and
3in solid matrices at 77 K and the values obtained are shown in
Table 3. Therefore, the dynamic properties of the lowest triplet
excited states of these compounds were easily calculated and
the photophysical parameters obtained, k°p and k”, are also
shown in Table 3. Finally, the calculated values for the oscillator
strength/(T,-S0) = 1.5k°pv-2, where v is the wavenumber of the
phosphorescence emission, are also included.

At 77 K the deactivation processes of the triplet state (T,) of
carbazole 1, 1-nitrocarbazole 2 and 3-nitrocarbazole 3 are dif-
ferent. As shown in Table 3, the $p value of 3 is double (0.47)
that of carbazole (0.24) which reflects a greater efficiency of
emission from T,. Thus, the k°p value accounts for this
behaviour and the lowest triplet excited state deactivates prefer-
entially through the phosphorescence emission process while
the radiationless process (km) occurs competitively to a lesser
extent. For 1-nitrocarbazole 2, the phosphorescence quantum
yield (Bp) is very low (0.04) and hence, the deactivation process
of the Tj state occurs preferentially through a radiationless
pathway, as can be seen from the km value.

This particular behavior observed for the 1-nitrocarbazole 2
can be rationalized as follows. The nitro group is attached to the
ortho position of the carbazole moiety (C-I) and it is spatially
vicinal to the N-H group. Therefore, an intramolecular hydro-
gen bond is easily formed between the nitro group and the N-H
group of compound 2 as shown in Scheme 2(a). The optimized
geometry obtained at the HF/3-21G level clearly shows that this

Scheme 2 (a) Intramolecular hydrogen bonding of 1-nitrocarbazole in
the ground state (shown left) as the origin of a probable keto-like
structure (shown in the right) and a keto-enol-like equilibrium of
1-nitrocarbazole in the electronic excited state, (b) The well known
keto-enol-like equilibrium of 2-hydroxybenzophenone.
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Table 3 Spectroscopic data and photophysical rate parameters of carbazoles in solid matrices at 77 K

Carbazole 2p(max)7nm I(T.-SJ* K TS k°p7s-1 Os"

1 406 1.36 x 10~9 0.24 7.73 0.055 0.074

2 450 0.53 x 109 0.04 9.0x IO'4 105.8 1005.3

3 480 4.0 x 1Q"9 0.47 0.159 5.68 0.61
ak.(max) = k value at highest relative intensity. bCalculated according to the following equation: /(T ,-S0) = 1.5&pv""1, where v is the wavenumber of
the phosphorescence emission.ckel —k°p, where kp=ir "l

hydrogen bond is possible because of the distance between the
involved groups (ca. 2.4 A). This out-of-plane fixed position
of the nitro group with respect to the plane of the carbazole
moiety could cause the triplet excited state to favour radiation-
less decay over the competitive phosphorescence emission
during its short phosphorescence lifetime (rp= 900 (is). This
intramolecular hydrogen bond is similar to the well known
2- hydroxybenzophenone intramolecular hydrogen bond and
both would be operating, in the electronic excited state, in a
similar manner. In Scheme 2 the keto-enol-like equilibrium for
1-nitrocarbazole 2 (a) and for 2-hydroxybenzophenone (b) are
represented in a comparative manner. Of course, this intra-
molecular hydrogen bond is not possible for 3-nitrocarbazole 3
since the nitro group is attached to a different position of the
carbazole moiety (C-3).

It is known that oscillator strength ~(Tj-So) values ranging
from 10_510-9 are characteristic of spin forbidden transitions.9
Furthermore, electronic transitions of the type T, (n, n*) —» SO
show y(T,-S0) values which lie between 1(T7 and 10~8 k°p Fig. 8 Laser induced luminescence spectra of 1-nitrocarbazole (2) (—)
values greater than 1s_| and values in the range 10101011 and 3-nitrocarbazole (3) (°_) _obtained using solutions with the same
s_1. Organic molecules which show these spectroscopic and absorbance. Solvent: acetonitrile: Aec= 355 nm.
photophysical parameters are classified as “benzophenone-
like” molecules.9 It is interesting to mention that the shape and
the intensity of the bands in the phosphorescence spectrum is
another feature to be taken into account.9

As a consequence the comparative analysis of the photo-
physical parameters (k°p and rp, the shape of the phos-
phorescence spectra and the oscillator strength values (/(Tj-S 9)
allow us to conclude that the lowest triplet excited state
of 1-nitrocarbazole 2 and 3-nitrocarbazole 3 is an n,rc* elec-
tronic state. On the contrary the same analysis for carbazole 1
suggests that the lowest triplet excited state is a n,n* electronic
state.

Quantum yield values  <10~3for the luminescence of nitro-
carbazoles 2 and 3 in acetonitrile were estimated, using Cresyl
Violet as a fluorescent reference. The same values were
estimated under air or N2atmosphere.

Experiments were also performed to measure the lifetime of
the luminescent species. In all the cases the decay value meas-
ured was limited by the resolution time of the detection system
used. The lifetime of the luminescent species for compounds 2
and 3 was estimated as <10 ns.

As to the origin of the luminescence observed for compounds
2 and 3 at 298 K, the following considerations must be taken
into account: the fluorescent process S, —>S0 can be discarded
owing to that in the same solvent, the 2max of the luminescence

Laser induced luminescence measurements at 298 K emission is located ca. 300 nm away (red shifted) from the

During laser induced optoacoustic experiments (Aec= 355 nm) location of the corresponding kmexin the absorption spectrum.
in acetonitrile solution at 298 K, the nitrocarbazoles 2 and 3 The radiative process S2—* Sj can also be discounted as being
showed a weak luminescence emission. This luminescence was responsible for the luminescence because under our experi-
not observed under the same experimental conditions with mental conditions, 2ec= 355 nm, population of the upper state,
carbazole 1. The spectra registered for both compounds, S2, from the energetic point of view is not possible. On the other
desplayed in Fig. 8, were measured at the same value of hand, if we assume that triplet states are involved in this lumin-
solution absorbance. As can be seen, they are quite similar, escence process (T,,—*T), the heavy atom effect (HAE) should
with a broad band ranging from 500 to 800 nm with Amex be observed.910 The fact that any luminescence was observed
centered at 570 nm. No luminescence emission spectrum of when experiments were conducted in carbon tetrachloride solu-
3- nitrocarbazole (3) in cyclohexane, ethyl acetate, carbon tion, strongly suggests that triplet states would not be involved
tetrachloride or methanol solution was detected. 1-Nitro- in these radiative processes. This suggestion is also supported
carbazole 2 showed the same behavior except for weak lumin- by the estimated lifetime of the luminescent excited states of
escence emission in ethyl acetate. This latter spectrum was compounds 2 and 3 (<10 ns) and the fact that these lumines-
similar in shape and as that obtained in acetonitrile cence emissions were observed for both compounds in solution,
solution. at 298 K. By the same reason, the radiative process T! —» SO

Experiments were repeated several times with fresh solutions (phosphorescence) as well as a delayed fluorescence process can
in purified acetonitrile.2 The carbazole 1 and the nitrocarb- be discarded as the mechanisms accounting for the observed
azoles 2 and 3 used were recrystallized, fully characterized and luminescences at room temperature. On the other hand, for
purity carefully controlled by chromatographic methods (see compound 2 the value of its T, lifetime (rx) is of similar magni-
details in the Experimental section). tude or lower than the laser pulse duration (rec). For compound

By adding small amounts of methanol to acetonitrile solu- 3 < is ca. 50 times higher than rex. Thus, the radiative emission
tions of compounds 2 and 3 quenching of the luminescence was process T2 —* T,, after population of T2 by absorption of
observed in agreement with the result obtained in methanol photons at k = 355 nm, through a Tj —*T2process, can be also
solution. discarded. If these processes were the cause of the observed

814 Photochem. Photobiol. Sci., 2003,2, 808-816

199



luminescences, the relative intensity of the 3-nitrocarbazole (3)
emission would be higher than that of 1-nitrocarbazole (2), in
contrast to the results shown in Fig. 8.

The above considerations suggest that the luminescence
observed for compounds 2 and 3 in solution at 298 K, are radi-
ative S,R—*S0processes where SO0is the ground state of the intact
nitrocarbazole compounds and S1Ris the lowest singlet excited
state of one of the resonance hybrid structures of the same
compound whose tentative structure is shown in the Scheme 3.
The high permanent dipole created on going from structure (a)
to structure (D), would account for the fact that this very low
efficiency process is observed only in a highly polar non-protic
solvent such as acetonitrile, while methanol quenches it com-
pletely because of its protic character. The lack of luminescence
in cyclohexane and in carbon tetrachloride solution as well
as the very poor luminescence observed in ethyl acetate (for
compound 2) support the highly polar structures asigned to
the luminescent species (Scheme 3, (b)) Furthermore, this
result agrees with the fact that the polar character is higher
for compound 3 than for compound 2 (Scheme 3, compare
structures (b) for compounds 2 and 3). The above mentioned
lack of emission in methanol solution as well as the quenching
of the luminescence of nitrocarbazoles 2 and 3 in acetonitrile
solution when methanol was added, would account for the
very low efficiency photochemical reduction of nitroaromatic
compounds in alcoholic-acid mixtures described in the
literature. 2425

Scheme 3 Structures of nitrocarbazoles 2 and 3 (shown left; structures
(a)) and structures of one the corresponding resonance hybrids (shown
right; structures (b)).

Finally, it is important to note that due to the extremely low
quantum yield of the luminescence emission and its high 2 ~
value, it does not affect too much the results obtained in the
present work, particularly those obtained by optoacoustic
experiments.

Conclusions

The results obtained in the present work clearly show that the
nitro group attached to the carbazole moiety induces changes in
the photophysical behavior of the nitrocarbazoles 2 and 3 com-
pared to that of carbazole 1. These results also show that not
only the presence of the nitro group itself modifies the photo-
physical behavior of the nitrocarbazole but the substituent
eifect depends also on the location of the nitro group in the
carbazole ring.

Thus, after excitation of the nitrocarbazoles 2, 3 and carb-
azole 1 with UV radiation (2,,c= 355 nm) in acetonitrile solu-
tion, the lowest singlet excited state Sj likely of n,n* nature, is
populated (Table 1). From the S, state of compounds 1-3,
intersystem crossing process S, —»T, takes place with an
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efficiency of ca. 50% (Table 2). While in compound 1 the
remaining 50% of the absorbed energy is re-emitted as fluor-
escence, in the case of compounds 2 and 3, the mechanism is a
radiationless internal conversion pathway to the SO state. From
the T, state, compound 1 deactivates by phosphorescence and
heat through processes of similar efficiency (Table 3, compound
1, k°p = 0.055 s-1 and km= 0.074 s_I). In the case of nitrocarb-
azoles 2 and 3 the energy is released to the medium through
both processes, but with different efficiency (see Table 3).

The measured lifetime of the lowest triplet state of
3-nitrocarbazole 3 (rx = 500 ns) is ca. 50 times higher than that
of 1-nitrocarbazole 2 (<10 ns). This difference is due to the
different location of the nitro group as substituent in the carb-
azole moiety, that allows the formation of an intramolecular
hydrogen bond only in compound 2. As shown in Scheme 2,
this structural characteristic allows compound 2 to show a
keto-enol-like equilibrium similar to that for benzophenone.
Then, it is easy rationalized, as for 2-hydroxybenzophenone,
that the preferential deactivation pathway for the Tj state of
compound 2 is through radiationless mechanisms. On the con-
trary, as is shown in Tables 2 and 3, and in Figs. 3 and 7, for the
T, state of the 3-nitrocarbazole 3, radiative deactivation
through phosphorescence emission is a quite efficient process.

Finally the presence of the nitro group in the carbazole
moiety would account for the low efficiency luminescence
observed in acetonitrile solutions of compounds 2 and 3 at
room temperature (298 K) and the absence of luminescence for
carbazole 1 under the same experimental conditions. As shown
in Scheme 3, for compounds 2 and 3, the formation of a singlet
excited state with the structure of a resonance hybrid with
highly polar character explains the results obatined in organic
solvents with different polar and protic character.
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Laseres de Colorante

Los laseres de colorantes organicos en solucién fueron desarrollados a principios de
la década del 70 y se convirtieron en un tema de gran atraccion para los investigadores en
fisica del laser a nivel mundial por varios motivos: la complejidad de su cinética de poblacion,
su capacidad de sintonia continua de emision, posibilidad de generar trenes de pulsos
ultracortos de luz (picosegundos) y utilidad como absorbente saturable (mode-locking-
pasivo). Se excitan Opticamente, pues sus bandas de caen en el UV-azul del espectro, mientras
que las de emision cubren el rango 450 850 nm, dependiendo de la molécula.

El primer laser de colorante en el ClOp funcioné hacia fines de los 70 excitado con el
laser de N2 construido también en el Centro. Al poco tiempo se incorpor6é un laser de
colorante comercial sintonizable, bombeado por un laser de Argén.

Una de las complejidades de los mecanismos de excitacion de estas moléculas es la
generaciéon de una especie transiente, inducida por absorcion de la radiacion de bombeo
(fotoisbmero), que puede retroisomerizar a su especie original.

El primer trabajo seleccionado trata sobre la cinética de isomerizacién de colorantes
de la familia de las cianinas (DODCI), utilizando técnicas de fluorescencia y absorcion. Se
establecid la relacién entre la poblacion del fotoisémero y del estado normal en funcion de
parametros como la fluencia de excitacion, temperatura, etc

El segundo trabajo seleccionado avanza sobre el estudio de la retroisomerizacion del
mismo colorante, estableciendo la cinética del fenémeno a partir de procesos radiativos y no
radiativos internos.

Dye Lasers

Organic dye lasers in solution were developed at the beginning of the 70's and were
immediately studied worldwide mainly because its tunable emission in the visible, the
possibility of making ultrashort laser pulses, the complexity of its population inversion
kinetics and its use as saturable absorbers for passive mode locking. In general, the molecule
has absorption bands in the UV-visible region and, when excited optically, they emit in the
450-850 nm range, depending on the specific molecule and solvent.

The first dye laser at ClOp worked by the end ofthe 70 's, excited by the N2 cross-field
laser mentioned in the Gas Lasers section. Shortly after, a commercial tunable Ar laser-
pumped CW dye laser was acquired, starting a new modern research lines in Laser
Spectroscopy.

One of the complexities in the population kinetics ofdyes deals with the generation of
a transient species induced by the pump photons (photoisomer) that can change back to the
original species (backisomerization).

The first selected paper in this section deals with the isomerization kinetics of
cyanine dyes (specifically the 3-3'diethyl-oxa-dicarbocianine iodide, shortly known as
DODCI), using fluorescence and absorption techniques. A relation between ground state
population ofnormal and photoisomer species and excitation fluence was found.

The second selected paper deals with the determination of the backisomerization
rate and the description of the isomerization kinetics based on radiative and non radiative
energy level processes.
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The fluorescence of the first excited stale of both the normal (N) and lhe photoisomer (P) forms of 3,3'-dicthyloxadicarbocy*
anine iodide (DODCI ) were analyzed under steady stale conditions. Argon ion laser and argon ion pumped dye laser were used
for excitation. The long wavelength fluorescence, belonging mainly to the P form, shows a similar degree of polarization as the
short wavelength part arising from the N form. The fluorescence spectra of DODCI at different fluences and different wavelengths
of laser excitation yielded information about the relative concentrations of the N and P forms. Photoequilibrium between the two
species via the excited slate of the P form is postulated. The rate constant estimated for the P*-*N transition is much lower than
the one expected from a model of a twisted state through which all the non-radiative transitions of the P form take place. The
value is in agreement with that derived from the previous optoacoustic measurements exciting with higher fluences. The results
indicate that stimulated emission and excited state absorption are not important under the conditions of the experiment.

1 Introduction

The study of the photophysics of cyanine dyes has
received a great deal of attention in recent years. The
main reasons are, on the one hand, their technolog-
ical use as laser materials or saturable absorbers for
mode-locking [1] and, on the other hand, their
structural similarity to a variety of natural photo-
biological systems with polyene structures [2]. 3,3’-
diethyloxadicarbocyaninc iodide (DODC1) is one
of the most extensively studied compounds belong-
ing to this group. The knowledge of its behaviour
under high-fluence laser excitation is nowadays of
great interest because of its fundamental role in the
production of femtosecond optical pulses using the
colliding pulse technique [3].

The existence of the DODCI photoisomer (P)
transient species produced after singlet excitation of
the stable form (N), was established by Dempster et
al. [4] by laser flash photolysis. The ground state
absorption of P and the isomerization quantum yield
were measured and different kinetics parameters,
such as excited stale lifetime for both forms and flu-
orescence quantum yield of P were calculated. After-
wards, the photoisomerization process has been

studied by several groups. As a result of these studies
a consistent model for the isomerization mechanism
is well established [5,6].

The values of the kinetic parameters of the N form
given by Dempster ct al. [4] have been confirmed
by direct measurements using picosecond pulse exci-
tation [7-9], but only few studies have dealt with
the photophysical properties of the P form.

The present paper is concerned with the photo-
physical processes undergone by excited P. We pre-
sent the results of the laser power dependent
fluorescence spectra of DODCI under steady state
conditions. Polarization of the fluorescence has been
taken into account in the measurements, avoiding
instrumental artifacts arising from the emission
anisotropy of the fluorophores.

2. Experimental

3,3-diethyloxadicarbocyanine iodide (DODCI)
laser dye grade from Kodak was used without further
purification. The purity of the dye was checked by
thin-layer chromatography on silica plates with dif-
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Fig. 1. The experimental apparatus used. Laser is argon ion laser
or argon-ion-pumped dye laser. Polarization directions arc indi-
cated by dots (*) and double arrows (J). The focal length of Lj
was 67 mm, while L t and L2 were arranged to focus the fluores-
cence on the monochromator slit and to illuminate the crystal
polarizer CP with low divergence.

ferent solvents. 10"6 M solutions in ethanol (Carlo
Erba PA) were used immediately after preparation.
The solution was circulated at low rate in a cylin-
drical optical glass cell (2 cm diameter flat windows,
5cm length). The excitation light from a cw dye laser
tunable between 580 and 620 nm (Spectra Physics
375 with rhodamine 6G) pumped by argon ion laser
(SP 165), was focused on the cell by a planoconvex
lens (/=67 mm). The excitation beam passed
through the cell as near as possible to the observation
window to avoid inner filter effects.

The fluorescence was detected at 90° with respect
to the direction of the excitation beam. The polari-
zation of the pumping beam was perpendicular to
the plane defined by the direction of incidence of the
excitation beam and the direction of observation of
the fluorescence (fig. 1). Some measurements were
carried out by exciting the sample with the most
intense lines of the argon ion laser (488 and 514 nm),
keeping the same polarization direction.

The spectra were recorded using a 50 cm focal
length Ebert mount scanning spectrometer (Jarrell
-Ash 82-025) equipped with a Hamamatsu R-466
multialkali photomultiplier connected to a boxcar
integrator (PAR 162/163) triggered internally at |
kHz. The signals were plotted on an X -Y recorder.

The power was varied by changing the current in
the ion pump laser, or by attenuating the dye laser
beam on the cell with neutral density fillers in the
low power region, keeping the laser stabilized -well

164

206

CHEMICAL PHYSICS LETTERS

25 September 1987

Fig. 2. Calibration or the detection system, (a) is the calibration
lamp spectrum, (b) is the response of the system for polarization
parallel to the grating grooves and (c) is the response for polari-
zation perpendicular to the grating grooves.

over the threshold. The diameter of the spot on the
sample was 50 pm as determined by calibrated pin-
holes, The viewing angle of the fluorescence was
properly selected by an iris placed in front of the cell
and by the monochromator slit height (5 mm).

It is well known that the response function of a
monochromator-photomultiplier system can differ
significantly for polarization parallel or perpendic-
ular to the grating grooves [8). The system was cal-
ibrated by use of a standard tungsten lamp. The
spectrum of the lamp (a), and the signals registered
by the system for polarization parallel (b) and per-
pendicular (c) to the grating grooves are shown in
fig. 2. From these data, the factors to correct the flu-
orescence spectra taken under controlled polariza-
tion conditions are calculated. Due to the smooth
dependence of the detection system (fig. 2) for the
parallel to the grating grooves polarization, all the
spectra were obtained under these conditions. The
emission polarization was selected perpendicular to
the excitation polarization by means of a crystal
polarizer, CP in fig. 1

3. Results

The fluorescence spectra or DODCI exhibited a
strong dependence with both the fluence and the
wavelength of the laser excitation. Typical fluores-
cence spectra excited at 514 and 609 nm with dif-
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Fig. 3. Typical fluorescence spectra of DODCI with different
power and wavelengths laser excitation as indicated. The excita-
tion spot diameter was 50 pm. The spectra arc corrected from
the technical spectra using the factors taken from fig. 2 for polar-
ization parallel to the grating grooves.

Tercnt laser powers are shown in fig. 3. The emission
intensity is normalized at 595 nm. A laser power of
100 mW corresponds to a fluence of 1.2 kW/cm2 As
the pump power increases, the red fluorescence peak
appears and grows in intensity.

The spectra were studied as a function of the rate
ofground state absorption by P, » = affr, where aFis
the absorption cross section of the P form and a is
the photon fluence rate of the excitation. By varying
the power and the wavelength of the excitation, the
value of v was changed over more than three orders
of magnitude. The fluorescence intensities in W cm-2
nnrl /60and /«»> at 640 and 603 nm respectively,
were selected as representative of the P* and N*
emission. These wavelengths correspond to the
emission peaks of both species [9]. The ratios
between the two intensities, h~hoy for different
values of b are given in table 1

Due io the emission polarizer only a fraction of
the emitted intensity was delected. The fraction
emitted with polarization perpendicular to the polar-
ization direction of the excitation is given by J(1 -p),
where p is the degree of polarization defined as
p- (/,-1y)/({/, +1x). The degree of polarization
for the DODC1 normal form pNwas measured at low
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Tabic |
b (ns- 1) 7640 nn/Apjnm Excitation
X (nm) P {mW)

10~* 0.31 514 5
J.2X10-5 0.37 514 60
2.4X10-5 0.45 514 120
2.5X 10-5 0.44 600 0.6
5 XIO-3 0.47 514 250

10-4 0.57 514 500
3 Xlo-4 0.64 600 6
6 XlO-4 0.80 614 6
8.5X10-4 0.79 609 12

JO-3 0.81 614 10
2 XIO-3 0.73 600 50
2.5X10-3 0.83 609 36
3 XIlo-3 0.86 614 30
7 Xl10-3 0.86 609 100

power excitation using a spectrofluorimeter (SLM).
In ethanol at room temperature, pN=0.17 was
obtained. The degree of polarization of the fluores-
cence emitted at 700 nm with higher fluence exci-
tation was analyzed with the equipment in fig. 1
Different power and wavelengths in the laser exci-
tation were used and 6 varied between 10~s and.
5x10~3 ns-* The value of p obtained was
0.15+ 0.04, independent of b. For the higher values
of by most of the intensity comes from the P form at
this emission wavelength. The necessity of evaluat-
ing the degree of polarization and the use of a polar-
izer in the detection arise from erratic preliminary
results obtained when this factor was not considered..

4. Discussion

It is well established that the photoisomerizalion
of DODCI proceeds via the first excited singlet state
[10]. The radiationless deactivation of N* occurs
through a short-lived twisted stale which branches
between the ground stable N, and that of the less sta-
ble P. Due to the strong overlap of the absorption of
both species, at high fluences the first excited singlet
slate of P is also populated. P* is responsible of the
red fluorescence peak in fig. 3. The mechanism for
the non-radiative deactivation of P* is not com-
pletely clear. Rullifcre suggested a similar mechanism
than that of N*, that is, a branching between the
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Fig. 4. Four-level scheme used and rate constants for the differ-
ent processes involved. Non-radiative transitions are indicated
by wavy lines, w is the rate constant for the replenishment by the
circulation.

direct internal conversion to P and the back iso-
merization to N [5].

The scheme in fig. 4 was used to model the results
in table 1 This scheme is equivalent to Rullierc’s
model in the limit of a very short lifetime for the
twisted form [6]. The rate constants of the ground
state absorption of N and P are represented by aoN
and b -aa B, respectively. The rale constant for the
radiative plus non-radiative transitions between N*
and N is given by kH. For the P form, kv is the rate
constant for the radiative plus the non-radiative
transitions between P* and P. The rate constants for
the interconnections between the N and P forms are
given by ANP, /&N and k as explained in fig. 4. The
lifetimes, and the fluorescence quantum vyields for
the N and P forms are indicated by t,, $*, and t3

, respectively. The change of state population by
circulation of the solution is governed by the rate
constant iv. No triplet state was considered due to
the small intersystem crossing yield, 0,sc< 0.005 [4]
and. the efficient quenching by 02 in the air-satu-
rated solutions used.

Under these assumptions, the steady stale popu-
lation of the four levels in fig. 4 can be described by
the set of rale equations:

¢
(2)
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3

(4)
where A, is the number of molecules in state / as
indicated in fig. 4 and the total number of molecules
is given by

®)

Solving (I)-(5) the ratio of the populations of
excited P and N is

(6)

Eg. (6) can be used lo simulate the results of table
1 The fluorescence intensity emitted at wavelength
A in units of W cm-2 nm- ' by the two species is

(7)
where E N and E v represents the band shape function
in photons/nm, of the fluorescence emitted by N and
P respectively, normalized to /o0’ (INP(A) dA=
Or\ O\ The ratio between the emitted intensities at
A =640 nm and A2=603 nm can be written as

C))

if £P(603)=0 and Er(640)/EN(603)=$/$ are
assumed due to the similarity of the shape of the flu-
orescence bands. In order to compare the results of
eg. (8) with the measurements of table 1 other fact
must be considered: due to the emission polarizer
(see fig. 1) the intensities quoted in table lare only
a fraction of the total intensity emitted. The fraction
is governed by the degree of polarization p. From the
values of p=0.17 for low power excitation and
0.1510.04 for high power excitation, it can be
assumed that, at room temperature in ethanol, the
degree of polarization p for the two isomeric species
of DODCI is the same. Under this assumption and
introducing (6) in (8), the ratio of the measured
intensities at 640 and 603 nm is given by

(9)
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Fig. 5. Fitting of the measurements of table 1 by the expression
ofeq. (9). The best fitting is obtained for ArN=0.07 ns-1 and
w<3xI10"*“ns”".The other parameters ineq. (9) arc taken from
the literature; the values are given in the text. No connection
(A>n=0) and strong connection [kPft= 2.7 ns- ") between P* and
N are in disagreement with the experiment.

The values of /640/6B calculated with eg. (9) are
given in fig. 5as a function of b for different values
of the rate constant for the back isomerization kvu
and the circulation parameter w. The other param-
eters are taken from the literature [4]: £N(640
nm)/E'N(G03 nm) = 0.32, /ANP=0.07 ns-1, t3=0.3
ns and f£=7.7x10~7 ns-1. The values obtained
under different excitation conditions are best fitted
by ffN=0.07 ns-1 and w ~ X 10 -6 ns-1, in agree-
ment with the values used by Bilmes et al. [11] to
explain the results from optoacoustic measurements.
The value for > assuming homogeneous flow (w=
circulation speed/excited volume) is 2x10~3ns-1
corresponding to 1 cm3s circulation speed and
4 x10-5 cm3 excited volume. It is difficult to esti-
mate the exact rate of molecular replenishment due
to the turbulent flux near the cell wall; a considerable
lower value for w should be expected.

The value AMN= 0 in fig. 5 corresponds to no con-

rsion from excited P to the ground state of N. A
large population of P results and the red fluorescence
at 640 nm is overestimated for most of the b values.
The value for fdN= 2.7 ns~' was calculated consid-
ering that the radiationless deactivation of N* pro-
ceed mainly via a twisted state [5,6], from which a
fraction P of molecules undergoes isomerization to
the P ground state and 1—P goes back to the N
ground state. The branching ratio P =0.12 can be
estimated from Dempster’s measurements [4]. If a
similar scheme is assumed for the non-radiative
deexcitation of P*, kPU can be calculated from
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For Of =0.07 [4], eg. (10) yields /PN=2.7 ns*“1
Such strong conversion would result in a constant
value for the emission intensity ratio, showing that
no relevant population of P ground state is built up.
In this case, the fluorescence would come mainly
from the N form, in contrast to the results in figs. 3
and 5

5. Conclusions

The excitation fluence and wavelength depen-
dence of the fluorescence of DODCI, allowed the
determination of the back isomerization (reforma-
tion) rate constant for the process starting in the first
excited singlet state of the less stable P form.
1eon = 0.07 ns~| wes calculated in agreement with
recently performed laser-induced optoacoustic mea-
surements [11]. This value is much smaller than that
calculated using the model of radiationless deacti-
vation through a twisted state. In contrast to the pro-
cesses undergone by N, the intramolecular twisting
is not the dominant non-radiative process for excited
P. Direct internal conversion becomes its main non-
radiative process.
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Dual Laser Excitation of a Photochromie System: Application to DODCI
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A technique based on a combination of pump-and-probe fluorescence and absorption detection was developed in order to
obtain the emission parameters of the pholoisomeric (P) species of dyes with noncompletely overlapped absorption spectra
of P and the starting species (N). Near total population transfer to the ground state of P was achieved using a continuous
wave high-fluence pump laser. A pulsed laser probed this population in its absorption region in such a way that the pulsed
emission corresponded to fluorescence from P. Absorption measurements allowed us to follow the P population and to establish
its relationship with pump fluence and wavelength. The direct monitoring of the P concentration increased the accuracy
of the previously reported values for several photophysical parameters. Temperature-dependent fluorescence quantum yield
and lifetime, emission spectrum, and Arrhenius parameters of the nonradiative decay processes of P from 3,3'-diethyloxa-
dicarbocyanine iodide (DODCI) are given. The mechanism for the direct transformation between N and P through the

singlet excited states of DODCI is re-evaluated.

Introduction

Photoisomerization processes of cyanine dyes have been ana-
lyzed through several techniques: flash photolysis,12 picosecond
spectroscopy,8photoacoustics,4 thermal grating,Hlaser saturated
absorption* and fluorescence,Babsorption and emission spec-
troscopy with conventional sources,* etc. These techniques exhibit
acommon drawback in the determination of the kinetic parameters
of the photoisomeric species P in an indirect way, using a pho-
toisomerization model for the simultaneous fit of several param-
eters. This procedure leads to an inherent lack of precision. While
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it can be used for either totally overlapped absorption-emission
spectra (DTDCI, merocyanine 540, etc.) or partially overlapped
spectra (DODCI. HITCI, etc.), it is only with using time-resolved
picosecond spectroscopy that the different contributions can be
directly obtained.

Some spectroscopic properties of P in photoisomcrizable dyes
with partially overlapped spectra have been reported previously.910
These experiments were based on continuous wave (CW) and
pulsed excitation of the sample. The CW laser, tuned at the
absorption wavelength of the normal (N) ground-state species,
produced a stationary population of the P ground state while the
second laser (pulsed) probed this population. The pulsed
fluorescence arose from P free from interference from the N
emission.

In the present work, the measurements were performed at high
pump fluence for which the photoequilibrium populations of all
levels involved are shown to be independent of this pump fluence.
Under this condition (saturation), the analysis of the results is

(9) Duchowicz. R.; Scaffardi. L.; Tocho, J. O. Chem. Phys. Lett. 1990,
170, 497.

(10) Bilmes. G. M.; Tocho, J. O.; Braslavsky. S. E. J. Phys. Chem. 1988,
92. 5958.

0022-36<4/92/2096-2501 $03.00/0 < 199?. American Chemical Society
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Figure I. Four-level scheme used for calculation. Nonradiative transi-
tions are indicated with empty tines.

greatly simplified and more reliable. Another modification is the
use of a third laser beam as a second probe for the measurement
of the P ground-state concentration (P0) by absorption. Emission
of the photoisomer was studied by detection of the fluorescence
induced by the pulsed laser as a function of temperature.

This method was applied to DODCI, which has been extensively
studied for its importance in pico- and femtosecond pulse gen-
eration.11 Although there is no final evidence about the structure
of both isomers of DODCI, it is accepted that a cis-trans isom-
erization occurs during the transformation N *& P. A four-level
diagram often is used to study the dynamics of DODCL This
model is of general application* and independent of the precise
conformation of the N and P isomers.

Figure 1shows such a diagram where all possible intra- and
interisomer transformations are indicated. The notation is given
in the Appendix with the corresponding rate equations. When
the photochromie system is in equilibrium, the fluence-dependent
ground-state population can be expressed (eq A2 of the Appendix)
as

(1)

(2)

where N is the total population, p - >PN'$ NP, and B - <P<rN.

Under this condition, the maximum population of P depends
on the excitation wavelength, as a result of the dependence of B
with this parameter, and is independent of the laser fluence.

Materials and Methods

3,3"-Dicthyloxadicarbocyanine iodide (DODCI), laser grade,
Eastman Kodak, in aerated solutions of analytical grade ethanol
at low concentrations ((0.5-3) X KT6 M) were employed in order
to avoid dimerization and inner filter effects and to insure a
homogeneous concentration of all species along the cell. The
solutions were flowed through a standard fluorescence cuvette (1
X 1X 4 cm3) from a reservoir in a thermostatic bath to control
the temperature within 0.2 °C. The rate of sample renewal by
circulation, w, is related to the flow velocity in the cell, v, and the
diameter of the irradiated zone, d;w = v/d « 103s*1was esti-
mated. Temperatures were measured in the cell by a Cu-con-
stantan thermocouple.

Fluorescence and absorption measurements were simultaneously
performed with the setup in Figure 2. For the former, an Ar
ion-pumped dye laser (Rhodamine 6G) or the Ar ion laser were
focused on the cell. Simultaneously, a Rhodamine 640 flash-
lamp-pumped dye laser (Chromatix CMX-4, pulse width = 1fis,
peak energy = 1 mJ, repetition rate = 5 Hz) was aligned in the
opposite direction with respect to the CW laser and focused with
the lens, L2, on the same spatial region of the cell. The pulsed
fluorescence was detected perpendicularly to the excitation di-

(11) Fork, R. I_; Brito Cruz. C. H.; Becker, P. C; Shank, C. V. Opt. Lett.

19X7. 12. 483.
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Figure 2. Experimental setup. Fluorescence excitation-detection path
is shown by the continuous line, and the absorption path by tbe dashed
line. Lt Lj, Lj, and L4 are focusing lenses; P is a polarizer, PM is a
photomultiplier, BS, and BSj are beam splitters; PD is a photodiode; and
F is a filter (Schott OG590).

rection. Pulsed and CW laser beam polarizations were perpen-
dicular to the plane defined by the incidence and observation
directions. Fluorescence was focused through a system of lenses,
L3and L4 on the slit of the Ebert-mount scanning spectrometer
(Jarrell Ash 82-025). The fluorescence spectrum was obtained
by scanning the emission wavelength. A polarizer oriented at the
magic anglel2 was placed between the lenses to eliminate
fluorescence contributions arising from temperature-dependent
rotational orientation effects. For spectrum correction, a second
polarizer, side by side to the former but with vertical transmission,
was used, and correction was carried out as in ref 7. Emission
was detected using a Hammamatsu R-466 multialkali photo-
multiplier.

For the absorption measurements, a low-power CW He:Ne laser
(632.8 nm) was used instead of the pulsed dye laser (dashed line
in Figure 2). A photodiode (Spectra Physics Model 404) measured
the He:Ne laser intensity transmitted through the ceil with (/j)
and without (/2 pump beam excitation. The absorption coefficient
calculated as ar = In (/2//J) is related to PO by

@)

where / is the length of the cell. It was assumed that the intensity
absorbed by the normal species is negligible at this wavelength
(irP» uN). Both fluorescence and absorption signals were pro-
cessed by a Boxcar integrator (EG&G PAR 162-163) and plotted
on an Y-t recorder.

Results and Discussion

I. POPopulation under a Stationary Saturated Regime. Sat-
uration can be defined as the condition for which the absorption
of P is independent of the pump fluence. Under this condition,
aPwas measured at various pump wavelengths in order to obtain
the wavelength dependence of POat photoequiiibrium. aPs values
normalized to the value obtained with the pump at the isosbestic
point, B = 1 (X* = 600 nm for DODCI), are shown in Figure 3.
Eqgs 2 and 3 can be combined to fit experimental values as

4)

The best fit was obtained forp = $PN$ NP» 0.36 + 0.06. B
was calculated from a values from ref 10. The good fit of all data
supports the independence of p with the pump wavelength. The
value obtained for p allows us to obtain the population of P by
using eq 2. From Figure 3 it can be seen that at saturation almost
all molecules are converted from N to P for B < 1 (X< 580 nm),
while for B > 1 (X > 600 nm) back-photoisomerization is an
effective channel to return from P to N.

Il. Fluorescence Emission under Stationary Saturated Condi-
tions. ILL Pt Fluorescence Emission Spectrum. By continuous

(12) Lessing, H. E; v. Jena.  Chem. Phys. Lett. 1976. 42. 213.



Dual Laser Excitation of a Photochromie System

Figure 3. (a) Squares are experimental values of ar(A)/a(AJ, a room-
temperature absorption ratio obtained from transmition measurements
as a function of the excitation wavelength; the solid line corresponds to
fitting values calculated using eq 4 (see text), (b) The dashed line
represents the ratio of the normalized photoisomer ground-state popu-
lation to the total population, PO{\)/N (calculated fromeq 2). (c) B -
Cfjou with values from ref 10.

Figure 4. Pulsed fluorescent emission arising from P, obtained with (a)
the double-excitation method (see text) and (b) the cw pump off. (c) The
dashed line is the corrected spectrum. The arrow indicates the position
of the emission maximum of the normal species. Spikes are artifacts
produced by scattering of the pulsed probe.

excitation of the sample with high fluence (70 = 300 W/cm2) at
580 mn, nearly all molecules are transferred to POat room tem-
perature. For pulsed excitation at 640 nm, since apP0»

a pulsed population in P is produced.

Figure 4 shows the pulsed fluorescent signal achieved with this
double-excitation technique. The lower curve corresponds to the
signal obtained with the CW dye laser off. The arrow indicates
the position of the emission maximum of the normal species, whose
intensity level is found in this case to be lower than the pulsed
noise. The CW signal, arising from Nj fluorescence when the
pump is on, is Filtered by the low-impedance (50 Q) detection
system. The spike produced by scattering of the pulsed probe beam
was subtracted using pure solvent in the ceil in order to correct
the spectrum.

H.2. Room-Temperature P, Fluorescence Parameters. With
the absorption spectrum of the P isomer from ref 10 and the
Strickler and Berg formula, Bthe radiative lifetime of the isomeric
form was calculated as  —4.0 ns.

In order to obtain the fluorescence quantum yield of P, the
emission from the photoisomeric form of DODC1 was compared

(13) Strickler, S. 1; Berg, R. A. J. Chem. Pkys. 1962, 37, 814.
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(peak emission, area under spectrum) with the normal species
emission of 3,3'-diethy!thiadicarbocyanine iodide (DTDCI) se-
lected for its similar absorption-emission properties. The sample
was changed to the new dye, the cw pump was turned off, and
the same low-energy pulsed excitation was used. An emission ratio
of 0.254 was obtained. The absolute value for the fluorescence
quantum yield of P was calculated as  (DODCI) = 0.09 £ 0.02
using <Jj1(DTDCI) = 0.36 £ 0.05.u 'hf results were higher than
the value 0.06 + 0.02 given in ref 10, but they are within the
experimental error.

H.3. Analysis of Direct P, *¢ Nj Conversions. The possibility
of the direct P, -* conversion,15 can be discussed by use the
spectrum of Figure 4. The N, population can be analyzed in terms
of the following processes: direct absorption by NO or the ab-
sorption by PO followed by the passage from P, to N,. The rate
of population transferred in the latter case results in a maximum.
This fact is due to both the low NO population and the small
absorption cross section of the normal species at the pulsed-probe
wavelength. In other words, N, is only populated through the
Pi —»Ni passage. In this case

where stationary conditions for N, and P, are valid, since the pulse
duration is much longer than the excited-state lifetimes. The
fluorescence emission ratio between the N, and the P| emissions
is estimated from

where XNand XPcorrespond to the maximum emission of each
species and £(X) is the line shape of the emissions, which was
assumed equal for both species. Taking the intensities ratio as
0.01 and efficiencies ratio as 0.225 (#f = 0.42and = 0.09
obtained in section 11.3), &N < 2.25 x 10~iresults, a value that
can be neglected in relation to $PN

The direct process N, -*» P, is more difficult to estimate. An
overestimated limit can be obtained assuming a two-valley model
for the upper potential energy surface of DODCI and an activated
process where the depletion of population through the twisted state
is neglected. In this case

where AE = £}* - EPis the energy difference between the N, and
P, levels, k Bis the Boltzmann constant, and T is the temperature.
The highest value of is obtained using an energy value of AE
- 770 cai/mol,* corresponding to the lower energy difference
between the NOand PO levels reported. At room temperature, AP
< 9x 10-3ns-land £&KkP™ 2 x 10~2result. Considering also the
decay through the twisted state, these values should be much lower.
P, — Nj and Nt-* Ptsteps can be ruled out, as a first approach,
from the model.

11.4. Temperature Dependence of Fluorescence Quantum Yield
and Lifetime. When a P0Oequilibrium population is reached by
cw pump at a given temperature, the amplitude of the pulsed
fluorescence signal, 7(7), can be taken proportional to both the
PO population and ¢f(T). POwas measured as described before,
between 0 and 55 6C; relative values referred to the room-tem-
perature value are given in Figure 5.  The fluorescence intensity
produced by the pulsed probe at 640 nm was measured in the same
temperature range. Sf was calculated for each temperature as

(5)a

(14) Bilmcs, G. M; Tocho, J. O.; Braslavsky, S. E. J. Phys. Chem. 1989,
93. 6696.

(15) Arthurs, E. G; Bradley, D. J.; Roddie, A. G. Chem. Phys. Lett. 1973,
22, 230.
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Figure 5. Squares are experimental points of (a) temperature dependence
of the P population normalized at room temperature (Po(T)/PQ(T0) —
ctp(T)/ap(T<,) was used from eq 3) and (b) temperature dependence of
photoisomer fluorescence quantum yield (¢f(T)) fromeq 5. Solid lines
are fittings using eq 1 with a —3 X 10-4 ns'], w —3 X 10~7 ns'1 and
isomerization constants from refs 9 and 16 as parameters.

The values obtained from 0 to 55 °C are also given in Figure
5. A small departure from saturation can be observed at high
temperatures (20% at 50 °C). This fact is due to the increasing
value of k (PO — NO transformation rate constant) with tem-
perature.

Using $f(T) and the radiative lifetime value obtained in section
111, the lifetime of P, for each temperature can be calculated from

From Toand rp, the temperature dependence of the nonradiative
processes can be analyzed as follow;

(6)

The results are plotted in the usual fashion (Arrhenius plot)
in figure 6a. The linearity of the plot indicates that only one
radiationless process is involved in this temperature range. The
activation energy was evaluated as Ea —5740 & 100 cal mol'l

. This value turns out to be similar to those reported for the ac-
tivation energies of the nonradiative processes from N), the
isomerization (kNp)16 and the back-isomerization (¢PN).9 No
contributions from T-independent nonradiative processes were
found.

The nonradiative rate constant can be written as

where F(4) is a universal function of viscosity and is the
intrinsic molecular barrier height,18which is related only with
molecular properties. By using different solvents (methanol,
methanol-water, ethanol, and 2-propanol), an Arrhenius plot at
constant viscosity can be constructed in order to obtain £0. The
results using 1f = 0.9 cP and temperature-dependent viscosity value
from ref 17 are shown in Figure 6b. An intrinsic barrier E%o—
2830 + 200 cal mol'1was obtained. This result is similar to that
obtained for the N, nonradiative decay.16

Conclusions

Photophysical parameters for the DODCI P species have been
obtained using a combination of pump-and-probe fluorescence
and absorption methods. Fluorescence quantum efficiencies ($f),
radiative lifetime (r£), and lifetime (r ) in the range from 0 to
55 °C were obtained with more accuracy than previously re-
ported.1,6-¥ Analysis of the direct exchange between the excited
singlet states indicates that the efficiencies for these processes are

Elﬁ; \lsko, S. P.; Fleming, O. R Chem. Phys. 1982, 65, 59.
17) Handbook of Chemistry and Physics; 62nd ed.; CRC Press: Boca
Raton. FL, 1981-1982.

(18) Mialocq, J. C.; Boyd. A. W,; Jamudias, J.; Sutton, J. Chem. Phys.
Lett. 1976. 37, 236.
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Figure 6. Arrhenius plots of photoisomer nonradiative rate constants in
different solvents: (a) ethanol; (b) isoviscosity solutions (ij = 0.9 cP)
(methanol, methanol-water, ethanol, and 2-propanol were used).

very low. Therefore, they should be ruled out from the DODCI
photoisomerization model.

The ratio between both isomerization quantum vyields, p -
$ PN<i>Np, was found independent of pump wavelength. This fact
is in disagreement with the results of Baumler and Penzkofer.6
These authors found p values of 1.35 at short pump wavelengths
of 0.25 at the longest wavelength, and of a maximum of 3.5 at
570 nm as a result of the dependence with the excitation wave-
length for both transfer efficiencies. The reason for such dis-
crepancies is not clear at the moment. Higher concentrations and
a lower pump intensity were used in the above-mentioned paper
with respect to those of the present work. With the concentration
used in ref 6, inhomogeneous population densities should be present
along the cell. This fact was not considered by the authors. In
addition, the interpretation of the results obtained below saturation
is more difficult and sensitive to the fitting procedure. Fur-
thermore, Velsko et al.9have shown that the direct isomerization
rate, $ NP, is independent of pump wavelength.

Working at saturation condition, since fitting is reduced to a
minimum, the interpretation of the photoisomerization process
is simplified and the results are more reliable. The technique
developed can be extended to the fether molecules with incomplete
overlapping of the absorption spectra.
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Appendix

Equations for the Calculation of Populations under Photo-
equilibrium. The scheme of Figure 1 summarizes the four-level
kinetic model used here to formulate the set of differential rate
equations that leads to eq 1. The direct passage between excited
states N {and Pt s ruled out in this analysis by taking into account

(19) Vclsko. S. P.; Waldeck, D. H.; Fleming, G. R. J. Chem. Phys. 1983,
40.

78.
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the results of section 11.3.

Ineq Al, No N1and PO, P lare the ground- and excited-state
populations of the normal and photoisomer species, respectively,
andN =NO+ N1 + PO+ P1 B = op/ oN, with op and oNas the

2505

absorption cross section coefficients of the P and N species, a
= I1oN which is the rate of light absorption, where I1is the
excitation fluence, w is the rate of sample renewal within the
irradiated volume by circulation of the solution, k and klare the
rate constants of the PO — NOand NO — PO processes, and rN
and rPare the lifetimes of excited states for the normal and
photoisomeric species. 4N\Pand $fNare the quantum yields of
N) -* POand P| mNO isomerization processes.

Under steady-state irradiation conditions and low absorption,
the following expression can be obtained:

(A2)

where excited-state populations are taken negligibly small because
the pump intensity, /t is small compared to the saturation intensity
for the excited-state populations, I = hv/o which are in the
MW/cm2region and the depopulation of Nj and P, by circulation
(w « 1/rN; U tp) are neglected.
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Laseres de estado so6lido

Luego de los primeros estudios generales sobre matrices de estado sélido aptas como
medio laser y de la posterior consolidacion de materiales como el Nd:YAG para laseres de
estado solido de alta potencia y prolongado rendimiento, el Interés en estos temas se centrd
en la busqueda de nuevos materiales apropiados para el desarrollo de laseres de estado
sélido sintonizables. El tema de laseres de estado sélido se establecié en el CIOp a principios
de la década del 90, con el estudio de la fotofisica y mecanismos de poblacion en cristales
dopados con iones de tierras raras o metales de transicion. La determinacion del llamado
rendimiento cuéntico de fluorescencia, absorcion de estado excitado y acoplamiento electron
fondn de red son pardmetros fundamentales para la caracterizacion de estas matrices como
posibles materiales laser. Las técnicas usadas para la determinacion de estos parametros
fueron luminiscencia inducida por laser, absorcion, fotoacusticaytermoluminiscencia.

En particular, se desarroll6 un método sencillo para la determinacion del
rendimiento cuéntico de fluorescencia, basado en la medida simultanea de la intensidad de
luminiscencia y fotoacustica de una muestra para distintas longitudes de onda de excitacion.
Con estas técnicas se estudiaron diferentes muestras cristalinas, comenzando por haluros
alcalinos dopados con iones de tierras raras (KCl:Eu2+, NaCl:Eu2+, KBr:Eu2+ y Kl:Eu2+),
determinando su rendimiento cuantico para sus posibles emisiones laser en longitudes de
onda cortas (regién azul-violeta del espectro). También se trabajé en la caracterizacion de
cristales ferroeléctricos como el niobato de litio (LiNb03), codopado e impurificado con cromo
trivalente, de interés por su aplicacion en optoelectrdnica.

Los trabajos presentados a continuacion resumen las actividades realizadas en este
tema: el primero estudia la absorcion de estado excitado del KCI:Eu2+, determinando su
seccion eficaz de absorcion a dos longitudes de onda analizando las sefiales de luminiscencia
y fotoacustica en funcién de la fluencia de excitacion; los otros dos ilustran un estudio de la
eficiencia cuéntica de luminiscencia del i6n Cr3+ en niobato de litio codopado con 6xido de
zincy lainfluencia del acoplamiento ion-red en los niveles de energia del Cr3+.

After the worldwide general study of solid State matrices potentially useful for laser

Solid State Lasers

media and the consequent establishment ofsome of them as commercial high power lasers
(like Nd.YAG, for instance), research interests pointed for new materials appropriate for solid
state tunable lasers.

This line of research started at ClOp by the beginning of the 90 's with the study of
the photophysics and population mechanisms ofrare-earth/transition-metal doped crystals.
In these materials, the fluorescence quantum yield, excited state absorption, and electron-
lattice coupling are basic parameters to be determined when looking for possible laser
emission. The techniques used for these determinations were laser induced fluorescence,
ground state absorption, photoacoustics and thermoluminescence.

A simple method for quantum fluorescence yield based on the simultaneous
measurement of luminescence and photoacoustics signals at different excitation
wavelengths was developed. With this method, rare-earth doped alkali-halide crystals
(KCl:Eu2+, NaCl:Eu2+, KBr:Eu2+ y KI:Eu2+) were studied as potential solid state short
wavelength lasers. Ferroelectric crystals like doped lithium niobate (LiNb03:Zn0:Cr3+) was
also extensively studied for its applications in optoelectronics.

The selected papers presented in this section summarizes the activities carried out in
this field: the first one deals with the excited state absorption of KCI:Eu2+, determining its
cross section for two pump wavelengths, studying luminescence and photoacoustic signals as
afunction ofexcitation fluence; the other two deal with the determination of the luminescence
guantum yield and electron-phonon coupling in the system LiNb03:Zn0:Cr3+.
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Excited state absorption in KCI:Eu2+

D. Schinca, J.0. Tocho, E. Rodriguez* and F. Cuss6*

Centro de Investigaciones Opticas (CIOp), C.C. 124,1900 La Plata, Argentina
* Dept. Fisica de Materiales, Universidad Auténoma de Madrid, Spain

ABSTRACT: Non-linear behavior with respect to exciting fluence of both
photoacoustic and luminescent signals in KCI:Eu(2+) , excited by laser pulses at

355 nm, were analyzed in terms of excited state absorption (ESA). Measured ESA
cross-sections for 355 and 420 nm were found to be 1 x 10"(-17) cm™2 and 2.5 x
10A-18) cmA respectively.

1. INTRODUCTION

There is great interest to search for materials to develop tunable solid-state lasers
emitting at shorter wavelengths than the present ones. Divalent europium ions in a strong

crystalline field has potential for laser operation in the violet and blue spectral
regionslll However, in some crystalline hosts, (like CaF2), it was found that strong

excited state absorption prevented laser action”. Alkali halides can be more appropriate
hosts for laser action due to their small Madelung energy at the europium site. In view of
this interest, excited state absorption (ESA) measurements have been performed at room

temperature in KCI:Eu+z using photoacoustic and luminescence methods.
As it is well known , the absorption spectrum of Eu ions in KC1 crystals consists
in two broad absorption bands attributed to transitions from the 857/2 ground state of the

417 configuration, to the 4f65d configuration. In cubic symmetry, the crystal field splits
the d electron into two e and tZ components, which correspond to the observed absorption
g 9

bands. For sixfold coordination, which is the case for Eu+Z ions entering substitutionally
for K+ ions in KC1, the t is the low-lying level (fig 1). After excitation of these two

bands, a single luminescent band is observed, corresponding to the t -» 4f7 transition.
Vibronic relaxation provides strong photoacoustic signals for both excitations.

(*) Member of Com. Invest. Cient. Pcia Buenos Aires (CICBA), Argentina
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Fig.3: Photoacoustic and luminescence signals, as defined in the *text, vs. excitation
fluence, (a) linear behaviour at low fluence and (b) non linear behaviour at high fluence.

transition, <rand o™ are the ground and excited state absorption cross sections at 355 nm
and @. values can be calculated from absorption and luminescence spectra. kp is a constant
that relates the heat to the amplitude of the PAS signal and it was calculated to match
the experimental results at low fluence (linear region). The third term arises from ESA.
Relaxation after this process is assumed to be 100% non- radiative. Each contribution is
represented in fig. 4. Best fit of all points by using eq.(l) was obtained for 07°(355
nm) = 1 x 10-17cm2. Luminescence results could not be fitted using this simple model.
LUM saturates more strongly than the predictions given by depletion of the ground state
due to excited state population.

We concluded that luminescence is reabsorbed within the excited zone. If ~(LUM)
represents the ESA cross section for the luminescence wavelength and L, the length of the
excited zone in the direction of observation, LUM can be written as:

()

where a represents the fraction of ions going from the higher excited state to metastable
states. In reference [4], a = 0.67 was calculated. Using eq. 2, the best fit of experimental

results of LUM was obtained for « (tum) = 2.5 x 1018 cm2 (fig.5).
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Fig.1: Energy levels of . KCI:Eu2 . Main Fig.2: Experimental setup. L laser
excitation and relaxation processes are beam; BS: beam splitter; M:energy
shown. meter; Didiaphragm; OF: optic fiber;

C: crystal; PZT: piezo transducer;
LUM: luminescence signal;
P: Photoacoustic signal.

2. EXPERIMENTAL SETUP AND RESULTS

The experimental setup used in this work (fig 2) is similar to that described for the
determination of the luminescence quantum yield of this material . Excitation at 355 nm

was provided by the third harmonic of a Nd:YAG pulsed laser. The sample, in the form of a
rectangular slab of 10 by 5 by 1 mm, with absorbance less than.0.1, was fixed to a PZT
detector. Luminescence was collected by an optical fiber and analyzed by a monochromator-
photomultiplier system. Both signals were amplified and digitized. Laser pulse energy was
measured by using a calibrated pyroelectric detector. The first peak of the photoacoustic
signal (PAS) and the maximum of the luminescence signal (LUM) were plotted in terms of
incident  laser fluence, which could be varied by using a half-wave plate polarizer
combination. It is clearly seen in fig.3 that both signals depart from linearity. While LUM

tends to saturate, PAS has an opposite behavior.
3. DISCUSSION
By the use of the diagram in fig. 1 we can calculate the amount of prompt heat

released after the absorption of the excitation laser pulse with fluence F. The PAS signal

can be written as:

@)
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Fig.4:PAS signal vs. fluence, (0) exp- Fig.5: Luminescence signal vs fluence.
erimental data. Curve (a): total PAS (0): experimental data.Curves repre-
signal; (b): ESA contribution; (c),(d): sent eqtj (2) for different values
linear contributions. of <e(420).

4. CONCLUSIONS

Non linear behaviour of photoacoustic signals in KC1:Eu2+ can be explained in terms
of ground state depletion due to excited state absorption at the pump wavelength. The

calculated value for \ — 355 nm is in agreement with previously published results ISl.

Excited state reabsorption of luminescence must be included in order to explain the
strong saturation of luminescence with pump fluence. The obtained Value for 0°(420 nm) seems
to be enough to prevent laser action in KCIl:Euz\ This result is in disagreement with
calculations made in ref.J6|. No laser action in this material has been reported yet.
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Abstract

The importance of the role of the ion-lattice coupling in determining the energy
levels of Cr3+ ions in congruent LiNbC>3 crystals doped with 2.9% of ZnO is
demonstrated in this paper. The Racah parameters: B = 533 cm-1, C =
3244 cm-1 and the crystal-field intensity Dg = 1527 cm-1 were determined
and the Tanabe-Sugano diagram was constructed. The characteristics of the
absorption and the emission spectra of Cr3+ ions in these crystals can be
explained in terms of the configurational-coordinate diagram in the harmonic
approximation, with good agreement obtained. The Huang-Rhys parameter
S = 6.86 and the lattice phonon energy Tuo = 343 cm-1 are also reported in
this work.

1. Introduction

In the last few years there has been great interest in developing lithium niobate crystals doped
with transition metals and rare-earth ions for use in laser and non-linear optics devices. The
strong photoreffactive effect that lithium niobate presents is a severe drawback as regards
laser applications but can be quenched by adding around 5% of MgO or ZnO to the melt.
Several examples of high-efficiency lasers based on doubly doped lithium niobate have been
reported [1-3].

The Cr3+ ion is a good candidate for doping lithium niobate in order to obtain broad-
spectrum tunable lasers [4]. It was suggested that Cr3+ substitutes for Li+ in singly doped
crystal and it has been proved that most of the chromium ions are found approximately at the
Nb5+ positions in crystals heavily co-doped with Mg2+ or Zn2+ [5-10]. Another substitution
mechanism has been proposed in which two chromium ions substitute simultaneously for apair

3 Author to whom any correspondence should be addressed. Gustavo Adrian Torchia, Centro de Investigaciones
Opticas, CC 124, 1900 La Plata (BsAs), Argentina; telephone: (54-221) 484-0280; fax: (54-221) 471-2771.
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of Li+and Nb5+ions to compensate the charge [11]. Atboth sites the Cr3+experiences a nearly
octahedral electric field produced by two planes of O2- ligands. The influence of the crystal
field on transition metal ions is very strong because the extended 3d" electron configuration is
substantially affected by this field. The energy levels for differentd” electron configurations in
arigid environment with one octahedrally coordinated lattice have been calculated by Tanabe
and Sugano [12]. The energy values have been tabulated in terms of the Racah parameters
A, B and C and the crystal field Dg. For a 3ds system like chromium in lithium niobate,
the energy that results from the Coulomb interaction between the electrons and the interaction
between the electrons and the octahedral crystal field are given in table 1. There is a single 4A2
ground state with energy —15Z? that does not depend on the crystal field; similarly there are
only single 4Tz, 2Ai and 2A:2 states. There are two 4T i states whose energies can be obtained
by diagonalization of the 2 x 2 matrix shown in the table. Similarly the energy of the 2E, 2T
and 2T2 states can be calculated from a matrix also shown in table 1. The lowest-energy 2E
state is important because it is the lowest-energy excited state of many chromium systems that
show sharp luminescence (R lines).

Table 1. Matrix elements of the crystal-field and Coulomb interactions and energy levels for the
relevant d3 states in octahedral symmetry, from reference [13].

evdt \ _ ( 100? —35 65 \
65 20Dq -128B)
/  5C -3735 -5758 4B +2C 25 \
-3735 10pg -6B +3C 3B -3738 -3735
£(2T2)= 5735 3B 10Dq +4B + 3C -3738 735
4B + 2C -3y/3B -3755 20Dq +65 +5C 105
2B -3735 758 108 20Dq-2B+3C/
/[-65+3C -3B 3B 0 -2735 \
-3B lIoDgq +3C -38 3B 3735
E(2Ti)= 35 -3B ioDq -6B +3C -3B -735
0 3B -3B 20Dgq —6B +3C 2735
V .2yi3s 3v3B -755 273£ D<7-28 +3CJ
/-65 +3c -6725 -3725 0 >
2 _ 1 -6725 \0Dq + &B+6C 108 73(25+Q)
£(E)- -3725 108 \0Dg-B+3C 2735
\ 0 75(28 +C) 2738 30Dq -SB +40

Purely electronic transitions in perfect crystals have linewidths determined entirely by the
lifetime and dephasing mechanisms. The interaction between optically active impurity ions
and the vibration of the host lattice is of great importance for understanding optical transitions
in real crystals. In this paper we present the absorption and emission characteristics of Cr3+in
congruent lithium niobate co-doped with ZnO. The ion-lattice coupling is analysed in terms of
the configurational-coordinate breathing model in the harmonic approximation. The Huang-
Rhys parameter S and the phonon energy are determined on the basis of this model.

224



Electron-lattice coupling in congruent Co-doped LiNbQB:Cr3+:zno crystal 6579
2. Experimental procedure

The samples used in this work were grown by the Czochralski method in the open air, starting
with amounts of Li20 and that ensure congruent concentrations in the crystal. The
doping concentrations in the melt were 3% for ZnO and 0.15% for Cr203. The composition of
the crystals was analysed by means of the EXTF (fluorescence total x-ray emission); the
results for chromium and zinc ions were 0.1% and 2.9% respectively, normalized to the
Nb5+ concentration. Congruent crystals have a composition of Li0945Nb1.0603 instead of the
stoichiometric composition LiNb03. The samples was cut in slices of 1 mm width, reduced to
dice of dimensions 1 x 4 x 6 mm and polished with diamond powders of different diameters.

The optical absorption spectrum was taken at room temperature with a commercial
spectrophotometer (Hitachi U-3501). The continuous-wavelength (cw) emission spectrum was
taken at room temperature using an argon multiline laser as the excitation source and detecting
the light with an AsGaln (Hamamatsu 751 K) cooled photomultiplier. The luminescence was
dispersed by a 0.5 m monochromator (SPEX 5000M) and amplified by a lock-in (EE&G). The
absorption and emission spectra were analysed with a multi-Gaussian fitting and the energy
levels reported below correspond to peak values of the fitting.

3. Results and discussion

Figure 1 presents the absorption and emission spectra at room temperature for congruent
lithium niobate crystals co-doped with Cr3+and ZnO (2.9%). The absorption spectrum shows
two broad bands centred at 20770 cm-1 (481 nm) and 15274 cm-1 (655 nm) associated with
vibronic transitions of the Cr3+ The band centred at 481 nm is associated with the 4A2 -* 4Ti
transition while the band centred at 660 nm is associated with the 4A2 — 4T2 transition; both
bands are spin allowed. In this spectrum there are also present three weak peaks centred at
19607 cm-1 (510 nm), 14705 cm-1 (680 nm) and 13755 cm-1 (727 nm) corresponding to
the spin-forbidden transitions 4A2 -* 2T2, 4A2 — 2T\ and 4A2 —2E [11]. As can be seen in
figure 1, the emission spectrum has a broad band centred at 10 883 cm-1 (919 nm); this band
was assigned previously to the transition 4T2 -> 4A2 that corresponds to Cr3+ions at Li+ sites
of congruent lithium niobate crystals because the content of Zn is not sufficient to induce the
occupation of the Nb site [6].

From the energy level values obtained, the strength of the octahedral crystal field Dq and
the spectroscopic Racah parameters B and C are calculated. The magnitude of Dq is obtained
directly from the energy corresponding to the peak of the 4A2 -* 4T2 absorption band, which
is 10Dq:

(1)

Ifwe write AE for the energy difference between the 4T2 and the lowest 4T j state, which
experimentally is the separation between the two strong absorption bands in figure 1, the
B-value can be obtained from

)

For Dq = 1527 cm-1 and AE = 5496 cm-1, the result B = 533 cm-1 is obtained.
The last Racah parameter can be calculated from an approximate expression given by
Henderson and Imbusch [14]:

©)
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Figure 1. Room temperature absorption and luminescence spectra of Cr3+ions in LiNbCss (2.9%
of ZnO) crystal. The energy values of relevant levels, the Stokes shift (CO) and the FWHM
bandwidth (f) of the emission band are indicated.

Using the experimental value £'(2E) = 13755 cm-1 and the values found previously for Dq
and B, the result C = 3238 cm-1 is obtained. More accurate determination of C requires the
diagonalization of the 4 x 4 matrix corresponding to the 2E states given in table 1. The lowest
eigenvalue gives the analytical expression necessary to calculate C = 3244 cm*“1by solving
a transcendental equation.

With the Racah parameters found above, the Tanabe-Sugano diagram for the Cr3+ ions
was constructed. The energy for the most relevant states, taking the energy of the 4A2 state
equal to zero, can be calculated by using equations (1)—3):

(4)

where a = B/Dq.

The Tanabe-Sugano diagram constructed in this manner for the main spectroscopic states
of Cr™+in congruent lithium niobate is presented in figure 2. The vertical broken line rep-
resents the appropriate value for Dq/B (2.86) found for this crystal. The diagram presents one
important contradiction: the lower-energy excited level in the Tanabe-Sugano representation
is the state 2E while the broad band of luminescence observed experimentally indicates that
the lower level must be the 4T2 state. The energy of the 2E state shows little dependence on
the crystal field, similarly to that of the ground state 4A2, so the emission between these levels
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Figure 2. The Tanabe-Sugano diagram for Cr3+ in LiNbOaiZnO (2.9%6) crystal corresponding to
the experimental values obtained in this work. The solid line for the 2E level corresponds to the
exact diagonalization of the matrix in table 1 while the dashed line is the approximation given by
equation (3).

gives a narrow band (R line). The 4T2 state with its greater dependence on the crystal field can
give rise to a broad band of luminescence.

Big errors in the crystal-field determination that displace the position of the value of
Dq/B enough to invert the positioning of the 4T2 and 2E energies must be excluded because
the absorption spectra are consistent with the diagram of figure 2. To explain the contradiction,
the octahedral vibration and the electron-lattice coupling must be considered. As afirstapprox-
imation, the vibrating environment can be modelled by the single-configurational-coordinate
model in the harmonic approximation.

The configurational-coordinate model assumes that the distance Q from the active ion to
its first shell of neighbouring ions pulsates harmonically about its equilibrium value <20 The
vibration energy can be written as rrihco, where m is the number of vibrating quanta and wis the
breathing frequency. As a further approximation, the same breathing frequency is considered
for all of the electronic states. The equilibrium values for Q are specific to each electronic
state. The departure from the average of Q corresponds to the difference in coupling between
the ion and the lattice. The larger the coupling, the larger the difference between equilibrium
values. As usual, the difference in electron-lattice coupling is characterized by adimensionless
constant, the Huang-Rhys parameter, S, defined as the number of vibrating quanta excited in
the most probable absorption transition.

For the determination of the phonon energy and the Huang-Rhys parameter we used the
spectroscopic data of figure 1. The absorption and emission bands from transitions that connect
the 4A2 and 4T2 states are approximately Gaussians and mirror images of each other; for this
case the Stokes shift, the difference in energy between the absorption and emission band peaks,
can be related to S by

©)

where CO is the Stokes shift. Another equation necessary to calculate the phonon energy
and the Huang-Rhys parameter is given by the expression for the bandwidth, which at room
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temperature can be written as

(6)

where rCT) stands for the FWHM of the emission band; k = 0.695 cm-1 K-1 is Boltzmann’s
constant. Using equations (5) and (6) and the values found experimentally for the Stokes shift
and the bandwidth {CO = 4391 c¢cm-1, T(r) = 2564 cm-1), we get Tim = 343 cm-1 and
S=6.86forT =295 K

The energy level scheme of Cr3+ in congruent lithium niobate crystals is presented in
figure 3. The new level diagram shows that the electron-lattice coupling is sufficiently large
to explain why the minimum electronic energy of the 4T2 manifold is below the energy of the
2E state.

Figure 3. The configurational-coordinate diagram for Cr3+ in LiNDC>: :ZnO (2.9%) crystal.

4. Conclusions

In this paper we have presented the crystal-field strength, the spectroscopic Racah parameters,
the Huang-Rhys parameter and the breathing-mode phonon frequency corresponding to the
Cr3+ ion in congruent lithium niobate crystal co-doped with 2.9% of ZnO. The crystal-
field strength Dg and Racah parameters are found; the values are similar to ones reported
previously for other lithium niobate samples [15, 16]; the Huang-Rhys parameter obtained,
S = 6.86, is identical to that estimated by Weiyi Jia et al [11] for a sample of Cr3+:LiNb03
without specification of the congruency. The breathing phonon energy was determined to our
knowledge for the first time for congruent lithium niobate co-doped with Cr3+and Zn2+. This
medium-hard phonon (343 cm-1) can be coupled with the TO3 phonon of the bulk lithium
niobate, which was found from Raman measurements at 332 cm-1 for a nearly stoichiometric
sample at room temperature [17]. Similarly, Ridah et al [18] working with congruent samples
have found LO phonons at 345 cm-1 and TO phonons at 322 and 369 cm-1. Because the
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breathing mode at 343 cm-1 can be strongly coupled to the bulk phonons, the non-radiative
process can compete with the radiative process even for energy gaps over 10000 cm-1;
consequently the fluorescence quantum yield could be low in these crystals. Recently the
fluorescence quantum yield of Cr3+at lithium sites in congruent lithium niobate co-doped with
ZnO was found to range around 5% [19].
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Abstract

In this paper, the luminescent quantum efficiency of Cr3+ ions in co-doped crystals of LiNb03:ZnO:Cr3+ is
determined by using a method based on simultaneous multiple-wavelength measurement of photoacoustic and
luminescence signal after pulsed laser excitation. The quantum efficiency found in this lattice was (10 £4)%. This result
was compared with the value found from the study of the lifetime in terms of the temperature of the luminescent levels
involved. In this last case, two non-equivalent crystal sites were found for Cr3+ ions, and two fluorescence quantum
yields were determined. After the estimation of the concentration of each site by electron paramagnetic resonance
experiments, the averaged fluorescence quantum yield value was (9 £ 2)% in agreement with the