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Spanish Summary

Cumpliendo con el REGLAMENTO DE LOS ESTUDIOS DE DOCTORADO DE LA UNIVERSIDAD
DE MALAGA y por el hecho de que la presente Memoria de Tesis Doctoral esté integramente redactada en

inglés, la siguiente seccion incluye un resumen de la misma en espafiol.

Resumen de la Tesis Doctoral

Actualmente, la caracterizacién del patrimonio cultural sumergido se ha convertido en una de las
areas de mayor interés en arqueologia. El motivo principal es la cantidad de informacién histérica que
contienen los restos que permanecen hundidos, no sélo en las profundidades de mares y océanos, donde
se encuentran la mayoria de estos yacimientos, sino también en otras localizaciones como rios, lagos o
pantanos. Cada yacimiento arqueolégico es una puerta abierta al pasado, donde cada dato averiguado sobre
un objeto es un paso mas hacia el conocimiento de su propia historia. En este sentido su localizacién en
combinacién con los registros documentales de la época y junto al conocimiento de su composicion quimica
pueden ser una informacion vital para situar la procedencia espacio-temporal o para entender la tecnologias
constructivas de la época. Un ejemplo de ello se encuentra en el analisis de los forros de barcos hundidos
para los cuales a lo largo de los siglos se ha ido modificando el material base, asi como, el material de
defensa de las naves, donde los cafiones podian ser fabricados en hierro o bronce segun el periodo histrico.
Por todo ello, es imprescindible estudiar, proteger y conservar los bienes sumergidos los cuales se
encuentran sometidos a la continua agresion del medio.

Las técnicas analiticas clasicas suelen requerir el traslado de las piezas hasta el laboratorio para
estudiar su composicion, sin embargo, esto no siempre es posible. Algunas veces no se puede extraer el
objeto de su yacimiento simplemente por cuestiones logisticas, por ejemplo debido a su tamafio. En otras
ocasiones, la causa puede tener su origen en la legislacidn, o bien estar contraindicada para la integridad
del objeto. Los materiales presentes en el propio yacimiento se encuentran en equilibrio quimico con su
entorno, lo que evita su deterioro. Tras su extraccion, las piezas fuera del agua comienzan a oxidarse debido
al oxigeno del aire y a los electrolitos que puede llevar ocluidos en su interior. Impedir este proceso es
complejo, caro y puede llevar varios meses de trabajo. De esta forma, el analisis in-situ de los objetos suele
ser la Unica alternativa en muchos casos. Ademas, es importante indicar que la propia disposicion del objeto
en el contexto del yacimiento puede proporcionarnos informacion sobre el mismo. Por ello, la Organizacion
de las Naciones Unidas para la Educacion y la Cultura (UNESCO), en la Convencién para la proteccién del
patrimonio cultural sumergido, considera la conservacion in-situ del patrimonio cultural como “la opcién
prioritaria antes de autorizar o emprender actividades dirigidas a ese patrimonio”.

Por tanto se plantea un reto analitico que es caracterizar los restos en los yacimientos subacuéticos
sin extraerlos de su ubicacion original. A pesar de esta demanda, no existen muchas técnicas analiticas
disponibles para llevar a cabo el analisis quimico in-situ, en realidad, sélo aquellas basadas en la tecnologia
laser son capaces de afrontar este reto (por ejemplo Raman, LIF y LIBS). En este sentido la espectroscopia

de formacion de plasma inducidos por laser (LIBS), combina practicamente todos los requisitos deseables
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para este tipo de aplicacidn. Entre sus caracteristicas, se pueden destacar su potencial para realizar analisis
in-situ en un rango ilimitado de materiales, su capacidad de deteccion atémica simultanea y multi-elemental
sin necesidad de preparar la muestra previamente, y la posibilidad de su implementacién en equipos
portatiles y de deteccion a distancias remotas.

Tras el problema planteado, los trabajos realizados en esta tesis doctoral han sido enfocados a
sumar un granito de arena mas en la implementacion de la técnica LIBS para el reconocimiento e
identificacion in-situ de materiales sumergidos en yacimientos arqueologicos reales. En concreto, la
investigacion llevada a cabo puede englobarse en dos areas diferenciadas por la aproximacion de la técnica
al medio marino. Por un lado, se plantea una configuracion de acceso remoto al yacimiento arqueologico
sumergido utilizando un sistema portatil en el cual el analisis se realiza en contacto con la muestra guiando
el laser al objeto a través de una fibra dptica. En este contexto, el primer bloque de la presente Tesis Doctoral
se centra en la evaluacion de las capacidades de analisis, estabilidad y robustez del prototipo de acceso
remoto (desarrollado por la Universidad de Malaga), asi como en la optimizacion de los parametros
operacionales del mismo. Ademas, se ha disefiado un método de clasificacion que permite discriminar in situ
las piezas desconocidas hallas en el fondo del mar en funcion de su naturaleza. El segundo bloque se ha
encaminado en la evaluacion de la implementacién hipotética de la técnica al medio marino utilizando un
vehiculo de operacion remota (ROV) en el cual el analisis se realice a distancia. En este contexto se
presentan unos estudios preliminares utilizando una configuracion de excitacién de doble pulso.
Concretamente, se evalua el efecto de la profundidad de analisis sobre cuestiones fundamentales enfocadas
en el fendmeno formacion del plasma asi como de post-formacién del plasma (generacién de burbuja de
cavitacién), ademas de la evaluacién de la influencia de distintos parametros operaciones sobre la sefial
espectral.

A continuacién se resumen los resultados mas relevantes de la investigacién desarrollada,

diferenciandose los dos blogues de contenidos anteriormente mencionados.
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Bloque 1: Aproximacion de la técnica LIBS para la identificacion de materiales arqueoldgicos

sumergidos basado en una configuracion remota de analisis en contacto con la muestra.

+ Sistema experimental

En este blogque el sistema experimental utilizado fue un novedoso instrumento llamado AQUALAS
2.0 (desarrollado por la Universidad de Malaga) basado en el guiado del haz laser a través de una fibra dptica
hasta la superficie del material de interés. Este fue especialmente disefiado para el analisis quimico remoto
de materiales sumergidos.

El prototipo consta de dos partes bien definidas: una sonda de muestreo y un médulo principal,
interconectadas por medio de un umbilical de 50 metros de longitud. La unidad principal contiene el médulo
optico, donde se realiza el acoplamiento laser-fibra, el médulo de adquisicion de datos y la fuente de
alimentacién del laser. Las dimensiones del prototipo son de 81 x 86 x 126 cm.

El modulo optico consiste en una estructura de metacrilato especialmente adaptada para prevenir
la deposicion de aerosoles marinos sobre los componentes 6pticos del sistema. Este mddulo también
contiene la fuente de excitacidn laser asi como todos los componentes dpticos para realizar tanto el
acoplamiento laser-fibra como la deteccidn del plasma procedente de la superficie de la muestra. El haz laser
es transmitido a través de 55 metros de fibra dptica protegidos en el interior de un umbilical que conecta la
sonda de analisis con el modulo optico. En el extremo final de la fibra dptica, el haz laser es enfocado sobre
la superficie del material mediante un sistema dptico incorporado en el interior de la sonda LIBS de andlisis.
El umbilical también suministra un flujo constante de gas al interior de la sonda, para eliminar el agua de la
superficie del material creando una interfase gas-solido que facilita el andlisis LIBS bajo agua.

Una vez generado el plasma sobre la superficie del material, la luz se transmite a través de la misma
fibra dptica para regresar al médulo 6ptico, donde es guiada hacia el médulo de adquisicion de datos a través
de un sistema optico de coleccidn. EIl modulo de adquisicion de datos, instalado en la unidad principal, consta
de un espectrometro, un convertidor de video y un ordenador. Un generador de pulsos y retrasos que controla
externamente el sistema. El espectrémetro utilizado es un Czerny-Turner que tiene una red de difraccién de
1200 lineas/mm y una resolucién espectral de 0.1-0.2 nm/pixel en el rango espectral de 300-550 nm.

El equipo también dispone de un médulo auxiliar para su total autonomia en los trabajos de campo.
Este modulo contiene un compresor de aire, un estabilizador de corriente y un generador externo de corriente
que dota al equipo de siete horas de autonomia de trabajo.

Por otro lado, este instrumento puede ser configurado en dos modos de excitacion diferente tanto
en pulso-simple convencional (SP-LIBS) como en multiples pulsos (MP-LIBS). La configuracién MP-LIBS

permite introducir una mayor radiacién laser a través de la fibra dptica aumentando de tal modo las



Spanish Summary

prestaciones del equipo en términos de energia. De hecho, esta Ultima sera la empleada en los trabajos que
se indican en este bloque.

Ademas de esto, es importante mencionar la forma de actuacion del prototipo en un entorno real de
andlisis de un yacimiento arqueol6gico sumergido. En primer lugar, debe realizarse una prospeccion previa
por personal cualificado y autorizado, que en nuestro caso pertenecen al Centro de Arqueologia Subacuatica
(CAS). Siguiendo los protocolos establecidos para minimizar el riesgo de dafiar las piezas arqueoldgicas,
eliminan la capa de concrecién de la superficie de las muestras. Seguidamente, el instrumento AQUALAS
2.0 se transporta hasta el puerto mas cercano al yacimiento y de aqui se despliega en una embarcacion
auxiliar que nos desplaza al entorno del yacimiento. En este punto, un buzo profesional portando la sonda

de analisis se dirige a las inmediaciones donde se sitla el material de interés.

+ Capacidades, estabilidad y robustez del equipo AQUALAS 2.0 para el anélisis de sélidos

sumergidos y caracterizacion quimica submarina de aceros galvanizados.

Una primera investigacién para evaluar la estabilidad y robustez del equipo AQUALAS 2.0 en el
ambiente marino fue realizada utilizando como escenario la bahia de Malaga. La muestra seleccionada para
la secuencia de experimentos fue un bronce certificado para el cual se seleccion6 la linea de Cu a 521.82
nm.

En primer lugar, se evallo el despliegue del cable umbilical que contiene en su interior la fibra dptica.
Los 50 m de cable se encuentra enrollados en un soporte en el cual la posible tension acumulada podria
afectar al suministro de energia a través de la fibra Optica. Se comprobd que la intensidad de la sefal
espectral se mantuvo practicamente constante con el despliegue de la sonda en el rango de trabajo de 0-50
my la variabilidad de la sefial obtenida fue por debajo del 14%. Ademas, la energia promedio de 500 pulsos
en cada trayecto de 10 m de despliegue de la sonda indic6 una alta estabilidad con una energia promedio
de 42.6 mJ pulso-'y una variabilidad del 2%.

Atendiendo a los resultados mencionados anteriormente, la estabilidad del sistema LIBS es muy
satisfactoria. En este sentido, un dafio hipotético de la fibra dptica puede ser el tnico punto débil de nuestro
prototipo. Por lo tanto, con el objetivo de evaluar la robustez del acoplamiento de laser a la fibra el sistema
LIBS se trasladd a lo largo de un camino adoquinado de 500 m. Los espectros LIBS registraron a cada 100
m muestran una intensidad promedio practicamente constante en 35.000 cuenta alcanzando una desviacion
estandar relativa menor del 10% en todos los casos, esto confirman la robustez del acoplamiento de laser a
la fibra.

En relaciéon con esto resultados, la estabilidad probada y robustez del sistema LIBS remoto
garantizan la fiabilidad de los datos adquiridos en condiciones severas (es decir, en un entorno marino)
durante una campafa de campo.

Por otro lado, es importante destacar que el andlisis de los materiales sumergidos es un area de

aplicacién de creciente interés, especialmente en el sector industrial donde, para asegurar la fiable proteccién
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ala corrosidn, el espesor del recubrimiento tiene que ser mantenido constante en un rango de tolerancia. En
este sentido, y bajo el mismo escenario de trabajo, la capacidad del equipo para analizar y determinar
espesores de capa en materiales sumergidos se evalud. Para este estudio se utilizd un conjunto de 5
muestras de aceros galvanizados con diferentes espesores de recubrimiento comprendidos en el rango de
3.2 a 11.2 ym. Las muestras fueron analizadas en el mar y se registr6 tanto la emision de las lineas de Zn
(I)a472.21nm como de Fe (1) 438.35 nm del recubrimiento y sustrato, respectivamente. Ademas este estudio
se realizd utilizando una configura de excitacion de MP para dos valores de duracién del pulso laser principal
de 22 y 30 ns. Se observé que el numero de pulsos necesarios para agotar completamente la capa de
recubrimiento fue menor para la duracion de pulso mas larga, 30 ns. Utilizando la derivada del perfil de
intensidad y en base al criterio descrito en bibliografia de Pos, se calculé la tasa de ablacion media (AAR)
para ambas anchos de pulso en una muestra de espesor de recubrimiento de 11.2 um. Los resultados
mostraron una AAR de 172 nm pulso'y 254 nm pulso! para el ancho de pulso de 22 ns y 30 ns,
respectivamente. Por tanto, se observo que al utilizar una duracién de pulso mas larga Pos decrece y por
consiguiente la AAR aumenta en comparacién a una duracién de pulso corta. Este hecho puede ser debido
a que a mayor duracion del impulso principal en la secuencia de multipulsos favorece el calentamiento y la
fusion de la muestra. De esta forma se facilita la ablacion de la superficie de la muestra por el resto de los
pulsos de la secuencia. Por ofro lado, con el objetivo de cuantificar el limite de exactitud y precision de los
perfiles obtenidos, se calculo la resolucién en profundad (AZ) para la muestra de espesor 3.2 um usando
ambos anchos de pulso. Se obtuvo un AZ de 2.8 umy 2.2 um para 22 ns 'y 30 ns, respectivamente. Se pudo
concluir que una caracterizacién mas rapido y con una mejor resolucion del perfil se obtiene al utilizar una
duracién de pulso mayor.

Ademas de esto, con el fin de determinar el espesor de un recubrimiento de Zn desconocido, se
construy6 una curva de calibrado correlacionando el nimero de pulsos para llegar a la interfase Zn-Fe con
el espesor de la capa. La calibracién se realizé para los dos valores de duraciones de pulso. En ambos
casos, la correlacion entre ambas variables fue excelente obteniéndose un coeficiente de correlacion lineal
(R?) de 0.99. Estos resultados muestran el potencial de la tecnologia a distancia-LIBS para la estimacion del

espesor de recubrimiento de una muestra de acero galvanizado desconocido.

+ Optimizacion de parametros operacionales del equipo AQUALAS 2.0: influencia de la presion

de salida y composicion quimica del gas de purga sobre la seifial LIBS.

Nuestro instrumento remoto basado en una configuracion de guiado de haz I&ser por fibra dptica,
como se comentd, se constituye por una sonda de LIBS sumergible en el que a través de un cordon umbilical
se suministra un gas de proteccion o gas de purga. De hecho, el uso del gas de purga es clave para expulsar
el agua de la superficie de la muestra y crea una interfaz entre la muestra y la sonda de s6lido a gas en lugar
de solido a liquido. Este hecho, es ideal para el analisis LIBS bajo el agua ya que la gran atenuacion que
produce ésta sobre la radiacidén de 1064 nm evitaria la deposicion de una dosis suficiente de energia sobre

la posicion de analisis. De este modo, en comparacion con una interfase solido-liquido, se mejora la eficiencia
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de ablacién. Por otra parte, el gas de purga se utiliza para impedir la entrada de agua en la sonda LIBS. En
este caso, debe tenerse en cuenta que la diferencia de presién (AP) entre el interior (P in) y fuera de la sonda
(Pex) debe ser superior 0 al menos a 1 bar.

Ademés de estos usos comentados, se decidié estudiar el empleo del gas de purga con el objetivo
de mejorar las prestaciones y el rendimiento analitico del prototipo. Como es conocido en literatura, las
propiedades del gas circundante al plasma influencian severamente en la respuesta espectroscépica. En
este sentido, se optd por evaluar tanto la influencia del AP como la composicion quimica de este gas
circundante. En particular, estos estudios se enfocaron con la proyeccién de mejorar la deteccion de
muestras de caracter ceramica. Este tipo de materiales son muy cominmente hallados en los yacimientos
arqueologicos sumergidos, sin embargo, el andlisis en tales condiciones puede ser complejo debido a su

naturaleza altamente porosa y quebradiza.

¢ Influencia del diferencial de presion del gas de purga sobre la sefal LIBS

La influencia del diferencial de presién del gas de purga a la salida de la sonda LIBS se evalud en
las lineas de emision de Ca (I) a 422,6 nm, Fe (1) a 438,3 nm y Ti (I) at 498,1 nm de una muestra de origen
ceramico. En este experimento se fue aumentando AP en intervalos de 0.5 bar en un rango comprendido
entre 1 a 4 bar. Se observé que para las tres lineas de emisién la intensidad disminuye a medida que AP
aumenta. Este hecho se podria atribuir a un posible proceso de apantallamiento del plasma. Cuando la
presion del medio aumenta, el plasma se confina sobre la superficie de la muestra. En este caso, una mayor
densidad de especies se encuentra en el plasma por unidad de volumen produciendo un efecto de
“proteccion”™-“apantallante” del plasma méas acusado a medida que aumenta el confinamiento. Debido a esto,
la radiacion laser que llega a la superficie de la muestra se reduce y por lo tanto se obtiene una disminucién
en la sefal de LIBS. Este efecto de “proteccion” del plasma se pudo contrastar calculando la densidad
electrénica del mismo (Ns). Como era de esperar, se obtuvo una mayor densidad de especies en el plasma
cuando AP =4 bar (N 1.09-10' ¢cm3) y se encuentra mas confinado éste en comparacion con el valor de
N, obtenido para AP = 1bar (N, 0.5 10" cm3). Por tanto, en el caso particular evaluado de material ceramico,
el AP debe establecerse en el minimo posible para evitar el apantallamiento del plasma y mejorar de esta
forma la caracterizacion quimica de la ceramica durante el andlisis in situ en un yacimiento arqueoldgico bajo

el agua.

¢ Influencia de la composicién quimica del gas de purga sobre la sefal LIBS

La influencia de la composicion quimica de gas de purga también se evalud con el objetivo de
mejorar la sensibilidad analitica en muestras cerdmicas. Este experimento se llevo a cabo utilizando diversos
gases ambiente tales como aire, CO2, He y Ar manteniendo contante AP 3 bar. Las lineas de emisién
seleccionadas fueron Ca (I) a 422,6 nm, como representacion de elementos mayoritarios, y Fe (1) a 438,3

nm, para los elementos minoritarios de la muestra. La intensidad de emisién de Ca y Fe mayores se obtuvo
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utilizando como gas de purga Ar. Para el resto de los gases, la intensidad fue disminuyendo siguiendo la
secuencia de He > Aire > CO,. Por otra parte, la intensidad de fondo también fue estudiada encontrandose
la menor contribucion usando He en comparacion con Ar, aire y CO». Asi como, la relacion sefial ruido (SNR)
de los espectros en la que se obtuvo la misma secuencia que para el parametro de intensidad Ar > He > Aire
> CO..

Los comportamientos descritos se pueden atribuir a los parametros del plasma tales como la
temperatura electrénica (Te) y la densidad (Ne) las cuales estan influenciadas por las propiedades del gas
circundante a la muestra. En general, plasmas con alta T, (energéticos), producen una mayor emisién
alcanzando intensidades en los espectros LIBS altas. Por tanto, ambos pardmetros fueron calculados para
los cuatro gases. Como se esperaba, una T, mayor se obtuvo utilizando una atmdsfera de Ar con respecto
al aire, CO; y He. Ademas, también se obtuvo una gran densidad de electrones con Ar que explica la
intensidad de fondo mayor debido a la influencia de la radiacion continua. Incluso se observo que los transitos
con diferenciales energéticos mayores son favorecidos con este gas. Por otra parte, es importante mencionar
el caso del gas He. Es conocido en bibliografia el caracter del gas para producir plasmas frios y de baja Ne,
coincidente a nuestros resultados experimentales expuestos. Sin embargo, con este gas se alcanzd la
segunda intensidad de emision mas alta. Este hecho puede estar asociado con una menor contribucién de
la radiacidn del continuo con respecto al resto de los gases estudiados.

A raiz de los resultados expuestos, la sustitucién de aire como gas de purga, de uso comun para
una campara de campo, por argdn se presenta como una alternativa para aumentar la sensibilidad analitica
de los equipos AQUALAS 2.0 en materiales ceramicos. Sin embargo, a pesar de los beneficios que produce
Ar en la respuesta analitica, otro factor debe tenerse en cuenta como es su costo. Para una campafa de
campo es facil y accesible emplear aire utilizando un compresor. En contraste Ar debe ser transportado en
un contenedor previamente suministrado por un distribuidor. Por lo tanto, con el fin de reducir el costo de
andlisis y mantener una buena calidad espectral, se decidio llevar a cabo un estudio con mezclas de
diferentes proporciones de Ary aire. Se observé un aumento neto de intensidad cuando el porcentaje en Ar
es en aumento. A partir de una mezcla de 50% de los gases la tendencia obtenida para ambos elementos
Ca (mayoritario) y Fe (minoritario) fue moderadamente creciente. Ademas de esto, se alcanza una menor
desviacion estandar y RSD utilizando bajos porcentajes de Ar. A la vista de estos resultados, se decidi6 que
la mejor alternativa para una campafia de campo podria ser una mezcla de 50% de los gases porque
mantiene un compromiso favorable entre costo y la respuesta analitica.

Por otra parte, los beneficios que reporta Ar sobre la intensidad de emisidn también se chequearon
en materiales arqueoldgicos con caracter metélico y aleado. De igual forma que en ceramicas, la intensidad
obtenida usando Ar fue mas elevada que con el empleo de aire.

Tras la optimizacion de trabajo descrita en este apartado, el equipo AQUALAS 2.0 fue trasladado al
Centro de Arqueologia Subacuatica (CAS) de Cadiz con el objetivo de analizar un conjunto de muestras
pertenecientes a 6 pecios de las costa andaluza que se encontraban sumergidas en tanques desaladores

en fase de estabilizacion. En el anexo 2 se puede encontrar los resultados obtenidos.
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+ Identificacion y clasificacion espectral submarina de los restos de un naufragio situado en

aguas de San Pedro de Alcantara (bahia de Malaga)

LIBS en el entorno marino es una tecnologia en desarrollo que ofrece ventajas unicas sobre los
métodos tradicionales. No solo ofrece la composicion de liquidos con alta fiabilidad; sino que también
proporciona la composicion elemental de sélidos con poco o ninguna manipulacion del usuario. Debido a
esta ventaja LIBS se ha utilizado como una herramienta para la inspeccion de los materiales en arqueologia
subacuatica, donde el conocimiento de la composicidn quimica puede proporcionar pistas valiosas sobre el
origen de los materiales en naufragios y edificios sumergidos. Sin embargo, dada la gran diversidad de
composicion, las diferencias de textura y alteracidn de la superficie del patrimonio cultural sumergido, el uso
de algoritmos estadisticos avanzados se manifiesta casi de forma esencial para el reconocimiento y
clasificacidn de los hallazgos subacuaticos. En este sentido, se intent6 dotar el instrumento LIBS AQUALAS
2.0 con una herramienta de procesado de datos que permita evaluar la inspeccién del naufragio de una forma
facil y rapida. Esta nueva herramienta se disefid para ordenar las lecturas obtenidas por el sistema LIBS
cuando se inspeccionan piezas desconocidas que se encuentran en el fondo del mar de tal forma que se
asigna su composicion elemental a uno de los grupos de materiales comunes, previamente descrito, que se

encuentran en un yacimiento arqueolégico sumergido.

o Diseflo y evaluacion de un método de clasificacion para objetos

arqueoldgicos sumergidos basado en el analisis discriminante

Para el reconocimiento y clasificacion de los objetos hallados en el entorno subacuatico con el
instrumento AQUALAS 2.0 se utilizé la herramienta del Anélisis Lineal Discriminante (LDA) para generar un
modelo de algoritmo supervisado. De forma conceptual, con LDA se evalla los pesos relativos de las
variables originales descritas para la discriminacidn de grupo y la puntuacion de la separacion entre maltiples
clases. Después, el modelo predice la probabilidad de que una muestra desconocida pertenezca a cada
clase propuesta en el modelo.

Para desarrollar el método de clasificacion, se estudio primero un conjunto de treinta y ocho objetos
recogidos de varios naufragios. Para simular las condiciones experimentales de un entorno submarino, las
muestras se sumergieron y se analizaron en un tanque de agua en nuestro laboratorio utilizando como gas
de purga argdn a 5 bar. Debido a la gran variedad de muestras utilizadas en este estudio, los objetos se
dividieron en diferentes grupos para el analisis quimiométrico, tales como: aleaciones de bronce (10), piezas
metalicas (18), ceramica (5) y marmoles (5). Los espectros LIBS fueron adquiridos en el rango espectral de
350-550 nm, se promedio6 la respuesta de 50 pulsos laser y se repitié la operacién dos veces mas en
posiciones adyacentes en la muestra. Posteriormente, la intensidad promedio se normalizo a la unidad. Sin
embargo, todo el espectro de LIBS no se consideré como datos de entrada para el modelo sino que se redujo

de manera significativa a 10 variables espectrales. Se seleccionaron aquellas lineas de emision
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caracteristicas de los grupos de materiales descritos para el método tales como: Cu (I) 510,55 nm, Zn ()
481,05 nm, Sn (1) 452,47 nm, Pb (1) 405,78 nm, Fe (l) 438,35 nm, Ca (I) 422,67 nm, Mg (1) 517,26 nm, Si (1)
390,55 nm, Sr (1) 407,61 nm y Ti (1) 498,17 nm. Las funciones discriminantes obtenidas fueron:

Fi=271cy+ 24104228 s+ 0.8 lpp + 2.7 Ire— 7.2 Ica— 1.2 Iug— 3.8 Isr— 6.0 Isie7i + 0.59
Fo=18Icy+3.810+24.815,-0.2 Ipp - 0.8 lre— 2.5 Ica— 1.8 IMg_ 1.51s+ 9.4 Isi7i— 2.0

Donde Ines la intensidad normalizada de cada linea de emision. Ademas en ambos casos se obtuvieron una
buena correlacién canénica 0,98 y 0.91 respectivamente. Asi como, los valores de lambda de Wilk de
tratamiento estadistico (0,0013 y 0,03), sugieren que las variables seleccionadas para el analisis
discriminante lineal eran apropiadas para la discriminacion de la muestra.

Previo al trabajo de campo, se decidié evaluar el método de clasificacion en laboratorio con un set
de muestras diferentes al de entrenamiento. El conjunto de prueba seleccionado esta compuesto por 4 forros
de barcos. Estas muestras son de un alto interés arqueolégico ya que segun la composicién elemental
pueden arrojar informacion sobre la época de construccidn del barco y el origen. De hecho, en base a la
composicion elemental y la ayuda del material bibliografico del personal arquedlogo, se detecté una clara
evolucion de la composicién de los revestimientos de barco que podrian estar relacionados con un periodo
de la historia o incluso con el pais de su fabricacion. Respecto al método de clasificacion propuesto, fue
realmente eficaz incluyendo cada muestra en el grupo correcto; tres forros metalicos y una aleacién de

bronce.

o Identificacion y clasificacion de los objetos del naufragio de San Pedro de

Alcantara, camparia de campo

Los restos de un naufragio que yace en aguas de San Pedro de Alcantara, zona de la bahia de
Malaga, se estudiaron utilizando el analizador remoto AQUALAS 2.0. El protocolo de actuacion seguido para
esta campafia de campo fue el mismo descrito en la primera seccién del este bloque resumen. Ademas, las
muestras halladas se analizaron utilizando las misma metodologia que la descrita para la construccion del
modelo de clasificacion (gas de purga argén a 5 bar, secuencia de 50 pulso realizando tres repeticiones en
zonas adyacentes y rango espectral de analisis de 350-550 nm).

Durante las dos jornadas de andlisis se hallaron un gran nimero de objetos arqueoldgicos los cuales
fueron clasificados de manera inequivoca en cada uno de los grupos que previamente se habian definido en
el método. Los objetos se identificaron correctamente como cuatro aleaciones de bronce, ocho fragmentos
de ceramica, siete piezas metalicas y cuatro marmoles. Entre ellas, los objetos formaban parte del material
de defensa del barco, tales como cafiones y balas para los mismos, asi como piezas propias de la
indumentaria de la tripulaciéon como botones de chaquetas y hebillas de cinturén. En cuanto a los fragmentos

ceramicos se cree su uso para contenedor de almacenaje tales como vasijas.

11



Spanish Summary

Tras la satisfactoria evaluacion del equipo AQUALAS 2.0 con la nueva herramienta de clasificacion
se logra un paso mas hacia delante permitiendo la adquisicion de un conjunto coherente de datos del
espectro que puede ser tratada por un software basado en el analisis lineal discriminante para asignar la
identidad quimica del objeto. La informacién asi recopilada proporciona valiosos datos sobre la identidad de

naufragios localizados en aguas costeras.

4+ Profundidad maxima de alcance con el sistema AQUALAS 2.0

Como se indica en la primera seccion el equipo AQUALAS 2.0 se configur6 para trabajar en dos
modalidades de excitacion, tanto en SP como MP. Con la configuracion de MP se logré6 mejorar el
rendimiento del instrumento en términos de energia de transmisién a través de la fibra dptica. Sin embargo,
se entiende que la limitacién analitica del instrumento en relacion a la profundidad maxima de trabajo estara
sujeta al porcentaje de transmision de energia en funcion de la longitud de la fibra dptica. Por tanto, se quiso
conocer de forma semi-experimental la profundidad maxima de analisis que se lograria con este sistema
experimental. Esta estimacién fue posible calcularla atendiendo a las especificaciones de la fibra dptica
utilizada, la transmision teérica para 1m de fibra para la radiacién 1064 nm es del 99.4%. De forma tedrica
es posible esbozar una tendencia de porcentaje de transmision para una irradiancia maxima umbral de 2.5
GW/ cm2. Asi como de forma experimental pudo calcularse la curva de tendencia de atenuacion para los
valores de transmision medido experimentalmente a 1, 5, 10 y 55 metros de longitud de la fibra. Por otro
lado, conociendo la irradiancia umbral de formacion del plasma para el objeto de interés, fue posible estimar
la profundidad maxima a la que puede desarrollarse el analisis de esa muestra resultando de un valor de 260
m para muestras de origen metalico y de 130 m para aquellas de caracter ceramico o rocoso. Sin embargo,
debe anotarse que para tal estudio no se tuvo en cuenta la atenuacién de la luz de plasma que regresa a

través de la misma fibra dptica y por tanto en la practica la distancia antes mencionada se reduciria aun mas.
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Bloque 2: Aproximacion de la técnica LIBS para la identificacion de materiales sdlidos

sumergidos basado en una configuracion de analisis a distancia.

Como se ha descrito hasta este punto, el empleo de un equipo remoto basado en el guiado del haz
laser por fibra ptica, como es el prototipo propuesto por la Universidad de Malaga, es una alternativa
novedosa y eficaz para resolver el problema analitico de determinacion de objetos arqueoldgicos sumergidos
sin extraerlos de su entorno. Sin embargo, la profundidad maxima que se podria alcanzar para llevar a cabo
el analisis esta limitada a la energia laser de entrada a la fibra dptica y al porcentaje de la transmisién de la
luz. No obstante, LIBS no tiene limites en el horizonte y gracias a los continuos avances en la reduccién del
tamafo y peso de los componentes; junto con el aumento de la capacidad tecnolégica de laser,
espectrografos y detectores permite desarrollar vehiculos operados a distancia que integran el sistema LIBS
sumergible con acceso a distancia a la muestra a través del agua (standoff). Esta alternativa es muy
prometedora desde el punto de vista de la investigacion del océano a alta profundidad aunque presenta una
alta complejidad en el disefio y manejo del equipo y hasta la investigacion adicional requerida. En este
sentido, la validacién previa en laboratorio de LIBS como técnica viable para la deteccién quimica de objetos
arqueoldgicos sumergidos sometidos a altas presion se hace primordial. Esto es asi debido a la importante
cantidad de tiempo necesario para el desarrollo de estos nuevos sensores capaces de trabajar en el contexto
oceanico.

Es importante mencionar que bajo las condiciones de trabajo de una configuracién de anélisis a
distancia el haz laser interacciona con la muestra a través de una interfase liquida. Este tipo de analisis LIBS
a 1 bar de presién ha sido estudiado ampliamente y se conoce que los principales mecanismos responsables
de la formacién de plasma son los mismos que ocurren durante la ablacién en gas. Brevemente se indica
que la secuencia del proceso se inicia con la ablacion del material por el laser y la siguiente formacion del
plasma inducido por el mismo. Debido a su rapida expansion se genera una onda de choque (SW). Si debe
tenerse en cuenta que las diferencias entre la formacién de plasma en un entorno gaseoso y dentro de un
liquido estan relacionadas con el confinamiento del plasma y la produccion del efecto de cavitacién. Este
ultimo es debido a que el plasma inducido por laser con una alta temperatura transfiere una cantidad
significativa de su energia interna al liquido circundante, por lo tanto una capa de vapor se produce en todo
el volumen de plasma. La capa de vapor se convierte en una burbuja de cavitacién que se expande y colapsa
en una escala de tiempo del orden de cientos de microsegundos. Por consiguiente, debido al confinamiento
del plasma por el medio liquido casi incompresible y a la rapida transferencia de su energia al liquido
circundante hacen que los plasmas en liquido sean mas pequefios que los generados en gas. Como
consecuencia, su vida util es significativamente mas corta. En cuanto a la capacidad analitica LIBS en agua

esta limitada a esta fuerte interaccion entre el plasma y el liquido circundante que hace que la respuesta del
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espectro de emisidn aparezca dominada por la radiacién del continuo. Sin embargo la configuracién de
excitacion con doble pulso se presenta como una alternativa para mejorar la intensidad de emision.
Brevemente, en este caso, el primer pulso laser produce la burbuja de cavitacion mientras que el segundo
pulso ablaciona la muestra y re-excita el plasma dentro de la burbuja logrando una mayor emisién del plasma.

En base a estos conocimientos, en este bloque de investigacion se pretendi6 evaluar la viabilidad
de LIBS para un andlisis en agua a distancia utilizando una configuracién de excitacion de doble pulso donde
se persiguié alcanzar una profundidad de andlisis superior a los 50 m. En este caso, la presién hidrostatica
del medio inducida por la profundidad jugara un papel importante en la formacién del plasma, en la
generacién de la burbuja de cavitacion y consecuentemente en la respuesta LIBS. Todo ello junto con la
evaluacion de distintos parametros operacionales como la longitud de onda del laser, la energia de los pulsos,
la configuracion de coleccién, entre otros, fue evaluado y se detallara en los apartados siguientes. Aunque
previamente para desarrollar esta investigacion fue necesario simular las condiciones reales de andlisis en
el contexto de aguas profundas. Con este propésito, en primera instancia se disefid y construy6 una camara

para inducir presiones elevadas hasta el orden de 400 bares.

+ Disefio y construccion de una camara de simulacion de altas presiones

Para evaluar en laboratorio el potencial de LIBS en el entorno de profundidad oceanica se disefid y
construy6 una camara de simulacién de altas presiones. Para su construccion el material seleccionado fue
el acero inoxidable. Este material fue elegido para evitar el deterioro por el agua y por su excelente resistencia
a la presion y el desgaste. Sus dimensiones son 130 x 135x 115 mm y tiene una capacidad de 80 ml. El
prototipo, es de forma cilindrica y se compone de siete puertos: cinco laterales, uno superior y otro situado
en parte posterior de la camara. El numero de accesos disefiados fue elegido con el fin de aumentar la
versatilidad para el sistema de configuracion de excitacion y coleccion, asi como para proporcionar un acceso
visual amplio del interior de la cdmara. A continuacion se describe brevemente los componentes y la funcién

de los distintos puertos de acceso.

e Puertos laterales

Cuatro de los cinco puertos laterales se destinaron a la funcién de enfoque del haz laser sobre la
muestra y a la coleccion de la sefial LIBS asi como a la visualizacion del interior de la camara. El sellado y
la estanqueidad del agua en estos 4 puertos se resolvio con un sistema formado por una junta térica - ventana
de zafiro - junta térica, todo ello ajustado con una pieza cilindrica de cierre con 6 torillos. Ademas se debe
indicar que esta Ultima pieza cilindrica esta perforada en la parte central para permitir el acceso dptico a
través de la ventana de zafiro.

El restante puerto lateral se disefid como acceso de entrada del agua a la camara. Este es
conectado a través de una canalizacion de acero inoxidable a una bomba que se encarga de suministrar el

agua hacia el interior de la cdmara. En este caso el sistema de cierre del puerto esta constituido por una
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junta torica y un cilindro de apriete. La perforacion central de la pieza cilindrica fue torneada para conectar

con una unién de conector 1/4” BSP con una tuerca hexagonal con la canalizacién metélica.

e Puerto trasero

La salida del agua de la camara se lleva a cabo por el puerto trasero de ésta. Este puerto tiene dos
funciones principales. En primer lugar la funcion de seguridad, desde el que se controla el exceso de presién
dentro de la camara por una limitadora de presion conectada en la salida del puerto. En segundo lugar, junto
con la entrada de agua, permite la circulacidn del agua que hace mas facil la eliminacion de las particulas

generadas después de la ablacién con el laser.

e Puerto superior

Este se utiliza como sistema de porta-muestra. En el cilindro de cierre de la camara, en la parte
interna, se ajusta una pieza de acero inoxidable torneada cuya funcién es posicionar la muestra en su interior.
Ademas esta pieza esta ajustada en un sistema de guia que permite desplazarse en la posicién axial en un
rango de 20 mm, esto es una gran ventaja para ajustar la posicion focal. El sellado y estanqueidad en este

puerto se consigue de nuevo utilizando una junta y un cilindro de cierre.

Una vez disefiada y construida la cdmara, algunos pardmetros relacionados con el control y manejo
de la misma fueron evaluados. Un factor clave que influye en las mediciones es la atenuacion de la luz a
través del medio de propagacion, en nuestro caso, el agua y las ventanas de zafiro. Por otra parte, hay que
sefialar que la distancia focal de una lente en agua se hace mas largo que en el aire, debido al mayor indice
de refraccion de éste Ultimo. Por lo tanto, fue necesaria una evaluacién previa de las condiciones de enfoque
para resolver el factor geométrico. Para llevar a cabo estos experimentos se construyd un recipiente de
metacrilato; sus dimensiones son de 160 mm de largo, 180 mm de ancho y 110 mm de altura.

Como se indica, debido a la absorcion del agua, sélo una fraccion de la energia incidente llega a la
superficie de la muestra. Aunque, bajo nuestras condiciones experimentales y con una longitud de onda de
532 nm, solamente una atenuacion de un 2% se midié en un camino 6ptico de agua de 14 cm. Sin embargo;
si se consideran las componentes oOpticas, la atenuacion alcanza un valor del 30%. La radiacién 532 nm en
promedio resulté de una atenuaciéon de 2,14% por centimetro de camino dptico (considerando los
componentes 6pticos y la ruta bajo el agua), o en otras palabras, -0.11 dB cm-". Ademés, con el objetivo de
seleccionar la longitud de onda que menor atenuacion produzca, este experimento se llevé a cabo con la
radiacion laser a 1064 nm. Si ambos resultados se comparan, a 532 nm el valor de atenuacion es
relativamente bajo en contraste con la correspondiente a 1064 nm, que fue de -0.66 dB cm-'. Bajo estas
circunstancias se decidi6 trabajar a 532 nm en futuros experimentos.

El cambio que se produce de la distancia focal en agua también se consider6 ya que ésta se hace

mayor debido a un cambio en el indice de refraccién del medio y en consecuencia se requiere un ajuste
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cuidadoso de las condiciones de foco del haz laser en funcion de la trayectoria interior de la camara. Se
evaluo un set de lente con una distancia focal nominal en aire comprendida entre 30 y 150 mm. Como era
de esperar en agua aumentd las respectivas distancias de enfoque. Tras este estudio y considerando la
trayectoria dptica en el interior de la camara (distancia entre la ventana de zafiro hasta la posicion central
donde se posiciona el porta-muestra, 95 mm), se decidié utilizar una lente plano convexa con una distancia
focal teoria de 75 mm.

Por dltimo, debe indicarse que la camara de propio disefio se sometié a un test de certificacién por
personal cualificado resultando apta para trabajar hasta una presién maxima de 400 bar de presion. Este

certificado puede comprobarse dirigiéndose al anexo 1.

4+ Efecto de la presion hidrostatica del medio:

El trabajo presentado en esta seccion, es el resultado de una estancia de investigacién pre-doctoral
llevada a cabo en el laboratorio del Consiglio Nazionalle del Ricerche-Istituto di Nanotecnologia (CNR-
NANOTEC) y de la Universita degli studi di Bari Aldo Moro (UNIBA) ltalia; bajo la supervision del Prof.

Alessandro De Giacomo.

o En el proceso de ablacion y las caracteristicas fisicas de la pluma del

plasma.

Con el fin de evaluar el efecto de la presion hidrostatica del agua sobre las caracteristicas fisicas
del plasma generado por un pulso laser de 270 mJ sobre una muestra de aluminio, se tomaron imagenes
usando la técnica de shadowgrafia en diferentes momentos de la irradiacion con laser. Las imagenes fueron
adquiridas en los primeros microsegundos después del pulso laser realizandose el experimento bajo tres
condiciones de presién diferentes 30, 90 y 120 bar. Las imagenes mostraron claramente un efecto de
confinamiento en el plasma debido a la presién de liquido. Sin embargo, se observé un menor confinamiento
en el plasma en el caso de 120 bar, si es comparado con el producido a 90 bar. Este hecho pudo atribuirse,
como consecuencia del empuje del plasma en expansion, a que el liquido circundante puede estar en
condiciones supercriticas. En esta condicion, el agua se caracteriza por tener una menor viscosidad y baja
tension superficial. Por esta razon parece menos confinado el plasma a 120 bar.

Por otro lado, aunque se observé que la presion externa afecta notablemente a la dinamica del
plasma inducido por laser, el proceso de ablacién no se espera que sea dependiente de ésta. Esto es asi,
ya que la presioén inicial del plasma es del orden de los Mbar y en consecuencia en el rango de presion en el
que se realizd este experimento cabria esperar que fuese despreciable el efecto de la presidn externa.
Ademas, se observd que la SW (que es causada por la rapida expansion del material ablacionado con laser
dentro de una geometria confinada) presentd una velocidad de expansion y una forma geométrica similar en
todo el rango de presion estudiada, confirman que el empuie inicial debido al desglose es casi el mismo en

todas las presiones externas investigadas.
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o Enla expansion de la burbuja de cavitacion.

Como se comentd al inicio, el plasma inducido por l&ser libera energia al liquido circundante y
genera una fina capa de vapor en la frontera del plasma que se convierte en una burbuja de cavitacion. Se
estudié, con fines comparativos, las dimensiones y la forma de la burbuja de vapor que se forma después
del primer pulso laser usando diferentes valores de presion hidrostatica del medio con la misma configuracion
experimental. Se utilizé la técnica de shadowgrafia adquiriendo imagenes a diferentes tiempos de retardo.
En primer lugar el estudio se realiz6 a presion de 1bar observandose que la evolucién temporal del tamafio
de la burbuja se caracteriza por una etapa de expansién, un maximo y una etapa de compresion. Se obtuvo
el tamafio maximo de la burbuja a 250 us donde present6 una geometria de hemisferio. A partir de este
punto, ya que la maxima presion de expansion dentro de la burbuja es menor que la externa, la burbuja
empieza a reducirse. Como consecuencia, el tamafio de la burbuja va disminuyendo hasta 950 ps.

A continuacién, se fue aumentando la presion hidrostatica del medio y se estudié la evolucion
temporal de la burbuja de cavitacién como funcién de la presion externa (30, 90 y 120 bar). Los resultados
de las imagenes de shadowgrafia mostraron que el tamafio de la burbuja observada en un tiempo de retardo
mas largo fue significativamente mas pequefio al aumentar la presion del agua. Ademas se detect6 que en
la fase inicial, la velocidad de expansion de ésta fue similar al menos a 30 y 90 bar donde se pudo vislumbrar
perfectamente la burbuja. Esto indico que en la primera fase de expansion el efecto de la presidn hidrostatica
fue insignificante. A partir de este punto, la evolucién del proceso de expansion dindmica divergié para las
diferentes presiones. La expansién maxima de la burbuja se produjo a los 15, 10 y 7 us para 30, 90 y 120
bar, respectivamente. Asi como el colapso a los 28, 17 y 9 s. En este sentido, se detectd que un aumento
de la presion hidrostatica influye en la expansion y enfriamiento de la burbuja de vapor, que conduce a una
disminucién del tamafio de la burbuja y la vida Util. Respecto a la forma de la burbuja, esta tendi6 a
distorsionarse en la direccién x e y asumiendo una forma elipsoidal.

Por ofra parte, se observd una burbuja secundaria justo después del colapso como consecuencia
al rapido aumento de la temperatura y la presion interna de la burbuja. La forma de esta segunda burbuja de
cavitacion cambi6 nuevamente, ya que ahora esta constituida tanto por el vapor de agua como por parte de
las nanoparticulas producidas por la ablacion laser expulsadas en liquido. Ademas, con el aumento de la
presion del medio la velocidad de colapso también aumenté conduciendo a una re-expansion de la burbuja

mas pronunciada y se observo un desplazamiento de la burbuja con respecto a la posicién de la muestra.

e Eneldoble pulso en LIBS.

En base a esta descripcién general, para la optimizacion del retraso entre pulso en una configuracién
de excitacién de DP en agua debian esperarse mejores resultados para un retraso en el cual la burbuja
inducida por el primer pulso esté en su fase de maxima expansion donde la condiciones de presion seran

mas favorables. Ademas, como fue observado y contrastado en bibliografia, como consecuencia de la
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formacion de nanoparticulas (NP) con el primer pulso, durante el comienzo de la expansion de la burbuja y
en la fase de colapso (momento en el cual las NPs se concentran en frente de la muestra), una parte
consistente del segundo pulso laser interactua con este material generando un plasma secundario. Este
plasma se produce a una cierta distancia de la muestra y previene parcialmente la ablacion de la misma por
el segundo pulso. Por el contrario en el méximo de expansion de la burbuja, siendo el volumen de la burbuja
més grande, la concentracion de NPs alcanzara su minimo produciéndose en menor medida este efecto. Por
tanto, especialmente durante DP-LIBS a alta presidn, cuando el volumen de la burbuja es menor, el efecto
apantallante de las particulas producidas por el primer pulso debe ser considerado con precaucién en la
optimizacion de la sefial LIBS.

La evaluacién de retraso entre pulsos dptimo para diferentes valores de presién hidrostatica del
medio (30, 90 y 120 bar) se llevé a cabo utilizando una energia de 150 mJ y 270 mJ para el primer y segundo
pulso, respectivamente. El area del pico de emisién a 396.15 nm en una muestra de aluminio se evalud en
funcion del retardo entre pulso en un rango comprendido entre 5 y 40 us. La tendencia de esta area de la
linea de emision a su vez se compard con la dinamica de la burbuja de cavitacidn en el mismo rango temporal.
Los resultados indicaron que la intensidad maxima de emisidn en cada caso se alcanz6 para el retardo entre
pulso que correspondian con la maxima expansion de la burbuja de cavitacion. Sin embargo, a medida que
aumento la presién del medio la intensidad de emision también se vio disminuida.

Por otro lado a la vista de los espectros resultantes es interesante mencionar que, en el rango
espectral estudiado (350-420 nm), mientras las lineas de emision atomica aparecen absorbidas en el
continuo, las lineas idnicas mostraron un caracter tipico a los espectros de emision dptica. Estos resultados
pudieron ser debidos a dos razones: I) el predominio del continuo en los espectros puede atribuirse al efecto
de alta densidad de Debye Hiickel debido al alto valor de la densidad del numero de electrones en la etapa
inicial de la expansion del plasma. En esta condicién la recombinacion radiactiva es la principal fuente de
radiacién en el plasma y en el caso especifico del medio liquido de alta presion, como consecuencia del
fuerte efecto de confinamiento, este fenémeno puede ser muy marcado. Sin embargo este efecto sobre la
limitacidn de nivel depende de la energia de ionizacion de las especies. En el caso de los iones, ya que
tienen mucha mayor energia de ionizacion que los atomos, se pueden ver menos afectadas por los efectos
de alta densidad. Il) es razonable suponer que, como consecuencia de la disminucién de la densidad del
numero de electrones a lo largo de los ejes de propagacion, en la region externa del plasma la limitacion de
Debye-Hiickel en los niveles electrénicos no se produce, sin embargo se podria observar una autoabsorcién
en el continuo de emisidn en esta zona periférica. Esto es causado por una transferencia rapida de energia
térmica desde el plasma al medio ambiente circundante que hace que la zona periférica se enfrie antes que
el interior del plasma. En esta situacion se puede producir una absorcién de la radiacion emitida del nucleo
del plasma por las especies de la periferia. Estas observaciones podrian sugerir que los iones de emision
provienen de la parte interna del plasma y por ello no presenta esa absorcion en la radiacién de continuo
mientras que las transiciones atémicas aparecen como picos absorbidos en el continuo. Por otro lado, se

observé que la cantidad de informacion espectral disminuye al aumentar la presién de trabajo. De hecho, a
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altas presiones la burbuja es incapaz de alcanzar la presién de saturacién porque la alta presién externa
hace que el vapor dentro de la burbuja de cavitacion se condense. Esta consideracion sugiere que el plasma
es cada vez mas confinado a medida que aumenta la presidn del liquido y, en consecuencia, que la principal
contribucidn a los espectros es la radiaciéon continuo. Los efectos de recombinacién y alta densidad se
vuelven tan severos con una presién creciente que a 120 bar incluso los picos ionicos desaparecen del

espectro.

4 Evaluacion del efecto de la presion hidrostatica del medio sobre parametros operacionales

en el analisis LIBS bajo agua

En esta seccion experimental se utilizd una lamina de hierro como muestra de analisis. Se
establecieron las condiciones 6ptimas de retraso de adquisicién (300 ns), la ventana de adquisicién de datos

(8 us) asi como el retraso entre pulsos (125 us y 11 us; a 1 bar y 25 bar respectivamente).

e Energia de los pulsos laser

El efecto de la energia de ambos pulsos l&ser se evalué con el objetivo de obtener la mayor
intensidad de emisién en el caso de una muestra de hierro sumergida en agua. El experimento se realiz6 a
1 bar de presion con la intencion de simplificar el estudio. En primer lugar la intensidad de emision de Fe (1)
a 330.57 nm se midié variando la energia del primer pulso laser (E1) en un rango comprendido entre 36 y
160 mJ manteniendo constante la energia del segundo pulso laser (E2) a 215 mJ. Los resultados mostraron
que la evolucion de la relacion sefial fondo (SBR) en funcién del retraso entre pulso, en rango comprendido
0y 500 ps, fue dependiente de la energia del primer pulso. Se obtuvo una mayor SBR en aquellos casos
donde la E1 fue mayor. Ademas se detecté que cuando la mayor E¢ se aplica, el intervalo de valores de
retraso entre pulsos donde se observan un mayor valor de SBR es mas amplio. Estos resultados pueden ser
debidos a que un primer plasma mas energético se induce a un mayor valor de E asi como se induciria una
burbuja de cavitacion con un tiempo de vida mas larga en la cual la expansion maxima de la burbuja se
mantiene mas tiempo.

Por otro lado, la intensidad de emision de Fe (I) a 330.57 nm se midi6 variando E2 en un rango
comprendido entre 7 y 215 mJ manteniendo constante la energia de E1a 60 mJ. En este caso, un incremento
en la intensidad de emision se observo hasta alcanzar un valor de E> de 50 mJ. Por encima de éste se
disminuye gradualmente la intensidad de Fe. Este hecho, fue asociado a un efecto de apantallamiento del
propio plasma.

Tras los resultados expuestos se pudo concluir que la mejor condicién de energia para la
configuracién de impulsos duales estd sometida a dos aspectos: 1) la necesidad de utilizar un retardo entre
pulsos mas largo, en cuyo caso E1 debe ser la maxima energia posible. Il) el efecto de apantallamiento del
plasma, E, debe ser superior a un cierto valor umbral energético minimo (nuestro experimento E; 7 mJ a 1

bar) para observar la mejora del DP pero sin rebasar el valor umbral 6ptimo, en nuestro caso 50 mJ.
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e Configuracion de coleccion

En esta seccion se estudio la configuracidn de coleccidn en la cual la sefial de emisién de Fe () a
330.57 nm recogida es mas intensa. Se seleccionaron tres configuraciones de trabajo: coaxial a la trayectoria
de excitacion, ortogonal y a 45°. Los resultados indicaron que la mayor intensidad colectada fue con una
configuracién en coaxial. Este hecho pudo ser debido a que una seccién menor de la luz de emisién del
plasma se recoge a 45° y 90°% sin embargo, la totalidad del plasma se enfoca en la fibra dptica usando una
configuracién de coleccion en coaxial,

Este experimento se realizé también aumentando la Ez a 215 mJ. En este caso la configuracidn de
coleccion a 45° fue con la que se obtuvo el mayor valor de intensidad de emisién, aungue no consigui6
igualar la intensidad alcanzada en la configuracién coaxial a menos E,. Estos resultados pudieron ser debidos
al efecto de apantallamiento del plasma siendo mas acusado para la coleccién en coaxial.

Pudo concluirse que la mejor sefial de LIBS se alcanza utilizando un bajo valor energético para E;

y una configuracidn coleccion coaxial.

¢ Influencia de la temperatura del agua sobre la sefal LIBS

La influencia de la temperatura del agua sobre la intensidad de emisién en los espectros LIBS se
evaluo en el rango comprendido entre 5 a 30 °C. Se observo una disminucion de la intensidad registrada con
el descenso de la temperatura. Este resultado pudo ser atribuido al hecho de que las caracteristicas del
plasma generado con una configuracion de DP-LIBS son fuertemente dependientes de la evolucién de las
burbujas de cavitacién inducida por el primer pulso. De hecho, es plausible que las variaciones en las
propiedades del agua afectarén a la dinamica de cavitacion y expansion de burbujas y, en consecuencia, a
la emision de sefal. Con el descenso de la temperatura la densidad y viscosidad del agua aumenta y por
tanto esto pudo inducir una ralentizacion en la expansién de la burbuja y aumento en el tiempo necesario
para alcanzar su radio maximo. Por tanto, a un retardo entre pulsos fijo el segundo impulso no interactdia con
el sdlido en la expansién maxima de la burbuja por lo que la mejora de la sefial debida a DP-LIBS pudo ser
menos efectiva. Por otro lado, esta disminucion en la intensidad observada pudo ser atribuida en cierta
medida también al costo energético invertido para calentar la muestra siendo mas acusado con el descenso
de la temperatura del agua. A pesar del decrecimiento en intensidad, los resultados obtenidos a 25 bar son
bastante prometedores y sugieren la posibilidad de anélisis de LIBS al menos a 250 metros de profundidad

ya que a esta presion la temperatura del agua es de alrededor de 20 °C.

¢ Influencia de la alta presion en la sefal LIBS. Efecto matriz.

El objetivo que se persigui6 en esta seccion experimental fue evaluar la influencia de la presion
hidrostatica del medio sobre el comportamiento de las diferentes especies que constituyen el plasma. Para
ello se seleccionaron dos muestras de bronces las cuales fueron sometidas a una presion comprendida entre

1 a 60 bar. En ambos bronces las lineas de emisién utilizadas fueron Cu (521.82 nm), Pb (405.78 nm) y Zn
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(481.05 nm). Tras la adquisicién de los espectros se pudieron hacer varias observaciones. En primer lugar
un ensanchamiento en las lineas de emisién se detectdé a medida que la presion del medio incrementaba.
Este hecho pudo ser una consecuencia del efecto de confinamiento del plasma y las colisiones que se
producen en el volumen confinado cerca de la muestra. Por otro lado, se estudié el retraso entre pulsos
dptimo donde la intensidad de emisién es maxima para los distintos valores de presion. Se observé que para
las distintas especies del plasma las condiciones de retraso entre pulso eran las misma. Sin embargo, es
importante sefialar que a medida que se aumento la presién del medio la intensidad de emisién de Zny Pb
fue aumentando con respecto al Cu. Este comportamiento fue atribuido a una ablacién preferencial (efecto
matriz) de la muestra debida a un posible efecto apantallante del plasma quedando éste enriquecido en
aquellas especies mas volatiles. Con el incremento de la presion del medio, la densidad de electrones
aumenta con el confinamiento del plasma y en consecuencia el efecto apantallante es mas acusado. Bajo
estas circunstancias, la energia del laser que llega a la muestra es atenuada observandose un plasma de
menor temperatura. Este hecho indica que el plasma es menos estequiométrico favoreciéndose por tanto

una ablacion preferencial en las especies méas volatiles tales como el Pb y el Zn.

Los resultados obtenidos en este segundo bloque de tesis en el que se realizé una evaluacion
preliminar sobre la operatividad de la técnica LIBS para realizar analisis a distancia en muestras solidas
sumergidas en agua fueron bastante prometedores. Estos sugieren la posibilidad de integrar la técnica en
un vehiculo operado remotamente (ROV) abriendo una puerta en la investigacion del patrimonio cultural
sumergido a altas profundidades. Sin embargo, en esta Tesis doctoral solo se aporta un pequefio grano de
arena, aun queda una gran labor de investigacidn futura en esta érea de aplicacion de LIBS. El potencial de
la técnica podria continuar evaluandose con otras posibles configuraciones de excitacién como por ejemplo
en el uso de multipulsos; o incluso estudiar la posibilidad de aumentar la distancia de analisis entre la muestra

y el sistema LIBS, a la ya presentada en esta tesis.
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Objectives

Nowadays, the characterisation of underwater cultural heritage has become one of the most
interesting areas of archaeology. The Mediterranean Sea is rich in archaeological wrecks due to storms,
accidents and naval battles since prehistoric times. Only in the south of Spain, several hundreds of
underwater archaeological sites are localized and distributed along the Andalusian coast. The historical and
cultural values and the significant economic impact of these findings make the existence of control
mechanisms necessary to assist in the preservation of the cultural heritage.

Chemical information extracted from raw materials used in ancient times and the technology
employed in the production of archeological objects turns fundamental for a better understanding of historic
events. Underwater sites are dynamic and susceptible to change due to marine environment in such a way
that artefacts and structures may be uncovered beneath sediments, chemically altered or even destroyed
under the severe conditions of the seabed. Discovery of pieces such as amphoras and cannons in their
archeological context could indicate the age and nationality of the shipwreck. Nevertheless, sometimes
extracting the archeological material from the marine environment is not practical due to the size of the
sample, or is not permitted by the legislation or preservation practices. In fact, the United Nations
Educational, Scientific and Cultural Organization (UNESCO) in article 2 point 5 of the Convention for the
protection of underwater cultural heritage considers the in-situ conservation of Cultural Heritage as "the first
option before allowing or engaging in any activities directed at this heritage”. In these cases, the in-situ
analysis (in the same place where the archaeological materials were discovered) turns into the only
alternative to obtain the chemical composition information of the submerged archaeological object.

Nowadays, laser-induced breakdown spectroscopy (LIBS) provides a new solution for this problem
since it combines many of the required features for this application including multi-elemental information, no
sample preparation, unlimited range of material capability and real time analysis. In fact, for oceanography,
it could be possible to use several alternatives/configurations: i) a remote-LIBS instrument based on the
transmission of laser radiation using an optical fiber cable; and ii) a standoff-LIBS instrument that involves
the delivery of a focused laser pulse toward the distant target through the aqueous media and then the
transmission of the light emitted by the laser-induced plasma back to the detection system. Both
alternatives are highly challenging and will be described in detail along this Doctoral Thesis. According to
this, the present memory is divided in two main parts: Part | (Chapters 4-6) that focuses on the alternative of
a remote-LIBS system capable of perform LIBS analysis in real archaeological sites up to 50 meters depth;
and Part Il (Chapters 7-8) that evaluates (in laboratory) the feasibility of a standoff instrument for LIBS
analysis in the deep ocean, paying special attention to the influence of the oceanic pressure on signal
emission.

The overall objectives for this Doctoral Thesis are the following:

o To expand the application range of LIBS to the inspection, identification and diagnosis of pieces
located in underwater archaeological sites.

e Toincrease knowledge of underwater LIBS measurement.
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Part I. A remote LIBS instrument based on a fiber optic cable to deliver the laser beam energy will

be developed and adapted to the marine environment. This approach gives the possibility of a LIBS

analysis in situations where the sample of interest is not directly accessible. In fact, in a range of 50 m deep

we could cover most of the underwater archeological sites of practical interest. The specific objectives for

this Part of the Doctoral Thesis are:

To evaluate the stability and robustness, as well as the adaptation to marine environment of a
remote LIBS instrument based on the transmission of laser radiation through an optical fiber cable.
To optimize the operational conditions required to obtain, in extreme conditions, useful analytical
data to identify and preserve the submerged culture heritage.

To design, build and evaluate a discriminating method that allows the sorting of the most common
objects that may be find in a shipwreck.

Subsea spectral identification of shipwreck objects using the remote LIBS instrument.

Part Il. For an underwater application, a LIBS sensor capable of performing real time analysis at a

distance from the sample of interest would be a significant advancement over current oceanographic

technology. The main objective of this Part is to evaluate the feasibility to design, in a space of reduced

dimensions, a standoff LIBS (ST-LIBS) system to analyze the samples of interest at different depths.

The specific objectives in this Part are:

To design and build a high-pressure chamber that allows to simulate in laboratory the deep ocean
conditions.

To explore the effect of hydrostatic pressure on fundamental aspect for plasma formation and
phenomena post-plasma formation on submerged solid samples.

To evaluate the double pulse LIBS configuration as a possibility for the analysis of submerged
solid samples.

To study the effect of hydrostatic pressure on LIBS signal.

To check and optimize the operational parameters such as wavelength, energy pulses and

collection geometry using DP-LIBS on submerged solid samples.
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Underwater archaeology

1. What is underwater archaeology?

Historically, the first attempts of adaptation to the underwater medium can be traced to around
3.500 years ago. Interest in this medium arises in parallel to the eagerness to recover valuable objects, ship
repairs, submarine warfare or fishing and gathering.

Etymologically, archaeology comes from the Greek “archayus” and “logo”, treatise or science of
antiquity. Within historic and cultural heritage, which refers to the remains and relics of humanity’s past,
archaeological heritage is defined, in short, as the material cultural elements of past eras of human beings,
the study of which will allow us to know the distant past. Currently, its specific character as a historical
science is categorised as part of history, a humanistic science par excellence with the same standing as
physics or chemistry enjoy in the field of natural sciences [1].

Scientifically and in terms of methodology there is no difference between land and underwater,
submarine, maritime or nautical archaeology... however the study objective of each of these “branches” will
differ with regard to the origin of archaeological structures or materials: underwater (saltwater and
freshwater), submarine (only saltwater), nautical (man-made instruments and boats, whatever their origin)
or maritime (which includes all related cultural samples, from ethnographic traditions, artistic
representations, architecture, etc.). Water as a physical medium will chemically and biologically affect
different archaeological objects in different ways to how they are affected on land, affecting both their
development over the centuries and their recovery and future conservation. And, of course, it involves
adaptation to a different medium for the archaeologist, who will require specific means and techniques to

access and work in the water.

2. Importance of underwater cultural heritage

Nowadays, the characterisation of underwater cultural heritage has become one of the most
interesting areas of archaeology. The reason for this is the sheer quantity of historical information contained
in archaeological remains that have sunk to the depths of seas and oceans where most of these sites are
found, as well as in other locations such as rivers, lakes and swamps. Archaeologists hope not only to find
the remains of sunk ships (shipwrecks), but can also find remains of other civilisations (buildings, utensils,
ceramics, etc.) that have been covered by water as the years have passed.

Each archaeological site is an open door to the past. Their location, in combination with the
documentary records of the time and their identification, will allow us to know, for example, what occurred
with some of these vessels that had been reported missing while transporting valuable cargos or during
battle. In addition to their historic and cultural value, we must also add the economic impact of these sites,
both due to their tourist interest and because they are often valuable pieces for collectors on account of
their age. The latter aspect is what makes them a continual target for treasure looters. The most accessible

sites are usually looted by scuba divers who are unaware of the damage they are causing. However, of
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more concern is the activity of treasure hunting organisations, which often have sophisticated technology to
locate and plunder these underwater sites.

Land archaeological assets enjoy an extraordinarily effective legal protection system, being
considered “public domain assets”, and therefore are not subject to trade or private appropriation and by
obligation are destined for public use. Underwater archaeological assets, on the other hand, have taken
much longer to be protected in this way. They have traditionally been considered “hidden treasures” and
they were governed by the rule of possession (they belonged to the people who found them). Fortunately,
with the UNESCO Convention [2] on underwater heritage, which came into force in 2009, the vision was
achieved of this heritage as assets of general interest to societies, States, Nations and the whole of
Humanity. It sets out principles such as the prohibition of the commercial exploitation of underwater heritage
and particularly the preference for “in situ” conservation of these types of archaeological remains.

In this context, we should mention the well-known case of the American company Odyssey Marine
Exploration. In May 2007, the company announced the discovery of a shipwreck loaded with gold and silver
coins, which was later discovered to be the Spanish warship Nuestra Sefiora de las Mercedes. It was sunk
by a cannon shot from English ships near the coasts of the Algarve in Portugal at the Battle of Cape of St.
Mary, on 5 October 1804. The American company brought the treasure to the surface in an act riddled with
malicious attempts to avoid showing that it was from the Spanish frigate. As known, after intense months of
legal conflicts, the authorities ruled in favour of Spain, making the company Odyssey return the loot and pay
1 million dollars to the Spanish State for legal costs. The coins, of little financial value but great
archaeological importance, were returned to Spain on 25 February 2012. The great repercussion of this
case at the national level was a turning point in the social awareness of the protection of underwater
heritage, droving forward measures for the conservation, restoration and dissemination of these assets.
This important work, supported by the Spanish ministry of culture, as well as guaranteeing compliance with
the agreements of the UNESCO Convention and the National Plan for the Protection of Underwater

Archaeological Heritage, is carried out by the following institutions [3] (see Figure 1):

Centro de Arqueologia Subacuatica de Cadiz (CAS)

Museo Nacional de Arqueologia Subacuatica (ARQUA)

Centre d’Arqueologia Subaquatica de la Comunitat Valenciana (CASCV)
Centre d’Arqueologia Subaquatica de Catalunya (CASC)

The Group of Research Excellence URBS. CONAI+D

-+ & +
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Figure 1. Spanish institutions responsible for the protection of underwater cultural heritage.

The work of these institutions is enabling the registration of hundreds of shipwrecks, which are
objects of study framed against a rich historic diversity extending chronologically from the Neolithic
settlement of La Draga, dated at 5200 BC, submerged in the Lake of Banyoles (Girona), to 19th century
vessels such as the Isabella, an English brig shipwrecked due to a storm in 1855 at Benalmadena beach
(Mélaga) while it was transporting a shipment of marble sculptures from Genoa to India. There are also
Phoenician ships such as those found at the beaches of Mazarrén and Bajo de la Campana (Murcia) [4],
Greek ships located at Cala Sant Viceng (Pollenga, Mallorca) [5], and various Roman shipwrecks such as
Culip IV and VIII (Girona) [6] or the Bon Ferrer shipwreck at La Vila Joiosa beach (Valencia) [7]. We must
also remember the medieval ship Culip VI, among others.

This historic imprint on the Spanish coast is merely due to its outstanding geographic location as a
passageway for innumerable commercial and military routes. Ancient and modern-day commercial and
navigation routes have been determined by natural currents and winds that allow the use of sails, which
encouraged visits to these coasts, particularly the areas of Levante and Andalucia, by the Greeks and
Phoenicians from the 7th century BC. Later came the Carthaginians (from modern-day Tunisia), who would
establish their capital in Quart-Hadast (Cartagena), conquered in 209 BC by the Roman Republic. During
the 6th century AD, Spain’s coasts were the protagonist in the entry of the Byzantine Empire, which again
used the city of Cartagena as the capital of its empire. Another invasion, by the Muslims through northern
Africa from the start of the 8th century AD until the 13th century, would lead Spain’s history to the
Reconquista (reconquest) of these territories by the Christian Kingdoms of Castilla and Aragén, the
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beginning of the Spanish Empire and its subsequent expansion across all of Europe and the Conquest and
Colonisation of the Americas and the Pacific. The various territorial modifications led to the Modern State,
up to today.

In addition to this circulation of civilisation and the naval tradition in Spain, this great quantity of
archaeological remains is no more than the result of accidents and storms, to a great extent augmented by
the difficulty of the rocky terrain of the coast. As was the case, for example, with El Triunfante, a warship
that fought against the French Republic and was shipwrecked on the Gulf of Roses (Girona) on 5 January
1795 amidst a terrifying storm. Another reason for ships sinking were the naval battles that they witnessed.
One case to highlight is the Battle of Trafalgar, which took place on 21 October 1805 where almost fifteen
ships of the French—-Spanish coalition were sunk near Cape Trafalgar in battle against the British Navy.
Some of these ships have been located on the coasts of Cadiz and studied; this is the case of Bucentaure
[8], the flagship of the French-Spanish Navy, and Fogueaux [9].

Research at each of the underwater archaeological sites entails arduous work, not only due to a
working environment that is hostile to humans, but also due to the difficulty of searching for and locating
them. It is necessary to highlight that the reality of an underwater site is usually quite far removed from the
idyllic image that a sunk ship might have at first sight. Typically, it is not even possible to distinguish
between the remains of the site and the environment itself, since the remains eventually become integrated
into the landscape due to the action of time and the continuous deposition of sediments, as we can observe
in Figure 2. It is normal to find layers of limestone or iron deposits on the surface of the pieces. Limestone
deposits originate mainly in the shells of molluscs that are deposited on the surface of objects, while iron is
usually from the rust present in the object itself or in nearby iron objects. Therefore, it is not easy to visually

discover a site only by diving in the vicinity.

Figure 2. Underwater archaeological site located in San Pedro de Alcantara (Malaga).
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3. Phases of research. Underwater prospecting and excavation

The scientific method that will govern this discipline will be the same as for all archaeology: the
systematic study of elements belonging to the material culture of human beings throughout their existence
and which, in this case and due to various circumstances, are saturated with water, submerged in seas,
rivers, lakes, swamps, etc., affecting their chemical structure in a certain way.

This method consists of studying materials, architecture and zones through certain techniques that
briefly list its different stages. These stages are: prior study and documenting, applying the hypothetico-
deductive method based on previous knowledge; visual prospecting and geophysical methods to delineate
areas of archaeological presence; excavation itself, which will require the support of auxiliary sciences such
as topography, biology, geology, restoration, statistics, forensic medicine, soil analysis, etc. And finally the
historical knowledge to undertake the work with guarantees of proper documentation and contextualisation.

Of course, the sea bed and water make these tasks extremely difficult, particularly the prior
location of sites. As mentioned above, archaeological remains are integrated into the landscape due to the
action of time and continuous deposition of sediments. Generally, search operations are carried out from a
research boat that incorporates study equipment such as sonar detectors, magnetometers or remotely

operated vehicles (ROV).

+ Prospecting

Following the location of the site and documentation on the historic event to be researched, the
first stage of prospecting is undertaken with the intention of limiting the work area and locating at the bed
the main centres of material accumulation. The aim of this first approach is to identify historical periods and
the origin of remains.

This prospecting is visual and is carried out by diver archaeologists who create search routes with
the help of guide threads, wires or ropes extended in straight single lines or distributed in parallel, forming
streets, a similar system to that used in land prospecting of large sites (see Figure 3A). Another method
would also be to hook a rope to a weight and, once stretched, turn it around this weight, which will act as an
axis with the divers distributed along its length (known as a circular search: see Figure 3B), amongst other

methods.

4+ Excavation

The next stage will be the subdivision into grids of the whole study area defined in the prospecting
and the start of its excavation, applying the Harris method [10] (see Figure 4). This method consists of

adding a fourth dimension to the archaeological studies, the dimension of time, through the superimposing
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Figure 3. Traditional search scheme by A) linear and B) circular prospecting.

of layers. Each layer corresponds to a different age or period; therefore, we can date objects according to
the layer where they are found. Furthermore, all of the grids are added, documenting each of its stages with
archaeological field drawing, photography and techniques such as photogrammetry, where possible. The
tools used will differ from those used on land, these being the classic pickaxes, shovels and hoes, which are
replaced with suckers and suction hoses (see Figure 5) connected at the surface with a compressor that
expels pressurised water or air. The materials thus extracted from the sea bed may be raised to the surface
with the help of different sized balloons (see Figure 6).

The objects extracted require special treatment with the help of beds and moulds manufactured

underwater from the piece itself using with products such as expanded polyurethane or epoxy resins to

Figure 4. Archaeological grid. Provided by [11].
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Figure 5. Excavation with suction hoses. Provided by [12].

manufacture moulds in-situ [13]. It is not possible to move an object from its site for logistic reasons, for
example due to its size. At other times, the cause may originate in legislation or it may be contraindicated
for the whole object. The materials present at the site itself are in chemical balance with their surroundings,
preventing their deterioration. Out of water, they begin to rust due to oxygen in the air and electrolytes they
may carry occluded inside them. This entails a serious problem for the researcher, since the information

that they can obtain is simply through the visual analysis of the object.

Figure 6. Removing heavy load with balloon. Provided by [12].
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4. Objective. In situ analysis of archaeological material submerged

The materials that we can find on an archaeological site can be very diverse in nature, from the
skeleton of the boat to the crew’s clothing. In general, the structure and the lining/sheathing usually appear
(see Figure 7). There will also be pieces related to the goods that it transported, as well as pots and
amphoras (see Figure 8). Navigation and pulley apparatus, as well as objects typical of life on board (see
Figure 9). Defence equipment such as cannons and ammunition (see Figure 10).

Each piece of information learned about an archaeological object is another step towards knowing
our own history. In this regard, knowledge about its chemical composition may be vital for locating the
space-time origin or for understanding the technology used in its construction. An example of this is found in
the analysis of ships’ sheathing, since the base material has continually been modified over the centuries.
The modality of covering the wooden hull boats with structural elements had already appeared since the
time of the Phoenicians. However, in the 15th Century a change was observed in the base sheathing
materials to lead introduced by Portuguese and Spanish manufacturers its use was extended until the 17th
Century. Then in the 18 th Century, lead-based sheathing was substituted first by copper and then by
copper-based alloys [14]. This also occurs with ships’ defensive equipment, where the cannons may have
been manufactured in iron or bronze according to the period of history. Likewise, the composition of
cannonballs also provides very valuable information, with the analysis of their minor components indicating
the type of smelting involved [15]. The elements of the pigments of the ceramic material can speak about

how they were made.

Figure 7. Phoenician ship found in La Isla beach (Murcia). Photographic file ARQUA.
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Figure 8. Roman amphorae from the shipwreck of Bou Ferrer in Vile Joiosa (Valencia). Photographic file Universidad

de Alicante.

However, the classic analytical techniques usually require transferring the piece to the laboratory to
study its composition. As we mentioned, this is not possible in many cases, with studies being limited
exclusively to the in-situ analysis of objects. Furthermore, but just as important, it is necessary to bear in
mind that the arrangement of the object in the context of the site can provide us with information about it. As
such, the United Nations Educational, Scientific and Cultural Organization (UNESCO) [2] in its Convention
for the protection of underwater cultural heritage considers the in-situ conservation of Cultural Heritage as

“first option before allowing or engaging in any activities directed at this heritage”.

Figure 9. Buttons and buckles from the shipwreck of San Pedro de Alcantara (Malaga). Photographic file CAS.
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Figure 10. A) Cannon, photographic file ABC newspaper; B) Canon ball, photographic file The National Geographic.

Therefore, an analytical challenge arises: characterising the remains in underwater sites without
extracting them from their original location. In spite of this demand, no many analytical techniques are
available for this task. Indeed, only those based in laser technology are encouraged for this purpose. Thus,
Raman spectroscopy have proven to be useful for the analysis of submerged objects [16]. An example is
the work of S.N. White et al. [17] in which Raman is used in order to determine the chemical composition of
minerals on the seafloor. In addition to this, Raman has been recently employed to study the geochemistry
of hydrothermal vents and cold seep fluids at deep-ocean [18]. Also, the continuous efforts of the laser
application laboratory in ENEA (Frascati, Rome) for the design and development of instruments based in
Laser Induced Fluoresces (LIF) for in-situ measurements underwater must be mentioned here [19].
However, although Raman and LIF could be applied in this field, no atomic information is provided.
Nowadays, Laser-Induced Breakdown Spectroscopy (LIBS) provides a new solution for this analytical
challenge. In the last few years, LIBS has emerged as an analytical technique with an important potential for
using in archaeology [20, 21] and oceanography applications [22]. Specifically, LIBS is the only one capable
of providing the in-situ elemental composition sought. Therefore, the development of tools based on the

LIBS technique may be the solution to the problem.
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Laser induced-breakdown spectroscopy: fundamentals and applications

1. Fundamentals of LIBS

1.1. Overview

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission spectroscopy that was
first reported in the literature in 1962 [1]. This technique is based on the detection and analysis of the
spectrally resolved optical emissions of atoms, ions and small molecules present in plasmas generated by
the pulsed laser ablation of samples [2]. LIBS exhibits several distinctive capabilities that have contributed
to its fast expansion in numerous areas of applied chemistry and physics. Among them, it does not need
any treatment of samples and that no limitation is presented for what concerns the typology of the state of
the matter solids, liquids, and gases. In addition, LIBS presents a huge potential to perform simultaneous
multielemental detection, fast analytical response and real-time monitoring of the elemental composition of
samples. In fact, only optical access to the target is required. The possibility of design field deployable
instruments and its handiness to operate at remote distances [3] permit the use of LIBS to real-world
application.

The origin of LIBS in some ways is parallelto the development of the laser, nearly 50 years ago
when the pulsed ruby laser was invented by Maiman [4]. For many years “the laser was a solution
searching for a problem”. It had to generate its own applications. A couple of years after Maiman works, a
first publication presented by Brech and Cross [1] revealed the powerful tool of laser as a spectral source.
They vaporized metallic and non-metallic materials using a ruby laser, then the vapours were analysed with
an electrical spark. This study is considered to be the beginning of the LIBS itself; though the laser-induced
plasma was not produced directly. Interest in the LIBS started to grow when the lasers, with improved Q-
switches technology, induced the plasma directly by the beam without the assistant electrode excitation.
First steps of LIBS were in the field of surface analysis [5] and to examine metallic samples [6] using a
monopulse. Later, laser radiation was also focussed in air [7] and in water [8]. More pioneering works were
based on the laser-matter interaction [9], plasma diagnostics [10] and temporally gated detection [11].
Nevertheless, despite its promising start, the expansion of LIBS as analytical technique was slowed down
over many years because of its limitations as quantitative method.

In 1980s, a renewed interest in LIBS was achieved with the introduction of two works based on the
time integrated (Loree and Radziemski, 1981) [12] and time-resolved (Radziemski and Loree, 1981) [13]
analysis of gases. The temporal detection of the plasma radiation, as well as, the evasion of the continuum
emission of the LIP leads to the improvement in the signal-to-noise ratio and subsequently to the
improvement of the limits of detection (LOD). Since then, LIBS has been in continuous advance, not only on
the gaining of more knowledge about its performance but also addressing a lot of real analytical challenges.
In order to improve the sensitivity and selectivity of the technique, a part of the research has been focused

to evaluate different experimental configuration for the excitation [14]. Thus, the use of a double-pulse
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configuration (DP-LIBS) [15], and the delivering of multi-pulses excitation (MP-LIBS), [16] has been
considered.

From the 90’s to the present day, due to the ongoing need for analytical methods increasingly
more demanding, LIBS has been advancing significantly in developments in its instrumental components.
LIBS technology is currently undergoing transformation from a bench top analytical technique into a viable
tool for field measurements. The advances in optical configurations (such as fiber optics, beam optics and
telescopes) for guiding and collecting the plasma light have resulted in instrument design differing from
those normally used in laboratory. Furthermore, continuous advances in reducing the size and weight while
increasing the capabilities of lasers, spectrographs and detectors make possible the development of
compact and rugged instrumentation [17]. In this connection, some LIBS approaches have been able to
develop such as remote LIBS system (the laser and/or the signal are transmitted through a fiber optic cable)
or standoff (both the laser and the signal are transmitted along an open path configuration). These sensors
have been constructed with the goal of analyzing distant targets in environments where physical access is
not possible or may present a risk to the operator.

Nowadays, the effective deployment and implementation as crowning of the technology has been
evidenced with its flexibility and adaptability to a huge variety of environments since the surface of Mars [18-
20] until deep ocean exploration [21, 22]. And also, the technological advances are reflected on its usage
for a wide range of new and interesting applications in extreme and hostile environments such as industry
[23], homeland security [24-25], geology [26], biomedicine [27] and cultural heritage [28]. The current
research in LIBS is focused towards the starting-up and the development of laser-based analytical
applications [14], but also on the knowing, the understanding, and the unveiling of the fundamental aspects
of the ablation physical process and the chemistry of the plasma [29, 30].

Along the following sections, although briefly, a description on the most basic aspects of LIBS will

be provided.

1.2. Laser-matter interaction and plasma formation

Interaction of a focused laser beam with matter is a complex and not yet fully understood
phenomenon, which is still under intensive investigation. These difficulties arise from the many parameters
conditioning the process, which can be related to the laser (i.e. wavelength, energy and pulse length) or the
sample under inspection (related to material properties, microestructure, morphology and presence of
defects) [31]. The process starts with a high power laser pulse that is tightly focused onto the target surface.
The irradiation absorbed in the focal spot can lead to a rapid local heating and intense evaporation, followed
by a mass removal process called ablation. During this process, a wide variety of phenomena including
rapid local heating, melting and intense evaporation is involved. Then, the evaporated material expands as
a plume above the sample surface, and because of the high temperature, a plasma is formed. This plasma
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contains electrons, ions, and neutral as well as excited species of the ablated matter, whose light emission
constitutes the analytical signal measured by LIBS [2]. Figure 1 depicts a brief survey of some of the
numerous phenomena and complicated processes involved during laser-matter interaction and the ensuing
target ablation.

A description of all processes following the laser-matter interaction will be discussed in the next

subsections. It must be noted that mechanisms will be described for the general case of ns-LIBS.
o Laser energy absorption and ablation process

The first step in plasma formation is the absorption of laser energy by the target material. First
instance, when a large amount of laser energy is focused on the matter, the absorbed photons lead to
theproduction of electrons with a certain amount of kinetic energy. If the electron densities is very high
(Ne>10"7 cm-3), electron-electron collisions dominate over electron-matter collisions and electrons begin
tobehave collectively and thermalize each other. Thermal equilibrium among electrons is reached when

they transfer their kinetic energy to the matter via recombination and phonon generation. Consequently, a
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Figure 1. Chronological sequence of the main phenomena that occur during laser-assisted ablation process.
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wide variety of thermal phenomena such as a rapid local heating, melting and intense evaporation are
caused. Therefore, a sequence of phase transitions occur: from solid to liquid, and from liquid to vapor [32].
After that, as the laser radiation continue, the sputter target material is gasified and ionized, thus leading to
the formation of the plasma containing electrons, ions, and neutral as well as excited species of the ablated

matter.

e Plasma ignition

The ignition of laser-initiated plasmas begins with the gas breakdown by the tightly focused laser
pulse. Breakdown itself is not a single and well-defined phenomenon, but a complex body of processes
initiated by multi-photon ionization (MPI) and propagated by cascade (or avalanche) ionization [33]. These
sequences of events may be schematized as follows:

A+nhv — A" +e (1

A+e—At+2e (2)
where A is an atom and A*is a single charged atom, n is the number of photons, his the Planck’s constant,
gis an electron and v is the frequency of radiation.

The plasma formation begins by MPI process (1) whereby atoms and molecules absorb enough
photons to ionize, while they release free electrons. From the incoming radiation the high density of
generated electrons gains energy. Consequently, the transference of energy from electrons to other atoms
from the sample occurs, and the process progresses by avalanche ionization or cascade ionization (2) [34].

Another phenomenon that must be taken into account is the so called Coulomb explosion. It
consists in the expulsion of ions after electrons have been removed from the target by MPI. If the extracted
electrons are not replaced immediately by others, coming from the surrounding solid, a surface charge
develops and consequently the ions in the lattice experience a strong repulsion. If this electrostatic
repulsion is able to overcome the lattice bonding energy, ions are ejected from the sample surface to
recover neutrality. Due to its electrostatic nature, Coulomb explosion is unlikely to emerge during laser
ablation of conductive materials [35]. However, this process is substantial for the ablation of dielectrics and
semiconductors [36].

The prevalence or the co-presence of the various mechanisms responsible for the breakdown is
closely dependent on features of both the irradiated target and the ablation laser (pulse duration and
wavelength). There is no a clear separation between the different regimes. A set of generalities may be
pointed out according to the nature of the samples and the properties of the radiation. Thermal processes
and cascade ionization dominate in the case of ablation of conductive targets irradiated with long
wavelengths and long pulses. In contrast, multi-photon phenomena and Coulomb explosion are associated

to ultra-short pulses, short wavelengths, and high irradiances and are more frequent for dielectric materials.
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e Plasma expansion

Once the plasma plume has been created, it is directly ejected outward expanding into the
surrounding ambient. The direction is in opposite to the propagation of the laser pulses. The plasma
expands into the background gas and strongly interacts with it. Since the laser pulse may still present during
the early stage of the plasma expansion, a part of the pulse energy stimulate the heating and the ionization
of the vapor, while the other fraction continues toward the sample surface [37]. The interaction between the
plasma and the laser pulse leads the so-called laser-supported absorption waves (LSAWSs) that dominates
the propagation of the plasma into the surrounding atmosphere. According to experimental parameters,
such as, chiefly, the laser fluence and buffer gas pressure, three types of LSAWSs regimes, schematized in
Figure 2, can be differentiated [37-38]:

Laser-supported combustion waves (LSCWs). It is generated at relatively low fluence

levels.The shock front is located ahead of the absorption zone which is coupled to the
plasma which is in turn in contact with the target surface. Despite that the shock wave
enlarges the gas density, pressure, and temperature, the region of post-shock gas
continues to be transparent to the laser radiation. Thus, a residual laser beam energy is
efficiently absorbed by the front edge of the plasma while propagates into the shocked
gas. The main mechanism causing LSCW propagation is the radiative transfer from the

hot plasma to the cool high-pressure gas created in the shock wave.

A) LSC wave B) LSD wave C) LSR wave
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Figure 2. Schematic overview of the structures of A) laser-supported combustion (LSC), B) laser-supported
detonation (LSD), and C) laser-supported radiation (LSR) waves expanding into a surrounding ambient at

atmospheric pressure. This figure has been adapted from a similar one featured in the reference 38.
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- Laser-supported detonation waves (LSDWSs). It is generated at intermediate fluence. The

absorption zone is located slightly behind the shock front and the plasma is detached
from the absorption zone and target surface. The laser energy is absorbed in the post-
shock gas zone and the plasma volume is heated isometrically, that is, the absorption
zone reaches a pressure, temperature, and density higher than the vapor gas placed just
above the sample. Thereby, the shock front enhances efficiently and a great thrust is
imparted to the target surface. Thus, the expansion of the LSDW is governed by such
absorption mechanism.

- Laser-supported radiation waves (LSRWSs). It is generated at very high fluence. The

temperature of plasma radiation become very high and coupling of the absorption zone
and plasma volume takes place. Consequently, a large fraction of the incident laser

radiation is absorbed and prevented from being delivered to the target surface.

Differences among these models are related to the velocity, pressure and the effect of the radial
expansion on the subsequent plasma evolution, arise to the different propagation mechanisms of absorbing
front into the cool transparent atmosphere.

During its early lifetime stage, the plasma is weakly ionized and therefore is transparent to laser
radiation. However, when the electron density is increased during the expansion or a high power density is
employed, an optically dense plasma could be obtained. In fact, the surface of the plasma plume may be
shielded, which prevents that the tailing part of the laser pulse reaches the sample surface. This
phenomenon is namedshielding effect. This plasma shielding does not only changes the actual energy flux
received by the matter but also causes a reheating of the plasma itself. This effect is commonly produced in
the case of nanosecond laser pulses, however is not evidenced for ultrafast (pico- and femtosecond) laser
pulses, because the total temporal length of the pulse impacts the target before plasma formation [39-41].

Three principal mechanisms that may contribute to the plasma shielding are inverse
bremsstrahlung (1B), photoionization (Pl) and Mie absorption [42].

- The IB process involves the absorption of photons by free electrons moving through the
electric field of an ion or less likely by a neutral atom.

- The Pl is described by the absorption of a photon into a neutral atom, which becomes
ionized.

- The Mie absorption involves the absorption of light induced by small clusters or particle

generated by the condensation of a supersaturated vapour.
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o Decay and emission of the plasma

The plasma is highly ionized. These conditions give rise to an intense continuum emission which
dominates the spectral response in the first instance. The continuous spectrum of radiation is attributed to
Bremsstrahlung and recombination radiation processes [43]. During the Bremsstrahlung process, photons
are emitted due to the transition of free-state to free-state contributed by free electrons and ions
accelerated or decelerated through collisions. Nevertheless, during the recombination event, free electrons
are captured to be bound-state by ions in electron-ion collision and neutral atoms and molecules are
created; thus excessive energy is emitted in the form of electromagnetic radiation. As the plasma evolves, it
cools off, the temperature and electron density is decreased sufficiently during this process; background
continuous intensity decays more rapidly than the spectral lines. Hence, conventional spectral
measurements should be registered after some hundreds of nanoseconds delayed from the incidence of the
laser pulse onto the target. The spectroscopic analysis of the optical emissions from spectral lines provides
qualitative and quantitative information on the elemental composition of the sample as well as on the

temperature and particle density of the plasma itself [30].

e Condensation

After the extinction of plasma, the complete removal of the material leads to a negligible residual
microcrater on the target as the most evident physical sequel of the whole ablation process [44]. Generally,
the dominating species leaving the target surface are atoms and ions; beside also the material plume is
consisting of particles. These smaller particles are generated after the plasma expansion. In this time, the
plasma is gradually cooling down, thus leading to the nucleation and condensation of the vapour atoms,
which results on the formation of nanoparticles and growth toward clusters. Other route of particles
formation (in this case causes a larger size) take place during the plasma expansion into the ambient.
These particles are expected to be created by direct mass ejection as a consequence of different

mechanisms (photomechanical fracture, liquid splashing ...) depending on the material nature.

1.3. Factor affecting laser ablation and laser induced plasma formation

As exemplified in Figure 3, the nature and characteristics of laser-induced plasmas are strongly
affected by the laser operating conditions, such as laser wavelength (N), pulse duration (1), and energy (E).
At the same time, the surrounding media, not only in composition but also in pressure, plays a critical role
since it is the medium where the plasma evolves. The nature of the probed material also conditions the
absorption of the laser pulse/ energy. Next, through some brief information, the main impacts of these

parameters will be described.
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Figure 3. Pictorical summary of the variables affecting the laser ablation and laser-induced plasma.

1.3.1. Influence of laser parameters on the laser induced plasma

The laser parameters are important variables affecting plasma characteristics. In general, the
wavelength of the laser radiation will determine the available coupling within the electronic, or vibrational,
states in the sample. During this coupling, the material is heated to a particular temperature depending on
the mechanism of interaction of the laser pulse with that, and the onset of ablation (either thermal
orphotochemical) occurs if the fluence is above a minimum threshold. After the plasma plume is formed, its
density may obstruct entirely or partially the laser radiation (plasma shielding), depending on the laser
wavelength and pulse length. Thus, only a percentage of energy is transferred from the laser pulseto the
target. For a better understanding, effects of laser parameters on the plasma have been separated as

follows [2].

o Laser wavelength

As mentioned before, laser wavelength plays an important role on plasma generation, laser-
plasma coupling, plasma expansion dynamics and confinement, plasma properties and crater generation
[45]. A large variety of laser wavelengths ranging from ultra-violet to near infrared passing through the
visible can be used. The effect of wavelength on laser-matter interaction has been evaluated both
experimentally [46-48] and theoretically [49-50].
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Differences in absorption rate between radiations lead to different propagation behaviour of the
produced plasma. In line with this, it is important to mention Ma et al. works. They have investigated the
ablation of alluminum targets in one-bar Ar background usingnanosecond UV (355 nm) or IR (1064 nm)
laser pulses [51]. As indicate such reference, while for UV ablation the background gas is principally
evacuated by the expansion of the vapor plume, for IR ablation the background gas is effectively mixed to
the ejected vapor. In fact, higher electron temperature (Ts) and density (Ns)are observed for UV ablation
than for IR ablation. These parameters confirm a hotter, confined Al plasma for UV ablation, whereas for IR
ablation, a larger axially extended Al vapor plume with a better homogeneity is observed. Thus, while a
large A (IR - 1064 nm) produces larger axially extended plasmas, a short A (UV - 266 nm) generates

plasmas much more confined.

e Laser pulse duration

Laser pulse duration is a key important parameter in essential changes in the produced plasma
due to the different rate of energy deposition and the variable mechanisms of energy redistribution and
dissipation within the material. Indeed, interaction of nanosecond (ns) pulses with materials is substantially
different from those of femtosecond (fs) pulses since the rate of energy deposition is significantly shorter in
this last instance [2]. In the case of nanosecond (ns) pulses the laser-plasma interaction during the plasma
evolution plays an important role. While the leading edge of the laser pulse produces the plasma, the
remaining part of the pulse overheats the ejecting plume instead of interacting with the sample. As
consequently, a preferential ablation may be done attributed to different rates of volatilization or atomization
processes of the elements that constitute the sample [52]. Thus, the plume may be enriched in the most
easily vaporizable species. In contrast, in ultrafast laser pulses (pico- and femtosecond) this effect is not
observed because last part of pulse arrives so quickly that the plasma is not ignited yet. As this respect, it is
important to comment that using ns pulse, plasma plume exhibits two different regions, a high radiation
intensity region behind the expanding plasma front and other bright spot located just above the sample
surface [53-54]. In the case of ultrashort laser pulses, the phenomenon of distinguishable zone is not
observed. In spite of this, a non uniform distribution of intensity regions at the plume may be also evidenced
in function of the irradiated material and at the very beginning of ablation. However, in such circumstances
obeys to a different causes; the size of the ablated material [55-56].

The effect of laser pulse duration has been also evaluated in sample submerged in water [57].
These authors concluded that long ns pulses are more favorable for this LIBS application due to the
relatively slow heating of the plasma. This fact causes a larger and less-dense plume, and, therefore, fairly

intense and less broadened emission lines. Also, a weaker continuum has been observed.
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e Laser pulse energy

Last but not less important, the laser pulse energy (E) is also an influential parameter that alters
the ablation and plasma formation. In fact, for LIBS, the energy per unit area that can be delivered to the
target is more important than the absolute value of E. Two magnitudes are interchangeably used to
describe the energetic regime for laser ablation: fluence (energy per unit area, J cm2) and irradiance (power
per unit area, GW cm2). Both are referred to the total laser pulse energy deposited on the target surface per
unit of area [58]. The disparity between the two terms is that irradiance includes the laser pulse duration
whilst the fluence is a time-integrated measurement of the applied energy. The experimental determination
of both parameters requires a judicious estimation of the spot size over which the laser beam is focused.
However, any modification on these parameters influences on the amount of ablated mass and,
consequently, on the produced plasma plume. The raise of these variables influences on plasma
morphology and dynamics. At low irradiance, the lower ablation rates lead to plasmas with less energy, so
its expansion in the radial direction prevails over that in the longitudinal direction, so the plume core remains
“attached” to the sample surface. In contrast, at high irradiance, the plume, containing more ablated matter
and having higher internal energy, is capable of pushing the surrounding air far enough in front of itself in
order to expand into a hemispherical shape [59]. In turn, an increase is detected for T, andN. with the raise

of the irradiance [60].

1.3.2 Influence of ambient gas on the laser induced plasma

As a result of the sample evaporation, the plasma expands at supersonic velocity toward the
surrounding atmosphere in front of the target. The interaction of the plume with the ambient gas is a
complex gas dynamic process due to the sequence of new physical processes, including deceleration,
thermalization of the ablated species, interpenetration of gas components into the plasma, radiative
recombination, formation of shock waves, and clustering. Consequently, atmosphere surrounding is also of
major relevance for plasma properties and the dynamics. But not only it composition also the pressure
under which such plume is evolving.

In general, a decreasing of density and temperature of plasma is larger when the pressure
decreases because expansion of the plasma becomes faster, thus resulting in faster cooling. Some works
have evaluated the effect of gas pressure over emission intensity [61-63]. A decrease of emission intensity
of the plasma with raising pressure has been observed. It is justified from the fact that, under low pressure,
the plume interacts less strongly with ambient molecules (less transfer of part of the energy to them),
decreasing the number of recombining ions. In contrast, when the ambient gas prevents its expansion,
recombination processes proceed faster since energy exchange between particles inside the plume

becomes more efficient limiting the emitting species.
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It is important to mention the particular case when the plasma evolution takes place in water [34].
Once the plasma is formed, it evolves similarly to what happens in gaseous background, namely, it expands
supersonically, driving a shock wave in the surrounding environment, and extinguishes after a given time.
However, the water compressibility is several orders of magnitude lower than that of air, which causes the
plasma to be severely confined and, consequently, the rate of recombination phenomena to increase
strongly. Thus, the plasma persistence is reduced to a few hundred nanoseconds and the emission spectra
appear to be dominated by a black body-like broad continuum, due to the radiative recombination and, more
limitedly, to the Bremsstrahlung emission [64].

Moreover, the effects of distinct background atmospheres on the dynamics of the generated
plasmas have been intensely studied [65]. Changes in the vaporized amount by plasma shielding, changes
in plasma temperature by the absorption of laser radiation, and changes in the plasma expansion. All this
aspect related at the same time with the properties of gas affect the intensity of LIBSemission [66].

Respect to plasma properties, it is determined that low temperatures and electron densities result
in plasmas generated in He atmosphere, whereas high temperatures and electron densities are attained for
plasmas in Ar ambient. In this line, a study of temporal data [67] using Ar and He concludes that Ar ambient
led to slow decay of both electron density and plasma temperature, whereas He gas caused a fast decay in
both parameters. As explained in [68], the differences between values and their ensuing decay of electron
density and temperature of plasmas in Ar compared to He is argued on the basis of the thermal
conductivity. In addition, considering the ionization potencial of Ar (15.76 eV) and He(24.58 eV); the lower
the ionization potential, the higher the electron density and the plasma temperature, and slower their
corresponding decays [69].

On the other hand, the influence of composition of the background gas on the amount of material
ablated as well as the diameters and depths of craters has been studied [70]. A deeper and wider crater
was obtained in He compared to Ar atmosphere. This fact seems to be due to the plasma shielding. Thus,
the heating of the background gas by inverse Bremsstrahlung is less effective for He, thereby leading to

lowest plasma shielding and most amount of ablated material.

1.3.3. Influence of target on the laser induced plasma

Doubtlessly, variation of plasma parameters for samples at different states of matter —solid, liquid
and gas— is more than obvious because of the different energy thresholds required to its particular
breakdown. The type and nature of the analyzed material plays a crucial role to the ablation process. For
materials at the same state but prepared under differing forms, namely, nanopowder, pressed powder
pellets, and sintered ceramics; strong differences on plume plasma dynamics are also found as well as
particles ejected from the irradiated material [71]. Also, in this direction of influence of sample structure, the
ablated mass is in inverse proportion with hardness of surface of sample [72]. In addition to this, due to the
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differences on chemical and physical properties of materials, a matrix effect on the laser-induced plasma
plume parameters is evidenced. As expected, the larger the differences on materials properties, the higher

the variation of their respective plasma parameters [73].

1.4. Parameters for plasma characterization

Once the plasma plume is produced, there are some physical parameters such as the T, the N
and the atom and ion number densities that allow its characterization. Knowledge of these parameters is
vital to understand the dissociation, atomization, ionization, and excitation processes occurring in the
plasma and helpful in utilizing the plasma to maximize analytical potential of LIBS.

The description of the plasma state and the evaluation of its essential physical parameters are
strictly connected to the concept of thermodynamic equilibrium. As explained by Hahn and Omenetto in
[29], for a plasma to be in complete thermodynamic equilibrium, all processes should be in balance and
characterized by a single temperature. Therefore, the process of excitation of atoms by collisions with
electrons is equal to the reverse deactivation process, collisional ionization is equal to three-body collisional
recombination, and radiation emitted is equal to the radiation absorbed. However, when the energy losses
by radiative processes is smaller than that involved in collisions between species that govern transitions and
chemical reactions, the local thermodynamic equilibrium (LTE) is reached [29, 74]. For satisfying this
condition a sufficiently high electron density has to be reached. In the LIBS literature, the most popular
criterion usually invoked as a proof of the existence of LTE in the plasma is the McWhirter criterion.
However, this criterion is known to be a necessary but not a sufficient condition to ensure LTE. The
McWhirter criterion allows calculating the critical Ne for which the plasma is within LTE using the following
equation [32, 75]:

N, = 1.6 X 10'2TY2(AE)3cm™3 [Eq.2.1]

where T is the plasma temperature (K) and AE is the higher energy difference (eV) of the levels whose
populations are given by LTE conditions. This approach assumes that the collisional rates are at least ten
times the radiative rates within the plasma. The critical electron density for LIBS plasmas is usually

estimated in the range of 1015-1016 ¢cm-3,
e Plasma temperature

A general approach to determine the plasma temperature is the so-called Saha-Boltzmann plot
method [76]. For plasma in LTE, the Boltzmann's law relates the total density N (T) of a neutral atom or ion

to the population of an excited level [77-78], as expressed in equation 2.2:

/‘Lmnlmn Em
In —] = - + In(hcN) [Eq. 2.2]
Amngm k Te
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where Amnis the wavelength of the transition lines, Insis the integrated line intensity of the transition involving
an upper level (m) and a lower level (n), Amn (') is the transition probability, gm (s') is the statistical weight,
and E, (eV) is the excited upper level energy. T. (K) and k (eV-K-') are the electron temperature and the
Boltzmann's constant, respectively; h (J-s) is the Planck's constant, ¢ (m-s-') is the speed of light and N (T)
(m-3) is the total number density.

By plotting the left hand side term vs. En, the plasma temperature is obtained from the slope of the
straight line. Depending on both the LIBS operational conditions and the sample nature, the range of
plasma temperatures may broadly change but values from 6000 K to 15000 K are characteristically reached
[30].

o Electron density

Another important parameter for plasma characterization is the electron density. Among the optical
emission spectroscopic methods proposed, the broadening of emission lines due to the Stark effect has
been the most widely used. This effect is due to the collisional processes between the emitting atoms and
electrons and ions, resulting in a broadening of the line and a shift of the peak wavelength. This effect is
considered the dominant broadening when compared with other mechanisms due to collisions with neutral
atoms (i.e., resonance and Van der Waals broadenings) [30]. Then, full width at half maximum (FWHM) of
the stark broadening lines Ay, is related to the electron density and for lines of singly ionized ions is given

by the following equation [79]:

N,
Ay )y = 2W X (10‘;6) nm [Eq.2.3]

where N is the electron number density (cm-3) and the coefficient W is the electron impact parameter.

2. LIBS configuration

The most basic and typical configuration of LIBS to obtain a fast emission response of the analytes
is the single-pulse (SP) LIBS approach [80]. Despite of this configuration is successfully for depth profile
and spatial resolution analysis, there are several concerns with SP ablation when LIBS is required for some
analytical solutions. It is related with the small quantity of ablated mass that consequently induces weak
emission intensity, poor measurement reproducibility, and the fractionation related to crater formation. In
order to improve the deficiency of LIBS the use of other configurations based on several controlled laser
pulses (double-pulse and multi-pulse) but keeping the flexibility of one-step LIBS, have been also explored.

As far as double-pulse configuration is concerned generally, the first pulse yields a laser induced
plasma that is essentially equivalent to that in single-pulse LIBS, with a comparable ablation plume,

composition, temperature, electron density, and decay rate. The second pulse is typically fired after an inter-
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pulse delay (At) up to tens of microseconds that ablates additional material and produces a dual-pulse LIP

with vastly different physical properties. The mechanisms responsible for the increased emissions were

described by Scaffidi [81] and Babushok [15]. Moreover, whatever the delay time between pulses, DP

configuration can operate under different geometries. Figure 4 exemplifies four possible arrangements of

how the two delivered pulses can be combined [15].

Collinear (4A): the two laser beam are coaxial. This configuration is popular because it is
the most practical pulse alignment for remote, on-site, in situ, and on-line analyses [82].
Cross-beam (4B): one of the laser beam interact at a certain angle with respect to the
sample surface [15].

Orthogonal (4C, 4D): involve two synchronized laser pulses aligned perpendicularly to
each other. However, at these instances, the order in which the two laser pulses are
arranged in time leads to different effects on laser ablation. In Figure 4C, the so-called re-
heating, the first pulse is used to ablate mass from the sample surface while the second
pulse is applied to re-heat such ablated mass. And when the first pulse, delivered parallel
to the target surface, is focused above the target to generate the air plasma, while the
second pulse focuses perpendicularly to the target surface for ablation is called pre-
ablation, 4D [83, 84].

Regardless of DP configurations, emission signals are significantly enhanced, thereby leading to a

higher analytical sensitivity [70]. It is due to a more efficient ablation, keeping the energy of plasma for

longer times, which turns in a higher ionization degree and in a more stable signal. On the other hand,

ascompared to SP, it has a much larger versatility using different beam geometries, pulse width and laser

beam wavelength [85-88].
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Figure 4. Schematic diagrams of double-pulse LIBS geometries: A) collinear, B) cross-beam, C) orthogonal re-

heating, D) orthogonal pre-ablation.
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It is important to mention that the original purpose of DP-LIBS was the improvement of the
observed signal in an attempt to increase the analytical sensitivity. However, the advantages of this
approach and their combined and multiple optical configurations lead also to improvements in LIBS
applications such as underwater analysis which would not be feasible without the benefits of double-pulse
excitation. This topic will be explained more extensively in section LIBS in liquid.

Another alternative is the multi pulse excitation or MP-LIBS (more than two sequential pulses) that
have been also investigated in order to improve the analytical performance of LIBS.MP configuration
consists in a laser bursts containing a variable number of pulses with different duration and separated by
distinct inter-pulse gaps [89]. Analytical figures of merit are significantly improved with MP respect to those
of SP or DP LIBS. The enhancement in MP-LIBS is caused by the increased material ablation but also
because the reheated plume provides long excitation. As a conclusion, MP-LIBS causes a lower breakdown
threshold and consequently an improvement in the ablation efficiency. This ablation rate increases as the

pulse number increases and the pulse-to-pulse temporal distance within the pulse train decreases [90-91].

3. LIBS approach

Sometimes an in situ analysis is needed in those applications where access to the sample is
difficult or in situations that may severely affect the human health of the operator. Moreover, it is also
necessary in those cases where the material cannot be transported to the lab due to the size of material or
to avoids possible risks to the pieces. As a result of this demand, LIBS has been received a particular
attention, as it combines many of the required features in a field-portable technology such as rapid analysis
with no sample preparation, a realtime response and an inherent high sensitivity. In the last few years,
continuous advances in reducing the size and weight while increasing the performance of lasers,
spectrographs, and detectors make possible the development of compact and rugged instrumentation. In
especial, the use of fiber lasers, compact spectrometers, and fiber optics for guiding the plasma emission
offers greater flexibility while reducing the risk of instrument failure. All these aspects has led to a rapid
evolution of LIBS analytical equipment. [17]

In addition, the flexibility of these systems has allowed them to adapt to changing operational
scenarios, thereby enabling the use of hand-held portable as well as distant analyzers. Fortes et al. have
reported a complete review of the variety of such developed instruments, as well as their different
applications [17]. In this work, these instruments capable of performing in-situ analysis are clearly classified
as: portable sensors or sensors for distant objects.

Figure 5 exemplifies the different operational LIBS approaches of these field-portable technologies.
The most relevant design features and particular qualities relating to each system will be briefly described

below.
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Figure 5. Operational approaches of the field-portable sensing LIBS systems.

3.1. Portable sensors

This category includes all those configurations in which both the operator and the LIBS sensor are
located next to the sample. In the majority of works reported in the literature, the laser used is a Nd:YAG
working at 1064 nm due to the proven reliability and ruggedness of solid-state lasers and also for size
requirements. However, each particular application will be determine the type of detector required, and
thespectral range used. Despite that designs can be varied, in general, the overall system involves the laser
power supply, a main unit that consists of a specially adapted backpack and encloses the spectrometer and
the computer components, and a hand-held probe that houses in the laser head together with the focusing
and collection optics arrangements [92-93]. An external power supply may provide autonomy of several

hours to the sensor, thereby permitting its transportation to anywhere.
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This configuration has been successfully utilized in a variety of application such as geo-chemical
analysis of karstic formations [92-94], determination of lead in road sediment [95], chemical imaging
ofhistorical buildings [93], oil spill residues [96], detection of indoor biological hazards samples [97] or using

a double pulse configuration [98].

3.2. Sensors for distant objects

There are particular scenarios in which a LIBS measurement at a certain distance is needed, e.g.
when there is a hostile environment (potential risk in handling the sample to be analyzed) and/or there is a
restricted physical access up to the material. At these circumstances, LIBS is usually performed remotely
(via a controlled displacement of the sensing platform), or at standoff distance (where the sensing platform

and the target are physically separated by distances up to several tens of meters).

e Remote systems

In the remote system, the laser and the signal are transmitted through a fiber-optic cable. The fiber
optical materials provide a new method for plasma light collection and it is also possible to transmit the laser
energy through the same fiber. At the end of the fiber, the laser beam is focused onto the sample surface by
an appropriate optical configuration. Furthermore, within this approach, there exists two working
possibilities: first, the use of a unique fiber optic cable capable of transmitting the laser energy andcollect
the optical emission from the luminous plasma plume and to conduct it to the spectrometerfor analysis;
second,the employment of an individual fiber optic cable for each specific process, the launch and the
collection.

The remote LIBS analyzers provide solutions to a wide variety of analytical problems. However per
each particular application the instrument will be adapted to a maximum distance reached for the instrument
as well as the optical system for laser focusing at the output end of the fiber.

The majority of application with this approach has been directed towards environment monitoring
[99]. It has also been investigated LIBS remote for the determination of contaminants in solids [100, 101].
Other applications include, for example, materials analysis in nuclear reactors [102], and determining
minority components in systems alloys [103]. It is important to add, as will be explained in the next chapters;
it is possible today to obtain the chemical composition of objects in an underwater archaeological site, which

may be found submerged up to tens of meters depth [21, 104].

e Standoff

In a standoff configuration both the laser radiation delivered up to a target located at several
meters distance and the returning light from the induced plasma are transmitted through a "transparent"
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atmosphere in an open-path configuration [105]. Normally, the transmission medium is air, although
recently it has demonstrated the viability of standoff LIBS (ST-LIBS) to carry out analysis of solids
submerged in water [106].

The solutions of ST-LIBS to a large field of applications as analytical demands and technology
evolves, have promoted this approach. Some of theseare suggests as detection of explosives [107,108],
planetary exploration [109, 110] and ocean mining analysis [111], among others. Despite of variety of
applications, thisapproach implies great complexity. Beyond the restriction on the specifications of the
instrumental components entailed, the circumstances associated to the "transparent" atmosphere through

which the light propagates contribute to raise difficulties [112].

4. Applications

4.1. General overview

The total number of fields in which LIBS finds application are increasing steadily every year and
there are also major applications for which the analytical features of LIBS seems to fit the requirements
perfectly. Generally speaking, in the, e.g., space exploration or cultural-heritage fields LIBS is used mostly
because it can do things that other techniques cannot do; whereas in industry LIBS is used more and more
because it does things better than other techniques.In a graphical manner, a summary of instances for
which LIBS has been susceptible of being considered is projected in Figure 6. The following sub-sections

give a brief, commented overview of some representative applications.

4.1.1. Cultural Heritage

The use of LIBS in the archeological and cultural-heritage field offers particular benefits. It is a
rapid and portable technique. In addition to this, it is an in-situ, non-contact, and nearly nondestructive, and
these are all important features in the case of precious art items (paintings, antique jewelry, pottery, etc.)
kept in museums or art collections. Laser ablation can be used for cleaning artworks and also qualitative

analytical applications are most abundant in this field.
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LIBS general
applications

ENVIRONMENTAL
~ MONITORING

Figure 6. Main LIBS applications.

One of the most important problems in this area arises from the fact that most of these pieces are
structured in different layers. LIBS (preserving the sample integrity) is capable of describing the surface and
subsurface composition of a material. This capability is largely advantageous when attempting thepaintings
from the archeological area of Pompeii [113] or chemical analysis of multilayered painted surfaces [114]. In
addition to this, a recent example of this trend is the state-of-the-art combined instrument incorporating
optical-coherence tomography and LIBS (OCT-LIBS) [115], which was specifically constructed to aid
multilayer pigment identification in paintings.

Recently an increasingly popular topic is the study of the origin or the age of archeological
construction materials [116]. The use of multivariate statistical methods, mainly PCA, DA, or SIMCA, in such
studies is becomingmore usual to improve their accuracy. Also is frequent in literature the analysis by LIBS
of archaeologic bone and teeth; these studies have tended to investigate the degradation and/or diagenesis
processes of such artefacts [117].

Although LIBS is already an established technique in this area, studies that compare LIBS results
with those produced by standard instruments, for example EDS, LA-TOFMS, and XRF, are still frequent
[118]. The comparisons are generally positive for LIBS, and the studies always mention that an added
benefit of LIBS is that it can be made portable. In this way the use of standoff LIBS is suggested as a further
development [119]. Transport of the artwork to the laboratory is eliminated, thus reducing the total analysis
time and the risk of irreversible damage to the object.
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4.1.2. Industrial analysis

LIBS has been extensively investigated for industrial process control, especially in the steel making
industry. The most important applications in this field include characterization of hot and molten metals,
analysis of slag, classification of metals and alloys, sorting of steel parts or online measurement of coating
thickness and composition [120]. Robustness, stability, reliability, analysis speed, and operational
availability are important performance characteristics that make LIBS an important tool in the factory.

On the other hand, the application of LIBS to control process of precious metal recovery and
recycling has been also evaluated [121]. The results have been successful demonstrating that LIBS can be
considered as a viable alternative to ICP-OES and XRF for the determination of recovered precious metals.
Moreover, LIBS together with discriminant function analysis (DFA) has been utilized for identification and

classification of six groups of the most used polymers in manufacturing and packaging of materials [122].

4.1.3. Environmental monitoring

The atmospheric aerosols, soils and slurries constitute the environmental workspace most affected
by heavy and toxic metals from many anthropogenic sources. Thus, a huge interest has focused on the in
situ semiquantitative and quantitative characterization of these metals. LIBS has been effectively evaluated
to analyze toxic metals [28, 123]

On the other hand, detection of micronutrients (Fe, Cu, Mn, Zn, B, Mo, Ni, and Cl) and
macronutrients (N, P, K, Ca, Mg, S) is also an important area in which LIBS seems a suitable in situ and
real-time technique. When the nutrients are not present in appropriate concentration levels in soils could
play a decisive role in plant nutrition and can affect crop yields [124, 125]. In addition to this, an interesting
application of LIBS has focused on the investigation of the metal accumulation in vegetal tissues [126].
Galiova et al. demonstrated the capability of LIBS for mapping Ag and Cu distribution directly in plant leaves
of Helianthus Annuus L [127].

Another important area in which LIBS has been extensively used is in situ monitoring of gas and
particle emissions (heavy metals) originating from exhaust stacks, incinerators, industry, foundries, etc.
Approaches reported in the literature indicated that these studies can be carried out by analyzing the
particles deposited on a filter or directly by analyzing the cloud constituting aerosols [128]. However, indirect

analysis appears to be significantly more efficient than direct analysis [129].

4.1.4. Security and forensic

In the security field has been studied extensively the explosive detection and their residues, as well

as, other military applications [25]. In last year, a considerable amount of literature has been published in
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this topic, some review are indicated to provide further information [130, 131].

The main advantages of LIBS that make it really interesting for these applications are quickness of
analysis, potential field portability, the ability to provide characteristic spectral fingerprint information for
classification and/or identification purposes, and, last but not least, the potential for the investigation of
dangerous materials from a safe distance and/or in safe microscopic quantities. However, one of the main
challenges in these applications is minimizing the effect imposed by surrounding atmosphere and the
deposit substrate (e.g. organic, metallic, or polymer) that could contribute to the signal of N, C and O. First
studies aimed to discrimanate among organic compounds were reported in 2001 [132]. In these works
atmospheres of He and Ar were used to displace air, causing an increase in sensitivity. Most recently, a
series of studies investigated the elimination of the effects imposed by the substrate and conditions used in
LIBS analysis on the success of classification [133, 134]. The discrimination capabilities and robustness of a
range of multivariate chemometric methods were also tested.

LIBS has also been tested in a variety of other forensic investigations including fraud detection of a
variety of industrial products [135], document discrimination [136], the study of human remains [137] or of
samples taken from suspects [138] and soail fingerprinting [139]. The success of all these applications

heavily relies on the performance of the multivariate chemometric methods used.

4.1.5. Biomedical

The beneficial use of LIBS when applied in biomedical field has been also outlined [140]. This is an
important core of recent application. Just to cite some examples, the information contained in LIBS spectra
has been used to differentiate types of tissue samples from chicken brain, lung, spleen, liver, kidney and
skeletal muscle [141]. LIBS has been also used to diagnose the state of human teeth through the
characterization of the elemental composition of their healthy and infected parts [142]. Furthermore, the
application of LIBS for in situ quantitative estimation of elemental constituents distributed in different parts of
renal- and urinary-calculus obtained directly from patients by surgery [143] as well as to differentiate live
pathogens (B. anthracis Sterne) strains, live vaccines (F. tularensis) strains, and UV-killed hantavirus
strains on substrates has been also evaluated [144]. In addition to this, the most important area to highlight
is the in vitro possibilities and its effectiveness for the identification of both breast and colorectal cancer from
frozen human tissues as well as determining the disease grade and severity have been also outlined [145].

In general, medical results published so far promise the development of novel LIBS-based clinical

and point-of-care diagnostic instruments in the near future.
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4.1.6. Space exploration

The space exploration is an exotic LIBS application that highlights the versatility of the method.
The application of LIBS to Mars exploration is closely related to its capability for standoff analysis and
mainly focused on the identification and discrimination of minerals.

Since 1990s, the viability of LIBS for planetary exploration has been studied. However, it was not
until 2004 when the efforts of the LIBS community in the field of planetary exploration were recognized
when a new LIBS instrument was selected for the mobile NASA Mars Science Laboratory (MSL) rover. The
Chemistry and Camera instrument named ChemCam, is one of 11 science instruments onboard NASA’s
2011 MSL rover named Curiosity. The main objective of ChemCam is determining elemental compositions
of geological samples (rocks and soils) on another planet at distances from 2 to 9 m [18, 19]. Furthermore
ChemCam supports MSL with 5 capabilities: 1) remote active removal of surface dust and coatings or
weathering rinds from rocks to determine their underlying composition through depth profiling; Il) image of
the targeted area to place the LIBS analysis in a geological context; Ill) a remote classification of rock and
soil characteristics; IV) passive spectroscopy over the 240-905 nm range; and V) quantitative elemental
compositions including light elements like hydrogen and some elements to which LIBS is uniquely sensitive
(e.g., Li, Be, Rb, Sr, Ba, B, C, N, and O).

ChemCam optimization was not an easy task and several papers were published about it [146,
147]. First results of preliminary analysis of LIBS indicated that the spectrum is consistent with basalt, which
is known from previous missions to be abundant on Mars. In addition to this, one of the findings of the
ChemCam instrument along the Curiosity rover traverse on the Martian soil chemistry at the submillimeter
scale has been the identification of two principal soil types: a fine-grained mafic type and a locally derived,

coarse-grained felsic type [148].

4.2. LIBS in liquids

The work presented in this Thesis lies in expanding the LIBS application area in a new
environment unapproachable until now: submarine. Therefore, basic principles of plasma formation in this

ambient are explained below.

4.2.1. Basic principles

In previous sections, laser-induced breakdown has been described in the case of solid targets in
air, but it is a general phenomenon that can occur as well in liquids, as has been extensively reviewed in
[29, 149]. However, due to peculiar structure of water, below the breakdown threshold, many phenomena

can take place, including non-linear effects, molecule orientation and liquid contraction, electron hydration,
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laser filamentation and white light generation; as De Giacomo et al. [34]. The main effects when a laser
beam interacts with bulk water below the breakdown threshold comprise: coherent scattering (stimulated
Raman and/or Brillouin scattering), self-focusing, medium heating, and production of quasi-free electrons by
photolysis [150, 151]. But at higher irradiances, the multi-photon excitation, inverse Bremsstrahlung and
electron-impact ionization can indeed produce the breakdown of the medium, equal at what described in the
case of solid samples [152]. Also, in the case of a laser pulse is focused on a target through a liquid, the
main mechanisms responsible for the plasma formations are the same occurring during ablation in gas [34].
A difference can be indicated, the breakdown thresholds of liquids are usually higher than those of solids,
because the cross section of laser absorption is lower in less dense media and the probability of initiating
the plasma formation by multi-photon ionization decreases consequently.

Once the plasma is created, it expands supersonically, driving a shock wave in the surrounding
environment, and extinguishes after a given time. Nevertheless, due to the high density and nearly
incompressible character of water in comparison with air it causes a severe plasma confinement.
Consequently, the rate of recombination phenomena increase strongly. Thus, the plasma persistence is
reduced to a few hundred nanoseconds. An extremely important post-breakdown phenomenon is induced
by this fast release of energy to the water, namely, the formation of a cavitation bubble [149, 153]. The high-
temperature of a laser-induced plasma transfers a significant amount of its internal energy to the
surrounding liquid, thus a layer of vapour is produced around the plasma volume. This vapour expands
almost adiabatically, causing a growth of a cavity containing both the vapour and the diffused gas [152].
During the growth of the cavitationbubble, the pressure inside decreases both due to the volume
enlargement and vapour condensation across the interface. In the maximum volume of bubble cavity
expansion, the temperature inside approaches that of the surrounding liquid while the pressure is reduced
at saturated vapour pressure (0.0233 bar for water vapour), much lower than that of the liquid [154]. In that
point, the bubble begins to shrink, the inner pressure and temperature increase again until the rate of
condensation cannot offset the volumetric reduction. The timescale in which the bubble expands and then
collapses is on the order of hundreds microseconds, thus, order of magnitudes longer than the plasma
duration itself [64, 155]. The maximum determined bubble radius is in the order of a few millimetres and it
depends on laser pulse characteristics such as wavelength, output energy and focusing condition, pulse
duration and the external pressure [34]. It is important to note that in last fast phase of the bubble collapse a
rapid increase of the inside gas temperature and pressure, giving rise to a second shock-wave and to the
re-expansion of the cavity. Some oscillations of the bubble cavity may continue for many cycles of
expansion and collapse [154, 156].These temporal trends of pressure and temperature of the vapour in the
bubble itself and the cavitation bubble evolution have been extensively investigated through spectroscopy
and shadowgraph experiments, as well as through theoretical models (see [149] and references therein).
Figure 7 (taken from Lazic et al. work [156]) shows a sequence of shadowgraph images in which the

different phases of cavitation bubble evolution mentioned are represented.
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Figure 7. Bubble evolution at different delays (in us) from the ablative laser pulse: A) first expansion; B) first collapse;

C) second rebound; D) third rebound (Figure from reference 156).

It is important to mention that the differences to plasma formation process inside a liquid are
related with the plasma confinement and the production ofcavitation effect. i.e. the vapor bubble. Regarding
LIBS analytical capability in liquid environment, this strong interaction between the plasma and the
surrounding liquid makes the emission spectra appear to be dominated by broad continuum. It is due to the
radiative recombination and, more limitedly, to the Bremsstrahlung emission more pronounced than gas
media [64].

An additional complication that should be taken into account when pursuing in situ analysis of
seawater or submerged objects is the effect of hydrostatic pressure on the LIBS signal, which becomes
more and more severe upon increasing the depth. In this case, the confinement effects and quenching of
plasma are even more pronounced than in liquids at atmospheric pressure, and the LIBS signal is degraded
accordingly. Lawrence-snyder et al. and Michel have addressed this aspect in a series of papers in which
LIBS is applied to pressurized solutions, with the aim of testing the technique as an in situ chemical sensor
for deep ocean hydrothermal vents [157-160]. Other author such as Sakka and co-workers have focused

the effect of hydrostatic pressure in bulk liquids [161] and even for immersed solid target [162]. But in this
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case, authors use an alternative to common SP configuration. In such worksa long-duration nanosecond
laser is used. A significant improves the quality of SP-LIBS spectra at high pressure is observed.

In spite of these drawbacks and of its relatively low sensitivity compared to routine analytical
techniques for liquids analysis, some features unique to LIBS have pushed research toward specific
applications requiring in situ and non contact analyses of aqueous solutions as well as submergedsolid
samples. In the specific case of aqueous solution, some single pulse (SP) alternative approaches have
been proposed. It is mostly tackled avoiding the consequences of the liquid confinement. The most
traditional approach is focusing the laser on the liquid surface, also with some specific precautions to limit
splashing of the liquid and formation of aerosols over the liquid surface [163 and references therein]. Other
possible solutions such as laser focusing on the surface of a vertically flowing liquid stream or formation of a
liquid jet [163]; spraying to form micro-droplets [164, 165]; nebulization of the liquid into aerosols [166] have
been evaluated. In all last approaches, the purpose was to eliminate the direct interaction of the plasma with
the liquid and allowing it to expand in a gaseous environment. On other way, in the case of submerged solid
samples, an interesting alternative that also avoids the expansion of bubble in liquid environment is using a
gas flow that removes water from the surface to be analyzed. In such case, it is not necessary to create a
cavitation bubble, but the gas purge flow supplied is responsible for removing the water from the sample
surface to condition a solid-gas interface. Thus, all the disadvantages of working in a solid-liquid interface
are avoided [21]. First LIBS underwater measures using a gas flow were reported by Beddows and
colleagues in 2002 [167].

Nevertheless, sometimes these mentioned approaches are not possible to apply due to the
analysis is necessary to carry in liquid media, in such way a growing interest have pushed research
focusing in different excitation configuration. In this meaning, due to relatively low-boiling of water, the most
efficient approach is probably the Double Pulse (DP) excitation. Since it was first proposed in 1984 [168] it
has been successfully exploited not only in bulk liquids but also for the analysis of submerged targets. Next

section discusin more detail the DP excitation approach to underwater application.

4.2.2. LIBS excitation configurations inside liquids

Emission intensity of the plasma produced inside liquids is generally lower than in gaseous
environment due to several factors such as: absorption by the medium both of the laser and plasma
radiation and their scattering on suspended particles and micro-bubbles, a fast plasma quenching in the
dense medium and laser beam shielding by the high density plasma [34, 153]. On the other hand, the
ablation rate inside liquids is higher due to major mechanical scavenging [169], however, the LIBS signal at
equivalent laser excitation is significantly lower than in sample-gas interface. Furthermore, the spectral lines

are strongly broadened and the continuum emission is very intense because of the high electron density
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[34]. As results of these effects, a relatively poor signal in SP LIBS measurements is obtained, thus
hindering the detection of minor and/or trace elements of the sample [149].

Under this circumstance and in order to improve the deficiency of LIBS in liquid, the uses of other
configurations based on several controlled laser pulses (double-pulse and multi-pulse) have been
suggested. In such cases, the first laser pulse produces a cavitation bubble, while the successive pulse
ablates the sample and induced a second plasma inside the bubble. Considering that the duration of LIP in
the bubble is of a few microseconds, while the life-time of the bubble is in the order of a few hundreds
microseconds, the plasma obtained by the second pulse can be considered as expanding in a stationary
environment induced by the first laser pulse [64, 170]. As explained in [149], this assumption will depend on
the bubble expansion rate. Generally a more efficience second plasma is achieved in a re-excitation
moment around the maximum expansion of bubble, in contrast to the initial stage of expansion and final
stage of collapse, when the rate at which the bubble changes its parameters is high. Thus, it is not
surprising that the most important parameter in the case of DP configuration in liquid environment is the
interpulse delay time between pulses. In fact, adjusting the inter-pulse delay between the laser pulses, it is
possible to select the bubble conditions where the laser induced plasma expands achieving an emission
enhancement. In Figure 8, taken from reference [149], this influence of delay time between the lasers
pulses associated to LIBS emission can be observed. They indicate that such experiment was carried on Ti

sample submerged in water acquiring five time-integrated DP-LIBS spectra at the same delay time but at

Figure 8. DP-LIBS emission spectra of Ti in water at different interpulse delays (Nd:YAG 7 ns ablation lasers: 1st
pulse=532 nm, fuence=0.51 J/lcm?; 2nd=532 nm, fuence=6 Jicm?). (Figure from reference 149).
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different interpulse delays. As they explained, using an interpulse delay too short (At = 700 ns) or too long
(At = 160 ps) does not produce an improvement in LIBS signal, both spectra are similar to using a SP
configuration. However, for an interpulse delay of 90 s, that corresponds to the maximum expansion of the
cavitation bubble when the plasma expands in the bubble, an increase of the spectral resolution and
enhancement in LIBS signal is observed.

In conclusion, the above discussion has pointed the importance of selecting the appropriate delay
between the two pulses for underwater application. The time delay yielding the maximum expansion is more
suitable for enhancing the emission spectrum sensitivity. In this direction as it is detailed in literature [153],
using a DP optimized configuration, for some elements directly analyzed from bulk waters have been
achieved detection limits below 1 ppm, and in order of 100 ppm for different elements from submerged
metallic samples.

It is important to note that as commented in last section, an increase of the hydrostatic liquid
pressures leads to a smaller radius and to a shorter lifetime of the cavitation bubble [157-160]. Thus, the
interpulse delay optimization in DP laser excitation becomes even more critical, moving to shorter intervals
the optimum value. The corresponding inner bubble pressure and temperature are higher and the
conditions approach those of the SP laser excitation. This causes the second plasma to expand in
andinteract with a gaseous environment whose conditions become less and less favourable for the
emission of well-resolved spectra. For these reasons, DP LIBS loses efficiency at high liquid pressures
[153, 160]. However, the reference [158] suggests that the pressure range for the LIBS signal enhancement
by DP excitation might be achieved by an increase of the first pulse energy or by multi-pulse laser
excitation, the both aimed to obtain a larger vapour bubble. Chapters 7 and 8 of this thesis will discuss this
topic in greater detail.

Another alternative to improve the capability of LIBS analysis in liquid is the use of a long-duration
nanosecond laser source. Recently, Sakka et al. and Takahashi et al. [57, 171-172] evaluated the effect of
pulse duration in the laser ablation of a Cu target in water. Shadowgraphy images revealed that long pulses
(150 ns) were more favorable for LIBS analysis. Under these conditions, the relatively slow heating of the
plume causes a larger and less dense plume, and consequently, the spectral emission shows less
broadening and a weaker continuum. Thus, the emission can be fairly intense, and the surface damage is

minimized in comparison with a common SP approach.

4.2.3. Applications

Within the broad range of LIBS applications, there are some particular areas specifically for liquids
media. In a graphical manner, a summary of liquid environment application in which LIBS has been
susceptible of being considered is projected in Figure 9.

In this vein, a short outline of such particular application fields is presented below.
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Figure 9. Main applications fields of LIBS in liquid.

e Environmental

From the environmental point of view, LIBS in liquid media is particularly interesting with respect to
well-established techniques for liquids analysis such as ICP-OES [173] due to the possibility of planning on-
site and remote applications dedicated specifically to monitor the concentration of metals in wastewaters
from industrial plants and in seawater. As is the case of detection of Cr by a system equipped with a fibre-
guided suitable for distances of up to 50 m between measurement system and detection sensor, reaching a
limit of detection over 200 ppm [174]. Moreover, De Giacomo et al. have been checked also several
elements such as in bulk aqueous solution for Al, Na, Ca and Li in bulk aqueos solutions [64]. However, as
discussed in section 4.2.1 focusing a single laser pulse through a liquid bulk does not usually provide
suitable analytical signal, but low emission spectra mainly dominated by a continuum background radiation.
The technique need to improve in this aspect. Despite of this, several alternatives has been employed to
detect the elements composition of wastewater samples. For example, Hussain and Gondal [175] have
developed a LIBS system for the analysis of Ca, Mg, P, Si, Fe, Na, and K in wastewater from a dairy
product plant. They focused the beam laser on the liquid surface contained in a suitably designed cell. This

approach using a relatively high energy laser pulses (100 mJ) provided accurate analytical results that were
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in good agreement with those obtained with ICP-OES. A liquid jet configuration to detect Cr in wastewater
from electroplating industries was used by Rai et al. [176]. In this case energy pulses of 120 mJ were
focused just below the surface of a solution stream from a Teflon nozzle to produce a plasma at its front
surface. LIBS results obtained were in good agreement with atomic absorption spectrometry data. Rai et al.
[177] also explored the effect of additional elements like Cd and Co in the Cr contaminated water. Limit of
detection (LOD) for Cr was determined to be 1.1, 1.5, and 2.0 ppm in unitary, binary, and tertiary matrix,
respectively. Furthermore, a similar configuration was also evaluated for the analysis of toxic metals Pb and

Cd in aqueous solutions by Sadegh et al. [178].

o  Cultural heritage

In the past decade, LIBS has become a valuable analytical tool for cultural heritage. The
combination of main features to LIBS such as no sample preparation, minimally destructive, fast analytical
response, depth profiling analysis, and the capability for in situ analysis; makes it a very attractive technique
for the characterization and conservation of archeological samples, artworks, and other important materials
[28].

A particular interest is growing in the in situ characterization of archeological materials from the
marine environment. The possibility of obtaining some information about the findings would be of primary
importance prior to planning recovery activities and taking decisions about whether the object should be
moved or not. Certainly, extraction of submarine assets is quite often not practical and/or not permitted, thus
making the development of analytical technology for submersed material a particularly appealing activity. In
this way, a first approximation was carried out by De Giacomo et al. group [179]. A bronze standards
immersed in seawater were analyzed in a home-made cuvette with two collinear laser pulses focused
through the liquid bulk. The quantitative analysis was obtained with the calibration line method and gave
satisfactory results, as compared to similar ones performed in air. A progress continued was observed in
Lazic et al. work [180], in which using a similar approach, a qualitative analysis was successful and allowed
for the material recognition for a wide range of materials potentially could be find in the undersea
archaeological site, such as iron, copper-based alloys, precious alloys, marble and wood. Most recently,
Guirado et al. [21] provided a new solution for this working area and demonstrated for the first time the
analysis of submarine archeological materials using a remote LIBS instrument. The mode of operation relies
on a basic LIBS assembly (laser, spectrometer, optics and electronics and control system) operating on the
deck of a vessel. The remote LIBS unit is extendable by means of a fiber optic probe that is operated
underwater, guided by a trained diver. The laser beam travels through an umbilical cord to the target and
also delivers a stream of pressurized air that removes water from the surface to be analyzed. This fact
permits to generate and expand the laser-induced plasma in air and not in water that is well known to
quench plasma emission. The same fiber optic probe captures the emitted light and transmits it to the
detection system. The capabilities of remote LIBS instrument for in situ analysis of underwater archeological
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objects was demonstrated onsite a trials on the Mediterranean Sea in which the chemical signatures of
ceramic materials, metallic samples, and precious metals were acquired at depths of 30 m. Guirado et al.
[104] have also proposed a new prototype base in multi-pulse excitation. This fact improved the
performance of the equipment in terms of energy transmitted through the optical fiber, range of analysis (to
a depth of 50 m) and variety of samples to be analyzed (i.e. marble, ceramic, concrete efc).

It is important to indicate that the work presented in this thesis seeks to contribute our grain of sand
in this interesting area. A huge part of work has been focused on improving the capabilities of the last
prototype mentioned. Moreover, some first preliminary studies aimed at evaluating the potential of the
technique to increase the range of depth in which an archaeological site could be analyzed have been

carried out. In this case two collinear laser pulses focused through the liquid configuration had been used.

e Oceanography

An interesting application, in first instance proposed by Lawrence-Snyder et al. and Michel et al.
[157-160], is the use of LIBS as a chemical sensor at high liquid pressures simulating oceanic depths. They
dedicated a series of papers with the aim of testing the technique as an in situ sensor for identification of
hydrothermal vents. Clearly the quenching and confinement effects are in this case even more pronounced
than in liquids at atmospheric pressure, limiting the lifetime of the bubble itself and the temporal windows
when the analysis can be pursued, consequently, the LIBS signal is degraded. Despite of this, due to the
hydrothermal vent, whose emitted fluids can be observed only in situ, because irreversible changes would
occur if they were moved from underwater to a common laboratory; LIBS in the cavitation bubble appears
as the only possible choice for the analysis. Authors evaluated the optimal experimental conditions for LIBS
detection of five critical elements (Na, Ca, Mn, Mg, K), such as delay between the laser pulses, background
pressure, pulse energies and acquisition gate time. Studies were performed up to 270 bar. On the other
hand, the use of a long-duration nanosecond laser source has been reported as significant improves the
quality of SP-LIBS spectra [21], even for immersed solid targets [162] for oceanography application. Based
on these studies, the University of Tokyo incorporated a long-pulse laser in a cylindrical probe mounted in
the articulate arm of a remotely operated vehicle (ROV) [111]. This prototype was tested for close-contact

multielemental analysis of both seawater and mineral deposits at depths of over 1000 meters.

o Nanoparticle production

One of the most studied and innovative applications of laser-induced plasmas in liquid environment
are addressed to the generation of nanoparticles (NPs) by laser ablation of submerged solid samples [181].
It is due to conceptual and instrumental intrinsic simplicity of liquid phase-pulsed laser ablation (LP-PLA)
shares with LIBS, because it virtually requires only a laser source and a reaction vessel where the

submerged target is irradiated. Furthermore, if the employed liquid is water, NPs can be directly obtained in
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a safe, environmentally friendly, biologically compatible and cheap solvent. Different kinds of NPs have
already been obtained and also an evaluation of the experimental parameter such as pulse duration,
wavelength and repetiton frequency as well as liquid pressure have carried out. A wide range of material
have been produced from colloidal solutions of noble metals [182] and metal oxides [183] to carbon
nanotubes [184], nanodiamonds [185], and other carbon-based materials, also in various organic solvents
[186]. In addition to this it important to note that the extreme conditions reached in the cavitation bubble, has
a capital importance in driving the process of NPs production. In particular close to its collapse phase are
believed to be responsible for the ejection of material from the target and formation of the colloidal
dispersion. In such way, the interaction of the plasma with the liquid could be for example to promote
functionalization of the metal nanoparticles ablated in suitable solvents. And also, the pressurized solution

effect has been evaluated [184].
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Experimental

1. Overview

The characterization of underwater cultural heritage has become, over recent years, one of the areas
of greatest interest in archaeology [1]. As described in Chapter 1, an enormous amount of historical
information is stored not only at the deep of seas and oceans, which are the most common archaeological
sites, but also in other enclaves such as rivers, lakes, and swamps [2-3]. However, extracting of information
from these archaeological sites is not a trivial task. Normally, the remains are hardly visible since they are
integrated into the natural surrounding because of their deterioration and of deposition of sediment material
as time passes. Furthermore, sometimes the pieces may not be removed from the site due to logistical
problems, such as their huge scale. Preserving the integrity of the piece as well as institutional constraints
and additional bureaucratic requirements are also some of the reasons why these assets must remain in their
current placement. Despite this, while it is essential to study, protect and preserve these assets, the UNESCO
[4] considers the in-situ preservation of underwater cultural heritage as “the first option before allowing or
engaging in any activities directed at this heritage”. Thus, the direct analysis of the materials in the same
place where they are discovered turns into the only alternative for obtaining information about these objects.
Once discovered any remains, the chemical characterization of these pieces in their context may provide
clues to identify their origin and to date the wreck.

Despite of analytical demand, only those sensing methods based on laser technology are aimed for
the in situ chemical analysis of submerged materials. In fact, as described in Chapter 2, Laser-Induced
Breakdown Spectroscopy (LIBS) is the only analytical method that combines many of the sought features in
the oceanography field including multi-elemental information, no sample preparation, unlimited range of
material capability and real time analysis [5]. In this sense, what solutions does LIBS propose? Several
alternatives/configurations are aimed to adapt LIBS technology to the marine environment. Figure 1
schematically represents the two proposed alternatives in this Doctoral Thesis, a) a remote-LIBS instrument
based on the transmission of laser radiation using an optical fiber cable operated on board in an auxiliary
vessel; and b) a standoff-LIBS instrument that involves the delivery of a focused laser pulse toward the distant
target through the aqueous media and then the transmission of the light emitted by the laser-induced plasma
back to the detection system.

The present chapter encloses a deep description of the experimental alternatives that have been
used to perform the research works, divided in two main parts. In Part | (Chapters 4-6),a remote-LIBS
instrument, named AQUALAS 2.0, based on the transmission of laser radiation using an optical fiber cable
operated on board in an auxiliary vessel. This prototype has been entirely designed, engineered and
operatively adapted at the University of Malaga during the last 4 years. A complete description of each of the
subsystems integrating AQUALAS 2.0 is also provided in this chapter. Finally, in Part Il (Chapters 7-8) the
effect of oceanic pressure on LIBS is investigated in order to evaluate the possibility of design a standoff-
LIBS instrument that involves the delivery of a focused laser pulse toward the distant target through the

aqueous. For this purpose, a high-pressure chamber has been constructed.
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Figure 1. Schematic representation of two alternative configurations to adapt LIBS to the marine environment.

2. Remote LIBS sensor based on fiber optic transmission

The present Partof the Doctoral Thesis describes the prototype AQUALAS 2.0, a laser-based sensor
specifically designed for the remote chemical analysis of submerged materials. This prototype is a new
version of a previous effective device [6], with extended technology that allows performing LIBS analysis
using either single- or multipulse- excitation. Furthermore, this advanced sensor is more compact, more
robust and with an optical module more accessible, which facilitates maintenance and repair work.

The AQUALAS 2.0 prototype is based on a modular design with three well-defined parts: a main
unit, a hand-held probe fitted to an umbilical cable of 50 m length, and an energy supply auxiliary unit. Figure
2 shows the different parts that constitute AQUALAS 2.0. As indicated, the main unit comprises the laser

power supply, the optical module for laserfiber coupling, and the data acquisition module. This main

Main unit
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Figure 2. Overview of AQUALAS 2.0.
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unit has an overall weight of 150 kg with dimensions of 81 x 86 x 126 cm?. The technical characteristics of
the instrumentation hosted in this unit are detailed in Table 1. Figure 3 shows a pair of photographs of the
sensor in its "compact" and "deployed" modes for transportation and operation, respectively.

Along this section, the different systems and integrated subsystems in the prototype will be described
according to the actuation hierarchy in the different stages of the analysis process as follows: the optical
module, in which the laser-fiber coupling occurs; the transmission of laser radiation and protection gas across
the umbilical cord, the LIBS probe, and the data acquisition module, where plasma light is spectroscopically

resolved and the analytical information is processed.

2.1. Optical module

The optical module is the key component of the prototype, since it is upon which laser-fiber coupling
stage takes place. Figure 4 depicts the layout of the optical components to fit laser radiation to the fiber-optic
cable and, in parallel, to gather and to guide the plasma light towards the spectrograph. First, the laser head
(Q-switched Nd:YAG laser, Brilliant, Quantel, France, operating at 1064 nm) produces the laser radiation.
The laser beam is guided by a 1064 reflecting mirror (M1) and then focused by a plano-convex lens (L1) to
the input of the optical fiber. Laser radiation travels through a pierced mirror (M2) with a channel of 5 mm

diameter. M2 is positioned at 45° with respect to the propagating axis of the laser radiation. This optical

Table 1. Technical and structural characteristics of the underwater analyzer.

Description
Dimensions (width x length x height) 86 x 81 x126 cm
Weight 150 Kg
Opticalfiberlength 50m
Opticalfiberdiameter 600 pum
Powerconsumption 2300 W
Laser Q-Switch Nd:YAG(Brilliant,
Quantel, France)
Wavelength 1064 nm
Repetitionfrequency 20 Hz
Pulse width 22ns (adjustable 7-40 ns)

Maximumenergy per pulse
Input maximum energy to optical fiber
Output maximum energy from optical fiber
Spectrometer

Diffraction grating
Spectral resolution
Spectral range

400 mJ SP-LIBS
85 mJ (FWHM=22ns)
65 mJ (FWHM=22ns)
Czerny-Turner,
Avantes, Avaspec-2014,
USB2 model
Holographic 1200 I/mm
0.1-0.2 nm/pixel
300-500 nm
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Main module Auxiliary module

Pulse-delay Monitor LIBS Power Air UPS
generator probe generator compressor

Figure 3. General overview of AQUALAS 2.0 prototype (A) in its "compact" mode for transportation; (B) in its

"deployed" mode to operate with.

element is responsible for collecting the light from the plasma generated and sends it to the spectrometer.
Before M2, the laser beam was focused by L1, and then is fed into a fiber-optic cable without cladding
mounted in axyz stage (all-silica, high-OH, UV-grade fiber, 55 m length, 550 um core diameter and 0.22 N.A).
In this point, the laser beam is transmitted through a 55-m long optical fiber cable sheltered inside an umbilical

cord which connects the hand-held probe with the optical module. At the end of the fiber, the hand-held probe
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Figure 4. Main components of the optical module.

focuses the laser beam onto the sample surface by an appropriate optical configuration that will be described
in the next section. The plasma light is collected and returned through the same optical fiber, reflected from
the pierced mirror and then focused by a pair of biconvex lenses (L2 and L3) into the spectrometer fiber-optic
cable (2 m length, 600 um diameter and N.A:0.22). Figure 5 shows a diagram with the sequence described.
Furthermore, the characteristic of all optical components are detailed in Table 2. It is important to mention
that L1, L2, L3 and the optical fiber support are located over xy stages to facilitate the alignment.

Laser head is located over a height adjustable platform. Laser head and all the optical components
were assembled on an optical table (44 X 66 X 0.4 cm; M6 drill hole each 2.5 cm). In addition, the optical
table was supported by a set of 8 silentblocks in order to minimize vibrations on the optical table. A
methacrylate structure covers the optical set to prevent the deposition of aerosol particles from the marine
environment. On the other hand, the laser power supply was fixed on the based structure under the optical
table.

A critical component in the optical module is the optical fiber. A correct alignment of the optical fiber
is necessary to achieve the maximum performance of the equipment. Furthermore, it is recommended to

place the fiber a few millimeters behind the focal point in order to reduce the irradiance deposits on fiber
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Figure 5. Optical lay-out corresponds to optical module and hand held probe.

end and avoid the risk of rupture. Also, it is also recommended to polish the fiber in order to eliminate possible

structural defects; the laser-to-fiber coupling will be more efficient and will prolong the fiber lifetime.

Table 2. Characteristic of all optical components indicated in Figure 5.

Component Diameter (mm) Focal length mm) Features
L1 254 100 UVFS bi/cx lens
L2 50.8 100 UVFS pl/cx lens
L3 50.8 100 UVFS pl/cx lens
L4 254 40 UVFS bi/cx lens
L5 254 25 UVFS bi/cx lens
M1 254 Mirror, High energy
R>99% @ 1064 nm
M2 50.8 45° Pierce mirror
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2.2. Optical fiber, umbilical cord and gas supply protection

The optical fiber used in the system has a core diameter of 550 um. Its characteristic attenuation
curve is shown in Figure 6. It should be taken into account the spectral region in which our spectrometer
works, 300-560 nm and the laser wavelength, 1064 nm. As observed, in range of 400-560 nm the attenuation
presents a value below 10 dB/km. However, the attenuation increases abruptly at wavelengths lower than
400 nm. The optical fiber is silica and has a high content of hydroxyl group to minimize the effect of
solarization. This phenomenon is the appearance of atomic defects due to the action of UV radiation, which
causes a loss in efficiency of transmission of radiation through the fiber. The high content of OH groups largely
avoids this problem. It should be noticed that sometimes, as mentioned in the previous section, it is
unavoidable that the optical fiber can be broken by an excess of energy, poor alignment or fiber degradation.
This means that occasionally the fiber should be cut and polished again, consuming a fiber portion. To solve
this problem, there are 5 meters of fiber stored inside of the main module, in order to ensure maintenance
(Figure 7A). The remaining 50 m are canalized through an umbilical cord (hydraulic hoses with an internal
diameter of 5/15”; stainless steel connections at each end and can support up to 350 bar pressure) that is
rolled up on an external support of the equipment for its easy deployment and transportation (see Figure 7B).

On the other hand, the umbilical cord also canalizes/supply the protection purge gas during the
underwater analysis. The main function of this protection gas is to remove the water from the sample surface

and avoid the water enter inside the LIBS probe. In this meaning, it is necessary to take into account that the
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Figure 6. Attenuation of laser radiation through the optical fiber as a function of its wavelength. Source:
Thorlabs.
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Figure 7. A) optical fiber support to store 5 meters of fiber inside of the main module; B) external support of

umbilical cord which canalizes the remaining 50 m of fiber.

difference in pressure between the inside and outside of the LIBS probe must never be less than 1bar. The
protection gas input in the system is carried out through an interface that is shown in Figure 8. The gas travels
inside of tube (internal diameter of 4 mm) which is attached to a non-return valve through an instant fitting as

shown Figure 8A. Before entering into the umbilical, gas passes through a filter in order to remove the humidity

Figure 8.A) general overview of gas input interface and anti-humidity filter; B) swivel piece located between gas

input interface and umbilical cord.
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of air. Furthermore, between interface and umbilical cord was introduced a swivels as observed in Figure 8B

in order to avoid knots rolling and unrolling.

2.3. Hand-held probe

At the end of the fiber, the hand-held probe focuses the laser beam onto the sample surface by an
appropriate optical configuration. A photograph of the probe is shown in Figure 9. The optical system in the
probe seriously influences the performance of the fiber-based LIBS system. Thus, the optical configuration
consisting of a pair of lenses is the most widely used in the literature. Davies et al. [7] and Cremers et al. [8]
used a system formed by two identical lenses. In our particular case, after some study, an alternative to this
approach was the use of a pair of lenses with different focal length. This configuration has been proposed by
several authors [9-11]. The optical system is composed by L4 (collimating): 40 mm focal length and L5
(focusing): 25 mm focal length. The characteristics of the optical components aredetailed inTable 2, included
in the section 2.2. As known, the laser radiation is diverged at the end of the optical fiber cable. The use of a
collimating lens with longer focal length specifically increases the diameter of the collimated beam, thus
reducing the spot size (450 um) over the sample surface.

A scheme of the different parts that constitute the hand-held probe is represented in Figure 10.
Figure 10A shows the external casing of the LIBS probe that was built with ARNITE®. This material
polyethyleneterephthalate was chosen for its high dimensional stability and excellent wear resistance. Then,
Figure 10B represents a longitudinal cut of LIBS probe where all components are detailed. Additional
information and more details are included in Figure 11. A drawing of probe without casing is shown in Figure
10C in which it can be see an internal cylinder constituted by the attached system of the optical fiber (C') and
the optical system (C"). The attached system of the optical fiber has two functions: fixing the optical fiber and

canalizing the purge gas flow from the umbilical. It is important to mention that the gas flow travels

18 cm

Figure 9. Photographic of the hand-held probe.
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Figure 10. Hand-held LIBS probe. A) external case; B) longitudinal internal section detailing the optical components;
C) hand-held LIBS probe without case, C’ is the cylinder to attach the optical fiber system, C” is the cylinder to

attach the optical components. Image provided by the Machining Service of the University of Malaga.

through the space between the external casing and internal cylinder until a conical end. Then, the gas is
canalized by a cone with a hole of 2 mm diameter. This cone allows to adjust the lens-sample distance in

order to optimize the focus of the laser radiation on the sample surface. This part of the LIBS probe is in
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Figure 11. Components details of the hand-held LIBS probe. Image provided by the Machining Service of the

University of Mélaga.
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close-contact with the surface of the sample during the analysis (see Figure 12). Finally, as shown in the
optical layout of Figure 5, plasma light is collected and guided to the optical module through the same optical
fiber.

2.4. Data acquisition module, spectrometer and results display

Plasma light is collected and guided to the optical module through the same optical fiber. Then, itis
focused by a system of two lenses on a collection optical fiber that connects the optical module with the data
acquisition module (see Figure 5 and Table 2). The data-acquisition module, consisting of the spectrometer,
the video converter and the PC components, was installed in the main unit as shown in Figure 13B. A
pulse/delay generator which externally controls the system (Stanford Research Systems DG535 model) and
a sun-readable monitor (22 inch) were also configured within this module as is represented in Figure 13A.
The spectrometer is a crossed Czerny—Turner design with a holographic diffraction grating of 1200
groove/mm (Avantes, AvaSpec-2014-USB2 model). This configuration provides a spectral resolution of 0.1-
0.2 nm/pixel in the spectral range of 300-550 nm. Then the information obtained by the spectrometer is
processed in the PC. A data management software was designed in MATLAB for our group in order to process
the data at real time.

Regarding the results display, the information is sent to a video converter installed in the PC. This
allowsshowing at real-time LIBS spectra simultaneously in both, a 22 inch, sunlight readable monitor installed
in the front part of main unit, and in a 5.4 inch submersible monitor specially designed for the diver, and
connected to the main unit by a 50-m long cable. Figure 14 shows a LIBS measurement in which the spectrum

is observed at real time in the submersible monitor.

Figure 12. Laser-induced plasma during an underwater analysis of a lead sheet.
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Pulse-delay Sun-readable Spectrometer PC Video
generator Monitor (22") converter

Figure 13. Data acquisition module. A) pulse delay generator and sun-readable monitor; B)spectrometer, PC and

video converter.

2.5. Auxiliary module

AQUALAS equipment has a totally energetic autonomous to work in field operation. For this purpose
an auxiliary module which provides both power and air flow, required for underwater analysis, was
constructed. This module was constructed in a robust structure (123 X 60 X 67 cm?) and containing an air
compressor, an external power generator and uninterruptible power supply (UPS). These components are
shown in Figure 15.

The air used like purge gas is obtained cheap, inexhaustible and easily transported through the
portable air compressor, which is able to provide up to 8 bar pressure.Problems associated with the transport
of helium and argon containers and the high cost of them are solved in this way. The external power generator

has inverter technology and 3500W power allowing 8 h of continuous operation of the LIBS instrument without

Figure 14.A) LIBS measurement in which the spectrum is observed at real time in the submersible monitor; B)
Zoom of submersible monitor.
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Air
compressor

UPS

Power
generator

Figure 15.Auxiliary module components. An air compressor and UPS are located up level while the power

generator is placed in down level.

refueling. Last, the uninterruptible power supply works with a battery that keeps the power supply to the
equipment during 10-15 min, if suddenly the power generator is turned off allowing to extract the LIBS probe

of the sea without the water enter into the probe.

2.6. Fiber-based system approach
2.6.1. LIBS excitation configuration

In this section, we will focus on the different LIBS excitation configuration, in order to increase the
threshold damage of input laser energy into the optical fiber; and at the same time, achieve an increase the
energy transmission. AQUALAS 2.0 was designed integrating both configuration, single pulses (SP) as multi-
pulse (MP). First instance, the use of multi-pulse excitation could allow introducing a higher laser radiation
through the optical fiber. Briefly, the MP generation and characterization will be described below.

¢ Generation and characterization of Multi-pulse

For a train of multi-pulse (also known as multi-spikes) it is necessary to advance the opening time of
the Pockels cell regarding the optimal point of maximum power of the laser by external synchronization thereof
with a pulse generator and delays. A temporal scheme of the sequence is represented in Figure 16.This

effect, recently reported [12, 13], could be explained by a relatively slow (about 80-100 us) electronic closing
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of the Pockels cell and by its fast opening when the laser resonator is only slightly above the lasing threshold.
This allows the population inversion to build up again above the laser threshold during the flash lamp and
before the Q-switch (QS) is fully closed. The MP phenomenon occurs only in a certain time, in ourparticular
case, when the QS delay is less than 140 ps. It is due to the fact that above this value, the laser becomes
stable enough to close the Pockels cell quickly, avoiding the emission of these spikes after the main pulse.
When the opening moment of the Pockels cell is progressively before to 140 ps, the time to generatemultiple
pulses is increased. Thus, an increase in the number of spikes that constitutes the laser pulse is obtained.

The number of spikes varies between 2 and 11. The maximum total duration of the pulse train was over
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Figure 16. Temporal scheme of multipulse effect generation.
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70 ps, and the energy of each spike of the laser burst was stable to 20-30% relative standard deviation
(RSD). In addition, the RSD for the pulse ratio (i.e., spike 2 to spike 1, spike 3 to spike 2, and so on) was
around 1-2%. In contrast, QS-delay settings beyond 140 us represent the classic SP regime. Figure 17 shows
the monitoring of pulse trace by an oscilloscope (Tektronix DPO 7104) using a photodiode (Thorlabs DET10C)
for our working conditions, a pulse of QS-delay 140 us (case of SP) and a QS-delay 118 ps (MP effect). On
the other hand, as explained in Guirado et al. work [12], the pulse width (full-width at half-maximum, FWHM)
for the first spike was found to depend on the QS-delay, whereas the pulse width in the remaining spikes was
40 ns. In SP regime, the pulse width was 7 ns. Concluding, the number of spikes, their amplitude and the
total pulse energy will be variable for different delays in the opening of the QS shutter of the Nd:YAG laser. It
suggests that the QS-delay must be optimizing for each experimental set-up. For AQUALAS 2.0 equipment
has been evaluated the FWHM for the first spike and the pulse energy laser in function of Q-switch delayusing
a voltage of Flash-lamp (1292 V). The results are represented in Figure 18. The best condition for AQUALAS
2.0 in function of breakdown threshold of optical fiber has been established at 118 us QS-delay obtaining an
energy pulse of 85 mJ and 22 ns pulse duration of first spike.

o Comparison of optical fiber transmission using multi-pulse sequence and single pulse

Increased transmitted laser beam energy is almost mandatory for the real time analysis of an

underwater object. In the first generation of remote LIBS instruments [6], the damage threshold of the
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Figure 17. Monitoring of pulse trace by an oscilloscope using a photodiode at a QS-delay 140 us (SP-LIBS) and a
QS-delay 118 ps (MP-LIBS).
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Figure 18. Fist spike characterization in the range of MP effect, FWHM and pulse energy laser for a voltage of flash
lamp to 1292 V.

optical fiber (high- OH, UV- grade fiber, 550 ym core diameters) was 30-35 mJ/pulse using a typical 7 ns
pulse and SP configuration. The maximum input laser energy did not exceed 32 mJ/pulse which together with
a transmission of 50% limited the energy at the target to ca.15 mJ/pulse. This circumstance restricted the
variety of samples to be analyzed underwater. However, the second generation of remote LIBS instruments
introduced the employment of a multi-pulse excitation scheme; and the maximum laser radiation that can be
delivered through the optical fiber is approximately 4-fold larger as compared at SP. In this case, although
the characteristics of the optical fiber are the same to that published in [6], the pulse width is 22 ns in the
multi-pulse configuration (higher in comparison with SP configuration), facilitating the transmission through
the optical fiber up to 74%. Although the 55 m optical fiber cable produces attenuation of the plasma light
below 350 nm and may affect the plasma light collection, the transmission in the VIS region is fairly good.
The enhancement in the intensity ratio between MP-LIBS and SP-LIBS operating at the same target and

irradiance is shown in Figure 19.

2.6.2. Optical fiber LIBS system

Prior to the design and development of prototype AQUALAS 2.0 it was necessary to evaluate the

transmission of laser pulses through an optical fiber cable. In this meaning, some factors such as fiber
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Figure 19.Comparative LIBS spectra between MP-LIBS (QS-delay: 114 us; Energy: 60 mJ/pulse) and SP-LIBS
(QS-delay: 140 ps; Energy: 24mJ/pulse) configurations for an iron-based material. Both spectra were acquired at

the same irradiance value, 1.89GW/cm2. Figure provided by ref 14 with permission of authors.

attenuation, the core diameter and the length of the optical fiber could influence the optical transmission and
should be taken into account.In order to evaluate some of these mentioned parameters an experimental setup
for guiding the laser pulse through the optical fiber was designed. Figure 20 shows a schematic diagram of

the experimental set up where the optical system is composed by a focusing lens L1: 100 mm focal length.

¢ Influence of core diameter of the optical fiber on transmission efficiency

One of the most important aspects in the optical fiber is the amount of laser radiation that can be
transmitted. Figure 21 shows the transmission efficiency of laser radiation through an optical fiber cable of 1

L1 Optical fiber
"
M

Nd: YAG @ 1064 nm

Figure 20. Experimental set-up used in the transmission of laser pulses through an optical fiber.
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Figure 21. Transmission efficiency of the optical fiber core of 1000 and550 um.

meter length. In this case, two core diameters at 1000 and 550 um have been evaluated. The experiment
was carried out using a SP configuration varying the input power into the optical fiber in a range from 11 to
45 mJ. Figure 21 shows laser energy values taken at the end of the optical fiber versus the to the input pulse
energy. As shown, a linear increase in transmitted energy is observed until an input value of 45 mJ /pulse.
Due to the damage threshold of the optical fiber cable for SP configuration, the maximum input power should
not exceed 40-50 mJ / pulse.

The results indicated that the transmission efficiency (between the input and output of the fiber) is
80% for fiber core of 1000 um and 72% for the fiber core of 550 um. Thus, it is clear that a larger size core
improves transmission efficiency. However, this increase is not significant considering the high cost of optical

fiber cable core of 1000 um. Therefore, to prototype development a fiber core of 550 um was selected.

e Maximum depth for an optical fiber LIBS system

As explained in the previous section (2.6.1), in our next generation of underwater LIBS system [14],
the employment of a multi-pulse excitation scheme improved the performance of the instrument in terms of
energy transmitted through the optical fiber. The maximum depth a fiber-based LIBS system is sketched in
Figure 22. The same experimental system, detailed in this section, was utilized but in this case using a MP
configuration. As seen, the length of the fiber-based system strongly depends on the transmission of the laser

radiation through the optical fiber. Referring to the specifications of the optical fiber used, at the laser
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Figure 22. Maximum depth in an optical fiber LIBS system. For MP-LIBs, the input irradiance was 2.4 GW/cm2. The
trend curve (dashed line) for the transmission values experimentally measured at 1, 5, 10 and 55 meters fiber

length are also plotted in the graph.

wavelength of 1064 nm, the transmission of 1-m. long optical fiber is 99.4%. The irradiance at the target
associated to each energy transmitted is represented in the right axis. In the graph,an input irradiance of 2.4
GW/cm? was considered. This irradiance value was just below the damage threshold of the fiber. The trend
curve (dashed line) for the transmission values experimentally measured at 1, 5, 10 and 55 meters fiber length
is also plotted in the graph. As observed, at the plasma threshold irradiance, it could be possible to perform
underwater LIBS analysis of metals (0.4 GW/cm? plasma thresholds) at a distance of ca. 260 m. Plasma
formation threshold depicted in the graph were experimentally measured in laboratory. When the input energy
requirements of the sample grow, as in the case of ceramics, rocks and marble, the maximum distance is
substantially reduced. Hence, in the case of ceramics, line corresponding to its plasma formation threshold
(1.0 GW/cm?) cuts the fitting line at approximately 130 m. The same fact occurs for rock and marble materials.
However, this analysis does not consider the attenuation of the returning plasma light through the same
optical fiber. In practice, aforementioned distance would be further reduced. The results suggested that it
could be possible to perform underwater LIBS analysis of metals at a distance of ca. 260 m and 130 m in the

case of ceramics.

3. LIBS sensor for distant objects

In this section, an extensive description of the characteristics of each pieces selected to develop a

home-made high pressure chamber is presented. In addition to this, the pressure resistance of the
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constructed chamber has been evaluated where it was certified its working capacity is up to at least 400 bars
of pressure. The influence of the optical path on the laser beam radiation has been also studied in our

experimental set-up on the attenuation of light through the environment and the focusing conditions required.

3.1. Design and construction of a high pressure chamber

A laboratory LIBS system was designed to operate in depth ocean experimental conditions.
Therefore, a high pressure chamber was required which should reach, at least, a pressure of 300 bar in order
to make a simulation. The material selected to build the chamber was stainless steel. This material was
chosen to avoid the oxidation by water; and for its excellent wear and pressure resistance. Its dimensions are
135 x 130 x 115 mm3and a capacity of 80 ml. The prototype, of cylindrical shape, consists of water out (P7)
and six ports: five laterals ports (P1-P5), an upper port (P6) as observed in different views in Figure 23.

- P3:input for laser beam radiation/coaxial plasma light collection

- P1,P2,P5: visualization and plasma light collection (in a certain angle)

- P4: waterin

P7: water out
The numbers of ports were selected in order to increase the versatility of the high-pressure chamber.
A detailed description of the components, functionality and features of the different ports of the chamber are

detailing below.

Figure 23.External view of high pressure chamber.
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+ Laterals ports 1,2, 3 and 5

Ports 1,2, 3 and 5 were designed identically. Sealing the chamber and watertightness in these ports
is achieved using a system of gasket-sapphire window-gasket countersinks in the locking cylinder, as detailed
in Figure 24 This set of pieces is adjusted to the chamber with eight M6 screws and a specific washer of

pressure. The characteristics of each are described below.

e Washer support

Stainless steel piece lathed so that fitting with a gasket in the surface of sapphire window ($22 mm);

and another one (¢ 26 mm) in the lateral contour, as observed in Figure 25.

e Sapphire window

The material selected for the windows was sapphire.Sapphire has good qualities for this demanding
application that require reliability, strength, a broad transmission range, and low transmitted wavefront
distortion at both high and low operating temperatures.Also, it is chemically inert and insoluble to water. In

addition to this, it allows see through it providing an optical path view inside the chamber.

Window Sapphire

Washer Port

Figure 24. Sealing system chamber for ports 1, 2, 3 and 5.
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Figure 25. Washer support of stainless steel.

To choose the correct characteristic of the sapphire window, the minimum thickness of a window to
withstand a pressure gradient of 300 bar is necessary to calculate. For a circular window, avoiding plastic

deformation, the minimum design thickness is indicated by the following expression:

2 prxDz/
S

tmin =

where K (0.8) is constant which incorporates a minimum safety factor; D is the unsupported diameter; S is
the apparent elastic limit; and p is the pressure differential. After calculations, for a diameter of 25.4 mm, the

thickness of the sapphire window should be at least 5 mm.

e Locking cylinder

Locking cylinders are circular stainless steel piece with a 51.8 mm diameter and 7.7 mm of thickness.
In the middle is drilled with a hole of 16 mm diameter. The piece is pierced with eight holes (M6) with a 9 mm

in diameter to screw the locking cylinder to the chamber and to ensure the tightness.

+ Input water port (P4)

Port 4 was designed to connect the chamber to a high-pressure pump that allows aqueous solutions
to flow into the cell and the cell to be pressurized. Sealing the chamber and watertightness in the port is
achieved using a gasket and a locking cylinder, as detailed in Figure 26. The locking cylinder, as the rest of
port, is a circular stainless steel piece. In the edge of the piece is pierced with eight holes with a diameter of
9 mm to introduce the screws M6. In the middle is pierced with a 16 mm diameter of hole. This hole connects
the chamber to pump through a stainless steel tube with 1/4” BSP connection with a hexagonal nut. There
are two ferrules inside of nut whose function is to compress the stainless steel tube reaching make a fitting

seal.
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Locking cylinder

«

Gasket

N

Pump-chamber connector

Figure 26. Overview of the water input port.

4 Ouput water port (P7)

The water output of the chamber is carried out by port 7. It is located in the back to the chamber. It
has a hole 12 mm external diameter joined through a fitting steel BSP 1/8-1/4 ", to an adjustable pressure
limiter to work among 0 and 400 bars. The port has two main functions. First, safety function is control the
pressure excess inside the chamber by the limiter. And second, together with input water port, allows water

circulation making easier removal of the particles generated after laser ablation.

+ Sample holder (P6)

On top of chamber is located port 6. It is constituted by a rectangular stainless steel piece lathed
used to support the sample. The target-holder has the possibility of 20 mm axial movement in order to allow
us to adjust the distance between the lens and the sample. Sealing and watertightness in this port of chamber
is achieved using a gasket and a locking cylinder (¢ 75.8 mm; E 10 mm). The locking cylinder is adjusted to
the chamber with ten M8 screws and a specific washer of pressure. An overview of port 6 is shown in Figure
27.

The high pressure chamber described in this chapter has been tested in order to evaluate its
pressure resistance. Certification test was carried out increasing in short steps the pressure inside ofchamber

injecting a liquid with a manual pump. The pressure reached inside the chamber was monitored in real time
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Figure 27. Overview of the target-holder.

in this closed circuit by connecting a pressure manometer (certified up to 400 bar with an error interval of 10
bar) at the outlet of the manual pump as represented in sequence of Figure 28. Figure 28 shows some
photographs taken during the resistance test in which is observed the high pressure chamber, the
experimental set-up and the operator working, as well as the maximum pressure to which it is was subjected.
The results indicated that its working capacity up to at least 400 bars of pressure. The certification report can

be read in Appendix 1.

Figure 28. Photographs taken during the pressure resistance test,A) high pressure chamber;B) experimental set-up;

C)maximum pressure to which chamber was subjected (400 bar).
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3.2. Influence of the optical path on the laser beam radiation

In this particular application, a key factor influencing LIBS measurements is the laser beam
attenuation through the environment, in our case, the water and the sapphire windows. Thus, the attenuation
percentage of laser radiation due to these components should be evaluated. On the other hand, it should be
noted that the focal distance of the lenses in water becomes longer than that in air, due to the higher refractive
index of water. Therefore, a previous evaluation of the focal conditions was required to solve geometric
factors. To carry out these experiments a water tank was built of PMMA with a wall thickness of 10 mm; its

dimensions are 160 mm long, 180 mm cm wide and 110 mm high.

The attenuation of the laser beam by absorption and scattering caused by the particulate matter and
by water has been evaluated. Due to water absorption, only a fraction of the incident energy reaches the
sample surface. The water absorption coefficient (a) at 532 nm is minimal, 0.00022 cm-'. Under our
experimental conditions, only an attenuation of 2% was measured in an underwater optical path of 14 cm due
to the presence of particulate matter in water. However, an attenuation of 30% was measured when
considered both the optical components and the underwater optical path (laser beam attenuation). The
experimental procedure used to measure the attenuation suffered by the laser radiation of under water until

the sample is schematised in Figure 29. The energy value was measured at each side the sapphire window

Optical path 14 cm

-1.5 dB (Attenuation path 30%) >

Intensity is reduced by 2.14 % in a 1 cm path length (-0.11 dB/cm)

Figure 29. Laser irradiance attenuation measurement at532 nm through optical path.
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obtaining an absorption of 14% per each one. Known this value, the energy laser radiation was measured
before enter to the container and after, crossing the water and the two windows. Thus, 532 nm radiation
inaverage was attenuated 2.14% per cm of optical path (considered the optical components and underwater
path), or in other words, -0.11 dB cm-'. Also, this experiment was carried out changing the wavelength to
1064 nm. If both results are compared at 532 nm attenuation value, relatively low, contrasts with the
corresponding to 1064 nm, which was -0.66 dB cm-'. Under these circumstance, we decided to work at 532
nm wavelength in future experiments.

Laser radiation is modified as a function of the properties of the propagation medium; a clear example
of this is the refractive index. Due to the higher refractive index of water, the focal distance of the lenses in
water becomes longer than that in air. Consequently, a careful adjustment of the laser focal conditions is
required as a function of the optical path inside water. Figure 30 shows the observed focal distance of a set
of lenses with nominal focal distances in the range 30 to 150 mm, in water and air environment. As expected
a larger increase of focal distance was obtained in water in comparison with air. This effect is enlarged for
lenses with longer focal distance. After that and considering the optical path inside water in our high pressure
chamber (sapphire window until central point of the chamber, 95 mm), it is convenient to select a plano convex

lens with a nominal focal distance at 75 mm.

200 T ¥ T Y T ' T y T Y T T T

1804 |[—o—AiIr | -
J A—-o—- Wate—r 2
160 4 4
140 4 i
120 4 1
100 4 |
80 - 4
60 - i

40 -

Observed focal distance (mm)

20 -

|| ’ || d 1 4 1 ¢ 1 v 1 4 1
20 40 60 80 100 120 140
Nominal focal distance (mm)

Figure 30. Focal distance lenses as a function of the propagation media, water and air.
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Capabilities, stability and robustness of Aqualas system. Underwater chemical characterization of galvanized steel

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) has experienced a growth in interest as a surface
analytical method, as revealed by the wide number of LIBS applications found in the bibliography [1-3]. The
well-known LIBS attributes (namely multi-elemental detection in a wide variety of matrices, fast analytical
response, remote sensing capabilities and analytical figures of acceptable value for most applications)
make the technique a suitable alternative for real-world applications even in extreme conditions or
hazardous environments that put the technique to the limit [4]. In particular, during the last few years, LIBS
has emerged as a new solution for oceanography [5]. Oceanic LIBS technology will take special relevance
in the next decades and might be used in applications such as geological and mineralogical exploration, the
investigation of underwater cultural heritage, inspection of oil and gas pipelines, and the analysis of alloys
and concrete on the seafloor, among others.

In 1984, Cremers and co-workers [6] demonstrated for the first time LIBS analysis inside liquids.
The laser—water interaction when a laser pulse is focused into a liquid produces a rapid heating of the liquid
followed by its explosive expansion and formation of a gas bubble. As a consequence, the lifetime of the
plasma generated is very short, in the order of 100 ns, leading to a relatively poor signal in which the
emission is dominated by the continuum component [7]. In an attempt to increase the analytical sensitivity
of conventional single-pulse LIBS in submerged solids, some recent experiments [8-10] demonstrated that
an enlargement of the laser pulse duration significantly improves the quality of the acquired LIBS spectra.
The use of a long-pulse duration lead to an enhancement of the emission lines and to lowering of the
continuum level since, before reaching the sample, the later part of the beam is efficiently absorbed by the
plume and causes an additional plasma excitation and expansion. However, even though the use of a long-
duration ns pulse has been demonstrated as a good solution, the double-pulse configuration is the most
widespread alternative in LIBS community. At this point, De Giacomo et al. [11] reviewed the limitations of
SP-LIBS and discussed the peculiarities of DP-LIBS as an invaluable analytical tool for the elemental
analysis of bulk water and submerged solid samples. In this approach, the first laser pulse produces a gas
bubble whereas the second pulse ablates the sample and re-excites the plasma inside the bubble.
Recently, in a series of two papers, Lazic et al. [12-13] explained the cavitation bubble formation during
laser-water interaction and the dependence of DP-LIBS signal intensity inside liquids on the interpulse delay
and how the formation and detection of the secondary plasma are strongly affected by the optical properties
of the vapor bubble induced by the first laser pulse.

Another alternative is the use of a gas purge to remove the water from the sample surface and
create a gas-sample interface ideal for underwater LIBS analysis without the need to create first the vapor
bubble, as in a double-pulse configuration. As compared to a solid-liquid interface, working in a solid—gas
environment improves the ablation efficiency since the input energy is not lost in liquid evaporation and it is

not absorbed and/or scattered by the liquid and the suspended particles. Based on this concept, in 2002,
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Beddows et al. [14] published the first analysis of submerged targets under gas flow. Here, LIBS analysis on
steel samples was performed at a 20 meters distance by delivering the laser radiation through an optical
fiber cable. In fact, the employment of fiber optics play an increasingly important role in the design and
construction of sensors and LIBS measuring systems. Thus, applications including the analysis of ferrous
material in a nuclear reactor [15], the determination of minor trace components in different matrices [16, 17]
and the determination of pollutants in soils [18,19] have been also addressed in the literature. In general,
the maximum distance reached for the instrument as well as the LIBS configuration and the optical system
for laser focusing at the output end of the fiber depends on each particular application. In the field of
oceanography, in 2012, the first in situ submarine LIBS analysis of solid samples was published by the
University of Malaga [20]. An integrated LIBS technology platform for underwater analysis was developed
and adapted to the marine environment. A set of metallic materials was analyzed at 30 m deep. Later, the
employment of a multi-pulse configuration was raised by the authors as a possibility to increase the laser
beam energy transmitted while avoiding the damage of the fiber [21-23]. MP-LIBS operates in a collinear
configuration with the advantages of using a single laser source, thus avoiding problems related to the
alignment and synchronization between several laser sources. Also, MP-LIBS reduces the dimensions,
consumption and equipment costs, which are important in the design of a fieldable LIBS system. With this
configuration, the performance of the equipment was improved in terms of energy transmitted through the
optical fiber, range of analysis and variety of samples to be analyzed. The improved version of this remote
system was tested in a real archaeological shipwreck in the Atlantic coast of Andalucia.

LIBS has no limited horizon and the continuous advances in reducing the size and weight while
increasing the capabilities of lasers, spectrographs and detectors make possible the development of
compact and rugged instrumentation. Portable systems give greater flexibility and also increase the range
of LIBS applications. Thus, sea floor exploration at deep-ocean (2000-3000 meters) could be accomplished
by the integration of LIBS technology in a remotely operated vehicle (ROV). Studies concerning the effect of
pressure in LIBS analysis inside liquids [24, 25] and the influence of the underwater optical path on the LIBS
signal [26] have recently explored the suitability of LIBS for a deep-sea survey.

What is clear is that LIBS is the only available technique for chemical analysis directly inside
liquids. To further exploit the inherent advantages of the technology, a mobile fiber-based LIBS platform
capable of performing remote measurements in the tens of meters range has been designed. In the present
chapter, its performance is discussed on the basis of the spectral response. To check the reliability and
reproducibility of the instrument several robustness tests were performed outside the lab. Last, the potential
of remote-LIBS technology for the underwater measurements of coating thickness in galvanized steel was

also studied.
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2. Experimental set-up

2.1. Instrument

The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A more detailed
description of AQUALAS 2.0 has been presented in Chapter 3.

2.2. Samples

For field tests, a certified bronze standard (BCR 691) with variable concentration of Cu, As, Sn, Pb,
and Zn was used. Also, a set of electrolytically galvanized steel samples, with variable Zn thicknesses in the
range between 3.1 and 11.2 um provided by ThyssenKrupp Stahl (TKS, Dortmund, Germany) was used.

These samples were considered reference materials, which allowed construction of calibration curves.

3. Results and discussion
3.1. Stress tests in a marine environment. Stability and robustness of the remote LIBS system.

The main goal of this approach is the possibility of a LIBS analysis in situations where the sample
of interest is not directly accessible, i.e. industrial and geological applications, underwater inspection,
hazardous environments and in general, areas of contamination by toxic or radioactive material. In chapter
3, the design of a robust fiber optic probe for remote sensing by LIBS has been explained. At the same
time, it should be pointed out that focusing of the laser radiation into an optical fiber is the most critical
issue. The fiber must be mounted on a xyz stage and also it should be placed behind the laser focus
position to avoid irreversible damage.

A number of experiments were conducted in order to evaluate the stability and robustness of the
prototype in a marine environment. Operations were performed outdoor in the Malaga Bay. In a first step,
we evaluated the deployment of the 50-m long umbilical cable which was wound round a cylindrical support.
The accumulated stress in the spool may affect the laser beam delivery through the optical fiber cable.
Thus, LIBS spectra on a bronze sample (78.7% Cu, 8% Pb, 7.2% Sn and 6% Zn) were acquired at different
range of analysis depending on the LIBS-probe deployment. Figure 1 shows the influence of the probe
deployment on the LIBS signal. The selected spectral line for this study was Cu (I) at 521.82 nm. Each point
in the graph represents the average intensity of 5 replicate measurements. As shown, the signal intensity
remained virtually constant with the LIBS probe deployment, in the 0-50 meters range. In this range, the
average intensities were measured in ca. 38.000 counts (5% RSD). The inset of Figure 1 represents the
relative standard deviation (RSD) for each measurement. As noted, in all cases, the signal variability is
better than 14% RSD.
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Figure 1. Influence of the probe deployment on LIBS signal. The inset represents the relative standard deviation

(RSD) for each measurement in the range 0-50 meters.

Figure 2 depicts the output energy of the LIBS probe as a function of the distance deployed from
the instrument, measured with a pyroelectric energy meter. A series of 500 successive laser pulses at a
repetition rate of 2 Hz were measured. The energy meter was placed slightly out of focus in order to avoid
damage in the sensing head. As shown, the average pulse energies measured remain practically constant
with the deployment of the LIBS probe (RSDiner-range ~ 2%), Which means that attenuation of the delivered
laser energy is in some way negligible. In this meaning the averaged output energy has been measured in
42.6 mJ pulse'. Furthermore, the pulse-to-pulse fluctuation of the output energy remains more or less static
(RSDintrarange ~ 0.5%) regardless of the deployed distance.

LIBS system stability as function of time was also evaluated. Results are plotted in Figure 3. The
selected spectral line for this study was Cu again. Each point in the graph represents the average intensity
of 5 replicate measurements on bronze sample. In addition, LIBS spectra were strictly acquired at the same
experimental conditions (50 laser shots per replicate; 2 Hz; 1.3 ps acquisition delay; 22 ns pulse width).
This study started in 2014 and continues to date. As observed, in the first part of the graph, LIBS signal was
in the range 35.000-40.000 a.u. From here, the intensity gradually drops until 30.000 a.u., which may
indicate disalignment of the laser-to-fiber coupling. At this point, optical fiber was broken and then was
polished again and a smooth adjustment was performed to retrieve the system's performance. Hence, this
graph allows the regular monitoring of the LIBS system stability and identifying/diagnosing problems related

to the laser-to-fiber coupling.
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Figure 3. LIBS system stability as a function of time. Each point in the graph represents the average intensity of 5
replicate measurements on a bronze sample (78.7% Cu, 8% Pb, 7.2% Sn and 6% Zn). Experimental conditions: 50

laser shots per replicate; 2 Hz; 1.3 ps acquisition delay; 22 ns pulse width.
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Referring to the aforementioned results, the stability of the LIBS system is highly satisfactory,
which is particularly relevant especially in a marine environment. In this sense, a hypothetical damage of the
optical fiber may be the unique weak point of our prototype. Thus, in another experiment, a stress test was
performed with the objective to evaluate the robustness of the laser-to-fiber coupling. LIBS system was
moved along a cobblestone road in the access route to the beach in which these tests were performed. The
total distance covered in this experiment was 500 meters and LIBS spectra were acquired every 100
meters. The emission line Cu (I) 521.82 nm as function of the distance covered by the prototype is depicted
in Figure 4. The calculated RSD values for each test is also plotted in the graph. As shown, the averaged
LIBS intensity along the 500 meters was ca. 35.000 counts while the reproducibility in terms of relative
standard deviation was, in all cases, better than 10 %. Results obtained confirmed the robustness of the
laser-to-fiber coupling even during the displacement of the system in a non-paved road. In relation to this,
the proven stability and robustness of the remote LIBS system guarantee the reliability of the data acquired

under severe conditions (i.e. in a marine environment) during a field campaign.

3.2. Underwater LIBS analysis of galvanized steel

In the industrial sector, to assure reliable corrosion protection, the coating thickness has to be kept
constant over a tolerance range [27]. Underwater depth profiling LIBS analysis, using multi-pulse

configuration, of a set of galvanized steel with different coating thicknesses in the range 3.2-11.2 ym was
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Figure 4. LIBS signal as a function of the distance traveled by the prototype along a non-paved road. The total

distance covered in this experiment was 500 meters.
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performed. It is worth mentioning that this study was completed in shallow waters during the tests
accomplished in the Bay of Malaga. LIBS spectra of galvanized steel were acquired in the 350-550 nm
range. Emission lines of Zn (I) 472.21 nm and Fe (I) 438.35 nm were monitored in the coating and the
substrate, respectively. Depth information was obtained by tuning the pulse width to 22 ns (QS-delay: 118
ps) and 30 ns (QS-delay: 116us). The resultant Zn profiles for a coating thickness of 11.2 pm in both
instances are plotted in Figure 5. X-axis corresponds to the number of laser pulses. For comparative
purposes, signal emissions were normalized to unity. As noted, both profiles decay until reaching a value
near to zero. The averaged ablation rate (AAR) calculated from the number of pulses corresponding to a
normalized intensity value equal to 0.5 (p0.5), that is 50% of the full signal [28]. The inset represents the
differentiated profile at each pulse width. As seen, the derivative of the measured LIBS profile exhibit a
Gaussian shape and can be also used to elucidate the AAR. The number of pulses to completely deplete
the coating layer was lower for the larger pulse duration, 30 ns. Thus, for the coating thickness of 11.2 um,
the AAR was measured in 172 nm pulse-1 and 254 nm pulse-1 for the pulse width of 22 ns and 30 ns,
respectively. This fact is could be due to that the pulse duration of the main spike in the sequence promotes
the heating and melting of the sample, facilitating the ablation of the sample surface by the rest of the
spikes or exciting the material that has been previously ablated by the first pulse. Hence, longer pulses and
a greater number of spikes (as is the case of QS-delay: 116us) could be intensify the ablation of surface
[21].
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Figure 5. Depth profiles obtained during the underwater LIBS characterization of galvanized steel (coating thickness
of 11.2 um) at 22 ns and 30 ns pulse duration. The inset represents the differentiated LIBS intensity for the Zn profile

acquired at both pulse duration. The emission line Zn (1) 472.22 nm was monitored.
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Figure 6. Variation of the Zn profile in a set of commercial galvanized steel (ranging from 3.2 to 11.2 um) as a

function of the laser pulse duration: 22 ns (left) and 30 ns (right).

The rest of the galvanized steels were measured following the same criteria for both pulse widths.
Results are plotted in Figure 6. In this graph, the variation of Zn profile as a function of the number of laser
pulses is presented. The total laser pulse energy was kept constant for all measurements. Hence, it is clear
that the laser irradiance decreases with an increase in pulse duration. As shown, a change in the
experimental conditions results in an increase in p0.5 and consequently in a decreases of AAR, as occurs in
the left graph, corresponding to 22 ns pulse duration. In contrast, in all the coating thickness measured,
p0.5 decreases at 30 ns pulse duration. To establish a correspondence within the laser pulse duration, data
were plotted in Figure 7. In this sense, the averaged ablation rates were higher for the larger pulse duration,
30 ns, in all the coating thickness examined. Thus, for 22 ns pulse duration the AAR was measured in the
130-160 nm pulse-'while in the case of 30 ns the AAR was ~250 nm pulse-' in all the examined range.

In addition to this, in order to quantify the limit of accuracy and precision of the profiles obtained,
depth resolution (Az) was calculated for a coating thickness of 3.2 um in both pulse widths. This parameter
is defined as the depth range over which a signal decreases (or increases) by a specified amount when
profiling an ideally sharp interface between two media. By convention, the depth resolution corresponds to
the depth range over which an 84 to 16% (or 16 to 84%) change in the full signal is measured as explained
in ref [28]. Also, such reference indicate that if a change in experimental conditions results in an increase in
p0.5 then AAR will decrease, as was observed in Figure 7. In that case, as more points will define the depth
profile, and consequently the interface description, an improvement of depth resolution would be expected,
that is, as AAR decreases, Az should decrease too. However, in our experimental conditions Az was

measured in 2.8 um and 2.2 um for the pulse width of 22 ns and 30 ns, respectively. It was due to that the
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factor Ap (that corresponds to the number of laser shots to reach 84% and 16% of the normalized signal
intensity) was changed as a function of the pulse width. In view of the results a faster and well resolved
deep characterization is obtained using large pulse duration.

On the other hand, in order to determine the Zn coating thickness, calibration curves were
constructed for both pulse durations. In Figure 8, the number of pulses to reach the Zn-Fe interface is
plotted as function of the coating thickness. As expected, this value increases with the thickness of the Zn
coating. In both cases, the excellent correlation between both variables allows the estimation of the coating
thickness of an unknown sample. Thus, the longer the pulse duration, the larger the ablated mass. This
result is consistent with that published in [21] and demonstrates the potential of remote-LIBS technology for

the underwater measurements of coating thickness in galvanized steel.

4. Conclusions

In this part of the work, underwater characterization of galvanized steel has been accomplished in
shallow waters in the Bay of Malaga. Also, a number of experiments were conducted outdoors in order to
evaluate the stability and robustness of the Remote-LIBS prototype in a marine environment. Results
confirmed the potential of LIBS for underwater measurements, which could be considered as a solution for
mining exploration, cultural heritage and the industrial sector, among others.

A stress test was designed with the objective to assess the improvements performed in the remote
system. At first, we studied if the accumulated stress in the spool may affect the laser beam delivery
through the optical fiber cable. However, signal intensity remained virtually constant with the LIBS probe
deployment. In the 0-50 meters range, the averaged output energy was measured in 42.6 mJ pulse-! while
the RSDinter-range was approximately 2%. This means that attenuation of the delivered laser energy is in
some way negligible and does not depend on the deployment of the LIBS probe.

Also, results obtained confirmed the robustness of the laser-to-fiber coupling even during the
displacement of the system in a non-paved road. The total distance covered in this experiment was 500
meters. In relation to this, the proven stability and robustness of the remote LIBS system guarantee the
reliability of the data acquired under severe conditions (i.e. in a marine environment) during a field
campaign.

During the stress tests, the potential of remote-LIBS technology for the underwater measurements
of coating thickness in galvanized steel was demonstrated. A multi-pulse excitation scheme was selected
for LIBS analysis. Depth information was obtained by tuning the pulse width to 22 ns and 30 ns. In order to
determine the Zn coating thickness, calibration curves were constructed for both pulse durations.
Information extracted from depth profiling analysis could be employed for the quality control of the corrosion

protection in the industrial sector. The average ablation rate (AAR) was measured in 172 nm pulse-' and
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260 nm pulse! for the pulse width of 22 ns and 30 ns, respectively; and depth resolution (Az) 2.8 um and

2.2 um. Hence, the longer the pulse duration, the larger the ablated mass and depth resolution.
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Influence of gas on underwater LIBS analysis. Application to the cultural heritage field

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a popular technique because of its speed,
simplicity, and usually inexpensive hardware. Additionally, LIBS requires little or no sample preparation and
can provide in situ simultaneous multi-element analysis. Thus, joining the LIBS potential with the
improvements of instrumentation development to adapt the technique to field trials with deployable
equipment, it is not surprising that this technique is being employed for a wide variety of applications [1, 2].
In particular those that take place in an extreme environment where it is difficult access to the sample or its
transport, or represents a risk for the analyst such as the explosive detection [3], submerged cultural
heritage [4, 5], space exploration [6, 7] among others. However, LIBS still suffers from relatively poor
sensitivity compared to other analytical methods, and this aspect often limits the performance of the
technique. In an attempt to increase the analytical capabilities of LIBS, a substantial part of the research
interests has been focused on two work areas related to the study of the effect of the sample surrounding
gas and the evaluation of different experimental approaches for the sample excitation.

Respect to the sample surrounding gas, it is well known that its properties critically influence the
laser-target and laser-plasma couplings as well as the plume de-excitation mechanisms; thus altering the
plasma temperature, electron density, mass removal, and plasma shielding. Consequently, the ensuing
spectral features of LIBS for chemical analysis will be modified [8-10]. It is particularly manifested in spectral
line resolution, emission signal intensity and signal-to-noise ratio (SNR). In this meaning, there is a growing
interest not only in evaluating the effect of pressure of surrounding gas; but also in performing experiments
under atmospheres with different chemical composition. In spite of the large number of available reports in
the literature in where the plasmas are generated using in very different experimental conditions which vary
according to the laser used, and the type of samples employed to particularly applications, there is no a
definitive study that fully accounts for all of the phenomena occurring in LIBS when the pressure and
atmospheric compositions are changed. However, some general aspects respect to signal intensity could
be established.

Regarding gas pressure, as explained by Fortes et al. [2], an increase in the plasma intensity when
decreasing pressure is observed. It is due to the fact that at high pressures, plasma energy is quickly lost to
the surrounding atmosphere by coalitional processes with the gas and therefore the plasma is short lived. In
contrast, at low pressures the plasma expands much further into the ambient atmosphere but it is not
cooled rapidly by the surrounding species [11, 12]. Hence, lifetime of the emitting species is longer and the
integrated emission volume becomes larger. Thus, more light from the laser plasma can be collected, and a
higher peak intensity of emission lines is observed. In spite of this, there is a lower limit in the gas pressure
below which the plasma confinement seems to be insufficient, thereby leading to a reduced coalitional
excitation. In this case, the intensity of the emission signals may drop [13]. In general, as mentioned in [10]

the highest signal intensity is observed around 5-10 Torr. However, some researchers have noted that the
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optimal pressure is dependent on the gas composition. Thorough studies respect to effect of gas
composition such as Ar, He, CO,and air on plasma, typically have revealed that the highest overall intensity
is observed for Ar buffer gas. This fact is associated to higher plasma temperatures. Ldbe et al. [14] and
others [9, 15, 16] also noted that this huge temperature is due to thermal properties of the gas, so that at
lower thermal conductivity of the gas less heat flow is transferred from the plasma to the buffer gas.
Consequently higher temperature and slowest decay is observed [17].

In the second work area, considering different experimental configurations for sample excitation, as
Scaffidi et al. [18] and Babushok et al. [19] studies, the use of double pulse (DP) produced an enhancement
of emission compared to traditional single pulse. Briefly, it is due to the fact that the first laser pulse affects
the sample, and the resulting shock wave displaces the surrounding gas. Then, a second pulse interacts
with the material within the first plasma plume, resulting in an enhancement of the LIBS signal. This fact has
revolutionized the way in which LIBS measurements were performed, especially in areas related to bulk or
liquid analysis [20] in which a huge part of energy of the first laser pulse is inverted to water evaporation.
Another alternative, such as multipulse excitation (MP) had been already demonstrated in 1969 by
Piepmeier and Malmstadt [21] as a good way to further excite the sample species with a multispike laser
pulse. But it was not until over two decades later that publications in this field highlighted the advantages of
emission enhancement mechanisms for MP-LIBS to improve the analytical sensibility [22-25)].

For our particular application, chemical in-situ characterization in an underwater site to cover
around 50 meters deep, the design of a remote LIBS system based in guide by a fiber optic was decided
would be the best alternative. In first instance, the prototype developed in University of Malaga utilized a SP
configuration [4]. However, LIBS analysis was restricted to metallic samples due to the low energy threshold
allowed by the optical fiber. The employment of a multi-pulse configuration was raised by the authors as a
possibility to increase the laser beam energy transmitted while avoiding the damage of the fiber. In fact, in
this new remote equipment the pulse duration of the main spike in the train of pulses allows introducing a
higher laser radiation through the optical fiber and also promotes the heating and melting of the sample,
facilitating to the rest of the spikes the ablation of the sample surface or exciting the material that has been
previously ablated by the first pulse. With this configuration, the performance of the equipment is improved
in terms of: energy transmitted through the optical fiber, range of analysis and variety of samples to be
analyzed (i.e., marble, ceramic, concrete, etc.) [5].

In addition to these improvements which have been already implemented in our prototype, the use
of a gas purge is also considered not only to prevent the water from entering the analysis probe and remove
it creating a solid-gas interface optimum for LIBS analysis; but also to continue improving the performance
of the prototype. As mentioned above, the properties of the surrounding gas severely influence the
spectroscopy response. Therefore, in this chapter the effect of gas pressure in a range from 2 to 5 bar is
evaluated, as well as, the use of different gases such as air, CO,, He and Ar. In particular, these studies will

be focused on improving ceramic samples detection. This kind of materials are very common in submerged
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archaeological sites, however, the analysis in such conditions can be complex due to it highly porous

nature.

2. Experimental Set-up

2.1. Instrument

The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A detailed
description of AQUALAS 2.0 has been presented in Chapter 3.

2.2. Samples

A set of certified standard bronzes materials (BCR 691) with variable concentrations of Cu, As, Sn,
Pb, and Zn was used. Ceramic samples have been provided by the Centro de Arqueologia Subacuatica of
Cadiz (CAS). Furthermore, variety of real archaeological materials provided by CAS was also characterized
in this work. Data were obtained by averaging 50 laser shots at each sample position, after 10 laser shots
used for cleaning purposes in the case of bronze, and 20 laser shots in ceramic. Each sample was
measured 5 times. In order to simulate real conditions, samples were immersed for LIBS analysis in a water

tank of 100 L capacity and 35 x 80 x 41 cm dimensions.

2.3. Submersible LIBS probe. Gas protection

In our fiber-based instrument, the submersible LIBS probe supplies gas to remove the water from
the sample surface and creates a gas—sample interface ideal for underwater LIBS analysis. Moreover, for
preventing the admittance of water into the LIBS probe, the pressure difference (AP) between inside (Pi)
and outside (Po) of the probe must exceed at least 1 bar [4]. In fact, the use of a gas purge is of key
importance, especially during real analysis in @ marine environment where AP decreases when increasing
the depth of analysis. Figure 1 shows a schematic diagram of the submersible LIBS probe. As seen, the gas
flow coming from the auxiliary module travels through the umbilical cord and exits the probe through the

nozzle located at the probe tip.

3. Results and discussion

3.1. Influence of purge gas
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Figure 1. schematic drawing of the process to creating a gas—sample interface.

3.1.1. Influence of the differential of pressure on LIBS signal

In a first experiment, the influence of AP on LIBS signal of metallic samples was evaluated. The
LIBS signal was acquired by changing the inner pressure in a range from 2 to 5 bar while keeping constant

the external pressure of the probe at 1 bar. The results are presented in Figure 2. The emission lines of Cu
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Figure 2. Influence of the pressure difference (AP) between inside and outside of the probe in the LIBS signal of Cu
(510.6 nm), Zn (481.0), Pb (405.7 nm) and Sn (452.4 nm) on a bronze sample.
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(1) at 510.6 nm, Pb (I) at 405.7 nm, Zn (I) at 481 nm and Sn (l) at 452.4 nm are plotted as a function of AP.
Each point in the graph represents the average of 5 replicate measurements. As shown, the tendency of
Cu, Pb, Zn, and Sn is quite similar as function of AP, with a gradualy increase of LIBS signal. These results
are in good agreement with those reported by Guirado et al. [26]. Thus, the use of multi-pulse excitation
mitigates the preferential ablation that typically occurs in bronze materials when using a SP-LIBS
configuration.

On the other hand, the effect of the AP has not been yet investigated in ceramic. Ceramic
materials (e.g., amphoras) are usually discovered in underwater archaeological sites covered by different
types of deposits such as calcareous and/or ferrous components. For that reason, the influence of AP on
the LIBS signal of Ca (I) at 422.6 nm, Fe (l) at 438.3 nm and Ti (I) at 498.1 nm on a ceramic sample is
presented in Figure 3. As shown, signal intensity decreased in a similar trend for the three studied
elements, namely Ca, Fe and Ti. Also, in the range of AP 1-4 bar, the effect observed in ceramics is
opposite to that perceived in metallic samples (Figure 2). In fact, at higher AP values, 4 bar, a shielding
effect [24-27] is observed due to the larger number density of species when the plasma is confined at the
sample surface. For this reason, the laser radiation reaching the sample surface is considerably reduced
and consequently a decrease in LIBS signal is obtained. In contrast, at lower AP, the plasma is less
confined and shielding effect is reduced [4]. In this sense, plasma shielding was confirmed by the estimation
of the electron number density (Ng). This parameter has been determined from Stark broadening of the Fe

() line at 426.04 nm, following the procedure described by Tognoni et al. (Chapter 3, Ref. [28]). In summery
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Figure 3. Influence of the pressure difference (AP) between inside and outside of the probe in the LIBS signal of Ca

(422.6 nm), Fe (438.3 nm) and Ti (498.1 nm) on a ceramic sample.
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N. was derived from the following equation:

Ne

The Stark broadening, expressed as the FWHM (full width at half maximum) in nanometers, can be

obtained in a semi-empirical way by means of:
Aine = Astark + Adinstrumental [EQ. 2]

for which, AA instumentar is a fixed value equal to 0.14 nm inherent to the Avantes spectrometer used in this
case and AA e can be measured directly in the spectra. Other sources of broadening (e. g. Doppler
broadening) can be considered negligible [29]. The value of the electron impact half-width (W) depends on
the temperature and it can be found tabulated in the literature [30]. The plasma temperature (Ts) was
deduced from Boltzmann plot, assuming that plasma is in local thermal equilibrium (LTE) [31] and is
calculated from five Fe atomic lines, namely Fe (I) 371.99 nm, Fe (I) 373.48 nm, Fe (I) 373.71 nm, Fe (I)
375.82 nm, Fe (1) 376.37 nm) [29]. According to the Boltzmann plot, T, was calculated as 11000 K. Using
the W value, tabulated for the calculated plasma temperature, N, can be derived from Eq. (1). N, values
were 1.09-10"° cm=2 at AP=4 bar and 0.5 10" cm=2at AP=1 bar. These values are in agreement with those
expected under these environmental conditions. As expected, a higher density of species in the laser
plasma is observed when the plasma confinement is more accentuated (AP=4 bar). This fact supports our
hypothesis that plasma shielding increases for higher AP values. In the case of ceramics, a porous and
breakable material, the plasma shielding effect is highly accentuated and consequently LIBS signal is
considerably reduced. In addition, the use of a purge gas at higher pressure could play a counter-productive
role helping to remove a larger amount of particulate material of the sample thus increasing the shielding
effect.

Ceramics samples are difficult to analyze in an archaeological site context due to the mentioned
characteristics. Thus, the following section is focused in this kind of materials in order to improve the

analytical sensitivity.

3.1.2. Influence of purge gas type on LIBS signal

The influence of the chemical composition of the purge gas has been evaluated with the purpose
to improve the analytical sensitivity on ceramic samples. This experiment was carried out using various
ambient gases such as air, CO,, He and Ar. In all cases AP was kept constant at 3 bar. The emission lines
of Ca (I) at 422.6 nm and Fe (1) at 438.3 nm were selected for LIBS analysis. Results are plotted in Figure
4A. Each point in the graph is the average of 5 replicates measurements. As shown, the maximum signal
intensity was achieved using Ar as purge gas. The obtained values were ~45.000 counts and ~14.500

counts for Ca and Fe, respectively. For the rest of gases, the intensity decreases following the sequence
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Figure 4. Influence of chemical composition of surrounding atmosphere in A) LIBS intensity signals of Ca (422.6 nm)

and Fe (438.3 nm) and B) intensity background.

of He > Air > CO,. On the other hand, Figure 4B shows the background intensity acquired for the different
surrounding ambient gases under study. As seen, background intensity was lower under a He atmosphere
compared to Ar, air and CO,,

Signal and background intensity were both used for determining the analytical quality of a
spectrum. In this sense, the signal-to-noise ratio (SNR) was selected as criterion for evaluating and
comparing spectra from atmospheric experiments [32]. Thus, in our experiment, for Ca and Fe lines, the

signal was calculated at its maximum peak intensity /s after the subtraction of the background /x4, while the
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noise was calculated by the standard deviation o4 Of the background emission in the vicinity of the selected
emission line. The signal to noise ratio is thus given by:
SNR = ‘max=Tbg
Obg

Figure 5 shows the calculated SNR values for Ca and Fe lines as a function of purge gas. The
trend is similar to that observed in Figure 4A. Thus, the highest SNR for both Ca and Fe was obtained for
Ar. Hence, SNR: Ar > He > Air > CO.. This fact can be attributed to plasma parameters, namely electron
temperature (Te) and electron density (Ns), whose values are influenced by the properties of the
surrounding gas. Generally, laser-induced plasmas with higher T, produce a greater emission [10, 33]. Te
and N, were calculated for Ar, He, air and CO,. In the case of T, it was deduced from the Boltzmann plot
using the same emission lines as section 3.1.1, while Ne was determined from the Stark broadening of the
Fe (1) line at 426.04 nm (following the procedure described by Tognoni et al. in the previous section).

The calculated T, and N, are depicted in Figure 6. As expected, a higher T, was obtained using Ar
atmosphere with respect to He, air and CO,. This fact is accordance with the hypothesis in which a more
energetic plasma produces a higher emission intensity. Furthermore, a huge electron density was also
calculated for Ar which explains the higher background intensity due to the influence of continuum radiation.
The generation of hotter and more dense plasma under Ar atmosphere, as explained by several authors [8,
9, 16], is due to a low thermal conductivity and a low ionization potential. On the other hand, He must be
also underline here. As mentioned in the reports published by Vors et al. [15], Aguilera et al. [17] and

Effenberger et al. [8], He produces cooler plasmas with lower Ne. Contrarily to Ar, the characteristic of He is
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Figure 5. Influence of chemical composition of surrounding atmosphere in signal to noise ratio from of Ca (422.6 nm)
and Fe (438.3 nm).
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Figure 6. Electron temperature (Te) and density (Ne) of plasma using different surrounding atmosphere such as air,
COg2, He and Ar.

due to a higher thermal conductivity and ionization potential. However, as observed in Figure. 4, He
achieves a higher signal emission intensity and a lower background intensity so consequently, a higher
SNR value. Hence, the use of Ar as purge gas achieves an enhancement of LIBS response with respect to
COg, Air and He. Then, in the following experiment, we evaluate to investigate the potential of using Ar and
how it affects the LIBS signal. For this purpose, a ceramic sample was analysed in both air and Ar. The
emission lines selected for this study and their energy levels are summarized in Table 1. As observed in
Figure. 4, the LIBS signal acquired in Ar atmosphere was larger than in air. In order to quantify the
sensitivity advantage, an enhancement factor (v) has been calculated and plotted in Figure 7 as a function
of the energy transition between E; and E; for each selected line. This factor was measured as the intensity
ratio between Ar and air at each selected line. As shown, the sensitivity advantage of using Ar is more
accentuated in those transitions with higher AE which is of significant interest especially in minor
components.

As a result, for a field measurement, the replacement of air with Ar is presented here as an
alternative to increase the analytical sensitivity of the instrument AQUALAS 2.0 for the in-situ
characterization of underwater ceramic materials. In this sense, with the aim of visualizing the sensitivity
improvement of ceramics during a field campaign, a sequence of 200 laser shots on the same position in a
ceramic sample was performed alternating between air and Ar in cycles of 25 laser shots. Results are
depicted in Figure 8. As seen, the signal intensity of Ca at 422.6 nm is higher by a factor of 2x when using
Ar. Also, the decay of LIBS signal as a function of the number of laser shots is due to the drilling of the
sample surface.
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Table 1. Energy levels data of atomic emission lines.

Element A (nm) Ei (eV) Ek (eV) Element A (nm) Ei (eV) Ek (eV)
Si (1) 383.2. 2.71 5.94 Ca(l) 430.8 1.88 4.76
Fe(l) 404.5 1.48 454 Fe(l) 438.3 1.48 4.31
Fe(l) 406.3 1.56 4.61 Fe(l) 440.5 1.56 4.37
Fe(l) 407.2 1.61 465 Fe(l) 442.7 0.05 285
Fe(l) 427.2 1.48 4.39 Ti() 498.2 0.85 3.34
Ca(l) 428.3 1.88 478 Ti(l) 4991 0.84 3.32
Ca(l) 428.9 1.88 477 Ti(l) 501.4 0 247

However, despite the sensitivity improvement that argon produces, the cost of this gas is a factor
to take into account in a field campaign since an air flow is considerably cheaper and readily available from
a portable compressor. Thus, in order to reach a compromise between costs and a good analytical
response, a comparative study among several mixtures of gases was performed. In this experiment, the
emission lines of Ca at 422.6 nm and Fe (I) at 438.3 nm were selected. LIBS intensity as a function of the
percentage of Ar in the mixture (0, 25, 50, 75 and 100%) has been plotted in Figure 9. In all measurement,
AP was kept constant at 3 bar. Each point in the graph represents the average of 5 measurements at each

different position. As shown, LIBS intensity increases when the Ar percentage is higher. However, from a
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Figure 7. Intensity enhancement factor of Ar respect to air (Av) in function of energy difference from distinct transition

levels.
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50% mixture of gases the trend obtained for both Ca and Fe elements is more moderate. In addition to this
both, lower deviation and RSD are obtained when a less percentage of Ar is used. In view of these results,
it was decided that the best alternative for a field campaign could be a mixture of 50% of gases because it

keeps a favourable compromise between cost and analytical response.

3.2. Analysis of archaeological samples

From an archaeological point of view, the development and the improvements in the remote LIBS
instrument for the recognition of submersed materials is of great interest in the case that is not immediately
recognizable (low visibility conditions or with a higher corrosion degree). In this way, the identification of
findings with archaeological value allows the diver to make decisions about the best way to collect or not the
sample and its posterior preservation. In this meaning, obtaining good quality LIBS spectra is an essential
requisite. However, the analysis in the archaeological site is not trivial and sometimes is quite challenging to
achieve a good analytical response due to the rugosity and the grade of deposition of sedimentary layers
(concretion) on the sample.

As explained before, in order to increase the intensity of acquired LIBS signal, the use of purge gas
plays a key importance role; not only removing the water from the sample surface and creating a gas—
sample interface but also regarding to plasma properties. In this sense, a sensitivity improvement was

achieved using Ar. In this section, with the purpose to evaluate the capability of our prototype for the
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Figure 10. Underwater LIBS spectra obtained in lab of an archaeological pottery using air (in green) and argon (in

red). Dark square limited the portion of ceramic without drawing and grey square with drawing.
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analysis of real archaeological materials, a set of typical samples which could be found in a shipwreck were
inspected using air and Ar gases. The set of samples were provided by the Cenfro de Arqueologia
Subacuatica of Cadiz (CAS). LIBS spectra were acquired in the 350-550 nm range by averaging 25 shots
laser on five adjacent positions for each sample in order to obtain a typical spectrum of different materials.
The analysis was performed inside a water tank with the purpose of simulating real conditions. The gas flow
used was 2 bar (AP 1bar). Figure 10 shows an archaeological pottery of Italian origin in which two selected
areas were analyzed. As observed, from emission espectra the area delimited by the dark square was
composed mainly of quartz (SiO-), clay (alumina-silicate of Ca and Mg), TiO, and iron oxides. However, the
spectrum from the zone delimited by grey square shows also lead. This peculiarity could be due to the
presence of drawing on this region of the pottery, associating lead with the pigment. Other materials of
interest, which can be found at an archaeological site, are related to the arming or defense of the wreck.
Figure 11 illustrates the emission lines corresponding to the analysis of a cannon bullet made of iron. On

the other hand, a compass utilized for sailing was examined. Figure 12 presents an intense emission from

200004 Air Fe
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350 375 400 425 450 475 500 525 550
Wavelength (nm)

Figure 11. Underwater LIBS spectra obtained in laboratory of a canon bullet using air (green spectrum) and argon

(red spectrum).
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Figure 12. Underwater LIBS spectra obtained in laboratory of a compass utilized in sailing using air (green spectrum)

and argon (red spectrum).

Cu, Zn, Pb and Sn elements. By it comparing the analytical response using argon or air observed in the last
three figures a clear increase of LIBS signal was achieved with argon gas purge. The improvement of the
measure observed is not dependent of the nature material such as ceramics, metals and alloys.

After purge gas optimization presented throughout this chapter, AQUALAS 2.0 was moved to
Centro de Arqueologia Subacuética of Cadiz (CAS) in order to carry out an in-situ analysis of a set of
archaeological samples belonging to 6 wrecks located in Andalucia coast. The archaeological pieces under
study were placed inside of desalination pools in stabilization phase (treatment that is carried out for its later
conservation). The analysis protocol was that described in this chapter using 2 bar of argon. In Appendix 2

the results of the analyzed pieces can be found.

4. Conclusions

The purge gas can be used not only to prevent the water entry into analysis probe but also to
remove the water from the sample surface creating a gas—sample interface optimal for LIBS analysis. In

addition to this, in this chapter the purge gas has been evaluated as a tool to improve the analytical
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sensitivity of AQUALAS 2.0 equipment in order to increase its performance for analysis in a submerged
archaeological site. The studies were focused on ceramic samples since the physical characteristics of this
type of material made difficult the LIBS analysis and therefore obtaining its chemical composition. Both
nature of purge gas on the sample surface and total gas pressure applied during LIBS analysis have been
evaluated. It has been observed that a low pressure of purge gas output through the analysis probe can
produce less plasma confinement and, as consequence, the shielding effect is attenuated and the emission
intensity from ceramic material is increased. On the other hand, chemical composition of the atmosphere
surrounding the sample revealed to have an influence on plasma parameters such as electron temperature
and plasma density. Since the emission and background intensity signal as well as SNR were altered. After
comparison of the results obtained using Ar, He and CO- respect to air (the most common gas employed for
analysis with AQUALAS), the best alternative in order to improve the analytical sensitivity of the LIBS
prototype was decided to be Ar gas. Moreover, a study mixing different proportions of Ar and air gas was
carried out in order to reduce the analysis cost but keeping a good spectral quality. This was achieved with
a mixture of 50% of both gases. Last, Ar benefits have been also checked successfully in a set of found

archaeological sample such as metals, alloys and ceramics.
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Subsea spectral identification of shipwreck objects using LIBS and linear discriminantion analysis

1. Introduction

Underwater cultural heritage is a rich source of information and a window to the past. In fact, the
presence of specific elements (either greater or lesser percentage) in an archaeological material, namely
chemical fingerprints, is of great interest for a better understanding of its age, provenance and
manufacturing technology. Discovery of amphoras, cannons and metallic artefacts in their archaeological
context could provide further information concerning the age and nationality of a shipwreck [1]. However,
the severe conditions of the marine environment change the appearance of the underwater sites and
distorts the idyllic image of the shipwreck until blending with the surroundings. Hence, artefacts and
structures may be uncovered beneath sediments, chemically altered or even destroyed.

Recent advances in electronic engineering, underwater robotics and novel systems for processing
and image recognition make localization of underwater archaeological sites much easier than in past.
However, underwater archaeology still requires the development of screening techniques for the in-situ
recognition of findings. A restricted number of laser-based techniques (e. g. Raman, LIBS and LIF) have
proven to be useful for this purpose [2-4]. Specifically, LIBS as the technique really appreciated as is the
unique that could provide atomic information from the spectral signature of underwater objects [5, 6].
Additionally, LIBS combines valuable attributes specially demanded in cultural heritage preservation and
investigation [7, 8]. It's worth mentioning that underwater LIBS analysis is not a trivial task and several
research groups have proposed different alternatives for improving LIBS sensitivity inside liquids [9-11]. In
this sense, the dual pulse excitations being the most common approach proposed in the literature [12-14].
However, problems related to the use of two laser sources, the precise alignment needed and
synchronization in data acquisition are obstacles for its implementation in field analysis [15, 16]. The
instrumental development was further investigated until 2012 when Guirado et al. [17] published the first in-
situ undersea LIBS analysis of solid materials, at a depth of 30 meters, using a fiber-based LIBS system.
Later, a new generation of LIBS instruments based on transmission of a collinear sequence of multi-pulses
through the optical fiber cable was proposed by the same authors to improve the performance of the
technology [18, 19]. An archaeological shipwreck situated 17 meters deep was inspected using this
approach [20].

In  subaquatic archaeology, quantitative information turns crucial for planning
restoration/conservation activities and taking decisions about whether the object should be moved from the
underwater site or not. Nevertheless, LIBS strongly depends on matrix effects, pulse to pulse fluctuations,
plasma-solid interactions, among other factors. In this sense, a broad number of fundamental studies have
been reported to overcome the so-called fractionation effect [21-24]. Certain procedures such as internal
standardization, background normalization, calibration-free analysis and the use of a double-pulse
configuration has been explored so far for quantitative analysis of submersed materials. Most recently,

Guirado et al. [25] evaluated the use of multi-pulse (MP) excitation as an effective solution to mitigate the
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fractionation effects observed in LIBS analysis of copper-based alloys. MP-LIBS also prevents the effect of
ambient pressure on LIBS signal, thus demonstrating the feasibility of LIBS for quantitative analysis of
bronze materials in a real underwater site.

In such a scenario, development of spectral libraries and data processing algorithms also improve
the capability of LIBS for field measurements. Hence, from an archaeological point of view, both qualitative
and quantitative information extracts compositional evidence that together with the use of chemometric
methods may identify specific materials which could be related to ancient manufacturing or production
processes [26]. A number of statistical methods including linear and rank correlation, principal component
analysis (PCA), partial least-squares discriminant analysis (PLS-DA) and soft independent modeling of
class analogy (SIMCA), among others have proved to group and classify ancient artefacts in archaeometric
analysis [27]. In this work, a classification method is evaluated for the identification of chemical fingerprints
in shipwrecks. A variety of archaeological objects has been previously characterized in laboratory using
essentially the same operational conditions than those found undersea in order to ensure the effectiveness
of the method during the recognition process in the site. Moreover, a set of sheathings from different
shipwrecks were analyzed with the objective to perform a chronocultural sorting of these structural pieces.
Based on this procedure, findings from the shipwreck of San Pedro de Alcantara (Malaga, Spain) were

directly classified into metallic alloys, ceramics, rocks or marbles.

2. Materials and methods

The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A more detailed
description of AQUALAS 2.0 has been presented in Chapter 3.

3. Results and discussion

3.1. Classification method for archaeological artefacts

Given the great compositional diversity, textural differences and surface alteration of the
submersed cultural heritage, the use of advanced statistical algorithms is essential for the recognition and
sorting of underwater findings. For this purpose, linear discriminant analysis (LDA) was used to generate a
classification model from which unknown samples will be predicted in site on the basis of their LIBS
response. As a supervised algorithm, a LDA model based on the spectra acquired from a set of known
archaeological samples was constructed. LDA evaluates the relative weights of the original variables for
group discrimination and score the separation between multiple classes [28-30]. Afterwards, the model

predicts the probability that an unknown sample belongs to each class.
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A set of thirty-eight objects collected from several archaeological shipwrecks was first studied. To
simulate the experimental conditions of a subsea environment, samples were immersed and analyzed in a
water tank in our laboratory. Because of the large variety of samples used in this study, objects were
divided into different groups for chemometric analysis, i.e. bronze-alloys (10 samples), metallic pieces (18
samples), ceramics (5 samples) and marbles (5 samples). LIBS spectra were acquired in the 350-550 nm
spectral range and their intensities normalized to unity for comparative purposes. Data were acquired by
averaging the response of 50 laser shots on three adjacent positions for each sample. However, the whole
LIBS spectra were not considered as input data so the initial information based on 2048 data points was
significantly reduced to 10 spectral variables. The selected variables were Cu (1) 510.55 nm, Zn (I) 481.05
nm, Sn (1) 452.47 nm, Pb (1) 405.78 nm, Fe (1) 438.35 nm, Ca (1) 422.67 nm, Mg (1) 517.26 nm, Si (I) 390.55
nm, Sr (1) 407.61 nm and Ti (I) 498.17 nm. In addition, the presence of Ca, Mg, Si and Ti in metallic
samples is associated to the deposition of sedimentary material on the sample surface. The experimental

condition are summarized in Table 1. The first discriminant function has the expression:

F1=27 gy + 24 Ipy +228 Isy + 0.8 Ipy +2.7 - Ipg — 7.2 - Igg — 1.2 Iyyy — 3.8 - Is, — 6.0 -

where I, is the intensity of each element line. This function has an excellent canonical correlation, 0.98, that

is its relative ability to discriminate amongst the groups. The second function is:

F2=18 g +38Ig +248 - Igy — 0.2 Iy — 0.8 - Iy + 2.5 - Ioq — 1.8 Iy — 1.5 - I, + 9.4 -
Isivri — 2.0

Table 1. Experimental condition.

Description

Protection gas Argon

Pressure difference 4

Pulse width 30ns

Laser frequency 2Hz
Irradiance 1.2 GW/ cm?

Average 50 pulses
Delay time acquisition 1us
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which also exhibits a good canonical correlation (0.91). Nevertheless, the statistics treatment scores Wilk's
lambda values of 0.0013 for F; and 0.03 for F», which suggest that the variables selected for the linear
discriminant analysis are appropriate for sample discrimination. Both functions also have a very high
significance level of Chi-square statistics, 201 and 106 for F; and F, respectively.

The coefficients associated to different elements calculated by the software for discriminant
functions give information about the relative contribution of each spectral line to the separation of groups.
Thus, large coefficient values, such as those associated to Sn or Si+Ti spectral lines, contribute to a larger
extent to group discrimination. For instance, tin is present in alloys whereas it is virtually absent in metals,
ceramics and marbles. The software then assigns a large coefficient to this element to enable the
separation of alloys from the other groups. Similarly, Si and Ti help in the separation of ceramics. Since the
lines of these elements in the selected spectral window are weak, the intensities were summed to allow a
better separation.

Positive and negative coefficients also contribute to separation among groups. The LDA software
assigns positive coefficients to the alloying elements in bronzes and metallic pieces; in contrast, negative
coefficients characterize strongly dissimilar materials such as ceramics and marbles.

The classification functions generated by the proposed model were validated with the training set
of samples. Table 2 summarizes the classification of each sample based on the proposed model. It's worth
mentioning that all samples were identified without exceptions. A scatter plot of the first two discriminant

functions is presented in Figure 1. As shown, samples are separated in four classes or groups attending to

Table 2. Prediction groups membership for training set samples. ID sample is constitutes by a letter and two numbers
as follows: the letter represents the type of sample (A: copper based alloy M: metal, C: ceramic, B: marble), the first

number corresponds to the shipwreck (I: Delta I, Il Delta Ill) and the second to a number in the group classified.

Prediction group membership (%) D Prediction group membership (%)
Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total
Alll 100 0 0 0 100 MI12 0 100 0 0 100
All2 100 0 0 0 100 MI13 0 100 0 0 100
All 100 0 0 0 100 MI14 0 100 0 0 100
Al2 100 0 0 0 100 MI15 0 100 0 0 100
Al3 100 0 0 0 100 MI16 0 100 0 0 100
All3 100 0 0 0 100 MI17 0 100 0 0 100
All4 99.4 0.6 0 0 100 MII9 0 100 0 0 100
AlI5 100 0 0 0 100 MI18 0 100 0 0 100
Al4 99.9 0.1 0 0 100 MII10 4.2 95.8 0 0 100
All6 94.7 53 0 0 100 CI19 0 0 100 0 100
MII7 3.3 96.7 0 0 100 CI20 0 0 100 0 100
MII8 0 100 0 0 100 CI21 0 0 100 0 100
MI5 0 100 0 0 100 Cl22 0 0 100 0 100
Ml6 0 100 0 0 100 CI23 0 0 100 0 100
MI7 0 100 0 0 100 B1 0 0 0 100 100
MI8 0 100 0 0 100 B2 0 0 0 100 100
MI9 0 100 0 0 100 B3 0 0 0 100 100
MI10 0 100 0 0 100 B4 0 0 0.2 99.8 100
MI11 0 100 0 0 100 B5 0 0 0 100 100
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Figure 1. Scatter plot of the first two canonical discriminant functions containing the four groups defined in the

method.

the type of material previously described in the “supervised” model. Bronze alloys and metallic pieces are
grouped in the right-hand side of the graph, whereas ceramics and marbles are grouped in the second and
third quadrant of the scatter graph, respectively. The centroid of each group is also marked in the graph.
The model has been checked in our laboratory with a set of sheathings simulating the experimental
conditions of a subsea environment. Furthermore, it has been tested during the underwater inspection of

the wreck of San Pedro de Alcantara.

3.2. Chronological sorting of metallic sheathings

Since the Phoenician times, the use of sheathings in wooded-hulled vessels has been extensively
tested to prevent wood degradation by the action of seawater, bivalve molluscs and algae. Sheathings were
also used to improve the operability of the boat. The type of sheathing has evolved with time so the
knowledge of elemental composition of this kind of samples makes it possible the assignment of the
manufacturing period and provides clues to uncover the ship’s origin [31].

A set of sheathing pieces belonging to different shipwrecks were analyzed in a water tank in an
attempt to provide information about the geographical origin of the shipwreck that could help us to
understand its historical context. In addition, this set of four samples will be used to evaluate in laboratory
our chemometric model. Samples were found in the underwater archaeological sites of “Delta I’ (XVII

Century, Spanish), “Delta II' (XVI Century, Italian), “Mercante de San Sebastian’ (XVIII Century, Spanish)
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and “Fougueaux” (XVIII Century, French). A chronocultural sorting of the sheathings analyzed by LIBS is
presented in Figure 2. The main emission lines are labeled in the spectra. As seen, the squares limit the
timeline in two periods, depending on the sheathing composition. Thus, lead-based sheathings were early
introduced in the XV Century in Portuguese and Spanish arsenals and its use was extended until the XVII
Century [31]. This fact is easily observed in the sheathings belonging to Delta | and Delta I, as revealed by
the LIBS spectra sketched in the figure. In the XVIII Century, lead-based sheathings were substituted first
by copper and then by copper-based alloys. As shown in Figure 2 the LIBS spectra of Mercante de San
Sebastian and Fougueaux in chronological order. In addition, the presence of minor components such as
zinc, iron or lead, as observed in the spectrum corresponding to the Fougueaux, could indicate its country of
origin. Hence, it exists a clear evolution of the sheathing’s composition from lead to copper based alloys that
could be related to a period of history or even to the country of manufacture of the shipwreck.

On the other hand, the intensity of emission lines of this set of sheathings has been used to check
in laboratory our LDA model proposed in section 3.1 using samples different to the training set. In this case,
the discriminant functions (F7 and F2) have been able to assign successfully the samples as metallic
sheatings corresponding to Delta I, Delta Il and Mercante de San Sebastian and a bronze-alloy as part of

the Fougueaux.
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Figure 2. Chronocultural sorting of sheathing’s composition from lead to copper based alloys. The main emission

lines are labeled in the spectra.
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3.3. Identification of objects in shipwrecks. The wreck of San Pedro de Alcéantara

The wreck of San Pedro de Alcantara, located in the South of Spain, was discovered 10 m deep
over a sandy bottom area. The wreck presents a military-structure type with a beam of 60 m, 10-12 m of
breadth. The structure of the boat is covered by sediments, calcareous deposits and marine algae. Prior to
the LIBS measurement campaign, a site survey was accomplished by the archaeologists from the Centro
de Arqueologia Subacuética (CAS) who located archaeological pieces from the remains of the wreck and
removed the concretion layer from the sample surface.

The LIBS instrument was deployed on the vessel's board while a diver operated the LIBS probe in

the sea bottom. Figure 3 shows a sequence of different stage of the San Pedro de Alcantara campaign. It is

C)

Figure 3. Pictures taken during the field campaign in the shipwreck of San Pedro de Alcantara. A) Equipment
deployment; B) operators working from the deck; C) structure of the shipwreck, D) Cannon; E) diver operating the
LIBS probe; F) LIBS results.
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observed the deployment of the equipment on vessel's board, operators working from the deck, the
archaeological site and the material found in it. As a diver operating the LIBS probe and the spectra results.
The input pressure for underwater analysis was set to 5 bars, the maximum pressure supported by the
system. Given the high alteration degree of the samples inspected, we decided to use argon as a purge
gas, which provided a larger LIBS intensity when compared to air. The influence of argon as protection gas
on the LIBS signal of an archaeological ceramic is presented in Figure 4. The main emission lines are
labeled in the spectra. As shown, the use of argon increased the signal 4-fold for the emission line of Ca (I)
at 422.67 nm when compared to air. Although metallic objects also benefit from the use of Ar, this
observation is especially noticeable in ceramics.

A large number of archaeological objects were discovered and analyzed by LIBS during the

survey. To assign the typical spectrum of a material and in order to ensure the reproducibility of the results,

1 I 1 I 1 L 1 L | L | L 1 L 1

i Ca
e Ca —— Argon|
|—Air |

Ca

6000 - i -

Intensity (a.u.)
[ox]
=
[=]

ke

oy . . T " ok regy l T T r s P ™
380 400 420 440 460 480 500 520 540
Wavelength (nm)

Figure 4: Comparison of the influence of air and argon gas protection on the LIBS signal of an archaeological

ceramic. The main emission lines are labeled in the spectra.
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data were acquired by averaging the response of 50 laser shots on three adjacent positions for each
sample. The analysis was carried out at the same experimental conditions as the classification method
developed in section 3.1. are summarized in Table 1. Then, acquired spectral intensities were normalized to
unity for comparative purposes. Each object exhibits a distinctive chemical that was introduced in the
classification method developed in section 3.1. From the canonical discriminant functions described there
the unknown findings from the wreck were grouped into several categories easily. Figure 5 presents the
classification of the set of unknown objects. As shown, samples from the subsea archaeological site were
unequivocally classified in each of the aforementioned groups. The scatter points (in grey color) from the set
of samples employed for modeling the classification method are also plotted in the graph. Results for the

unknown samples classification are summarized in Table 3. Objects were correctly identified as four bronze

alloys, eight ceramic fragments, seven metallic pieces and four marbles.
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Figure 5. Classification scatter plot of the first two canonical discriminant functions of modeling developed. The
scatter points in grey color corresponds to the set of samples employed for modeling the classification method and

colored spheres represents the set of unknown objects.
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Table 3. Prediction groups membership for unknown samples. ID sample is constitutes by a letter represents the type

of sample (A: copper based alloy M: metal, C: ceramic, B: marble) and a number in the group classified.

D Prediction group membership (%) D Prediction group membership (%)
Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total

Al 100 0 0 0 100 C4 0 0 100 0 100
A2 100 0 0 0 100 C5 0 0 100 0 100
A3 100 0 0 0 100 (03) 0 0 100 0 100
A4 99.4 0.6 0 0 100 Cc7 0 0 100 0 100
M1 0 100 0 0 100 C8 0 0 100 0 100
M2 0 91.2 0 8.8 100 M8 0 100 0 0 100
M3 0 100 0 0 100 M9 0 100 0 0 100
M4 0 100 0 0 100 M10 13 87 0 0 100
M5 0 100 0 0 100 A5 88.7 11.3 0 0 100
M6 0 100 0 0 100 B1 0 0 0.5 99.5 100
M7 0 100 0 0 100 B2 0 0 100 100
C1 0 0 100 0 100 B3 0 0 0 100 100
C2 0 0 100 0 100 B4 0 0 0 100 100
C3 0 0 100 0 100

Figure 6 shows a drawing top view of the shipwreck in which the bow is oriented to the northwest
position and the aft, to the southeast. The drawing describes the state of conservation of the wreck, where
the shipwreck structure is observed, as well as the way is distributed along the site. The locations of the
archaeological pieces are also indicated. Chemical composition of each object is detailed as a bar graph
inset. As shown, various types of samples were identified as defense material such as two iron cannons
(M2, M4) and a cannon bullet (M3) composed of iron with manganese as a minor constituent. On the other
hand, pieces of crew clothing present a chemical composition based on copper alloy with zinc in the case of
jacquet button (A2) and zinc-lead in the case of the belt buckle (A4). Regarding to ceramic fragments, in
general, are constituted by calcium, magnesium, aluminum, iron, silicon, strontium and titanium; although
pieces C3, C5 and C7 also contained lead. Some unidentified pieces show a variable chemical composition
such as metals copper-lead (A3) alloy, and copper-zinc-lead (A1) alloy; and lead (M1, M7) or iron (M5, M6)

metals. Figure 7 shows all team members who took part in the campaign.
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Figure 6. Schematic drawing of the shipwreck. The inset bar diagrams represent the chemical composition of each

object and the locations of the archaeological findings.
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Figura 7. Team members who taken part in San Pedro de Alcantara campaing. From left to right top row S. Guirado
and F.J. Fortes (researcher from UMALaserLab), R. Exposito (audio team), J. Marti, M. Alzaga, N. Rodriguez
(archeologists from CAS), C. Barbero (ship's captain), R. Liste and D. Lépez (crew) and J.J. Laserna ( Main
researcher from UMALaserLab). From left to right bottom row L. Pellejero (support of diver), A. Higueras

(archeologists from CAS), I. Entralla (professional diver) and M. Lépez (researcher from UMALaserLab).

4. Conclusions.

Using a LIBS sensor deployed on a small vessel, a hand-held probe was submersed by a diver to
the shipwreck of San Pedro de Alcantara located in the South of Spain over the Mediterranean Sea. LIBS
data from a variety of objects found in the wreck were collected, logged and accurately geo-positioned for
post survey analysis. In addition to metallic objects, refractory materials such as rocks and ceramics were
analyzed. Although algae and calcareous deposits had to be removed from the sample surface before the
analysis, the LIBS system constitutes a significant step forward, allowing the acquisition of a consistent set
of spectral data that can be treated by a software based on linear discriminant analysis for assigning the
chemical identity of the object. The information thus gathered provides valuable data on the identity of
shipwrecks located in coastal waters.
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DP-LIBS of a solid in water: effect of hydrostatic pressure on LIP, cavitation bubble and emission spectra

1. Introduction

Laser-Induced Breakdown Spectroscopy (LIBS) has emerged in the last decade as a promising
solution for deep sea exploration [1-5]. Deep ocean is one of the most challenging and inaccessible
environments of the planet, making it difficult to investigate not only the physical, chemical, and biological
conditions on the seafloor; but also in areas such as water pollution, cultural heritage, hydrothermal vents ,
mining and geological exploitation [6-10]. This study aims to provide insight on the fundamental aspects of
DP-LIBS that could be useful for developing new chemical sensors for oceanographic surveys [11]. The
capabilities of laser-based tools can be useful for experimental campaigns in these extreme conditions. In
particular, LIBS combines many of the required features for these applications, i.e. multielemental
information, no sample preparation, unlimited range of material capability and real time analysis. Moreover,
the experimental setup adaptable to automation makes LIBS a good candidate for non-contact sensing [12-
15]. The advance of lasers, spectrograph and detector technology has provided support for integrating
remote-operated submersible LIBS systems with stand-off access to the sample [1]. Nevertheless, the
actual realization of such systems is really complex both to design and to handle, thus requiring further
research efforts. It follows that a significant amount of time is required for developing new sensors for
oceanography, such as LIBS, as well as comparing it with other approaches in order to identify which is the
most suitable technique viable for the chemical detection of solids submerged in water at high pressures.

Evaluation of LIBS analysis of liquids was investigated for the first time in 1984 by Cremers and co-
workers [15]. In this paper, the laser pulse was focused into a bulk liquid, producing its rapid heating at the
focal point, followed by an explosive expansion and formation of a gas bubble. Since then, a large number
of studies has been conducted with the aim to clarify the different processes involved during the laser-water
interaction, including the plasma and vapour bubble formation and the induced shock wave propagation,
and to optimize approaches for the optical emission collection [16-20]. In order to obtain an optimum LIBS
signal, different excitation approaches have been evaluated. For instance, single pulse excitation has been
intensively studied, although, as a consequence of the nearly incompressible fluid medium, the generated
plasma has a very short persistence, leading to a poor signal to noise ratio. De Giacomo et al. [21-23], and
other authors such as Lazic et al. [24,25] and Rifaiet al. [26] have discussed the limitations of this approach
for the analysis of liquids and investigated the potential advantages of the Double Pulse (DP-) LIBS. Briefly,
in DP-LIBS, the first laser pulse produces a water vapour bubble whereas the second one, fired at an
optimal interpulse delay with respect to the first one, induces a second plasma inside the previously formed
bubble. The second laser-induced plasma expands in a gas environment, so that its emission spectra result
comparable to those of a plasma induced in air, in terms of persistence, resolution and signal-to-noise ratio.
For all these reasons, DP-LIBS represents a powerful tool for the elemental analysis of bulk water and
submerged solid samples. In any case, the application of DP-LIBS in oceanography still requires a deep

study of the phenomena induced by the laser ablation process in water at high pressure.
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In the last decade, the suitability of LIBS for laboratory characterization of bulk liquids at high
pressure has been explored [7, 27, 28]. Several experimental parameters have been monitored, such as
pulse energy focusing geometry and liquid pressure, so to try and make up for the observed decrease of the
LIBS signal with increasing pressure. The same authors have employed a double-pulse approach in order
to improve LIBS capability [2]. However, the features of plasmas and cavitation bubbles generated at a
given interpulse delay are strongly affected by the water pressure. For example, despite the use of DP, a
negligible signal enhancement has been obtained at static pressures above 100 bar [29]. This suggests that
DP is not necessarily helpful for applications in bulk liquids. On the other hand, it has been reported by
Thornton et al. that the use of a long-duration nanosecond laser pulse (150 ns) can significantly improve the
quality of SP-LIBS spectra [30], as well as the capability to analyze submerged solid targets with single
pulses [31-32]. With this regards, the quality of DP approach still needs further studies in order to evaluate
the full range of its benefits over other possible experimental strategies.

Most recently, the effect of water pressure on submersed solid targets has been fully investigated
for surveying the laser ablation performed in water during nanoparticle production. As observed in[33],the
plasma duration and degree of confinement, as well as the cavitation bubble evolution, that are dependent
on the external liquid pressure, can strongly affect both the yield and structure of the produced particles
(carbon nanostructures in the mentioned paper). With this in mind, the present study was focused on the
fundamental aspects of the generation of single- and double pulse- laser-induced plasmas, as well as the
evolution of the cavitation bubble due to the first laser pulse. We used optical emission spectroscopy for
plasma characterization and shadowgraph for bubble dynamics study, for investigating the above
mentioned parameters as functions of the pressure used. For DP-LIBS, we employed the collinear
configuration. We focused our attention on the effects brought by the liquid pressure on the spectroscopic
analysis of submerged solid targets, which we investigated characterizing the DP-LIBS spectra as functions
of pressure and optimizing the interpulse delay in terms of signal-to-noise ratio.

The work presented in this chapter is the result of a pre-doctoral research stay carried out inthe
laboratory of Consiglio Nazionalle delle Ricerche-Istituto di Nanotecnologia (CNR- NANOTEC) and the
Universita degli Studi di Bari Aldo Moro (UNIBA)-Bari, Italy; under the supervision of Prof. Alessandro De

Giacomo.

2. Experimental Set-up

Figure 1 presents a schematic diagram of the experimental setup employed in this work. Here, a
two delayed laser pulses (Nd:YAG laser @532 nm, 10 Hz, 5 ns pulse duration, Quanta System, PILS-
GIANT) were focused by an appropriate optical configuration on a metallic sample placed inside a stainless-

steel chamber x filled with distilled water. The experiments were carried out at different pressures, up to 120
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Figure 1.Experimental set-up. M1, M2 and M3 mirrors; M2 dichroic mirror; L1 collimating lens; L2 lens; FO fiber optic.
Dashed lines show the two different detection systems, one for OES measurements and the other for shadowgraph

images.

bar. The energy of the two lasers beams was set at 150 and 270 mJ, respectively. The system was
externally synchronized using a delay and pulse generator (Stanford inc. DG 535). For this study, a collinear
double pulse configuration was used, i.e., both laser pulses were focused on the sample surface by a quartz
biconvex lens (5 cm focal length) held in a spacer tube placed in front of the target. The chamber was
equipped with a rotating target holder, in order to limit drilling effects on the sample surface. A 10 mm axial
movement for fine adjustments of the focal distance was also possible by means of a micrometric screw.
The chamber was a stainless steel cylinder with a perpendicular aperture for the laser beam entrance,
sealed with a sapphire optical window with 532/1064 nm antireflection coating and equipped with spacer
tubes enabling adjustment of the lens-to-target distance. The high-pressure chamber is equipped with
several extra ports, each provided with sapphire optical windows, for the acquisition of spectra and
shadowgraph images. The water outflow was controlled by a micrometric valve that could be either kept
closed to seal the chamber or opened to produce a regime of controlled flux. The pressure was created by a
HPLC pump (Shimadzu LC-20AT Prominence) which could work in two modes (constant pressure or
constant flux) in a pressure range 1-250 bar, in steps of 1 bar.

For spectroscopic experiments, the plasma emitted light was collected at 90° with respect to the
laser beam, through the dedicated sapphire optical window, by a 10 cm quartz lens placed outside the
chamber. The plasma light was focused onto the entrance slit of a monochromator through an optical fiber

cable. The spectroscopic system consisted of a spectrograph (JobinYvon TRIAX 550) with a grating of 1200
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grooves mm" and an ICCD detector (JobinYvon i3000) which was controlled and synchronized by a
pulse/delay generator (Stanford inc. DG 535). All the emission spectra were acquired with 10 accumulations
and 5 averages to optimize the signal-to-noise ratio. The employed acquisition time parameters (with
respect to the second laser pulse) were: delay time of 0 ns and 50 ns; and gate width of 10 us and 100 ns
for the used Al and Ti target, respectively.

The shadowgraph set-up for studying the cavitation bubble dynamics consisted of a continuous
white light source, a set of lenses to reduce light divergence, a fast Camera (Andor i-Star, DH334T-18F-E3)
with a tele-objective to acquire the bubble profile and a pulse generator to synchronize the laser pulses with
the camera. The bubble shadow was collected through a sapphire window at 90° with respect to the laser
pulse direction. During the acquisition of shadowgraph images, the target holder was stopped in order to
avoid formation of bubbles along the optical path, which would affect the acquisition. Furthermore, to
minimize drilling of the sample surface, the target was turned after the acquisition of each shadowgraph
image. Also in these studies the repetition rate of laser pulses was 10 Hz. The shadowgraph images of the
laser-induced bubble and shockwave were acquired by using the kinetic mode of the ICCD, with a gate
width of 1 ps and of 200 ns respectively. The shadowgraph images of the plasma were acquired by using
the kinetic mode of the ICCD, with a gate width of 500 ns.

3. Results and discussion
3.1. Underwater laser-induced plasmas

The main mechanisms responsible for the plasma formation are the same occurring during
ablation in gas. Briefly, the sequence of the process starts with the laser ablation and the laser induced
plasma (LIP) production. Due to its fast expansion, a shock wave (SW) is generated. It is important to note
that the differences between plasma formation in a gaseous environment and inside a liquid are related to
the plasma confinement and the onset of cavitation effects, i.e. the vapor bubble formation. Due to the
confinement of the plasma by the nearly incompressible liquid medium and to the fast transfer of energy
from the plasma to the surrounding liquid, the plumes generated under water are smaller than those
generated in gas. As a consequence, the plasma persistence is significantly shorter, ending typically few
microseconds after the laser irradiation [27-29].

In order to evaluate the effect of underwater environmental pressure over the physical
characteristics of the generated plumes, we acquired shadowgraph images at different delays after laser
irradiation. Figure 2 depicts results obtained for an aluminum target and acquired few microseconds after
the first laser pulse at three different pressures: 30, 90 and 120 bar. The images clearly show the
confinement effect of the liquid on the plasma. For instance, the plasma at 90 bar is smaller than the

corresponding one at 30 bar. In the case of 120 bar it should be considered that, as a consequence of the
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Time evolution (us)

Pressure (bar)

Figure 2.Plasma shadowgraphy images after the first laser pulse at different delays. The aluminum target was

submerged in water at 30, 90 and 120 bar.

thrust of the expanding plasma, the surrounding liquid can reach supercritical conditions [34]. Under these
circumstances, water is characterized by lower viscosity and surface tension, thus the plasma appears less
confined than at 90 bar. In general, the strong confinement induced by the nearly uncompressible liquid and
the steep decrease of the ionization degree and temperature due to the fast transfer of energy to the
surrounding medium, cause the plasma species to rearrange in particles of nanometric size. This produces
a colloidal solution in front of the sample that may affect the shot-to-shot reproducibility of LIBS
measurements [33]. Although the external pressure noticeably affects the LIP dynamics, the ablation
process itself is not expected to depend on the external pressure [33-35] as a consequence of the
conditions at the early stages of expansion. In fact, in this case, the ablated matter reaches a number
density close to that of the sample in the solid phase and an electronic temperature of about 10000 K. In
these conditions, the initial plasma pressure is in the order of tens of Mbar and consequently, as it is
reported in [35-38], by considering the range of pressures used in this work, the external pressure at the
initial stage of LIP expansion can be neglected. Therefore, even if the plasma volume is reduced and its
shape is changed by the water pressure increase, the plasma parameters (temperature and electron
density) hold similar values. As mentioned above, after plasma formation, a SW is generated. The
shockwave is caused by the rapid expansion of the laser-ablated material into the surrounding liquid, which
generates a sharp, high pressure impulse that expands outwards from the focal point of the laser. It is
reasonable to expect that, in the range of external pressures employed in this work, the characteristics of
the SW produced by the LIP expansion do not vary greatly. The outward SW driven in the surrounding liquid

by the plasma expansion was directly investigated by shadowgraphy experiments.
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Figure 3A shows images of the SW propagation as a function of the delay time at 30 and 120 bar.
The relative position of the shockwave at each delay is also labelled in the picture. As shown, the size and
volume of the SW is similar in both cases. From here, the maximum distance travelled by the front of the
shockwave is plotted in Figure 3B. Data were acquired at different water pressure: 1, 30, 60, 90 and 120
bar. Additionally, the inset shows the velocity of the shockwave at each pressure. In the first 10 ps, the SW
propagation velocity is in the order of the speed of sound in water, around 1500 m s, for each value of

pressure. It is well known that, when external pressure increases, the propagation of the SW should vary of

A

B 14000
12000 -
£
< 10000
E
o
L
L 8000
o)
©
= 6000+
B4
(&)
o
£ 4000
0
2000 4
0

> o n

<

1 Bar
30 Bar .
60 Bar 2
90 Bar ¥
120 Bar P

------------------------------------

\\
SW velocity (m/s)
.
<

v e T rJrerm ™
0 20 40 60 80 100 120
Pressure (bar)

Figure 3.Time-resolved shadowgraph images of shockwave front, at atmospheric pressure and 120 bar. (a) Laser
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a few tens of units, but as a consequence of the experimental uncertainty of our measurement, we are not
able to clearly appreciate this difference. Nevertheless, such similar values of the SW propagation velocity
confirm that the initial thrust due to the breakdown is almost the same at all the external pressures

investigated in the present work.

3.2. Effect of hydrostatic pressure on the cavitation bubble expansion

The plasma induced by a laser shot releases its energy to the surrounding liquid and generates a
thin vapour layer at the border of the plasma, which evolves into a cavitation bubble. The behaviour of a
cavitation bubble induced by laser ablation in water at 1 bar has been already investigated [23, 24]. For
comparative purposes, we used fast shadowgraph to study the dimensions and shape of the vapour bubble
formed after the first laser pulse at different pressures. Frames acquired at different delay times at a
pressure of 1 bar are shown in Figure 4. The temporal evolution of the bubble size is characterized by three
stages: first, the expansion stage; then, the stage of maximum expansion; and finally the
compression/collapse stage. At 1 bar, the bubble expansion was well discerned even at 2 ys from the laser
pulse ,whereas the maximum bubble size was observed at 250 ys. In this stage, the shape of the bubble is
a hemisphere [39]. Afterwards, at the maximum expansion, the pressure inside the bubble is lower than the
external one, and consequently the bubble starts to shrink. Thus, the size decreases until 950 us. At the
collapse stage, a rapid increase of the gas temperature and pressure inside the bubble produces a re-
expansion of the cavitation bubble. Additionally, if enough energy is accumulated in the bubble, its
oscillations can continue for many cycles of both expansion and collapse [24].

The temporal evolution of the cavitation bubble has been studied as a function of the external
pressure (30, 90 and 120 bar). Results are depicted in Figure 5. The size of the cavitation bubbles observed
at a longer delay time was significantly smaller by increasing the water pressure. Also, Figure 5 shows that,

regardless of pressure, a cavitation bubble starts to appear during the early stage of the processes. Thus,

Maximum
Plasma expansion Collapse

2us  250pus 450 pus 550 us 750 us 950 us

Figure 4. Time-resolved shadowgrams of the laser-induced cavitation bubble on an Al sample submerged in water at

1barr.
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the initial expansion velocity along the x-direction was similar for the three studied cases, that is around 40
m/s. This observation reveals that the effect of hydrostatic pressure is negligible during the early stage of
the expansion process [40]. Beyond this point, the evolution of the dynamic expansion process diverges for
the different pressures. At 120 bar, the cavitation bubble could not be discerned at early times. The
maximum bubble expansion occurs at 15, 10 and 7 us for 30, 90 and 120 bar, respectively, whereas the
collapse was observed at 28, 17 and 9 s, again depending on hydrostatic pressure. The velocities
calculated at the collapse stage were 30, 70 and 90 m/s at 30, 90 and 120 bar, respectively [40]. Thus, a
pressure increase influences the expansion and cooling of the vapour bubble, leading to a decrease of the
bubble size and lifetime, as it can be observed in Figure 5. We considered the volume instead of the radius
to estimate the bubble size, in order to take into account that hydrostatic pressure can distort the bubble
shape. In fact, due to the external pressure, the bubble expands differently along the x and y directions,
thus assuming an ellipsoidal shape [41-42]. The observed variations of bubble size and lifetime are in good
agreement with those found in [43], where a range of pressures up to 50 bar was evaluated.

In Figure 5, a secondary bubble can be observed. This is assumed to be produced by the rapid
increase of both the internal temperature and pressure of the cavitation occurring bubble just after its

collapse. After rebounding, the bubble shape changes again, because it is now constituted by both water

Maximum of expansion

90 bar

120 bar

Collapse  Rebound

Figure 5. Representative time-resolved shadowgraphy images of the bubble induced by a single laser pulse at
different water pressures (30, 90 and 120 bar, respectively). The images were acquired at various delay times with a
gate width of 500 ns.
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vapour and the nanomaterials produced during the cooling down of the plasma [44]. By increasing the water
pressure, the collapse velocity along the x-direction also increases and a pronounced bubble rebound
followed by its displacement with respect to the target surface takes place. On the contrary, at atmospheric
pressure, the rebound phase can be observed according to the initial laser energy, but is not accompanied

by any displacement of the bubble with respect to the target position.

3.3. Double pulse LIBS underwater at high pressure

Keeping in mind the general description of the laser-induced bubble at different pressures, DP-
LIBS underwater requires a careful optimization of the interpulse delay. In agreement with the conclusions
of a previous work [22] performed at atmospheric pressure, the optimum interpulse delay time could be
expected to match the maximum expansion of the bubble. In such a situation, the plasma produced by the
second pulse expands in a cavitation bubble with more favourable pressure conditions than those at the
initial stage of the bubble expansion or the final stage of the bubble collapse. It has recently been observed
that, in these initial and final stages, a significant part of the energy of the second laser pulse is spent in the
interaction with the NPs generated by the first laser pulse [39]. This causes the breakdown of the just
formed NPs and, accordingly, the production of a secondary plasma. Hence, the secondary plasma is
generated at a distance from the target and it partially prevents the second laser pulse from ablating the
sample. On the contrary, at the maximum of the bubble expansion, that is when its volume is the largest,
the NP concentration in the bubble reaches its minimum and this shielding effect occurs to a lesser extent.
As an example, Figure 6 shows the effect of the plasma produced by the second laser pulse within the
bubble generated by the first laser pulse. The interpulse delay time was set at the maximum bubble

expansion, 250 s at atmospheric pressure. Therefore, the presence of NPs must be taken into account,

2° laser pulse
&

Figure 6.Plasma shadowgraphy images of the effect produced by the second pulse on the NPs generated by the first

laser pulse. Interpulse delay:250 s, pressure: 1 bar.

183



Chapter 7

especially when DP-LIBS is performed at high external liquid pressures. In these conditions, the bubble
volume is smaller and the NP concentration higher than at atmospheric pressure. Figure 7 shows some of
the images of the second laser-induced plasma, taken at several interpulse delay times at the
representative water pressures of 30 and 90 bar. The interpulse delay times used in this experiment were
chosen in correspondence with the maximum of the bubble expansion. The images of the plasma induced
by the second laser pulse were compared with those produced by the first one. The plasma aspect ratios
(R/R,) on the left of Figure 7 clearly indicate that the second plasma induced inside the first bubble has a
more spherical shape. A rigorous treatment of the aspect ratio reported in Figure 7 would require to take
into account the image distortion due to the shape of the induced cavity around the plasma. Nonetheless,
for the scope of the present discussion we suppose that, as the plasma fills up completely the cavitation
bubble during the expansion, this effect may be reasonably neglected.

On the other hand, from the spectroscopic point of view, and contrary to what observed at
atmospheric conditions [33], emission spectra at high pressure are characterized by self-absorbed lines on
the continuum radiation. This is shown in Figure 8 for titanium spectra acquired at 30 bar. The

predominance of the continuum spectra in the LIP can be ascribed to the Debye-Huickel’s high density
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Figure 7.Comparison between the plasma shapes produced by the first laser pulse and the second laser pulse at two
representative water pressure values: A) 30 bar and B) 90 bar. The temporal trend of the plasma aspect ratios and

the plasma shadowgraphy images are reported on the left and right hand side, respectively.
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Figure 8.Spectrum of DP-LIBS of Ti in water at 30 bar together with a graphical inset of the corresponding Boltzmann

plot.

effect on the cut-off of excited levels due to the high value of the electron number density at the initial stage
of the plasma expansion [45]. In this condition, the radiative recombination is the main source of radiation in
the plasma and in the specific case of a high pressure liquid medium this phenomenon is particularly
effective [33] due to strong confinement. Therefore, as electron number density decreases along the
propagation axis, it is reasonable to suppose that, in the external region of the LIP, the Debye-Hiickel's
limitation of available electronic levels does not occur anymore. Although the initial temperature of the front
head of the plasma is very high, the fast transfer of thermal energy from the plasma to the surrounding
environment causes the peripheral zone to cool down sooner than the plasma interior and thus the
occurrence of self-absorption of the continuum radiation. This effect is very similar to Fraunhofer absorption
observed in the spectra of stars and it has been reported in a previous work dealing with DP-LIBS in sea-
water, where sodium lines appeared reabsorbed on the continuous Ti-LIP spectrum [23].

In order to exploit the self-absorbed lines for analytical purposes, it is important to check that their
intensity is proportional to the total number density of the ablated species, which can be investigated by
their atomic energy distribution function. If the distribution has a Boltzmann form, it means that the peak
intensities are almost completely absorbed on the continuum, and, through the Boltzmann relation, this
implies that the intensity of the single line is proportional to the total number density of the ablated species.

The inset of Figure 8 shows the corresponding Boltzmann plot. The absorbed lines have a Boltzmann
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distribution which suggests the possible use of such signals for analytical purposes. Moreover, as it has
been already demonstrated by Sakka et al. [46], the width of the self-reversed lines can also be used for
determining the local electron density, which in this case results to be around 10" cm-3 and represents the
electron number density in the plasma zone where the species are absorbing the continuum radiation.

In order to optimize the DP-LIBS signal, the emission intensity observed during the Al-target
ablation performed at different pressures was investigated. Figure 9shows the absorbed area of the
transition of Al (I) at 396.15 nm as a function of the interpulse delay at different water pressures. In order to
show the correlation between plasma emission intensity and bubble dynamics, the bubble volume is also
reported in the figure. As expected, the maximum intensity was detected at the interpulse delay of maximum
bubble expansion. As an example, Figure 10 shows the Al spectra as functions of interpulse delay with a
liquid pressure of 30 bar. It is worth noting that, while atomic transitions appear as absorbed peaks on the
continuum, ionic transitions appear as typical emission lines. This can be due to two reasons: i) in Debye

Huckel's theory the effect on the limitation of the allowed levels depends on the ionization energy of the
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Figure 9.Comparison between the laser-induced bubble volumes and the corresponding area of the DP-LIBS signal

of Al (I) at 396.15nm as functions of the interpulse delay at three different pressure values (30, 90 and 120 bar).
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Figure 10.DP-LIBS spectra of Al in water at 30 bar as a function of the interpulse delay.

species. lons have much higher ionization energy than atoms, thus they are less affected by high electron
density effects and their excited levels become available before those of the atoms; ii) ion emission comes

from the inner part of the plasma and therefore it does not undergo to Fraunhofer-like absorption effects.
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Figure 11.DP-LIBS spectra of Al in water at three different pressures (30, 90 and 120 bar) acquired at the best
interpulse delay (15, 10 and 7 s, respectively).
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Figure 11 reports the Al spectra acquired at the best interpulse delay for three different pressures.
This figure clearly shows that the amount of spectral information decreases by increasing the working
pressure. Indeed, at high pressures the bubble expansion is unable to reach the saturation pressure (i.e.
the equilibrium condition with the surrounding liquid [33]), because the high external pressure causes the
vapor inside the cavitation bubble to condense. This consideration suggests that the plasma is more and
more confined as the liquid pressure increases and, consequently, that the main contribution to spectra is
continuum radiation rather than spontaneous emission. Recombination and high density effects become so

severe with increasing pressure that at 120 bar even ionic peaks disappear from the spectrum.

4. Conclusions

Time-resolved optical emission spectroscopy and shadowgraph were used to investigate single-
pulse bubble formation and double-pulse plasma emission in collinear DP-LIBS of aluminium submerged in
water at pressure up to 120 bar. Plasma persistence and cavitation bubble size and lifetime were observed
to considerably decrease upon increase of hydrostatic pressure, and the optimum interpulse delay
decreased accordingly. Furthermore, as a result of the reduced dimensions and lifetime of the cavitation
bubble, also the DP-LIBS emission enhancement decreased by increasing the applied pressure. Finally, we
observed that, as a consequence of the fast decrease of temperature in the peripheral regions of the
plasma, atomic transitions appear as absorption peaks on the continuum radiation. The intensity of these
absorbed spectral lines resulted proportional to the total number density of the ablated species and their
atomic energy distribution function had a Boltzmann form. This implies that the peak intensities are almost
completely absorbed on the continuum, suggesting that the use of these spectra for elemental analysis with

conventional methodologies is still feasible.
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Effect of high-pressure on LIBS signal for oceanographic applications

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is well suited for in situ, non-contact and remote
multi-elemental analysis since only optical access to the sample is required for analysis. Additionally, no
sample preparation is required and the results are obtained in real time [1, 2]. Advantages of LIBS are
particularly useful for applications in extreme, hostile, and inaccessible environments such as surveys of
nuclear powers plants [3, 4], planetary [5, 6] and deep-sea explorations [7, 8]. In particular, in the field of
oceanography, a large number of studies have focused in the chemical determination of seawater or
hydrothermal vent fluids composition. For the chemical and biological point of view, the investigation of the
involved processes takes a special relevance in marine chemistry and geochemistry and also in the
understanding of the hydrothermal vent ecosystems [9-13]. For this purpose, the integration of LIBS
technology in the development of chemical sensors with remotely operated vehicle (ROV) is a future
perspective for the technique.

LIBS analysis of liquids has been extensively investigated since 1984 [14]. The dynamics and
evolution of laser driven shock waves in water was also discussed in earlier reports [15, 16]. In fact, the
laser—water interaction when a laser pulse is focused into a liquid produces rapid heating of the liquid
followed by its explosive expansion and formation of a gas bubble [17, 18]. As a consequence, the lifetime
of the plasma generated is very short leading to a poor signal when using single pulse excitation. De
Giacomo et al. [19] discussed the limitations of this approach for the analysis of liquids and the peculiarities
of double-pulse (DP-) LIBS as an invaluable analytical tool for the elemental analysis of bulk water and
submerged solid samples from both the experimental and theoretical points of view. However, when LIBS is
used for in situ marine applications, the pressure effect induced by the depth is a key parameter that should
be considered since it significantly influence the plasma expansion. In previous reports [11, 13, 20], the
effect of oceanic pressure on a simulated hydrothermal vent fluid was evaluated. For this purpose, studies
were performed up to 270 bar and the experimental conditions for LIBS detection were properly optimized.
However, the effect of water pressure was only noticeable in a regime of high energy, resulting in a
decrease in signal intensity. Later, in an attempt to improve LIBS detection, the employment of a DP
approach was also evaluated [12, 21, 22]. Under simulated oceanic conditions, a weaker emission was
achieved even in a DP-LIBS configuration, mainly due to a confinement effect of the laser-induced plasma.
Thus, no signal enhancement was observed beyond 100 bar for bulk liquids and 146 bar for immersed
solids [23]. Most recently, the use of a long-duration pulse >100 ns can yield significant enhancements in
signal quality for underwater samples [24, 25]. Well resolved spectra were acquired for both bulk liquids [26]
and submerged solids [27] at pressures up to 300 bar. No effect of external pressure was observed using a
long-duration laser pulse. Furthermore, based on these studies, the University of Tokyo incorporated a long-

duration laser pulse in a cylindrical probe mounted in the articulate arm of a remotely operated vehicle
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(ROV) [7]. This prototype was tested for close-contact multielemental analysis of seawater and
hydrothermal deposits at approximately 3000 meters depth.

In the last few years, an application area of growing interest is the chemical characterization of the
submerged cultural heritage. The first in-situ submarine LIBS analysis of solid samples was published in
2012 by the University of Méalaga [28]. The instrument developed for this task consisted of a main unit for
laser-fiber coupling and signal detection, and of an underwater probe, interconnected by means of a 40 m
long umbilical cord. The system was controlled from a vessel while the LIBS probe was operated by a
professional diver. This prototype was tested using a set of archaeological materials for close-contact
multielemental analysis at a depth of 30 meters. An improved version for the remote LIBS instrument based
on the transmission of a train of pulses through the optical fiber cable was also presented. The capabilities
of the system have been demonstrated for inspection of a shipwreck situated at a depth of 17 m in the
Atlantic coast of Andalucia [29, 30].

In view of what found in the bibliography, and the potential capabilities of LIBS technology, it would
be feasible to design, in a remotely operated vehicle, a standoff LIBS (ST-LIBS) system to analyze the
samples of interest at certain distances. Underwater ST-LIBS involves the delivery of a focused laser pulse
toward the distant target through the aqueous media and then, the transmission of the light emitted by the
laser-induced plasma back to the detection system. In a previous report, the potential of LIBS analysis in an
open-path configuration for chemical characterization of archaeological materials [31] was investigated. The
experiment was carried out in the laboratory inside a water tank at atmospheric pressure. Based on these
preliminary results, the main motivation of this work is to increase the range of analysis. Thus, several
experiments have been performed in a high pressure chamber in order to evaluate LIBS response under
oceanic pressure. Experimental considerations including the lasers beam energy, the interpulse delay time
and the configuration for plasma collection have been evaluated. The effect of water temperature on LIBS
signal has been also studied. In addition, the possibility to analyze complex sample of greater

archaeological interest such as copper alloys has been also evaluated at different pressure values.

2. Experimental set-up

2.1. Instrument

A laboratory LIBS system was designed to operate with a high-pressure chamber. A schematic
diagram of the experimental setup can be seen in Figure 1. The laser source was at 532 nm Q-switched
Nd:YAG (10 Hz, 400 mJ pulse!, 7 ns pulse width) dual pulse laser system (Brilliant Twins, Quantel,
France). Both delivered laser beams are spatially overlapped and were directed via two reflecting mirror and

a dichroic mirror (with high reflectivity for 532 nm at 45° and transparent to the emission of the plasma), the

196



Effect of high-pressure on LIBS signal for oceanographic applications

Lasers
Nd:YAG 532 nm

Figure 1: Experimental set-up. M1 mirror; M2 dichroic mirror; L1 focusing lens; L2 collimating lens; FO fiber optic.

latter being placed just before the focusing lens, into the sample surface. In order to simulate the real
conditions in a marine environment, samples were placed (perpendicular to the laser beam) inside a high
pressure chamber of 80 ml capacity and 135 mm x 130 mm x 115 mm dimensions. The high pressure
chamber has been extensively described in Chapter 3. The chamber was positioned on three crossed
stages which allow precise movement in xyz directions. The laser beam was focused onto the sample
surface by a BK7 lens, 75 mm focal length and 1 inch diameter. The output energy was variable depending
on the experiment, reaching a maximum value of 160 mJ pulse for the first laser and 215 mJ pulse' for the
second laser. The repetition rate was set at 10 Hz. Plasma emission was observed along the optical axis
through the dichroic mirror and was focused by a plano-convex BK7 lens (100 mm focal length and 2 inch
diameter) into the spectrometer with an optical fiber (2 m length, 600 um diameter, NA 0.22). The
spectrometer is Shamrock 303i (Andor Technology) Czerny—Turner scheme (303 mm focal length, /4, 15
pm slit) fitted with an intensified charge-coupled device (ICCD) detector (1024 x1024 pixel, 26 mm pixel,
intensifier tube diameter 25 mm). The gathered light was then spectrally resolved using two diffraction
gratings with 1200 groove mm-! blazed at 300 nm and 300 groove mm-! blazed at 500 nm , which provided
a spectral window of 40 nm (0.04 nm spectral resolution) and 140 nm (0.14 nm spectral resolution),
respectively. Operation of the lasers was externally controlled by a delay and pulse generator (Berkeley
Nucleonic model 565-4C) which allows the synchronization of both laser pulses and the control of data
acquisition and interpulse delay. The target was moved and the water was changed to avoid the effect of
the formation of the suspended particulate. In general, to improve the sensitivity, the signal was integrated

for 5 laser shots.
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2.2. Samples

Optimization of experimental conditions was performed using a Fe foil (Sigma-Aldrich, 250 mm
nominal thickness and purity better than 99.9%). In addition, two certified bronzes standard (BCR 691) with
variable concentrations (Bronze A: 78.7 % Cu, 7.2 % Sn, 7.9 % Pb, 6 % Zn, 0.2% As; Bronze B: 82.7 % Cu,
2.1 % Sn, 0.4 % Pb, 14 % Zn, 0.8 % As) were also used. Data were obtained by averaging 5 laser shots

and was measured 10 times in each different position.

3. Results and discussion

Due to the confinement of the plasma by the nearly incompressible liquid medium and to the fast
transfer of energy from the plasma to the surrounding liquid, the spectral emission is characterized by a
really short duration, leading to a poor signal when using single pulse excitation [32]. In order to increase
LIBS performances in liquids, several experimental configurations, mainly based in a sequential excitation
approach, has been suggested in the literature [19]. In this approach, the first laser pulse produces a gas
bubble whereas the second pulse ablates the sample and re-excites the plasma inside the bubble. Figure 2
presents a comparative LIBS spectra of a bronze sample in both single pulse and double pulse

configuration taken underwater. As observed, no signal emission was collected in single-pulse excitation,
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Figure 2. Comparison of LIBS spectra of bronze sample taken after single (Laser energy 216 mJ, gate width 500 ns,
delay time acquisition 15 ns) and dual pulse (First laser energy 160 mJ, second laser energy 216 mJ, gate width 8

s, delay time acquisition 100 ns, interpulse delay time 100 us) excitation.
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while the spectra collected after the second pulse shows the characteristic emission lines of the sample.
However, as seen in chapter 7, the enhancement of signal intensity will be correlate to the moment of
maximum expansion of the bubble induced by the first laser pulse. Thus, optimization of temporal conditions
is almost critical. On the other hand, some operational parameters such as laser pulse energy, the
configuration of the collection system as well as the effect of water temperature on signal emission take a

special relevance in the LIBS application for oceanography.

3.1. Underwater DP LIBS of solid samples. Optimization of temporal conditions

Figure 3 shows the temporal evolution of an iron target submerged in water at atmospheric
pressure. In order to improve the signal to noise ratio (SNR), emission spectra were averaged over five
laser shots. Initially, the typical high background spectral, which is essentially due to mechanisms involving
free electrons (inverse Bremsstrahlung, radiative recombination, photo-ionization) [32] prevails. Several
tens of nanoseconds after the laser pulse arrives, spectral lines start to be more clearly defined from the
spectral continuum. Here the electron number density is still very high and the spectral lines are broadened
by the Stark effect due to electron collisions [33]. For the remaining part of the expansion, the spectral
characteristics are governed by the decreasing electron number density, and consequently the spectral
lines become smaller and narrower. Optimization of the acquisition delay was based on the signal to noise
ratio. Results are plotted in Figure 4. The emission line of Fe (I) at 330.57 nm was selected. As shown, the

maximum signal to noise ratio, approximately 60 (a.u.), was acquired at 300 ns.
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Figure 3. Emission spectrum of iron in water at different delay time after the second laser pulse. Gate width 200 ns

and interpulse delay time 100 ps. The selected value at 300 ns is in red.
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Figure 4. Signal to noise ratio of iron at 330.57 nm in water at different delay times after the second laser pulse. Gate
width 200 ns and interpulse delay time 100 ys.

In this experiment, the signal to background ratio was studied as a function of the interpulse delay
time (At). As observed in Figure 5, a more intense and well resolved signal was acquired at At 125 s, that
will be coincident at the maximum bubble expansion created by the first laser pulse. This fact was explained
in detail in Chapter 7 and also is in good agreement with those found in a previous report [34]. In the
present study, spectra were acquired in the temporal range between 25 to 400 ps. As revealed by the LIBS
spectra appearing in the inset of Figure 5, the selection of the optimum interpulse delay time is critical and
have a significant influence over the spectral resolution and the analytical quality of LIBS spectra. The inset
of Figure 5 shows that the signal-to-background ratio is higher at the optimum At, 125 us, when compared
to 25 and 400 ps, at the beginning and the collapse of the bubble expansion, respectively.

However, signal enhancement observed at atmospheric pressure does not correspond to an
increase in the water pressure. Figure 6 compares the temporal evolution of the laser-induced plasma in
iron, in both 1 and 25 bar. As shown, both pressures present a similar trend although the acquired emission
spectra are higher at atmospheric pressure. Also, signal intensity initially increases with At at a similar rate.
The emission line Fe (I) at 330.57 nm was selected. Nevertheless, the plasma lifetime is considerably
reduced when increasing the water pressure. In this sense, the optimum interpulse delay time (At op)
decreases rapidly from 125 us at 1 bar, to 11 ps at 25 bar. For this experiment, the employed energy was
60 mJ pulse! for the first laser pulse and 92 mJ pulse for the second laser pulse. Furthermore, results

obtained are in good agreement with those described in Chapter 7, in which an increase in water pressure
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Figure 5. Signal to background ratio of Fe (1) at 330.57nm as a function of the interpulse delay time (At). Spectra inset
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Figure 6. Signal to background ratio of Fe (1) at 330.57nm as a function of the interpulse delay time (At) at two

different pressures. E1 60 mJ, E2 92 mJ, gate width 8 ps, delay time acquisition 300 ns.
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(1-120 bar) caused a significant decrease in the maximum bubble size and bubble lifetime. Thus, the
optimum interpulse delay, coincident with the maximum bubble expansion in which is observed the
maximum emission intensity, was reached at shorter interpulse delay. Furthermore, these trends also are

coincident with previous reports [22, 34].

3.2. Underwater DP LIBS of solid samples. Influence of laser energy

Once optimized the temporal conditions for underwater DP-LIBS, the next step was to evaluate the
influence of laser beam energy on LIBS signal. At this point, in the case of iron, the optimum temporal
conditions are: At, 125 s at 1 bar and 11 ps at 25 bar; gate delay (tg), 300 ns; and the integration time 8
MS.

In order to simplify the study, the experiment was initially performed at atmospheric pressure. The
emission line Fe (1) 330.57 nm was used for this purpose. In a first step, the energy of the first laser pulse
(E1) was evaluated in the range 36-162 mJ pulse while the energy of the second laser pulse (E2) was kept
constant at 215 mJ pulse'. Each point in the graph results from the averaged of ten spectra. Results are
depicted in Figure 7. The signal to background ratio (SBR) is plotted as function of the interpulse delay time

in the range from 0 to 500 ys, at different E values. As observed, at higher E1, 162 mJ pulse, the signal to
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Figure 7. Effect of E1 on the signal to background ratio of Fe (1) at 330.57nm as a function of the interpulse delay time

(At) at 1 bar. E2 was kept constant at 215mJ.
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background ratio is larger, probably due to that a more energetic first plasma is induced at higher pulse
energy. In addition, the lifetime of the laser-induced plasma is considerably reduced from 162 mJ pulse' to
36 mJ pulse-'. This fact could be due to that at 162 mJ pulse' the plasma induced by the first laser pulse
produced a longer bubble lifetime in which the maximum bubble expansion is kept for longer time. This
hypothesis is in good agreement with the results explained in Chapter 7. There, the size of the laser-
induced bubble was measured by shadowgraphy and was compared to the emission intensity after the
second laser pulse. Thus, it was observed that signal intensity was directly proportional to the bubble
volume. Moreover, in Chapter 7, the effect of pressure over the bubble lifetime and bubble dynamics was
also described.

On the other hand, the effect of E; on LIBS signal is shown in Figure 8. For this experiment, E; was
evaluated in the range 7-215 mJ pulse’! while E1 was kept constant at 60 mJ pulse'. As seen, at
atmospheric pressure, signal intensity increases until reaching a maximum value at 50 mJ pulse'. From
here, LIBS intensity start to decrease probably due to the plasma shielding effect. Plasma shielding occurs
when the plasma itself reduces the transmission of the laser-pulse energy along the beam path like what
was observed in previous report [13]. At higher pressure, 25 bar, the behaviour of signal intensity is quite
similar. In fact, results depicted here show that the optimization of laser beam energy depends on two
aspects: a) E1 must be set at the maximum energy to provide an increased bubble lifetime, and b) E; must

be set to a certain value that avoid the plasma shielding effect.
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Figure 8. Effect of E2 on the LIBS signal intensity of Fe (1) at 330.57nm at two different pressures. E1 was kept

constant at 60 mJ. Interpulse delay was fixed at 125 and 11 ps for 1 and 25 bar respectively.
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3.3. Influence of plasma light collection geometry

Figure 9 compares the influence of plasma collection geometry on LIBS signal. Several
alternatives has been proposed for plasma collection. The schematic diagrams are detailed in Figure 9A.
Thus, the optical arrangements for plasma collection were evaluated: i) orthogonal to the incident laser
pulse, i) 45° with respect to the incident laser and iii) coaxial to the incident laser pulse. As described in the

experimental set-up section of this Chapter, the focusing of the laser beam radiation was exactly the same

for the three evaluated configurations.
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Figure 9. A) Optical collection geometry used. FO fiber optic, M1 is a dichroic mirror, L1 and L2 is a plano-convex
lens 75 mm focal length, and L3 is a plano-convex lens 100 mm focal; B) LIBS signal intensity of Fe (1) at 330.57nm
at different collection geometry using E1 60 and E2 50 mJ; C) LIBS signal intensity of Fe (1) at 330.57nm at different

collection geometry E1 60 and E2215 mJ.
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Underwater plasmas were performed in iron samples. Figure 9B shows LIBS spectra in the
spectral range 324-334 nm for three proposed alternatives at experimental conditions of E1 60 mJ pulse-,
E> 50 mJ pulse-' and At: 125 ps. The emission line Fe (1) at 330.57 nm was selected for LIBS experiments.
Under these conditions, the maximum signal intensity was observed in the coaxial configuration, 65000
counts, in contrast to the 38000 and 17000 counts achieved at 45° and 90°, respectively. This fact could be
attributed to that maybe a minor section of plasma light emission is collected at 45° and 90° configuration.
However, the plasma is entirely focused in the FO using a coaxial configuration, hence increasing the
quality of LIBS signal.

However, when increasing the energy of E,, the maximum signal intensity was achieved at 45° with
respect to the incident laser pulse. The corresponding LIBS spectra are plotted in Figure 9C. In this case,
the experimental conditions were E1 60 mJ pulse, E; 215 mJ pulse’ and At: 125 ps. As described in
section 3.2, a plasma shielding effect was observed at higher E; values [13, 34]. Thus, the shielding effect
interrupts the light transmission through the optical path in the coaxial configuration. This effect is less
pronounced when the plasma light was collected at a certain degree with respect the incident laser pulse, it
means 45° and 90°. Nevertheless, best results were achieved using low energy value and a coaxial
collection configuration. In view of these results, the design and develop of an oceanographic sensor would

be simplified with a coaxial DP LIBS configuration.

3.4. Influence of water temperature on LIBS signal

Figure 10 shows the influence of water temperature on the LIBS signal. For this study, the applied
pressure was 1 and 25 bar in a water temperature range of 5 °C to 30°C. The selected spectral line for this
study was Fe (1) 330.57 nm and the interpulse delay time was set at the optimum for each pressure (1 bar,
At: 125 ps; 25 bar, At: 11 ps). The laser beam energy was E1: 160 mJ pulse' and Ex: 215 mJ pulse-'.
Water was sequentially cooled in steps of 5 °C. The water temperature was appropriately homogenized
throughout the water volume in order to ensure that the temperature in the vicinity of the sample was the
same as the rest of the chamber. Each point in the graph represents the average intensity of 5 replicate
measurements. As shown, the signal intensity markedly falls in the range of 15°C to 20°C. From here, the
slope is quite smooth and the signal gradually decreases up to 5 °C. This behaviour is similar in both
pressures. Hence, results obtained at 25 bar are quite promising and suggest the possibility of LIBS
analysis at least at 250 meters deep since at this pressure the water temperature is around 20 °C [31].
Thus, assuming that in DP-LIBS the plasma features strongly depend on the laser-induced bubble created
by the first laser pulse; it is plausible that variations in the properties of water will affect the cavitation
dynamics and bubble expansion and consequently the signal emission [35]. In water, the refractive index n

increases with salinity pressure, with a decrease in temperature. In principle, one might think that a
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Figure 10. Effect of water temperature on the LIBS signal of Fe (1) at 330.57nm at two different pressures. Interpulse

delay was fixed at 125 and 11 s for 1 and 25 bar respectively and E1 160 mJ E2 215 mJ.

change in the refractive index may affect the focal beam conditions, however, at atmospheric pressure n is
calculated to be 1.333 at 0 °C and 1.332 at 20 °C; and at 25 bar 1.333 at 20°C [36]. Therefore, this change
is negligible and reasonably discards this possibility. Other properties of water such as density and viscosity
also change with temperature. As shown in Table 1 [37], both parameters are inversely proportional to the
temperature. In the range from 15°C to 5°C the water density is close to its maximum 0.999 g/cm3; and the
viscosity increases around 34%. These data are compatible with the change in slope observed in Figure 10.
The increase in density and viscosity affects the dynamics of the cavitation bubble, slowing down its
expansion and increasing the time needed to reach its maximum radius. At a fixed interpulse delay, the
second pulse does not interact with the solid at the maximum bubble expansion, so the signal enhancement
due to DP-LIBS is less effective, thus explaining the decrease in signal emission with the decrease of water
temperature [31].

In addition to this, plasma formation inside liquids lack efficiency because a great percentage of
laser energy is expended for liquid vaporization. Thus, only a portion of the incident laser radiation is
involved in material ablation. At low water temperature, this effect could be even more pronounced due to
the large thermal diffusivity of iron 2.5 x 10-*m2 s [38]. Then, also the decrease in signal emission may be
explained to a certain extent by energy cost for heating the sample due to decreasing of the environment

temperature.
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Table 1. Properties of water such as density and viscosity as function of temperature [37].

Temperature (°C) | Density (g/cm®)  Viscosity 10° (Kg/ms)
5 1 1.5182

10 0.9997 1.3059

15 0.9991 1.1375

20 0.9982 1.0016

25 0.997 0.89

30 0.9956 0.7972

35 0.924 0.7191

3.5. Influence of water pressure on LIBS signal. Matrix effect

In situ chemical analysis of submersed materials constitutes a technology area of growing interest.
In subaquatic archaeology, metallic objects are the most appreciated due to their shortage and intrinsic
heritage value. Knowledge of quantitative elemental composition of this kind of samples makes possible the
assignment of the manufacturing period and the classification of the metallic objects. Hence, the chemical
composition extracted from a LIBS analysis gives archaeologists additional information to better understand
our history. In the particular case of copper-based alloys, the matrix effects of this kind of sample which
provides a different plasma behaviour, due to the variation of physical and chemical properties of the
elements integrating the matrix and consequently influence the mass ablation rate and other processes
occurring in the plasma. The objective of this study was to evaluate the influence of water pressure on
matrix effects. For this purpose, two bronze samples were examined in the range 1-60 bar. The laser
beams energies were E1: 160 mJ pulse™ and E: 215 mJ pulse™. LIBS spectra were acquired in the spectral
range 380-525 nm. The main emission lines of Cu at 521.82 nm, Pb at 405.78 nm and Zn at 481.05 nm
were selected for this study. It must be taken into account that no self-reversal was observed in LIBS
spectra. Figure 11 shows a comparative LIBS spectra of a bronze sample at different water pressures, 1 bar
and 40 bar. As shown, the species are well identifiable although signal intensity is lower at higher pressure.
In addition, the spectra acquired at 40 bar revealed a line width substantially larger than that observed at 1
bar.

Figure 12 shows line broadening of the Zn (I) 481.05 nm as a function of water pressure. As
shown, line broadening increases almost a factor of 2.5x when water pressure increases from 1 bar to 60
bar. This fact may be a consequence of confinement effect of plasma and the collisions in the confined
volume close to the target [19]. In addition, as described in Chapter 7, the dynamics, lifetime and maximum
radius of the cavitation bubble remarkably depend on the pressure characteristics. Figure 13 shows that the
optimum interpulse delay drops significantly as a function of the water pressure. The optimum interpulse
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Figure 11. Underwater LIBS spectra of sample bronze B at 1and 40 bar pressure. E1 160 mJ, E2 215 mJ, gate width 5

s, delay time acquisition 200 ns and interpulse delay time 200 us and 2 s, respectively.
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Figure 12. Influence of pressure on the full Width at Half Maximum (FWHM) of the emission line of Zn (1) at 481.05
nm.
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Figure 13. Influence of hydrostatic pressure on the optimum interpulse delay time.

delay falls from 110 us at 1 bar to approximately 2 us when the water pressure increases up to 60 bar. For
comparative purposes, the signal-to-background ratio (SBR) for the emission lines of Cu and Zn as function
of At is plotted in Figure 14. Results show that it exits a difference in the SBR values found for Cu and Zn at
1 bar. However, at higher pressure, the measured SBR is almost coincident for both species, Cu and Zn.
Based on these results, it seems that (when compared to the atmospheric pressure) exits a fraction effect
which provides a different plasma behavior, due to the variation of physical and chemical properties of the
elements integrating the matrix and consequently influence the mass ablation rate and other processes
occurring in the plasma. In order to elucidate this phenomena, the Zn/Cu and Pb/Cu intensity ratios for the
samples bronze A and bronze B as function of the water pressure has been plotted in Figure 15. The range
of pressure was 1-60 bar. In both samples, Figure 15A and Figure 15B, intensity LIBS ratio significantly
changes as function of the water pressure. In this sense, at higher pressure, the laser-induced plasma is
enriched in Zn and Pb with respect to the Cu content. In fact, as explained above, this behavior can be
attributed to matrix effects; it means that a preferential ablation or fractionation of some species in the laser-
induced plasma may occur [39].

In fact, a thermal vaporization mechanism characterizes ns- laser ablation and the interaction

between the laser pulse and the transient states of the elements in the plume could also evaporate material
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Figure 14. Signal to background ratio of Cu (I) at 521.82 and Zn at 481.05 nm as a function of the interpulse delay
time (At) at two different pressures.
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from the sample surface doing this effect even more pronounced. Due to this constraint, the variation
observed in the LIBS intensity ratio may be attributed to different rates of volatilization or atomization
processes for Zn (latent heat of vaporization, 1748 J/g; T melting, 420 °C; T boiling, 907 °C), Pb (latent heat
of vaporization, 862 J/g; T melting, 327 °C; T boiling, 1740 °C), and Cu (latent heat of vaporization, 4790
JIg; T melting; 1083 °C; T boiling, 2595 °C) in the plume. This effect, which is well documented for copper-
based alloys [40, 41] is related to plasma shielding that in our experiment this parameter could be
associated to plasma confinement due to the external pressure. In this case, taken into account the thermal
properties and the mechanisms of ns-laser ablation, the plume may be enriched in the most easily
vaporizable species: Pb and Zn.

As observed in a previous report [31], it is due to the electron density. At higher pressure, the
electron density is higher as a result of the compression effect that makes shielding effect more intense.
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Figure 15. A) Zn/Cu intensity ratio from bronze B and B) Zn/Cu and Pb/Cu intensity ratio from bronze A as function of
environment pressure.

Consequently, the laser energy that reaches the sample surface is attenuated inducing less energetic
plasma. A decrease of plasma temperature could be expected when hydrostatic pressure increases, as
observed in [42]. In our experiment, electron temperature was calculated observing that the plasma
temperature change among 12000-10500 K in a pressure range of 1-40 bar. This fact indicates that less
stoichiometric plasma was obtained, in such a way matrix effect will be favoured producing a preferential

ablation.
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4. Conclusions

In this work, LIBS experiments simulated oceanic conditions in order to evaluate the capabilities of
this technique for underwater chemical characterization of archaeological materials immersed at higher
depth. Experiments performed in a DP-LIBS configuration provided a signal enhancement with respect to
SP-LIBS that suggest the possibility of using this approach for underwater LIBS analysis. Experimental
parameters including the interpulse delay time (At), the acquisition delay and the laser beam energy has
been optimized for a better analytical response. Concerning the interpulse delay time, At drops significantly
as a function of hydrostatic pressure due to a significant decreases in the maximum bubble size and bubble
lifetime. Also, the energy of the first laser pulse (E:) affects to the bubble lifetime and its maximum
expansion. Thus, E1 must be set at the maximum energy to provide an increased bubble lifetime while E;
should be set to a certain value that avoid the plasma shielding effect.

The influence of plasma collection geometry has been also evaluated. The optical arrangements
were: i) orthogonal to the incident laser pulse, i) 45° with respect to the incident laser and iii) coaxial to the
incident laser pulse. Best results were achieved using low energy value and a coaxial collection
configuration and indicate that the design and develop of an oceanographic sensor would be simplified with
a coaxial DP LIBS configuration.

Concerning the water temperature, results obtained at 25 bar are quite promising and suggest the
possibility of LIBS analysis at least at 250 meters deep since at this pressure the water temperature is
around 20 °C. Finally, at higher pressure, it seems that (when compared to the atmospheric pressure) exits
a matrix effect which provides a different plasma behaviour, due to the variation of physical and chemical
properties of the elements integrating the matrix and consequently influence the mass ablation rate and
other processes occurring in the plasma. In this sense, intensity LIBS ratio significantly changes as function
of the water pressure and the laser-induced plasma is enriched in Zn and Pb with respect to the Cu content.
The results obtained are quite promising and suggest the possibility of integrating LIBS technology into a
remotely operated vehicle (ROV). This application could be considered as a new LIBS frontier and open the
door for geological/mineralogical exploration, cultural heritage investigation and/or the inspection of oil and

gas pipelines in the seafloor.
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Conclusions

The results obtained in this Doctoral Thesis are quite promising and suggest the possibility of

integrating LIBS technology in oceanography. This application could be considered as a new LIBS frontier

and open the door for geological/mineralogical exploration, cultural heritage investigation and/or the

inspection of oil and gas pipelines in the seafloor. In this sense, according to the initially proposed

objectives, the results obtained and the individual conclusions presented in the different Chapters of this

Doctoral Thesis, the following general conclusions can be outlined:

The capability of LIBS for the on-site recognition and identification of immersed objects has been
demonstrated by using a remote LIBS instrument.
Parametric studies in the laboratory such as gas flow pressure, beam focal conditions and
acquisition delay time, among others, were performed to optimize the best conditions for field
analysis. In addition, a number of tasks were conducted outdoors in order to evaluate the stability
and robustness of the Remote-LIBS prototype in a marine environment.
Underwater characterization of galvanized steel has been accomplished in shallow waters in the
Bay of Malaga. A multi-pulse excitation scheme was selected for LIBS analysis. Depth information
was obtained by tuning the pulse width to 22 ns and 30 ns. In order to determine the Zn coating
thickness, calibration curves were constructed for both pulse durations. Information extracted from
depth profiling analysis could be employed for the quality control of the corrosion protection in the
industrial sector.
The use of a gas of purge (Ar, He) improve the chemical characterization of ceramics during the in-
situ analysis in an underwater archeological site. In our prototype, the umbilical cord supply gas to
the submersible probe for removing the water and creates a gas—sample interface that improves
the ablation efficiency. The influence of gas pressure on the LIBS signal of ceramic has been also
studied.
Results obtained during the measurement campaign performed in the wreck of San Pedro de
Alcantara confirmed the maturity of the LIBS technique to perform in a marine environment.
A software based on linear discriminant analysis for in-situ assigning the chemical identity of the
object in a real underwater site has been designed. The information thus gathered provides
valuable data on the identity of shipwrecks located in coastal waters.
A high-pressure chamber has been designed and constructed to simulate oceanic conditions in
laboratory. The chamber is certified for pressures up to 400 bar.
The influence of high-pressure over LIBS signal has been evaluated. For this purpose, a coaxial
DP-LIBS configuration has been properly optimized. Studies based on fast photography and
shadowgraphy images demonstrated that the cavitation bubble expansion is crucial for a better
optimization of the temporal conditions. The optimum At drops significantly as a function of the
pressure. We noted that although the bubble persistence time is considerably larger (a few
hundred ps), the duration of the laser-induced plasma is only a few ps.
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Conclusions

o In view of the results obtained in this thesis, it would be feasible to design, in a space of reduced
dimensions such as a remotely operated vehicle (ROV) a standoff LIBS (ST-LIBS) system to

analyze the samples of interest at different distances in the deep ocean.
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High pressure chamber certificate

HIDRAULICA PRADO S.L.
C/ Carabela N°© 20

29006 Malaga

Telf/Fax: 952 33 74 47
C.I.F.: B92862598
www.hidraulicaprado.com
info@hidraulicaprado.com

Certificado de estanqueidad de camara de altas presiones

Yo, Francisco Gabriel Prado Pefiuela con DNI: 33362214-R y gerente de la empresa
HIDRAULICA PRADO S.L. con C.I.F.: B92862598,

CERTIFICO, que la estanqueidad de la cdmara de altas presiones disefiada por el
Laboratorio Laser de la Universidad de Malaga ha sido testada satisfactoriamente
hasta una presion de trabajo de 400 bares.

Malaga, a 15 de Julio de 2015

Fdo.: Francisco Prado
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Ficha técnica de los componentes principales

e Manguera termoplastica % 700 bares

8y |
S '“‘"tv‘
L

Mangueras termoplésticas Trile
Termopldsticas malla metdlica

Manguera termoplastica 700 bar

EO—

Composicién: -Tubo interior: elastémaero de polles
‘Refuerzo: una o dos mallas de rbr. Aronuo mas una malla metdlica,
«Cublerta: poliuretano negro.

Temperatura de trabajo: De -40° C a +100° C, limitada a +70° C para aire y Nuidos de solucidn acuosa.

Articulo DN oin O ext | Presion de m«‘mu Presion de  Radio de &irm“”lmi ]
Wl ( ! l (N') (psl) (mm)
ve | 66 | 127 700 | 10000 | 2800 | 40000 | 35 0,180

i i

o Valvula de seguridad- limitadora de presion

. VALVULAS EN LINEA

F”"] vf;:"‘“ IN-LINE VALVES / VALVES EN LIGNE
¢ ’gvf’”' LIMITADORAS / RELIEF VALVES / LIMITEURS

LIMITADORAS PANELABLES CUERPO ACERO / BULKHEAD RELIEF VALVE STEEL BODY

MITEURS SUR TABLEAU CORPS ACIER

T
Type Q (1/min,) Yy Rong.
VMP 144 L 40 1/4 30...500
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e Bomba manual

)

e e

HicAhLcA PRABO st +00aY 952337447 wnw hidraulicaprado.cob

Caracteristicas

8§ BM-04, BM-1, BM-2 y BMAP-1

® Son bombas manuales de simple efecto y una velocidad, utilizables de forma fija o portatil, en posicion
horizontal o vertical. En esta ultima posicion, el cabezal debe situarse hacia abajo.

B Estan equipadas con valvulas de sobrepresion, tarada a la presion maxima de trabajo.
Ficha técnica
e

Referencia

Capacidad de Caudal por embolada | Caudal por embolada | Peso
aceite util (cm3) abajo {cm3) 1 Etapa (cm3) 2 Etapa (kg)

BM-1 1250 700 2.5 6.7
Bm-2 2000 12
BMAP-1 1250 1500 1 72
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Dlaanrdomnlamulsbnuhlqzt/lm,dllGdem,demmh.enmuﬂublymmmlzmmyej,yhm
ezpecifica relativa » cada acthidad en las especialidades, categorias y modalidades enumeradas y daclaradss a continuacidn, y of objeto de que la
empresa ariba identificada quede habitada para el ejercicio de actdades reguladas por los reglamentos de seguridad indusérial, segin o previsto en ef
articulo 4.3 de la ley 21/1992, quien suscribe este documento, DECLARA:

L mhmﬂnamhmmuWum.ymdm,ummmhmmmwdMdscrdn
2060/2008, de 12 d= dciembre, por o que se aprueba el reglamento de equipas & presion y sus instn técnicas complementarias:

(0] 7151 ® P2 O ERP-1 O ERP-2
{La actvidad sa limita a utilizar exclusihvamente sistermas de unidn no permanentes” O 81 @ no
Requisitos Especificos

2. Que para cubrlr la fa responsatilidad il exigida y derivada ded ejorcicio de la actividad respecto a dafos matersales y persanales producidos a
" fercetos, la empresa ha aseguracdo, mediante pltra de segum, aval u otra garantia suficiente, las siguientes cantidadss:

— —_— — ——— —

———  — — e — ——— — —)

3. Quela empresa dispone de las sigulentes acreditaciones (sistemas de calidad, do fabricantes, eic):
1SO 1400:2004 N® MA24444/11 - DISENO INDUST RIAL PROTOTIPOS Y DISPOSTTNOS HIDRAULICOS NEUMATICOS,

T Y AUTOMATISMOS. o e
1SO 9001,2008 - MiSMAcg!TlFICAEl‘ON _"
4. Que dispone de personal contratado con ks cualificacion requerida reglamerttariamente, y de la documentacion que Jo acredita, para ef ejercicio de
la actiidad:
—u;;vmmu e o < _h-uu- ;/mz . S
50 FRANCISCO GABRIEL PRADO PENUELA _'_l’ocrioo titulado compd o 33362214R
B -seleccionar- ==
~seleccionar- 33362214R —

L

229



Appendix 1

= A\ CUNSEJERIA DE ELUINURIA, INIYUYAGIVIY 1 Litivuin
DELEGACION PROVINCIAL DE Malaga

18 T2 AR

Que |a empresa se encuentra inscrita en ef registro de establecimientos industriales de Andalucia con ef n* 0 Que no estando inscrita o

no estando sus datos convenientements actualizados, aporta los mismos para s inscripcidn de oficlo,
FCUBNAPRICHRLOECOTIXOONANSEGIROWDSOCM: 20119072206 |
_g_wmmmocumsawn CNAE-2009
g FABRICACION REPARACION VENTA EQUIPOS HIDRAULICOS ¥ NEUMATICOS 3312
(ACTIVIDAD SECUNDARMIA DE LA EMPRESA (deseripeitnl CNAE 2009 !
_ — —_—— N
P S—— I B
N* DE TRABAJADORES: 3

6. Que dispone de la siguients marca del puretn o tenaza para of pracintado de vélvulas de seguridad:

A

Requisitos GENERALES:
. Que como mepresentant= de la empresa, dispongo de poder legal suficients para actuar como tal.

7

8 thmulumdmﬁhmamwmhrﬂmuyammbmmmmcnbund
Registro Mercantd o que. como titular de la empresa indeidual declarada dispongd de la documentacion acreditativa de constitucién de la misma de
Indole fiscal y lsboral.

9. OutlamnnemhMmBW,MyMM&nymm.ymdm.
mywmmummm”umwmmawmmummahm
establecidas en la normativa estatal y autondmica vigente.

10. mm&hmmawmammyamwmmm.um
inmediatamente a b autoridad competente cuando ésta lo requiera en ¢ ejercicl de sus facultades de nspeccitn, comprobacitn y contral.

1. Que la emgresa s& compromete a mantener ¢l cumplimiento de los requisios exigides durants la vigenaia ca la actividad, asi como a ejercer su
MMMW@QMﬂ“W&Wommy.mmm,mmm
mmymam,ummmmmmwummmm
sus actuaciones,

12. thamahm.mmmmummammwtmammyamg
quejas o reclamaciones por los usuarios y consumidares,

13, Que los datos y mandestaciones que figuran en este documento son clertos y que 13 empresa es conocedora de que:

-um.wumammamm,m-hmmwnmmecmau
actividad e inhabilitar temporalmente para el ejercicio de la acthidad.

-ummm«mmuomwmmmmmmmm.«cuwmmncmu
WWQWMWMMWWMMW.M*uMMW.h
inmediata inhabilitaciin de ka actividad

|
[
i
i
I
|
|
|
|
I

Yparameaslw\ste,absebctosdehabllltadénparadeiercidodelaactim‘dadenlasateaoﬂasseﬁaladas.el
———

__ En MALAGA . _ Juuo de 2012
l FIRMA DEL DE 'SELLO DE LA EMPRESA !
[ ] e /4
| <

| i |
' mum‘#m“

I o awso & Ed_l

MMMMMmmM&MnMQJWMQWWm
MMmewm,wdmhbMMmMMyn
dinﬂhhmmndu.lddsunnhhmahmmm*mhm'hm.
Mw,mmmammbmmdmsaumw
15/1999, de Proteccion de Datos de caracter Personal (BOE n® 298, de 14/12/1999)

230



High pressure chamber certificate

Antecedentes

El Laboratorio Laser de la Universidad de Malaga contacta con la empresa HIDRAULICA PRADO
S.L. con objeto de certificar una camara de altas presiones. El material utilizado para su fabricacion fue acero
inoxidable. El dispositivo, de forma cilindrica, consta de siete puertos, cinco laterales y uno superior. En la
figura 1 se muestran las dimensiones exteriores de la camara.

Los puertos 1, 2, 3 y 5 estan disefiados de igual forma constituidos por un cilindro interior de
profundidad 48.7 mm con un didmetro 26.2 mm los primeros 10.7 mmy 16.2 mm los restantes 38 mm. Para
conseguir el sellado de la camara y la estanqueidad del agua en estos puertos se utiliza un sistema de junta
torica, ventana de zafiro y junta torica encastrada en el cilindro de cierre, tal como se detalla en la figura 2.
Todo este conjunto de piezas quedan sujetas a la cdmara con ocho tornillos de M6 y arandelas especificas

de presion. A continuacion se detallan las caracteristicas de cada una.

Figura 1: vision externa de la camara de altas presiones.
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Cilindro
de soporte

Ventana zafiro

I\

Junta

térica  uerto

de cierre

Figura 2: sistema de sellado de la cAmara para los puertos 1,2, 3y 5.

e Collar de soporte de las juntas toricas: pieza de acero inoxidable torneada, de tal modo
que encaje una junta térica (¢ 22 mm) en su superficie y otra (¢ 26mm ) en el contorno

lateral como se muestra en la figura 3.

¢ 25.9mm

Figura 3: collar de acero inoxidable torneado con hendiduras para hacer de base a la junta térica.
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e Ventana de zafiro: pieza de zafiro ¢ 12.7 mm y E 3.0 mm.

o Cilindro de cierre: pieza circular de acero inoxidable de diametro 51.8 mm y espesor 7.7

mm perforada en el centro (¢ 16 mm).

El puerto 4 disefiado para la entrada del agua en la camara posee un cilindro interior de profundidad
48.7 mm con un diametro de 26.2 mm los primeros 13 mmy 16.2 mm los restantes 35.7 mm. Como sistema
de cierre del puerto se utiliza una pieza cilindrica (¢ 51.8 mmy E 7.7 mm) perforada en el centro (¢ 16 mm)
y una junta térica (¢ 27 mm) tal como se muestra en la figura 4. De igual forma que en los puertos 1, 2, 3y
5, las piezas quedan sujetas a la camara usando ocho tornillos de M6 y arandelas especificas de presion. A
continuacion, el puerto de cierre esta unido a un latiguillo de longitud 1750 mm capaz de soportar 700 bares,
por un tapén hembra giratorio TL 1/4” BSP unido a un reductor macho-macho 1/4 -1/4” BSP.

En la parte superior de la cdmara se encuentra el puerto 6 mecanizado para la funcién de porta
muestra. Consta de una profundidad de 108 mm de longitud y ¢ 26.5 mm. En el sellado se utiliza una junta
de metal buna ¢ 43 mm junto con un cilindro de cierre (¢ 75.8 mm; E 10 mm) ajustado a la cdmara con diez
tornillos M8 y arandelas especificas de presién. Unidos por vastago M6 se encuentra el cilindro de cierre con
el porta muestra semi-rectangular de acero inoxidable. Ver la figura 5.

La salida del agua de la camara se realiza por el puerto 7. Es un orificio de 12 mm de diametro
externo unido, a través de un racor de acero BSP 1/8-1/4”, a una limitadora de presion regulable entre 0y
400 bares.

Junta
torica

Union
macho

/ reductor

Puerto f

de cierre

Figura 4. Puerto de entrada de agua.
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Figura 5. Porta muestras

Prueba de certificacion

La camara de altas presiones fue sometida a un test de presion para validar su funcionalidad hasta
400 bares. La prueba de certificacidn consistié en aumentar poco a poco la presion interna en la camara
inyectandole liquido refrigerante con una bomba manual (MEGA, modelo BM-1) tarada a una presién méxima
de trabajo de 700 bares. En la salida de la bomba manual de inyeccion se conectd un manémetro, certificado
hasta 400 bares con un intervalo de error de 10 bar, donde se chequed la presién alcanzada. Se utilizé un
latigo de longitud 1750 mm capaz de soportar 700 bares para conducir el liquido refrigerante al interior de la
cémara. Ver la figura 6.

Los resultados de la prueba fueron satisfactorios hasta 400 bares de presion.

Figura 6. Fotografias del montaje de la prueba de certificacion. a) Inicio de la prueba, presion alcanzada 100 bares;
b) aumento de la presion hasta 400 bares; c) final de la prueba, presion estable en 400 bares.
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ql HIDRAULICA PRADO S.L.
o C/ Carabela N°. 20

29006 Malaga

Telf/Fax: 952 33 74 47
C.\.F.: B92862598
www.hidraulicaprado.com
info@hidraulicaprado.com

Certificado de estanqueidad de camara de altas presiones

Cilente : Universidad de Malaga

Fecha : Septiembre 2014

Manometro patron : marca Druck

Modelo Dpi 1605

Escala 0.001

Precision 0.025

Hidraulica prado certifica que con manometro patron ha probado la camara de altas presiones
A 300 bares con manometro certificado

Adjyntamos la siguiente documentacion

C'er.tiﬁcado calibracion manometro

Certificado instalador autorizado
M%M N° 25026

)
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Archaeological samples of Centro de Arqueologia Subacuética

A set of several archaeological pieces was analyzed in Centro de Arqueologia Subacuatica of
Cadiz with AQUALAS 2.0. LIBS spectra were acquired in the 350-550 nm range and data were obtained by
averaging 25 shots laser on three adjacent positions for each sample to obtain a typical spectrum of the
material. The gas flow used was 2 bar (AP 1bar) of Ar. The archaeological pieces under investigation were
located inside of desalination pools in stabilization phase (treatment that is realized for its later
conservation). This set of pieces is part of the material found in the archaeological sites of Andalucia coast

indicated in Figure 1. The result of each of the studied pieces is presented below.

4+ Delta Il shipwreck

Delta Il is a wood wreck with a beam of 24 m and 7 m of breadth located in container terminal of
Cadiz port. Constructive characteristics suggest a Mediterranean origin. Several cannon, cannon bullets
and ceramic pieces, as well as a huge part of transported cargo, which is still intact conserved, have been

found in this site.

San

3 Delta II-III
Sebastian ®®

Bucentaure @

Camposoto @ S
Sotogrande

Figure 1. Archaeological sites of Andalucia coast investigated.
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Material: cannon bullet

Sample i.d: DI1.12.272
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Material: olive ceramic container

Sample i.d: DII.12.304
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Material: cannon

Sample i.d: DI1.12.951
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Material: cannon

Sample i.d: DI1.12.953
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+ Delta lll shipwreck

Delta Ill corresponds to remains of a wreck of a ship located in container terminal of Cadiz port.

Constructive characteristics that it presents as well as the manufacture of the mechanism observed,

indicate a Dutch origin and a chronological period around 17t century.
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Sample i.d: DIII.838 Material: cannon fragment
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Sample i.d: DIIl.14.18

Material: cannon bullet
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Material: crucible

Wavelength (nm)
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Sample i.d: DIII.SP.19
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Archaeological samples of Centro de Arqueologia Subacuética

<+ Bajo de San Sebastian shipwreck

The remains of a shipwreck of a medium-sized vessel have been located in the Bajo de San
Sebastian (Cadiz). On based of the materials found, archaeologists point out that it should be merchant
vessel built at the end of 18th century- early 19th century. The merchant was carrying a military cargo in

which is highlighted discovery such as sword hilts and artillery pieces. Currently, the ship preserves part of
one side.

Sample i.d: MSS. CA-10.02 Material: handgun fragment
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Sample i.d: MSS. CA-10.03-1 Material: sabre hilt
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Material: hilt

Sample i.d: MSS. CA-10.46
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Sample i.d: MSS. CA-10.50
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Sample i.d: MSS. CA-11.219 Material: sheathing
1 : |l Y 1 L 1 ’ 1 ] 1 ’ 1 .
80000 - g & -
70000 - s S 4
. °8
60000 - '%‘ ..
o o
S 50000 - .
s ] z
Z 40000 s , i
c 3
E I % g 2
= 30000 - % _ 8 - g B
A g :gg 2 3 z -
- o 2 = - ot 3
- =3 = = = - §;3 g’.‘?
20000 82 g0 83% g 28 33 SEE§ &8s 28
1 3 28 28 538|533 ey ==° es
0000 E == i: A = C= <38 338 33
100007 = 333 3% 38 # )
0 T v T L T v T v T v T v T v
375 400 425 450 475 500 525 550
Wavelength (nm)
Sample i.d: MSS. CA-11.220 Material: sheathing
T v T v T Y T v T Y T v T '
90000 - B
80000 s N
- 8
__ 70000 " 3 il
5 ] 2
© 60000 - S B
% 50000 = 4
C (&)
[ g 4
£ 40000 3 g
- @ N
30000 Ss B -
y g2 3 of g%z § 8
200001 % 8 §% 8 B3 5. ges|| | E.e
138y 385 <3858 TS BRE S a3B 3 52
o000 288 (3% o ¥ JTEE3c 2= 22
less g 353 383 339 33
0 v L v L J Ll

1 L) ! I 1
450 475 500 525 550

Wavelength (nm)

I 1
375 400 425

250



Archaeological samples of Centro de Arqueologia Subacuética

4+ Bucentaure shipwreck

The remains of a shipwreck of a vessel have been located close to Castillo de San Sebastian, Bajo
de San Sebastian (Cadiz). On based of current documentation found, archaeologists point out that it should
be the vessel Bucentaure. This ship, which was the flag ship of the French-Spanish alliance during the
Battle of Trafalgar, sank in the Bay of Cadiz in 1805. There mains of the wreck were discovered in 1949 at

17 m depth and include remarkably well-preserved objects such as cannons.

Sample i.d: BCH.CA-05.14 Material: cannon
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4 Camposoto shipwreck

The main archaeological remains found in Camposoto, San Fernando (Cadiz) site, correspond to a
ship sank in which a beam of 25 m is preserved. The analysis of constructive system, as well as, its artillery
and personal basic tools and military could indicate that is a ship of French origin and its chronological
ascription to moments close to the Battle of Trafalgar. On based of this current documentation,
archaeologists point out that it should be the French line vessel Fougueux. This ship took part of the
French-Spanish alliance during the Battle of Trafalgar where it was captured by an English vessel. On the

night of October, 22th 1805, Fougueux was abandoned after a strong storm erupt being run aground in front
of Camposoto beach.
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Material: key

Sample i.d: CAMP.CA-07.33
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Material: button

Sample i.d: CAMP.CA-07.44
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Sample i.d: CAMP.CA-07.59

Material: straightedge
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Sample i.d: CAMP.CA-07.96 Material: sabre cover
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Sample i.d: CAMP.CA-07.136

Material: button
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Sample i.d: CAMP.CA-07.147-1

Material: republican coin
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Sample i.d: CAMP.CA-07.147-4

Material: monarchical coin
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Material: clock

Sample i.d: CAMP.CA-07.149
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Sample i.d: CAMP.CA-08.20 Material: Guinea coin
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Sample i.d: CAMP.CA-08.67 Material: wedge
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+ Sotogrande shipwreck

In Sotogrande, San Roque (Cadiz) lie the remains of a boat of mixed construction that had to be

shipwrecked stranding on the beach. The origin of this ship is still unknown. However, the sheathing's ship

analysis performed with AQUALAS 2.0 (composed by copper and zinc, see sample STG.CA-16.03),

together with constructive structure study revel that it can be a ship of contemporary era built at the end of
19t century- early 20t century .
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Archaeological samples of Centro de Arqueologia Subacuética

Material: bolt

Sample i.d: STG.CA-14.10
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Material: sheathing
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INVESTIGACION

LIBS in cultural heritage: exploration and identification of objects
at underwater archaeological sites

Francsco Javier Fontes 01] Marina Lopez-Claras 01 Salvador Guirada 01] Javier Lasema 01|

In this work, the capabilities of LIBS technique for the in-situ recognition and identification of materials in
real submerged archaeological sites are discussed. Afiber-optics-based remote instrument was designed
for the recognition and identification of archeolegical assets in underwater archaeological shipwrecks.
The LIBS prototype featured both single-pulse (SP-LIBS) and multi-pulse excitation (MP-LIBS). The
use of multi-pulse excitation allowed an increased laser beam energy (up to 95 mJ) ransmitted through
the optical fiber. This excitation mode results in an improved performance of the equipment in terms
of extended range of analysis (to a depth of 50 m) and a broader variety of samples 1o be analyzed
{l.e., rocks, marble, ceramics and concrete). Parametric studies in the laboratory such as gas flow
pressure, beam focal conditions and angle of incidence, among others, were performed to optimize
the best conditions for field analysis. The dependence of LIBS signal with the analysis depth was also
studied in a real environment (Bahla de Mélaga). Ancient artfacts found in the wreck ol Bucentaure
(Cédiz, Spain) and the wreck of San Pedro de Alcantara (Malaga, Spain) have been characterized and
dentified, Results obtained in these field tnals confirmed the capability of remote LIBS for in-situ analysis
of underwater archeological samples,

Keywords
Underwater analysis | Archaeology | Laser-induced breakdown spectroscopy | Intervention | LIBS |
Underwater archeological heritage | Cultural hentage | Historical heritage |

LIBS en patrimonio cultural: reconocimiento e identificacion de objetos en yacimientos
arqueologicos sumergidos
Francisco Javier Fones 01) Marina Lopez-Claras 01| Salvador Guirado 01| Javier Lasermna 01|

En este trabajo se disculican las capacidades de la técnica LIBS para ¢l reconocimiento e entficacion in situ de
mateniales sumergidos en yacimientos arqueologicos reales, Se ha diseflado un instrumento remoto basado en fibra
oOptica que permite el reconocimiento e identificacion de objetos en este tipo de escenarios. El prototipo desarroflado
por la U, de Malaga es capaz de rabajar en dos confliguraciones, pulso-simple convencional (SP-LIBS) y excitacion
mult-pulso (MP-LIBS). El uso de una configuracion de mult-pulso permitio aumentar la cantidad de radiacion laser
(hasta 95 mJ) que puede ser transmitida a través de un cable de fibra oOplica. Como ¢« Ica, se produce una
mejora de las prestaciones del equipo, sobre todo en términos de rango de analisis (hasta una profundidad de 50
metros) y vanedad de muestras que pueden ser analizadas (por eemplo, rocas, ceramica, marmol y hormigon).
Previamenle, se han realizado estudios de parametrizacion en laboratoro (presion del gas, condicones focales,
angulo de incidencia...) para alcanzar las mejores condiciones durante las medidas de campo, La dependencia
de la sefial LIBS con la profundidad de muestreo se estudio en un escenario real. Por otro lado, se caracterizaron
e identificaron los objetos arqueologicos encontrados en el pecio del Bucentawe (Cadiz) y el pecio de San Pedro
de Alcantara (Malaga). Los resultados obtenidos durante eslas campanas de medida confirmaron ta adaptabdidad
de la tecnica al ambiente marino y su potencial para analizar objetos arqueoldgicos en un yacimiento subacuatico,

Palabras clave
Anahsis subacuatico | Arqueologia | Espectroscopia de plasmas inducidos por laser | Intervencion en el PH | LIBS |
Patrimonio argqueologico subacuatico | Patrimonio cultural | Patrimonio hsstonco |

URL <htip/AWww.iaph.es/phinvestigacion/index php/phinvestigacion/anticle/view/ 140>

01) Departamentn de Quimica Analitica, Universidad de Malaga
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INTRODUCTION

At present, the charactenisation of underwater cultural hertage has
become one of the areas of greatest interest in archaeoclogy (BOWEN,
2009). The main reason is the amount of historical informaton contained
in these sunken archaeological remains, not only at the bottom of seas
and oceans where the majority of these sites are found, but also at
other locations such as nvers, lakes and swamps (BONIFACIO, 2008;
LEON AMORES, 2009). More specifically, the Mediterranean Sea is
home to a large amount of archaeological remains as a resuit of the:
storms, accidents and naval battles it has witnessed since Antiquity.
In particular, the coast of Andalusia can be considered a privileged
enclave where a multtude of sites of archaeological interest can be
found. Given its geographical locaton, the Mediterranean has been
utilised throughout history as an area of transit by many commercial
and military routes - hence the great interest aroused by marntme
archaeology.

Each archaeological site is a valuable source of historical information.
We must point out that the reality of an underwater site tends to differ
considerably from the ideal image initially presented by a shipwreck.
Normally the remains from the site cannot even be distinguished from
their surroundings since these remains end up becoming integrated
into the landscape due to the effects of time and continuous sediment
deposition. The discovery of pieces such as amphorae and cannons,
in their archaeological context, could give indications of the age of the:
shipwreck as well as where it came from. Itis essential to study, protect
and preserve sunken properties given the constant aggressions they
are subjected to. Classic analytical techniques generally require that
the piece be taken to the laberatory in order to study its composition,
This, however, is not always possible.

Sometimes the object cannot be removed from is site because
of logistical issues, such as its size for example, Other times, the:
reasen may be due te legisiation or may put the object’s integrity in
jeopardy. The materials present at the site are in a chemical balance:
with their surroundings, thus preventing their detencration. After
being removed, the pieces out of water begin to oxidise as a result
of the axygen in the air and the electrolytes that may be occluded in
their interior. Preventing this process is complex, costly and could
take several months. Thus, the in situ analysis of objects tends to
be the only alternative in many cases, Furthermore, but not less
impertant, it is necessary to keep In mind that the position of the:
object in the context of the site can provide us with information about
it. This information would be lost if the object was removed from its
environment. Therefore, the United Nations Educatonal, Scientific
and Culwral Organization (UNESCO), under the Convention for the:
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protection of underwater cultural heritage, states that the preservation
in situ of cultural heritage shall be considered as “the first option
before allowing or engaging in any activities directed at this heritage”
(CONVENTION, 2001).

Despite this principle, not many analytical techniques are available for
conducting chemical analyses in situ on underwater archaeological
objects. In fact, only those based on laser technology are capable
of addressing this challenge, Cne of these techniques has been
Raman spectroscopy, which has been used to determine the chemical
composition of minerals present on the sea floor (WHITE; DUNK;
PELTZER et al,, 2006). Laser-induced fluorescence (LIF) has also
been utlised in the development of portable instrumentation for taking
underwater measurements (FANTONI; BARBINI; COLAQ etal., 2006).
However, although the Raman and LIF technologies can be applied in
this field, they do not provide atomic information.

Now, laser-induced breakdown spectrescopy (LIBS) provides a
new salution 10 this problem (FORTES; LASERNA, 2010; FORTES;
MOROS:; LUCENA et al., 2013). The development of technology
has heiped this technique to become, over recent years, a tool with
growing applications for the study and preservateon of histoncal
heritage (FORTES; CORTES,; SIMON et al., 2005; GIAKOUMAKI;
MELESSANAKI; ANGLOS, 2007, FORTES; CUNAT, CABALIN et
al., 2007). The LIBS technique reunites practically all of the desired
conditions for this type of applicaton, including atomic, multi-
elemental Information, an unlimited range of materials that can be
analysed and real-time results wathout the need to prepare the sample
peforehand. Additionally, both the basic fundamentals of underwater
LIBS measurements as well as the measurement principles,
instrumentation and most appropriate methodologies have been
described in the literature (LAZIC; LASERNA; JOVICEVIC, 2013a;
LAZIC; LASERNA; JOVICEVIC, 2013b). The analysis of liquids
using LIBS was evaluated for the first tme in 1984 (CREMERS;
RADZIEMSKI; LOREE, 1984).

The processes resulting from the laser-liquid interaction lead to the
emission of a very weak plasma that, while still useful for analytical
purposes, presents difficulties associated with the instability of
the emission (CHARFI; HARITH, 2002). The analytical capacity of
the technique for the analysis of underwater materials improves
considerably with double-pulse LIBS systems (DE GIACOMO;
DELL'AGLIO; COLAO et al,, 2004; DE GIACOMO; DELL'AGLIO; DE
PASCALE et al., 2007). With this methodolegy, emission efficiency
substantially improves and the signal is stabilised, achieving
an accuracy that leaves a margin of error of only 10-15%. This
configuration has been applied for the semi-quantitative analysis
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of solid samples and marine sediment. Recently, the capacity of
LIBS for the underwater analysis of metal alloys (iron, bronzes and
precious alloys) and nen-metal samples (rock and wood) has been
demonstrated (LAZIC; COLAO; FANTONI et al., 2005). Thus, the
analysis of metallic matenals is of vital importance since it allows for
the identfication of the primary metallic constituents in iron, copper,
gold and silver alloys, as well as the detection of trace and minor
elements of Interest for the clarification of sample origins and the
identification of manufacturing processes.

However, all of the studies described to date on underwater matenals
have been carried out In the laboratory, This research study intends
to describe the activities conducted as part of the AQUALAS Project,
stemming from the need 1o solve a well-defined problem: chemically
characterising the materials present at an underwater archaeological
site without removing them from their original location. The following
cbjectives are posed:

> Broaden the range of application of the LIBS technique for the
inspection, identification and diagnosis of properties located in
underwater archaeological sites.

> Develop a portable underwater matenal analysis system adapted to
the marine environment.

> Study the conditions necessary for the identification and preservation
of underwater cultural heritage.

In 2012, the laser laboratory at the University of Malaga published
the first underwater LIBS analysis on sclid samples (GUIRADO;
FORTES; LAZIC et al,, 2012). The system consisted of a main unit
(where laser-fibre coupling takes place) and a submersible probe,
connected by a 40-metre long cord. The prototype was controlled
from the deck of a boat while a professional diver operated
the submersible LIBS probe. The test was carried out on the
Mediterranean Sea at a maximum depth of 30 metres. The system
introduces a coaxial fiow of gas that eliminates the water from the
surface of the sample and generates a solid-gas interface which
facilitates the LIBS analysis under water, Although the results were
quite satisfactory, the analyses were practically restricted to metaliic
samples. Subsequently, the same authors considered the possibility
of utllising a mulu-pulse configuration or, in other words, a sequence
of successive laser pulses (GUIRADO; FORTES; CABALIN et al.,
2014). With this configuration, the unit's performance improved in
terms of a) laser energy transmitted with the fibre optic, b) range of
analysis and c) variety of samples that can be analysed (for example
marble, ceramic, concrete...).
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These improvements made to the prototype have made interventions
on underwater archaeological sites possible, such as the shipwreck
Bucentaure (GUIRADO; FORTES; LASERNA, 2015) and the
shipwreck San Pedro de Alcantara (July, 2015). Throughout this article
we will discuss the capacities of the technique for the exploration and
identification in situ of underwater materials at real archaeological
sites,
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Instrumentation
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This section presents a novel insttument that has been specally
designed for the remote chemical analysis of underwater materials,
This system can be configured for either the conventional single-pulse
(SP-LIBS) or the mult-puise (MP-LIBS). The MP-LIBS configuration
makes it possible to introduce greater laser radiation using the fibre
optic. Thus, the maximum input energy inte the fibre was 95 mJ/pulse
that, together with a transmission of 74%, allowed for an energy output
of 70 mJ/pulse 10 be met. This improved instrument performance in
terms of energy transmitted via the fibre, range of analysis (up to
50 metres deep) and the vanety of samples that could be analysed
(marble, ceramic, concrete, rocks...).

™

FORTES, . 1. LOPEZ-CLAROS, M.; GUIRADO, 5.; LASERNA, J, (2018)
LSS I cufurad feettage: sagdoration and idmitficadon of obcts al undensmer

The prototype consists of two well-defined parts: a sampling probe and
a main unit, interconnected with a 50-metre-long cord. Image 1 gives
a general view of the instrument. The main unit contains the optical
module where laser-fibre coupling takes place, the data acquisition
module and the laser power supply. The total weight of the instrument
amounts to about 150 kg and it measures 81x86x126 cm.

The optical module consists of a methacrylate structure specifically
adapted 10 prevent the deposit of marine aerosol on the system's
optical compenents. This medule also contains the laser beam
source as well as all of the optical components to carry out both
laser-fibre coupling and the detection of plasma from the surface of
the sample.

The laser beam is transmitted through 55 metres of fibre optic
protected inside of a cord that connects the analysis probe with the
optical module, At the very end of the fibre optic, the laser beam is
focused on the surface of the material using an optical system which is
incorporated into the interior of the LIBS analysis probe. The cord also
provides a constant flow of gas to the inside of the probe, eliminating
the water from the surface of the material and creating a gas-solid fom |
interface which facilitates the LIBS analysis under water. b
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Once the plasma has been generated on the surface of the material,
the light is transmitted via the same fibre optic to return to the optical
module where it is guided towards the data acquisition medule
through an optical collection system. The data acquisiton module,
installed on the main unit, features a spectrometer, a video convener
and a computer. A pulse and delay generator externally controls the
system.

The Czerny-Tumer spectrometer has a diffraction grating of 1200
lines/mm. With this configuration a spectral resolution of 0.1-0.2 nm/
pixel is obtained in addivon to a spectral range of 300-550 nm. The
ume-space acquisition conditions were optimised to obtain the best.
signal-noise ratio in the LIBS signal.

The tool also features an auxiliary module for its full autonomy during
field studies. This module contains an air compressor, a current
stabiliser and an external current generator which provides the tool
with seven hours of work autonomy.

Materials

In order to evaluate the capacities of the technique and fine-tune the
remote LIBS tool, a senies of samples were analysed in the laboratory.
This collection of objects included ceramic material as well as metal
alloys; the majority of the pieces presented a high degree of corrosion
and surface roughness.

These samples are summarised in table 1, The expenments were
conducted inside a 100-litre tank with water taken directly from the
Mediterranean Sea sc that the laboratery measurements would
resemble (as much as possible) the conditions of a real marine-
envirenment analysis.

In the second phase, in order 10 demonstrate the potential of the
technique, measurement campaigns were designed in real scenarios
of interest to the investigation of Andalusian underwater archaeological
hertage. Thus, the remains from the Bucentaure (Cadiz, Spain)
and the shipwreck of San Pedro de Alcdntara (Malaga, Spain) were
analysed at depths of 17 and 10 metres, respectively.

In table 2 the samples analysed during the measurement campaigns
conducted at these two archaeoclogical sites are described. During
the archaeological prespecting work on the shipwreck of San Pedro
de Alcantara, the chemical composition of samples of sheathing from
different shipwrecks was also analysed.

A description of these samples is summarised in table 3.
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Table 01 |
Samples analysed i the inbosaory ss well as
duringth w e

Son (VAlagn, Spair) 0 2050

&7  Bronze  Cerified sample bronze (79% Cu. 8% Pb. 7% Sn, 6% 2n)

Piece of Iron wim calcareous
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RESULTS AND DISCUSSION

Optimisation of experimental parameters in remote LIBS analysis
underwater

A) Effect of the probe operational parameters on the LIBS signal

To achieve the best results provided by the teol, those parameters
capable of affecting the quality of the LIBS signal were optimised in
the laboratory, such as the lens-sample distance and the angle of
incidence of the laser radiation. The parametensaton studies were
conducted utilising a certified bronze sample inside of a water tank.

The submersible probe consists of an opening with a 2 mm diameter
whose position must be adjusted in order to reach the optimal focus
conditions. The probe must be in direct contact with the surface of the
sample. In this first test, He was utlised at a pressure of 2 bars as a
protective gas. The same sampling protocol was always employed in
order 10 ensure the exactness and precision of the measurements.
Each analysis point is the result of averaging 5 measurements,
each of which examined with 25 laser pulses. The measurement
value is obtained by averaging the last 15 pulses of the sernes after
considering the first 10 cleaning pulses. Image 2 shows the intensity
of the Cu (1) 521.96 nm signal as a function of the working distance. A
distance of 0 mm means that the sample is located at the focal point of
the lens. We can observe how the net intensity of copper reaches its
maximum value when the beam Is focused 0.5 mm above the surface
of the sample (+0.5 mm). Similar behaviour is observed when the
focal point is situated 0.5 mm below the surface of the sample (-0.5
mm). In both cases, the LIBS signal quickly decreases as the distance
increases since the amount of energy deposited on the surface of
the sample is reduced in terms of radiant exposure (Jcm®). In other
words, the same energy per pulse is applied 1o an increasingly larger
surface area as the beam goes out of focus. The operating range s
narrow as a consequence of the short focal distance (35 mm) required
to focus the laser from the output end of the fibre optic. in light of these
results, the working distance was set to 0.5 mm over the surface of
the sample.

The impact of the angle of incidence of the laser with regard to the
surface of the sample was a parameter that needed to be considered
bearing in mind the extreme conditions the diver was subjected to on
account of the sea currents. Image 3 shows the impact of the angle of
incidence of the laser radiation on the LIBS signal of a bronze sample.
As can be observed, the maximum signal is reached when the probe is
placed practically normal to the surface (0-10%), When the intensity of
the copper is normalised to the background of the spectrum, the LIBS
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B) Protective gases

The use of a protective gas or a purge gas is key to preventing
the entry of water into the inside of the analysis probe. The great
diminishing effect that water has on the radiation of 1064 nm would
prevent a sufficient amount of energy from being deposited onto the
analysis spot. At the same time it hinders the deposit of partcles from
the sample on the fecusing lens. The flow of gas from the auxiliary
medule travels via the cord and is expelled outside through a hole at
the tip of the probe. This flow of gas displaces the water on the surface
of the sample and creates a solid-gas interface, thus faciitating the
LIBS analysis under water. In this way, in companson with a solid-
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liquid interface, ablation efficiency is iImproved since the loss of energy
which would cause the liquid to heat is prevented.

Additionally, greater plasma emission occurs as a result of the
increase (n both the temperature and its electron density, This is due
1o the collisions that occur with the surrounding gas and the ablated
matenial, the electrons and the different species (excited or not)
present in the plume. Different gases (Ar, He and air) were evaluated
during the analysis of a certfied bronze sample. The results are shown
in Image 4. As it can observe, the most intense signal was given by
He. Nenetheless, no additional information was observed regarding
the compesition of the sample in companson with the results obtained
using air. Thus, seeing as the air is easily obtained using the portable
compressor as well as far less costly, it is logical to utilise this gas for
the routine analysis. The use of helium or argon may be useful in some
specific applications where increasing signal sensitivity is necessary,
for instance for the quantitative analysis of minar elements or during
the analysis of ceramic material.

In order 1o prevent air from entering the mside of the analysis probe, the
differential pressure (AP) between the interior and exterior of the probe
must be greater than 1 bar. Image 5 shows the impact of AP on the
LIBS signal of Cu (52196 nm), Pb (40589 nm) and the background.
The intensity of the signal is practically constant when AP is among
1 and 3 bars. When AP presented higher values, an increase in both the
LIBS sgnal and the background was observed. This point is especially
nteresting when working at great depths at the bottom of the sea.
Additionally, the accuracy of the results was quite satsfactory and the
values obtained for the relative standard deviation were among 8-15 %.
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The effect of sea water on underwater materials typically results in the
deposit of sediment on the surface of the sample. This effect is more
severe with metals, even causing oxidation of the object. In underwater
archaeology objects must be Inspected in situ, especially those
materials that present a high degree of surface oxidation. Ceramic
matenals (amphorae, for example) discovered at archaeological sites
are usually found covered by several types of deposits: calcareous and
ferrous. In order to demonstrate the capacity of the new toal concerming
the underwater chemical characterisation of ceramic objects, several
samples presenting these two types of deposits were analysed in the
laboratory. The samples were submerged In a water tank in order to
simulate real conditons. Image 6 shows the LIBS spectra obtained in
each case. Calcareous deposits tend 1o appeas as a heterogeneous,
white layer only a few milimetres thick. Its spectral fingerprint
corresponds to Ca, Mg and traces of Sr. It must be mentioned that both
Mg and Sr tend to replace Ca in calcium carbenate structures. The
Fe and Sr emission lines detected around 405 nm could be utilised
for the detection of low concentrations of these elements as they are
found on an interference-free spectral region of other elements. In
addition, the build-up of iron alse presents other minor elements such
as Ca and Mg, attributed to the build-up of sediment on the oxidised
surface of the material, Moreover, due 10 the heterogeneous nature
and the porosity of these materials, we observed an increase n the
pulse-pulse fluctuation of the signal measured.

LBS I atsnal heatage: eagpdorion and idilication of obecs &t ondeneser

The inherent porosity presented by ceramics favours the obstruction
of water in their structures. As was described earlier, the cord directs
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the supply of gas in the probe to remove the water from the surface of
the material and create a gas-sample interface that improves ablation
efficiency. Image 7, obtained from the literature (GUIRADO; FORTES;
LASERNA, 2015), presents the impact of air pressure on the LIBS
signal of our ceramic sample. AP is the differential pressure between
the interior and exterior of the probe. This differential pressure must
never be less than 1 in order to correctly prevent water from entering
the probe. As we can observe on the graph, while the Ca signal
disappears after 25 laser pulses at 1 bar, the intensity of the emission
line disappears after almost 60 pulses when the AP is increased 0
2 and 3 bars. When AP = 4 bars, however, the signal is maintained
during much more time. This is due to the fact that water molecules
are evacuated more efficiently at higher AP values, thus faciltating
the analysis and consequently the increase in the LIBS signal. In
order to improve the chemical characterisation of ceramic materals
during a measurement campaign in a real environment conditions, the
differential pressure must be set at its maximum value: 5 bars.

276



Publications

‘m A L 1 1 1 ' 'l

= 8000 .\P—dbar ’ Ca (1) 422 67 nm
3 6000 0%, od®
z
3 “. ..."
§ 40004 o o ® ’Jw.
£ 2000 pi""v" oo ot
‘m9 ] L L] L] L] L v, L >, L]
p— r Ca (1) 42267 om [
- 800 A 3ba 3
3 6000 K
2000 [
£ m’
10008' LK
= Ca(l)42267nm [
3000 AP= 2bar :
3 6000 &
Z 4000 -
-] ’.. 9% -
=y o
g 2000 }W -
5000 ;
_ 4000 AP—1 bar CMI)42267nm :
2 3000 =
> !
2000 .‘. =
§ 1000 ..qO. .
01 .y l’e XA AN i . Y S et Yk A 1
0 1 30 40 50 60 70 80 90 100

Laser pulses

Exploration and identification of materials at underwater
archaeological sites

The prototype, installed aboard a boat, was controlled by the scientific
team while a professional diver operated the analysis probe on the
sea floor, The diver was equipped with an audio and videc system
that allowed for communication with the operators on the boat deck.
Furthermore, an assistant diver with a submersible video camera
recorded all of the events from the field test. The auxiliary module
additionally offered 1otal energy autonomy to the remote LIBS tool.

A) Impact of immersion depth on the LIBS signal
A preliminary test conducted on the Mediterranean Sea in 2010
evaluated the impact of immersion depth on the LIBS signal. In order to

reach a depth of 30-35 metres, the boat was anchored approximately a
mile off the coast of the Bay of Mdlaga. At the maximum working depth
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(30 metres), the pressure underwater is 4 bars, To ensure a AP greater
than 1 bar and thus prevent water from entering the probe, air pressure:
at the tool's point of entry was set to 5 bars. For this study, a leaded
bronze was analysed at different depths: 3, 7, 15, 25 and 30 m. The
LIBS signal of Pb (I} 405,89 nm and Cu (1) 521 .96 nm was measured
2 according to the Iimmersion depth. The results of this study carried
out by GUIRADO: FORTES; LAZIC; LASERNA, 2012 are presented

in Image 8. We can observe that the Pb LIBS signal progressively

. decreased as the depth increased, while the Cu signal remained
practically the same throughout the range of depth. This distinct

behaviour of Cu and Pb with the immersion depth was attributed to

a matrix effect; this means that preferential ablation or fractionation

of some species can occur in the laser-induced plasma. in fact, given

the temporal width (7 ns) and the wavelength (1064 nm) of the laser

puise, this effect is even more pronounced. On the scale of nano-

seconds, the Interaction between the laser pulse and the transition

states of the elements In the plume could also evaporate matenal on

the surface of the sample. For this reason, the vanation observed in

the LIBS signal could be attributed te a different volatilisation rate or

atomisation process for Pb (Latent heat: 862 J/g; Boiling point: 1740°C)

and Cu (Latent heat; 4790 J/g; Boiling point: 2595°C) in the plume,

This effect, which is very well documented for copper alloys, is related

1o plasma shielding processes and, in this case, said parameter has

been found to be associated with AP. Thus, the behaviour of the Pb

signal with immersion depth could be attributed to the different values

of AP, as it is the only parameter that changes during the experiment.

As was mentioned at the beginning, the supply pressure was 5 bars

008 ] and, consequently, the AP falls from 4 bars to 1 bar as immersion
e e e TN depth increases. When AP presented the highest values (3 m deep,
oy 0 Mg e gt e ot e AP = 4 bars), the plasma is more confined to the surface of the:
oy i sample, Therefore, the number of species located in the plasma per
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anit volume Is larger, producing a greater plasma shielding effect. As
i result, the tail of the pulse invests a large pan of its energy into
1eating the plume, thus meaning that the amount of laser radiaten
Ihat reaches the surface of the sample is lower. Hence, when the tall
of the pulse reaches the surface of the matenal it will only evaporate
lhe species that have low latent heats of vaporisation, or, the Pb
IMARGETIC; PAKULEV; STOCKHAUS, 2000). As a result the plume
secomes enriched in Pb, thus increasing the number of species that
2mit this metal. This is the reason why the intensity of Pb on the LIBS
spectrum of the material experiences an increase,

The research carmed out thus demonstrates that the LIBS technique
offers unique possibilities for the study of underwater archaeological
1entage located dozens of metres deep.

B8) Spectral characterisation of underwater materials

From an archaeological point of view it is very Interesting to have
access to a remote LIBS instrument which is capable of examining
Jnderwater materials, especially under those circumstances in which
{he object can not be recognised with the naked eye due to low visibility
sonditions or an antefact's high degree of corrosion. In this regard,
lhe dentification of those discoveres that may be of archaeological
value helps 1o make decisions concerning the convenience (or lack
lhereof) of removing the sample from its site as well as its subsequent
oreservation.

In this study measurement campaigns were designed in real scenarios
of interest to the investigation of Andalusian underwater archaeological
jentage in order to demonstrate the potenual of the technique. In
the first phase a measurement campaign was organised at a real
archaeological site in the Bay of Cadiz. This location was chosen for
lhe multitude of sites present along its coasts. The campaign teok
alace from the 9™ 10 11" of July 2012 and the work group consisted of
members from the laser laboratory at the University of Mdlaga, a group
of archaeciegists from the Underwater Archaeclogy Centre (CAS)
ICentro de Arqueologia Subacudtica), professional divers and
tlechmical support personnel from the tugboat 'Obama’. The work was
olanned in collaboration with the CAS in order to study one of the most
mportant vessels that had sunk off the coast of Andalusia. The remains
studied corresponded to the Bucentaure, the flagship of the Franco-
Spanish Navy during the Battle of Trafalgar which now rests in the Bay
of Cadiz at a depth of 17 metres. We must mention that deposits on
the surface of the pieces in analysis areas were removed by qualified
orefessionals who are authorised by the CAS and followed standard
orecedures. This minimised the risk of damage to the archaeological
'emains during their handling. Likewise, the analysis areas were
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sealed upon completion of the analysis to prevent deterioration of the
pieces.

Different objects dating back to the late 18® century and the early 19
century were analysed and identified in situ; these included cannons, a
rosary (a metal box for storing the rosary bead necklace) and different
metal alloys. These materials were analysed in the 350-550 nm spectral
range. These studies applied a flow of gas with a supply pressure of
5 bars. To ensure the reproducibility of the results and achieve a LIBS
spectrum representative of each material, the data was obtained by
averaging 100 laser pulses in 5 adjacent positions on each sample.
Image 9 presents the LIBS spectrum of a cannon composed mainly of
Fe and in which the presence of other elements such as Ca and Mg
was not detected (typically associated with calcareous and ferrous
deposits) once the layer of build-up had been eliminated. The layer
of corrosion was eliminated locally; thus, the data obtained by LIBS
corresponded exclusively 1o the onginal matenal (image 9A). The
relauve standard deviation (RSD) of the cannon was 30-40%. During
the measurements the ferrous sediment deposited on the surface of
the cannon was also analysed. However, the intensity of the LIBS
signal was lower on the oxidised area than on the clean surface of the
cannon. The variability of the signal was much greater on the corroded
surface owing 1o the heterogeneous nature and the porosity of the
material, Image 98 shows a photograph of one of the divers identifying
the cannon. Other objects were also inspected such as a rosary and
a metallic piece (both identified as iron alloys), a piece of copper and
afragment of lead.

The results obtained were quite satisfactory and allowed, for the
first time, for the examination and identficaton of underwater
archaeological materials from the real context of the Chapitel site.
Naonetheless, following the measurement campaign carried out at the
Bay of Cadiz, some areas 1o be improved upon were detected in the
underwater analyser. For that reason some modifications were made
1o the analyser, mainly affecting its sturdiness, seal and refrigeration,
the sampling probe and data processing. Two experimental campaigns
were conducted along the shores of the Mediterranean Sea in order to
test out the new improvements that had been made. The instrument
was accordingly subjected to conditions which pushed it to the limit
in order to demonstrate both its strength and solidity during transpont
and operation as well as the general improvements made following
the campaign in the Bay of Cadiz. These iImprovements were mainly
geared towards facilitating its use and increasing its reliability in hostile
environments such as the ocean.

The next step in our investigation was the archaeological exploration
with LIBS prabing of the underwater site of San Pedro de Alcantara. In
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this case, the remains of a major vessel were studied inwhichastrong  « i QTP ey
structural design characteristic of military ships stood out. Measuring " """ o Ty OO
approximately 60 m long and about 10-12 m wide, this vessel sitsena

floor of sand and debris at a depth that varies between 4 and 7 metres.

Image 10 gives a panoramic view of the site. Amoeng the artefacts

detected at the site we must emphasise the presence of remains from

the ship's ballast, pieces of lumber and pulleys, clothing, buttons,

buckles and objects from life aboard the ship and defence of the

vessel. The campaign took place from the 20™ to 23 of July 2015 and

the work group consisted of members from the laser laboratory at the

University of Malaga, a group of archaeologists from the Underwater

Archaeclogy Centre (CAS) (Centro de Arqueclogia Subacuatica),

professional divers, an advanced audio and sound technical team and

technical support staff from the boat ‘Tridacna'. In addition, just as with

the shipwreck Bucentaure, deposits on the surface of the objects in

analysis areas were removed by qualified personnel authorised by the

CAS who alse inspected the shipwreck and located the positon of the

materials so that the diver could analyse them with the submersible

LIBS probe (image 11). These matenals were analysed in the 350-

550 nm spectral range.
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The sampling and data collection protocol was similar to the protocol
described above for the Chapitel site (Cadiz, Spain). With regard to
the analytic signal, the presence of self-absorbed resonance lines was
not observed, Furthermore, the reproducibility of the spectra obtained
underwater was more than acceptable in all cases and presented a
variability of less than 10%. Only those samples with a high degree of
corrosion presented pulse-puise fiuctuations higher than 10% of the
RSD. Image 12 shows the LIBS spectra corresponding to the materials
analysed underwater. We can observe that the differences among the
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materials are significant. Image 12A thus shows that the archaeological
ceramic studied is mainly composed of Al, Ca, Fe, Si and T, this
may be correlated with the chemical composition of a type of clayey
material. Image 12B presents the analysis correspending to the sample
catalogued as a copper button, for which Cu was primarily detected,
along with traces of Ca and Ti, possibly from calcareous sediment
In the cannonball analysed, image 12C, Fe was mainly detected,
although Mn lines were also identified in Its composition. In contrast,
only iron was detected in the cannon (image 12D)

One of the studies conducted during the archaeoclogical exploration of
the shipwreck San Pedro de Alcéntara focused on studying the chemical
composition of samples of sheathing from different wreckages.

The LIBS analysis is geared towards finding a distinguishing element
that makes it possible to correlate the chemical composition with the
origin of the shipwreck. The characteristic LIBS spectra are shown in
image 13. With regard to the samples from the Bucentaure, of French
origin, the LIBS spectrum reveals the presence of copper, although
in this case it also presents a high concentration of caicium —fines
at 393.47 nm, 396.96 nm and 422.79 nm. In the shipwreck Mercante
del bajo de San Sebastian, of Spanish ongn, the LIBS analysis
reveals that its sheathing is mainly copper. The shipwreck Delta |l is
the enly ltalian wreckage whose sheathing could be analysed. As we
can observe in the image, the LIBS spectrum is exciusively composed
of lead emission lines, thus ruling out any type of alloy with another
chemical element. Although the results obtained could initially establish
a correlation between the composition of the material and the origin
of the shipwreck, opening up & new line of research, the exclusive
analysis of the primary element is not enough to assure this statement,
meaning that a more exhaustive study of the minor components is
required (BETHENCOURT, BOCALANDRO; ROMERO, 2011).
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This research work has demonstrated the potental of laser-induced
breakdown spectroscopy (LIBS) for the exploration and identification
of archaeological matenals at underwater sites. The results obtained
during the measurement campaigns confirm the maturity of the
technology and its capacity to adapt to the manne environment.
Hence, a remote LIBS instrument based on fibre optics and capable of
analysing underwater objects at depths of up to 50 metres has been
created. The use of a multi-puise configuration (MP-LIBS) increases
the laser radiation transmitted via the fibre optic (74% transmission),
thus improving the features of this piece of equipment.
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A series of laboratory experiments were conducted with the aim of
optimising analysis conditions. In this regard, the LIBS signal is not
affected by the angle of incidence in a tolerance range between
0-40° The use of a purge gas is needed to remove the water from the
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order to correctly prevent water from entering the probe. The use of
He or Ar considerably improves the LIBS signal

The results obtained dunng the measurement campaigns organised at
the archaeclegical sites of Chapitel and San Pedro de Alcantara were
quite satisfactory and allowed, for the first ime, for the examination
and identification of underwater archaeological materials. Ceramic
malenal, marble, bronze alloys, lead fragments and even iron cannons
were detected and analysed. Moreover, the chemical composition of
samples of sheathing from different shipwrecks was also correlated
with the origins of these vessels.

Acknowledgments

This research was lunded by the project P1I-FOQM-7193 (AQUALAS), a
int effort of Insttuto Andaluz del Patrimono Histonco (IAPH)/Centro de
Arqueoiogin Subacuatica (CAS) and the Universsty of Malaga (UMA), M
Lopez-Claros would ke 0 acknowledge the Consepna de Innovacion,

Cencia y Empleo of the Junta de Andalucia for het fellowship

284



Publications

BIBLIOGRAPHY

BETHENCOURT, M.; BOCALANDRO, A.; ROMERO, J.
(2011)

Datacion de pecios de los siglos XVIIl y XIX a través de
la caracterizacion de los forros de cobre, En IV Congreso
Latinoamericano de Conservacion y Restauracion de
Metal, Madrid (13 al 17 de septiemive de 2011). Madrid:
Secretaria General Teécnica, Minsteno de Educacion,
Cultura y Deporte; Grupo Espafol de Conservacion,
2011, pp. 51-62

BONIFACIO, C. (2008)

Galeones con Tesoros. Donde estan hundidos, Qué
flevatan, Brenes (Sevilla). Mufloz Moya Editores
Extremefos, 2008

BOWEN, A. (2009)

Underwaler Archaeclogy: The NAS Gude (o Principles
and Practice, 2nd ed, Portsmounth; Blackwell Publishing,
2009

CHARFI, B.; HARITH, M. A. (2002)

Panoramic laser-induced breakdown spectrometry of
water. Spectrochim. Acta Part B, vol, 57, 2002, pp. 1141-
1153

CONVENTION on the Protection of the Underwater
Cultural Heritage (2001). Paris: Unesco, 2001

CREMERS, D. A.; RADZIEMSKI, L. J.; LOREE T. R.
(1984)

Spectrochemical analysis of liquids using the laser spark,
Appl. Spectrosc., vol, 38, 1984, pp, 721-726

DE GIACOMO, A.; DELL'AGLIO, M.; COLAO, F. et al.
(2004)

Double pulse laser produced plasma on metallic target
in seawaler; basic aspects and analtical approach.
Spectrochim. Acta Part B, vol, 59, 2004, pp. 1431-1438

DE GIACOMO, A,; DELL'AGLIO, M.; DE PASCALE, O.
et al. (2007)

From single pulse to double pulse ns-laser induced
breakdown spectroscopy under water: elemental analysis
of agqueous solutions and submerged solkd samples.
Spectroctim. Acta Part B, vol. 62, 2007, pp. 721-738

FANTONI, R.; BARBINI, R.; COLAO, F. et al. (2004)
Integration of two lidar fluorosensor payloads in submarine
ROV and flying UAV platforms, EARSeL eProc., vol. 3,
2004, pp. 43-53

FORTES, F. J.; CORTES, M.; SIMON, M. D. et al, (2005)
Chronocultural sorting of archaeological bronze objects

using laser-induced breakdown spectrometry. Anal, Chim.
Acta, wl. 554, 2005, pp. 136-143

FORTES, F. J.; CUNAT, J.; CABALIN, L. M, etal. (2007)
In silw analytical assessment and chemical imaging of
historical buildings using a man-portable laser systen,
Appl. Spectrose., vol. 61, 2007, pp. 558-564

FORTES, F. J.; LASERNA, J, J. (2010)

The development of fiekiable laser-induced breakdown
spectrometer: no limits on the horzon. Spectrochim. Acta
Part 8, vol. 65, 2010, pp. 975-990

FORTES, F. J.; MOROS, J.; LUCENA, P. et al. (2013)
Laser-induced treakdown spectroscopy. Anal. Chem.,
vol. 85, 2013, pp, 640-669

GIAKOUMAKI, A.; MELESSANAKI, K.; ANGLOS, D.
(2007)

Laser-induced breakdown spectroscopy (LIBS) in
archaeological science-applications and prospects. Anal.
Bivanal. Chem., vol. 387, 2007, pp. 749-760

GUIRADO, S.; FORTES, F. J.; CABALIN, L. M. et al.
(2014)

Effect of Pulse Duration in Muli-Pulse Excitation of Silicon
n Laser-Induced Breakdown Spectroscopy (LIBS). Appl.
Spectrosc., 2014, vol. 68, pp. 1060-1066

GUIRADO, S.; FORTES, F. J.; LASERNA, J, J, (2015)
Elemental analysis of matenals n an underwater
archeological shipwreck using a novel remote laser-
nduced breakdown spectroscopy system. Talamta, vol.
137, 2015, pp. 182-188

GUIRADO, S.; FORTES, F. J.; LAZIC, V. et al. (2012)
Chemical analysis of archeological materials in
submarine environments using laser-induced breakdown
spectroscopy. On-site trials in the Mediterranean Sea.
Spectrochim, Acta, Part 8, vol. 74-75, 2012, pp. 137-
143

LAZIC, V.; COLAQ, F; FANTONI, R. et al, (2005)
Recogntion of archaeological materials underwater by
laser induced breakdown spectroscopy. Spectrochim,
Acla Part B, vol. 60, 2005, pp. 1014-1024

LAZIC, V.; LASERNA, J. J.; JOVICEVIC, S. (2013a)
Insights in the laser-induced breakdown spectroscopy
signal generation underwater using dual pulse
excitation. Part I: Vapor bubble, shockwaves and
plasma. Spectrochim. Acta, Part 8, vol, 82, 2013, pp.
42-49

nderwaer
-
s '
Sevw1405

Ll

ph fevestpacion fen linwal, n* 6, h_llnﬁ.mw.!ﬂﬁ

T

FORTES, F, 1; LOPEZCLAROS, M. GUIRADO, 5.: LASERNA, J, [2016)
UBS i auturdl temage wxploration and Identificaton of objecss

06PH

285



UNIVER SIDAD

Appendix 3

LAZIC, V.; LASERNA, J. J.; JOVICEVIC, S. (2013b)
Insights in the laser-induced breakdown spectroscopy
signal generation underwater using dual pulse excitation.
Part Il: Plasma emission intensity as a function of
interpulse delay, Spectrochim. Acta, Part B, wol, B2, 2013,
pp. 50-59

LEON AMORES, C. (2009)
Buceando en el Pasado. Madnd: Espasa Calpe, 2009

MARGETIC, V,; PAKULEV, A.; STOCKHAUS, A. ¢t al

(2000)

A comparson of nanosecond and femtosecond laser
induced plasma spectroscopy of brass samples.
Spectrochim. Acta Part B, vol. 55, 2000, pp. 1771-1785

WHITE, S. N.; DUNK, R. M.; PELTZER, J. J. et al. (2006)
In situ Raman analyses of deep-sea hydrothermal and
cold seep systems (Gorda Ridge and Hydrate Ridge).
Geochem, Geophys. Geosyst, vol, 7. 2006, Q05023

286



Publications

Jourral of Cubnural Merage x0x {2017) o0 -0

Available online at Elsevier Masson France
i ScienceDirect EM|consulte
Ak www.sciencediract.com www.em-consulte.com/en
ELSEVIER
Original article

Subsea spectral identification of shipwreck objects using
laser-induced breakdown spectroscopy and linear discriminantion

analysis

M. Lépez-Claros, F.J. Fortes, |.J. Laserna”
Depurtamento de Quimice Analinice. Feculhod de Clencias, Universidod de Mélaga, Campus de Teatinos §n, 20071 Mdlaga, Spain

ARTICLE INFO

Article Mstory:

Recetved 7 September 2016
Accepted 20 Decomber 2016
Available online xxx

Keywunds.

Aviced A

Laser. bire pec
LmsS

Underwater analysis
Multi-pulse excitation

Optical fiber

Cubtural herstage

ABSTRACT

Underwater LIBS is an evolving technology which offers unique advantages over traditional methods, not
only do itoffers the composition of Hiquids with high reliability; it also provides the clemental composition
of solids with little or no user manipulation. Because of this advantage LIBS has been used as a tool for
inspecting materials in underwater archacology, where knowledge of the chemical compasition may
provide valuable clues on the origin of materials in shipwrecks and submerged buildings. This study
attempts 1o provide undersea LIBS mstrumentation with the data processing tools intended 1o make
shipwreck inspection surveys easier and faster. The new tool has been designed to sort the readings
obtained by 4 LIBS system when inspecting unknown pleces found in the sea bottom and assign their
composition 1o one of several groups of common materials found in shipwrecks. The tool involves linear
discriminant analysis that was first validated in the Laboratory with a training set of samples collected
from wreckages. Then the method was used inan underwater survey in the Mediterranean Sea to sort the
materials found in a shipwreck In combination with high-definition video recording, this approach can
provide an understanding of the materials and a permanent record of the unknown assets, this eliminating
the need for underwater archacologists to make handwritten notes of individual pleces while surveying

shipwrecks,

1. Introduction

Underwater cultural heritage is a rich source of information and
a window to the past. In fact, the presence of specific elements
(either greater or lesser percentage) in an archacological mate-
nal, namely chemical fingerprints, is of great interest for a better
understanding of its age, provenance and manufacturing technol-
ogy. Discovery of amphoras, cannons and metallic artefacts in their
archacological context could provide further information concern-
ing the age and nationality of a shipwreck | 1], However, the severe
conditions of the marine environment change the appearance of
the underwater sites and distorts the idyllic image of the shipwreck
until blending with the surroundings. Hence, artefacts and struc-
tures may be uncovered beneath sediments, chemically altered or
even destroyed,

Recent advances in electronic engineering, underwater robotics
and novel systems for processing and image recognition make

* Comresponding author, Tel® #34 951953007,
Fonail address: Lierna®umaes [)). Laserna)

It/ b dodacg/ 10, 1006) ) culher 201612015
1296-2074/0 2017 Elsevier Masson SAS. All rights reserved.

© 2017 Elsevier Masson SAS, All nghts reserved.

localization of underwater archacological sites much easier than in
past. However, underwater archacology still requires the develop-
ment of screening techniques for the in situ recognition of findings.
A restricted number of laser-based techniques (i.e. Raman, LIBS
and LIF) have proven to be useful for this purpose [ 2-4), Specifi-
cally, LIBS is really appreciated as is the unique that could provide
atomic information from the spectral signature of underwater
objects |5,6]. Additionally, LIBS combines valuable attributes (no
sample preparation, minimally destructive, fast analytical response
and possibility of remote sensing analysis), specially demanded in
cultural heritage preservation and investigation [7.8], It's worth
mentioning that underwater LIBS analysis is not a trivial task and
several research groups have proposed different alternatives for
Improving LIBS sensitivity inside liquids [9-11]. In this sense, the
dual pulse excitations being the most common approach proposed
in the literature [ 12.13). However, problems related to the use of
two laser sources, the precise alignment needed and synchroniza-
tion in data acquisition are obstacles for its implementation in field
analysis [ 15.16], The instrumental development was further inves-
tigated until 2012 when Guirado et al. | 17| published the firstin situ
undersea LIBS analysis of solid matenials, at a depth of 30 meters,
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using a fiber-based LIBS system. Later, & new generation of LIBS
instruments based on transmission of a collinear sequence of multi-
pulses through the optical fiber cable was proposed by the same
authors to improve the performance of the technology [18.19]. An
archacological shipwreck situated 17 meters deep was inspected
using this approach | 20],

In subaquatic archaeology, quantitative information turns cru-
cial for planning restoration/conservation activities and taking
decisions about whether the object should be moved from the
underwater site or not. Nevertheless, LIBS strongly depends on
matrix effects, pulse to pulse fluctuations, plasma-solid inter-
actions, among other factors, In this sense, a broad number of
fundamental studies have been reported to overcome the so-called
fractionation effect [21-24). Certain procedures such as internal
standardization, background normalization, calibration-free analy-
sisand the use of a double-pulse configuration has been explored so
far for quantitative analysis of submersed materials. Most recently,
Guirado et al. [25) evaluated the use of multi-pulse (MP) excita-
tion as an effective solution to mitigate the fractionation effects
observed in LIBS analysis of copper-based alloys, MP-LIBS also
prevents the effect of ambient pressure on LIBS signal, thus demon-
strating the feasibility of LIBS for quantitative analysis of bronze
materials in a real underwater site,

In such a scenario, development of spectral libraries and data
processing algorithms also improve the capability of LIBS for fleld
measurements, Hence, from an archacological point of view, both
qualitative and quantitative information extracts compositional
evidence that together with the use of chemometric methods may
identify specific materials, which could be related to ancient man-
ufacturing or production processes [26], A number of statistical
methods including linear and rank correlation, principal compo-
nent analysis (PCA), partial least-squares discriminant analysis
(PLS-DA) and soft independent modeling of class analogy (SIMCA),
among others have proved to group and classify ancient artefacts in
archaecometric analysis [ 27]. In this work, a classification method is
evaluated for the identification of chemical fingerprints in ship-
wrecks, A variety of archacological objects has been previously
characterized in laboratory using essentially the same operational
conditions than those found undersea in order to ensure the effec-
tiveness of the method during the recognition process in the site,
Moreover, a set of sheathings from different shipwrecks were ana-
lyzed with the objective to perform a chronocultural sorting of
these structural pieces, Based on this procedure, findings from the
shipwreck of San Pedro de Akcdntara (Malaga, Spain) were directly
classified into metallic alloys, ceramics, rocks or marbles.

2. Materials and methods

The remote LIBS instrument and its construction have been
described in a recent paper [20] so only a brief description of the
instrument is given here. The system consists of two well-defined
parts: a hand-held probe and a main unit, interconnected by means
of an umbilical cable. The main unit comprises the optical module
for laser-fiber coupling, the data acquisition module and the laser
power supply.

The optical module consists of a polymethyl methacrylate struc-
ture, specially adapted in order to prevent the deposition of
particles from the marine environment at the tip of the optical
fiber. The module contains the laser head (Q-switched Nd:YAG laser
operating at 1064 nm, Brilliant) and all the optical arrangements for
launching the laser radiation into the fiber-optic cable (mounted in
a xyz stage) and collecting the plasma light for the transmission to
a spectrograph, The laser beam is transmitted through a 55 m long
fiber optic cable that travels inside an umbilical cord, which con-
nects the probe to the optical module, At the end of the fiber, the

hand-held probe focuses the laser beam onto the sample surface by
an appropriate optical configuration. With this configuration, the
spot size was established at 450 um in diameter.

The same optical fiber is used for light gathering purposes. The
plasma light is collected and returned to the optical module, where
it is conducted to the data-acquisition module using an optical
system used to focus plasma light into the spectrometer fiber-optic
cable (2m length, 600 um diameter, NA0.22). The data-acquisition
module, consisting of the spectrometer, the video converter and the
PC components, was installed in the main unit, A pulse/delay gen-
erator (which externally controls the system) was also configured
within this module, The spectrometer Is a crossed Czerny-Turner
design with a holographic diffraction grating of 1200 lines mm~'
(Avantes, model AvaSpec-2048-USB2). This configuration provides
a spectral resolution of 0.1-0.2 nm/pixel in the spectral range of
300-550 nm. AvaSoft software was employed for controlling the
spectrometer and for data processing. The acquisition delay was
established in 1 ps, which corresponds to the best signal-to-noise
ratio (SNR) for the LIBS signal. The irradiance value at sample
surface was 1.6 GW cm 2, And all underwater analysis was carried
out using 5 bars of argon as a purge gas. The Statgraphics’
statistics  software package was used for chemometrics
analysis.

3. Results and discussion
3.1, Classification method for archaeological artefocts

Given the great compositional diversity, textural differences and
surface alteration of the submersed cultural heritage, the use of
advanced statistical algorithms is essential for the recognition and
sorting of underwater findings. For this purpose, linear discrim-
inant analysis (LDA) was used to generate a classification model
from which unknown samples will be predicted in site on the basis
of their LIBS response, As a supervised algorithm, 3 LDA model
based on the spectra acquired from a set of known archacologi-
cal samples was constructed. LDA evaluates the relative weights of
the original variables for group discrimination and score the sep-
aration between multiple classes |28-30]. Afterwards, the model
predicts the probability that an unknown sample belongs to each
class.

A set of thirty-eight objects collected from several archaeolog-
ical shipwrecks was first studied. To simulate the experimental
conditions of a subsea environment, samples were immersed and
analyzed in a water tank in our laboratory. Because of the large
variety of samples used in this study, objects were divided into
different groups for chemometric analysis, i.e. bronze-alloys (10
samples), metallic pieces (18 samples), ceramics (5 samples) and
marbles (5 samples). LIBS spectra were acquired in the 350-550 nm
spectral range and their intensities normalized to unity for com-
parative purposes. Data were acquired by averaging the response
of 50 laser shots on three adjacent positions for each sample, How-
ever, the whole LIBS spectra were not considered as input data so
the initial information based in 2048 data points was significantly
reduced to 10 spectral varibles. The sclected variables were Cu (1)
51055 nm, Zn (1) 481.05 nm, Sn (1) 452.47 nm, Pb (1) 405.78 nm, Fe
(1)438.35 nm, Ca (1) 422,67 nm, Mg (1) 517,26 nm, Si (1) 390.55 nm,
Sr(1)407.61 nmand Ti(1)498.17 nm. In addition, the presence of Ca,
Mg, Si and Ti in metallic samples is assoclated to the deposition of
sedimentary material on the sample surface, The first discriminant
function has the expression:

F1w 2.7 doy 424 lpn +22.8 - Jgo + 0.8 Iy + 2.7 Ipe
“720cg - 1.2 Iygg - 3.8 I~ 6.0 I,y + 0.59
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Table |

Prediction groups membership for training set samples. 10 sample ts constitutes by a better and two bers as follows: the letter rep the type of sample (A: copper

based alloy M: metal, C: ceramic. B: marble), the fint number cor ds to the K {1: Delta IL. 11 Defta 1) and the second to 2 number in the group classified.
n Predictian group membership (%) L4 Preds wroup bership (%)

Alloy Metal Ceramic Marble Yotal Alloy Metal Ceramic Marble Total

A 100 4] o o 100 M2 0 100 o 4] o0
AR 100 0 0 0 100 Mty 0 100 0 o 100
N 100 o o o 100 Mit4 0 100 [} 4] 100
A2 100 0 o o 100 MIts 0 100 o o 100
Ay 100 ] o o 100 Mils 0 100 o 1] 100
A 100 o o 0 100 M7 0 100 o o 100
N4 4994 0e 0 0 100 M 0 100 0 1] 100
AlIS 100 0 o o 100 Mits 0 100 o 0 100
A4 99 ot 0 o0 100 Mino 2 %58 0 4] o0
A6 7 53 0 0 100 e 0 o 100 o 100
M 33 96,7 o0 o 100 o0 o o 100 o 100
Mils o 100 0 o 100 a 0 0 100 o 100
M5 0 100 0 0 100 a2 0 o 100 o 100
MiG o 100 0 0 100 an 0 0 100 o 100
M7 o 100 0 0 100 Bl 0 0 0 100 100
Miy o 100 0 o 100 n 0 0 0 100 100
My o 100 o0 o0 100 L) 0 o0 o0 100 oo
Mo 0 100 0 o 100 Bs o 0 a2 9as 100
M 0 100 0 0 100 BS 0 0 0 100 100

where I is the intensity of each element line. This function has
an excellent canonical correlation, 0,98, that is its relative ability to
discriminate amongst the groups. The second function is:

F2= 1810, +38 Iz +248 15, - 0214 - 08 Iy,
+2.5 dog = 1.8 dye = 1.5 1 +94 gy - 2.0

Also, it has a good 0.91 canonical correlation. Nevertheless, the
statistics treatment scores Wilk’s lambda values of 0.0013 for F; and
0.03 for F,, which suggest that the variables selected for the linear
discriminant analysis are appropriate for sample discrimination.
Both functions also have a very high significance level of Chi-square
statistics, 201 and 106 for F; and F;, respectively.

The classification functions generated by the proposed model
were validated with the traoining set of samples. Table 1 summa-
rizes the classification of cach sample based on the proposed model.
It's worth mentioning that all samples were identified without
exceptions. A scatter plot of the first two discriminant functions is
presented in Flg. 1. As shown, samples are separated in four classes
or groups attending to the type of material previously described
in the “supervised” model. Bronze alloys and metallic pieces are
grouped in the right-hand side of the graph, whereas ceramics
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Fig. 1. Scatter plot of the first two canonical di functi ining the
four groups defined in the method,

and marbles are grouped in the second and third quadrant of the
scatter graph, respectively, The centroid of each group is also
marked in the graph. The model will be checked in our laboratory
with a set of sheathings simulating the experimental conditions
of a subsea environment. Furthermore, it will be tested during the
underwater inspection of the wreck of San Pedro de Akantara.

3.2. Chronological sorting of metallic sheathings

Since the Phoenician times, the use of sheathings in wooded-
hulled vessels has been extensively tested to prevent wood
degradation by the action of seawater, bivalve molluscs and algae.
Sheathings were also used to improve the operability of the boat.
The type of sheathing has evolved with time so the knowledge of
clemental composition of this kind of samples makes it possible
the assignment of the manufacturing period and provides clues to
uncover the ship's origin [31].

A set of sheathing pieces belonging to different shipwrecks were
analyzed ina water tank inan attempt to provide information about
the geographical origin of the shipwreck that could be helps us to
understand its historical context, In addition, this set of four sam-
ples will be use to evaluate our chemometric model. Samples were
found in the underwater archacological sites of “Delta I" (XVII Cen-
tury, Spanish), “Delta II" (XVI Century, Italian), “Mercante de San
Sebastion™ (XVIIl Century, Spanish) and “Fougueaux™ (XVII Century,
French). A chronocultural sorting of the sheathings analyzed by
LIBS is presented in Fig. 2, The main emission lines are labeled in
the spectra. As seen, the squares limit the timeline in two periods,
depending on the sheathing composition, Thus, lead-based sheath-
ings were early introduced in the XV Century in Portuguese and
Spanish arsenals and its use was extended until the XVII Century
[31]. This fact is easily observed in the sheathings belonging to Delta
1and Delta Il, as revealed by the LIBS spectra sketched in the figure.
In the XVIII Century, lead-based sheathings were substituted first
by copper and then by copper-based alloys. As shown in Fig 2 the
LIBS spectra of Mercante de San Scebastian and Fougueaux in chrono-
logical order. In addition, the presence of minor components such
as zing, iron or lead, as observed in the spectrum corresponding to
the Fougueaux, could indicate its country of origin. Hence, it exists
a clear evolution of the sheathing's composition from lead to cop-
per based alloys that could be related to a period of history or even
to the country of manufacture of the shipwreck, The classification
function was fully effective including each sample to the correct
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group. The sheathing of Delta I, Delta I and Mercante de San Sebas-
tian are metals and the composition of Fougueaux corresponds to a
bronze alloy.

3.3 Identification of objects in shipwrecks, The wreck of San
Pedro de Alcantara

The wreck of San Pedro de Alcantara, located in the South of Spain,
was discovered 10m deep over a sandy bottom area. The wreck
presents a military-structure type with a beam of 60m, 10-12m
of breadth. The structure of the boat is covered by sediments, cal-
careous deposits and marine algae. Prior to the LIBS measurement
campaign, a site survey was accomplished by the archacologists
from the Centro de Arqueologia Subacudtica (CAS) who located
archaeological pieces from the remains of the wreck and removed
the concretion layer from the sample surface.

The LIBS instrument was deployed on the vessel's board while a
diver operated the LIBS probe in the sea bottom. The input pressure
for underwater analysis was s¢t to 5 bars, the maximum pressure
supported by the system, The use of 3 gas purge is of key importance
for preventing the admittance of water into the LIBS probe and cre-
ate a solid-gas interface for LIBS analysis. Given the high alteration
degree of the samples inspected, we decided to use argon as a purge
gas, which provided a larger LIBS intensity when compared to air.
The influence of argon as protection gas on the LIBS signal of an
archacological ceramic is presented in Fig 3, The main emission
lines are labeled in the spectra. As shown, the use of argon increased
the signal 4-fold for the emission line of Ca (I} at 422.67 nm when
compared to air. Although metallic objects also benefit from the
use of Ar, this observation is especially noticeable in ceramics.

A large number of archacological objects were discovered and
analyzed by LIBS during the survey, Fig. 4 shows parts of the ship-
wreck and the LIBS probe operated by a diver. To assign the typical

Fig. 3. Comparison of the influence of air and argon gas protection on the LIBS signal
of an archaeological ceramic. The main emission Unes are labeled in the spectra,

spectrum of a material and in order to ensure the reproducibil
ity of the results, data were acquired by averaging the response of
50 laser shots on three adjacent positions for each sample. Then,
acquired spectral intensities were normalized to unity for com-
parative purposes. Each object exhibits a distinctive chemical that
was introduced in the classification method developed in Section
1.1. From the canonical discriminant functions described there,
the unknown findings from the wreck were grouped into several
categories casily, Fig. 5 presents the classification of the set of
unknown objects. As sh , samples from the subsea archacologi-
cal site were unequivocally classified in each of the aforementioned
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groups. The scatter points (in grey color) from the set of samples
employed for modeling the classification method are also plotted
in the graph, Results for the unknown samples classification are
summarized in Table 2, Objects were correctly identified as four
bronze alloys, cight ceramic fragments, seven metallic pieces and
four marbles.

Fig. 6 shows a drawing top view of the shipwreck in which the
bow is oriented to the northwest position and the aft, to the south-
cast. The drawing describes the state of conservation of the wreck,
where the shipwreck structure is observed, as well asthe way is dis-
tributed along the site. The locations of the archaeological pieces are
also indicated. Chemical composition of each object is detailed as a
bar diagram inset. As shown, various types of samples were iden-
tified as defense material such as two (ron canons (M2, M4) and
a canon bullet (M3) composed of iron with manganese as a minor
constituent, On the other hand, pieces of crew clothing present a
chemical composition based on copper alloy with zinc in the case of
jacquet button (A2) and zinc-lead in the case of the belt buckle (A4).
Regarding to ceramic fragments, in general, are constituted by cal-
cium, magnesium, aluminum, iron, silicon, strontium and titanium;
Fig. 4. Photographic detall of the structure of the boat (al and diver eperating the.— iihough pieces €3, C5 and C7 also contained lead. Some uniden-
LIRS probe in the wreck of San Pedro Akdntora (b)

tified pieces show a variable chemical composition such as metals
copper-lead (A3) alloy, and copper-zinc-lead (A1) alloy: and lead
(M1, M7) or iron (M5, M6) metals,

Table 2
Prediction groups membership for unknown samples. [D sample is coastinutes by a letter represents the type of sample (A copper based alloy M: metal, C: coramic, B: marble)
and a numbey in the group classified

iD Predicon group memberstup (% D Predaction group membershsp (3
Alloy Metal Ceramix Marble Total Alloy Metal Ceramu Martde Total

Al 100 o 0 0 100 o 0 0 1= 4] 100
A2 100 (4] 0 0 oo (&) Q o 00 4] 100
A 100 (4] o 0 100 o 0 0 100 0 100
Ad ¥4 06 0 0 100 [ vy 0 0 100 o 100
Mi 0 100 0 0 100 (e} 0 0 100 0 100
M2 0 a2 0 L3 ] oo MS Q 100 o 0 100
M o 100 0 o 100 MO 0 100 o o 100
pt2) o 100 1] 0 100 Mio 3 87 0 0 L)
M5 0 100 0 Q 100 AS =7 LIRS 0 4] 190
MO 0 100 0 0 100 L1} 0 (4 as 955 100
M7 0 100 V] a 100 n 0 0 0 100 o
Q 0 0 100 0 100 n 0 0 0 100 100
Q 0 0 100 0 100 04 o ] 0 100 100
(% ) 0 o 100 0 oo
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Fig. & Schematic d ng of the ship K The laset bar diags represent the chemical composinon of each object and the locations of the archacological flodings.
4. Conclusions

Using a LIBS sensor deployed on a small vessel, a hand-held
probe was submersed by a diver to the shipwreck of San Pedro
de Alcantara located in the South of Spain over the Mediterranean
Sea. LIBS data from a variety of objects found in the wreck were
collected, logged and accurately geo-positioned for post survey
analysis. In addition to metallic objects, refractory materials such
as rocks and ceramics were analyzed. Although algae and calcare-
ous deposits had to be removed from the sample surface before
the analysis, the LIBS systemn constitutes a significant step forward,
allowing the acquisition of a consistent set of spectral data that
can be treated by a software based on linear discriminant analysis
for assigning the chemical identity of the object. The information
thus gathered provides valuable data on the identity of shipwrecks
located in coastal waters.
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ARTICLE | NFO ABSTRACT
Amicie hseory, mﬂrhamIntetalmlbmuldmmmlunuuxhndlbd«pmncmh
Recetved 15 Decembxer 2016 the chemical of d solds are of special interest, a5 they show promise for subsea mining appli-
Received in revised form O February 2017 mkmwtntanpduwﬂmdwmhhlomdmmwhnmmwmw efficiency. Laser-Induced
:“m":“""”’" Spectroscopy (LIBS) hay d potential for this application thanks to its unique capability of
" SN mmn«mﬂmdw%Hﬂ!mmandymmwamnmm
" ~ the spectral response of metallic targets in an ic llowing Laser excitation of the
Laser-induced beealdown solid, the plasma per and the bubble size are considerably reduced as the hyd
spectioncegyy Deep Sea mrml’h&df«nanolmhlummhmchnimma;mmdkmmreaw«um
Double ke of the interpulse timing i required. Shadowgraphic images of the plasma demonsirate that cavitation bubbles
Cavitation bubitde are formed carty after the plasma onset and that the effect of hydrostatic pressure is negligible during the carly
High prevuare stage of plasma expansion. Contrarily to what i observed at atmospheric pressure, emission spectra observed at
hlnnmmmunmwmw:wmmmmmvmmmM
radiative recombanation in the e This effect is much less evident with ionic

fines due to the much higher energy of the levels involved and Janization energy of jans, as well s to the
lower extent of absorption effects occurmng in the inner part of the plasma, where lonized species are more
abundant. As a result of the smaller shorter-lived cavitation bubbile, the LIBS intersity enhancement resulting
from dual pulse excitation |s reduced when the applied pressure increases.

© 2017 Blsevier BV, All righus reserved.

1. Introduction many of the required features for these applications, Le, multiclemental
information, no sample preparation, unlimited range of material
Laser-induced breakdown spectroscopy (LIBS) has emerged inthe  capability and real time analysis. Moreover, the experimental set-up
last decade as a promising solution for deep sea exploration [1-5].  adaptable to automation makes LIBS a good candidate for non-contact
Deep ocean is one of the most challenging and inaccessible environ-  sensing [12-15). The advance of lasers, spectrograph and detector
ments of the planet, making it difficult to investigate not only the  technology has provided support for integrating remote-operated
physical, chemical, and biological conditions on the seafloor; but also  submersible LIBS systems with stand-off access to the sample [1]
in arcas such as water pollution, cultural heritage, hydrothermal  Nevertheless, the actual realization of such systems is really complex
vents, mining and geological exploitation [6-10]. This study aims to  both to design and to handle, thus requiring further research efforts. It
provide insight on the fundamental aspects of DP-LIBS that could be  follows that a significant amount of time is required for developing new
wseful for developing new chemical sensors for oceanographic  sensors for oceanography, such as LIBS, as well as comparing it with
surveys [11], The capabilities of laser-based tools can be useful for  other approaches in order to identify which is the most suitable
expedmml campaigns in these extreme conditions. In particular.  technique viable for the chemical detection of solids submerged in

UBS comhmu water at high
" Ca ] ¢ Evaluation of LUIBS analysis of liquikis was investigated for the first
F-mail oddrewses: mannak Pamas (M. Liper-Clarms, time in 1984 by Cremers and co-workers [15]. In this report, the laser
Marcella deflag hodvanotec ont. & (M. Delf Agiio) pulse was focused into 3 bulk liquid, producing its rapid heating at the

ity e dolong/1 010163 536201702010
584.8547/0 2017 Elsevier BV, All rights reserved.
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focal poent, followed by an explosive expansion and formation of a gas
bubble. Since then, a large number of studies has been conducted with
the aim to clarify the different processes involved during the laser-
water interaction, including the plasma and vapor bubble formation
and the induced shock wave propagation, and to optimize approaches
for the optical emission collection [16-20). In order to obtain an opti-
mum LIBS signal, different excitation approaches have been evaluated.
For Instance, single pulse excitation has been intensively studied,
although, as a consequence of the nearly incompressible fluid medium,
the generated plasma has a very short persistence, leading to a poor
signal to noise ratio, De Giacomo et al. [21-23], and other authors
such as Lazic and Rifai [24-26] have discussed the limitations of this
approach for the analysis of liquids and investigated the potential
advantages of the Double Pulse (DP-) LIBS, Briefly, in DP-LIBS, the first
laser pulse produces a water vapor bubble whereas the second one,
fired at an optimal interpulse delay with respect to the first one. induces
asecond plasma inside the previously formed bubble. The second laser-
induced plasma expands in a gas environment, so that its emission
spectra result comparable to those of a plisma induced in air, in terms
of persistence, resolution and signal-to-noise ratio. For all these reasons,
DP-LIBS represents a powerful tool for the elemental analysis of bulk
water and submerged solid samples. In any case, the application of
DP-UIBS in oceanography still requires a deep study of the phenomena
induced by the laser ablation process in water at high pressure,

In the last decade, the suitability of LIBS for laboratory characteriza-
tion of bulk liquids at high pressure has been explored |7, 27-28|.
Several experimental parameters have been monitored, such as pulse
energy focusing geometry and liquid pressure, so to try and make up
for the observed decrease of the LIBS signal with increasing pressure.
The same authors have employed a double-pulse approach in order to
improve LIBS capability |2]). However, the features of plasmas and
cavitation bubbles generated at a given interpulse delay are strongly
affected by the water pressure, For example, despite the use of DP, a
negligible signal enhancement has been obtained at static pressures
above 100 bar [29]. This suggests that DP is not necessarily helpful for
applications in bulk liquids. On the other hand, it has been reported by
Thornton et al. that the use of a long-duration nanosecond laser source
(150 ns) can significantly improve the quality of SP-LIBS spectra
|30}, as well as the capability to analyze submerged solid targets with
single pulses {31-32]. With this regards, the quality of DP approach
needs further studies still in order to evaluate the full range of its
benefits over other possible experimental strategies,

Most recently, the effect of water pressure on submersed solid
targets has been fully investigated for surveying the laser ablation
performed in water during nanoparticke production. As observed in
[33], the plasma duration and degree of confinement, as well as the
cavitation bubble evolution, that are dependent on the external liguid
pressure, can strongly affect both the yield and structure of the
produced particles (carbon nanostructures in the mentioned paper).
With this in mind, the present study was focused on the fundamental
aspects of the generation of single- and double pulse- laser-induced
plasmas, as well as the evolution of the cavitation bubble due to the
first laser pulse. We used optical emission spectrascopy for plasma
characterization and shadowgraph for bubble dynamics study, for
investigating the above mentioned parameters as functions of the
pressure used. For DP-LIBS, we employed the collinear configuration.
We focused our attention on the effects brought by the liquid pressure
on the spectroscopic analysis of submerged solid targets, which we
investigated characterizing the DP-LIBS spectra as functions of pressure
and optimizing the interpulse delay in tenms of signal-to-noise ratio,

2. Experimental set-up

Fig. 1 presents a schematic diagram of the experimental set-up
employed in this work, Here, two delayed Liser pulses (Nd:YAG laser
@532 nm, 10 Hz, 5 ns pulse duration, Quanta System, PILS-GIANT) were
focused by an appropriate optical configuration on a metallic sample
placed inside a stainless-steel chamber x filled with distilled water, The
experiments were carried out at different pressures, up to 120 bar, The
energy of the two laser beams was set at 150 and 270 m), respectively,
The system was externally synchronized using a delay and pulse
generator (Stanford Inc. DG 535). For this study, a collinear double
pulse configuration was used, Le, both laser pulses were focused on the
sample surface by a quartz biconvex lens (5 cm focal kength) held in a
spacer tube placed in front of the target. The chamber was equipped
with a rotating target holder, in order to limit drilling effects on the
sampie surface, A 10 mm axial movement for fine adjustments of the
focal distance was also possible by means of a micrometric screw, The
chamber was a stainless steel cylinder with a perpendicular aperture
for the laser beam entrance, sealed with a sapphire optical window
with 532/1064 nm antireflection coating and equipped with spacer
tubes enabling adjustment of the lens-to-target distance. The high-
pressure chamber is equipped with several extra ports, cach provided
with sapphire optical windows, for the acquisition of spectra and

Fig. 1. Experimental set-up. M1, M2 and MO miormes; M2 dchoose smrror L collimasing lens: L2 len: FO fiber epoec. Dashed Tines show the two diffrent detection sy tem, one for OFS

measurcments and the other for shadowgraph images.
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shadowgraph images. The water outflow was controlled by a
micrometric valve that could be either kept closed to seal the
chamber or opened to produce a regime of controlled flux. The
pressure was created by a HPLC pump (Shimadzu LC-20AT
Prominence) which could work in two modes [constant pressure or
constant flux) in a pressure range 1-250 bar, in steps of 1 bar.

For spectroscopic experiments, the plasma emitting Hght was
collecred at 90° with respect to the laser beam, through the dedicated
sapphire optical window, by a 10 cm quartz lens placed outside the
chamber. The plasma light was focused onto the entrance slit of a
mono-chromator through an optical fiber cable. The spectroscopic
system consisted of a spectrograph (JobinYvon TRIAX 550) with a
grating of1200 grooves mm ' and an ICCD detector (JobinYvon 13000)
which was controlled and synchronized by a pulse/delay generator
Stanford inc. DG 535), All the emission spectra were acquired with 10
accumula- tions and 5 averages to optimize the signal-to-noise ratio
The employed acquisition time parameters (with respect to the second
laser pulse) were: delay time of 0 ns and 50 ns; and gate width of 10
15 a n d 100 ns for the used Al and Ti target, respectively.

The shadowgraph set-up for studying the cavitation bubble
dynamics consisted of a continuous white light source, a set of lenses
to reduce light divergence, a fast Camera (Andor i-Star, DH334T-18F-
E3) with a tele-objective to acquire the bubble profile and a pulse
generator to synchronize the laser pulses with the camera. The bubble
shadow was collecred through a sapphire window at 90° wiath
respectto the laser pulse direction. During the acquisition of
shadowgraph images, the target holder was stopped in order to avoid
formation of bubbles along the optical path, which would affect the
acquisition, Furthermore, to minimize drilling of the sample surface,
the target was tumed after the acquisition of each shadowgraph
Image. Also In these studies the repetition rate of laser pulses was 10
Hz, The shadow- graph images of the lser-induced bubble and
shockwave were acquired by using the kinetic mode of the IKCCD, with
a gate width of 1 ps and of 200 ns respectively, The shadowgraph
images of the plasma were acquired by using the kinetic mode of the
ICCD, with a gate width of 500 s,

3. Results and discussion
3.1, Underwater laser-induced plasmas

The main mechanisms responsible for the plasma formation are
the same occurning during ablation in gas. Briefly, the sequence of

Spectrechimics Acta Mart B xxx (2017)
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the process starts with the laser ablation and the laser induced plasma
UP) production. Due to its fast expansion, a shock wave (SW) is
generated. It is important to note that the differences between
plasma formation in a gaseous environment and inside a liquid are
related to the plasma confinement and the onset of cavitation effects,
Le, the vapor bubble formation. Due to the confinement of the
plasma by the nearly incompressible liquid medium and to the fast
transfer of energy from the plasma to the surrounding liquid, the
plumes generated under water are smaller than those generated in
gas. As a consequence, the plasma persistence is significantly shorter,
ending typically few microseconds after the laser irradiation

[27-29).

In order to evaluate the effect of underwater environmental
pressure 213 over the physical characteristics of the generated plumes,
we acquired 214 shadowgraph images at different delays after laser
irradiation, Fig. 2 211 depicts results obtained for an aluminum target
and acquired few microseconds after the first laser pulse at three
different pressures: 30, 90 and 120 bar. The images clearly show the
confinement effect of the liquid on the plasma. For instance, the
plasma at 90 bar is smaller than the corresponding one at 30 bar, In
the case of 120 bar it should be considered that, as a consequence of
the thrust of the expanding plasma, the surrounding liquid can reach
supercritical conditions |34]. Under these circumstances, water is
characterized by Jower viscosity and surface tension, thus the plasma
appears less  confined than at 90 bar. In general, the strong
confinement induced by the nearly uncompressible liquid and the
steep decrease of the lonization degree and temperature due to the
fast transfer of energy to the surrounding medium, cause the plasma
species 1o rearrange in particles of nanometnic size, This produces a
colloidal solution in front of the sample that may affect the shot-to-
shot reproducibility of LIBS measurements [33]. Although the external
pressure noticeably affects the LIP dynamics, the ablation process itself
is not expected to depend on the external pressure [33-35] as a
consequence of the conditions at the early stages of expansion. In fact,
in this case, the ablated matter reaches a number density close to that
of the sample in the solid phase and an electronic temperature of
about 10,000 K. In these conditions, the initial plasma pressure is in
the order of tens of Mbar and consequently, as it is reported in | 35-38),
by considering the range of pressures used in this work, the external
pressure at the initial stage of LUP expansion can be neglected
Therefore, even if the plasma volume is reduced and its shape is
changed by the water pressure increase, the plasma parameters
(temperature and electron density) hold simalar values, As mentioned
above, after plasma formation, a SW is generated. The shockwave is

Time evolution (ps)

Pressure (bar)

1.8us

1.5us

2.0us

Fig. 2. Masma shadowgraph images acquired after the first Lser pulse ot differont delays. Al tanget in water at 30 90 and 120 bar
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caused by the rapid expansion of the laser-ablated material into the
sur- rounding liquid, which generates a sharp, high pressure
impulse that expands outwards from the focal point of the laser. It is
reasonable to expect that, in the range of external pressures
employed in this work, the characteristics of the SW produced by
the LUIP expansion  do not vary greatly. The outward SW driven in
the surrounding Hquid by the plasma expansion was directly
investigated by shadowgraph  experiments.

Fig. 3A shows images of the SW propagation as a function of
the delay time at 30 and 120 bar. The relative position of the
shockwave at ecach delay is also labeled in the picture, As shown, the
size and volume of the SW is similar in both cases. From here, the
maximum distance travelled by the front of the shockwave is plotted
in Fig. 3B, Data were acquired at different water pressure: 1, 30, 60, 90
and 120 bar. Additionally, the inset shows the velocity of the
shockwave at each pressure, In the first 10 ps. the SW propagation
velocity is in the order of the speed of sound in water, around 1500
my/s, for each value of pressure. It is well known that, when external
pressure increases, the propagation of the SW should vary of a few
tens of units, but as a consequence of the experimental uncertainty of
our measurement, we are not able to clearly appreciate this
difference, Nevertheless, such similar values of the SW propagation
velocity confirm that the initial thrust due to the breakdown isalmost
the same at all the external pressures investigated in the present
work

3.2 Effect of hydrostatic pressure on the ¢ bubble exy

The plasma induced by a laser shot releases its energy to the
surrounding liquid and generates a thin vapor layer at the border of the
plasma, which evolves into a cavitation bubble, The behavior of a
cavitation bubble induced by laser ablation in water at 1 bar has been
already investigated [23-24). For comparative purposes, we used fast
shadowgraph to study the dimensions and shape of the vapor bubble
formed after the first laser pulse at different pressures. Frames acquired
at different delay times at a pressure of 1 bar are shown in Fig. 4. The
temporal evolution of the bubble size is characterized by three stages:
first, the expansion stage; then, the stage of maximum expansion; and
finally the compression/collapse stage, At 1 bar, the bubble expansion
was well discerned even at 2 s from the laser pulse, whereas the
maximum bubble size was observed at 250 ps. In this stage, the shape of
the bubble is a hemisphere |39]. Afterwards, at the maximum expan-
sion, the pressure inside the bubble is lower than the external one, and
consequently the bubble starts to shrink, Thus, the size decreases until
950 pis. At the collapse stage, a rapid increase of the gas temperature
and pressure inside the bubble produces a re-expansion of the
cavitation bubble. Additionally, If enough energy is accumulated in the
bubble, its ascillations can continue for many cycles of bath expansion
and collapse [24).

The temporal evolution of the cavitation bubble has been studied as
a function of the external pressure (30, 90 and 120 bar). Results are

120bar
B ‘m L] Ll v Ll Ll T T v L)
s 1Bar
_ 12000 e 30Bar . -
g 4 60Bar § N
= 10000 +« 90Bar o 1
c % .
S 120 Bar I’
w8000+ » -
@ .
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Ag 3. Time-resolved shadowgraph tmages of shockwave frong at atmensphenc pressre and 120 bae (A) Laser focused on an Al sample in water at 1, 3090 and 120 har; (B) shockwine
front daplacoment vy delay tieme plot. Craphacal inset; shockwave veloory v esvisonment pressune plot,
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Fig. 4 Tire-resobved shadowgrapd of the Lner-nduced cavitation bebde on an akestnums sample scbmerped in water 21 1 b

depicted in Fig. 5, The size of the cavitation bubbles observed at a longer
delay time was significantly smaller by increasing the water pressure
Also, Figg. 5 shows that, regardless of pressure, a cavitation bubble starts
to appear during the early stage of the processes. Thus, the initial
expan- sion velocity along the x-direction was similar for the three
studied cases, that is around 40 m/s. This observation reveals that the
effect of hydrostatic pressure is negligible during the early stage of the
expansion process [40], Beyond this point, the evolution of the dynamic
expansion process diverges for the different pressures. At 120 bar, the
cavitation bubble could not be discerned at ecarly times. The maximum
bubble ex- pansion occurs at 15, 10 and 7 ps for 30, 90 and 120 bar,
respectively, whereas the collapse was observed at 28, 17 and 9 s,
again depending on hydrostatic pressure, The velocities calculated ar
the collapse stage were 30, 70 and 90 m/s at 30, 90 and 120 bar,
respectively [40]. Thus, a pressure increase influences the expansion
and cooling of the vapor bubble, leading to a decrease of the bubble
size and lifetime, as it can be observed In Fig. 5. We considered the
volume instead of the radius to estimate the bubble size, in order to
take into account that hydrostatic sressure can distort the bubble
shape, In fact, due to the external pressure, the bubble expands
differently along the x and y directions, thus assuming an ellipsoidal
shape [41-42) The observed variations of bubble size and lifetime are
in good agreement with those found in [43], where a range of
pressures up to 50 bar was evaluated.

In Fig. 5, a secondary bubble can be observed. This is assumed to be
produced by the rapid increase of both the internal temperature and
pressure of the cavitation occurring bubble just after its collapse, After
rebounding, the bubble shape changes again, because it is now consti-
tuted by both water vapor and the nanomaterials produced during the
cooling down of the plasma [44]. By increasing the water pressure, the
collapse velocity along the x-direction also increases and a pronounced
bubble rebound followed by its displacement with respect to the target
surface takes place. On the contrary, at atmospheric pressure, the
rebound phase can be observed according to the initial laser energy,
but is not accompanied by any displacement of the bubble with respect
to the target position

33 Double pulse LUBS underwater ot high pressure

Keeping in mind the general description of the laser-induced bubble
at different pressures, DP-LIBS underwater requires a careful optimiza-
tion of the interpulse delay. In agreement with the conclusions of a pre-
vious work [22] performed at atmospheric pressure, the optimum
interpulse delay time could be expected to match the maximum expan-
sion of the bubble. In such a situation, the plasma produced by the sec-
ond pulse expands in 4 cavitation bubble with more favorable pressure
conditions than those at the initial stage of the bubble expansion or the

Maximum of expansion

90 bar 30 bar

120 bar

Collapse

Rebound

Fig. 5. Repreventative time-resolved shadowgraph enupes of bubbiles induced Ly single Ler pulses at dferent water presaunes [0, 90 sod 10 Bar ) The bmuges were scguired 4 vanow

Aelay times with 2 gate widhth of 500 as
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final stage of the bubble collapse. It has recently been observed that, in
these initial and final stages, a significant part of the energy of the
secand kaser pulse is spent in the interaction with the NPs generated by
the first laser pulse [39], This causes the breakdown of the just formed
NPs and, accordingly, the production of a secondary plasma. Hence, the
secondary plasma is gencrated at a distance from the target and it
partially prevents the second laser pulse from ablating the sample. On
the contrary, at the maximum of the bubble expansion, that is when its
volume is the largest, the NP concentration in the bubble reaches ity
minimum and this shielding effect occurs to a lesser extent. As an
example, Fig. 6 shows the effect of the plasma produced by the second
laser pulse within the bubble generated by the first laser pulse. The
interpulse delay time was set at the maximum bubble expansion, 250
s at atmospheric pressure. Therefore, the presence of NPs must
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temporal trend of the planmy aspect ratso and the plauma shadowgraph images awe ¢
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ey ed by the irn Lser pulse pulse defay: 250 po ™

be taken into account, especially when DP-LIBS is performed at high
external bquid pressures, In these conditions, the bubble volume is
smaller and the NP concentration higher than at atmaspheric pressure.
Fig. 7 shows some of the images of the second laser-induced plasma,
taken at several interpulse delay times at the representative water
pressures of 30 and 90 bar, The interpulse delay times used in this
experiment were chosen in correspondence with the maximum of the
bubble expansion. The images of the plasma induced by the second
laser pulse were compared with those produced by the first one. The
plasma aspect ratios (R/R, ) on the left of Fig. 7 clearly indicate that the
second plasma induced inside the first bubble has a more spherical
shape. A rigorous treatment of the aspect ratio reported in Rg 7 would
require to take into account the image distortion due to the shape of
the induced cavity around the plasma, Nonetheless, for the scope of the

e values: A) 30 bar and B) 50 har, The
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present discussion we suppose that, as the plasma fills up completely
the cavitation bubble during the expansion, this effect may be reason-
ably neglected.

On the other hand., from the spectroscopic point of view, and con-
trarily to what is observed at atmospheric conditions |33), emission
spectra at high pressure are characterized by self-absorbed lines on
the continuum radiation. This is shown in Fig. 8 for titanium spectra
acquired at 30 bar. The predominance of the continuum spectra in the
UIP can be ascribed to the Debye-Hickel's high density effect on the
cut-off of excited levels due to the high value of the electron number
density at the initial stage of the plasma expansion [45]. In this condi-
tion, the radiative recombination is the main source of radiation in the
plasma and in the specific case of a high pressure liquid medium this
phenomenon is particularly effective [33)] due to strong confinement.
Therefore, as electron number density decreases along the
propagation axis, it is reasonable to suppose that, in the external
region of the UP, the Debye-Hlckel's limitation of available electronic
levels does not occur anymore, Although the initial temperature of the
front head of the plasma is very high, the fast transfer of thermal
energy from the plasma to the surrounding environment causes the
peripheral zone to cool down sooner than the plasma interior and
thus the occurrence of self- absorption of the continuum radiation,
This effect is very similar to Fraunhofer absorption observed in the
spectra of stars and it has been reported in a previous work dealing
with DP-LIBS in sea-water, where sodium lines appeared reabsorbed
on the continuous Ti-UP spectrum 23]

In order to exploit the self-absorbed lines for analytical purposes, it
is important to check that their intensity is proportional to the total
number density of the ablated species, which can be investigated by
their atomic energy distribution function. If the distribution has a
Boltzmann form, it means that the peak intensities are almost
completely absorbed on the continuum, and, through the Boltzmann
relation, this implies that the intensity of the single line is
proportional to the total number density of the ablated species. The
nset of Fig. 8 shows the corresponding Boltzmann plot. The absorbed
fines have a Boltzmann distribution which suggests the possible use of
such signals for analytical purposes. Morcover, as it has been already
demonstrated by Sakka et al, [46], the width of the seif-reversed lines
can also be used for determining the local electron density, which in
this case results to be around 10" cm ™ ? and represents the electron
number density in the plasma zone where the species are absorbing
the continuum radiation.

In order to optimize the DP-LIBS signal, the emission intensity
observed during the Al-target ablation performed at different pressures
was investigated, Fig. 9 shows the absorbed area of the transition of Al
(1) at 396.15 nm as a function of the interpulse delay at different
water pressures. In order to show the correlation between plasma
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emission intensity and bubble dynamics, the bubble volume is also
reported in the figure. As expected, the maximum intensity was
detected at the interpulse delay of maximum bubble expansion, As an
example, Fig, 10 shows the Al spectra as functions of interpulse delay
with a liquid pressure of 30 bar, It is worth noting that, while atomic
transitions appear as absorbed peaks on the continuum, ionic transi-
tions appear as typical emission lines. This can be due to two reasons:
1) in Debye Hickel's theory the effect on the limitation of the allowed
levels depends on the jonization energy of the species. lons have
much higher ionization energy than atoms, thus they are less affected
by high electron density effects and their excited levels become avail-
able before those of the atoms; i) jon emission comes from the inner
part of the plasma and therefore it does not undergo to Fraunholer-
like absorption effects.

Fig. 11 reports the Al spectra acquired at the best interpulse delay
for three different pressures. This figure clearly shows that the amount
of spectral information decreases by increasing the working pressure.
Indeed, at high pressures the bubble expansion s unable to reach the
saturation pressure (ie. the equilibrium condition with the surrounding
liquid [33]), because the high external pressure causes the vapor inside
the cavitation bubble to condense. This consideration suggests that the
plasma is more and more confined as the liquid pressure increases and,
consequently, that the main contribution to spectra is continuum
radiation rather than spontaneous emission. Recombination and high
density effects become so severe with increasing pressure that at

120 bar even onic peaks disappear from the spectrum.

4. Conclusions

Time-resolved optical emission spectroscopy and shadowgraph
were used to investigate single-pulse bubble formation and double-
pulse plasma emission in collincar DP-LIBS of aluminum submerged in
water at pressure up to 120 bar. Plasma persistence and cavitation
bubble size and lifetime were observed to considerably decrease upon
increase of hydrostatic pressure, and the optimum interpulse delay
decreased accordingly. Furthermore, as a result of the reduced dimen-
sions and lifetime of the cavitation bubble, also the DP-LIBS emission
enhancement decreased by increasing the applied pressure. Finally,
we observed that, as a consequence of the fast decrease of temperature
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in the peripheral regions of the plasma, atomic transitions appear as
absorption peaks on the continuum radiation. The intensity of these
absorbed spectral lines resulted proportional to the total number
density of the ablated species and their atomic energy distribution
function had a Boltzmann form. This implies that the peak intensities
are almost completely absorbed on the continuum, suggesting that
the  use of these spectra for elemental analysis with conventional
methodologies is still feasible.
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