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“I propose this evening to speak to you on a new kind of radiation or light emission from
atoms and molecules.”
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TECNUN - UNIVERSIDAD DE NAVARRA

Abstract
SY-STI-LP Section

CERN, Conseil européen pour la recherche nucléaire

Doctor of Philosophy in Applied Physics

Diamond photonic devices for metrology and spectroscopy applications

by Daniel TALÁN ECHARRI

Studying and understanding the world that surrounds us has been one of the main
driving forces for scientific research. Identifying the particles and elements constituting
the universe and determining their structure and behavior are tasks yet in progress, and
of great interest for humankind. The study of matter interaction with different physical
phenomena has enabled the development of the current physics models and technolo-
gies. Light has been a key source for the study of these physical phenomena, particularly
since the invention of the laser. The present thesis entails the study and the application of
nonlinear optical methods to produce laser light for spectroscopy and metrology, which
are two of the most important techniques to gain insight on the properties of matter at
atomic and molecular scales.

Widely tunable lasers are pivotal tools for spectroscopy, such as in the resonance ion-
ization and nuclear spectroscopic experiments. In this work, we have developed a tun-
able diamond Raman laser capable of fulfilling the requirements for such applications.
We prove that it can produce pure ion beams efficiently by emitting tunable light in the
hard-to-access visible spectral range (400-650 nm). Moreover, our device constitutes a
simple add-on solution that can be easily integrated in established laser infrastructures,
extending their capabilities to virtually any spectral range of interest.

The study is accompanied by mathematical models and simulation tools for the de-
sign of GHz-class linewidth and efficient Raman lasers: these include a simulator based
on steady-state stimulated Raman scattering equations, a higher Stokes order generation
and polarization state simulator, and a photo-ionization model that considers the impact
of laser spectral features on the ionization efficiency. In this regard, we also proposed a
diamond Raman z-fold cavity with the potential of achieving higher ionization efficiency
levels.

The generality of the proposed tools further supports the design and optimization of
Raman-based laser sources in a variety of fields of application. Perhaps, the main limita-
tion of our lasers is in the need of specialized multi-layer reflective coatings. With the aim
of granting an alternative all-diamond solution, we have evaluated the performance of
laser produced metasurfaces, which can be beneficial for extending the wavelength reach
at ever higher power densities.





ix

Agradecimientos
Voy a permitirme la licencia de escribir esta sección en mi lengua materna, debido al

contenido de la misma. Es verdad que no soy una persona con facilidad para expresar lo
que siente y que tiendo a extenderme en demasía a la hora de explicar cualquier cosa. Con
lo cuál haré mi mejor esfuerzo por ser breve y conciso.

La primera persona a la que quiero dirigirme en esta cuestión, es mi supervisor aquí
en el CERN Dr. Eduardo Granados. No solo por darme está oportunidad única de afrontar
una tesis de doctorado en un institución tan especial como es el CERN, sino por todo
el apoyo y la confianza que ha puesto en mi durante todo el proceso. Confianza que en
muchas ocasiones superó a la mía propia. Quiero agradecerte de corazón todos y cada
uno de los consejos que me has dado durante este intenso camino y que gracias a ti ahora
siento que soy un mejor profesional y una mejor persona.

Hablando de supervisores, no puedo seguir sin antes agradecer el continuo apoyo de
mi supervisor en TECNUN Dr. Santiago Olaizola. Al cuál conocí a mediados de grado
y con el que llevo trabajando desde entonces, gracias por darme mis primeras oportu-
nidades en el mundo de la ciencia y por seguir depositando la misma confianza en mí
a lo largo de todos los proyectos que hemos llevado a cabo juntos. De la misma forma
quiero agradecer la ayuda, la amabilidad y el esfuerzo que siempre ha demostrado su
grupo de investigación cada vez que he trabajado y colaborado con ellos. Haciendo es-
pecial mención a Alejandro, Oihane y Gorka, que dedicaron su tiempo y esfuerzo en tratar
de obtener los mejores resultados para esta tesis. No quisiera terminar con los agradec-
imientos hacia el personal científico y docente de mi universidad, sin antes agradecer la
dedicación de todos y cada uno de los profesores que formaron parte de mi formación.
En especial, agradecer a mi asesor Dr. Andoni Beriain el apoyo recibido desde primero de
carrera, ya que sin él no solo es probable que no fuera a convertirme en doctor, sino que
ni si quiera fuera ingeniero de telecomunicaciones. Así que gracias por la dedicación y el
asesoramiento de todos estos años.

Ahora llega el momento de dedicar unas palabras a la persona que más tiempo lleva
apoyándome y confiando en mi. Es, sin miedo a equivocarme, la persona a la que más le
debo en esta vida y a la que más agradecido le debo estar, mi madre. Por estar siempre
ahí, en las buenas y en las malas; por el apoyo y las ganas de ayudar hasta en aquellas
cuestiones que ni siquiera comprendes; por todo ese esfuerzo y sacrificio, gracias Ama.
De la misma manera quiero agradecer a mi hermana Esther el apoyo y el esfuerzo recibido
durante todos estos años, a pesar de nuestras disputas y rencillas propias de hermanos.
Y por supuesto gracias a todo el apoyo y cariño mostrado por el resto de mi familia, a
pesar de que hayan sido tiempos complicados durante esta pandemia, en los que verse y
compartir momentos haya sido más complicado.

Este párrafo quiero dedicárselo a una persona que a pesar de no llevar tanto tiempo en
mi vida como las anteriores, la considero ya un pilar fundamental. Llegó probablemente
en el peor momento de este complicado viaje, y sinceramente no imagino haber termi-
nado este duro proceso sin ella. Estuvo ahí cuando más lo necesitaba y no me abandonó
en lo momentos más difíciles. Por todo lo que hemos vivido juntos y por lo que aun queda
por venir, gracias Karen.

Volviendo con la gente que me acompañó en mi etapa universitaria. Quisiera agrade-
cer a todos mis compañeros tanto de grado como de máster, el haberme acompañado y
aportado tanto durante este viaje. Viaje que considero que no empieza el primer año de
doctorado, sino en el mismo momento que empieza mi carrera universitaria. En espe-
cial agradecer el apoyo de aquellos compañeros con los que he compartido aventuras y
desventuras doctorales, y otras muchas más; ellos son Paul, Sebas y Patrick, este último
ya Dr. Patricio Fuentes. Por último, me gustaría hacer una mención especial a aquella



x

persona que, por causalidades de la vida, ha sido siempre parte de mi corta carrera inves-
tigadora, primero en TECNUN y ahora en CERN. Dr. Miguel Martinez-Calderon gracias
por tu siempre amable y entusiasta forma de ser y por haberme introducido a este mundo
de la investigación científica y los láseres. Sin duda no estaría realizando esta tesis doc-
toral si no hubiera sido por ayuda.

Como no podía ser de otra forma, no puede faltar una mención de agradecimiento
para mis amigos de toda la vida, o como decimos en el País Vasco, la kuadrilla. A su man-
era, que en nuestro caso es poco convencional, te apoyan y te animan a seguir adelante, y
sobretodo siempre están ahí, no importa el tiempo o la distancia. Por eso y por haberme
aguantado todos estos años, gracias a Ander, Garci, Hualde, Josu, Pablo y Rodri.

A pesar de que llegué al CERN con los ligamentos rotos y que no he vuelto a entrenar
atletismo de forma seria desde entonces, siento que le debo mucho de mi capacidad con-
stancia y esfuerzo a este deporte. Creo que sin la experiencia de las lesiones y la derrotas,
jamás hubiera tenido la fuerza de terminar este doctorado y que por eso he de dedicar este
párrafo a mis compañeros de entrenamiento y a mi club. Sin ellos tampoco hubiera sido
posible llegar a ser la persona que soy ahora, en especial mis entrenadores; que siempre
mostraron el máximo apoyo y dedicación, y aun siguen preocupandose por mi, gracias
Ramón y Moli.

Y para terminar con los agradecimientos en español, quiero agradecer profundamente
a un grupo de personas muy particular todas las horas de juego, charla y distracción que
hemos tenidos los últimos años, y que tanto me han ayudado a desinhibirme de los prob-
lemas del día a día. Un grupo de personas que si no fuera por la excusa de jugar a video-
juegos probablemente no hubiéramos mantenido esa relación tan estrecha que tenemos
ahora, y que si no fuera por ellos probablemente me hubiera vuelto loco durnate la pan-
demia. Gracias a ese grupo tan heterogéneo, de personalidades locas, que conocí tanto
en la pista, como en la universidad y en el barrio, y con los que tantas risas me he echado
y tantos LPs he perdido. Vosotros también formáis parte de esto, Alcu, Ansola, Culla, Ces-
tero, Edu, Ferni, Padilla...

Mi más profundo agradecimiento a todos los que confiaron y me ayudaron durante
este proceso, tanto a los mencionados como a los que no he podido mencionar. Porque
me temo que los agradecimientos no pueden igualar en extensión a la propia tesis y por
tanto he de terminar en algún punto: gracias a todos.

Finally, I would like to switch briefly to english, so I can express my gratitude to all
the CERN people that worked with me all these years, specially to the SY-STI-LP section
which give me the opportunity to perform my research within the group. Thanks to my
latest office mates Baptiste and Georgios, who needed to deal with an extremely stressed
version of myself in these last months, and to Bianca, who shared with me some of the
hardest times in this journey. Thanks to all the incredible people I met in this unique
institution, particularly the ones who shared amazing moments with me, and also gave
me support in bad ones. So thanks, Jan, Paul, Petr, Nacho, Mario, Isaac, Joao and the rest
of the spanish and portugues mafia. I would like to close this section by sincerely thanking
Markus all the efforts he made along this entire journey. I met him on my first day at CERN
and now I know I have a friend for all my life, I have no doubt that this thesis would not be
finished if it was not also for his support. Thank you all.



xi

Contents

Declaration of Authorship iii

Abstract vii

Agradecimientos ix

List of publications & conference proceedings xxi

I Introduction & Raman laser fundamentals 1

1 Objectives & thesis structure 3
1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Introduction 7
2.1 Element and isotope production at CERN . . . . . . . . . . . . . . . . . . . . 10
2.2 RILIS laser laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 State of the art 17
3.1 History of lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Raman lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 Spectral coverage and tunability . . . . . . . . . . . . . . . . . . . . . . 21
3.2.2 Tunable pump lasers at CERN . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.3 Spectral characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4 Nonlinear optics fundamentals 29
4.1 The nonlinear wave equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2 Second-order and third-order nonlinear processes . . . . . . . . . . . . . . . 30
4.3 Stimulated Raman scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3.1 Modelling SRS as a third-order nonlinear process . . . . . . . . . . . . 35
4.3.2 Mathematical description of the Raman gain . . . . . . . . . . . . . . 37

II Raman laser development 39

5 Raman laser design and modelling 41
5.1 Raman laser configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.1 Single-pass Raman generator . . . . . . . . . . . . . . . . . . . . . . . . 41
5.1.2 External Raman resonator . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.1.3 Intracavity Raman conversion . . . . . . . . . . . . . . . . . . . . . . . 43
5.1.4 Integrated Raman resonator . . . . . . . . . . . . . . . . . . . . . . . . 45

5.2 Raman laser model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.1 Steady-state stimulated Raman scattering equations . . . . . . . . . . 46
5.2.2 Ray-tracing and Gaussian beam simulations . . . . . . . . . . . . . . . 51



xii

5.2.3 ABCD matrix implementation example: hemi-spherical cavity . . . . 53
5.3 Raman laser prototyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6 Preservation of the laser spectral linewidth through cascaded Raman processes 59
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.2 Raman laser linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.2.1 Linewidth preserving cavity design . . . . . . . . . . . . . . . . . . . . 62
6.3 High precision spectral characterization . . . . . . . . . . . . . . . . . . . . . 63

6.3.1 Basic interferometer working principle . . . . . . . . . . . . . . . . . . 63
6.3.2 Fabry-Pérot interferometer . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.3.3 Fizeau interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3.4 Experimental measurements . . . . . . . . . . . . . . . . . . . . . . . . 68

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.5 Published article: Broadly tunable linewidth-invariant Raman Stokes comb

for selective resonance photoionization . . . . . . . . . . . . . . . . . . . . . . 71

7 Cascaded Stokes Raman gain and polarization state 83
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.2 Cascaded Raman scattering process in cubic crystals . . . . . . . . . . . . . . 84

7.2.1 Mathematical approaches for light characterization in nonlinear media 84
7.2.2 Müller calculus for polarization state prediction . . . . . . . . . . . . . 88
7.2.3 Tensor calculus for gain estimation . . . . . . . . . . . . . . . . . . . . 89

7.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.4 Published article: Cascaded Stokes polarization conversion in cubic Raman

crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

8 All-diamond metasurfaces for Raman laser applications 107
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

8.1.1 FDTD simulation method . . . . . . . . . . . . . . . . . . . . . . . . . . 109
8.2 Fabrication and characterization of LIPSS . . . . . . . . . . . . . . . . . . . . 110
8.3 The effect of irregularities in the structures morphology . . . . . . . . . . . . 113

8.3.1 Other applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
8.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.5 Published article: Propagation of broadband coherent light through LIPSS-

based metasurfaces in diamond . . . . . . . . . . . . . . . . . . . . . . . . . . 116

III Diamond Raman lasers performance 127

9 The effect of laser spectral features on the photo-ionization efficiency 129
9.1 Ionizing lasers spectral characteristics . . . . . . . . . . . . . . . . . . . . . . . 129
9.2 Spectral line broadening in photo-ionization processes . . . . . . . . . . . . 130
9.3 Ionization saturation effect in the spectral overlap approximation . . . . . . 132
9.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

10 Efficient generation of ion beams using diamond Raman lasers 137
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
10.2 Offline-2 experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
10.3 Photo-ionization results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
10.4 Z-fold cavity design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
10.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144



xiii

10.6 Published article: Tunable diamond Raman lasers for resonance photo-
ionization and ion beam production . . . . . . . . . . . . . . . . . . . . . . . . 145

11 Conclusions & future work 157

A Other publications arising from this work 163
A.1 Tunable spectral squeezers based on monolithically integrated diamond Ra-

man resonators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

B Raman laser prototype drawings 171
B.1 Upper enclosure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
B.2 Lower enclosure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
B.3 Small fiber holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
B.4 Small mirror holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
B.5 Big mirror holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
B.6 Small standard slider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
B.7 Big standard slider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
B.8 Big dichroic holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.9 Small standard holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
B.10 Chasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
B.11 Big waveplate holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
B.12 Big lens holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
B.13 Complete assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

C Raman process and photo-ionization simulation code files 185
C.1 Matlab code for the Raman design and Stokes generation simulator . . . . . 186
C.2 Matlab functions for the Raman design and Stokes generation simulator . . 190
C.3 Matlab function for the Raman gain calculation as a function of the wavelength197
C.4 Matlab code corresponding to the photo-ionization model . . . . . . . . . . 198

Bibliography 203





xv

List of Figures

1.1 Thesis structure flow chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Solar spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Fine and hyperfine structures in Caesium . . . . . . . . . . . . . . . . . . . . . 9
2.3 The CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Ion production mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 CERN nuclei chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Single photon and multiphoton ionization . . . . . . . . . . . . . . . . . . . . 13
2.7 Simplified pure ion beam production system . . . . . . . . . . . . . . . . . . 13
2.8 RILIS spectral coverage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.9 RILIS laser setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1 Worlds first laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Dye laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3 All-solid-state tunable Raman laser setup . . . . . . . . . . . . . . . . . . . . . 20
3.4 Evolution of Raman diamond lasers . . . . . . . . . . . . . . . . . . . . . . . . 21
3.5 Mode-locked diamond Raman laser . . . . . . . . . . . . . . . . . . . . . . . . 23
3.6 Diamond Raman monolithic resonator . . . . . . . . . . . . . . . . . . . . . . 24
3.7 TiSa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.8 Diamond single shift Raman resonator . . . . . . . . . . . . . . . . . . . . . . 27
3.9 SLM Raman laser for water vapour detection . . . . . . . . . . . . . . . . . . . 27
3.10 Integrated diamond Raman single-mode laser . . . . . . . . . . . . . . . . . . 28

4.1 Summary of main nonlinear processes . . . . . . . . . . . . . . . . . . . . . . 32
4.2 Main scattering mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Summary of the stimulated processes related to the Raman effect . . . . . . 34
4.4 Cascading process of the SRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.1 Single-pass Raman generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 External Raman resonator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.3 Intracavity Raman resonator . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.4 Coupled-cavity Raman resonator . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.5 Integrated ring-cavity Raman resonator . . . . . . . . . . . . . . . . . . . . . . 45
5.6 Raman gain fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.7 Fixed-step finite differences method . . . . . . . . . . . . . . . . . . . . . . . . 49
5.8 Pump depletion and Stokes orders generation . . . . . . . . . . . . . . . . . . 50
5.9 Stokes orders lasing threshold and output power . . . . . . . . . . . . . . . . 51
5.10 Modeled hemi-spherical cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.11 Perspective view of the opto-mechanical design . . . . . . . . . . . . . . . . . 55
5.12 Prototype explained top view . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.13 Photography of the assembled prototypes . . . . . . . . . . . . . . . . . . . . 57

6.1 Hemi-spherical diamond Raman resonator . . . . . . . . . . . . . . . . . . . . 63
6.2 General interferometer schematic . . . . . . . . . . . . . . . . . . . . . . . . . 64



xvi

6.3 Fabry-Pérot interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.4 Free spectral range of a laser pulse . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.5 Fizeau interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.6 1st Stokes spectrum measurement . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.1 Markovian-style example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.2 Diamond crystallographic axis and SRS cascading . . . . . . . . . . . . . . . 85
7.3 Stokes vector representation in the Poincaré sphere . . . . . . . . . . . . . . . 86

8.1 Eyes of a moth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
8.2 LIPSS in diamond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
8.3 Raman laser LIPSS-based AR solution . . . . . . . . . . . . . . . . . . . . . . . 109
8.4 FDTD Yee cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8.5 LIPSS manufacturing laser setup . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.6 SEM images and 2D-FFT of the manufactured LIPSS . . . . . . . . . . . . . . 112
8.7 3D representation of the manufactured LIPSS profile . . . . . . . . . . . . . . 113
8.8 Photonic quantum vortexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

9.1 Spectral modes in laser pulses . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
9.2 Saturation curves calculated by the photo-ionization model . . . . . . . . . . 133
9.3 Capping approximation for the photo-ionization model . . . . . . . . . . . . 134

10.1 Calcium spectroscopy experiment setup . . . . . . . . . . . . . . . . . . . . . 138
10.2 Calcium ionization scheme and experimental results . . . . . . . . . . . . . . 139
10.3 Offline-2 beam line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
10.4 Saturation curves obtained from the ionization measurements . . . . . . . . 141
10.5 3D model of the z-fold cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
10.6 Z-fold cavity explained top view . . . . . . . . . . . . . . . . . . . . . . . . . . 142
10.7 Raman lasers longitudinal modes comparison . . . . . . . . . . . . . . . . . . 143
10.8 Z-fold Raman laser operating in the MELISSA laboratory . . . . . . . . . . . . 144



xvii

List of Tables

3.1 Raman media properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5.1 Ray matrix elements for common optics . . . . . . . . . . . . . . . . . . . . . 52
5.2 Ray matrix elements for refraction . . . . . . . . . . . . . . . . . . . . . . . . . 53

7.1 Müller matrices for common optics . . . . . . . . . . . . . . . . . . . . . . . . 89





xix

List of Abbreviations

AFM Atomic Force Microscope
AR Anti-Reflection
BBO Beta Barium bOrate
BiBO BiB3O6

CARS Coherent Anti-Stokes Raman Scattering
CERN Conseil Européen pour la Recherche Nucléaire
CRIS Collinear Resonance Ionization Spectroscopy
CVD Chemical Vapour Deposition
CW Continuous Wave
DFG Difference-Frequency Generation
EMT Effective Medium Theory
FC Faraday-Cup
FDTD Finite-Difference Time-Domain
FEG-SEM Field-Emission Gun - Scanning Electron Microscopy
FP Fabry-Pérot
FSR Free Spectral Range
FWHM Full-Width Half-Maximum
FWM Four-Wave Mixing
HR High Reflective
HWHM Half-Width Half-Maximum
HWP Half-Wave-Plate
IP Ionization Potential
IR Infrared
IS International System
ISOL Isotope Separation On-Line
ISOLDE Isotope mass Separator On-Line DEvice
KGW KGd(WO4)2

KT Knowledge Transfer
laser light amplification by stimulated emission of radiation
LHC Large Hadron Collider
LIPSS Laser Induced Periodic Surface Structures
LIST Laser Ion Source and Trap
maser microwave amplification by stimulated emission of radiation
Nd:YAG neodymium:YAG
OPA Optical Parametric Amplifiers
OPO Optical Parametric Oscillators
PS Proton Synchrotron
PSB Proton Synchrotron Booster
RCWA Rigorous Coupled Wave Analysis
RFQcb Radio-Frequency Quadrupole cooler and buncher
RILIS Resonance Ionization Laser Ion Source
RIS Resonance Ionization Spectroscopy



xx

SFG Sum-Frequency Generation
SHG Second-Harmonic Generation
Sm Samarium
SRS Stimulated Raman Scattering
THG Third-Harmonic Generation
TIR Total Internal Reflection
Ti:Sapphire Titanium:Sapphire
UV Ultraviolet



xxi

List of publications & conference proceedings
First author research articles:

1. Daniel T. Echarri, Katerina Chrysalidis, Valentin N. Fedosseev, Bruce A. Marsh,
Richard P. Mildren, Santiago M. Olaizola, David J. Spence, Shane G. Wilkins, and
Eduardo Granados, "Broadly tunable linewidth-invariant Raman Stokes comb for
selective resonance photoionization," Optics Express 28, 8589-8600 (2020)
DOI: doi.org/10.1364/OE.384630.

2. Daniel T. Echarri, Richard P. Mildren, Santiago M. Olaizola, and Eduardo Grana-
dos, "Cascaded Stokes polarization conversion in cubic Raman crystals," Optics Ex-
press 29, 291-304 (2021) DOI: doi.org/10.1364/OE.413098.

3. Daniel T. Echarri, Alejandro San-Blas, Miguel Martinez-Calderon, Santiago M.
Olaizola, and Eduardo Granados, "Propagation of broadband coherent light through
LIPSS-based metasurfaces in diamond," Optical Materials Express 12, 2415-2425
(2022) DOI: doi.org/10.1364/OME.458774.

4. Daniel T. Echarri, Katerina Chrysalidis, Valentin N. Fedosseev, Reinhard Heinke,
Bruce A. Marsh, Bianca B. Reich, and Eduardo Granados, "Tunable diamond Ra-
man lasers for resonance photo-ionization and ion beam production," Frontiers in
Physics 10, 937976 (2022) DOI: 10.3389/fphy.2022.937976.

Other author research articles:

5. E. Granados, G. Stoikos, D. T. Echarri, K. Chrysalidis, V. N. Fedosseev, C. Grana-
dos, V. Leask, B. A. Marsh, and R. P. Mildren, "Tunable spectral squeezers based on
monolithically integrated diamond Raman resonators", Applied Physics Letters 120,
151101 (2022) DOI: doi.org/10.1063/5.0088592.

Conference proceedings:

6. D. T. Echarri, K. Chrysalidis, V. N. Fedosseev, B. A. Marsh, R. P. Mildren, S. M.
Olaizola, D. J. Spence, S. G. Wilkins, and E. Granados, "Enabling the use of Ra-
man lasers for spectroscopy: continuous tunability, narrow linewidth and efficient
cascading in diamond," in 14th Pacific Rim Conference on Lasers and Electro-Optics
(CLEO PR 2020), OSA Technical Digest (Optica Publishing Group, 2020), paper C6A_3
DOI: doi.org/10.1364/CLEOPR.2020.C6A_3.

7. Daniel T. Echarri, Alejandro San-Blas, Miguel Martinez-Calderon, Santiago M.
Olaizola, and Eduardo Granados, "Propagation of broadband light pulses through
LIPSS nanoripples fabricated on diamond", in Proc. SPIE 12143, Nonlinear Optics
and its Applications 2022, 121430E (25 May 2022) DOI: doi.org/10.1117/12.2619794.

8. E. Granados, D. T. Echarri, K. Chrysalidis, V. N. Fedosseev, V. A. Leask, B. A. Marsh,
S. G. Wilkins, S. M. Olaizola, R. P. Mildren, and D. J. Spence, "Spectral and polariza-
tion effects in cascaded narrow linewidth diamond Raman lasers," in Laser Congress
2020 (ASSL, LAC), P. Schunemann, C. Saraceno, S. Mirov, S. Taccheo, J. Nilsson, A.
Petersen, D. Mordaunt, and J. Trbola, eds., OSA Technical Digest (Optica Publishing
Group, 2020), paper ATu2A.5 DOI: doi.org/10.1364/ASSL.2020.ATu2A.5.





1

Part I

Introduction & Raman laser
fundamentals





3

Chapter 1

Objectives & thesis structure

In this chapter the reader is provided with a list of the objectives established for this doc-
toral thesis along with a brief summary of the chapters’ content.

1.1 Objectives

The following list includes the main objectives concerning the development of a new pho-
tonic source for RILIS, and also the dissemination of the acquired knowledge throughout
this work. Additionally, some of the objectives are related to the CERN’s Knowledge Trans-
fer (KT) program that partially funded this research and aims to transfer the developed
technology to industry. Here is the list of objectives:

• Prove a complementary photo-ionization all-solid-state laser source capable of cov-
ering the entire visible spectral range with the appropriate linewidth characteristics.

• Test and characterize the technology and verify its use and precision for RIS and
spectroscopy applications.

• Utilize the technology in an ion beam production experiment at CERN facilities to
evaluate the photo-ionization efficiency of the laser.

• Build simulation models for aiding the design of Raman lasers to predict the per-
formance and select the optimal parameters for maximal spectral coverage, power
conversion efficiency and simplicity.

• With a view on exploiting the cascaded Raman effect to extend the spectral coverage
of the laser, study the cascaded Raman gain dependency on the polarization state
of the pump light and build a simulator regarding this effect.

• Build a photo-ionization model able to predict the effect of the particular spectral
features of Raman and other laser sources in the ionization process.

• Industrialize the laser design by constructing a prototype of the technology that al-
lows different configurations.



4 Chapter 1. Objectives & thesis structure

1.2 Thesis structure

This thesis is divided into three main parts including an introduction with a general back-
ground about lasers and the Raman scattering phenomena, a second part discussing Ra-
man lasers development, and a final part including the demonstration of the presented
diamond Raman technology capabilities and the conclusions obtained from this work.

Each of these parts follow the produced publications, which are referenced in their
corresponding chapters below. Normally, thesis by publications tend to repeat the same
information in the content of the chapters and in the published articles. Here, trying to
minimize this repetition, the publications are included as part of the content of the the-
sis. Which means that the additional information provided in each of the chapters where
the articles are included is complementary, so the publications must be read as part of
these chapters themselves. A summary of the content of each chapter is included in the
following list:

Part I

• Ch. 1 - Objectives & thesis structure: A brief chapter listing the objectives of the
thesis and presenting the thesis structure.

• Ch. 2 - Introduction: The chapter includes the introduction of the thesis, describing
the pure ion beam production process and the fundamentals of laser spectroscopy.

• Ch. 3 - State of the art: The chapter includes a summary of the laser history along
with the evolution of the Raman lasers development, highlighting the latest dia-
mond laser research to date.

• Ch. 4 - Nonlinear optics fundamentals: The chapter includes an introduction to
nonlinear optics and the SRS phenomenon, including the mathematical background
required to understand the topics discussed in the following chapters.

Part II

• Ch. 5 - Raman laser design and modelling: The chapter includes a discussion about
different Raman laser configurations, a mathematical description of the developed
Raman laser design model, and the presentation of the designed and constructed
opto-mechanical model.

• Ch. 6 - Preservation of the laser spectral linewidth through cascaded Raman pro-
cesses: The chapter describes the constructed Raman laser to achieve efficient cas-
cading and spectral linewidth preservation. Publication arising from this chapter:

1 Daniel T. Echarri, Katerina Chrysalidis, Valentin N. Fedosseev, Bruce A. Marsh,
Richard P. Mildren, Santiago M. Olaizola, David J. Spence, Shane G. Wilkins, and
Eduardo Granados, "Broadly tunable linewidth-invariant Raman Stokes comb for
selective resonance photoionization," Optics Express 28, 8589-8600 (2020)
DOI: doi.org/10.1364/OE.384630.

• Ch. 7 - Cascaded Stokes Raman gain and polarization state: The chapter describes
a mathematical approach for the prediction of the polarization and power of higher
Stokes orders, based on Müller matrix and tensor calculus. Publication arising from
this chapter:

2 Daniel T. Echarri, Richard P. Mildren, Santiago M. Olaizola, and Eduardo Grana-
dos, "Cascaded Stokes polarization conversion in cubic Raman crystals," Optics Ex-
press 29, 291-304 (2021) DOI: doi.org/10.1364/OE.413098.
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• Ch. 8 - All-diamond metasurfaces for Raman laser applications: The chapter de-
scribes the characterization and simulation work performed on diamond nanos-
tructures to evaluate potential photonic applications, in particular as anti-reflection
(AR) surfaces. Publication arising from this chapter:

3 Daniel T. Echarri, Alejandro San-Blas, Miguel Martinez-Calderon, Santiago
M. Olaizola, and Eduardo Granados, "Propagation of broadband coherent light
through LIPSS-based metasurfaces in diamond," Optical Materials Express 12, 2415-
2425 (2022) DOI: doi.org/10.1364/OME.458774.

Part III

• Ch. 9 - The effect of laser spectral features on the photo-ionization efficiency:
The chapter describes the model developed to evaluate the effect of laser spectral
features in the photo-ionization process of atoms along with an explanation of the
mathematical approximations considered for these simulations.

• Ch. 10 - Efficient generation of ion beams using diamond Raman lasers: The
chapter presents the ionization efficiency results for the developed technology, demon-
strating its capabilities and suitability for the targeted applications. Additionally,
this chapter proposes a new laser configuration for a potentially higher ionization
efficiency. Publication arising from this chapter:

4 Daniel T. Echarri, Katerina Chrysalidis, Valentin N. Fedosseev, Reinhard Heinke,
Bruce A. Marsh, Bianca B. Reich and Eduardo Granados,"Tunable diamond Ra-
man lasers for resonance photo-ionization and ion beam production," Frontiers in
Physics 10, 937976 (2022) DOI: 10.3389/fphy.2022.937976

• Ch. 11 - Conclusions & future work: The chapter includes a summary of the con-
clusions and achievements gained in this work along with next steps to take regard-
ing the development of the technology.

Three appendices can be found by the end of the document including the co-authored
publications, the drawings corresponding to the opto-mechanical prototype and the codes
produced to implement the aforementioned models (Appendices A, B and C, respectively).
To assist the reader on the reading of the thesis, the flow chart illustrated in Fig. 1.1 is pro-
vided as a quick reference of the content included in each part.
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Chapter 2

Introduction

Historically, humanity has shown a keen interest on understanding how matter is struc-
tured and what is the composition of each element around the universe. Spectroscopy
is the science that relies on the interaction of electromagnetic radiation with atoms and
molecules. The key of its working principle is to observe how the different wavelengths
of electromagnetic waves interact with a particular substance (Bloembergen, 1977). This
method can be extended to other types of sources, such as electrons, neutrons or acoustic
waves, providing further insight into the composition of the substances of interest (Lin-
don, Tranter, and Koppenaal, 2016).

When matter is exposed to radiative energy, many are the different interactions that
can be observed. Depending on them, different kind of spectroscopy techniques can be
found in the literature. One of the most common methods is absorption spectroscopy,
where a photon interacts with an atom or molecule and loses energy as a consequence of
the material’s capability to absorb energy. This absorption happens when the energy band
distribution of the material and the energy of the photon fulfil certain conditions, such as
the matching of both element’s energetic levels. Other examples for spectroscopy meth-
ods are based on emission instead of absorption, scattering effects or nuclear interactions
(Lindon, Tranter, and Koppenaal, 2016).

Among the many examples and applications of spectroscopic methods, a modern one
consists on obtaining the spectra of stellar bodies, used by astronomers to analyze and
understand the composition of astronomical objects, such as the sun. The solar spectrum
depicted in Fig. 2.1 represents the different wavelengths of the emitted light in this typical
kind of colored ruler that progressively changes its tonality. The noticeable dark lines or
empty spaces within the spectrum were first time observed by William Wollaston in 1802,
although they got world-wide known thanks to Joseph von Fraunhofer and his study of
these features (Fraunhofer, 1814). The lines are associated to each periodic table element,
since elements can absorb or emit specific wavelengths by means of their atomic prop-
erties. Thus, analyzing the different lines included and missing in their spectra, leads to
identifying the chemical composition of the emitting or absorbing bodies. This was first
discovered by Gustav Kirchhoff and Robert Bunsen (Kirchhoff, 1860) and is very well il-
lustrated in Fig. 2.1, where each spectral line composing the presented solar spectrum
is arranged in its corresponding element in the periodic table. The spectrum of a certain
body could be compared to a fingerprint, as they both contain the required information to
identify a specific object. Furthermore, the astrophysicist Meghnad Saha related the phe-
nomenon not only to the stars chemical composition, but also to other characteristics like
their stellar temperature (Megh Nad, 1920). Considering all this, the study of absorption
and emission lines led to the basis of the current physical star models.

The capabilities of spectroscopy can go further into the study of matter structure by
pushing the technology properties into the atomic and nuclear realms. Recent advances
in medicine, biochemistry applications and other fields of interest rely on the manipula-
tion, production and study of nuclear particles, as it is the case of cancer therapy (CERN,



8 Chapter 2. Introduction

FIGURE 2.1: NASA’s acquired Sun spectrum with each spectral line de-
picted in its corresponding element of the periodic table (Gagnon, 2007).

2022a). For this purpose, high precision spectroscopy is required in order to study the
electronic configuration of different samples by accurately measuring their spectral lines.
Figure 2.2 (a) shows the atomic structure of Caesium as a reference for the scheme shown
in Fig. 2.2 (b), which represents the atomic energy levels and the spectral width of their
splittings for a certain Caesium atomic line. Here, two types of structures are differenti-
ated, fine and hyperfine structures. Depending on the kind of analysis or study desired,
the spectroscopy techniques will target different transitions with particular characteris-
tics. For instance, as represented in the picture, the linewidth of a hyperfine structure
transition is orders of magnitude below a fine one. Adapting the light sources to the prop-
erties required in each scenario, allows spectroscopy to be a precise tool for the study of
the atomic, molecular and nuclear structure of matter. This includes the measurement
of the natural linewidth of spectral lines, emission/absorption cross sections, broadening
effects, splittings, angular momentum and orbital properties, among others.

The hyperfine transitions of atoms have been generally considered well-established
universal phenomena, and precise enough to represent the basic units of our interna-
tional system (IS). Carl Sagan and Frank Drake considered the hyperfine transition of hy-
drogen a good candidate for setting a base unit of time and length in space travels. Later,
specific hyperfine structures were selected to establish the exact value for a second and
a meter in the IS and they were actually applied for extremely precise devices develop-
ment, such as the manufacturing of atomic clocks. In this example, particular isotopes of
Caesium or Rubidium atoms are used to set the working principles of this technology.

A recent field of interest for hyperfine structures application is focused on quantum
technologies. For instance, they serve as an extremely precise reference for measuring the
different dynamics involving quantum process. Other interesting applications consist on
generating quantum states, since hyperfine states are commonly used for qubit storing in
the denominated ion traps (Shaftan and Blinov, 2021). Indeed, ionization processes and
readout of these qubits can be performed by the same means used in nuclear and atomic
spectroscopy. The study of the nuclear properties of elements and their atomic levels leads
to the discovery of suitable hyperfine states with long decay times, implying higher fidelity
and longer storing capabilities for quantum computing (Gaebler et al., 2016; Christensen
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FIGURE 2.2: (a) Electronic structure of Caesium with the main energy lev-
els and the associated electrons illustrated. (b) Example of fine and hyper-
fine structures of an atomic Caesium line (D2), indicating the linewidth of
its structure and the energy of the transition [adapted from (Aljunid et al.,

2016)].

et al., 2020).
The construction of radiative sources able to match the vast diversity of characteris-

tics required for high quality spectroscopic and nuclear studies is a complex task to per-
form. Popular examples are X-ray and laser spectroscopy, which are utilized for many
different applications around the globe. In particular, lasers are very convenient tools
to provide radiative sources for the optical and infrared (IR) frequency ranges, since they
present suitable spectral characteristics for this task and the capability of tuning their cen-
tral wavelength. Thus, lasers can be adjusted in wavelength and linewidth to the aimed
atomic transition or any other target of interest, which is why they are so interesting for
spectroscopy and ionization applications.

Further discoveries in nuclear and biological science realized in step with the laser
technology improvement and development led to spectroscopy studies of outstanding
quality. Thanks to the fact that the spectral resolution and sensitivity of lasers have been
impressively improved over the past years. This has allowed studies concerning the state
of the nucleus of atoms, and the consequent resolution of nuclear physics, including the
measurement of vital parameters such the atomic spin or the detection of the nucleons
composing a heavy nucleus. Modern nuclear and quantum physics rely on this type of
research to corroborate all the theoretical work develop in particle physics. Indeed, CERN
and other nuclear facilities aim to complete a model that defines all the elements and
forces constituting the universe, which is known as the Standard Model. The pursuing of
such an ambitious goal leads to the development and study of technologies presenting a
great impact in society, as for example the aforementioned cancer treatments based on
particle therapy and the use of lasers as spectroscopic tools. In this thesis, we propose a
new laser technology that pushes further the boundaries of the spectroscopy and metrol-
ogy research carried out at CERN, which could very well be extended to other fields of
research and enable new matter analysis techniques.
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2.1 Element and isotope production at CERN

CERN is a unique environment for the nuclear study of matter and other spectroscopic ap-
plications, because the specific atomic species of interest are produced and collected in-
situ, previous to their corresponding analysis. This process is usually performed by what
is known as the ISOL (isotope separation on-line) method. Briefly, the method consists
on selecting a targeted ion by convenient selective ionization techniques, such as lasers,
and then filtering the excited elements by collecting the ones presenting the desired mass,
leading to the production of pure isotopes. Within this method, the most common ion
production technique consists on performing extremely energetic collisions of a proton
beam with a heavy nucleus, which results in different channels that emit multiple parti-
cles. This makes a proton accelerator installation such as CERN an ideal place for this type
of research.

FIGURE 2.3: Sketch of the accelerators and principal facilities that com-
pose the CERN complete infrastructure with ISOLDE highlighted [adapted

from (CERN, 2022c)].

The European Organization for Nuclear Research (CERN), acronym derived from the
french original denomination Conseil européen pour la recherche nucléaire, is the princi-
pal infrastructure for nuclear research in Europe and one of the largest particle physics
laboratories in the world. There is a vast variety of research fields and experiments at
CERN, ranging from experimental particle and nuclear physics, to theoretical modelling
of elemental particles and cosmology. Precisely, the experimental research for this doc-
toral study was carried out at the Isotope mass Separator On-Line DEvice (ISOLDE), which
is responsible for the aspiring goal of "fulfilling the old alchemical dream of changing one
element into another" (CERN, 2022b). In other words, the aim of this facility is to produce
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as many different elements as possible for their consequent nuclear study, including the
most exotic ones. Research about radioactive nuclides production enables further stud-
ies in a wide range of domains such as fundamental interactions, life science and atomic
physics.

For this purpose, ISOLDE is located at the Proton Synchrotron Booster (PSB) as ob-
served in Fig. 2.3, one of the oldest operational accelerators at CERN. As can be deduced,
the accelerated particles here are protons. This is achieved by removing the two elec-
trons from the negative hydrogen ions (blue arrows) injected by the linear accelerator
Linac4, remaining only the protons (grey arrows) which are accelerated into the Proton
Synchrotron (PS) afterwards. The PSB receives the H- particles with an energy of 160 MeV
and accelerates them to 2 GeV. At these energies, ISOLDE deals with three different re-
action processes by which ion clouds are generated: spallation, fragmentation and fis-
sion, which are illustrated in Fig. 2.4. The figure shows how a heavy nucleus, in this case
Uranium (238U), is split into lighter elements such as Francium, Lithium and Caesium in
addition to the targeted nucleons. Normally, spallation and fragmentation are preferred,
since they lead to higher purity beams (Lindroos, 2004). Spallation is the process where
the heavy nucleus emits a high number of nucleons, while in fragmentation the number
of emitted nucleons is smaller.

proton

neutron

Proton beam

2 GeV 

collision

Heavy nucleus

238U

201Fr

X
11Li

143Cs
Y

spallation

fragmentation

fission

FIGURE 2.4: Illustration of the three main ion production reaction chan-
nels in ISOL facilities based on proton collisions with heavy nuclei. The
result of splitting 238U particles by means of these channels is represented

here [adapted from (Lindroos, 2004)].

Ions present a great advantage when compared to other equivalent particles, which
is the fact that they can be transported by applying electric and magnetic fields. This
way, ions can be guided through the different infrastructure along ISOLDE to generate
and collect the targeted isotopes for pure ion beam production and their consequent nu-
clear study. In order to collect a particular isotope, when ions are produced by one of the
previous reaction channels, two different atomic properties must be fixed. These are the
number of neutrons (N) and the number of protons (Z) corresponding to the specific iso-
tope of interest, the values for each element can be found in the nuclei chart represented
in Fig. 2.5. Here, the elements presenting the same Z value can be found in the same
row, while the elements with the same mass (same number of Z + N) can be found in each
diagonal line (from top left to bottom right).
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FIGURE 2.5: Nuclei chart colored depending on the method or facility at
CERN in charge of generating the highlighted isotope. The legend lists all
the different laser-based techniques employed for the ionization experi-

ments carried out at ISOLDE (Marsh, 2014).

Thus, by selecting the ions with a particular Z value and then separating them by their
mass, pure ion beam production can be achieved. In ISOLDE three are the main ion-
ization techniques: electron impact ionization, surface ionization and Resonance Ioniza-
tion Spectroscopy (RIS). They are all in charge of the excitation of Z-specific ions, so that
they can be afterwards mass separated. Particularly, RIS is a unique and relevant tech-
nique, as it supposed a huge step forward by enabling the capability of studying excited
states of atoms and its atomic transitions in detail, thanks to the achievement of unprece-
dented levels of sensitivity and selectivity (Samuel Hurst and Letokhov, 1994). In essence,
RIS consists on resonantly excite an electron in an atom by applying photons with en-
ergy matched to a particular transition of the element (Letokhov, 1987). Since every level
has a different energy, to resonantly excite the electrons, the use of tunable lasers is key,
as it enables the application of the RIS technique for different elements and ionization
schemes. The different ways RIS can be applied to excite an electron from the ground
state or a meta-stable state to an autoionizing state or over the ionization potential, re-
ceive the name of ionization schemes. Some elements present low ionization potential,
allowing ionization by one resonant excitation step; this is what is called one color scheme,
as a laser source of a single wavelength (color) is needed and it is represented in Fig. 2.6
(a). However, most of the times two or more color schemes are required, these multipho-
ton ionization schemes consist on exciting electrons to intermediate states, called bound
states, and making them surpass the ionization potential by applying consecutive excita-
tion steps. This is achieved by employing multiple time-synchronized laser sources at dif-
ferent wavelengths matching the targeting transitions, as illustrated in Fig. 2.6 (b). These
schemes provide a higher level of selectivity, since in a one step very energetic scheme
many undesired elements could be excited over the ionization potential.

At CERN, the resonance ionization laser ion source (RILIS) is the laser laboratory in
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FIGURE 2.6: Simplified representation of a single photon scheme and a
multiphoton scheme for RIS.

charge of providing the laser sources for RIS application in the ISOLDE selection process.
The RILIS laboratory is one of the few on-line laser laboratories in Europe, which means
that is connected to a particle accelerator. Regarding the mass separation process required
for pure ion beam production, there are two main separation systems in ISOLDE. Both
consist on one or multiple dipole magnets launching the ions with different curvatures
depending on their mass, as it is depicted in the right side of Fig. 2.7, which illustrates a
simplified scheme of the RILIS process for pure ion production. These two separation sta-
tions are detailed in (Catherall et al., 2017; Stora, 2014) and are arranged after the ISOLDE
targets, where elements get ionized for their consequent mass separation and collection
in these stations. This way, the collected pure ions are released from the separators and a
dedicated beam line will provide the required ion beam to each experiment.

+

+

+
+ +

+

+
+

+

+ +

+
+ + + +

+
+ + + + + +

+

+
+

+

+

+

+

+

+

+

Beam steering systemHot cavity & target

Mass separator dipole magnet

2 GeV proton beam

Pure ion beam

Atomic vapor cloud
Selectively ionized isotopes

Mass separated isotopes

RILIS laser beam

FIGURE 2.7: Simplified pure ion beam production system including
the hot cavity technique implemented on the target, the RIS selection
method, a beam steering system and the mass separator magnet. Which
represent the essential tools to produce pure ion beams at ISOLDE-RILIS.
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Following this and other techniques, the ISOLDE facility managed to generate over
1300 isotopes of 74 different elements since its construction in 1992 (CERN, 2021). The
main RILIS contribution to this production is illustrated in Fig.2.5, where the red high-
lighted isotopes correspond to this laboratory. Under the context of nuclear spectroscopy,
a laser will be considered broadband when it matches fine structure transitions and nar-
rowband for the hyperfine ones. The precise measuring of these hyperfine structures al-
lows the study of nuclear properties, while the broadband allows for efficient ion beam
production.

The attainment of species for their consequent study is usually achieved as atomic
vapor clouds, generally produced by thermal evaporation in hot environments. These en-
vironments are commonly set as hot cavity ion sources, considered one of the most typical
techniques for radioactive ion beams production (Heinke, 2019). An example of the whole
ion beam production process including the hot cavity and RIS technique is illustrated in
Fig. 2.7. Following the figure, the atomic cloud (purple) generated in the hot cavity is
exposed to the 2 GeV proton beam, and thus, the heavy nuclei are split into smaller nu-
cleons which are ionized by the laser beams provided by RILIS. Next, a dedicated system
will arrange the ions into a beam and these will be sent to the dipole magnet, where el-
ements presenting different masses will show different trajectories within the separator,
enabling the collection of the desired pure ion beam. Further information about the RILIS
operation principles can be found in (Fedosseev et al., 2017).

Within this environment, the linewidths of the electronic transitions of the different
atoms suffer of a strong broadening effect consequence of the high oven temperatures
ranging from 1000° to 3000° Celsius inside the hot cavity. The thermal energy excites the
elements to higher vibration levels, leading to a relative shift in their central frequency
with respect to the incident photons. This is known as Doppler effect, and consequently
the increment on the natural linewidth of the transition is referred to as Doppler broad-
ening. Thus, the transitions linewidth will determine the required linewidth of the laser
pulse taking always into account spectral broadening effects, which for hot cavity exper-
iments will be mainly ruled by the mentioned Doppler broadening. For typical experi-
mental conditions, pulses presenting a full width half maximum (FWHM) linewidth in the
order of 100s of MHz are considered narrow, while lasers in the range of few GHz linewidth
will be considered broad.

It is important to remark that broadband and narrowband denomination is arbitrary
and always refers to the application of interest. Then, outside the frame of this thesis,
the distinction between narrowband and broadband lasers may not exist or the defined
ranges for each case might be completely different. The main point here is to differentiate
the photonic sources employed for nuclear studies, separating the ones for the hyperfine
structures research from the ones for photo-ionization purposes. The laser setup utilized
for spectroscopy and ionization experiments at CERN is described next.

2.2 RILIS laser laboratory

The present work has been performed within the RILIS infrastructure, where the combi-
nation of multiple tunable laser sources leads to a full spectral coverage extending from
200 nm to 1000 nm. This coverage is illustrated in Fig. 2.8, representing the spectral win-
dow and the maximum output power provided by each laser source within this laboratory
all along the aforementioned optical spectrum.

Although there are suitable lasers available for fulfilling the requirements for this tech-
nique, building a setup that covers such a wide range of wavelengths with the appropriate
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FIGURE 2.8: Illustration showing the spectral coverage achieved in the
RILIS laboratory by combining Ti:Sapphire and dye lasers and compared
to the produced maximum output power by each source (Rothe et al.,

2011).

light characteristics is a complex task. The RILIS laser setup is mainly composed of Ti-
tanium:Sapphire (Ti:Sapphire) and dye lasers, along with their corresponding pumping
sources, all depicted in Fig. 2.9. Within this setup, the Ti:Sapphire lasers provide beams
for the IR region and their harmonics cover a great part of the ultraviolet (UV) range and
part of the visible one. In the same manner, dye lasers are responsible for providing light
in the visible spectrum and part of the IR, while a window in the UV range is covered by
their 2nd harmonic.

Despite the systems are able to fully cover the aforementioned spectrum, dye lasers
present strong drawbacks when compared to solid-state lasers such as Ti:Sapphire lasers.
Maintenance of this kind of sources is a demanding task, since their liquid gain medium
degrades quickly, unlike Ti:Sapphire lasers or other all-solid-state devices. Moreover, some
dyes are toxic substances that require periodic exchanges, which are not convenient for a
24/7 running facility like ISOLDE, and the need to deal with unsafe material in each of
these exchanges is neither secure for the people in charge of this task. Thus, since the use
of this kind of lasers is not ideal, a suitable solid-state light source is desired.

The most direct solution would be trying to cover this part of the spectrum with similar
sources to Ti:Sapphire lasers, that can actually cope with the targeted spectral range. How-
ever, other available solid-state solutions, such as optical parametric oscillators (OPO) or
optical parametric amplifiers (OPA), do not usually present high conversion efficiency in
the visible range (Sperling et al., 2021) and they still need the same challenging UV pump-
ing as dye lasers (Baumgartner and Byer, 1979). Consequently, we propose here an alter-
native solution that relies on the stimulated Raman scattering (SRS) properties to extend
the Ti:Sapphire laser spectral coverage, while preserving the needed characteristics for RIS
operation and without perturbing the current setup. Such solution is simpler and more ef-
fective than the previously mentioned OPO or OPA.

The principal aim of this doctoral thesis is to prove the suitability of SRS-based pho-
tonic sources for the current RILIS setup, aiming to extend the Ti:Sapphire laser spectral
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FIGURE 2.9: Schematic representation of the laser setup employed at
RILIS, including pump lasers, ionization lasers, the reference area and a
small sketch of the frontend [adapted by B. B. Reich from (Rothe et al.,

2016)].

coverage in one step; it is then necessary to determine that the proposed approach fulfils
the requirements in terms of power, spectral coverage and linewidth. This way, a new laser
technology for spectroscopy and metrology applications will be demonstrated, with the
capabilities of enhancing the current setup. Actually, diamond used as a Raman medium
shows outstanding characteristics that match the necessities of the targeted application.
For example, its ultrawide transparency, high damage threshold and high Raman gain in
the visible range, make it a strong candidate for being one of the best possible Raman me-
dia for this task. In this work, the proposed diamond-based solution will be described in
detail, including the required tools for its design and development. The convenience and
reliability of the laser source will be proved by both theoretical simulations and experi-
mental results, including the testing of the device in spectroscopy and RIS experiments at
CERN.
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Chapter 3

State of the art

In this chapter the reader is provided with a state of the art about Raman laser technology,
including a brief summary of the laser invention and the discovery of the Raman effect.
This will be followed by the main characteristics of Raman-active media, making partic-
ular emphasis on diamond and its choice as the Raman media utilized in this research.
Next, a general overview about the predecessors to the herein presented diamond Raman
technology is included. Additionally, a detailed description of the Ti:Sapphire lasers em-
ployed at RILIS and used to pump the Raman laser is provided.

3.1 History of lasers

More than a century ago, opposed to what it was known to the time, Philipp Lenard ob-
served that the energy of an emitted electron increases with light’s frequency (Lenard,
1902). But, it was not until 1905 when this direct relation was formulated by Albert Einstein
as E = hυ, and the light energy was defined as discrete quantized packets, called photons
(Einstein, 1905). With this new explanation of the photoelectric effect, it was considered
for the first time the interaction of one photon with one atom, giving birth to linear op-
tics. Later on, in 1917, Einstein again come up with what it would became the bases of
laser theory, the stimulated emission of electromagnetic radiation (Einstein, 1917). How-
ever, it took nine years to confirm the existence of the phenomenon, thanks to Rudolf W.
Ladenburg and his research about gases dispersion (Ladenburg, 1928).

Before the understanding of nonlinear optics was consolidated with the first laser ex-
periments, early steps towards this field of study were taken in 1931. At that time, Maria
Göppert-Mayer presented her theory of two-photon quantum transitions (two-photon
absorption and emission) in atoms, leading to the beginning of multi-photon physics
(Göppert-Mayer, 1931). In 1939 one of the key concepts in the working principle of lasers
was formulated by Valentin A. Fabrikant; he defined how electromagnetic radiation could
be amplified when passing through a medium presenting population inversion (Fabrikant,
1940). Years later, in 1947, Willis E. Lamb and R.C. Retherford proved the first stimulated
emission and brought up a method to achieve population inversion (Lamb and Rether-
ford, 1950). This way, the main principles for stimulated emission and lasing were es-
tablished, leading to the construction of a first device based on microwave amplification.
The microwave amplification by stimulated emission of radiation (maser) was invented
by Charles Hard Townes et al. in 1953 and it is considered the predecessor of the laser,
which indeed takes the same acronym but adjusted to light instead (Gordon, Zeiger, and
Townes, 1954).

In 1958, many groups around the globe worked on the development of an optical
maser, while the idea of introducing an open-resonator in the design was also under re-
search. Designing a suitable resonator and using a proper optical pump, were the remain-
ing key aspects to achieve the first laser demonstration. This two issues were solved in
1960 by Theodore H. Maiman and his group by pumping the device with a flashlamp light
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source and selecting a solid state ruby crystal as the amplification medium, leading to
the construction of the first functioning laser in humankind history (Maiman, 1960). A
photography of the device is presented in Fig. 3.1. In the following years gas lasers (He-
lium:Neon) were demonstrated and electrically pumped lasers (diode) too, showing a fast
evolution of the technology.

FIGURE 3.1: Photography of the original laser developed by Theodore H.
Maiman with the inner parts exposed, including the flashlight and the

ruby crystal (Maiman and Kathleen, 2004).

As mentioned before, nonlinear optics could not be experimentally exploited until the
laser invention. Thus, in 1961, the two-photon processes presented by Göppert-Mayer,
were proven to exist by Wolfgang Kaiser, as two-photon absorption could be observed
in experiments performed with lasers (Kaiser and Garrett, 1961). Afterwards, Nicolaas
Bloembergen’s research stepped up with the publication of "Nonlinear optics" in 1965,
which together with the aforementioned studies unlocked the first steps into the current
laser technology and the knowledge around this specific field in optics (Bloembergen,
1965). Considering all this, it could be said that lasers enabled nonlinear optics explo-
ration, while the study of nonlinear optics lead to understand the vast range of different
nonlinear effects, as it is the Raman scattering, main focus of this work.

Indeed, in 1962, Gisela Eckhardt and her colleagues, developed and constructed the
very first Raman laser in history (Eckhardt et al., 1962). The Raman laser can be considered
as an "unconventional" type of laser, due to the fact that, unlike other type of lasers, it
does not rely on population inversion, but rather in an "instantaneous" scattering process
based on essence on the stimulated effect of phonons.

It is important to remark, that all these nonlinear phenomena, including the Raman
effect, could not be fully exploited until the invention of some pivotal laser sources. The
available laser technology needed to be further developed and extended, since nonlinear
optics can only be studied under certain conditions of light intensity. The mainly required
characteristics for nonlinear research are high power, wavelength variety and broad band-
width. The discovery of both neodymium doped YAG (Nd:YAG) and dye lasers in the mid
60’s, supposed a great improvement in some of the aforementioned characteristics, spe-
cially concerning the achievable power intensity and the generation of new wavelengths.
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FIGURE 3.2: Example of a continuous wave dye laser based on Rhodamine
6G, where the liquid active medium is observable, emitting at a wave-

length of 580 nm (Han-Kwang, 2006).

On the one hand, the Nd:YAG laser is a solid-state source of light invented in the USA
by J.E. Geusic in 1964 (Geusic, Marcos, and Van Uitert, 1964). This type of laser is one
of the most common pumping source nowadays. On the other hand, the dye laser was
discovered in 1966 by P. P. Sorokin and F. P. Schäfer in independent studies (Sorokin and
Lankard, 1966; Schäfer, Schmidt, and Volze, 1966). The working principle relies on a liq-
uid gain medium that depending on the substance composition can produce a different
wavelength output. Figure 3.2 depicts a modern example of this short of lasers, where
the active medium is emitting yellow light at 580 nm. Nonetheless, it was not until 1982,
when Moulton and his group designed and constructed the first Ti:Sapphire laser (Moul-
ton, 1986), that the real breakthrough for nonlinear optics took place. This all-solid-state
solution produced for the first time a high enough output power as well as a broad enough
spectrum. In other words, the laser could generate high power short pulses that enabled
the manufacturing of devices based on the Raman scattering and other nonlinear effects.
Therefore, allowing the development of Raman lasers, second and third harmonic gener-
ation, and so on. Thus, it could be said that the Ti:Sapphire laser invention enabled the
development of Raman lasers in the same way as the laser invention enabled the experi-
mental study of nonlinear optics.

3.2 Raman lasers

In 1928, C. V. Raman and K. S. Krishnan discovered what is known as the Raman effect, an
inelastic type of scattering that, as an example of many, explains the blue color of the sea.
In fact, the most popular story about the Raman scattering discovery, reports how Raman
considered the phenomenon for first time when travelling on a boat. He realized that the
blue color of the sea could not just be originated by the reflection of the color of the sky,
as Lord Rayleigh stated some years before.

The effect can be applied in a variety of fields and applications, including the devel-
opment of Raman lasers. Indeed, the herein presented technology takes advantage of the
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aforementioned phenomenon to change the wavelength of the incoming light by means
of one of the most precious materials in the world: diamond is well-known to be one of
the materials with the most outstanding optical, mechanical and thermal characteristics
for different applications and, in this case, very convenient for high power laser design.

The type of molecular vibration in a material determines the suitability of this for Ra-
man lasing, since a molecule is considered to be Raman-active or -inactive depending on
its vibrational modes. Actually, a molecule is referred as Raman-active when the vibration
leads to a change in the polarizability of the material. As a different example, if the vibra-
tion produces a change in the dipole moment of the molecule instead, it is considered an
IR-active molecule rather than a Raman-active one (Kraft, 2006). Consequently, any ma-
terial, whether gas, liquid or solid, that fulfills the condition for being Raman-active can
potentially be a suitable active medium for a Raman laser. However, not all of them are
convenient for most laser applications. In fact, liquid media are a good example of this,
since they present some important drawbacks like high incidence absorption bands in the
most common frequencies of interest, or the fact that many of the suitable media are toxic
substances (Weber, 1986).

Raman lasers rely on the Raman scattering to operate, specifically in the SRS phe-
nomenon which is able to amplify and frequency shift the incident light. The wavelength
change caused by the Raman effect, it is commonly known as Raman shift. The Raman
shift is fundamentally determined by the atomic distance between the particles consti-
tuting the Raman-active medium. Consequently, the wavelength shift will depend on the
chosen material and the conditions altering the particles arrangement, such as pressure
or temperature. Although a Raman laser may look alike other lasers, having such and ac-
tive medium leads to a working principle far from the one previously defined. In inversion
lasers, the key to achieve lasing are the population inversion and the light feedback mech-
anism, which ensure that the laser is being pumped effectively by producing a continuous
excitation of atoms, so the gain is larger than the losses, and this is what is called lasing
(Svelto and Hanna, 2010). In Raman lasers though, amplification of the incoming photons
is mediated by phonons, so the generation of new photons is a consequence of the inter-
action with this vibrations, rather than a consequence of achieving population inversion.
This way, Raman lasers pumping is not limited in wavelength, as they do not require to
match the energy condition of the emitting medium like it happens with inversion lasers.
Which means that the lasing process is not constrained to very specific pumping wave-
lengths, so the produced output is more flexible, in the sense that the output wavelength
of these lasers will be tunable as along as the pumping source is too, providing a degree of
freedom that conventional lasers lack.

Fig. 1
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FIGURE 3.3: Schematic of the laser setup constituting one of the first all-
solid-state tunable Raman lasers reported (Mildren et al., 2005).
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After the Raman laser invention in 1962, the technology has been developed consider-
ably fast. In the 70s, fiber continuous wave (CW) Raman lasers and crystalline Raman
resonators with Watt-class output powers were reported (Hill, Kawasaki, and Johnson,
1976; Ammann and Decker, 1977). A more extensive development of solid-state Raman
lasers was performed in the 80s decade, when T. T. Basiev and his group published their
research work performed in Moscow (Basiev et al., 1988; Basiev and Powell, 2021). In the
early 90s, cascaded fiber Raman lasers were developed (Pask and Piper, 1991) as well as
first ultra-short pulse (ps) Raman lasers (Zverev et al., 1993). Although the technology was
developing fast, it was not until the new millennium when similar proposals to the herein
presented laser device appeared. This is the case of the first silicon Raman laser (Boyraz
and Jalali, 2004), which consisted on a ring cavity configuration pumped at 1540 nm, con-
sequently operating in the mid-IR region. First tunable Raman lasers were also reported in
the beginning of the 21st century and a good example is the intracavity resonator depicted
in Fig. 3.3. This laser was based on a KGd(WO4)2 (KGW) Raman crystal and produced a
discretely tunable output in the visible range with a maximum power of 1.8 W (Mildren
et al., 2005).

Some of the most relevant achievements considered from the Raman laser discovery
to date are summarized in Fig. 3.4. This timeline is particularly focused on the evolution
of diamond Raman lasers considering most of the key features that enabled the different
advances accomplished during those years. Following a similar flow to the one shown in
this figure and paying special attention to the main points that unlocked the technology, a
general overview about Raman-active media, diamond Raman lasers and tunable Raman
lasers is provided next, including the most recent achievements on the field.
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FIGURE 3.4: Diamond Raman lasers history highlighting some of the most
relevant achievements within 1962 and 2020 [adapted from (Granados et

al., 2021)].

3.2.1 Spectral coverage and tunability

In the past, gases had been the most common active media for the manufacturing of Ra-
man lasers. They show a favorable response when dealing with high peak power, and they
present two main appropriate characteristics for laser applications, low scattering losses
and a high self-focusing threshold. Nonetheless, they are only manageable at low repeti-
tion rates, meaning that for many of the nowadays applications they are not convenient.
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The appearance of high quality Raman-active crystalline materials allowed the construc-
tion of high repetition and high average power Raman lasers. Similarly to gases, crys-
talline materials present a large Raman shift and a high Raman gain, which is the essential
parameter to determine the lasing threshold. The Raman gain coefficient is one of the
main parameters to consider regarding the amplification process and it depends on the
wavelength of the incident photons. Other relevant parameters when selecting the most
convenient crystal are the damage threshold and transmission at the pumps and shifted
wavelengths, among others. Specific values for some of the most commonly employed
crystalline media, including diamond, can be found in Table 3.1.

TABLE 3.1: Raman media properties at 532 nm and standard conditions
(Tyagi et al., 2010; Zverev et al., 1999; Mochalov, 1997; Mildren, 2013; Solin

and Ramdas, 1970; Gad, 2003; Pask, 2003; Kaminskii et al., 2001).

Material
Raman

shift (cm-1)
Raman

gain (cm/GW)
Raman

linewidth (cm-1)
Optical

transparency (µm)

Diamond 1332 40 1.9 0.225-500
KGd(WO4)2 768 + 901 11.8 (768 cm-1) 5.9 + 7.8 0.34-5.5

Ba(NO3)2 1047 47 0.4 0.4-1.8
CaWO4 926.5 27.1 7.0 0.24-6
PbWO4 901 8.4 4.3 0.33–5.5
GdVO4 882 4.5 (1064 nm) 3 0.35–5
YVO4 890 4.5 (1064 nm) 3 -

When considering diamond as a Raman media, it presents excellent properties and
conditions for many different applications. In particular, diamond is one of the most
promising candidates for the design of a Raman laser that fulfills the requirements for
spectroscopy experiments and ion beam production at CERN. The diamond Raman shift
at room temperature is ∆ωR =1332 cm-1 (Krishnan, 1945; Mildren, 2013), which allows ex-
tending the desired spectral coverage with a reasonable number of Stokes orders while
the tunability range of the Ti:Sapphire laser allows wide continuous tunability. This mate-
rial can operate at high power levels in the kilowatts regime (Williams et al., 2014; Savitski
et al., 2012), which can be achieved thanks to its incomparable damage threshold. While
the generation of wavelengths in the visible range is attained by means of another cru-
cial property, as it is diamond’s high Raman gain (Williams et al., 2018; Piper and Pask,
2007). Since in the absence of a high enough Raman gain, the number of generated Stokes
is reduced, affecting the aforementioned wide continuous tunability (Casula et al., 2018).
Additionally, diamond can produce light in a wide range of frequencies from the deep-UV
to the mid-IR (Granados, Spence, and Mildren, 2011; Sabella, Piper, and Mildren, 2014).
This ultrawide spectral transparency makes the technology scalable and very promising
for other applications too.

Although, the study of the SRS phenomenon in diamond was reported in 1970, in-
cluding the Raman shift, Raman gain and Raman linewidth measurements (McQuillan,
Clements, and Stoicheff, 1970); and that solid-state Raman lasers were strongly developed
on the 80s. It was not before 2005 when the first diamond Raman laser was demonstrated,
as previously shown in Fig. 3.4. The development of high quality synthetic diamond crys-
tals was crucial to unlock the technology and the results from Kaminskii and his group is
proof of the achieved advances in the field at that time. They managed to generate high
Stokes and anti-Stokes orders in diamond, using crystals manufactured by the chemical
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vapour deposition (CVD) technique (Kaminskii et al., 2005). After this, the diamond Ra-
man laser technology impressively ramped-up with the development of highly efficient
Raman lasers (Mildren, Butler, and Rabeau, 2008; Mildren and Sabella, 2009) and mode-
locked solutions (Spence, Granados, and Mildren, 2010). The first diamond mode-locked
Raman laser was achieved by a z-fold cavity arrangement and the use of a Brewster-cut
crystal, as depicted in Fig. 3.5. The Raman resonator was pumped in the visible range
by a 9 W frequency doubled Nd:YAG laser, leading to an average output power of 2.2 W of
yellow light. As can be also observed, the position of the flat mirror acting as the output
coupler of the system was variable, allowing to change the cavity length and controlling
the output pulse duration in a range from 9 ps to 30 ps.

Fig. 1
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FIGURE 3.5: Schematic design of the first mode-locked diamond Raman
laser, arranged in a z-fold configuration and synchronously pumped by
the second harmonic of a Nd:YAG laser (Spence, Granados, and Mildren,

2010).

Concerning the ultra-wide transparency of diamond, some remarkable works where
published in the beginning of the 10s, achieving laser operation in exotic wavelengths
(Granados, Spence, and Mildren, 2011; Sabella, Piper, and Mildren, 2014). Also, the wave-
length dependency of the Raman gain in diamond was studied in detail (Savitski, Reilly,
and Kemp, 2013a), allowing to determine the amplification capabilities of the medium
in each spectral region. In the recent years, more sophisticated implementations have
been developed, as it is the monolithic laser converter depicted in Fig. 3.6 and reported
by (Reilly et al., 2015) or the on-chip and integrated solutions demonstrated by Latawiec
and his group (Latawiec et al., 2015; Latawiec et al., 2018). The yellow light shown in the
figure was produced by a monolithic diamond resonator pumped at 532 nm generating
three Stokes orders; the laser was constituted by a diamond cuboid presenting an array of
structured microlenses in one of the surfaces and a dielectric coating in the opposite one.
New ring cavity designs have also arise some keen interest recently (Kitzler et al., 2017),
not only in diamond, but in other integrable materials like silicon. While in the last cou-
ple of years diamond Raman lasers surpassing output powers of 1 kW have been reported
(Antipov et al., 2019). Thus, the Raman laser technology has experienced a development
boost in the last decade with new designs and applications being exploited every year,
including the herein presented diamond Raman laser.

A way to tune a crystalline Raman laser output is by tuning the pump laser light, since
Raman lasers do not require of an specific pumping wavelength to lase. Although the
Raman shift can occur at any frequency where the material is transparent, different pa-
rameters from the laser resonator and the material are sensitive to wavelength alterations.
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FIGURE 3.6: Photography of green to yellow conversion using a mono-
lithic diamond Raman resonator presenting an array of microlenses struc-

tured in the surface of the crystal (Reilly et al., 2015).

For instance, the lasing threshold is wavelength dependant and if the cavity is specifically
designed for certain Stokes selection the tunability range is reduced. Dealing with cou-
pling, losses and Stokes selection is a challenging task when constructing a tunable Raman
laser, specially when off-the-shelve optics are not available; and therefore, custom optics
or non-conventional designs are required. One of the first continuously tunable solutions
reported, relies on an all-fiber externally pumped linear resonator with specifically manu-
factured fibers and couplers to produce an efficiently tunable Raman laser (Belanger et al.,
2008).

Thanks to the latest advances in silicon photonics, the technology has been developed
up to the point where integrated tunable lasers can be produced. A very recent publication
presents a silicon-based ring cavity laser (Ahmadi, Shi, and LaRochelle, 2021), proving
the maturity of the technology by efficiently generating a tunable 1st Stokes output on an
integrated device.

Earliest tunable diamond Raman lasers were not reported before 2010, meaning that
it took some years to achieve continuous tunability in this material. Indeed, the first CW
tunable diamond Raman laser was reported by (Parrotta et al., 2011) in Glasgow and was
designed to operate in the near-IR range. Recent diamond designs have achieved tun-
ability in a variety of spectral regimes, including exotic wavelengths in the mid-IR spectral
region as demonstrated by (Shao et al., 2021).

Tuning the pump laser light of a Raman laser is not the only manner to obtain a tun-
able system. As it was discussed before, the Raman shift produced by a crystalline media
is not fixed, as it strongly depends on the conditions affecting the crystalline structure of
media. Based on this principle, the output wavelength of a crystalline Raman laser can be
adjusted by controlling, for instance, the temperature of the Raman-active media. Partic-
ularly for diamond, we have demonstrated a tunable Raman laser that takes advantage of
this phenomenon, to be able to control both the output linewidth and wavelength of the
generated Stokes orders (Granados et al., 2022a). For the implementation of this system,
the diamond needs to be introduce in a high precision temperature controller in order to
accurately obtain the desired spectral characteristics as will be seen later in this chapter.
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3.2.2 Tunable pump lasers at CERN

The pump source of a Raman laser will determine its output power, the output Stokes
wavelength, the pulse duration, repetition rate and the output polarization, among oth-
ers. Although some of this parameters can be controlled, the polarization can be easily
changed with a half-wave-plate (HWP) for example, others not. Thus, the selection of the
appropriate pump source can be as critical as the Raman media or the cavity configu-
ration selection. In fact, each individual selection is constrained by others, for instance
the damage threshold of the crystal will limit the pump selection, the cavity arrangement
and the cavity properties. Which means that non of these elements can be independently
selected, since they affect each other in such a way that a trade-off must be arranged.
As another example of this selection dependencies, higher Raman gain allows the use of
lower pump power levels, but implies the use of different or longer Raman media, or al-
ternative cavity geometries. These are not the only examples, however, the point here is
to underline the importance of the pump laser selection and the multiple limitations and
benefits that implies choosing one source or another.

In this particular case, since the main objective of this research is to extend the spec-
tral coverage of a Ti:Sapphire laser, the cavity design and Raman medium selection were
performed in accordance to this pump source, adapting them to the particular charac-
teristics of the pump light. The employed Ti:Sapphire lasers are manufactured at Mainz
University and assembled and aligned at CERN. What follows is a general description of
these lasers, detailing the two different variants utilized in the setup. Further information
about the development of these lasers can be found in the corresponding doctoral thesis
(Rothe, 2012).

The Ti:Sapphire lasers employed for RIS applications are arranged in what is known
as z-fold configuration, a cavity where the produced light (red) resonates following a Z
shaped beam path, as illustrated in Fig. 3.7. In both arrangements, the pump laser is
a nanosecond pulse frequency doubled Nd:YAG laser with a 10 kHz repetition rate and
a central wavelength of 532 nm. The concave mirrors indicated in the figure are conve-
niently coated for the operating frequency, the amplification medium is a titanium doped
sapphire crystal (Ti3+:Al2O3) and the pump delivery into the crystal is performed by two
standard mirrors and a focusing lens. Under this configuration and by selecting the corre-
sponding set of coated concave mirrors for the frequency range of interest, the cavity can
lase in the spectral range comprised between 700 nm and 950 nm (Chrysalidis, 2019).

To produce light in the visible range, wavelengths utilized to pump the Raman laser,
the Ti:Sapphire cavity relies on the second harmonic generation principle that would be
further described in Chapter 4. In few words, if properly aligned and selected, nonlinear
crystals can be utilized for doubling the frequency of a laser beam. In particular, the sec-
ond harmonic of the fundamental wavelength of these Ti:Sapphire lasers is produced by
the implementation of two different types of doubling crystals. When higher frequency
stability is needed Beta Barium Borate (BBO) crystals are utilized for the doubling, while
for higher output powers BiB3O6 (BiBO) crystals are chosen. The fundamental and dou-
bled beams are separated from each other by means of a dichroic mirror.

Since the pumping, resonator and frequency doubling elements are the same for both
versions of the laser, the differentiation between one variant and the other is defined by
the two different frequency selection optical systems that enable tunability in the cavity.
Figure 3.7 (a) shows a tunable system based on the combination of a birefringent (Lyot) fil-
ter and a thin etalon. Birefringent filters are composed of materials that present a different
refractive index depending on the angle in which light propagates through them. So, by
adjusting the angle of the filter the Ti:Sapphire’s lasing can be tuned to the desired range of
frequencies. For a fine adjustment of the selected wavelength, a thin etalon or Fabry-Pérot
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4 Ti:Sapphire 10 High reflector

5 Liot filter (Birefringence) 11 Thick Etalon

6 Thin etalon 12 Grating system

FIGURE 3.7: Schematic design of the two different variations of the z-fold
Ti:Sapphire cavities at RILIS. (a) Representing the birefringent filter ver-
sion and (b) representing the grating version. All the elements are num-

bered and accordingly indicated in the illustrated table.

interferometer is included in the system. This produces narrower spectral modes than the
birefringent filter, leading to more precise frequency selection when there is mode match-
ing between the two optical elements. In the other case, a thick etalon is responsible for
determining the desired frequency range, while the fine tuning is performed by a grat-
ing system, both depicted in Fig. 3.7 (b). The grating system is composed of two main
elements, a prism beam expander and an electronically adjustable grating. Both lasers
are typically referred as birefringent Ti:Sapphire and grating Ti:Sapphire, respectively. The
typical output linewidth of both lasers is in the order of few GHz, as required for the target
applications.

3.2.3 Spectral characteristics

The development of tunable diamond Raman lasers allows the unique properties of the
material to enable new applications for the technology. Spectroscopy is one of the re-
cently targeted fields for diamond Raman lasers. In 2019, a diamond resonator was pro-
posed in order to try to exploit the material’s SRS capabilities aiming to shift the pump
laser wavelength and produce a usable output for spectroscopic applications. The em-
ployed laser setup is illustrated in Fig. 3.8 and was arranged in a three mirrors config-
uration that produced a unique Raman shift with a maximum output power of 183 mW
(Chrysalidis et al., 2019). The laser linewidth presented by the device was around 5 GHz,
same as the linewidth of the pump laser source. This duplication of the spectral linewidth
is key for the application of interest and it is an uncommon behaviour, since the phonon
noise linewidth is considerably wider than the pump linewidth and so it should be the
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output one. However, to provide wide continuous tunability in the visible range, the res-
onator needs to provide higher Stokes orders that also replicate the pump laser linewidth.
In this thesis, we proposed a solution based on the efficient generation of higher Stokes
orders by means of a more compact design capable of performing this linewidth preser-
vation and overcome this way the challenges to enable the proposed new applications.

FIGURE 3.8: Schematic of the diamond Raman resonator designed at
CERN producing a single Stokes output, when pumped by a Ti:Sapphire

laser (Chrysalidis et al., 2019).

Despite the fact that the technology proposed here was developed for ionization ap-
plications that require broadband linewidths, it was previously discussed the interest of
having narrowband lasers for nuclear and quantum applications. The novelty of the tech-
nology and the "boom" of quantum technologies, has engaged the development of single-
mode Raman lasers that can reach such narrow spectra. The first single longitudinal mode
Raman laser was demonstrated few years ago and consisted on a generic standing wave
cavity (Lux et al., 2016a). Stable power was achieved by implementing a Bragg grating in
this design, and by means of the setup illustrated in Fig. 3.9, the resonator was employed
for water vapor detection (Lux et al., 2016b).

Fig. 5
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FIGURE 3.9: Schematic of the single longitudinal mode Raman laser and
the setup utilized for water vapor detection in the eye-safe spectral region.
The laser setup was composed of two focusing lenses, an adjustable in-
put plano-concave mirror, an actively cooled diamond crystal, a plano-
concave output coupler, a long pass filter and a temperature stabilized

volume Bragg grating (Lux et al., 2016b).
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Ring cavities are an alternative way of achieving single-mode outputs that potentially
can extend the wavelength coverage of standard cavities as the one presented before. A
resonator of this characteristics operating at the near-IR region and pumped by a Ti:Al2O3

laser was demonstrated by (Kitzler et al., 2017). Modern solutions to manage the laser
locking condition required for single-mode operation rely on specific defects grown in the
crystal to add birefringence and achieve the cavity locking. A diamond Raman laser based
on the Hänsch-Couillaud stabilization technique was reported by (Sarang et al., 2019),
which is a good example of this kind of approaches. However, for cutting-edge quantum
applications compact and extremely stable devices are required. Currently, monolithic
solutions have been proposed and by precise temperature control of the Raman media
spectral purification is achieved, close to the Fourier limit (Granados et al., 2022a; Grana-
dos and Stoikos, 2022; Granados et al., 2022b). Figure 3.10 shows the setup utilized for
single-mode operation integrated Raman lasers (Granados et al., 2022a), which includes
the frequency double Ti:Sapphire pump laser described before, the opto-mechanical de-
sign presented in this thesis and the diamond is encapsulated within an oven that controls
the temperature of the crystal. In this case, the resonator is constituted by the bare sur-
faces of the diamond, which in combination of the precise control of the Raman shift and
output wavelength, leads to the achievement of a monolithic single-mode Fabry-Pérot
cavity. These kind of solutions unlocked new frontiers in the technology applicability, en-
abling its implementation in ion trap devices for quantum applications, as proposed in
(Granados et al., 2022b). Which gives an outlook of the fast evolution of diamond Ra-
man lasers and their potential application in future technologies, such as next generation
telecommunication devices or high fidelity quantum systems (Noek et al., 2013; Chris-
tensen et al., 2020).

FIGURE 3.10: 3D schematic representation of the constructed laser
setup for single-mode diamond Raman lasing, presenting the Ti:Sapphire
pumping source, the industrial Raman laser prototype and zooming the
monolithically integrated diamond Raman resonator (Granados et al.,

2022a).
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Chapter 4

Nonlinear optics fundamentals

In this chapter the reader is provided with a brief introduction to nonlinear optics, in-
cluding the mathematical development of the nonlinear wave equation and second- and
third-order nonlinear processes. This will be accompanied by a detailed description of the
SRS phenomenon, including an explanation of how to model it as a third-order nonlinear
process and how to obtain the most relevant parameters, such as the Raman gain.

4.1 The nonlinear wave equation

When light propagates through an optical system, it can always be delayed or deflected.
However, other effects, such as carrier frequency alterations, imply that photons gain or
lose energy. A system is considered to be linear when there are no such effects that enable
frequency variations, so the output of the system remains energetically the same. In gen-
eral, frequency alterations and other effects happen under high intensity light conditions,
such the ones produced by lasers. These are known as nonlinear effects, and their ori-
gin relies on the capability of light to modify the properties of the propagation medium
in such a way that the response of the material is altered in the time domain, conse-
quently affecting the frequency of the output light. Thus, the changes provoked in light’s
parameters, such as polarization, phase or wavelength, will be primarily determined by
the medium’s response to high intensity light.

When light propagates through a material, a corresponding electric field Ê(t ) = Ee iωt

is applied, where E represents the amplitude of the field, ω is the angular frequency and
t is time. The response of the material is characterized by the polarization P̂ (t ) on the
electric field, which is defined by the displacement distance between electrons and nuclei
provoked by Ê(t ). Polarization can be defined as the the dipole moment per unit volume,
since every time there is a separation between negative and positive charges and electric
dipole is produced.

In optics, the interactions between nuclear particles are further weaker than electronic
interactions. This is due to the fact that electrons size matches better to optical wave-
lengths than to the bigger size of the nuclei. Therefore, nuclear contributions can be ne-
glected, meaning that the polarization process is mainly driven by what is known as the
optical susceptibility χ. Which is generally defined as the ratio between the polarization
P̂ (t ) and the applied field Ê(t ) for a given material (Boyd, 2020a). The most common way
to calculate the overall polarization of a certain element, is to perform the vector sum of
the dipole moment associated to each molecule composing the material. Thus, in the ab-
sence of nuclear interactions and nonlinear effects, the induced polarization in the pres-
ence of an applied electric field Ê(t ) can be expressed as

P̂ (t ) = ϵ0χ
(1)Ê(t ), (4.1)
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where ϵ0 is the free space permittivity and χ(1) is the linear susceptibility, represented
as a rank one tensor (Boyd, 2020a).

To define the behaviour and propagation of any electromagnetic wave, including light,
the standard wave equation is an adequate mathematical tool. In the linear domain, it can
be directly deducted from the Maxwell’s equations and can be represented as

∇×∇× Ê +µ0
∂2D̂

∂t 2 = 0, (4.2)

where ∇ is the nabla operator. The electronic displacement D̂(t ) is defined by Maxwell
as D̂ = ϵ0Ê + P̂ and µ0 is the magnetic permeability in vacuum.

Since the speed of light is c = 1/
p
ϵ0µ0 and the second derivative ∇×(∇× Ê) is equal to

∇(∇· Ê)−∇2Ê , expression eq. 4.2 can also be expressed as

∇(∇· Ê)−∇2Ê + 1

c2

∂2Ê

∂t 2 =−µ0
∂2P̂

∂t 2 . (4.3)

Now, by applying ∇· Ê = ρ/ϵ0 from Maxwell’s equations, the linear wave equation for
dielectric materials (ρ = 0) is represented as

∇2Ê − 1

c2

∂2Ê

∂t 2 = 1

ϵ0c2

∂2P̂

∂t 2 . (4.4)

In the case of lasers, high intensity light affects significantly the medium’s optical prop-
erties, and then, nonlinear contributions need to be taken into account. Thus, polariza-
tion equation 4.1 and wave equation 4.4 have to be accordingly adjusted, to consider the
previously neglected effects. Equation 4.1 can be expanded as a generalized power series
in the electric field, including all the nonlinear contributions as follows

P̂ (t ) = ϵ0
[
χ(1)Ê 1(t )+χ(2)Ê 2(t )+χ(3)Ê 3(t )+ . . .

]
,

P̂ (t ) = P̂ 1(t )+ P̂ 2(t )+ P̂ 3(t )+ . . . .
(4.5)

For convenience, all the nonlinear components defined in eq. 4.5 are normally grouped
as

P̂ N L = P̂ 2(t )+ P̂ 3(t )+ P̂ 4(t )+ . . . , (4.6)

where P̂ N L is referred as the nonlinear polarization. Then, by introducing the term

P̂ N L in eq. 4.4, since the refractive index n is defined as n =
√

1+χ(1), the nonlinear wave
equation can be expressed as (Boyd, 2020c)

∇2Ê − n2

c2

∂2Ê

∂t 2 = 1

ϵ0c2

∂2P̂ N L

∂t 2 . (4.7)

From this equation is clear that, the nonlinear terms will govern the electric field Ê(t )
behaviour, while the term ∂2P̂ N L/∂t 2 represents the acceleration of charges in the medium.
This way, second- and third-order nonlinear processes will be determined by the nonlin-
ear polarization components P̂ 2(t ) and P̂ 3(t ) defined in eq. 4.6.

4.2 Second-order and third-order nonlinear processes

Optical processes where a nonlinear medium with non-zero χ(2) is involved, will present
second-order nonlinearities, as far as the high intensity light conditions are applied. Here,
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all the effects produced by two photons (three waves) interaction will be considered, as
they are second-harmonic generation (SHG), sum-frequency generation (SFG), difference-
frequency generation (DFG), optical parametric oscillation and spontaneous parametric
down-conversion. Similarly, third-order nonlinearities are those involving three photons
interaction, and the main representatives are third-harmonic generation (THG), Kerr ef-
fect, four-wave mixing (FWM) and SRS. Note that, processes involving exchange of energy
(loss or gain), will be named as non-parametric processes, while parametric processes
are the ones which remain the quantum state of the involving particles unaltered. Math-
ematical description of the SHG and THG processes will be provided as an example to
describe the aforementioned processes, since the derivation is analogous in most of the
other cases.

SHG is commonly referred as frequency doubling, since this process leads to the gen-
eration of a new photon with double the frequency of the original ones. Specifically, SHG is
the result of two photons with the exact same energy interacting with a second-order non-
linear material and, consequently, producing a photon with double the frequency of these
two initial ones, by an appropriate selection and alignment of the nonlinear material. An
example of this are BiBO crystals, which are common doubling crystals for Ti:Sapphire
lasers, as described in the previous chapter.

The electric field of a monochromatic laser beam propagating through a material can
be expressed as Ê(t ) = Ee−iωt +E∗e iωt , when we are evaluating the interaction between
two photons with the same ω frequency. Now, as it is a second-order nonlinear process,
the induced polarization corresponds to the P̂ 2(t ) term in eq. 4.6 and can be expressed as

P̂ 2
SHG (t ) = ϵ0χ

(2)(Ee−iωt +E∗e iωt )2

P̂ 2
SHG (t ) = ϵ0χ

(2)(E 2e−2iωt +E∗2e2iωt +2Ee−iωt E∗e iωt )

P̂ 2
SHG (t ) = ϵ0χ

(2)(2EE∗+E 2e−2iωt +E∗2e2iωt )

P̂ 2
SHG (t ) = 2ϵ0χ

(2)EE∗+ (ϵ0χ
(2)E 2e−2iωt +ϵ0χ

(2)E∗2e2iωt ). (4.8)

The first term in eq. 4.8 is referred as the rectification term of the process, while the
second harmonic contribution is represented by the second term. Indeed, the doubling
effect attributed to the SHG can be clearly identified in this expression since all the ω fre-
quencies are multiplied by a factor 2. Here, it can be appreciated that the second harmonic
contribution is proportional to the square of the electric field. Thus, for high intensity
fields this contribution can represent almost the entirety of the output energy, meaning
that the two original photons with frequencyω favor the creation of the new 2ω frequency
photon.

In the case of SFG, two input photons propagate through a nonlinear material and
generate a new photon presenting the frequency resulting from the summation of these
two incident frequencies. Theω1 andω2 initial frequencies can be different between each
other, so SFG can be considered a general case for SHG. Which means that, the induced
polarization can be calculated analogously to SHG, by just adjusting the electric field Ê(t )
representation to the new generalized case as Ê(t ) = E1e−iω1t+E2e−iω2t+E∗

1 e iω1t+E∗
2 e iω2t .

The same proceeding can be applied for the remaining second-order nonlinear effects.
Following a similar flow, the third-order contribution to nonlinear polarization is ex-

pressed as

P̂ 3(t ) = ϵ0χ
(3)Ê(t )3. (4.9)
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Which unlike in second-order processes, implies three photon or four wave interac-
tion. So the electric field Ê(t ) representation needs to be accordingly adjusted by adding
the new term associated to the new photon. Thus, Ê(t ) is now expressed as

Ê(t ) = Ee−iωt +E∗e iωt

Ê(t ) = E1e−iω1t +E2e−iω2t +E3e−iω3t +E∗
1 e iω1t +E∗

2 e iω2t +E∗
3 e iω3t . (4.10)

Following the same mathematical approach as for SHG, the induced polarization for
third harmonic generation is defined as (Boyd, 2020c)

P̂ 3
T HG (t ) = ϵ0χ

(3)[(E 3e−i 3ωt + c.c.)+3EE∗(E +E∗)e−iωt ]. (4.11)

In similar fashion as for SHG, third harmonic contribution in eq. 4.11 is associated to
the terms where the ω frequency is tripled, while the contribution is proportional to the
cubic of the electric field. However, in this more complex case, there is a third term as-
sociated to the fundamental frequency and it represents the third-order nonlinear effects
excited by the pump intensity. Particularly, Kerr nonlinearity refers to the change in the
materials refractive index provoked by the pump intensity, being this the principal con-
tributor to this last term in eq. 4.11. Another important observation is that, in general, χ(2)

and χ(3) processes require phase matching to be efficient.
A schematic representation of the energy levels and transitions involved in both SHG

and THG is illustrated in Fig. 4.1, along with the stimulated Raman scattering process.
The aim is to provide a clear visualization of the difference between each process and
the number of different particles involved. Although stimulated Raman scattering will
be further discussed later in this chapter, it is important to remark that this nonlinear
phenomenon can be modelled as a third-order nonlinear process.
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FIGURE 4.1: Energy levels and atomic transitions representation of the
input and output photons being affected by second harmonic generation,

third harmonic generation and stimulated Raman scattering.

Also known as Raman effect, the Raman scattering is a phenomenon in which photons
interchange energy with quasi-particles called phonons when these first ones propagate
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through a Raman medium. Phonons is the name that receive the discrete quantized pack-
ets defining the energy produced by a mechanical vibration. Thus, a phonon is to a vibra-
tion what a photon is to light, being the difference that one refers to a mechanical wave
while the other to an electromagnetic one. The key feature in this process, is the capa-
bility of a Raman medium to change the wavelength of an incident photon by decreasing
the photon’s energy in favor of the generation of a phonon (Raman, 1927). Alternatively,
the process can be inverted and phonons energy can be transferred to the incident pho-
tons, although it is not so common. The phonons energy is strictly dependant on the
atomic structure of the medium, meaning that the output photon energy will be altered
in a greater or smaller manner depending on the selected material. For a suitable con-
trol of this wavelength shift, convenient conditioning and selection of the material are
crucial. Scattering processes where these kind of photon energy exchanges occur are de-
nominated inelastic scattering, while processes in which the energy of the incident light
is conserved, are called elastic scattering.

4.3 Stimulated Raman scattering

Scattering is the process where particles, waves or radiation deviate into a new direction
with respect to the original propagation direction. This is caused due to non-uniformity
or fluctuations on the propagation media. Thus, if the optical properties of a propagation
medium present these imperfections, the incident beam will be affected by light scatter-
ing. While, in the presence of a completely homogeneous medium, this phenomenon
would not be observable.

Light scattering is referred as whether stimulated or spontaneous depending on the
origin of the process. Stimulated scattering will be considered when the mentioned fluc-
tuations are induced by an incident laser field, or what is the same, when the process is
stimulated by another laser source.
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Brillouin
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Brillouin

Anti-Stokes

Rayleigh

ω0-ωBω0-ωS ω0+ωSω0+ωB

FIGURE 4.2: Representation of the three main scattering mechanisms,
Rayleigh, Brillouin and Raman scattering. Both positive and negative sides
of the spectrum are illustrated to visualize both the Stokes and anti-Stokes.

Regarding the mechanisms contributing to the scattering process of light, researchers
over the years agreed to determine three main contributors known as Rayleigh, Raman
and Brillouin. These contributions can be visualized across the spectrum of scattered light
represented in Fig. 4.2. Here, scattered wavelengths longer than the central one will re-
ceived the name of Stokes, while shorter wavelengths are called anti-Stokes. This means
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that in the case of Raman scattering, the anti-Stokes photons are those which gain energy
from the scattering process, while the Stokes are the ones losing energy in the form of
phonons.

Since the Raman effect is the inelastic process related to the lattice vibrations of a Ra-
man medium, where photons from the incident light source lose energy in the form of
phonons that represent the vibrations within the material, the process can be considered
as scattering from optical phonons. Following the same analogy, since Brillouin scattering
is related to the propagation of acoustic waves, it can be considered as scattering of acous-
tic phonons. In the case of Rayleigh scattering the same analogy can not be followed, due
to the fact that it is not an inelastic process. This scattering is related to fluctuations in
the material that does not affect propagation, meaning that the process does not induce a
frequency shift originated by an energy increase or decrease of the incident photons, like
the one expected from Raman or Brillouin.

Following the aforementioned definition for spontaneous and stimulated scattering,
photons affected by the Raman effect that are not intentionally directed into a Raman
medium will be suffering spontaneous Raman scattering. In general, those processes
where the photons are not originated and directed by a laser source are considered to be
spontaneous, and then, very weak in comparison. However, one exception is considered,
when spontaneously generated Stokes photons go back again through the process lead-
ing to stimulated Raman scattering, since it enhances the process producing new Stokes
photons more efficiently than in the spontaneous process.
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FIGURE 4.3: Energy levels and atomic transitions representation of the
input and output photons being affected by SRS, CARS and FWM.

Stimulated Raman scattering is the key process for Raman lasers development and,
apart from the considered exception, occurs when a Raman active medium is pumped by
a convenient light source. Figure 4.3 depicts the described stimulated Raman scattering
processes, along with the denominated Coherent Anti-Stokes Raman Scattering (CARS)
and FWM, which are the main contributors to the generation of anti-Stokes photons. The
main difference between these two processes is that CARS is a consequence of the inter-
action between a pump photon and a Stokes photon, while FWM is the consequence of a
two pump photons interaction here. Although CARS involves the nonlinear interaction of
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four different waves, which is in general the case of FWM, CARS can not be consider a par-
ticular case of FWM. This is due to the origin of each process, since CARS is a consequence
of a vibrational process involving phonons, while FWM is a purely electronic process in-
volving only photons. Nevertheless, in this research work no anti-Stokes generation was
reported and thus, there would not be further discussion into this topic.

Regarding higher Stokes orders generation, in the same way a pump laser can stimu-
late the Raman scattering process and produce what is called as a 1st Stokes order, a 1st

Stokes photon can stimulate the production of a 2nd Stokes photon. Which means that an
already Raman shifted photon can interact with the Raman medium in such a way that
it losses energy again and it is consequently shifted for a second time. This process is re-
ferred as Raman cascading and can be repeated or extended up to the point where the
last Stokes order does not present enough energy to produce a new Stokes photon. When
dealing with cascaded Raman lasers, this will mean that the light intensity is not enough
to surpass the lasing threshold to produce an additional Stokes order. A graphic represen-
tation of the process is shown in Fig. 4.4, where an example including 3 different Stokes
orders generation is illustrated.

Virtual states

ℏ𝝎𝐩𝐧

ℏ𝝎𝐩 ℏ𝝎𝟏

ℏ𝝎𝟏 ℏ𝝎𝟐

ℏ𝝎𝟐 ℏ𝝎𝟑

ℏ𝝎𝐩𝐧ℏ𝝎𝐩𝐧

FIGURE 4.4: Representation of the SRS cascading process including the
involved energy levels and transitions, up to the 3rd Stokes order genera-
tion. Each Stokes order is represented by a different color (green, yellow
and orange), as well as the pump and phonon energy (blue and purple).

4.3.1 Modelling SRS as a third-order nonlinear process

Unlike other χ(3) nonlinear processes, SRS is a vibrational process rather than an elec-
tronic one, meaning that the Raman effect is not instantaneous, so it has a temporal re-
sponse. Until now the nonlinear polarization term P̂ N L was considered as a unique power
expansion series, influencing each order independently. However, it is well-known that
P̂ N L is constituted by two main driven forces, one regarding the interaction of the light
fields with two-level systems, generally referred as the resonant contribution P̂Res ; and a
second non-resonant part P̂N Res regarding all the rest of molecular transitions out of res-
onance. Both contributions are generally expressed as (Penzkofer, Laubereau, and Kaiser,
1979)
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P̂ N L(t ) = P̂Res + P̂N Res = N

(
∂α

∂q

)
〈q〉 Ê + P̂N Res , (4.12)

where N is the number density of molecules, ∂α/∂q is the Raman polarizability and
〈q〉 is known as the collective amplitude. Now, in the particular case of third-order non-
linear processes P̂ N L is referred as P̂ 3(t ) and its time representation was presented in eq.
4.9. In the same way, the third-order nonlinear optical polarization can be expressed as a
function of the propagation direction ruled by the previously defined fourth rank tensor
χ̃(3), which allows direct relationship between physical parameters. Assuming stationary
conditions we have that

P 3
l (t , x) =

3∑
m,n,o=1

χ̃(3)
l ,m,n,oEm(t )En(t )Eo(t ), (4.13)

where l , m, n, o correspond to the vector components in the x, y and z Cartesian di-
rections. However, due to the direct relationship of the frequency with the light energy and
the frequency shifts produced by nonlinear effects, the nonlinear polarization is generally
expressed in the frequency domain as (Penzkofer, Laubereau, and Kaiser, 1979)

P 3
l (t ) =∑

j

(
P 3

l (ω j )e−iω j t +P 3∗
l (ω j )e iω j t

)
, (4.14)

where ω j corresponds to the set of frequencies involved in the process. In the case
of the electric field, it was previously defined for THG in eq. 4.10, and can be extended
to the more general case exactly the same as with the polarization in eq. 4.14. So, analo-
gously to the explained THG process, the defined nonlinear polarization in eq. 4.13 will
be expressed in the frequency domain as

P 3
l (t ) = 1

4

∑
m,n,o,α,β,γ

χ̃(3)
l ,m,n,o(−ωδ;ωα,ωβ,ωγ)Em(ωα)En(ωβ)Eo(ωγ), (4.15)

with ωδ =ωα+ωβ+ωγ. Which leads to define the frequency component P 3
l (ωδ) as

P 3
l (ωδ) = ∑

m,n,o

D

2
χ̃(3)

l ,m,n,o(−ωδ;ωα,ωβ,ωγ)Em(ωα)En(ωβ)Eo(ωγ), (4.16)

where in a Raman scattering process involving three different frequencies ωα, ωβ, ωγ
D is equal to six, since it corresponds to the number of electric field terms contributing to
P 3

l (ωδ).
Following the χ(3) formalism employed for eq. 4.15, since the four photons interact-

ing in this process must fulfill the principle of energy conservation, the sum of all the
involved frequencies needs to be zero. By convention, the photon frequencies that are
shifted by the Raman process enter the argument of χ(3) with positive signs, while the op-
posite is applied to the produced new frequencies, so they present negative signs. Thus,
the aforementioned Stokes Raman scattering (ωp =ωS+ωv ) is described in this formalism
as χ(3)(−ωS ;ωp ,−ωp ,ωS). In the same manner, the anti-Stokes scattering (ωp +ωv =ωA) is
described as χ(3)(−ωA ;ωp ,−ωp ,ωA). And there is a final case where a Stokes and an anti-
Stokes photon are produced from a two pump photons interaction (ωp +ωp = ωS +ωA),
usually referred in this formalism as χ(3)(−ωS ;ωp ,−ωp ,ωA).

The study of the susceptibility χ(3)
l ,m,n,o can get extremely complicated when it comes

to the great number of independent elements regarding the fourth rank tensor evaluated
here. Indeed, depending on the symmetry characteristics of the selected material, many
are the different simplifications carried out in the literature. In the case of diamond and
any other cubic crystal, for independent elements exist χ(3)

y y y y , χ(3)
y y zz , χ(3)

y z y z and χ(3)
y zz y . So,
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the transversal fields Ê and P̂ 3 present elements in the y and z directions, while propaga-
tion of light is assumed in the x axis (Penzkofer, Laubereau, and Kaiser, 1979).

Another complex feature to evaluate is the χ(3)
l ,m,n,o dependency with the frequency,

since the value of χR can be strongly incremented by the proper combination of resonant
frequencies. Due to this effect, and same as with P̂ N L in eq. 4.12, contributions to χR

should be evaluated separately, depending on resonant contributions χ(3)
Res arising from

frequencies close toωv and those which are considered far from this resonance frequency
χ(3)

N Res . However, in our particular case, the Raman process can be assumed to operate
in the steady-state regime, which means that the non-resonant contributions can be ne-
glected.

4.3.2 Mathematical description of the Raman gain

As it was previously described, SRS is a consequence of light’s electric field propagating
through a Raman medium and interacting with the vibrational modes of the molecules
composing the material. For a sake of simplicity, each of these vibrational modes are de-
fined as a simple harmonic oscillator with time-varying inter-nuclear distance q̂(t ), res-
onance frequency ωv , damping constant γ and equilibrium inter-nuclear separation q0.
This can be expressed in the form of the equation of motion as (Garmire, Pandarese, and
Townes, 1963)

∂2q̂

∂t 2 +2γ
∂q̂

∂t
+ω2

v q̂ = F̂ (t )

m
, (4.17)

being F̂ (t ) the restoring force and m the reduced nuclear mass. In this work, it will
be assumed that the dependency of the optical polarizability α̂(t ) with the inter-nuclear
distance ĝ (t ) is ruled by (Boyd, 2020b)

α̂(t ) =α0 +
(
∂α

∂q

)
0

q̂(t ), (4.18)

whereα0 is the equilibrium polarizability. This way, the propagating oscillations affect
the material’s molecular structure leading to periodic variations in its polarizability over
the time. Consequently, the refractive index of the material also varies with time and it
can be expressed as

n̂(t ) =
√
ϵ̂(t ) = [1+N α̂(t )]1/2, (4.19)

where N is the number density of dipoles in the medium. This modulation process
of the refractive index n̂(t ), results in the generation of higher and/or lower frequency
bands on the transmitted light, which are the responsible of the Stokes generation. These
bands present a frequency of ±ωv , and interfere with the electric field of the pumping light
source producing a resulting Stokes with frequencyωs =ωp −ωv . The Raman susceptibil-
ity expression is derived from the optical polarizability α̂(t ) expression eq. 4.18 and it is
now given by (Boyd, 2020b)

χR (ωs) = ϵ0(N /6m)(∂α/∂q)2
0

ω2
v − (ωp −ωs)2 +2i (ωp −ωs)γ

. (4.20)

This expression can only be considered if the stimulated Raman scattering process is
assumed to be steady-state, since it only considers the resonant contributions. The pro-
posed laser technology operates with nanosecond pulses, which means that in the case
of diamond the Raman process performs in the desired regime. This is of vital impor-
tance for the calculation of the attributed gain to the specific medium, as it is strongly
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affected by this operation regime. This gain factor is known as the Raman gain gR and it
can be deduced from eq. 4.20 by following (Penzkofer, Laubereau, and Kaiser, 1979). First,
considering the interaction of a narrow laser line with the medium’s molecular transition,
where the expected line shape is a Lorentzian, the resulting distribution can be expressed
as

ρ(ωs −ωp +ωv ) = Γ/π

(ωs −ωp +ωv )2 +Γ2 , (4.21)

where Γ is the half width half maximum (HWHM) linewidth of the Lorentzian shape.
Now, following Penzkofer’s quantum mechanical treatment, similarly to eq. 4.20 the ex-
pression for the occupation number On(ks) of a single Stokes mode ks can be expressed
as

dOn(ks)

dt
= N

(
∂α

∂q

)2 4π3ωs

np n2
s mωv c

(1+On(ks))Ipρ(ωs −ωp +ωv ). (4.22)

Being Ip the pump intensity, while np and ns are the refractive indexes for the Raman
medium at the pump and Stokes frequencies, respectively. By substituting eq. 4.21 in eq.
4.22, the frequency ωs dependant Raman gain expression can be obtained as

gR (ωs) = N

(
∂α

∂q

)2 4π2ωs

np nsmωv c2

Γ

(ωs −ωp +ωv )2 +Γ2 , (4.23)

which for the optimum case where ωs =ωp −ωv (at the center of the Raman line) will
be

gR = N

(
∂α

∂q

)2 4π2ωs

np nsmωv c2Γ
. (4.24)

From eq. 4.24 it can be observed some of the Raman gain dependencies, such as the
linewidth Γ that it is inversely proportional to the gain or the fact that higher Stokes or-
ders will have a lower Raman gain, since it is proportional to the ratioωs/ωv . Moreover, to
calculate the actual effective Raman gain additional features must be taken into account.
There are multiple different spectral effects that must be considered depending on certain
laser characteristics, medium properties and the selected laser system. For instance, the
spectral width and pulse duration determine if steady-state approximations can be con-
sidered, while the Raman medium and cavity length determine the levels of dispersion
(Spence, 2017).

All in all, the Raman gain gR is one of the key parameters under analysis in this inves-
tigation work. Further study of the parameter is provided along with the simulation work
presented on this thesis. As will be seen in Chapter 5, the way to implement the Raman
gain in the design model is not based on the strict application of the theoretical calcula-
tions, since the experimental measurements of this value do not always match with the
mathematical approach and adjustments are required.
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Part II

Raman laser development
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Chapter 5

Raman laser design and modelling

The following chapter explains the mathematical approach considered to develop the Ra-
man laser design tool along with a description of the main parameters and considerations
taken into account to obtain the resulting performance of the simulator. Basically, a para-
metric software that provides the output temporal waveform, power and lasing threshold
of the different Stokes orders is presented here. Additionally, a discussion about the most
common laser configurations for Raman laser design is provided, along with a descrip-
tion of the developed opto-mechanical prototype. The design process of the device was
assisted by the simulation tool, the drawings corresponding to this prototype are included
in Appendix B, while the Matlab code associated to the simulator is included in Appendix
C section C.1.

5.1 Raman laser configurations

A laser cavity can be arranged in different configurations, each of them presenting advan-
tages and drawbacks, being more suitable for one application or another. Raman lasers
allow a great variety of them, specially since they are not as constrained as conventional
lasers in the sense that they do not need and specific pumping wavelength to lase, allow-
ing the same cavity to operate in a wider pumping range. Regarding the different possible
configurations, the most common ones will be introduced and briefly described in the
following section, being these the single-pass generator, the external resonator and the
intracavity resonator; including the coupled-cavity resonator as a particular case of the
intracavity configuration. Although most of the literature does not consider it as one of
the basic configurations, due to the recently acquired popularity some integrated config-
urations will also be discussed here.

5.1.1 Single-pass Raman generator

The single-pass Raman generator or just Raman generator, is a configuration where light
propagates through the Raman-active medium in just one pass. Consequently, there is no
resonant cavity and light amplification can only be seeded by spontaneous Raman scat-
tering emission. In the case of diamond, assuming no pump depletion, the intensity of
the first Stokes at the lasing threshold can be calculated as (Pask, 2003),

Is1(z) = Is1(0)egR Ip z , (5.1)

where, Is1(0) is the seed light in the input of the Raman generator, Ip the pump inten-
sity, gR the Raman gain and z is the interaction length of the medium. This can only be
considered in an ideal scenario without losses. Also, when propagating through the ma-
terial the 1st Stokes could act as the pump of the 2nd Stokes, generating this higher order,
and depending on the conditions, like the medium’s length, this process can be extended
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to even higher orders. This phenomenon was referred as cascading of the SRS process and
was discussed in Chapter 4. This type of configuration, normally require AR elements in
charge of avoiding light reflections in the medium facets, since they affect negatively the
performance of the laser. Which is a problem that will also be discussed for resonators
later in this thesis.

Laser source

Raman crystal

Waveplate

Focusing lens

FIGURE 5.1: 3D schematic representation of a single-pass Raman genera-
tor configuration.

Figure 5.1 presents an example single-pass configuration, where pumping light po-
larization is controlled by a waveplate and a lens is in charge of focusing the beam into
the active medium. Although its simplicity and compactness, Raman generators present
some challenges; specially regarding light amplification, due to the fact that there is no
resonator, so light is only amplified once by the medium. Consequently, this kind of con-
figuration generally requires of high power pump lasers to work, reducing the number of
candidates for this task. Another potential problem is the output selectivity for these type
of systems. As mentioned before, higher Stokes orders can be generated in the device and
the simplicity of the generator does not allow a selection mean to avoid the generation of
these undesired frequencies as well as the cascading process is hard to control. Consider-
ing that high power levels are required in terms of surpassing the lasing threshold, there is
a high probability of generating adverse nonlinear effects and unwanted Stokes orders, af-
fecting the quality of the produced output. Indeed, these nonlinear effects can contribute
to distort the beam in such a way that is not Gaussian anymore, while the absence of a
resonator leads to low beam quality. Even so, Raman generators are suitable for differ-
ent purposes, showing the best performance above all other configurations in frequency
conversion applications. Particularly, there is a keen interest on using them for frequency
conversion of ultrashort pulse lasers.

5.1.2 External Raman resonator

The main difference between a single-pass configuration and the external cavity one is
that the Raman crystal is placed within a resonator, usually arranged by a dichroic mirror
and an output coupler as depicted in Fig. 5.2. This is the most common arrangement al-
though other alternatives are possible, such as the hemi-spherical and z-fold designs pro-
posed in this thesis. This type of setups normally include an additional set of optics to cou-
ple the pumping light into the resonator. For CW fields and steady-state Raman regime,
the lasing threshold is reached when the following condition is fulfilled (Pask, 2003)

R1R2e2gR Ip z Ê 1, (5.2)
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where R1 and R2 are the reflectivity values for each of the mirrors encompassing the
resonator. Thus, lasing is achieved when the predominant losses are overtaken, which in
this case the only losses considered are the mirror transmission losses. In a real scenario,
since light now propagates several times through the whole resonator, including the crys-
tal, any undesired nonlinear effect can resonate or accumulate and consequently being
amplified by the system. For this reason, the design and alignment of these devices is
more sensitive than the previous configuration, special attention to avoid the most detri-
mental effects is required. The modelling of this particular scenario is explained later in
this chapter.

Laser source

Raman crystal

Mode-matching optics

High-reflectivity dichroic mirror

Output coupler

FIGURE 5.2: 3D schematic representation of an external Raman resonator
configuration.

In this configuration, a convenient selection of the cavity mirrors solves the power
problem presented in the single-pass configuration. Multiple passes through the res-
onator implies a considerable enhancement in the amplification capabilities of the laser.
Consequently, the lasing threshold is reduced, leading to much less demanding power
constraints. Regarding the issue with unwanted spectral and nonlinear effects, since op-
tical elements are included in this configuration, proper design of the cavity can solve the
problem. Indeed, wavelength-selective and transmission enhanced optics, can lead to the
efficient production of the targeted Stokes orders, while minimizing spectral effects affect-
ing the laser performance. Additionally, Raman lasers have already proved to clean-up the
input beam, obtaining a higher quality and brighter output than the input beam (Murray,
Austin, and C. Powell, 1999). Which means that even modest quality pumping beams can
be utilized in this kind of Raman configuration.

5.1.3 Intracavity Raman conversion

An intracavity configuration implies that the laser light pumping the crystal is not orig-
inated by an external source to the cavity, but within it. As can be observed in Fig. 5.3,
the input beam propagating through the Raman crystal is produced by the laser crystal
inside the resonator. This means that both the laser crystal and the Raman medium are
located in between the two cavity mirrors. Thus, the pump and Stokes orders will resonate
together and, on top of the aforementioned effects, new cross-correlated effects will also
affect the cavity behaviour. The physical processes undergoing in this scenario are far
more complex than the previous ones and out of the scope of this thesis, so they will not
be further discussed. Having said that, the lasing threshold calculation is still given by eq.
5.2.

Despite its complexity, the intracavity configuration offers the lowest lasing threshold
and best power conversion efficiency in comparison to the rest of conventional config-
urations. Due to the fact that the pump is designed to resonate within the cavity too, a
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Pumping diode

Raman crystal

High-reflectivity dichroic mirror

Output coupler

Laser crystal

Q-switch

FIGURE 5.3: 3D schematic representation of an intracavity Raman res-
onator configuration.

continuous wave low power light source can be used as the pumping source for the whole
system, instead of a high power laser. When providing a CW pumping, the resonator re-
quires of an additional element called Q-switch to generate the desired output. It is nor-
mally placed before the output coupler as depicted in Fig. 5.3, and it usually consists on an
active variable attenuator in charge of converting the continuous wave beam into a pulsed
output. Achieving high peak power is key to access the Raman lasing threshold with ease.

However, dealing with intracavity Raman lasers can be an extremely challenging task.
Not only due to the aforementioned cross-correlated effects, but also due to a variety of
new inconveniences like thermal dynamics, mode matching or the laser crystal damage
threshold. Considering all this, although intracavity lasers enable efficient operation with
very relaxed pumping constraints, it is not a very accessible configuration, making it a less
popular solution for general applications. Despite some applications require of a setup
fulfilling with specifications that can only be achieved by using an intracavity configura-
tion (Band et al., 1989).

Coupled-cavity Raman resonator

Coupled-cavity configurations are often considered a particular case of the intracavity res-
onators, since the most simple version of the setup consists on rearranging some of the
elements presented in the previous configuration and placing an additional mirror in be-
tween both crystals, as illustrated in Fig. 5.4. This provides independent resonators and
pumping characteristics for each crystal, being these CW pumping for the laser crystal
and pulsed pumping for the Raman crystal. Which allow to push further into lowering the
required lasing threshold and to select crystals with lower damage thresholds. For some
applications, having separated optical fields resonating independently is of great impor-
tance to be able to simplify the design of such complex laser cavities. In those scenar-
ios coupled-cavity Raman resonators are considered and enhanced version of intracavity
lasers.

This kind of configurations are often arranged in more complicated geometries and
dispositions, including additional mirrors and other optical elements in order to minimize
usual drawbacks found in conventional intracavity lasers. Actually, they allow the use of
etalons and other optical elements in order to add spectral selectivity to the system and
enable this way linewidth control or tuning to the output system. Which is not always
attainable in the absence of separated optical fields.
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Pumping diode

High-reflectivity dichroic mirror

Output coupler

Laser crystal

Q-switch
Raman crystal

High-transmissivity mirror

FIGURE 5.4: 3D schematic representation of a coupled-cavity Raman res-
onator configuration.

5.1.4 Integrated Raman resonator

In the last years, integrated ring Raman resonators have shown a grown interest in the
laser community as a suitable configuration for many applications. Particularly, when the
performance of conventional methods, optical elements or optical coatings is not satis-
factory, Stokes separation can be efficiently performed by these type of lasers. Indeed,
integrated ring resonators can behave as optical filters thanks to their working principle.
Normally, the setup is composed of a set of multiple linear and circular waveguides and,
for a sake of simplicity, Fig. 5.5 represents the most compact version of these type of res-
onators. This is the case where light propagates through a linear waveguide, circulates
around a circular one and couples back to the linear waveguide to abandon the laser by
the opposite edge to the pumping one. Alternatively, this simple configuration can present
a variation in which the output is located in a parallel linear waveguide on the opposite
side of the ring.

Laser source

Coupling waveguide

Ring resonator

FIGURE 5.5: 3D schematic representation of an integrated ring Raman res-
onator configuration.

The key aspects of this laser cavity, are the geometry, distance between waveguides
and material selection. These need to be appropriately chosen, so that they are matched
to the wavelengths of interest. If this is so, the pump and Stokes efficiently resonate within
the cavity, and wavelength selection can be performed with a high level of sensitivity. The
laser operation relies on the total internal reflection (TIR) principle and constructive in-
terference for efficient resonance, while the high wavelength selectivity is achieved thanks
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to the coupling region. Which, at the same time, relies on the suitable design of the opti-
cal coupler and fine selection of the waveguides geometries, leading to a strong filtering
effect in this coupling region, letting the pump light couple into the cavity with a high
transmission coefficient and extracting the desired Stokes orders efficiently for each par-
ticular case (Zhang et al., 2011). Multiple wavelengths or Stokes selection is obtained by
more complex designs where more circular and/or linear waveguides are concatenated,
achieving the coupling and extraction of different wavelengths. Highly refined designs are
capable of performing very precise wavelength selection, while producing narrow spectral
outputs enabling, for instance, the generation of frequency combs (Piccardo et al., 2020).
Additionally, wavelength selection is not only ruled by the coupler, but also by the size
of the coupling ring, since this would determine which is the wavelength of resonance in
each circular cavity. Then, a broad enough control of the ring radius allows the construc-
tion of tunable integrated ring Raman lasers, as it was recently demonstrated in (Ahmadi,
Shi, and LaRochelle, 2021).

These are the most common conventional configurations that can be found in the lit-
erature, and integrated resonators were included due to its raising popularity, although it
should not be consider a classic configuration. The resonator design developed in this
work consists on an externally pumped cavity, arranged in a non-conventional hemi-
spherical configuration described in detail in Chapter 6.

5.2 Raman laser model

The presented mathematical model aims to help on the parameters selection and on de-
termining the most critical properties when dealing with the design and construction of
Raman lasers. This model is based on the aforementioned hemi-spherical cavity, although
it can be extended to other configurations as will be later discussed. The goal of simulating
this resonator was, not only to find the optimal parameters for the constructed prototype
and compute the best possible alternatives; but also compare and contrast the simulated
results with a fully characterized cavity, to adjust the model to the experimental values
and develop this way a mathematical approach that better matches real scenarios.

The designing tool was fully developed in the well-known calculation software Matlab,
and all the produced code is included in the corresponding Appendix C. It is important to
remark that the software was developed to be a design assistant tool and not a highly pre-
cise simulator. Consequently, many are the different simplifications and assumptions per-
formed, in order to compute a simple, fast and efficient solution to the differential equa-
tions defining the behaviour of a laser pulse when propagating through a Raman medium.

5.2.1 Steady-state stimulated Raman scattering equations

For the design of optimized Raman lasers, rather aiming maximum 1st Stokes output power
or fully efficient cascaded processes, it is always required to operate in the mentioned
steady-state regime, details about this regime are provided in Chapter 6. Thus, the follow-
ing simulator always assumes SRS operation within this regime, while it aims to provide
guidance on approaching the optimal attainable gain. Under these circumstances, the be-
haviour of light when propagating through a Raman medium can be precisely computed
in one dimension by means of the stimulated Raman scattering differential equations pro-
posed by (Pask, 2003). Which characterize the pump depletion through the Raman pro-
cess, while calculating the increment in the intensity of the produced Stokes orders as
follows
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d Ip

d z
=− ωp

ωs1
gR1Ip Is1 −αp IL

d Is1

d z
= gR1Ip Is1 − gR

ωs1

ωs2
Is1Is2 −αs1Is1

d Is2

d z
= gR2Is1Is2 − gR

ωs2

ωs3
Is2Is3 −αs2Is2,

(5.3)

where Ip refers to the pump intensity, while Isx defines the different Stokes intensity
being x the order of the Stokes. In the same way, ω is the angular frequency and gR the
Raman gain at the pumping frequency, while gRx refers to the Raman gain associated to
each Stokes order and αx are the corresponding loss coefficients.

For diamond operating in the visible range, the effect of the loss coefficients αx in
eq. 5.3 is generally neglected, due to their low impact when compared to the cavity losses.
Moreover, regarding the small dimensions of the resonator compared to the Rayleigh length
of the cavity modes, for laser arrangements similar to the proposed one dispersive and
diffractive effects can be also neglected. By definition, the Rayleigh length is the distance
from the beam waist to the position where the beam size for which the intensity drops to
half of its maximum, meaning that in this case the beam is assumed to be "collimated"
along the whole system.

The Raman gain gR calculation was already presented in Chapter 4, however this pa-
rameter varies for each Stokes order. To determine this value, von der Linde et al. defined
the Raman gain for higher Stokes orders gRi based on the materials gain as (von der Linde,
Maier, and Kaiser, 1969)

gRi = gR
ωsi

ωP
, (5.4)

where ωsi corresponds to the angular frequency of the Stokes orders, ωP is the angu-
lar frequency of the pump and gR is the Raman gain attributed to the material acting as
Raman medium at the pump wavelength. The dependency of the Raman gain gR with the
pumping frequency ωP was mathematically expressed in the literature for many differ-
ent materials. Having said that, experimental research of this coefficients has not always
agreed with the proposed theoretical values. In particular for diamond, there exists some
discrepancies regarding the UV spectral regime (Granados, Spence, and Mildren, 2011).
Thus, in the proposed simulator an intermediate solution was implemented in order to
select the gR as a function of ωP . Figure 5.6 illustrates the combined solution that fits the
experimental data presented in the literature (Savitski, Reilly, and Kemp, 2013b; Granados,
Spence, and Mildren, 2011) by means of the theoretical approach proposed by (Lisinetskii
et al., 2005), trying to reach an agreement between both results.

The mathematical expression utilized for the fit can be found in the publication pre-
sented in Chapter 10 section 10.6 and the Matlab implementation is also available in Ap-
pendix C section C.3.

Fixed-step finite differences method

The simulations were carried out for a system with cavity losses predominance as ex-
plained before, thus the only considered losses are the ones attributed to the diamond
surfaces. Air propagation is considered ideal and the reflectivity of the HR mirror was
chosen to be 100%. However, the transmissivity of the AR coating was not considered
ideal and it was chosen to be 95%. The uncoated side of the crystal, acting as the output
coupler of the resonator, presents a wavelength dependant reflectivity due to the fact that
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FIGURE 5.6: Calculated fit for the Raman gain in diamond (blue) based on
experimental results (yellow) (Savitski, Reilly, and Kemp, 2013b; Grana-
dos, Spence, and Mildren, 2011) and the theoretical solution proposed by

(Lisinetskii et al., 2005).

the diamond refractive index ndi a changes with the wavelength. The reflectivity is cal-
culated by the Snell’s law, while the refractive index of the diamond is obtained from the
corresponding Sellmeier equation (Peter, 1923),

ndi a =
√

1+ 0.3306x2

x2 −1752nm2 + 4.3356x2

x2 −1062nm2 . (5.5)

These are the most common direct approaches to characterize materials’ refractive
indexes and reflectivity. On this wise, the boundary conditions for the previously defined
differential equation system eq. 5.3 were defined. The solving methodology does not re-
quire the application of complex computational solvers when applying the mentioned
assumptions. The reason for this is that in this scenario the simulation tool allows to
efficiently utilize the fixed-step finite differences method to solve the equation system.
This method consists on selecting an appropriate differential portion d z, which is small
enough to represent a fine and precise grid for the system. Then, the simulated material,
in this case diamond, is divided in this d z sections and the equation system is sequen-
tially solved for each of the portions, being the output of one slice the input of the next. So
time and space are considered equivalent in this differential system, since time and space
variations are the same for each increment. Consequently, the defined pump pulse is di-
vided in equivalent portions considering the propagation speed through the crystal and
the Raman process is accordingly calculated for each slice of diamond and pulse. Given a
set of initial parameters, the output intensity for each slice is obtained from eq. 5.3, where
d Ip

d z will determine the pump intensity depletion, d Is1
d z will determine the 1st Stokes gen-

eration and increment, and d Is2
d z will determine the 2nd Stokes generation and increment.

In our particular case, 3rd Stokes generation was barely noticeable, so its contribution was
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not considered. Having said that, the simulator is completely scalable and the introduc-
tion of higher Stokes orders is straight forward by including the corresponding differential
equation to the system, which can be done analogously to the presented Stokes orders.

dz1 dz2 dz3 dzn…

L
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… …
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FIGURE 5.7: Schematic representation of the applied fixed-step finite dif-
ferences method for the simulated Raman process and feedback contri-

butions.

The model simulates a complete round-trip for the pump pulse and then introduces
a new pulse, since the remaining pump intensity re-injected in the resonator is negligible.
Before moving forward the next pulse, an additional d z portion is calculated outside the
crystal to evaluate the produced output signal, regarding pump and Stokes. Unlike the
pump, the Stokes orders’ re-injection needs to be considered along with the new pump
pulse, since the Stokes orders resonate more efficiently than the pump within the cavity.
The process is visually represented in Fig. 5.7, where the amount of injected pump is
provided from the initial conditions, while the mentioned feedback is added to the 1st

and 2nd Stokes generation. The amount of re-injected intensity is calculated from the
reflected Stokes signal back into the diamond and it is adjusted by applying a coupling
parameter. This coupling parameter is required due to the fact that not all the reflected
light will resonate in the cavity along with the produced Stokes, meaning that there will be
coupling losses. The parameter value was determined based on the experimental results
for the hemi-spherical resonator and was approximated to a value of 80% in most of the
cases. For a more precise tool that exactly predicts the output parameters of a Raman laser,
a more complex approach must be implemented. Since the aim of this work is to provide
a fast and efficient design assistant, this approximation is reasonable as far as the designer
is aware of the fact that the parameter needs to be evaluated within a broad enough range
for cavities where experimental results are not available.

The polarization model presented in Chapter 7 is also included in this simulator. The
polarization state of the pump is introduced as a fixed or variable parameter and each
of the calculated Raman gains in the equation system eq. 5.3 is accordingly adjusted by
means of the corresponding Müller matrix calculations. In this case, the propagation crys-
tallographic axis is the <110>, like in the experiment, and polarization angles are provided
with respect to the [100] direction, which means that the angle maximizing the cascading
process is 35.3°, which is equivalent to ±54.7◦ with respect to the [110] crystallographic
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direction. The model can be adjusted for different scenarios by selecting the correct ma-
trix in each case. Actually, the code is flexible and most of the parameters can be adjusted
without interfering with the rest of the calculations. Although the simulator is focused on
evaluating the Raman process through the crystal, additional optical elements and op-
tical parameters can be introduce if more complex resonators need to be analyzed. An
extended explanation about Müller matrix calculus and light propagation through Raman
crystals is provided in the corresponding Chapter 7.
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FIGURE 5.8: Simulated pulse temporal waveform of the depleted pump
(discontinuous purple) and the 1st and 2nd Stokes orders (blue and green),
when an ideal Gaussian pulse (purple) is introduce for pumping the mod-

elled system.

The performance of the tool was evaluated for the hemi-spherical resonator proposed
in this thesis. For this comparison, the pump pulse was defined as a perfect Gaussian
pulse matching the characteristics of the Ti:Sapphire laser described in Chapter 3 and the
specific parameters provided in Chapter 6 section 6.5. The model allows the implemen-
tation of any kind of pump, including real signal measurements, but the outcome of the
system can be better interpreted with ideal noise-less pulses. An example of these can be
observed in Fig. 5.8, where the effect of the Raman processes in the depletion of the pump
pulse and the generation of the Stokes orders can be clearly appreciated. Specifically, the
depiction shows the simulation of an input Gaussian pulse of 50 ns duration, at a wave-
length of 450 nm, with a repetition rate of 10 kHz, an spot size of 45µm and a pumping
power of 1 W.

The simulator provides the most relevant parameters regarding the performance and
optimization of Raman lasers, as they are the output power and efficiency, the lasing
threshold, the output polarization and the resulting output temporal waveform for each
of the individual Stokes orders and the pump. The results can be parameterized and, thus,
evaluated for a range of pumping powers, beam sizes, or any other relevant design pa-
rameter. For instance, Fig. 5.9 shows an example of a simulation where the beam size
is fixed and the pumping power is parameterized, providing the key information of the
lasing threshold at different pumping wavelengths.
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FIGURE 5.9: Simulated 1st and 2nd Stokes output power and lasing thresh-
old for different pumping wavelengths.

5.2.2 Ray-tracing and Gaussian beam simulations

More complex laser designs, such as the z-fold cavity that will be proposed in Chapter 10
can also be approximated by the presented simulator. However, more complexity implies
considering additional features that drastically affect the resonator performance. For in-
stance, cavities including tilted concave mirrors and other complex optical elements, will
need to be specifically designed to reach the lasing stability condition and fulfill the mode
matching requirements. In general, these calculations are performed with dedicated soft-
wares that can be utilized in parallel with the Raman simulator, as it is the ReZonator simu-
lation tool employed here. The working principal of these programs is based on the ABCD
matrix implementation, which is a common mathematical tool employed in ray optics. It
is important to understand this concept since the improvement of the herein presented
technology can be focused on the design of more sophisticated cavities. Moreover, the
implementation of ABCD matrices in the Raman simulator, allows additional degrees of
freedom to evaluate new parameters that are crucial in different configurations. Indeed, to
design the z-fold cavity presented later in this work, the ABCD method was implemented
in the model to show the potential of the simulation tool and better optimize the cavity
design.

Originally, the ABCD matrices method was developed for ray optics calculations, which
is the field of optics that analyzes light in the form of rays instead of beams. Later, Yariv
found a direct method to translate the ray optics results into the Gaussian beam scenario
(Yariv, 1991). Thus, a common approach to solve the problem for Gaussian beams, is to
find the ray tracing parameters of the required system and convert them into Gaussian
beam parameters afterwards.

The implementation of the ABCD method is limited to paraxial ray scenarios, which
means that the characteristics of the system under evaluation allows the application of
small-angle approximations without affecting the outcome of the system. This is usually
the case of lasers, since the condition to fulfill is that the propagation angle of the incident
beam θ is so small that
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sinθ ≈ θ, tanθ ≈ θ and cosθ ≈ 1. (5.6)

Under this condition, the effect that an optical element or system produces in the two
main parameters of a ray can be calculated by means of a 2-by-2 matrix with parameters A,
B, C and D. These main parameters correspond to the aforementioned propagation angle
θ and the offset or initial position of the ray r . Thus, the output parameters of the ray after
propagating through the optical system can be expressed as (Kogelnik and Li, 1966)[

r ′

θ′
]
=

[
A B
C D

][
r
θ

]
, (5.7)

where r ′ and θ′ are the offset and angle values for the output ray. Analogously to Müller
and tensor calculus, each optical element in a system can be represented by an indepen-
dent ABCD matrix and, consequently, the system can be represented by a unique matrix
resulting from the combination of all the individual matrices corresponding to each el-
ement in the system. Then, due to the matrix calculus properties, the resulting matrix
is obtained by multiplying the matrices in the opposite direction to light propagation. A
dedicated section to matrix calculus is included in Chapter 7, where this calculation pro-
cess will be further discussed. Most of the main optical elements are already represented
in the literature and the corresponding ABCD matrix of some of them can be found in
Table 5.1.

TABLE 5.1: Ray matrix (ABCD) values for common optical elements, where
f is the focal length of a lens, d the propagation distance and Re the effec-

tive radius of curvature of the mirror (Kogelnik and Li, 1966).

Free space propagation Thin lens[
1 d
0 1

] [
1 0
− 1

f 1

]

Reflection from a curved mirror Reflection from a flat mirror[
1 0

− 2
Re

1

] [
1 0
0 1

]

Now, for the conversion of the obtained parameters for ray propagation into Gaussian
beam propagation, the complex parameter q needs to be introduced, as the key mathe-
matical feature to perform the translation. Specifically, the r and θ parameters need to
be converted into w and R, which correspond to the beam waist radius and the radius of
curvature of the wavefront, respectively. The Gaussian beam properties are related to the
complex parameter q as follows (Yariv, 1991)

1

q
= 1

R
− i

λ

πw2 . (5.8)

Once the complex parameter q for the input beam is defined and the A, B, C and D
parameters are obtained from the ray calculations, the output parameter q ′ is obtained by
the direct formulation proposed by Yariv as

q ′ = Aq +B

C q +D
, (5.9)
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where the ABCD parameters are not arranged in the matrix form, as it was the case for
the ray optics formulation. By substituting the obtained complex value q ′ in eq. 5.8 the R ′

and w ′ values for the output beam can be directly obtained. However, this is true for all the
scenarios where the angle of incidence is perpendicular to the optic elements within the
system, as it is for the case of the hemi-spherical cavity. More complex resonators where
the angle of incidence is not 0°, need to be characterized by the ABCD matrices developed
for tilted surfaces.

TABLE 5.2: Ray matrix (ABCD) elements for tilted surfaces in refraction
and for the tangential and sagittal planes (Massey and Siegman, 1969).

Planes A B C D

Tangential
(n2

r −sin2 θ)1/2

nr cosθ 0
cosθ−(n2

r −sin2 θ)1/2

Rt cosθ(n2
r −sin2 θ)1/2

cosθ
(n2

r −sin2 θ)1/2

Sagittal 1 0
cosθ−(n2

r −sin2 θ)1/2

Rs nr
1/nr

To utilize the ABCD method with tilted surfaces, the matrices have to be adjusted to
consider the new angle of incidence and the system needs to be evaluated in two different
planes. The effect induced by the optics is not the same for the tangential or sagittal plane,
due to the fact that a tilted circular surface will be elliptical for the incoming beam. This
is a crucial consideration when dealing with problems such as astigmatism. Additionally,
each optical element not only has a matrix for each plane, but also for each propagation
case: reflection, refraction and refraction at the Brewster angle. In this particular case,
the technique was applied to calculate the effect of introducing a tilted concave mirror in
the system. Thus the employed matrices correspond to the parameters for tilted spher-
ical surfaces defined in (Massey and Siegman, 1969) and summarized in Table 5.2. This
study formulates the level of ellipticity introduced by tilted spherical surfaces, breaking
the symmetry of perfectly proportional circular beam shapes. Which is the reason to eval-
uate the system in the tangential and sagittal plane independently, as mentioned before.
Particularly, for laser systems where the beam is considered to be collimated, the value
for R ′ will still be zero. While to calculate the effective waist of the output beam w ′

e f f ,
since the obtained values are now divided into the tangential component of the output
waist w ′

t an and the sagittal one w ′
sag , the resulting output waist is usually expressed as

w ′
e f f =

√
w ′

t an ·w ′
sag .

5.2.3 ABCD matrix implementation example: hemi-spherical cavity

As it was mentioned before, the presented technology is based on a hemi-spherical cavity
as the one depicted in Fig. 5.10. Which corresponds to a simple schematic representa-
tion of the diamond cavity design discussed in this work, that would be explain in detail
in Chapter 6. The Raman laser equations have been developed as explained before, con-
sidering only the diamond and concave mirror that constitute the actual resonator.

The ABCD matrix calculations including spherical tilted surfaces are also implemented
in the design model, so the use of the technique is straight forward once the correct set of
matrices is properly arranged. For instance, the hemi-spherical cavity represented in Fig.
5.10 can be defined as

MABC D =
[

1 ndi aL
0 1

][
1 d
0 1

][
1 0
− 1

f 1

][
1 d
0 1

][
1 ndi aL
0 1

]
, (5.10)
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FIGURE 5.10: Schematic representation of the simulated diamond Raman
hemi-spherical cavity, including the relevant parameters for ray-tracing

calculations [adapted from (Echarri et al., 2022b)].

where each matrix corresponds respectively to the propagation through the diamond
crystal (ndi aL), the consequent propagation from the diamond to the mirror (d), the re-
flection in the concave mirror (which is equivalent to passing through a lens with f =
ROC/2) and the way back to the output of the diamond, that involves another propagation
matrix through the air and a second pass through the diamond. In this design, there are
no spherical tilted surfaces. However, these matrices were implemented as a useful tool
for extending the number of configurations that could be simulated with the software. In-
deed, the z-fold cavity design introduced in Chapter 10 was optimized by means of these
calculations, in order to obtain the most convenient pumping system for the resonator.

The ABCD matrices do not only provide means to calculate the ray characteristics, but
when designing a laser cavity they can also provide key information such as the stability
condition of the resonator. In ray optics, a cavity is considered to be stable when the rays
within it follow the same path after a whole round-trip. Stability is usually characterized
by the m parameter, which is generally related to the ray optics parameters as m = (A +
D)/2, which is obtained from the Sylvester’s theorem. Then, the laser stability condition is
defined as (Kogelnik and Li, 1966)

−1 < A+D

2
< 1, (5.11)

where A and D correspond to the parameters from the resulting ABCD matrix of the
resonator. This way, the required parameters to construct stable cavities can be also cal-
culated with this method.

As mentioned before, not only the model served as a tool for optimizing existing de-
signs, but to efficiently produce new ones. Actually, what follows is the description of
the develop and constructed opto-mechanical prototype based on the presented hemi-
spherical cavity, that was designed with the aid of the presented model, accomplishing a
functional industrial-like device.

5.3 Raman laser prototyping

This section corresponds to the presentation of the opto-mechanical design developed
and constructed based on the know-how acquired from the presented Raman laser studies
and assisted by the mathematical model proposed before. All the drawings corresponding
to the opto-mechanical model presented here are included in Appendix B.
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The construction of a robust and compact prototype was driven by two main pur-
poses. The first was to have a portable quick-to-align device that could be installed and
employed in different facilities at CERN. The principal aim of the tool was extending the
spectral coverage of different pump sources, since the resonator allows a broad range of
pumping wavelengths, and can contribute with new light properties which can enable
new capabilities and potentially improve the facilities operation. The project concerning
the development of this prototype was funded by CERN’s KT program, which required
that the opto-mechanical design allowed the Raman cavity to also operate in single-mode
configuration. The main purpose of this program is to serve as a bridge between the tech-
nology developed at CERN and the industrial world. Thus, the second reason to build the
semi-industrial prototype presented here, was to deliver an early-bird version of a user-
friendly commercial device. A 3D representation of the original design is illustrated in Fig.
5.11, which corresponds to an opto-mechanical design of the hemi-spherical cavity with
adjustable optics and additional elements for both broadband and single-mode opera-
tion.

FIGURE 5.11: 3D model of the opto-mechnical prototype of the diamond
Raman laser for single-mode and broadband operation, in perspective

view.

The resulting prototype presented 50x22x15 cm dimensions and a manageable weight
to be carried by one person. The prototype was designed so that the optical elements
could be easily and fast adjusted, thanks to the flexibility of the design and the fact that
all the elements are pre-aligned directly after the assembly. As can be observed in Fig.
5.12 the first part of the system is identical to the original hemi-spherical cavity, the pump
(beam in blue) propagates through a HWP, then is focused by a lens into the crystal, gets
reflected into the concave mirror and the Stokes output is separated by a dichroic mirror.
The additional elements in this line are the iris in the HWP mount and the small pinholes
on the sides to provide aligning references, while the diamond is placed in a tempera-
ture controller necessary for the single-mode operation. Then, the Stokes orders (beam
in green) propagate through the output delivery system composed of a set of mirrors and
irises. The main objective of using multiple mirrors was to design a system in which the
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multiple Stokes orders separation could be easily achieved. For example, if standard mir-
rors are substituted by dichroic mirrors or filters, additional Stokes selection can be per-
formed by allowing multiple output paths for different wavelengths. The last optical ele-
ment is meant to provide a diagnosis branch by means of a sampler that reflects a small
percentage of the output light into a fiber coupler. This way the output beam can be char-
acterize by direct connection of the fiber into any measurement tool.

Stabilization bar MirrorMirror

Concave 

mirror

Pumping

Output Stokes
Fiber collimator

Temperature 

controller

Dichroic mirror

Focusing lens Sampler

Waveplate

FIGURE 5.12: Top view of the laser prototype opto-mechanical design 3D
model with the beams pathing and each element indicated.

With the aim of making the laser arrangement as flexible as possible, two symmet-
ric side rails and a central rail were manufactured in the chassis of the device along with
generic sliding platforms for each rail. This allows all the holding structures to be inter-
changeable between each other as well as their orientation, enabling different setups if
necessary. Actually, a three independent Stokes output setup was recently employed for
single-mode operation experiments thanks to this flexibility. Moreover, the design allows
fast variations of the setup without altering the current operation. For example, if an ele-
ment needs to be replaced or the output beam delivery is required in a different direction,
these can be modified without interceding in the rest of beam paths neither optical ele-
ments. Another relevant feature is that there is some tolerance to increase and decrease
the cavity length allowing laser outputs presenting higher and lower number of longitudi-
nal modes. However, such a compact and portable design is considerably constrained in
this aspect and alternative designs are required to generate a wide range of multi-mode
pulses.

The prototype can be directly attached to an optical table thanks to the reserved space
in the bottom surface of the chassis to install optical pillars. This way the height of the
device can be adjusted to the beam height of any laser facility by selecting the appropri-
ate pedestal longitude. The constructed devices are depicted in Fig. 5.13, where the two
assembled prototypes for CERN operation appear mounted on a laser table with all the
aforementioned elements included. For safety reasons all the metallic parts exposed to
the beam were anodized in a black matte color in order to avoid dangerous reflections. As
mentioned before, the multiple holes spread around the chassis serve to place the refer-
ence pinholes that support the alignment process.
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FIGURE 5.13: Photography of the constructed laser prototypes with and
without the cover, an additional handle was introduced although it was

not part of the original design.

5.4 Conclusions

The Raman model presented in this chapter and published in the scientific article "Tun-
able diamond Raman lasers for resonance photo-ionization and ion beam production", is
an efficient mathematical approach that can help in the designing process of Raman lasers
as well as provide specific information for the optimization and adjustment of these res-
onators. The tool provides the most relevant parameters concerning the output produced
by a Raman laser being this the polarization state, output power, lasing threshold, wave-
length and beam parameters of both depleted pump and Stokes orders. The simulator al-
lows to evaluate multiple parameters concerning the geometry of the cavity or the pump-
ing pulse characteristics. Since it is combined with the model proposed in Chapter 7, it
also helps to achieve the most convenient design depending on the kind of desired out-
put, whether a certain Stokes order generation is required to maximize in power or the
aim is to produce the most efficient cascading possible. The tool provides visual refer-
ences and specific data for higher Stokes order generation, as it was represented in Fig.
5.9.

Results from both of the experiments presented in Chapter 6 and 7 were compared
with this mathematical model to validate the obtained theoretical data. In general, the
model presents more conservative results when compared to the experimental data, which
is assumable, since the main objective was to develop a complementary designing tool
that provides a trustful design flow susceptible to small adjustments, rather than an highly
precise prediction software. Indeed, the simulator was employed in the design and con-
struction of the described industrial prototype in section 5.3 and a z-fold cavity design that
will be introduced in Chapter 10. Therefore, the applicability and trustfulness of the tool
have been corroborated by the actual design of laser devices that are currently operating
at CERN.



58 Chapter 5. Raman laser design and modelling

Concerning the opto-mechanical prototype, it successfully constituted a first approach
to an industrial version of the proposed Raman resonator, suitable for operating in differ-
ent scenarios. The device was employed and tested in various facilities at CERN including:
early tests at development labs, installation and validation at the RILIS laboratory, contri-
bution on single-mode experiments and operation in other CERN laser facilities such as
OFFLINE-2 and CRIS. OFFLINE-2 is a testbed for potential technology developments for
ISOLDE and will be further discussed in Chapter 10. While CRIS stands for Collinear Res-
onance Ionization Spectroscopy and serves as an alternative laser ionization technique
for ISOLDE. Indeed, thanks to the development of a flexible tool and the collaboration
in single-mode experiments, an additional co-authored publication was achieved titled
Tunable spectral squeezers based on monolithically integrated diamond Raman resonators
and included in Appendix A section A.1.

As a first version of a prototype, the device presented many features to be improved
and changed before an actual industrial product could be manufactured. Although, it
is a convenient and functional first approach, further development and design reviews
would be required to achieve a fully commercial version. Minor issues regarding prob-
lems such as inconvenient holders selection or sub-optimum mechanical parts, can be
easily adjusted for the following versions or could even be directly solved for the current
prototypes with small changes in the system. While the previously considered structural
imperfections just slightly delay the alignment process, which should be better consid-
ered for more advanced versions of the laser source. The major challenge considering
the implementation of the laser in an industrial environment, is to protect or remove the
chemical AR coating located in one of the diamond surfaces and in charge of reducing
spectral effects within the cavity. Here, the operation conditions can be less suitable than
in a dedicated laser laboratory, specially regarding the control of dust and heat levels, that
strongly affect the laser performance. If particles adhere to the coating or the conditions of
the pumping beam change drastically, there is a high chance of damaging the coating and
consequently, degrade or even stop the Raman laser operation. Next steps into the proto-
type development might focus on solving this issue, if operation in such environments is
required.

As a final remark, all the code developed for the Raman laser simulator is provided in
the Appendix C and it was built in a way that the tool can be scalable and further models
or improvements can be easily implemented for future developments.
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Chapter 6

Preservation of the laser spectral
linewidth through cascaded Raman
processes

This chapter describes the conditions required to produce higher Stokes orders resem-
bling the spectral linewidth of the pump laser, while performing efficient SRS cascad-
ing, including a description of the laser setup and the proposed Raman resonator capa-
ble of achieving this linewidth conservation. A brief introduction to interferometry and
the most common measuring tools is also provided in order to better explain the spectral
characterization method employed in this experiment. The chapter introduces the main
objectives, concepts, results and conclusions regarding the publication "Broadly tunable
linewidth-invariant Raman Stokes comb for selective resonance photoionization" (Echarri
et al., 2020), which is included at the end of the chapter in section 6.5.

6.1 Introduction

The aim of this work is to produce a laser source suitable for RIS applications and ion
beam production, that can deal with dye laser’s operational challenges and also bridge the
spectral gap in the Ti:Sapphire lasers’ coverage at RILIS. For this purpose, the laser source
needs to agree with four basic characteristics. First, high repetition rate (≥10 kHz) to pro-
vide high overall efficiency, meaning that the number of atoms that interact with the beam
pulses are maximized. Second, high enough average energy (µJs) to provide high prob-
ability of ionization, meaning that there are enough photons to saturate the transition.
Third, spectral linewidth matching the Doppler broadening of the transitions (5-15 GHz)
to interact with all the atoms of interest, meaning that heated atoms presenting a differ-
ent relative frequencies are also excited. And fourth, continuous tunability in the visible
range (at least 475-550 nm) to gain access to all the elements currently excited by the liq-
uid gain-medium laser sources, meaning that the laser can be tuned to match the atomic
transitions lying in this range without interrupting operation.

As explained in chapter 3, a diamond Raman resonator fulfilling with some of the
aforementioned conditions was presented in (Chrysalidis et al., 2019). However, the cav-
ity configuration was not ideal, and most importantly, the tunability range was not conve-
nient due to the fact that the laser produced just a single Stokes output. To solve this issue
and prove the suitability of the diamond Raman technology for the proposed application,
the SRS capabilities of the resonator need to be further exploited by efficiently cascading
the nonlinear process.

However, the generation of higher Stokes orders does not ensure the desired spectral
coverage. On the one hand, the produced Stokes orders need to present a high enough
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output power to be considered usable orders for the application of interest. For this rea-
son, efficient cascading is required, which strongly depends on the accessible Raman gain
during the SRS process. The proposed resonator here presented an efficiency close to the
quantum limit, which can be achieved when fulfilling with the polarization conditions
to access the maximum attainable Raman gain, managed by controlling the polarization
state of the pump. This polarization dependency with the accessible Raman gain is ex-
plained in detail in Chapter 7. On the other hand, the second condition to consider higher
Stokes orders usable for RIS applications, is that the spectral linewidth needs to match
with the Doppler broadened transition aiming to excite. Which in this case, means that
the Stokes linewidth needs to be similar to that of the pump. However, Raman resonators
producing such output Stokes are not usual, since the spontaneous Stokes noise fields’
linewidth is considerably bigger than the required one, leading to a broadening of the
spectral linewidth (Liu et al., 2000). To overcome with this issue a particular operation
regime must be ensure, as will be seen next.

6.2 Raman laser linewidth

As it was explained in Chapter 4, the Raman transition linewidth broadening in crys-
talline media is normally considered homogeneous. The distribution is assumed to be
a Lorentzian profile and the interaction with a narrow laser line was already described in
eq. 4.21. Here, the linewidth Γ is inversely proportional to what is known as the dephas-
ing time T2, which corresponds to the relaxation time of the final state of the particular
transition. Since

Γ= 1

T2
, (6.1)

the linewidth will be determined by the excited vibrational mode, temperature, and
the different interactions between the excited state and the molecular and lattice vibra-
tions. Which means that Γ is strongly dependant on the selected material for the gain
medium and the experimental conditions. And at the same time, variations in the linewidth
value have a considerable effect in the Raman gain coefficient gR , as it was determined in
eq. 4.23.

Remember that the obtained Raman gain expression is only valid for Raman processes
in the steady-state regime. This temporal regime is determined by the Raman medium
time response and the characteristics of the pumping light. In general, two main temporal
regimes are considered in the literature, steady-state and transient. The first is related to
pump pulses considerably longer than the medium’s dephasing time (τ≫ T2), while the
second is related to any other scenario where τ is similar or smaller than the response
time of the material. Depending on the operation regime, the calculation of the effective
gain ge f f can differ in multiple orders of magnitude, since it is the resulting gain after
considering the effects of the different processes undergoing in each regime and scenario
(Pask, 2003).

In this work, the presented hemi-spherical Raman laser was pumped by a nanosec-
ond pulse Ti:Sapphire laser presenting a spectral linewidth of around 10 GHz, while the
Raman dephasing time T2 in diamond is about 6.8 ps (Waldermann et al., 2008). Thus,
the effective gain calculation and linewidth broadening effects must be evaluated in the
steady-state regime for our particular case, and we can also consider narrowband fields
compared to the Raman linewidth since ∆νp ≪ ∆νv . Under these conditions, the pump
depletion and Stokes generation equations were provided in eq. 5.3, where intensity and
phase fluctuations are slow compared to the material’s vibrations, so the phonon field is
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in steady-state with the rest of the fields, which is why the whole SRS process is considered
in this regime. In this set of equations, it can be appreciated how the phase fluctuations
effect is neglected, since there is no observable effect for the described conditions. There-
fore, the power transfer is "instantaneous", so the fields intensities will only be ruled by
the intensity variations at each particular instant. Now, based on the previous eq. 5.3 and
the described conditions, the overall interaction of the pump field with the Stokes field
can be simplified to (Spence, 2017)

∂IS(z, t )

∂z
= gR Ip (z,τ−µd )IS(z,τ), (6.2)

where propagation is considered in the z axis along the Raman medium and µd corre-
sponds to the group delay difference between the pump and Stokes waves.

To calculate the effective Raman gain ge f f , we must consider the effect of intensity
noise during the SRS process. The ge f f is usually obtained for the average Stokes intensity,
to do so the Stokes intensity in eq. 6.2 must averaged. For laser cavities such as the one
presented here, the resulting waveform must be periodic within the resonator and this
period will be determined by the cavity round-trip time tr t . Assuming this, the amplitude
changes of the discrete modes constituting the laser pulse can be considered slow, same
as with the previously described phase and intensity fluctuations. Which means that by
averaging the field intensity regarding tr t as

Ī (z) = 1

tr t

∫ tr t

0
I (z,τ)dτ, (6.3)

the fast fluctuations regarding minor spectral effects are averaged, while the effect of
slower fluctuations related to the intensity variations are precisely evaluated. Thus, fol-
lowing the averaging process proposed by (Spence, 2017), to consider the intensity noise
effect regarding Stokes and pump interaction, eq. 6.2 would be now

dĪS

dz
= gR Īp ĪS

tr t
∫ tr t

0 Ip ISdτ∫ tr t
0 Ip dτ

∫ tr t
0 ISdτ

, (6.4)

and since ge f f is generally defined as dĪS
dz = ge f f Īp ĪS (Spence, 2017), we can express

the effective Raman gain for narrowband fields as

ge f f = gR
tr t

∫ tr t
0 Ip ISdτ∫ tr t

0 Ip dτ
∫ tr t

0 ISdτ
. (6.5)

This equation is of key importance when it comes to fields correlation, since the whole
term in the right side of gR is referred as the second-order correlation function. Depending
on the value of this term the degree of correlation is determined, ranging from pulsed
fields with no overlap to continuous wave uncorrelated fields.

When it comes to phase noise, the importance of the aforementioned degree of cor-
relation becomes clear, since uncorrelated noise fields usually induce a broadening effect
equivalent to the sum of both the Raman linewidth ∆νv and the pump linewidth ∆νp

(Spence, 2017; Liu et al., 2000). However, when considering dispersion negligible, the
Stokes fields will tend to follow the pump fields, leading to an increment of this corre-
lation. Actually, integrating eq. 6.2 in the absence of dispersion and pump depletion we
obtain the previously introduced eq. 5.1, where it can be observed that the Stokes field will
be greater amplified at the point of higher pump field intensity, meaning that the effect of
the noise fields is reduced and, depending on the intensity levels, even vanished.

In general, in the absence of dispersion the Stokes and pump fields are assumed to
be highly correlated and then ge f f ≈ gR (S. Akhmanov, 1974; Georges, 1982). Being
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under this strong field correlation, while considering the SRS process in steady-state, is
what is referred as coherent Raman scattering regime. Which is indeed the particular
regime where the Stokes field will perfectly follow the pump field resembling the spectral
linewidth of the last, achieving the desired linewidth preservation ∆νS →∆νp .

As explained before, the higher the intensity of the fields within strong correlation is,
the higher the noise suppression will be. In the same way, optimization of the maximal
achievable gain will lead to achieve higher field amplification, which leads to a narrowing
effect around the central wavelength, reason why the maximum attainable gain is com-
monly known as monochromatic gain. When operating at this high-gain limit, and for
our particular case where the pump linewidth is at least five times narrower than the Ra-
man linewidth, the Stokes spectral linewidth will match with the pump thanks to a gain-
narrowing effect ruled by (Raymer and Mostowski, 1981; Berry and Hanna, 1983)

∆νs =∆νR

(
ln2

(g0Ip z)

) 1
2

, (6.6)

where gR here is the just mentioned monochromatic gain and∆νS the Stokes linewidth.
This can eventually lead to a further narrowing effect, which was not observed on the
herein presented work, but it is interesting to mention regarding the design of narrow-
band diamond Raman resonators. Indeed, by evaluating the Stokes intensity for Raman
generators, the following expression is obtained (Spence, 2017)

ĪS(z) = ∆νvp
2π

egR Īp z√
gR Īp z

, (6.7)

when gR Īp z ≫ 1. Which also proves the fact that the closest these lasers operate to the
high-gain limit, the better the linewidth matching of pump and Stokes will be.

To design a Raman laser achieving linewidth preservation of each individual Stokes
order, the design needs to be developed for operating in the denominated coherent Ra-
man scattering regime. Not only because the aforementioned conditions that enable the
linewidth preservation are fulfilled, but because this is attained for all the different Stokes
orders independently within this regime. This occurs thanks to the fact that in this partic-
ular regime there is no significant contribution of the FWM process to the SRS cascading
process, so the targeted spectral characteristics can be directly transferred through the
conversion process. Which was experimentally corroborated as well as the rest of the pro-
posed assumptions.

6.2.1 Linewidth preserving cavity design

The reported Raman cavity presented a nearly quantum limited efficiency and operation
close to the high-gain limit, which was achieved by means of the hemi-spherical laser
cavity design depicted in Fig. 6.1. As observed in the figure and mentioned before, the
device was pumped by a nanosecond pulse Ti:Sapphire laser, detailed in Chapter 3. The
temporal and spectral characteristics of the pump laser lead to the previously described
steady-state behaviour of the Raman process and to an effective gain close to the maximal
monochromatic gain, since the pump spectral linewidth was considerably narrower than
the Raman linewidth of the diamond. Pumping with such long pulses (40 ns) allows also
the required field correlation, fulfilling with all the requirements to enable operation in
the desired coherent Raman scattering regime. Diffraction can be neglected in this case,
due to the fact that the diamond size is small when compared to the Rayleigh length of
the cavity modes. Specifically the Raman crystal was 5 mm long and the concave mirror
closing the cavity was placed at a 50 mm distance from the center of the diamond. The AR
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coating placed at the inner side of the diamond was required to notably reduce spectral
effects introduced by the facets of the crystal (Hernandez, 1986), optimizing the perfor-
mance and efficiency of the laser. The uncoated side of the crystal acted as the output
coupler of the resonator and presented around 85% transmission.

Pump

1st Stokes

(479 nm)

Ti:Sa 2nd harmonic

450 nm output

2nd Stokes

(511 nm)

3rd Stokes

(549 nm)

4th Stokes

(592 nm)

Focusing 

lens

5mm 

diamond

Concave 

mirror

Dichroic 

mirror

Half-wave 

plate
Attenuator

Uncoated AR coating

FIGURE 6.1: Schematic representation of the pumping system and the
hemi-spherical diamond Raman laser proposed for efficient cascading

and linewidth preservation in the visible range.

6.3 High precision spectral characterization

Measuring accurately the linewidth of both, the pump and Stokes, was crucial for the out-
come of this experiment, consequently the selection of a suitable tool with the appropri-
ate resolution was of great importance. In this experiment, an ATOS LM-007 wavemeter
was utilized to measure the wavelength and linewidth of the Raman and Ti:Sapphire laser
sources. The wavemeter is based on a set of four separated thermally stabilized neon-
filled Fizeau interferometers with different base sizes. The sizing determines the range of
measurable linewidths and the device’s resolution, as will be explained next. In this par-
ticular case, the bases sizes were 3, 50, 1500 and 4000µm, which enable measurements
ranging from 0.5 GHz to 500 GHz with a maximum resolution of 40 MHz. For the better
understanding on the impact of these dimensions, what follows is a brief description of
the working principle for Fabry-Pérot and Fizeau interferometers and their implications
when used as measurements devices.

6.3.1 Basic interferometer working principle

Interferometry is the denominated technique in which information of a particular wave
is estimated from the analysis of the interference generated by this wave within a pre-
established system. This device is what is called interferometer and it is accompanied by
a measuring tool to read the generated interference. In the case of light, photodetectors
are typically used for this task. There are many different interferometer configurations,
but they all aim to divide the input light into multiple beams and add them together to
generate the desired interference. A basic example showing the beam division into differ-
ent paths is depicted in Fig. 6.2, where the input beam is divided into N different beams
each propagating through a different path length Li , with a certain amplitude Ai . The
output beam will correspond to the resulting interference generated by adding back all
the previously divided beams (Demtröder, 2002).
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𝐼𝐼𝑁 ∝ 𝐴0
2

𝐼𝑂𝑈𝑇 ∝ (𝐴1𝐿1 + 𝐴2𝐿2 + 𝐴3𝐿3 + …+ 𝐴𝑁𝐿𝑁)
2

L1

L2

L3

L𝑁

FIGURE 6.2: 3D schematic representing the physical values of an interfer-
ometer where the input and output intensities are related by the formula

depicted in the figure.

Since the length of the paths are known and the interference can be precisely mea-
sured, by adequate signal processing and mathematical calculations the properties of the
incoming beam can be estimated, including the wavelength and the linewidth of the ana-
lyzed light beam, among others.

For this purpose, every interferometer relies on the same working principle. Which
is the fact that the total amplitude of the interference formed by all the different beams
propagating at different optical paths Li , depends just on the corresponding amplitudes
Ai and phases φi for each divided beam. At the same time, the phase depends on light’s
wavelength λ as (Demtröder, 2002)

φi =φ0 + 2πLi

λ
. (6.8)

This direct relationship allows to calculate the wavelength of the incident light in quite
a straight way. Indeed, when maximum intensity is measured at the detector, it means
that all the propagating beams are interfering constructively with each other. If so, the
difference between the different optical paths ∆Li j = Li −L j is determined by a non-zero
positive integer n times λ:

∆Li j = nλ. (6.9)

However, this condition is not fulfilled for a unique wavelength, but for every wave-
length λn = ∆L/n. To solve this uncertainty, the free spectral range (FSR) of an interfer-
ometer is defined as the difference between two consecutive λn :

F SR =λn −λn+1 = ∆L

n
− ∆L

n +1
= ∆L

n2 +n
. (6.10)

Since ν = c/λ, the difference between optical paths represented in eq. 6.10 can be
expressed now in the frequency domain as
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∆L = n
c

νn
. (6.11)

Then, by substitution the FSR can also be expressed in the frequency domain as

F SR = νn+1 −νn = (n +1)
c

∆L
−n

c

∆L
= c

∆L
, (6.12)

leading to the elimination of the term n which was limiting the calculation of the spe-
cific wavelength. The expressions considered before were all developed assuming light
propagation in the vacuum and in the absence of dispersion. Depending on the arrange-
ment of the device and the number of beams, interferometers are classified into different
types and categories. Multiple-beam interferometers are the most commonly used ones,
and here two particular examples will be explained in detail, Fabry-Pérot (FP) and Fizeau
interferometers.

6.3.2 Fabry-Pérot interferometer

As just mentioned, all type of interferometers are based on the same working principle,
which in the case of Fabry-Pérot interferometers the mathematical development remains
basically the same. The difference lies on the employed mechanism to generate the differ-
ent optical paths Li . As can be appreciated in Fig. 6.3, the interferometer is not composed
by multiple fixed optical paths as in the general example. It consists on a plane-parallel
resonator with two highly reflective mirrors at a certain distance L. To make a scan at
different longitudes Li , the most common practice in this kind of resonators is to have
an adjustable mirror, so the distance between M1 and M2 can be changed within a wide
enough range. This way control over the FSR and the resolution of the device is provided,
thanks to the fact that they are determined by the sensitivity of the distance displacement
and the maximum reachable distance Li .

Light source Fabry-Perot interferometer

M1 M2

L

Detector

FIGURE 6.3: 3D schematic representation of a Fabry-Pérot interferometer.

Similarly to a FP interferometer, a FP laser cavity will present the same structure, but
including a gain medium and substituting, normally, the plane mirrors for concave ones.
The FSR calculation of a FP cavity can be directly extracted from eq. 6.12, by including the
particular value of ∆L for this case

F SR = c

2L
, (6.13)

since the optical path is two times the physical length of the cavity. In the case of a
FP laser cavity, the FSR plays a vital role in the spectral characteristics of the laser, which
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are key for some of the topics discussed in this thesis. The simplest case would be the
monolithic version of the laser cavity, where the FSR will be adjusted by introducing the
gain medium effect in the formula

F SR = c

2ng L
= c

2Le f f
. (6.14)

Here c is the speed of light, L is the length of the medium and ng = c/vg is the group
velocity refractive index. vg is known as the group velocity, which refers to the overall
speed of the modes or the speed of the pulse envelope. Le f f is known as the effective
length, which defines the equivalent longer distance with regard to the slower propagation
of light through the selected medium.

Thus, the FSR of a laser cavity can be adjusted by the proper selection of the amplifi-
cation medium and the length of it. Therefore, by adjusting these parameters the number
of modes composing a laser pulse can be selected, leading to the generation of whether
broadband or single-mode laser pulses. This is due to the fact that the FSR determines
the distance between the produced modes, as illustrated in Fig. 6.4. So, depending on
the linewidth of the laser pulse ∆ω and the linewidth of the modes, the number of modes
within a laser pulse will vary with the FSR.

Intensity

FSR

Pulse linewidth

Mode linewidth

Frequency

FIGURE 6.4: Example of an arbitrary laser pulse, where the pulse and the
longitudinal modes FWHM linewidth is indicated and the free spectral

range is expressed as the distance between modes.

In general, Fabry-Pérot resonators are not monolithic, so the medium is located be-
tween two mirrors instead. Assuming that the refractive index of air is nai r = 1, the effec-
tive distance Le f f is defined as Lm1 +Lng +Lm2 , being Lm1 and Lm2 the distance to the
first and second mirror, respectively. Which means that in most of the cases the effective
distance Le f f is defined as

∑
i Li ni instead of ng L, while the FSR and number of modes

dependency remains the same. So eq. 6.14 is now

F SR = c

2
∑

i Li ni
. (6.15)
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6.3.3 Fizeau interferometer

Fizeau interferometer arrangement is more complex than the FP one, including more op-
tical elements and different beam characteristics. The precision and resolution of the de-
vice is improved without the need of adjustable or moving elements, such as in the pre-
vious case. To achieve this, an optical flat is introduce in the system and bigger spot size
collimated beams are required, as depicted in Fig. 6.5. The reason for this is the imple-
mentation of an imaging measurement system, in order to exploit the functionality of the
optical flat, which is the element providing the different optical paths in this configura-
tion. The expanded beam hits the wedge surface of the optical flat in such a way that
the reflected image of the beam travels a different distance depending on the hit area.
This leads to a higher number of optical paths than in conventional interferometers, with
higher resolution and faster operation times than in the FP configurations, thanks to the
fact that the displacement of physical optical elements is not required anymore.

Light source

Imaging optics

Collimator

Image sensor

Splitter
Optical flat

Inspected mirror

Top view

d

FIGURE 6.5: 3D schematic representation of a Fizeau interferometer.

Considering the working principle of Fizeau interferometers, the range of measurable
linewidths and the resolution of the device are determined by the optical flat sizing and
the gap distance to the reference mirror d shown in Fig. 6.5. Specifically, the produced
electric field by two sinusoidal light rays with phase φ1 and φ2, interfering together in
different points of the surface, is given by (English, 1953)

E(z, t ) = E1 +E2 = A

[
cos

(
2πz

λ
−ωt +φ1

)
+cos

(
2πz

λ
−ωt +φ2

)]
, (6.16)

being A the amplitude of both waves, which within the interferometer should be the
same for both. The dependency on the flat dimensions is directly proportional to the
propagation distance z, since the length of the different optical paths is determined by
the flat characteristics, as explained before. While the distance d between the flat and the
inspected mirror is proportional to the phase shift ∆φ = φ1 −φ2 between the two signals
and can be expressed as

∆φ= 4πd

λ
+π= 2π

(
2d

λ
+ 1

2

)
, (6.17)

since the path difference is two times the gap d and an additional π phase shift is
introduce by the reflection. Now, to be able to evaluate the dependency of E(z, t ) with
respect to d , ∆φ can be introduce in eq. 6.16 by assuming φ1 = 0 and φ2 = ∆φ. Which
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is true for the calculus of the relative difference between the two beams. The resulting
electric field that would be processed in the image sensor can be expressed as

E(z, t ) = 2A cos

[
π

(
2d

λ
+ 1

2

)]
cos

[
2πz

λ
−ωt +π

(
2d

λ
+ 1

2

)]
. (6.18)

Which is obtained by applying the trigonometric identity for the sum of two cosines:

cos a +cosb = 2cos

(
a +b

2

)
cos

(
a −b

2

)
. (6.19)

Thus, maximum brightness at the sensor is going to be measured when the optical
path is such that there is constructive interference, meaning that

π

(
2d

λ
+ 1

2

)
= nπ and then, d =

(
n − 1

2

)
λ

2
with n = 0,1,2, ... . (6.20)

This way, the wavelength measurements of a Fizeau interferometer can be determined
by relying on the measured brightness in the image sensor and the gap distance d .

6.3.4 Experimental measurements

Precise measurements of the produced Stokes linewidths were performed with the afore-
mentioned four Fizeau interferometers composing the ATOS LM-007 wavemeter. Mea-
suring with all the interferometers at the same time ensures the precision and correctness
of the data, while the herein presented and processed data was originated only by the 3rd

interferometer. This is due to the fact that the base size of this interferometer is 50µm, so
it provides the best resolution for measuring linewidths in the order of 10s of GHz.

FIGURE 6.6: Spectrum measurement of the produced 1st Stokes, provided
by the ATOS LM-007 3rd interferometer.
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The determination of the linewidth was performed over multiple measurements of
each Stokes order. A high enough number of measurements was taken to be able to dis-
card imprecise data readouts due to instabilities or noise, as well as to make sure that a
trustful averaging of the obtained signals could be performed. Consequently all the pre-
sented data is normalized in amplitude, to be able to fairly average all the different per-
formed measurements.

The FWHM linewidth values of the averaged "noise-free" signals was calculated by
integrating the resulting pulses and identifying the points where the integral value corre-
sponded to the 50% of the signal energy, so the linewidth is determined by the two most
distant points. While the wavelength distance between consecutive points is determined
by the ATOS LM-007 supplier, which in this case corresponds to 59.9 nm. An example of
the measurements provided by this tool is depicted in Fig. 6.6, where one of the multiple
1st Stokes measurements of the 3rd interferometer is shown along with the instrumental
width of the device.

6.4 Conclusions

We demonstrated an alternative solid-state laser source operating in the visible optical
range for nuclear research studies, such as RIS experiments. In particular, it was proven
that the herein presented diamond Raman resonator is capable of replicating the pump’s
linewidth (11±1 GHz) while extending the spectral coverage of the utilized Ti:Sapphire
laser. This was achieved by efficiently generating a frequency comb with a conversion
efficiency over 60 % from pump to all Stokes orders together. Which is an unprecedented
feature for this kind of technology and enables its use for spectroscopy experiments at
ISOLDE-RILIS and other photo-ionization facilities. Indeed, the laser was tested in a RIS
experiment where an atomic Calcium transition was successfully excited and could be
precisely measured, proving the capabilities of the technology.

The main contribution of this study to the field of research is the proof of a compact
and robust design that can perform efficient cascading of the SRS process while preserv-
ing the linewidth of the pumping source. This outcome demonstrates that the design was
optimized and fulfilled the requirements to operate in the previously described coherent
Raman scattering regime, responsible for the Stokes noise suppression and the novel per-
formance of this diamond Raman resonator. This way, the characterization of this cavity
has helped in the development of the Raman laser design model presented in Chapter 5
and the better understanding of the cascading process.

Indeed, to achieve efficient cascading for the higher Stokes orders generation, there
is a key parameter to consider, which enables access to the maximum attainable Raman
gain for the cascading process. This is the polarization state of the pump, which will de-
termine if the amplification of the Raman gain is optimize for first Stokes generation or
SRS cascading. Here, a first approach with analytical solutions to determine the optimal
values for this scenario is included (section 6.5). In the following Chapter 7, a full study of
light propagation through different crystallographic axis in diamond is provided, in order
to determine the Raman gain polarization dependency in this type of cubic crystals. The
study was supported and engaged by the results obtained during the characterization of
this hemi-spherical cavity.

In conclusion, this work proved the suitability of the diamond Raman resonator to
continuously cover a wide spectral range, while fulfilling with the desired power, repeti-
tion rate and linewidth requirements for RIS applications. Which led to a first demon-
stration of the suitability and potential of the technology to be utilized in pure ion beam



70
Chapter 6. Preservation of the laser spectral linewidth through cascaded Raman

processes

production facilities. To completely demonstrate this capability, efficient ionization test-
ing needs to be carried out. Given that the spectral modes distribution of the Raman and
Ti:Sapphire lasers are very different to each other, the efficiency of these sources while
performing a photo-ionization process may be significantly different, so a comparison
is needed. The impact of altering the spectral properties of a laser pulse for this kind of
processes is widely discussed in in Chapter 9, where a mathematical model is proposed.
While, the experimental results concerning the comparison of both light sources when
performing the ionization of Samarium atoms are presented in Chapter 10.
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Abstract: We demonstrate a continuously tunable, multi-Stokes Raman laser operating in the
visible range (420 - 600 nm). Full spectral coverage was achieved by efficiently cascading the
Raman shifted output of a tunable, frequency-doubled Ti:Sapphire laser. Using an optimized
hemi-spherical external Raman cavity composed only of a diamond crystal and a single reflecting
mirror, producing high power output at high conversion efficiency (>60% from pump to Stokes)
for a broad range of wavelengths across the visible. Enhancement of the cascading was achieved
by controlling the polarization state of the pump and Stokes orders. The Stokes outputs exhibited
a linewidth of 11 ± 1GHz for each order, resembling the pump laser linewidth, enabling its use
for the intended spectroscopic applications. Furthermore, the Raman laser performance was
demonstrated by applying it for the resonance excitation of atomic transitions in calcium.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tunable lasers enable the study of electronic structure in atoms and molecules with high precision
[1], granted that the parameters of excitation of light are matched to the quantum transitions
in the species under study. In most cases, this implies that it is highly desirable to utilize
lasers with emission linewidth matched to the experimental conditions, while maintaining the
required wavelength tunability and peak power [2]. For the particular application of resonance
ionization spectroscopy (RIS) [3], optimal efficiency requires that the laser linewidth is matched
to the Doppler-broadened atomic lines, including fine and hyperfine structure splittings, which
can typically be in the range of 5-15GHz. Due to its high sensitivity, the method of laser
resonance ionization is broadly used in studies of rare and radioactive atoms [4]. In particular,
at ISOLDE/CERN and other on-line isotope separation facilities, radioactive ion beams are
produced using the Resonance Ionization Laser Ion Source (RILIS) technique [5].
The energy range of strong electronic transitions in atoms corresponds to a broad spectral

range from the UV to the IR. In the RILIS setup at ISOLDE/CERN, wide spectral coverage is
achieved by combining dye lasers with Ti:Sapphire lasers [5–7]. Complemented by harmonic
generation, the RILIS laser system is capable to cover the spectral range of 210-950 nm. However,
tunable light in the visible range is generated by dye lasers, which require more maintenance (due
to laser-dye degradation) in comparison to fully solid-state laser systems. Dye laser maintenance
when producing wavelengths < 540 nm, which requires UV pumping, is particularly challenging.
The Raman effect in crystalline media offers a convenient and reliable all-solid-state alternative
to the dye laser, bridging the 450-650 nm range that is not easily covered by Ti:Sapphire laser
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[8]. This solution avoids the need of frequent dye exchanges and therefore enables continuous
long-term operation. Stimulated Raman Scattering (SRS) has already shown great potential for
this purpose: the efficiency levels surpassed other non-linear optical techniques such as wave
mixing or frequency doubling [9], and when a resonator is used they cleanup the pump laser
profile producing high quality and brightness beams [10].
Recently, a Raman resonator was proposed for RIS applications [11], producing tunable,

linewidth-invariant, 1st Stokes output with a power conversion efficiency of 28%. This initial
study was limited to the generation of only the first Stokes order. While its output was already
useful for some spectroscopic experiments, its wavelength coverage was essentially limited to
a single Raman shift in diamond (∆ωR = 1332 cm−1). Cascading the Raman process has the
potential to extend the wavelength coverage considerably at no cost maintaining its high-intensity
operation [12]. There are multiple demonstrations of efficient cascaded Raman lasers, however,
the magnitude and behaviour of the Stokes linewidth through the cascading process has yet to be
studied in detail [9,12,13]. In this work, we performed linewidth measurements of the cascaded
orders in order to identify the conditions required for generating higher-order Stokes emission
with nearly identical spectral properties.

Fully continuous tunability using cascaded Raman conversion is reached when the tuning range
of the pump laser is larger than the Raman shift (∆ωP > ∆ωR). To the best of our knowledge, the
present work represents the first demonstration of such performance across the visible spectral
range. In general, most Raman crystalline materials produce a shift between 770 - 1085 cm−1 [9],
which at a pump wavelength of 400 nm set a minimum tunability requirement of ∼ 16 - 23 nm.
Consequently the second harmonic of a Ti:Sapphire laser is a natural candidate for producing
multiple Stokes orders covering the entire visible spectral range.The choice of Raman media
depends upon multiple factors, including ∆ωP, the Raman gain, and the spectral range to be
covered. Of the Raman active crystalline materials suitable for lasing between 420 - 600 nm,
diamond is the most suitable for operating at high power [14,15] and provides a large Raman shift
combined with high Raman gain [16,17]. The wide spectral transparency of diamond enables
its use for producing light from the deep-UV [18] to the mid-IR [19], it has been integrated
on a chip [20], and monolithic versions have been realized [21]. Currently, single longitudinal
mode (SLM) diamond Raman lasers are being employed in applications such as gas detection
experiments [22]. The study of spectral effects in Raman lasers is a growing area of research,
although spectral effects in cascaded Raman processes remain poorly understood [23].
In this paper, we present a flexible, compact and efficient cascaded Raman laser covering

the entire visible spectral range (420 - 600 nm) using an optimized resonator design. The
experimental results are accompanied by the theoretical description of the dependency of the
cascading efficiency on polarization, and the conditions to maintain the pump laser linewidth
for higher Stokes orders. Furthermore, we show the first demonstration of GHz-resolution
spectroscopy utilizing a Raman laser.

2. Fully tunable cascaded Raman laser

A schematic diagram of the experimental setup is shown in Fig. 1. The pump light at 450 nm
was provided by an intra-cavity frequency-doubled Ti:Sapphire laser with a Z-cavity layout (for
further details see [7]). Frequency selection was obtained by the combination of an intra-cavity
birefringent filter and a thin (0.3mm) Fabry-Perot etalon, while frequency conversion was
achieved using a 6mm long BiB3O6 (BiBO) crystal. The tunability range covered wavelengths
from 350 - 450 nm. The system produced approximately 1.2W of average power at 10 kHz
repetition rate with a pulse duration of 50 ns. A broadband zero order half-wave-plate (HWP)
was placed in the pump beamline to enable polarisation rotation. The output was focused
into the diamond crystal using a +150mm focal length lens, producing a waist of 60± 5 µm in
diameter. The linewidth (FWHM) of the Ti:Sapphire output was measured with a wavelength
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meter (LM-007 (CLUSTER LTD Moscow)), and was found to be 10.4± 0.2GHz. This linewidth
is about a factor of

√
2 wider than the fundamental linewidth of the Ti:Sapphire laser at 800 nm.

Fig. 1. Schematic layout of the Raman laser set up: An intra-cavity frequency-doubled
Ti:Sapphire laser at 450 nm was used for pumping a diamond crystal. The cavity (dotted
box) consists of a hemi-spherical resonator. The output coupler of the Raman cavity is the
uncoated diamond surface at the pump-input side. Optical elements are not shown to scale.

The Raman medium is a synthetic single-crystal diamond (low-birefringence, low-nitrogen,
CVD-grown single crystal, from Element Six Ltd.) with dimensions of 5mm (length) x 5mm
(width) x 1mm (height) and plane-cut for beam propagation along the <110> axis. In order to
minimize potential spectral effects introduced by the diamond crystal faces [24], one of them was
covered with a broadband (450 - 650 nm) anti-reflective coating. The laser cavity was therefore
encompassed by the uncoated diamond surface (the output coupler) and the broadband-reflective
concave spherical mirror (ROC= 50mm) , as depicted in Fig. 1. The output coupling was 85%,
which was optimal for the used pumping configuration within the available standard optics
(∼100 µJ, 60 µm diameter spot).

The resonator shown here is substantially different from the previously reported extra-cavity
nanosecond diamond Raman lasers [11,25–27]. In our case, the low pulse energy (in the
∼100 µJ level) necessitates a small beam waist in the resonator cavity, conducive to the use of
short focal length concave mirrors. This led to an effective resonator length as short as 5 cm,
improving the Raman conversion efficiency. The output of the Raman cavity was collinear and
counter-propagating with respect to the pump beam, and so a flat short-pass dichroic mirror with
a cutoff wavelength of 420 nm was used for separating the Stokes outputs from the pump. To
enable broadband operation, the angle of this dichroic mirror was adjusted to obtain an optimal
combination of pump transmission and Stokes orders reflection. The Stokes output orders were
then separated by a dispersive prism.

The diamond crystal tip-tilt angles and distance with respect to the curved mirror were adjusted
in order to maximize the cascaded Stokes output power, obtaining a well-matched cavity waist
of ∼60 µm in diameter (1/e2). The optimal distance between the input diamond surface and
the mirror was found to be approximately 48mm. The total round-trip time of the cavity was
estimated to be 0.37 ns, which is 2 orders of magnitude less than the pump pulse duration of
50 ns, enabling highly efficient Raman conversion.

2.1. Higher-order Stokes gain and polarization

The generation of the second and higher-order Stokes can be seeded by a parametric four-wave
mixing (FWM) process. The contribution of the parametric coupling to SRS power is however
dependant on the fulfillment of the phase matching condition for partly degenerate FWM:

2kj = kj-1 + kj+1 (1)
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where j is the number of the SRS component (j<0 for an anti-Stokes wave, j>0 for a Stokes wave,
and j = 0 for the SRS pump wave). kj is the wave vector of the FWM pump, and kj-1 and kj+1 are
the wave vectors of the neighbouring SRS components, which are the signal and idler waves of
the FWM process. For collinear geometry a phase mismatch is produced, and can be calculated
from the equation:

∆kj = kj-1 + kj+1 − 2kj. (2)

Here kj, kj-1 and kj+1 are the moduli of the corresponding wave vectors. Generally, this expression
violates the condition (1). The principal cause for the phase mismatch is the dispersion due to the
refractive index of the medium, which weakens the efficiency of the parametric coupling [28]. In
this paper, we therefore assumed that the FWM contribution for Stokes generation was negligible.
We now then derive equations for non FWM-seeded conditions. This approximation is

equivalent to assuming that the nth Stokes wave experiences SRS gain pumped exclusively by the
(n − 1)th Stokes field, with gain and polarization depending only on the (n − 1)th Stokes order
polarization and intensity.

In general, the Raman scattering tensors describe the direction and magnitude of the induced
polarization in the Stokes orders as a function of pump polarization angle. The net effect of the
Raman scattering tensors can be formulated as a Müller matrix that allows a direct calculation of
the polarization effects in the Raman scattering process [29]. For propagation along the <110>
axis, the Stokes polarization and the Raman gain coefficient depends on the polarization of the
pump laser by S =M<110>P, where the vectors S and P are the polarization states of Stokes and
pump waves respectively represented in the Poincaré sphere. M<110> is the Müller matrix for the
propagation direction along <110>.
Typically the vibrational modes can either be A, E or F in a diamond lattice. In our

experiments, we concluded that the Fmodes were excited preferentially by performing polarization
measurements. While the 1st Stokes polarization rotated 90° with respect to the pump polarization
angle (for ψ<100> = 0°), the higher Stokes orders tended to be polarized in the vicinity of the
54.7° angle (i. e. aligned with the <111> axis).
For such excitation arrangement, it can be shown that the Stokes gain is proportional to:

gS ∝ IP + IU/2, where IP =
√

S22 + S23 + S24 and IU = S1 − IP. Analytically, this corresponds to an
ith Stokes polarization angle given by:

θi =
π

2
− 1
2

[
arctan

(
2sin(2θi−1)

1 + cos(2θi−1)

)]
(3)

where θi−1 is the polarization angle of the lower Stokes order, and θ0 = ψ<100> is the pump
polarization angle. Analogously, it is possible to obtain analytical expressions for each Stokes
order’s gain gSi scaling as a function of lower order polarization angle (θi−1):

= gSi ∝ 3 − cos(2θi−1) +
√
2 + 2cos(2θi−1) + 3sin2(2θi−1) (4)

Figure 2 shows the gain and polarization of three cascaded orders as a function of the pump
polarization angle with respect to the <100> axis. As can be seen, for input polarization along
the <111> axis, all Stokes orders have the same polarization and the highest gain [25]. This is
the most efficient approach to cascading.
In order to inhibit the cascading, it is possible to simply align the pump polarization angle

parallel to the axis <100>. The first Stokes would then have a perpendicular polarization
with respect to the pump, while the gain for higher cascaded orders would be suppressed.
The polarization angle of all higher Stokes orders converge to the <111> axis angle (54.7°).
Consequently, it is not possible to use polarization-tuning to optimize the cascading into a specific
higher Stokes order.
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Fig. 2. (top) Polarization angle of ith Stokes order as a function of pump polarization angle
with respect to the <100> crystallographic axis. (bottom) Relative Raman gain of ith Stokes
order as a function of pump polarization angle with respect to the <100> crystallographic
axis.

2.2. Measurements of the conversion efficiency for optimal pump polarization states

When optimized for 1st Stokes generation, the slope efficiency was measured to be 93%, with an
absolute efficiency of 42% at maximum pump power as it can be seen in Fig. 3 and Table 1. The
measurements for the 2nd Stokes were performed with polarization parallel to the <111> axis,
and yielded a slope efficiency of 57%. The 3rd Stokes lasing threshold did not allow accurate
calculation of its slope efficiency. These results where obtained by optimizing the average
power of each Stokes order. As shown in Fig. 3, the values at which the 2nd and 3rd Stokes are
maximized, correspond to 54°± 1◦ and 52°±1◦ respectively. This confirms the theoretical result
obtained earlier, where the angle of maximum cascading to higher Stokes orders was shown to be
54.7°.

Table 1. Summary of cascading performance for various input parameters at a pump power of
932 mW

ψ<100> θi Power Conversion eff.

1st Stokes 0◦ ± 1◦ 90◦ ± 1◦ 400 mW 42%

2nd Stokes 0◦ ± 1◦ 50◦ ± 1◦ 139 mW 15%

3rd Stokes 0◦ ± 1◦ - - 0%

1st Stokes 54◦ ± 1◦ 54◦ ± 1◦ 322 mW 35%

2nd Stokes 54◦ ± 1◦ 54◦ ± 1◦ 180 mW 19%

3rd Stokes 52◦ ± 1◦ 54◦ ± 1◦ 40 mW 3%

To provide further evidence of the near quantum limited operation, we also measured the
residual pump power and the output Stokes power simultaneously as well as their temporal
profiles, for a pump polarization angle of ψ<100> = 0◦ (shown in Fig. 4). The losses due to
each optical element were calibrated with the un-depleted pump pulse in order to minimize
experimental errors. For a maximum pump power of 932mW, approximately 400mW of 1st

Stokes output was produced (power conversion efficiency of 42%). The pump pulse temporal
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Fig. 3. Measured output power and slope efficiencies for the first three Stokes orders. qd
is the theoretical slope efficiency for the 1st Stokes taking into account solely the quantum
defect. The pump polarization angle was adjusted to optimize output power at each Stokes
order. When optimizing between the 2nd and 3rd Stokes orders, the improvement in power
from tuning the pump polarization angle was small.

profile exhibited a sharp leading edge and a slowly decaying tail that does not contribute to
Raman conversion, and results from the design of the gain-switched Ti:Sapphire resonator optical
elements. Consequently, the Raman lasing threshold was quickly reached, producing in turn
pulses with a steep leading edge resembling that of the pump pulse.

In terms of the peak power conversion efficiency, the pump laser peaked at 2.7 kW, whereas the
1st Stokes was 1.1 kW (40% peak power conversion efficiency) with a pulse duration of 35 ns. We
again calculated the slope efficiency from the synchronized temporal profiles with a bining larger
than the cavity photon lifetime. Note that this method does not take into account the contribution
of the pump pulse trailing edge that falls below lasing threshold. This measurement yielded
a slope efficiency of approximately 92 ± 2%, which validates the measurements performed
for the Stokes power and slope efficiencies given in Fig. 3. The fact that the measured slope
efficiency is marginally lower than the quantum efficiency is possibly owing to minor parasitic
losses at the pump and Stokes wavelengths. Analogously, the 2nd Stokes presented a 15%
conversion efficiency, while its peak power conversion efficiency was approximately 27%, with a
pulse duration of 20 ns (54 round-trips). Once the second Stokes threshold was reached, partial
conversion of first Stokes to 511 nm hinders subsequent conversion of the pump to the first Stokes.
This is observed by a small positive slope in the residual pump signal.

The output beam quality was measured using a beam profiler (Coherent Inc. LaserCam-HR
II) for all Stokes orders when the cavity was optimized for cascading. All orders exhibited
a beam quality of the order of M2 < 1.3, and slightly smaller than the one measured for the
Ti:Sapphire pump laser, beam profiles are illustrated in Fig. 5. A table summarizing the cascaded
performance for various pump polarization angles is given in Table 1.
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Fig. 4. Averaged pump, residual pump and Stokes pulses for pump polarization aligned
with the <100> axis.

Fig. 5. Measurement of the Stokes near-field beam profiles including the 1st, 2nd and 3rd

Stokes orders.

3. Linewidth of Stokes orders

The same LM-007 wavelength meter used to characterize the pump laser was employed to measure
the Stokes output linewidth with a resolution of <0.5GHz. The LM-007 is based on a block of four
separated thermally stabilized neon-filled Fizeau interferometers that have different bases (3 µm,
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50 µm, 1.5mm and 40mm) allowing the spectral characterization of lasers with linewidth ranging
from 0.5 - 500GHz with a resolution up to 40MHz. For our experiment, although we used the
four interferometers simultaneously, only interferometer 3 (with base of 1.5mm) was well suited
to measure the Stokes spectral profiles. The averaged output spectra of the pump, along with the
1st, the 2nd and the 3rd Stokes are depicted in Fig. 6. Here, the Stokes outputs were measured
for the same pump power and polarization conditions (900mW, ψ<100> = 54◦), optimized for
cascading. The results indicate that the output Stokes orders linewidth (at FWHM) match that
of the one of the pump laser with a maximum deviation of < 1.6± 0.2GHz. The measured
Stokes linewidths were ∆νS1 = 11.5± 0.3GHz, ∆νS2 = 9.9± 0.6GHz, and ∆νS3 = 12± 0.3GHz,
for 1st, 2nd and 3rd orders, respectively. The spectral lineshape was close to Lorentzian for both
pump and Stokes orders. To our knowledge, this is the first time that the cascaded orders of a
narrow-linewidth Raman laser have been spectrally characterized, demonstrating their potential
for spectroscopic applications in an extended wavelength range.

Fig. 6. Measured spectral profiles of (a) pump, (b) 1st Stokes, (c) 2nd Stokes, and (d) 3rd

Stokes, using the LM-007 wavelength meter. The spectra were recorded using an integration
time of 0.1 s (1000 shots) and a Fizeau interferometer base of 1.5mm (FSR= 59.9GHz,
instrumental width= 5.26GHz, resolution < 0.5GHz).

3.1. Coherent Raman scattering regime

Noticeably, the pump field linewidth was considerably smaller than the spontaneous Stokes noise
fields bandwidth (typically> 45GHz [30]). Since the pump laser linewidth (∆νp = 10.4± 0.2GHz)
allows fluctuations shorter than 100 ps, and much longer than the dephasing time (T2 = 6.2 ps for
diamond [31]), the Raman gain is considered to be in the ’steady-state’ regime. The linewidth
of the Stokes field is then dictated by the temporal correlation with the pump field. For high
intensity pumping fields, the fields are highly correlated, producing a normalised Stokes field
that is nearly identical to the fundamental field. Under these conditions, the phonon field is
coherently driven to its steady-state value, with the correct phonon phase to coherently scatter the
fundamental photons into the Stokes field, achieving the maximum (or monochromatic) Raman
gain. This is normally referred as coherent scattering regime.
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The cascaded generation of the (n + 1)th Stokes order is rapidly amplified to match the nth

Stokes order field. We have observed this phenomena in the temporal profiles, where the 2nd

Stokes profile follows precisely the 1st Stokes temporal profile for single-shot traces. In this
case, the phonon field that scatters the fundamental field into the 1st Stokes also scatters the nth

Stokes order into the (n + 1)th Stokes order, thus maximizing Raman gain through the cascading
process. In the frequency domain, the consequence is that all Stokes orders replicate the pump
field spectral profile, as shown in Fig. 6.

Even if the pump and 1st Stokes linewidths are nearly identical, the pump has around 25 modes
within its linewidth whereas the Stokes has only 3 modes within its linewidth. In general, the
number of possible FWM seeding modes generated by M pump modes and N 1st Stokes modes
is M × N modes at the 2nd Stokes wavelength. However, since ∆νp = ∆νS1 = ∆νS2, the number
of allowed FWM modes within the 2nd Stokes linewidth is reduced to (M × N)/2. FWM can
seed in principle ∼ 38 modes within the 2nd Stokes linewidth, but only 3 of them are allowed
by the resonator effective length. For effective FWM seeding, ∼ 3 of the ∼ 38 potential FWM
seeding modes must overlap spectrally with the allowed longitudinal modes. Statistically, the
majority of the output pulses are not FWM seeded. Nonetheless, FWM can still be a dominant
force in the early Raman amplification stages. In the frequency domain, the 2nd stokes could be
off-mode-centre during the seeding stage due to phase rotation of the mode caused by the seeding,
and then come to mode-centre when SRS dominates and the seeding becomes irrelevant.
In order to preserve the linewidth through the cascading process, the pump and Stokes fields

must remain highly correlated. However, group velocity dispersion (GVD) causes slippage
between the fundamental and Stokes orders envelopes, potentially preventing correlations from
building up and even removing existing correlations. Since the cascading process produces light
at ever longer wavelengths, dispersion starts to play an important role in the correlations. Even
though the GVD may be relatively small between the fundamental and 1st Stokes wavelengths, its
cumulative effect after multiple cascaded processes can be detrimental. Here, we define a limit
for the dephasing length (zd) between the fundamental and the nth Stokes order. Dephasing time
zd is defined as the propagation length over which the temporal structure in the fundamental field
stays overlapped with a point on the higher-order Stokes envelope. Expressions for zd have been
obtained analytically for top-hat spectral distributions [23]. In our case, for Lorentzian spectra of
half width ∆νp/2, the characteristic temporal structure has a duration of τ = 1/(π∆νp), where
zd = 1/(2π∆νp |µ|). Here |µ| is the group delay difference per meter between fundamental and
Stokes fields.

For excitation at 450 nm and 3rd Stokes generation, the average |µ|ps3 for the cavity is≈ 24.9 ps/m
, yielding an average zd ≈ 58 cm. This length is 6× longer than the total propagated length
per cavity lifetime, accordingly GVD is negligible for our case. It is clear from this argument,
however, that Raman cavities with higher reflectivity and pumped by broader linewidth fields are
more subject to weaker field correlations through the cascading process. In order to maintain
correlations, increasing the pump intensity may be sufficient so that the fundamental field can
imprint its structure on the Stokes beam faster than that structure becomes misaligned.

Thus, for spectroscopic applications, it is preferred to operate in the coherent scattering regime
with high gain and large output coupling, forcing the linewidth of the Stokes orders to be identical
to that of the pump. It is worth noting, that the free spectral range (FSR) of the pump laser and
the Raman resonator are 300MHz and 3GHz respectively. The Stokes field is composed of only
3 longitudinal modes, but still capable of duplicating the pump field temporal profile accurately,
even if the mode spacing differs by a factor of ∼ 10. The profiles depicted in Fig. 6 are spectral
averages over 1000 shots (with randomly positioned longitudinal modes), while individual shots
showed wide mode spacing (3GHz) as expected for the Stokes output.
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3.2. Excitation of atomic transitions using the diamond Raman laser

In order to demonstrate that this few-mode Raman laser can be effective for the same spectroscopic
application of the pump beam itself, we have performed resonance ionization spectroscopy of
calcium, using the atomic transition 4s2 1S0 → 4s4p1P0

1 at 422.79 nm. A collimated beam of the
1st Stokes output of the Raman laser was crossing an atomic Ca beam in a perpendicular geometry
inside the ionization chamber of a time-of-flight mass-spectrometer. The residual Doppler and
saturation broadening of the transition was < 1GHz, resulting in a dominating contribution of
the Raman laser linewidth to the observable width of the spectral resonance.

The tuning of the Stokes wavelength was performed by tuning the wavelength of the Ti:Sapphire
laser around 400.25 nm which was calculated from the known values of Ca transition [32] and
Raman shift in diamond. The resonantly excited Ca atoms were ionized by the 389.71 nm
radiation of another frequency-doubled Ti:Sapphire laser operated synchronously with the Raman
laser. The produced Ca+ yield was measured with a time-of-flight spectrometer, while the
wavelength of the Raman laser was measured simultaneously using a HighFinesse/Ångstrom
WS/6 with a resolution better than <0.066 cm−1. The schematic of the atomic transition alongside
with the experimental results are shown in Fig. 7. As it can be seen in Fig. 7(b), the resonance had
a FWHM of 11.9± 0.3GHz, corresponding to the convolution of the Raman 1st Stokes output
with the Ca transition, demonstrating that our Raman laser can be effectively employed for RIS
applications. Details regarding this experiment will be given in [33].

Fig. 7. (a) Diamond Raman shifting and Ca transition 4s2 1S0 → 4s4p1P0
1. (b) Scan of the

Raman laser pumping wavelength demonstrating a resonance excitation of the Ca atomic
transition at 422.79 nm (vacuum).

4. Conclusions and outlook

We demonstrate an all-solid-state continuously tunable laser across the visible range of the
spectrum (420 - 600 nm) based on efficient cascading of Raman processes in diamond. We have
shown and optimized the design of a Raman converter that simultaneously conserves the pump
linewidth while exhibiting a combined conversion efficiency surpassing 60% from pump to
higher Stokes orders. We identified the conditions for maintaining the Stokes linewidth through
the cascading process, showing that ∆νs = 11± 1GHz for all orders. This measurement shows
that our Raman laser can be effectively used for spectroscopic applications such as RIS of an
atomic vapour.

We also show that optimization of the cascading to higher Stokes orders is achieved by tuning
the polarization state of the pump. Additionally, we derived this analytically, showing that
maximum cascading is obtained using ψ<100> = 54.7°, with all Stokes orders polarized parallel to
the <111> axis. In the same way, these analytical expressions are not only capable of predicting
the relative gain, but also the output polarization of the orders. We concluded that in order to
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preserve the Stokes linewidth through the cascading process it is preferable to operate in the
coherent Raman scattering regime, where the field amplitudes of pump and Stokes are highly
correlated in the temporal domain. Several factors need to be considered in order to achieve high
correlation, in particular: short cavity photon lifetime, high pump intensity, high Raman media
gain and low dispersion, and large FSR of the Raman laser cavity.

Furthermore, to the best of our knowledge, this is the first time that a solid-state Raman laser
is used for RIS, demonstrated by exciting an electronic transition in calcium at 422.79 nm. The
next steps involve the development of narrower and variable linewidth Raman lasers and at a
wider range of wavelengths for spectroscopic studies of rare and short-lived isotopes at CERN
and other facilities.
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Chapter 7

Cascaded Stokes Raman gain and
polarization state

We previously determined the importance of accessing the maximum Raman gain for the
efficient cascading of the SRS process and we also observed that the polarization state of
the pump has a great impact on this. Consequently, a detailed study of the Raman gain
dependency with the pump polarization state and the control of the output polarization
state of the higher Stokes orders was performed. The previously presented analytical so-
lution is extended to more general cases, while a mathematical model to predict adjacent
Stokes generation is proposed here. A full introduction to light propagation through Ra-
man crystals, along with the description and implementation of the most common char-
acterization techniques is also provided in this chapter. The chapter introduces the main
objectives, concepts, results and conclusions regarding the publication "Cascaded Stokes
polarization conversion in cubic Raman crystals" (Echarri et al., 2021), which is included
at the end of the chapter in section 7.4.

7.1 Introduction

In light of the results obtained in previous experiments and their reliability compared to
the theory, a more detailed study of the higher Stokes orders behaviour was performed,
taking into account the dependency on the pump polarization state. Specifically, the pro-
posed mathematical approach predicts the output power and polarization state of neigh-
bour Stokes orders, following a Markovian-style implementation similar to the example
depicted in Fig. 7.1. The formulated theory was compared and contrast with the obtained
experimental data.

S1
𝜔𝑝 𝜔1

𝜔𝑝ℎ

S2
𝜔2

𝜔𝑝ℎ

𝜔𝑛−1

Sn
𝜔𝑛

𝜔𝑝ℎ

Electron interaction vertex

Hole interaction vertex

FIGURE 7.1: Schematic representation of a Markovian-style model that
represents the direct relationship between neighbour Stokes within the

proposed model.



84 Chapter 7. Cascaded Stokes Raman gain and polarization state

The main objective of this study was to find a mathematical approach to generalize the
formerly developed analytical expression to calculate adjacent Stokes orders polarization
state when propagating along the <110> crystallographic axis. Which was described in
Chapter 6 section 6.5 (eq. 3).

In this research, an extended mathematical solution that enables prediction for all
the different propagation directions allowed in cubic Raman crystals is presented. The
aim is to support Raman lasing design by helping in the selection of a suitable system
for whether optimal 1st Stokes generation or maximum efficiency in cascaded Stokes pro-
duction. Pivotal considerations for this purpose are provided next and were consequently
implemented in the design assisting simulator described in Chapter 5.

7.2 Cascaded Raman scattering process in cubic crystals

Light propagating through a Raman crystal will by affected very differently in terms of
amplification and polarization state depending on the kind of crystal selected. In gen-
eral, six main crystal types are considered according to their molecular structure and lat-
tice distribution: monoclinic, orthorhombic, trigonal, tetragonal, hexagonal and cubic
(Loudon, 1964). For the particular case of diamond, the crystal structure is cubic, which
corresponds to a cubical arrangement of the atoms in the unit cell.

The vibrations produced within a Raman crystal can be characterized by the well-
known algebraic object called tensor. Raman tensors are widely used to calculate and
simulate the behaviour of light when propagating through this kind of medium. There are
three different vibration classes in cubic crystals, known as A, E and F. Each of the classes
can be represented by its corresponding tensor or, in the case of class F, a set of tensors for
each Cartesian axis (Loudon, 1964). These class F vibrations are the most prevalent type
of vibrations within cubic crystalline structures and their effect can be considered among
the other ones (Edwards and She, 1972). Thus, the herein presented model is specifically
developed for the Raman tensors applicable to F vibrations in cubic crystals, which is the
case for diamond.

The response of a crystal is strongly related to the crystallographic axis through which
photons propagate; specially for diamond, since it is an extremely anisotropic material,
so it presents very different characteristics depending on the chosen crystallographic axis.
For instance, only the photons with access to the <111> axis can be amplified by the maxi-
mum available Raman gain. A 3D representation of the diamond unit cell and the notation
employed to define the crystallographic axis of this material is illustrated in Fig. 7.2.

In the experiment, the employed diamond crystal was grown in the [100] direction
and light was propagated through the <110> crystallographic axis. To gain access to the
aforementioned <111> axis, that allows optimal gain operation, the polarization state of
the pump light needs to be controlled, as this is the key parameter that provides access
or not to a particular axis. Here, the required angle for all Stokes orders gaining access to
this axis is ±54.7◦ with respect to the [110] crystallographic direction. The aim of this work
is to provide the mathematical tools utilized in the presented polarization model to cal-
culate such an important parameter for the required scenario, no matter the propagation
direction.

7.2.1 Mathematical approaches for light characterization in nonlinear media

To develop a complete and precise simulator, many are the available mathematical tools.
The Stokes vector and Jones vector are indeed the most common theoretical approaches
to characterize the polarization of propagating light. In the case of the Jones vectors, am-
plitude and phase of the induced electric field are represented as (Savenkov, 2009)
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FIGURE 7.2: 3D representations for (a) the employed reference coordinate
system for the theoretical model and (b) the Markovian approach for pre-
dicting the gain and polarization dynamics of the cascaded higher Stokes

orders (Echarri et al., 2021).

Ĵ =
(

E0x e iφx

E0y e iφy

)
, (7.1)

where each term corresponds to each polarization direction x and y . In the case of
the Stokes vector, it is composed of four different parameters S0, S1, S2 and S3, that in the
case of S0 represents the total light intensity, while S1, S2 and S3 represent the degree of
polarization in each of the 3D coordinates. So, it provides further details regarding par-
tially polarized light when compared to the Jones vector. As an example of each, linearly
polarized light in the horizontal axis x will be represented as Ĵ = [1 0] for the Jones vector
and as Ŝ = [1 1 0 0] for the Stokes vector (Stokes, 1851).

The effect of optical elements and media in the polarization state of the light can be
also represented by Jones notation in the form of transformation matrices. An output
Jones vector representing the output polarization of light in a particular system can be
obtained by applying the convenient Jones matrix to the input Jones vector representing
the input light beam. For instance, the output of a clock-wise circular polarizer is obtained
by applying the following Jones matrix:

Ĵ = 1

2

(
1 i
−i 1

)
. (7.2)

However, partially or unpolarized light can not be represented in the Jones format,
while for Stokes would be Ŝ = [1 0 0 0] in the case of unpolarized light. The Stokes pa-
rameters can be directly related to spherical coordinates, which allow more convenient
visual representation of the vector. In this case, S0 will still be fully represented by the
light intensity I , while the rest of Stokes parameters can be expressed as a function of I ,
the polarization degree p and the corresponding spherical coordinates 2ψ and 2χ:
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S0 = I
S1 = I p cos2ψcos2χ
S2 = I p sin2ψcos2χ
S3 = I p sin2χ

(7.3)

Thus, the Stokes vector can be represented in both the polarization ellipse and the
Poincaré sphere following these equations. The Poincaré sphere is one of the most com-
mon visual representations of polarized light and polarization transformations for light
propagation through three dimensional spaces. An example is depicted in Fig. 7.3, where
a Stokes vector (green) is represented in the Poincaré sphere. The polarization dependant
parameters S1, S2 and S3 are associated to the spherical coordinates following the men-
tioned eqs. 7.3, while S0 is represented in the module.

FIGURE 7.3: Representation of the last three Stokes parameters (S1, S2, S3)
in spherical coordinates (2ψ, 2χ) within the Poincaré sphere (Wikipedia,

2008).

Since Stokes vectors are composed of four different elements, different transformation
matrices to the Jones ones must be employed. The most common approach for polariza-
tion characterization is known as Müller matrix. In this study, to evaluate the relationship
between Raman gain and polarization state of light, not only transformation matrices are
required for the polarization calculation, but also tensor calculations to obtain this rela-
tionship (Chandrasekharan, 1963). Due to the sizing of the Raman tensor and the math-
ematical development proposed by Chandrasekharan it is not possible to use the Jones
approach here, since it can not be merged with tensor calculations, so the aimed relation-
ship cannot be established this way.

In the case of Müller matrices, although the A, E and F vectors are represented by 3-by-
3 matrices, there is a way to merge both techniques in a combined transformation tech-
nique. This is specified in (Chandrasekharan, 1963) and relies on the spherical represen-
tation of the incident and scattered light. In general, two vectors Â and B̂ will characterize
the polarization of the incident beam Î , while P̂ and Q̂ will characterize the scattered beam
Ŝ. Regarding tensors, the vector system is represented in terms of the three cubic axes OX ,
OY and OZ as
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A = l X̂ +mŶ +nẐ
P = λX̂ +µŶ +νẐ
N = LX̂ +MŶ +N Ẑ

Â× N̂ = Î , P̂ × N̂ = Ŝ, Î × Ŝ = cosΘ,

(7.4)

where Θ corresponds to the scattering angle and N̂ = Q̂ = B̂ . Now, to work with ten-
sors, Stokes vectors and Müller matrices combined, we need to express eq. 7.4 in polar
coordinates as

λ = −cosϑcosϕsinψs − sinϕcosψs

µ = −cosϑsinϕsinψs +cosϕcosψs

ν = sinϑsinψs

l = −cosϑcosϕsinψi − sinϕcosψi

m = −cosϑsinϕsinψi +cosϕcosψi

n = sinϑsinψi

L = sinϑcosϕ
M = sinϑsinϕ
N = cosϑ,

(7.5)

where the scattering angle is now Θ = ψs −ψi . Under the same coordinate system,
all the proposed tools can be employed together in what is referred by Chandrasekharan
as scattering matrix, since the Stokes parameters can be directly linked to the proposed
incident Î and scattered Ŝ light beams. This matrix is the result obtained from adding the
contribution of the vibrations represented by each tensor to the transformation Müller
matrix arising from these Stokes parameters. Thanks to the properties of the Stokes vector
these contributions can be directly implemented in the resulting matrix or rather calcu-
lated by adding all the different scattering matrices, depending on the particular case of
study as explained in (Chandrasekharan, 1963).

The resulting matrices can be simplified based on each of the different scenarios re-
garding the type of crystal and propagation axis. Here, we propose a general analytical
solution for eq. 6.5.3 and a mathematical model to predict the photonic behaviour of ad-
jacent Stokes orders, based on Müller and tensor calculus. To compute the solutions for
this characterization fast and efficiently, we make use of the proposed backward Raman
scattering matrices. Which compared to the general Raman scattering matrices are con-
siderably more convenient and simple. The specific backward scattering matrix for F type
cubic Raman crystals is defined as
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M =


cos4ϑ(−12+3sin2 2ϕ)+12cos2ϑ+6

cos4ϑ(12−3sin2 2ϕ)−6cos2ϑ(1+cos2ϕ)
3sin4ϕsinϑcos2ϑ

0

cos4ϑ(12−3sin2 2ϕ)−6cos2ϑ(1+cos2ϕ)
cos4ϑ(−12+3sin2 2ϕ)+12cos2ϑ−6+12sin2 2ϕ

3sin4ϕsinϑ(1+ sin2ϑ)
0

−3sin4ϕsinϑcos2ϑ 0
−3sin4ϕsinϑ(1+ sin2ϑ) 0
−6+12sin2ϑsin2 2ϕ 0

0 6

 (7.6)

where ϑ and ϕ correspond to the propagation angles defined in Fig. 7.2 (a), which
determine the propagation direction through the different crystallographic axis of the
medium. For example, ϑ = 0 and ϕ = 0 correspond to propagation through the cubic
axis ([100]), and the solution of the Müller matrix expressed in eq. 7.6 for this case is

M<100> =


6 0 0 0
0 −6 0 0
0 0 −6 0
0 0 0 6

 . (7.7)

The particular solution for the presented experimental case is provided next, along
with the basics to work with tensor and Müller calculus, in terms of characterizing lights
polarization state and accessible gain when propagating through Raman crystals. Which
are essential to define the Raman gain dependency and the Stokes generation model.

7.2.2 Müller calculus for polarization state prediction

As it was just mentioned, the polarization properties of light when propagating through a
medium can be characterized by the four Stokes parameters S0, S1, S2 and S3, which can
be arranged in the form of what is known as the Stokes vector. This is just a convenient
formalism to work the parameters in an algebraic way and employ, for instance, transfor-
mation matrices. Here, Müller matrices are the chosen characterization tool, and each
scenario will present a particular matrix. The output polarization parameter will be then
obtain by

Ŝout = MŜi n , (7.8)

where Ŝi n is the Stokes vector corresponding to the input light beam, Ŝout the resulting
Stokes vector of the output beam after propagating through the medium and M is the
corresponding Müller matrix to the propagation medium. Examples of matrices defining
some of the most common optical elements are presented in Table 7.1. While the Müller
matrix corresponding to a certain propagation direction in diamond or another Raman
crystal can be obtained from (Chandrasekharan, 1963), as explained before. In diamond
the equivalent matrix for the propagation direction parallel to the <110> axis for a given
propagation vector is derived as
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M<110> =


9 3 0 0
3 −3 0 0
0 0 6 0
0 0 0 −6

 . (7.9)

In this case the matrix corresponds to the forward Raman scattering version instead
of the previously shown backward one. Taking advantage from algebra properties, when
facing a system with multiple optical elements and/or different media, the corresponding
Müller matrices can be combined into a single matrix that characterizes the entire sys-
tem. Since matrix multiplication is not a commutative process, the resulting matrix is the
product of multiplying all the matrices in the system just in the opposing order to light
propagation. Thus, if the initial properties of a pumping beam and the Müller matrices of
each element are known, the output polarization of the systems can always be predicted.
The same principle can be applied to other optical properties with alternative transfor-
mation matrices, such as the previously introduced ABCD matrices in Chapter 5. Indeed,
an example of how a set of matrices should be arrange to correctly characterize a whole
system was provided in section 5.2.3. Müller matrices and tensors can be employed in the
exact same fashion for the characterization of the polarization state of the light or, as will
be presented next, for the characterization of the attainable gain.

TABLE 7.1: Müller matrices for some examples of ideal common optics
(Savenkov, 2009; Chipman, 2009).

Linear polarizer (horizontal) Quarter-wave plate (fast-axis vertical)

1
2


1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0




1 0 0 0
0 1 0 0
0 0 0 −1
0 0 1 0


Attenuating filter (25% transmission) Reference frame rotation

1
4


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1




1 0 0 0
0 cos(2θ) sin(2θ) 0
0 sin(2θ) cos(2θ) 0
0 0 0 1



7.2.3 Tensor calculus for gain estimation

Regarding tensor calculations the process is very similar. Instead of using the Stokes vec-
tor, beam propagation is represented by the propagation unit vector êi for the incident
beam and êS for the Stokes beam. Both are represented in Fig. 7.2 (b), where û is the gen-
eral propagation unit vector and êSi are the Stokes beams corresponding to each Stokes
order. Depending on the propagation axis, these vectors will change accordingly, as it hap-
pens with the Müller matrices. The influence of the phonon vibration will be represented
by the corresponding tensor matrix. Again, following Chandrasekharan, each mode will
present a certain vibration along the lattice of the crystal, commonly known as degenera-
tive lattice vibrations. They will be represented in the form of a tensor Rl with l = 1, 2, 3,
since three degenerative modes are considered. Working with this multi-variable vector
and matrix arrangement is usually known as vector calculus. When the employed matrix
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or matrices relate each component to a physical property in the same fashion as a ten-
sor, then it is considered tensor calculus. Here, the beam and the medium properties are
related to the available Raman gain by means of these tensor calculations. Further de-
tails about the assigned tensor matrices to the Raman scattering process can be found in
the publication included in section 7.4, along with the derivation process to obtain the
following relationship

gS ∝∑
l

[êi (Rl )êS]2, (7.10)

where gS is the stimulated Raman gain associated to each propagation direction de-
fined by the propagation unit vectors and the corresponding tensor matrix. To efficiently
calculate results for eq. 7.10, another approach relying on matrix calculus is proposed.
Instead of calculating êi and êS for each particular case, since the aim here is to charac-
terize the polarization dependency between the polarization state of the input light and
the Raman gain, both vectors can be defined by a reference vector v̂ and their polarization
state can be determined by multiplying v̂ by a rotation matrix corresponding to the polar-
ization angle θ and the unitary propagation vector û. So, eq. 7.10 can be now expressed as
(Echarri et al., 2021)

gsi (θi−1,θi ) ∝∑
l

([T(θi−1, û)v̂] (Rl ) [T(θi , û)v̂])2, (7.11)

establishing the desired dependency between the polarization state of the input beam
with the Raman gain. The reason for the input polarization state (θi−1) to determine the
polarization state of the output Stokes order (θi ), is a consequence of the fact that fol-
lowing eq. 7.11 a certain output polarization will always present a maximum attainable
Raman gain. This leads to the diminishment of the rest of possible polarization states, en-
abling prediction of the output state based only on the input one, and vice versa. This is
why we refer to the simulation process as Markovian-style, since the generation of a cer-
tain Stokes order can be determined based only on the characteristics of any of its adjacent
orders.

7.3 Conclusions

When operating at conditions where birefringence and other nonlinear optical processes
can be neglected, Stokes generation can be precisely predicted in terms of accessible gain
and output polarization state whenever the polarization properties of one of the adja-
cent Stokes orders is known. Thus, a Markovian-style model for the calculation of higher
Stokes generation in cascaded Raman processes has been proposed. The mathematical
approach can obtain the mentioned parameters by relying uniquely in the properties of
the next or the previous order, exactly the same as in Markovian processes. Specifically,
this simulation tool can be utilize for cascading processes in cubic crystals, and it is di-
rectly scalable by substituting the Müller and tensor matrices for different Raman media
or special propagation scenarios.

As mentioned before, this simulator serves as a particularly helpful feature for Raman
laser design, since it permits direct calculation of the higher Stokes orders properties and
provides key information to obtain maximum efficiency. In fact, this study concludes that
to simplify the laser design and optimize the cascading process of a Raman resonator, the
pump polarization state must be parallel to the <111> crystallographic axis. This is due
to the fact that all Stokes orders present the same polarization state under this condition,
meaning that the maximum available gain is reached by all of them (Sabella, Piper, and
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Mildren, 2010). However, under any other propagation condition, all Stokes orders can not
be directly optimized at the same time, so independent Stokes optimization is required,
leading to considerably more complex resonator designs.

The herein presented results and conclusions helped to enhance the hemi-spherical
cavity described in Chapter 6 and all the theoretical results were corroborated with the ex-
perimental data obtained from this experiment. Consequently, the simplicity of the model
allowed the straight forward integration of it into the Raman laser design tool introduced
in Chapter 5. Which was employed in the design and construction of a z-fold Raman cav-
ity proposed in Chapter 10. Therefore, this work not only proved the model validity, but
also contributed to the development of convenient tools for Raman laser design and en-
gineering.
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Abstract: We describe a theoretical approach based on Müller and tensor calculus for predicting
the polarization state and gain of cascaded Stokes orders produced under coherent Raman
scattering regime conditions. The formulation follows a Markovian-style implementation for
F2g-type modes in Raman cubic crystals. The theoretical model is supported by experimental
results that corroborate that the polarization and power of the cascaded Stokes orders can be
effectively predicted using sequential calculus. We extend these results to a variety of crystal
propagation directions, with the aim of facilitating the design of advanced solid-state Raman
lasers.
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1. Introduction

Over the years, stimulated Raman scattering (SRS) in crystals has been a widely studied topic,
and has enabled the development of highly efficient Raman conversion expanding the wavelength
coverage of commonly used lasers [1,2]. The laser design, the choice of the Raman media, and
the optimization of the parameters affecting the Raman conversion depend on the application
of interest. In general, Raman shift and gain [3], operational wavelength range [4,5] or the
specific Raman linewidth and polarization characteristics play an important role in Raman laser
engineering [6]. More specifically, there is keen interest in cubic Raman crystals, such as diamond
or silicon, since they present unrivalled opto-mechanical and electrical properties for a wide
range of laser applications [7,8]. Some of these include highly efficient lasers [9], with kW-class
average powers [10], integrated semiconductor photonic devices [11–13], or lasers with tailored
spectral characteristics [14].

From the quantum point of view, spontaneous Raman scattering is a three-particle inelastic
process where an incident photon can lose or gain energy due to its interaction with lattice
vibrations (or phonons) within the crystal, producing an (anti-)Stokes photon [15,16]. In a
Raman laser, gain at the Stokes wavelength is provided by stimulated scattering of this interaction.
Raman gain is easily calculated for cascaded orders, and multi-wavelengths resonators are usually
designed for efficient wavelength conversion to one or various Stokes orders of interest [17,18].

Multiple three particle processes can occur within the same Raman medium: anti-Stokes
generation, where an existing phonon interacts with an incident photon increasing its energy;
or alternatively, the Stokes photon can be re-scattered generating another phonon and a photon
with less energy (cascaded Raman conversion) [17,19,20]. The cascaded Stokes photons can
also be back converted to lower Stokes orders by interacting with existing phonons in the lattice,
in practice this process becomes negligible without a phonon inversion. All of these processes
contribute to the expansion of the wavelength coverage, and impact the conversion efficiency and
power of each Stokes order [21]. In addition to inelastic scattering processes, other non-linear
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χ(3) optical phenomena coexist and can contribute to the redistribution of power to each Stokes.
Among them, parametric four-wave mixing (FWM) is particularly important, as it can seed the
Raman process, complicating further the calculation of the threshold, output power, polarization
and linewidth [22].

Polarization effects occurring in Raman processes can be either detrimental or advantageous
for laser operation. Indeed, the change of polarization in Raman scattered light has been proved
to be an efficient way of measuring stress induced in a crystal, the Raman peak exhibits splittings
and shifts linear with this stress [23]. Also, birefringence and Raman gain polarization anisotropy
was effectively used for locking a Raman laser cavity, being the polarization states sources for
Hänsch-Couillaud-type locking signals [24]. In some cases, birefringence plays an important
role, such as for high-Q cavity Raman lasers, where it can produce substantial depolarization
losses [25]. Using low birefringence diamond crystals in combination with appropriate modeling
minimizes parasitic polarization effects [26–28]. For cubic crystals used in combination with
relatively low-Q cavities, birefringence can be neglected. In such case, the polarization can be
calculated directly using Müller calculus for triply degenerate modes, and in fact this has already
been studied in detail for the first Stokes generation in diamond [29]. However, research on
polarization behaviour when generating higher Stokes orders remains scarce in the literature [30].

In this work, we first review in a tutorial style the background theory underpinning the
polarization and gain dynamics involved in Raman processes in cubic crystals. Accordingly, we
propose a sequential model that predicts the polarization states of higher Stokes orders. This
model is suitable for lasers where the dynamics are predominantly driven by the Raman gain,
known as the coherent Raman scattering regime [21]. Its validation is performed by comparing
the predicted results with experimental measurements obtained from an efficiently cascaded
diamond Raman laser operating in the visible spectral range. The excellent agreement between
theory and experiments led us to conclude that the polarization state of any Stokes order was
determined exclusively by its adjacent Stokes orders, resembling a so-called Markovian process.

2. Theoretical background

The polarization state of an SRS generated beam is determined by the input beam polarization,
the symmetries of the Raman medium (which are characterized by the Raman tensors) and its
propagation direction through the medium for plane waves. For incident light in the visible or
infrared range, the phonons created in the first-order Raman effect have very long wavelengths
compared to the driving wavelength. Such long wavelength phonons compared to the lattice
constant are not influenced by dispersive effects, and therefore there is no variation of the Raman
shift for any relative orientations between the light beams and crystal axes [31].

For the general case, in cubic crystals it is necessary to take into account the polarization
components of the phonon along the three principal axes, which cannot be chosen to be unity
unless the threefold degeneracy argument can be applied (i.e., nonpolar crystals) [32]. Thus
the scattering efficiency, defined as the number of scattered photons in a differential solid angle
around the propagation direction to the number of incident photons, takes the form:

S = A

[︄ ∑︂
ρ,σ,τ=x,y,z

eσi Rτσρξτe
ρ
S

]︄2

, (1)

where A is a constant of proportionality and eσi and eρS are components of the unit vector along
the principal axes σ and ρ. Rτσρ is the Raman tensor and ξτ represents the scalar components of
the unit vector in the direction of the mechanical polarization of the phonon. For crystals with
inversion symmetry such as diamond or silicon (nonpolar crystals), the scattering efficiency for
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each degenerate vibrational mode becomes:

S = A [êi(R)êS]2 . (2)

In the general case for unpolarized input with multiple degenerate lattice vibrations, the total
scattering efficiency is given by the sum over all degenerate modes:

S = A
∑︂

l
[êi(Rl)êS]2 . (3)

The three degenerate F2g symmetric Raman modes for Oh-type crystals are expressed in Eq. (4)
in [31], where the Rl tensor matrices are given by:

R1 =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0

0 0 d

0 d 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, R2 =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 0 d

0 0 0

d 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, R3 =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 d 0

d 0 0

0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦
. (4)

The tensors Rl represent each degenerate lattice vibration. This argument is also applicable
for A and E modes, although the results are not relevant for Raman conversion. The stimulated
Raman gain coefficient can be obtained from a calculation based on the spontaneous scattering
efficiency and linewidth [33], the relation between these quantities is:

gs =
8π2c2

ℏω3
s

S
n2

s (N0 + 1)Γ , (5)

where gs is the stimulated Stokes gain (per unit pump intensity), ωS is the angular frequency of
the Stokes emission, ns is the refractive index at the Stokes wavelength, N0 is the Bose factor,
and Γ is the half width at half max (HWHM) of the Stokes line in units of angular frequency. It
follows that the Raman gain gS is proportional to the scattering efficiency S:

gs ∝
∑︂

l
[êi(Rl)êS]2 . (6)

In terms of the relationship between the pump and Stokes polarizations êi and êS, it can be
calculated directly using the Raman scattering tensors Rl for each degenerate vibrational mode.
When the incident light is polarized, the scattered light from a crystal due to any single vibration
is polarized since the vibrating unit has a fixed orientation [34]. But, when there is more than
one vibration (as in the case of E and F lines) there is generally a depolarization of scattered light.
In the following we resolve polarization states of Stokes waves for propagation directions that
excite single vibrational modes, thus ensuring a linearly polarized Stokes output.

Equation (6) allows for the calculation of the Raman gain along any propagation direction and
all combinations of êi and êS polarization states. Figure 1 shows the results for maximal gain
in each propagation direction. Both the colormap and the radius (in spherical coordinates) are
proportional to the maximum attainable Raman gain. As it can be seen, there are four planes of
propagation that provide access to the maximum Raman gain (this occurs when the pump and
Stokes polarizations are parallel to the <111> crystallographic axis).

Analytical solutions for linearly polarized Stokes outputs as a function of the input pump
polarization are conveniently obtained using Müller calculus. According to Chandrasekharan,
the Stokes polarization is directly related to the polarization of the pump laser by the relationship
Ŝ = kMP̂ [34]. Here Ŝ and P̂ are the polarization states of the Stokes and pump waves respectively,
whereas M represents the Müller matrix of the Raman scattering along a particular propagation
direction and vibrational mode (A, E or F), and k is an scaling factor accounting for the crystal
polarizability. This method will be further discussed in section 2.2.1. Herein, we utilize both
formalism in order to predict the cascaded output Stokes gain and polarization state.
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Fig. 1. Representation of the maximum attainable Raman gain (g) for all possible propagation
directions in a cubic crystal in spherical coordinates.

2.1. Sequential approach to the calculation of cascaded Stokes polarization states in
cubic Raman crystals

As it was mentioned in the introduction, the generation of the second and higher Stokes orders
can be seeded by a parametric FWM process [22]. In order for FWM to occur efficiently,
the phase matching condition must be fulfilled. Dispersion due to the refractive index of the
medium weakens the efficiency of the parametric coupling, and depends on the wavelength
as follows: in the infrared, dispersion is relatively small, and cascaded generation of higher
Stokes orders is hindered by a decrease in the Raman gain [35]. In the visible, the Raman gain
dominates the frequency conversion, and therefore the cascading to higher Stokes orders occurs
in a step-by-step or sequential fashion [36,37]. The experiments described herein, correspond to
the latter condition.

Two different sequential Raman scattering processes are represented in Fig. 2 involving
elementary quantum interactions between the photons, the electrons and the lattice. Where,
HEL and HER define a first order electron-lattice or electron-radiation interaction affecting the
system, being these the main contributors to the Raman conversion. More complicated processes
connecting the initial and final states are possible, but usually require infrared active phonons,
and this does not occur in homopolar crystals such as diamond [32].

Expressed in words, the two processes depicted in Fig. 2 show different electronic transitions
concerning the creation of each down-converted or up-converted cascaded Stokes photon. In the
first case shown in Fig. 2(a), a photon ωp loses energy through the interaction with the lattice,
creating an optic phonon ωph, and a Stokes photon ω1. The process is repeated sequentially for n
cascaded Stokes orders. Figure 2(b) illustrates a process similar to the previous one, but in this
case the foregoing generated phonon ωph is involved in a second interaction that up-converts a
photon of ith Stokes order to (i − 1)th Stokes order, where i ∈ {1, 2, . . . , n} for cascading up to n
Stokes orders.

This process of up-conversion hinders efficient cascading, but it does not have an effect on the
overall polarization state of the cascaded Stokes orders. This is because Raman scattering in
cubic crystals is invariant under interchange of the polarization components of the unit vectors
along the principal axes ρ and σ of the scattered and incident photons.
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Fig. 2. Feynman diagrams representing (a) cascaded Stokes generation and (b) anti-Stokes
generation by re-circulation of phonons produced in a cascaded Stokes process.

2.2. Implementation of the Markovian model and results for common propagation
directions

In this section we first describe the coordinate system and the two approaches used for modeling
the cascaded polarization dynamics. We then calculate solutions for the selected propagation
directions.

Figure 3(a) shows the coordinate system used for the calculations: û(φ, ϑ) is the unit vector in
the direction of propagation. Where φ is the angle of the vertical plane containing û with respect
to the <100> crystallographic axis, and ϑ is the elevation angle of the vector û with respect to the
(001) plane. Figure 3(b) depicts the convention used for the polarization angles: Ψ is the angle
of the unit vector parallel to the pump polarization êp with respect to v̂, which is an arbitrary unit
vector that serves as reference and is contained in the plane perpendicular to the direction of
propagation. In most cases, v̂ is chosen so that is parallel to a known crystallographic axis. êSi is
the unit vector parallel to the polarization direction of the ith Stokes order, whereas θi is the angle
of êSi with respect to v̂.

2.2.1. Analytical solutions for linearly polarized pump and Stokes

For linearly polarized pump light, the vector P̂ has the form P̂ = {1, cos2 ψ − sin2 ψ, sin 2ψ, 0},
where ψ is the angle of polarization of the pump laser with respect to a chosen reference
crystallographic direction. As previously mentioned in section 2, it is possible to calculate the
output Müller Stokes vector by simply performing the operation Ŝ = kMP̂. Several parameters
can be derived from Ŝ, including the intensity of the polarized IP and unpolarized IU components
of the scattered light IP =

√︂
S2

2 + S2
3 + S2

4, and IU = S1 − IP. This also allows to estimate the
scaling of the Raman gain for a particular polarization arrangement as gS ∝ IP + IU/2, and the
angle of the output Stokes polarization as θS = 0.5 arg(S2 + iS3). For F-type vibrational modes,
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Fig. 3. 3D representations for (a) the employed reference coordinate system for the
theoretical model and (b) the Markovian approach for predicting the gain and polarization
dynamics of the cascaded higher Stokes orders.

the Müller matrix defining the polarization of the forward Raman scattered light is given by [34]:

M =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos4 ϑ(−12 + 3 sin2 2φ) + 12 cos2 ϑ + 6

cos4 ϑ(12 − 3 sin2 2φ) − 6 cos2 ϑ(1 + cos2 φ)
−3 sin 4φ sin ϑ cos2 ϑ

0

cos4 ϑ(12 − 3 sin2 2φ) − 6 cos2 ϑ(1 + cos2 φ)
cos4 ϑ(−12 + 3 sin2 2φ) + 12 cos2 ϑ − 6 + 12 sin2 2φ

−3 sin 4φ sin ϑ(1 + sin2 ϑ)
0

−3 sin 4φ sin ϑ cos2 ϑ 0

−3 sin 4φ sin ϑ(1 + sin2 ϑ) 0

6 − 12 sin2 ϑ sin2 2φ 0

0 −6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (7)

Specific solutions of the matrix M can be found by setting the angles φ and ϑ in accordance to
the propagation direction. For example, for the commonly used propagation direction parallel
to the <110> axis, φ = 45◦ and ϑ = 0◦, lead to the matrix M<110> in Eq. (8). We have chosen
another propagation direction along the <112> axis for comparing the polarization dynamics of
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the higher order Stokes.

M<110> =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

9 3 0 0

3 −3 0 0

0 0 6 0

0 0 0 −6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, M<112> =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

9 −1 0 0

−1 5 0 0

0 0 −2 0

0 0 0 −6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (8)

For any given propagation direction, the ith Stokes polarization angle θi can be calculated from
the (i − 1)th Stokes polarization angle θi−1 as follows:

Ŝi<110> = ki

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

9 + 3 cos2 θi−1 − 3 sin2 θi−1

3 − 3 cos2 θi−1 + 3 sin2 θi−1

6 sin 2θi−1

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (9)

Ŝi<112> = ki

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

9 − cos2 θi−1 + sin2 θi−1

−1 + 5 cos2 θi−1 − 5 sin2 θi−1

−2 sin 2θi−1

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (10)

From Eq. (9,10) is straightforward to iteratively calculate the angle θi = 0.5 arg(Si2 + iSi3 ), with
Sij where i is the Raman Stokes order and j is the corresponding element of Stokes polarization
vector Ŝi. For example, for propagation along the <110> axis, the ith Stokes polarization angle is
given by:

θi =
π

2
− 1

2

[︃
arctan

(︃
2 sin 2θi−1

1 + cos 2θi−1

)︃]︃
, (11)

where θ0 = ψ[001] is the pump polarization angle. The gain of each Stokes order can be also
estimated by gSi ∝ Si1+

√︂
S2

i2 + S2
i3 + S2

i4 . Note that we are assuming here that the pump polarization
is maintained through the entire Raman process. For large pump depletion, polarization rotation
can occur leading to the need of a more complicated analysis [24,26].

Figure 4(a) shows the polarization of up to five cascaded orders as a function of the pump
polarization angle and Fig. 4(b) shows a graphical representation of the input wave propagation
direction. As can be seen, for input polarization parallel to the <111> axis, all Stokes orders
have the same polarization as well as the highest gain [38], which is the most efficient approach
to cascading. For this case, ∂θi/∂ψ → 0 when i → ∞.

It can be also appreciated that for pump polarization perpendicular to the [001] direction,
the 1st Stokes polarization presents a discontinuity. In general, the polarization of a Stokes
pulse aligns to the axis of highest Raman gain. However, for this case, the Raman gain is
independent of polarization and falls to the random operators to spontaneously break the isotropic
symmetry, leading to a Stokes pulse that is coherent with a randomized polarization orientation
[39]. The break of the isotropic Raman gain symmetry as the pump polarization deviates from
the ψ[001] = ±90◦ orientation varies slowly, enabling the polarization of the 1st Stokes to be
continuously tuned. This effect is further seen in the cascaded Stokes orders, in particular for the
2nd Stokes when ψ[001] = 0◦, where the same random polarization behaviour occur, but this time
producing a randomly polarized coherent pulse at longer wavelengths.
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Fig. 4. Simulation results of the Stokes polarization states using Müller calculus for the
first five Stokes orders as a function of the pump polarization angle with respect to reference
crystallographic directions: (a) for propagation along the <110> axis and (c) for propagation
along the <112> axis. (b) and (d) show a 3D representation of the diamond unit cell as well
as each propagation direction respectively.

In contrast, Figs. 4(c) and 4(d) show the polarization results for propagation along the <112>
axis, where for input polarization parallel to ±54.7◦ with respect to the [110] crystallographic
direction, ∂θi/∂ψ → ∞ when i → ∞. However, this polarization angle provides the minimum
Raman gain, since the <111> axis, which maximizes the gain, is not accessible in this case.
Analogously to the case shown in Fig. 4(a), all cascaded Stokes orders have the same polarization
angle.

2.2.2. Numerical results for arbitrary polarized cascaded Stokes

In order to predict the Raman gain for any given input and output polarization states, it is
necessary to employ a computationally less efficient method that relies on tensor calculus. This
is a more general case where the Raman medium is used to amplify an arbitrarily polarized beam
at the Stokes wavelength.

Following Eq. (6), for each input polarization states (êi) we can obtain the value of the Raman
gain for all the possible output polarization angles (êS). The polarization of the pump and Stokes
orders always lies in the plane perpendicular to the propagation direction determined by û. At this
point we can simply use the reference vector v̂ to perform the calculations by rotating it around
the axis of propagation. For example, the input polarization êi can be expressed as a rotation of
the vector v̂ by θ around û. Mathematically, this is performed by calculating ê = T(θ, û)v̂, using
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a functional rotation matrix T(θ, û). This matrix is defined as:

T(θ, û) =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

cos θ − u1
2 (cos θ − 1)

u3 sin θ − u1 u2 (cos θ − 1)
−u2 sin θ − u1 u3 (cos θ − 1)

−u3 sin θ − u1 u2 (cos θ − 1)
cos θ − u2

2 (cos θ − 1)
u1 sin θ − u2 u3 (cos θ − 1)

u2 sin θ − u1 u3 (cos θ − 1)
−u1 sin θ − u2 u3 (cos θ − 1)

cos θ − u3
2 (cos θ − 1)

⎤⎥⎥⎥⎥⎥⎥⎥⎦

. (12)

Accordingly, we can define the interacting unitary vectors as êii = T(θi−1, û)v̂ and êSi = T(θi, û)v̂.
In this way, for each propagation direction, the gain of the ith order can be expressed as a function
of the input/output polarization angles exclusively. Using Eq. (6), gsi (θi−1, θi) becomes:

gsi (θi−1, θi) ∝
∑︂

l
([T(θi−1, û)v̂] (Rl) [T(θi, û)v̂])2. (13)

Results concerning the use of Eq. (13) are illustrated in Fig. 5. In the particular case of
calculating the 1st Stokes order, gs is calculated for all the possible ψ = θ0 input angles and all
the corresponding θ1 output angles. However, for higher Stokes orders, we select a set of θi that
fulfil the condition:

θi : max(gsi−1 (θi−1, θi)),∀θi−1. (14)

This set of values θi corresponds to the maximum gain for each Stokes order. Consequently, it
also determines the Stokes order polarization, since it suppresses other possible polarizations. θi
that maximize the Raman gain are graphically represented as white lines in the Fig. 5. Indeed,
observing the results depicted in Figs. 4(a) and 4(c) it is possible to see that they perfectly match
the angles obtained using Eq. (14). In essence, both methods are equivalent for the case of Stokes
polarization angle produced under maximum Raman gain conditions.

We simulated the same two propagation directions as in the previous section: û along <110>
and <112>, which can be seen in Figs. 5(a)–5(f). Note that, here we plot θi in the range [-90,
90] while for Fig. 4 was [0, 180], this was chosen to highlight the polarization discontinuities of
the 1st Stokes. The polarization angles from [-90, 0] are equivalent to the polarization angles in
the range [90, 180]. For the sake of contrasting, Figs. 5(g)–5(i) show the results for propagation
along the [100] direction, where considerably smaller levels of Raman gain can be attained
(33 % less), since it is not possible to access the <111> crystallographic axis. Moreover, it
presents polarization flipping between odd and even Stokes orders cyclically, as θ2k = ψ and
θ2k−1 = θ2k+1,∀k ∈ N1. For certain pump polarization angles, this allows for filtering odd and
even Stokes orders by exclusively polarization means, without the need of wavelength-specific
components.
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Fig. 5. Results of Raman gain simulations for 1st (a, d, g), 2nd (b, e, h) and 3rd (c, f, i)
Stokes orders as a function of pump and Stokes polarization angle. The selected propagation
directions are: [110] (a-c), [112] (d-f) and [100] (g-i).

3. Experimental Results

The experimental setup is shown in Fig. 6. The 532 nm pumping light was generated by an
InnoLas NANIO Nd:YAG laser at 10 kHz repetition rate, a pulse duration of 40 ns and up to 18 W
of output average power. Polarization and power adjustment at the entrance of the system was
performed by using two zero order half-wave-plates (HWP) with a polarizing beam splitter (PBS)
between them. The pump laser was focused onto the Raman medium by a 20 cm focal length
lens. The same lens was used to collimate the produced counter-propagating Stokes output. All
mirrors used to steer the pump beam into the Raman cavity were protected aluminum coated,
preserving the polarization state of the pump laser along the optical chain.

The Raman laser comprised a crystal and a curved reflecting mirror, forming a hemi-spherical
cavity. The broadband-reflective concave spherical mirror had a ROC= 50 mm, and the uncoated
surface of the Raman medium operated as the output coupler (R≈ 17.1 - 17.8 % @ 400 - 600 nm),
as represented in Fig. 6. The active Raman medium was a a synthetic single-crystal diamond
(low-birefringence, low-nitrogen, CVD-grown single crystal, from Element Six Ltd.) with
dimensions of 5 mm (length) x 5 mm (width) x 1 mm (height) and plane-cut for beam propagation
along the <110> axis. The second crystal surface was coated with a broadband (450 - 650 nm)
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Fig. 6. Schematic layout of the Raman laser setup: A 532 nm laser source is used for
pumping a diamond hemi-spherical resonator formed by the crystal and a curved reflecting
mirror. Output coupling is achieved by the input uncoated diamond surface. Optical
elements, distances and angles are not shown to scale.

anti-reflective coating, to minimize the potential spectral effects introduced by the parallel
surfaces [40,41].

For extracting the different Stokes outputs, we used the reflection from an uncoated fused silica
plate placed at an angle of 45◦ within the pump beam line. This plate served as a broadband
beam splitter, and was followed by a set of filters in order to select a particular Stokes order for
measurement. More specifically, three 550 nm longpass filters (OG550) in serial were used to
remove the majority of the depleted pump light, while for each Stokes selection a particular
filter set was utilized: a 600 nm shortpass filter (Thorlabs FESH0600) for the 1st Stokes, a
590 nm longpass filter (OG590) for the 2nd Stokes and a combination of two longpass filters at
590 nm (OG590) and 665 nm (OG665) for selection of the 3rd Stokes. The relative intensity
and polarization of the outputs were measured with a Thorlabs PAX1000 compact polarimeter
presenting an azimuth and ellipticity accuracy of ± 0.25°.

The results obtained by the polarimeter were compensated in accordance to the effect produced
by Fresnel reflection/transmission through the uncoated beam splitter. The data presented in
Fig. 7 corresponds to the linearly polarized component of the Poincaré vector (projected onto
the equatorial plane), although for most cases the Stokes ellipticity was negligible. Figure 7
shows also the output power and polarization of the first three Stokes orders for a range of
pump polarization angles. The results are accompanied by the theoretically calculated curves of
Fig. 4(a) and Figs. 5(a)–5(c) for comparison purposes.

The upper row in Fig. 7 depicts the output polarization angle for each Stokes. The agreement
between theory and experiments is remarkable for all measured Stokes orders. It is also evident
that the discontinuity in polarization tuning for the 1st Stokes occurs as expected at ψ[001] = ±90◦,
and that the randomness propagates through the cascading process. However, at ψ[001] = 0◦,
an additional polarization tuning discontinuity appears for the 2nd Stokes, which envisages
the possibility of generating coherent Raman pulses with quantum-randomized polarization at
multiple wavelengths utilizing the same setup. Both match nearly perfectly the theoretical results,
and the small divergence in the 3rd Stokes order may be due to a decreased signal to noise ratio
in the detector.

The results for the Stokes output power for each pump polarization angle are presented in the
lower row of Fig. 7 alongside with the theoretical angle-dependent normalized Raman gain. Here,
even though there is not direct comparison since the Raman gain defines the lasing threshold and
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Fig. 7. Measured results for output power and polarization of the 1st, 2nd and 3rd Stokes
orders (circles) and theoretical curves for Raman gain and polarization using Müller calculus
(solid lines).

not directly the output power, the trends are similar. Given the fact that the output coupling of
our system is relatively high, the output power follows accordingly the same behaviour as the
Raman gain. This can be appreciated in Fig. 7, where even subtle features of the Raman gain
curve around ψ[001] = 0◦ are clearly identified in the output power measurements.

4. Conclusions

We presented and validated a Markovian-style model that predicts the gain and polarization
of cascaded Raman processes. This model is valid for F2g-type cubic Raman active crystals
operating in the gain dominated Raman scattering regime (for resonators with relatively low Q).
In other words, when other effects such as birefringence or other non-linear optical processes
are negligible. In such scenario, the gain and polarization of any Stokes order can be accurately
predicted relying only on the polarization state of the adjacent Stokes order. This sequential
approach, commonly used for predicting Markovian processes, opens the doorway to the direct
calculation of cascaded Stokes properties.

This mathematical approach was utilized to predict the polarization dynamics produced when
propagating pump and Stokes waves in various directions within a cubic crystal. We concluded
that for efficient cascading, the subsequent polarization state of the Stokes orders needs to be
optimized independently, except for the case when the pump and Stokes polarization is parallel to
the <111> axis. Other effects, such as polarization flipping may occur, or cascaded polarization
convergence (or divergence) as a function of propagation direction. We also find the propagation
planes and directions suitable for implementing polarization maintaining planar multi-faceted
integrated Raman devices in diamond.

Our experimental results showed that the polarization properties of the Stokes orders varied
significantly for the lower orders, but then converged for higher orders as expected from the
model. For polarization parallel to the <111> axis all orders have parallel polarization, which
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makes the laser design simpler while maximizing the cascading efficiency. Additionally, the
agreement between experiments and theory suggest that FWM did not contribute significantly to
the conversion process under our experimental conditions.
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Chapter 8

All-diamond metasurfaces for Raman
laser applications

This chapter includes the results regarding the photonic study performed to analyze the
effect of laser induced periodic surface structures (LIPSS) as potential metasurfaces for
different applications in diamond. The research was particularly focused on the AR capa-
bilities of the nanostructures and their influence on the beam quality. The chapter also
provides an introduction to the moth-eye effect and LIPSS generation process, along with
a brief description of the utilized manufacturing process and the finite-difference time-
domain (FDTD) simulation method employed to characterize the propagation of light
through the samples. The chapter introduces the main objectives, concepts, results and
conclusions regarding the publication "Propagation of broadband coherent light through
LIPSS-based metasurfaces in diamond" (Echarri et al., 2022a), which is included at the end
of the chapter in section 8.5.

8.1 Introduction

The multi-layer coating employed as the AR element on the surface of the diamond, al-
lows proper operation of the presented Raman resonator, minimizing detrimental spec-
tral effects in the cavity. However, under certain conditions the coating can get damaged,
being more sensitive to dusty environments and unstable pumping beams than the bare
diamond surface. Consequently, one interesting property of using diamond as a Raman
medium, which is its incredibly high damage threshold, can not be fully exploited. For
this reason, avoiding the implementation of AR coatings on diamond will enable a more
consistent performance regarding external issues and help in the implementation of the
technology. Nonetheless, as many outstanding properties as diamond shows, as many
challenges it implies when it comes to surface treatment or machining. Most of the alter-
natives to coating a crystal rely on machining the surface to produce convenient meta-
surfaces for the application of interest. Briefly, a metasurface is commonly refer to a
sub-wavelength structured surface capable of altering the effect induced to an incident
electromagnetic wave interacting with the material. For example, it can increase the AR
properties of a certain bare surface, as it is aimed here.

A widely spread technique in nature to enhance transmission and avoid reflection of
incoming light is the phenomenon known as moth-eye effect. Structures responsible for
this AR mechanism can be found in the eyes of moths as depicted in Fig. 8.1, which is the
origin of the name. This sub-wavelength structures change the relative refractive index
between air and the eye surface, leading to the desired non-reflective effect by smoothing
the propagation of light into the new medium. Inspired on nature, many are the differ-
ent research groups machining nanostructures in different materials with the objective
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of reproducing these kind of effects. Specifically in diamond there are not so many avail-
able manufacturing techniques to produce such structures, being lithographic techniques
the most common ones (Muhr and Greg Mulligan, 2016; Muhr, Twitchen, and Wit, 2018).
However, the process of growing diamond and then relying on lithography for the nanos-
tructures fabrication can become extremely costly in time and money.

FIGURE 8.1: Eyes of a moth presenting the structures associated to the AR
properties (Source: Rick Cowen).

Recently, the possibility to perform sub-wavelength scale structures by direct laser im-
printing has been deeply studied. A fast and cost-effective method consisting on fem-
tosecond pulse laser machining of LIPSS in diamond was proposed by (Granados et al.,
2017; Martínez-Calderon et al., 2018). In this process superficial periodic structures are
generated by means of a laser pulse that is short enough to avoid standard ablation of the
material. Which leads to the denominated cold ablation process, where the heat trans-
fer to the material is minimal. Under these circumstances there is a plasmonic effect that
rules the formation of the nanostructures in the periodic fashion that is shown in figure
8.2.

The distance between structures, usually defined as the spatial period of the LIPSS Λ,
depends on the material’s properties, the beam’s angle of incidence θ, the polarization
state and the wavelength of the laser. In general, for the type of LIPSS produced in this
work, the spatial periodΛ is defined as

Λ= λ

η+ sinθ
, (8.1)

where η is the refractive index between the machined material and the propagation
medium. This equation can not be applied to the denominated high spatial frequency
LIPSS, but this type of structures are out of the scope of this work, since the produced
nanoripples only presented low spatial frequency LIPSS. Here, the most important con-
dition to fulfill is that the LIPSS must present a morphology such that they produce the
aforementioned moth-eye effect, without inducing diffractive effects that may provoke a
grating behaviour. Thus, assuming n1 and n2 the refractive indexes for both the propaga-
tion medium and the machined material, following the grating equation for propagation
of just the zeroth diffractive order, it must be fulfilled that (Martínez-Calderon et al., 2018)

Λ

λ
< 1

max(n1,n2)+n1 sinθ
. (8.2)
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FIGURE 8.2: Scanning electron microscope photography of three laser
machined lines in diamond, presenting perpendicular LIPSS to the man-

ufacturing direction.

Which means that the rest of the orders fulfill the evanescent wave condition, so they
do not propagate through the material but parallel to the surface of the substrate. This
condition is of crucial importance as it is key on providing the AR capabilities to the ma-
terial, and it will determine the suitability of implementing the technique in the proposed
hemi-spherical cavity. An sketch of the potential resulting solution is illustrated in Fig. 8.3.

HR mirrorDiamond
Pumping light

Uncoated 

surface
LIPSS-based 

AR surface

FIGURE 8.3: Schematic of the diamond Raman laser hemi-spherical cav-
ity, where the AR coating is substituted by the proposed LIPSS-based so-

lution [adapted from (Echarri et al., 2022b)].

8.1.1 FDTD simulation method

In this work a photonic study of laser pulses propagating through LIPSS-based nanostruc-
tured diamond crystals was performed for a wide range of frequencies between 840 nm
and 2µm. We utilized the simulation software Lumerical (ANSYS Inc.) to carry out the
required FDTD simulations for this purpose. The FDTD method is one of the multiple
approaches to compute the Maxwell’s equations efficiently, these equations are the main
way to simulate and characterize the behaviour of light or any other electromagnetic wave



110 Chapter 8. All-diamond metasurfaces for Raman laser applications

in different scenarios. The problem is that they are computationally extremely demand-
ing to solve and different approaches are available to handle this issue. In general, effec-
tive medium theory (EMT) is one of the fastest and most efficient ways to do this, how-
ever a detailed study of the LIPSS response requires of a rigorous analysis and a precise
computation of the equations. Two are the main methods that avoid the use of physi-
cal approximations and directly solve the Maxwell’s equations: FDTD and Rigorous Cou-
pled Wave Analysis (RCWA). Here, FDTD was chosen over RCWA due to the capability of
the method to compute a wide range of frequencies at once (Callens et al., 2014). This
is achieved thanks to its working principle combined with the mathematical properties of
the Fourier transform to easily extend the results from the temporal domain to the spectral
one. Specifically, this method divides the simulation region into differential cells along the
2 or 3 Cartesian axis (depending on if it is a 2D or 3D simulation) creating a mesh where the
electric and magnetic fields will be computed simultaneously at the grid points in all the
spatial dimensions, an example cell is depicted in Fig. 8.4. Thus, this simulation considers
all the effects and phenomena calculated by the Maxwell’s equations such as scattering,
transmission, reflection and absorption, among others. FDTD provides solutions in the
time domain, which can be transferred into the frequency domain by means of the afore-
mentioned Fourier transformations, being able to efficiently cover the required frequency
range in this study.

FIGURE 8.4: Example of the differential cell, also known as FDTD Yee cell,
along the three spatial dimensions employed in the 3D FDTD methodol-

ogy (Choroszucho, 2016).

8.2 Fabrication and characterization of LIPSS

The LIPSS fabrication process is generally performed by means of ultra-short pulse laser
sources, otherwise is not possible to achieve the aforementioned cold ablation process
responsible for the periodic structures generation. Depending on the material to process
and the desired structural characteristics the laser parameters must be adjusted conse-
quently.
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Here, the LIPSS fabrication process was carried out by using an Ytterbium solid state
femtosecond laser source Spirit® provided by Spectra Physics (Rankweil, Austria) with a
variable repetition rate up to 1 MHz and with a pulse duration of 380 fs. As depicted in Fig.
8.5, the 1040 nm central wavelength with a maximum power of 3W was frequency doubled
to 520 nm by means of a BBO crystal showing a maximum output power of 1 W after the
focusing optics.

The femtosecond laser was integrated into a laser processing machine (microSTRUCT
vario, 3D-Micromac, Chemnitz, Germany) providing a robust machining platform where
the fabrication process could be monitored using a CCD camera. The laser beam was
scanned over the diamond surface with a IntelliScan Galvano-scanner system (Scanlab
AG, Puchheim) at variable speeds in the order of few m/s. The laser power was controlled
using an integrated attenuator and the laser beam was focused by means of a telecen-
tric f -theta lens of 100 mm focal length to a spot size of approximately 6µm measured
according to the method proposed by (Liu, 1982). These parameters led to applied flu-
ences ranging from 2 J/cm2 to 6 J/cm2 with an average number of applied pulses per spot
of approximately 20. The morphology of the produced LIPSS is sensitive to the fluence
variations within this range, thus the sample was exposed to a total cumulative fluence
of 25–85 J/cm2 in order to fabricate high quality nanopatterns (Martínez-Calderon et al.,
2018).

Laser source

1040 nm 380 fs 1 MHz

Half-waveplate

Beam splitter

BBO crystal

Integrated

attenuator

Telecentric

F-Theta lens

Galvano-scanner

system

X

Y

Z

Diamond

sample

CCD camera

FIGURE 8.5: 3D schematic representation of the utilized laser setup for
the LIPSS manufacturing process within the laser processing machine, in-
cluding the Ytterbium laser source, the reference system, the BBO dou-
bling crystal, the integrated attenuator, the telecentric 100 mm f -theta

lens, the diamond crystal and the CCD camera and scanning system.

The described setup was employed to process a CVD diamond sample. Specifically, a
single synthetic diamond crystal type IIa (Electronic grade, Element6) grown by this chem-
ical vapour deposition process and following the <100> crystallographic axis. Then, ob-
serving Fig. 8.5, it can be appreciated that the laser light responsible for the machining
of the sample will present a collinear propagation direction to this particular crystallo-
graphic axis. Other relevant parameters that must be considered when processing any
surface will be the roughness, the absorption levels at the wavelength of interest and bire-
fringence. In the absence of flat surfaces the production of homogeneous good quality
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LIPSS becomes a challenging or rather impossible task. Same as if the manufactured ma-
terial is considerably absorptive and/or the observed refractive index strongly depends
on light´s polarization state, due to the fact that high absorption coefficients and bire-
fringence have a great effect on the LIPSS generation process. In this particular case, the
processed sample can be considered perfectly flat, birefringence could be neglected and
absorption is considerably low, since the roughness was Ra < 5 nm for all the diamond
faces, the absorption was < 0.005 cm-1 at 1064 nm and the birefringence was ∆n < 2·10-5

along the entire length of the crystal.

a) b)

470 nm

FIGURE 8.6: Period characterization of the manufactured LIPSS includ-
ing: (a) A FEG-SEM image of the selected structures and the correspond-
ing FFT spectrum of one of this LIPSS lines (inset). (b) The profile of the
spectrum depicted in the inset in (a) with the period of the LIPSS indi-
cated from the fundamental mode to a consecutive mode expressed in nm

[adapted from (Echarri et al., 2022a)].

Under these circumstances, the arising structures in the surface of the diamond sam-
ple showed a period of 470 nm and a height of around 80 nm. Which means that the
produced nanoripples correspond to the aforementioned low spatial frequency LIPSS.
The characterization process was addressed by field-emission gun scanning electron mi-
croscopy (FEG-SEM) and atomic force microscope (AFM) analysis. From which we pre-
cisely obtained the period of the structures by performing the 2D-FFT of the FEG-SEM
image of the LIPSS depicted in Fig. 8.6 (a), and calculating the distance of the consecu-
tive modes within the FFT profile, as can be seen in Fig. 8.6 (b). While the height was
obtained from the measured profile by the AFM, which presents a higher precision in the
measurement of the structures depth.

The LIPSS profile 3D representation acquired from the AFM measurements is pre-
sented in Fig. 8.7. Although the material characteristics were convenient for LIPSS fab-
rication, the formation of this nanopatterns can not be perfect. Thus, due to the fabrica-
tion process, irregularities and features will appear within the morphology of the LIPSS,
which can be more or less prominent depending on the general conditions of the process.
Here, small peaks of diverse sizes can be observed between the main peaks of the actual
nanoripples, breaking the expected peak-valley-peak pattern and consequently affecting
the performance of the nanostructures. What follows is a discussion about the effect of
this defects in the propagation of light through LIPSS in diamond, based on the measured
AFM profiles that has been computationally adjusted to present different aspect ratios,
aiming to analyze the relevance of the LIPSS and features sizing in this process.
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FIGURE 8.7: 3D representation of the manufactured LIPSS profile, mea-
sured by the atomic force microscope and presenting the morphology fea-
tures produced by the fabrication process [adapted from (Echarri et al.,

2022a)].

8.3 The effect of irregularities in the structures morphology

AFM measured LIPSS morphology and features were simulated with the aforementioned
software tool in order to determine their feasibility as photonic devices. Primarily, it was
investigated their behaviour as AR surfaces for laser and similar applications. In contrast
to previous studies, where ideal structures were simulated, the obtained transmission re-
sults for the measured structures are considerably lower. This is a consequence of the ir-
regularities and features produced in the structures by the manufacturing method, which
were not considered before. Although the results regarding reflection present an increased
AR effect, even higher than with the ideal structures, for many laser applications the use
of AR coatings also requires an enhancement in the transmission of the main diffractive
order. Which means that the use of LIPSS as AR elements for this kind of applications
becomes a more challenging task than expected. This is due to the fact that the small
imperfections perturbing the nanostructures´ lineshape, break the grating condition de-
fined in eq. 8.2 and, thus, the LIPSS behave partially as a grating. This generates higher
diffraction orders that never reach the transmission detector, which is translated into cav-
ity losses when utilized in a laser resonator. So, alternative manufacturing methods would
be desired for laser cavity design.

To evaluate the convenience of structuring the surface of diamond with imperfect ge-
ometries, a study of the irregularities affection into the beam quality was performed. The
effect of the features on the beam wavefront was analyzed by measuring the phase and
electric field in the three Cartesian axis. This way perturbations and wavefront discon-
tinuities were observable, while enough data to calculate the Strehl ratio was acquired.
The Strehl ratio is a common coefficient to evaluate the quality of an optical system, it
is ranged from 0 to 1, where 1 implies the absence of perturbations or aberrations in the
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beam wavefront. It is calculated based on the phase difference between the ideal or per-
fect wavefront and the transmitted one. The employed specific formula can be found in
the publication included in section 8.5. Results regarding this calculation present no is-
sues for the utilization of the structures in laser and holographic applications. The central
part of the beam (the area of interest) remains essentially unaffected, showing a Strehl ra-
tio close to 1, meaning that perturbations are negligible for the area including the great
majority of the pulse power.

8.3.1 Other applications

Despite the fact that the application of these nanoripples can be challenging to generate
AR elements for photonic resonators, there are plenty of applications where the implica-
tion of higher diffractive orders is not an inconvenience. In fact, similar kind of struc-
tures have been recently utilized as grating couplers for integrated diamond ring lasers
(Feigel, Thienpont, and Vermeulen, 2016), meaning that the fabricated ripples can be po-
tentially employed for light trapping applications. The utilization of this technique could
suppose a fast and cost-effective method to fabricate trapping elements for a variety of ap-
plications ranging from the enhancement of energy harvesting devices to photon trapping
techniques for quantum technologies.

b)a)
∠ [rads] log|E|[a. u.]

FIGURE 8.8: Illustration of the obtained phase (a) and electric field (b)
data of the simulated wavefront, zoomed in a region presenting the phase

discontinuity denominated as optical vortex (Echarri et al., 2022a).

Actually, for quantum applications, this type of nanostructures are not only interest-
ing for light confinement, but also for the generation of relevant effects in the field. An
example of this are photonic quantum vortexes, which are phase singularities identified
as a zero in the optic electric field, equivalent to a fork-shape wavefront phase. Figure
8.8 (a) shows an example simulation presenting a fork-shape geometry in the obtained
wavefront, while Fig. 8.8 (b) does the same for an example of a zero in the electric field.
These particular phenomena were observed in the performed simulations and produced
by the features corresponding to the fabrication process of LIPSS, so exploiting this LIPSS
manufacturing characteristic can lead to a simple method to generate this kind of singular
phenomena with multiple applications in the field of quantum technology.
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8.4 Conclusions

The herein presented work evaluated the photonic response of short Gaussian pulses
propagating through LIPSS by means of precise FDTD simulations. Which were carried
out for an extended range of frequencies in the IR spectral region, and the simulated struc-
tures were based on AFM measured LIPSS in diamond. The results showed that nanorip-
ples aiming to mimic the described moth-eye effect can actually increase the AR capabili-
ties of the material’s surface. Having said that, imperfections and features originated from
the laser machining process lead to a non-desired grating effect for applications requiring
an enhancement of the transmission. To machine convenient AR elements fulfilling this
condition, structures clean from the features that introduce diffrative effects are needed,
while higher aspect ratio ripples would be desired. In diamond, a potential alternative ca-
pable of fulfilling these requirements would be the fabrication of nanostructures relying
on UV photo-oxidation etching (Weston et al., 2019). Which can produce geometries with
similar effects, avoiding the deposition of chemical etchants and preserving the fabrica-
tion speed by means of a direct laser imprinting method.

Considering other possible applications for the LIPSS technique in diamond, this study
has shown that the features affecting the transmission of higher diffractive orders, do not
have a meaningful impact on the beam quality. Indeed, the beam area confining the 99%
of the pulse energy presents a barely perturbed wavefront and the calculated Strehl ratio
can be considered S = 1 for the whole simulated range. Which means that the technol-
ogy can be exploited for holography and laser applications that are not affected by the
described grating effect produced by the imperfections. Some of the most promising ap-
plications would be the development of grating couplers for integrated photonic devices
or light trapping tools, as it was previously discussed.
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Abstract: We study the propagation of coherent broadband light through laser induced periodic
surface structures (LIPSS) fabricated on diamond surfaces. 3D finite-difference time-domain
(FDTD) simulations were carried out for a variety of experimentally produced LIPSS morpholo-
gies, which include the specific nanometer-scale mesoscopic irregularities arising from the
fabrication technique. We compare their performance with sinusoidal grating-like structures,
showing that the specific features present in LIPSS nanoripples produce a considerable scattering
and diffraction when compared to the ideal nanostructures. With a view on determining the
scope of the potential optical and photonic applications of LIPSS, we evaluate the effect of these
irregularities on the transmitted spatial beam quality and the spatial phase characteristics of the
optical wavefront in a broad spectral range.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The direct laser fabrication of micro- and nanostructures in semiconductor materials has recently
arisen keen interest in the scientific community. For instance, diamond and silicon nanophotonic
devices have been the focus of intense research towards the next generation of integrated photonic
circuits and quantum technologies [1–4]. The well-known outstanding properties of diamond,
such as its hardness, thermal conductivity, and optical characteristics have turned it into one of
the most interesting materials for photonic source development [5,6], integrated photonics [7,8]
and quantum applications [3,4,9].

A key interesting aspect is in the fabrication of functional nanostructures on diamond, such as
metasurfaces at subwavelength scales since they can lead to effective ways of controlling light
propagation. Those include light trapping [10], control of the reflection at specific wavelengths,
or to alter the light wavefront in a controlled manner, to name a few [11,12]. The fabrication
of such structures can be carried out in different ways, where the main driving force is in the
simplicity and convenience of using directly laser-written nanostructures.

The need for specific morphological features depends heavily on the application of interest, and
they range from controlled formation of nanocrystals to nanometer-scale patterning. Currently, an
important application where diamond metasurfaces are relevant is in their use as optical coatings
that can operate at high-power in diamond-based photonic systems [13,14]. Diamond has also
shown exceptional capabilities as a Raman-active medium for the construction of high power
lasers [5,15–17]. One of the main drawbacks here is that these lasers typically require effective
anti-reflective (AR) coatings for the spectral ranges of operation. These AR coatings are also
important in terms of minimizing spectral or etalon effects that affect the spectral performance of
diamond Raman lasers [18,19].

#458774 https://doi.org/10.1364/OME.458774
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The need for diamond AR coating technology leads to significant limitations in terms of damage
threshold, robustness and cost of these lasers [20]. In this sense, the physical properties that
make diamond an excellent material for photonic applications, such as high index of refraction,
also make it challenging for multi-layer dielectric coating deposition. Typical approaches rely on
the fabrication of multi-layer thin-film optical elements along the propagation path. A possible
alternative consists in the nanopatterning of the surface of the active medium, with the aim of
producing a moth-eye effect that adds AR properties to the surface at broad wavelength ranges
[21]. However, diamond is a demanding material to physically nano-pattern due to its extreme
hardness and resistance to modification using conventional chemical etchants [22]. To date,
lithographic techniques such as electron-beam lithography, are the main processes in order to
fabricate these kind of structures [23]. Moreover, it has already proven its ability to produce
convenient nanostructures for the UV range [2].

Alternatively, the LIPSS fabrication technique is a fast, simple and cost-effective manufacturing
approach when compared to the aforementioned techniques and allows the direct laser fabrication
of nanopatterns ranging from hundreds of nanometers to few tens of nanometers [24]. This
strategy has already shown promising results regarding the fabrication of effective diamond
metasurfaces [13]. In fact, the production of LIPSS-based nanostructures in diamond and the
study of its photonic properties is an emerging field of research [13,14,25–27]. One of the
challenges here resides in the difficulty of producing reliably the required aspect ratio to behave
as effective AR coatings [28].

The LIPSS technique applicability is not limited to the production of AR coatings. Other appli-
cations include the utilization of the diffractive and refractive properties of both the nanostructures
and the diamond itself, which remain largely unexplored. Examples of applications include
light trapping devices [10], energy harvesting [29] or ultra-low power sensing [30,31]. Recently,
light trapping nanostructures have been considered for assisting quantum state manipulations in
nitrogen-vacancy (NV) centers in diamond [32,33]. Some of these applications not only require
of challenging structures with high aspect ratios, but also low scattering losses. The effects of
LIPSS on the beam quality remain to be explored.

In this work, we fabricate diamond nanostructures utilizing the LIPSS technique and simulate
their photonic response for a broad spectral range in the near-IR. In addition, we compare the
generated LIPSS to ideal sinusoidal nanostructures, aiming at the analysis of the effect of the
LIPSS morphology, including nanoparticle formation, shape imperfections, irregularities and
roughness. In addition, we study the aspect ratio dependency on their effectiveness as AR
coating. The simulations were carried out using 3D FDTD simulations. Our results show that the
suitability of LIPSS as AR coatings is strongly dependant on the aspect ratio and the scattering
and diffractive effects. Therefore, strategies to improve the geometrical mesoscopic features of
the nanoripples are still needed.

2. Experiments

The nanostructures analyzed by FDTD simulations were based on experimental measurements
performed to the fabricated LIPSS. The nanoripples where produced by a frequency doubled
Ytterbium-doped solid state laser generating ultrafast pulses (380 fs) at 520 nm with a 1 MHz
repetition rate. The majority of the fabricated nanopatterns were produced with an average of 20
pulses per spot and fluence values slightly above the ablation threshold. This value was found to
be approximately 2 J/cm2, while the laser fluence was varied from the ablation threshold to a
maximum value of 6 J/cm2. The morphology of the generated structures do vary within that
range, and in order to produce high quality nanopatterns the total impinging cumulative fluence
was in the order of 25–85 J/cm2 [14]. The manufactured sample consisted on a single synthetic
diamond crystal Type IIa (Electronic grade, Element6), with growth direction in the <100>
crystallographic axis, so the manufacturing laser light was collinear to this axis. Additionally, the
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roughness was Ra < 5 nm for all the diamond faces, the absorption was < 0.005 cm−1 at 1064
nm and the birefringence was ∆n < 2·10−5 along the entire length of the crystal. Meaning that
our sample presented low absorption and could be considered birefringence free.

The fabricated structures showed a periodicity of 470 nm as indicated by the field-emission
gun scanning electron microscopy (FEG-SEM)) (see Fig. 1 [a, c]), although the 3D model of the
structures was created based on the measurements with the atomic force microscope (AFM) (see
Fig. 1(b)). This was done in order to preserve the accurate depth information provided by the
AFM. There was however a discrepancy of up to 20% between AFM and FEG-SEM results, and
so the structures simulated herein correspond to the measurements performed with the AFM.
The study is then completed with altered versions of the actual LIPSS morphology in which the
aspect ratio is artificially adjusted.

a)

b)

c)

Fig. 1. a) SEM photography of the fabricated LIPSS. b) Profile of the region of interest
(ROI) indicated in a) showing each of the different AFM traces performed with a separation
distance of 1 µm and represented in different colours (yellow to purple). c) Average spatial
Fourier transform of the ROI indicated in a) and (inset) 2D Fourier transform of the same
ROI.

In the following section we show simulations of the experimentally measured nanostructures
with adjusted aspect ratios by a factor of 2, 4, 6 and 8. In the same way, we study the light
propagation characteristics through sinusoidal structures with the same periodicity and aspect
ratios as for the previously described ripples, to compare ideal surfaces with realistic ones
presenting nanoparticles and other features consequence of the fabrication process.

3. Simulations

The transmission through the nanostructured surface has been described based on the concept of
"fill factor". That is, when the average spacing among the peaks and valleys of the LIPSS is small
compared to the wavelength in the medium, the transmitted light will experience an average
refractive index of the two materials, which gradually varies from the index of the incident
material (usually air or vacuum) to the index of the substrate. This approach is known as effective
medium theory (EMT), and even though is a powerful method for calculating the response of
highly regular nanostructures, it is not directly applicable to LIPSS. This is in part because of the
spatially variable structure pitch and morphology arising from the fabrication process. Our goal
here is to study the transmission and reflection waves through realistic LIPSS nanostructures
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with a more precise outcome. In the following, we evaluate the spectral response in terms of
transmission and reflection of light through the LIPSS and compare it with a sinusoidal design.

Compared to EMT, FDTD and Rigorous Coupled Wave Analysis (RCWA) are the two main
alternative techniques for a fast and precise resolving of the propagating optical fields using
Maxwell’s equations. We selected full 3D FDTD in order to be able to reproduce the asymmetries
and variations of the nanostructures in the different spatial scales. We performed the calculations
utilizing the high-performance photonic simulation software Lumerical (ANSYS, Inc). A wide
range of wavelengths was covered through all the simulations by resolving the equations in the
time-domain [34] and evaluating accurately the effects produced by the material morphology.
We performed FDTD simulations to ten different surface morphologies and nanostructure aspect
ratios across the spectrum from 840 nm to 2 µm. Which is a particularly interesting range for
communications, spectroscopy and sensing applications in the eye-safe region [35,36]. Moreover,
achieving high aspect ratios at shorter wavelengths can be challenging [14], increasing the interest
on the near-IR region.

The simulation environment was set to be a diamond cuboid implemented in the software by
the use of the corresponding Sellmeier equation found in [37]. The dimensions of the diamond
were 25× 25× 42 µm3, while the nanostructures were placed centered on the top of the cuboid
with an area of 10× 10 µm2. The light source generates a broadband Fourier limited laser pulse
as the result of simulating a broad spectral range covering from 840 nm – 2 µm with a spectral
phase equal to 0 across the spectrum, resulting in a 5.58 fs pulse at the source. When solving
this spectrum in the time-domain we observed the propagation of a dispersive pulse through the
nanostructures and the diamond, presenting a transversal Gaussian beam profile with a waist
radius (ω0) of 2 µm. Two complex electric field monitors were used to capture the transmitted
and reflected light. The transmission was measured with a 25× 25 µm2 monitor at a distance of
45 µm from the light source and at the bottom of the cuboid as depicted in Fig. 2, so the capturing
of the entire transmitted beam was guaranteed. And the reflection detector was placed above the
light source at a few microns distance. The defined boundary condition for the light source was
set to be a completely transparent element, so that it does not interact with the reflected light
being able to be captured by the reflection detector. While in the case of both detectors, light
does not propagate further since they were set to be perfect absorbers.

3.1. Transmission, reflection, and overall losses

Our calculations were performed for an area covering 4σ of the input Gaussian electric field
spatial distribution E⃗0(x, y, z = 0) = E0 exp (−(x2 + y2)/σ2)x̂. Here the polarization was selected
perpendicular to the nanostructures. The complex electric field readout in the transmission
detector (E⃗T (x, y, z0)) located at z = z0 = 45 µm had an area equivalent to 3σ in terms of the
input Gaussian profile, resulting in an overall measurement error of less than 1%. The reflected
electric field E⃗R(x, y,−δz), in contrast, was obtained from a 9 x 9 µm2 planar field monitor placed
just above the light source at a distance δz = 6 µm.

Examples of the measured intensity profiles are shown in Fig. 3, in logarithmic scale for visual
aid. The results obtained from the aforementioned simulations are considerably different from
previous studies in the literature, where the LIPSS morphology is often approximated to a fitting
function that resembles the AFM measured nanostructure profiles [13]. The specific irregularities
arising from the experimental LIPSS process affect the surface of the material in a unique way,
such effect is evident observing Fig. 3. An increment in the aspect ratio has a noticeable effect
on the quality of the transmitted optical beam, particularly at shorter wavelengths as can be
appreciated in Fig. 3(a) and (d). The effect becomes less prominent for longer wavelengths as
shown in Fig. 3 [b, c] and [e, f]. This is an expected result consequence of the wavelength-
dependent evanescent wave condition for nanostructures with periodicity Λ between media with
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Reflection detector

Transmission detector

Diamond nanostructures

Gaussian light source

Diamond block with 
absorptive walls

9x9 μm monitor

25x25 μm monitor

Fig. 2. Schematic illustration of the setup utilized for the 3D FDTD simulations, including
the size and position of the light source and monitors as well as the transmitted beam
propagation.

index n1 and n2 at an angle of incidence θ, which corresponds to λ = Λ [max(n1, n2) + n1(sin θ)]
[14].
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Fig. 3. The simulated transmitted beam profiles at z = z0 of the light intensity in logarithmic
scale for the nanostructures at 840 nm, 1.3 µm and 2 µm (a, b, c) and for the original sample
adjusted to a 8 times bigger height for the same wavelengths (d, e, f).

In order to quantify the effect of the nanostructure aspect ratio, the height of the nanostructure
profile was progressively increased. Figure 4 shows both the transmission of the zero-order
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diffractive mode M = 0 and the contribution of higher-order diffractive modes |M |>0 to the
transmitted beam for real and ideal nanostructures. Depending on the application, diffracted
light may be useful (such as for light trapping devices), whereas low diffracting beams are
necessary in laser applications. This is because diffracted light and scattering is often translated
into transmission losses for applications such as AR coatings. It is important to remark that the
reduction on the diffraction losses at shorter wavelengths observable in Fig. 4 for the high aspect
ratio sinusoidal structures, is attained to the fact that the diffraction angle for |M | = 1 is small
enough; so that the detector is capturing these modes, as we can also see an increment in the
transmitted signal.

Fig. 4. Simulation results of transmission and diffraction for each of the samples at all the
different heights, the left side image corresponds to the featured sample and its adjusted
heights, while the right side image corresponds to theoretical sinusoidal structures. T(A)
corresponds to the transmission through the structures with different aspect ratio A, whereas
L(A) corresponds to the amount of power loss for different aspect ratios A through higher
order diffraction and scattering.

In the simulations, the lateral faces of the diamond cuboid were selected to be an impedance
matched absorbing surface without any reflections, whereas the diamond material had negligible
absorption. The quantity (per unit) of the cumulative losses due to diffraction and scattering was
then calculated by:

L = 1 − (T + R) = 1 −
∬

|E⃗T (x, y, z0)|2dxdy +
∬

|E⃗R(x, y,−δz)|2dxdy∬
|E⃗0(x, y, 0)|2dxdy

, (1)

where T is the transmitted portion of the beam that impinges the transmission detector and R is
the reflected portion that is captured by the reflection detector. The remaining portion of light
is assumed to contribute to diffraction losses, in fact computationally the quantity T + R + L
accounted for practically 100% of the input light. The aspect ratio A is defined here as the ratio
between the peak to valley nanostructure height h and periodicity Λ, so that A = h/Λ.

Values for T and L for both real and ideal structures are given in Fig. 4 for a broad range of
wavelengths. As expected, as the aspect ratio of the structures is increased, a higher transmission
is attained at longer wavelengths. It is also clear from this analysis, that real LIPSS nanostructures
have considerable high order diffraction and scattering contributions even at long wavelengths
when compared to ideal sinusoidal structures. This is probably because of the complex 2D spatial
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frequency distribution present in the LIPSS structures, which was depicted in Fig. 1(b), meaning
that the evanescent wave condition mentioned above is not entirely or appropriately fulfilled.

Likewise, Table 1 summarizes values for the reflectivity factor R for the processed samples
with a variety of aspect ratios at three representative wavelengths (840 nm, 1.3 µm and 2 µm).
The results show that LIPSS nanostructures exhibit in most cases superior AR behaviour than the
sinusoidal structures.

Table 1. Measured reflectivity in the simulation setup for each
of the simulated structures, being "LIPSS" the ones referring to

the featured LIPSS-like structures and "Sine" the perfectly
sinusoidal generated nanostructures. The values are

represented for all the simulated aspect ratios at three different
wavelengths along the simulated spectrum. Aspect ratio 0
corresponds to a diamond bare surface with no structures.

Reflectivity [%]

λ = 0.84 µm λ = 1.3 µm λ = 2 µm

Aspect Ratio LIPSS Sine LIPSS Sine LIPSS Sine

0 16.67 16.67 16.67 16.67 16.67 16.67

0.11 14.39 15.79 15.59 15.40 15.90 14.79

0.22 11.58 13.86 12.15 12.90 14.02 12.67

0.45 5.97 8.42 6.71 9.94 8.87 9.75

0.67 3.43 4.97 3.23 7.95 4.27 8.59

0.89 2.00 5.40 1.99 5.36 1.88 6.30

Further analyzing the propagated light, the results show that even though the transmission
of light through LIPSS can be efficient, there is significant distortion originated by small-scale
diffractive effects caused by the irregularities in the geometry of the nanostructures. This is
analyzed employing the Strehl ratio and studying the transmitted wavefront at the detector
position.

3.2. Wavefront analysis

In terms of determining how severely the wavefront was affected by the diffractive and scattering
effects, we measured the 3D complex electric field in all of the simulation volume E⃗(x, y, z), for
the featured original sample (A = 0.11) and evaluated the wavefront at z = z0 (see Visualization 1
as an example). This measurement was performed in order to calculate the Strehl ratio of the
beam at the transmission detector, so a quantitative measure of the beam quality reduction could
be performed. The Strehl ratio S(z0) was calculated following the approximation [38]:

S ≈ e−σ
2
p = e−⟨(φ−φ0)2 ⟩ , (2)

where σp is the RMS deviation of the difference between the measured phase front ϕ at point
(x, y, z0) of the transmission detector and the ideal propagated Gaussian beam phase front ϕ0 at
the same point, so that σ2

p (z0) = ⟨(ϕ(x, y, z0) − ϕ0(x, y, z0))2⟩. The spatial wavefront phase in the
detector plane at distance z0 is calculated from the 3D electric field E⃗(x, y, z) in the polarization
angle parallel to the unitary vector x̂, that is Ex(x, y, z0), which is also parallel to the polarization
vector of the light source as follows:

ϕ(x, y, z0) = arg (Ex(x, y, z0)). (3)

We study the wavefront distortion of the transmitted beam at a range of wavelengths between
840 nm and 2 µm. Figure 5(a) shows the results for the Strehl ratio for two different scenarios, the
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first one (blue) is for the region concerning the entire transmission detector surface 25× 25 µm2,
while the second case (orange) is for a 10× 10 µm2 area centered into the beam irradiance peak
and contains more than 99% of its energy.

a) b)

c) d)

[μm]

[rads]

[rads]
b)

[rads]

d)
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Fig. 5. Wavefront analysis of light transmitted through LIPSS structures with an aspect
ratio of 0.11: a) Strehl ratio measured for the entire detector (blue) and the reduced ROI
(orange) at different wavelengths across the IR spectrum. b) Wavefront of the propagated
wave at the transmission detector at 2 µm. c) Wavefront profile of the transmitted wave along
the x and y axis (orange) and for the residual wavefront when compared to an ideal Gaussian
beam at 2 µm (blue). d) Residual wavefront of the transmitted beam after substracting the
wavefront of an ideal Gaussian beam at 2 µm.

As can be seen in Fig. 5(a), the Strehl ratio for wavelengths above 1 µm is S ≈ 1, being mostly
affected by scattering effects just in the outer region of the beam. When it comes to longer
wavelengths at 2 µm, due to the periodicity of LIPSS the beam is not exposed to distortion effects,
as depicted in Fig. 5(b) and (d) the beam in the entire detector region remains nearly unperturbed.
In the case of the image Fig. 5(b) we can observe the phase of the beam at the detector, while
image d) shows the residual phase of the beam after substracting the ideal Gaussian beam
wavefront. This compensation and the paltry effect of diffraction can be clearly appreciated in
the lineout of the profiles represented in Fig. 5(c).

In terms of the phase of the full electric field distribution at the transmission detector, we observe
that the transverse field distribution features a quasi-azimuthal angular dependence, which appears
to carry orbital angular momentum (OAM), probably as a consequence of the nanostructures
defects producing a null intensity point that derives into these kind of phase singularities [39].
Indeed, this OAM phenomena have a grown interest for the scientific community nowadays,
mainly due to their applicability in the quantum field [40,41]. Figure 6(a), b) and c) show the
wrapped phase front of the transmitted beams at 840 nm, 1.3 µm and 2 µm, respectively. Here, we
can observe how at shorter wavelengths, due to their relative size to the period of the LIPSS, the
wavefront begins to present strong phase discontinuities in the beam edges (see Fig. 6(a)). A more
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detailed representation of one of the singularities is shown in Fig. 6(d). These fork-hologram
shapes correspond to the type of phase distributions used to produce optical vortexes carrying
OAM. It is also straightforward to observe the doughnut shaped field distribution in the diffracted
electric field in Fig. 6(e), which represents the aforementioned null intensity point originated by
topological defects.

a) b) c)

e)d)
[rads] log|E|[a. u.]

[rads]

Fig. 6. Wrapped wavefront corresponding to the measured phase in the detector for the
wavelengths a) 840 nm, b) 1.3 µm and c) 2 µm, respectively. d) and e) correspond to the
measured phase and the electric field of the phase discontinuity highlighted in the doted
region, respectively.

4. Discussion and conclusions

In this study, we fabricated and measured LIPSS in diamond surfaces to study their effect on
light propagation through a wide range of frequencies in the near-IR spectral region. Results
regarding this study shine light into the moth-eye effect capabilities of laser induced nanostructures
in transparent semiconductors. When it comes to the comparison with ideal structures, AR
coatings based on LIPSS proof to be highly suitable for many applications. However, when
measuring less-than-ideal structures, diffraction losses appeared to be a significant problem, so
the applicability of these nanostructures can be more challenging than originally presumed. On
top of this, we analyzed the wavefront distortion incurred by LIPSS. The obtained results showed
that low level of distortion is attainable when the nanostructures are considerably smaller than the
impinging wavelength. However, further research should be taken to experimentally demonstrate
LIPSS optical and photonic capabilities in diamond.

Considering the substantial losses observed in LIPSS (such as in Fig. 4), their use as AR
coatings for laser applications could be challenging. Nevertheless, results regarding the obtained
Strehl ratio point that the beam quality could be high enough for some applications, particularly
those not requiring full aperture transmission. One of the key aspects of using LIPSS to produce
efficient AR coatings is in the difficulty of attaining high aspect ratios for the wavelengths of
interest. Ideally, the nanostructures should present an aspect ratio close to 1, along with a relation
between the periodicity and the wavelength of around 0.4. Moreover, as we mention in this
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work, the losses are closely related to the irregularities generated during the fabrication process.
Alternatively, other laser based fabrication methods such as UV photo-oxidation etching could
ameliorate this issue [42,43].

Another interesting potential use of LIPSS nanostructures is in light couplers for photonic
integrated circuits. Indeed, it was recently proven that grating couplers are a suitable and simple
solution to achieve high power transmission [33]. Results within this paper suggest that grating
couplers fabricated through LIPSS could in principle achieve similar efficiency levels to those
obtained with lithographically engineered grating patterns. Furthermore, the LIPSS shown here
exhibit a reflectivity lower than 2% (at specific aspect ratios), meaning they may be useful as
highly efficient optical couplers and light absorbers, such the ones used for NV center technology
in diamond. In summary, our simulations suggest that LIPSS are a convenient fabrication
technique for low cost and fast manufacturing of metasurfaces in diamond for photonic devices.
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Chapter 9

The effect of laser spectral features on
the photo-ionization efficiency

The following chapter explains the photo-ionization process occurring when specifically
selected laser photons interact with atoms, and it describes the spectral line broadening
effects that are so relevant when it comes to the efficiency of RIS and other ionization pro-
cesses. The mathematical approach developed to analyze the impact of the laser spectral
features in the ionization process is also presented here, including the considered approx-
imations to develop a fast and efficient simulation tool. Results concerning the compar-
ison between the Raman and Ti:Sapphire spectra performance within photo-ionization
processes are presented and discussed in this chapter too. While further details concern-
ing the model can be found in the corresponding publication "Tunable diamond Raman
lasers for resonance photo-ionization and ion beam production" provided in Chapter 10
section 10.6.

9.1 Ionizing lasers spectral characteristics

The spectral linewidth of a laser pulse is normally defined as the FWHM linewidth of the
pulse envelope, where this envelope is composed of the different spectral modes pro-
duced by the laser cavity. A similar envelope can be very dense in number of modes or
be constituted by very few, no matter the linewidth of the pulse. Which is indeed the case
for the two ionization sources compared in this study. The proposed Raman laser shows a
spectrum composed of few broad longitudinal modes, while the Ti:Sapphire z-fold cavity
presents multiple thin modes, as illustrated in Fig. 9.1. The number of produced modes is
ruled by the resonator design, and the length is one of the most critical parameters, along
with the chosen amplification medium and the selected configuration. This observation is
crucial for applications where the spectral content has a great impact on the performance
of the laser, such as the proposed spectroscopy experiment.

For atomic photo-ionization the distribution and lineshape of the spectral modes have
a notorious impact on the process, so they should be well considered. The study of these
features is scarce in the literature, thus the following mathematical description and sim-
ulation model aim to bring some light into this matter, by explaining the effect of these
features in the process. The proposed simulator was utilized to compare the spectral be-
haviour of the Raman and Ti:Sapphire lasers before the performed photo-ionization ex-
periment. In the simulation, a theoretical Ti:Sapphire spectrum based on measurements
found in the literature was defined, while the Raman spectrum values where provided
based on our experimental data. This is due to the fact that the available characteriza-
tion tools lack of enough resolution to measure the Ti:Sapphire laser modes as they are
remarkably thinner than the Raman ones. Details about the specific spectra are provided
in Chapter 10 section 10.6. Both spectra were represented in the model as their equivalent
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FIGURE 9.1: Representation of two different laser spectra of similar
linewidth, one showing few spectral longitudinal modes (left) and another
showing many spectral longitudinal modes (right), so that the difference

of mode density is illustrated.

Gaussian lineshape and truncated Lorentzian lineshape, to evaluate the spectral compar-
ison in more detail by observing the effect of this characteristic within the process. The
truncation was determined by the lasing threshold of each light source, as it is explained
in the literature.

9.2 Spectral line broadening in photo-ionization processes

The ionization process, as it was explained in Chapter 2, is the process where electrons
from an atom are excited from the ground or any other stationary state over the ioniza-
tion potential, meaning that an electron is removed in favor of the generation of an ion.
Photo-ionization consists on transferring the required energy for ionization by means of
photons. It can be done whether by single photons with enough energy or by applying
multiple synchronized photons with enough cumulative energy. For the second case, the
electron needs to be excited into a certain meta-stable state called bound state. To achieve
this meta-stable state from which a second photon can excite the electron to higher energy
levels, the energy of the photon must be matched to the energy of the transition between
the stable state and the bound state. This is what is called resonant ionization, and if the
whole process is resonant, then the method is called resonance ionization, which occurs
when surpassing the IP and the electron is located in an autoionizing state. In the exper-
iment, the photo-ionization process was performed in a first resonant step and a second
non-resonant ionization step. Which for comparing the efficiency of both lasers is suit-
able, even though non-resonant ionization reduces the selectivity of the process.

To efficiently perform the photo-ionization process, it is primordial that the maximum
amount of produced photons interacts with as many atoms and electrons as possible.
Here, the different broadening processes affecting the spectral lines of the targeted ele-
ment play a crucial role when trying to match the spectral characteristics of this with the
ones of the ionizing laser source. The main broadening effects considered when dealing
with these kind of processes are the natural linewidth broadening, the thermal Doppler
broadening and the saturation process related to the ionization process itself.

The natural linewidth broadening is a general effect attributed to the spontaneous
decay rate ξ that any particle suffers when it presents a certain energy state. In the case
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of photons, since energy levels are directly proportional to the frequency of the particle,
this is translated into a spectral broadening. This broadening is ruled by the uncertainty
principle of Heisenberg ∆E∆t ∼ h

2π (Heisenberg, 1927) and the resulting lineshape Lnat is
always considered a Lorentzian profile expressed as (Rohlf, 1994)

Lnat (ν) = ξ

4π2

1

(ν−ν0)2 + ( ξ
4π )2

, (9.1)

which is proportional to the decay, and ν0 is the central frequency. By evaluating eq.
9.1 at the peak value (ν= ν0), the FWHM broadening can be defined as

∆νnat = 1

2

ξ

4π2 · 1

( ξ
4π )2

= ξ

2π
. (9.2)

However, in general and specially in the herein presented experimental conditions, the
thermal Doppler and saturation broadening will dominate the process over the natural
linewidth broadening expressed in eq. 9.2.

In the case of the thermal Doppler broadening, it is a consequence of the velocity that
atoms have regarding a certain evaluation point. In the case of laser excitation, depending
on the displacement direction and the velocity of the atoms with respect to the incoming
photons, the relative frequency of the atom will vary following what it is commonly known
as the Doppler effect. The variation in the frequency ν is called Doppler-shift and in the
same fashion as before it leads to a spectral broadening. Since the effect is governed by
the temperature of the atoms, which is proportional to their velocity, the lineshape will be
determined by a Gaussian distribution following Boltzmann statistics. Thus, the Doppler
broadening can be expressed as (Haken, Wolf, and Brewer, 2005)

∆ωDoppl er =
2ω0

c

√
2ln2

kT

m0
, (9.3)

where ω0 is the central angular frequency, k is the Boltzmann constant, T is the tem-
perature of the atoms and m0 their atomic mass. In the experiment, atoms are heated
at a temperature higher than 1000°C, meaning that the Doppler broadening is the most
relevant broadening mechanism in this scenario.

The last considered mechanism is the saturation broadening, which is related to the
laser intensity and the atoms availability at the resonance frequency. The resonance fre-
quency is defined by the two energy levels |1〉 and |2〉 encompassing the targeted transition
and it is regularly expressed as ν21 = (E2−E1)/h. While the detuning δ is referred to the dif-
ference between the laser frequency and the resonance frequency. Assuming steady-state
operation, the excited state population ρ can be expressed as (Citron et al., 1977)

ρ = S0/2

1+S0 +4δ2/ξ2 , (9.4)

where ξ is the spontaneous decay rate of the higher energy state, while S0 is the reso-
nant saturation parameter. This parameter provides the ratio between the intensity of the
laser and the saturation intensity as S0 = I /IS . The saturation intensity IS is dependant of
the laser wavelength λ and the lifetime of the excited state τ, being generally defined as

IS = πhc

3λ3τ
. (9.5)

Now, the FWHM linewidth of the excited state population is determined by the spon-
taneous decay rate ξ and can also be expressed as
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ρ = S0

2(S0 +1)

1

1+4δ2/ξ2
S

. (9.6)

Which means thatρ shows a Lorentzian profile with linewidth equal to ξS(I ) = ξp1+S0,
leading to a linewidth increment when the laser intensity increases, that is the same as a
broadening effect related to the laser intensity. Thus, this broadening mechanism asso-
ciated to the laser intensity and determined by the saturation intensity, is what is called
saturation broadening. However, this theoretical approach considers the spectral line-
shape of the laser as a perfectly continuous pulse envelope, which means that the spectral
features induced by the cavity longitudinal modes are not taken into account.

This is why in this study, a mathematical tool to approach this problem is proposed. It
consists on an efficient simulator, that is able to provide an overall efficiency performance
for a great variety of laser pulses. It is based on a particular approximation method that
will be explained next, which allows fast and trustful calculations. To rigorously evaluate
this process, each photon-atom interaction should be independently considered. Which
implies implementing the probability of a photon to interact with an atom and calculating
the corresponding cross-section to determine in which case if the photon will get ionize or
not; while considering the allowed and forbidden energy levels, and updating the number
of available atoms in each iteration. This is a tedious process that heavily undermines the
computation time, without providing significant data for us, since the aim of this model is
to compare lasers with different spectral characteristics and determine the optimal spec-
trum producible by these type of sources. So highly precise approaches are not required,
as it is demonstrated next.

9.3 Ionization saturation effect in the spectral overlap approxi-
mation

With the aim of characterizing the impact and relevance of the spectral distribution of
a laser pulse during the photo-ionization process, the proposed simulator compares the
spectra of different laser pulses in order to determine the ideal properties for this function.
Needless to say, the perfect scenario would be the one where the laser pulse is a contin-
uous envelope identical to the Doppler broadened Gaussian distribution of the atoms.
However, a laser pulse is usually constituted by multiple modes when broadband opera-
tion is required, meaning that the desired continuous envelope is not possible to achieve.
Under these circumstances, pulses matching with the Doppler broadened Gaussian line-
shape covering the biggest possible pulse area, while minimizing the amount of pulse that
does not interact with atoms, will be the most efficient achievable configuration. Calcu-
lating the area coverage is what is referred as overlap, thus the simulation tool is based on
this overlap concept to approximate the ionization process outcome.

Specifically, the mathematical tool constructs different laser pulses, based on whether
Gaussian shaped or truncated Lorentzian shaped longitudinal modes, so the effect of this
distinction can be evaluated. Although, in classic laser theory is generally assumed the
second scenario to be true (Svelto and Hanna, 2010). Allowing variations and develop-
ing a flexible tool enables further study of the process and a better understanding of it,
so this is why alternative lineshapes are available here. Moreover, the spectral features of
each laser pulse can be modified by the user up to the point of introducing any kind of
signal, including measured real spectra if desired. The same can be applied to the Gaus-
sian distribution of the atoms, which can be calculated based on the targeted element and
temperature following eq. 9.3 or a customized distribution can be introduced if available.
Details about the mathematical development are provided in the publication included in
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Chapter 10 section 10.6, while the developed code is provided in Appendix C section C.4.
The general formula utilized to calculate the overlap is given by (Echarri et al., 2022b)

Θ=
∫
ν A(ν) ·S(ν) dν∫

ν A(ν) dν
, (9.7)

where A(ν) is the lineshape of the atomic Gaussian distribution and S(ν) is the spec-
trum of the laser pulse. So the spectral overlap Θ is the ratio between the area of S(ν)
within A(ν) and the total area of A(ν). Which is proportional to the photo-ionization ef-
ficiency, meaning that for comparison purposes Θ is equivalent to the process efficiency,
and then this overlap approximation can be considered convenient for our simulation
purposes.

To fairly compare two different laser spectra, not only is necessary to perform the over-
lap calculation for both of them, but first the spectra need to be normalize to the same
pulse energy. This is done by equalizing the total area of both signals by adjusting their
amplitudes. To obtain the saturation curves for each laser, it is necessary to calculate the
overlap value at different laser intensities or signal amplitudes. Then, the compared spec-
tra are multiplied by a reduction/amplification factor in a wide enough range, so that the
process is evaluated from signals ranging from intensities that do not trigger the ioniza-
tion process to intensities that completely saturate it. An example of the obtained curves
is illustrated in Fig. 9.2 and will be later discussed.

FIGURE 9.2: Simulated saturation curves for the Raman and Ti:Sapphire
lasers’ theoretical spectra for the photo-ionization of the Doppler broad-
ened Gaussian distribution of a Samarium cloud at 2000°C (Echarri et al.,

2022b).

Additionally, to emulate the effect induced by the vacancy generation produced when
an atom is ionized, which resembles what in laser theory is known as spectral hole burn-
ing, the simulator takes advantage of a mathematical approximation to compensate the
impact of this effect. Since the Gaussian lineshape of the atomic distribution is normal-
ized in amplitude to 1, when the laser spectra are amplified over this value the assigned
value will always be capped to 1. This effect is illustrated in Fig. 9.3, where (a) shows
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the spectra of the transition (green), Ti:Sapphire laser (blue) and Raman laser (red) be-
low capping values, while (b) shows the same spectra for amplification values where the
Ti:Sapphire spectrum is capped. Same will occur to the Raman spectrum at high enough
amplification values. The capping approximation was tested to be precise enough for the
developed comparison, as it was corroborated with the results presented in the following
Chapter 10. When considering the capping approximation and the multiplication factor
for the curve saturation calculation, eq. 9.7 is adjusted to (Echarri et al., 2022b)

Θ=
∫
ν A(ν) · [S(ν) ·k]1

0 dν∫
ν A(ν) dν

. (9.8)

a) b)

FIGURE 9.3: Example of the capping approximation for the photo-
ionization model: (a) Simulated Gaussian Samarium transition, Raman
and Ti:Sapphire laser spectra for an amplification factor below capping.
(b) Simulated Gaussian Samarium transition, Raman and Ti:Sapphire
laser spectra for an amplification factor over the capping condition for the

Ti:Sapphire laser spectrum.

The results arising from this simulation, depicted in Fig. 9.2, correspond to the pre-
viously described spectra, which are represented in Fig. 9.3 (a). The key parameter here
is the notorious difference in both lasers´ modes linewidth. As it was mentioned before,
the Raman laser presents considerably wide modes compared to the Ti:Sapphire laser.
These linewidth broadening is a consequence of the fact that the laser source is noisier,
so the spectral modes can not be as pure as in the Ti:Sapphire cavity. Indeed, the Ti-
tanium:Sapphire laser presents an abundant amount (around 20) of relatively narrower
modes, typical from this kind of low noise cavities. Having said that, the efficiency results
for the Raman laser are significantly better than for the Ti:Sapphire laser source, meaning
that purer modes do not correspond to higher ionization efficiency.

9.4 Conclusions

The proposed model constitutes a convenient tool for the analysis of the spectral features
involved in the photo-ionization process of different elements by means of different pho-
tonic sources. The mathematical approach is based on an overlap approximation that no-
tably simplifies the computational load leading to a fast an efficient solution that can help
in the selection of ionizing sources for multiple experiments and applications. The results
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were compared and contrasted with experimental measurements that closely agreed with
each other, validating the suitability of the tool.

Moreover, it was already identified by the simulator that the currently employed light
sources, such as the dye and Ti:Sapphire lasers, are far from presenting optimal spectral
properties for ionization processes. Which is a consequence of the narrow linewidth of
the modes encompassing the laser pulse, as it implies a reduction of the overlap with the
ionizing atoms when compared to sources with wider modes. The modes width is closely
related to noise, as it was described for the Raman laser in Chapter 6, when explaining the
broadening induced by the phonon noise. Actually, the noisiness attributed to the Raman
laser and the consequent broadening of the modes, corresponds to the enhancement in
the efficiency of the ionization process observed in Fig. 9.2. This performance increment
with respect to the current technology, supposes a potential improvement of two times the
ionization capabilities achieved nowadays in RILIS. This enhancement is also consistent
from a qualitative point of view, since the atoms distribution can be also considered noisy,
meaning that a noisy laser source would be preferred for matching its spectral content
rather than a purer one, as it is the case for the Raman compared to the Ti:Sapphire laser.

In conclusion, to the best of our knowledge this is the first time a detailed study about
the implication of the light sources’ spectral properties in the photo-ionization process
was performed. The study has shown the great relevance of these features during the pro-
cess and was able to predict the outcome of an experiment where two different lasers
were compared. In fact, the results showed that the number of modes and, specially, their
linewidth play a key role in the attainable efficiency, which can not be underestimated.
Thus, next generation photonic sources has to be designed in a fashion such that the spec-
tral content is strongly considered when purchasing or designing the laser source. The
proposed Raman cavity is a good example of this, as it presents a two-fold efficiency en-
hancement that will be discussed in the next chapter. Additionally, a cavity based on the
diamond Raman technology capable of producing a higher number of broad modes will
also be explained in Chapter 10, which could potentially push the technology capabilities
further.
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Chapter 10

Efficient generation of ion beams
using diamond Raman lasers

This chapter includes the results regarding the photo-ionization experiment performed
at the Offline-2 beam line, where the ionization efficiency of the Raman and Ti:Sapphire
lasers was compared. Thus, a detailed description of the beam line is provided along with
the obtained results and the consequent discussion. Additionally, a new cavity design is
proposed in order to achieve an optimal spectrum, considering all the information and
knowledge acquired within the frame of this research. The chapter introduces the main
objectives, concepts, results and conclusions regarding the experiment presented in the
publication "Tunable diamond Raman lasers for resonance photo-ionization and ion beam
production" (Echarri et al., 2022b), which is included at the end of the chapter in section
10.6.

10.1 Introduction

The validation of the Raman technology as a suitable tool for spectroscopy experiments
was shown in Chapter 6, while its efficiency for ion beam generation was still uncertain,
since the spectral features of the Raman pulse were completely different from the typi-
cally employed Ti:Sapphire laser. This spectral content was theoretically analyzed in the
previous chapter, where a photo-ionization model considering the spectral features of
each laser was presented. The results regarding this model proposed that spectrum-wise
the Raman laser should be two times a more efficient tool for ionization processes than
the Ti:Sapphire laser. To corroborate this theory, a photo-ionization experiment was per-
formed in a beam line replica of the one utilized in ISOLDE to provide pure ion beams at
CERN. This way, the comparison of both laser sources could be performed and the suit-
ability of the tool for operating in the final working conditions could be proven. Thus, a
two steps RIS experiment was designed were the laser sources to compare were in charge
of producing a first resonant transition in Samarium (Sm). Specifically, Sm+ ions were
generated inside a metal hot cavity where the compared lasers produced the aforemen-
tioned first step and a Nd:YAG laser produced the second non-resonant ionization step,
so the electrons surpassed the ionization potential. Further details about the employed
ionization scheme and the experimental setup are provided in the following section.

It is important to remark that, previous to this experiment, the suitability of the tool
to perform spectroscopic experiments was tested in a development laboratory within a
very similar experiment. As depicted in Fig. 10.1, the setup in this case was composed
of a frequency doubled tunable Ti:Sapphire laser pumping the hemi-spherical diamond
Raman cavity at 400.25 nm and around 1 W power. Consequently producing a 1st Stokes
Raman laser output of hundreds of mWs at 422.79 nm, convenient for resonantly excite
the targeted transition of Calcium willing to analyze. However, as it is common in this
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kind of ionization schemes, a second step was required for the ionization of the atoms.
This was provided by a second Ti:Sapphire laser which was time synchronized with the
Raman laser and produced an output wavelength of 389.71 nm with similar power to the
previous Ti:Sapphire laser. The two lasers were pumped with the same Nd:YAG laser and
the pumping power was equally distributed to both light sources. The ionization process
was measured within the illustrated ionization chamber where a Calcium atoms beam
was provided thanks to the hot cavity environment and the chamber disposition, allow-
ing to hit the beam perpendicularly with the ionizing laser beams. The ionization mea-
surements were then performed with weak broadening effects and thus, minimizing the
impact of these effects on the transition measurements obtained utilizing a time-of-flight
mass-spectrometer for the ion counting.

Tunable Ti:Sa 1

Tunable Ti:Sa 2

Raman 
resonator

λ1 = 400.25 nm

λ2 = 389.71 nm

Nd:YAG
Prisms

Etalon

P1 = ~1 W

P2 = ~1 W

λs = 422.79 nm

FIGURE 10.1: Schematic representation of the experimental setup utilized
for the atomic excitation of Calcium by means of the diamond Raman
technology. This includes the pump system of the Ti:Sapphire lasers re-
sponsible for the Raman cavity pumping and second ionization step, the

Raman resonator itself and the ionization chamber.

The described setup was in charge of performing the ionization scheme shown in Fig.
10.2 (a), by means of the resonant first step produced by shifting the Ti:Sapphire laser light
with the diamond Raman laser. Specifically, the experiment consisted on progressively
tuning the Raman laser output by tuning the pumping Ti:Sapphire laser wavelength in
order to measure the linewidth of the transition. Results regarding this measurement are
presented in Fig.10.2 (b), where it can be observed that the measurement was precise as it
perfectly matches the expected linewidth and lineshape. This way, the convenience and
precision of the tool for the targeted applications was proven. Further details about this
experiment are provided in Chapter 6 section 6.5.

Although the suitability of the tool matching atomic transitions in the visible spectral
range was corroborated, the final purpose of the device was to be operational for efficient
RIS experiments under the ISOLDE beam line conditions. This is why, the described ex-
periment was not sufficient to ensure the laser capabilities for pure ion beam production
and, therefore, additional testing was required. For this purpose, an experiment repli-
cating ISOLDE conditions where the efficiency and ionization capabilities of the Raman
laser were compared to current ionization sources was performed. The details and results
regarding this experiment are provided next.
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a) b)

FIGURE 10.2: (a) Energy levels and atomic transitions representation of
the performed Raman shift in the diamond resonator and the two steps
ionization scheme employed for the Calcium atoms excitation. (b) Re-
sults concerning to the ion count measurement of the indicated transi-
tion including the measured points, the fit data and the obtained FWHM

linewidth (Echarri et al., 2020)].

10.2 Offline-2 experimental setup

The beam line illustrated in Fig. 10.3 corresponds to the setup installed at Offline-2 and
presents the typical elements required for pure ion beam production as explained in Chap-
ter 2. It was described how atoms are ionized to produce elements with the same number
of protons and by mass selection a pure ion beam can be obtained. Here, the ionization
occurs within the ion source, where atoms are over a 1000°C temperature to increase the
population and consequently the efficiency of the process. The photo-ionization process
is performed by means of the light provided by an adjacent laser laboratory, where the
Ti:Sapphire and Raman lasers were located. Following with the explanation provided in
the introduction, the mass selection is performed by means of the mass separator magnet
localize in the corner of the beam line. The remaining elements correspond to the first
quadrupole triplet responsible for beam steering the produced ions that will be charac-
terized by the following instrumentation system. Which is composed by a Faraday-Cup
(FC) and a beam scanner capable of measuring the ion beam current from which the ion
count readout is obtained and the efficiency could be calculated afterwards (Fedosseev et
al., 2017). Next, the desired ion is selected in the mass separator and another FC and beam
scanner combo was responsible of the experiment’s data acquisition, as it is located after
pure ion beam generation is produced. Thus, the following elements in the setup were not
employed for this experiment, but are necessary for ion beam delivery at ISOLDE. These
are a second quadrupole triplet in charge of steering the pure ion beam and a following
instrumentation system in charge of injecting the steered beam into the Radio-Frequency
Quadrupole cooler and buncher (RFQcb). This device is responsible for altering the prop-
erties of the beam the same way as it is done in ISOLDE to prepare the beam for the ex-
traction carried out by the last device in the depiction. Further details about the ISOLDE
setup can be found in Catherall et al., 2017.

Regarding the ionizing laser setup, as mentioned before, the ionization scheme was
a two color one, where the second step was not resonant and performed by a frequency-
tripled Nd:YAG laser. While the first step was performed by both a grating Ti:Sapphire and
the diamond Raman laser. Specifically, the Raman cavity was pumped by another bire-
fringent Ti:Sapphire laser at 409.3 nm, presenting very similar characteristics to the ones
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FIGURE 10.3: 3D representation of the of the Offline-2 beam line while
Samarium atoms are heated and ionized in the ion source, for the conse-
quent pure ion beam regeneration [adapted from (Echarri et al., 2022b)].

of the grating Ti:Sapphire one. The aim was to perform a fair comparison where both
the ionizing and the pumping Ti:Sapphire lasers were not too distinct. Further details, on
top of the ones already provided by this thesis before, can be found in the publication in-
cluded in section 10.6. It must be mentioned that during the whole experiment it was tried
to preserve the same beam line conditions for the independent data acquisition of both
laser sources performance, since simultaneous measuring was not possible. However, the
stability of the beam line conditions was not assured in every measurement. This is why,
the amount of presented data is scarce, as many datasets were discarded due to instabili-
ties during the measuring process. Anyway, the herein shown data was reproducible and
agrees with the proposed theoretical model, so there is no reason to mistrust the results.

10.3 Photo-ionization results

The performed measurements in the FC located straight after the mass separator, which
was adjusted to select only 152Sm+ isotopes, lead to nearly identical saturation curves
compared to the theoretical simulations. Indeed, the produced ion current for each laser
power is depicted in Fig. 10.4, where it can be observed that the ratio between curves and
the presented behaviour is very close to the one illustrated in Fig. 9.2 in the previous chap-
ter. The only remarkable variation, is that the experimental results were lacking enough
resolution to to obtain data in the lowest power regime, where the Ti:Sapphire laser is sup-
posed to show a slightly better behaviour. Thus, since laser power below 0.15 mW was not
measurable in the employed setup, measurements in the lower power range are missing
in the experimental results.

As mentioned before, although there were some fluctuations in the beam line stability,
results far apart from the general trend were discarded and the general behaviour of the
curves were reproducible, preserving the predicted ratio between curves several times.
Which means that the doubling of the process efficiency proposed by the simulation could
also be observed in the described experiment.
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FIGURE 10.4: Ion current measurements performed in the second FC for
different laser powers, leading to the corresponding saturation curves for

each of the compared lasers.

10.4 Z-fold cavity design

With a view on all the challenges presented in previous chapters and the recently char-
acterize spectral features for RIS and other spectroscopy applications, we designed, de-
veloped and constructed a new cavity based on the proposed diamond Raman technol-
ogy. The design was performed by means of all the presented design and characterization
tools, including the Raman model combined with the ABCD matrix methodology and try-
ing to achieve a spectral content that follows the optimal parameters proposed by the
photo-ionization model. Calculus verification along with the simulation of the resonator’s
laser stability were performed by the previously mentioned software solution ReZonator.

The proposed solution relies on a z-fold configuration and a 3D representation of the
design is depicted in Fig. 10.5. This configuration aims to overcome two main challenges,
as they are the avoidance of using AR reflection coatings discussed in Chapter 8, and the
increment of the laser cavity length to achieve a more efficient spectrum.

On the one hand, since this resonator design operates with a Brewster-cut diamond
crystal instead of with the diamond cuboid employed in the hemi-spherical cavity, spec-
tral undesired effects induced by the diamond facets can be minimized without the need
of AR surface treatment. This is because, the Brewster angle refers to the angle of inci-
dence in which there is no light reflection for a certain polarization state, meaning that
the desired high transmissivity for the optimal Raman laser operation can be achieved by
controlling the polarization state of the pump. The diamond was grown in such a way that
light has access to the <111> crystallographic axis for all the possible polarization angles,
leading to maximum cascading efficiency in every case. So this design was developed only
for efficient SRS cascading and not for optimized 1st Stokes generation.

On the other hand, the z-fold configuration corresponds to a mirror arrangement of
the cavity where light resonates in a Z-shape fashion as illustrated in Fig. 10.6. The prin-
cipal goal of this configuration, is to achieve a considerably larger cavity length, while
preserving the compactness and the rest of fundamental characteristic presented by the
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FIGURE 10.5: 3D model of the opto-mechanical proposal for the diamond
z-fold Raman cavity design.

hemi-spherical configuration. So the laser is expected to present additional longitudinal
modes thanks to this cavity length increment, potentially achieving an even more effi-
cient spectrum than the hemi-spherical configuration, This is depicted in Fig. 10.7 where
the expected denser spectra is compared to the previous one. Among this, the new pro-
posal allows higher pump powers, since the damage threshold is considerably increased
and the output light does not require of an additional dichroic mirror to separate the pro-
duced Stokes orders. This is achieved thanks to the fact that the laser is designed in such
a manner that it presents a nearly pump-free resonator.

Pumping

Output Stokes
Focusing lens

HR mirror

Output couplerBrewster-cut diamond

HR mirrorFocusing lensConcave dichroic 

mirror
Concave dichroic 

mirror

FIGURE 10.6: Top view of the z-fold laser design 3D model with the beams
pathing and each element indicated.
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Specifically for this design, the cavity length was increased over double the length of
previous configurations and the device dimensions were slightly reduced. In this res-
onator, following the indications in Fig. 10.6 it can be observed how the pump light prop-
agates through the crystal in a double-pass configuration, without resonating in the z-fold
cavity. This is managed by means of the concave dichroic cavity mirrors that let the pump
light transmit through the crystal and barely reflecting it into the resonator. The double-
pass is achieved thanks to the two adjustable focusing lenses and the HR mirror in the
right, that are responsible to focus the beam into the diamond, while adjusting the beam
spot size in the concave mirrors to handle the cavity mode matching. This cavity requires
of a certain pumping spot size for optimal operation as well as pump polarization state
control to avoid the discussed detrimental reflections within the crystal. In the experi-
ment, a convenient lens and a half-wave-plate were employed for this purpose, but other
solutions like telescopes are possible too. Then, the Stokes orders resonate within the HR
mirror located in the bottom left part of the figure and the output coupler located in the
right top side. The output coupler is constituted by a gold mirror presenting a reflectivity
of around 40% for the wavelengths of interest. Which is an appropriate trade off range
between the optimal resonator performance and the maximum attainable output power,
finding an agreement between ideal operation and not to restrictive alignment conditions
that could complicate the setting up of the device. Additionally, gold mirrors are com-
mercially available, which means that there is no need of purchasing expensive custom
optics.

Intensity

𝝎𝝎0𝝎0

Hemi-spherical configuration Z-fold configuration

FSR = 2 GHz FSR = ~1 GHz

FIGURE 10.7: Simplified representation of the Raman hemi-spherical cav-
ity longitudinal modes distribution and the estimation of the z-fold cavity

distribution presenting a potentially more efficient spectrum.

The laser has been recently installed in the MELISSA laboratory at ISOLDE, which is
a laser laboratory dedicated to the development of laser sources for medical applications,
including laser spectroscopy among others. The device is currently operating at a 430 nm
wavelength providing a maximum output power of 110 mW without second-pass config-
uration, as can be observed in Fig. 10.8. Optimization of the laser is in progress, including
alignment of the second-pass system, adjustment of the ideal parameters and testing of a
more suitable output coupler. Characterization and experimental use of the device would
be carried out in future ISOLDE collections and further steps into the development of the
tool will be provided in Chapter 11.
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FIGURE 10.8: Photography of the z-fold diamond Raman cavity lasing at
430 nm in the MELISSA laboratory at CERN.

10.5 Conclusions

The successful accomplishment of this experiment has proven the last requirements of
the diamond Raman technology to be considered an exceptional laser source for RIS and
other spectroscopy applications. Not only because it demonstrated a sufficient ionization
efficiency, but because it doubled the spectral efficiency of the currently employed tech-
nology. These results also validate the simulations performed by the previously proposed
mathematical model, corroborating the suitability of the overlap approximation and con-
firming that it is a fast and efficient tool to predict the spectral performance of different
laser sources. Additionally, the experiment was performed in the ISOLDE testbed Offline-
2, which means that the device is ready to be implemented in on-line beam times for its
general used in the ISOLDE facility, as it was the main objective of manufacturing such a
laser.

Even though the Ti:Sapphire laser ionization performance was doubled, the spectral
content presented by the proposed Raman laser cavity was not optimal yet. Which means
that superior efficiency levels can be achieved by broadening the cavity modes or increas-
ing the number of them, to name a few possibilities. Indeed, a complementary resonator
arrangement was also proposed, which could push forward the performance of the cur-
rent Raman diamond source. This cavity design is set in a z-fold configuration and apart
from being able to produce a higher number of cavity modes, it can also overthrow the
problem with the AR coatings. Thus, a potentially enhanced version of the device has
been designed and constructed, and it is being set for characterization and testing in a
nuclear facility at CERN. Which means that, the first step towards next generation devices
have been established, looking forward a bright future for this technology.
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Lasers with wide tunability and tailored linewidth are key assets for

spectroscopy research and applications. We show that diamond, when

configured as a Raman laser, provides agile access to a broad range of

wavelengths while being capable of efficient and selective photo-excitation

of atomic species and suitable spectroscopic applications thanks to its narrow

linewidth. We demonstrate the use of a compact diamond Raman laser capable

of efficient ion beamproduction by resonance ionization of Sm isotopes in a hot

metal cavity. The ionization efficiency was compared with a conventional Ti:

sapphire laser operating at the same wavelength. Our results show that the

overall ion current produced by the diamond Raman laser was comparable -or

even superior in some cases-to that of the commonly used Ti:sapphire lasers.

This demonstrates the photo-ionization capability of Raman lasers in the

Doppler broadening-dominated regime, even with the considerable

differences in their spectral properties. In order to theoretically corroborate

the obtained data and with an eye on studying the most convenient spectral

properties for photo-ionization experiments, we propose a simple excitation

model that analyzes and compares the spectral overlap of the Raman and Ti:

Sapphire lasers with the Doppler-broadened atomic spectral line. We

demonstrate that Raman lasers are a suitable source for resonance photo-

ionization applications in this regime.

KEYWORDS

diamond, lasers, tunable lasers, Raman scattering, photo-ionization, resonant
ionization, spectroscopy

1 Introduction

Over the years, the capability of light to interact with matter has been widely exploited.

In the field of nuclear research, photo-ionization of atoms is one of the key processes for

selective and efficient delivery of ion beams. Tunable lasers play a crucial role providing

photons that resonantly match the electronic transitions of the atoms. By using multiple

resonant steps, sometimes in conjunction with a last, non-resonant excitation step, the

ionization potential (IP) can be surpassed and the atom thus ionized. Moreover, for

efficient resonance laser ionization, the effective linewidth of the atomic transitions in the
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experimental environment requires a spectrally matched light

source. Thus, lasers are a suitable tool for the research of

molecular and atomic structures [1].

At CERN, experiments involving isotope production with the

ISOL (Isotope Separation On-Line) method of extraction directly

from a high energy proton beam-impacted production target,

typically rely on several approaches for ionization, with

resonance laser photo-ionization being one of the most

convenient and widely applied techniques. This method is

applied in what is called the resonance ionization laser ion

source (RILIS) [2]. The laser sources are employed to

selectively ionize the desired (radiogenic) elements in a hot

cavity, after which the ions are extracted and guided through

a mass separation system to select the particular isotope of

interest. The main purpose of this infrastructure is to provide

the Isotope Separator On-Line Device (ISOLDE) facility with

pure ion beams for the subsequent study of radioactive isotopes

and exotic particles at dedicated experimental setups [3].

Alternatively, atomic and nuclear structure effects can be

directly investigated on very low production rates by

performing laser spectroscopy directly in the ion source [4].

In general, lasers capable of fulfilling the demanding

requirements for high precision atomic studies are hard or

expensive to come by. For high efficiency in the ionization

process and in non-linear frequency conversion techniques to

enlarge the available wavelength range, lasers with a high

repetition rate and a high peak power, are required. At the

same time, the spectral laser linewidth should match the

effective transition linewidth in the experimental environment

to address the complete atomic ensemble. For applications at

ISOLDE, nanosecond pulse lasers at tens of kHz repetition rate

range exhibiting linewidths between 1–15 GHz (for Doppler

broadened transitions in hot cavity ion sources at around

2000°C are suitable. Additionally, wide-range tunability is a

key attribute, since it allows to access a large variety of

transitions of most chemical elements [5]. In the RILIS laser

setup, light covering the UV to blue and near-IR spectral regions

is provided by solid-state Ti:sapphire (Ti:Sa) lasers, while the

visible range and part of the UV range is covered by dye lasers [6].

In contrast to solid-state lasers, dye lasers maintenance is an

operationally more challenging task and continuous operation is

constrained by regularly required dye changes [7]. Overall, the

laser system used at RILIS covers the UV to mid-IR spectrum

well, except for the range around 532 nm, which is the

wavelength used for pumping of the tunable lasers. Thus, the

development of efficient and broadly tunable solid-state laser

sources for the visible spectral range entails an interesting

challenge since it would on the one hand offer the possibility

to replace the spectral range provided by the dye lasers and on the

other hand increase the total coverage of accessible wavelengths.

The possibility to finally meet these requirements has recently

enlivened the exploration of alternative solid-state light sources

for ionization experiments.

A proposed solution consists of a continuously tunable

diamond Raman laser capable of generating a frequency shift

from a Ti:Sa pumping laser, gaining access to the visible spectral

range [8]. Furthermore, a compact version of the resonator is able

to diversify the spectral coverage by producing multiple Stokes

orders while preserving the linewidth of the pump. This laser

source was characterized and tested for resonant ionization

spectroscopy experiments, by exciting the atomic transition

4s2 1S0 → 4s4p1P0
1 of calcium at 422.79 nm. The Ca+ isotopes

were produced inside an atomic beam unit in cross-beam

geometry, where a time-of-flight spectrometer was used to

measure the ion signal [9]. The results showed that the

technology has great potential to cope with the demanding

requirements of resonantly exciting atomic transitions of

different elements. A pivotal feature here is that the laser

operates in what is called the “coherent Raman scattering

regime”, where the achievable Stokes linewidth is

approximately the same as for the pumping light [9].

More detailed evaluation shows that—even if the Raman

resonator replicates the average linewidth of the Ti:Sa

laser—the spectral lineshape and distribution of the axial

longitudinal modes within the lasing bandwidth is

substantially different. Thus, the performance of the Raman

laser system to efficiently ionize atoms in the typical

application environment required further investigation.

Moreover, the arrangement of the cavity produces a specific

spectral content, for instance a simple hemi-spherical setup

compared to a z-fold design with a longer length, will generate

substantially lower number of spectral modes but with an

increased axial mode linewidth due to noise. Hence, studying

the spectral performance of laser pulses with varied spectra

would allow the construction of more efficient ionization

sources.

In order to understand the interplay between the laser

spectral features and the atomic transition of interest we have

developed a computational model that simulates the excitation

process of lasers with arbitrary spectral content. This enables us

to compare the different laser technologies for producing the

most convenient pulses. We complete the study by

experimentally demonstrating the performance of Raman

lasers for efficient ionization applications, showing a

comparable performance in the ion current produced

compared to the Ti:Sa laser when operating in the ionization

saturation regime.

We also study the behaviour of Raman lasers considering

their dependency on operating wavelength. The computational

model also calculates the effect of the polarization angle in terms

of accessibility to the maximum Raman gain [10]. In

combination with the aforementioned spectral model, the

behaviour of a Raman resonator can be predicted and

optimized, being able to calculate key designing parameters

for Raman laser construction, such as the lasing threshold or

the slope efficiency.
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Needless to say, the diamond Raman laser applicability is not

reduced to spectroscopy experiments. The combination of

outstanding optical and thermal properties makes them

particularly interesting for a variety of applications; such as

construction of high power lasers [11, 12], or integrated

photonic devices [13, 14] at extended wavelength ranges [15,

16] providing wide tunability [17], and quantum applications

[18, 19]. In fact, selective and efficient ionization is interesting in

quantum technologies as it provides means for producing atomic

quantum states with high fidelity [20, 21].

In this work, we present the different tools developed for

Raman laser design and characterization, along with the latest

improvements towards wavelength diversification thanks to

efficient cascading, narrow linewidth preservation, and

ionization efficiency depending on the spectral properties of

the laser pulses. We compare the results from our

mathematical model with results from photo-ionization

experiments, where samarium (Sm) atoms were resonantly

ionized in a two-step ionization scheme, consisting of a

resonant first step at 433.9 nm and a second step for non-

resonant ionization above the IP at 355 nm. With this setup

saturated ion beam efficiency measurements were performed, to

compare the performance of the Raman and Ti:Sa lasers for the

excitation of 152Sm+ isotopes, willing to verify the suitability of the

new technology.

2 Widely tunable diamond Raman
laser design

For constructing Raman lasers functional across a broad

spectral range, it is important to consider the dependency of the

Raman gain with the wavelength as well as the spectral response

of the optical elements used in the resonator. We present a multi-

Stokes Raman scattering simulator that takes this wavelength

dependency into account, by appropriately modifying the

standard coupled differential equations for steady-state Raman

processes proposed in the literature [22]. For nanosecond pulses,

this theory reproduces with enough accuracy the dynamic

nonlinear Raman process. Mathematically we have that

dIP
dz

� −ωP

ωs1
gR1IPIs1 − αPIL,

dIs1
dz

� gR1IPIs1 − gR
ωs1

ωs2
Is1Is2 − αs1Is1,

dIs2
dz

� gR2Is1Is2 − gR
ωs2

ωs3
Is2Is3 − αs2Is2,

(1)

where IP refers to the pump intensity, while Isx defines the Stokes

intensity with x donating the order of the Stokes. In the same way,

ω is the angular frequency and gR the Raman gain at the pumping

frequency. Finally, gRx refers to the Raman gain associated to each

Stokes order and αx to the corresponding loss coefficients.

Assuming that cavity losses predominate over the system, it is

reasonable to consider the loss coefficients αx from Eq. 1 to be

negligible, especially since their effect is often not perceivable for

diamond in the visible spectral range [22]. The Raman gain for

higher Stokes orders gRi is calculated as follows [23],

gRi � gR ωP( )ωsi

ωP
, (2)

where ωsi corresponds to the angular frequency of the higher

Stokes orders and ωP the angular frequency of the pump. To

determine gR for each of the simulated wavelengths a fit across a

broad spectral range was computed based on the experimental

data obtained from the literature [15, 24]. It is important to

remark that the expected theoretical value for gR in the UV was

considerably higher than the measured one [15]. The resulting fit

is depicted in Figure 1 and it is based on the wavelength

dependant Raman gain formula found in [25]:

gR ωP( ) � A ωP − B( )
C − ω2

P( )2 , (3)

where in our case for diamond, the value for each constant was

A = 976 · 1048, B = 251 · 1012 and C = 169 · 1014.
The obtained Raman gain parameters were adjusted

depending on the pump polarization state of both the pump

and Stokes, by using the adequate Müller matrix for each

particular case. Here, the light propagation occurs through

the <110> crystallographic axis as explained in [10]. Under

these conditions, the polarization angle that maximizes the

cascading process is ±54.7° with respect to the [001] direction,

since it produces Stokes orders with polarization states parallel to

the <111> crystallographic axis, maximizing the gain. We refer to

cascading as the process in which not only the photons from the

pumping light are Raman shifted to produce a first Stokes, but

FIGURE 1
Wide-range fit of a diamond Raman gain model according to
[25] (blue) on experimental data (red) from the literature [15, 24].
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when this process is replicated in order to produce a second

Stokes and higher Stokes orders consecutively.

In order to design a Raman converter that is wavelength agile

and provides a useful output at a broad spectral range, we have

opted for a minimalist hemi-spherical cavity design composed

uniquely of a Raman medium and a curved retro-reflector as

depicted in Figure 2. In this arrangement, the output coupler is

the uncoated surface of the diamond, while the coatings of both

the second diamond surface (anti-reflection) and the curved

mirror (high reflector) are broadband and operating in the

450–850 nm range. The pump was focused into the diamond

by means of a focusing lens, producing a spot size of

approximately 50 μm diameter (1/e2). The separation between

pump and Stokes beams is provided by a dichroic mirror that can

be chosen according to the pumping wavelength and is not part

of the resonator. The spectral output produced (in terms of

number of longitudinal modes) by such a resonator depends on

the cavity length and the pumping conditions, which will be

discussed in section 3 in more detail.

Specifically, the previously presented differential equations

Eq. 1 are resolved for the cavity illustrated in Figure 2 by dividing

the diamond bulk into differential slabs and neglecting

dispersion and diffractive effects through the diamond thanks

to its relatively small size compared to the Rayleigh length of the

cavity modes. The pump light travels through the crystal twice,

while the Stokes orders resonate in the cavity. We only

considered here cascading up to the second Stokes order.

Computationally, the equations were solved by employing a

fixed-step finite differences method, with a grid fine enough

to accurately reproduce the temporal dynamics of the Raman

process. Regarding the boundary conditions of the diamond, in

the anti-reflection coating we assumed non-perfect behaviour so

the transmission was set to a value of 0.95.While for the uncoated

side reflected light into the resonator was calculated by the Snell

law in combination of the Sellmeier equation for diamond.

Additionally, a loss factor was applied to the re-injected light

since not all the reflected light in the uncoated surfaces

necessarily resonates back. In particular the value for the re-

injected pump light was negligible and this is why we considered

that it just propagates twice through the crystal.

The simulated pumping pulse resembles the one used in the

experiments produced by a gain-switched Ti:Sa laser described in

section 4. For the simulated cavity parameters the length of the

crystal is selected to be 5 mm, the output coupler corresponds to

the uncoated side of the crystal and the high reflector concave

FIGURE 2
Schematic of the hemi-spherical diamond Raman cavity
simulated in the Stokes generation mathematical tool, where all
the elements depicted and the spacing between them are variable
and considered in the simulator.

FIGURE 3
Example of the simulated depleted signal (dotted red) of a
nanosecond laser pulse (solid red), along with the calculated first
(blue) and second (green) Stokes generation.

FIGURE 4
(A) Simulation results of Stokes output power for different
pump laser wavelengths (450 nm, 650 and 850 nm) under same
conditions and alongside a range of different pump powers. (B)
Required pump power to produce first and second Stokes
(lasing threshold) at a broad spectral range in the visible.
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mirror is assumed to be ideal (100% of reflectivity). A 50 ns pulse

is focused into the Raman medium with an intensity exceeding

0.1 GW/cm2, the corresponding temporal envelope is

represented as a solid red line in Figure 3. Here it can also be

appreciated the depleted pump (discontinuous red line), along

with the produced first and second Stokes pulses. As the pump

pulse increases in intensity, it reaches the lasing threshold and the

first Stokes is produced. The growth rate of the Stokes pulse is fast

thanks to the small resonator dimensions, quickly depleting the

available pump. A similar dynamic is observed when the lasing

threshold for the second Stokes is reached, represented by the

pronounced depletion in the first Stokes lineshape. The fast

dynamics observed in the temporal pulse shapes are a

consequence of the relatively high losses and compactness of

our laser resonator. The resulting Stokes pulses have non-

Gaussian envelopes and a duration that is considerably

shorter than the pump pulse. Such effect was experimentally

observed also in [9].

The laser dynamics depend on the pump pulse intensity. In

order to study the energy transfer dynamics, we simulated a scan

scanned the pump power producing different cascading

conditions, as shown in Figure 4, where we compare the

produced Stokes output powers for three different pumping

wavelengths (450, 650, and 850 nm) at the same pump

intensity and maintaining the spot size. It is obvious that

thanks to the wavelength dependency of the Raman gain,

Raman lasers will be more efficient at shorter wavelengths,

and they should require a lower power for reaching the lasing

threshold. Particularly, Figure 4A shows the different output

powers for the first and second Stokes orders depending on the

pumping power at different wavelengths. The first Stokes output

power is capped whenever the second Stokes lasing threshold is

reached, which is also observed in Figure 3. Figure 4B illustrates

the calculated lasing threshold of the Stokes as a function of the

wavelength. The cascading process can be optimized in terms of

necessary cavity reflectivity and pump intensity with the

relatively simple model presented here.

The spectral content of the laser pulses plays a crucial role in

the efficiency of the atomic photo-ionization process. In our

laser, the spectral properties of each pulse strongly depend on the

resonator length, round-trip reflectivity, and Raman gain. In

particular, the number of longitudinal modes and the linewidth

of each of them must be considered to assess the ultimate

performance of Raman lasers for photo-ionization efficiency

and spectroscopy applications.

3 Spectrum dependant excitation
model

The interaction of light with atomic orbitals, and subsequent

photo-ionization processes, has been widely studied in the

literature, including the description of multi-step laser

ionization processes [1]. The most simple and general case is

to study the two-level atom interaction. Here we will refer to the

two states as |1〉 and |2〉 with resonance frequency ]21 = (E2 −

E1)/h and pumping frequency ]P with detuning δ = ]P − ]21.
Under steady state conditions and following [26] the excited state

population ρ is given by

ρ � S0/2
1 + S0 + 4δ2/ξ2, (4)

where ξ is the spontaneous decay rate of state |2〉 and S0 is the

resonant saturation parameter defined as S0 = I/IS with the

saturation intensity IS given by

IS � πhc

3λ3Pτ
. (5)

Here λP is the center wavelength of the ionizing laser and τ

the lifetime of the excited state. However, the calculation of ρ is

not taking into account the effect of the spectral content in the

ionization process. In this work, we aim at quantifying this effect

by proposing a laser spectrum-dependant excitation model.

Our simulation tool calculates the spectral overlap of defined

laser-like spectra with the spectrum produced by a heated cloud

of Sm atoms (although the same formalism applies to any atomic

species). This spectrum would have a Gaussian envelope

stretched by the Doppler broadening of the atoms ruled by

the oven temperature and given by [27].

ΔωDoppler � 2ω0

c

�������
2 ln 2

kT

m0

√
, (6)

where ω0 is the central frequency of the Sm atom transition, k is the

Boltzmann constant, T is the temperature of the oven, c is the speed

of light andm0 is the atomic mass of Sm. The Gaussian lineshape is

given by the fact that each of the atoms presents a Lorentzian natural

linewidth at a random frequency normally distributed across the

whole spectrum defined by the Doppler effect. As determined by the

central limit theorem, the summation of a high enough number of

Lorentzian lineshapes results in a Gaussian one [28]. The computed

Gaussian lineshape for Sm at the experiment temperature of 2000°C

presented a full width half maximum (FWHM) linewidth of

1.81 GHz. Which lineshape would be defined as

ASm ]( ) � e
− ]−]0( )2
Δ]Doppler , (7)

where ]0 is the central frequency of the transition and the

lineshape is normalized in amplitude. Note that in general, in

the excitation process, the atoms are individually ionized, and

therefore during the saturation process the spectral shape of the

absorption will vary accordingly. This is similar to what is known

in laser systems as “spectral hole burning”.

Along with the atoms spectral distribution, we also define the

spectral modes of two ideal laser sources similar to the ones

employed in the experiment, based on theoretical models [29]
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and selecting envelope linewidths better matching the Doppler

broadening than the real ones. The calculated spectrum to

resemble the Raman laser behaviour was defined as a

Gaussian envelope of 6.4 GHz FWHM linewidth with

300 MHz linewidth longitudinal modes separated by a free

spectral range (FSR) of 2 GHz. For the laser modes modeled

here, we generated the spectrum by summing truncated

Lorentzian lineshapes, where the offset is determined by the

lasing threshold as was proposed in [30]. For comparison

purposes we generated a similar spectrum but with Gaussian

axial mode lineshapes, in order to quantify the effect of the modes

spectral distribution. Regarding the Ti:Sa laser representation,

the generated envelope had a FWHM linewidth of 3.1 GHz with

20 MHz linewidth modes separated by a FSR of 300 MHz, as we

assumed Fourier-limited modes. The resulting spectra can be

observed in Figure 5, where we present together the Gaussian

envelope for the Doppler broadened transition of the Sm atoms,

and the spectra for the Raman and Ti:Sa laser with truncated

Lorentzian modes.

To mathematically construct the laser spectrum S(]) we first
need to compute the product of the laser emission spectral

bandwidth A(]) with the cavity longitudinal modes. Since we

evaluate the spectra for two different modal lineshapes, for the

Gaussian lineshape axial modes mG
j (]) we will have a resulting

laser spectral shape SG(]) of

SG ]( ) � A ]( ) ·∑
j

mG
j ]( )

� AG
0 e

− ]−]e
0( )2

2γ2e ·∑
j

e
−

]−]m
0j

( )2

2γ2m ,

(8)

and for the Lorentzian lineshape axial modes mL
j(]) a

resulting laser spectral shape SL(]) of

SL ]( ) � A ]( ) ·∑
j
mL

j ]( )

� AL
0e

− ]−]e
0( )2

2γ2e ∑
j

γm/π
] − ]m0j( )2 + γ2m

− TL
⎛⎝ ⎞⎠+

(9)

where γe is the half width half maximum (HWHM) linewidth of the

envelope and ]e0 the central frequency. γm is theHWHM linewidth of

the mode, and the central frequency of the modes is defined as ]m0j �
]m0 ± jΔ]m with j = 0, 1, 2 . . . with Δ]m equal to the corresponding

free spectral range (FSR). TL accounts for the lasing threshold of the

longitudinal modes which we take as 0.1 in our simulations.

The super-index defines the distribution employed for the

modes (G for Gaussian, L for Lorentzian), and the sub-index will

define the specific laser (T for Ti:Sa, R for Raman). Thus, SLR(])
will refer to the Raman laser spectrum with Lorentzian lineshape

axial modes, whereas SGR(]) will refer to Gaussian lineshape axial

modes; correspondingly, SLT(]) will refer to the Ti:Sa laser

spectrum with Lorentzian and SGT(]) will refer to the Ti:Sa

laser spectrum with Gaussian lineshape axial modes.

In order to compare laser pulses with the same energy, we set∫]ST(]) = ∫]SL(]). The relative scaling of the Raman and Ti:Sa

laser spectra is taken such max (AT(])) = 1, meaning that the

amplitude of the spectral envelope of the Ti:Sa laser is at the

threshold for the saturation of the ionization process.

The resulting ion current is then proportional to the integral

of the overlap of the Raman and Ti:Sa lasers spectra with the Sm

absorption distribution. To calculate the excitation ratio ΘG,L
R,T

approximated by the overlap we have

ΘG,L
R,T � ∫

]
ASm ]( ) · SG,LR,T ]( ) d]∫

]
ASm ]( ) d] . (10)

To obtain a relative performance of the excitation process and

the theoretical saturation curves of each laser spectrum, a power scan

of the overlap between their spectra (SLR, S
G
R , S

L
T and SGT) and the Sm

Doppler broadenedGaussian envelope (ASm) was simulated. For this

computation, the amplitude of all the simulated spectra were

multiplied by a scaling factor k ranging from 0.1 to 100, which is

a broad enough range to determine the saturation point and the

behaviour of the lasers in experimental conditions, as will be seen in

section 5. All the calculations were performed over 20,000 laser

pulses with uniformly distributed ]m0 values and therefore the

average results for all of the simulated pulses were calculated at

all the different powers. Note that for k values of less than 1, the

result resembles non-saturated ionization conditions, whereas for

k > 1, the saturation process starts for the Ti:Sa laser, although not

necessarily for the Raman laser.

The model agrees well with the obtained experimental data in

terms of the slope behaviour and saturation point for both lasers,

as will be shown in section 5. For our particular case, we consider

the saturation effect by capping the increment of the signal power

FIGURE 5
The different generated spectra for simulations, including the
Sm Doppler broadened Gaussian and the Ti:Sa and Raman laser
spectra, both presenting Lorentzian truncated modes.
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to a fixed spectral amplitude. After computing the ionization

signal for a wide laser power range by applying a scaling factor to

the laser spectra, the laser spectral function is capped to one to

reproduce the effect of ionization saturation. We consider that

this approximation is good enough to verify the points of interest

in this work, although the effect of spectral hole burning is not

considered in this model [30]. Thus, by introducing the

aforementioned function capping [SG,LR,T(]) · k]10 (which limits

the function between 0 and 1), the rate of ionized atoms

defined in Eq. (10) will result in

ΘG,L
R,T � ∫

]
ASm ]( ) · SG,LR,T ]( ) · k[ ]1

0
d]∫

]
ASm ]( ) d] . (11)

Employing Eq. 11, we can then calculate the relative

ionization efficiency for both lasers assuming Lorentzian and

Gaussian axial modes. The results using the spectra shown in

Figure 5 are depicted in Figure 6. Here, it can be seen that wider

spectral modes, as the ones generated for the Raman spectrum,

enhance by nearly a factor of two the excitation capability

comparing equivalent laser powers, regardless of the

assumption of axial mode spectral shape. Meaning that non-

ideal, thus noisy, laser sources with broadened spectral modes are

more suitable for excitation or ionization processes based on the

spectral overlap approach presented in this work.

4 Experimental setup

In order to determine the ionization efficiency of the

diamond Raman laser, its performance was compared with

the ionization capabilities of a Ti:Sa laser, which is commonly

used at RILIS. This comparison was carried out in a laser

ionization setup similar to the one used at ISOLDE. After

ionization of the Sm atoms with the ionization scheme and

setup depicted in Figure 7 the Sm was mass separated and the

ions detected by a Faraday-cup (FC).

The Offline-2 facility at CERN provides a testbed for the

technology to be subsequently used in the ISOLDE facility

and here our experiments took place. The frontend is

equivalent to the one in the ISOLDE facility, details about

this facility can be found in [3]. The process by which atoms

are resonantly ionized can be followed by observing

Figure 7A. The laser beams are focused into the ion

source, where a cloud of atoms is formed in a hot cavity,

which consists of a refractory metal tube, with an internal

diameter of 3 mm and a length of 34 mm, for further details

see [4]. The atoms are ionized by the photons. The produced

ions are then extracted as a beam by an extraction electrode at

a potential difference of 30 kV, and the beam is transported

through a system of ion beam optics. This beam can be

characterized by an instrumentation setup composed by a

Faraday-cup and a beam scanner. Afterwards, an isotopically

pure ion beam is obtained by selecting only the isotopes of

interest (152Sm+) with a mass separator dipole magnet. Again,

the ion beam intensity can be obtained from measurements

with a Faraday-cup and the beam shape can be investigated

with a beam scanner set.

The laser light in charge of the ionization process is delivered

from an adjacent laser lab. The setup employed for this

experiment is depicted in Figure 7B, while the two color

ionization scheme followed to ionize the Sm atoms is

illustrated in Figure 7C. The first step transition 4f 66s2 → 4f
5(6F °)5 d6s2 is provided by the two different laser sources for

comparison. On the one hand, we have a frequency-doubled

grating tunable Ti:Sa laser presenting an output maximum power

of 900 mW at 433.9 nm wavelength and 10 kHz repetition rate. It

is arranged in a Z-fold geometry and the intra-cavity doubling

was obtained with a Beta Barium Borate (BBO) crystal, cavity

mirrors were conveniently coated for the operation range, for

further information see [31]. On the other hand, we have the

hemi-spherical diamond Raman cavity composed by a 6 mm

diamond crystal acting as the Raman medium and a 50 mm ROC

concave mirror. A half-wave-plate (HWP) was used to control

the polarization of the pump, a 150 mm focusing lens to pump

the diamond, and a dichroic crystal to separate the pump from

the output first Stokes. The resonator was encompassed this way

by the uncoated side of the crystal (approximate reflectivity of

17%) and the broad high reflectivity (~99%) concave mirror,

presenting a consequent FSR of around 2 GHz. The laser

presented a maximum output power of 400 mW at 433.9 nm

and 10 kHz repetition rate. The Raman laser was pumped by a

tunable Ti:Sa cavity frequency-doubled by a BiB3O6 (BiBO)

crystal and producing a 1 W maximum pump power at

FIGURE 6
Saturation curves simulated by the model based on the
overlap of the laser spectra with the Doppler Gaussian spectrum of
the Sm atoms ASm (rate of ionized atoms) depending on the scaling
factor k that emulates the laser power.
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409.3 nm. Frequency stability was equal and below 0.005 cm−1 for

both Ti:Sa lasers, and consequently identical for the Raman laser.

For further details regarding the Raman resonator see [9]. Both

lasers performed separately the first resonant excitation step of

the Sm atoms. In order to be able to measure the ion production

saturation curves for these lasers, a second non-resonant step was

required. For this purpose, a high power frequency-tripled

Q-switched InnoSlab Nd:YAG laser from Edgewave ⓒ was

utilized, with a maximum power of 10 W at 355 nm

wavelength. The output was synchronized in time and

optimized for each of the two lasers to be able to suitably

perform the ionization scheme presented in Figure 7C.

The beam characterization was performed by measuring on-

line the center wavelength and linewidth (of the spectral envelope

of the modes) of the lasers using a HighFinesse/Ångstrom WS/6

wavemeter with a resolution better than < 0.066 cm−1. The

obtained data was checked by measuring the generated ion

current while performing a frequency sweep, obtaining the

resulting linewidth of the convolution between the lasers’ and

the transitions linewidth, since themeasurement was taken below

FIGURE 7
(A) Sketch of the Offline-2 beam line with Sm atoms heated in the hot cavity, which are consequently ionized by a laser beam, producing a pure
ion beam after the mass separator. In the experiment the final measurements of the ions were performed in the second FC, meaning that the
elements shown in transparent depiction were not used. (B) Laser setup presenting the Nd:YAG laser for non-resonant ionization into the
continuum, the grating Ti:Sa used for generating the first step and the diamond Raman laser, pumped by the birefringent Ti:Sa, also used for the
first step. Additionally, the power control system for adjustment of the pump laser power composed by half-wave-plates and a polarizing cube is
shown. The first and second step laser beams were combined with a dichroic mirror. (C) The two steps color scheme employed for the experiment
including the resonant first step and the non-resonant second step surpassing the ionization potential.
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the saturation point. In addition, the spot size of each laser was

measured by utilizing a Basler acA1920-40 gmCMOS camera and

post-analysis of the image.

5 Results

As mentioned before, in this experiment ion beams were

produced by using the presented two lasers in combination with a

frequency-tripled Nd:YAG laser. The generated ion current of
152Sm ions in the Faraday-cup was measured for different output

powers of the Raman and Ti:Sa resonators within a range of

~0.15–100 mW. The obtained results are depicted in Figure 8,

along with their corresponding fits.

For comparison purposes and to corroborated the

mathematical model presented here, it is known from the

literature [32] that the measured ion current F(p) in an

ionization process can be approximated as

F P( )∝ I0 + C1
1

1 + P/PS( ) + C2P, (12)

where p is the absorbed laser power, PS the saturation power, I0
the background ion current, C1 is a constant and C2P the linear

term for the non-resonant photo-ionization contribution. Which

for our measurements I0 = 339.4 for the Raman fit, I0 = 158.1 for

the Ti:Sa fit, C1 = −329.7 for the Raman fit, C1 = −154.7 for the Ti:

Sa fit, PS = 13.54 mW for the Raman fit, PS = 13.97 mW for the Ti:

Sa fit, C2 = 0.0286 for the Raman fit and C2 = 0.2566 for the Ti:Sa

fit. The obtained curves follow the predicted behaviour in the

simulation as can be observed in Figures 8A,B. However, the

measurements were performed under unstable conditions,

meaning that the obtained values for each laser can not be

compared in terms of absolute ion current. Charging and

discharging effects of the ion optics could be observed

through instabilities in the delivered ion beam, leading to the

total ion current changing over time. This problem has been

possible to solve only after the experiment, meaning that the total

observed ion current in each of the data sets is different. The

dataset depicted here was selected among multiple different

measurements, as it presented the smallest deviations between

the first and last point measured at the same power of the laser for

which the saturation was measured. Thus, for comparison

purposes we normalized the obtained data by the maximum

ion current measured ofr each laser as can be seen in Figure 8.

The values obtained here and in the fits parameters provide then

comparable information, as the saturation power PS is

independent of the absolute measured ion current. The

presented results not only demonstrate that the diamond

Raman laser is a suitable tool for efficient photo-ionization,

but the performance is at least comparable to the current

technology. To provide further evidences about the spectral

advantage that the model suggests, additional research is

required under more stable conditions with constant ion

beam intensities.

Regarding the spectroscopic measurements of the Sm

transition line using both lasers, Figure 9 shows a comparison

resulting from frequency sweep scans, representing the

convolution between the lasers’ spectral envelopes and the Sm

transition’s linewidth. For Gaussian linewidths the total

measured linewidth is approximately γT �
������������
Δω2

Doppler + γ2e
√

.

Which is 8.3 GHz for the Raman convolution, this is around

8.1 GHz for the Raman linewidth and 5.9 GHz for the Ti:Sa

FIGURE 8
Normalized values of the measured ion current for the
Raman and the Ti:Sa lasers depending on the output power of
each laser along with their corresponding fits and the obtained
saturation point.

FIGURE 9
Measured spectra for the excitation of the transition while
performing a frequency sweep with the Raman and Ti:Sa lasers
wavelength and the resulting linewidths for both convolutions.

Frontiers in Physics frontiersin.org09

Echarri et al. 10.3389/fphy.2022.937976



convolution, meaning that the laser linewidth itself is around

5.6 GHz.

Moreover, the model assumes that the beam spot size is

identical for both laser sources. The ion current was optimized

for each of the laser beams by optimization of the focal position

inside the ion source. The spot size measurements showed that

when removing the ion source after the experiment and placing

the camera in the same position, the spot size of the Raman laser

was around 50% bigger than the Ti:Sa in the horizontal axis.

Nevertheless, the area of interaction is smaller than both beams

spot size (3 mm of interaction against over 5 mm of beam size),

meaning that performing a fair comparison of the ionization

efficiency for both lasers, within the experiment and with respect

to the theoretical results, is more complex. In spite of these

difficulties, the results appear to be promising and suggest that

the presented simple model is a convenient tool for laser source-

selection and optimization of their spectral characteristics.

6 Conclusion

In this work we consider the aspects that affect diamond

Raman laser performance as resonance ionization sources for ion

beam production. We presented two mathematical tools that try

to bring some detailed explanation into what was observable

during not only this experiment, but also previous studies. The

main results are the demonstration of the wide and continuous

tunability of these kind of lasers, which at the same time preserve

the pump’s spectral linewidth and exhibit a theoretically more

convenient modal distribution for atomic photo-ionization than

some other conventional sources. These findings could in

consequence lead to a consideration of alternative photonic

sources for nuclear and quantum applications which are

better matched to the requirements of excitation of the

electronic transitions.

The herein presented models show that laser cavities with

broader spectral modes, which have specific spectral features that

have an impact in the efficiency of resonance ionization

processes. This is due to the fact that the better the spectral

overlap with the transition is, the better the excitation capability

becomes, suggesting that a rather noisy pulse will better match

the Doppler-broadened transition than a source with a cleaner

spectral profile. Since the modal lineshape is broadened and the

effective overlap area is increased. This is particularly appreciable

when ionizing in the saturation regime, where the spectral

overlap integral is two times higher for the proposed noisy

spectrum than the cleaner one. The Stokes generation

simulator provides useful designing approaches for Stokes

generation and cascading efficiency maximization, such as the

optimal pump polarization angle or the most suitable parameters

to reduce the lasing threshold.

In fact, the presented results provide useful information for

the design of optimal Raman resonators, as key parameters to be

considered when efficient Stokes generation and cascading are

desired have been proposed. Moreover, parametric simulations

such as the ones depicted in section 2, suggest that it is overall

more efficient to perform frequency alterations, like frequency

doubling, to the pumping light rather than to the Raman shifted

output, which is an important aspect to consider when

developing a Raman laser system.

The experiment showed that the presented hemi-spherical

diamond Raman cavity followed the models predictions, being

able to efficiently ionize Sm atoms. Since the Raman laser can

extend the Ti:Sa laser spectral coverage while preserving the

linewidth and its continuous tunability, the technology serves as

an all-solid-state solution to less convenient laser sources for

nuclear and atomic experiments. Moreover, the results suggest

that the overall ionization performance of the current light

sources can be improved by selecting light sources with

particular spectral properties, meaning that other fields such

as quantum technologies, could benefit from this enhancement.

Particularly, its spectral properties could improve the fidelity of

the quantum states of ions as it can perform atomic excitation

with higher probability. The technology can also bridge in a

simple manner the gap between 450 and 650 nm, which is

otherwise hard to reach by using other available solid-state

light sources based on nonlinear frequency conversion.

Allowing atomic manipulation of desired isotopes like 133Ba+

[21] in a simplified way. In conclusion, this work provides

evidence of the capabilities of diamond Raman lasers in the

field of efficient resonance photo-ionization.
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Chapter 11

Conclusions & future work

The RILIS laboratory is one of the most important providers of ion beams at CERN. Here,
high repetition rate, high peak power and widely tunable broadband lasers are required
to cover the entire spectrum extending from the UV to the near-IR spectral regions. Re-
garding the laser sources utilized in the RILIS setup, dye lasers present challenges due to
their liquid gain medium, which tends to have short lifetime spans and some of them are
even carcinogenic. Therefore, an all-solid-state laser solution covering the visible spectral
range would be more convenient. In this thesis, we have demonstrated the construction
and use of a tunable diamond Raman laser for spectroscopy and metrology applications
in this spectral range. Our technology has shown great performance for RIS applications
using existing CERN’s laser laboratory infrastructures.

Linewidth preserving efficient cascading of the Raman processes

The device is constituted by a hemi-spherical laser cavity while the gain medium operates
in the coherent Raman scattering regime. Operation in this particular regime is unusual,
and it occurs when the diamond is pumped by powerful spectrally bright nanosecond
pulses. When pumped by the second harmonic of a Ti:Sapphire laser, the Raman laser
provided an output presenting the required GHz linewidth, kHz repetition rate, Watt-
class average power and wide tunability capabilities. The device output showed a spec-
tral linewidth of around 10 GHz -duplicating that of the pump-, which was one of the key
parameters aimed by this work. Another main challenge was to achieve continuous tun-
ability covering the visible spectral range. We dealt with this task by efficiently cascading
the Raman process, which led to the generation of multiple Stokes outputs, extending the
use of the device to longer wavelengths. Continuous tunability was ensured thanks to the
fact that the pump laser was tunable across a large enough range to overlap the Stokes
orders in the spectral domain.

Testing with real beams

The proof-of-concept experiments were carried out by performing spectroscopy exper-
iments in Calcium and Samarium atoms. In the case of Ca, the experiment was per-
formed by evaporation in an ionization chamber equipped with a time-of-flight mass-
spectrometer instrument. The goal of this experiment was to prove that the proposed di-
amond Raman technology was highly suitable for the required RIS applications: first, the
linewidth was preserved through the Raman process as expected, and second, the spec-
tral coverage extension could be attained by using a simple and compact solution. This
demonstrates that an add-on device could be implemented to enhance the spectral capa-
bilities of the existing sources in an one-step process without interfering the current RILIS
setup. For the Samarium experiments, the goal was to test the efficiency of the ionization
process using Raman lasers instead of Ti:Sapphire lasers.



158 Chapter 11. Conclusions & future work

The effect of polarization in cubic Raman crystals

The cascading efficiency of the Raman process depends on multiple parameters. Apart
from the spectral and power characteristics of the pump, we have found that its polariza-
tion state has important implications for SRS cascading in cubic crystals. For instance,
we experimentally showed that the polarization angle that maximizes the 1st Stokes out-
put and the one that maximizes cascading are different. In order to better understand the
observed polarization rotation dynamics, and its effect on the Raman gain, we have de-
veloped a detailed mathematical scattering model. This simulation tool was validated by
comparing theory and experiments in the two gain optimized scenarios. The agreement
between the measurements and the predictions of the model was remarkable. One of the
main conclusions that we obtained is that under our experimental conditions, the Stokes
orders can be predicted by simply taking into account the contributions of the adjacent
Stokes orders, which greatly simplifies calculations. We then used the model to predict
the performance of the Raman process in arbitrary propagation directions that were ex-
perimentally inaccessible to us. We drew a few more conclusions from this study: one of
them is that the polarization of the Stokes orders shows singular discontinuities -arising
directly from quantum effects-, and another one is that only certain diamond planes may
be used for optimal planar diamond photonic integrated circuits.

Perfecting the design

The energy transfer dynamics within our Raman resonator were simulated by employing
the steady-state Raman scattering rate equations. Our model was capable of reproducing
the complete SRS process for different experimental scenarios, and aimed to optimize the
most relevant design parameters for a certain cavity arrangement. The previously men-
tioned gain-polarization model was also included in the energetics calculations, proving
to be useful in the design and optimization process. This simulator was used for optimiz-
ing the cavity losses of several of our Raman lasers, yielding important information such
as lasing threshold or required mirror reflectivities for example. The model, however, was
limited to scenarios with powerful pumping and relatively narrow linewidths, since it ne-
glects the effect of dispersion in the media and other nonlinear effects such as four wave
mixing. Having said that, the code is scalable and flexible, so other features can be easily
added. Once the gain-loss characteristics of the laser were established, various cavity ar-
rangements were explored, including hemi-spherical and z-fold designs. Each of them has
different advantages and drawbacks in terms of required spot sizes, stability, FSR, conver-
sion efficiency, etc. To have an idea of which design was better, we computed the resonator
stability conditions by means of ABCD and ray-tracing matrices calculations.

This multi-faceted approach to the design of Raman lasers, including spectral gain dy-
namics, energetics, and cavity design, allowed us to select the optimum optical elements
in each case, and evaluate the possibility of using meta-coatings in diamond. Indeed, a
complete study of the performance of LIPSS-based produced nanostructures was carried
out, in order to avoid the use of multi-layer reflective coatings. This aspect is particu-
larly critical for diamond, since achieving high coating adherence and damage thresh-
old is challenging. The investigation concluded that the nanoripples increase the AR ca-
pabilities of the material and the beam quality is well preserved for its use in laser and
holographic applications. Nevertheless, the technique showed some limitations regard-
ing the generation of irregularities in the LIPSS morphology, consequence of the fabrica-
tion method. These features are responsible for introducing diffractive effects that can
make the implementation of LIPSS in certain applications more challenging. Although,
other applications, such as grating couplers, are not negatively affected by these effects
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and require of these kind of structures to operate within integrated lasers (Feigel, Thien-
pont, and Vermeulen, 2016). Therefore, the LIPSS technique can be exploited as a fast and
cost-effective approach for the enhancement of lasers and other photonic devices.

Surpassing the expectations

The goal of this thesis was not only to demonstrate an alternative solid-state solution to
dye lasers, but also to investigate its performance when integrated into the CERN infras-
tructure by using it for ion beam production. The pure ion beam production experiment
was performed at the OFFLINE-2 testing facility. In this experiment, Samarium atoms
were ionized in a two steps color scheme, where the first resonant ionization step was per-
formed with either the Raman laser or the Ti:Sapphire laser, in order to compare their per-
formance in an identical scenario to ISOLDE. The results showed that the spectral char-
acteristics of the Raman laser did not present any kind of drawback, confirming that our
new light source is convenient for pure ion beam production. Indeed, the efficiency mea-
surements indicated that the Raman laser spectral features enhanced the efficiency of the
process by a factor of two in most of the explored scenarios. Thus, the proposed tech-
nology not only was demonstrated to be suitable for the targeted application, but it even
improved the current laser performance thanks to its unique spectral characteristics.

Such an unexpectedly efficient ionization performance by the Raman laser warranted
further investigation. Accordingly, a detailed photo-ionization model considering the ef-
fect of the laser spectral features was proposed. The key aspect of our model was the inclu-
sion of the detailed laser spectrum in the ionization saturation calculations. After this, the
model was able to predict the two-fold increment on the ionization performance of the
Raman laser. The saturation model relies on what we called the spectral overlap approx-
imation, which allowed to compare the efficiency of multiple laser spectra showing dif-
ferent modes characteristics. This was implemented by comparing the overlap between
the laser spectrum and the Doppler broadened Gaussian distribution of the atomic tran-
sition. The saturation effect was included by means of a function capping approximation.
The resulting model proved to have sufficient accuracy as the experimental data closely
matched the simulation results. The proposed approximations showed to be convenient
to compute the effect of spectral features in photo-ionization processes. The alternative
was to consider each photon-atom interaction independently and calculate the specific
cross-section in each case, being this an arguably complex computational task. Further-
more, one key advantage of this model is that we can now use it to optimize the spectral
features of any laser source to enhance the ionization efficiency.

Preparing for the industrial world

As part of the CERN Knowledge Transfer program that partially funded this research, an
industrialized opto-mechanical design of the Raman resonator was designed, developed,
constructed and installed in different CERN facilities. The overall performance of the de-
vice was satisfactory for the first version of the prototype, since the laser worked as ex-
pected in both of the envisioned operation modes: single-mode and broadband oper-
ation. Although some of the alignment tools and Stokes separation systems may need
further revision and improvements, the prototype represented a compact and portable
first approach to a commercial design. The device has been indeed tested in various ex-
periments and transported to different facilities at CERN, in which the installation was
fast and the required performance was always achieved. So the objective of providing a
functional early version of an industrial-like machine was successfully accomplished.
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In conclusion, the presented diamond Raman technology proved to be a suitable add-
on solution to provide visible light for the RILIS spectral coverage, fulfilling all the previ-
ously established objectives in Chapter 1. The development and study of this technology
not only led to the construction of a highly efficient photo-ionization tool capable of con-
tributing to the ion beam production at ISOLDE, but also to the development of models
for the design and optimization of Raman lasers in general. Proof of this is that the de-
vice has been implemented in multiple facilities at CERN. Although the technology can
be further developed, as will be discussed next, the expected performance of the diamond
Raman laser has already surpassed the expectations for the targeted applications, showing
a very bright future.

Future work

Many are the different fields of application in which this new technology could be imple-
mented, thanks to its flexibility, simplicity and wide spectral applicability. The outstand-
ing properties of diamond combined with the possibility of exploiting the SRS capabili-
ties, make this material extremely versatile, particularly when it comes to the pumping
conditions. Diamond Raman lasers allow high power conditions, an ultra-wide range of
pumping frequencies and low quality pump beams can be cleaned up, among many other
properties. A good example of this is the hemi-spherical design proposed in this thesis,
which was pumped by the described Ti:Sapphire laser at several different wavelengths,
while the presented opto-mechanical prototype was successfully utilized for experiments
concerning other laser sources in the visible range, and could be extended further into
other spectral regions.

At CERN, the next step towards a future technology related to Raman lasers is im-
proving the industrial prototype in terms of spectral coverage, linewidth optimization and
opto-mechanical stability. The first thing is to test the laser in other experiments and lab-
oratories, in order to identify the specific modifications that can be performed for the ap-
plications of interest. The second would be improving the opto-mechanical aspects of the
device, including a more precise and adequate alignment system and optimizing its size
and shape aiming for an ultra-compact device. Regarding the hemi-spherical cavity itself,
the results presented by this laser have already shown greater potential than the compared
Ti:Sapphire laser in the performed ionization experiments. Having said that, the proposed
models have shown a considerable improvement margin in this area, so research work
dedicated to the consolidation of the ionization laser is also required. The investigation
regarding other spectroscopy and metrology applications should be performed in parallel
if the capabilities of the device at CERN want to be fully exploited. This research line would
imply the further study of different variations in the laser, such as increasing the length or
changing the medium itself or adding new elements -such as diffractive elements- for the
development of new capabilities in the spectral domain.

In this regard, increasing the number of the cavity longitudinal modes has been pro-
posed as a potential enhancing feature. To do so, a z-fold cavity design has been developed
and installed in one of the CERN laser ionization laboratories, where it will be tested and
characterized in different experiments soon. This design has been selected in order to de-
crease the FSR, producing a denser modal spectrum, while maintaining its compactness
and general characteristics. This design will be tested for the further exploitation of the
spectral features in photo-ionization processes and experiments where higher efficiency
levels are required or environments where the AR coatings are not affordable. One of the
drawbacks of this design is that it has a very limited wavelength operation range com-
pared to the hemi-spherical design, and the pump polarization control is constrained by
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the Brewster angle. Consequently both laser designs will need their own development
lines, within the CERN research framework.

The investigation work regarding the z-fold design will be rather focused on digging
into the study of the mentioned spectral characteristics and accomplishing a detailed re-
search about the topic, or alternatively focused on finding a way out of the limitations pre-
sented by the current cavity for extending its use and capabilities. Both of the approaches
are related to the same goal which should be achieving a laser setup presenting the opti-
mal attainable spectrum for RIS and other spectroscopy applications. However, the first
priority would be properly characterized the laser and optimize the current design, since
many different elements and parameters need to be further evaluated. For instance, the
optimal cavity distances have not been determined yet, different output coupler options
must be evaluated and the second pass configurations needs to be implemented. So, there
is yet a long way to go into the development of the device, while a large variety of possibil-
ities need still to be studied and discussed.

Miniaturization and integration into photonic circuits

When it comes to the future of the technology regarding the single-mode operation the
potential research lines and application fields get considerably increased, since many of
the nowadays cutting-edge technologies require of this kind of laser pulses. Within CERN
and nuclear research, the opto-mechanical prototype operating in single-mode relies on
the lasing of the monolithic cavity encompassed by the diamond surfaces, and has been
proved to work for the study of atomic hyperfine structures in what is known as the Laser
Ion Source and Trap (LIST) technique (Heinke, 2019). The results portray the possibility
of exploiting the technology for high-resolution spectroscopic studies and high-precision
distance metrology (Weimann et al., 2018). Thus, the single-mode diamond Raman laser
development is one of the most relevant research lines regarding the further evolution of
the technology at CERN and elsewhere.

Nonetheless, the range of applications for the diamond Raman technology is not lim-
ited to spectroscopy and metrology, so in the following years many different new applica-
tions may arise for the laser technology proposed here. A good example of this would be to
implement the laser as a transceiver operating in the IR telecommunications bands, which
would imply an IR pumping and the capability to modulate and demodulate the laser sig-
nal, constituting an ultra-wide bandwidth laser communications system thanks to the ex-
tremely narrow linewidth of the Raman pulse. Considering this and other of the possible
applications, to my mind the most ambitious and relevant milestone to target for the early
future of the technology is the on-chip integration of the diamond device. In the state of
the art of this thesis, many were the integrated diamond Raman lasers examples that sup-
port the potential of integrating this particular technology, aiming to become one of the
next generation integrated photonic devices. Specially for these days trendy applications
such as quantum technologies, diamond has recently arisen notorious popularity, where
an integrated laser like this could be of huge relevance in the development of quantum
computers. Implementing diamond resonators for qubit generation and readout should
be a feasible task, thanks to the fact that the generation of this quantum-bits relies on
the excitation of particles in a similar fashion as in photo-ionization processes, like the
ones performed by the herein presented technology. Actually, it was recently proposed an
ion trapping device based on the integration of monolithic diamond Raman lasers, which
could well be employed for both quantum and spectroscopy experiments (Granados et al.,
2022b). Which I think it is a great example of the impact that this technology could have
in the present world, if exploited in a convenient way.
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ABSTRACT

We report on the generation and tuning of single-frequency laser light in a monolithic Fabry–P�erot diamond Raman resonator operating
in the visible spectral range. The device was capable of squeezing the linewidth of a broad multi-mode nanosecond pump laser
(D�p ¼ 7.26 0.9GHz at kp ¼ 450 nm) to a nearly Fourier-limited single axial mode Stokes pulse (D�S ¼ 1146 20MHz at kS ¼ 479 nm).
The tuning was achieved by precise adjustment of the resonator temperature, with a measured frequency-temperature tuning slope of
@�0=@T � �3GHz/K, and a temperature dependence of the first-order Raman phonon line of @�R=@T � þ0.23GHz/K. The Stokes center
frequency was tuned continuously for over 20GHz (more than twice the free spectral range of the resonator), which, in combination with
the broad Ti:Sapphire laser spectral tunability, enables the production of Fourier-limited pulses in the 400–500 nm spectral range. The Stokes
center-frequency fluctuations were 52MHz (RMS) when the temperature of the resonator was actively stabilized. Moreover, the conversion
efficiency was up to 30%, yielding an overall power spectral density enhancement of >25� from pump to Stokes pulse.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0088592

Fourier-limited nanosecond pulses are important tools for appli-
cations exploiting light–atom interactions at high intensity. Beyond
the requirement for a specific linewidth, precise tunability plays a cru-
cial role for the spectroscopic study of narrow-band transitions,1,2

atomic clocks and cooling,3,4 or photonic quantum technology.5–8 One
key aspect hindering progress is in the complexity and scaling of indi-
vidually and precisely tuned single-frequency laser sources at distinct
wavelengths across the spectrum.

Beyond the problem of generating Fourier-limited pulses, realiz-
ing gigahertz-range frequency shifts with high accuracy while main-
taining high efficiency and low loss—in particular, using a miniature
and scalable device—is challenging because it requires efficient and
controllable nonlinear processes. Typical integrated approaches used

for this task are based on acousto-optics,9,10 wave-mixing,10,11 and
electro-optics.12 Acousto-optic modulators use phonon scattering to
control the light center-frequency and can provide shifts in the kHz to
few GHz range while being implemented on a silicon chip.13 Wave-
mixing can achieve efficient frequency conversion but requires strin-
gent phase-matching conditions and is difficult to control due to a
strong nonlinear dependence on optical power. The electro-optic effect
typically produces parasitic side-bands, which requires additional
spectral filtering elements to reduce spectral noise.

Alternatively, stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) can lead to the generation of highly coherent
photons in a large variety of materials and at varied wavelengths,14–16

some of which are suitable for integration on photonic chip
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platforms.17–19 Unlike typical inversion lasers, the emissions from
stimulated-scattering lasers are not limited to specific wavelength
ranges since no real energy levels are required; this provides unique
advantages, such as access to unconventional wavelengths and com-
patibility with other integrated laser sources. In addition, the genera-
tion of the single longitudinal mode (SLM) laser light via SRS can
directly provide an intrinsically stable single-frequency output without
the parasitic effects of spatial hole burning mode competition,20

although typically requires elaborated feedback loops to stabilize the
cavity length.21–24

Recently, by embedding the laser resonator in the Raman media,
it has been demonstrated that is possible to produce frequency stable
output from a Fabry–P�erot (FP) diamond resonator without the need
of external mechanical feedback loops to control the cavity length
given that the temperature of the crystal is stabilized.25 Moreover,
these resonators can perform complex functions, such as “linewidth
squeezing” when pumped by few GHz linewidth multi-mode lasers.
Such mechanism, supported by phonon-resonant Raman interactions,
directly enhances the power spectral density (PSD) of broadband
nanosecond lasers by 50�. Furthermore, by operating in the so-called
high Raman gain regime14,16—where the gain bandwidth is reduced to
that of the pump laser, the constraints in the design of a resonator to
support a single axial mode are further relaxed.

In this work, we build upon these recent demonstrations and pre-
sent a tunable monolithic diamond Raman converter pumped by a
frequency-doubled broadband nanosecond Ti:Sapphire laser. We
demonstrate that the combination of FP diamond resonators with
widely tunable multi-mode pump lasers not only is capable of produc-
ing a nearly Fourier-limited single-frequency pulses but also can be
precisely tuned with an accuracy better than<52MHz RMS over the
entire spectral range of the pump laser tuning.

The monolithic Fabry–P�erot Raman medium was a synthetic
diamond cuboid crystal with dimensions of 6� 2� 2mm3 [free spec-
tral range (FSR) at 479nm � 9.5GHz], plane-cut for beam propaga-
tion along the h110i axis, and end-faces re-polished with a parallelism

better than 0.5lm/mm. Thanks to the high Raman gain of diamond
at 450nm, the Fresnel reflectivity of un-coated surfaces (R1;R2 �
18%) was sufficient to ensure highly efficient operation. A curved
retro-reflector (M1) was used for circulating the pump pulse twice
through the Raman medium, ensuring high conversion efficiency. The
diamond crystal was placed on a copper mount inside a high precision
oven (Covesion Ltd), with a temperature stability<10 mK.

The experiments were carried out using the tunable output pro-
vided by an intracavity frequency-doubled gain-switched Ti:Sapphire
laser operating at 450 nm, similar to the one described in Refs. 14
and 26. Figure 1 shows a schematic diagram of the experimental
setup. The Ti:Sapphire laser was pumped by the second harmonic of
a Q-switched Nd:YAG laser (Innolas Nanio 532–20-V) producing
up to 18W of 532 nm light at a 10 kHz repetition rate, although only
8W was used. The resulting pulse length of the Ti:Sapphire was
50 ns long, with a smooth temporal profile of asymmetric Gaussian
shape. The second harmonic of the Ti:Sapphire laser was efficiently
produced by intracavity frequency-doubling and exhibited a TEM00

Gaussian mode with an M2 < 1.3. The second harmonic was then
extracted from the Ti:Sapphire cavity by means of a dichroic mirror
(DM1).

With this configuration, the system was capable of producing
approximately 1.2W of average power at 450nm, with a continuously
tunable output ranging from 350 to 470nm. The output was focused
into the diamond crystal by a 150mm focal length lens, producing
a waist of 576 5lm in diameter and a resulting intensity of
0.1GW/cm2. The linewidth (FWHM) of the 450nm light was mea-
sured with a wavelength meter LM-007 (CLUSTER LTD Moscow)
and was 7.26 0.9GHz averaged over �1000 shots. In order to sepa-
rate the pump from the Stokes output, a pair of dichroic mirrors
(DM2 and DM3) were used, being possible to tune their angle to opti-
mize the transmission of the pump and the reflection of the Stokes
wavelength. The resulting tuning range depends both on the tunability
of the pump laser as well as the spectral response of the dichroic mir-
rors in use.

FIG. 1. Experimental setup. (a) A widely
tunable frequency-doubled gain-switched
Ti:Sapphire laser was used for pumping
the Raman converter, its polarization con-
trol was performed using a half-wave plate
(HWP) and a lens to focus it into the dia-
mond resonator. (DM1) Dichroic mirror for
separating fundamental and second haro-
monic beams, (DM2, DM3) Dichroic mir-
rors for separating pump at 450 nm and
Stokes at 479 nm, (M1) curved retro-
reflector. (b) Detail of the monolithic
diamond resonator mounted on a temper-
ature stabilized copper substrate within
the insulated oven. R1 and R2 are the dia-
mond surface reflectivites and Leff the
effective resonator length. IpðtÞ and ISðtÞ
represent the intensity amplitude enve-
lopes in the time domain of the pump and
Stoke pulses, respectively.
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The theory underlying the complex interplay between pump and
Stokes spectral modes has been described in detail in Ref. 25. Here, we
only discuss the most important modifications to adapt it to our exper-
imental situation, in particular, regarding the effects of the temperature
on the resonating Stokes mode frequency �0.

In contrast to previous works, our resulting Stokes frequency was
precisely tunable (in the MHz range) using temperature while the
pump laser modes were also tuned coarsely (in the multi-GHz
domain) using intra-cavity spectral elements. The condition to obtain
a spectral “funneling” effect described in Ref. 25, therefore, needs to be
modified to

�0ðTÞ ¼ �FðlÞ � ð�RðTÞ6 XlÞ: (1)

Here, the term ð�RðTÞ6 XlÞ accounts for a phonon that resonantly
interacts with the fundamental field mode �FðlÞ and is within the
Raman linewidth (D�R > Xl 8l). X is the pump laser mode spacing.
This situation corresponds to the sketch shown in Fig. 2(a) at T ¼ T0.
The Raman shift [�RðTÞ] is temperature-dependent, and the resonat-
ing wavelength is determined by the mode closest to the peak of the
temperature dependent Raman spectral gain as depicted in Fig. 2(b).
Both effects and gain depletion dynamics interplay resulting in a
specific Stokes center-frequency. Tuning adiabaticity is ensured by the
continuous nature of the parameters involved in the process, with the
exception of eventual mode-hops occurring at the edges of the resona-
tor FSR. Meanwhile, the output linewidth is largely determined by the
temporal characteristics of the fundamental field and the photon life-
time of the monolithic resonator, both of which are independent of
temperature.

The sufficient conditions to ensure a single frequency operation
of monolithic diamond resonators were studied in Ref. 25: First, the
integrated resonator shall operate in the high Raman gain regime so
that the Raman gain spectral width approaches the pump spectral
width (D�R � D�P). Second, the free spectral range (FSR) of the dia-
mond resonator needs to be larger than the pump laser linewidth (FSR
>D�P). The high Raman gain regime condition is fulfilled here by
adjusting the Raman gain to values similar to Ref. 25. In our experi-
ments, the pump intensity was comparatively lower (0.1GW/cm2

compared to 0.3GW/cm2), but thanks to the favorable scaling of the
Raman gain with shorter pump wavelengths,27 the resulting gain was
equivalent for both cases. The selected diamond had a FSR of 9.5GHz
compared to the 7.2GHz linewidth of the pump laser ensuring single
longitudinal mode operation.

The diamond converter produced a shifted Stokes output at
479 nm with <114MHz linewidth at 30% power conversion efficiency
(slope efficiency 58%), yielding a maximum peak power spectral den-
sity (PSD) enhancement of >25�, as shown in Fig. 3. The PSD nor-
malization was carried out scaling the spectral curves so that their
integrals correspond to the measured pulse energies.

The frequency stability results are shown in Fig. 4. Here, the dia-
mond bulk was temperature stabilized with an accuracy<10 mK, and
the resulting RMS fluctuation of the output Stokes center frequency
was <52MHz, measured over a period of two hours with a sampling
rate of 15Hz.

The measured peak-to-peak frequency fluctuation was
<200MHz. These fluctuations are assumed to be related to environ-
mental factors, although a likely correlation between pump pulse
energy and Stokes center frequency—due to the variable laser heat
deposition in the crystal—also could render deviations in the resonator
effective length. Likewise, the temperature gradient generated by the
laser illumination of an area of only 160 lm2 could in principle
account for some discrepancy between the bulk temperature measure-
ments and the actual diamond temperature at which the Raman inter-
action takes place. Such deviations, however, are assumed to be
negligible due to the power stability of the pump laser (less than 1%
RMS power fluctuations) and the high thermal conductivity of the dia-
mond crystal, and so not affecting considerably the tuning slope.

In order to study the temperature dependency, we define
“effective length” (Leff) as the exact optical path length between

FIG. 2. Schematic depiction of (a) spectral funneling effect in monolithic diamond
Raman lasers and (b) tuning of the funneling employing temperature.

FIG. 3. Normalized power spectral density profile of the pump and Stokes pulses at
maximum conversion efficiency. (Inset left) Pump pulse linewidth measurement.
(Inset right) Slope and conversion efficiency. (Inset down) Sketch of the monolithic
Fabry–P�erot diamond resonator, where R1 and R2 are the reflectivities of the paral-
lel end-surfaces, T is the temperature setting, Leff is the effective medium length at
�0.
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resonator facets at a particular Stokes wavelength kS, which defines the
resonating Stoke longitudinal modes frequencies. For Raman pro-
cesses, the temperature dependence of the first-order Raman phonon
line needs also to be taken into account to predict the output Stokes
frequency accurately.

In general, it is possible to calculate separately the effects that pro-
duce a shift to the Stokes resonant frequency �0. The temperature
affects the optical length of the resonator as well as the Raman shift.
The effective length or optical path length at the wavelength kS and at
temperature T0 can be defined as

Leff ðT0; kSÞ ¼ LðT0ÞnðT0; kSÞ: (2)

The condition for resonance within the diamond resonator is

kSðT0Þ ¼
2
q
Leff ðT0; kSÞ ¼

2
q
LðT0ÞnðT0; kSÞ; (3)

where q is the mode number. Note that all wavelengths used in this
mathematical formulation are in vacuum. For small shifts in tempera-
ture (DT), we can use a perturbation theory approach to estimate the
resulting wavelength shift of the Stokes by

kSðT0 þ DTÞ ¼ 2
q

LðT0Þ þ
@L
@T

DT

� �

� nðT0; kSÞ þ
@n
@T

DT þ @n
@k

DkS

� �
: (4)

Here, the term @L=@T can be expressed in terms of the linear thermal
expansion coefficient (a in the following) as @L=@T ¼ aLðT0Þ.
The shift in wavelength can be directly calculated by DkS
¼ kSðT0 þ DTÞ � kSðT0Þ. The terms @n=@T and @n=@k correspond
to the thermo-optic coefficient at T0 and the chromatic dispersion at
kS, respectively. Here, we assume that dispersion terms do not change
for small temperature increments DT .

Reorganizing Eq. (4) and neglecting second order differential
terms, we can obtain an approximate tuning slope of the center Stokes
wavelength as a function of temperature. Changing variables from

Stokes wavelength kS to resonating Stokes frequency �0, Eq. (4)
becomes

@�0
@T
¼ � c

kS

ð1=nÞð@n=@TÞ þ a
1� kSð1=nÞð@n=@kÞ

: (5)

Note that, in general, the thermo-optic coefficient is a function of tem-
perature and, therefore, the tuning slope will have a resulting tempera-
ture dependence; here, we take into account only the first-order term.
It is apparent from Eq. (5) that in order to obtain an accurate and sta-
ble tune of the Stokes wavelength, materials exhibiting low thermo-
optic coefficient and low thermal expansion coefficient a will present
an advantage. Similarly, highly dispersive materials may further reduce
requirements for temperature accuracy when high Stokes frequency
stability is pursued.

Using Eq. (5), the expected values for the tuning slope in fre-
quency ðD�0=DTÞ in the range from 300–400K vary from �2.7 to
�3.6GHz/K as shown in Fig. 5(b). For this estimation, the thermo-
optic coefficient was calculated using the model described in Ref. 28,
whereas the dispersion was calculated using the two-factor Sellmeier
equation for synthetic diamond found in Ref. 29 and the thermal
expansion coefficient of a � 1.1�10�6 K�1 found in Ref. 30.

The peak position �R and the linewidth of the first-order Raman
mode of diamond at �1332 cm�1 are also a function of temperature.
At a certain temperature T, the an-harmonic interactions can effec-
tively change the unperturbed Raman frequency at 0K. From a
Klemens model, which assumes that the zone-center optical modes
decay into two acoustical phonons of opposite momentum, the first
order Raman line shifts by temperature as follows:31

�RðTÞ ¼ �B
2

e�hx0=2kBT � 1

� �
; (6)

where the unit-less scaling factor B depends on the details of the
diamond dispersion curves.31 A fit to the experimental data shown
in Ref. 31 yields a value of B ¼ 1:3� 1012. Here, �hx0 ¼
1332.7 cm�1 is the Raman shift at 0 K. It is worth noting that a
negative �RðTÞ produces a higher Stokes frequency, and so the
tuning slope of the Stokes center frequency will have a resulting
positive sign. Differentiating Eq. (6), we obtain an analytical
expression for the Raman shift tuning slope,

@�R
@T
¼ �B �hx0eð�hx0=2kBTÞ

kBT2ðeð�hx0=2kBTÞ � 1Þ2
: (7)

Using Eq. (7), the theoretical values for ð@�RðTÞ=@TÞ in the range
from 300–400K induce a frequency shift in the center Stokes
frequency fromþ0.2GHz/K toþ0.25GHz/K as shown in Fig. 5(c).

From the calculated slope in Eq. (7), it is clear that for attaining a
frequency stability below 100MHz required for typical high-resolution
spectroscopy or quantum applications, the temperature of the
diamond resonator needs to be stabilized with an accuracy of at least
<40 mK.

The tunability experimental tests were carried out by adjusting
the temperature setting of the oven in increments of 10 mK, and the
results are shown in Fig. 5(a). The average frequency-temperature tun-
ing slope within a FSR of the resonator was approximately @�0=@T
� �3GHz/K, whereas the temperature dependence of the first-order
Raman phonon line was about @�R=@T � þ0.23GHz/K. This agrees

FIG. 4. Stokes frequency stability over a period of 2 h under constant temperature.
(Inset) average measured Stokes linewidth during the same period.
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reasonably with previous calculations resulting from the Klemens
model (� þ0.2 to 0.25GHz/K) and with the temperature dependent
effective length calculations (�2.7 to �3.6GHz/K) as shown in Figs.
5(b) and 5(c). It can be appreciated that the overall tuning slope is a
nonlinear function of temperature due to the temperature dependency
of the thermo-optic coefficient.28 Interestingly, the range where the
index of refraction is nonlinear is most severe for temperatures in the
range from 200 to 400K. Below 200K, ð1=nÞ@n=@T is nearly zero,
whereas for values above 400K, it asymptotically tends to 7.1� 10�6

K�1. Within a small tuning ranges smaller than the FSR, the response
was mostly linear, suggesting also that mode-pulling effects were
essentially negligible.

The results portray also the possibility of selecting the optimal
temperature range for ensuring that the Stokes frequency is at the
center of the resonator FSR. This is thanks to the relatively small
Raman shift temperature tuning compared to the thermo-optic and
thermal expansion effects on the Stokes frequency. Such feature can
be then exploited to facilitate pure single frequency operation with-
out spectral side-modes, ensuring maximal output power and PSD
simultaneously.

This work demonstrates that an inherently robust and simple
monolithic diamond resonator can efficiently transform pulsed
broad-band tunable laser radiation into a near-Fourier limited and
continuously tunable output with significantly increased power
spectral density. Our results show that tunable integrated FP dia-
mond Raman resonators hold great promise for the on-chip gener-
ation of high intensity tunable narrow linewidth light across the
optical spectrum, with broad ranging spectroscopy and quantum
optics applications.
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Appendix B

Raman laser prototype drawings
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B.1 Upper enclosure
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B.2 Lower enclosure
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B.3 Small fiber holder
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B.4 Small mirror holder
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B.5 Big mirror holder
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B.6 Small standard slider
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B.7 Big standard slider
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B.8 Big dichroic holder
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B.9 Small standard holder
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B.11 Big waveplate holder
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B.13 Complete assembly
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186 Appendix C. Raman process and photo-ionization simulation code files

C.1 Matlab code for the Raman design and Stokes generation sim-
ulator



s inside the diam.ond for the differential equations 

% Solve the equations 

L_dia 
n 

• S*le-3; % Length of the diam.ond (m) 
100; % Number of dz portions 

I_Sl_O • le-10; % Extremely low initial condition (close to 0) 
I S2 O le-10; % Extremely low initial condition (close to 0) 
I S3 O le-10; % Extremely low initial condition (close to O) 

% Define the pump Gausaian pulse 

t_RT • (2*L_dia) / (c/n_dia); % Time the pump takes to do a round trip only i 

nside de diamond (s) 
t -2*delta tau:t RT:2*delta_tau; % Pulse duration divided into the duration of a 

round trip (s) 

for ii = l:lenqth(P_inst) 

L_pulse(ii,:) 
00 

P_inst{ii) .*2.A(-(2.*t/(delta_tau)) .A2}; % Gaussian pulse RP Photonics 

end 

I_L_pulse 
ip (W/m2) 

L_pulse./area; % Intensinty of the Gaussian pulse per round tr 

% Calculate the differential equation for a Gaussian pump at different powers 

[I_LD_last,I_Sl_last,I_S2_last] = parametric_simulation(I_L_pulse,I_Sl_O,I_S2_0,I_S3_0,L_d 
ia,n,gR,gR1,gR2,wL,wsl,ws2,ws3,T,T_AR,t); 

plot_L I_LD_last(end,:); 
plot_Sl I_Sl_last(end,:); 
plot_S2 = I_S2_last(end,:); 

% Calculate the energy of the Stokes (W*s J) 

Ep_prinla sum(L_pulse(l,:J .*t_RT); 

LD_pulse = plot_L.*area; 
Ep_LD sum(LD_pulse.*t_RT); 

Sl_pulse = plot_Sl.*area; 
Ep_Sl = sum(Sl_pulse.*t_RT); 

S2_pulse 
Ep_S2 

TEp_end 

plot_S2.*area; 
sum(S2_pulse.*t_RT); 

= Ep_LD + Ep_Sl + Ep_S2; 

wsl / wL; % Quantum defect {Dilnensionless} 

% Comprobation with photons 

nu = 1332*3.33565e-ll; % Raman shift in Hz 

Phonon_energy = h*nu; % In m2*kg/s2 

Photon_total_energy = Ep_LD + Ep_Sl/q_d + Ep_S2/q_dA2; % Calculated by using the quantum d 



efect, not the phonon energy 

Photon_pump_energy_in = Ep_prima*T*T; % Energy of the Gaussian pulse inside the diamond (R 
ough way, I could take the depleted and Stokes before gettign out the diamond) 

% Power vectors for plotting 

All_Sl_pulses 
All _ S2 _pulses 

I_Sl_last.*area; 
I_S2_last.*area; 

for tt - l:length(P_avg) 
All_Ep_Sl(tt) sum(All_Sl_pulses(tt,:) .*t_RT); 
All_Ep_S2(tt) = sum(All_S2_pulses(tt,:) .*t_RT); 

end 

All P Sl 
All_P_S2 

% Plotting 

= All_Ep_Sl.*Rep_freq; 
~ All_Ep_S2.*Rep_freq; 

plot_spot = spot_size*le6; 

figure(); 
plot(t*le9,I_L_pulse{end,:) ./{le9*1e4), 'LineWidth' ,1.5, 'Color' , [0.6392 
]); 

hold on; 

0.0784 0.1804 

plot(t*le9,plot_L./(le9*le4), ':' , 'LineWidth' ,l.5, 'Color' , [0.6392 0.0784 0.1804]); 
plot(t*le9,plot_Sl./{le9*1e4), 'LineWidth' ,1.5, 'Color' , [O 0.4510 o. 7412]) ; 
plot( t *le9,plot_S2./{le9*1e4), 'LineWidth' ,1.5, 'Color' , [0.1451 
xlabel( 'Time [ns]' ); 
ylabel( 'Intensity [GW/cmA2] ' ); 
legend( 'Pump' , 'Depleted pump' , 'lAsAt Stokes' , '2AnAd Stokes' ); 
l egend boxoff; 
set (gca, 'FontSize' ,12); 

0.4392 O]); 
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190 Appendix C. Raman process and photo-ionization simulation code files

C.2 Matlab functions for the Raman design and Stokes genera-
tion simulator



function [pnm,wp,slnm,wsl,s2nm,ws2,s3nm,ws3] 

d shift cm = 1332; 

prnn 
LL cm 
wp 

Lsl cm 
slrnn 
wsl 

Ls2 cm 
1;!12nm 
ws2 

Ls3 cm 
s3nm 
ws3 

end 

= L; 
= 10000000 / prnn; 

c/(pnm*le-9) * 2 * pi; 

= LL_cm - d_shift_cm; 
10000000 / Lsl_cm; 
c/(slnm*le-9) * 2 *pi; 

LL_c:m - (2*d_shift_cm); 
10000000 / Ls2_cm; 

= c/(s2nm*le-9) * 2 *pi; 

LL_cm - (3*d_shift_cm); 
= 10000000 I Ls3_c:m; 

c/(s3nm*le-9) * 2 *pi; 

Publlshed wfth lllA7IASID R2tJ18b 

stokes_diam.ond_no_n(L,c} 



function [LD_last,Sl_last,S2_last] 
,w2,w3,w4,Trl,Tr2,t) 

parametric_silnulation(pulse,cl,c2,c3,L,np,gl,g2,g3,wl 

K = 0.8; % Loss factor due to the fact that not all reflected pump is reinjected (overlap 
integral) 

r2); 

for kk = l:size(pulse,1) 
for jj = l:length(t) 

[a,b,c,z] = oneroundtrip(pulse(kk,jj),cl,c2,c3,L,np,gl,g2,g3,wl,w2,w3,w4,Trl,T 

LD_last(kk,jj) a(end); 
Sl_last(kk,jj) b(end); 
S2_last(kk,jj) = c(end); 

el le-10 + ((b(end-1) - b(end))*KJ; % Amount of lst Stokes that 
reinjects for the next round trip (considering no perfect cavity [different modes]) 

c2 le-10 + c(end-1) - c(end); % Amount of 2nd Stokes that 
reinjects far the next round trip 

end 
end 

end 

Published wilh lllA7IA8® R2018b 



function [a,b,c,z] oneroundtrip(cl,c2,c3,c4,L,np,gl,g2,g3,wl,w2,w3,w4,Trl,Tr2) 

alphaL 
alphaSl 

= O; 

O; 
% we asswne the loss coefficients to be negligible 

alphaS2 = O; 

L_sys 2*L; 
dz_step L_sys / np; 
z = O:dz_step:L_sys+dz step; 

ª-o cl*Trl; 
b_ o c2; 
e o c3; 
I S3 o = c4; - -

a(l) a O; 
b(l) b O; 
c(l) O; c_ 

for = 2:np+l 

% He len 

% Length of one round trip 
% Step size of dz 
% z interval 

% Initial condition for pump intensity 
% Extremely low initial condition (clase 
% Extremely low initial condition (clase 
% Extremely low initial condition (cloee 

a(j) a(j-1) - {(wl/w2)*g2*a(j-l)*b(j-1)-alphaL*a(j-l))*dz_step; 

to 0) 
to 0) 
to 0) 

b(j) = b(j-1) + (g2*a(j-1)*b(j-1)-gl*(w2/w3)*b(j-l)*c(j-l)-alphaSl*b(j-1))*dz_step; 
c(j) = c(j-1) + {g3*b(j-l)*c(j-1)-gl* (w3/w4)*c(j-l)*I_S3_0-alphaS2*c(j-l))*dz_step; % 

Assuming 3rd Stokes contribution is very small 

if j mm np/2 % We apply the loases related to the AR coating assuming no loases in bet 
ween the reflective mirror and the diamond and same in-out losses (not correct) 

end 

end 

a (np+2 ) 
h(np+2) 
c(np+2) 

end 

a (j) a (j) * {Tr2) A2; 
b(j) b(j) * (Tr2)A2; 
c (j) c(j)*{Tr2 ) A2; 

= a (np+l)*Trl; 
• h (np+l) *Trl; 

c(np+l)*Trl; 

% Reflec tion losses applied to the dz portien out of the diamond 
% Reflection loases applied to the dz portian out of the diamond 
% Reflection loases applied to the dz portien out of the diamond 

Publiahed wifh MA1IA81 R2D18b 



function [n,T,Rl = n_dia.mond(L,n2) % Introduce wavelenqth and second m.edium n 

n = sqrt(1+((4.3356*LA2)/(LA2-(106)A2))+((0.3306*LA2)/(LA2-(175)A2))); % Refractive index 
as a function of the wavelenqth 

R (abs((n-n2)/(n+n2))JA2; % Fresnel equation 
T l - R; 

end 

PublRshed wi/h MA7IABlll R2018b 



% Gain factor depending on pump polarization 

function [gl,g2,g3] = Gain_pol(pol) 

%Mueller matrix far propagation along <110> matrix, angles wrt [100] 

M = [1.5 0.5 o O; 
0.5 -0.5 o O; 
o o 1 O; 
o o o -1]; 

1; 

%Stokes vectors {Poincare sphere) 
far tau= [0:180) .*pi./180 

I 1; 
Q = (cos(tau)).A2 - (sin(tau)).A2; 
u= sin(2.*(tau)); 
V = O; 
P = [I Q U V]'; 

S = M*P; 
phi(j) = 90-0.5.*angle(S(2)+1i.*S(3)) .*180./pi; 

%gain 
I_P = sqrt(S{2).A2 + S(3).A2 + S (4).A2 ) ; 
I_U = S(l] - I_P; 
g_S(j) = I_P + I_U . /2; 

%Construct second Stokes 
tau2 = (90-phi(j)) .*pi./180; 
I2 1; 

Q2 (cos(tau2)J .A2 - (sin(tau2)) .A2; 
U2 = sin(2 .*{tau 2)); 
V2 • O; 

P2 [ I2 Q2 U2 V2 J ' ; 
S2 = M*P2; 
phi2(j) • 90-0.5.*angle(S2(2)+li.*S2(3)).*180./pi; 

%gain 
I P2 - sqrt(S2(2) .A2 + S2(3) . A2 + S2(4) . A2); 
I U2 = S2(1) - I_P2; 
g_S2(j) = (I_P2 + I_02./2) .*g_S(j]; 

%Construct third Stokes 
tau3 = (90-phi2(j)) .*pi./180; 
I3 - 1; 
Q3 (cos(tau3 ))."2 - (sin(tau3)). "2 ; 
U3 sin(2.*{tau3)); 
V3 • O; 
P3 [I3 Q3 U3 V3] '; 
S3 = M*P3; 
phi3(j) • 90-0.5.*angle(S3(2)+li.*S3(3)) .*180./pi; 

%gain 
I_P3 - sqrt (S3 (2) . "2 + S3 (3) . "2 + S3 (4). "2); 
I_U3 = S3{1) - I_P3; 
g_S3(j) = (I_P3 + I_03./2) .*g_S2(j); 

theta_i(j) = 90-tau .*180./pi; 



end 

j j+l; 

end 

for ii - l:length(pol) 

end 

gl(ii) g_S{pol(ii)+l)/max(g_S); 
g2(ii) = g_S2(pol(ii)+l)/max(g_S2); 
g3(ii) • g_S3(pol(ii)+l)/max(g_S3); 

Publiahed with MA7IAB® R2D1Bb 
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C.3 Matlab function for the Raman gain calculation as a function
of the wavelength
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C.4 Matlab code corresponding to the photo-ionization model



for jj - -FSR:FSR-1 

Raman modes(ii+jj) = Raman_modes(ii+jj)+(l./pi) .*((Mode_width/2) ./((frect_range(ii+ 
jj)-frect_range[iiJJ .A2+(Mode_width/2J .A2)J; 

end 
end 

Mode width t 
FSR_t 

20; 
300; 

Env width t 
Tisa modes 
Tisa_modes_g 
Tisa_gauss 

FWHM_5m; 

zeros(l,length(frect_rangeJJ; 
zeros(l,length(frect_range}); 
gaussmf(frect_range, [Env_width_t/2,vO]J; 

far ii FSR+l:FSR_t:length(frect_range)-FSR+l 

temp_gauss = gaussmf(ii-4*Mode_width_t:ii+4*Made_width_t, [Made_width_t/2,iiJJ; 

far jj = -4*Made width t:4*Mode width t 

Tisa_modes_g{ii+jj) Tisa_modes_g(ii+jj)+temp_gauss((4*Mode width tf+jj+l}; 

end 

for jj = -FSR t:FSR t -1 

Tisa modes(ii+jj) = Tisa_modes(ii+jj)+(l./pi) .*((Mode_width_t/2} ./((frect_range(ii+ 
jj J-frect_range[iiJJ .A2+ (Mode_width_t/2) .A2J ); 

end 
end 

far ss = 1:100 

shift randi([-1000 1000]); 

Raman_modes circshift(Raman_modes, shift); 
Raman_modes_g circshift(Raman_modes_g, shift); 
Tisa modes c ircshift(Tisa_modes, shift); 
Tisa_modes_g circshift(Tisa_modes_g, shift}; 

Raman modes nor max ( (Raman _ modes. /max ( Raman _ modes) } -O .1, O l ; 
Raman_modes_nor = Raman_modes_nor./max(Raman_modes_nor); 
Raman modes nor = Raman_modes_nar.*Raman_gauss; 
Raman_modes_g_nar Raman_mades_g. *Raman_gauss; 

Tisa mades nar max{(Tisa_modes ./max(Tisa_modes))-0.1,0); 
Tisa modes nor Tisa_modes_nor./max(Tisa_modes_nar); 
Tisa_modes_nor = Tisa_mode5_nor .*Tisa_gauss; 
Tisa_mades_g_nar = Tisa_modes_g.*Tisa_gauss; 

Raman _ modes 
Raman modes _ g 
Tisa modes 
Tisa_modes_g 

circshift(Raman_modes, -shift} ; 
circshift(Raman_modes_g, -shift); 
circshift(Tisa_modes, -shift); 
circshift(Tisa_mades_g, - shift) ; 

% Adjustment of the spectra af Raman, TiSa and Doppler Sm 

int_Tisa sllll\(Tisa_modes_nor); 



end 

int_Raman = sum(Raman_modes_nor); 
compensated_Raman • Raman_modes_nor.*(int_Tisa/int_Raman); 

int_Tisa_g = sum(Tisa_modes_g_nor); 
Tisa_modes_g nor • Tisa modes g nor.*(int_Tisa/int_Tisa_g); 
int_Tisa_g = sum(Tisa_modes_g_nor); 
int_Raman_g = sum(Raman_modes_g_nor); 
compensated Raman g - Raman modes g nor.*(int_Tisa_g/int_Raman_g); 

Tisa_overlap Sm_gauss.*Tisa_modes_nor; 
Raman_overlap Sm_gauss.*compensated_Raman; 

Tisa_overlap_g Sm_gauss.*Tisa_modes_g_nor; 
Raman_overlap_g Sm_gauss.*compensated_Raman_g; 

int Tisa over sum(Tisa_overlap); 
int_Raman_over sum(Raman_overlap); 

int_Tisa_over_g sum(Tisa_overlap_g); 
int_Raman_over_g sum(Raman_overlap_g); 

Tisa over = int_Tisa_over/sum(Sm_gauss); 
Raman_over = int_Raman_over/sum(sm_gauss); 

Tisa_over_g = int_Tisa_over_g/sum(Sm_gauss}; 
Raman_over_g = int_Raman_over_g/sum(Sm_gauss); 

for ii = 1:1000 

factor(ii) 

ti 
ra 

ti_g 
ra_g 

ti (ti>l) 
ra(ra>l) 

ti_g (ti_g>l) 
ra_g (ra_g>l) 

ti over 
ra_ over 

ti_over_g 
z:a_over_g 

= (0.l*ii); 

Tisa_modes_nor . *factor(ii); 
= compensated_Raman.*factor (ii); 

Tisa_mode s_g_nor.*factor(ii); 
= compensated_Raman_g.*factor(ii); 

1; 
= l; 

l; 
= l; 

ti. *Sm_gauss; 
= ra .*Sm_gau.ss; 

ti_g. *Sm_gauss; 
ra_g. *Sm_gauss; 

ti_over_per(ss,ii) sum(ti_over)/sum(Sm_gauss); 
ra_over_per(ss,ii) = sum(ra_ over)/sum(Sm_gauss); 

ti_over_per_g{ss,ii) 
ra_over_per_g{ss,ii) 

end 

sum(ti_over_g)/sum(Sm_gauss); 
sum(ra_over_g)/sum(Sm_gauss); 

ti_over_per_mean 
ra_over_per_mean 
ti_over_per_g_mean 

sum(ti_over_per) ./size(ti_over_per,1); 
sum(ra_over_per) ./size(ra_over_per,l); 
sum(ti_over_per_g) ./size (ti_over_per_g,lJ; 
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