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Abstract

Atomic clocks are a vital technology in the day to day operation of modern society. While passive
Rb and Cs microwave atomic clocks find widespread practical applications today, active atomic
clocks have the potential to surpass them in frequency stability, compactness, and simplicity. This
dissertation is a comprehensive study of the physics of an active atomic clock based on modelocked
external cavity semiconductor laser with ®Rb vapor cell saturable absorber. As the starting point for
establishing our concept, this study encompasses optical interrogation in the traditional D; (5S;.-
5Py, 795 nm wavelength) line in *’Rb atoms, as well as in the less used and less studied 5S,,,-6P3/,
(420 nm) line, which has very different absorption characteristics. The theoretical and experimental
work in this dissertation establish a foundational background for the active atomic clock laser,
yielding novel results in the field of semiconductor lasers and atomic physics.

We use a state of the art modelocked lasing analysis technique to predict the operating conditions
that would yield modelocked oscillations in our proposed active atomic clock. Proper application of
this technique requires an accurate and detailed model of the *Rb absorber, including parameters
such as the absorption cross-section, pressure broadening of absorption linewidth, ground state and
spin relaxation times as well as the excited state lifetime. To address these aspects, we have devel-
oped a six-level atomic model for the absorption characteristics of alkali atoms that accounts for the
effects of optical beam size and buffer gas pressure on ground state and spin relaxation times. This
model allowed us to establish and experimentally realize a novel pump-probe technique for measur-
ing the excited state lifetime in alkali atoms when under conditions of strong fluorescence quench-
ing by buffer gas.

Our theoretical model for the dependence of relaxation times on the optical beam size, buffer gas
pressure, and cell temperature was experimentally validated in detailed absorption spectroscopy
measurements in the D; line of Rb atoms. Most importantly, we use our novel pump-probe tech-
nique to measure the excited 5P, state lifetime that is quenched by N, buffer gas and experimental-
ly confirm its reduction down to about a nanosecond.

For spectroscopy at the 5S;,,-6P3; line of Rb atoms, we have built and characterized a blue wave-
length external cavity diode laser (ECDL) for use as the optical interrogation source with precisely
known linewidth and frequency noise performances. Using this spectroscopic tool for the 5S;/,-6P3/
line, we measured the linewidth pressure broadening and frequency shift coefficients of N, buffer
gas. To the best of our knowledge, this is the first time that N, pressure broadening and frequency
shift coefficients are measured in the blue absorption lines of Rb.

Furthermore, very controversial data were available in the literature about the natural lifetime of the
excited states in the blue absorption lines of Rb, and lifetime quenching by molecular buffer gasses
was not addressed in the literature at all. We attempted two different approaches to measure the
6P3), excited state lifetime of Rb with pump-probe techniques. In the first approach, both pump and



probe lasers operate at 420 nm wavelength with pumping by short optical pulses. In this approach,
we obtained solitary short optical pulse generation with precise wavelength for the 5S,,-6P3/, line
by using our ECDL, as the master laser, to optically injection lock a passively Q-switched InGaN
multi-section laser diode (MSLD). To the best of our knowledge, the optical injection locking of a
Q-switched III-nitride MSLD has never been done before. Unfortunately, the pulse energy was in-
sufficient to produce experimentally detectable changes in the transmitted power of the probe
ECDL laser beam.

In the second approach to measure the lifetime in the excited state 6P3/,, we benefitted from the fact
that its natural lifetime is expected to be about one order of magnitude longer than the 5P, state.
Therefore, we used a continuous wave (CW) pump laser at the 5S;,-5P;,; line and a CW probe laser
at the 5S1,-6P3), line to measure the 6P3, state lifetime of $Rb. Prior to our work, the natural life-
time of the 6P;, state in Rb atoms and its quenching by molecular buffer gas N, were not unambig-
uously known and reported in the literature.

One of the possible realizations of our atomic clock based on modelocked laser with alkali vapor
cell absorber, as initially envisioned, incorporate IlI-nitride based vertical-external-cavity surface-
emitting laser (VECSEL) at 420 nm wavelength for operation in the 5S;,-6P3/, line of Rb. Howev-
er, prior to this dissertation work, there were no reports of centimetric length external cavity IlI-
nitride VECSEL suitable for incorporation of intracavity elements. Therefore, we experimentally
realized an optically pumped IlI-nitride VECSEL with injection seeding from a microcavity, and we
were able to obtain lasing for a cavity as long as 50 mm, making such VECSEL suitable for incor-
poration of a saturable absorber cell. This is the longest III-nitride VECSEL cavity that we know of
at the time of its realization.

Finally, from the six-level model for alkali atoms and measurements from spectroscopy experi-
ments, we adapted the previously mentioned state of the art modelocked lasing analysis technique,
which was originally developed for a laser system with semiconductor electro-absorber, to now
incorporate a *’Rb vapor cell saturable absorber. From this, we investigated several laser cavity con-
figurations and the operation conditions that will yield modelocked lasing. Possible realizations of
our atomic clock based on modelocked laser with alkali vapor cell absorber include III-V alloy
based ECDL and VECSEL as well as IlI-nitride based ECDL and VECSEL. We conclude that the
realization with the most prospects from a practical point of view would be a 795 nm modelocked
ECDL with a *Rb saturable absorber, and we provide its cavity design. This design will serve as
the starting point for future experimental realization of such laser system.

Keywords

Atomic clock, modelocking, Rubidium, hyperfine splitting, saturable absorber, spectroscopy, excit-
ed state lifetime, beam transit effect, ground state relaxation, spin relaxation, wall collision, gallium
nitride, IlI-nitrides, vertical external cavity surface emitting laser, injection seeding, external cavity
diode laser, mode clustering, multi-section laser diode, Q-switching, optical injection locking,
pulse-on-demand production



Résumé

Dans notre société moderne, les horloges atomiques sont devenues une technologie indispensable. Alors que
les horloges passives basées sur des atomes de Rubidium et de Césium sont largement utilisées dans une
large gamme d’applications, les horloges actives posseédent le potentiel de les surpasser en termes de stabilité
de fréquence, d’encombrement et de simplicité. La présente thése constitue une étude complete de la phy-
sique d’une horloge atomique active basée sur un laser semi-conducteur a cavité externe a verrouillage de
modes avec un absorbeur saturable basé sur une cellule de vapeur de *’Rb. Comme point de départ, cette
étude s’intéresse a la traditionnelle raie Dy (5S,,-5Py,, longueur d’onde 795 nm) de I’atome 5Rb et égale-
ment a la raie 5S;,-6P3, (420 nm) qui est nettement moins utilisée et étudiée et posséde des caractéristiques
d’absorption trés différentes. Le travail théorique et expérimental présenté dans cette thése établit une brique
fondamentale pour le laser de I’horloge atomique active et fournit de nouveaux résultats dans les domaines
des lasers semi-conducteurs et de la physique atomique.

Nous utilisons une technique d’analyse laser pointue dans le but de prédire les conditions opérationnelles
conduisant a des oscillations de verrouillage de modes dans notre prototype d’horloge atomique active. Une
utilisation appropriée de cette technique requiert un modele précis et détaillé de I’absorbeur & vapeur de *’Rb,
incluant des parameétres tels que la section efficace d’absorption, 1’¢largissement de la raie d’absorption due a
la pression, état fondamental hyperfin et temps de relaxation et également le temps de vie de 1’état excité.
Pour traiter ces aspects, nous avons développé un modele atomique a 6 niveaux pour les caractéristiques
d’absorption d’atomes alcalins tenant compte des effets liés au diametre du faisceau optique ainsi que de la
pression du gaz tampon sur les temps de relaxation de 1’état fondamental hyperfin ainsi que de relaxation de
spin. Ce modéle nous a permis d’établir et de réaliser expérimentalement une nouvelle technique de pompe-
sonde pour mesurer le temps de vie de 1’état excité dans les atomes alcalins dans des conditions de forte ex-
tinction (quenching) de la fluorescence due au gaz tampon.

Notre modele théorique pour la dépendance du temps de relaxation par rapport a la taille du faisceau optique,
pression du gaz tampon et température de la cellule a été validé expérimentalement dans le cadre de mesures
détaillées de spectroscopie en absorption de la raie D; d’atomes de Rubidium. Plus important encore, nous
utilisons notre nouvelle technique pompe-sonde pour mesurer la durée de vie de 1’état excité 5P, désactivé
par le gaz tampon N, et pour confirmer expérimentalement sa diminution jusqu'a la nanoseconde.

Pour la spectroscopie de la raie 5S;,-6P3, de I’atome de Rubidium, nous avons construit et caractérisé une
diode laser a cavité externe (ECDL) émettant dans le bleu. Cette derniére est utilisée comme source
d’interrogation optique avec une largeur de raie connue précisément et de bonnes performances en termes de
bruit. Grace a cet outil, nous avons pu mesurer 1’¢largissement de la raie d’absorption due a la pression ainsi
que le coefficient de décalage de fréquence du gaz tampon N,. A notre connaissance, il s’agit ici d’une pre-
miere pour des raies d’absorption du Rubidium dans le bleu.

De plus, les données disponibles dans la littérature concernant le temps de vie naturel des états excités dans
les raies d’absorption du Rubidium dans les longueurs d’onde bleues sont controversées. Aussi, le temps
d’extinction (quenching) di au gaz tampon n’est pas du tout traité dans la littérature. Nous avons adopté
deux approches différentes pour mesurer le temps de vie de 1’état excité 6P;, de 1’atome de Rubidium avec
notre technique pompe-sonde. Dans la premiére approche, la pompe et la sonde opérent a une longueur



d’onde de 420 nm avec un pompage basé sur des impulsions optique courtes. Nous avons verrouillé une
diode laser InGaN multi-sections (MSLD) passivement Q-switchée par injection optique en utilisant notre
ECDL comme laser principal (laser maitre). De cette fagon, nous obtenons des impulsions optiques isolées
avec une longueur d’onde trés précise pour sonder de la raie 5S;,-6P;/,. A notre connaissance, le verrouillage
par injection optique d’une MSLD Q-switchée a la base de III-nitrures n’a jamais été réalisé jusqu’ici. Mal-
heureusement, 1’énergie des impulsions n’était pas suffisante pour produire des changements détectables
expérimentalement dans la puissance de transmission du faisceau de sonde ECDL.

Dans la seconde approche, nous avons bénéficié du fait que le temps de vie naturel dans I’état excité 6P;, est
censé étre plus long que dans 1’état 5Py, d’un ordre de grandeur. Par conséquent, nous avons utilisé¢ des la-
sers continus (CW) respectivement pour la pompe de la raie 5S;,-5P;,; et pour la sonde de la raie 5S;,-6P3,
pour mesurer le temps de vie de I’état 6P/, du %Rb. Avant nos travaux, le temps de vie naturel de 1’état 6P;),
de I’atome de Rubidium ainsi son extinction (quenching) par un gaz tampon N, n’étaient pas connus sans
ambiguité.

Une des réalisations possibles de notre horloge atomique basée sur un laser a verrouillage de modes avec un
absorbeur a cellule de vapeur alcaline, comprend un laser a base de III-nitrures a émission de surface en cavi-
té verticale (VECSEL) fonctionnant a 420 nm pour sonder de la raie 5S;,-6P;3, de ’atome de Rubidium.
Cependant, avant ce travail de thése, aucun rapport dans la littérature n’existait concernant des VECSEL a
base de Ill-nitrures a cavité externe de dimension centimétrique appropri€ée pour une incorporation intra-
cavité. C’est pourquoi nous avons construit un VECSEL pompé optiquement avec une injection venant d’une
micro-cavité. De cette fagon nous avons obtenu un effet laser pour une cavité de 50 mm, rendant un tel
VECSEL approprié pour I’incorporation d’une cellule d’absorbeur saturable. I1 s’agit de la plus longue cavité
de type VECSEL basée sur des IlI-nitrures reportée a ce jour.

Finalement, grace au model a six niveaux pour les atomes alcalins et les mesures de spectroscopie, nous
avons pu adapter notre technique d’analyse originalement développée pour un systéme de laser a absorbeur
semi-conducteur, avec maintenant I’incorporation d’une cellule d’absorbeur saturable a vapeur de **Rb. A
partir de 1a, nous avons étudié plusieurs configurations de cavités laser ainsi que les conditions opération-
nelles permettant un « lasing » a verrouillage de modes. Les réalisations possibles de nos horloges atomiques
basées sur un laser a verrouillage de modes avec une cellule d’absorbeur saturable a vapeur alcaline incluent
des ECDLs et VECSELSs basées sur des alliages I1I-V ainsi que des IlI-nitrures. En conclusion, nous présen-
tons le design d’un ECDL & verrouillage de modes avec un absorbeur saturable basé sur une vapeur “Rb
émettant a 795 nm. Cette configuration nous semble étre la plus viable d’un point de vue pratique. Ce design
va servir de point de départ pour de futures réalisations expérimentales.

Mots-clés

Horloge atomique, verrouillage de modes, Rubidium, niveaux hyperfins, absorbeur saturable, spectroscopie,
temps de vie de I’état excité, relaxation de 1’état fondamental, relaxation de spin, wall collision, nitrure de
gallium, nitrures de type III, laser a émission de surface en cavité verticale, injection optique, diode laser a
cavité externe, mode clustering, diode laser multi-sections, Q-switching, impulsions a la demande
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AR antireflection
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CPT coherent population trapping
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EOM electro-optic modulator
ECDL external cavity diode laser
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LCP left circular polarization
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QD quantum dot
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Chapter 1 Introduction

Highly stable and accurate frequency standards such as atomic clocks are important instruments in
modern society. Atomic clocks with timing error of less than 1 ns per day are the key enabling
technology in satellite navigation (e.g. GPS), a service that was originally developed for military
use but is now utterly vital in everyday civilian lives. Satellite navigation has greatly increased the
speed and safety of global commercial shipping, the lifeblood in today’s highly interconnected
world. Large scale high speed optical communication network equipments routinely synchronize
their onboard times to atomic clocks (timing error less than 1 ps per day), without which their net-
work cannot properly function. For these reasons and more, research to improve atomic clock tech-
nology is ongoing.

1.1 Conventional Rubidium Atomic Clock

One type of atomic clock typically used for the applications described above is the rubidium (Rb)
vapor cell atomic clock. This is a passive atomic clock based on quartz crystal voltage controlled
oscillator (VCO) with frequency stabilization feedback loop. A high level schematic of such a clock
is given in Fig. 1.1. The quartz crystal VCO is an electronic oscillator whose output oscillation fre-
quency v, can be tuned by changing the applied control voltage. The VCO output is fed into a fre-
quency stabilizing feedback loop which converts deviation in vy from the targeted value into an ad-
justment voltage AV, which is then applied to the frequency control port. Through this feedback
mechanism, the VCO oscillation frequency is kept extremely stable.

frequency
control
t
voltage | VCO -« outpul . eXtr-Tlme-ly stable
oscillation
frequency

Frequency Stabilization |

AV R 0

N Mechanism <
(contains 57Rb cell)

Fig. 1.1. High level schematic of a traditional passive Rb atomic clock. A feedback loop is used to stabilize the oscilla-
tion frequency of a VCO. The key component of the frequency stabilization mechanism is the ’Rb cell, where the sta-
bility of its atomic resonance is transferred to the VCO.



The key component in the frequency stabilization mechanism is the *’Rb vapor cell. The *’Rb atom
ground state is split into two hyperfine levels. With a separation frequency of 6.835 GHz as shown
in Fig. 1.2, the ground state hyperfine splitting is very well defined and unaffected by temperature,
humidity, and vibration. The frequency stabilization mechanism locks the VCO output frequency vy
to a value where the *’Rb ground state hyperfine splitting frequency vy (6.835 GHz) is a fixed in-
teger multiple of vo. Therefore, the stability of *’Rb atomic resonance is transferred into the VCO.

5Py 87Rb
B 521)1/2
780nm
D)
795 nm
Dr)
F=2
5281 vur = 6.835 GHz
F=1

Fig. 1.2. Diagram of *Rb energy levels for D, and D, transitions. Hyperfine structures of excited states are not shown.

Atomic clocks based on Rb vapor cells generally operate using one of two methods of atomic inter-
rogation. The first method, microwave-optical double resonance (DR) interrogation, involves inter-
rogating the $7Rb atoms at both optical and microwave frequencies as depicted in Fig. 1.3(a). Atoms
are optically pumped, by a lamp or a narrowband laser, from one of the ground state hyperfine lev-
els to the excited state, where they decay back to both ground states due to either spontaneous emis-
sion or through collisions with buffer gas atoms/molecules. Atoms in the ground state in resonance
with the optical interrogation are pumped again to the excited state, while atoms in the other ground
state remain there. Repeated cycles of pumping and decay lead to a steady-state condition where the
ground state under optical pumping is depleted of population while the unpumped ground state has
population far in excess of its equilibrium density. If the atoms are now interrogated with micro-
wave radiation, then atomic absorption of this microwave radiation would transfer some of the ex-
cess atoms in the unpumped ground state back to the ground state under pumping. The result is a
decrease in the transmission of the optical pump beam through the vapor cell. The transmitted opti-
cal intensity is minimized when the microwave radiation is resonant with the ground state hyperfine

transition, having frequency equal to the ground state hyperfine splitting frequency vyr as depicted
in Fig. 1.3(b).
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Fig. 1.3. (a) An alkali atom under Double Resonance interrogation. One ground state hyperfine levels is optically
pumped, while simultaneously the atom is interrogated by microwave radiation equal to the ground state hyperfine
splitting frequency vy (b) Illustration of transmitted light intensity as a function of relative microwave interrogation
frequency. Transmission is minimized when the microwave frequency is equal to vyp.

In an atomic clock, this behavior of atoms under DR interrogation is utilized to lock the oscillation
frequency of the VCO. A schematic of such a DR clock is given in Fig. 1.4. The microwave inter-
rogation is seeded by the VCO, where its output frequency is multiplied (by a fixed integer) to
where it is equal to the Rb atom ground state hyperfine splitting frequency. Electronic feedback is
utilized to continuously adjust the VCO control voltage so as to minimize the optical transmission
through the Rb vapor cell, resulting in extremely stable VCO oscillations. A more detailed descrip-
tion of the physics and the electronics involved can be found in [1], [2].
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Fig. 1.4. Schematic of a Rb vapor cell atomic clock utilizing the DR interrogation method.

As an alternative to DR interrogation, Rb vapor cell atomic clocks can be realized by taking ad-
vantage of Coherent Population Trapping (CPT) effect. Here, the alkali atom is optically interrogat-
ed by two optical bands in A-pumping configuration, as depicted in Fig. 1.5, where both ground
states are simultaneously pumped. When the optical radiation is simultaneously on resonance with
both absorption lines, i.e. Raman detuning is zero with Av=0, the atoms will end up (in steady-state)



in a coherent superposition of the ground states [3], [4] that does not absorb the optical radiation.
This is referred as to the atoms being trapped in a “dark state.” In practical Rb cells interrogated by
real optical sources, absorption is nonzero when A-pumping is on resonance, but it is lower than the
absorption when the A-pumping is off resonance. We have an example of CPT resonance in cell
transmission spectrum as a function of Av in Fig. 1.11 (top panel).

Fig. 1.5. An alkali atom under A-pumping. The two ground state hyperfine levels are simultaneously pumped by two
optical bands.

CPT under A-pumping of atoms serves as the chief mechanism for realizing an atomic clock. For
clockwork applications, the typical methods to obtain these two optical bands with the correct fre-
quency separation is to use a single wavelength semiconductor laser and either (i) modulate the op-
tical output with an electro-optic modulator (EOM), or (ii) directly modulate the drive current of
this laser. By modulating at frequency vgr, modulation sidebands are generated, with the two 1%
order modulation sidebands being separated from the main carrier band by +vgr. CPT effect is ob-
tained when either vgr=vyr or vgr=0.5vgr, resulting in simultaneous interrogation of the atomic
transitions with either the main carrier band and one 1% order modulation sideband, or with both 1%
order modulation sideband, respectively. We illustrate the optical spectrum of a laser under modula-
tion in Fig. 1.6. Note that while direct modulation of the laser current, as in option (ii), requires
fewer components and can be much more compact, it is suitable only if one uses a laser with ade-
quately high bandwidth, e.g. vertical-cavity surface-emitting laser (VCSEL).

The microwave source used to modulate either the EOM or the laser drive current is seeded by the
VCO, where its output frequency is multiplied (by a fixed integer). Electronic feedback is utilized
to continuously tune the VCO control voltage so as to maximize the optical transmission through
the Rb vapor cell by using the CPT effect. The result of the feedback loop and continuous adjust-
ments to the VCO is that the oscillation frequency is extremely stable. We present a schematic of
such a CPT atomic clock utilizing direct current modulation in Fig. 1.7.

The two types of aforementioned Rb vapor cell atomic clocks require complex and well calibrated
feedback electronics to generate the adjustment voltage AV applied to the VCO. Therefore, there is
an interest in Rb vapor cell clocks that can bypass the need for such complex electronic feedback
equipment.
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Fig. 1.6. Illustration of optical spectrum of laser under modulation at frequency vgg, resulting in generation of optical
sidebands. The sidebands are labeled by their modulation order number.
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Fig. 1.7. Schematic of a Rb vapor cell atomic clock utilizing the effects of coherent population trapping (CPT).

1.2  Frequency Stability

One of the main performance metrics of atomic clocks is the stability of their oscillation frequency.
More specifically, this stability metrics is the Allan deviation o, of the fractional frequency y, with
y=[w(t)—vy]/vy, where vy is the targeted atomic clock oscillation frequency and w(t) is the instantane-
ous oscillation frequency. An in-depth description and explanation of atomic clock frequency stabil-
ity metrics is found in [1].

In Fig. 1.8, the frequency stability characteristics of several state of the art microwave atomic clocks
are given along with that of a simple quartz oscillator. This includes the Rb vapor atomic clock
which was described in Section 1.1 as well as the Cesium (Cs) atomic clock, the technology that is
used to define the standard unit of second. Similar to the Rb clock, in a Cs clock the quartz oscilla-
tor locks onto the Cs ground state hyperfine frequency splitting of 9.193 GHz. Both of these atomic
clocks are classified as passive clocks, where the atoms are part of a feedback mechanism for a
quartz oscillator VCO that corrects for its frequency deviations.



Of note here is the active Hydrogen Maser atomic clock which has the best short term frequency
stability. Unlike a passive clock, in an active clock the oscillation is directly generated by the cavity
that holds the atoms. This direct generation of the oscillatory signal is one of the reasons why active
clocks tend to have better frequency stability than passive clocks, and it is one of the motivations
for research in active atomic clocks in general.
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Fig. 1.8. Frequency stability characteristics of several types of atomic clocks as well as that of a simple quartz oscillator.
Disclaimer: This figure is taken from [5].

In addition to microwave atomic clocks, there are optical atomic clocks which have demonstrated
even more impressive frequency stability. For example, optical clocks have been able to achieve
frequency stability on the order of 6x10"® [6]. Unfortunately, optical clocks tend to be much more
complex than microwave clocks, and currently they remain as laboratory prototypes and are not yet
commercially available.

1.3  Active Atomic Clock Based on External Cavity Semiconductor Laser
and Intracavity Alkali Vapor Cell

A novel and unique active atomic clock laser was reported in 2007 by Y.-Y. Jau and W. Happer of
Princeton University [7]. It is based on a semiconductor laser in external cavity configuration. An
alkali vapor cell is placed inside the laser cavity. This laser cavity behaves similarly to a
modelocked laser in that it produces optical pulses with repetition period equal to the cavity round-
trip time. However, the optical pulsation mechanism is not modelocking as we discuss in Section
3.2. The laser cavity length is chosen such that the optical pulse repetition frequency corresponds to
the ground state hyperfine splitting of the alkali atom. When there is a train of optical pulses in this
laser cavity, two of the optical modes in the pulse train are locked onto the ground state hyperfine
resonance of the alkali atom, and the repetition frequency of this laser is stabilized (discussion be-
low).



Figure 1.9 is the schematic of the pulsating external cavity laser reported by Jau and Happer in [7].
The alkali atom is *’K, and the atomic line utilized is the D; line at 770 nm wavelength. The ground
state hyperfine splitting frequency of *’K is 462 MHz, thus the cavity length is about 32.5 cm (half
wavelength of 462 MHz). An edge-emitting laser diode with antireflection (AR) coated facet is
used as the optical gain chip, and it is forward biased with constant current. An optical grating is
used to provide external feedback, simultaneously forming the cavity with the laser diode and tun-
ing the lasing frequency to 770 nm. The **K vapor cell is placed inside the cavity, where it is held
inside an oven and Helmholtz coils that provide temperature and magnetic field control, respective-
ly. In this laser cavity, circularly polarized light is used to interrogate the *°K atoms, and this is ob-
tained by placing quarter-waveplates on both sides of the cell to convert the linearly polarized light
output from the laser diode. A high speed photodetector (not shown) converts the oscillating optical
intensity at the laser cavity output into an oscillating electrical signal.

A4 plate

Grating L '
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Fig. 1.9. Schematic of the laser cavity realized by Jau and Happer. It consists of an edge-emitting laser diode in external
cavity configuration. An optical grating provides the external optical feedback. A *’K vapor cell is placed inside the
cavity. Abbreviation: AR — antireflection; HR — high reflectivity; L — lens.

The physics behind this frequency stabilization is push-pull optical pumping [7]-[9], 2 mechanism
that has also recently been utilized for realizing atomic magnetometer [10]. Push-pull optical pump-
ing is the A-pumping of both ground state hyperfine levels in the alkali atoms with pulses of alter-
nating circular polarization. The pump light is propagating through the atomic cell in the same axis
as the magnetic field, and it has pulse repetition frequency of 2vyr, where vyr is the atomic ground
state hyperfine splitting frequency. The pulses in the optical pulse train have alternating circular
polarization, i.e. a pulse with left circular polarization (LCP) is followed by a pulse with right circu-
lar polarization (RCP), and vice versa. The pulses are assumed to have duration much shorter than
1/(2vyr). We conceptually depict the optical pulses in the time domain and their polarization in Fig.
1.10. Note that in the cavity in Fig. 1.9, a single optical pulse traveling inside the cavity subjects the
alkali vapor cell to push-pull optical pumping: the pulse interacts with the absorber twice per cavity
roundtrip, and the pulse polarization is circular and changes in rotational orientation at each interac-
tion due to the quarter-waveplates.
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Fig. 1.10. Push-pull optical pumping of alkali atoms with ground state hyperfine splitting frequency vy is performed
with a train of optical pulses of alternating circular polarization. The pulse repetition frequency is 2vyr.

The optical pulses in Fig. 1.10 is essentially the superposition, with 1/(2vgr) time shift, of two sepa-
rate pulse trains of different polarizations, and each pulse train has repetition frequency vyr. Be-
cause the spectrum of each individual pulse train consists of optical modes separated by vyr, optical
pulses are in CPT resonance with the alkali atoms. It has been found that the CPT resonance effect
obtained from push-pull optical pumping is one to two orders of magnitude greater than conven-
tional optical pumping as shown in Fig. 1.11 [8]. Even larger CPT resonance contrasts have been
reported [11], with the largest at 78% [12].
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Fig. 1.11. Transmitted optical intensity as a function of Raman detuning frequency for conventional CPT (top panel)
and push-pull CPT (bottom). Note that Av,, in this figure is the same as Av used in Fig. 1.5. Disclaimer: This figure is
taken from [8].

When alkali atoms are under resonant A-pumping (zero Raman detuning), the atoms are in a coher-
ent superposition of the ground states. Therefore, the expectation value of the electron spin projec-
tion on optical axis is time-varying and periodic with frequency vyr, reaching positive and negative



maxima with a half period time of 1/(2vyr). Respectively, with a half period of 1/(2vyr), the atoms
are not absorbing (in the dark state) either for one or the other circular polarization of the optical
pulse, behaving as an optical filter. In the laser cavity in Fig. 1.9, intracavity loss is minimized when
the pulse repetition frequency is equal to vyp.

If the repetition frequency of the optical pulse train deviates from vyr, intracavity loss would in-
crease, which is then counteracted by the alkali atoms pulling the optical modes in the pulse train
onto resonant A-pumping. Thus, the result of placing the alkali vapor cell inside the cavity is that
the optical pulse train repetition frequency is locked onto the atom’s hyperfine splitting frequency

VHF.

For this first and unique demonstration of push-pull laser atomic oscillator, the frequency stability is
moderate. As seen in Fig. 1.12, the measured Allan deviation of the clock oscillation frequency is
lower than 10 after 1 s of integration time [7]. The poor relative frequency stability in this active
K atomic clock in comparison with the passive Rb and Cs clock in Fig. 1.8 can be attributed to
several factors. (i) The hyperfine frequency of 462 MHz in K atoms is quite low compared to the
hyperfine frequency of 6.835 GHz in *’Rb and 9.193 GHz in Cs clocks, while in general, higher
hyperfine splitting frequency results in better relative frequency stability. (ii) The laser cavity is
quite long at 32.5 cm, and it is difficult to mechanically and thermally stabilize long cavities. (iii)
The last reason, which we believe is important, is that the push-pull laser atomic oscillator does not
operate in modelocking regime.
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Fig. 1.12. Measured frequency stability characteristics of the active atomic clock by Jau and Happer. Allan deviation is
lower than 107 after 1 s of integration time. Disclaimer: This figure is take from [7].

1.4 Motivation and Goal for This Research

The new class of active atomic clock realized by Jau and Happer [7] opens up a new venue of active
atomic clocks that are simpler in architecture, especially in regards to electronics used for frequency
stabilization, than both existing optical and microwave clocks. The goal of this research is to pursue
an atomic clock based on semiconductor laser in external cavity with intracavity alkali vapor cell.
Unlike the clock realized by Jau and Happer, we intend to pursue optical oscillations based on
modelocked operation instead of the push-pull phenomenon. Thus, the intracavity alkali vapor cell
will serve as the saturable absorber.



To improve upon the frequency stability of such an atomic clock based on laser cavity, one should
investigate the use of atomic species with higher ground state hyperfine splitting frequency. This
would result in a clock with better frequency stability because Allan deviation o, scales with 1/vyr,
assuming everything else is equal. In addition, since the laser cavity length is inversely proportional
to the hyperfine splitting frequency, this can lead to a much more compact and stable laser cavity
than the 32.5 cm long cavity of Jau and Happer [7].

For this research, the atomic species chosen for the saturable absorber is *Rb. It has ground state
hyperfine frequency vyr of 3.036 GHz. For modelocked laser operation, the laser cavity must have
optical path length of ~49.3 mm. From a practical point of view, there are a couple reasons why
%Rb is favorable. First of all, it has a moderately high vy that corresponds to a reasonable laser
cavity length. While atomic species with higher vy exist, such as ¥’Rb with 6.835 GHz, the laser
cavities employing these atoms are shorter by necessity. It can be challenging to fit in an alkali va-
por cell in shorter cavities because the cell must be held in a holder with integrated heater (ex-
plained in Section 2.3.3), and small-size cell holders with precision temperature control are not easy
to build.

Secondly, ®Rb has several atomic transitions that are favorable for saturable absorber behavior. A
diagram of ¥Rb energy transition lines is given in Fig. 1.13. It contains the commonly used D, and
D, lines in the near infrared, at wavelengths of 795 nm and 780 nm, respectively. Furthermore,
there are the less commonly used lines of 5S;,-6P,; and 5S,,-6P3/, at 420 nm and 422 nm wave-
length, respectively. It is of interest to investigate the blue spectral lines in addition to the traditional
D-lines because they have very different absorption cross-sections and excited state relaxation
times. Absorption cross-section and excited state lifetime are two vital parameters in a saturable
absorber when it relates to obtaining modelocked lasing operation. Furthermore, the two blue lines
of ®Rb are situated very close to each other. There is the possibility to simultaneously interrogate
both excited states, resulting in effectively greater absorption cross-section and perhaps leading to
interesting physics phenomenon. With recent advances in Ill-nitride semiconductor epitaxy and
device fabrication, it is now possible to build external cavity lasers to target these blue transitions.

62P3/2 85Rb ]jIleS
6’Pyp; 1
420.2 nm 421.5 nm
5%Psp
2
5P 780.2 nm 795.0 nm
(D, line) (D, line)
528, — . | 3.036GHz

Fig. 1.13. The energy transition lines of *’Rb are given. Excited state hyperfine structures are not depicted.
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In this research, we theoretically and experimentally investigate the viability of using **Rb vapor
cell as a saturable absorber to modelock an external cavity semiconductor laser. We limit ourselves
to two energy transitions in %Rb: the D; line at 795 nm wavelength, and the 5S;,,-6P3), line at 420
nm. The ultimate goal is to build an active atomic clock based on modelocked semiconductor laser
with *Rb saturable absorber.

1.5 Outline of This PhD Dissertation

This PhD dissertation contains the theoretical and experimental research performed as well as relat-
ed background materials. It is organized in the following way.

In Chapter 2, we first briefly describe modelocked laser operation and the typically realized
modelocked semiconductor lasers. Then, we will present the proposed laser cavity configurations
for modelocked semiconductor lasers utilizing **Rb vapor cell saturable absorber, and give some
details on the optical gain chips and vapor cells we have on hand that may be used to build such a
laser cavity. Then, we present the modelocked laser analysis model that was developed for semi-
conductor modelocked laser with slow saturable absorber of semiconductor material. This particular
modelocked laser model cannot be directly used for our research and needs to be modified in order
to account for alkali vapor cell saturable absorbers. Before such modification can be done, theoreti-
cal and experimental work needs to be performed to properly characterize *’Rb absorption, and they
are detailed in Chapters 3, 4, and 5. Chapter 2 presents the motivation for a large portion of the ex-
perimental research performed in this dissertation.

In Chapter 3, we develop a six-level model of optical absorption in alkali atom vapor cell with buft-
er gas. In contrast to the traditional model, the model developed here is applicable for a more gen-
eral case where the alkali atom is interrogated by narrowband optical pumping, and the ground state
hyperfine structure can be resolved (especially in cells with low and intermediate buffer gas pres-
sures). Furthermore, our model accounts for the effects of the optical beam size interrogating atoms
in the cell. Finally, using our new model for optical absorption, we develop a new technique to
measure the excited state lifetime of an alkali atom using time-resolved pump-probe spectroscopy.

In Chapter 4, we present the spectroscopy results performed on *’Rb and *'Rb in the D, line in 795
nm wavelength. We experimentally verify the model for optical beam size effect first described in
Chapter 3. We also experimentally measure the effects of buffer gas pressure and temperature on
saturation intensity and spin relaxation times, and discuss the agreements and discrepancies with
theory. Finally, we experimentally use the time-resolved pump-probe spectroscopy technique that
was theoretically developed in Chapter 3 to measure the excited state lifetime of *Rb quenched by
N, molecular buffer gas.

In Chapter 5, we detail the experimental work performed on the blue wavelength 5S;/,-6Ps, line
(420 nm wavelength) in *Rb. As lasers for blue wavelength spectroscopy are not widely available,
we therefore built a blue wavelength external cavity diode laser (ECDL) for spectroscopic applica-
tions. We first measured the linewidth of our ECDL. We then detail the *Rb absorption characteris-
tics obtained by using the ECDL as the optical interrogation source. This includes the first meas-
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urement of pressure broadening and frequency shift coefficients by N, buffer gas in this transition,
two things that are not found in literature. We then detail the work that was done to obtain short
optical pulse generation with precise wavelength in the blue spectra from a multi-section laser diode
using optical injection locking. While we were not able to utilize such a laser in pump-probe exper-
iment to measure the excited state lifetime in this research, we nonetheless believe that it has spec-
troscopy potentials for other applications. Finally, we use a variant of the time-resolved pump-probe
spectroscopy technique where we pump and probe the Rb atoms at two different atomic lines, at
D) and 5S,,-6P3; respectively. Our goal is to measure the %Rb excited state lifetime at the 5S,,-
6P3/; line, where the value in literature is not definitive.

In Chapter 6, we theoretically and experimentally investigate the behavior and performance of an
optically pumped IlI-nitride vertical-external-cavity surface-emitting laser (VECSEL) for interroga-
tion of 420 nm wavelength transition in Rb atoms. We do this because IlI-nitride VECSEL technol-
ogy is not matured, and long external cavities have not been previously realized. We thoroughly
characterize many effects, including the effects of cavity length on lasing threshold, lasing spectra,
and beam profile, and the impact of pump pulse duration on lasing threshold (pulsed pump sources
are usually used for III-nitride VECSELs). Theoretically, we developed models for the experimen-
tally observed VECSEL behavior.

In Chapter 7, we return to the modelocked laser analysis model first presented in Chapter 2. Armed
with the theoretical model and experimentally measured %Rb optical absorption, we modify the
analysis model to be fully compatible with the **Rb saturable absorber in both the D; and 5S1,,-6P3
absorption lines at 795 and 420 nm wavelength, respectively. Then, we use the modelocked laser
analysis model to investigate the viability of obtaining modelocked operation from the laser cavity
configurations proposed in Chapter 2. Of the two laser cavities that are predicted to work, we then
use ray transfer matrix with Gaussian beam analysis to design the laser cavities and the place-
ment/position of the optical elements. These designs will serve as the starting point for experimental
realization of active atomic clocks based on modelocked semiconductor laser with ®Rb vapor cell
saturable absorber.
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Chapter 2 Passively Modelocked Semi-
conductor Laser Configurations and Analy-
sis Techniques

In this chapter, we make a brief overview of the typically realized passively modelocked semicon-
ductor lasers, and then we present our proposed cavity configurations for the target of this research:
passively modelocked semiconductor laser with alkali vapor cell saturable absorber. We present the
analysis methods that we will use to theoretically investigate the proposed laser cavity configura-
tions, determining their viability in obtaining modelocked operation and predicting the operating
parameters. Before these modelocked laser models can be used, however, they require adaptation to
our laser cavities, especially for the description of the alkali vapor cell saturable absorber. The theo-
retical and experimental work to adapt the modelocked laser models is reported later in Chapters 3,
4, and 5.

2.1  BriefIntroduction to Passively Modelocked Lasers

Modelocking is a technique to obtain pulsed optical emission from lasers. Contrasting from other
methods for optical pulse generation, such as gain-switching or Q-switching, modelocking occurs
when different optical modes existing in a laser cavity are forced to have the same phase. Mathe-
matically, this is described by the following. Suppose the electric field inside a laser cavity is given
by E(1)=XY, 4; cos[(@, +Aw-i)+¢;], where N is the total number of cavity optical mode. When the mu-

tual phases of the modes ¢;—¢; are constant, the system is modelocked. In this situation, interference
between the optical modes results in a train of pulses in the temporal domain with frequency Aw/2m,
which is the reciprocal of the laser cavity roundtrip time.

There are several methods to obtain modelocking. The method relevant to this research is to pas-
sively modelock the laser system with a saturable absorber placed in the cavity. When the absorber
is hit by an optical pulse, it saturates and the intracavity losses are reduced. For optical pulses of
adequately high intensity, the intracavity loss can be reduced such that the intracavity optical gain
sufficiently compensates it. Weaker optical pulses, on the other hand, still experience intracavity
loss greater than gain. Thus, pulsed lasing operation with high peak optical intensity is preferred
over continuous wave operation because the effective intracavity loss is lower for pulsed lasing op-
eration. Intuitively, modelocking can occur only if the absorber recovers fast enough such that there
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is net negative cavity gain after optical intensity builds, resulting in the termination of optical inten-
sity and hence a pulsed waveform. These and other requirements for modelocking are explored in
detail in Section 2.4.

2.2  State of the Art in Passively Modelocked Semiconductor Lasers

This section gives a brief description of typical laser cavity configurations that are used in practice.
These laser cavities consist of a semiconductor optical gain chip and semiconductor saturable ab-
sorber. We will limit ourselves to passively modelocked laser cavities, where the gain and absorber
sections are biased or excited with constant current/optical pump power and voltage, respectively.

The first configuration is the monolithic multi-section laser diode (MSLD), and it is depicted in Fig.
2.1(a). It is a laser diode with monolithically integrated optical gain and saturable absorber sections.
The two sections are electrically isolated, and each section has its own electrical contact. Typically,
the longer section is the optical gain section, and it is forward biased with current. The shorter sec-
tion is the saturable absorber, and it is reversed biased with voltage. Careful selection of operating
parameter results in modelocked lasing.

(a) Monolithic MSLD (b) MS-ECDL
Output . Gain SA  Output
|—' ! > —
‘\ M L / \
HR coating HR coating AR coating HR coating
WG WG
SESAM
(¢) VECSEL ' ~boorber
: L NN
High power
CW laser e
"/ VECSEL

chip

Fig. 2.1. Different cavity configurations for modelocked semiconductor diode laser systems: (a) monolithic multi-
section laser diode (MSLD); (b) multi-section external cavity diode laser (MS-ECDL); (c) optically pumped VECSEL
with SESAM saturable absorber. Abbreviations: SA — saturable absorber, GAIN — gain section, M — mirror, L — lens,
WG — waveguide AR — antireflection coating, HR — high reflectivity coating. Disclaimer: This figure is adapted from
figures in [13].

As monolithic laser diodes can be made to be as short as 300 um, high modelocked repetition fre-
quency can be achieved in monolithic MSLD. For example, a modelocked monolithic MSLD at
1.58 um wavelength was reported with 40 GHz pulse repetition frequency, 1.3 ps long optical puls-
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es, and 0.02 pJ pulse energy [14]. Three-section variants of the MSLD exist, for example in collid-
ing pulse modelocked (CPM) designs where even higher modelocked repetition frequency is possi-
ble. Modelocked frequency as high as 350 GHz with 640 fs pulse durations has been reported for a
1.5 um wavelength CPM laser diode [15]. Variants of MSLD utilizing tapered ridge waveguide
gain section can achieve much higher peak and average power, capable of demonstrating average
power as high as 209 mW with peak power around 3.6 W, 3.2 ps pulse duration, and 14.65 GHz
repetition frequency (wavelength of 1.25 pm) [16].

The second configuration is that of a multi-section external cavity diode laser (MS-ECDL), and it is
depicted in Fig. 2.1(b). It consists of a MSLD in external cavity configuration. The laser cavity is
formed by a high-reflectivity (HR) coated facet of the laser diode on one side, and an external cavi-
ty mirror on the other. One significant advantage of MS-ECDL over monolithic MSLD for
modelocked laser operation is that the modelocked repetition frequency can be tuned by changing
the cavity length. MS-ECDLs tend to be more practical than monolithic MSLDs for achieving
modelocked repetition frequency below 10 GHz because the monolithic device would need to be
long (>4 mm). Another advantage of external cavity design is that optical elements (e.g., filter) can
be inserted inside the cavity. This includes optical amplification elements such as semiconductor
optical amplifier (SOA), enabling high power output as demonstrated in [17], with peak power as
high as 30.3 W for a MS-ECDL operating in 1.26 pm wavelength, with average power of 208.2
mW, pulse energy of 321 pJ, and pulse repetition frequency of 648 MHz.

The third configuration of modelocked semiconductor laser cavity that is typically used is depicted
in Fig. 2.1(c), which is an optically pumped vertical-external-cavity surface-emitting laser
(VECSEL) utilizing a semiconductor saturable absorber mirror (SESAM) [18], [19]. The optical
gain chip is pumped by a continuous wave (CW) high power laser. The laser cavity is formed by
three reflectors: an external mirror that also serves as the output coupler, the bottom side distributed
Bragg reflector (DBR) stacks in the gain chip, and the SESAM bottom side DBR stack. The
VECSEL gain chip provides optical gain with either quantum wells (QWs) or quantum dots (QDs)
[20] when it is optically pumped. In an optimally designed VECSEL chip, the bottom side DBR
stack is highly reflective in both the lasing wavelength and the pump laser wavelength. Additional-
ly, such a VECSEL chip has an epitaxial and/or deposited dielectric layers on top of its gain region
that simultaneously behave as antireflection (AR) layer for both the lasing wavelength and the
pump laser wavelength, with proper account for the incidence angle of the pump laser beam. A
properly designed AR layers on the VECSEL chip can significantly increase pump efficiency and
reduce the lasing threshold.

The SESAM provides absorption using its own QWs or QDs. Bottom side DBR stack on the SES-
AM performs as a high reflectivity mirror that is part of the laser cavity. The top layer of the SES-
AM is an important engineering design that determines the light intensity entering the absorption
region that is below it, and hence the effective saturation energy and absorption cross-section of the
entire absorber [19]. (We will elaborate on the absorber saturation energy in Section 2.4.) For ex-
ample, if the top layer is a high reflectivity (>95%) DBR stack [18], then the intensity reaching the
absorption layer would be quite small, resulting in a SESAM with an effectively large saturation
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energy. The opposite example of SESAM top layer would be an AR layer that maximizes the light
reaching the absorption layer.

In a modelocked VECSEL, the gain and absorber saturation energies can also be tuned by changing
the cavity optical mode size on either element, which is done by using output couplers of different
curvature as well as changing the total cavity length. This ability to tune the various parameters
using optics, as well as the ability to tune both the gain and absorber section characteristics through
semiconductor epitaxial design, is an important advantage that VECSEL laser cavities have over
edge-emitting laser cavities.

In terms of performance, the output beam quality of optically pumped surface emitters can be quite
good (near M?=1) while simultaneously achieving high output peak and average power. Research
on developing electrically pumped VECSEL gain chips suitable for this type of modelocked laser
cavity is ongoing [21]. Meanwhile, the performance metrics already achievable by modelocked
VECSELs are already quite impressive. For example, a 960 nm wavelength modelocked VECSEL
can operate with 50 GHz repetition frequency, 100 mW average power, and pulse duration of 3.3 ps
[22]. More advanced VECSEL designs where the gain section and absorption section are integrated
into one chip have achieved modelock frequency as high as 101 GHz [23].

2.3 Beyond State of the Art: Modelocked Semiconductor Laser Utilizing
Alkali Vapor Cell Saturable Absorber

2.3.1 Proposed Laser Cavities

This section details the passively modelocked laser cavity configurations consisting of semiconduc-
tor laser gain chip and alkali vapor cell saturable absorber that we investigate in this dissertation.
Similar to typical modelocked semiconductor laser cavity configurations presented in Section 2.2,
the configurations analyzed here fit into two categories: external cavity edge-emitting or surface-
emitting laser cavities. In contrast to the typically used configurations shown in Fig. 2.1, where the
saturable absorber is made of semiconductor material, here the absorber is an alkali vapor cell. Spe-
cific to our research, the alkali atom species is *Rb.

The possible laser cavity configurations are depicted in Fig. 2.2. An alkali vapor cell is inserted in
the middle of the cavity. Figure 2.2(a) consists of an edge-emitting gain chip and a mirror as the
external feedback element. In contrast to spectrally narrowband optical feedback from a grating
utilized by Jau and Happer in push-pull clock laser cavity [7] (see Section 1.3), we use a broadband
output coupling mirror. An optional etalon filter may be introduced to tailor the cavity modes and
fine tune the bandwidth. We have determined that our laser cavity configurations will not use A/4
waveplates, and that the intracavity light polarization must be linear in order for modelocking to
occur. The reason is that we intend to pursue modelocking operation, which requires an absorber
with fast recovery time. Fast recovery time in an alkali vapor cell absorber is not possible if it is
interrogated with circularly polarized light, a point that which we will discuss in Section 3.2.
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Figures 2.2(b) and (c) depict configurations with surface-emitting gain chip. We consider both tra-
ditional optically pumped device as in panel (b) and an electrically pumped VECSEL as in (c).
Electrically pumped VECSELs chip were once commercially available from the company Novalux,
sold under the product line Novalux Extended Cavity Surface Emitting Laser (NECSEL) [24].
However, this company and its products no longer exist. On the other hand, near infrared vertical-
cavity surface-emitting laser (VCSEL) are commercially available. Despite the presence of top
DBR stack, external cavity feedback still has an effect [25], and it might be possible to etch away
the top DBR stack to obtain a VECSEL, thus allowing for the chance of modelocked operation
through interaction with the saturable absorber in external cavity.

(a)
L  Etalon (optional)
Output 4 Gain
Alkali ~_|
‘ Vapor Cell ' 1]
M AR coating HR coating
(b) (c)
M Etalon (optional) M Etalon (optional)
Output ’ Alkali || ‘w- Output BF—{  Ajary 1 -
¢ L’ Vapor Cell ,-\—-~ - = L_ Vapor Cell J\J,‘;’.
VECSEL Electrically pumped
chip VECSEL chip

’\L

Fig. 2.2. Different laser cavity configurations for modelocking a semiconductor gain chip with alkali vapor cell satura-
ble absorber analyzed in this dissertation. (a) An edge-emitting gain chip with an external mirror as the feedback ele-
ment. An optional etalon can be inserted for narrowband optical filtering. (b) Cavity configuration utilizing optically
pumped surface-emitting VECSEL gain chip. (d) Another surface-emitter, but the gain chip is an electrically pumped
VECSEL.

2.3.2 Optical Gain Chips

For this research, in addition to the choice of laser cavity configuration as discussed in Section
2.3.1, there is a choice of laser wavelength. As discussed in Section 1.4, we will pursue two very
different atomic lines in °Rb: the D line at 795 nm wavelength, and the 5S;,-6P3,, at 420 nm.

In theory, each of these two atomic lines can be investigated in both edge-emitting and surface-
emitting gain chip cavity configurations, allowing for four possible cavity configurations. In prac-
tice, it was possible to procure only the following optical gain chips: 795 nm wavelength edge-
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emitting laser diode of the III-V material system (AlGaAs) with AR and HR coated facets, 795 nm
VCSEL (also AlGaAs), 420 nm wavelength edge-emitting laser diode of the Ill-nitride material
system (InGaN) that has no coating on facets, and a 420 nm wavelength InGaN VECSEL chip de-
signed and grown at the EPFL-LASPE laboratory for optical pumping. The optical gain chip wave-
lengths, emission profiles, and how they can be pumped are summarized in Table 2.1. Characteriza-
tion of the optically pumped 420 nm InGaN VECSEL chip is detailed in Chapter 6. The measured
L-I curves and optical spectra of the other three gain chips are given in Fig. 2.3. These optical gain
chips have been mounted in dedicated physics packages suitable for integration in external laser
cavity assembly as shown in Fig. 2.4, and these packages incorporate thermistors and thermoelectric
coolers for precision temperature control and fine tuning of the lasing wavelength.

We therefore have four different configurations to pursue and investigate: two edge-emitting con-
figurations as in Fig. 2.2(a) using (i) 420 nm and (ii) 795 nm edge-emitting laser diodes; (iii) opti-
cally pumped surface-emitting configuration as in Fig. 2.2(b) with the 420 nm VECSEL chip; (iv)
electrically pumped surface-emitting configuration as in Fig. 2.2(d) with the electrically pumped
795 nm VECSEL, obtained by modifying a VCSEL or procured separately. The full characteristics
of these gain chips are given in Table 7.1 in Section 7.1.3.

Wavelength (nm) | Emission Profile | Pump Method | Manufacturer
Chip #1 420 Edge-emitting Electrical Toptica
Chip #2 795 Edge-emitting Electrical Sacher Laser
Chip #3 420 Surface-emitting Optical EPFL-LASPE
Chip #4 795 Surface-emitting Electrical Oclaro

Table 2.1. Summary of optical gain chips available for this research.
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Fig. 2.3. Chip #1, blue wavelength edge-emitting gain chip by Toptica: (a) L-I curve, (b) amplified spontaneous emis-
sion (ASE) spectrum, at 44 mA and temperature of 22° C. Chip #2, near-infrared edge-emitting gain chip by Sacher
Laser, with AR coated facet: (c) L-I curve, (d) ASE spectrum at 50 mA and temperature of 32° C. Chip #4, near-
infrared VCSEL gain chip by Oclaro: (e) L-I curve, (f) lasing spectrum at 3.2 mA and temperature of 32° C.
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Fig. 2.4. (a) Photograph of the mounted I1I-nitride 420 nm wavelength VECSEL chip. The faint violet spot on the chip
is due to luminescence from optical pumping by a high power ultraviolet laser. (b) Photograph of an electrically
pumped I1I-nitride 420 nm wavelength edge-emitting gain chip. A removable aspheric lens is also mounted for colli-
mating the optical output. Identical mounting packages are used for mounting electrically pumped III-V 795 nm wave-
length edge-emitting and surface-emitting gain chips.

2.3.3 Alkali Vapor Cells

For this study, we have procured several **Rb cells with different buffer gas pressure and chemical
composition. These cells are made out of quartz and are cylindrical in shape. The circular windows
are optically flat, and they are antireflection (AR) coated for either 420 nm or 795 nm wavelengths.
The inner diameter of the circular windows is 4 mm. The cell inner cylinder length is 5 mm for the
420 nm AR coated cells and 7 mm for the 795 nm AR coated cells. AR coating is important because
reflections off of cell walls can result in a parasitic Fabry-Perot cavity. Not only would such a para-
sitic cavity be quite deleterious for modelocked lasing operation, it would greatly impede spectros-
copy measurements as well. Thus, the cells are procured with the appropriate AR coating for the
two atomic transitions of interest in *’Rb.

In addition to the ®Rb cells, we also have several *’'Rb cells. These cells have the same form-factor
as the ®Rb cells and with inner cylinder length of 5 mm. While these cells are not suitable for the
atomic clockwork in this research, they are instrumental in developing the theory and model for
understanding the impact of optical beam size and buffer gas pressure on alkali atom optical absorp-
tion, an effect that is identical for both **Rb and *’Rb. This is explored theoretically in Section 3.3
and experimentally in Sections 4.2 and 4.3. A summary of the Rb vapor cells, their contents, and
their dimensions are given in Table 2.2. A photograph of an example Rb vapor cell is given in Fig.
2.7(a).

It should be noted that two *’Rb cells in Table 2.2, the ones AR coated for 420 nm with He buffer
gas of 40 and 90 torr, were originally supplied with 200 torr of He. However, the actual buffer gas
pressures at the time of measurement were less than 200 torr because He leakage via permeation
through the quartz cell wall is a significant effect. We therefore estimate the buffer gas pressure
using a gas permeation model with rate of 1x 107"° cm3’mm/(cm2’S’t0rr) for He through quartz [26].
We plot the estimated He buffer gas pressure as a function time in Fig. 2.5. For one He cell, with
about 3 months between manufacturing and measurement, we estimate the remaining He pressure
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was 90 torr at the moment of measurement. For the other cell, the time between manufacturing and
measurement was 6 months, and we estimate the He pressure to be 40 torr.

Atomic AR Coating Buffer Gas Buffer Gas Cell Length
Species | Wavelength (nm) Species Pressure (torr) (mm)
%Rb 420 He 0 5
%Rb 420 He 40 5
%Rb 420 He 90 5
%Rb 420 N, 6 5
%Rb 420 N, 200 5
%Rb 795 N, 6 7
%Rb 795 N, 50 7
%Rb 795 N, 100 7
®Rb 795 N, 200 7
¥Rb Not Coated 58% Ar, 42% N, 10 5
¥Rb Not Coated 58% Ar, 42% N, 225 5
¥Rb Not Coated 58% Ar, 42% N, 75 5

Table 2.2. Summary of alkali vapor cells used in this research. According to the manufacturer, all buffer gas pressures
are rated for 24° C, the temperature at which the cells were sealed.

3 Months 7

6 Months

He Pressure (torr)

0.5 1.0 15
time (year)
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Fig. 2.5. For a quartz cell initially containing 200 torr of He (at 24° C), the estimated He pressure is plotted as a func-
tion of the time. He pressure decreases due to permeation through the cell wall.

N, and He buffer gases have different effects on the excited state lifetime of *’Rb. For modelocking
operation, the saturable absorber needs to have short recovery time compared to that of the optical
gain section. Molecular buffer gases such as N, quench the excited state lifetime of the alkali atoms.
On the other hand, atomic buffer gases such as He have effectively no quenching effect. Their life-
time quenching cross-sections are smaller than that of N, by three to four orders of magnitude [1],
[27]. Therefore, a saturable absorber based on *’Rb (or any alkali atom) vapor cell should contain
N, buffer gas. The exact pressure of N, that adequately quenches the excited state lifetime in “Rb
cell saturable absorber is something that needs to be theoretically and experimentally determined.
The *Rb cells with He buffer gas are not suitable for saturable absorber operation, but they are use-
ful as references in excited state lifetime measurements.

The absorption linewidth of *’Rb increases with buffer gas pressure, reducing the absorption cross-
section. Thus, while higher buffer gas pressure results in a faster absorber, it also results in a smaller
absorption cross-section and higher saturation energy. Different buffer gas pressures will allow us
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to select the optimum cell pressure for saturable absorber work. Cells with buffer gas pressures
ranging from a few torrs to 200 torrs allow us to explore this trade-off and select the optimum cell
pressure for saturable absorber work.

At room temperature, Rb is in solid form, and the partial Rb vapor pressure is on the order of 107
torr, which is very low. At such a low vapor pressure, and hence low population density, Rb vapor
cells of a few mm long have nearly negligible absorption. For Rb cells to be used as absorbers, the
Rb population in the cell must be increased by a few order of magnitudes. This is achieved by heat-
ing the cell above the melting point at about 312 K (39° C). The Rb population density ng, at cell
temperature T,y is given by ngp, = PlkpT..; [28], where Rb vapor pressure Pgy, is

IOglo(P) =7.193 +4040/T,,; for T,.;; > 312 K. (21)

Here, P is the Rb vapor pressure in torr, kg is the Boltzmann constant, and cell temperature 7.y
must be in units of K. We plot ng, as a function of cell temperature in Fig. 2.6, and one can see the
exponential growth in the Rb population density with heating. Thus, by controling the vapor cell
temperature, one can efficiently tailor the absorption coefficient in the cell over several orders of
magnitudes.

1015
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Fig. 2.6. Rb population density ng, is plotted as a function of cell temperature.

For precise control of the cell temperature and magnetic field applied to Rb atoms, a dedicated alka-
li vapor cell holder was built. The core of the cell holder is made of high magnetic permeability
metal which provides magnetic shielding from the outside environment. Wire coils are looped in-
side the shielded core, enabling one to apply magnetic field of well-defined strength onto the vapor
cell and tailoring the Zeeman sub-level splitting in Rb atoms. With 239 wire coils looped over a 17
mm long cell holder, and a typical operation current of 10 mA, the estimated magnetic field inside
the cavity is 0.177 mT. Four MOSFET transistors attached to the cell holder act as heating ele-
ments. Four thermistors are placed within the cell holder, acting as temperature sensors. Two 3 mm
diameter apertures allow for optical interrogation and transmission measurements of the Rb atoms.
Photographs of the cell holder are given in Fig. 2.7(b) and (c).
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Fig. 2.7. (a) Photograph of an example Rb vapor cell used in this research. Cells like this are loaded into the homebuilt
alkali vapor cell holder, with photographs given in (b) and (c) as shown from front and back, respectively.

A dedicated temperature control unit for the alkali vapor cell holder was built to drive the cell hold-
er’s MOSFETs. It contains a commercial feedback controller (PTC2.5K-CH from Wavelength
Electronics) and MOSFET biasing circuitry. Operating on a 7 volt, 2 ampere DC power supply, the
alkali vapor cell temperature can be controlled in the range 40 to 105° C with temperature stability
of <0.05° C (determined by monitoring the thermistors, limited by measurement equipment sensi-
tivity).

Measured characteristics of these Rb vapor cells such as absorption spectrum, cross-section, ground
state and spin relaxation times as well as our measured excited state lifetimes are reported in Chap-
ters 4 and 5.

2.4 State of the Art Theoretical Model for Modelocked Semiconductor
Laser with Slow Saturable Absorber

One of the commonly used theoretical approaches to analyze the passive modelocking phenomenon
in lasers has been elaborated by Haus and New [29], [30]. This model is applicable for a laser sys-
tem with gain and a saturable absorber recovery times longer than the pulse width (slow gain and
absorber). In this dissertation, the theoretical analysis of modelocked laser systems is done using an
extension of the Haus-New model that was proposed by Smetanin, Vasil’ev, and Boiko (SVB) [31]
and developed in the framework of the European FP7 Project FemtoBlue [32]. Previous analytical
solutions [33] of the Haus-New master equation were limited to the small signal regime, where the
optical pulse energy is much smaller than the saturation energy of the absorber. The SVB approach
provides an analytical solution to the Haus-New master equation for a passively modelocked laser,
and this solution is valid for both the small signal regime as well as the large signal regime, where
the pulse energy may be comparable to or higher than the saturation energy of the absorber. In this
section, an overview of the SVB approach to the Haus-New model is provided.
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2.4.1 Ring Cavity Configuration

The Haus-New model was originally developed for a passively modelocked laser system with opti-
cal gain element and saturable absorber element placed in a ring cavity configuration as depicted in
Fig. 2.8. (Adaptation to Fabry-Perot cavity configuration will be detailed in Section 2.4.2.) The
steady-state time-domain master equation in Haus-New theory, accounting for the phase-amplitude
coupling effects in a passively modelocked semiconductor laser diode [34], [35], is

{1+ —ias)qiexp(—E(t)/ Ex)—(1—ic)giexp(=E@)/ Eq )+ &2 +i(w + &)

e 1 d w1 od? (2.2)
+(1+0-2i¢) " (1+iD) p dtz}A(t)_O'
In the master equation, A(?) is the electric field of the laser pulse with chirped hyperbolic secant
shape A(t)=[Aosech(t/rp)]Hiﬁ , Where f is the chirp parameter. The electric field amplitude A4 is nor-
malized on photon number density, such that |4|* is the photon density of the mode area in the gain
section. The SVB approach was explicitly developed for the case where both absorber and gain are
separate sections of a ridge waveguide edge-emitting laser diode structure (the multi-section laser
diode as described in Section 2.2), with the following terms defined: I' is the optical mode confine-
ment factor, w is the ridge waveguide width, d is the total thickness of all quantum wells (QWs).

The term E(t) = (wd / F)Jt ha)vg|A(z")|2dt’ is the instantaneous cumulative pulse energy, where e is
the electron charge and c¢ is the speed of light in vacuum. The total pulse energy is
W, = (wd /T) Jiha)vg|A(t')|2dt' =2haw, Az, (wd /T).
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Fig. 2.8. Modelocked laser consisting of optical gain and saturable absorber sections in ring cavity configuration.

The master equation accounts for the optical gain section saturation energy E;;, absorber saturation
energy Ey4, the lengths of the gain and absorber sections /; and /4, the half-width spectral bandwidth
of the gain section w;, frequency detuning of the carrier optical frequency from the center of the
gain line =Aw/w;, and intracavity dispersion D. Saturation energy of the optical gain section is
given by Eg=hw-A;-ve/(0g/On)I', where hw is the photon energy, A, is the cross-sectional area of the
optical mode in the gain section, v, is the group velocity in the gain medium, and 0g/on is the dif-
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ferential material gain. With a semiconductor saturable absorber monolithically integrated with the
gain section, the absorber saturation energy is conveniently E,,=E;/s, where s is the modelocking
stability parameter, defined as the ratio of gain to absorber section saturation energies. Note that the
condition s>1 must be true for modelocked operation to be possible.

The master equation is normalized to the cold cavity loss aclc, where ac is the loss coefficient and
I¢ 1s the cavity roundtrip length. The expression for acl/c is dependent on the geometry or configura-
tion of the laser system. For example, in the case of a multi-section external cavity diode laser as in
Fig. 2.1(b), the cold cavity loss is aclc=a(l,+14)+(1/2)In(1/R|R,), where o; is the intrinsic material
loss, and R, and R; are the cavity mirror reflectivities.

The SVB approach to the Haus-New model was developed for laser systems with two important
characteristics: (i) the polarization relaxation time of the gain and absorber media, commonly re-
ferred to as dephasing time 75, is much shorter than the optical pulse duration, and (ii) the carrier
relaxation times 7, and 74 in the gain and absorber sections are longer than the optical pulse dura-
tion. The first characteristic allows for the approximation that the polarization follows the optical
field adiabatically. Thus, denoting P; and P4 as the macroscopic polarization of the gain and ab-
sorber media, respectively, we can take 0P, /d¢,dP, /0z =0 and dP,/dt,0P,/dz=0.

The second characteristic allows for the approximation that absorber and gain relaxation effects are
neglected during the pulse. The implication is that the evolution of large-signal absorption and gain
(second and third term in left-hand-side of Eq. (2.2)) during the optical pulse buildup is described
by simple exponential expressions. The terms ¢; and g; are taken as the saturated absorption and
gain in the cavity at the beginning of the optical pulse, and giexp(—W,/E;4) and giexp(—W,/E;;) are
the same parameters at the end of the pulse [34], [35]. Solving the laser rate equations over the cavi-
ty roundtrip time 7., (also the modelocked optical pulse repetition period), these two parameters
should relax and recover back to the initial ¢; and g;, and this yields the relationship between steady-

state saturated and unsaturated values for absorption and gain in the cavity to be [34], [35]
1- exp(_Trep /TA ) 1- exp(_Trep /TL)

F 0 —exp(-W, [ Egy = Typp I Tg) > = "0 1—exp(-W, /| Ey ~ T,

T @)

where gy and gy are the unsaturated absorption and gain in a cold cavity. These two terms are given
as [31]

B I 4Ts [ag

O_v ool _]ntr’(l_Va), &0 = (_] -
grec

velcle\on ) ed i), (2.4)

on

where V, is the external bias parameter of the absorber, and .J is the pump current density in the gain
section. Transparency carrier density of the optical gain section is 7,. Once again, we note that Eq.
(2.4) is valid for gain and absorber sections defined in a ridge waveguide edge-emitting laser diode.

The last four terms on the left hand side of Eq. (2.2) accounts for dispersion coefficient
D'=[(I;+14)/Ic]w *6°k/6w?, the round trip phase shift yo and time delay AT of the optical pulse.
These three terms are written in Eq. (2.2) as D=2D*/occ, w=2y/aclc, and 60=2w AT/oclc.
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The modelocking master equation Eq. (2.2) is then solved analytically. The solving method used by
Haus in [29] assumes optical pulse energies much smaller than the saturation energy of the absorb-
er, E£(f),W,<<Esa. This assumption allows for linear expansion of the exponential terms, which
makes an analytic solution possible in the time domain. This solve method is not applicable for all
semiconductor laser systems because the pulse energy and absorber saturation energy can be com-
parable. The SVB approach bypasses this limitation by solving the master equation in the energy
domain. The full detail of the solving method is given in [31]. The solution of the master equation
yields important information such as pulse energy and duration, and the expressions are given be-
low.

We define the normalized pulse energy as u=W,/E,,. The expressions for x and optical pulse dura-
tion 7, are [31]

2 1/2
T, T, T 4 Y
My =773 —2+—, Tpr =15 -
L \ns 0 TN

(2.5)
Note that there are two branches of solutions. The constituent terms in Eq. (2.5) are given as fol-
lows. First, we start with an approximation that makes the solution much easier to solve and is gen-
erally valid for semiconductor lasers:

¢ WD
}/={&} ~3. (2.6)

ay

The terms o and ay are the linewidth enhancement factors [36] of the optical gain and absorber
sections, respectively. In this research, the typical value of s is ~10 (see Table 7.2 in Section 7.3.5).
We therefore make the approximation that a,'* =1, which is a good approximation even when o
is as large as 10 (an unrealistically large value). Also, we use the approximation that s/(s—1)~=1,
which results in y=a;, and typical values of o ranges from 2 to 5 for semiconductor laser diodes

[37]. Thus, the approximation that y=3 should be valid for this research.

The rest of the expressions:

2 2
f=yeay| B2 280 D)30D) gy gy B
1+ 32 3 1+ D? 1+

T =16[s—Alj—8b12 —16Y[M]2. (2.7)
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Once again, these expressions are taken from [31], but with corrections for errors and with approx-
imations that are valid for this research.

The existence of a real and positive solution for pulse energy solved using Eq. (2.5) is not sufficient
for obtaining stable self-sustaining modelocking. This operation regime requires (i) positive saturat-
ed net cavity gain at the peak of the lasing pulse and (ii) negative net gain before and after the
modelocked pulse, which can be achieved if the recovery time of absorber is comparable or shorter
than the recovery time of the gain section. Furthermore, it is highly desirable if the modelocking
behavior is self-starting.

Condition (i) is fulfilled if the following conditions are true [31]:
0=<xx<1 where x,,.x=sIn(sq,/g;)/u(s—1), and

SXmax)>0 where f{x)= —1—qexp(—ux)+giexp(—ux/s). (2.8)

Condition (ii) is fulfilled when the following conditions are true:
l+g;<gq;,and 1+g;exp(-W, /Ey)<q;exp(-W,/Ey) . (2.9)
Finally, self-starting modelocking occurs when the unsaturated cavity gain is positive:

1+g0>9q. (2.10)

2.4.2 Adaptation to Fabry-Perot Cavity Configuration and Incorporating Gain Com-
pression

The Haus-New modelocking model was originally developed for a laser system in ring cavity con-
figuration. The SVB approach to the Haus-New model in the large-signal regime (Section 2.4.1) has
followed this framework. In a ring cavity, the optical pulse traveling in the cavity interacts with
each intracavity element (gain or absorber element or section) once per cavity roundtrip. However,
our intended laser cavity configurations with alkali vapor cell saturable absorber (described in Sec-
tion 2.3.1 and Fig. 2.2) are Fabry-Perot cavities, and the modelocking model must be adjusted.

All of our Fabry-Perot laser cavity systems (Fig. 2.2) are formed by an external mirror on one end
and a facet/surface of the semiconductor gain chip on the other, and the saturable absorber is locat-
ed in the center of the cavity. The simplified model system for this arrangement is depicted in Fig.
2.9. First of all, we clarify that we assume a lasing operation regime where the output pulse repeti-
tion period is equal to the cavity roundtrip time, as opposed to the regime of colliding pulse
modelocking where the output pulse repetition period is equal to half of the cavity roundtrip time.
In a Fabry-Perot cavity, the optical pulse interacts with each element placed in the middle of the
cavity twice per cavity roundtrip, and this applies to the absorber in Fig. 2.9. As such, the roundtrip
time is replaced by T.,/2 in the Eq. (2.3) for the saturated absorption term. For elements located
near the edges of the cavity, like the gain chip in our system, the optical pulse incident on and re-
flected back from the cavity mirror overlaps with each other in a very small interval of time, a time
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scale that is typically much shorter than the absorber recovery time. This effect is taken into account
by assuming one interaction per cavity roundtrip at double the energy of the pulse depleting the
initial gain g, leading to the saturated gain after the pulse to be giexp(=2W,/E,;). We account for
these differences from the ring cavity configuration by modifying Eq. (2.3) and (2.8), where the
constituent terms 7, and W, in relations to the saturated cavity gain and absorption terms are
changed depending where the gain and absorber section are situated. For this research, the laser
cavity is formed by an external mirror on one end and a facet of the semiconductor gain chip on the
other, and the saturable absorber is located at the center of the cavity as shown in Fig. 2.9. The
modified expression for saturated initial gain and absorption (from Eq. (2.3)) as well as the condi-
tions for stable modelocking (from Eq. (2.9)) that describe our system are

1—exp(—T,e, /2T 4) 1—exp(-T,e, /T1)
;=40 » 8i =80 )
l—exp(-W, /Egy —Tep, /2T ) l—exp(=2W, /| Egq = T,0p 1 T)
1+g;<q;,1+giexp(=2W,/Eg)<q;exp(-W,/Ey). (2.11)
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—>A—> Absorber > >A
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Fig. 2.9. The laser cavity utilizing semiconductor optical gain chip and alkali vapor cell saturable absorber is a Fabry-
Perot cavity formed by an external mirror and the back facet/bottom side DBR stack of the semiconductor chip. Depic-
tions of the optical pulse is drawn in to conceptually show that the overlap between the wave incident on and reflected
from the semiconductor mirror results in effective doubling of pulse energy experienced by the gain chip. Abbreviation:
M — Mirror.

In addition to changes induced by different cavity geometry, we modify the modelocking model to
account for the effect of gain compression. Gain compression effect might be important for the op-
tically pumped VECSEL case that was shown in Fig. 2.2(b), where peak output power of the pulse
might be very high. The source for optical gain compression can be traced to the carrier rates equa-
tion in the optical gain section:
o __n _ (dg /dn)(n —ny.) (Af+AE)+i
ot Ty ((0— , )2 ed -

2

(2.12)
(1+e(A3 +4%)| 1+

Here, the terms A+ and 4. are the electric field amplitudes of forward and backward traveling
waves. Gain compression arises from the term &, which is due to finite intersubband relaxation time.

Accounting for gain compression requires a slight modification to the SVB solutions. Beginning
with the definitions of inverse pulse width B=1/4w;7, and 0=2ew;/(0g/On), where ¢ is a the gain
compression factor (1.5x107"" cm® for GaAs). Defining the new variable ©, given by

@=0Buls, (2.13)
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one can incorporate gain compression effects as detailed in [38]. For the Fabry-Perot laser cavity
with gain section near the cavity end and absorber section in the middle of the cavity, the following
substitutions must be made into Equations (2.5), (2.7), (2,8), and (2.9):

(s/2)(1+40/3) — s,
g/(1+20) — g (2.14)

When accounting for gain compression effects, Eq. (2.5) (with the modifications from Eq. (2.14))
can no longer be used to calculate pulse energy x and pulse duration 7, because the parameters 7>
and 73 are now dependent on ®, which in turn is dependent on x and 7,. Instead, we solve for © first
by using the expression

1 Al1/2 0
G_QBIU/S_BE v T’ (2.15)
which yields the equation
a @) [1©) , [LE): Le)|
0=0 + +
16Y 25 T T T (2.16)

Given that Ay, 7>, and 73 are functions of ®, one can numerically solve for ® for a given g; and g;.
From that, one can calculate all other important parameters x, 7,, go, o, and from those, one can
find the physical operating current density J and effective biasing parameter of the absorber V.

2.5 Summary

A brief overview of modelocked lasers has been given. We presented the typically used cavity con-
figurations for passively modelocked semiconductor lasers. For this research, we proposed several
laser configurations that utilize alkali vapor cell saturable absorber.

We gave an overview of the SVB approach for the analysis of modelocked laser operation. This
analysis method is an extension of the Haus-New model with the significant improvement in that it
is also applicable for passively modelocked laser systems where the pulse energy is comparable or
higher than the absorber saturation energy. Thus, it is useable in laser systems based on semicon-
ductors, and the validity of its solutions will not be limited due to high pulse energies.

There are additional adaptation of the SVB model that still need to be performed, and they are relat-
ed to the actual operating parameters of J and V,. The expressions in Eq. (2.4) are directly suitable
only for gain and absorber sections defined in the ridge waveguide of a semiconductor edge-
emitting laser diode. Different expressions relating J and gy are needed for surface-emitting laser
gain chips. For the alkali vapor cell saturable absorber, the effective biasing parameter is not volt-
age but rather the cell temperature 7..;. Adapting the alkali vapor cell saturable absorber to the SVB
model is not straight forward. We must first investigate the behavior of the alkali vapor cells ab-
sorption characteristics theoretically and experimentally. These topics will be covered in Chapters
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3,4, and 5, and the adaptation of the model to fit the theoretical and experimentally measured be-
havior will be covered in Chapter 7.
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Chapter 3 Theory and Model for Optical
Absorption in Alkali Atoms

In this chapter, we discuss the theory and modeling of optical absorption in alkali atoms. We begin
by briefly presenting the traditional four-level model for optical absorption under broadband optical
interrogation. Then, we present the six-level model we developed for optical absorption under nar-
rowband optical interrogation, where the ground state hyperfine splitting levels are resolved. We
describe the methods to analyze absorption spectra and techniques to extract relaxation time con-
stants from them, developed from the six-level model. Finally, we propose a new method to meas-
ure the excited state lifetime.

3.1 Four-Level Model

The four-level model of alkali atoms was introduced for analyzing spin-polarized pumping of noble
gases via collisions with spin-polarized alkali [27], [39]. In noble gas atoms, because the outermost
electronic shell is entirely filled, the electronic spins cannot be polarized via optical absorption (fol-
lowed by spontaneous decay) of circularly polarized light. This leaves a place only for nuclear po-
larization of noble gas atoms via spin-exchange collisions with alkali atoms. To make this possible,
the alkali atoms firstly have to be spin polarized via optical pumping (circularly polarized light with
atoms in magnetic field). The typical arrangement assumes high pressure of noble gas atoms in the
cell and the use of broadband circularly polarized optical pumping of alkali atoms.

The four-level model is therefore applicable when the alkali atoms hyperfine states are unresolva-
ble. This occurs when the interrogating optical source is spectrally broadband compared to the hy-
perfine splitting frequencies, or when pressure broadening of the absorption lines is far greater than
ground state hyperfine splitting frequency. In this situation, the model treats the alkali atom as a
two-energy level system: one ground state and one excited state. Each energy level is two-fold de-
generated by spin, which may take spin states spin-up 1 or spin-down |. Therefore, there are four
levels total in this model, as shown in Fig. 3.1.
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Fig. 3.1. Four-level model treatment of alkali atom under spin polarized optical pumping. /,. and /,. denote the optical
intensity of o+ and o— pumping.

For the cases where the buffer gas pressure is low or moderate, as in the case we considered here,
an alkali atoms ground state hyperfine structure can be easily resolved by a laser with linewidth less
than 100 MHz, e.g., vertical-cavity surface-emitting lasers (VCSELs) or distributed feedback lasers
(DFBs). In this situation, the four-level model is no longer valid. The two hyperfine splitted ground
state levels need to be treated as separate energy levels. This is where the six-level model becomes
necessary, which we develop in this research.

3.2 Six-Level Model

The six-level model is applicable when the alkali atoms excited state hyperfine structure cannot be
resolved, but the ground state hyperfine structure can be. This occurs when (i) the buffer gas pres-
sure is low to moderate (the exact boundary is set by the atom’s absorption linewidth pressure
broadening coefficient for a specific buffer gas), and (ii) the interrogating optical source is a single
wavelength laser with narrow linewidth (much smaller than the absorption line width and ground
state hyperfine frequency splitting).

The six-level model is generally applicable in this research given the alkali vapor cells on hand. For
example, in the D, transition in *’Rb atoms, the two excited state hyperfine splitting levels are sepa-
rated by 815 MHz [40]. In contrast, the buffer gas pressure broadening with 75 torr of Ar and/or N,
(pressure rated for 24° C) is over 1 GHz at cell temperature of 65° C. Thus, there is very good
amount of intermixing between the two excited state levels that they can be approximated as one
energy level. As another example, the %Rb 5S,,-6P3), transition (420 nm) has four excited state
hyperfine splitting levels separated by 40, 20, and 10 MHz [41], while the Doppler broadening of
the linewidth is 1 GHz at temperatures 80 to 100° C (See Chapter 3.4.1 and Eq. (3.26)). In this case,
the excited state levels can be approximated as one energy level even without the presence of buffer
gas, which is another motivation to investigate the atomic transition at 420 nm.

We model an alkali atom under narrowband optical pumping as a three-energy level model system:
|1> and |2> are ground energy states (arising from two hyperfine ground states), |3> is the excited
state. Note that electrons in each energy state of alkali atom can be magnetically (spin) polarized.
Due to degeneracy of atomic magnetic sub-levels and the symmetry of the sum of Glebsch-Gordan
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coefficients [28], [40], the main features of the atomic ensemble can be entirely reproduced by a
simple model. Distinguishing only two possible magnetic sub-levels in each energy states, one may
reproduce features such as the overall electronic spin polarization degree and the overall transition
rates between energy levels. Like the four-level model in [39], we denote these two possible states
as “spin states” for sake of brevity. Thus in our six-level model, each energy level is two-fold de-
generated by spin, which may take two spin states: spin-up 1 and spin-down |. In this manner, for
narrowband optical pumping, we have a system with six levels as depicted in Fig. 3.2.

3,1>
3> T, )
13,1>
1, TP
I2,0‘— IZ,o‘Jr ‘2 T>
2> —— ) )
12,1>
T
g 11,0- Il,o‘+ IR
1> T,)
111>

Fig. 3.2. Six-level model for the alkali atom under narrowband spin-polarized optical pumping.

This model accounts for the absorption cross-section o, excited state lifetime 7., branching ratios f;
and f,=1—p; with which excited states |3> decay into ground states |1> and |2> respectively, the
ground state relaxation time 7, between hyperfine levels and the spin relaxation time 7. The six-
level model ignores the excited state hyperfine structure and treats it as one energy level.

The branching ratios f; and f, can be calculated from the reduced matrix element of the dipole op-
erator by summing over transitions from magnetic sub-levels of the ground states to the magnetic
sub-levels of the excited hyperfine states [28], [40]. The final expressions are fortunately quite sim-
ple. Let F; denote the quantum number of total atomic angular momentum of ground state |>. The
branching ratios are f,=(2F+1)/(2F+1+2F,+1) and p,=(2F,+1)/(2F+1+2F,+1). The quantum
numbers F for *’Rb and *Rb are shown in Fig. 3.3, where we reproduce the full hyperfine struc-
tures of both ground and excited states in the D; and 5S,,-6P3,, energy lines.
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Fig. 3.3. Hyperfine structures of (a) %Rb D transition at 795 nm wavelength, (b) 8Rb 58,,-6P5), transition at 420 nm,
and (c) ¥'Rb D, transition at 795 nm. The quantum number F is given for each state. Adapted from [28], [40], [41].

Rate equations of the model account for several combinations of o+ and o— circularly polarized
optical pumping components from |1> to |3> and/or |2> to |3> with intensities /| o+, /i 6, [2,5+, and
b ., respectively. Note that superposition of two circularly polarized components ¢+ and c— at the
same frequency is needed to model the effect of linearly polarized pumping. For single frequency
(SF) pumping, atoms are pumped either from energy level |1> to |3> or from |2> to |3>. For dual
frequency (DF) pumping (A-pumping configuration), atoms are simultaneously pumped from |1>
and |2> to |3>. We define the spin polarization degree Pgy as (n1,; + nay — ni, — na,))/ngs, where ngy
is total density of the alkali atom vapor, and n;; and n;; denotes the population density of a ground
state |i> with spin up or down, respectively. The most general form of the rate equations for the six-
level model is as follow:
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where i denotes the ground state |>, 7., is the excited state lifetime, 7 is the spin relaxation time,
and 7, is the ground state relaxation time between hyperfine levels (see Fig. 3.2). The first term on
the right-hand-side of the rate equations accounts for relaxation from the excited states to the
ground states. Coefficients £, and f, account for the branching ratio between hyperfine ground
states, while the coefficient 1/2 accounts for the branching ratio between spin-up and spin-down
sub-levels in the presence of collisional mixing in the excited states due to buffer gas. The second
term corresponds to spin relaxation between the spin-up and spin-down states of the same energy.
The terms containing intensity / accounts for optical pumping (see Fig. 3.2). The last term accounts
for ground state relaxation towards thermal equilibrium densities

n1,eq:ﬁlan, n2,eq:,82ana and n3,eq:Oa (3.2)

where each state is two-fold degenerated in our six-level atom system, and the equilibrium densities
for spin-up (1) and spin-down (|) magnetic sub-levels are at a half of corresponding values. Note
that this is a closed system where o(m 4+, | +ny4+n, | +ny9+n; )/t =0, for which the relationship

MRy Ty iy | Ry s | =0 Ty eq F1136q =gy apPlies.

The expression for absorption coefficient @ follows directly from the commonly recognized differ-
ential equation 0/ /0z =-al , where z is the direction of the beam propagation. The pump intensity is
I'=115_+1 6+ +1y 5-+15 5. The overall equation for absorption becomes

g—i ==20{(n 1 —n3 My g+ (ny | =3 gy +(ny 1 =13 Mo g +(ny | =13 1)3 4] (3.3)
Table 3.1 summarizes the steady-state solutions for saturated absorption coefficient # in our six-
level rate equation model for the four main optical pumping configurations, which include the sin-
gle-frequency linearly polarized (SF m), single frequency circularly polarized (SF o+ or o—), dual
frequency linearly polarized (DF =) and dual frequency circularly polarized (DF o+ or 6—). Out of
these configurations, only SF or DF circularly polarized pumping provide spin polarization to alkali
atoms. In the table, the saturated absorption coefficient &, saturation intensity /g, and spin polari-
zation of rubidium atoms Pg, are calculated under steady-state continuous wave (CW) pumping
conditions. In the case of SF pumping, index i=1,2 denote hyperfine ground states. These expres-
sions are valid in almost all practical cases, when 7, and 7 >> 7,,. Note that the expression for satu-
ration intensity /y, and its dependence on time constant(s) is a function of optical pumping configu-
ration, thus allowing one to measure each relaxation time constant 7., 7, or 7 independently (see
Sections 3.4 and 3.5).
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Table 3.1. Absorption parameters o, saturation intensity /,,, and spin polarization Pg, under different optical pumping
configurations at steady-state. For SF pumping, the index i denotes the ground state |> being pumped, where i = 1 or 2.

Following from Table 3.1, the expressions describing absorption under the different pumping con-
figurations, whether for 7 or o=+, are

SF 1> to 3> L= A%
oz 1+1/1

sat,1

SF |2> tO |3> ﬂ: _IBZOan I = _(l_ﬁl)oan I ,
Oz N+1/1y,  N+1/1g,

ol  —ong, /2
DF [1&2>t0 |3> —=———1, 34
| | oz 1+1/1, (3.4)
where saturated absorption coefficients for m or 6+ polarizations in a particular spectral composition
of a narrowband optical beam differ only in saturation intensities. In particular, from Table 3.1, one

can see that the saturation intensity for DF ©n pumping 7, s, =2hw/307,, is much higher than that
for DF o+ polarized pumping 7, pre+ =2hw/oT, due to the fact that the former is governed by the

short excited state relaxation time z.,, while the latter is governed by the slow spin relaxation time 7}
(relative magnitudes of 7., and T, will be made clear from measurements in Chapter 4). This is the
basis for our interest to operate modelocked laser at linear polarization, where the alkali vapor cell
may perform as a saturable absorber with fast recovery time .. This is in contrast with the circular-
ly polarized laser interaction with the alkali vapor cell used by Jau and Happer in a push-pull laser
oscillator [7], where the slow recovery time of 7 renders the alkali vapor cell unsuitable for satura-
ble absorber work in a modelocked laser.

Transmission of the optical interrogation beam through the vapor cell is defined as 7=/,,/I, where
I, 1s the transmitted intensity. For an alkali vapor cell of length L.y, if the interrogating optical
intensity / is well below saturation at /<<, the expressions for transmission can be derived from
Eq. (3.4), and they are
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DF [1&2> to [3>: T = exp(—0mgy Lo /2) - (3.5)

3.3  Optical Beam Transit and Wall Collision Effects

We now adapt the six-level model given by Eq. (3.1) for the typical situation encountered in this
research, where the optical pump beam is smaller than the cell diameter as shown in Fig. 3.4. For
this, we apply the model for atomic populations inside and outside the optical pump beam, and we
account for the transit time of atoms through the optical beam and collisions effects with other at-
oms in the cell and with the wall of the cell.

Alkali Vapor Cell

Optical Pump
Beam

Wall collision outside
optical beam

Wall collision inside optical beam

Fig. 3.4. Schematics of the model system for the alkali vapor cell and optical pump beam configuration.

3.3.1 Transit Time Through Optical Beam

It takes finite time for an alkali atom to transit through the optical beam, where it then exchanges
with the population of atoms outside the optical beam. Due to the presence of buffer gas, the transit
mechanism is diffusion rather than ballistic propagation. The transit time .., is given by the fol-
lowing expression

Theam = rbeam2/4DRb- (36)

Here, 2rpeam 1s the full-width at half-maximum (FWHM) of the optical beam intensity, and Dg is
the diffusion coefficient of the alkali atom. This expression is adapted from [42]. Note that Dy, is
dependent on buffer gas species, their partial pressures, and cell temperature.
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3.3.2 Wall Collision

We derive the wall collision time constants starting from the diffusion equation with a (bulk) re-
laxation process

T vi (3.7)

In order to recast this equation into a more convenient rate equation form,

dn__nm_n__n 38
a T Tw T (3-8)

the spatial diffusion towards the walls and wall collisions will be accounted for in the effective time
constant

===t (3.9)

T T Tyal

where 7, 1S the wall relaxation time constant.

We base the solution to Eq. (3.7) on the expression from [43], which takes the spin-polarized alkali
atom population to be near constant far away from the cell walls, and to vanish at the walls. In the
one-dimensional case, the solution is:

w(t,2) = n(t)(l —M] .

cosh(L.../2A) (3.10)

where the cell walls at located at z=+L..;/2, Dgy is the diffusion constant and the diffusion length A
is defined by the bulk relaxation time [43]

A=Dgy-T. (3.11)

Dpgp  sinh(z/A)

It follows that near the cell wall, the flux density of atoms is J, =-Dy, in*(z, 2)=n(r) :
oz A sinh(L,; /2A)

and the normal component of the flux density is J, =n(t)% directed outward. Assuming the same

normal component of the flux density at all walls in the cell, which is valid as A is much smaller
than cell dimensions, integrating Eq. (3.7) over the cell volume and using the divergence theorem of

j(V Ddv = §J,,dA , we find that
14 A

1 ADg

_ =V A (3.12)
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The parameters A4 and } are the surface area and the volume of the vapor cell. Equations (3.11) and
(3.12) result in the following expression for wall relaxation time:

1 A |D
Tyatl | = (3.13)

14 T
When this analysis is applied to the case depicted in Fig. 3.4, where the optical beam size is smaller
than the cell diameter, the parameters 4 and V" are then tailored separately for the atomic popula-
tions inside and outside of the optical pump beam, yielding separate time constants z,,;;, and

Twall, out-

Our expression in Eq. (3.13) for the wall relaxation time is very different from what is typically
used in literature. In literature sources such as [42], the given thermal rate of collision with the walls
does not account for the reduced density of spin polarized atoms in the vicinity of the wall, leading
to the expression

-1 A vr
Typall AV (3.14)
where vr is the thermal velocity. As a result, Eq. (3.14) overestimates the wall relaxation rate by
several orders of magnitude.

The analysis in [27] originates from the series expansion of the spatial profile of population density
over the complete set of the normal diffusion modes of the system. The normal modes account for
particular cell geometry (e.g. by using a product of the cosine and Bessel functions for cylindrical
cell). But at the next step of analysis, an assumption is made that the fundamental diffusion mode

with very smooth spatial distribution n e J, (4, %)cos(ﬁ?) entirely suffices, yielding the analytic

expression

o [ 2% 2.405?
Tyall = >+ > [Pro | (3.15)
Lcell Veell

where 7..; and L. are the radius and the length of a cylindrical cell. Note that the fundamental dif-
fusion mode profile, which is the basis for Eq. (3.15), is a very crude approximation of the actual
plateau-shape spatial profile of atomic population in Eq. (3.10).

The wall relaxation times calculated from literature expressions as in Eq. (3.14) and (3.15) do not
match experimentally measured values, while our model does (see Fig. 4.6 in Section 4.2.2).

3.3.3 Incorporation into Six-Level Model

The optical beam size and wall collision effects described in Sections 3.3.1 and 3.3.2 have to be
incorporated into the six-level model. We define the portion of the alkali vapor cell inside the opti-
cal beam as the inner region of the cell, and the portion outside the optical beam as the outer region.
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The rate equations for the different sub-levels as well as for populations in the inner and outer (in-
dex “out”) region of the vapor cell are

) 1 Mty 1=y 1=y 2000 =3 p)
oI TR 2T 2T - 7
t T s,bulk s,wall,in @

ex

_ ni,T/J, _ni,T/i,out _l ni,T +ni,l« _ni,eq

i,0—/+

Theam 2 7'-wall,in
d oyl 1M hgy 1y =iy 200 p =3 qy) I 20(ny 11 —n3140) I
5B =T ST R + i Lov-t -
t Tex s,bulk s,wall in @ @

b
Il T w1730 T3 T

Theam 2 Typall Jin

in _ ?l 1 out ~ il out T 1757 out ~ i L out " 2L~ out _ 171 out + 7 Lout ~Mieq
ot Tt o 2 Ts,bulk 2 Ts,wall,out Theam 2 Tyall out ’
d 0
E 31 out = E n3 Lout = 0. (3 1 6)

The two first equations in (3.16) are for the atomic densities of the two hyperfine ground states n; ¢/,
(=1,2) and excited states n3 4, in the inner region of the cell. The two last equations are for the
atomic densities 7;y/|,0ur and 73,1/ 0u 10 the outer region of the cell. Because without optical pump-
ing, the excited states 73/, .. quickly relax to one of the ground states (z., is a few orders of magni-
tude smaller than the other relaxation time constants), we use the approximation ns 1, =73 ,,, =0

in the outer part of the cell. Note that Eq. (3.16) satisfies the condition of a closed system, such that
in each region, the population densities of atoms in each state sum up to that of total Rb population
density ngp.

In the first two differential equations of Eq. (3.16), the first term on the right-hand-side which con-
tains 7., accounts for relaxation from the excited states to the ground states. The second term is the
spin relaxation between the spin-up and spin-down states of the same energy level. T 5, is the spin
relaxation time due to collision with buffer gas and in the absence of wall collision effects.

The third term on the right-hand-side of the first two differential equations and the second term in
the third differential equation in Eq. (3.16) contain 71 OF Tswaiiour, Which are the spin relaxation
time constant due to collisions with the cell walls in the inner or outer cell region (with and without
optical pumping, respectively). This term accounts for the effects of wall collision on the spin polar-
ization of the system.

The term containing optical intensities / accounts for optical pumping. The term containing Tpeum
accounts for the exchange of atoms between the inner and outer cell region through transiting the
optical beam, and the 7,4, here is the same as in Eq. (3.6).

Finally, the last term in the first three differential equations contains either 7,471 OF Twaiour, and they
are analogous to T in and Ty a0 €Xcept that they apply to relaxation between hyperfine ground
states. As can be seen in our model, wall collisions are responsible for the relaxation of the ground
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states toward equilibrium (compare to the last terms in the model system Eq. (3.1)). Natural relaxa-
tion time constant between ground state hyperfine levels [1] is much longer than either 7,4, or
Twall,outs a0d 1s ignored in this model.

We now clarify how the wall collision model of Section 3.3.2 applies, and we start on the spin re-
laxation times T ,qin and Ty ywa0ne due to wall collisions. For this, we recast the spin relaxation
terms of Eq. (3.16) into the form of Eq. (3.8). The spin relaxation terms in Eq. (3.16) for the inner
and outer parts of the cell can be made evident by taking a difference between two corresponding
spin sub-levels:

A R N N N X + 1 out ~ i out
9
Tv,hulk T

s,wall in Theam

)
—(mr—n, | )=—
ot Bt b Theam

I’IT —I’Li nT —nw nT _”‘i n4T—n4‘L
1,1 ,out 1,\,out 1,1 ,out 1,¥y,out 1,1 ,out 1,V ,out I, i,
- - + . (3.17)

2 ( )
n. T —n. ~L = —

i, |,out 1,¥,out
ot Ts,bulk Tv,wall,out Theam

Theam

Here, the terms accounting for exchange between the inner and the outer regions of the cell are
shown in square brackets. In these equations, the spin relaxation time constant 7y, in the absence
of wall collisions and beam transit effects is the reciprocal of the sum of spin-exchange and spin-
relaxation rates between Rb and the buffer gas, and their values are taken from literature [39]. The
spin exchange and relaxation cross-sections as well as the T 5, values used in this research can be
found in Section 4.2.1.

The third terms on the right-hand-side of Eq. (3.17), which contain 7., accounts for the relaxation
of spin-polarized atoms due to beam transit effect. Formal comparison of relaxation rates in Eq.
(3.17) and Eq. (3.8) indicates that this should be accounted by the model as a contribution to the
effective “bulk” relaxation rate (the term ~1/r in Eq. (3.8)). The expressions for the wall collision
time constants T giim and T waien then follow from Eq. (3.13), in which the parameters 4 and V'
would be the cell surface area and volume corresponding to the part of the cell either inside or out-
side the optical interrogation beam:

-1 _ Ain -1 -1
Ts,wall,in - % \/DRb '(Ts,bulk + Theam ) )
in
T -1 _ Aout D T -1 -1 1
s,wall ,out — % Rb ( s,bulk + Tpeam ) . (3 8)

out
Note that these expressions assume that each collision with the cell wall results in spin relaxation.

Having defined all spin relaxation times in Eq. (3.17), we may now exclude the atomic spin popula-
tion densities in the outer region of the cell. Considering a steady-state solution for (#; 1 out — #;,1,0ut)
in the outer region of the cell, substituting it into the spin generation term due to exchange between
the inner and the outer region of the cell, we find the following effective relaxation rate for the spin
sub-levels:
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+
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It allows us to recover the dynamics of spin sub-level in the original six-level rate equation model in
Eq. (3.1).

Proceeding along the same lines for the total atomic populations at each hyperfine ground state (7, ;
+ n;), we find that expressions Eq. (3.13) for the wall collision time constants 7, in and Tyi,ou are
entirely defined by the beam transit effect. Indeed, the natural relaxation rate between hyperfine
ground states in Rb atoms is very low, with lifetime on the order of a several tenths of ms [1], and
can be neglected in comparison to beam transit rate, which has lifetime (inverse of rate) in the range
of a few tens to few hundred ps for the typical optical beam size, cell size, buffer gas compositions
and pressures used in this study. The expressions for 7,4 and Ty ou are:

-1 _ A | -1
Twall,in =n v DRb " Theam 5

m

LA,
Twull,nut =7 Vuut DRb " Theam . (320)

out

Note that we introduce a slow down factor n (0<p<1). This term accounts for the fact that a wall
collision event is less likely to change the atomic energy level than it is to produce a spin flip be-
tween two spin sub-levels of the same hyperfine state. In our model, we assume an uncoated cell,
and the wall collision almost always results in spin relaxation. This “dephasing” process does not
produce a change in the energy of an atom colliding with the wall. At the same time, the relaxation
of an atom between two ground hyperfine states may not occur at each wall collision as it requires
an energy exchange between the alkali atom and atoms of the wall.

Following along the lines of the steady-state approach used in Eq. (3.19), we exclude the hyperfine
state population densities in the outer region of the cell. As a result we find the following effective
relaxation rate between hyperfine ground states:

1 1 1
—= - . (3.21)
Z-g Twall,in Theam + 2-wall,out

This allows us to recover the dynamics of the hyperfine levels in the original six-level rate equation
model in Eq. (3.1), just as it was done for 7§ above.

The effective relaxation rates defined just above in Eq. (3.19) and (3.21) allows us to apply the six-
level rate equation model in Eq. (3.1) for studying the dynamics of alkali vapor cell absorber. In our
model, the slow down factor for the wall relaxation of hyperfine ground states # is a number be-
tween 0 and 1. It is effectively a fitting parameter to match the model described here with measured
7, (see Fig. 4.6 in Section 4.2.2). Note that spin relaxation time constants 7 has no need of this or
other fitting parameter.
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3.4  Single Frequency Absorption Spectra Analysis

Now we clarify how the effective parameters of our six-level model for the alkali vapor cell absorb-
er are related to experimental measurements, which include steady-state absorption spectroscopy
and time-domain pump-probe measurements.

The most commonly performed absorption spectroscopy is done with single frequency (SF) optical
interrogation, and the analysis of the acquired SF absorption spectra is as follows. We measure the
absorption spectra of alkali atoms (see Chapters 4 and 5 for results) by tuning our interrogation laser
to the exact wavelength of the atomic transition and perform mode hop free frequency tuning over
wide enough frequency range such that it covers all hyperfine lines of the atomic transition.

The absorption spectrum is acquired by measuring the optical intensity transmission as a function of
lasing frequency, 7(v)=L,,/(v)/I(v). T(v) can be transformed to either the effective absorption coeffi-
cient a(v) or the effective absorption cross-section &(v), with the expression

aW)=6()ngy =[]/ Leey (3.22)

where L. is the alkali vapor cell length. The reason why this expression is an approximation is
discussed below, in relation to Eq. (3.34). In the following sections, we distinguish unsaturated
(small signal) absorption coefficient a(v) and cross-section o(v) from the ones at arbitrary intensi-
ty levels, which are subjected to intensity saturation effect and are indicated with a tilde over the
symbol. The absorption spectrum, in either a(v) or 6(v), can be analyzed using the following tech-
niques and methods.

3.4.1 Absorption Spectroscopy at Well Below Saturation Intensity

At well below optical saturation /<<[y,, the spectrum @(v) under SF optical pumping (either m or
o=) is described by the expression [28], [40], [44], [45]

(V) =npy0(V)=npp7mr.cf ﬂlZSF,F' 'V(V—VO,F,F')JF,BzZSFzF' Vv-vorr)|. (3.23)

F' F'

This expression accounts for all allowed transitions originating from the two ground hyperfine
states, as given by the two terms in square brackets, to all excited hyperfine states of the line, as
accounted for in the summations. For each transition, the ground states |1> and |2> have atomic
angular momentum quantum number F or F,, respectively, and the excited hyperfine state has
quantum number F' as shown in Fig. 3.3. The lineshape of each individual transition is described by

the Voigt profile function V(v) that is integration normalized with f V(v)dv =1. The frequency

separations between the frequency center of each transition, v gr, are defined by both the ground
and excited state hyperfine splitting frequencies (see [28], [40], [41] and Fig. 3.3 for the atoms and
transitions covered in this dissertation).
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The amplitude of each hyperfine transition in Eq. (3.23) is defined by the relative hyperfine strength
transition factors spr and sp,r [28], [40], which are derived from the summing of all matrix ele-
ments from a single ground state magnetic sub-level in F; or F, state to all magnetic sub-levels in
F' state. The terms sp and s,y are the sums of squares of the corresponding Clebsch-Gordan co-
efficients with appropriate scaling for degeneracy of the upper states magnetic sub-levels. Note that
the symmetry of the relative hyperfine strength transition factors sgr and sge results in

Z srr =1, and z s, =1 for the sum over all excited hyperfine states of the line.
F' F'

The amplitudes of hyperfine transitions in Eq. (3.23) also accounts for summation over magnetic
sub-levels in the ground states F; or F, . Therefore, the transition amplitudes are also scaled by
branching ratio f5; to account for magnetic sub-level degeneracy of the ground hyperfine states, that
is J1=QF,+1)/2F+1+2F>,+1) and fr=(2F>+1)/(2F,+1+2F,+1). Note that 5, + > = 1, and therefore
the broadband absorption cross-section that follows from Eq. (3.23) recovers the definition of the
absorption oscillator strength f:

'[ o(v)dv = m‘ecf[ﬂl Z SEF '[ V(v—=vopr)dv+p; Z SEF 'IV(V Vo, F )d"l =meef , (3.24)

F' F'

where r. is the classical electron radius (2.818x10™"° m) and c¢ is the speed of light in vacuum
(2.997x10° m/s).

The absorber oscillator strength f'is 0.342 for the Rb D; line [28], [40] and 9.4x107 for the Rb
5S1»-6P3; line [46]. A summary of energy transition parameters used in this research is given in
Table 3.2.

The Voigt profile function V' (v) of each hyperfine transition accounts for homogeneous and inho-

mogeneous broadening of the lineshape. It is the result of convolution of Gaussian and Lorentzian
profiles, as given by

V(v)= I G(x)L(v — x)dx

—o0

, where

2 [In2 —v?.4In2
G(V) =—— | — exp(————) ,
Avp V' 7 Avp
Avy /2

Lv)=

v +(Av, 12)°]° (3.25)
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%Rb D, %Rb D, %Rb 5S,,-6P3)
(A=795 nm) | (A=795 nm) (A=420 nm)

0.342 [28] 0.342 [40] 9.4x107 [46]

Transition line

Absorber oscillator strength

quantum number F; of |1> F;=2 F;=1 F;=2
quantum number F, of |2> F,=3 F,=2 F,=3
quantum numbers {F'}of |3> | F'={2, 3} F'={1,2} | F'={1,2,3,4}
B - = =
Branching ratio for |1> pi=5/12 pri=3/8 pi=5/12
.7 — = —
Branching ratio for [2> p=112 pr=5/8 pr=1/12
S ' —
EF S22:2/9 S11:l/6 SZ]_;;}(g)
Relative Hyperfine Strength 52=7/9 51,=5/6 s22:1 4/45
Transition Factors from |1> 235~
S ' =
FZF S32:5/9 S2]=1/2 s32_§;?§
Relative Hyperfine Strength 533=4/9 $2,=1/2 5337
S34:9/14

Transition Factors from |2>

Table 3.2. Summary of parameters for atomic transitions used in this research. Note that for each transition line: f; + £,

= 1, ZSF]F' :1,and ZSFZF' :1.
F' F'

The Gaussian profile function G(v) has full-width at half-maximum value (FWHM) of Av,,. The
Lorentzian profile L(v) has FWHM of Av;.

The Gaussian component of the Voigt functions arises from Doppler broadening. The broadening

has FWHM of
2 [2RT,
Avp = 7,/—M L1n2) (3.26)

where R is the gas constant (8.314 J/mol-K), T,.; is the cell temperature, and M is the molar mass of
the alkali atom. (For the Rb D, transition at temperatures of 60° to 80° C, Avp is about 540 MHz.
For the 5S/,-6P3, transition at 80° to 100° C, Avp is about 1 GHz.)

The Voigt profile Lorentzian characteristics Av, accounts for both the natural line broadening due
to finite lifetime of the excited state and the buffer gas pressure broadening due to collisions with
the buffer gas atoms (or molecules). For vapor cells with buffer gas, natural broadening can ignored
because it is usually very small (<10 MHz for Rb transitions) compared to pressure broadening
(>100 MHz at a few torrs of N, or He; see Chapter 4).

With the theory established in this section so far, we can now relate the effective absorption cross-
section ¢ of the six-level model (as defined in Section 3.2) to the absorption spectrum measured at
well below saturation /<<[y,. Equation (3.23) is used to fit the spectrum, and the pressure broad-
ened linewidth Av; is the only parameter that is allowed to vary in this fitting process. Once Ay, is

extracted, we can now calculate o.

The six-level model ignores the excited state hyperfine structure while Eq. (3.23) does not. To make
Eq. (3.23) compatible with the model, we make the approximation that all transitions originating
from the same ground state overlap each other perfectly, i.e. for the same F, all Vo are the same
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regardless of F'. This approximation is valid when excited state hyperfine structure cannot be re-

solved due to sufficient pressure broadening, which is very good approximation in most of the cases

considered here. Combining this approximation with the expressions for SF on-resonance absorp-

tion at well below optical saturation in Eq. (3.5), and noting that f; + S, = 1, Zsﬂp =1, and
=

ZSFZF' =1, we obtain
-

a=ngyo = nppmre.cf-V(0), or
o =nr.cfV(0), (3.27)

with the Voigt lineshape profile V(v) utilizing the actual pressure broadening Av; and Doppler
broadening Avp in the particular cell, which is defined from fitting the absorption spectrum.

3.4.2 Saturation Effects in Absorption Spectra

At optical interrogation intensities no longer well below the saturation intensity Iy, the measured
absorption spectra is no longer described by Eq. (3.23). Due to saturation effects, the amplitude of
each atomic transition is scaled down with the coefficient 1/(1+//1,), with I, depending on the
interrogation scheme and polarization (SF & or SF o+) of interrogating optical beam. As indicated in
Table 3.1 and Eq. (3.4), for single frequency interrogation, the saturation intensity for transition
originating from hyperfine ground state |1> is different from transition originating from hyperfine
ground state |2>. Assuming we have an absorption coefficient spectra measured, @(v), the expres-
sions, with the approximation that the excited state has no hyperfine splitting, are

by I2)

—_— +—
1+I/Isa[,1 1+I/Im,’2

a(v) =npymycf Vv-vor) Vv =vor)] (3.28)
where I, ; and I, , are the saturation intensities, with indices denoting transition from ground state
|1> and |2>, respectively. It is easy to see that in the case of optical interrogation at well below satu-

ration of I<<[y,; and I<<[4 2, Eq. (3.28) simply becomes Eq. (3.23).

The saturated absorption coefficients, for on-resonance from |1> to |3> and |2> to |3>, is

~ B 231
o =Npp70,C V(0) =
1R ‘Ef1+1/1mt,l © 11/ Ly,
~ B o)
Oy = NppT,C V()=
2 =Ry, f1+I/IW’2 (0) [+ 1/0, (3.29)

Equation (3.29), in conjunction with the expressions for saturation optical intensities /y,,; and Iy,
in Table 3.1, allows for the extraction of the time constants 7, and 7 from experimentally measured
absorption spectra under SF © or o+ polarized optical interrogation. This is detailed in Section 3.4.3.
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3.4.3 Measuring Relaxation Times for Hyperfine Ground States and Spin Sub-levels

In this section, we will detail how one can measure the ground state hyperfine levels relaxation
times 7, and spin relaxation time 7§ using single frequency absorption spectroscopy. First, we ac-
count for the saturation effects that impact the overall transmitted intensity. We start with saturated
differential absorption expressions that are in the general form of

a ol

S 3.30
3z 1+1/ L (3:30)

where o; = fiong, for SF interrogation of hyperfine ground state |> (see Table 3.1). Solving this
differential equation for the cell length L..;, we obtain

[out,i

ln(lout,i) + =—;Leoy + In(/) +

sat,i sat,i

(3.31)

where [ is the optical intensity incident on the cell, /,,; is the optical intensity transmitted through
the cell when it is on absorption resonance corresponding to ground state |i>. This equation can be
rewritten into a more useable form

I = Isat,i[ln(TSF,i)+ aiLcell]
1-Tgr ) (3.32)
where Tsp =1, /I is the intensity transmission of the cell. We emphasize that saturation intensity
Ly 1s a function of the branching ratio f;, the unsaturated absorption cross-section ¢, and mostly
importantly, relaxation times 7, and/or T, depending on whether the optical interrogation is SF 7 or
SF o+ as shown in Table 3.1.

The relationship between optical interrogation intensity / and transmission 7z, presented in Eq.
(3.32) give rise to a method with which to measure relaxation times 7, and 7. First, we measure a
series of absorption spectra with SF & interrogation at different intensities /. Then, using Eq. (3.23)
and Eq. (3.27), we extract the unsaturated absorption cross-section ¢ from the spectrum measured at
well below saturation (/<<[,; and /<<[,,). Note that while saturation intensities are not known
beforehand, one can confirm that a particular optical intensity is well below saturation if its corre-
sponding absorption spectrum fulfills Eq. (3.24). It is important to calculate ¢ because it is embed-
ded inside Eq. (3.32) in both [, ; and a;.

The next step is to measure Tsg; for the two hyperfine lines from the measured absorption spectra.
In the ideal case where the excited state hyperfine levels can be approximated as overlapping each
other perfectly and the ground state hyperfine structure is perfectly resolved (i.e., the situation for
which the six-level model was developed), these are simply the minimums/peaks of the transmis-
sion/absorption spectra. With a given series of Tsr; and Tsg» for different interrogation intensity 7,
we then fit these series of data with Eq. (3.32). Note that for SF & interrogation, the saturation inten-
sities Iyq;,; and Iyq; > are functions of 7,4, and this is the only unknown parameter in Eq. (3.32). Thus,
analysis of transmission with Eq. (3.32) allows us to calculate z,, the relaxation time between the
ground state hyperfine levels.
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Finally, we repeat the measurement of absorption spectra with SF o+ interrogation at different opti-
cal intensities. Applying the same analysis with Eq. (3.32) allows us to calculate spin relaxation
time 7. Thus, by measuring the absorption spectra for a series of different optical intensities under
both single frequency n and o+ interrogation, we can obtain the relaxation lifetimes 7, and 7.

We now analyze the error in the right-hand-side of Eq. (3.22), which is the assumption that the satu-
rated absorption coefficient @) can be approximated as —In[T(v)]/ L., . Using Eq. (3.32) and the

relationship between saturated and unsaturated absorption coefficient o; =a,(1+1/1,,,) (see Eq.
(3.29)), we modify Eq. (3.32) into the following expression

Isat,i [ln(TSF,i) + 5!1' (1 +1/ Isat,i )Lcell]

[ =
Ty, , (3.33)

from which we then solve for &, leading to the expression

i | | 11
& =———In(Tsp ;) +——[1~Tgp; +In(Tsp )]
cell cell

sat,i

1+1/1 ’

sat,i

(3.34)

From Eq. (3.34), we can see that it becomes Eq. (3.22) in the situation when <</, ; or 7—1. The
error obtained from using Eq. (3.22) is in the second term in the right-hand-side of Eq. (3.34). For a
5 mm long cell (applicable for most of our cells), in the situation where the interrogation intensity is
nearly the same as the saturation intensity /~/;, we find that the relative error obtained in using
Eq. (3.22) is above 10% when the transmission on absorption resonance is 7<0.69.

3.5 Dual Frequency Absorption Spectra Analysis

As can be seen from Table 3.1, dual frequency (DF) optical interrogation at m and o+ polarization
allows one to extract, respectively, the excited state lifetime 7., and the spin relaxation time 7§ from
measured saturation intensity and absorption coefficient. The method to extract 7, and 7 from sin-
gle frequency (SF) optical interrogation, described in Section 3.4.3 and using Eq. (3.32), can be
similarly applied to the case of DF optical interrogation. By measuring the on-resonance transmis-
sion Tpr as a function of / under DF interrogation, we can extract 7., and 7. The main difference
here is that the measured spectra under DF interrogation are significantly different from those of SF
interrogation.

To simultaneously pump both ground state hyperfine splitting levels, we need two optical bands.
Dual frequency pumping is achieved when these two optical bands are directly on absorption reso-
nances corresponding to from |1> to |3> and from |2> to |3>. Thus, the frequency separation be-
tween the two optical bands must be equal to the ground state hyperfine splitting frequency vp. For
this discussion, we will denote one optical band as the main carrier band, and the second band as
the sideband. (For now, we will assume there are only two optical bands.) We will also assume that
the sideband frequency is lower than that of the main carrier band by vyr. For clarity, when discuss-
ing absorption spectra in this section, we will use the frequency of the optical main carrier band as
the reference.
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The absorption spectrum obtained from DF optical pumping is more complicated than SF pumping.
Assuming that the absorption spectrum is obtained by sweeping the frequencies of both optical
bands simultaneously, and that the frequency separation between the two bands is always fixed,
there can be occasions where only one optical band is on absorption resonance. Thus, the measured
absorption spectrum would contain features from both SF and DF pumping.

Assuming that the two optical bands interrogating the alkali atoms are of equal intensity, their indi-
vidual intensity /p,,q in relation to the total optical intensity / is therefore /Ip.,;~1/2. When we sweep
the frequency (from low to high) of the lasing optical main band, the measured absorption spectrum
contains three different cases of on-resonance optical pumping: (i) SF pumping of |2> by the main
carrier band; (ii) DF pumping by main carrier band and the sideband; (iii) SF pumping of |1> by the
sideband. We will account for all three features by a modified form of Eq. (3.28):

aVv)=

nRp o CfP2
1+17/ 2]sat,2

nppr.cf /2
1+ 1/ 1 pr

nrp By y

Viv-v +
V=Vor) 1+1/21

V(v =vor)l+ vV=vor =Vur). (3.35)

sat,1

The first and third terms in the right-hand-side of Eq. (3.35) account for the SF pumping spectral
features. The third term has absorption resonance frequency at Vo r, +Vgr because it is pumped by

the optical sideband. Note that the optical saturation effects for the SF pumping spectral features are
accounted for by an effective optical intensity of //2 and the corresponding SF saturation intensities
[sat,l and Isat,2-

The second term in the right-hand-side of Eq. (3.35) accounts for the DF pumping spectral features,
which occurs when the two absorption resonances are simultaneously pumped by the optical main
carrier band and the optical sideband. The optical pump intensity for DF pumping is /, and this is
accounted for in the denominator for saturation effects, where Iy, pr is the saturation intensity for
DF pumping (see Table 3.1). Note that the factor of 1/2 in the numerator here comes from the ab-
sorption coefficient, and it is analogous to the factor of §; for SF pumping (see Table 3.1 and Eq.
(3.28)).

From Eq. (3.35), the saturated DF absorption coefficient is therefore

NppTWecf /2

app (V) =
or (V) 141/ Loy pr

V(0. (3.36)

In addition to the treatment of absorption spectra, we need to make minor adjustments to Eq. (3.32)
to adapt to the case of DF interrogation here. We need to use the transmission 7pr corresponding to
DF absorption resonance. We also need to replace the unsaturated SF absorption coefficient o; with
apr (Where apr = ngpo/2 as per Table 3.1). The saturation intensity must also be replaced with the
appropriate one for DF interrogation (either © or o+ polarized). The expression becomes

[ =

Lsgr. prIn(Tpp) +appLeey ]

T (3.37)

As stated previously, the capability to measure the excited state lifetime 7., and the spin relaxation
time 7 comes from the dependence of saturation intensity /s pr to these relaxation times in m and
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o=+ polarized pumping. The procedure to measure these two relaxation lifetimes is similar to what is
described in Section 3.4.3, except Eq. (3.37) is used here.

3.6 Measuring Excited State Lifetime with Pump-Probe Time-Resolved
Optical Transmission

To properly understand the behavior of an alkali vapor cell saturable absorber, we need to know its
excited state lifetime ... In cells with high pressure molecular buffer gases (N»), the excited state
lifetime may be quenched down to the order of 1 ns. (Such a short lifetime is necessary if it is to be
used as a saturable absorber for modelocked laser.) With a large pressure broadening of the absorp-
tion line and hence small absorption cross-section (see Eq. (3.25)), in combination with short cell
lengths (5 to 7 mm), measuring the 7., of such a cell with the standard technique of time-resolved
fluorescence spectroscopy can be impractical because the photodetector must be both extremely
sensitive and has sub-nanosecond temporal resolution.

We have developed an alternative technique to measure the excited state lifetime 7., of an alkali
vapor cell. In this section, we will explain what this technique entails, and analyze it using the six-
level model developed earlier in this chapter.

The new measurement method for 7., is a form of pump-probe technique. Initially, the alkali vapor
cell is optically interrogated by two lasers. The first laser is the Pump Laser, and it operates in dual
frequency (DF) m interrogation. Its total optical intensity is Z,.mpy, and this is evenly divided into its
two optical bands. The second laser is the Probe Laser, and it operates in single frequency (SF) n
interrogation on one of the ground state hyperfine absorption lines, originating either from ground
state |1> or [2>. The Probe Laser intensity is /,.r.. The cell is optically interrogated by both lasers
until the alkali atoms reach steady-state. When the system is at steady-state, it is perturbed by re-
moving optical interrogation from the Pump Laser. The optical transmission of the Probe Laser is
measured and analyzed in the time domain. The excited state lifetime 7., is extracted from the
transmitted Probe Laser signal.

We now analyze this system using the six-level model. Specifically, we will solve the rate equations
in Eq. (3.1) in both the steady-state case and nonsteady-state case. Furthermore, we will establish
how the excited state lifetime z,, is extracted from the transmitted Probe Laser signal, and the nec-
essary requirements for parameters such as Probe Laser intensity.

First, we solve the initial situation in the system, where the system is optically pumped by both
Pump and Probe lasers until the alkali atoms are considered to be in steady-state. Given the steady

condition an(¢)/dt =0, we therefore solve Eq. (3.1) for the populations n. The steady-state solution,
denoted as 7;,;; , will serve as the initial condition for the next step. The main purpose of this initial

optical pumping step is to place a non-negligible portion of Rb atoms into the excited state.

Next, the system is perturbed by removing the Pump Laser. Because we intend to experimentally
observe the system in the time domain, we therefore solve Eq. (3.1) in the nonsteady-state case
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where on(r)/9t=0. We note that as there is only optical © pumping in this system, the six rate equa-
tions in Eq. (3.1) can be collapsed into a system of three rate equations for the atomic populations of
three energy levels, without distinguishing spin sub-levels. This is done by summing together the
spin up and spin down levels of the same energy, and making the substitution n=n;;+ n;, for
j=1,2,3.

The rate equations constitute a system of three differential equations of the form ai()/or = 4ii()+ B,

where 4 is the 3x3 characteristics matrix, and B is the 3x1 nonhomogeneous component (note that
it is not a function of time 7). The solution has the form

i) =K yexp(~1/T4)+ K exp(~1/Tg)+ Ko exp(~t/ Tc) + K py (3.38)

where K,, K,, and K. are the eigenvectors to matrix 4, and T, Tp, and T¢ are the characteristic
time constants. X, is the solution to the nonhomogeneous system, and it is not a function of time ¢.

Defining /=0 as the time when the pump laser is removed, we obtain the initial condition of
n(0) =y .
The most important terms in Eq. (3.38) are the time constants. Their analytical expressions are

TA:Tg)

_ 1\
Ty z(Tg 1+(hw/]probeo-ﬁi) 1) >

-1
TC = (Tex_l + Tg_l +[hw/ Iprobeo-(2 _ﬂi )]_1) . (339)

Here, 1,05 1s the Probe Laser intensity. The branching ratio f; corresponds to the ground state |i>
(=1 or 2) that the Probe Laser is interrogating (/&> to |3>). The term %w is the photon energy, o is
the unsaturated absorption cross-section, and 7, is the relaxation time between hyperfine ground
state levels. The excited state lifetime 7., is the key term of interest.

From Eq. (3.39), we note that time constant 7¢ is a function of z.,. Note that when

Ty >>To,and M@/ 1 0p. 02— ;) >> T,y (3.40)

we obtain 7¢c= ... This is the key to measuring the excited lifetime z.,: by properly tailoring z, and
Lyope to fulfill the condition in Eq. (3.40), the transmitted signal of the Probe Laser through the alka-
li vapor cell after removal of the Pump Laser contains an exponential decay term with characteristic
time constant of z,,.

We rewrite the second condition in Eq. (3.40) to obtain the optical intensity requirement for Z,op:
Iprobe << ha)/fexa(2 _ﬂi) . (341)
The model presented here provides insights relevant to experiments beyond that of Eq. (3.40) and

(3.41). Our model predicts when excited state lifetime 7., becomes shorter, the X, term in Eq.
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(3.39) also becomes smaller. The implication for measurements is that for alkali vapor cells with
short 7.y, the relative change in the transmitted optical signal of the Probe Laser will be small. This
can be a problem because the absolute change in the transmitted optical signal intensity decreases
with the relative change. On the other hand, when 7., becomes shorter, it is possible to fulfill the
condition in Eq. (3.41) with a larger /,.,:., which will increase the absolute change of the transmit-
ted signal and offset the previously described penalty of smaller relative change.

From this particular insight in our model, we conclude that for some experimental measurements,
we have to use high optical intensities for both pump and probe beams when measuring alkali vapor
cells expected to have short 7., such as the D, transition of a 8Rb cell with 200 torr N, buffer gas
where the expected 7., is on the order of 1 ns.

We experimentally apply this technique in Section 4.4 where its validity is verified. We also use it
to measure a cell with high pressure of molecular (N,) buffer gas, where z,, is reduced due to
quenching effects.

3.7 Summary

In this chapter, we have developed the six-level rate equation model to describe the optical pumping
and absorption behavior of alkali vapor atoms. We find that under different pumping configura-
tions—single frequency or dual frequency, m or c=——the saturation intensity [, of absorption is
dependent on different relaxation time constants: relaxation time between ground states ., spin re-
laxation T, excited state lifetime ... These effective time constants account for the effects of finite
optical beam size interrogating an alkali vapor cell and wall collision effects.

We have presented the methods to analyze absorption spectra obtained using either single frequency
or dual frequency optical interrogation. With help of the six-level model, we developed a method to
find all three relaxation time constants from measured absorption spectra.

Finally, we propose a new technique to measure excited state lifetime z.,. This is a form of pump-
probe time-resolved optical transmission measurement, which we developed by solving the rate
equations in the six-level model. This method would allow us to measure the excited state lifetime
in small cells with high pressure of molecular buffer gases.

The theoretical work that has been developed in this chapter serves as the basis for the experimental
work detailed in chapters 4 and 5.
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Chapter4 Measurements of 85Rb and 87Rb
Absorber at D Line

In this chapter, we measure the important characteristics of the D, line (795 nm wavelength) in **Rb
and *'Rb that are relevant to the six-level rate equations model of alkali vapor cell absorber. We
performed two types of measurements in this Chapter. In the first series of measurements, we stud-
ied the dependence of ground state relaxation time 7, and spin relaxation time 75 on the buffer gas
pressure, cell temperature and interrogation beam diameter. These measurements were made on a
series of *’Rb cells offering convenient set of Ar and N, buffer gas pressure values in the range 10
to 75 torr (see Table 2.2). In the second series of measurements, we examined the dependence of
®Rb excited state lifetime 7., on the pressure of the molecular buffer gas using pump-probe tech-
nique proposed in Section 3.6. We experimentally confirmed the quenching effect of 7., in a cell
with 200 torr of N, buffer gas, where natural lifetime was reduced from 28 ns down to 1 ns.

4.1 Experimental Methods

4.1.1 Single Frequency Optical Interrogation

The absorption cross-section, ground state relaxation time 7, and spin relaxation time 7 parameters
of the six-level rate equations model for Rb atoms are extracted from absorption spectrum. The op-
tical interrogation source is a vertical cavity surface emitting laser (VCSEL) operating at 795 nm
wavelength. For single frequency (SF) optical interrogation, each absorption spectrum is acquired
by sweeping the lasing frequency of the VCSEL across the hyperfine structure in the D, absorption
line. Lasing frequency sweep is obtained by sweeping the VCSEL drive current. The lasing fre-
quency sweeping range is >20 GHz, and the sweeping rate is 17 Hz, low enough to be considered as
steady-state interrogation.

Spin polarized (either 6+ or 6—) optical interrogation is obtained by using circularly polarized light,
and turning on the magnetic field of 0.177 mT inside the cell holder (see Section 2.3.3 for details on
the cell holder). Interrogation with © polarization is obtained by turning off the magnetic field with-
out changing the polarization of the laser. By removing the magnetic field, the preferable orienta-
tion direction for the spin is no longer defined. After initial spin relaxation on the time scale set by
T; (<1ms), even though the interrogating light is circularly polarized, its interaction with the unpo-
larized alkali atoms is no different than how a linearly polarized light would interact with the atoms.
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When performing spectroscopy on alkali vapor cells, the standard method to also perform spectros-
copy on a reference cell. This reference cell should contain the same alkali atom as the cells being
tested, and it should contain no buffer gas. Preferably, the reference cell and the cell of interest are
simultaneously interrogated by splitting the optical source with a beamsplitter. The usefulness of a
reference cell, beyond serving as a calibration guide for the optical source, is that one can measure
the frequency shift in absorption resonances due to the buffer gas, an effect that can be significant
under large buffer gas pressure. We do not use a reference cell in the spectroscopy measurements
performed in this chapter as we do not care about the frequency shift effects here. (However, we do
use a reference cell for measurements performed in Chapter 5 on the 8Rb 58, 12-6P3p line.)

An example of absorption spectrum measurement and treatment is illustrated in Fig. 4.1, where a
¥7Rb cell undergoes SF 7 interrogation at intensity well below the saturation level. In Fig. 4.1(a), as
a function of the relative change in the drive current of the VCSEL, we plot the measured cell
transmission 7=l,,/I, where [ is the incident optical intensity on the cell and /,,, is the transmitted
intensity. In Fig. 4.1(b), we obtain the unsaturated absorption coefficient a=—In(7)/L..;, where L.y
is the vapor cell length (5 mm). Introducing in Eq. (3.23) the current tuning coefficient of the lasing
frequency K, we obtain the following fitting function for the measured absorption spectrum

a(J)=npyrecf| ﬂlZSF,F' V(- K=Vorr) +ﬂzst2F' V(- K=Vopr)|. 4.1)

F' F'

where J the relative change in the laser drive current. For convenience, we use relative frequency,
usually taking one of the absorption resonances as the reference v=0. Using the model Eq. (4.1), we
fit the absorption spectrum in Fig. 4.1(b) to simultaneously obtain K and the pressure broadening
linewidth Av; (note that K<0 for semiconductor lasers). From this, we can finally plot the absorp-
tion spectrum as a function of relative lasing frequency as seen in Fig. 4.1(c).
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Fig. 4.1. Measurement and treatment of an example absorption spectrum obtained from $7Rb cell with 75 torr of buffer
gas (58% Ar, 42% N,) at 66° C. Optical interrogation is SF 7, and the intensity is 0.00412 mW/cm®. (a) Cell transmis-
sion as a function of the VCSEL drive current. (b) Absorption coefficient vs current. Numerical fit with Eq. (4.1) yields
the current tuning coefficient of the lasing frequency K= —247 GHz/mA and pressure broadening of the absorption
linewidth Av;= 1.06 GHz. (Fitting curve is not shown.) (c) The absorption spectrum is plotted as a function of the rela-
tive lasing frequency of the VCSEL.

4.1.2 Dual Frequency Optical Interrogation

For dual frequency (DF) optical interrogation, the optical spectrum of the interrogating optical beam
must contain two optical bands with frequency separation equal to the ground state hyperfine split-
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ting frequency vgr. This is achieved by modulating the VCSEL drive current from a radio frequency
synthesizer (Agilent E8276D) through a bias-T. At modulation frequency vz, two 1% order optical
sidebands are generated (Fig. 4.2). The relative intensity of the sidebands with respect to the main
carrier band can be adjusted by changing the power of radio frequency (RF) modulation.

We obtain DF interrogation when the main carrier band is on one hyperfine transition, and either
the +1 or —1 order sideband is on the other resonance. However, because the interrogating laser has
three optical bands, the absorption spectrum model in Eq. (3.35) and large signal absorption in Eq.
(3.37) from Section 3.5 must be modified.

Firstly, we must recognize that the measured transmission of the cell, Tpr meas=lou/I , has contribu-
tions from all modulation sidebands. In the case where two optical bands simultaneously interrogate
two hyperfine absorption lines, the third optical band is out of any atomic absorption resonance. It is
not affected by the alkali vapor cell and we need to remove its contribution from the measured
transmission 7Tpg meqs in order to recover the DF resonant absorption of the cell.

Let us denote the total incident intensity on the cell as /, and the total intensity of the two optical
bands interrogating two hyperfine absorption lines as {7, where 0<{<1. In the ideal case, each opti-
cal band has intensity /3, therefore (=2/3. (Deviation from the value of 2/3 occurs when / is not
evenly distributed across the three optical bands or if there exists higher order optical sidebands.)
We now distinguish between the measured transmission of the cell Tpg ueqs and the transmission
Tpr aom that would have been measured if there are only two resonant optical bands of overall inten-

sity (7:
TDF,meas = C TDF,atom + (1 - O (42)

Following from Eq. (4.2), we modify Eq. (3.37) and obtain

T, DF ,meas

¢

1—TDF,atom - 1_(M_1+§) . (43)

¢

Isat,DF [ln( -1+ ;) + aDFLcell]

47 _ Isat,DF [ln(TDF,atom ) +dpp Lcell]

where apr is the small signal absorption coefficient under DF interrogation (opr = ngpo/2). Numeri-
cal fit of experimentally measured dependence for Tpr meqs at different incident intensity / with Eq.
(4.3) allows one to extract the saturation intensity /g, pr and, hence, the relaxation time constants.

The second issue to recognize from using an optical source with three optical bands instead of two
bands is that the measured absorption spectrum is also modified and Eq. (3.35) no longer applies.
When we sweep the optical frequency (from low to high) of the main carrier band, the measured
absorption spectrum contains four different cases of on-resonance optical interrogation: (i) SF inter-
rogation of |2> by the +1 sideband; (ii) DF interrogation by main carrier band and +1 sideband; (iii)
DF interrogation by main carrier band and —1 sideband; (iv) SF interrogation of |1> by the —1 side-
band:
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We generate optical sidebands by modulating the VCSEL drive current with a RF synthesizer at RF
frequency v equal to the ground state hyperfine frequency vyr, which is 6.835 GHz for *’Rb. We
analyze the VCSEL optical spectrum with a scanning Fabry-Perot interferometer (Toptica FPI 100-
750-3V0). The injected RF power is adjusted such that the main carrier band and the 1* order mod-
ulation sidebands are at nearly equal intensity as seen in Fig. 4.2. Note that this interferometer has
free spectra range (FSR) of 1 GHz, which is smaller than the modulation frequency vgr of 6.835
GHz. This means the observed spectrum contains aliasing effects. Despite this, we can still clearly
resolve the relative strengths of the main carrier band and the 1% order sidebands as seen in Fig. 4.2.
We obtain nearly equal intensity between main carrier band and each 1* order sideband at RF pow-
er of —10.7 dBm.
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Fig. 4.2. VCSEL optical spectrum under current modulation at 6.835 GHz and —10.7 dBm injected RF power as meas-
ured by a scanning Fabry-Perot interferometer with FSR of 1 GHz. The RF power used to modulate the VCSEL was
adjusted to obtain nearly equal amplitude of main carrier band and 1* order modulation sidebands. Note that 2" order
modulation sidebands can be seen in the optical spectrum because of high RF power.

To measure the absorption spectra, we modulate the VCSEL drive current in both RF and near DC
frequencies. Current modulation at near DC frequency sweeps the frequency of the main carrier
band and modulation sidebands across the absorption features of the alkali atom absorption line. We
use the same low frequency current modulation here as we do for SF measurements, which is 17
Hz.

We give an example absorption spectra acquired with RF modulated VCSEL in Fig. 4.3, where we
plot the measured transmission as a function of relative frequency. These two spectra were acquired
under © and spin polarized interrogation. One can see the absorption features due to two optical
bands on absorption resonance (DF) as well as the features due to SF absorption resonance from 1%
order sidebands. The two central absorption lines at approximately 0 GHz and —6.8 GHz and la-
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beled as “|1&2> to |3>" in the absorption spectra are acquired under conditions of DF optical inter-
rogation. The absorption lines at +6.8 GHz and —13.6 GHz are due to SF optical interrogation by
the —1 and +1 order sidebands, respectively. The absorption features at +13.6 and —20.4 GHz are
due to SF interrogation by 2" order optical sidebands.
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Fig. 4.3. Absorption spectra, in measured transmission vs. relative frequency, of $7Rb cell with 75 torr buffer gas (58%
Ar, 42% N,) under DF optical interrogation for 7 and spin polarized pumping at 0.507 mW/cm? intensity. The cell tem-
perature is 65.6° C. The VCSEL drive current is RF modulated at 6.835 GHz at —10.7 dBm power.

4.2 Beam Size Effect on Relaxation Time Constants T4 and Ts in 87Rb Va-
por Cell

In Section 3.3, we presented our model for the optical beam size effect on the relaxation time be-
tween hyperfine splitting ground states 7, and spin relaxation time 7. Here, we experimentally con-
firm our model on the *’Rb cell with 75 torr of Ar and N, buffer gases (see Section 2.3.3 and Table
2.2) in the D transition.

4.2.1 Model Parameters

There are two parameters in the model presented in Section 3.3 that must be calculated. These are
the bulk spin relaxation time 7z, and the diffusion coefficient Dgp.

For Ty, we begin with the expression

-1
Ts,bulk =Vex ¥ Vsa , (4.5)

where y., and y,, are the spin exchange and spin destruction rates, respectively. Spin exchange is the
effect where the electron spin polarization of alkali atoms (*’Rb, in our case) is transferred to the
nuclear spin of noble gas atoms (Ar) via collision. We treat the spin polarization of the alkali atom
as being lost in the process. The expression for y,, is
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where o, is the spin exchange cross-section between Rb and Ar, ny, is the Ar population density, R
is the gas constant value (8.314 J/mol-K), T..; is the Rb cell temperature, My, is the molar mass of
¥Rb (86.9 g/mol), and M, is the molar mass of Ar (39.9 g/mol). This exchange term applies only
to noble gas isotopes with uneven nuclear spin, which in the case of Ar are all unstable isotopes.
Nevertheless, as can be seen from spin exchange and spin destruction cross- sections in Table 4.1,
this term is at least two orders of magnitude smaller than spin destruction rate in Rb-Ar collisions.

Spin destruction is simply the loss of spin polarization of the alkali atoms via collision with other
atoms, including buffer gas atoms/molecules as well as collision with other alkali atoms. The ex-
pression for spin destruction rate y,, is

8RT..; 2 8RT,.; 1 1 8RT,.y 1 1
=0y gy |— = 45 o0 + +0, 30 +
Vsa = Osd 1Moy = Mo N2 ( Mo Mo ) + 0530 4 o ( Mo M, ), (4.7)

where a4 1s the spin destruction cross-section between Rb and Rb, a4 is the spin destruction
cross-section between Rb and N, oy, is the spin destruction cross-section between Rb and Ar, and
My; is the molar mass of N (28 g/mol). The terms ngs, nx2, and ny, are the population densities of
Rb, N,, and Ar, respectively.

We summarize the literature values of spin exchange and spin destruction cross-sections in Table
4.1. We note that at typical operating temperatures of this research, we have y,; >> y,,.

GEX

—23 2
Spin Exchange, Rb-Ar 2x10 * cm” [39]

Osd,1 ~18 2
Spin Destruction, Rb-Rb 9x10 " cm” [47]
Osd,2 -22 2
Spin Destruction, Rb-N, 1.2x10™ em” [47]
0543 1x 10721 sz [39]

Spin Destruction, Rb-Ar

Table 4.1. Summary of cross-sections for spin exchange and spin destruction used in our model.

For diffusion coefficient Dgs, the overall expression is [48], [49]
Dry ' =D + D, 4+ Dy (4.8)

where D, is the diffusion coefficient of Rb through Rb, D; is the diffusion coefficient of Rb through
N», and Djs is the diffusion coefficient of Rb through Ar. The individual diffusion coefficients take
the form [50]
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Here, 0canerx are the scattering cross-sections of Rb through Rb, N,, and Ar for k=1,2,3, respective-
ly. The coefficient values for D, = 0.33 cm?/s and D; = 0.4 cm?/s at 273 K can be found in [27], and
this allows us to calculate the scattering cross-sections for Eq. (4.9). We summarize this in Table
4.2. (We note that the contribution from Rb-Rb scattering is small compared to the other two
terms.)

Ojcatter,1 y 14 )
Scattering Cross-Section, Rb-Rb 1LI5x10"™ omy

o-scatter,z y 15 )
Scattering Cross-Section, Rb-N, 6.93x10° ™ em

Oscatter,3 15 5
Scattering Cross-Section, Rb-Ar 5.05x10 " em

Table 4.2. Summary of scattering cross-section values we use to calculate diffusion coefficient Dy, for our model.

With the parameter values given in Tables 4.1 and 4.2, we can now use the model presented in Sec-
tion 3.3 to calculate the relaxation lifetimes 7, and 7.

4.2.2 Measured and Modeled Relaxation Time Constants

In experiment, we obtain optical interrogation beams of different sizes by placing pinhole apertures
of different diameters in front of the cell. The size of the optical beam incident on the Rb vapor cell
is measured using a beam profiler (Thorlabs BP209-IR). We interrogated the *’Rb cell with optical
beams at four different diameters: 2.0 mm, 1.32 mm, 0.50 mm, and 0.41 mm.

For each optical beam size, we perform © and o polarized single frequency (SF) interrogation at
different optical pump intensities / and measure the absorption spectra. One series of measured ab-
sorption spectra is presented in Fig. 4.4. We labeled each transition as F,=j, where j is the quantum
number F of that particular ground state hyperfine level.
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Fig. 4.4. Measured absorption spectra, calculated from measured transmission 7(v) using expression —In[7(v)]/L..;, at
different intensities of *’Rb cell with 75 torr of buffer gas (58% Ar, 42% N,) at cell temperature of 65.6° C. Cell length
L.y is 5 mm. Optical interrogation is SF @. The optical beam diameter is 2.0 mm.

From each series of absorption spectra, we measure the on-resonance absorption coefficients (satu-
rated and unsaturated). Figure 4.5 plots, for beam diameter of 2.0 mm, the measured absorption
coefficients as a function of interrogating optical intensity / for both @ and spin polarized pumping
on both hyperfine lines F,=1 and 2.

—o— T, Fg =2
—a— T, Fg =1
—e— Spin Polarized, Fg =2
—m— Spin Polarized, Fg =1

00 02 04 06 08 10
Optical Intensity (mW/cm?)

Fig. 4.5. Measured absorption coefficient vs. optical intensity for SF  and spin polarized optical interrogation. The
optical beam diameter is 2.0 mm. The cell temperature is 65.6° C. (58% Ar, 42% N,) Note that the data series for @
interrogation comes from Fig. 4.4.

For data series such as those in Fig. 4.5, we then use the method detailed in Section 3.4 to extract
the ground state relaxation time 7, and spin relaxation time 7;. We repeat these measurements for
several different beam diameters in order to observe the effect of the optical beam size on these
relaxation times.

Figure 4.6 plots the measured relaxation times 7, and 7 as a function of the optical beam diameter
(points). We obtain good agreement between the measured 7, and the values calculated from our
model (dashed line). Recall that our model calculates 7, using literature parameters (see Section
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4.2.1), and that there are no terms that have been varied in order to obtain agreement with meas-
urement. Therefore, we view this as an important validation for our model.
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Fig. 4.6. Experimentally measured (points) time constants 7, and 7 for ¥7Rb cell with 75 torr buffer gas (58% Ar, 42%
N,). We obtain good agreement between the measured values and our model (solid and dashed lines). The wall colli-
sional time constants calculated using traditional expressions found in literature [27], [51] (dotted line) have poor
agreement with our measurement.

We next use our model to calculate 7,. As noted in Section 3.3.3, our model calculates 7, by using a
slow down factor 7 (0<y¢<1), and that # is effectively a fitting parameter. We obtain good agreement
between measured 7, for this cell and our model when #=0.75.

Finally, we calculate and plot the dependence of wall relaxation time on optical beam diameter us-
ing a model from existing literature (dotted curve), whose expression is given in Eq. (3.15) and
found in [27], [51]. One can see that there is significant discrepancy with the measured data in both
absolute value and in its trend as a function of beam diameter.

4.2.3 Spin Polarization in 87Rb Cells

In the course of research performed in this dissertation, we have arrived to the conclusion that we
do not need to use the push-pull interrogation approach in order to realize our targeted atomic clock,
which will be based on modelocked laser operation. Therefore, we do not need to use spin polarized
interrogation of the alkali atoms. Nonetheless, the six-level model we have established in Chapter 3
can be used to analyze spin polarization, and this can be a useful tool for use in other area of re-
search.

Having measured relaxation times 7, and 7 in $7Rb cells, we estimate the spin polarization of alkali
atoms, Pgp, under steady-state spin polarized optical pumping by using the six-level model present-
ed in Section 3.2. The expressions for spin polarization under SF and DF spin polarized pumping
are shown in Table 3.1, which we use to estimate the spin polarization of alkali atoms Ppg; at a spe-
cific optical intensity or to obtain the asymptotic value for the maximum possible Pg; under pump-
ing at optical intensities that are much higher than saturation intensity /.
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In Fig. 4.7(a), we plot the spin polarization |Pgs| as a function of intensity for the *’Rb cell with 75
torr buffer gas under SF spin polarized pumping. Spin polarization was calculated using 7, and T
that were measured and at intensities that were used in experiments. Note that since achieving high
spin polarization was not the goal during measurements (the goal was to measure relaxation times),
higher optical intensities were not used. In Fig. 4.7(b), we plot the same thing for DF spin polarized
pumping of *’Rb cells with 75, 22.5, and 10 torr buffer gas.

Using theoretically calculated 7, and T, we plot the maximum possible |Pg;| for our *7Rb cell when
pumped from ground state F,=2 as a function of beam diameter in Fig. 4.8(a). One can see that for
SF spin polarized pumping, the maximum spin polarization achievable at high optical power in-
creases with the pump beam diameter. This is due to decreasing ratio 7,/7s. Our model predicts that
for ¥'Rb, the maximum possible |Pgs| under SF spin polarized pumping is 47% for hyperfine ground
state Fg=2, or 24% for F,=1. The hyperfine ground state relaxation is the dominant mechanism for
limiting the maximum achievable spin polarization under narrowband SF spin polarized pumping.

Under dual frequency spin polarized pumping, the calculated maximum possible |Pgs| is 100% (the
same as that calculated for broadband spin polarized pumping using traditional models). In Fig.
4.8(b), we plot |Pgs| as a function of beam diameter under fixed optical pump intensity of 50
mW/cm?®. We find that for dual frequency spin-polarized pumping, it is favorable to use pump beam
with larger diameter, too.
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— 0.301 1 = 061 -—=—225torr /. 1
S 0254 1 2 —=—10 torr - _ -
§ o020 { & o4 L ]
S 015 | 3 // .
DC_) . L . -//
L 0,10 7storrcell | £ 02 _._///' ]
3 0.5 —e—F =2 @ N

= F =1
0.00 , : : —q 0.0 , , : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Optical Intensity (mW/cm?) Optical Intensity (mW/cm?)

Fig. 4.7. Spin polarization |Pg,| is plotted as a function of optical intensity for (a) *’Rb cell with 75 torr buffer gas (58%
Ar, 42% N,) under SF spin polarized pumping, and (b) $7Rb cell with 75, 22.5, and 10 torr buffer gas under DF spin
polarized pumping. Measurement temperature is 65.6° C. The values of |Pg,| are calculated using experimentally meas-
ured 7, and 7.
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Fig. 4.8. $7Rb cell with 75 torr buffer gas (58% Ar, 42% N,), at temperature 65.6° C. (a) Maximum possible |Pg| vs.
optical beam diameter under SF spin polarized pumping from F,=2. We also plotted the ratio of 7, to 7. (b) Spin polari-
zation |Pgy|, under fixed optical pump intensity of 50 mW/cm?, as a function of optical beam diameter for SF and DF
spin polarized pumping. Note: |Pg,| was calculated using theoretically predicted z, to T.

The advantages of using DF spin polarized pumping over SF pumping schemes in obtaining high
degrees of alkali atom spin polarization are very clear from Fig. 4.7 and 4.8. Note that DF optical
pumping of alkali atoms has been used as early as the 1970s using dye lasers [52]. With modern day
semiconductor lasers that have high modulation bandwidths (e.g. VCSELs), there is no reason not
to use DF optical pumping if obtaining high polarization degree of alkali atoms is the goal.

4.3 Buffer Gas Pressure Effect on T4 and Ts in 87Rb Vapor Cell

Dual frequency (DF) optical pumping provides another method to measure the spin relaxation time
T;. In this section, we compare the 7, measured using single frequency (SF) pumping and DF pump-
ing at different buffer gas pressure in the cell.

Example *'Rb absorption spectra acquired under interrogation by VCSEL with RF modulation were
shown in Fig. 4.3 in Section 4.1.2. Here, we measure these absorption spectra at a series of different
intensities / under DF spin polarized pumping. All measurements were made with fixed optical
beam diameter of 2.0 mm. We interrogated three ®'Rb cells, with buffer gas pressures of 75, 22.5,
and 10 torr (58% Ar, 42% N;). From each spectrum, we obtain the measured transmission under DF
pumping 7pgmeqs- In Fig. 4.9, we plot the DF absorption coefficient, calculated from measured
TDF meas USINg expression —In(7Tpg meas )/ Leenr, as @ function of interrogation intensity / for each cell.

We then repeat absorption spectra measurements with SF interrogation in both n and ¢ polarized
pumping for each cell. This way, we can extract spin relaxation time 7, from both SF and DF inter-
rogation data and compare them. For SF pumping, the method used is detailed in Section 3.4.3, with
Eq. (3.33) as the key expression for extracting 7 (and hyperfine ground state relaxation z,). For the
DF pumping, method used is detailed in Section 3.5 and Section 4.1.2, with Eq. (4.3) as the key
expression for extracting 7;. We summarized the measured 7, and 7 in Table 4.3 alongside with the
theoretically calculated values.
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Fig. 4.9. Measured DF absorption coefficient as a function of optical intensity, under spin polarized pumping, for *’Rb
cells at buffer gas pressures of 10, 22.5, and 75 torr (58% Ar, 42% N,). Cell length L., is 5 mm. Cell temperature is
65.6° C. The optical beam diameter is 2.0 mm.

Buffer gas 7 (13) T, (us) T, (us) e (19) T, (us)
pressure (torr) | Measured, SF | Measured, SF | Measured, DF | Theoretical | Theoretical
75 505 332 376 526 400
22.5 179 47 128 158 126
10 91 35 71 70 56

Table 4.3. Summary of spin relaxation time 7, from measurements in either SF or DF optical interrogation and from
theoretical calculations. For all measurements, optical beam diameter is 2.0 mm, and cell temperatures are 65.6° C. For
theoretical calculations of 7,, we use slow down factor n=0.75, same as what was used in Section 4.2.2.

For the ®Rb cell with 75 torr total buffer gas pressure, our measured 7, from DF interrogation is in
reasonable agreement with the value measured from SF interrogation. However, the discrepancy
between experimentally measured 7 under SF and DF interrogation is significantly larger for cells
with smaller buffer gas pressure. Interestingly, the 7, values measured from DF interrogation for all
three cells are very close to the theoretically predicted ones. We observe a similar trend for ground
state relaxation time 7,, where the measured value for the 75 torr cell from SF interrogation is in
good agreement with the theoretically predicted value, but the discrepancies between the measure-
ment and theory become larger for cells with smaller buffer gas pressures.

We attribute the large discrepancy between spin relaxation time 75 measured with SF approach and
the theoretically calculated value in the low-pressure cells to two factors. Firstly, larger errors are
accumulated in the SF interrogation method since, for 7, it involves making and analyzing two sets
of measurements, one in w and another in spin polarized configuration. Secondly, our method of
extracting absorption cross-section ¢ from absorption spectra is far more accurate for the high buff-
er gas pressure cell where there is significantly more intermixing between the excited state hyper-
fine splitting levels, and hence it behaves more similarly to our six-level model where the hyperfine
splitting effect in the excited state is ignored. Note that for DF interrogation, the partial intermixing
of the upper states is less crucial for the model validity.
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4.4  Excited State Lifetime Quenching by Molecular Buffer Gas N: in the
D1 Line of 85Rb

The natural lifetime of the excited state 5P, in “Rb atoms is 27.6 ns [53], [54]. For operation as a
saturable absorber in our modelocked laser, this lifetime must be made comparable to the carrier
lifetime in the gain section QWs, which ranges from 1 to 2 ns for semiconductor lasers structures
considered here. Quenching of the upper state lifetime is possible by using molecular buffer gas
such as N; due to their vibrational energy structure yielding relatively large cross-sections for ener-
gy transfer from excited states in alkali atoms [1], [27]. Here we report on measurements of the up-
per state lifetime quenching in *’Rb vapor cells.

According to Table 3.1, we find that under dual frequency (DF) m pumping, the saturation intensity
Ly pr is dependent on excited state lifetime z.,. In theory, one can measure 7., using the method de-
tailed in Sections 3.5 and 4.1.2. However, because 7., (27.6 ns or shorter) is shorter than the other
relaxation lifetimes 7, and 7 (a few tens to a few hundreds of us) by a few orders of magnitude, the
saturation intensity under DF © pumping would be a few orders of magnitude larger than the satura-
tion intensity under other optical pumping schemes. Semiconductor laser diodes with linewidth and
noise characteristics suitable for spectroscopy do not necessarily retain these characteristics at high
output powers (>100 mW), if they can reach it at all. We therefore use a different method to meas-
ure .

We have experimentally measured the excited state lifetimes of $5Rb cells with different buffer gas
content using the model and technique proposed in Section 3.6. This measurement technique is a
form of pump-probe time-resolved optical transmission experiment. A schematic of our measure-
ment setup is given in Fig. 4.10.

We have used two lasers, a distributed feedback laser (DFB) and VCSEL, for interrogating an alkali
vapor cell at 795 nm wavelength (D, transition in Rb atoms). All optical interrogations are done
with 7 polarized beams. Here, the VCSEL is the SF Probe Laser and it is tuned to one of the hyper-
fine absorption lines of the alkali atoms. For all results presented, the resonance line is F,=2. The
VCSEL is always on, and its operating conditions are kept fixed throughout the experiment. We
measure its time varying transmitted optical power through the alkali vapor cell with a high speed
photodetector (EOT ET-2030A, 30 kHz to 1.2 GHz bandwidth) followed by a RF amplifier (RF
Bay Inc. LNA-1450, 10 kHz to 1.45 GHz bandwidth). The DFB is the Pump Laser, and it operates
at much higher optical intensities than the VCSEL. Before making data acquisition of the transmit-
ted VCSEL power, the initial non-equilibrium atomic state has to be prepared. For this, the DFB
laser drive current is modulated at 1.518 GHz, which is half of the ground state hyperfine splitting
frequency of the *’Rb atoms (3.036 GHz). This current modulation generates two 1% order optical
modulation sidebands that are used for DF optical interrogation of both hyperfine ground states.
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Fig. 4.10. Schematics of the experimental setup for measuring upper state lifetime z,,. Polarizing beam splitters (PBS)
are used to spatially combine the two laser beams in the alkali vapor cell. Focusing lenses are used when measuring
high buffer gas pressure cells with small z,, and are removed when measuring low buffer gas pressure cells. A high
speed photodetector (PD) acquires the transmitted signal of the probe laser (VCSEL) for analysis.

Initially, the DFB laser injected with RF power at 6 to 7 dBm, where we maximize the intensity of
each individual 1* order modulation sideband with respect to the main carrier band and the 2" order
modulation sidebands (with vgr=0.5vyr, DF pumping is done by the two 1% order modulation side-
band). The DFB laser, along with the VCSEL, initially pumps the atoms into steady-state, where the
DFB is performing DF pumping, and the VCSEL is performing SF interrogation.

The next step, as required by the method detailed in Section 3.6, is to perturb the system by instan-
taneously remove DF optical pumping by the DFB. This is performed by turning off the RF modu-
lation of the drive current using a high speed RF switch (Mini-Circuits ZFSWA-2-45). Note that
beside the generation of optical modulation sidebands, the injected RF power also produces an opti-
cal frequency shift of the DFB laser. At low current modulation frequency, the optical frequency
shift would be a pure thermal effect. But at RF modulation, the optical frequency shift has a large
contribution from the carrier density change. The removal of current modulation instantaneously
shifts the DFB’s lasing frequency by a few GHz, due to the carrier density change. As such, the
DFB laser is no longer on absorption resonance, neither in DF nor in SF configuration. Effectively,
at this moment, the DFB laser does not produce any optical pumping of the atoms into the excited
state. The ensuing change in the transmitted signal of the probe beam from the VCSEL contains
useful information about the decay of the excited state and allows us to measure the excited state
lifetime z.,. By making sure our VCSEL intensity fulfills the requirement detailed in Eq. (3.41), the
transmitted signal should decay with time constant z,, right after the removal of DF interrogation.
On a long time scale, the cell transmission for the probe beam will approach the steady-state trans-
mission for SF interrogation. This latter one is higher than that for the DF interrogation because a
significant part of Rb atom is re-pumped into a second hyperfine ground state and thus excluded
from interaction with SF probe beam.
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As mentioned in Section 3.6, we need to use higher optical intensities when attempting to measure
alkali vapor cells that are expected to have short 7.y, such as the D; transition of a **Rb cell with 200
torr N, buffer gas where the expected 7., is on the order of 1 ns. Here, we obtain the high optical
intensities by using focusing lenses as shown in Fig. 4.10. These focusing lenses are not used when
measuring cells expected to have much longer z,,.

The measured time-resolved transmitted power through the %Rb cell with buffer gas of 200 torr N,
is plotted in Fig. 4.11(a). In Fig. 4.11(b), we plot the simulated time varying transmission obtained
by analytically solving the rates equations in our six-level model for this transit process with the
same parameters as that of the experiment (e.g., pump and probe laser intensities, 7).
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Fig. 4.11. (a) Measured time varying transmitted signal of the probe laser through the *Rb cell with 200 torr of N, buff-
er gas (solid curve). The cell temperature is 65° C. The dashed curve plots the voltage actuating the RF switch which
turns on or off the VCSEL drive current modulation. The falling front, occurring at time /=86 ns, corresponds to the RF
modulation (and hence DF interrogation) being turned off. The inset is the magnification of the circled region. (b)
Simulated optical transmission through the cell.

In both experimental measurement and model simulation, right after switching off of the DF pump
beam, the transmitted optical signal of the SF probe laser beam exhibits an onset of the rapid decay
of the excited state with the time constant z,, and then it begins to slowly increase. Note that exper-
imental data are acquired using amplifier with low frequency cutoff of 30 kHz, and thus incapable
of transmitting the DC component of the signal. As a consequence, the measured probe laser
(VCSEL) intensity starts to decrease at time =1.8 ps, while no such decrease is predicted by the
model, where the transmission eventually reaches the steady-state value for SF & polarized optical
interrogation with the probe beam.

From exponential decay fitting of the signal immediately after the removal of DF interrogation, the
characteristic time constant #,;is 1.60 ns. However, the actual lifetime of 7., should be shorter be-
cause the measured time constant contains non-negligible rise time components from our equip-
ment. The oscilloscope (Agilent DSO7104B) used to acquire the waveform has a bandwidth BW of
1 GHz. Using the expression ¢,~0.34/BW, the oscilloscope is estimated to have rise time ¢. of 350 ps,
which is certainly significant compared to the measurement time scales involved.

To recover the actual lifetime of 7., we need to remove the effects of finite rise time in our meas-
urement instruments. We use the following treatment. Consider a waveform with the rise time of #.
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When it passes through a system with the finite rise time 7, the effective rise time 7.5 of the wave-
form at the output of the system is [55]

- Jiz (4.10)

Lo = /2 "
2 2.2 2, .2
0+t 1+t

! (" +07)"  _h+h ]

41,212 24ty

In our case, we have measured 7 (1.60 ns), and we know #, (350 ps). Therefore, we need to solve

Eq. (4.10) for #:
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Using Eq. (4.11), we obtain #,=1.53 ns. However, we note that there are additional instruments with
finite rise times in our system, namely, the photodetector (BW=1.2 GHz) and RF amplifier
(BW=1.45 GHz). Removing contributions from those two instruments, we obtain excited state life-
time 7., of 1.43 ns for the 5Rb cell with 200 torr of N buffer gas in the D, transition.

We also measured excited state lifetime of a *’Rb cell with 6 torr of N, buffer gas and a cell without
buffer gas. The measured lifetimes 7., are 17.6 ns and 29.5 ns, respectively. The last value is rea-
sonably close to the literature value, which is 27.6 ns [53], [54]. One difficulty we encountered in
measuring the cell without buffer gas is that the excited state hyperfine splitting levels are not well
intermixed. When performing DF interrogation, the DFB laser must stay on relatively narrow ab-
sorption resonance lines. The discrepancy between measured and literature values can be attributed
to the effects of DFB frequency drift over the course of the measurement.

We compare our measured 7., to a model that uses literature value for D; line quenching cross-
section due collisions with N, molecules, given by the expression

-1 -1
fex = T@X,O + O-Q"NZVT . (4. 12)

Here, 7.0 is the natural excited state lifetime (27.6 ns). ny» is the population density of N; in the
cell, and it is calculated from the buffer gas pressure using ideal gas law. vy is the thermal velocity
of *Rb, given by vi=(8RT./tMzs)"*. The most important term is op, which is the quenching cross-
section of N, with respect to Rb atomic lines. The value of oo for N, on the Rb D line is 50+12 A’
[56].

In Fig. 4.12, we plot the theoretical estimate of 7., as a function of cell buffer gas pressure (line)
along with our measured values (points). While the theory slightly underestimates ., with respect to
measurement, the discrepancies are not so large as to render our calculations unusable.
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Fig. 4.12. Theoretical (solid line) and measured (points) excited state lifetime z,, as a function of N, buffer gas pressure
at cell temperature of 65° C. For purpose of plotting, the measured z,, at O torr pressure is placed at 0.1 torr. Note that
the value of N, pressure is rated for 24° C (manufacturer specification).

The good agreement between our 7., measurements and estimates based on literature values for ex-
cited state lifetime quenching attests to the validity of our measurement technique. To further con-
firm the validity of our technique, we measure the 7., of a *Rb cell with ~90 torr of He. Because He
is an atomic buffer gas, there is no quenching effect on the excited state [1], [27], thus the 7., here
should be the same as the unquenched value of 27.6 ns. We experimentally measure 28.3 ns, which
is in agreement with our expectations.

The measured 7., of 1.43 ns for the 200 torr N, cell is an important parameter as we expect to use
this *’Rb cell as the saturable absorber in our modelocked laser system. Knowing this parameter is
necessary for accurate modeling of modelocked laser behavior detailed in Chapter 7.

4.5 Summary

We have performed measurements of relaxation time constant between ground state hyperfine split-
ting levels 7, and spin relaxation time 7 for different sizes of the optical beam interrogating a *Rb
cell with high buffer gas pressure (75 torr) under single frequency m and spin polarized interroga-
tion. There is a good agreement between the measured time constants and our theoretical predic-
tions based on our model described in Section 3.3. In addition, we have performed dual frequency n
and spin polarized interrogation on three different *’Rb cells with varying buffer gas pressure, and
the measured 7 here also matches well with our theoretical predictions.

The most important work presented in this Chapter is our measurement of the D, transition excited
state lifetime 7, for a 8Rb cell with 200 torr N, buffer gas. The measured 7., is 1.43 ns at 65° C.
Our measurement technique is a form of pump-probe time-resolved optical transmission experiment
that was first theoretically developed from the six-level model for alkali atom optical absorption in
Section 3.6. We have confirmed the validity of this technique by comparing the measured 7., of
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%Rb cells at 200 torr N, buffer gas pressure, 6 torr Ny, and with no buffer gas. The obtained values
are in good agreement with literature and theory.

From the work performed here, we have the information needed to accurately model a *Rb vapor
cell as a saturable absorber in a modelocked laser system operating in the D line.
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Chapter 5 Characteristics of 85Rb Absorb-
er at 5581,2-6P3,2 Line

Disclaimer: The material presented in Section 5.1 has been published in Optics Letters.'

Understanding the behaviors of %Rb absorption lines is necessary before we can use them as satu-
rable absorbers in a modelocked laser system. While the D; (795 nm) and D, (780 nm) transitions
have been deeply studied and characterized in various applications, little information is available
about the 5S,-6P3; line at 420.18 nm wavelength.

5.1 Blue Wavelength External Cavity Diode Laser

In order to measure the characteristics of the ®Rb 5S,,-6P3, transition, we need a narrowband opti-
cal source with a continuous frequency tuning range several times larger than the ground state hy-
perfine splitting of 3.036 GHz. Such sources with precisely quoted noise performances are not read-
ily available. In this dissertation, we have to first address the linewidth and noise aspects of such a
source in order to achieve reliable results in spectroscopic studies of the 5Rb 5S1,2-6P5, transition.

Currently, GaN-based DFBs [57], [58] and electrically pumped VCSELs [59], [60] are not yet ade-
quately mature for atomic spectroscopy due to the challenges of group Ill-nitride epitaxy and pro-
cessing. GaN-based external cavity diode lasers (ECDLs) are the most mature and common [61]-
[66], and a few commercial models are available. Most of these ECDLs achieve free running lasing
linewidth on the order of several MHz, though with external optical feedback from a high finesse
resonator, the lasing linewidth can be as low as 7 kHz [66]. The typical mode hop free frequency
tuning range is 20 to 30 GHz, though tuning range up to 110 GHz has been reported [65]. However,
so far all available blue-violet tunable semiconductor lasers lack vital information on the white and
flicker noise contributions in frequency noise and relative intensity noise (RIN) spectra. For majori-
ty of semiconductor lasers, the integral noise features such as the linewidth and RIN are defined by
flicker (1/f) noise due to generation-recombination processes through recombination centers in de-
fects (e.g. dislocations) [67]. (In this section, we use finstead of v to denote frequency due to engi-
neering naming conventions for 1/f'noise.) The dislocation density in as-grown GaN laser epitaxy is
relatively high (>1 x 10° cm™ [68]) compared to the well matured conventional III-V materials (<1

1X. Zeng and D. L. Boiko, Opt. Lett., vol. 39, no. 6, pp. 1685-1688, Mar. 2014.
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x 10* em™ [69]). Therefore, one would expect higher RIN and larger linewidth in group Ill-nitrides
lasers compared to their conventional III-V counterparts.

Here, we report on 1/f frequency noise and RIN spectra measurements in our realization of an
InGaN ECDL with lasing wavelength around 420 nm. We discuss challenges in atomic spectrosco-
py applications caused by defects and mode clustering effect in GaN lasers that we had to overcome
in order to interrogate the 5S;,-6P5/; transition in 85Rb atoms.

The semiconductor gain chip used for the ECDL reported here is a commercial InGaN/GaN Fabry-
Perot (FP) laser. No specific provision for antireflection coating of the cleaved facet was made. The
laser diode is collimated by an aspheric lens with focal length 4.5 mm, and the beam diameters are
3.4 mm and 1.6 mm along the fast and slow axes, respectively. External cavity feedback is provided
by a diffraction grating with 1800 grooves/mm installed in Littrow configuration. The grating is
held on a kinematic mount with two piezoelectric actuators for alignment and wavelength tuning.
All components are held in a physics package with thermoelectric temperature control. A photo-
graph of the ECDL is given in Fig. 5.1.

Fig. 5.1. (Left) Photograph of the ECDL laser with the packaging cover removed. The rainbow colored component is
the optical grating used to tune the lasing wavelength. (Right) The ECDL with the packaging cover on. The circular
hole is the output aperture for the lasing beam. Note the blue beam spot on the paper.

The fast axis of the laser diode is set perpendicular to the grating grooves, an orientation that yields
the narrowest grating full-width at half-maximum (FWHM) bandwidth of 110 GHz (estimated). In
this configuration, beam polarization is parallel to the optical grating’s grooves, reaching first-order
diffraction efficiency of ~40%. From subthreshold optical spectra in Fig. 5.2, FP modes of the free
running (no external feedback) laser diode gain chip are separated by 56 GHz. Thus, the grating
enables good selectivity of the lasing mode with respect to its adjacent side modes at +56 GHz.

Group IlI-nitride ECDLs face severe challenges in obtaining lasing operation at the desired wave-
length. Due to the mode clustering effect typically found in GaN-based laser diodes [70]-[73], uni-
form wavelength tuning is not always possible. The exact origin of the mode clustering is not well
understood and is the subject of ongoing debates. To get an insight into its cause, we studied the
evolution of the amplified spontaneous emission (ASE) with laser diode aging.
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Fig. 5.2. Amplified spontaneous emission spectrum of free running GaN-based FP laser at 40 mA drive current (a)
before and (b) after device aging.

Figure 5.2 shows the ASE spectrum of the free running laser diode (a) before and (b) after several
months of operation (59 mA, 32 °C). It exhibits periodic (0.2 to 0.4 nm) ripples in the spectral enve-
lope of the cavity modes. Similar Fabry-Perot etalon features were observed in the photolumines-
cence spectrum of bulk GaN layers and attributed to backscattering from microcracks [73]. Here,
we report that with aging of the laser chip, the ripple contrast in the ASE spectrum becomes more
pronounced, and the ripple period increases.

The cleavage of diode laser optical facets may create microcracks near and parallel to the facet with
spacing of several tens of microns [73]. The evolution of the ASE spectrum in Fig. 5.2 indicates the
growth of microcracks in an aging device.

Indeed, in GaN laser epitaxy, initial dislocation density is high [68], causing performance degrada-
tion [74]. Dislocations may create seeds for microcracks [75], which grow with aging. Microcrack
nucleation and propagation enables intrinsic stress release in the epitaxial film [76] and release of
the stress and plastic deformations induced in the sample during dicing and facet cleavage. Ulterior
stress release in the vicinity of facet of an aging device may lead to formation and propagation of
new microcracks, leading to intracavity backscattering and retroreflections.

Intracavity FP etalon features in Fig. 5.2 were analyzed using the Hakki-Paoli model (also used in
[73]) assuming a solitary backscattering defect near the laser output coupling facet. The model re-
veals that with device aging, the intensity of backscattered light coupled into the laser cavity mode
increases from 0.014% to 0.021%. In Fig. 5.2(a), the effective FP etalon has thickness of ~140 pm;
for the aged device in Fig. 5.2(b), the effective thickness is reduced to ~70 pm. This indeed can be
interpreted as the propagation of a second microcrack defect, due to aging, in a location at half the
distance away from the laser facet compare to the original defect location.

In free running operation above lasing threshold, FP etalon filtering prevents lasing of certain
modes, leading to formation of large (0.2 nm width) inaccessible spectral gaps when laser current
and/or temperature are continuously varied (Fig. 5.3). These gaps remain inaccessible even when an
external grating feedback is introduced because it cannot compensate for the built-in intracavity
mode filtering. Therefore, defects and mode clustering in GaN lasers can render atomic spectrosco-
py at the desired atomic lines impossible.
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We overcome this challenge by careful choice of the free running laser diode operating current and
temperature so that one of the mode clusters overlaps with the desired atomic transition (420.18 nm
line of *Rb atoms in our case). After that, introduction of optical feedback from the grating match-
ing the target wavelength provides efficient side mode filtering by the ECDL cavity. (All further
results reported in this section are obtained with the aged laser.)
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Figure 5.3. Normalized lasing spectra of the free running GaN laser: (a) fixed laser diode temperature, varying current;
(b) fixed current, varying temperature. The spectra shown are shifted vertically by the value of the parameter indicated
in the left axis. The calibration error of spectrometer is 0.07 nm.

Figure 5.4(a) shows the light-current (L-I) curves of the laser diode without external feedback (las-
ing threshold ;=41 mA) and in ECDL configuration (Is=33 mA). The ripples in the ECDL’s L-I
curve are caused by mode hopping effects. The ECDL can achieve output power of 13 mW at injec-
tion current of 60 mA (slope efficiency is 0.5 W/A). Figure 5.4(b) shows a superposition of several
(but not exhaustive) single-mode ECDL lasing spectra. It demonstrates total wavelength tuning
range of almost 7 nm achieved by changing the grating tilt angle while maintaining constant current
and temperature. The wavelength tuning is discontinuous, with mode hops both within and across
mode clusters.

%‘&(a) Temperature: 33 °C E 1.0<(b)  1=60mA
b =
5 4] ECDL—___ :
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Figure 5.4. (a) L-I curves of the laser diode without external feedback and in ECDL configuration at 33 °C. (b) Wave-

length tuning range is represented by a superposition of several single-mode lasing spectra. ECDL driving current is 60
mA.

74



To interrogate the hyperfine structure of alkali atoms, the ECDL lasing frequency must be continu-
ously tunable over ~10 GHz range, which is achieved here through simultaneously changing the
ECDL injection current to shift the lasing mode frequency of the free running laser and adjusting
the external cavity length and grating tilt angle [65]. For this, a triangular wave modulation was
applied to both the diode current and piezoelectric actuator voltage. After optimization of the modu-
lation amplitudes, the mode hop free tuning range is measured by monitoring the laser power
through a FP etalon with free spectral range (FSR) of 4.16 GHz and counting the number of regular
light transmission resonances. The mode hops are identified by monitoring jumps in ECDL output
power. Figure 5.5(a) shows a mode hop free tuning range of 29 GHz.

To measure the frequency noise spectrum, we first perform absorption spectroscopy measurements
in a Rb vapor cell of length L..;,=5 mm with 6 torr N, buffer gas. To detect the 5S;,-6P3, transi-
tion lines, the cell is heated to 100 °C temperature. The ECDL is driven near 60 mA while simulta-
neous triangular wave modulation of the current of 6 mA amplitude and of the piezoelectric actua-
tor voltage allows for mode hop free frequency tuning over the hyperfine splitting of the ground
state (3.036 GHz). Figure 5.5(b) plots the normalized transmission 7(v) as a function of the relative
ECDL frequency. The absorption coefficient ong, =-In[T()]/L,;,; has FWHM linewidth of 1.18

GHz for each component. The absorption oscillator strength of fij=9.4><10'3 at the 5S;/,-6P3, transi-
tion [46] is weaker by an order of magnitude compare to the D (f;j =0.34) or D, (f;; =0.70) 5S-5P
lines [28], hence the saturation intensity at 420 nm line is one order of magnitude higher. The ab-
sorption oscillator strength 9.9x107 calculated from the data in Fig. 5.5(b) is very close to the litera-
ture value, attesting that the measurements are done well below the saturation intensity level. More
details on the absorption spectroscopy of this atomic transition can be found in Section 5.2.

(@)~ current sweep (MA) _ (b) current sweep (mA)
3000, 2876543210-1-23,89 3 2 1 0 4 2 -3

=T FSR=4.16GHz| & 100!

= 2015 o .2

3 % /\\ g = 95, Measure

B £0.10{mode MH | S & _ |FNhere

o = 65 @ 90 -

g g |hop / 7 2

L. -20.05{(MH) > £ 859 F=2—F=1,2,3t

52 N —°Z 2 3.036 GHz,

© g L_J < 1F= = N . Z:

L £0.00{ Ve un | g 801F=3-F=2,3 47, .
[en ; . . ‘ 4 s T T T T T T T . . .
S 40 0 10 20 30 40 £ 321012 3 4 5 6
= relative frequency (GHz) relative frequency (GHz)

Figure 5.5. ECDL transmission spectrum, as a function of the drive current modulation (top axis) and relative frequency
change (bottom axis), through (a) a FP etalon (left axis), plotted with output power (right axis), and (b) a ®*Rb cell with
6 torr N, buffer gas of 5 mm length in the 5S,/,-6P;3, transition (420.18 nm wavelength) at 100 °C cell temperature.

Frequency noise (FN) is measured by tuning the free running ECDL frequency (no frequency stabi-
lization) to the slope of the ®Rb absorption line, where FN is converted into intensity noise and is
superimposed onto the normal laser intensity noise. Performing Fast Fourier Transform (FFT) on
the intensity of the laser beam transmitted through the cell yields the sum of the frequency and in-
tensity noise spectra. Note that the FFT data acquisition time is 5 s, so the eventual ECDL frequen-
cy drifts are negligible (~300 MHz for 1.5 hour). A second FFT measurement with the cell heating
off (no atomic absorption and hence no frequency-amplitude conversion) yields the laser RIN.
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Proper FN spectrum is finally obtained by subtracting contribution of the RIN FFT spectrum from
the first measurement and dividing by the slope of frequency-amplitude transmission curve. The
two measurements are separated by half an hour (the cooling time of the Rb vapor cell assembly)
while the long-term stability of our current source and laser chip temperature controller is better
than 10 pA and 5 mK, respectively. Such variations have no impact on measured RIN spectrum. As
there is no frequency-amplitude conversion involved in the second measurement, the eventual fre-
quency drifts are not significant.

The measured FN spectrum is plotted in Fig. 5.6(a) along with, for comparison, that of a free run-
ning commercial DFB laser used in atomic spectroscopy at 852 nm wavelength (D, line of '**Cs
atoms) and a 780 nm ECDL [77] actively stabilized at D, line in *’Rb atoms. Discontinuities in our
measured spectra are caused by technical limitations of the FFT spectrum analyzer (Stanford Re-
search Systems SR770) requiring us to superimpose three separate noise spectra measured in the
ranges 0.244-97.4 Hz, 50.8-1609 Hz, and 0.25-100 kHz. A few data points at the low frequency
edge of each band (set by the resolution bandwidth) incorporate DC contribution and were discard-
ed. The FN spikes from 0.2 to 2 kHz in our ECDL data are due to acoustic noise.

The FN power spectral density (PSD) in our 420 nm ECDL exhibit 1/f behavior until intersection
with the line 8in2)r /7> [78], indicating that the linewidth (see below) is mainly defined by exces-
sive frequency flicker noise [67]. White frequency noise due to amplified spontaneous emission (
o« AV /AP, [79]) is not significant. Despite the high dislocation density and mode clustering effects
in GaN lasers, the FN PSD in our 420 nm ECDL is smaller by a factor of 30 than in commercial
NIR DFB spectroscopic lasers. This can be attributed to longer cavity and hence narrower resonator
bandwidth Av,,, of an ECDL. This is also attested by noise in actively stabilized 780 nm ECDL
from [77]. At Fourier frequency below 2 kHz, the frequency noise in this GaAlAs ECDL is reduced
by the frequency locking servo loop of that laser. However, for Fourier frequency above 100 Hz and
disregarding the acoustic noise spikes, our InGaN ECDL has lower flicker noise PSD than that of
the GaAlAs ECDL. This behavior is opposite to expectations when considering the larger density of
microcracks in Ill-nitride epitaxy. We attribute the noise reduction in the shorter wavelength laser
to the correlations between 1/f frequency noise and intensity noise [67], which exhibits PSD « 2°
(see below).

Lasing linewidth is estimated from the measured FN spectrum utilizing the method in [78]. (De-
layed self-heterodyne measurement is not possible due to high attenuation in silica fiber of ~30
dB/km at 420 nm, and the accuracy of heterodyne beat note measurements using two lasers is pe-
nalized by eventual frequency drifts [63].) The lasing linewidth FWHM is calculated from the fre-
quency noise density Avy given by the expression

5
Linewidth = ,/81n(2) J.Avf(f)df. 5.D
h

The lower limit of integration f; is set by the DC cut-off of the measurement equipment, which is
0.488 Hz. This is also sets the effective integration time of the linewidth measurement as 2 s. The
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upper limit of integration f, is set by the intercept of the frequency noise curve Av, and the line
8In(2) f /2.

Using this method, the ECDL linewidth is estimated to be 870 kHz. This is close to the linewidth
previously reported for free running GaN-based ECDLs, obtained from heterodyne beat signal with
a second ECDL and 50 ms integration time [63]. (For integration time of 20 s, the heterodyne lin-
ewidth of that ECDL was one order of magnitude larger.) To validate our results, we estimate the
linewidth of the 852 nm DFB laser from its frequency noise spectrum as well, yielding 3.5 MHz.
This is very close to the 3.3 MHz value estimated from the measured beat signal obtained through
heterodyning with a second identical DFB laser.
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Figure 5.6. (a) Frequency noise and (b) RIN spectra of the 420 nm ECDL in comparison with a DFB laser for '*Cs
atom spectroscopy and data from [77], [80], [81].

The measured low frequency RIN spectrum of our ECDL at 12 mW output power is plotted in Fig.
5.6(b) along with that of the commercial 852 nm DFB laser, an uniquely reported 423 nm ECDL
[80], and a 780 nm ECDL [81]. At high Fourier frequency (1 MHz), the RIN is white noise (due to
spontaneous emission) with the spectral noise density being higher by a factor of 10 in shorter
wavelength GaN lasers than in GaAs lasers [82]. (White spectrum RIN is not affected by the reso-
nator bandwidth and varies as «12/4°P},[79]). However, in low frequency range, which provides
important contribution to the integral RIN characteristic of a semiconductor laser, the main constit-
uent is flicker (1/f) noise with PSD o 2% / 13imAv™ and indexes o<k <<1 and m =1 (m=0) for facet
reflectivity product RjR, <0.14 (R,R, >0.14)[83]. Strong wavelength and cavity length dependences
may explain why low frequency RIN PSD in our 420 nm ECDL is comparable to that of 852 nm
DFB laser despite higher defect density in GaN and hence higher amplitude of 1/f noise sources.
The lower RIN PSD in the 780 nm ECDL is attributed to the much lower defect density in techno-
logically matured I1I-V epitaxy. The origin of excessive RIN PSD in the 423 nm ECDL from [80] is
not known.

With the realization of the blue wavelength ECDL, we now have a single frequency narrowband
optical source at 420 nm wavelength. Our characterization of lasing linewidth and noise characteris-
tics confirms its suitability for performing absorption spectroscopy on the 5S;,-6Ps, transition of
85

Rb.
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5.2  Absorption Spectroscopy at 5S1/2-6P3,2 Line

5.2.1 Pressure Broadening and Line Shift Due to N; Buffer Gas

While characterization on the pressure broadening of the 5S;,-6Ps), transition linewidth due to col-
lisions with atomic buffer gases such as He and Ar exists in literature [45], this data for molecular
buffer gases such as N, is not available. This is a significant deficiency because though both atomic
and molecular buffer gases broaden absorption linewidths, only molecular buffer gases can quench
the excited state lifetime of an atomic transition [1], [27].

We measure the absorption spectra of *’Rb cells with 6 and 200 torr of N». The interrogating laser is
the ECDL detailed in Section 5.1. During the acquisition of the spectral profile of the absorption
line, the sweep rate of the lasing frequency needs to be low enough such that the optical interroga-
tion of the absorption line can be considered as steady-state interrogation. In these measurements,
the lasing frequency tuning range is >10 GHz, and the sweep rate of this tuning is 10 Hz.

Figure 5.7 gives an example of measured absorption spectra at 420 nm for cell with 6 and 200 torr
of N, buffer gas at cell temperature of 100 °C. One can resolve the absorption features arising from
ground state hyperfine splitting in the 6 torr cell. We labeled each transition as Fg=j, where j is the
quantum number F of that particular ground state hyperfine level. It is not possible to resolve the
hyperfine ground state features for the 200 torr cell due the pressure broadening of the absorption
linewidth. Furthermore, high buffer gas pressure significantly shifts the absolute frequency of ab-
sorption resonance with respect to the low pressure cell.
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Fig. 5.7. Measured (solid) absorption spectra of **Rb at 420 nm with 6 and 200 torr of N, buffer gas at 100 °C under
optical intensity of 0.89 mW/cm?’. Modeled absorption curves (dotted) for each six component energy transition is plot-
ted for the 6 torr cell, while the modeled curve for the 200 torr cell is the superposition of all six components.

By using the estimated Doppler line broadening from the cell temperature with Eq. (3.26) and fit-
ting the measured spectra with the absorption line profile model of Eq. (4.1), we extract the Lo-
rentzian profiled pressure broadening linewidth from absorption spectra. From that, we calculate the
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pressure broadening coefficient in units of MHz/torr as given in [45]. However, buffer gas pressure
varies with temperature, and the cell buffer gas pressures of 6 or 200 torr are rated for 24° C, the
cell sealing temperature. The buffer gas pressures at 100° C are calculated using Ideal Gas Law.
Thus, 6 and 200 torr at 24° C become 7.5 and 251 torr at 100° C, respectively. Figure 5.8 plots the
extracted pressure broadening as a function of N, pressure at 100° C. We obtain a pressure broaden-
ing coefficient of 22.8 MHz/torr at temperature of 100° C. Our measured N, broadening coefficient,
after adjustment to temperature of 368 K, is smaller than the pressure broadening coefficient of He
in the same atomic transition [45] (368 K is the measurement temperature in [45]). However, it does
fit the trend of N, having smaller pressure broadening coefficient than He in the D; and D, transi-
tions [44].
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Fig. 5.8. Linewidth broadening due to collision with N, buffer gas as a function of buffer gas pressure measured at 100
°C (373 K). The pressure broadening coefficient is 22.8 MHz/torr.

Finally, we measure the shift in absorption resonance in the cell due to N, buffer gas. Under the
same ECDL settings and within half hour of each other, absorption spectroscopy was performed on
two cells at 100° C, one with no buffer gas and one with 200 torr of N,. It was determined that the
absorption resonance frequency shift with 200 torr of N, is —1.2 GHz. This corresponds to a coeffi-
cient of —4.8 MHz/torr at 100° C. One can see this frequency shift effect in Fig. 5.7, where the spec-
trum of the 200 torr buffer gas cell is considerably shifted with respect to the spectrum of the 6 torr
cell.

We summarize the pressure broadening coefficients of He and N, for the D;, D,, and 420 nm transi-
tions of *Rb in Table 5.1.
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“Rb N, He

Transition Broadening Frequency Shift Broadening Frequency Shift
5S12-6P3, 22.8 MHz/torr, —4.8 MHz/torr, 47.1 MHz/torr, | —4.85 MHz/torr,

(420 nm) 373 K [This Work] | 373 K [This Work] 368 K [45] 368 K [45]
D, 16.3 MHz/torr, —7.4 MHz/torr, 18.9 MHz/torr, | +4.71 MHz/torr,

(795 nm) 394 K [44] 394 K [44] 394 K [44] 394 K [44]
D, 18.3 MHz/torr, —5.79 MHz/torr, 20.0 MHz/torr, | +0.37 MHz/torr,

(780 nm) 394 K [44] 394 K [44] 394 K [44] 394K [44]

Table 5.1. Summary of pressure broadening and frequency shift coefficients, measured in this research and taken from
literature, of N, and He buffer gas on 8Rb lines at D, D5, and 5S,,-6P;,,. We also list the temperature at which these
coefficients were measured. Note that the values for He at 5S;,-6P3,, from [45] were provided separately for each hy-
perfine ground state, which we average for presentation here.

5.2.2 Saturation Effects in Optical Absorption

We experimentally measure the hyperfine ground state relaxation time 7, and the saturation intensi-
ty I for the ®Rb cell with no buffer gas. This is achieved by measuring the absorption spectra of
the cell over a wide range of optical intensities at SF m-interrogation and analyzing them with the
method detailed in Sections 3.4. Figure 5.9 plots the measured resonant absorption coefficients as a
function of optical intensity for ground states ;=2 and F,=3. The resonant absorption cross-section
o is obtained from the absorption spectra acquired at the lowest intensities far below /... Our analy-
sis yields relaxation time between ground states 7,=31.5 ps, and saturation intensities of 102 and
170 mW/cm? for hyperfine ground states F, =2 and F,=3.
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Fig. 5.9. Resonant absorption coefficients of **Rb, without buffer gas and at 100 °C cell temperature, plotted as a func-
tion of optical intensity.

Unfortunately our experimental measurement of /s (and evaluation of z,) for high buffer gas pres-
sure cell (200 torr of N;) using the methods described above was not conclusive. High buffer gas
pressure cell has weak absorption coefficient even at optical intensities well below the saturation
level (see Fig. 5.7). At high intensities (much higher than saturation intensity), the absorption coef-
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ficient a becomes small, and our measurement equipment is not sensitive enough to detect a small
change in transmitted spectral power density. Therefore, we use the model for optical beam transit
and wall collision effects detailed in Section 3.3 to estimate 7, and /g in the high buffer gas pres-
sure cell. Results of our measurements and estimates are summarized in Table 5.2. In the zero buff-
er gas pressure cell, the propagation of Rb atoms inside the cell is ballistic, and this prevents the use
our model because its key component is the transit time of Rb atoms through the optical beam due
to diffusion as shown in Eq. (3.6).

N, Pressure o cmz) . I at Fe=2 | Iy at F,=3
(torr) Measured £ (mW/em?) (mW/em?)

0 2.3x10" 31.5 us 102 170

6 2.16x10™"° | 50.5 ps* 74% 104*

200 2.88x10"* | 1.68 ms* 17%* 23%

Table 5.2. Measured and calculated absorption parameters for cells with N, buffer gas. The (unsaturated) absorption
cross-section ¢ is measured from absorption spectra. The * denotes values calculated using model detailed in Section
3.3.

5.3  Generation of Optical Pulse with Precise Wavelength Using Optical

Injection Locking

Measuring the excited state lifetime of the 5S;/,-6P3, line and its quenching in the presence of buff-
er gas is an important part of this research, as the recovery time of alkali vapor cell absorber is
mainly defined by the excited state lifetime. Toward this goal, we have developed a method to gen-
erate short optical pulses at the precise atomic transition wavelength. The original idea was to
measure excited state lifetime by simultaneously interrogating Rb atoms with two spatially overlap-
ping laser beams, both lasing on atomic absorption resonance and operating in the pump-probe con-
figuration. The probe beam is operating in continuous wave (CW) and at optical intensity lower
than that of the Rb saturation intensity. The pump beam is pulsed and has intensities significantly
higher than that of Rb saturation. By monitoring the change in transmission of the CW beam, we
expected to extract the upper state lifetime. We detail those experimental attempts in Section 5.4.

In group II-nitride lasers, short optical pulses with high peak powers have been obtained from mul-
ti-section laser diodes (MSLD) operating in either Q-switching or mode locking regime [72], [84]—
[86]. To obtain the desired wavelength from the pulsed MSLD, one solution is to perform optical
injection locking [87], [88], where the output from a master laser is injected into a slave laser, forc-
ing the latter to lase at the same optical frequency. While injection locking of CW group II-nitride
lasers [89], [90] have been performed, to the best of our knowledge there have been no report on
injection locking of self-pulsating or passively Q-switched blue-violet diode lasers.

In this section, we investigate the behavior of a Q-switched InGaN MSLD under external optical
injection from an ECDL operating in CW. Unlike typical injection locking experiments, here the
power and optical frequency of the master ECDL laser is held constant. Instead, the drive current
pulse amplitude and duty cycle of the slave MSLD laser are varied to enable fine-tuning to the lock-
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ing region. We report that when the Q-switched InGaN MSLD is operated well above threshold,
CW optical injection reduces the peak power of optical pulses, in agreement with dynamic behavior
reported for conventional III-V lasers [91]. However when our InGaN MSLD is operated near free
running lasing threshold, external optical injection increases the peak output power, and we demon-
strate solitary optical pulse generation.

Our slave laser is a MSLD designed and fabricated within the framework of European FP7 Project
FemtoBlue [92], [93]. Its epitaxial structure, which incorporates three Ing10Gag 90N quantum wells
(QWs), is designed for lasing at around 420 nm wavelength. Ridge waveguide structure of 3 pm
width provides lateral optical guiding. The device is divided into three sections. A short center sec-
tion of 80 pum length is reversed biased and operates as a saturable electro-absorber. The two end
sections are forward biased to provide optical gain. The device used here was mounted on an AIN
submount, installed on a temperature controlled heat sink, and was wirebonded to dedicated contact
pads for the gain and absorber sections.

A schematic of the measurement setup is given in Fig. 5.10. The free running MSLD is operated in
the self-Q-switching regime, which is achieved by reverse biasing the saturable absorber with a
precision DC voltage supply at —9.4 V and electrically driving the gain sections with a current pulse
generator. The current pulses have durations of 8.4 ns full width at half maximum (FWHM) and
about 2 pus periods (see below). The master laser used is the CW blue wavelength ECDL described
in Section 5.1. For these measurements, the ECDL wavelength is tuned to 420 nm (5S,-6P3; line
of Rb atoms).
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Fig. 5.10. Schematic of the setup used for injection locking experiments. The ECDL output beam (dashed) is injected
into the MSLD. MSLD output (solid) spectrum and optical waveform are simultaneously analyzed.

The MSLD integrated optical spectrum and time-resolved optical waveform are simultaneously
analyzed using an optical spectrum analyzer (OSA) with resolution of 0.025 nm and a sampling
oscilloscope with high speed photodetector (response time 35 ps). The oscilloscope is triggered on
the current pulse driving the MSLD. To perform optical injection, the collimated ECDL output
beam is re-focused at the output facet of the MSLD. A half-waveplate is used to rotate the ECDL
linear polarization to match that of the free running MSLD so as to avoid possible polarization in-
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stabilities [94]. The ECDL optical power incident on the MSLD collimation lens is held constant at
280 pW.

As noted previously, the optical frequency of the master ECDL laser is held constant. Thus, to en-
sure injection locking can occur, the free running MSLD spectra must overlap with that of the
ECDL wavelength. Coarse tuning of the MSLD wavelength was done using a thermoelectric cooler
(the nominal temperature used in these experiments is 22° C). Fine temperature tuning was done by
changing the pulse repetition period of the MSLD gain section drive current.

Peak output power per facet was calculated by measuring the MSLD average power in free running
configuration and analyzing the waveforms acquired on the sampling oscilloscope. The measured
peak powers matches what was reported elsewhere for lasers from the same fabrication batch [85].
Figure 5.11 plots the peak output power (first optical pulse in a waveform is used) as a function of
the drive current for the free-running MSLD and when it is subjected to optical injection. It reveals
three different operation regimes. At currents far below lasing threshold, optical injection has very
little effect on the slave laser. At near free running lasing threshold, the peak output power signifi-
cantly increases under optical injection (pulse enhancement regime). At well above free running
lasing threshold, optical injection reduces peak output power (pulse suppression regime). We denote
these three regions as “no effect”, pulse enhancement regime, and pulse suppression regime, respec-
tively.
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Fig. 5.11. Peak output power per facet of MSLD waveforms as a function of drive current in free running (red) and
under optical injection (blue) configuration.

In the pulse enhancement regime, external optical injection causes the MSLD to lase even when it is
not lasing or at the threshold of lasing in free running configuration. This can be seen in Fig. 5.12,
where the MSLD (a) time-resolved waveforms and (b) integrated spectra are plotted at drive current
of 215 mA. When free running, the laser is at the threshold of lasing with optical spectrum FWHM
of ~1.5 nm, which is narrower than the spectral FWHM of ~3 nm when the MSLD is at well below
threshold. Thus, the spectrum here contains contributions from both amplified spontaneous emis-
sion (ASE) as well as spectral narrowing effects arising from the onset of lasing.
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Fig. 5.12. (a) Waveforms and (b) spectra of MSLD, driven at 215 mA. The laser is not lasing when free running (red),
and lases with single optical pulse with optical injection (blue).

With optical injection, peak power is significantly enhanced from less than 10 mW in free running
to nearly 50 mW. The optical waveform acquired from the sampling oscilloscope contains a sharp
pulse with 112 ps FWHM, much shorter than the current pulse of 8.4 ns driving the laser. The actu-
al pulse width should be shorter (and the peak power higher) than the measured value due to (i) rise
time of the photodetector (35 ps) and (ii) jitter in the delay time between the applied current pulse
and emitted lasing pulse (>10 ps) [95]. This jitter directly affects the result of our measurements on
the sampling oscilloscope because the current pulses driving the MSLD are used as the acquisition
trigger for each sampling sequence. Under external optical injection, the pulse energy of the slave
MSLD is increased from 13 to 25 pJ, estimated by integrating the measured waveform power vs.
time. (The average power also increased.)

In Fig. 5.12(a), on the downward slope from the pulse peak, the waveform overshoots before recov-
ering back to the level that corresponds to ASE. Since the sampling oscilloscope constructs each
waveform by sampling multiple realizations of optical pulses (in successive acquisition sequences),
this particular overshoot is not an artifact of the measurements. The source of this feature is likely
the onset of a second optical pulse, which does not develop because the duration of the current pulse
is too short and does not allow the second optical pulse to build up. This opens interesting possibil-
ity to produce on-demand solitary optical pulses at the desirable wavelength (see below).

In Fig. 5.12(b), the optical spectra for MSLD while free running and subjected to optical injection
are both acquired with equal integration times. Unfortunately, spurious light from the ECDL operat-
ing in CW is reflected off of the MSLD output facet and coupled back into the OSA. Since the slave
MSLD operates at low duty cycle (0.4%), the spurious light from the master ECDL masks the most
interesting portion in the integrated optical spectra. However, it can still be seen that under optical
injection, ASE spectral components with wavelengths shorter than that of the injected master ECDL
(420 nm) are reduced in intensity with respect to the free running MSLD spectrum. The longer
wavelength components of ASE are unaffected. From this behavior, in combination with the large
enhancement in the optical pulse energy, we conclude that there should be a strong component in
the MSLD spectrum hidden by the spurious ECDL signal. Therefore, the injected radiation from the
master ECDL is almost certainly causing the slave MSLD to lase at the same wavelength.
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We note that from the measured time domain pulse width of 112 ps, the spectral width of the
MSLD output is 8.9 GHz, which is sufficient broad for dual frequency (DF) pumping of both hy-
perfine ground states to the excited state in Rb atoms.

Under condition of optical injection locking, the power spectral density reduction in the high-energy
part of ASE might be attributed to spectral hole burning in the gain curve at 420 nm when the
MSLD starts lasing. Fast intraband relaxation of hot carriers into the energy states depleted by the
spectral hole burning leads to a reduction of carrier densities at higher energies. As a consequence,
the intensity of the short-wavelength part of ASE is reduced.

Different behavior is observed in the pulse suppression regime, corresponding to the MSLD drive
current being significantly above the free running threshold. Here, the free running MSLD operates
in Q-switching regime. Figure 5.13 shows the impact of the optical injection on the time-resolved
optical waveforms and integrated spectra of the MSLD driven at 235 mA.

From the time-resolved optical waveforms in Fig. 5.13(a), the delay time to the first lasing pulse for
MSLD under external optical injection is slightly shorter than that of the free running configuration.
Optical injection decreases the peak power and reduces the period of the optical pulses. The ampli-
tude decrease is less pronounced for the first optical pulse, but is clearly seen and quite significant
for all subsequent optical pulses. Interestingly, the total pulse train energy (hence also the average
power) increases under optical injection, from 92 to 94 pJ.
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Fig. 5.13. (a) Waveforms and (b) spectra of MSLD, driven at 235 mA, when free running (red) and with optical injec-
tion (blue). The laser is Q-switched under these operating conditions.

The spectrum of free running MSLD at 235 mA pump current pulses is relatively broad, of ~1 nm
FWHM as shown in Fig. 5.13(b). This spectral broadness is due to multimode lasing emission. Sim-
ilar to Fig. 5.12(b), spurious CW ECDL signal partially masks the MSLD spectrum when operating
with optical injection. Nevertheless, one can see that optical injection reduces the amplitude of las-
ing modes that do not match the wavelength of ECDL. Moreover, since the estimated optical pulse
train energy (and average power) is higher than that in free running MSLD, we conclude that under
optical injection, the MSLD should exhibit a strong spectral component at the injected ECDL lasing
frequency. In Fig. 5.13(b), it is hidden by the spurious ECDL signal. The side mode suppression
accompanied by an increase of the pulse train energy (and average power) attests for the optical
injection locking of MSLD at the frequency of injected ECDL radiation.
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The reduction of the peak power of Q-switched pulses with optical injection can, at first glance, be
considered unusual. However, the pulse suppression regime at well above threshold as well as the
pulse enhancement regime near threshold is reproduced by modeling. Our numerical simulations
are based on the standard semiconductor laser rate equation model [96], which was modified to sep-
arately account for carrier dynamics in both gain and absorber sections as well as for external opti-
cal injection into the cavity and contribution from ASE [97], [98]. The model uses the adiabatic
approximation for the medium polarization and thus excludes any coherence ordering effects in the
medium [99].

Simulated optical waveforms from our model are given in Fig. 5.14. In the model, the short absorb-
er section is moderately reversed biased. The lasing threshold is 215 mA at our model’s simulated
absorber bias. At time t = 0, a current pulse is injected into the gain section. In Fig. 5.14(a), the
simulated drive current amplitude is 190 mA, and the optical output in free running configuration
(red curve) is purely due to ASE. With external optical injection of 1 mW in the cavity, the output
power is significantly enhanced, yielding emission of a narrow width solitary pulse, like the one
observed experimentally in Fig. 5.12(a).

In Fig. 5.14(b), the simulated drive current of 240 mA is well above threshold, and the free-running
laser operates in self Q-switching regime. With external injection of 1 mW power in the cavity,
peak optical power reduces and pulse period decreases. The simulated behavior with injection lock-
ing is similar to what was observed experimentally in Fig. 5.13(a).
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Fig. 5.14. Simulated waveforms for multi-section laser in free running (red) and with optical injection (blue) when (a)
driven at 190 mA and (b) 240 mA. The dashed curve (right axis) shows current waveform used in simulations. External
optical injection leads to enhancement or suppression of peak output powers, respectively, matching well with experi-
mental observations.

Interestingly, the main mechanism responsible for the pulse enhancement or suppression induced by
optical injection is revealed to be the partial bleaching of the saturable absorber by the externally
injected photons. Figure 5.11 indicates a switching-on kink typical for bi-stable lasing operation
[100]. At near threshold (Fig. 5.14(a)), the reduction in overall intracavity loss due to the bleached
absorber turns on the Q-switched lasing regime with low pulse repetition rate, enabling the buildup
of the first lasing pulse. Quenching of subsequent Q-switched lasing pulses is conditioned by dura-
tion of the pump current pulse and low repetition rate of these pulses.
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The partial bleaching of absorber has different implications for operation well above the lasing
threshold in the Q-switching regime. In between the optical pulses in a self Q-switched MSLD, the
carriers in the gain sections are depleted and the absorber prevents the MSLD from lasing. Non-
bleached absorber allows accumulation of electrically injected carriers in the gain section, leading
to buildup of the optical gain and ASE. The ASE eventually grows large enough to bleach the satu-
rable absorber, resulting in buildup of the lasing Q-switched pulse. Carriers are then rapidly deplet-
ed, lasing stops, the absorber recovers, and the cycle starts again. With partial bleaching of the satu-
rable absorber due to externally injected photons (Fig. 5.14(b)), full bleaching of absorber occurs at
lower carrier densities in the gain sections. Thus, the optical pulse period decreases, and the peak
output power is smaller compared to that of free running configuration.

To summarize, the implication of our experimental observations, supported by simulations, is that
while a MSLD can be injection locked, thereby obtaining the desired wavelength operation, there
can be accompanying tradeoffs. If the MSLD operating in Q-switching regime is driven at well
above free running threshold, injection locking reduces the output pulse peak power compared to
free running. Note that further increase of the injected optical power totally quenches the Q-
switching operation [101]. On the other hand, if the MSLD is driven very near threshold, injection
locking allows one to obtain lasing operation with a single, short duration optical pulse. However,
the peak power of such solitary pulse is comparable or below the peak power in Q-switched regime.
The operation regimes described here have potential applications such as time-resolved spectrosco-
py of atoms.

5.4  Excited State Lifetime Measurements of 5S1/2-6P3,2 Line

The excited state lifetime 7., of the 5S1,,-6P3, line in **Rb is not well established. Whereas one can
find the 7., of the traditional D; and D, lines in literature, measured using a wide variety of tech-
niques under a wide number of conditions (e.g., temperature and buffer gas content), this is not the
case for the 5S;,-6P3; line. For example, two publications cite 7., of 112 ns [102], [103] for Rb in a
cell with no buffer gas, but there is no detail on how this value was obtained. However, it is reason-
able to expect the 5S;,-6P3/, line to have have larger natural 7., than the D; line given that it has a
weaker transition strength, with the former having 1.77x10° s and the latter having 3.61x10’ s
[104]. In this section, we attempt to measure 7., using the equipment and techniques that we have
developed.

5.4.1 Short Pulse Pump and Single Frequency Continuous Wave Probe Experiment

For the pump-probe experiment described in this section, the Rb cell is placed in the setup with the
injection-locked MSLD as shown in Fig. 5.15. The pump laser is the injection-locked MSLD,
which is performing broadband pumping of the Rb system with solitary pulses of 122 ps FWHM
duration. The ECDL is used as the single frequency (SF) interrogation source, placed on one of the
ground state absorption resonance lines. Therefore, the ECDL is both the master laser that injection-
locks the MSLD and the probe laser in the spectroscopy measurement. The goal is to measure ex-
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cited state lifetime 7., by observing the change in the transmitted probe laser intensity through the
Rb cell.

Unfortunately, we were not able to measure any appreciable change in the ECDL optical signal
transmitted through the Rb cell. Analysis with the six-level model revealed that the MSLD pulse
energy in solitary pulse production regime was insufficient to produce noticeable excited state
pumping. In order to measure 7., of ~100 ns, we estimate that the pulse energy must be larger by a
factor of 100. Thus for a pump pulse of the same duration (112 ps), a peak power of at least 5 W is
needed to obtain an observable signal. Unfortunately this was not attainable in our setup. An alter-
native approach would be to increase the pulse width. When it becomes much longer than z,,, the
atomic level populations will approach to that one of a steady-state under CW pumping. This ap-
proach is suitable even at lower pump power.
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Fig. 5.15. Schematic of pump-probe experiment with MSLD as the pump laser, and the ECDL as the probe laser. The
Rb cell is placed such that it is in the beam path of both lasers, where it can be simultaneously interrogated.

5.4.2 Dual Frequency Continuous Wave Pump at 795 nm and Single Frequency Probe
at420 nm

In this section, we detail the experiments made with a CW pump laser and a CW probe laser inter-
rogating *Rb atoms at two different transitions. The experimental setup is similar to that depicted in
Fig. 4.10 in Section 4.4, except that the 795 nm wavelength VCSEL is replaced with the 420 nm
wavelength ECDL. Thus, while we pump the *Rb atoms at the D; line with a 795 nm DFB laser
(DF pumping), we probe them at 5S;,-6P3,, line with 420 nm ECDL (SF interrogation). We illus-
trate the pumping and probing transitions in *’Rb atom in Fig. 5.16. The procedure to operate this
setup is the same as that in Section 4.4.
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Fig. 5.16. A simplified energy level diagram of **Rb detailing how the atoms are optically pumped and probed. The
pump laser is a 795 nm DFB operating in DF pumping. The probe laser is the 420 nm ECDL operating in SF interroga-
tion.

The 795 nm DFB, in DF pumping, places a certain number of atoms in the excited state at 5P;.
With the sudden removal of optical pumping by the DFB (through removal of RF current modula-
tion), carriers decay from the 5P;,, state to the two ground states with time constant equal to the
excited state lifetime of the D;, which we denote in this section as 7., p;. This distribution of popula-
tions in the ground states, however, is different from the steady-state population where only the
probe laser is interrogating the Rb atoms in 5S;,-6P3, transition. In particular, the steady-state pop-
ulation of ground state hyperfine level F=3 under SF interrogation significantly exceed the popula-
tion of /=2. Because 7., p; is significantly shorter than the excited state lifetime at 6P3/,, which we
will denote simply as z.,, we may consider that the initial decay from 5P, level occurs almost in-
stantaneously. Rb atoms will undergo a transient process toward the steady-state population distri-
bution for SF pumping. Because ground state relaxation time 7, is much longer than 7., the main
mechanisms for ground state relaxation at the initial stage is through the optical absorption followed
by spontaneous decay from 6Ps, state to both hyperfine grounds states. Therefore, we intend to
measure the lifetime 7., of 6P3/, state by observing the initial stage of the transient process in the
transmitted probe laser (ECDL) intensity through the cell, like it was used in Section 4.4.

We performed pump-probe measurements on “°Rb cells without buffer gas and with 6 torr of N
buffer. For these measurements, in order to increase the ground state relaxation time z,, we do not
use the focusing lenses (see Fig. 4.6), unlike the setup shown in Fig. 4.10. The measured time vary-
ing probe laser intensity through the *Rb cell with no buffer gas is presented in Fig. 5.17(a). The
measured lifetime 7, is 124 ns, which is in reasonable agreement with the literature value of 112 ns
[102], [103]. We also perform the same measurement on the Rb cell with 6 torr of N, buffer gas,
shown in Fig. 5.17(b), and the measured 7., is 84 ns. Unfortunately, we were not able to measure the
6P;), state lifetime in the $Rb cell with 200 torr of N, buffer gas. Fast relaxation process in such a
cell (~1 ns) demanding large operation bandwidth of our acquisition equipment as well as the small
absorption cross-section of pressure broadened line have rendered the signal to noise ratio to be
lower than what our setup can detect.
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Fig. 5.17. (a) Measured time varying 420 nm probe laser signal transmitted through a **Rb cell with no buffer gas. The
extracted decay time constant of 124 ns is in reasonable agreement with the excited state lifetime cited in [102], [103].
(b) Same measurement for a Rb cell with 6 torr N, buffer gas.

Equation (4.12) is suitable for the theoretical estimation of the quenched excited lifetime as a func-
tion of buffer gas pressure. However, some parameter values are not definitive for this atomic line.
For the natural lifetime 7., of excited state 6P3/,, one can use value of 112 ns as cited in [102],
[103]. However, these references do not provide any support on the validity of this value. Alterna-
tively, one can use 7., =565 ns, calculated from the reciprocal of the transition strength 1.77% 10%s™
[104]. This method of calculating ..o can be justified by noting that the reciprocal of the D; line
transition strength (3.61x10" s [104]) is 27.7 ns, which is the same as the excited state lifetime
values found in literature for the D; line [53], [54].

There is also no literature reported value for the N> quenching cross-section oy in the Rb 5S;,-6P3),
line. The only available quenching cross-section in literature is the value for the D; and D, lines in
Rb, with both being the same at 50£12 A* [56], as cited previously, or 25 A% [105] for Rb atoms in
flame. We therefore make the decision to calculate the theoretical values of 7., using four different
combinations of 7., o and 6o: 7.0 at 112 ns or 565 ns, oo at 50 A* or 25 A,

In Fig. 5.18, we plot the theoretical estimate of 7., as a function of cell buffer gas pressure (line)
along with our measured values (points). The measured data points show better agreement with the
curve at ..o = 112 ns and 0p=25 AZ, although the number of points do not allow us to make a defin-
itive conclusion. Nevertheless, we note that in all these theoretical estimations, we calculate z,, to
range from 1 to 2 ns at N, pressure of 200 torr, making the cell suitable for saturable absorber oper-
ation in a modelocked laser.
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Fig. 5.18. Theoretical (lines) and measured (points) excited state lifetime 7., as a function of N, buffer gas pressure at
cell temperature of 100° C. For purpose of plotting, the measured z,, at 0 torr pressure is placed at 0.01 torr. The theo-
retical curves were calculated assuming either the natural lifetime is 112 ns or 565 ns, and having buffer gas quenching
cross-section of either 50 A? (solid) or 25 A? (dashed). Note that the value of N, pressure is rated for 24° C (manufac-
turer specification).

5.5 Summary

A narrow linewidth, single wavelength, tunable ECDL operating at around 420 nm has been devel-
oped. This ECDL has been extensively characterized, with emphasis on the analysis of frequency
noise, relative intensity noise, and the impact of mode clustering effect found in the [II-nitride mate-
rial system—something that has not been previously reported for blue wavelength ECDLs.

Using our ECDL, we have performed absorption spectroscopy on the *Rb 5S,,-6P3, transition.
From the measured absorption spectra of *Rb cells with no buffer gas and with 6 torr N, buffer gas
over a range of temperatures, we have extracted absorber oscillator strength that matches very well
with that in literature. We have measured the saturation intensities and relaxation time between the
ground state hyperfine splitting levels in the presence of N, buffer gas. In addition, we have meas-
ured the buffer gas pressure induced linewidth broadening and absorption resonance shift coeffi-
cients, which are not found in literature.

We have also developed a method to generate short optical pulses at very precise wavelengths by
injection locking III-nitride multi-section diode lasers. While this method was ultimately not useful
for us, we believe there are potential uses in other applications, especially in time resolved photo-
fluorescence of atoms and molecules.

Finally, we have used a pump-probe technique to measure the excited state lifetime at the 5S;)-
6P, line of ®Rb, both natural and with quenching by N, buffer gas. This is similar to the work per-
formed in Section 4.4, except that we pump at wavelength of 795 nm (D)) and probe at 420 nm
(5S15-6P3p). There is agreement between our measured lifetime and literature for in the case of no

91



buffer gas. The discrepancy between our measured lifetime and theoretical value at 6 torr buffer gas
pressure is not so unreasonably large.
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Chapter 6 III-Nitride Vertical-External-
Cavity Surface-Emitting Laser for Atomic
Clock Applications

Disclaimer: The material presented in Chapter 6 has been published in Applied Physics Letters® and
Journal of Applied Physics.’

For our goal of achieving an atomic clock based on modelocked semiconductor laser with **Rb va-
por cell as saturable absorber, one possible configuration is that of using optically pumped vertical-
external-cavity surface-emitting laser (VECSEL) of the group IlI-nitride material system for inter-
rogation of Rb atoms at 420 nm wavelength. In this chapter, we investigate its feasibility for atomic
clockwork by experimentally realizing an optically pumped group IlI-nitride VECSEL and charac-
terizing its performance. We also measure important modelocked laser model parameters for Chap-
ter 7.

6.1 Brief Introduction to VECSELs

VECSELSs incorporate many attractive features of both semiconductor and solid state lasers. Like
other semiconductor lasers, they can lase in the visible or near infrared spectral range as a function
of the alloy composition of the semiconductor heterostructure. Unlike edge-emitting diode lasers
(monolithic or external cavity laser), VECSELs can achieve high output power simultaneously with
high quality circular-shaped output beam [106], [107]. Their spectrally broad optical gain and ex-
ternal cavity configuration allow for insertion of intracavity saturable absorber for modelocking
operation. Optically pumped modelocked VECSELSs based on conventional III-V alloys emitting in
the infrared spectral range already show impressive performance in peak power and pulse width
[20], [22]. Today, research with this material system is focused on electrically-pumped VECSELs
[21].

’X. Zeng et al., Applied Physics Letters, vol. 101, no. 14, pp. 141120-1 — 141120-4, 2012.

3 X. Zeng et al., Journal of Applied Physics, vol. 113, no. 4, pp. 043108-1 — 043108-8, 2013.
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To cover the blue to ultraviolet (UV) spectrum, VECSELSs based on group IlI-nitrides are needed.
Existing literature on nitride-based VECSELSs is sparse, highlighting the difficulties of this material
system for VECSEL applications. Reported VECSELSs exhibit cavity lengths on the order of 2 mm
or less [108]-[110]. The thresholds range from 100 to 700 kW/cm? for optical pump pulse durations
of 1.7 to 5 ns. These extremely short external cavity lengths and the fact that some of these external
cavities are made of the semiconductor sample wafer substrate mean that the placement of addition-
al intracavity elements is not possible.

Here, we report optically pumped InGaN/GaN quantum well (QW) VECSELs with latticed-
matched AlInN/GaN bottom distributed Bragg reflector (DBR), partially transmitting top DBR, and
external mirror at cavity lengths of up to 50 mm. Lasing is achieved at 420 nm wavelength. The
lasing features are measured and analyzed by examining variations of the lasing threshold, optical
spectrum, far field, and near field patterns as a function of the cavity length. Their behavior give
strong evidence of external cavity mode lasing. Furthermore, we perform in-depth analysis on these
and other parameters such as spontaneous emission and the delay time to lasing.

6.2 VECSEL Samples

Our group IlI-nitride semiconductor samples are designed and grown at the LASPE laboratory of
EPFL via metalorganic chemical vapor deposition in an AIXTRON 200/4 RF-S reactor. Grown on
free-standing GaN substrates from Lumilog, the VECSEL epitaxial layers contain a 42-period
GaN/AlggIng,N bottom side DBR stack [111] and an optical gain region consisting of 24
Ing.12Gag gsN multiple QWs of 2 nm thickness separated by 4.5 nm thick GaN barrier layers. The
total active region thickness / is 370 nm. The optical gain region and the bottom DBR design are
optimized for the 420 nm wavelength. The bottom DBR stack has a measured reflectivity R, =
99.6%.

The optical gain in InGaN/GaN heterostructure QWs is generally reduced due to the internal built-
in field inherent to III-nitride heterostructures grown along c-axis. The use of a VESCEL hetero-
structure with large number of equally spaced QWs as reported here reduces inhomogeneous broad-
ening of the gain line [112] and increases the cavity fill factor for the gain medium, yielding better
absorption of the pump beam and larger optical gain. Thus in a heterostructure with small number
of QWs placed at field antinode positions, the side wells do not experience the same built-in field,
leading to an inhomogeneous broadening of the QW emission. In contrast, in a heterostructure with
large number of equally spaced QWs, the side QWs have a lower contribution compared to the in-
ner wells. Indeed, the photoluminescence measurements have revealed that inhomogeneous broad-
ening does not increase significantly in these 24 QW samples compared to 2 QW samples, attesting
to the absence of relaxation in the InGaN QWs due to low In content as well as to the quality of our
epitaxial growths.

Furthermore, contrasting from vertical-cavity surface-emitting laser (VCSEL), which operates on a
single longitudinal mode, the long cavity VESCEL is expected to exhibit multimode lasing. For a
particular mode, the resonant periodic gain structure geometry in VECSEL cavity configuration
[108], [109] is very sensitive to displacement of the output coupling mirror as a small shift in the

94



antinode positions of the VECSEL cavity mode with respect to the QWs results in significant de-
crease of gain enhancement for this particular mode. The resonant gain structure will thus play the
role of an additional intracavity filter favoring lasing of clusters of external cavity modes and lead-
ing to a complicated interplay of modes due to inevitable variations of the output coupling mirror
position (e.g. caused by temperature fluctuations). Therefore a choice has been made in favor of the
optically pumped structure with large number of equally spaced QWs that have already shown las-
ing action in VCSEL configuration [113].

A top DBR stack consisting of 4 periods of SiO,/ZrO, layers is deposited via electron-beam evapo-
ration, yielding a measured reflectivity R, = 86.6% at 420 nm wavelength. As a reference, a second
sample with 7 periods of top SiO,/ZrO, DBR is used here (R, = 98.1%). When these samples are
excited at 355 nm wavelength (above the GaN barrier layers band edge and within the transmission
band of top DBR), photoluminescence spectra show emission intensity maximum near 420 nm
wavelength. A schematic of the VECSEL sample epitaxial and dielectric layers is given in Fig. 6.1.

Top Side DBR Stack
4 or 7 layers of SiO,/ZrO,
R,=286.6 or 98.1%

GaN

x24
Qw

GaN

Bottom Side DBR Stack
42 layers of GaN/Al, gIn, ,N
R;=99.6%

Fig. 6.1. Schematic of the epitaxial and dielectric layers of the VECSEL samples.

In optical pumping experiments (see Section 6.3), the measured reflection coefficient of the pump
beam off of the VECSEL sample surface ranges from 20 to 30%. Due to imperfections in the epi-
taxial growth, there might be significant optical scattering near the gain region. The measured sur-
face roughness o from atomic force microscopy over a 10 um x 10 pm area is less than 3 nm (rms)
before deposition of the partial top DBR stack, yielding estimates of scattering loss 7, =1-exp{-
(nog/L)*} as low as 0.05% at the 420 nm lasing wavelength [114]. (This also attests to the good
quality of epitaxial growth, showing that the surface morphology is not degraded by the growth of
large number of QWs.) On the other hand, assuming a Lambertian profile of scattering pattern, the
integrated scattering loss 7 across the sample is measured to be from 1.5 to 7.2% at 420 nm wave-
length.
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6.3 Experimental Setup

Figure 6.2 shows a schematic of the experiment setup. A VECSEL sample is mounted on a preci-
sion translation stage, enabling adjustments of the excitation spot across the sample. The external
cavity is closed by a concave mirror with reflectivity R=99.5% and curvature radius py=50 mm.
The flat side of the output mirror is AR coated. The output coupling mirror is mounted on a transla-
tion stage, allowing for cavity alignment and length adjustment. A continuously variable neutral
density filter wheel is used to adjust the pump power (not shown in the figure). An aspheric lens
with focal length of 50 mm focuses the pump beam onto the semiconductor sample at 45° incident
angle. For the pump lasers used (see below), the achieved pump beam spot size is slightly elliptical,
with measured diameters of ~60 and ~50 um. Beam profile measurements indicate that the Ray-
leigh range zr of the focused pump beam is ~1 mm, indicating acceptable tolerance for the focusing
lens position.

external mirror
pie= SOmm reflected

J b
R=99.5% PUmp BEIM  1GaN VECSEL

\ sample

.

focusing lens

f=50mm
Nd:YAG laser

355nm

Fig. 6.2. Schematic of the VECSEL cavity arrangement.

The preliminary estimates of threshold pump power for cavity mode size of ~30 um diameter (at
the sample) exceeds 10 W. Therefore, we use high peak power pulsed UV lasers as the optical
pump for our VECSELSs. (Unlike high power continuous wave UV lasers, Q-switched lasers deliv-
ering pulses with peak power >10 W can be procured at a reasonable budget.) In the experiments
reported here, we use two different Q-switched frequency-tripled Nd:YAG lasers (A, = 355 nm).
The first laser (Teem Photonics, SNV-02E) has a pulse width t, of 400 ps and repetition rate fi., of
6 kHz. The second laser (Quanta System, Handy H700) produces pulses of 7 ns width and repetition
rate f.., = 10 Hz, and its output pulses are stretched to 1, = 10 ns using a 12 meter long multimode
fiber (Thorlabs, custom order). A multimode fiber is used due to modal dispersion and its signifi-
cantly higher coupling efficiency compared to single mode fiber. Obtaining the same output power
from a single mode fiber will require higher pump laser power incident at the fiber end, which
might damage the epoxy fixing the fiber in the ferrule.

For a VECSEL cavity of 50 mm length, the cavity roundtrip time is 330 ps, which is only slightly
shorter than the pulse duration of the first pump laser. Without the partial top DBR, the time 7} re-
quired for lasing modes to build up in a 50 mm long cavity is ~680 ns when pumped at twice the
threshold according to the expression 7,=25T,.,/(r-1)Gy [115], where T, is the cavity round trip
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time, 7 = Lyump/Ii 1s the normalized pump rate, and Gy is the cavity round trip gain at threshold.
Thus, lasing under pumping with either 400 ps or 10 ns pulses in such standalone long cavity
VECSEL would not be possible because the pump pulses do not last long enough [108]. In contrast,
the buildup time of lasing emission in the VCSEL cavity itself (/=370 nm) is much shorter at 10 ps
or less. Therefore, we overcome the difficulties of achieving lasing in VECSELs of long cavity
lengths by forming an auxiliary microcavity to provide injection seeding for the external cavity
mode at early stages of the lasing build up. This is done by depositing a partially transmitting top
DBR stack as indicated in Fig. 6.1. (No such auxiliary microcavity is needed under continuous
wave pumping.)

The onset of lasing in the microcavity provides injection seeding into the lasing mode of external
VECSEL cavity. In the rest of this chapter, we examine various lasing characteristics of such
VECSELs. We show that they are drastically different from the lasing features of a solitary micro-
cavity, i.e. a VCSEL.

6.4 Lasing Threshold Measurement and Analysis

6.4.1 Light-Light Measurement Method with 400 ps Pump Laser

The majority of measurements presented in this chapter are made using the pump laser with 400 ps
pulse duration. This includes the important results on lasing threshold presented in Section 6.4.4.
Here, we detail the procedure and method used to produce light-light (L-L) curves for these meas-
urements, because they are not straightforward with respect to the usual methods.

In experiments made with the pump laser with 400 ps pulse duration, lasing emission from the ex-
ternal cavity output coupling mirror was injected into a fiber-coupled spectrometer (Jobin Yvon,
TRIAX 550). Similar fiber-coupling was done for measurements in VCSEL configuration, i.e. with
no external cavity mirror. Optical pump powers incident on and reflected from sample were meas-
ured with a Newport 1918-C optical power meter with a 918D-UV-OD3 detector head. As men-
tioned previously, the reflected power range from 20-30% of the incident power. The absorbed
pump power is then calculated from the difference of incident and reflected powers.

The (average) output power from our VECSEL was below the sensitivity of the power meter avail-
able. Therefore, to construct the L-L curves, we first measure the spectra of the VECSEL emission
at a series of different optical pump powers. We then normalize (with respect to the integration
time) and integrate the spectral power density to obtain the relative output intensity. An example of
this is given in Fig. 6.3, where we characterize a 35 mm long VECSEL constructed using the semi-
conductor sample with 4-period top DBR. In Fig. 6.3(a), we plot the series of spectra of the
VECSEL output, normalized to the integration time of each spectra measurement. From these spec-
tra, we construct the L-L curve, which is given in Fig. 6.3(b). The smooth transition to lasing is a
feature we partially attribute to amplified spontaneous emission (see Section 6.7).
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The chief weakness of this method is that while we can construct L-L curves and obtain the lasing
thresholds, we cannot measure the absolute output power from our VECSEL. We overcame this
problem in the set of measurements made with the 10 ns pump laser.
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Fig. 6.3. We characterize a 35 mm long VECSEL cavity with 4-period top DBR. The pump laser pulse duration is 400
ps. (a) Measured spectra at different pump powers. (b) L-L curve, constructed from measured spectra. Peak threshold
pump power of 100 W correspond to power density of ~4200 kW/cm?. Pump pulse duration is 400 ps.

6.4.2 Light-Light Measurement Method and Results with 10 ns Pump Laser

In experiments made with the pump laser with 10 ns pulse width, the pump powers were measured
with an Ophir Nova optical power meter with a PD300 detector head. In these measurements, we
procured a reverse biased calibrated photodiode (Thorlabs, FDS010) with rise/fall time less than 1
ns, which we use to observe the VECSEL output on an oscilloscope. Therefore, we are able meas-
ure the instantaneous VECSEL output power in the time domain. With a fast calibrated photodiode,
we bypass the challenge of measuring low average output power with a (slow) optical power meter,
which was the obstacle that prevented us from making absolute power measurements in experi-
ments using the 400 ps pulse pump laser. Here, L-L curves are constructed using the peak power
measured in oscilloscope waveforms.

Under 10 ns pumping, we performed in total four L-L measures. These are (i) the 7-period top DBR
sample operating as a VCSEL (no external cavity mirror); (ii) the 7-period top DBR sample operat-
ing as a VECSEL in semiconfocal configuration (nearly 50 mm long cavity); (iii) the 4-period top
DBR sample operating as a VCSEL; and (iv) the same sample operating in semiconfocal configura-
tion.

The L-L curves of the 7-period top DBR sample in VCSEL configuration as well as in semiconfocal
cavity configuration are given in Fig. 6.4. The 7-period top DBR sample, operating as a VCSEL,
has peak threshold pump power of 1.41 W and slope efficiency of 7.36x10* W/W, with measured
peak output power up to 3.2 mW. The same sample operated as a VECSEL in semiconfocal config-
uration has a slightly lower lasing threshold of 1.26 W and slope efficiency of 2.38x10™* W/W. We
measured peak output powers of up to 1.4 mW, lower than what was possible in VCSEL configura-
tion. We attribute this to the high reflectivity of the combined mirror formed by the output coupler
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and top DBR as well as due to losses caused by a lateral mismatch between the external cavity
mode and spatial gain distribution. For the 4-period top DBR sample under 10 ns pumping, we
made the same type of L-L measurements, and we measured peak threshold pump powers of 3.38
W and 2.57 W and slope efficiencies of 2.23x10™* W/W and 1.14x10” W/W for VCSEL and semi-
confocal VECSEL configurations, respectively.
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Fig. 6.4. Under optical pumping by 10 ns pulses, the L-L curve of 7-period top DBR sample in (a) VCSEL configura-
tion (no external cavity mirror). Threshold pump power is 1.41 W, and the slope efficiency is 7.36x10™* W/W. (b) The
same sample in semiconfocal cavity configuration (nearly 50 mm long cavity). Threshold pump power is reduced to
1.26 W, and the slope efficiency is 2.38x10* W/W.

6.4.3 Impact of the Pump Pulse Duration on Lasing Threshold

There are significant differences in VECSEL threshold powers when using pump lasers of different
pulse duration. The measured threshold powers in the 10 ns pump laser setup are lower than those
measured in the 400 ps pump laser setup by a factor of 17. This is shown in Fig. 6.5 where the nor-
malized L-L curves of the 7-period top DBR sample in semiconfocal VECSEL configuration from
both measurement setups are plotted together (in logarithmic scale).

To understand the mechanism behind this large difference in lasing threshold, we analyzed the rate
equation for carriers below threshold,

d 1
En(t)zP(t)—Zn(t), (6.1)

where n(f) is the carrier concentration, P(¢) is the carrier pump rate (rate of optically generated car-
riers captured by the QWs), and 7, is the carrier lifetime. Note that this is a very simplistic treatment
where the full dynamics of the carriers, which include spontaneous radiative recombination and
Auger recombination processes, are ignored. These effects are ignored on the grounds that their
effects on lasing threshold are small compared to the effects of optical pulse duration in the cases
considered here, but this is not necessarily true in general. Nonetheless, this simple treatment allows
for analytical solutions where valuable insights can be gained.
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Fig. 6.5. L-L measurement data for 7-top DBR sample in semiconfocal VECSEL configuration, pumped by frequency-
tripled Nd:YAG lasers with pulse lengths 10 ns (triangles) and 400 ps (squares). Peak threshold powers are 1.26 W and
22.2 W, respectively.

Under continuous wave (CW) pumping, P(f) = Py is constant, and the steady-state carrier concentra-
tion is ncw = Pyz.. When the optical pump pulses are 10 ns long, the extracted carrier lifetime in the
QWs is 2.5 ns (see Section 6.8), which is shorter than the pump pulse. We thus approximate the
case of 10 ns pumping as that of quasi-CW pumping, where the carrier density reaches that of
steady-state ncy.

To understand the effect of short pulse pumping of same peak power, we assume the pump wave-
form to be Gaussian, P(t)=PoeXp(—t2/(tp/2)2) with 7, being the pulse width at ¢’ intensity level. Solv-
ing Eq. (6.1) for carrier density, we obtain

2 2
7 puised ( T r 7 2t—7," /47,
oy 167, 4z, 7, 7,

The implication of Eq. (6.2) is that when 7, < 7., n,usei(t) peaks at a value significantly smaller than
ncw. This means under equal peak pump power, short pulse optical pumping provides smaller carri-

er density when compared to quasi-CW pumping. Hence, peak threshold power is higher under
short pulse pumping. In Fig. 6.6, we plot the ratio in Eq. (6.2) taking 7z, = 2.5 ns, 7, = 400 ps, and
approximating pumping with 10 ns pulses as quasi-CW pumping. The carrier density under short-
pulse pumping is smaller by a factor of 8.1. Respectively, in the considered case of Gaussian pump
pulse of 400 ps width, the threshold should be higher by the same factor of 8.1 as compared to qua-
si-CW pumping.

Larger difference of thresholds, as we observed in experiment, can be attributed to the non-
Gaussian shape of the Q-switched pulse of the pump laser with steeper rising front and smoother
trailing edge, to the slightly larger spot size of the focused pumping beam in the setup utilizing 400
ps width pulses, as well as to difference in calibration of the two detectors.
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Fig. 6.6. Ratio of carriers under 400 ps pump pulses to 10 ns pump pulses assuming 7, = 2.5 ns and 7, = 400 ps. The
ratio peaks at 0.1236.

6.4.4 Threshold vs. Cavity Length Relationship

In experiments with the 400 ps pump laser, we made extensive measurements of lasing threshold at
different external cavity lengths. In Fig. 6.7, the threshold pump power is shown as a function of the
external cavity length L, which is varied from 25 mm (where cavity mode is at its largest) to 50 mm
(semiconfocal configuration, where cavity mode is at its smallest). In agreement with the mode size
considerations, there is a general trend of increasing threshold pump power when the cavity length
is decreased from 50 mm down to 25 mm. The threshold pump powers for the sample with 4-period
top DBR is consistently greater than those of the 7-period top DBR sample.

—~ 120+ —=a— 7-period top DBR
110- —&A— 4-period top DBR

0 10 2
Cavity length (mm)

M\L\A,L

| I Il
25 ]
2] * M -
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Fig. 6.7. Peak threshold absorbed pump powers for the VECSELs with 4 (open triangles) and 7 (squares) top DBR
periods at different cavity lengths. Lasing thresholds without external cavity mirror (i.e. VCSEL configuration) are
indicated at L=0 mm. The pump laser duration is 400 ps.

Interestingly, contrary to the expected behavior for a semiconductor laser operating with external
cavity, the VECSEL thresholds are not always smaller than the VCSEL thresholds. The lasing
thresholds of 25 mm cavity length VECSELs are larger than their thresholds when operated as
VCSELs. To understand this unusual behavior, we use a conventional model for a VCSEL with
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feedback from an external mirror [25] but with several important modifications. From analysis, the
ratio of the threshold pump power of a VCSEL with external mirror feedback to that of a VCSEL
without is

1)l‘h _ 2a1+Tsc—1n(R1Reﬁr) l 1+w_2

Pao | 200+T, —In(RiRy) || 2| w2 || (6.3)

where a is the intrinsic loss of the semiconductor gain region (35 cm™), / is the VCSEL microcavity
length, R; and R, are the bottom and top DBR stack reflectivities, respectively, R,y is the effective
reflectivity of the combined mirror formed by top DBR and external output coupling mirror, and T,
is the scattering loss coefficient. The last term on the right hand side accounts for the mismatch be-
tween the external cavity mode and the pump laser spot [116]. Here, 2w is the external cavity mode
diameter on the semiconductor sample, and 2w, = 50 pm is the pump laser spot size. When operat-
ing as a VCSEL, 2w, defines the size of the lasing mode. However, under external cavity configura-
tion, w, defines the spatial gain distribution, accounted for by the model as an aperture with Gaussi-
an profile. Respectively, the threshold rises if the VECSEL cavity mode does not match the gain
distribution.

The spatial gain distribution is accounted for by the model as an intracavity aperture with Gaussian
profile. The VECSEL cavity mode size 2w is calculated with a Gaussian aperture of size 2w, em-
bedded in the active region and represented by the ray transfer ABCD matrix

10
[_ il 1], (6.4)

2

o,

where 4 = 420 nm is the lasing wavelength (not the pump beam wavelength). The resulting ABCD
matrix of the VECSEL cavity roundtrip, starting at the bottom DBR of semiconductor sample, is

BT RERL we

P

where L is the VECSEL cavity length and p,, is the output coupler curvature radius (50 mm).

From the matrix in Eq. (6.5), we then solve for the beam parameter 1/g = 1/R — il/nw* of the fun-
damental cavity mode (M2=1) at the flat bottom DBR, where the wavefront is flat (R=00). For the
generalized case M > 1, where M? is the beam quality parameter [117], we obtain the cavity mode
size w and its far field angular width 6 (half width at ¢ of maximum)

_/ ~-M?2 _|=M2A-Im(1/q)

Figure 6.8 shows the fundamental mode diameter of the VECSEL cavity, plotted vs. cavity length
without and with Gaussian aperture of diameter 50, 100 and 200 um. The Gaussian aperture reduces
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the cavity mode size, and its impact is especially significant for short (~25 mm) cavities and small
apertures. In a 25 mm long cavity and assuming fundamental mode operation, 2w is 116 pm with-
out the Gaussian aperture effect. The mode size reduces to 50 um with a 50 um diameter Gaussian
aperture defined by the pump beam, as it is the case in the VECSEL configuration considered here.
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Fig. 6.8. Calculated cavity mode diameter on the VECSEL semiconductor sample vs. cavity length without (solid
curve) and with the Gaussian aperture effect (dashed curves) for aperture diameter of 50, 100 and 200 pm.

In Eq. (6.3), the effective reflectivity of the top DBR stack and external mirror combination is eval-
uated here as

Ry = [(\/E + 7VR )/(lw RR, )]z (6.7)

where R, and R are the top DBR and external output coupler reflectivities, respectively. Unlike the
usual expression for a collimated beam and flat external retroreflector, we account for the imperfect
spatial overlap between the initial mode of free-running VCSEL (defined by the pump spot) and the
reflected beam off the external concave mirror. The spatial overlap coefficient y in Eq. (6.7) is cal-
culated by first finding the size of beam after it first propagates from the semiconductor sample
(VCSEL) to the external mirror and back to the semiconductor sample again using transfer matrix
analysis. With the two beam sizes, one can then find y by calculating the area integral of the product
of the two beams’ normalized electric fields, assuming Gaussian beam profile, yielding
H=2WWred (W) Wy ), Where w, is the VCSEL mode radius and w,.s is the reflected beam radius at
the sample. Note that y = 1 when w), = w..

Figure 6.9 illustrates the effects of pump spot size and cavity length on Ry in VECSEL samples
with 7- and 4-period partial top DBRs as we used in the experiment. In the figure, R.y is plotted
against pump beam diameter for fixed cavity lengths of 25, 35, and 45 mm when M* = 1. We find
that R,y is very sensitive to the pump spot size for the 4-period top DBR sample with its less reflec-
tive top DBR. As the pump spot on the semiconductor sample is decreased, Ry diverges for the
different cavity lengths, highlighting the importance of the spatial overlap coefficient y in Eq. (6.7).
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Fig. 6.9. R, vs. pump beam diameter on the semiconductor sample for VECSEL cavity lengths of 25, 35, and 45 mm
and partial top DBR stack of 7 periods (solid curves) and 4 periods (dashed curves) when M? = 1.

In Fig. 6.10(a), Ry is plotted against cavity length on the semiconductor sample for pump spot di-
ameters of 30, 50, and 70 pm when M? = 1. As expected, R,y increases as the cavity length is in-
creased towards semiconfocal configuration. R, is more susceptible to the changes in cavity length
for the 4-period top DBR sample, once again due to its not so highly reflective top DBR. Again, we
also see that R,y 1s greater for larger pump spots, with implication that using a highly focused beam
for pumping VECSELs can be very challenging due to the increase in threshold. In Fig. 6.10(b),
mismatch factors 1/2(1+w2/wp2) and y are plotted against cavity length for the same pump spot di-
ameters when M” = 1.

(@) 1.00 : —— (b)1.6 : : —
=/ 2w_ =30 um ---=1/2(1+w'/w )
0.98 PP 7] 144 F P/l
0.96+ 2‘§Np —7oum -7 S 1.2+
0944 | ____---- -7 o ] 1.0
= e
o’ 0.92- 2w =50 um _-* g 0.8
0904 _ | oiaeeemT "'2 2 ] 0.6
_ w_ =30 um
0.88- —2Wp =70 um P ] 0.4
0861 2= 80MM 7 0p DBR sample 021
2w_=30 um |- -- 4-top DBR sample
0.84 K , —ob “ET samp 0.0 : : , 2
25 30 35 40 45 50 25 30 35 40 45 50
cavity length (mm) cavity length (mm)

Fig. 6.10. (a) R,y vs. VECSEL cavity length for pump spot diameters of 30, 50, and 70 um in 7- (solid curves) and 4-
period (dashed curves) partial top DBR stack samples. (b) Mismatch factors l/2(1+w2/wp2) and y as a function of cavity
length for the same pump spot diameters when M’ =1.

Figure 6.11 shows the measured ratio P;/Py as a function of VECSEL cavity length (points). The
fit of the threshold ratio evolution (curves) utilizes values R; = 98.1% (86.6%), Ty. = 7%, M*=12
(1.5), and 2w, = 20 pm (40 pm) for the 7-period (4-period) top DBR samples. The value for T is
taken from light scattering measurements off sample surface. The values of the top DBR reflectivity
R, are taken from the measured values from samples. The M* factor and 2w, were the free parame-
ters of the fit. The M? values are close to the ones obtained from beam profile measurements (see
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Section 6.6). The 2w, values reported by the fit are smaller than the measured pump beam sizes. We
attribute this discrepancy to the combination of measurement uncertainties in all other parameters,
especially that of M2,

To demonstrate the importance of the mismatch between the VECSEL cavity mode and pump beam
spot as well as that of the imperfect spatial overlap between the beam reflected from the output
coupling mirror with initial mode of free-running VCSEL, we also plotted the ratio P;/Pyy assum-
ing either w/w,=1 or y=1 (two dotted curves). In the first case, we neglect the last term in the right
hand side of Eq. (6.3). In the other case, we neglect the imperfect spatial overlap when calculating
Rep. These two curves exhibit P,/Pyy below unity for all cavity lengths. We recover the experimen-
tally observed ratio Py;/Puyp > 1 for short cavity lengths only after both effects are taken into ac-
count.
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Fig. 6.11. The measured (points) and calculated (curves) threshold pump power ratio of VECSEL and VCSEL as a
function of external cavity length. The pump laser duration is 400 ps. The solid/dashed curve and squares/triangles are
the threshold ratios for the 7/4-period top DBR VECSEL. The two dotted curves are plotted for the 4-period top DBR
VECSEL assuming w/w,=1 or y=1, respectively. The error bars in the measured data points are the fitting errors in the
numerical fits of L-L curves.

6.5 Lasing Spectrum

We have extensive measurements of lasing spectra at different external cavity lengths in experi-
ments done with the 400 ps pump laser, and some of the results are presented here. Figure 6.12
shows linewidths of the lasing spectra as a function of the external cavity length at pump powers of
29.2 W and 138 W for samples with 7- and 4-period top DBR, respectively. The spectral linewidth
increases when the cavity length is decreased from the edge of cavity stability (at L = 50 mm). This
can be attributed to the fact that external cavity losses and threshold are lower for longer VECSEL
cavities (see Fig. 6.11), and this results in narrower cold cavity linewidths. In addition, at constant
pump power as in Fig. 6.12, the relative excess above threshold is higher for the longer cavity
lengths, which further contributes to spectral narrowing. The evolution of the laser cavity output
spectrum provides good evidence that the optical system operates as a VECSEL.
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Fig. 6.12 FWHM linewidth vs. cavity length for the 7- and 4-period top DBR VECSELSs, optically pumped at 29.2 and
137.5 W, respectively. The pump laser duration is 400 ps. Inset: Spectra of 7-period top DBR VECSEL at 49 (solid)
and 30 mm (dotted) cavity lengths.

Figure 6.13 shows the evolution of lasing spectrum of the 45 mm long 4-period top DBR VECSEL
when pumped at powers ranging from 86.7 to 147 W at the peak of the pulse. There is a slight blue
shift of the spectrum with increasing pump power. The primary mechanism for spectrum blue shift
is the free carrier screening effect, in which carriers generated by higher pump excitations screen
the internal electric field significant in [II-nitride QWs grown along the c-axis, which reduces the
quantum-confined Stark effect [118]. Band-filling effect in QWs also contributes to the blue shift in
spectrum. Due to the low duty cycle of the pump pulses, red shifting due to thermal effects is negli-
gible.
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Fig. 6.13. Lasing spectra of 45 mm cavity VECSEL incorporating 4-period partial top DBR stack at different (peak)
absorbed pump powers. The pump laser duration is 400 ps.

Figure 6.14 shows the full-width at half-maximum (FWHM) linewidths of the lasing spectra as a
function of absorbed pump powers for the 4-period top DBR sample operating as a VCSEL or a 45
mm cavity VECSEL. Linewidth is broad below threshold and drastically shrinks once above
threshold. While there are not enough data points around threshold to confirm agreement with
Schawlow-Townes behavior for linewidths, this linewidth reduction is nonetheless in general
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agreement. Far above threshold, linewidth broadens due to excitation of other lasing modes, and
possibly also due to change in material index under high carrier population.
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Fig. 6.14. The measured FWHM of spectrum linewidth for the 4-period top DBR sample operating as VCSEL (squares)
and as 45 mm cavity VECSEL (triangles), plotted as a function of the absorbed pump power. The pump laser duration
is 400 ps.

6.6 Beam Profile Measurement

To further confirm the impact of the external cavity mirror, we perform near field and far field
beam profile measurements of the VECSEL cavity output, when pumped with the 400 ps laser, us-
ing a charged-couple device (CCD) camera. The far field angular spectrum of the emitted radiation
is analyzed by placing the camera sensor in the focal plane of a lens. From far field and output beam
profile intensity patterns, the beam quality parameter M? is extracted.

Measurements are made for both VECSEL samples at cavity length of 49 mm, 35 mm, and 25 mm
as well as without external cavity mirror. Figure 6.15 plots the detected FWHM far field patterns.
As expected, the angular width of the VECSEL lasing mode is significantly smaller than that of the
semiconductor sample when operated as a VCSEL. The measured angular width exceeds that of the
fundamental Gaussian mode of the cold cavity, implying beam quality factor M? > 1. The enlarge-
ment of the mode divergence angle is likely due to inhomogeneity of the VECSEL sample and/or of
the pump beam profile.

For long cavity VECSEL, the beam quality parameter M? is evaluated from the beam parameter
product §-w(z), where @ is the measured beam divergence (from the far-field angular spectrum in
Fig. 6.15), and w(z) is the beam size measured at distance z>>zR=nw02//1 with wy being the funda-
mental cavity mode size at the VECSEL sample for M? = 1 (note that the measured FWHM values
of 20 and 2w(z) are adjusted to account for the fact that the beam parameter product is defined at e
intensity level). In our setup, we use z = 123 mm for Rayleigh distances z ranging from 0.75 mm
(when wy = 10 um) to 18.7 mm (for wy = 50 pm). We then calculate M? from the equation

M? =0-W(2)/ et * Wigeat (2) | (6.8)

107



where 4., and wiz..i(z) are the divergence and beam size for the ideal case of M2 = 1. For z>>zp,
we have 0400 = Mmwy and Wigewi(z) = zA/mwy, where wy is calculated using methods detailed in Sec-
tion 6.4.3.

Figure 6.16 shows the extracted M” values. As expected, the M value of the semiconductor sample
when operated as a VCSEL is significantly larger than those of VECSEL. The cavity length 49 mm
gives the lowest M” value near 1.0 for the 7-period top DBR sample. This is the expected result for
a cavity approaching the semiconfocal configuration, for which the external cavity mirror provides
the strongest optical feedback as shown by the relative threshold dependence in Fig. 6.11.
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Fig. 6.15. The measured far field FWHM for VECSELs with 7 (squares) and 4 (triangles) periods of top DBR. The

pump laser duration is 400 ps. The curves show calculated angular widths of a cold cavity Gaussian mode assuming
Gaussian aperture of 50 pm diameter and M? = 1.0 to 4.0.
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Fig. 6.16. Extracted M? values plotted as a function of VECSEL cavity length. The pump laser duration is 400 ps. The
inset shows the beam intensity profile (true color) measured at 74 mm from the curved output coupler of 49 mm cavity
VECSEL with 7-period top DBR. (This distance corresponds to z =123 mm from VECSEL sample.) Note that all
measured M? values are greater than 1.0, but some of them have large uncertainties.
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Having extracted the M? values and the far-field angular width 26, one can estimate the lasing mode
size at the semiconductor sample for VECSELSs. Figure 6.17 shows the extracted lasing mode diam-
eter along with the theoretical predictions for a cavity with Gaussian aperture of 50 um diameter.
The misalignments in the resonant cavity, inhomogeneity of the VECSEL sample and/or of the
pump beam profile result in enhancement of the lasing mode size.
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Fig. 6.17. The extracted VECSEL beam waist diameters and calculated fundamental cavity mode size at the VECSEL
sample, plotted as a function of the cavity length for Gaussian aperture of diameter 50 pm and M? factor of 1.0, 1.5, and
2.0. The pump laser duration is 400 ps.

6.7 Spontaneous Emission

We examine variations of the spontaneous emission factor f,, which is proportional to the ratio
between the spontaneous emission radiated into the solid angle occupied by the cavity mode and the
total spontaneous emission radiated by the VECSEL QWs [119]. In particular, S, is expected to
vary with the cavity length following the measured dependence of the mode angular FWHM in Fig.
6.15.

One can extract the spontaneous emission factor S, from measured L-L curves, using the equation

for integrated output intensity [115] 7y, o< r—1+4/(r— )2+ 48,1 , where r = Lyymp/Iy- 1s the normal-

ized pump rate. In Fig. 6.18, we plot S, as a function of cavity length for VECSEL under 400 ps
pumping. Using numerical fit, we estimate f, to range from 5x 107 to 1.0x107 for most cavity con-
figurations, with the outliers of 9.4x10™ and 2.0x107 for the cases of 45 mm 7-period top DBR
VECSEL and 47 mm 4-period top DBR VECSEL, respectively. Large variations in S, might be
attributed to errors in the L-L measurements below threshold.

In the 7-period top DBR sample, fy, tends to be smaller than in 4-period top DBR sample (at least at
the longer cavity configuration). This is correlated with the angular widths of the lasing mode in
Fig. 6.15 being smaller in the 7-DBR case. This correlation can be attributed to the fact that sponta-
neous emission factor is proportional to the solid angle occupied by the cavity mode [119].
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Fig. 6.18. Spontaneous emission factor f, as a function of VECSEL cavity length under 400 ps pumping for samples
with 7 (squares) and 4 (triangle) top DBR periods. The pump laser duration is 400 ps.

6.8 Lasing Waveforms

For measurements made with the pump laser with 10 ns pulse duration, we examine the lasing
waveforms of the VECSEL and VCSEL output pulses by using a biased photodiode (<1.0 ns
rise/fall time) fed to an oscilloscope. For these measurements, a small portion of the pump pulse is
deflected by a thin glass slide into a second photodiode, yielding a trigger signal to the oscilloscope.

Figure 6.19 shows two lasing waveforms: the 7-period top DBR sample operating as a semiconfocal
VECSEL when pumped at peak power of 6.62 W, and the same sample operating as a VCSEL
when pumped at 5.32 W (the traces are shown shifted along the vertical axis). The overshoot at the
leading edge seen in the VCSEL waveform might be due to damped relaxation oscillations in the
VCSEL, which cannot be resolved with our detector. The pump pulse rise time from 10% to 90% of
the peak is ~5.6 ns (see the inset in the figure). The rise time of the VECSEL output lasing pulse is
4.4 ns, and the VCSEL rise time is 2.0 ns. Both are shorter than the rise time of the pump pulse, and
this dynamic behavior is expected. Lasing emission builds up only when the accumulated carrier
density in the QWs rise above the VCSEL lasing threshold, resulting in a delay of the lasing pulse
and compression of the rising front. Contrasting to this, below threshold, the luminescence wave-
form rise times are the same as those of the pump pulse.

In VECSEL, the delay time to emission is larger than for VCSEL (as measured at 50% of the rising
front). This behavior is also expected as it indicates that longer time is needed for a lasing pulse to
build up in 50 mm long cavity VECSEL as compared to VCSEL with ~1 pm effective cavity length
(see discussion in the beginning of Section 6.3).
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Fig. 6.19. Lasing output pulse of the 7-period top DBR sample operating as a semiconfocal VECSEL (top) and VCSEL
(bottom) when pumped by 10 ns long pulses. The traces are shown shifted along the vertical axis. Inset: Envelope of
pump pulse; the rise time is ~5.6 ns.

In Fig. 6.20, we plot the lasing pulse delay time (to 50% of the peak intensity) as a function of the
pump power for the 7-period top DBR sample operating as a semiconfocal VECSEL and as a
VCSEL. From the measured evolution of the lasing pulse delay time #;, we evaluated the carrier
lifetime 7z, in the semiconductor QWs under our optical pumping conditions, using the relationship
[120]

td =7, 1n[Ppump /(Ppump - Pth )] ’

(6.9)

where Py, is the lasing threshold pump power. The extracted carrier lifetime 7, is 2.5 ns, typical for
InGaN QWs [70], [121]. This is important parameter for the modelocked laser model in Chapter 7.
Note that we cannot obtain a proper fit for the VECSEL delay times, likely because the relationship
in Eq. (6.9) is not valid in the case of external cavity VECSEL.

3.0 T T T T T T )
v ® VCSEL
iconfocal VECSEL
70‘2'5‘ v ¥ Semiconfoca CS
£
520 v,V v
‘@ v
g
8154 Vv
c
o
‘© 1.0 |
(2]
2 °
0.5 ® 1
s 4,
0.0 T T T T T T
0 1 2 3 4 5 6 7

peak pump power (W)

Fig. 6.20. Lasing pulse delay time vs. peak pump power for semiconfocal VECSEL with the 7-period top DBR (trian-
gles) and for the case when it was operating as a VCSEL (circles). The pump laser duration is 10 ns.

Unfortunately, we did not have the opportunity to measure the time resolved lasing waveforms un-
der optical pumping by 400 ps pulses. Analysis of V(E)CSEL delay times to lasing as a function of
optical pump power might yield insights to additional mechanisms that would increase the lasing
threshold when pumping with short pulses. For example, we expect that if the delay time is longer
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than the duration of the optical pump pulse, then lasing will not occur. So under pumping by 400 ps
pulses, the delay times must be less than 400 ps for lasing to occur, whereas under pumping by 10
ns pulses, lasing can still occur even if the delay times are significantly longer 400 ps (as can be
seen in Fig. 6.20). This might explain some of the discrepancies between measurement and theoret-
ical prediction in Section 6.4.3 regarding the ratio of lasing thresholds under 400 ps and 10 ns pump
pulses.

6.9 Challenges and Difficulties for Atomic Clockwork

In summary, we report operation of a group IlI-nitride VECSEL with cavity length up to 50 mm
under optical pumping by pulses of 400 ps and 10 ns. Lasing threshold is observed to be significant-
ly lower under 10 ns pulse pumping. A model has been developed to explain the change in lasing
threshold with the VECSEL cavity length. We have analyzed the lasing beam profiles and optical
pulse envelopes. The achieved VECSEL cavity lengths are large enough for placement of intracavi-
ty elements (e.g., a saturable absorber), making our VECSELSs suitable for various experiments in
wavelengths covered by the Ill-nitride materials system.

We have encountered some challenges in the course of our research with optically pumped
VECSELs. The first challenge is that currently, epitaxy of group IlI-nitride surface emitters is still
not matured enough to achieve good planar uniformity. Moving the optical pump beam spot across
our semiconductor samples in less than 1 mm distance, we have found large variations (a few na-
nometers) in the lasing spectra. Since our saturable absorber is the atomic transition of a **Rb vapor
cell, which is spectrally narrow, it becomes necessary to find a spot on our VECSEL sample surface
that lases at precisely the wavelength matching that of the *’Rb atomic transition. This can be highly
challenging given the large variations in lasing spectra obtained from different spots on a single
VECSEL sample.

Another issue is specific to the measurements and characterizations performed here. Our pump la-
sers are pulsed 355 nm wavelength lasers (pulse duration of either 400 ps or 10 ns). We have found
that the pump laser repetition frequencies drift over the course of operation. In addition, there are
differences between each lasing pulse, especially in waveform shape. Furthermore, these variations
are greater in the 10 ns pump laser, which was originally preferred over the 400 ps pump laser due
to reasons detailed in Section 6.4.3. These issues highlight the advantages that a high power CW
laser would have over pulsed lasers for optically pumping VECSELSs. In any case, a CW pump laser
would be needed for any VECSEL targeted for modelocked lasing work.
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Chapter 7 Modeling, Analysis, and Design
of Modelocked Lasers with Alkali Vapor
Cell Saturable Absorber

In this chapter, we use the SVB approach to modelocked laser analysis to theoretically investigate
the laser cavity configurations containing alkali vapor cell saturable absorber as described in Sec-
tion 2.3.1. The modelocked laser model in Chapter 2 assumes gain and absorber sections in a multi-
section laser diode, so adaptation is required for it to be applicable for our proposed laser cavity
configurations. First, we will adapt the model so that it is also applicable for the surface-emitting
optical gain chips as described in Section 2.3.2. Then, we adapt the model such that the description
of the saturable absorber fits the theoretical and experimental characteristics of the alkali vapor cells
given in Chapters 3, 4, and 5. Next, we will use this model to theoretically predict the operating
parameters where modelocked operation can occur in the four cavity configurations that we can
realize:

e with surface-emitting optical gain chip at 420 nm wavelength
e surface-emitting at 795 nm

e cdge-emitting at 795 nm

e cdge-emitting at 420 nm

Our model reveals that only some of the proposed laser cavity configurations are suitable for practi-
cal realization of modelocked operation. For the configurations that are suitable, we will finalize the
design of the cavities using paraxial optics approximation and Gaussian beam analysis. These de-
signs will serve as the starting point for experimental realization of such laser cavities.

7.1  Adaptation of Modelocking Model to Gain Chips

The four laser cavity configurations that we will investigate are Fabry-Perot cavities (two end mir-
rors) with the saturable absorber in the center and the gain section near a cavity end mirror as de-
picted in Fig. 7.1. In these cavities, the alkali vapor cell saturable absorber does not contribute to
intracavity dispersion, and neither does the empty space inside the cavity. (For simplicity, we ignore
dispersion effects inside intracavity optics and the quartz cell holding the alkali vapor.) In our mod-
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el system, dispersion occurs only inside the semiconductor gain section. Therefore, the effective
dispersion in reference to the cavity length is

I, 2%
D=L *—
lC L aa)z . (71)
where /; is the gain section length, /¢ is the total cavity length, and w; is the half-width spectral
bandwidth of the gain section. Note that cavity length /¢ is the sum of gain section length, alkali cell
length, and the empty space length inside cavity.
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Fig. 7.1. Schematic of our proposed modelocked semiconductor diode lasers with alkali vapor cell saturable absorbers
are in Fabry-Perot cavity. Dispersion occurs only in the optical gain section. Abbreviation: M — Mirror.

Our proposed cavity configurations utilize both edge-emitting and surface-emitting gain chips.
Hence, for each type of emission profile, we need to develop separate expressions for cold cavity
loss coefficient ac, gain section saturation energy E;, and the unsaturated gain gj.

7.1.1 Edge-Emitting Gain Section

In a laser cavity configuration utilizing edge-emitting gain section, intrinsic material loss exists only
in the laser diode portion of the cavity. Thus, for the purpose of calculating the cold cavity loss ac,
the gain section length is simply the laser diode length, /; = Lgioq..- This yields the expression

1 1 1
oc =—| & Lypg +—=1
C ZC ( i~diode 7 Il( R1R2 )j . (72)

The terms R; and R, are the reflectivities of each mirror that form the laser cavity. The two mirrors
are (i) the output coupler, which is a high reflectivity mirror, and (ii) the back cleaved facet of the
laser diode with high reflectivity (HR) coating.

For both AlGaAs (795 nm) and GaN (420 nm) edge-emitting laser diodes, Lgioqz is 750 pm accord-
ing to product specification (AlGaAs diode) or measured from the mode spacing of amplified spon-
taneous emission (InGaN diode).

For gain section saturation energy E;;, the expression is

Eg=hw-A;v4/(0g/0On), (7.3)
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where /iw is the photon energy, 4; is the cross-sectional optical mode area on the gain section, v, is
the group velocity in the gain medium, and dg/on is the differential material gain. The gain section
active region quantum well (QW) cross-section area A; has the expression

AL = dewNQW/F, (74)

where w is the ridge waveguide width, dow i1s the individual QW thickness, Ngy is the total number
of QWs in the gain chip, and I is the optical confinement factor.

Finally, the relationship between unsaturated gain g and the pump current /, as well as the expres-
sion for the current density J, are

J =1/wLyjpge, and &o =

2A) [a_g] LI . (7.5)

velcle\on) ed

We note that the expression for gy is the same as that given in Eq. (2.4). The expression for J is spe-
cific for the edge-emitting gain chip.

7.1.2 Surface-Emitting Gain Section

In a laser cavity configuration utilizing surface-emitting gain chip, intrinsic material loss exists only
in the semiconductor portion of the cavity, but the effective length of this region is not as well de-
fined as in the edge-emitting structure case. Consider Fig. 7.2, which is an illustration of a laser
cavity utilizing a VECSEL gain chip. The active region (specifically, the barrier region surrounding
the quantum wells) is part of the overall laser cavity and should clearly be counted when consider-
ing cold cavity loss. The top capping layer is counted as well. However, the bottom side distributed
Bragg reflector (DBR) stack that serves as a cavity mirror is also made of semiconductor, and the
lasing pulse’s electric field penetrates partially into it. Therefore, the depth of penetration should be
considered for the purpose of calculating cold cavity loss ac [122], [123].

lc

Qutput
FRURNY IR i )\

| Top Capping Layer
Bottom Active
DBR stack Region

Fig. 7.2. An illustration of the optical pulse’s electric field partially penetrating into the bottom side DBR stack of a
VECSEL gain chip. The effective length where the optical pulse experiences intrinsic material loss needs to account for
this DBR penetration depth in addition to the active region epitaxial thickness.
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The expression for cold cavity loss is therefore

1 1 1
o =—| o;dy +—1
c ZC( idp 5 n(Rle)]’ (7.6)

where d), is the effective active region barrier thickness (distinguished from the active region QW
thickness), consisting of the sum of the actual epitaxy active region thickness as well as the pene-
tration depth(s) into the bottom side (and top side, if applicable) DBR stacks. For commercial de-
vices, where the actual expitaxy active region thickness is unknown, we use the approximation that
it is one wavelength long.

In Eq. (7.6), the terms R, and R, are the reflectivities of each mirror that form the laser cavity. The
two mirrors are (i) the output coupler mirror, and (ii) the bottom side DBR stack of the gain chip.

The expression for intracavity dispersion is also different from that of a cavity utilizing edge-
emitting gain chip. In a surface-emitting gain chip, the total thickness of QWs in the chip contrib-
utes to optical gain, hence gain section length /;=dowNow, where dow is the individual QW thick-
ness and Noy is the total number of QWs in the gain chip. However, contributions to dispersion
comes from not just the QWs but also include the entire length in the gain chip that the electric field
of the lasing pulse occupies, which is effective active region barrier thickness d,. We modify Eq.
(7.1) to read

d—ba) 2 0%k
lc L aa)z (77)

D* =
For gain section saturation energy Ej;, expression from Eq. (7.3) cannot be used because the optical
confinement factor I" is not applicable to surface-emitters. The expression here is

E=hw-A;-ve/(0g/On), (7.8)

where A, is the optical mode area at the gain section. It is defined by oxide current confinement
aperture for electrically-pumped VECSELs, or by the area of the pump beam spot for optically-
pumped VECSELs.

For unsaturated gain gy and the pump current density .J, the expressions for electrically-pumped
gain chip are

J=1/4; , and &=

d [a—gj LI nyy. (7.9)

velclc\on ) ed

where / is the pump current. For the optically-pumped VECSEL gain chip, the concept of pump
current does not apply. Fortunately, the rate at which carriers are generated when the VECSEL chip
is under optical pumping can be easily converted to an equivalent pump current density. This carrier
generation rate is found by experimentally measuring the light-light characteristics of the optically-
pumped VECSEL in Chapter 6.
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7.1.3 Summary of Gain Chip Parameters

In Table 7.1, we summarize the model parameters of our four optical gain chips (see Table 2.1 in
Section 2.3.2), and we use them in our modelocked lasing analysis model with the SVB approach.
Note that the gain chips belong to two different material systems, III-V (AlGaAs/GaAs) and III-
nitride (InGaN/GaN), and each has its own material parameter such as 6g/0n and n,,.

InGaN AlGaAs AlGaAs InGaN
VECSEL VECSEL Edge-Emitter Edge-Emitter
Wavelength: A (nm) 420 795 795 420
Differential material gain: 6 6 6 6
dg/on (cm’/s) 2.2x10 1x107 [124] 1x10 2.2x107[31]
Intrinsic material loss: o; (cm™) 35 40 40 35
Transparency cartier 1.6x10" 2x10" [125] 2x10'8 1.6x10"
density: n, (cm™)
Gain section carrier ~2 [121], also N _ _
lifetime: 77 (ns) see Section 6.8 2 [126] 2 [126] 2[121]
Individual quantum well
thickness: dow (nm) 2 10 10 3
Number of
quantum wells: Noy 24 3 ! 2
Optical confinement: T' n/a n/a 0.02 0.02
Surface-@mltter optical 30 4 o/a o/a
mode diameter (pm)
Effective active region
barrier thickness: d, (um) 0.420 2.4 na a
Edge-emitter laser
diode length: L4 (Lm) n/a n/a 750 750
Ridge width: w (um) n/a n/a 3 2.5
Group index: n,=c/v, 3.5 3.6 3.6 3.5
Sellemeier coefficients A=356, A=35, A=35 A=356
(for calculating dispersion) B=1.75, B =7.4969, B =7.4969, B=1.75,
C=0256um | C=04082um | C=0.4082um | C=0.256 um

Table 7.1. Summary of optical gain chip diameters, the gain chips are in either edge-emitting or surface-emitting geom-
etry, and in AlGaAs or InGaN material system. Note that total gain region thickness d is d=dyyNoy. Abbreviation: n/a
— not applicable

One issue that a reader might take with the parameters here is that the intrinsic material loss o; for
an edge-emitting gain chip is the same as that for the surface-emitting gain chip in the same materi-
al system. In standalone laser diodes, surface-emitters usually have higher o; than edge-emitters
because of intracavity diffraction losses produced by the oxide aperture (used for current and optical
confinement). In external cavity configuration, however, there is a mismatch of mode size in the
edge-emitting laser diode with that of the external cavity, and this is similar to the intracavity dif-
fraction loss effect in a standalone vertical-cavity surface-emitting laser (VCSEL). For the sake of
simplicity, we take a; to be the same for both edge-emitting and surface-emitting laser diodes. This
also allows more simple comparisons between the different laser configurations in Section 7.3.

7.2  Adaptation of Modelocking Model to Alkali Vapor Absorber

The saturable absorber of our modelocked laser system, an alkali vapor cell, is very different from
the semiconductor saturable absorber in the SVB approach for modelocked analysis. We need to
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largely modify the absorber portion of the modelocked laser analysis model in order to correctly
represent the *’Rb vapor absorber.

We establish the effective absorber parameters in the small signal regime, where bleaching of the
absorber by the pulse is negligible (the pulse energy is small compare to saturation energy of ab-
sorber). These parameters are the effective absorption cross-section, transparency conditions, and
their “biasing” via the effects of temperature change. This will allow us to estimate the saturation
energy of absorber. Finally, we elaborate the model for absorber recovery time.

7.2.1 Narrow Spectral Bandwidth of Alkali Vapor Cell Absorber

An important aspect of the alkali vapor cell saturable absorber is that its absorption spectrum can be
relatively narrow compared to the spectrum of the modelocked optical pulse train, at least under low
buffer gas pressure. In steady-state modelocked lasing regime, the optical spectrum consists of con-
tinuous wave (CW) cavity modes separated by a frequency equal to the hyperfine frequency split-
ting of the ground states of alkali atom. If the linewidth of absorption is small, it is possible that the
saturable absorber interacts with only two optical modes in the pulse train spectrum. This is concep-
tually illustrated in Fig. 7.3 where an example optical comb constituting a modelocked pulse train is
overlaid with experimentally measured absorption spectra of a **Rb cell with 6 torr of N, buffer gas.
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Fig. 7.3. Measured transmission vs. relative frequency for a ¥Rb cell with 6 torr N, buffer gas, under interrogation at
795 nm wavelength (D, line). Cell temperature is 60° C, and interrogating optical intensity is 0.20 mW/cm?. An exam-
ple optical frequency comb constituting a modelocked pulse is overlaid with the transmission spectrum to illustrate the
limited interaction between the absorber and the lasing modes.

In contrast to the limited overlap between the absorption spectrum and the spectrum of the
modelocked optical pulse train, the SVB model was made assuming that a semiconductor saturable
absorber interacts with entire optical spectrum of the pulse. However in our case, even if the alkali
vapor cell saturable absorber completely absorbs the two optical modes in the center of the optical
pulse spectrum, the other cavity modes will be transmitted through the cell, nominally without at-
tenuation. As a result of fixed phase relationship between these optical modes, the optical pulse
train will be transmitted through the absorber cell, although the output spectrum and the pulse enve-
lope may be distorted.
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To illustrate this point, we consider transmission of an optical pulse train with pulse duration of 10
ps at full-width at half-maximum of intensity (FWHM) and with repetition rate equal to the alkali
atom ground state hyperfine splitting frequency (3.036 GHz for *Rb). Recall that in modelocked
lasing operation, the amplitudes of the optical modes are in steady-state. Assuming further that the
electric field envelope of each optical pulse has hyperbolic secant shape, we then calculate the Fou-
rier series of such optical pulse. Interaction with the absorber attenuates only two center modes,
represented by scaling the amplitudes of two terms in the Fourier series. The optical pulse shape
and energy after interaction with the absorber is then reconstructed and calculated from the modi-
fied Fourier series.

Figure 7.4(a) plots this example pulse intensity of 10 ps FWHM before and after interaction with an
absorber that completely absorbs the two center modes, and Fig. 7.4(b) illustrates the frequency
spectra. Because a 10 ps pulse consists of quite a few number of optical modes, the complete elimi-
nation of just the two central modes results in a relatively small change of the total pulse energy.
This example also illustrates that pulse shape in time domain has not been largely distorted as op-
posed to the optical spectrum. In addition, the pulse envelope remains symmetric, which allows for
the second-order expansion on cumulative pulse energy in the vicinity of the pulse peak, the main
approximation used in the SVB method [31]. This justifies our use of the SVB approach for solving
modelocked lasing dynamics in the pulse energy domain as opposed to in the frequency-domain or
time-domain as in methods.
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Fig. 7.4. (a) Intensity profiles and (b) center view of the optical pulse spectra of 10 ps pulse before and after interaction
with an absorber that is completely absorbing on the center two modes.

This illustration brings us to an important parameter in our model, the effective spectral overlap
parameter p, which allows us to account for the partial spectral overlap of the modelocked pulse
train and the narrowband absorption in the cell. It is defined as the energy ratio of the transmitted
and incident optical pulses with two central spectral components being totally absorbed in the cell,
like in our example of Fig. 7.4(a), for which p=0.832. In cases where the modelocked pulse train
has a very wide spectrum compared to the alkali vapor cell’s absorption spectrum, the effect of the
absorber on the transmitted pulse energy would be weak, and p would be close to 1. In cases where
the optical pulse train has only two spectral components in perfect overlap with the absorption spec-
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trum, we would have p being close to zero. Note that p does not depend on the cell length, absorp-
tion cross-section or density of Rb atoms in the cell.

To properly implement this spectral behavior in our model, we use an iterative approach for solving
Eq. (2.16) in Section 2.4.2. First, we make an assumption on the modelocked optical pulse width (a
seed value in our iterative approach). Then, we calculate the effective spectral overlap parameter of
the optical pulse train and absorber given this two mode interaction behavior. After that, we run the
modelocked laser model simulation and calculate the resulting pulse width. If this pulse width is
different from our initial assumption, we change the initially assumed pulse width and rerun the
simulation. This process continues until we obtain an agreement between the initial and simulation
values for the pulse width.

In the general case, the two central modes are not absorbed completely. In the small signal regime,
where bleaching of the absorber is negligible, their intensity transmission through the cell is defined
by the CW dual frequency m-polarized interrogation scheme with transmission
Tpr=exp(—ongsLco/2) as given by Table 3.1 (where o is the 5Rb absorption cross-section, ngp is
the *Rb vapor density, and L. is the alkali vapor cell length). These should be accounted for in the
Fourier series expansion of electric field envelope of the pulse train by scaling the amplitudes of the
two corresponding spectral components of Fourier series expansion with a transmission factor

~Tpr (instead of their complete elimination used to define the effective spectral overlap parameter

p). The result is illustrated in Fig. 7.5, using the same example of the pulse train with 10 ps pulse
width.
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Fig. 7.5. Using the example of 10 ps optical pulse, we plot the energy transmission factor 7% of the pulse as a function
of the absorber’s intensity transmission factor Tpr. Here, the effective spectral overlap parameter p=Tg(Tp=0) is 0.832.

In Fig. 7.5, we plot the energy ratio T of the transmitted and incident pulses as a function of alkali
vapor cell transmission 7pr under steady-state dual-frequency (DF) interrogation by the two central
modes in the pulse. The energies of the transmitted and incident pulses are obtained by integrating
the instantaneous optical power over time, e.g. curves in Fig. 7.4(a). We see that there is a linear
relationship between transmitted pulse energy and DF intensity transmission 7pr of the cell. Simple
analysis based on Fourier series expansion yields the relationship
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Te=p+(1—p)Tpr. (7.10)

In the limit of very strong resonant absorption, this expression recovers the effective spectral over-
lap of the pulse train and absorber: lim 7z = p. This expression allows us to obtain the effective

Tor —0
small-signal (unsaturated) absorption cross-section of Rb atom in the 6-level model of alkali vapor
cell absorber when interaction with entire spectrum of the pulse train is considered.

Combining Eq. (7.10) with the expression Tpr=exp(—c-ngy-L..;/2) for steady-state DF & interroga-
tion, and assuming that absorption is small (o-ngp-L..;<<1), we obtain the following expression after
applying linear expansion:

Ty = p+(=p)-(1=0 ngy Lo /2). (7.11)

On the other hand, if we introduce the effective absorption cross-section ooy of Rb atom for interro-
gation with entire spectrum of the pulse train (like in SVB model), the cell transmission will read as
Tr = exp(—0eynrp-Leen/2), the same form for absorption under normal DF 7 interrogation. Applying
linear Taylor expansion and equating the expression to Eq. (7.11), we obtain

Oy =0-(1-p). (7.12)

The effective absorption cross-section accounts for the spectral overlap between the pulse train and
hyperfine line structure of absorber. It allows the six-level rate equation model of alkali vapor ab-
sorber to be used for describing interrogation of alkali atom with the entire optical pulse. For this,
we replace the absorption cross-section ¢ in our model in Chapter 3 with o-(1 — p) as per Eq. (7.12).
We emphasize that the assumption about small absorption is made in order to define the effective
cross-section of Rb atoms in Eq. (7.12) in such a way that it is independent of the cell length or den-
sity of Rb atoms.

Equation (7.12) is still valid when the buffer gas pressure is large enough such that the pressure
broadening of the absorption linewidths Av; is comparable to or slightly larger than the ground state
hyperfine splitting frequency vy This is applicable for our *Rb cell with 200 torr of N, buffer gas,
which has Av; of about 4 to 6 GHz compared to vyr of 3.036 GHz, depending on cell temperature
and atomic line (see Table 7.2). At these values of Av;, the two hyperfine ground states are still far
from intermixed, which is an important condition for Eq. (7.12) to be valid. We experimentally con-
firm this with measurement data in Fig. 7.6, where we present the absorption spectra of the 5Rb cell
with 200 torr of N, buffer gas under interrogation by either one or two lasers at 795 nm wavelength
(D) transition). In Fig. 7.6(a), we perform conventional spectroscopy by sweeping the lasing fre-
quency of a laser across the absorption features of the ®Rb D; line. We denote this laser as the
probe laser, and it is operating at a single frequency (SF). The probe laser intensity is well below
the saturation intensities of each absorption resonance. From the absorption spectrum, we can see
that due to pressure broadening, there is significant overlap between the two absorption transitions
from the ground state hyperfine levels. We denote these absorption transitions as Fe=2 and Fg=3,
referring to the ' quantum number of each ground state hyperfine level.
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In Fig. 7.6(b), we perform the same measurement of absorption spectrum, but with a second laser,
the pump laser, simultaneously performing SF interrogation at the F,=2 resonance with intensity
above that of optical saturation. We see that the addition of the pump laser interrogation significant-
ly changes the spectrum acquired by the probe laser, where the transmission at F=2 is increased
(cell is less absorbing), while the transmission at F,=3 is reduced (cell is more absorbing). In Fig.
7.6(c), the pump laser is instead interrogating on the /=3 absorption resonance instead. Here, the
spectrum acquired by the probe laser experiences a decrease in transmission at F,=2, and an in-
crease in the transmission at F¢=3.

From the two absorption spectra in Fig. 7.6(b) and (c), we clearly see that despite the significant
overlap of the absorption linewidths due to pressure broadening, the two ground state hyperfine
levels can still be treated as two separate levels as attested by the significant changes in absorption
spectra with the addition of the pump laser. Furthermore, the overall absorption feature is still ade-
quately narrow such that the absorber would still mainly interacts with two optical modes. There-
fore, the Eq. (7.12) is still valid even for this high buffer gas pressure cell.
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Fig. 7.6. Absorption spectra of ¥ Rb cell with 200 torr of N, buffer gas at the D line. Cell temperature is 65° C. (a)
Under conventional SF interrogation with only the probe laser, we plot the optical transmission 7 as a function of the
relative drive current of the probe laser. (b) We measure 7 when the pump laser is simultaneously performing SF inter-
rogation at F,=2. Here, transmission at F,=2 is increased while transmission at F,=3 is decreased. (c) Pump laser is now
interrogating at F,=3. Now, transmission at F,;=2 is decreased while transmission at F,=3 is increased.

7.2.2 Transparency Condition and “Biasing” of Alkali Vapor Cell Absorber

The modelocked laser analysis model takes the saturable electro-absorber as a two level system
with one ground state and one excited state. In the original SVB approach, the non-equilibrium car-
rier population density 7, in the electro-absorber is given as [99]

o = L (3 fm)-s [, ~n, 1=V} A - (7.13)
ot T,
This equation for the electro-absorber is analogous to Eq. (2.12) for the gain section. Here, 7, is the
absorber recovery time, 0g/0n is the differential material gain of the gain section, and modelocking
stability parameter s is the ratio of gain to absorber saturation energies. It is defined from both the
mode area ratio in the gain and absorber sections and the ratio of differential gain to differential
absorption coefficient. The term #,, is the transparency population density of the absorber. The elec-
tric field amplitude of the light being absorbed is 4, and it is normalized to the photon number den-
sity in the gain chip such that |A|2=I/ha)vg, where [ is the light intensity, Zw is the photon energy,
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and v, is the group velocity in the absorber medium. For the mode area ratio 4;/44 in the gain and

absorber sections, A(t)|2AL / A, is the photon number density in the absorber. Introducing this ratio

in Eq. (7.13), one may show that (0g/on)-s-A4/A; is the differential absorption coefficient and
s'A4/Ay gives the ratio of differential absorption to differential gain.

We now elucidate the bleaching of absorber by arriving optical pulse. When the absorber recovery
time 7, is much longer than pulse duration, the relaxation term can be neglected. After integrating
Eq. (7.13) over the pulse, this yields,

q7~qiexp(—Wp/Es4), (7.14)

Here, 4 :lArS(agJ[nt_(l_V y—n (/)] 1s the normalized initial roundtrip absorption before arrival

vgaClC on

of the pulse (see Eq. (2.3) and (2.4)), where n,(7) is the initial carrier density in absorber. The term

! T
q,= As(agj[n" (1-V.)—n,(f)] 18 the final normalized roundtrip absorption after the pulse, and

’ VgaClC on

n,(f) is the final carrier density. Absorber section saturation energy FE,4 is given by

E,=E,/s=hwdv,/s(dg/dn)

, and Pulse energy W, has the expression

W, =(wd /)| haw,| @) dt' = 2haw, 47,4, .

We adapt the expression for the alkali vapor absorber to a form that is analytically similar to Eq.
(7.13), which we do by first inspecting the rate equations in Section 3.2. Specifically, since
modelocking behavior will result in multiple optical modes, and our laser system is designed for
repetition frequency equal to the alkali atom ground state hyperfine splitting frequency, therefore
the ®Rb atoms in this laser system will be under dual frequency (DF) optical interrogation.

As noted in Chapter 3, short recovery time can be obtained by using linearly polarized (m) DF inter-
rogation, where the alkali vapor cell absorber has recovery time equal to the excited state lifetime
7.r. The use of m interrogation allows for the algebraic simplification of the six-level model into a
three level model. We take Eq. (3.1) and make the substitution that n; = n;y + n; |, where j =1, 2, or
3. Incorporating Eq. (7.12), we obtain the rate equations

0 B ny  o(l=p)n—n3) I M~

=M =P ,
ot Ty ho 2 Tq

d B ny o(l=p)ny—n3) I Ma N

—nNy =

o’ zrex ha 2 T,

d ny  o(l=-p)my—n3) I o(l-p)ny—n3) I n

a_n3:__3+ (A=p)m —n3) I  o-p)ny—n3) o (7.15)
t Tox hw 2 hw 2 7

g
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Here, [ is the total intensity of the light interrogating the alkali atoms. Making the substitution that
ng=ni+n; to denote the total ground state population density, and noting that the total Rb population
density ngs 1s equal to the total equilibrium ground state densities, ng=n ;1124 We obtain

i :n_g_o-(l_p)(ng_zn3) 1 _ng_an
o ¢, ho 2 T,
a > Ty ho 2 1, (7.16)

Recalling that this is a closed system, we have the relationship ng+n3=ng,, which we can use to
eliminate the n, term by replacing it with ng=ng,—ns.

We now establish the absorption coefficient. Following from Eq. (3.3), the absorption coefficient
equation is given by

ol ng —2ny npp =303

T e—d=—0(-p)E—"T=—0(1-p)R_3
% (1-p) 5 (1-p) 5 . (7.17)
The absorption coefficient is a=c(1—p)(ngy—3n3)/2. For condition of small signal, unsaturated ab-
sorption, which is what we are interested in, we have n;=0, therefore the absorption coefficient be-
comes a=a(1—p)ngy/2. Following from normalization to the roundtrip cavity loss aclc, the expres-
sion for unsaturated absorption ¢ is

aLcell Lcell 1
=—% ="t _—og-(1-p)n

wele  acly 2 (I1=p)-ngpy (7.18)
The insight we gained from finding ¢, is utilized to find absorber saturation energy Ey4. The im-
portant term is ng,—3n3, which is embedded inside the expression for absorption coefficient a and is
equivalent to the carrier density n, for an electro-absorber. To find E;,4, we start with the differential
time expression

3 200 =p)ngy =3n3) I 13

ox ho 2 7,

0 d
g(an —3n3)=—3§n3 = (7.19)

Note that ng, is not time dependent, hence its time derivative is zero. The next step is to integrate
Eq. (7.19) with respect to the time scale of one optical pulse. Making the assumption that the pulse
duration 7, is much shorter than all other time constants of the absorber (slow absorber), with z7,<<
Tox and 7, we use the approximation that we can ignore contribution from the 1/z., and 1/, terms in
the integral. The integration of the pulse intensity / over time yields the pulse fluence W,/A .,
where W, is the pulse energy and 4. is the optical mode area on the alkali vapor cell. Therefore,
the integration of Eq. (7.19) yields

_ w
ngy —3n3(f) = [ngy —3n3 (i)]exp{—%%wm/l_p} : (7.20)
cell
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where 7n3(7) and n3(f) are the excited state population before and after the optical pulse, respectively.
Comparing Eq. (7.20) with Eq. (7.14) gives us the expression for absorber saturation energy Ey4,

ESA =2ha)AceH /30'(1—,0) (721)

Equations (7.18) and (7.21) are dependent on alkali vapor cell temperature T..;. This is because Rb
population density ng, is dependent on 7., as given by Eq. (2.1), and absorption cross-section o is
dependent on T..; as well due the temperature dependence in both Doppler (Eq. (3.26)) and Pres-
sure linewidth broadening. Thus, in lieu of the conventional voltage biasing for semiconductor satu-
rable absorbers, the effective biasing of an alkali vapor cell absorber is the cell temperature.

Now we address the issue of the interrogating light being required to be linearly as opposed to cir-
cularly polarized. Jau and Happer’s successfully operating laser system uses A/4 waveplates [7], and
thus the atoms are under interrogation by circularly polarized light. However, their laser system
uses push-pull operation, whereas ours uses the modelocked lasing mechanism. According to our
six-level model describing optical absorption in alkali atoms, circularly polarized DF pumping will
result in absorber recovery with time characteristics equal to the spin relaxation time 7, which is
typically on the order of tens to hundreds of microseconds (see Chapter 4). This is much longer than
the recovery time of the semiconductor gain media (a few nanoseconds or less), and modelocking
operation should not be possible. Thus, it is definitive that the optical pulsation behavior reported
by Jau and Happer [7] is not modelocked lasing. In here, we note that DF optical interrogation with
linearly polarized light results in alkali atom with recovery time equal to the excited state lifetime.
As measured in Section 4.4, excited state lifetimes of alkali atoms can be reduced to around 1 ns
with high pressure N, buffer gas at 200 torr.

7.2.3 Justification of Adiabatic Treatment of Absorber Polarization

The original treatment under the SVB method is performed under the assumption that polarization
relaxation time 7> is much shorter than the optical pulse duration, thus the polarization of the ab-
sorption medium can be considered to be following the optical field adiabatically. For semiconduc-
tor saturable absorbers, 75 is on the order of 100 fs [99], therefore the adiabatic approximation is
valid for optical pulses of a few ps or more.

On the other hand, for alkali vapor absorber used in this research, 7, is not much shorter than the
optical pulse duration. Using the approximation that 75 is the mean time between collisions for Rb
atoms with buffer gas molecules, in a 200 torr N, cell, we have 7> = 0.3 ns at typical operating tem-
peratures of 60° to 100° C, which is much larger than the expected optical pulse duration of a few
ps. (Adiabatic treatment of polarization in the semiconductor gain section still holds true in this re-
search.) Nonetheless, the treatment performed in Section 7.2.2 to account for the alkali vapor cell
absorber can still be considered valid even though it was based on the adiabatic treatment of polari-
zation. In this section, we develop the justification.

Following from semiclassical Maxwell-Bloch equations, the absorber section in the original SVB
method is modeled by the expressions [99]
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oP,, P,.
ax __Pax ag/an(na —nV)A+,a&=—n—”— ag/a”(,4+PA++A_PA_), (7.22)
ot T, T, a1, T, ’ ”

where the indices '+' and '-' refers to forward and backward traveling pulses associated with slowly
varying amplitudes of electric field 4. and polarization P, .. The term ny is defined by the absorber
bias, and it is related to the normalized absorber bias parameter V,=(n,—ny)/n,.. For the cases consi-
dered in this research, because the absorber is placed in the center of the laser cavity, we ignore the
"' terms as there is no overlap of the optical pulse (unlike for the gain section as discussed in Sec-
tion 2.4.2). Note that we are assuming that the optical pulse is hyperbolic secant with A(t)=
Aosech(#/t,), where Ao refers to the amplitude of the pulse in the gain element.

The Rabi frequency in Eq. (7.22) is Q, = 4,+/s-(dg/0dn)/T, and adiabatic approximation for pola-

rization is valid if the Rabi frequency and the pulse width satisfy condition of the pulse area
7,Q0<<1 [127], [128].

Since Eq. (7.22) was developed for a laser system utilizing semiconductor saturable absorber, when
using alkali vapor cell saturable absorber as in this research, the expression for €y need to go
through some further adaptation. Recasting this to parameters of alkali vapor cell absorber establis-
hed in Section 7.2.2, we find the expression for the Rabi frequency of alkali atoms to be

30(1—- w
Q, =4, oA-py, 4, L, (7.23)
2T, A, \27,E,T,

p 54

where v, is the group velocity in the gain section, 4; is the gain section optical mode area, and 4.
is the optical mode area on the alkali vapor cell absorber.

For optical pulse energies, durations, and absorber mode sizes that are typical of simulation results
(including those presented in Table 7.2 in Section 7.3.3), our 7,02 is about 0.02 at the largest for the
wavelengths and semiconductor material systems that are used in this research. Therefore, we con-
clude that the adiabatic approximation for absorber medium polarization is valid for this research.

7.3  Modeling and Simulation Results

In this section, we use the SVB approach for modelocked lasing analysis, with adaptations detailed
in Sections 7.1 and 7.2, to investigate the viability of obtaining modelocked operation from semi-
conductor laser cavities with *Rb vapor cell saturable absorber. We will investigate the four differ-
ent configurations detailed in Section 2.3.1: (i) configuration as in Fig. 2.2(b) with the optically
pumped vertica-external-cavity surface-emitting laser (VECSEL) gain chip at 420 nm wavelength;
(i1) configuration with electrically pumped surface-emitting gain chip as in Fig. 2.2(d) with the 795
nm VECSEL; (iii) configuration as in Fig. 2.2(a) using 795 nm edge-emitting gain chip; (iv) also
edge-emitting but with 420 nm gain chip.

As detailed in Section 2.4.2, the modelocked lasing analysis model used here incorporates gain
compression. We start by specifying the sweep ranges and step sizes of saturated gain g; and ab-
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sorption ¢;. For each set of g; and ¢;, we calculate the corresponding cell temperature 7.y This is an
important step because T..; determines the Doppler broadening linewidth and the buffer gas Pres-
sure broadening linewidth. These two linewidth broadening terms directly affects the Rb absorption
cross-section o, calculated using Eq. (3.27) with the expression ¢ = nr.cf V(0), where the linewidth
broadening terms are input arguments for the Voigt function V. Absorption cross-section ¢ deter-
mines the absorber saturation energy E,4 as given by Eq. (7.21). Another term that is also tempera-
ture dependent is the absorber recovery time as given by Eq. (4.12) in Section 4.4. Lastly, the Rb
population density ngp is highly dependent on T,.;, and ngs is crucial in calculating gy as given in
Eq. (7.18).

After finding T..;, we next calculate (i) the normalized energy u and duration 7, of the optical pulse,
(i1) the unsaturated gain go and absorption g, (iii) check that x is real and positive, and (iv) check
for fulfillment of stable, self-starting modelocking conditions described by Eq. (2.8), (2.9), and
(2.10) incorporating modifications of Eq. (2.14). Finally, g; and ¢; are transformed back into the
physical operating parameter current density .J.

We note that the concept of self-starting stable modelocking for laser systems that utilize alkali va-
por cell saturable absorber is not as straightforward as it is for conventional modelocked laser sys-
tems (e.g., those in Section 2.2), and this is due to the alkali vapor cell absorber’s limited interaction
with the optical pulse train because of its relatively narrow absorption spectral bandwidth. For the
laser systems considered here, the stable modelocking condition in Eq. (2.8) and (2.9) is applicable
when the ¥Rb vapor cell absorber is already under dual frequency (DF) optical interrogation, i.e. by
the modelocked lasing pulse train. Meanwhile, the self-starting condition in the analysis model as
given by Eq. (2.10) is the requirement that any lasing can start in a cold cavity, i.e. when the small
signal roundtrip optical gain is greater than the small signal roundtrip loss. However, the start of
lasing is not necessarily the start of modelocked operation because this lasing might not interrogate
the cell at DF absorption resonance. We address the method to start modelocked lasing in Section
7.4, when we discuss practical realization issues for these laser cavities.

For all simulations, the absorber characteristics used are adapted from the measured parameters of
the *Rb cell with 200 torr of N, buffer gas. The choice for using this cell is due to its short excited
state lifetime. For modelocked lasing operation, the saturable absorber should have recovery time
shorter than that of the gain section, which is 2 ns or more. As measured in Section 4.4, the excited
state lifetime of the Rb cell with 200 torr N3 is 1.43 ns at temperature of 65° C for the D, transi-
tion in ¥Rb. For the 5S12-6P3); line at 420 nm wavelength, theoretical calculations made in Section
5.4.2 predicts excited state lifetime around 1 to 2 ns. For N, buffer gas pressure lower than 200 torr,
theoretical calculations on either the D; or 5S;,-6P3, line predict that the excited state lifetime
would not be adequately quenched to be less than 2 ns, the gain section recovery time. We therefore
select the °Rb cell with 200 torr N, as our saturable absorber.

7.3.1 Optically Pumped III-Nitride VECSEL

In Chapter 6, we use IlI-nitride (InGaN) VECSEL chips with top dielectric DBR in our experiments
due to the use of pulsed optical pump sources. We needed the top DBR to reduce the buildup time
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of the lasing mode in the VECSEL cavity in order to obtain lasing. In this section, we assume that
our III-nitride VECSEL gain chip contains no such top dielectric DBR, and that the chip is pumped
by a CW source.

The cavity length of a VECSEL must be slightly shorter than 50 mm in order to match the cavity
roundtrip frequency to that of the ®Rb ground state hyperfine splitting frequency of 3.036 GHz.
Thus, a concave external mirror with curvature of 50 mm or larger would be required to obtain a
stable optical cavity. Using paraxial optics and Gaussian beam analysis, we estimate that the cavity
mode size on the flat semiconductor sample range from 20 to 60 um diameter at cavity lengths near
50 mm for a mirror with 50 mm curvature. The size of the optical pump beamspot on the VECSEL
chip should match the cavity mode spot. The pump spot size on the semiconductor sample is deter-
mined by the optics focusing the pump laser. In our experiments with the III-nitride VECSEL in
Chapter 6, the achievable pump spot size with a lens with focal length (FL) of 50 mm is about 30
pm diameter minimum, which falls in the range of calculated cavity mode sizes. Therefore, we use
aperture size of 30 pm diameter in our simulations, as mentioned previously in Table 7.1. Note that
the pump spot size on the gain chip determines the gain section saturation energy E,; as given in Eq.
(7.8).

We assume a realistic optical pulse duration of 5 ps FWHM in intensity as a seed value to estimate
the spectral overlap parameter p. We find that the modelocking stability parameter s, the ratio of
gain section to absorber saturation energies, is approximately 14 when the optical mode on the *’Rb
saturable absorber has diameter of 30 um for cell temperatures ranging from 40 to 105° C. The val-
ue of s serves as a guide in our simulations. For a ring cavity, stable modelocked lasing can occur
only when s>1 [31] according to the SVB approach in modelocked lasing analysis. For the Fabry-
Perot laser cavities considered in this section, modifications to the SVB approach as detailed in Sec-
tion 2.4.2 results in the requirement of s>2 for stable modelocking operation. Practical experience
from using the SVB approach shows that stable modelocked lasing usually occurs when s ranges
from 4 to 15 for semiconductor gain chips, and it usually favors s at around 10. Therefore, it is quite
fortunate that we obtain s~14 for mode diameter of 30 um on the *’Rb cell. Note that s becomes
smaller as beam diameter increases, making it more difficult to obtain stable modelocking opera-
tion. We therefore select the absorber mode diameter of 30 um in our simulations. This mode size
determines the absorber section saturation energy as given in Eq. (7.21).

We present the results of our simulation and analysis in Fig. 7.7. Firstly, in panel (a), we depict the
laser cavity schematic. In panel (b), we plot the regions of g; and ¢; where stable, self-starting
modelocked operation is predicted to occur. The “tip” of this region corresponds to low pump pow-
er for the gain section, which is also where the modelocked optical pulse energy is lowest. At this
area, the pulse energy is much smaller than the absorber saturation energy E,4, and the methods to
solve the Haus-New modelocking master equation in the time domain are valid. As one moves
away from the tip of region in Fig. 7.7(b), the pulse energy increases, eventually until it is compara-
ble to or higher than E4. In these high pulse energy areas, only the SVB approach to solve the
modelocking master equation in the energy domain is valid because it does not require the assump-
tion that the pulse energy is much smaller than E4. This highlights the value of the SVB approach
as it is applicable to a much wider range of modelocked laser operation parameters.
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We focus further analysis on the “tip” of this region in Fig. 7.7(b), at lowest pump levels where the
gain chip is pumped at a level that is slightly above the lasing threshold. In panel (¢), we fix ¢; at
0.165 and sweep g; across this region, and we calculate and plot the physical operating parameters
of this system, which are the gain chip pump power and Rb vapor cell temperature. We note that
these temperatures are achievable and reasonable for our cell holder. Lastly, the optical pulse ener-
gy and pulse duration as a function of gain chip pump power are plotted in (d) and (e), respectively.
We note that the calculated pulse duration is self-consistent with the 5 ps seed value used in simula-
tions to estimate the spectral overlap of the pulse train and absorber.
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Fig. 7.7. (a) Schematic of the laser cavity configuration utilizing an optically pumped IlI-nitride VECSEL. Simulation
results: (b) Region of ¢; and g; where stable self-starting modelocked operation is predicted. Fixing g; at 0.165 and
sweeping g;, the optical pump power driving the gain chip and Rb vapor cell temperature are calculated (c). The output
optical pulse energy (d) and pulse duration (e) are calculated and plotted vs. the optical pump power.

Unfortunately, our model predicts that stable modelocking operation is possible only with gain sec-
tion spectral bandwidth 2%, greater than 135 meV. Specifically, the largest domain of operation
parameters that yields stable modelocking in Fig. 7.7(b) is when 24w, at around 145 meV. This is
an unrealistically large gain spectral bandwidth for IlI-nitride QWs in comparison to realistic values
of around 40 meV. More careful investigation using the model reveals that over the range of realis-
tic operation parameters (e.g., optical pump power, Rb cell temperature), the ability to obtain stable
modelocked operation is highly dependent on the intracavity dispersion. From the expression for
surface-emitter dispersion coefficient in Eq. (7.7), we see that D* is directly proportional to dj and
;. For the IlI-nitride VECSEL gain chip here, dj is 420 nm (Table 7.1), which is relatively short. It
is reasonable to assume that modelocked lasing operation is possible only for a range of D*, there-
fore the small value of d;, means that modelocking can be obtained only with large w;. In our case,
the value of o, that yields modelocking is unrealistically large for the III-nitride material. We there-
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fore conclude from our simulation that modelocked laser operation from a cavity utilizing an opti-
cally pumped IlI-nitride gain chip is not feasible.

7.3.2 Electrically Pumped III-V Surface Emitter

In this section, we investigate the possibility of obtaining modelocked lasing operation from an
electrically-pumped III-V surface-emitting gain chip. One potential advantage of such a gain chip is
that the operating current can be much lower than that of electrically-pumped edge-emitting gain
chip, on the order of a few mA for the surface-emitter rather than few tens of mA for the edge-
emitter. Here, our modeling and simulation use a VECSEL chip that is similar to commercially
available single mode VCSEL designed for lasing at 795 nm wavelength but does not incorporate
top DBR reflector. The gain chip is therefore a VECSEL, and we justify its use by noting that it is
possible to either (i) etch away the top DBR from the commercial VCSEL, or (ii) obtain such a
VECSEL chip through a semiconductor epitaxy company.

Near infrared single mode electrically pumped VCSELs usually have oxide current apertures of 3 to
5 um diameter which define the optical mode diameter. In our simulations, we assume our
VECSEL chip has the same structure as the VCSEL characterized in Fig. 2.3 in Section 2.3.2, ex-
cept without the top DBR stack. We assume aperture of 4 um diameter as noted in Table 7.1, which
yields free running threshold current of about 1.4 mA for a VCSEL, close to our VCSEL’s meas-
ured threshold current.

Our simulations are made assuming that the optical spot size on the %Rb cell is 60 um diameter.
The main reason for this choice of mode size on the absorber is that at this beam diameter, the
modelocking stability parameter s (the ratio of gain to absorber saturation energy) is around 10,
which is favorable to obtaining stable modelocked operation from practical experience using the
modelocked analysis model as stated previously in Section 7.3.1. Such a beam diameter cannot be
achieved by collimating the VECSEL output, but it can be realized by focusing the beam onto the
Rb vapor cell as indicated in Fig. 7.8(a).

Our simulations use a gain section spectral bandwidth of 27w;=56 meV, a very reasonable value for
quantum wells of this material system. This also means that spectral filtering/narrowing elements
like the etalon proposed in Section 2.3.1 is not needed for a III-V VECSEL gain chip. We obtained
self-consistency between the resulting modelocked pulse width and the seed value of 8 ps optical
pulse duration. The spectral overlap parameter p was calculated from this pulse duration, relating
the modelocked pulse train with the absorption spectrum of the *’Rb cell.

Figure 7.8(b) plots the regions of g; and ¢; where stable self-starting modelocked operation is pre-
dicted to occur. Again, we examine the “tip” portion of the region near the lasing threshold. At
¢~=0.221, the corresponding *’Rb cell temperature is around 44° C. This is a bit lower than the
common range of operation temperatures 60-100° C used for Rb alkali vapor cell in spectroscopy or
atomic clock applications. Nevertheless, it is a reasonable operating temperature, taking into ac-
count the fact that the Rb absorption spectrum can be experimentally observed at temperature >40°
C in RD cells of the same length. The simulation results for the Rb cell operating temperature are
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presented in Fig. 7.8(c), the output optical pulse energy is presented in panel (d), and the pulse dura-
tion is presented in panel (e), all for ¢;=0.221. Note that panel (e) confirms the self-consistency in
pulse duration with the initial seed value of 8 ps. From our simulations, we conclude that the laser
cavity configuration utilizing electrically-pumped III-V VECSEL at 795 nm wavelength may be
viable for modelocked lasing operation.
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Fig. 7.8. (a) Schematic of the III-V electrically-pumped VCSEL laser cavity configuration. Simulation results: (b) Re-
gion of ¢; and g; where stable, self-starting modelocked operation is predicted. Fixing ¢; at 0.221 and sweeping g;, the
gain chip pump current and Rb vapor cell temperature are calculated (c). The output optical pulse energy (d) and pulse
duration (e) are plotted as a function of the pump current.

7.3.3 Electrically Pumped III-V Edge-Emitter

The laser cavity configuration utilizing an electrically pumped III-V edge-emitter is especially in-
teresting because a similar configuration is used by Jau and Happer to achieve their push-pull oscil-
lator atomic clock [7]. However, we are targeting modelocked lasing operation here, a very differ-
ent phenomenon from push-pull oscillation. Therefore, we tailor our simulation and modeling to-
wards achieving stable modelocking, and some of the resulting parameters can be very different
from what was used in Jau and Happer’s laser cavity.

We assume optical pulse duration of 12 ps FWHM in intensity as a seed value to estimate the spec-
tral overlap parameter p. We obtained self-consistency between this seed value and the modelocked
pulse width from the result of simulation. The gain section spectral bandwidth used in these simula-
tions is 24w;=50 meV, a reasonable value for III-V QWs in edge-emitters. Therefore, intracavity
etalon filtering is not required to reduce the gain bandwidth.

Using Eq. (7.3) and (7.4) with parameter values summarized in Table 7.1, our edge-emitting gain
chip has a very small optical mode cross-sectional area (A4;=3x 107" sz) and hence small satura-
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tion energy E;,=31.2 pJ. To obtain the modelocking stability parameter s (gain to absorber satura-
tion energy ratio) greater than 2 (see discussion in Section 7.3.1), the saturation energy of the ab-
sorber E;4 must be smaller than E;/2 or about 15 pJ.

The key to obtaining small £ is that the diameter of the optical beam on the Rb vapor cell absorber
must also be adequately small, as given by Eq. (7.21). For edge-emitting laser diodes with elliptical
output beams, we define the effective beam diameter as the geometric mean of the fast and slow
axes beam diameters. In a typical edge-emitting laser diode using typical optics, the achievable col-
limated output beam has effective diameter greater than 0.5 mm. This corresponds to s of about
0.025 or less, which is completely unsuitable for modelocking lasing operation. We therefore can-
not use collimated beams as Jau and Happer used for their laser cavity [7]. Instead, we must focus
the optical emissions from the edge-emitting gain chip. This is the only way to obtain an adequately
small optical mode diameter on the ®Rb vapor cell absorber to fulfill the condition s>2, which oc-
curs when the beam diameter is smaller than 55 um. Note that it is more favorable to obtain stable
modelocking when s ranges from 4 to 15 as discussed in Section 7.3.1, we therefore use a beam size
of 30 pum diameter on the *’Rb vapor cell, corresponding to s to be about 7.

The laser cavity schematics and simulation results are presented in Fig. 7.9. Panel (b) contains the
regions of g; and ¢; that result in self-starting stable modelocking operation. Just as we have done in
the previous two sections, we examine this region near the “tip,” where the gain chip is pumped at
currents that are too high above the absorber-free lasing threshold. At ¢~=0.401, the operating cur-
rent of about 58 mA is reasonable for a 750 um long edge-emitting laser diode gain chip. We spe-
cifically tailored our simulation parameters such that the results are achievable with laser diodes of
this length, which are commonly available. Panel (c), (d), and (e) presents the simulation results for
the operating temperature of the Rb cell, the output optical pulse energy, and the pulse duration,
respectively, when ¢;=0.401. We note that panel (e) gives us the self-consistency in the pulse dura-
tion with the seeding value of 12 ps. From these simulations, we conclude that the laser cavity con-
figuration utilizing electrically-pumped I1I-V edge-emitting gain chip at 795 nm wavelength may be
viable for modelocked lasing operation.
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Fig. 7.9. (a) Schematic of the III-V edge-emitting gain chip laser cavity configuration. Simulation results: (b) Region of
q; and g; where stable, self-starting modelocked operation is predicted. Fixing ¢; at 0.401 and sweeping g;, the gain chip
pump current and Rb vapor cell temperature are calculated (c). The output optical pulse energy (d) and pulse duration
(e) are plotted as a function of the pump current.

7.3.4 Electrically Pumped III-Nitride Edge-Emitter

For the laser cavity configuration utilizing an electrically-pumped IlI-nitride edge-emitting gain
chip, a schematic and simulation results are given in Fig. 7.10. Our simulations have revealed that a
lot of the same issue with saturation energies and optical beam size that were encountered in the
case of III-V edge-emitting gain chip in Section 7.3.3 also applies here, and they are more severe.
The absorption cross-section o of ¥Rb is more than one order of magnitude smaller at the 420 nm
wavelength 5S;,-6P3, line than the 795 nm D, line, and this is due to the absorber oscillator
strength of the former (9.4x 107%) being much smaller than that of the latter (0.342) as shown in Ta-
ble 3.2. When ¢ is reduced, the absorber saturation energy E;, increases as given by the relationship
in Eq. (7.21). Therefore, achieving s>2 requires even smaller optical beam diameter on the *Rb
vapor cell than all previous cases of gain chips considered. We obtain s>2 when the beam diameter
on the *Rb cell is smaller than 3.7 pm. For our simulations predict, we use beam diameter of 1.7
pum in order to obtain s~9, which should be more conducive for obtaining stable modelocking as
discussed in Section 7.3.1. A beam diameter of 1.7 pm is possible to achieve using conventional
optics, but it is very challenging to obtain from the point of view of practical realization.

We assume optical pulse duration of 6 ps FWHM in intensity as a seed value to estimate the spec-
tral overlap parameter p, and we are able to obtained self-consistency between this seed value and
the modelocked pulse width from the result of simulation. Figure 7.10(a) illustrates a schematic of
the cavity configuration. Panel (b) contains the regions of g; and ¢; that result in stable modelocking
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operation. Again, we examine this region near the “tip” which is near lasing threshold. At
q~=0.2665, the operating current for the gain chip is about 51 mA, which is reasonable for 750 um
long edge-emitting IlI-nitride laser diode. We note that such laser diodes are commercially availa-
ble. At this value of ¢;, the simulation results for the Rb cell operating temperature, the output opti-
cal pulse energy, and the pulse duration are presented in panel (c), (d), and (e), respectively. We
note that panel (e) provides self-consistency in pulse duration with the initial seed value of 6 ps.

In order to obtain stable modelocking operation as shown in the operation region in Fig. 7.10(b), we
use the gain section spectral bandwidth 27%w;=74 meV, which is far larger than realistic value of
around 40 meV for Ill-nitride QW in edge-emitters. From our simulations, we conclude that the
laser cavity configuration utilizing III-nitride edge-emitting gain chip at 420 nm wavelength is not
feasible for modelocked lasing operation.
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Fig. 7.10. (a) Schematic of the III-nitride edge-emitting gain chip laser cavity configuration. Simulation results: (b)
Region of ¢; and g; where stable, self-starting modelocked operation is predicted. Fixing ¢; at 0.2665 and sweeping g;,
the gain chip pump current and Rb vapor cell temperature are calculated (c). The output optical pulse energy (d) and
pulse duration (e) are plotted as a function of the pump current.

7.3.5 Summary of Simulations and Discussion

We summarize the main parameters in our simulations that leads to stable, self-starting modelocked
operation in Table 7.2. For each laser cavity configuration, we give the output coupling coefficient,
gain spectral bandwidth 2%w;, the gain section saturation energy Ej;, the beam spot diameter on the
Rb vapor cell saturable absorber d,4, the absorber saturation fluence Fi,, the vapor cell operating
temperature 7..;, the Doppler broadened linewidth Avp, the pressure broadened linewidth Av;, the
modelocking stability parameter s (the ratio of gain section to absorber saturation energy) at the
operating temperature, and the optical pulse duration zrmys (self-consistent with spectral overlap
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parameter p). We highlight parameters that are either unrealistic or unachievable in reality, thus
making that particular laser configuration unusable for our research.

HI-N 1aI-v -v II-N
Configuration VECSEL VECSEL Edge-Emitter Edge-Emitter
(A=420 nm) (795 nm) (795 nm) (420 nm)
Output Coupling Coeffi- 0.772 0.343 0.168 0.168
cient
2hw; (meV) % %
Gain spectral bandwidth 145 >6 >0 74
E. (pd)
Gain section 12700 261 31.2 26.9
saturation energy
dsA (Hm)
Beam spot diameter 30 60 30 1.7
on Rb vapor cell
T cell (K)
Rb vapor cell 359 317 398 494%*
operating temperature
Avp (GHz)
Doppler broadening 1.05 0.522 0.584 1.23
of linewidth
Av; (GHz)
Pressure broadening 5.62 3.88 435 6.59
of linewidth by buffer gas
Tex (1S)
Excited state lifetime 1.03 1.06 0.95 0.88
of ¥Rb
s§= EsL/E sA
Ratio of gain section to 14 11 7 9
absorber saturation energy
EsA (PJ)
Absorber saturation energy 007 237 4.46 2.99
Fyy (n/em?’)
Absorber saturation fluence 128 0.84 0.63 132
Trwam (PS)
Optical pulse intensity 5 8 12 6
FWHM duration
Intracavity Optical Pulse 2 0.829 0.094 0.088
Energy (pJ)

Peak Output Power 34W 36 mW 1.3 mW 2.5 mW
Average Output Power 52 mW 865 uW 48 uyW 45 uyW
Modelock Operating Cur- | 33 1.68 mA 574 mA 51.1 mA

rent / Pump Power

Table 7.2. Summary of simulation parameters for each laser configuration. Parameters denoted with * are unrealistic,
unachievable, or impractical for experimental realization.

The cavity configurations that are feasible for experimental realization are (i) the cavity utilizing
[II-V edge-emitting gain chip at 795 nm wavelength, and (ii) the laser cavity utilizing II-V

VECSEL gain chip, also 795 nm wavelength. We emphasize that the VECSEL gain chip should not
contain a top DBR stack.

From Table 7.2, one can see that the laser configuration utilizing I1I-V edge-emitting gain chip has
lower output powers than that with the III-V VECSEL gain chip. The first reason for this is that the
edge-emitting configuration has a smaller output coupling coefficient, given by
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(1/2)In(1/ RR,)

el (7.24)

Here, R; and R, are the reflectivities of the mirrors the form the laser cavity, ac is the cold cavity
loss, and /¢ is the cavity length. The factor of 1/2 in the expression accounts for power emission
from only one laser cavity mirror, which is the output coupler. Recall that o has different expres-
sions depending on the gain chip profile, and the expression is given by Eq. (7.2) for edge-emitters
and (7.6) for surface-emitters. Cold cavity loss ac is larger for edge-emitter because the semicon-
ductor portion of the laser cavity is longer (Lgiq.=750 um) than the VCSEL case (d;=2.4 um or
less), therefore there is larger overall material loss per cavity round trip.

The second reason that the cavity utilizing the edge-emitting gain chip has lower power than that of
VECSEL gain chip is that the laser operation point chosen by our simulations in Section 7.3.3 is not
far above the lasing threshold. If we were to operate the gain chip at higher drive currents, the
modelocked lasing pulses would have higher output power. However, obtaining stable modelocked
operation at higher drive currents is possible only with increased cell temperature. The cell tempera-
ture of 398 K for the operating point given in Table 7.2 is already relatively high.

In the next section in this chapter, we present the designs for the two cavity configurations that have
the most prospect for achieving modelocked lasing operation for atomic clockwork at 795 nm
wavelength.

7.4 Towards Practical Realization of Modelocked Laser Atomic Clock

Having established the two cavity configurations that have the possibility to achieve modelocked
lasing operation in Section 7.3, in this section we finalize their designs.

As discussed in the beginning of Section 7.3, the narrow spectral bandwidth of the alkali vapor cell
saturable absorber means that stable modelocking, defined as fulfilling Eq. (2.8) and (2.9), can only
occur if the cell is already under dual frequency (DF) optical interrogation. The issue is that ful-
filling the self-start condition of Eq. (2.10) only means that lasing of any kind (e.g., CW, Q-
switched) can start, but that is not necessarily the same as the start of modelocked lasing. We now
address the practical method of obtaining modelocked operation.

The laser cavity should be operating at above the lasing threshold, fulfilling Eq. (2.10). We next
force the optical gain chip to interrogate the *’Rb absorber in DF absorption resonance. This is done
by first generating optical sidebands by modulating the drive current of the gain chip with a radio
frequency (RF) synthesizer at frequency vgr equal to either the *’Rb ground state hyperfine splitting
frequency vgr or half of it, as discussed in Section 4.1.2 and 4.4. Then, we tune the optical bands
onto the *’Rb absorption resonances by careful adjustment of the DC laser drive current and tem-
perature, and possibly using tunable optical filters such as an intracavity etalon. This modulation of
the gain chip at microwave frequency also creates an oscillatory optical intensity in the time domain
that, together with the DF interrogation, act as a seed to modelocked lasing operation.
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Once stable modelocked operation is obtained, it should not be perturbed by the adiabatically re-
moval of current modulation, which is done as the final step. We note that this proposed method for
starting modelocked lasing operation is analogous to what Jau and Happer did to start push-pull
oscillations in their laser cavity [7].

In this dissertation, we have ignored the effects of coherent population trapping (CPT) of the *’Rb
atoms on the operation of our modelocked laser system. CPT slightly reduces absorption when the
DF interrogation is perfectly on absorption resonance. In our modelocked analysis, we ignore the
effects of CPT because the reduction in absorption is small compare to absorption variations due to
cavity roundtrip dynamics of modelocked pulses. However, CPT should have an impact after
modelocked lasing operation starts. This is because when two of the optical modes of the
modelocked pulse train are near DF absorption resonance, CPT effects should pull the modes to be
on perfect resonance. Therefore we may speculate that CPT effects will define the stability of the
modelocking repetition frequency in the atomic clock.

We now turn to the design of the laser cavities. Using ray transfer matrix with Gaussian beam anal-
ysis, we calculate and select realistically achievable positions and characteristics of all laser cavity
components. This includes the focal length of the focusing lens, the distance between semiconduc-
tor gain chip and focusing lens, the distance between the focusing lens and the alkali vapor cell, and
the output coupler cavity mirror curvature radius (and whether it should be flat or concave). The
goal is to obtain optical cavity designs that are both stable and consistent with the modelock simula-
tions.

7.4.1 I1II-V Edge-Emitter Cavity Design

Since the alkali atom species chosen for this modelocked laser research is *°Rb, its ground state
hyperfine splitting frequency of 3.036 GHz dictates that the laser cavity optical length to be 49.3
mm. However, the laser cavity consist not just free space but also semiconductor, lens, and alkali
cell walls, thus the physical length of the cavity is slightly shorter. For the purpose of experimental
realization of the laser cavity, we need to calculate the physical separation between the semiconduc-
tor chip and the external cavity mirror.

For the edge-emitting III-V laser diode gain chip (795 nm wavelength), the length of the diode is
750 um as given by the manufacturer. Scaling this penetration depth by the group index of refrac-
tion, which we take as n=3.6, we obtain the optical length of the gain chip. To find the physical sep-
aration between the gain chip and the output coupler cavity mirror, this chip optical path length is
one of the numbers to be subtracted from 49.3 mm.

The vapor cell has two walls in the path of the beam. Each wall is 2 mm thick. The wall material is
quartz, and it has index #=1.453 at 795 nm. The difference between the cell wall optical path length
and the physical path length, or (n—1)*4mm, is a length enhancement, and this is another number
that must be subtracted out from 49.3 mm.
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Similar treatment applies for the focusing lens. Given a lens with physical thickness of dj.,s and
index 7yns, the length enhancement is (70,5~ 1)dens. After subtracting this and the above two values
(gain chip length, cell wall length enhancement) from 49.3 mm, we obtain the physical distance
between gain chip output facet and the output coupler mirror. For the design, we choose lens focal
length (FL) and d.,, that are realistic when compared to commercially available products. The lens
characteristics are summarized in Table 7.3.

Summary of Lens Characteristics

Lenftgrl?ngth 2.00
Le‘g;n;éilclzlkmnz:ss 1.90
Lens Material D-ZLaF52LA

Index a?fn:s795 nm 1.793

Table 7.3. Summary of the characteristics of the lens used in cavity designs.

Our design places the Rb vapor cell in the middle of the cavity as oppose to near the output coupler
cavity mirror. The reasons are (i) placing the cell very near the cavity mirror is impossible due to
mechanical constraints, and (ii) the modelocked analysis model used in Section 7.3 were made with
account for such mechanical constraints, such that the Rb cell is not placed near the cavity mirror.
As previously discussed in Section 2.4.2, there are significant differences in how a gain or absorber
section should be treated in the SVB approach to modelocked analysis depending on whether or not
it is near a cavity mirror. Intracavity elements near a cavity mirror experiences overlap of the opti-
cal pulses incident to and reflected from the mirror, effectively doubling the pulse energy on that
element while the interaction is once per cavity roundtrip. Meanwhile, elements far away from the
cavity mirrors interact with the modelocked optical pulse twice per cavity roundtrip. These effects
drastically modify the modelocked stability conditions. The simulations in Section 7.3 are only val-
id if the Rb cell is in the middle of the cavity, therefore our design must place the cell in such a way.

We design the cavity so that the beam waist of the focusing lens is located in the middle of the cavi-
ty, where alkali cell will be placed. The beam waist at the center of alkali cell should be close to
what was used in our simulations, which was 30 um diameter for the case of III-V edge-emitting
gain chip as given in Section 7.3.3 and Table 7.2. However, modelocked analysis simulations were
made assuming circular beams while the output beam from an edge-emitting laser diode is ellipti-
cal. We account for this difference by defining the effective beam waist diameter dpe.n, as the geo-
metric mean of the beam diameter in the slow and fast optical axes, dy,. and dy respectively. The
EXPIession i dy,, =./dgpd ry - Note that when dpeqn is 30 um, the elliptical beam has the same opti-

cal mode area as a circular beam with 30 pm diameter and hence the same absorber saturation ener-
gy Esa.

Using ray transfer matrix with Gaussian beam analysis, we theoretically investigate the placement
positions and characteristics of optical elements. For these calculations, we utilize the Gaussian
aperture formalism presented in Section 6.4.4 and Eq. (6.4) to model the output aperture of the gain
chip, which defines the optical output mode size. The free running laser mode size was defined
from quoted divergence angles of about 30° and 10° for fast and slow axes (FWHM values), respec-
tively. In the fast axis, the FWHM mode size is 670 nm. Therefore the Gaussian aperture parameter
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A is defined by the mode diameter, defined at the e intensity level of maximum, of
2A=(670nmx=2)/(2In2)"*=1.1pm. In the slow axis, the FWHM mode size is 2.0 pm, and the Gaussi-
an aperture parameter A is such that mode diameter is 2A= 3.4 um (at ¢ intensity level).

We present the cavity design in Fig. 7.11, where we illustrate the design schematics and give the
placement positions of the elements. This design utilizes a single lens to focus the output beam from
the optical gain chip and an external cavity mirror (the output coupler) with curvature radius pys of
25 mm. In addition, we plot the calculated optical mode sizes (at half maximum intensity level) as a
function of position inside the cavity. We have good agreement between the calculated dpeqp, of 32.9
um with the target of 30 um. The used lens is commercially available, and the working distance of
~0.5 mm between the edge-emitting gain chip and the lens is not unreasonably small, especially if
the cap is removed from the TO can of the gain chip. The alkali vapor cell position is nearly in the
center between the lens and the output coupler cavity mirror, where there is adequate space for our
cell holder.
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Fig. 7.11. III-V edge-emitter (795 nm wavelength) cavity design. The gain chip output aperture is placed at position
x=0. The calculated optical mode sizes (at half maximum level) for fast and slow axes are plotted as a function of posi-
tion. The element sizes are not drawn to scale for illustration purposes. Abbreviations: FL — focal length; p,, — radius of
curvature.

7.4.2 1II-V Surface-Emitter Cavity Design

We perform the same procedure in designing the laser cavity utilizing III-V surface-emitting gain
chip. We first calculate the physical distance separating the gain chip with the external cavity mir-
ror. For the III-V VECSEL (no top DBR stack) chip at 795 nm wavelength, we do not know the
exact epitaxial structure, so we must make approximation. The bottom side DBR stack is one of the
cavity mirrors. Optical field partially penetrates into the bottom side DBR, and we make the as-
sumption about DBR penetration as we made in Section 7.1.2, which was one wavelength long pen-
etration (~800 nm). The full chip length is the effective active region barrier thickness dj or 2.4 um
as given in Table 7.1.
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Next, we decide on the placement of the laser cavity optical elements and their characteristics. The
beam waist should be located in the middle of the cavity, and this is where alkali cell will be placed.
To obtain the same absorber saturation energy E,4 as our simulation in Section 7.3.2, the beam
waist diameter should be 60 um, the same as what was used in simulation as shown in Table 7.2.
We use ray transfer matrix with Gaussian beam analysis to analyze our cavity design. As the
modelocking simulations were made assuming cavity mode size at VECSEL chip of 4 um diameter
(at FWHM), the Gaussian aperture A that mimics the effect of oxide confinement aperture leading
to such mode size has the parameter 2A=(4um><2)/(21n2)1/2=3.40um.

We present the design with VECSEL gain chip in Fig. 7.12, where we illustrate the design schemat-
ics and give the placement positions of the elements. We use the same procedure that was used in
Section 7.4.1 to obtain this design. Our cavity here utilizes a single lens with focal length of 2.00
mm (same as in Table 7.3) to focus the output beam from the optical gain chip, along with an exter-
nal cavity mirror with curvature radius pys of 25 mm. In Fig. 7.12, we also plot the calculated optical
mode sizes (at half maximum intensity level) inside the cavity as a function of position. The diver-
gence angle of the cavity mode emanating from VECSEL chip is 12.6°, very close to that of a
standalone device (no external cavity mirror). The calculated beam waist diameter of 53.7 um is
close to the target of 60 pm.

The design we present in Fig. 7.12 should be feasible to build. The lens is commercially available,
and the working distance of ~0.5 mm between VECSEL chip and the lens is not unreasonably
small, especially if the packaging on the gain chip is minimized for size (e.g., no TO can). The alka-
li vapor cell position is nearly in the center between the lens and the output coupler cavity mirror,
where there is adequate space for our cell holder.
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Fig. 7.12. IlI-V VECSEL (795 nm wavelength) cavity design. The VECSEL emission aperture is placed at position
x=0. The calculated optical mode size (at half maximum level) is plotted as a function of position. The element sizes are
not drawn to scale for illustration. Abbreviations: FL — focal length; p,, — radius of curvature of mirror.

140



7.5 Summary and Implications

In this chapter, we adapt the SVB approach to modelocked laser analysis model, first presented in
Section 2.4, for an alkali vapor cell saturable absorber as well as the possibility of using either sur-
face-emitting or edge-emitting optical gain chips. Then, we used this modified model to investigate
the four laser cavity configurations: (i) optically-pumped surface-emitting configuration with a 420
nm VECSEL chip; (ii) electrically-pumped surface-emitting configuration with the 795 nm
VECSEL gain chip; (iii) edge-emitting configuration using a 795 nm edge-emitting gain chip; (iv)
also edge-emitting configuration but with 420 nm gain chip.

Simulations using the modelocked laser analysis model revealed that two laser configurations utiliz-
ing 795 nm wavelength gain chips (III-V material system), in both edge-emitting and in surface-
emitting configuration, are more feasible from practical realization point of view in achieving sta-
ble, self-starting modelocked operation at reasonable driving parameters. We note that the edge-
emitting configuration at 795 nm wavelength is more practical than the surface-emitting configura-
tion due to the wide commercial availability of edge-emitting gain chips.

We then use ray transfer matrix with Gaussian beam analysis to design optical cavities that will
allow one to reach the modelocked operation regime in experiment. These stable optical cavity de-
signs are consistent with outcomes of the simulations used to analyze modelocked operation regime.
The design here will serve as the starting point for experimentally building active atomic clocks
based on semiconductor modelocked laser and *’Rb vapor saturable absorber.
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Chapter 8 Conclusion and Future Outlook

This dissertation addresses the various aspects of a potential active atomic clock based on
modelocked external cavity semiconductor laser with *’Rb vapor cell saturable absorber. Toward
the goal of realizing such atomic clock, theoretical and experimental work has been performed,
yielding novel results in the field of semiconductor lasers and atomic physics.

The most important component in any modelocked laser is the saturable absorber. In this research,
we investigate the feasibility of utilizing not only the traditional D, line of ®Rb atoms (795 nm
wavelength) for saturable absorber work, but also the less used 5S,-6P3/; line (420 nm). To proper-
ly treat an alkali vapor cell as a saturable absorber, we have developed a model for its optical ab-
sorption characteristics along with experimental measurements of *>Rb parameters that are vital for
modelocked lasing analysis.

We have developed a six-level atomic model for the absorption characteristics of alkali atoms. This
model is applicable when the atoms are under optical interrogation by a narrow linewidth laser, as it
would be inside a modelocked laser cavity. From this model, we theoretically develop the effects of
optical beam size and buffer gas pressure on ground state relaxation time 7, and spin relaxation time
T, building on realistic atomic population distribution profile arising from diffusion. We developed
steady-state optical interrogation methods to measure 7, and 7. Lastly, we developed a novel pump-
probe technique to measure the excited state lifetime z.,, a vital parameter for saturable absorber
operation.

In the D; atomic line, we experimentally measured the 7, and 7 of alkali atoms with optical beams
of different diameters, and we have found good agreement with our theoretical predictions. We also
measured the dependence of 7, and 7, on buffer gas pressure. Lastly, we use our novel pump-probe
technique to measure excited state lifetime 7., of 8Rb cells in the D line.

To perform spectroscopy measurements of *’Rb in the 5S,,-6P3 line at 420 nm wavelength, one
needs a single wavelength, narrow linewidth laser in the blue-violet spectral range with relatively
low noise characteristics. Because such an optical source with precisely quoted linewidth and noise
performances is not readily available, we have built and characterize a blue wavelength external
cavity diode laser (ECDL) for spectroscopy applications. Our characterization and analysis of this
ECDL lead us to conclude that micro-crack formation and propagation is a major contributor to the
mode clustering effect in III-nitride laser diodes, contributing to the ongoing discussion on the exact
origin of the mode clustering effect.

On the 5S;,-6P;3; line, we measured the pressure linewidth broadening and frequency shift coeffi-
cients of N, buffer gas, which are not found in literature. For the purpose of measuring the excited
state lifetime z,,, we started with the objective of obtaining a short optical pulse with precise wave-
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length, which we intended to use as the optical pump in a pump-probe technique for 7., measure-
ment. We were able to obtain solitary optical pulse generation with precise wavelength by using our
ECDL, as the master laser, to optically injection lock a passively Q-switched InGaN multi-section
laser diode (MSLD). To the best of our knowledge, the optical injection locking of a Q-switched
[I-nitride MSLD has never been done before.

Due to inadequate pulse energy from the MSLD, we then attempted to measure the lifetime 7z, in
the excited state 6P3, by using a continuous wave pump laser on the 5S;,-5P;,, line (instead of a
pulsed one at 5S,,-6Ps), line) and a probe laser on the 5S;,,-6Ps/; line. We performed pump-probe
measurements by using a distributed feedback laser at 795 nm wavelength as the pump laser and
our 420 nm wavelength ECDL as the probe laser. We note that the value of 6Ps), lifetime found in
literature [102], [103] is provided without supporting evidence, and this value is very different from
what one would obtain by taking the reciprocal of the 5S,,-6P3,, line transition strength [104].
Thus, it is of great interest to us to obtain a definitive lifetime value. In our experiments, the meas-
ured 7., of a ¥Rb cell with no buffer gas is close to the literature value in [102], [103]. Our pump-
probe measurements also showed that 7., in the 6P3/, state is reduced when in the presence of N,
buffer gas.

One of the possible realizations of our atomic clock based on modelocked laser with alkali vapor
cell absorber, as initially envisioned, incorporate Ill-nitride based vertical-external-cavity surface-
emitting laser (VECSEL) at 420 nm wavelength for operation on the 5S;/,-6P3), line of Rb. Prior to
this dissertation work, there were no reports of centimetric length external cavity Ill-nitride
VECSEL suitable for incorporation of intracavity elements. Therefore, we experimentally realized
an optically pumped IlI-nitride VECSEL with injection seeding from a microcavity, and we were
able to obtain lasing for a cavity as long as 50 mm, making such VECSEL suitable for incorporation
of intracavity elements such as a saturable absorber. This is the longest III-nitride VECSEL cavity
that we know of at the time of its realization. We have extensively characterized parameters such as
the lasing threshold, spectra, and beam quality factor as a function of the external cavity length, and
developed models detailing these dependence.

Finally, from the six-level model for alkali atoms and measurements from spectroscopy experi-
ments, we have adapted a state of the art modelock lasing analysis technique to incorporate a %Rb
vapor cell saturable absorber, for both the D; and the 5S;,-6Ps/, lines. From this, we investigated
different laser cavity configurations and the operation conditions that will yield modelocked lasing
operation. Possible realizations of our atomic clock based on modelocked laser with alkali vapor
cell absorber include I1I-V alloy based ECDL and VECSEL as well as IlI-nitride based ECDL and
VECSEL. We conclude that two configurations are mostly suitable for being attempted in experi-
ment, with the first configuration having the most prospects from a practical point of view: (i) the
cavity utilizing I1I-V edge-emitting gain chip at 795 nm wavelength, and (ii) the laser cavity utiliz-
ing III-V VECSEL gain chip, also 795 nm wavelength. We then use optical transfer matrix and
Gaussian beam analysis methods to design these laser cavities. These designs will serve as the start-
ing point for future experimental realization of such laser systems.

For the continuation of this research, the immediate plan would be the physical implementations of
the laser cavities. Through careful tuning of the gain chip drive current and the *’Rb vapor cell tem-
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perature, the goal is to reach the modelocked lasing regime. Finding the correct operation parame-
ters will be aided by modelocked lasing analysis simulations in Chapter 7, and these will be vital as
the operation parameter range has been predicted to be narrow. Once modelocked lasing is
achieved, the stability of the optical oscillation frequency would be characterized using standard
techniques for atomic clocks.

There are additional physics phenomena to be explored when modelocked lasing is achieved. For
one, the **Rb atoms would be subjected to resonant coherent population trapping (CPT) effect. Alt-
hough this slightly affects the absorption characteristics by creating a shallow absorption dip of
~1% or less, CPT resonance is expected to be the key mechanism which will determine the stability
of modelocked pulse repetition frequency. A better understanding of this mechanism would likely
aid in designing and building better active atomic clocks based on modelocked lasers.

As mentioned in Chapter 1, the choice of *Rb as the atomic species in this research is due to the
challenges of building short length optical cavities and small cell holders with conventional glass-
blown alkali vapor cells. Nevertheless, atoms with higher hyperfine splitting frequency such as *’Rb
and Cs are very attractive because atomic clocks that utilize them should, in theory, have better fre-
quency stability than clocks utilizing ®Rb. To utilize these atoms as saturable absorbers in
modelocked lasers, one should turn to short length alkali vapor cells fabricated using micro electro-
mechanical systems (MEMS) technology. This is an active field of engineering research that is cur-
rently pursued for micro atomic clocks based on CPT, and the research and development to fabri-
cate suitable MEMS-cells for modelocked laser saturable absorber should benefit from such syner-
gy. Potentially, very compact active atomic clocks shorter than 2 cm long can be achieved through
the use of MEMS-cells filled with Cs vapor. The theoretical and experimental methods developed
in this dissertation should lay a foundation in the development of such clocks.
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