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Abstract

In this thesis, high spatial, high spectral quality, ultra stable external cavity diode laser

(ECDL) sources and continuous-wave optical parametric oscillators (cw OPOs) are

designed, constructed and investigated.

The ECDL device that was constructed had an output power of 80 mW, spectral
linewidth less than 1 MHz, coarse tuning range of 18 nm, up to 6 GHz continuous

mode-hop free tuning, and excellent amplitude and spectral stability, making it
suitable to pump various cw OPO systems.

The .construction and characterisation of a new and simple electronic circuit is also

reported that allowed the ECDL spectrum to be scanned continuously over 80 GHz.

This thesis reports the novel direct pump of a doubly resonant (DRO) and a pump

enhanced (PE-SRO) continuous wave optical parametric oscillators based on

periodically-poled lithium niobate (PPLN) by an ECDL.

The DRO device, based in a 19 mm PPLN crystal, showed a threshold of 15.5 mW

and tuning outputs over 1.15-1.25 pm at the signal and 2.3-2.65 pm at the idler.

Locked single mode pair operation was sustained for periods ofmore than 5 minutes.

The PE-SRO was based on a 50 mm long crystal of PPLN with eight gratings equally

spaced in period from A=21.0 to 22.4 pm. The device showed a threshold equal to 25-

30 mW. The tuning range at the signal was 1.06-1.19 pm, corresponding to a range of

2.58-3.44 pm at the idler while the pump source was fixed at 812.5 nm.. The ECDL

pumped PE-SRO output was locked, using the Pound Drever technique, and showed

mode-hop free operation for more than an hour.



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Introduction

Frequency-tunable lasers are used extensively in spectroscopy and related fields.

Continuous wave (cw) lasers offer narrow linewidth operation for high resolution

applications. While in the visible to near-infrared spectral regions there are many

well-established tunable cw lasers, such as dye, semiconductor and other solid state

lasers, at longer wavelengths (2-5 pm, mid-infred region) there are few and less well-

developed cw tunable sources. In the mid-infrared region or "molecular finger print"

region, there are important atmospheric absorption features and generally this is a part
■' of the,spectrum with a growing interest in spectroscopic applications that include

pollution monitoring, atmospheric chemistry, chemical and biological warfare and
even medical diagnosis by breath analysis [1]. These applications demand a compact,

portable source with coherent output of high amplitude and frequency stability,
narrow linewidth, broad tunability and appropriate output powers for the required

application.

Although in recent years semiconductor technology has offered devices such as lead-
salt lasers, quantum well based devices based on GalnAsSb diode lasers and quantum
cascade lasers [2] that cover the mid-infrared region, these devices typically have a

very low power, operate at very low temperatures, have limited tunability, and

generally are not yet practical devices for the previously mentioned applications.

While new 2-5 pm laser sources may be developed in the future, alternative methods
can currently provide coherent cw light in this range. This thesis studies one of these

techniques, which is the external cavity diode laser (ECDL)-pumped cw optical

parametric oscillator (OPO).

1.2 Continuous Wave Optical Parametric Oscillator (cw-OPO)

The OPO is the laser source of choice if high peak or average powers, high
conversion efficiency, and broad continuous tunability is required. The OPO is an

optical converter. It converts monochromatic laser emission (pump) into tunable

output via a three-wave mixing process. The heart of an OPO is a nonlinear optical

1



Chapter 1: Introduction

crystal characterised by a nonlinear coefficient, dejf. In the crystal the pump photon is

converted, through a parametric generation process, into two photons of lower energy
(i.e. longer wavelengths), termed the signal and idler, that retain the coherent and

spectral properties of the laser pump source. The sum of the generated photons energy
is equal to that of the input pump photon. An important further constraint is that the

sum of the signal and idler wave-vectors must equal that of the pump (phase-matching
condition). The latter condition is never satisfied in the transparency range of the

isotropic media but can be fulfilled in bireffingent crystals. It can be fulfilled also in

quasi-phased matched (QPM) crystals with periodically modulated nonlinearity, in
which the artificially created grating compensates for the wave-vector mismatch. The

optical parametric generation is widely tunable over the transparency range of the
nonlinear medium since there are many signal/idler combinations that can satisfy the

phase-matching condition. The nonlinear optical gain derived from the parametric

generation process is required to be enhanced more. Therefore an optical resonator is

required to enhance this process. By placing the non-linear crystal in a cavity which
exhibits feedback at the signal, idler or both fields, an OPO is formed (Figure 1-1).

Signal cos

Energy Conservation: co^cOg+cOj

Figure 1 -1: An Optical Parametric Oscillator (OPO).

The optical parametric process can be initiated in the presence of at least one resonant

field (signal or idler). Which of the generated fields is going to be the resonant

depends on what wavelength is desired to be used as an output from the device and on

the power capabilities of the pump source. The OPO can be categorised according to
the number of the resonating fields within the cavity. If only one of the optical

parametric fields (signal or idler) resonates within the cavity of Figure 1-1 then the
configuration is called singly resonant OPO (SRO). If both parametric waves (signal
and idler) resonate within the cavity, the device is known as a doubly resonant OPO

2



Chapter 1: Introduction

(DRO). When the pump as well as the parametric generated waves are resonant within

the optical cavity, the system is called triply resonant OPO (TRO) [3], The latter type
of OPO is rarely implemented due to complications to maintain three resonant waves

within a single optical cavity and also little output power can be extracted. The most

practical robust and simple OPO configuration is the SRO [4]. This device can be

characterised by an important advantage and at the same time by a disadvantage

compared to the other OPOs configurations. The main advantage is that only one of
the parametric waves resonates within the OPO cavity and thus any frequency
perturbations in the pump field are taken up in the non-resonant field, obviating the
need to keep the cavity actively locked. The disadvantage is the operational thresholds
that these devices exhibit, typically in the multi-watt region, even with the state of the

* art poled nonlinear materials. Significant reduction in thresholds can be achieved in
the DRO configuration. The DRO was the basis of the very first experimental
demonstration of a cw OPO [5]. The DRO configuration has very strict cavity
resonance requirements and in order for both the signal and idler waves to be kept in
resonance the cavity length of the OPO must be stabilised within ~lnm [6,7]. The

difficulty in actively locking a DRO cavity is that there is no error signal produced
when the OPO is off-resonance and so there is no signal for the servo-loop to lock to.
The high cavity stability requirement coupled with difficulty in tuning the DRO

smoothly whilst keeping both signal and idler on resonance has hampered the

development of these devices into practical sources for spectroscopic applications,

although recent developments in pump sources and cavity refinements [8,9] have

brought about the realisation of the potential of the DRO, particularly to the field of

high resolution spectroscopy [10]. A fourth category of OPO that combines the SRO
and DRO advantages is the pump-enhanced singly resonant OPO (PE-SRO) [11-15].
Within its cavity, one of the parametric generated waves is resonant together with the

pump field. The PE-SRO cavity should be kept actively locked, but because the cavity
is held on the resonance with the single-frequency pump an error signal for the control

loop can be produced even in the absence of down-conversion.

When the pump source of the OPO is a cw laser, then the whole configuration is
known as cw-OPO.

3
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1.3 Historical Review of cw-OPOs and nonlinear materials.

The first demonstration of OPOs used high peak power pulsed lasers as their pump
sources [16]. Due to the high interest in tunable sources with narrow linewidth, and

good frequency stability, much research has been directed towards the cw equivalent
of these devices.

The first cw OPO was reported in May 1968 [5]. It was a DRO device, which was

pumped by frequency doubled multi-longitudinal mode radiation of a lamp-pumped
Nd:YAG. As a result of the multi-frequency mode of the pump source, the amplitude
and frequency stability of this very first cw OPO was too poor for any practical

applications. Following this experiment, several other groups constructed

continuously-pumped OPO devices [17-21].

The invention ofcw dye lasers in 1969 provided to the market a source of high power,

narrow linewidth and frequency tunable radiation throughout the visible spectral

region. This was an obstacle to further interest and development of cw OPOs.

In 1973, after research [22] that helped identify the performance problems associated
with the early cw OPOs interest in these cw devices was revised. The potential of cw
OPOs was enhanced when stable single frequency pump sources effectively isolated
from back-reflections were introduced into the research community. As a

consequence of this, when using an isolated and stabilised single-frequency pump

source, free running, amplitude-stable, and single-frequency radiation was obtained
from a cw OPO for time periods of a few seconds [22].

The interest of research in OPO technology in the decade 1970-1980 was directed
towards the SRO devices. This was because the SRO is less complicated device to

operate as mentioned earlier compared to the low-threshold DRO. The high

operational threshold demands of the SRO could be met by pulsed pump sources but
not by the cw lasers. This was a further delay to the development and research in cw

OPOs. After the early cw OPO experiments, thirteen years elapsed before any

subsequent reports of cw OPO were published.

In the late of 1980s, cw OPOs were introduced as high precision sources of frequency
stable and frequency tunable radiation. The developed devices in that period were ring

4
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cavity DROs and the pump sources were frequency-stable diode laser pumped solid-
state laser sources that were frequency doubled into the green spectral region, with

frequency precision at the kHz level [6,23,24].

Advances in the crystal technology followed and boosted the practicability and the

applications of the cw OPOs. The early examples of OPOs were based on

birefringently phase matched crystals, which are characterised by relatively low
nonlinear gain, and limited timing mechanisms. In the middle of 1990s, a new applied
method of phase-matching, Quasi-Phase Matching (QPM) was developed. This
method had been proposed in the early 1960s by Armstrong [25]. The advent ofQPM

(or periodically poled, PP) materials has had a significant impact on the current state

of OPO research. In particular, the once prohibitively high thresholds of SROs now

approach the accessible output powers available from conventional cw lasers [4,26].
Also the invention of the periodically poled materials, has expanded the timing range

of the cw OPO up to 5 pm [27].

The development of these periodically poled materials in combination with cavity

geometries such as PE-SRO and intracavity singly resonant (ICSRO) OPOs [28]
reduce the threshold requirements demanded by OPOs and allow compact and reliable
cw sources such as diode lasers [14,29] to be involved in further development and

applications ofcw OPOs.

In this thesis, we shall describe two cw-OPO systems, a DRO and a PE-SRO pumped

by an ECDL and based on periodically poled lithium niobate (PPLN) as the nonlinear

crystal [30]. Bulk PPLN has drawn enormous interest as a unique material for highly
efficient quasi-phase-matched frequency conversion because of its much higher

nonlinearity and significantly broader tuning capability than obtained with

birefringent phase matching techniques [30], New materials with high nonlinear
coefficients that can expand the OPO tuning range up to 18 pm are discussed in [ 1,31 ]

Table 1 shows some properties of a number of important nonlinear materials [32],

NOL deff (pm/V) Trans-range

medium (Urn)

5



Chapter 1; Introduction

KDP 0.5 0.22-1.1

LiNb03 6 0.35-4.5

BBO 2 0.19-3.0

LBO 1 0.16-2.5

KTP 3 0.35-3.5

AgGaSe2 60 0.8-18

PPLN 14 0.33-5

PPKTP 5-10 0.35-3.5

KNbOa 18 0.4-5.5

Table 1: Properties of some important nonlinear materials.

Table 2 and 3 summarise some of the research into the development of PE-SRO and

DRO cw-OPOs, respectively, between 1993 to 2001.

Pump Laser NOL Crystal Tuning Range Threshold Reference

Nd:YAG

(SHG)

(4W)

KTP

(10mm)

1039nm (s)
1090nm (i)

1.4 W [33]

Argon ion

(4.2W)

LBO

(25mm)

947nm (s)

1.126pm (i)

1.0W [11]

GaAlAs

Diode

KTP

(12mm)

1050-1125nm (s)
2250-2600nm (i)

50 mW [34]

(lOOmW)

Nd:YAG

(SHG)

MgO:LiNb03 1000-1135nm(i) 200 mW [35]

6



Chapter 1: Introduction

(1.1W)

GaAlAs

MOPA

(600mW)

RTA

(12mm)

1.21-1.26pm (s)

2.1-2.4pm (i)

150 mW [12]

Nd:YAG

(800mW)

PPLN

(19mm)

1.66- 1.99pm (s)

2.29-2.96pm (i)

260 mW [36]

Nd:YAG

(3.7W)

PPLN

(5cm)

2.9-3.25pm (i) 350 mW [37]

Dye Laser

(70OmW)

KTP

(12mm)

1025-1040nm (s)
1250-1380nm (i)

70 mW [38]

InGaAs

MOPA

PPLT

(35mm)

1.55-2.3pm 360 mW [13]

Nd:YAG

(SHG)

PPLT

(25mm)

768-978nm (s)
1167-1733nm (i)

100 mW [39]

(1.35W)

Diode

MOPA

PPLN

(40mm)

[40]

(350mW)

Ti:sapphire

(750mW)

PPLN

(19mm)

1.01-1.18pm (s)

2.71-3.26pm (i)

4.07-5.26pm (i)

35 mW [15]

Nd:YAG

MOPA

(SHG)

PPKTP

(10mm)

865-1032nm (s)
1100-13 84nm (i)

200 mW [41]

(2.5W)

ECDL PPLN 1.06-1.19pm (s) 25mW [14]

7
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(80mW) (50mm) 2.58-3,44pm (i)

Table 2: Pump enhanced cw SROs. In the parenthesis in the first collumn is included the maximum

power that the pump source can emit. In the second column, the parenthesis refers to the

nonlinear crystal length.

Pump Source NOL Crystal Tuning Range Threshold

Current

Reference

Nd:YAG

(SHG)

(200mW)

Mg0:LiNb03

(15mm)

966-1050nm (s)
1055-1180nm (i)

12.9mW [42]

Argon-ion

(>200mW)

LBO

(20mm)

494-502nm (s)

1.32-1.38 (i)

115mW [43]

Nd:YAG

(300mW)

LiNb03 130mW [44]

Nd:YLF

(SHG)

(1W)

KTP

(6mm)

950-1150nm 40mW [45]

MOPA

System

(500mW)

PPLN

(9.3mm)

1.85-2.08pm 61mW [46]

Nd:YAG

(SHG)

(lOOmW)

KTP

(5mm)

8mW [47]

Diode Laser

(lOOmW)

PPLN

(19mm)

1.15-1.25pm (s)

2.31 -2.66pm (i)

16mW [29]

Microchip Laser

(SHG)

(92mW)

KTP

(6mm)

35-120 mW [48]
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Nd:YAG

(SHG)

(1.2W)

MgO:LiNb03

(15mm)

788-1640nm 80-150mW [49]

Nd:YAG

(SHG)

(1.2W)

MgO:LiNb03

(7.5mm)

1007-1128nm 150mW [50]

Nd:YLF

(SHG)

(200mW)

PPKTP

(9mm)

763-769nm (s)
1639-1665nm (i)

25mW [51]

DBR Diode

(150mW)

PPLN

(19mm)

1.1 -1.4pm (s)

2.2-3.7pm (i)

5mW [9]

Table 3: cw DROs from 1993 to 2000. The comments in parenthesis are the same as these ones in

Table 2. The symbols s and i refer to the signal and idler waves.

1.4 Pump power requirements for cw-OPOs

The number of the resonating fields within the OPO cavity is one of the major

parameter that defines the operational threshold level of the device. Table 4 includes
the expressions that allows the calculation of the minimum external threshold powers

(confocal focusing), that are required in order to operate a cw SRO, a cw DRO, and a

cw PE-SRO [52],

Configuration Threshold) Values

SRO
/ crystaleff

Watts

DRO n2£0casa,XpW
eff LcryStai

10'smW

PE-SRO £0cn2Xp /2d1effn Lcrysla,F Ep_enh 10'smW

Table 4: Typical threshold values for the three commonly used cw-OPOs.
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The symbols A,p, and np on Table 4 are the pump wavelength and the refractive index,

respectively; Lcrystaj, and deff are the nonlinear crystal length and nonlinear coefficient,

respectively. as>i are the round-trip losses for the signal and the idler fields, FjjS is the
finesse of the cavity for the idler and signal field, respectively, and Ep_enh is the pump

enhancement factor.

In this thesis two cw OPO systems are described and characterised. A DRO and a PE-

SRO. Both are in common cavity configurations and use an ECDL as the pump

source.

The theoretical threshold power for a common cavity DRO (single pass pump), where
the material is a 19mm PPLN crystal with the two mirrors coated to be R>99.7% over

1.12-1:24 pm (signal) and 2.43-2.7 pm (idler), can be calculated from Table 4. The
theoretical threshold is 21.2 mW, which is very close to experimental observed value

[29]. The experimental value is usually larger because the theory considered perfect

mode-matching and that the main loss for signal and idler comes from the mirror
transmissions.

Similarly, the theoretical external pump threshold for the PE-SRO can be calculated
from Table 4. Our common cavity PE-SRO [14] that uses a 50 mm piece of PPLN,
and the mirrors are coated as follows: the input mirror is coated for 95% over the

pump range and for low reflectivity (R<20%) for idler (2.6-3.5 pm), whereas the

output coupler is highly reflective (R>99.9%) for the pump and the signal (1.0-1.16

pm) and very low reflective for the idler wavelength (R<2%). The theoretical external
threshold can be estimated for the device to be around 25.3 mW for the enhancement

factor of around 55. Again, these values are very close to the experimental ones [14].

1.5 External Cavity Diode Laser (ECDL) as an cw OPO pump source

For a laser source to successfully pump a cw OPO, it should stable, efficient,

inexpensive, with high spectral quality, diffraction limited output source and to have

output powers that can meet the threshold requirements of the cw-OPOs (see section
1.4). It also highly desirable for the pump source to be compact, rigged, efficient and
all solid state.
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Diode lasers exhibit all of the above characteristics which makes them excellent cw-

OPO pump sources. Today, single longitudinal mode operational diode lasers with

output powers up to 150 mW are commercially available with operating wavelengths
that can be selected from 400nm up to 2pm. CW OPOs pumped directly by diode
lasers are potentially compact and efficient sources of tunable radiation in the near to

mid-infrared spectral region.. There are a number of reports where diode lasers were

used as pump sources for cw OPOs [12, 29, 34],

Diode lasers as OPO pump sources have some disadvantages. Among them is the
limited output power, sensitivity to current and temperature changes, limited mode-

hop-free tuning, sensitivity to randomly phased feedback radiation, and acoustic
vibrations.

Although limited stabilised operation of a cw of OPO pumped by a Fabry-Perot single
mode diode laser has been demonstrated [29] the frequency instability and

susceptibility to mode-hopping inherent to these devices limit long-term stabilisation.
Other laser devices that keep the advantages of the diode lasers and at the same time
avoid the solitary diode laser disadvantages are developed. Among them are the
distributed Bragg reflector diode lasers (DBR), master oscillator-power amplifier

(MOPA) and ECDL diode laser systems. These devices, that are based on a diode

laser, are more stable (frequency and amplitude), less sensitive, and more tunable than
the solitary diode lasers. Distributed Bragg reflector (DBR) diode lasers have been
shown to allow long-term stabilised operation of OPOs [9], However, they are

confined to a few operating wavelengths and are considerably more costly than

solitary diode lasers. MOPA systems are based on an ECDL system in the Littman

configuration that its output is passed through a tapered amplifier. MOPA have

successfully pumped cw-OPOs [13, 53]. On the other hand, MOPA systems introduce

complexity into the whole system and are not commercially available today.

Grating-stabilised ECDLs are an attractive alternative to DBR and MOPA systems for
stable operation. While based on simple Fabry-Perot diode lasers, and therefore
retaining their advantages of low cost and wide wavelength availability, the use of an
external diffraction grating as a feedback element results in improved stability and
reduced linewidth compared to the free-running Fabry-Perot device. Other advantages
that the ECDL offers compared to the free-running (solitary) diode laser are the lower
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operational threshold, less sensitivity to any randomly phased feedback light, reduced

sensitivity to injection current and temperature changes, and wider mode-hop-free
tuning. All these advantages make the ECDL a very promising pump source for cw-
OPOs. In particular the ability to continuously tune the output spectrum of an ECDL

[54] gives another way to tune the output of a cw-OPO. The disadvantage that the
ECDL has compared to the free-running diode laser is that its output power is
reduced. This is because an amount of the free running diode laser output is fed back

by the diffraction grating in a ECDL configuration. In this research, we realised that
20% feedback light is enough to stabilise the diode laser output. The commercially

availability of high power diode lasers plus the advent of nonlinear crystals such as

PPLN enables ECDL to successfully play the role of a robust and practical cw OPO

pump source [14].

1.6 Thesis summary

The work presented in this thesis complements the research efforts instigated by
reference [52], In [52] research has been performed for first time concerning the direct
diode pumping of a PPLN based DRO device. In [52] was suggested that the single
mode pair operation of the DRO device can be extended if a more stable pump source

than the diode laser is going to be used.

The presented research proved that compact and efficient tunable sources in the mid-
infrared and infrared region are now a reality. This thesis is believed to be the first

attempt to directly pump cw-OPOs by a simple ECDL device. During this research

program, two ECDL pumped cw-OPOs were constructed and fully characterised. One
of the two developed cw-OPOs was a DRO and the other was a PE-SRO system.

ECDL systems were developed especially to meet the spectral and power

requirements that a cw-OPO pump source should meet. Investigation of how an

ECDL system operates and further steps to increase the continuous tuning of these
devices have been performed within this research.

Chapter 2 provide an overview of the physical principles of semiconductor lasers.
This was considered necessary in order to understand and realise better the effects of
feedback light back into the diode emitting area. We note that as ECDL systems are

12



Chapter 1: Introduction

based on diode lasers then the favourable properties of the lasers sources are

preserved.

Chapter 3 presents the basic ECDL theory. The main derivative of this theory comes

from chapter 2, but an extra parameter that describes the feedback effect from the

retro-reflector back into the diode is also added. Wavelength selection and continuous

tuning mechanisms in ECDL will be presented. At the end of this chapter, ECDL

applications will be discussed.

Chapter 4 provide an overview of physical principles of nonlinear optics and describe
the design and the properties of the OPOs detailed in later chapters.

Chapter 5 is the first experimental chapter. It describes in detail the construction of an
ECDL, In this chapter the important parameters that should be considered during the
construction of an ECDL are revealed. Later in this chapter, the constructed ECDL

device will be fully characterised. We will then follow with the description of a

simple electronic circuit that allows the long-range continuous tuning of the ECDL
lase without mode-hopping.

Chapter 6 presents the two ECDL pumped cw-OPOs, a DRO and a PE-SRO OPO.
Technical descriptions of the cavities of these devices are included. Output power,

stability and tuning measurements concerning both the devices are presented.

The work is concluded in chapter 7, where future work is also considered.
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Semiconductor Lasers Review and Basic Theory

2.1 Introduction

The semiconductor laser, invented in 1961 [1, 2], is the first laser to make the

transition from a research topic and specialised applications to the mass consumer

market. It is, by economic standards and the degree of its applications, one of the most

important of all lasers. The laser arena is dominated by semiconductor laser diodes.
As low-power, and increasingly as high-power devices, they are forcing their way into

daily life, often deeply buried in mass produced consumer products. Nowadays diode
sales are more than $1.9 billion and account for greater than half the laser market.
More specifically, most laser light is now produced, either directly or indirectly, by
semiconductor lasers. Laser diodes have created multibillion-dollar industries in

optical communications and optical information storage. The main features that

distinguish the semiconductor laser are:

1. Small physical size (typically 300pm x 10pm x 50pm ) that enables it to be

incorporated easily into other instruments.

2. Its direct pumping by low power electric current (15mA at 2 volts is typical),
which makes it possible to drive it with conventional transistor circuitry.

3. Its efficiency in converting electric power to light. Actual operating
efficiencies exceed 50%.

4. The ability to modulate its output by direct modulation of the pumping current

at rates exceeding 20 GHz. This is of major importance in high data
communication systems.

5. The possibility of integrating it monolithically with electronic field effect

transistors, microwave oscillators, bipolar transistors, and optical components
in III-V semiconductors to form integrated optoelectronic circuits.

6. The mature semiconductor manufacturing technology, which leads to mass

production and low cost.
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7. The compatibility of its output beam dimensions with those of typical silica
based optical fibres and the possibility of tailoring its output wavelength to the
low loss and low dispersion region of such fibres.

The past decades have seen two types of diode lasers move from the laboratory to

mass production. High power GaAlAs and red emitting InGaAsP. Vertical cavity
diode lasers are available in small quantities. The last two hot material systems are

GaN for blue output; GaN LEDs are on market and lasers are also commercially
available with output powers up to 30 mW. Also aluminium free diode lasers are in

development stage of that cycle today, hoping to make high brightness diode lasers

more reliable than GaAlAs. The aluminium free diode lasers are believed to have a

lifetime more than double that ofGaAlAs diodes.

Diode lasers are commercially available in almost all the wavelengths, from 390 nm-

30 pm, with output powers up to hundreds ofwatts [3].

The future of the diode laser looks promising both in terms of new applications and,

more importantly, recent developments in device technology. Additional wavelengths
have been demonstrated with devices based on II-VI compounds [4] such as zinc

selendide (ZnSe), which lase in the blue-green region [5] of the visible spectrum (490-
510 nm). Shorter wavelength emission in the blue-purple region (390-430 nm) has
been achieved at room temperature using diode lasers fabricated from gallium nitride

(GaN) [6]. The main driving force behind the next generation of compact visible
diode lasers (blue-green) is the expansion of information systems which utilise

optical-disc based systems for data storage. The smallest spot size or read beam can

be produced by a focused laser beam is limited by the wavelength of the laser.
Therefore diode lasers with shorter visible wavelengths will permit up to a four-fold
increase in the amount of data that can be stored on an optical compact disc, because

of the reduction in the size of the read beam [7]. In the quest for better resolution, in

printing technology, one obvious route for manufacturers is to reduce the wavelength
of light used by the laser printer. Since the conventional AlGaAs system produces 780
nm output, the next step is to go to aluminium gallium indium phosphite (AlGaAsP)

systems that provide 630 nm light. The addition of antimony (Sb) to AlGaAs and

InGaAs has led to the development of devices emitting between the interval 2-4 pm,

which bridges the gap between InGaAsP based devices and the lead salts. This region
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of the mid infrared spectrum is of considerable interest to trace gas monitoring [8] in
both industry and clinical medicine [9], In this area of the electromagnetic spectrum

diode lasers are starting to play an important role. Mid-infrared diode lasers made of
rival compounds and operating at room temperature are beginning to offer alternatives
for cheap chemical sensors for atmospheric and pollution detection as well as

industrial process monitoring. Semiconductors such as AlGaAsSb/InGaAsSb

operating down to 3 pm, allow access to many C-H stretching vibrations.

Will all lasers eventually be replaced by diode lasers, the way that vacuum tubes were

replaced by transistors? In practical terms of the total laser marketplace, this question
has been already settled- diode lasers account for more than 99.95% of all lasers

produced annually !

Non-diode lasers still account for one third of the laser market in revenue. It is,

however, entirely possible that diode lasers will eventually replace almost every other

type of laser in every other type of application. Diode lasers have usurped the only
mass-market success ever attained by either the gas or the solid state lasers.

The main application of diode lasers in the future will be the replacement and

upgrading of existing laser systems which incorporate alternative gaseous active

media, i.e. argon/krypton ion, He-Ne and copper vapour. This will occur by either
direct implementation of the diode laser or through pumping solid-state materials via

high power arrays.

2.2 Diode Laser Applications

At present diode lasers are expanding rapidly in new areas such as spectroscopy,

medicine and surgery, satellite telecommunications, optical communications, data

storage, printing, optical pumping, materials processing, pointing/alignment, scientific
instruments, optical computing/processing , non linear optics, nonlinear waveguide

technology and laser based radar, to name but a few. Table 1 includes some of the
diode laser applications in different spectral regions.
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Laser Characteristics Application

A = 910 - 986ww

Poul = \25mtV-\AW
Optical Communications

A = 645-985nm

Pnul =\25mW -960mW
Optical Pumping of solid-state lasers

A = 790 - 840«w

Poul =50mW-220W
Printing

A = 630 - 840nm

Poul =15-220mW
Data Storage

A = ?91 -930ww

Pout =0.3-960^
Materials Processing

A = 645 - 930/wi

Poul =0.25-17^
Medicine

Table 1 : Diode laser characteristics for various applications.

2.3 Diode Laser Disadvantages

Despite their numerous advantages, diode lasers also have some disadvantages.

Firstly, they have critical drive requirements. The coherence length and

monochromicity of some types are likely to be inferior. This is not surprising

considering that the laser cavity is a fraction of a millimetre in length, formed by the

junction of the semiconductor between cleaved facets. It is harder to make a diode
laser with a very narrow line emission than a gas laser or large crystal laser. Also
diode lasers are very sensitive to any variations in the injection current and

temperature.

Another problem that diode lasers face is that even through they have a broad gain

bandwidth, this bandwidth can not be fully exploited. So, as a diode laser is scanned,

by variation of injection current or of diode temperature, some of spectral regions
within the diode gain bandwidth can not be reached.

23



Chapter 2: Semiconductor Lasers Review and Basic Theory

2.4 Diode Laser Systems

Master Oscillator Power Amplifier (MOPA) lasers have been developed to increase
the output power of single mode laser diodes while maintaining a narrow linewidth.
These laser diode structures have an oscillator section which produces a very narrow

spectral output, and an integrated power amplifier section that increases the output

power without affecting the spectral output (Figure 2-1).

8 6mm 7 7mm

4 ♦
fimt

lOOmW
singlemode

laser

EU
c

lJ 5mm ,

-T-160 out
pm

AR coated
(R = 0 l°/«)

Figure 2-1: A discrete element tapered amplifier with diode injection [10]

Newer applications requiring narrower spectral linewidths, have resulted in structures

that confine the laser oscillations to a single mode. Index guided devices (Figure 2-2)

provide the necessary confinement that results in single mode output beams with little
or no astigmatism.

p-dadding
layer

Active layer

n-dadding
layer

n-dadding

Active layer

p-dadding

n-dadding

Figure 2-2: Two examples of index-guided laser structure [11]

Single-frequency laser diodes are another interesting member of the laser diode

family. These devices are now available to meet the requirements for spectroscopy
and high bandwidth communications. Other advantages of these structures are lower
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threshold currents and lower power requirements. One variety of this type of structure
is the distributed feedback (DFB) laser diode (Figure 2-3). It has been developed to

emit light at fibre optic communication wavelengths between 1300 nm and 1550 nm.

DFBs are commonly made by incorporating a selective grating within the laser cavity
to filter the desired wavelengths.

Distributed Distributed Bragg
feedback reflection

Figure 2-3: A DFB and a DBR laser diode systems [11]
I

Another type of single frequency laser diode that can be used for such applications, is
the external cavity tuneable single mode type (Figure 2-4). These types of laser diodes
are particularly suitable for spectroscopic applications, where a tuneable single mode
laser source is required.

CAVITY
LENGTH
CONTROL

Figure 2-4: An external cavity diode laser [12].

Single element multimode diode lasers currently are available with output powers as

high as 10 W. To take full advantage of the superior efficiency and size of the diode
lasers at higher powers, an array of diodes is constructed (Figure 2-5). Combining
numerous individual diode-laser stripes together onto a single chip was the goal of
semiconductor laser research as early as the 1970s. As with other laser diode research
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at the time, the prescient vision that inspired this effort was of applications in optical
data storage and telecommunications.

2.5.1 The p-n Junction

Attempts to increase light production from semiconductors only became successful
with the arrival of the p-n junction diode. The p-n junction, Figure 2-6, describes a

boundary that exists between regions where the current is carried by impurities or

charged carriers. The two types of the charged carriers are electrons (negative or n-

type) and holes (positive or p-type). The term impurities arise from the method by
which the charge carriers are created in the semiconductor. To produce n-type

carriers, the semiconductor material is doped with an impurity that has an excess of
electrons. Similarly, doping the semiconductor material with impurity that has a

deficiency of electrons forms p-type carriers or holes. A p-n junction is formed when
both types of charged carriers are present in the semiconductor. The carriers form into
two discrete bands depending upon their charge, as illustrated schematically in Figure
2-6. The holes reside in the valence band, with the electrons existing in the conduction
band above the holes. In Figure 2-6 is depicted a situation where electrons are excited
into the conduction band of a degenerate p-type semiconductor at a very high rate.

This can be done by injecting electrons into the p-region across a p-n junction or by

subjecting the semiconductor to an intense light beam with hv > Eg, so that for each
absorbed photon an electron is excited into the conduction band from the valence
band. Following this excitation, electrons relax, by emitting optical and acoustic

phonons, to the bottom of the conduction band in times of ~ 10"12 s, while their

implant

Figure 2-5: A semiconductor laser array [11].

f 2.5 Semiconductor Physics Background
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relaxation across the gap back to the valence band is characterised by a time constant

x ~ 3-4 x 10"9 s.

Figure 2-6: (a) A forward-biased p-n junction; (b) A homojunction diode laser [13]

2.5.2 The Semiconductor Laser

To convert the p-n junction diode into a diode laser, two conditions must be satisfied.

Firstly, an inverted population must be created through some form of excitation or

pumping. Secondly, optical feedback or an optical resonator is required in order to
facilitate the stimulated emission process which leads to the amplification of light. A

simple and convenient method for pumping the diode is to supply an electric current

to the device. Figure 2-6 (a) shows a forward-biased p-n junction diode. By applying
an electric current, electrons are injected into the conduction band and holes generated
in the valence band, thus creating an inverted population. The electrons in the

conduction band then recombine with holes in the valence band to emit photons of

light. This basic technique led to the fabrication of the light emitting diode (LED)

[14]. For laser action to occur, cleaving the edges of the semiconductor material in
which the p-n junction has been formed facilitates optical feedback. Figure 2-6(b)
illustrates the first basic, broad area p-n homojunction diode laser [15]. The interface
between the p-n junction where the recombination process occurs is termed the

"active region". The diode laser fabricated material has a refractive index higher than
that of air, and the Fresnel reflectivity of the cleaved surfaces (for GaAs R~35%) is
sufficient to ensure lasing [2], Commercial lasers have a high reflectivity coating

P type

f
v
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(R~95%) on the back facet and R~4% dielectric coating on the output facet which acts

as a passivation coating, and provides the required reflectivities. Anti-reflection
coated devices have a multi-layer dielectric facet coating to achieve reflectivity as low
as 0.05%.

2.5.3 Semiconductor Laser Designs

Generally there is an extremely wide variation in the structures of semiconductor
diode lasers and in the way the layers are actually configured. Figure 2-7 represents a

simplified classification scheme showing some of the major sub-divisions of diode
lasers and their relationship.

Figure 2-7: Various structures of diode lasers designs.

The first major division is into edge-emitting and surface-emitting devices. In edge-

emitting structures the light emerges from the edge of the device, where the junction
intersects the surface. The light emerges in the plane of the junction. Most diode
lasers are edge-emitters. But they do suffer from the limited volume of material that
can contribute to the laser emission and they are difficult to package as two-

dimensional arrays. In surface-emitting diodes the light emerges from the surface of
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the chip rather than from the edge. This feature is attractive because devices could be

packed densely on a semiconductor wafer and it would be possible to fabricate two-

dimensional arrays easily.

The edge-emitting devices are divided into homojunctions, single heterojunctions, and
double heterojunctions. The homojunctions are no longer used and double

heterojunctions dominate most applications. These devices may have a stripe

geometry, in which the gain region is confined to a narrow stripe region. Without a

stripe, the laser light will emerge all the way across the width of the diode. This is

denoted as broad area diode laser. It allows the generation of greater output powers
but it leads to greater astigmatism.
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Figure 2-8: A typical double heterostructure GaAs-GaAlAs laser. Electrons and holes are injected
into the active GaAs layer from the n and p GaAlAs [16].

Confining the laser operation within a stripe region may be accomplished by gain

guiding or by index guiding. Both methods confine the light so as to reduce the loss
due to beam spreading. This in turn reduces the current requirements for laser

operation and thus allows operation well away from the damage threshold.

Index guided lasers employ steps in the index of refraction both parallel and

perpendicular to the junction to confine the light. Index guided lasers have a change in
the index of refraction in the plane of the junction to reduce spreading of light within
the junction.
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Gain guiding employs composition changes and refractive index changes in the
direction perpendicular to the junction to confine the light, just as index guided
devices do. But the confinement of light in the plane of the junction is accomplished

by refractive index changes that result from higher charge carrier density in the region
where gain is high.

Gain guided lasers are easier to fabricate than index guided lasers, but they have
weaker confinement, which leads to somewhat poorer beam quality and stability.
Gain guided devices also have somewhat larger astigmatism than index guided
devices. Index guide devices have lower threshold current and relatively clean output

beam, often single transverse mode, but are more complex and costly to fabricate.

Figure 2-9: A Gain-guided laser structure [11].

A further refinement to the double heterojunction structure is the inclusion of 'multi-

quantum wells' (MQW). The use of quantum wells in laser devices allows

optimisation ofmaterial properties during growth for specific applications. An energy

band diagram of the quantum well structure is illustrated Figure 2-10 with a

corresponding device. The wells are fabricated by growing thin layers of alternating
GaAs and AlGaAs semiconductor material within the active region. The energy band

diagram shows how the quantum wells act as miniature heterojunctions. The inclusion
of quantum wells within double heterojunction devices has led to a dramatic increase
in both the optical and electrical efficiency of these systems, and the reliability has
been improved considerably [17]. The enhanced confinement of the charge carriers
also improves the coherence properties of the emitted light. Quantum well devices

Gain region

Current
flow

Laser mode
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offer lower threshold current and higher output power than devices without quantum
wells. By fabricating wells of the appropriate width, it is possible to produce devices
that lase on a single frequency.

"S I Conduction hand

Valence band [ ^

Active region
■+— A1(1aAs <50 A)

—GaAs >50 At

(hi

Figure 2-10: (a) Quantum well energy band diagram and (b) A double heterostructure diode laser

which incorporates multi-quantum wells [13],

The favoured layers building techniques are liquid-phase epitaxy and chemical vapor

deposition using metallo-organic reagents (MOCVD) [18-20], Another important

technique - molecular beam epitaxy [18-22] uses atomic beams of the crystal
constituents in ultra-high vacuum to achieve extremely fine thickness and doping
control.

2.5.4 Light Confinement in Semiconductor Lasers

The homojunction laser is the semiconductor laser which has only a single interface
between the two different charge carrying regions. The variation in doping provides a

small step in the index of refraction as indicated in Figure 2-11. This tends to provide
some confinement of light in the region of the junction, because of total internal
reflection. However, the step in the index of refraction is small and the confinement is

GiiAit (n)

AlGaAs

AlGaAs (p>

GaAs (p)
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relatively poor. The main disadvantage of this device is the effects of diffraction,
which arise because the active region is considerably larger in the transverse direction

(100pm- 200pm) than in the perpendicular direction (0.1pm-lpm). Hence, the laser

beam extends considerably into the p and n regions where it is strongly absorbed. The
losses due to spreading the light out of the active region are large, so the drive current

has to be large, and these devices are short lived and subject to damage. This
fundamental problem limits the homojunction diode laser to pulsed operation at room

temperature; otherwise the device would be damaged. For continuous operation,

cryogenic temperatures are required to minimise the effects of the absorption [1],

r
tr p' GaAs

p GaAs

Figure 2-11: Refraction index variation of a homojunction diode laser.

These limitations are overcome in the heterojunction diode laser. The use of a single

heterojunction (also called a single heterostructure), as shown in Figure 2-12,

provides better confinement. In this structure, there is one change in composition of
the material as one goes through the junction, so the device is called a single

heterojunction. The structure provides a large change in the index of refraction. The
heterostructure reduces the light that leaks into the p+ region because of waveguiding
effects. This in turn leads to lower losses, lower power requirements, reduced damage,
and longer lifetime for the diode.

p* Al,.xGaxAs

p GaAs

n GaAs

n

Figure 2-12: Structure and index of refraction of a single heterojunction diode laser
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Figure 2-13 shows the structure and index of refraction of a double heterostructure
diode laser. It is called double heterojunction [23] because there are two changes in
the composition of the material as one goes through the junction. In this device, the
thin active region (0.1-0.3 pm) of GaAs is sandwiched in-between two layers of a
different material (AlGaAs). With such a diode structure, efficient continuous-wave

operation can be achieved easily at room temperature [24], The three main advantages
offered by double heterojunctions are:

1. The refractive index of the GaAs is slightly higher than that of AlGaAs, thus an

optically waveguiding structure is created within the device. The waveguiding
structure improves the confinement of light within the active region, therefore

increasing the efficiency of light generation through stimulated emission, and

also allowing the emitted light to be guided out of the region effectively.

2. The band gap of GaAs is significantly smaller than that of AlGaAs. Hence,

energy barriers are formed at the two junctions and confine the injected holes and

electrons within the active layer. Thus, for a given amount of current, the

concentration of holes and electrons in the active layer is greatly increased, which

improves the ability of the device to generate more light.

3. The difference in the energy gaps also reduces the amount of laser light absorbed

by surrounding layers, which permits the concentration of the beam within the
active region.

p+ A^Ga^As

p GaAs

n ALGa, „As

Figure 2-13: Structure and index of refraction of a double heterostructure diode laser
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2.5.5 The Double Heterostructure Diode Laser

The double heterostructure provides better confinement of the optical standing wave

on both sides of the optical cavity. This confinement greatly reduces the optical loss,
but also leads to two additional difficulties. The optical radiation in the cavity is so

well confined that the irradiance at the diode optical surfaces may easily reach the

damage threshold, increasing the likelihood of catastrophic failure. The tight
confinement of the beam also reduces the effective width of the output aperture of the
laser. This increases the divergence angle in the direction perpendicular to the

junction.

* The double heterostructure lasers lack the means for confining the current and the
radiation in the lateral (y) direction (see Figure 2-14). The outcome is that typical
broad area lasers can support more than one transverse (y) mode, resulting in

unacceptable transverse mode hopping as well as spatial and temporal instabilities. To
overcome this problems, modern semiconductor lasers employ some form of
transverse optical and carrier confinement. A typical and successful example of this

approach is the buried heterostructure laser [25] shown in Figure 2-14.

Figure 2-14: A buried double heterostructure diode laser [13].

The most important feature of the buried heterostructure laser is that the active GaAs

region is surrounded on all sides by the lower index GaAlAs, so that

electromagnetically the structure is that of a rectangular dielectric waveguide. The

transverse dimensions of the active region and the index discontinuities are so chosen
that only the lowest order transverse mode can propagate in the laser waveguide.
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Another important feature of this laser is the confinement of the injected carriers at

the boundaries of the active region due to the energy band discontinuity at a

GaAs/GaAlAs interface. These act as potential barriers inhibiting carrier escape out of
the active region.

Table 2 shows how the threshold current density ofGaAs diode laser is affected, at
room temperature, by the optical confinement design.

Confinement Design Threshold Current Density

Homojunction 40.000 A/cm2

Single heterojunction 10.000 A/cm2

Double heterojunction 1.300 A/cm2

Table 2: Typical threshold current density for GaAs laser operation at 300°K.

The thin active region for the GaAs/Gai.xAlxAs systems is usually undoped while one

of the bounding Gai.xAlxAs layers is doped heavily p-type and the other n-type. The
difference

between the indices of refraction ofGaAs and the ternary crystal with a molar fraction
x gives rise to a three layered dielectric waveguide. The lowest order (fundamental)
mode has its energy concentrated mostly in the GaAs (high index) layer. The index
distribution and a typical modal intensity plot for the lowest order mode are shown in

Figure 2-15.
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Figure 2-15: (a) The energy band edges of a strongly forward biased double heterostructure
GaAs/GaAlAs laser diode; (b) the spatial (z) profile of the index of refraction; (c)
the intensity profile of the fundamental optical mode in a slab waveguide [13].

When a positive bias is applied to the device, electrons are injected from the n type

Gai.xAlxAs into the active GaAs region while a density of holes equal to that of the
electrons in the active region is caused by injection from the p side. The electrons that
are injected into the active region are prevented from diffusing out into the p region

by means of the potential barrier due to the difference AEg between the energy gaps of
GaAs and Gai_xAlxAs. The x dependence of the energy gap is approximated by [19]

Eg (x < 0.37) = (l .424 +1.247*) eV

and is plotted in Figure 2-16.

Figure 2-16: The magnitude of the energy gap in Gal-xAlxAs as a function of the molar fraction x

[13]
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2.5.6 Gain in Double Heterostructure Diode Laser

This double confinement of injected carriers as well as of the optical mode energy to

the same region is probably the single most important factor responsible for the
successful realisation of low-threshold semiconductor lasers [26-28]. Under this

condition, we expect the gain experienced by the mode to vary as d"1, where d is the

thickness of the active (GaAs) layer. This is because at a given total current, the

carrier density, hence the gain, will be proportional to d" . To quantify the last

statement, we start with the basic definition of the modal gain as

g = power generated per unit length (in x) / power carried by beam

given by

where y is the gain constant experienced by a plane wave in a medium whose

inversion density is equal to that of the active medium. an is the loss constant of the

un-pumped n-Gai_xAlxAs and is due mostly to free electron absorption, ap is the loss

(by free holes) in the bounding p-Gai.yAlyAs region. We note that as d—»oo, g-»y .

It is convenient to rewrite (2-1) as

(2-1)

§E\fdz
-00

g = ^o-anTn-apYp (2-2)

where

J|E\2dz
(2-3)

a

§E\2dz
-00
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r =■

J|£|2rfz

j|£|2dz
(2-4)

j|£| 2dz
d/2

P 00
r = (2-5)

r + r„ + r„ =1 (2-6)

Ta is the fraction of the mode power carried within the active GaAs layer, while Tn

and Fp are, respectively, the fraction of the power in the n and p regions. As long as

ra~l, most of the mode energy is in the active region. The gain g is inversely

proportional to the active region thickness d since decreasing d, for example,
increases the optical intensity for a given total beam power and the rate of stimulated
transitions. As d decreases, an increasing fraction of the mode intensity is carried
outside the active region as can be seen from the modal waveguide solution plotted in

Figure 2-17. The resulting decrease of the confinement factor Ta eventually dominates
over the d"' dependence and the gain begins to decrease with d [29],

-10 -1.0 0 1.0 2.0
,r - Distance across junction region </±ml

Figure 2-17: Near field intensity distribution of the step discontinuity waveguide for various values

of the guiding thickness [13].
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2.5.7 Output Power Characteristics of a Diode Laser

The damage threshold of the semiconductor alloys, which form the cleaved optical
facets, has limited scaling of the optical power. In order to overcome these limitations
inherent to the active medium of the diode laser, two different techniques have been

developed successfully. The first technique involves the fabrication of devices with
• 9 . # # #

larger emitting areas (50-100 pm ). This reduces the optical intensity at the facets

significantly, and therefore permits an increase in the output power. A more dramatic
increase in output power (20W CW and 5kW quasi-CW) has been achieved by the
construction of diode laser arrays emitting at both visible and near-infrared

wavelengths. A diode array consists of between 5 and 40 devices which are grown

adjacent to each other upon the same semiconductor wafer or strip.

The two most important classes of semiconductors lasers are those based on III-V

semiconductors. The first system is based on GaAs and Gai.xAlxAs. The active region
in this case is GaAs or Gai„xAlxAs. The subscript x indicates the fraction of the Ga

atoms in GaAs that are replaced by Al. The resulting lasers emit (depending on the

active region molar fraction x and its doping) at 0.75pm < X < 0.88pm. The second

system has Gai-xInxAsi-yPy as its active region. These lasers emit in the 1.1pm < X <

1.6pm region depending on x and y.

The power emitted by stimulated emission can be given by the following expression

(/-/>,P.- - hv (2-l)

where nj2 is the probability that an injected carrier recombines radiatively within the

active region. It is the threshold current where hv is the emitted photon energy. Part of

this power is dissipated inside the laser resonator, and the rest is coupled out through
the end reflectors. These two powers are proportional to the effective internal loss

a s anYn + apYp + as and to - t~l In R , respectively. So that the output power can be
written as
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— ln(l / R)
a + (\/ L)\n(\/ R)

(2-8)

Semiconductor laser optical flux versus injection current is depicted in Figure 2-18. It
is obvious that below the threshold current, the diode laser operates as an expensive
LED.
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Figure 2-18: Output power versus injection current in a semiconductor laser [11],

The slope efficiency is defined as the increase in optical power divided by the
increase in electrical input power. The definition applies only to the region where the

output is increasing linearly. It is an important figure of merit that is used to

characterise the laser performance.

The external differential quantum efficiency neX is defined as the ratio of the photon

output rate that results from an increase in the injection rate (carriers per second) to
the increase in the injection rate

n.r =
hv

d[(l-I,)!e\
(2-9)

Using (2-8) we obtain
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\

/
(2-10)

The efficiency of the laser in converting electrical power input to optical power is thus

where eV is the energy supplied to each of the injected carriers and R is the

reflectivity of the diode output facet.

It has to be mentioned that there is a limit to the maximum light output that can be

achieved by increasing the injection current. This is due to the existence of a damage

threshold, a value of the input current at which catastrophic optical damage occurs.

Above this threshold, permanent damage occurs and the light output drops rapidly
with further increase in current.

In some cases, the curve of output power as a function of input current may show
kinks as indicated in Figure 2-19, This is generally an undesirable situation, which
reduces the stability of the device and which may disqualify it for many applications.
Kinks in the curves are produced by several factors, the most important ones being
associated with changes in the lateral modes with current. The concept of slope

efficiency is not valid if kinks are present.

/-/, hv ln(l / R)
I eVapp, aL+ ln(\ IR) (2-11)

Kinks

Input current

Figure 2-19: Schematic sketch of the output of a laser diode that has kinks in its output

characteristics, as a function of drive current.
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2.5.8 Diode Laser Threshold

Diode laser threshold current has a temperature coefficient [30], modelled by the

exponential relationship:

where Ti and T2 are two operating temperatures, and To is a scale factor . The value of

To in double heterostructure lasers increases with the heterojunction barrier height

AEg. Typical values range from 70 K to about 185 K. Basically the T0 value depends
on the semiconductor material. As an example, if To=T50 K, Ti=0°C and T2=30°C, the
threshold current will be about 22% higher at T2=30°C. Operation at the lowest

possible threshold is recommended, as this minimises power dissipation and increases
the life of the device. Figure 2-20 depicts the dependence of the threshold current on

the operating temperature.

Figure 2-20: Schematic sketch of the output of a typical laser diode as a function of drive current for
three different temperatures.

This threshold dependence on temperature can be explained by the following physical
reasons [13]:

'» (r2 ) = (/»(?;)) x exp Sj—Ll
0

(2-12)

Drive current
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1. The increase in temperature causes the quasi-Fermi functions fe and fh to "smear"

out more. As a result, the condition for inversion, fe + fh > 1, requires higher

injection density to be fulfilled. This increases the threshold current.

2. The increase in temperature causes the electron and the hole distributions to be

spread out into a higher energy. As a result, a greater fraction of the injected

charge can cross over the active region and end up in the cladding or contact.

3. Increase in temperature causes more electrons and holes to possess energy greater

than threshold energy needed for Auger recombination. This, coupled with the
increase in threshold injection density, causes the Auger recombination to

increase exponentially with the temperature.

A similar temperature dependence with that of threshold current is obtained for the
external efficiency of the diode [30]. On other hand, the internal efficiency has been

found to be independent of temperature [30], These two indexes are related through
the following relation [31]

' 1 A

V exl y

1 +
aL
r 1 \

In
v^yy

(2-13)

The values of threshold current densities can be affected by many factors, such as the

quality of the epitaxial layers, the current spreading layer thickness, and the active

layer thickness. To eliminate factors other than the active layer thickness, diodes are

selected among wafers in which threshold current densities are relatively uniform.

The diode laser threshold current Ith can be related to the material parameters, device
dimensions and facet reflectance by the following expression [32]:

dLW

spont.

J+
1

. 1
a, +—m-

Y

2L R)R2 y
(2-14)

where L is the length of the laser strip, W is width of the laser stripe, d is the thickness
of the active region, nspont. is the effective internal quantum efficiency, T is the
transverse confinement factor, and J0 and (3 are two independent constants.
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2.5.9 Spectral Characteristics of a Diode Laser

The wavelength and the frequency are connected through

vxA = c (2-15)

The spectral linewidth of the diode, in units of frequency, is then given by

Av = JxAA (2-16)

The coherence length according to (2-16) is then defined as:

c A2
A v AA (2-17)

Index guided laser diodes without a frequency locking mechanism usually exhibit

single longitudinal mode emission when operating at the maximum output power

rating. At low drive current, thick and active region index guided lasers exhibit a

number of longitudinal modes, with the energy in one mode increasing, and the
linewidth decreasing as drive current increases. As the injection current is increased

the wavelength shifts towards longer wavelengths.

Broad area laser diodes have a multi-longitudinal-mode output spectrum which differs
from the single mode spectra of index guided laser diodes and from multimode

spectra of gas lasers such as He-Ne and Argon ion lasers. The spacing between

longitudinal modes AX, is determined by cavity length (L), wavelength (X), and the
effective refractive index (n). This spacing is called the Free Spectral Range (FSR) of
the diode and is defined as

fsr~£l <2-i8>

This equation can be written in terms of frequency as:

Assuming n « 3.5 and L « 250 - 500 pm, we find Av « 85 to 170 GHz.
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2.5.9.1 Semiconductor Laser Linewidth

One of the most important properties of laser light is its spectral purity and coherence.
This unique quality has been important for the study of many physical phenomena

using laser sources that operate from the vacuum ultraviolet to the far infrared.

Diode laser linewidth is more dependent on the method of light confinement than it is
on the device material. Lasers in which the emitted light is confined by a refractive
index step at the heterojunction (index guided devices) tend to emit in a single

longitudinal mode. Lasers in which the light is confined simply by the distribution of

injected current tend to emit multimode, although single mode behaviour is
sometimes observed in gain guided lasers.

The broadening of the linewidth in lasers is caused by two mechanisms: the so called
" technical" noise due to mechanical vibrations of the laser cavity and other sources of
external noise, and the "fundamental" line broadening due to quantum fluctuations.

Two processes contribute to the generation of photons in a laser: stimulated emission
and spontaneous emission. Because spontaneous emission is incoherent, it produces a

phase diffusion into the stimulated emission phase. The mean square phase change

<A<j)2> increases linearly in time. Melvin Lax showed [33] that

where R is the total spontaneous emission rate (photons/sec) and I is the total number
of photons or the optical intensity in the mode. Laser linewidth is given by

An alternative way of expressing the above equation in terms of experimentally
measurable parameters is

(2-20)

(2-22)P
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where P is the power in the laser mode and T is the "cold cavity" Q of the laser , that

is the linewidth of the passive cavity resonator.

The change in linewidth in going from below threshold to above threshold was

calculated [34] and verified experimentally. In a laser oscillator above threshold, the

population inversion reaches a stable level, and any increase in the excitation rate

shows up as increased laser power. Because the amount of spontaneous emission is

proportional to the population in the upper level, the spontaneous emission rate also

becomes stabilised above threshold. The magnitude of phase angle fluctuation A<|)
decreases linearly with field amplitude, providing a physical argument for the inverse

9 • •

power dependence of <A<(> > and the laser linewidth.

The first precision measurements of the laser linewidth of a GaAlAs diode laser at
room temperature showed that the width increased linearly with increasing reciprocal

output power as expected from equation (2-22), but with a magnitude some 50 times

greater than that predicted by equation (2-22).

An additional broadening mechanism that modifies equation (2-22) comes from

incomplete population inversion between the laser energy levels. While in most lasers
the lower energy level is usually empty, this is not the case for semiconductor lasers,

especially at room temperature. Laser photons can be absorbed by exciting electrons
from the valence band to the conduction band, from which they may re-radiate either

stimulated or spontaneous photons. The additional spontaneous photons thus created

increase the fluctuations in the field intensity. The linewidth given by equation (2-22)
is increased by a factor ns, the spontaneous emission factor, which is the ratio of the

spontaneous emission rate per mode to the stimulated emission rate per laser photon.
This factor is about 2.5 at room temperature and becomes unity at 77 K for GaAlAs

lasers. The remaining discrepancy factor of 20 was explained by Charles Henry [35];
it is due to spontaneous emission events that alter the field amplitude.

In semiconductor lasers, laser action takes place at energies below the strong

interband absorption edge, and this discrepancy effect is dominant. When the field

intensity changes, it returns to the steady state average value by undergoing damped
oscillations. During this time (a few nanoseconds) both the real and imaginary part of
the refractive index change as the electron population density also changes in
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response to the field. The imaginary index change provides changes in gain that
restore the steady state amplitude. The change in the real part of the refractive index

produces a change that adds an additional broadening to the laser linewidth, which
can be significantly larger than the broadening produced by the instantaneous phase

changes. The expression for the power dependent linewidth is given by

Av = AvJ((l + a2 )»is (2-23)

where Avst is given by (2-21), and a is the ratio of the change of the real part to the

change in the imaginary part of the refractive index. It has been verified

experimentally [36, 37] that equation (2-23) accounts for the observed power

* dependent linewidths to within 10-15% at four temperatures between 273 and 1.7 k

for GaAlAs diode lasers.

Additional phenomena contribute to the laser line-shape. The Fabry-Perot scans

reveal the output from a GaAlAs diode laser shows the presence of side-bands

separated from the main laser line. These side-bands come from the damped
relaxation oscillations that occur every time the laser field intensity is perturbed by
the spontaneous emission noise [38]. The integrated intensity of these side-bands

relative to the integrated intensity of the main peak increases linearly with increasing

reciprocal output power.

An additional source of broadening is the very small actual size of these

semiconductor lasers. The absolute number N of conduction electrons ranges from
o z

about 10 at room temperature down to about 10 at 1.7K for typical lasers. The
number of these conduction electrons fluctuates statistically so that the root mean

square fluctuation in the electron number is *fN . The cavity mode frequency
fluctuations are related to changes in the refractive index n via the relation

Sv =
Mfdn^
\n J dN

\[N (2-24)

where dn/dN is evaluated at the laser frequency v.

A number of experiments, however, have observed [39] that both the amplitude and

frequency of the laser fluctuate with a power spectrum that depends inversely on the
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frequency. The presence of 1/f noise in semiconductor electronic devices is well

known and can stem from carrier traps that exist in the material. Carrier trapping, or

any other mechanism that could influence the electron number density or temperature
without being affected by the laser field, could in principle contribute to the power

independent linewidth.

The typical emission linewidth of a broad area laser diode is approximately 2 nm or

about 1000 GHz. Within this 1000 GHz band, there are usually about 10 longitudinal
modes operating. The linewidth of each individual longitudinal mode is between 10

MHz and 5 GHz depending on the power in the mode. The number and the spectral

position of the longitudinal modes within the 2 nm envelope can change. Broad-area
laser diodes in operation also support "super-modes" which are similar in concept to

transverse modes in other lasers. The super-modes broaden the apparent linewidth of
each individual longitudinal mode.

2.5.10 Diode Laser Polarisation

In homostructure and single heterostructure injection lasers a direction of the linear

polarisation can not be determined. In contrast to these cases, a double heterosrtucture

injection laser has shown a definite polarisation, which is the ordinary lowest TE
mode. This has to do with parameters such as the reflectivity of the diodes facet, the

active layer thickness and of course with the way that the TE and TM modes

propagate in a double heterostructure diode laser [40],

The polarisation ratio of broad area laser diodes is typically 30:1 or greater. The

polarisation ratio of index guided laser diodes is typically 50:1 to 100:1. The E vector

is in the plane of the junction. Polarisation ratio between the TE modes and the TM

has no dependence on the active layer thickness [41],

2.5.11 Spatial Characteristics

Single stripe index guided laser diodes of low to moderate power generally radiate
with nearly Gaussian beam patterns in planes parallel and perpendicular to the

junction (although the radius is usually quite different in the two directions). Broad
area devices radiate with a near Gaussian distribution in the plane perpendicular to the
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junction, and more complex pattern in the plane parallel to the junction. Index guided

single emitter devices usually are highly coherent emitters and radiate as nearly
diffraction limited sources. Their source size is typically 1 to 2 pm by 3-7 pm. Broad
area devices are also coherent.

Broad area laser diodes are index guided in the plane perpendicular to the diode

junction and gain or index guided in the plane parallel to the junction. The index

guided plane perpendicular to the junction plane has a beam waist at the surface of the

output facet, while the broad area plane parallel to the junction beam waist is located
behind the facet.

Index guided single emitter laser diodes have very little astigmatism. This has to do
with the way that the lasing mode is confined in both the transverse and vertical

directions. Index guided laser diodes use refractive index steps to confine the lasing
modes in all the directions. On the other hand, gain guided laser diodes have different

confinement mechanisms in lateral and vertical directions, so the emitted wavefront

from these devices has a different curvature in the two perpedincular directions. The

effective beam waist is within 5pm of the output facet in both planes.

Figure 2-21 shows the beam divergence of a laser diode due to its output facet
dimensions. Some of the diode laser shortcomings are their elliptical cross section

beam and their intrinsic astigmatism. The elliptical cross section of the beam is a

result of the rectangular shape of the beam emission facet of the laser diode. This
characteristic prevents the beam from being entirely collimated, allowing for quasi-
collimation only.

f TARFIELD
ENCRQV
PATTERN

Figure 2-21: Far field energy patterns of a diode laser. Due to the shape of the diode's facet the two

angles 9// and 9± are different. Usually 9//» 10° and 9± ~ 30°.
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Wave theory tell us that the output beam divergence (full angle) due to aperture is:

9 =— (2-25)
7vd

where A, is the wavelength and d is the size of the aperture in this direction. The

difference between 0// and 0j_ causes the laser diode beam to have an elliptical cross,
section as shown in Figure 2-21.

A universal characterisation of this problem has been difficult due to the differences

between index guided and gain guided diodes as, well as by the individual nature of
each laser diode. As a general rule, it can be said that the diffraction effects increase

linearly with wavelength. So, for example shorter wavelengths are desirable whenever

spot size or beam divergence needs to be kept to a minimum.

It must be said that the beam divergence perpedincular to the junction plane has a

dependence to the active layer thickness. The beam divergence narrows remarkably as

the active layer thickness is reduced because of the spreading of the mode into the

passive layers [41]. The narrow beam divergence as the active layer thickness reduces

greatly facilitates the coupling of a laser output into a fibre.

Because the highly divergent output of the injection laser diode is difficult to work

with, the first task usually facing the designer of a laser diode based system is

specification of the collimating lens. Performance of the collimator determines spot

size, beam divergence, and resolution of the rest of the system, so it is imperative that
the collimator quality be sufficient.

In designing a high quality collimator for laser diode, the first consideration is
collection angle or numerical aperture. Numerical aperture is a measure of the half

angle of collection. The lens should have an appropriate numerical aperture in order to

be able to collect a cone of light on the \/e2 irradiance point of the beam. The

designer of a laser diode collimating lens must balance numerical aperture (collection

angle) against focal length, working distance and output beam diameter.

Collimation of the radiation produced by a laser diode results in an elliptical output
beam. The ratio of the major to minor axis of the ellipse is simply the ratio of the
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divergence angles in the laser diode source. Many applications call for a beam with a

circular cross-section, especially when spot size or beam divergence is critical. To

transform the elliptical beam to a more circular cross section, some type of

anarmophic optical system is needed. An anamorphic optical system is one which has

different power, or focal length, in the two perpedincular axes.

Astigmatism is another result of the rectangular facet of the laser diode. The beam
emitted from a small facet is equivalent to the beam emitted by an imaginary point
source P, whose position can be located by tracing the beam backwards (see Figure

2-22). So, because 9// < 0i, then P// > Pi. This phenomenon is called astigmatism and

the distance between P// and Pi the numerical description of astigmatism. The

existence of astigmatism means that when we use a single standard aspheric lens the

beam can be collimated only in one direction, either in (//) or in (_L) because P// and Pi

can not simultaneously converge at the focal point of the collimating lens.

Gain guided injection laser diodes usually suffer from astigmatism, which results in
an inability to collimate both the perpendicular and parallel directions simultaneously.
So when the astigmatism is present the collimating optics see two different sources
located at different paths within the diode, as a result of the two different radii of
curvature of the output wavefronts. The astigmatism could be corrected by a single

cylindrical lens at the output of the collimator.

"v 1

Side view P1 <
t

.

Top view p„ ) 6//

d„

Figure 2-22: Astigmatism phenomenon in diode lasers.
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2.5.12 Diode Laser Tunability

Another feature inherent to diode laser technology is the tunability of the emitted

wavelength. The operational wavelength of a diode laser is determined by the energy

gap between the valence band and the conduction bands within the active region.

Although material composition dictates the wavelength of operation, fine-tuning of a
diode laser wavelength can be achieved readily by altering the temperature of the
device. In GaAlAs diodes, the central wavelength scans at a rate of approximately 0.3

nm/°C, and so the material composition is chosen such that the desired operating

wavelength falls at an appropriate junction temperature that is convenient to maintain.
The wavelength can be tuned finely typically over a region of 10-20 nm, depending

upon the device type. Altering the temperature of a p-n type junction creates a

variation in the population of charge carriers, which in turn determines the width of
the energy gap. Change in semiconductor band gap occurs in such way that the entire

gain spectrum shifts to lower energies as the temperature increases. However the
emission is not defined by the gain peak position but by the axial mode closest to the

peak. Therefore, by heating or cooling the junction, the wavelength can be increased
or decreased accordingly. The ability to fine tune the output wavelength has led to the

significant use of diode lasers in spectroscopy [42].

The diode laser can also be tuned by keeping its temperature constant and varing the

injection current. This provides a handle for fine tuning of diode laser wavelength. As
the injection current increases, the laser wavelength increases systematically,

repeating a continuous range and a mode hopping. The emitted wavelength variation
with the injection current can be explained by the following factors:

1. Joule heating changes the junction temperature, so the position of the longitudinal
modes is also altered.

2. Changes in the population of the holes in the valence band and that of the electrons
in the conduction band.

In general the change in diode laser wavelength with diode temperature and injection
current has a "staircase" type repetition of a continuous change followed by a mode

hop, as shown in Figure 2-23. The slope of each step is just the tuning of that cavity
mode, while the jump between steps corresponds to hopping from one longitudinal
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mode to the next. In the continuous tuning region, the laser wavelength is precisely
tuneable under fine control of the diode temperature and injection current, and a linear

relation between diode temperature and laser wavelength in this region is of great

advantage for spectroscopic applications. On the other hand, the mode hopping
prevents continuous tunability (see Figure 2-23). The mode hopping is caused by the
fact that the change in laser gain spectrum is larger than the wavelength change of the
cavity mode. The mode hopping is usually accompanied by hysteresis phenomena and
mode competition noise, which cause a considerable complication in the wavelength
characteristics.

*
<o

5 <- Continuous tuning

f Mode hopping

Injection current or Temperature

Figure 2-23: Typical wavelength characteristic of a diode laser as a function of injection
current or temperature

The hysteresis phenomena of mode hopping are observed in the lower temperature
and larger current regimes. The hysteresis tends to increase as the injection current

increases or as the diode temperature decreases. The mode competition noise is
observed in the higher temperature and smaller current regimes.

The laser wavelength can be swept continuously and without mode hopping when the
increase of the injection current and the decrease of the diode temperature are

simultaneously carried out. However, for wavelength scanning over a wide spectral

range, the output power can also vary and so should be accounted for in some

applications. The laser wavelength is widely tunable if the laser operates in the region
where the mode hopping is accompanied by hysteresis phenomena. Therefore, in
atomic or molecular spectroscopy, for example, it will be recommended to choose a
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laser diode which can be tuned to the resonance line at relatively low diode

temperature. This is because at low temperatures the mode competition noise, which
is responsible for mode transition, is lower than at high temperatures.

As discussed earlier, the semiconductor band gap is a function of temperature, so that

the centre wavelength emitted by laser diode also varies with the device temperature.

This necessitates the use of servo controlled temperature loops to maintain the diode

wavelength constant. Mode hopping can be produced by fluctuations in the

temperature [43]. The need to maintain the temperature of the diode over a relatively
narrow range necessitates the use of a relatively sophisticated cooling system. For

lower-power laser diodes (< 4W), one usually employs a servo locked thermo electric
£ cooler to stabilise the temperature of the diode. For higher-power devices, the amount

of thermal power in need of removal from the diode/sub-mount assembly is typically

equal to the operating power of even larger Peltier coolers, leading to inefficient and
ineffective thermal control.

2.5.13 Modulation of Semiconductor Laser

The optical output power of a diode laser is dependent upon the drive current.

Switching or modulation of the drive current to a diode laser will create an

appropriate modulation in the optical output of the device [44], This forms the basis
of present optical fibre telecommunications, which utilises the direct
modulation/detection of light from diode lasers to encode and carry optical signals at

great distances. Since the main application of semiconductor lasers is as sources for

optical communication systems, the problem of high speed modulation of their output

by the high data rate information is of great technological importance.

If we denote the photon density inside the active region of a semiconductor laser by P
and the injected electron (and hole) density by N, then we can write [16]

2L = -L-*L-MN-N.)P
at eV t (2-26)

^- = A(N-N,r)PV,--dt rp
(2-27)
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where I is the total current, V the volume of the active region, t the spontaneous

recombination lifetime, and xp the photon lifetime as limited by the absorption in the

bounding media, scattering and coupling through the output mirrors.

The term A(N - Nlr )P is the net rate per unit volume of induced transitions. N& is the

inversion density needed to achieve transparency, and A is a temporal growth
constant that by definition is related to the constant B through the relation A = Bc/n .

Fa is the fill factor and its presence here is merely to ensure that the total number of

electrons undergoing stimulated transitions is equal to the number of photons emitted.

By setting the left side of (2-26), (2-27) equal to zero, the steady state solutions are

obtained

o =i -— - A(JV„ - )/>„ (2-28)
eV t

0 = A (Nc-N,r)PJ„-^ (2.29)
P

We consider the case where the current is made up of dc and ac components, that is

i — i -u; oitu"'/-/0+i,c (2_30)

and define the small signal modulation response ni and pi by

N = Na + nxe"°»l and P = P0 + pxelta"' (2.31)

where N0 and P0 are the dc solutions. Using (2-28), (2-29) and the result

A(N0 - Nlr)= {fpPa)"' from (2-29) in (2-26), (2-27) leads to the small signal

algebraic equations

- icon. = — +
m 1 jreV

+ AP0
/
nl+-L-Pl (2-32)

Tpra

= AP0 fa«, (2-33)
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Our main interest is in the modulation response pi(wm) / ii(com), so that from (2-32),

(2-33) we obtain

!eV)AP„r,

(0„ -
ia>„

\-icomAP„ - A
rp^ (2-34)

The response curve is flat at small frequencies, peaks at the relaxation resonance

frequency cor, and then drops steeply (see Figure 2-24). The expression for the peak

frequency is obtained by minimising the magnitude of the denominator of (2-34), to

give:

o)a =" 1 *£-1(1 +AP6T
„ 2 V T

V

(2-35)

0,/eV)

ti>K xp APo

Figure 2-24: Theoretical plot of the carrier density modulation n, as a function of the current

modulation frequency um [13].

To increase cor and thus increase the linear region of the modulation response

P\{a)m)/i\(com), the optical gain coefficient, A, should be increased, the photon

lifetime should be decreased, and the laser should be operated at as high as internal

photon density, PQ, as possible. Equation (2-35) can also be written as

6)r =
\ + AT fN,

TT
r V AA J)

(2-36)
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The semiconductor lasers can be directly modulated at up to microwave signals on top
of on optical beams in fibers or through space [44],

The amplitude ni of the carrier density fluctuations is obtained from equations (2-32),

(2-34)

"i(<0= -/
yeVj

co.

2 AP
co„ -~ico.

1 ^
- + AP

(2-37)

AP 1 (1
In the denominator of (2-35) it is true that ——» — — + AP0

2 V t
, so we can write:

co.

'
AP. N

v r. j
(2-38)

Recalling (2-37) and using numerical values for AP0, tp and t, we can write for

oor 2 » gom / t , and comAP0

"i (o>m « <oR ) = i — —7 Q-39)
(h \

f \
(°m

UV)

(<*>m =«>r) = fh ){ 1 1
UV) 2

a>K rn\ " p J
(2-40)

The general behaviour of ni(com) is shown in Figure 2-24.

Since the index of refraction of the active medium depends on the carrier density, a

modulation 1 of the carrier density of the semiconductor causes a modulation

of the index of refraction, no, of the active medium. Taking the index as

t I»

n0 = no + mo > (2-41)

the carrier modulation leads in the first order to
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"o(0 = ("o +ino } + +iAno (2-42)
( »

where An0 and Ario are the complex amplitudes of the modulation of the real and the

imaginary parts of the refractive index. Assuming that the oscillation frequency

adjusts instantaneously to the value of no, we can express the change of the

oscillation frequency due to a change Ario

A v Ana—_ra (2_43)v
nn

where the fill factor, Ta ~ volume of active region / mode volume, accounts in an

obvious way for the dependence ofAv on the volume of the active region.

The differential gain constant A can be written as

»I

4;rv Ana
P-44)

'lO

The linewidth enhancement is defined as the ratio of the change in the real part of no
to that of the imaginary part.

„ _ An»
7 17 (2-45)
Ah,.

a can be viewed as a material parameter that depends on temperature as well as on the

carrier density. Its value in typical room temperature semiconductor lasers is 3<|a| <6
. Combining (2-44) and (2-45) we obtain

A ' OCnoA A
° <2-46>

for the relation between the changes in the carrier density (An) and the index nG.
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In the case of sinusoidal current modulation, we define An = ni exp(icomt). So that

using (2-43) we obtain:

A v(t) = i'a:
\eV j

fAaffl.e'

471
2 AP0 .

CO m lCO„
( 1
- + AP0
u

(2-47)

In most applications, the applied modulation frequency com satisfies the condition

com«coR. Since this condition leads to a flat amplitude response, in this case equation

(2-47) becomes:

Av(t)=-i—
f Aa co„

4 jveV K^R J
ixe (2-48)

The sinusoidal current modulation thus causes, to first order, a frequency modulation.
The sinusoidal frequency modulation should cause the optical spectrum to acquire

(FM) sidebands occupying a spectral width

A v
r„A« com

2 'lch,rp ~ 4xeV coR2 (2-49)

2.6 Summary

In this chapter the basic principles of diode lasers were introduced. Such basic

operation principles as light confinement, gain, modulation mechanisms were

analysed. The spectral and spatial properties of diode lasers were also reviewed. The

output power and tuning characteristics of diode lasers are also included in this

chapter. The importance and the applications of diode lasers was presented, as well as
some of their disadvantages. A brief overview of the different types of diode laser

systems in existence were also presented.
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3.1 Introduction: Limitations of Diode Lasers

Although diode lasers are compact and user-friendly devices, they suffer from a

number of performance limitations, which are potentially serious in many

applications. Solitary diode lasers are characterised by multimode operation and have

large linewidths due to a short photon cavity lifetime and strong coupling between the

phase and amplitude of the intracavity optical field. Laser diodes can be tuned by
variation of temperature or injection current, but these methods have limited tuning

ranges and are accompanied by spectral regions that could not be accessed. The latter
means that with temperature or current tuning of a diode laser is not possible to fully

exploit the broad semiconductor gain bandwidth. The continuous tuning range of a
commercial diode laser is limited by mode hops which occur because the cavity

length (i.e. optical length between the diode end-faces) cannot be tuned

synchronously with the gain profile. For example, the gain peak tunes 18 times faster
than the cavity modes for the BH (buried heterostructure) lasers and for IRW

(inverted rib waveguide) and gain-guided lasers the gain peak tunes 8 times faster
than the cavity modes [1]. The wavelength of a semiconductor laser can be tuned by

varying its temperature with a typical rate of 0.3 nm/°C

3.2 Coherence Enhancement Schemes

The imperfect spectral features of free running laser diodes (mode hopping and large

linewidth) can be dramatically improved by exploiting their sensitivity to optical
feedback [2]. During the past decade several stabilisation arrangements have been

presented, either using coupling to an external, high-Q cavity [3] or to a diffraction

grating [4, 5]. In the first case, a fraction of the output beam is coupled back into the
diode laser. While geometry of this kind can provide radiation with a linewidth below
10 kHz, the relatively high level of technical complexity is a drawback for many

applications. By contrast, the stabilisation of laser diodes by means of feedback from
a diffraction grating is much simpler to realise and still provides a linewidth reduction
to the 100 kHz level, which is sufficient for many experiments.
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Sometimes light fed back from an external reflector to a semiconductor laser does not
have only positive effects. Instability of the output power from a diode laser can be

greatly enhanced when light is fed back from an external reflector. This leads to

periodic and chaotic oscillations in the laser output power and sometimes has

consequence to internal mode hopping or coherence collapse and linewidth

broadening. It must be noted that the occurrence of such behaviour depends on several

parameters such as external cavity length, external reflectivity and bias injection
current [6, 7]. There are reports that propose solutions to such behaviours [8],

3.3 Regimes of Feedback in Diode Lasers

One of the unique features of diode lasers relative to most other lasers is their high

sensitivity to optical feedback. This sensitivity arises from a combination of factors.

First, the gain curve is a very flat function of wavelength; second, the cavity finesse is

quite low; and third, the cavity is very short. As a result, the overall gain of the system

has an extremely weak dependence on wavelength and there are relative few photons
in the cavity, so that the lasing frequency is very easily perturbed. In addition, when

light is returned to the laser it acts as a photo-detector, generating more carriers in the

junction and affecting the net laser gain. If the laser beam is collimated and hits a

surface, which scatters strongly, there will be a significant effect on the laser

wavelength (frequency shifts, variations in the laser amplitude), but if the surface has
a dull black appearance there will probably be little effect. If the beam is going

through focus, a larger fraction of the scattered light will be focused back into the
laser thus increasing output instability.

How much feedback can be tolerated generally depends on how the laser is being
used. Lasers with an output facet coated for reduced reflectance are more sensitive to

optical feedback than uncoated lasers. On the other hand, lasers set up to have strong

optical feedback to control the wavelength are correspondingly less sensitive to stray

feedback.

There are five distinct regimes of feedback effects, with well-defined transitions
between them, as a function of feedback power ratio. The feedback level can be
defined in terms of the reflectivity coefficient of the external retroreflector, T3 (in dB),
as follow[9]:
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feedback level = 20 log r3 (3-1)

Advantageous effects, such as reduced laser linewidth, reduced operating threshold,
and increased side mode suppression, occur for very low or strong feedback (regimes
I III and V). However, at low to intermediate feedback levels (regime IV) the device

operates in a coherence collapsed state, which is characterised by dynamic

instabilities, and a dramatically broadened optical frequency spectrum. More

analytically, these five regimes of feedback effects are [10], [11]:

Regime I: At the lowest levels of feedback (power reflectivity Reff < 1%), narrowing
or broadening of the emission line is observed, depending on the phase of the
feedback [3, 12, 13]. At this feedback level improved frequency stability is observed.
It must be mentioned that it has been observed that within the first three regimes the

oscillating mode (among the external cavity modes) is the one with the narrowest

linewidth and not the one with the lowest threshold [14],

Regime II: At a feedback level which depends on the distance to the external

reflector, the broadening, which is observed at the lowest levels for out of phase

feedback, changes to an apparent splitting of the emission line arising from rabid
mode hopping. The magnitude of the splitting depends on the strength of the

feedback, and on the distance to the reflector [15],[ 16]. The laser will lock to the

mode with the maximum linewidth reduction and not to that one with the minimum

required gain to oscillate which exhibits mode hopping [17].

Regime III: At the feedback is increased further, at a level which does not depend on

the distance to the reflection (approximately -45dB), the mode hopping is suppressed,
and the laser is observed to operate on a single narrow line. This regime occupies only
a very small range of feedback power ratio, from -45dB to -39dB, and consequently
the laser remains sensitive to other reflections of comparable or greater magnitude. In
this regime the laser will lock to the mode with the narrowest linewidth [17],

Regime IV: At a feedback level which does not depend on the distance to the
reflection (approximately -40dB), satellite modes, separated from the main mode by
the relaxation frequency, appear. These grow as the feedback increases and the laser
line eventually broadens to as much as 50 GHz. This has been termed "coherence
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collapse" because of the drastic reduction in the coherence length of the laser [18].
The effects in this regime are independent of the feedback phase. Variations of laser

parameters such as laser length, emitted optical power or linewidth enhancement
factor a will effect the transition to this regime [17].

Regime V: Extended cavity operation with a narrow linewidth is observed at the

highest levels of feedback, usually greater than -10 dB; typically it is necessary to

antireflection coat the laser facet to reach this regime. In this regime, the laser

operates as a long-cavity laser with a short active region. If there is sufficient

frequency selectivity in the cavity, the laser operates on a single longitudinal mode
with narrow linewidth for all the phases of the feedback. In this regime of operation,
the laser is relatively insensitive to additional external optical feedback. The feedback

regimes are depicted in Figure 3-1.

Figure 3-1: Diode Laser Feedback Regimes [10]

In order to avoid undesirable phenomena such as bistability, tuning nonlinearities,
axial mode instabilities [19], the external cavity laser should operate under the strong

2 2 2 2feedback regime, which requires r ext » rf , where the rext and rf are the power

reflectivities of the external retroreflector and the front diode facet. Operation in

strong feedback regime helps semiconductor medium gain to decouple, somehow,
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from its dependence on index of refraction. This dependence drives solitary diode and
sometimes external cavity diode laser, (ECDL), to threshold gain ripple caused by the
diode - cavity etalon effect which gives rise to the previously mentioned undesirable

phenomena.

• 9 2
In order to be fulfil the condition for strong external feedback, r ext » rf , a method
of facet reflectance reduction must be applied on the diode facet(s).

For an ECDL, a good rule-of-thumb is that for an external power feedback level of
9 • T
r ext ~ 010 to 0.30, the diode facet reflectance should be 10" or less in order for the

ECDL to operate under the strong external feedback regime. In order diode lasers to

operate under strong external feedback regime in an ECDL configuration, some

means of facet reflectance reduction must be used.

The technologies available for reducing the facet reflectance of semiconductor gain
media in external cavity lasers include dielectric antireflection coatings [20], tilted

gain stripes [21], [22] and buried facets [23], A combination of dielectric coatings and
tilted gain stripes may also be used.

The most common way to reduce facet reflectance is through deposition of a

dielectric antireflection (AR) coating. For optimum results [20] in coating, the

refractive index of the coating material should be nopt > nm, where nm is the modal
refractive index of the active region and that topl > A/ 4nopl, where topl is the optimum
thickness of the antireflection coating.

The strength of the feedback is represented by:

>C = (3-2)
Ts -\JRS

Where xs is the round trip time in the semiconductor chip, Rs the facet power

reflectivity (Rs = rf2), and Re (= r2ext) the external power reflection coefficient,

including coupling losses and attenuation.

As a conclusion, only in regimes III and V is the laser line always narrowed

by the feedback, and these regimes occupy only a small fraction of the area of
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Figure 3-1. In regimes I and II if the feedback phase is randomly varying the
linewidth will be broadened some of the time or the frequency may hop back and
forth between two modes. In regime IV there is drastic line broadening for all the
feedback phases. Regime III produces narrowing for all phases, but requires

controlling the reflected power to be between -46 and 40dB. Only in regime V is the
laser narrowed for all feedback phases, and insensitive to additional reflections. This

regime can only be attained for antireflection-coated lasers.

3.4 External Cavity Diode Lasers

A tuneable external cavity laser (Figure 3-2) includes an optical gain medium (e.g. a

diode laser with or without antireflection coating on one or both facets); optics for

coupling the output of the gain medium to the free space mode of the external cavity,

wavelength selective filters and one or more mirrors defining an external feedback

path, possibly with a piezoelectric translator (PZT) for fine tuning. It is possible for
the ECDL to contain polarisation optics, beamsplitters and beam shaping optics such
as prisms, telescopes and so on. The separation between all these optical elements is
vital for the desired operation of an ECDL [24].
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Figure 3-2: A generic external cavity diode laser [25]

For many spectroscopic and scientific applications, even the relatively narrow

linewidth of a semiconductor laser is too broad, and tuning by temperature or current

results in poor performance with limited range because of unpredictable modal
behaviour. One way to achieve better spectral purity and tuning of the laser diode is to
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operate it in the ECDL configuration. Free running diodes are tuned by current (a few
GHz per mA) and temperature (a few 10 GHz per mK). The enormous sensitivity
demands low noise and ultra-stable drivers. The external cavity decouples the
resonant laser frequency from the strong dependence on the semiconductor refractive
index. Since the optical length of the external cavity is nl + L , the mode frequencies
are

Vm=W^)}'"-
where

fa ^
ovmm

= n 1 (L) + 1
l dn ) l nl)

For L»nl, the relative changes in the mode frequency due to changes in the
refractive index are reduced by the factor nl/L. While refractive index fluctuations
contribute significantly to the observed linewidth of the solitary diode laser, for an

external cavity laser they are negligible. Also the fact that diode mode frequency is
more tolerant to changes in the refractive index in an ECDL configuration, makes the

output frequency less sensitive to temperature and injection current variations. The

temperature range over which the ECDL maintains oscillation on the same

longitudinal mode for changes in temperature is a figure of merit of the quality of the
ECDL [l].

A free running laser diode is a high gain device with very low cavity finesse. It

produces a relatively large fundamental linewidth because the linewidth of the laser
diode source is inversely proportional to the photon lifetime in the cavity. By using
the laser diode as a gain medium within a larger external resonator cavity, the short

cavity length formed by the cleaved facets of the laser is extended to the length of the
external cavity. Additional higher reflective resonator mirrors increase the photon

lifetime, thus reducing the linewidth of the laser. Typically, free running laser diode
sources emit over a band perhaps 10-15 MHz wide, but with this ECDL

configuration, a linewidth as small as l MHz can be achieved, more than sufficient to
resolve the natural linewidth of an atomic transition.
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ECDLs retain, in large measure, the compactness and ease of use of solitary cavity
diode lasers and in addition provide a number of performance enhancements. A

properly designed ECDL will operate on a single external cavity longitudinal mode
without active stabilisation. The density of accessible modes is increased by the ratio
of the external to solitary cavity lengths. Truly phase continuous tuning without mode

hops is also possible. The use of an external filter allows tunability across the wide

gain bandwidth of the semiconductor gain medium.

The use of an external cavity will reduce stimulated emission in all directions except

that defined by the external cavity. It will also reduce spontaneous emission by

clamping the gain at a value lower than that usually occurring in the monolithic
device. Also the feedback light will introduce a mode shift relative to the diode

modes. This is due to a change in the population inversion in the active region. In
addition because there is no spectral or spatial hole burning in semiconductor lasers, it
is possible to extract nearly all the of the multimode output power from a monolithic
device in a single frequency when the output is controlled in a single spatial mode

using an external cavity.

Another effect that feedback light has on the dynamics of the diode, in an external

cavity diode design, is the switching of its polarisation. It has been shown that

parameters such as diode type, diode operation type (dc or ac operation), diode

injection current and external cavity length can effect the polarisation state of the
diode [26].

In a solitary diode laser even a small amount of feedback can induce longitudinal
mode hopping, causing the effective laser spectral width to increase by orders of

magnitude. This optical feedback can be avoided through the use of optical isolators,
but these isolators are still expensive. Conversely, by stabilising the laser in an

external cavity containing a diffraction grating, the sensitivity to optical feedback can

be greatly reduced, and the laser can be operated with a narrowed, more stable optical

spectrum.

There are reports that excess fluctuations of semiconductor outputs that are observed
as transient relaxation oscillations, fluctuations, self-sustained pulsation can be
overcome by inserting a diode laser into an ECDL, under specific conditions. These
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conditions relate to the distance of the external retroreflector from the diode and the

amount of feedback light [27],

The linewidth narrowing resulting from the increased optical length of the external

cavity is achieved at the cost of reduced tolerance to mechanical perturbations. The
external cavity laser frequency shifts due to thermally and acoustically induced
variations in the physical cavity length. So in some cases closed loop feedback
stabilisation of the cavity length is necessary.

The ECDL however is a compact, low-cost and portable compared to other types of
tunable lasers. The ECDL is also easily pumped by direct injection current, has a high

wallplug efficiency, is air-cooled and has a long lifetime. A disadvantage that appears

compared to other tunable lasers is that the ECDL has lower output power.

3.5 Types Of External Cavity Lasers

Figure 3-3 shows three basic external cavity diode laser configurations

a<it' filter

f-I FILTER' filter

ISOLATOR

; FILTER
J A

-[OEK]h-t filter

Figure 3-3: The three types of ECDLs. (a) Extended cavity diode laser, (b) Double ended external

cavity laser, (c) Ring external cavity diode laser [25]

3.5.1 Extended Cavity Lasers

The extended cavity (Figure 3-3a) laser comprises a semiconductor diode laser with
an antireflection coating on one facet (although is not required), optically coupled

through the coated facet to an external optical system that includes the retroreflector,
which defines the external feedback path. This configuration has also been called a
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pseudo external cavity [4], The opposite facet, which is either uncoated or coated as a

high reflector, serves as an end mirror of the cavity and is often the output coupler.
The extended cavity is the most common commonly used configuration because: (i) It

requires only antireflection coating only on one facet for operation (and even this is
not required); (ii) It can be constructed using commercial diode packages in which the

output of only one facet is accessible; (iii) It is relatively easy to align; and (iv)
Excellent optical performance can be obtained provided if good AR coating is

applied. It should be noted that the effects of the residual diode cavity resonance are

still observable even if a high quality antireflection coating is applied.

3.5.2 Double - Ended External Cavity Lasers

The double ended external cavity laser (Figure 3-3(b)) [28] contains a semiconductor

optical amplifier with antireflection coatings (or some type of reflectance reduction)
on both facets. Each extended cavity section retroreflects into its respective facet. One
of the extended cavity sections might contain all of the wavelength selective elements,
whereas the other might contain only coupling optics and a retroreflector. The

primary advantage of the double-ended external cavity configuration is increased

suppression of diode cavity resonance obtained by reducing the reflectance on both
facets. The disadvantages are the increase in the number of optical components,
increased alignment difficulty, and the additional coupling loss associated with the
second extended cavity section.

3.5.3 Ring External Cavity Lasers

A ring cavity laser (Figure 3-3(c)) contains a semiconductor gain medium (with
reflection suppression on both facets) and an external feedback path that cross-

couples the outputs of the two facets. This is the most difficult type of external cavity
to align. Similar to the double-ended external cavity, it has the advantage of increased

solitary resonance suppression on both facets. It can also be made unidirectional by

inserting an optical isolator into the cavity.

3.6 External Cavity Laser Designs

The different types of spectral filters that are currently used in ECDL configurations
are presented in Figure 3-4. In terms of optical performance, the diffraction grating is
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the best filter for tuning an ECDL, because it combines high efficiency, and enough
resolution to resolve a single external cavity longitudinal mode. Descriptions of
ECDL configurations that used other than grating, as a spectral filter can be found on

the following references [15], [19], [28, 30], [31, 32],

External Cavity Designs

Figure 3-4: Different types of filters used in ECDL configurations

3.7 Feedback Model

3.7.1 Effective Reflectance and the Feedback Induced Phase Shift

The basic model for an extended cavity laser is based on a three-mirror compound

cavity [33], The interior facet of the gain medium and the external reflector form a

compound mirror (see Figure 3-3(a)). This compound mirror together with the outside
facet forms a Fabry-Perot resonator. The effective reflectance of the extended cavity,

including multiple reflections from the inside facet, is given by [34]

/x rf2 +rM,(v)exp(/2;rvrc,J ,

VM=.-^„MexP(/2wrjHv;|exp(^) (3.5)
In equation (3-5), 2nv = co, where co is the external longitudinal-mode (angular)

frequency, Text (= 2L/c) is the round trip time inside the external cavity, and rfl, rext

are the amplitude reflection coefficients of diode output facet, and external reflector,

respectively. Coupling losses between the chip waveguide mode and the external

cavity mode are assumed to be lumped in rext [35].
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The mode frequency co satisfies the phase condition

cozL + (j){a>) = 2mrc (3-6)

where m is an integer and tl is the round trip inside the diode laser cavity. Using (3-

5), and (3-6), the feedback induced phase shift is

0(eo)=tan~ rext (l ~ ^/22 )sin(fur)
rf2 (l + r 2ext)+ rext (l + r2fi )cos(coz) (3-7)

If Q (=2mK/v, ) is defined as the angular frequency of a Fabry-Perot mode, then

equation (3-6) can be written as

(<v - Qm )tl + (j>{(o) = 0 (3-8)

So, equation (3-8) can be used to determine the lasing frequency as:

=-[-W(v) (3-9)

Where x is the round-trip time inside the external cavity.

3.7.2 Threshold Current

The gain coefficient per unit length is given by

g(l, X) = r[l-/,.(!)] (3-10)

where y is a constant independent of A, 1 is the pump current, and Itr(A) is the

transparency current (where transparency current is the current required to invert the
carrier population (material losses)). At threshold, the round-trip gain equals the total

round-trip loss. This leads to the following general expression for the threshold
current
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hk =-[«in« +am,r\+I,r
r

(3-11)

where amir is represents the mirror loss.

An expression for the threshold gain in a compound cavity is the following [33], [35]:

where gm is the threshold gain, L is the external cavity length, and ajnt expresses the

losses in the diode laser. For each value of X, there is a value of gm which is in general

complex. Each solution of (3-12) which is real and positive is the threshold gain

required for the specific external cavity mode to oscillate. Equations (3-5) and (3-12)
determine the gain profile of the external cavity laser. As the oscillation frequency is

scanned, equation (3-5) determines the effective reflectivity of the composite cavity
and (3-12) gives the variation of the threshold gain with frequency. As the oscillation

frequency is now scanned the strength of the effective reflectivity varies as the
external and the internal fields go in and out of phase. This modulates the threshold

gain according to (3-12) [36], If the effective reflectivity is greater than the simple
laser reflectivity, the threshold gain is reduced. Using (3-12), the threshold current in
an external cavity can be written:

Figure 3-5 shows how the effective reflectivity and threshold current vary with phase

delay due to the feedback light in an ECDL configuration.

\LJ
(3-12)

(3-13)
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Figure 3-5: Effective reflectivity and threshold gain in ECDL configuration versus phase delay. Solid
line effective reflectivity. Dashed line threshold gain [36]

The use of a phase-conjugate external cavity configuration decouples the laser
threshold from its dependence to the phase delay of the feedback light in an ECDL

configuration. In such an ECDL the light returning to the laser has a specified phase

(2nn), that lowers the threshold gain and at the same time keeps the effective

reflectivity at its maximum value [36], The important advantage of the phase

conjugate beam compared to the conventional phase return beam is that it is always
collinear with the pump beam and that the effective reflectivity is always greater than
the reflectivity of the diode output facet, so the threshold gain reduces and the slope

efficiency decreases.

The amount of optical feedback into the laser can be estimated from the change in
threshold current with and without feedback. Another expression of diode laser
threshold is [71]

Ith ~ 2aL + In '_1_A
y R\R2 j

(3-14)

where L is the length of the laser, a is the internal loss in the active region and Rjj are

the diode facet power reflectivities. The change in threshold current AIth for a

feedback X into the laser cavity is given by [71]

A/„
In
v R,

2aL + In '_J_A
yR\R2 J

(3-15)
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The level of threshold current reduction in an ECDL configuration has an angular

misalignment tolerance. This tolerance is larger in an ECDL, since the reduction in

threshold in an ECDL is larger than that in a solitary diode under the same operating
conditions. This is expressed by the following equation [37]:

A0,„, = A
fAI1X1 th

a/2,7VW v c ,
(3-16)

where C is a constant that depends on the structure and the composition of the gain
medium and w is the width of the incident beam on the grating surface.

Changes in the threshold gain cause variations in the semiconductor refractive index

according to [35]:

n = nn+ a
f c ^

(3-17)v2a>j

where na is the refractive index of the solitary diode at threshold, a is the ratio of real

to imaginary changes in the refractive index due to feedback (linewidth enhancement

factor) and Ag is the change in the threshold gain.

3.7.3 Mirror Losses

The mirror losses for different external cavity designs are summarised in Table 1:

External Cavity Design Mirror Losses

Extended Cavity Configuration = In
Ant

1 \
U.'vWj

Double External Cavity
amir = In

int

1 "1
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\

Ring External Cavity a, — In
Lm,

Table 1: Mirror losses for different external cavity configurations

where c/2 (E) is a wavelength dependent parameter which gives the fraction of the

filed amplitude from facet 1 that is coupled into facet 2.

3.8 Output Power

The laser output power is linearly proportional to the injection current and increases
with the increase in injection current when there is no external feedback. This

linearity is lost in the compound cavity. Without optical feedback, parameters such as

oscillation frequency and threshold gain are constant, so the laser output power is

proportional to the injection current above threshold. With external optical feedback,
the oscillation frequency and threshold gain depend on the external cavity length and
on the external feedback power [38].

When the external cavity diode laser is oscillating at a single wavelength determined

by the external feedback, the output power can be calculated according to [35]

where the wavelength dependence of the quantum efficiency accounts for the spectral

dependence of the semiconductor gain profile. The latter wavelength dependence is
more gradual than the periodic variation of the external cavity threshold, (Ith(A,)) that
is caused by interference effects between the external and the internal cavity.

The single pass output slope efficiency (SE) of an ECDL that uses a grating as an

external retroreflector and the zeroth order diffracted beam as the output, can be
written as [39]

(3-18)

SE = FSE x T, x Rgo (3-19)
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where FSE is the diode front facet slope efficiency, Tl is collimation lens transmission

and Rg0 is the grating reflectivity in zeroth order.

The effects of external feedback on laser behaviour are expected to differ

characteristically depending on the distance between the laser diode and the external
reflector. When the distance is smaller than the output coherence length, the combined

laser and external reflector system will behave as a laser with a compound cavity.

The output power of the compound cavity semiconductor laser shows a rich variety of

dynamical behaviours such as stable state, periodic and quasi periodic oscillations,
and chaos with variations of the parameters which include the reflectivity of the
external mirror, the length of the external cavity, and the injection current [40]. The

presence of coherence interference effects, between the reflected light and the field
inside the laser diode, has been observed. At a fixed DC excitation level, the output

power varies periodically as the optical path length between the external reflector and
the diode facet, Lr, varies. Undulation amplitude AL takes its maximum where LR

equals a non-integral multiple of the laser diode chip length, LD. The amplitude of the
undulation becomes larger for a larger intensity reflectance. The period of undulation
becomes smaller with increase in the external cavity length [38],

The spectral behaviours of the output depend on whether Lr closely equals an integral

multiple of Ld or not. For example if Lr& mLo, as the current is increased the

oscillating wavelength is found to jump successively between the diode and the
external cavity longitudinal modes. When Lr= mLDt then as the current is increased
the wavelength is changed and may continuously jump by an amount equalling the
external cavity mode separation [41].

The dependence of the undulation amplitude as well as the wavelength variation

pattern on Lr can be explained as follows. The distribution of resonant modes of the
diode and the external cavities is illustrated in Figure 3-6.

When Lr equals an integral (m) multiple of Lp, the diode cavity mode separation is an

integral multiple of the external cavity mode separation. If one of the diode cavity
modes (mode N+l) coincides in frequency with an external cavity mode (mode AT),
there will also be coincidence in neighbouring diode modes. The laser will oscillate at

the combination of modes closest to the gain peak, at the pair N+l and M'. When the
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DC excitation current is increased, the active region temperature rises and the crystal
refractive index increases. This shifts the diode cavity resonant modes towards the

low frequency side relative to the external cavity modes. Frequency mis-matching

develops at the oscillating mode pair, which results in a less constructive interference
condition between the externally reflected light and the field inside the laser cavity. It
also results in a reduction in the output compared to the perfect matching state.

However, in this case, mis-matching of the same extent also develops at other mode

pairs. Therefore, the laser oscillation is maintained at the original mode pair (N+l,
and A/'), until the mismatching develops to such extent that the new combination M'-
1 and N+l becomes better matched.

In the case LR is not close to an integral multiple of LD, the situation is different. If LR
is a little larger than the nearest integral multiple of Ld, the resonant modes are

distributed as illustrated in Figure 3-6. Assume that there is a perfect matching of

frequencies between modes M and N, near the gain spectral peak. The laser will be

oscillating at this pair. As the diode cavity resonance frequencies are lowered with the

increase in current, mis-matching develops at this pair. However, the matching

improves at the neighbouring diode cavity N+l and the external cavity mode M'

closest to it, which are on the higher frequency side. Therefore, the laser will switch
its oscillation frequency to the latter mode pair, with a frequency jump back to

another matching mode pair located on the lower frequency side of the gain spectrum.

Because of this additional freedom of mode switching among the diode cavity modes,
the frequency mismatching does not develop as severely in this case as the former
case. Hence, the undulation in the Pout - hnj curve has smaller amplitude.

When LR=mLD as continuous frequency tuning approaching its end, jumps between
two frequencies that have big difference in threshold gain. Instead when Lr^ mLo as

continuous tuning approaches the end the lasing frequency jumps to adjacent solitary
diode modes where the threshold gain are close. In this case the ECDL behaviour is
not so stable as when LR= mLo [41], Also another conclusion from previous
discussion is that during the large frequency tuning the requirement for coincidence of
the maximum of the solitary diode cavity mode profile with the lasing external cavity
mode will be less strict.
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A tilt on the angle of the external retroreflector can effect the output power of an
ECDL configuration. Tilting the external retroreflector can cause changes both in

coupling efficiency between the internal and the external cavity and the phase
conditions for constructive interference between emitted and returning waves in the
external cavity [42],
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Figure 3-6: ECDL mode distribution compared to the solitary diode mode distribution (a) when

external cavity is an integral multiple of solitary diode length (top), (b) when is not an

integral multiple of the solitary diode length (bottom) [2]

3.9 ECDL Spectral Characteristics

3.9.1 External Cavity Axial Modes

In the case of strong external feedback, the solitary resonance is strongly suppressed

by the facet AR coating(s). The axial modes of the system are the Fabry-Perot modes

of the external cavity, with modal frequencies vq and wavelengths given by

vq =y(4* +neffLi*)~ (3-20)

and

2
\ = ~~ (A<(/ + neffAnt ) (3-21)
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where Lex, is the total external cavity path length and ne// and Lint are, respectively, the
effective index and physical length of the gain waveguide. For an extended cavity or

double ended cavity q is an integer; for a ring cavity q may only be an even integer.
The free spectral range (FSR) between modes of an extended cavity or double ended
external cavity is given by

Av» = 2(4,,+^I„,) <3-22>

The FSR for a ring external cavity is given by

Av»'«-Z +n L (3-23)^ext ^ eff int

In terms ofwavelength the FSR is not constant but can be approximated by

"-2^0 <3"24>
for linear configurations and

X2
^exl(ring) ~ ~~Z ~~ ~j (3"25)

ext +neffLia{

for ring configurations, where X is assumed to be the mid-point of the tuning range. In
the majority of the cases Lext »nejfLint and the term neffLint can be neglected when
calculating the external cavity modes. The axial mode spectrum for an external cavity
laser is about 100 times denser than that for a solitary diode laser.

3.9.2 Wavelength Selection and Mode Structure in ECDL

The principle of wavelength selection in an ECDL is shown in Figure 3-7. On this
sketch the semiconductor gain profile, the loss profiles and the FP modes are

depicted.
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Figure 3-7: ECDL wavelength selection mechanism [33], Solid and dashed curves show the behavior

when the gain peak coincides or deviates from the filter response frequency co0.

First there is a sizeable coupling loss (~ 5 to 15 dB round-trip) between the guided
wave in the active region and the free space beam in the external cavity. This kind of

cavity losses are periodically modulated with a period given by the FSR of the

external cavity. Second, interference between reflections from the gain medium facets
creates an additional intracavity loss that is modulated at the period of the, gain

medium, mode spacing Avint. The reflectivity of diode output facet has an impact on

the spectral output of the ECDL. The coating of the laser facet imposes the
introduction of intracavity etalons because the grating dispersion efficiency is not

sometimes high enough to drive the laser to a single mode regime [43].

When the gain medium is pumped sufficiently hard, oscillation will occur at the
external cavity mode that sees the lowest net cavity loss. If the antireflection coating
is of high quality, the loss ripple due to the facet reflections of the gain medium is
weak and the filter bandwidth is narrower compared to the period of the ripple. In this
case oscillation will occur at the external cavity mode that is closest to the loss
minimum of the wavelength selective filter. As the minimum loss wavelength of the
filter is varied, the laser oscillation repeatedly hops to the next external cavity mode.
The output wavelength tracks the filter peak wavelength in a quasi continuous linear
fashion.

Figure 3-7 shows also the effect of the dispersive feedback on the longitudinal-mode

spectrum as the gain peak shifts its position. The sharp dip in cavity loss at co0 is due
to an increase in the external reflector wavelength dependent reflectivity, which
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decreases the required threshold gain by the gain Ag. As mentioned earlier, the F-P

mode closest to co0 becomes the dominant mode. All the other FP modes that are

outside the filter bandwidth are suppressed because of the gain margin Ag offered by
the dispersive feedback.

When the gain moves away from co0, the material gain in co0 is reduced and the gain

width Ag is also reduced. The ECDL will oscillate in the vicinity of the filter

frequency oo0 as long as the reduced gain margin Ag remains positive. When Ag < 0,

the free running FP mode near cog would have lower threshold current and the laser

frequency would jump to this frequency. An expression that approximates gain

margin due to external optical feedback is the following [33]:

f

A«4'n V^2 +^
yp^2 +

(3-26)

where R2 and R3 are diode output facet and external reflector power reflectivities,

respectively. To increase Ag, R2 should be minimised and R3 should be maximised.
The value of R3 depends on the external reflector reflectivity, and on the coupling and

propagation losses introduced during mode round-trip in the external cavity.

It must be mentioned in this point that because external cavity FSR is much smaller
than solitary diode FSR, in order to have only one laser mode in coincidence with a

external cavity mode within the gain curve the following condition should be satisfied

[44]:

(FSR)W L . p

(FSR)ecdl I q (3"27)

where (FSR)ld and (FSR)ecdl are the FSR of the solitary diode and the external cavity
diode laser, respectively. L and / are the external cavity and solitary diode lengths,

respectively. P and q are integers.

However, depending on the feedback bandwidth, the device can support several other
side modes that correspond to the longitudinal modes of the external cavity [33]. The
number of these side modes is defined by both of the feedback bandwidth and the
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round-trip time inside the external cavity. It is determined [33], that for single mode

operation in an ECDL the following condition should be obeyed:

• • • TC

(feedback bandwidth)x (external round trip time) < — (3-28)

From relation (3-28), it can be extracted that the longer the external cavity length, the
narrower should be the bandwidth of the external feedback. If the external feedback

bandwidth is defined as y0 = 7rAv, condition (3-28) implies the linewidth of the

external feedback be less than one half the external cavity mode spacing.

The frequency corresponding to the main mode in an ECDL is given by [33]:

_ (A. (3-29)
0 + P)

where f2m is a Fabry-Perot mode, ro0 is the frequency that corresponds to the

maximum of the retroreflector reflectivity and the parameter (3 is called the
stabilisation parameter, which depends on the reflectivity of the diode output facet,
the external reflector reflectivity, and the length of the external cavity. The parameter

(3 can be made large by decreasing the reflectivity of diode output facet and by

making the external cavity length longer than the diode cavity. Basically, what (3-29)
shows is the pulling of the Fabry-Perot mode towards the frequency at which the

feedback is strongest. It also shows us that with the proper choice of parameters, the
laser can oscillates at a wavelength for which the external feedback is strongest even

through the free-running laser wavelength may have drifted many nanometers away

from it.

In most laser diode systems with grating feedback the distance between the front facet
of the diode and the grating surface is much larger than the cavity length of the

solitary diode. As a result, the spectral structure of the composite cavity will mainly

depend on the solitary laser cavity and not on the external cavity. The basic spectral
structure of an ECDL consists of solitary diode laser modes with numerous discrete

close-spaced external modes around them. The external modes are separated between
them with a distance equal to external cavity free spectral range. Therefore the actual
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mode structure of this composite cavity is nearly the same as that of a solitary diode
laser except that the sharp spectral lines become "bands". The number of those side
modes around one solitary mode, or the "band" width, depends on the feedback

strength. The bandwidth increases with the feedback intensity. As has mentioned

before, the lasing mode is the longitudinal mode of the solitary diode cavity with the

maximum gain. This mode in an ECDL configuration needs to match one of the
external cavity modes within the band.

3.9.3 Spectral Narrowing

Many solitary diode lasers appear to have multi-mode operation. The simplest method
for reducing the linewidth of a Fabry-Perot diode laser involves an increase in the Q

factor, by increasing the cavity length or the reflectivity of diode facets. It must be
noted at this point that an increase in the cavity length enhances the probability of
excitation of several longitudinal modes, which cause strong broadening. On the other

hand, an increase in the diode facet reflectivity does not have this effect, but does
reduce the output power. Placing such a diode in an external cavity configuration that
includes wavelength selective feedback forces the diode to produce narrower spectral
width by replacing the solitary diode spectrum with a small number of closely spaced
external cavity modes. The reduction in linewidth is sensitive to the phase of the
reflected radiation and the separation between the diode and the reflecting element
must be precisely controlled. Also the degree of linewidth reduction depends strongly
on the magnitude of optical feedback [10]. A general expression for the linewidth of a
semiconductor employing optical feedback is [45]

where P is the output power, Ecu is the spontaneous emission rate into the mode. W

represents the ratio of the output power P to the photon number in the laser cavity and
is given by equation (3-31).

(3-30)

(3-31)
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where ug is the group velocity, r(ru)is the external amplitude reflectivity (look

equation (3-5)) and Ri is the power amplitude reflectivity of the input laser diode
facet.

F gives the effect of the frequency dependence of r(a>) and is given by the following

equation:

F = 1 +—ReJy- 1 5r(ry)l a

((o) 8co
—im{; 1 dr^}
Tin \ r{*>) d0} J

(3-32)

where, Xjn is the round trip time according to group velocity, which corresponds to the

reciprocal mode spacing of the solitary lasers, a is the enhancement factor.

The ECDL linewidth dependence with the reciprocal power is shown in Figure 3-8.

Figure 3-8: ECDL linewidth versus reciprocal output power [25]

A similar but simpler expression to (3-30) can be found in [17]:

A v = A v0 [l + C cos(cot + arctan a)]2 (3-33)

where t is the round-trip time within the external cavity, Av0 denotes the linewidth of

the solitary diode laser, and a is the enhancement linewidth factor. C is the feedback

parameter and depends on the feedback fraction. As can be seen from (3-30) and (3-
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33) the linewidth of the external cavity depends on the feedback power and on the

phase cox in the external cavity.

The ratio of external cavity to solitary diode linewidth is given by [45],[46]

Svext =
f v2
1 + IsL

V Tnt J
(3-34)

where Tjnt and xext are, respectively, the round trip times of the solitary and external
• • • 1 "?

cavities. The external cavity linewidth is proportional to Pout and L~ ex,.

The linewidth of an ECDL can be also estimated from an expression that takes into

account the linear dispersion and resolving power of the grating lens system [39], [47]

according to

AX = ——Ax (3-35)
dx m

where AX is the wavelength spread of the light coupled back into the active region,

dX/dx is the linear dispersion in the focal plane of the lens, and Axm is the mode

width perpedincular to the p-n junction. The dispersion of a Littrow-mounted grating

coupled with a collimating lens of focal length/is given by

A± = ± (3-36)
dx 2/ tan 0

where 0 is the angle between the grating normal and the incident beam. Since the
linewidth of the grating stabilised diode laser decreases with the square of the external

cavity length, it may appear desirable to use long external resonator, by setting the

grating rather far from the diode. However, if the axial mode spacing of the external
resonator is smaller than the characteristic frequency of the relaxation oscillations,

single mode operation can be only be achieved by providing the laser diodes with

special antireflection coatings on the output facets. Otherwise severe instabilities are

observed e.g. multimode operation or pulsing.
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Figure 3-9 shows the spectral width 8f as a function of optimal feedback power ratio
R and spectrum narrowing parameter £ The parameter £, is defined as [12]

Z = (3-37)

where r is the external resonator round-trip, y is the damping constant of the main

resonator and n is the feedback ratio back into the diode. It has been found

experimentally that the spectral width changes abruptly, being accompanied by a

mode jump. The mode jumping always occurs in the direction in which the spectral
width becomes narrower.

optica! feedback power ratio R

to"6 te5 10'A . to"3

parameter $

Figure 3-9: ECDL spectral width versus feedback power [12]

The reflectivity of the intermediate laser facet has a profound influence on output

linewidth in semiconductor lasers with strong frequency selective feedback. Figure 3-

10 show this dependence.

The ECDL has a fundamental linewidth on the order of 100 kHz or less, but the true

linewidth is usually dominated by the mechanical and thermal instabilities in the

length of the grating laser cavity. This linewidth can be several kHz or larger if the

cavity length is not electronically stabilised. For this reason, an ECDL should be
included inside a sealed box.
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Figure 3-10: Spectrum narrowing versuss diode facet reflectivity [25]

3.9.4 Multimoding and Mode-Hopping in an ECDL

Multimoding behaviour can not be excluded from an ECDL configuration. The
behaviour in an ECDL depends on a number of factors. These include:

• The composition of the gain medium: short wavelength (AlGaAs) lasers are

more stable, while lasers at 1.3 and 1.5pm (InGaAsP) are more prone to

multimode behaviour.

• The residual facet reflectance (see equation (3-5)), the external reflectance and
the cavity mode selectivity of the external cavity.

• On the wavelength to which the laser is tuned. Multimoding usually occurs at

wavelengths falling within periodic bands occurring at the positions of the
residual diode cavity modes.

There are a number of ways to deal with multi-longitudinal mode oscillation.
Maximisation of the external feedback strength and axial mode selectivity, along with
minimisation of the residual facet reflectance, help to reduce multimoding. Limiting
the drive current to within twice the threshold current also lessens the problem.

Multimode suppression can be performed using optical and electrical methods. Small

changes in the cavity length have been observed to shift the laser output spectrum
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from multimode to single mode. This happens because one mode is shifted to

coincidence with the wavelength of the minimum external cavity loss. At the same

time the loss for the competing sidemodes is maximised, and they are suppressed.
Another optical method to suppress multimoding operation is to insert into external

cavity an etalon. Controlling the angle of the etalon so that its loss minimum

corresponds with that of the grating is effective for sidemode suppression.

Electrical multimode suppression methods include the variation of the injection
current or the temperature of the diode. In this way is possible to suppress

multimoding by controlling the positions of the residual solitary cavity longitudinal
modes. The use of a two-sectional diode laser with separate gain and phase control
terminals is another electric suppression method [48],

It has been calculated [49] that the average frequency of mode hopping between

several neighbouring external cavity longitudinal modes, for 1.3 pm InGaAsP laser
diode in a 7.5 cm external cavity is

where xp is the photon lifetime. Mode-hopping between longitudinal modes, either
between diode cavity modes or between external cavity modes is the dominant noise-

generating mechanism in an ECDL system. This mode-hopping is caused by
variations in the phase of the optical feedback [50].

3.9.5 Bistability and Axial Mode Instability

There are regions in the threshold versus wavelength graph which contain three sets
of threshold states [51]. It turns out that the middle states are unstable and will not

support steady state oscillation. The existence of such unstable states has been
experimentally correlated with a transition from a single mode to multimode output

[19]. Each intermediate-threshold unstable mode lies between a pair of high and low
threshold modes along the frequency axis [52]. For a given external reflectance rext

and linewidth broadening factor a, it can be shown that unstable states appear when
the facet reflectance rp exceeds a critical value rp*. The quantity rp represents the

2 x 1CT3
exp -1.7 — - 1

\ Ith
(3-38)

p \ th
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maximum feedback coupling facet reflectance that can be tolerated while maintaining
unconditional stability of the laser at all wavelengths. The stability analysis shows
that the tolerance of the laser to residual facet reflectance is increased by increasing
external feedback strength and reducing a. It is difficult, it has to be said, to obtain

external feedback in excess of the feedback of an uncoated facet, that is ~ 31%. Also

the linewidth broadening factor is usually not a parameter that is directly under the
control of the cavity designer.

It must be mentioned that if unstable as well as stable modes lie within the filter (e.g.

grating) bandwidth, the laser is likely to go into a multimode state. Narrowing the
filter bandwidth increases the ability to reject the unstable modes and achieve steady-

state single mode operation.

3.10 General Design Principles

As described previously, strong external feedback is necessary for the attainment of
low output ripple with respect to wavelength and to avoid bistability [35]. It also
improves the ability to obtain single mode operation without mode-hopping
instabilities [19] as well as the fidelity with which the oscillation wavelength tracks
the peak feedback wavelength [53].

A useful tool to estimate the external feedback strength is to calculate the cavity loss

ratio. The cavity loss ratio is the ratio of the mirror loss of the solitary cavity to the
loss of the external cavity. Table 2 defines the cavity loss ratio for the three different
external cavity designs.

There are two figures of merit for wavelength selectivity. The first is the solitary
cavity mode selectivity

N= 3
Av ,int

which is the ratio of the filter FWHM bandwidth to the solitary cavity axial mode

spacing. Provided the cavity loss ratio is > 20 dB, good tuning fidelity in the tracking
between the oscillation wavelength and the peak feedback wavelength will be
obtained with Nint less than about 0.3. For Ninf* 1, a cavity loss ratio of at least 30 dB
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is needed to obtain reasonably linear tuning. The other figure ofmerit for wavelength
selectivity is the external cavity mode selectivity

AL, =
^ VFWHM

~

* (3-40)A v
ext

which is the ratio of the filter FWHM bandwidth to the external cavity mode spacing.
To ensure single mode operation, it is necessary to have Next < 1.

Cavity configuration Cavity loss ratio

Extended 10 logfrA
Rf\ h J

Ring 10 log
f c )12

RrRfv A fi /

Double ended 10 log(RA){J

Table 2: Cavity loss for three different external cavity configurations

3.11 Component Throughput

3.11.1 Collimation Lens

The most critical component for determining the feedback strength is the intracavity

collimating lens. A general requirement for strong feedback in extended cavity or

double ended configurations is that the collimating lens must transform the Gaussian
beam waist at the gain medium facet into another waist at the surface of the external
mirror. This places requirements on the numerical aperture, wavefront distortion and
attenuation of the collimating lens.

The collimating lens should have a sufficiently large numerical aperture in order to be
able to capture the light that diverges vertically from the junction plane. In this
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direction the gain medium has a FWHM divergence angle of up to 0V = 40°. The
numerical aperture of the lens should be [54]

NA > sin xne
~2 v (3-41)

Wavefront distortion reduces the overlap integral between the waists of the output and
return beams [55], A maximum peak-to-peak distortion of X/4 over the usable

aperture of the collimating lens should be specified. It must be noted that a peak-to-

peak wavefront distortion of X/4 results in approximately 2 dB of reduction in

coupling efficiency [56].

In general an overall feedback efficiency of > 10% is desirable from an extended

cavity. All intracavity lenses should be AR coated and the round-trip losses that they
introduce should be less than 4dB. The round-trip insertion loss of the wavelength
filter should total no greater than 3 dB.

3.11.1.1 Chromatic Aberration

We mentioned before what numerical aperture the collimating lenses should have in
order to capture the majority of the divergent light that comes from the diode. Also we

discussed what is the maximum wavelength distortion and the maximum attenuation
that the collimating optics could introduce in order to be included in an ECDL

configuration.

There are also some additional requirements that the collimation optics should satisfy.
The collimating lenses should be able to correct chromatic aberration. Multi-element
lenses such as microscope lenses can be used for this purpose. Birefringent free
lenses. Birefringence will change the polarisation state of the intracavity light,

reducing the external feedback.

3.11.1.2 Collimation Lens for an ECDL

Table 3 includes all the different types of collimation lenses that can be used to

collimate the active area in ECDLs.
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Type of Lens Advantage Disadvantage

Microscopic objectives
High NA (< 0.8 )

AR coated

GRINRod Lenses Radial graded index of
refraction

High wavefront distortion,
which reduces the

maximum external

feedback.

Silicon Lenses Lower spherical aberration
Useful for ECDLs

operating in the 1.3 to 1.5

pm range

Chromatic aberration

problems

Camera lenses, Ball lenses Spherical aberration

problems

Aspheric Lenses NA<0.55

Low wavefront distortion

High dispersion which
limits the wavelength

range that can be covered

Table 3: Advantages and Disadvantages of lenses that can be used in an ECDL configuration

3.11.2 Tuneable Filters

The ideal filter for an ECDL has a bandwidth that is less than the axial mode spacing

of the cavity and has no insertion loss at its peak. There are two categories of filters,
mechanical and electronic.
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3.11.2.1 Diffraction Gratings

Diffraction gratings are mechanically tuned filters. Diffraction gratings are used in

spectrographic equipment (spectroscopes, spectrometers, monochromators,

spectrographs, spectrometers) as the principal optical element to separate light into its

component wavelengths (frequencies) by diffracting them at various angles. Gratings
also are used in some lasers that are capable of emitting a coherent output at more
than one wavelength. In this application the grating is used to select a desired narrow

wavelength range for the laser output. They are the most common type of filter used
in ECDLs and have the best optical performance. A diffraction grating consists of a

large number of regularly spaced grooves on a substrate. The distance between the

grooves is called the "pitch". If the underlying substrate is reflective, then we have a

reflection grating. If the substrate is transmissive, then the device is said to be
transmission grating. Transmission gratings are seldom used today. One reason for
this is that light must pass through the material that forms the grating. So light is

subject to absorption and distortion caused by that material. Recently, an ECDL
device was reported that incorporates a transmission grating [57] that diffracts 15-
20% of the first reflected order beam back to the diode. The main advantage of the

transmission grating over the reflection grating in an ECDL configuration is that the

problem of turning the output beam while tuning the laser wavelength is solved.
Diffraction gratings are also classified by the way in which they are manufactured.
When scribing with a ruling engine creates the grooves, the device produced is a ruled
master grating. When the grooves are generated by exposing photoresist with the

fringe pattern created by two interfering beams of laser light the grating is a called
holographic.

3.11.2.1.1 Principle of Operation

When a beam of light is incident on a grating, each groove generates a diffracted
wavelet. For each wavelength in the incident beam, the constructive interference of
the diffracted components from each groove occurs at a unique set of discrete
directions called the diffraction orders of the grating.

3.11.2.1.2 The Grating Equation

The grating equation that governs the diffraction behaviour of all gratings is given by:
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a(sin 6, + sin (pm) = mA (3-42)

where a is the groove spacing (pitch), 8, is the incident angle, cpm is the diffracted

angle of the m 'th order, and m is the order of diffraction. So when light ofwavelength
A hits a grating at a given incident angle, there is a unique set of diffraction angles at

which the light will leave the grating re-inforced. At all the other angles its intensity
will be reduced. The diffracted light is dispersed, with different wavelengths

appearing at different angles. Differentiating the grating equation gives the angular

dispersion D, which describes how much the diffraction angle changes as the

wavelength varies, as

^ d(pm m (sin 8l + sin cpm )LJ — = = (3-43)dX acos<pm A cos (pm v '

Diffraction gratings are usually used in first order in ECDLs, that is with nv= 1. The
zeroth order beam is sometimes used for output coupling.

The wavelength resolution of a grating tuned external cavity is determined by the

angular dispersion multiplied by the acceptance angle for coupling back into the gain
medium active region. The most important parameter concerning the resolving power

of an ECDLs is the ratio of grating resolution divided by the axial mode spacing of
the external cavity. Furthermore, the figure ofmerit for determining how well a cavity
maintains single mode operation is not the filter bandwidth but rather the number of

longitudinal modes within the passband. For Littrow cavity, the number of modes in
the passband is given by

N(3-44)
n Lg

where Lcav is the total cavity length and Lg is the filled depth of the grating. By
eliminating as much air space as possible within the cavity, a practical limit of about
two modes can be reached. If longer cavity is needed in order to obtain a narrower

linewidth, the requisite path length can be filled with prisms to expand the filled depth
in proportion to the total length.
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In an ECDL configuration the grating acts as the output coupler. The emission

wavelength can be tuned by rotating the grating about an axis perpedincular to the

plane of dispersion of the grating. Different wavelengths satisfy the Bragg condition
and this is how the frequency is tuned. For a grating with a groove spacing a it is

possible to tune the emission wavelength in the spectral range [58]

2a < X< 2/7 ex. (3-45)

where X is the radiation wavelength, n is the average refractive index of the

holographic grating material.

3.11.2.1.3 Grating Characteristics

Blazed Gratings: It is possible with a reflection grating to concentrate most of the
diffracted spectral energy into one spectral order and reduce energy in all the other
orders. This distribution of energy among the orders depends on the angle between the

reflecting element and grating surface. This angle is called the blaze angle, 6b The

phenomenon that all orders are virtually extinguished and the available energy is
concentrated mostly into a single order, occurs only for one wavelength, which is
called the blaze wavelength. Under these conditions, the specular reflection from the

grating surface and the mth order diffraction occurs at the same, or nearly at the same

angle. This concentrates most of the diffracted light into the blazed order. In Littrow

mounting the blaze condition is satisfied when the tops of the grooves are

perpedincular to the incident beam. The diffraction efficiency rises as the angle of
incidence is increased up to ~ 6b and falls thereafter [59].

Polarization Effects: To obtain greater angular dispersion it is necessary to use larger
blaze and diffraction angles, which implies A,~a. For blaze angles above -10°, the
diffraction efficiency strongly depends on the orientation of optical polarization with

respect to the direction of the grooves [59].

Dispersion: Angular dispersion of a grating is a function of the angles of incidence
and diffraction, the latter of which is dependent upon groove spacing. Angular

dispersion can be increased by increasing the angle of incidence or decreasing the
distance between successive grooves. A grating with a large angular dispersion can
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produce good resolution in a compact optical system. In autocollimation (Littrow

geometry) the equation for dispersion is given by

DA
_ A
~~

tan ft (3"46)

This formula can be used to determine the angular separation of two spectral lines.

Resolving Power: The resolution or chromatic resolving power of a grating describes
its ability to separate adjacent spectral lines. Resolution generally is defined as

R- X
P-47>

where AX is the FWHM of the grating and its value is given by equation (3-51). The
theoretical limit of resolution of a grating is

R = mN (3-48)

where m is the order of diffraction and N is the total number of grooves illuminated on

the grating (resolving power of the grating). To increase the resolution we could think
of increasing N by obtaining a finer ruled grating. The disadvantage of the latter is
that certain orders disappear and the maximum value for m decreases. A useful

expression for grating resolution is

n \r Na(s'm ft + sin cpm)R = mN = (3-49)

Since (sinft + sm(pm) can have a maximum value of 2, the maximum resolving power

at any wavelength turns out to be equal 2(Na//l), where N is the number of

illuminated slits and a is the slit spacing. So the product Na is the width of the

illuminated portion of grating.

Wavelength Resolution: The wavelength resolution is obtained by dividing the

angular spread of the beam waist at the grating by the angular dispersion. The waist

divergence of a Gaussian beam of radius wg is given by
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AeJ:,=— (3-50)
7JM>„

The wavelength resolutions for the Littrow and grazing incidence cases are,

respectively

Al _ . *AAFWHM (Littrow) - D ^Littrow
w

(3-51)

AT - 0{*v - A™(G/) Dg/ ~ tan 6i

In terms of optical frequency, the grating reflectance function for a Gaussian beam is

given by

f?(v)=i?(v0)exp 2AzOL
A v fwhm

(3-52)

where Avfwhm is the band width of the filter.

Efficiency: The absolute efficiency is the ratio of power diffracted at a particular

wavelength (A.) into the order of interest to the power incident on the grating at that

wavelength. The relative efficiency takes into account the reflectivity of the grating
metallic surface and is the ratio of the energy diffracted by the grating at X into the

order to the energy reflected by a mirror under the same working conditions. The

relationship between the two efficiencies is as follows

Absolute efficiency = Relative efficiency x Reflectance of a mirror

The mirror in the above formula must have the same coating as the grating. It must
also work under the same angular conditions as the grating. The efficiency of a

grating is generally greatest at the blaze wavelength in ruled gratings or at a particular

wavelength of interest for holographic gratings.

Groove spacing: For useful diffraction, the groove spacing must be at least 2/3 of the

longest wavelengths of interest. Also, as the grating spacing decreases the free
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spectral range of the grating increases. The latter is defined as the maximum spectral
bandwidth that can be obtained in a specified order without spectral interference from

adjacent orders. If A-i, X2 are lower and upper limits of the band of interest, then

Free spectral range = A, -X2 = — (3-53)
n

where n is the diffraction order.

Figure 3-11: Efficiency curve of a holographic grating is generally lower but flatter than that of a
ruled grating.

3.11.2.1.4 Common Mountings

Two common retroreflecting mounting geometries for diffraction gratings in extended

cavity lasers are the autocollimation (Littrow) configuration and the Littman

configuration [60], illustrated in Figure 3-12

Figure 3-12: Littrow (top) and Littman (bottom) configurations [61]
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In the Littrow configuration the angles of incidence and diffraction are equal, (9/ = (pd.

The grating equation becomes

X = 2a sin <9, (3-54)

In Littman configuration the following grating relation is valid:

X = a(sin 0l. + sin 6d ) (3-55)

In this case, the angular dispersion of the retro-reflected beam is identical to that of
the diffracted beam and is given by

= d^=tan^ (3_56)Littrow * ~ *

aA A

In the grazing incidence configuration (Littman), the intracavity beam makes two

passes at the grating in one cavity round-trip. The diffracted light from the second

pass is a retro-reflection of the incident light from the first pass. Therefore, the

angular dispersion of the retroreflected light is twice that of the light diffracted beam
on one pass

d^=2\me, (3_57)
Littman

^ Littrow

The dispersion of the grazing incidence configuration is therefore twice that of the
Littrow configuration for the same angle of incidence. In addition the grazing
incidence configuration is typically used at much higher angle of incidence, for

example ~ 85°. Minor difficulties in the design of Littrow and Littman configurations
are the grating alignment is moderately sensitive, and to achieve the necessary degree
of collimation of the laser light, the distance between the laser and the collimation
lens must be adjusted to within a few micrometers or less.

In both Littrow and Littman designs the grating controls both the emission

wavelength and the selection of one longitudinal mode of the laser diode. This assures

real single frequency operation, which is required for high-resolution spectroscopy.
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Finally, it is possible to combine the Littrow and the Littman designs in one

configuration. This improves the spectral quality of the whole configuration [62],

The dual function of the grating as the filter and the retro-reflector leads to demands

on the choice of the intracavity beam diameter. A narrow spectral width requires a

broad beam to fill a large number of grating grooves and, on the other hand, a large

misalignment tolerance requires a small spot size. These two conflicting demands on

the beam size can be simultaneously fulfilled if a cylindrical lens is placed between
the microscope objective and the grating [37].

3.11.2.1.5 Littman Versus Littrow

For both the Littrow and Littman designs, considerations and trade-offs associated

with the exact choice of cavity configuration, diode characteristics, and filter

performance must be made simultaneously. In addition these characteristics must be

integrated into a single opto-mechanical package.

Each of these cavities consists of a diode laser gain medium having one facet coated
with a highly reflective coating and other facet coated with an antireflection (AR)

coating (this is not always a necessary). The output from the AR-coated facet is

collimated and incident on a highly dispersive diffraction grating. In the Littrow

cavity, the angle of incidence is such that the beam is diffracted back on itself. The

grating therefore serves as the second mirror in the cavity. An etalon is used to

enhance cavity dispersion by narrowing the cavity bass band. Tuning is achieved by

controlling the angle both the grating and the etalon. The highly reflecting diode facet
serves as the output coupler. The external cavity produces a well-collimated output

beam.

In contrast, the Littman design uses an angle of incidence that is much steeper,

nominally 85 . The diffracted beam is retro-reflected by a mirror, and then re-

diffracted directly back into the laser gain medium. This double-pass scheme, coupled
with grazing incidence on the grating, results in a very narrow spectral pass band, and
therefore excellent wavelength sensitivity without the additional use of an etalon.

Tuning is achieved by adjusting the angle of the mirror, which selects a unique
diffracted wavelength. The reflected zero-order off the diffraction grating is the output
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beam. Both designs use the dispersive characteristics of the diffraction grating as the

wavelength filter and tuning is achieved by changing the diffraction angle.

To further understand the action of these two cavities, it is useful to examine the

relationship between the grating dispersion, the external cavity mode structure, and
the diode laser cavity mode structure. The diode laser cavity is the main concern

primarily because it is difficult to obtain an absolutely perfect AR coating. The
residual reflectivity creates a second cavity inside the external grating cavity; this
second cavity competes for gain.

The external cavity mode structure is essentially a comb function. Figure 3-13 shows
how the dispersion of the grating, the gain bandwidth of the diode laser and the mode
structures of the cavity and diode superimpose to determine the actual wavelength of
the tuneable laser. From Figure 3-13, it is clear that numerous possible modes exist
under the relatively broad gain curve of the diode laser gain medium, but the loss

curve of the grating ideally would allow selection of only a single one of these modes.
For a given incident angle, the centre of the dispersion curve aligns with one of the
external cavity modes. The width of the dispersion curve of the grating must be
narrow enough to support as few modes as possible in order to maintain single mode

operation. During tuning, this relative spectral positioning of these various dispersion
curves must be maintained to avoid mode hopping. In addition, the reflectivity of the
AR-coated facet must be low enough that the modulation of the diode gain curve is

insignificant.

^»rnq| Ocrgy Hoctf l|llman fWHM 2.1 »HJ

Figure 3-13: Mode competition in Littrow and Littman configuration [61]
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The most significant distinction between the Littman and Littrow configurations is
their different grating dispersion widths. This width is determines the number of the
external modes that can be supported, given that the intrinsic diode gain is essentially
flat over the entire dispersion width. The centre of the grating dispersion curve is

given by (3-43). For the Littrow design <j>i = <t>d = 9 and the equation reduces to (3-54).

In the Littman design the incident angle is typically kept fixed at a value near 90°,
while the diffracted angle is typically around 30°. The laser cavity includes two passes

off the grating, producing at least twice the dispersion present in the Littrow cavity.
The dispersion in the Littman cavity configuration is further enhanced, relative to the

dispersion of the Littrow cavity, because the diffraction grating is used at the grazing
incidence where the dispersion is extremely large. When the incident angle is steep,

the actual number of grooves (N) encountered by the beam is large. By differentiating

equation (3-55), one can determine the cavity linewidth (AAsgi) for a single pass off
the grating due to the angular spread associated with the beam

In the Littman configuration two passes off the grating reduce the cavity dispersion
width by a factor of two

Note that AAdbi is directly proportional to cost/),, which becomes dramatically smaller
for large angles of incidence. The term A<|>j in equations (3-58) and (3-59) is the

angular spread associated with the collimated intracavity beam. The cavity mode will
have a spectral linewidth that depends on this angular spread. Assuming a Gaussian
beam profile, the divergence angle is given by

(3-58)

(3-59)

(3-60)
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where Qo is the beam radius. Substituting this expression into equations (3-58) and (3-

59) we obtain

A-c< =
M s
j

COS (j)l (3-61)

^dbl ~
f

dX ^
\2tt£Lq j

COS (j)i (3-62)

The frequency bandwidth can be expressed as

Av =
cAA

(3-63)

From equations (3-61) and (3-62) we can conclude that the cavity dispersion in the
Littman geometry is an order magnitude smaller than the one in Littrow

configuration. This result can also be understood in terms of the number of grooves
encountered by the beam, N. For a beam diameter tzQ0 and angle the projection

distance P on the grating is

p _
cos (3-64)

and the number of grooves encountered, N, in terms of the grating lines/mm, d, is

7V = — = 7in°
d d cos </), (3-65)

Substituting these values into equation (3-61), (3-62), the following result is obtained

AT
_ 1

~t7 ~ ~N (3-66)

Finally, the external cavity mode spacing depends on the round-trip path length (2Lop)
and is given
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AVCaV=Jj— (3-67)
op

Typically A vcav» 1-2 GHz, for a typical cavity design. The Littman grating dispersion

width (-2.7 GHz) is approximately equal to the external mode spacing, while the
Littrow width (-35 GHz) is many times greater. From this perspective, it is clear why
the Littman cavity has the potential for higher mode stability. The grating bandwidth
can be configured to support a single external cavity mode, whereas the Littrow

configuration supports a finite number of modes. Nonetheless, it is possible to

overcome this limitation in the Littrow design by adding an additional dispersive
element such as an etalon. The etalon should have a FSR greater than the Littrow

grating bandwidth, and its finesse has to be high enough to increase the wavelength

sensitivity by roughly a factor of 10. This technique will force the cavity to operate on

a single mode, but it greatly complicates the tuning. On the other hand, the Littman

configuration places a stringent requirement on the grating diffraction efficiency,
because of the double pass diffraction scheme. Strong feedback is necessary to tune

both these lasers over a wide spectral range.

The grazing incidence configuration has the narrowest bandwidth. Most of this

advantage comes from the use of a steeper incidence angle (-85° for the Littman

configuration versus -50° for the Littrow configuration). In addition, double passing

gives another factor of 2. Thus, for identical beam diameters, the Littman

configuration has a resolution advantage of about 2[tan(85°)/tan(50°)]« 20 times
over the Littrow configuration. However, this conclusion carries the important

stipulation that the grating must capture the full width of the beam. In practice, the

grating resolution is limited by the width of the ruled area. For example, assume both

configurations will have a filled depth of 30mm. In Littman we will have 30x

sin(85°)= 29.9 mm, whereas in Littrow the filled depth will be 30 x sin(50°) = 23.0
mm. This increases the spectral resolution advantage of the Littman configuration to a

factor of about 2x(30/23) = 2.5. Disadvantages of the Littman set-up compared to

Littrow configuration are increased complexity and sensitivity to acoustic vibrations
and thermal changes.
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Littman laser system show lower output power than Littrow configuration, even when

using identical diode laser lasers. This can be explained as follows: The laser beam is
emitted by the diode laser chip, is collimated and then reaches the grating. The grating
acts as a beam splitter. The zeroth order beam is coupled out of the laser whereas the

first order beam is coupled to the tuning mirror of the laser. There, its is coupled back
to the grating. Then, the grating acts again as a beam splitter. The first order is

coupled back into the laser. However, there appears again the zeroth order beam
which is coupled out of the laser. This light is lost. This is the reason for the lower

output power of the Littman device in comparison to the Littrow design. Littman

system offers about 50% to 70% of the available power of a Littrow system. For that

reason, to obtain a given amount of optical feedback, the Littman grating efficiency
must be the square root of that required for the Littrow configuration, leaving

significantly lower power available. Moreover, to obtain this high efficiency at near

the grazing incidence angle, the incident light polarisation must often be made

perpendicular to the grating grooves, which necessitates a polarisation rotator inside
the cavity.

Another disadvantage of Littman configuration over Littrow set-up is that its cavity is

longer, resulting in a smaller FSR for this cavity. An advantage of the Littman

configuration is that the tuning is achieved by moving the mirror rather than the

grating, so that the output beam, which is again the 0th order reflection, does not rotate
when the wavelength is tuned. In Littrow design, the output beam is deflected

horizontally as the wavelength is scanned, approximately at the angular rate [5]

36beam
_ d2-

2

DA UJ

where d is the groove period. The output beam deflection during the rotation of the

grating, in a Littrow configuration can be overcome with the use of a transmission

grating instead of a reflective diffraction grating or with use of a plane mirror fixed

parallel to the grating [57, 63].
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In the end of this section disadvantages that both Littman and Littrow designs have
could be mentioned. Some important problems and limitations that both designs face
are [64]:

• Wavelength tuning implies mechanical movement, which leads to wear and limits
the tuning rate to the subkilohertz range.

• Feedback is given only for one wavelength, so multicolour synchronous

operation is impossible.

Solution to the previous mentioned problems has been given by the following
reference [64],

3.12 Alignment Stability and Positioning Tolerances

The most critical alignment parameter is the distance between the laser chip and the
collimation lens . As mentioned previously, the beam waist at the diode laser facet
must be transformed into a collimated beam incident on the grating. At optimum

alignment, the feedback results in a significant decrease in threshold current. The

tolerances for positioning and aligning the external cavity optics can become quite
severe due to the small cross section of the active area at the feedback-coupling facet.

The extended cavity section contains collimation optics, beam shaping optics, the

wavelength selective element and the end reflector. Practically the external cavity
losses are coming from the reflectance of the end reflector. The collimation lens and

the beam shaping optics could be considered as lossless elements.

The wavelength selective element could be an etalon or a planar retro-reflector as

grating. The filter modifies the path length of the cavity and thus the reflectance of the
end reflector. Two requirements should be met for strong coupling between the
external cavity and the diode laser. These are: (a) No wave distortion is introduced by
the collimating or the beam shaping optics; (b)The end reflector must be aligned so as

to reflect the incident beam back to the active spot on the diode facet.

In grating-tuned external cavity laser, a diffraction grating disperses the emission in

frequency across the diode facet, and only the portion which couples into the optical
mode of the semiconductor waveguide provides feedback for lasing. The dispersion in
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position at the diode facet with frequency for an external cavity in the Littrow

configuration is given by [65]

Ax ?i f
Av c av (3-69)

v 2

where A is the free-space wavelength,/is the focal length of the collimating lens, and

d is the grating period. In the Gaussian beam approximation, the power coupling

efficiency into the waveguide mode is proportional to exp -I Ax/
CO,

, where co0 is

the effective waist half-width of the optical mode at the diode facet. Since the mode

half-width in the transverse direction (perpedincular to the diode junction) is typically
smaller than that parallel to the junction, a greater difference in coupling efficiency
for adjacent longitudinal modes, or discrimination, is achieved by dispersing the
radiation in the transverse direction.

3.12.1 Collimating Lens Axial Position Tolerance

This refers to the sensitivity to axial positioning of the intracavity elements with

respect to the diode facet. The axial tolerance 5ztoi of the collimating lens is

approximately given by the Rayleign range zR [66] of the beam waist at the diode
facet

jc, w<>fowl ~ ZR =— (3-70)

where wd is the spot size at the feedback coupling facet of the gain medium.

3.12.2 Mirror Angular Alignment Tolerance

The ECDL is prone to misalignment when tuned. The effect of mirror misalignment
on the external feedback reflectivity, Rext, is given by [67]
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= Rex° exP
-<72

V (3-71)

Where Rext° is the reflectivity for perfect mirror alignment, 8 is the angular error
between the incident and reflected beam axes, and co0 is the waist spot size at the

mirror. The divergence angle associated with the beam waist at the mirror is

0Ue = , the mirror is approximately aligned if the reflected beam lies within the

divergence cone of the incident beam.

Also .the threshold current, as expected, varies with the angular misalignment of the
retro-reflector as follows

= J
dS2 [ A

(3-72)

The angular alignment tolerance 86toi of external mirror is approximately given by the

divergence angle Odiv of the waist spot incident on it:

86tol @div ~

A
(3-73)

where wr is the spot size at the retro-reflector. As can been seen, the misalignment
tolerance is inversely proportional to the spot size at the grating. However, since the

grating resolution is proportional to the spot size, it is desirable to use a large grating

spot size to achieve a highly wavelength selective cavity. Thus, in the ECDL a trade¬
off exists between alignment stability and resolution. The combination of the cylinder
lens and the grating is a solution that balances the previously mentioned trade-off
between alignment stability and resolution [37].
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3.12.3 Transverse Position Tolerance

A small lateral displacement, &c, between the gain medium and the collimating lens is

equivalent to angular misalignment of the external reflector by an angle dx /f where/
is the focal length of the lens. Thus the lateral lens tolerance is given by

, ft
~ — (3-74)

wr v '

3.12.4 Beam Shaping and Expansion Optics

An ECDL must satisfy two basic requirements. First, it must operate in a strong

external feedback regime, which means a lot of light must return to the diode active

region. Second, it must be characterised by a high spectral selectivity. This is

produced when the beam that illuminates the grating is perpendicular to the grating
lines.

The first condition is fulfilled when the reflected beam has a size comparable to the
diode active region. This can be achieved by inserting a pair of cylindrical lenses into
the ECDL configuration. Cylindrical lenses can be used in ECDLs [37] to form a line
illumination on a diffraction grating. This makes the ECDLs more tolerant to angular

misalignment of the reflector. At the same time ECDL high spectral selectivity is
maintained. Prisms are used in order to expand the beam, and this allows the
construction of a compact, high resolution grating tuned extended cavity laser [68].

Grating-stabilised are attractive as pump sources for ECDLs CW-OPOs [69], Before
the ECDL is used as a pump source for an OPO, its output beam should be modified.
This means that the elliptically shaped ECDL output beam must somehow be
circularised. This can be achieved by using of a pair of cylindrical lenses [69] or by
the use of an extended-cavity with a directly circular output beam [70]. The latter is
achieved by positioning a small microlens a few microns from the output facet. The
benefits of using this set-up over a conventional uncircularised diode in an ECDL are:

(a) reduction in the number of optical components, which means a simpler to set-up

configuration; (b) Higher available output power.
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3.13 Optical Isolators

ECDLs are very sensitive to spurious optical feedback reverse coupled through the

output mirror. For very short cavities, the feedback tolerance can be as high as -20 dB
[71]. However, the sensitivity increases with cavity length. High isolation from back-
reflections is especially important when the output of the laser is being observed with
a highly reflective instrument such as a scanning Fabry-Perot interferometer.

3.14 Passive Stability of an ECDL

The frequency and intensity stability of the extended cavity laser is often poor. The

frequency is susceptible to fluctuations in environmental conditions that cause thermal

expansion of the cavity medium (air) with pressure and temperature. In addition,
mechanical vibrations, acoustic disturbances, and electrical noise broaden the laser

linewidth typically to a few hundred kHz or even to several MHz. These external
effects also cause fluctuation of the output intensity due to variation of the losses of
the laser cavity. In external cavity diode laser configurations there is a trade-off
between rigidity and adjustability.

Generally, the first step to improve the laser performance is to make the cavity
construction insensitive to these external effects. This is referred to as passive
stabilisation. The laser frequency depends critically on the optical length of the cavity,
which is sensitive to any changes in the refractive index of the cavity medium (diode

laser, lens, and air) and to changes in the physical cavity length. The frequency of a

solitary diode laser is sensitive to variations in the injection current and the junction

temperature. These are mainly caused by changes in the refractive index of the active
medium. In the ECDL configuration, the diode is part of the external cavity, and

solitary diode temperature and injection current sensitivities decrease by a factor of
10-100 depending on the length of the cavity and on the fraction of optical feedback.

The optical focal lengths of the collimating lens changes with temperature. This is
caused by thermal expansion of the material and temperature dependence of the
refractive index. Their effects on the laser frequency can be written as [72]
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^ = -"a,r)+ PL"L] (3-75)

where ni and nair are the refractive indices of the lens material and air, and Ll and Lec
are the physical length of the lens and the total optical path length of the external

cavity, respectively. The thermal expansion coefficient of the lens material is denoted

by ccl and the relative temperature coefficient of the refractive index by Pi.

The refractive index of air is mainly sensitive to variations in pressure p and

temperature Tair. Their effects on the laser frequency can be written as [72]

dv
_ .. Lair dnair

dp Lec dp (3"76)

where

dv L„„ dn„
,, air 'air--V (3-77)dTa,r Lec dTair

where Lair is the cavity length containing air. The sensitivity of the laser frequency to

thermal expansion of the mechanical parts (e.g. base-plate) of the ECDL can be
written as [72]

dv
, Lmam_i_. .mm

dT ~ ~ L (3-78)U1
m EC

Where Lm and am are the length and the thermal expansion coefficient of the

mechanical part. A transverse displacement of the collimation lens with respect to the
laser diode changes the beam direction. This causes a frequency shift due to a change
in the cavity length. For small displacement, the frequency shift can be written as [72]

dv v tan 0
(3-?9)

where fi is the focal length of the lens and 6 is the angle between the grating normal
and the incident beam. A transverse displacement changes the angle of incidence and
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thus the centre frequency of the grating dispersion. The frequency shift of the grating
dispersion curve with the temperature can be written as [72]

dv
-zzr = -Vg«g (3-80)oT

Because the dispersion curve is very broad as compared with the selectivity of the F-P
modes of the cavity, this effect can cause only a small shift of the laser frequency due
to mode pulling effect. If the frequency shift of the grating dispersion curve is large

enough, a mode hop will occur. To prevent mode hops, the grating substrate should
have a low thermal expansion coefficient.

3.15 Wavelength Stabilisation Techniques

Narrow intrinsic linewidths of <100 kHz have been demonstrated in ECDLs at the

major wavelengths (0.67, 0.78, 0.85, and 1.55pm) [10, 73-79], Despite these narrow

instantaneous linewidths, ECDLs generally display much larger center frequency jitter
or drift due to thermal, mechanical, and acoustic disturbances.

For many applications in atomic physics, such as laser cooling and trapping, it is
desirable to keep the laser frequency stabilised at or near the atomic resonance for

long periods of time. Several techniques have been proposed to help lock ECDL

output frequency to a desired value. Some require laser frequency modulation, but do
not allow tunability about the atomic resonance [80]. There are a number of other

techniques that can be used to lock a diode laser frequency. These include the 'side-

locking' and the Pound-Drever method [81]. The difference between these two

techniques is that the first one locks the diode frequency to the side of the peak

frequency whereas the second locks the diode frequency to the peak of the desired

frequency.

There are two requirements for an ECDL frequency stabilisation system: (a) a fine

tuning mechanism by which the laser frequency can be served; and (b) a frequency
reference is needed with respect to which frequency drift can be sensed. Current
modulation or cavity length variation can be used to fine tune the frequency of an
ECDL. Laser diode temperature can also be used, but it has slower response time. The
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transmission peaks of Fabry Perot etalons [75] and fibre resonators and the absorption
lines of atomic or molecular vapours are commonly used as frequency references.

Frequency locking is typically implemented by applying a small frequency dither to
the laser to generate the first derivative of the transmission or absorption peak. By

applying negative feedback, the laser can then be locked to the zero of the derivative

signal. The region over which the ECDL is locked is called the "locking bandwidth".
The width of this region depends on the intensity of the optical feedback.

3.16 Phase Continuous Tuning

Phase continuous tuning means tuning without mode hopping. For continuous mode-

hop-free tuning the number of half wavelengths between the laser mirrors should
remain constant, as the wavelength is varied. There are two types of continuous

tuning. The Long range and the short range continuous phase tuning. The latter (few
tens of GHz) can be accomplished by changing the cavity length, while keeping the

position of the filter peak, fixed. After the laser moves away from the filter peak a

mode hop occurs to a new mode with lower loss.

Few GHz continuous tuning can be achieved also by scanning the grating angle. The
continuous tuning increases as the external cavity length becomes smaller. A variation

AL of the optical path L of the external cavity yields a relative frequency detuning

given by ■ The detuning Avis thus inversely proportional to L and thus

a short external cavity allows particularly large frequency scans and at the same time

large scanning rates. High scanning rates can be important in atomic physics

experiments.

Long-range phase continuous tuning (many nanometers) requires simultaneous

scanning of the axial mode frequencies, in step, with the filter peak. This in an ECDL

means that diode injection current should vary with the PZT voltage in a such ratio
that the oscillating scanning mode is at all times the lowest-loss mode of the external

cavity. The continuous tuning range can be varied by changing the external cavity

selectivity by the replacement of a diffraction grating or microlens or insignificant

misalignment of the collimating lens [82],
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3.16.1 Short Range Continuous Tuning

Here, we describe the main mechanism of short range continuous tuning that can be
achieved by rotating the grating in an ECDL configuration. In this description the
diode cavity [83] modes and the external modes are handled separately. As mentioned
earlier, because of the dispersive feedback induced re-distribution of the gain over the

diode-cavity modes, one of the diode cavity longitudinal modes that lies in a tuning

gap in free-running operation will experience maximum gain and become the lasing
mode. As will be mentioned later, as the number of illuminated grating lines increases
the FWHM of dispersion for a grating decreases. This enhances the single-mode

operation of the ECDL and facilitates extended tuning of the device. Continuous

frequency tuning by simply varying the grating angle is limited because the dispersion
of the grating feedback can participate only through the cavity-mode structure. What

happens as the grating angle is changed can be pictured in Figure 3-14. As can be

seen, when the angle of the grating is 0O, the lasing mode is the nth diode laser mode.

When this angle changes to 0j, an adjacent mode (n+l)th achieves lasing. If the

grating angle is fixed to have a value between 60 and 6i, there will be no cavity mode
at this position. Due to the fact that the dispersion FWHM of the grating is much
smaller than the FSR of the solitary diode laser, no cavity modes can achieve effective

dispersive feedback at any angle between 90 and 0i. In this case, the feedback has no

effect on the lasing frequency (out of phase). So, in order to take advantage of the
feedback light, the grating angle has to take discrete values. Hence the lasing

frequency can be scanned discontinuously in steps of FSR of the diode cavity.
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Figure 3-14: Mode structure of solitary diode. FSRdiode is the free spectral range of the
solitary diode.

Angle tuning of the grating provides a re-distribution of dispersion over the external
modes. In this case, the FWHM of grating dispersion is not so sharp as to select only
one external cavity mode with dominant dispersive feedback. The lasing mode should
coincide with one of the external modes within the band to obtain efficient feedback

strength (in phase). This situation is depicted on the Figure 3-15. In this figure, the
mth external cavity mode coincides with the nth diode laser mode which is assumed to

be the lasing mode. When the angle of the grating changes to 9/, the (m+/)th mode

will yield the maximum feedback (in phase). Since the nth mode of the diode cavity
and the (m+1)th mode do not match, the lasing mode (nth) will jump with a step

corresponding to the FSR of the external cavity to match the dominant (m+1)th mode.
It must be mentioned that the previously described mode-hop will occur in the case of

strong feedback. When the feedback is relatively weak, the frequency will not change
because the diode cavity provides the predominant mode structure.
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Figure 3-15: External cavity mode structure. FSRcxt is the free spectral range of the external cavity.
The dashed line represents an intermediate value that the grating angle can have.

From the above discussion, we conclude that long range continuous tuning can not be
achieved if only the grating surface angle is tilted. When the grating angle is scanned,
the external cavity length also scanned. Because of this continuous change of the
external cavity length, the external cavity modes will be shifted continuously away

from their starting positions. At the same time, the lasing frequency will follow the
external cavity mode that is coincident with the diode lasing mode initially. This
continuous tuning is caused by the self-mode-locking effect [9]. The self-locking
effect is depicted in Figure 3-16. When the angle of the grating is 90, the nth mode of

the diode cavity achieves lasing and is coincident with the mth external mode, with

lasing frequency vG. The external mode will be shifted by external cavity length

change. So, the lasing frequency will change to vj due to the self-locking effect. The

locking range in the Figure 3-16 is from va to vT= va + A If v> vT, self-locking will
break and a mode-hop will happen. It must be said that as the feedback strength
increases the self-locking range also increases.
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m-1 m(n) m+1

Figure 3-16: Frequency self-locking: v0 is the starting frequency when the scanning
begins. As the external cavity length changes the external cavity modes
change their positions (dashed lines). vT is the maximum value for
frequency self-locking with a range A.

In order to achieve a larger frequency tuning, the injection current needs to be

scanned following the frequency scanning.

3.16.2 General Requirements for Long Range Phase Continuous Tuning

In phase continuous tuning, the longitudinal modes must be shifted at exactly the
same rate as the filter peak so that the same mode maintains its status as the lowest

loss mode and thus continues to oscillate. Assume that the q 'th longitudinal mode of
the ECDL starts out at the peak of the filter passband. The frequency of the q 'th mode
is given by

qc

v^iT (3"81)

where q is an integer, c is the speed of light, and

c,

Leff = \n{z)dz (3-82)
0

121



Chapter 3: External Cavity Diode Laser Theory

is the effective optical path length of the laser. The wavelength of the q 'th mode is

given by Xq = 2Leff / q . The peak wavelength of the filter passband is represented by

Apk-

For continuous phase tuning, one requirement should be fulfilled. The cavity length

ALeff should change as the filter is tuned by A)ipk according to

dX. 2
■eg ~~ALeg = A/V (3-83)AT =—q- ALeff = - AL,,„ = AT"

<&„ " i

Re-arranging of the above equation gives the following condition for phase-
r continuous tuning

eff pk
(3-84)

^eff Apk

The required accuracy with which the cavity length must track the filter is very high.

Assuming that the change in mode number must be |A#| <1/2 to avoid a mode hop,
then it is easy to show that tracking precision is specified by

ALeff A.Apk
A# Apk

A,
< (3-85)
2/

The condition for continuous tuning can be expressed in terms of optical frequency.

Tuning will be phase continuous if the modes of the cavity are somehow swept at a

rate identical to that of the filter

dv dv .

-nr'^r <3-86>

The relation suggests that it should be possible to implement phase continuous tuning

by applying a controlled chirp to the longitudinal modes without actually changing the

cavity length.
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3.16.3 Embodiments of Phase Continuous Tuning

In order for the continuous phase tuning to be enhanced, very well designed

configurations of ECDLs have been constructed. These designs suggest that the
grating is mounted on a pivot arm, which is rotated about an axis lying near the
intersection of the grating surface and the plane of the laser diode output facet [84-

86]. The mode-hop free tuning range is quite sensitive to the precise location of the
rotation axis. There have been several studies of the optimum location of this "magic"

pivot point, taking into account chromatic dispersion and phase shifts introduced by
the gain medium and various intracavity optical elements.

True continuous tuning (without mode-hops) over a wide band has been reported. In

one, a motorised translation stage was used to simultaneously vary the cavity length
and rotate a grating in a novel geometrical configuration [87]. In this essentially
mechanical tuning scheme, continuous tuning over 3000 GHz in the same longitudinal
mode was achieved. Another approach uses three independent piezoelectric
transducers (PZTs) for control of grating rotation and cavity length [88]. A third

report takes on account the position of the rotating point of the ECDL grating [84], In
this ECDL, the PZT rotates the grating and varies the cavity length as it should do for
continuous tuning. Continuous tuning of 1020 GHz has been reported when the
distance of the rotation point and the point where the laser beam hits the grating is:

COS0

R-L\^ (3-87>

where L is the optical length of the laser cavity and 0 is the angle of the diffraction. It
must be said that the previous relation is valid for small angular changes. The diode
laser that was used in this set-up had its output facet antireflection coated.

Synchronous variation of the injection current and the diffraction grating angle of the
external cavity at an appropriate rate can easily achieve improved scanning
characteristics [60]. In this way, the emission frequency can be tuned over several
tens of GHz without any mode jumps. More analytically, for single mode oscillation
and continuous wavelength sweeping, the following three spectra must be tuned

synchronously:
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• Spectrum of the first diffracted beam from the grating

• Longitudinal mode spectrum of the external cavity

• Longitudinal mode spectrum of the laser diode

Resolution of the diffraction grating, as already mentioned, is determined by the
effective irradiated region and the number of grooves per unit length of the grating.
The first two of the above mentioned spectra are considered in the case of a Littrow
ECDL with AR coating on the diode output facet, and the third one becomes relevant
when using diode without AR coating. The operating temperature and drive current of
the diode can be used as parameters to control the longitudinal mode spectrum of the
laser diodes. However, in the case of fast frequency control, it is adequate to keep the

operating temperature constant and vary the drive current, considering the response

time of each parameter. The spectrum of the first diffracted beam from the grating

depends on the angle of the grating, while the longitudinal mode spectrum of the
external cavity depends on the external cavity length. All these spectra can be scanned
at the same speed by controlling the diode laser drive current and the grating angle of
the external cavity simultaneously.

We can consider two independent cavities (see Figure 3-17). One is a short cavity A,
which is defined by the two facets of the laser diode and has an optical length of L/;
this cavity has the same function as an etalon. The other is a long cavity B, which is
defined by the output facet of the laser diode and the grating and has an optical length
of L2. In order to shift the laser wavelength by AA without mode hopping, Lj and L2

must be controlled so that the number of longitudinal modes, Ni and N2 of cavity A

and cavity B, respectively, are not changed. The relation between the wavelength A

and the optical length is as follows [89, 90]

T AT ^ T AT ^L\ =7Vi^' L2 =yv2- (3-88)

Therefore, when the laser wavelength is changed by AA, changes of L[ and L2 are

shown using

124



Chapter 3: External Cavity Diode Laser Theory

A 3

AZ, = N}—; AL2=N2
AT

2 (3-89)

By eliminating AO, and AO from (3-88) and (3-89) we obtain

AL2 = AL—2
L, (3-90)

In order to sweep the laser wavelength without mode hopping, Li and L2, must be

changed while satisfying the previous equation. AL2 can also be expressed as

AL-, - rO (3-91)

where r is the distance between the irradiated spot of the diode laser beam on the

grating and rotation axis of the grating, and Ad is the change in 6, which is the angle
of incident of laser diode output beam with respect to the grating.

V

Output Beam

Figure 3-17: Diagram of the created cavities in an ECDL Littrowtype configuration.

The condition that the first diffracted beam from the grating always returns to the
laser diode output facet when the grating angle is changed is given by
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AO Ad
AL, = L,d cos#A# = 2L7d cosO = L, H-92122 A tanO y >

From a combination of (3-91) and (3-92), we can obtain the following relationship

tan (3-93)
r

Next an optimum sweeping ratio of the diode drive current, AILD, versus the grating

angle variation is calculated. The calculated relation is

AT = J3Mld (3-94)

where (5 is the constant of proportionality, which determines the wavelength change
relative to the drive current of the laser diode. From a combination of all the previous

equations we obtain

Mu>=jLe*e 0-95)

The above equation must be satisfied in order to control the wavelength without mode

hopping. The term AO can be expressed by - 5^pzr^, where S is the change in the
PZT length with the voltage, AVpzt is the variation of the voltage applied to the PZT

and I is the length between the PZT and the rotation point of the grating. Therefore,
the final expression for mode-hop-free tuning is:

A/ = A SAVPZT (3-96)
(/? tan 0) /

The sign in front of (3-96) has to do with the design geometry of the specific ECDL.
In some ECDL designs as the injection current is increased the output frequency is
also increased, and at the same time, as the voltage across the PZT is increased the

output frequency is decreased. In this case the sign in front of (3-96) is negative. In
the opposite case where the frequency changes in the same direction as the variation
in the injection current and the PZT voltage, then the sign is positive.
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It seems from different reports that the mode-hop-free tuning that can be achieved

simultaneously varying the voltage across the PZT and the diode injection current
with a specific ratio has a dependence also on the feedback intensity [83]. It is true to

say that a larger scanning range can be obtained for stronger feedback [83],

Another method for an ECDL to be scanned continuously over a long range is to

insert a wedge (or an electro-optic prism) between the diode and the grating. This
allows continuous tuning of around 150-300 GHz without varying the grating angle or

the diode injection current [91], [92].

3.17 Applications

3.17.1 Lightwave Communications

3.17.1.1 Coherent Systems

Coherent optical communications systems require optical sources that are single

frequency (side-mode suppression ratio >30dB) and narrow linewidth (5v~100 kHz).
In addition, the laser (Local Oscillator) must be tuneable [46]. The propagation of
laser beams in dispersive single-mode fibers imposes stringent requirements on the

spectral purity of the laser. This requirement shows how important ECDL

configurations are in fiber telecommunications [93]. In the early 1980s, workers at

British Telecom Research Laboratories used ECDLs to demonstrate the feasibility of
coherent transmission over long haul fibre optic links. No coherent systems have yet

been commercially deployed. As the demand for bandwidth increases and component

technology improves, it is likely that coherent transmission will become commercially

significant at some time in the future. Polarisation control of light emission from
semiconductor lasers, through external cavity configurations, is important for various

applications such as optical communications and optical signal processing [26], Such
external cavity lasers can be used as polarisation sensitive switching devices, memory
elements and optical sensors. The chaotic behaviour that under specific operating
conditions feedback light introduces to a diode laser in an ECDL configuration, can
be exploited as an application in secure communications [94].
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3.17.1.2 Wavelength Division Multiplexed Systems

Wavelength division multiplexing (WDM) increases the capacity of fibre optic
telecommunications links by transmitting at multiple wavelength channels to utilize
the broad spectral transmission window of optical fibre. Recently there has been
activity to develop multiwavelength multistripe grating cavity lasers specifically for
WDM applications [95-98].

3.17.2 Lightwave Testing and Measurement

The most important commercial use of ECDLs is in instrumentation for the testing
and measurement of components for lightwave communications systems. A WDM
link containing a fiber optic amplifier is a good example of a system that an ECDL

might be used to test.

3.17.2.1 Testing ofPassive Components

Passive components include such devices as filters, couplers, isolators, and

wavelength multiplexers. It is often necessary to measure the wavelength dependence
of the transmittance, splitting, and isolation of these devices. Measurements of the
fibre chromatic dispersion and polarisation mode dispersion in fibre and in optical

components also require tuneable ECDLs [99, 100],

3.17.2.2 Testing ofOptical Amplifiers

ECDLs are used to test the gain, polarisation sensitivity, and saturation characteristics
of travelling wave semiconductor amplifiers [101] and rare-earth doped optical fibre

amplifiers [102]. Low noise, high output power, and wide tuning range are important

requirements of the tuneable laser used for amplifier testing.

3.17.3 High Resolution Spectroscopy

The ease of use and broad tunability of ECDLs makes them attractive replacements
for dye and Tirsapphire lasers in a number of high resolution atomic spectroscopic

applications. Absorption lines of calsium cesium, iodine, oxygen, neon, and uranium

vapors lie within the tuning ranges of 650, 780, and 850 nm ECDLs [4], [80] [103],

[104],
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Mid-infrared (MIR) spectroscopy is a useful material characterisation technique for
industrial process control, quality control, and quality assurance. There is a report that
refers to an external cavity diode lasers that operate in the range from 3.3 to 5 pm, and
have been used for MIR spectroscopy [105].

Recent reports [106] have announced the commercial development of a blue ECDL

by Tui Optics. A tuneable blue output ECDL source offers new performance - cost

opportunities for spectroscopic applications. Previously, researchers wanting to

perform experiments in atomic physics and chemistry have had limited options in

achieving a tuneable CW blue light source. Usually, they resort to one of three

possibilities: a frequency - doubled dye laser, or Tirsapphire laser, or, more recently,

frequency doubled semiconductor lasers. The new blue ECDL system is an alternative
solution to these systems. In addition to the price advantage (~75% less expensive),
the blue ECDL platforms offer the best amplitude stability of any laser source at this

wavelength, including fixed frequency gas lasers. The near-term prospect of higher

output power and wider wavelength coverage also makes for a bright future for the
ECDL platform.

In applications that require frequency stabilised and frequency tuneable sources, such
as chemical trace analysis with atomic absorption spectroscopy, blue laser light is
useful for detecting or manipulating chemical elements that have resonant lines in the

blue region of the spectrum. These include aluminium, holmium, indium, lead,

manganese, titanium, tungsten, and ytterbium. Blue light is also ideal for working
with organic dyes, which are in used fluorescence detection. Raman spectroscopy,

microscopy, interferometry, and holography are also eagerly awaiting cheaper
sources. Add in the ability to provide faster modulation of the laser light, up to 1 GHz,
and new opportunities emerge not only in spectroscopy, but also in multiple

wavelength printing and telecommunications.

3.17.4 Gas Monitoring

ECDLs with InGaAsP/InP and InGaAs/InP gain media can tune to transitions in a

number of molecular gas species, for example HF (1.31 pm), H20 (1.39 pm), H02

(1.5 pm), H2F (1.57 pm), and CH4 (1.65 pm). Applications include analysis of
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process gas purity, chemical refining, combustion diagnostics, and pollution
monitoring.

3.17.5 Metrology

There is a report for using external cavity diode laser for metrological purposes [107],
[108]. A grating tuned ECDL has been used in a cesium beam optical frequency
standard. A pair of optically phase locked ECDLs were used in a laser cooled cesium
atomic fountain clock [78].

3.17.6 Second Harmonic Generation

There is a great deal of interest of generating blue light for optical data storage. The
cost and size constraints of this application dictate the use of diode lasers. There have
therefore been investigations into second harmonic generation of 850 nm laser diodes

using nonlinear crystals. The nonlinear crystal can be placed inside an ECDL to take

advantage of the higher circulating intracavity power and the wavelength control

provided by the tuning element [104], [109-112], Another application of ECDLs in
nonlinear optics is as pump sources for cw-optical parametric oscillators [69], as used
in the work described in this thesis.

3.17.7 Injection Seeding

The optical parametric oscillator (OPO) is arguably the most widely tunable coherent

optical source. However, it is difficult to obtain narrow-bandwidth output from an

OPO. The use of a tuneable ECDL as an injection seeding source will assist in

obtaining a narrow bandwidth output from an OPO configuration. A 1.55 pm grating
ECDL with a 150 kHz linewidth has been used to seed a lithium niobate OPO [113].

3.17.8 Other Applications

One other application that uses the ECDL platform extensively is in laser cooling of
atoms [Lancaster, 1999 #773]. A discipline that has made remarkable progress in the
last decade, ostensibly due to availability of ECDLs for manipulating lithium,

rubidium, and cesium atoms. In 1997, the award of a Nobel Prize recognised these
advances. Interest in this type of research is currently growing worldwide, especially
now that researchers have discovered that the ECDL platform can be used to perform
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Bose-Einstein condensate experiments on laser cooled rubidium gas. Key to this fast

progress has been the ruggedness, long term stability, modularity, and ease of use of
the ECDL platform that is found in nearly every laboratory in this field today. The

technique of feeding back-light to a diode laser finds application in the stabilisation of
broad-area lasers [114]. These devices are very useful in applications such as solid
state laser pumping or free-space optical communications. Also external cavity diode

configurations are used in order to spectrally combine the output from a broad stripe
diode array coherently [115], [116]. Recently a single mode operation from an

external cavity tapered diode laser has been reported [117].

3.18 Conclutions

From the above discussion the superiority of an ECDL over a solitary diode is

obvious, particularly in applications such as spectroscopy, nonlinear optics,
telecommunications, where high stability and excellent spectral and spatial optical
field are required. The flexibility that ECDL provides in order to tune a solitary diode

spectrum continuously makes the ECDL laser a useful spectroscopic tool.

All the above mentioned characteristics make ECDL a very promising pump source

for a cw OPOs, where a single mode, narrow linewidth stable tunable pump source is

required.
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4.1 Linear Optics

When a dielectric is subjected to electromagnetic radiation, the electrons in the
medium are polarised with respect to the nuclei. When the electric field amplitude is

small, the induced polarisation of the medium is linearly proportional to the applied

field, according to the following equation:

P = s0X(])E (4-1)

where P and E are the polarisation and the electric field vectors respectively, x(1) is
the linear susceptibility of the medium, and £0 is the permittivity of free space. This is
the regime of the linear optics. The linear susceptibility can be written more

analytically as follows:

/) = /") + //(l) (4-2)

The real part x(1) is related to the refractive index, n, of the medium in the low

absorption case by:

n = i^+x{X)Y2 (4-3)

The imaginary part, x (!) is responsible for absorption in the medium.

4.2 Nonlinear Optics

In the case when the input electric field strength is comparable to the intra-atomic

field, the linear relation between P and E is no longer sufficient and the following
relation is valid:

P = £0 [/(,) • E + Z(2) ■ E2 + ZW ■ E3 + ...J (4-4)

where y}2\ are the nonlinear susceptibilities of the medium. This is the regime
of the nonlinear optics [1]. It must be mentioned the relation (4-4) is valid only in case

when the frequency of the incident light does not lie near an absorption resonance of
the material [2]. The magnitude of the nonlinear susceptibilities rapidly decrease with
the increasing order of nonlinearity (x(1): X(2); X(3)~l;10"8:10"16).
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The second order nonlinear polarisation arising from x(2) gives rise to phenomena
such as second harmonic generation (SHG), sum-and difference-frequency mixing

(SFM and DFM), optical parametric generation (OPG), and Pockels effect. The third
order nonlinear term arising from x(3) is responsible for third harmonic generation,

optical Kerr effect, self-focusing, self phase modulation, phase conjugation, two-

photon absorption, Brillouin and Raman scattering [1].

The second-order nonlinear susceptibility, is non-zero only in media which lack

inversion symmetry in their crystalline structure. On the other hand, the cubic

nonlinear susceptibility, x , is non-zero in almost all media. The susceptibilities x(l),
X(2)> X(3)>-are tensors of the second, third, fourth, and higher ranks respectively.
Therefore one can also write equation (4-4) in tensor notation as:

P =£0[xm-E + Z™-E-E + z(3)-K-E-E + .. .] (4-5)

This means that the induced polarisation P and the incident electric field E are not

necessarily in the same direction.

4.3 Second-Order Nonlinear Optical Processes

The Maxwell's wave equation for non-absorbing, non-conducting dielectric medium

containing no free charge is:

52E d2P
v£ =^_ +^_ (4.6)

For nonlinear polarisation, we need to replace P in (4-6) with second order nonlinear

polarisation:

pM-e.zV-E2 (4-7)

From (4-6), and (4-7), and also if is considered that the interacting fields are along the

z-axis, the wave equation that describes the propagation of electromagnetic fields in
non-linear media is the following:

d2E d2Eo b o ( (2) 772 \+ }E ) (4-8)dz dt dt
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In second-order nonlinear processes, we are usually concerned with the interaction of
optical fields with frequencies satisfying:

co2 — (Uj + co 2 (4-9)

For this reason, such processes are also referred to as three wave-mixing processes.

We may define the electric field of each of the fields as follows:

£, (z, t) = ~ [if, (z)e'(k^2} + £, * (zyi(k^,]
E2 (z,t) = ~[e2 (z)e'{k^z) + E* (zy^-^
E3 {z,t) = ~[e, (z]e'(k^m'z} + E'{z)e-{k^"ht)

(4-10)

Substituting the above into Maxwell's nonlinear wave equation (4-9), after some

manipulation it can be shown that:

dE, M0
= -i(2

dz \ £
deff ■ EAZ)- E1 (Z)e iAkz

1 /

(4-11)

dE7 ./„ \| Mo2 =-i{2cOo£ * M0
dz

2 o, deff ' EAZ)' EX [ZV
-2 J

(4-12)

where

dE
L(Q2£01

Mo
. = "''(2
dz \ £

deff ' E2(Z)' EXZV
3 y

Ak = k3 - k2 - kx

is the phase mismach.

(4-13)

(4-14)

From equations (4-11), to (4-13), it is obvious that the three interacting fields are

coupled through the nonlinear coefficient, dejf, which enables energy flow from one

frequency component to another. This is the fundamental mechanism of second-order
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nonlinear optics and by utilising equations (4-11) to (4-13) we are now be able to

formulate expressions for the growth in intensity of the interacting fields at coi, co2, co3.

Generally, the three-wave mixing, and essentially all the second-order nonlinear

processes, can be viewed in terms of the distortion in the electron charge clouds in the
medium, driven by the optical fields at C03, CO2, coi. These distortions drive an

oscillating polarisation at any combination of the previously mentioned frequencies,
which in turn emit optical waves at the corresponding frequencies. The direction of

the power flow depends on the relative phase of interacting fields, (j) = fa - (j)2 - 0, as

well as the initial amplitude of the driving (pump) field at the input of the medium.

Generally, the relative phase <j) sets itself in this way so that the energy flow is from
the strong field to the weaker one. The optimum relative phase depends on the

strength of the nonlinear interaction as well as the magnitude of the phase-mismatch.
In the parametric generation process, the optimum relative phase is the driving field to

lack in phase of the pump filed by <j>=-7i;/2 in the case of phase-matching and strong

pump depletion.

A useful variable that should be introduced is the filed variable Au which is

proportional to the square root of the photon flux (—P^otons—n at frequenCy ^ an(j
time x surface

is defined as:

The coupled wave equations (4-11), to (4-13) can be written in terms of this new

parameter as follows:

^
= z'kA3 (z)A2 (z>,Afcdz

dA]^ = iKA3 (z)A,* (z>,Afe (4-16)dz

dAl°^
= i/cA 2 (z)A, (z)e ",Afcdz
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where k is defined as:

k =
deff \(Ox(O20)3
c V n]n2n2

(4-17)

The intensity of a field component with wave amplitude Ej(z) may be expressed as:

l^\eonAEi(zf (4"18)
and in terms of the filed variable A/(z):

Multiplying equations (4-16) by A/*, A2*, A3* respectively, gives:

(4-19)

cl\A,
dz

d\A2
dz

= ifcA3(z)A*2(z)A*i (z)e

- = ikA2 (z)A * 1 (z)A *2 [z)e iAkz

d\A3
dz

= -iKA3{z)A* \{z)A*2{z)e ilskz

(4-20)

It can be seen from relations (4-20) that the following relationship holds (Manley-
Rowe relations):

<7|^,|2(z) d\A2\~(z) <7|^3|"(z)
dz

or in terms of intensities:

dz dz
(4-21)

d
_ d ( I "l2 d fV|dz i®i J dz ,<°2) dz v^3 y

(4-22)

From Manley-Rowe equations it can be extracted that the destruction of each photon
at CO3 results in the generation of one photon at coi and CO2. Also, if the total intensity is

defined as follows:
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/., = /, + /2 + /3 (4-23)

then from (4-22), and (4-23) it is valid that the total intensity is conserved.

4.4 Optical Parametric Generation and Amplification

The Manley-Rowe relations show that the power is transferred between the

propagating waves as they travel through the nonlinear medium. The direction of
power flow is dictated by the relative phasing of the fields (see equations (4-20)).

Under suitable phase matched conditions, that will to be analysed later in this chapter,
the generated signal and idler fields can undergo macroscopic amplification by

continually drawing power from the input pump field as they propagate through the

crystal.

In the absence of a coherent source of signal or idler (or both) beams at the input, the
initial supply of signal and idler photons comes from a process which is known as

parametric fluorescence or parametric noise. During this process the pump photons

undergo a spontaneous breakup through spontaneous parametric emission. The

parametric fluorescence arises from the mixing of the zero-point flux of the

electromagnetic field at the signal and the idler frequency with the incoming pump

photons, through the nonlinear polarisation.

The gain and the amplification factor for the growth of the signal and the idler fields

through parametric fluorescence can be calculated through the solution of the coupled

equations (4-11)-(4-13). An initial assumption that the pumps field does not undergo

dE /
strong depletion through the medium. This means that /dz = 0 • So in the other two
coupled equations the Es field is going to be independent of z. Initially it is considered
that the input idler field is zero (Ei(z=0)=0) and the input signal is not zero

(e2 (z = 0) * 0). The net fractional gain in signal intensity with propagation through

the nonlinear crystal can then be derived as [3]:
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sinff

Q _ J-2 (z 1 T-12 / 2
I2(z = 0)

i = rLv

r li2/2
^ Akl^2
V v

r2/2 -
\ ^ J

(4-24)

Where I is the interaction length, / is the intensity flux, Zlk is the phase mismatch and

T is the gain factor which is defined as:

f2 =

8K"doff

cs0n{n2n3A] A2
M0) (4-25)

Here, « refers to the refractive index and A is the wavelength of the respective waves

in vacuum, U(O) is the input pump intensity and defj is the effective nonlinear
coupling coefficient. Similar expression to (4-24) can be derived for the growth of the
idler field from its initial zero value at the input to the nonlinear crystal. Sometimes, is
useful to express the gain factor in terms of the degeneracy factor 8 in the following
form:

f2 =
%X2deff2

ce0n2n3A^ MJK(o) (4-26)

where the degeneracy factor is defined as:

\ + 8 = — ; 1 -5 = ^L (o< J<1)
A, A,

(4-27)

with 7,0=27,3 being the degenerate wavelength and n0 the refractive index at

degeneracy. From the above equation, it is obvious that the gain factor takes its

maximum value at degeneracy where 8-0, and that gain decreases for operation away

from the degeneracy, as 8—> 1.

4.5 Nonlinear optics with Gaussian beams.

The transverse geometry of the interacting fields in any of the second order nonlinear

processes will fail to subscribe to the simple plane-wave theory detailed above. In

practice, the beams are often focused to increase the parametric gain, so it is useful to
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include the effects of focusing and crystal double refraction in the analysis. The
Gaussian nature of the interacting fields will set constraints on the transverse spatial

overlap of each field component. Only where there is a spatial coincidence of the
interacting fields within the nonlinear material will there also be efficient interaction
of the fields. It will also be assumed that the nonlinear interaction takes place over a

distance that is less than the confocal parameters of the interacting beams and the
waist radii can therefore be assumed constant over the interaction length. In the

following paragraphs the implications of the finite spatial overlap of the coupled

interacting fields will be presented.

The parameters used to characterise a focussed Gaussian beam is given by the

following figure.

Figure 4-1: Geometry of a Gaussian beam focus with a radius w0 at the waist position z=0. The

27TW 2 /
confocal parameter of the beam is defined the term b - °/ Vertical lines

indicate the increasing curvature of the wave-fronts along the direction of the beam [4],

Within the region of the confocal parameter (near-field limit) the field expression on

the xy plane does not have any z-dependence and so can be expressed as follows [4]:

E(x,y) = E0ewl° (4-28)

where is perpedincular to the direction r. If we replace (4-28) into the coupled

equations (4-11) to (4-13) then the modified coupled equations are [4]:
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The beam waists wi of the polarisation distribution created through the mixing of two

Gaussian beams at frequency C0j and ©k are given by [4]

1 1 1
—2 2 2

w, Wj
1 1 1
=T =—+—T (4-30)
Wj w, wk

1 1 1
—2 2 2

W„ W/ w,

So, by replacing now all the beam waists on the left side of equations (4-29), with the

respective beam waists on the left side of equations (4-30), and by integrating over r

the modified equations (4-29) result as follows:

dz

dE
°h =iK2g2EXeiAkz (4-31)

dz

dE
= iK2g3ExE2e

dz

The factors gt in the equations (4-31) are called the coupling factors and have the

following form [4]:
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8\

1 +

f 2 / \
W,

V / wi J

82 =

1 +
w.

V / w2 J

(4-32)

83

1 +

V / y

These factors account for the spatial Gaussian overlap of the interacting beams. The
modified coupled equations (4-31) account for the Gaussian overlap and the driving

polarisation of a given nonlinear process. In cases where the beam is defined by the

generated field, then w = w and g= 1. When coupling into resonant cavity modes of
incident beams, generally g<l.

A new field variable a is introduced and if substituted into the Gaussian coupled

equations, it results in [5]:

da3
dz

-2k a2(z)a] (z]e^~ /Afcr)

= 2k a3 (z)cr*2

^= 2k a3(z)a\(z)?^2'
dz

(4-33)

where the new factor a is defined as follows:

a

a,

(z) = i n3csa7:cQ3
4ha> Eco, (Z)

3 ;

(z) = nxC£0n(ox
2 \

\

/

4/zry

a2(z) =

> y

2 A
Yl2C£0K(02

V y

(z)

(Z)

(4-34)

and /c is given by:
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w3w,w2
K ^eff I 2 2 2 2, 2 2'

w2 W] +Wj w3 + w3 w2

hco co]co2
A hC03(0]<X>23 1 l
ii

3 3

nsoc n3nxn2 7T£0c n3n]n2 (4-35)

Equations (4-34) show how power is transferred between the interacting planes. The
integration of equations (4-34) has been done by expanding the fields in powers of z
and only the zeroth order terms need to be considered.

«,(/)= a, (0)-2C'a,(0)a2(0)
«,(/) = «,(0)+2<r as(0>*/(o)
cc2{l)= a2(o)+2£ a3(o)a1 (o)

where / is the interaction length of the nonlinear medium and fis given by:

(4-36)

sin(A^/)
C = k I f /t ° 2
W

Ski

(4-37)

The expressions for the parametric gain in the case of Gaussian beams can be derived

using similar analysis to that in the plane-wave limit by including the Gaussian
transverse dependence of the pump, signal and idler beams in the coupled wave

equations (check (4-29)). The following table includes the parametric gain factor F
for different focusing conditions.

Arbitrary near field Gaussian beams
T2 =

\6tt deff

cs0n02n:X2 {i-s'tWufM

Near-field confocally focused Gaussian
beams

r2 =

cs0n0 n3A

Optimised tightly focused Gaussian
beams

r2 =

\6k d„

C£on02n3A()2 (i-s'J K{&,
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Table 1: Parametric gain factor for the signal field with Gaussian beams and focusing.

2 1 1 K nn
M„

4 w] + w2 41 A,
—^(l —<72) and the gain reduction factor hm includes

the double-refraction parameter Band the focusing parameter E, [3].

4.6 Phase matching

From the previous discussions, it can be seen the expressions (4-36) through equation

'Akl^
(4-37), include the term sine' This term is maximised, and so is the

V z 7

parametric gain when Akl = 0. So the strength of any quadtratic nonlinear process

will be maximised when the phase-match condition Ak - 0 is satisfied.

-2x1L 2n/L

Figure 4-2: Plot of function sine'
rAkl^

v 2 ,
describing the intensity gain in a parametric process

governed by equations (4-36) and (4-37). The output is maximum when the phase-

matching condition is satisfied [4].

If there is a phase-mismatch, Ak 0, due to material dispersion, it can be seen that
/ A 7.7 \

will be periodic in / with a period of 2n/Ak. This results in athe function sine'
Akl

v v

coherence length after which the generated power will reach its maximum value and
then decline to zero. This coherence length is given by:

/,. =
7Z

Ak (4-38)
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Coherence length is defined as the interaction length over wl
reduced by half of its peak value at Ak = 0, due to dispersion.

Generally speaking, in an interaction that is not phase matched, the efficiency is

reduced by a factor sin2{%}(%) [2]. For minimal reduction in conversion

efficiency, it is essential to achieve phase-matching, that is zlA=0. However this is

generally difficult to achieve because of dispersion and special techniques for phase-

matching have to be employed.

4.6.1 Birefringent Phase-Matching

Birefringent phase-matching is a technique to overcome the problem that the material

dispersion introduces in the attainment of phase-matching and hence to the efficiency
of the second order nonlinear process. The technique makes use of the fact that many
materials used in nonlinear optics have anisotropic refractive indices, where the
refractive index at a given wavelength depends on the propagation direction of light
and on its polarisation. So in crystals with an appropriate balance of birefringence and

dispersion, one can achieve phase matching. This is done by choosing the propagation
direction such that the phase velocity of one polarisation mode at one frequency

equals that of the another polarisation mode at a second fundamental frequency.
Under this condition the coherence length becomes infinite, limited only by the

crystal length. The particular choice of polarisation directions for birefringent phase

matching depends on the optical characteristics of the particular crystal and its sign of
the birefringence.

The utilisation of the natural birefringence of a nonlinear material to satisfy the Ak=0

phase matched condition was demonstrated by Giordmaine [6] and Maker [7], These

experiments observed a greatly enhanced second harmonic intensity generated for
certain propagation directions of a ruby laser pump beam with a potassium

dihydrogen (KDP) crystal. What was observed is depicted in the following figure.
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Figure 4-3: Blue light intensity as a function of K.DP crystal orientation. Maximum output occurs at

0O=52O±2O. AOB is an arc on the index of refraction surface for red ordinary rays, COD

for blue extraordinary rays [7],

What Giordmaine and Maker observed was a spatial representation of the locus of

directions for which Ak «0 as determined by the dispersion of KDP. The birefringence
of nonlinear material helps to fulfil the phase-matching condition for specific

propagation direction. This angular phase matching is only possible if suitable
combination of polarisation directions for the fundamental and second harmonic
beams is used.

The refractive indices, at a given wavelength are represented for an anisotropic crystal
in terms of the principal dielectric axes x, y. z, by nx, ny, n. at that wavelength. The
relationship that these indices obey with the dielectric axes is the following:

x2 y2 z1
— + ZT +— = 1 (4-39)
nr nv n,x y z

This equation describes a general 3-D surface (known as index ellipsoid) with three

unequal axes of lengths nx, ny, nz, lying along the principal dielectric (optical) axes x,
y, z. This surface describes the optical properties of the anisotropic crystal [8].

Because of dispersion, the principal axes of the optical indicatrix nx, ny, nz and hence
the exact shape of the ellipsoid is dependent on the frequency, co, of the optical
radiation.
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4.6.2 Optical Classification of Crystals

There are three optical categories into which that crystals can be classified. To which

optical category each crystal belongs depends on the lengths of its index ellipsoid
axes. These categories are:

Isotropic Crystals

These kinds of crystals have cubic symmetry. Their refractive indices do not have any

polarisation or orientation dependence. By applying this to equation (4-39) we have:

nx = n = n, = n
2 2 2 2 (4"4°)

x +y +z = n

The second equation in (4-40) represents a sphere with radius n.

Uniaxial Crystals

Uniaxial crystals are characterised by tetragonal, trigonal, hexagonal symmetry. The

corresponding index surface obeys the following relation:

*2 y2 z2 i

-T + ^T +— = l (4-41)
n„ "0 ne

This equation represents a 3-D ellipsoidal surface with spherical symmetry about the

z-axis, in other words, a spheroid. The subscripts "o" and "e" refer to "ordinary" and

"extraordinary" polarisations. The o-wave has same refractive index for all

propagation directions through the material whereas the e-wave has a refractive index,
which depends on its propagation direction. The determination of phase-matching
directions and types of birefringent phase-matching are beyond the scope of this

discussion, but can be found elsewhere [8].

Biaxial Crystals

Biaxial crystals are characterised by triclinic, monoclinic and orthorhombic

symmetry. The principal indices of such a crystal are unequal, that is:

nx^ny*nz (4-42)
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The index surface of a biaxial crystal obeys the following equation:

The above equation represents a general ellipsoid with three unequal axes.

4.6.3 Birefringent Phase Matching in Uniaxial Crystals

As was mentioned before, in the case of a uniaxial crystal two of the principal indices

are equal, nx = ny * nz. The index of ellipsoid that corresponds to this situation is

depicted in Figure 4-4, for a wave travelling in a direction that is defined by vector

Figure 4-4: Geometrical representation for finding allowed polarisations and indices of refraction for
a given direction of propagation [9]

Because of the properties of the uniaxial crystal, there is symmetry around the z-axis.
So without loss of generality they-axis can be the along the projection of the s vector

on the x-y plane. The intersection ellipse of the plane normal to s with the ellipsoid is
shaded in the figure. The two allowed polarisation directions are parallel to the axes

of the shaded ellipse. The two polarisations that correspond to lengths OA and OB are

perpedincular each other and also perpedincular to the s vector. The two waves

polarised along these directions have indices of refraction given by ne (6) = \OA\ and

z (optic) axis

y axis
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nQ - \OB\. The wave that is polarised along the OA is called the e-wave, and its
direction of polarisation varies with 0 following the intersection point A. The

refraction index along this direction is given by the following relation:

1 cos2 6 sin2 6

n2e{6) 2 + — (4-44)
n.. n..

For 0=0°, ne(Q) = n0, and for 6 = 90°, ne(Q) = ne. Such non critical phased matched

interactions offer significant practical advantages over the general angle-phase
matched interactions, but appropriate media are more difficult to find.

The o-wave has no dependence on the angle 0, so remain polarised along direction

OB. It has an index of refraction na. The amount of birefringence, ne(Q)-n0, varies

from zero for #=0° to ne-n0 for <9 = 90° (see Figure 4-5).

Figure 4-5: Birefringence difference for a positive uniaxial crystal [8],

In order to determine an equation similar to (4-44) for a biaxial crystals the following

strategy can be followed: The biaxial crystal can be regarded as a uniaxial if

propagation is confined to one of the principal planes.

If the above statement will be followed then the equation that gives the refractive
index across the propagation of the interacting fields will be:

162



Chapter 4: Optical Parametric Oscillators

sin2 0COS2 (f) sin2 6sin2 (f) cos" 0

[n{0, (f)]'2 - (nx )"2 [n{e,(/))} ~(ny)~2 [n(6, - («. )"2 (4-45)

The optic axis in the case of the uniaxial crystal is defined as the direction along all

the polarisations see the same refractive index. The optic axis lies at an angle Q to the
z-axis that is given from the following relation:

Q = ±sin -i
f 2 2\

ZLl ny ~nx
n "\ 2 2

n —n
\l \ 2 x J

(4-46)

A biaxial crystal is considered positive when Q < 45° and negative when Q > 45°.

4.6.4 Quasi Phase Matching

In a non-phased-matched interaction the difficulty is the difference in the phase
velocities between the induced nonlinear polarisation wave and the output radiated
wave due to material dispersion. This produces a phase shift of n over every

coherence length lc, with a concomitant reversal of the energy flow between the
waves.

Quasi-phase matching is one way that can make the power to flow quasi-continuously
into the output wave by introducing a periodic change in the sign of the nonlinear

susceptibility of the medium that periodically resets the phase of the polarisation wave

by 71. with half-period equal to the coherence length (see Figure 4-6).

Periodically poled Materials

Laser in
Frequency-
converted

light out

Figure 4-6: A QPM material. In the above figure is noted by an arrow where the nonlinear

susceptibility changes its sign, in order the power flow to be kept in the same direction

during a nonlinear process [10].
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4.6.4.1 Physics of Quasi Phase Matching (QPM)

During perfect phase matching the following relation is valid:

k =ks + k,^-^ = ^- +p A
„ A. A

nn n. n.

(4-47)
p

During the birefringent phase matching (BPM) a combination of material

birefringence and dispersion properties allows access to refractive index values that

satisfy equation (4-47). If (4-47) is not satisfied then the interaction is characterised

by a phase mismatch Ak = kp - ks — kn in which case the phase velocities of the

interacting waves are not matched. Whenever the pump field leads in phase power

conversion is down converted to the signal and idler; where it lags the power flow has
the reverse direction. The length over which the pump field leads in phase is the
coherence length, as defined previously by equation (4-38).

In the case when all the interacting fields are polarised in the same direction according
to the BPM theory, equation (4-47) can not be satisfied. Thus the converted fields

(signal and idler) propagating through the medium will not keep a correct phase

relationship with the pump and the power flow direction will depend on whether the

pump field leads in phase or lags. Before the QPM theory applied the above situation
could not be phased matched unless the BPM conditions with mixed polarisations
could be satisfied. The situation would be characterised as a non-phased-matched
nonlinear interaction.

3
e
®
c
o
O

phasematched /
Ak=0 /

not phasematched
Ak*0

Mc 2ic zec Atc S'e
Propagation Distance through Crystal

Figure 4-7: Generated intensity versus propagating distance through a nonlinear material for the case

of a phase-matched and a non-phase-matched process [10].
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As can be seen from Figure 4-7 in the case of a non-phase-matched process, the

power flow is from pump wave to the signal and idler waves until the propagation
distance reaches the coherence length. At this point the relative phase of the

interacting fields is n and therefore the power flow is reversed (from signal and idler

to pump) until propagation length reaches the next coherence length where the power

flow will be reversed again. As can be seen in Figure 4-7, this alternation of the power
flow between the interacting fields has negative consequences to the intensity

generation during the nonlinear process.

In order to prevent the relative phase between the interacting fields to be increased

more than ti after the waves have travelled over one coherence length, an alternative

mechanism has to be introduced in order to reset the relative phase by some means to

keep it less than 7r. This mechanism will help the positive power flow from pump to

signal and idler waves to be maintained after the interacting waves have travelled a

distance /c. The QPM process can provide such a mechanism in order to keep positive

power flow between the interacting fields across the whole length of nonlinear crystal.

Figure 4-8: Generated Intensity vs propagation length for perfect phase matching, non-phase-

matching and quasi-phase-matching process, (a) periodic modulation of the nonlinear
coefficient, (b): non-phase matched second harmonic intensity, (c): QPM growth of the
of the second harmonic intensity under periodic domain inversion described by (a), (d)

approximation to QPM growth assuming a 2/n reduction of perfect phase-matched
condition (e) [11],
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As can be seen from Figure 4-8, the QPM allows efficient nonlinear conversion for a

specific Ak * 0. It achieves this by introducing a regular structure to the crystal of

period A = 2mlc, in which m takes integer values and is called the order of the QPM

interaction. The effect of the insertion of this periodicity into the crystal is to

periodically invert the sign of the nonlinear tensor at points where the pump phase

changes between leading and lagging the signal and idler. In this transformation, that

is also depicted in Figure 4-6, defj -» -deff is equivalent to deff = deff exp(z>). So the
inversion of the nonlinear tensor effectively introduces a n phase change to the
interaction. This periodic phase shift helps the positive power flow to be kept across

the whole propagation length. The effect of the change of the relative phase by 7t, to

the direction of the power flow is obvious from the next equation:

^ cc -deffE2E2e~iaJa= (4.48)

where deff is the effective nonlinear coefficient. When z = lc, then AklL = it, which is

exactly cancelled by the sign reversal of deff.

To understand the essential features of the QPM process, we consider the simplest
case of the SHG process. During the process, phase-matching is described by the
relation:

Ak = k2„-2k„ (4-49)

For the case of Ak ^ 0, the QPM technique introduces a grating vector Km such that

(4-49) is satisfied as follows:

Ak,=k2<,-2k.-Km (4-50)

The expression for Km has been derived from a Fourier analysis of the periodic
function [12]. The basis of this method starts from the assumption that the amplitude
of the generated frequency components of a nonlinear process over a distance L may

be obtained by integrating the appropriate coupled equation (see equations (4-11)-(4-

13)):
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dE3
dz

= Td{z)e-iNa =>El= T jd(z)e~,Akz (4-51)

where /"is the nonlinear gain parameter and includes the driving fields E/ and £? as

well as terms for particular material and interaction. d(z) represents the periodically
inverted nonlinear coefficient that under Fourier analysis can be expanded to the

following series:

00

d{z) = dcffYjG-e'KmZ (4-52)
/W=-00

where Gm is the Fourier coefficient of the mth harmonic [12]. The d(z) is considered a

function periodic in z and with a period A, where the mth harmonic grating vector is

given by:

K = (4-53)
m

A

Here A is the grating period and m the order of the QPM process. For a process where

Ak ~ Km the mth order interaction dominates [12]. In this case d - dcffGm and the
Fourier coefficient becomes

Gm = sin{ranD) (4-54)
Tun

where D is the duty cycle of the periodic inversion of the nonlinear coefficient with a

period A and positive domain length, defined as follows:

D =— (4-55)
A

where / is the crystal length.

Both the effective nonlinear coefficient and the duty cycle which optimises its value

depend on the order m. From Figure 4-8 it is obvious that for optimum domain

inversion, the duty cycle D will be such that the domains invert every coherence

length (m=1). This allows us to relate the effective QPM nonlinear coefficient d to the
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actual material value of the nonlinear medium concerned. Thus for the mth order

process it is valid that:

d = d
nm

eff (4-56)

It must be noted that when m takes even values, equation (4-56) gives d=0.

The efficiency of a QPM interaction takes the following form:

n oc _2_
KTan j

sine

Ak
2mn

A (4-57)

As can be seen from (4-57), the efficiency has been reduced by a factor (2/7tm)2
compared to perfect phase-matched interaction. However, QPM technique allows the

interacting field polarisations to access the highest nonlinear coefficients for a specific
medium (for example defj = d33), and so more than compensates for the drop in

efficiency.

An advantage that quasi-phase-matching has over birefringent phase-matching is that
it can be achieved, theoretically and experimentally in the majority of the cases, over

the entire transparency range of the material. In addition, quasi-phase-matched
conditions can be used with pump and output waves all polarised parallel to one

another so that they can be coupled via the diagonal components of the nonlinear

susceptibility tensor. These elements are quite large, but are inaccessible to

birefringent phase-matched interactions. The interacting waves are (in general)

polarised along a principal optical axis of the material, walk-off is therefore no longer
a prohibitive factor in the implementation of a particular phase-matched interaction.

Orthogonal polarised QPM fields are also subject to zero walk-off if propagation is

along an optic axis. During quasi-phase-matching process the parameters that govern
this process can be engineered, a flexibility that the BPM process does not allow. For
the parametric process, the QPM condition can be written as:

^QPM ~^ ~ ^3 k2 kx
27rm

A (4-58)
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As can be noticed from relation (4-58), the grating period A can take any value, to

make the latter equation satisfy the phase-matching condition (AIcqpm=0). Another

important feature of the QPM process is that it can also be used in isotropic materials
where BPM is impossible. The latter case permits the use of isotropic materials which
are characterised by high nonlinear coefficients [13]. As the nonlinear crystal

temperature changes (temperature tuning) the refractive indices of the interacting
fields inside the crystal also change. So in order for the phase-matching condition to

be satisfied in the case of the BPM the grating period A should change to make

equation (4-58) equal to zero. Generally, the tuning of QPM process is possible by

varying the angle or the temperature or the grating period of the crystal.

4.7 The Nonlinear Medium

As mentioned earlier in this chapter, the second order susceptibility vanishes in

inversion symmetric crystals. A material can be used as gain medium in an OPO
device only if lacks inversion symmetry. Other important properties that the OPO

gain medium should possesses are large nonlinear susceptibility and adequate

birefringence. Other requirements besides birefringence and nonlinear susceptibility
are low absorption and scatter losses, high surface damage threshold, high thermal

conductivity, processibility, low thermo-optic coefficients and environmental stability

[14], [15],

An important advantage of QPM materials is that they allows the access to high value
nonlinear coefficients of the material. This is due to the fact that the nonlinear

susceptibility is highest for interactions with all waves polarised in the same direction.
As mentioned earlier, this geometry is accessible when the requirement for achieving

phase matching through birefringence is lifted (e.g. for lithium niobate d33=25 pm/V,

d3i=4.6 pm/V; for KTP ^55= 15 pm/V, du = 3.7 pm/V). The high nonlinear
coefficient of the periodically poled materials when all the interacting waves are

polarised parallel to one of the principal optical axes makes them very important
because it allows the use of commercial low power diode lasers as OPO pump

sources. QPM materials also extend the operating range of existing nonlinear
materials. The current periodically poled ferroelectrics have a transmission range

(0.33-5 pm) that covers many important frequency conversion applications.
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The periodically poled lithium niobate, known as PPLN [16], provides a nonlinear
coefficient tensor d33 = 25 pm/V (all the interacting waves are e polarised). The high
nonlinear coefficient of PPLN permits the realisation and the construction of practical
nonlinear devices such as cw diode pumped OPOs using low-power diode lasers [17].

PPLN is transparent from 0.33 pm up to 5 pm.

PPLN has advantages over standard LN for OPO applications. First of all PPLN does
not introduce any walk off effects during phase matched nonlinear processes, as

standard LN does. PPLN is also less susceptible to photorefractive effects [18].

4.8 Optical Parametric Oscillators

4.8.1 Optical Parametric Devices

Macroscopic amplification of the signal and idler fields in the parametric process can

be achieved only if the phase-match condition is satisfied. This is true in all

parametric devices of practical interest. When the phase-matching condition is

satisfied, then equation (4-24) representing single pass gain transforms to:

G2(/) = sinh2(T/) (4-59)

For low gains (T/ < 1) equation (4-58) approximates to

G2(/)=T2/2 (4-60)

for the moderate gains (T/ > l) equation (4-58) remains as it is. For high gains where

T/ » 1 (4-59) transform to:

Gi(l) = ~e2r' (4-61)4

The majority of all parametric devices operate in the low and moderate gain limit. The

single pass gain available in these devices does not allow macroscopic amplification
of the parametric fields. For this reason these devices need to be operated in an

oscillator configuration where the nonlinear material is enclosed within an optical

cavity. In this way the amplification of parametric waves is achieved by successive

passes through the nonlinear crystal and output can be extracted. This type of device
is known as an optical parametric oscillator (OPO). As mentioned earlier, a fraction of
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the signal or idler waves may be coupled out of the cavity for subsequent use. The
roles of the idler and signal waves may be interchanged, which is appropriate if
radiation at the (shorter) signal wavelength is required for external use rather than that

at the (longer) idler wavelength. Increasing the distance between the mirrors while

maintaining the same wavelengths increases the resonant wavelength in proportion,

providing fine-tuning of both wavelengths. The successful operation of an OPO
necessitates the attainment gain at the parametric fields, for a given pump power, to

overcome parasitic losses in the cavity.

4.8.2 Basic principles of an OPO

The optical parametric process offeres the most promising alternative for a solid state,

widely tunable laser source. Parametric oscillators were developed in the 1960s [17,

19, 20], and a commercial model appeared in the 1970s [21]. However, the early
OPOs were severely limited, with material damage thresholds perilously close to

operating conditions, leading to frequent crystal damage. Better materials, a broader
selection of pump lasers, and new designs have revived interest in OPOs, and
commercial versions have returned to the market after a long hiatus.

The basic idea behind an OPO is depicted in Figure 4-9. OPOs can be considered as

photon splitters. An incoming photon of light from the pump laser (pump photon,

frequency vp) enters an optically nonlinear crystal (x(2> nonlinearity). This

nonlinearity causes the photon to split into two photons that together in frequency

(hence in energy) add up to the frequency (energy) of the pump photon (energy

conservation).

During the whole process, the momentum of the participating photons should be

preserved (phase-matching). This constraint may be expressed in terms of the in-
vacuo wavenumbers (k) and refractive indices (n) associated with the different

frequencies involved.

k,,np = ksns + k,n, (4-62)

The above relation can be expressed also in terms of frequency as follows:

npVp = nsVs + n,V, (4-63)
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Equations (4-62), (4-63) imply that the conservation of momentum will limit the

generated wavelengths to a relatively narrow spectral bandwidth.

signal
Hn>

It-
idler

Optically nonlinear crystal
Figure 4-9: Simple principles of operation of an optical parametric oscillator.

Changing these refractive indices, either through changes in propagation direction

through the crystal (angle tuning) or temperature (temperature tuning), leads to the
wide tuning ranges generally associated with OPOs. Essentially in these approaches,

birefringence is exploited to offset the crystal dispersion. The conservation of
momentum or the range of the transparency of the nonlinear momentum limits the

ultimate tuning range. The practical tuning range of OPOs is usually very wide and is
set by the available transmission properties of the accompanied optics. The OPO gain
curve is also generally flat. The gain of the optical parametric device is maximised at

the degenerate wavelength (see equation (4-24)), which corresponds to the point
where signal and idler wavelength are equal. OPOs are strongly wavelength selective
devices. This characteristic originates from the requirement that the interacting fields
should fulfil the conservation of momentum and energy. Other attractive
characteristics that an OPO device has are the compact size and good beam quality. It
must be mentioned at this point the good beam quality that characterises the OPO

configuration depends strongly on the pump beam quality. The pump source of an
OPO also defines the overall size and the efficiency of the device.

A limitation that an OPO may faces is the absorption of the pump field that occurs

initially on the crystal volume. It must be added at this point that significant

absorption of the interacting fields occurs even in the case that the interacting waves

are in a transmitting region [15]. During absorption cooling occurs on the surface of
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the crystal, as a result thermal gradients within the crystal are established. The
refractive index depends on the temperature, phase matching cannot be maintained
over the entire interaction volume. This is happening because the ordinary and

extraordinary indices of refraction behave differently with temperature. Consequently
the volume over which the nonlinear interaction is effective is limited due to these

thermal gradients. As the volume of interaction decreases, the efficiency of the

parametric interaction and the output power also decrease.

Cavities can be designed to resonate either the signal or the idler wave (Singly

resonant, SRO), or to resonate the idler and the signal (Doubly Resonant, DRO) or to

resonate the pump, the idler and the signal (Triply Resonant, TRO). There is also
another configuration where the resonant fields are the signal or the idler plus the

pump (Pump Enhanced, PE-SRO). This device is going to be analysed more later in
this chapter. The following figures show basic cavity diagrams for the SRO and DRO
OPOs.

Mirror 1 Nonlinear Medium Mirror 2
HT @ pump HT@pump
HR @ signal or idler HR@signal or idler

Figure 4-10: A Singly resonant Optical Parametric Oscillator (SRO)

Resonant Waves (Signal and idler)

Mirror 1 Nonlinear Medium Mirror 2
HT @ pump HT@pump
HR @ signal, idler HR@signal,idler

Figure 4-11: A Doubly Resonant Optical Parametric Oscillator (DRO)
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4.9 CW optical parametric oscillators.

The first operation of a CW OPO was reported in 1968 in the nonlinear crystal barium
sodium niobate [22]. The tuning range of this device was confined to the near-

infrared. Both standing and travelling wave devices based on LiNbO;, were later

developed [23, 24], Progress toward practical CW-OPO devices was slow, compared
to pulsed OPOs, following the first demonstrations. The advent of improved pump

lasers along with new nonlinear materials, especially the new QPM materials such as

PPLN, has as resulted in an acceleration of progress in the area of CW-OPOs.

4.9.1 Threshold in CW OPOs

The threshold in the OPOs is defined as the amount of required pump power to

achieve optical oscillation [3], In a parametric oscillator, threshold corresponds to the

point when gain exceeds losses in the resonator. It must be mentioned that factors that

effect the threshold power in a CW OPO are the level of focusing of the pump into the
nonlinear crystal [25], [26] or the length of the cavity [27],

In the DRO case, the nonlinear crystal experiences two intense waves (the resonant

signal and idler waves), whereas in the SRO configuration the crystal experiences

only the one intense wave (idler or signal). This has the consequence that other things

being equal, the pump power to reach oscillation threshold in the case of DRO is far
lower than in the case of the SRO. The following table summarises the expressions
for oscillation threshold for different types of cw OPO.

Configuration Threshold Values References

SRO Ktt/
/F„,

Watts [25]

DRO K;r2/ .AFf.]
10'smW [26]

SRO

+

pump enhancement

100's mWs [28]

Table 2: cw OPOs representative threshold values [29],

174



Chapter 4: Optical Parametric Oscillators

In this table Fs>i are the finesses of the signal and idler cavities, respectively, and the
factor K is given by

2 4
n„ £„c

K =—' - (4-64)2 i j 2 3 v '2n ldejj vp

Single pass pump in both the SRO DRO configurations is assumed.

From the table is obvious that the DRO threshold is reduced by a factor of()

compared to the SRO threshold, where F is the finesse exhibited by the cavity at the
additional resonance compared to the SRO. In a well-designed cavity, F may be on

the order of several hundred, so the reduction in threshold is substantial. For typical

birefringent nonlinear materials effective nonlinear coefficients, deff, are of the order
of 1 pm/V, which implies oscillation thresholds on the order of 1-10 W of pump

power in the case of SRO. This can be reduced to the order of tens of milliwatts by

employing a DRO geometry.

An alternative geometry is to simultaneously resonate the pump wave along with only
one of the down-converted waves. This is referred to as a pump-enhanced SRO (PE-

OPO). Threshold reduction is given by (^2_g)> where E is the pump enhancement
factor [28], Typically this is may be of the order of 20 to 30, so leading to significant
threshold reduction compared to the SRO cavity. It must be mentioned that the DRO
and the PE-SRO show quite different tuning constraints.

Generally the threshold of all kind of OPOs is reduced if they are pumped in the
visible spectrum. The threshold power that is required in this case is reduced as the

cube of the pump wavelength (check equation (4-64)) [30], The problem of pumping
OPOs in visible is that in most nonlinear media the absorption at shorter wavelengths
is higher. This leads to severe limitations in performance such as limited output

power, optical damage, and photorefractive effects.

4.9.2 Conversion efficiency in DROs and SROs

The total down-converted pump intensity in a DRO, in the absence of any

backconversion effects, can be calculated through the following relationship [3]:
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(4-65)

where I,h is the threshold intensity of the DRO and lin is the input pump intensity. So
100% pump depletion will occur when the input pump intensity is 4 times that at

threshold. The analysis that is behind equation (4-65) holds up to the point that the

pump field is zero at the output face of the crystal. If the input pump intensity is
further increased then the pump wave will be depleted within the crystal. In the rest of
the crystal there are only signal and idler which may interact and regenerate pump

field (backconversion). This leads to the reduction of the OPO down-conversion

efficiency. So there is an optimum value of the pump intensity to yield 100%
downconversion in DROs.

In the presence of back-conversion effects equation (4-65) transforms into:

iDc=2('j/2(',yA-(ij/2 (4-66)

In this case the maximum down-conversion still occurs when pumping at 4 times the
threshold intensity, but now this maximum is limited to only 50% of the incident

intensity because of the back-conversion.

The conversion efficiency in CW-SROs is given by the following equation [3]:

1DC = hn C0S'
ri -I ^

in out

V th y
(4-67)

The condition for 100% percent downconversion can be extracted from (4-67) for

Iout=0. So for 100% down-conversion the input pump intensity should be:

/=
71

J
(4-68)

4.9.3 Tuning of OPOs

OPOs are devices that can be tuned following one of the following methods [31]:

Varying nonlinear crystal temperature (temperature tuning)
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• Scanning Pump wavelength (Pump tuning)

• Changing the grating period of the QPM crystal (Grating tuning)

• Changing the angle of propagation in the crystal (angle tuning)

OPO tuning through temperature, the phase matching angle or the period of the

grating in a QPM process are all, characterised as coarse tuning.

An important advantage of a SRO is that the signal can be tuned continuously with
the idler (i.e. non-resonant field) within one FSR of the OPO cavity just by changing
the optical cavity length [32-35]. Also due to fact that in the SRO OPO there is only
one resonant field is only it is more tolerant to any noise perturbations, compared to a

DRO. The main disadvantage of SRO is the high threshold power that is required for
oscillation to occur.

4.10 Mode Selection Mechanism and Stability in DROs

There are two basic cavity designs for DROs. In the first design the cavities for the

signal wave and the idler wave are defined by common mirrors [26], [36-43], In the
other design, the cavity is split into twin cavities, so that the signal and idler have their
mode frequencies defined by separate, independently adjustable mirror surfaces [44],

In the first design, the common mirror DRO, the device is over-constrained and

oscillation is not always possible for any arbitrary mirror separation. Both signal and
idler waves must be simultaneously resonant. In the case of cavities defined by the
same pair of mirrors this means that there must be an integral number of half

wavelengths between these two mirrors for both the signal and idler waves to oscillate

simultaneously. In addition, the signal and the idler frequencies must add up to equal
the pump frequency. If it is now required to tune the device smoothly by moving one

of the cavity mirrors, then the cavity length is increased (or decreased) this will

require both the signal and the idler wavelengths to vary in opposite directions in
order to maintain oscillation on the same signal/idler mode pair. However, since the
sum of the frequencies of signal and idler must also stay equal to the pump frequency,
it is apparent that the two conditions can not be simultaneously satisfied. The

consequence is that either the oscillation ceases all together, or the device hops to

another signal/idler mode pair. A more detailed studies of the mechanisms that affect
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the performance of a DRO, its tuning capabilities, and the stability requirements that
the pump source and the cavity should obey, are included in the following references

[45-48], A small summary follows.

In a DRO, four principles should be obeyed, as mentioned before, in order oscillation
to be occurred. These are: (1) conservation of energy, (2) conservation ofmomentum,

(3) the generated signal wave should be resonant inside the DRO cavity and (4) the

generated idler field should be resonant inside the DRO cavity.

All these conditions make DRO a very strong frequency selective device. Also,
because the DRO is strongly frequency selective, the linewidth and the stability of the

pump transfers to the linewidth and the stability of the signal and idler fields in the
DRO [38, 47, 49],

The above four conditions can not be satisfied at the same time in a DRO. The only
condition that must satisfied at all times is the requirement (1). So in a DRO, the
threshold is determined by requirements (2)-(4). This can be seen in Figure 4-12. As
mentioned in this figure the oscillating fields are these one that coincide with the

cavity modes and at the same time are closer to the perfect phase matching

corresponding to the maximum parametric gain. Requirement (4) imposes a

compromise to requirement (2). In Figure 4-12 it can be seen that the signal and idler

cavity modes that satisfy the conservation of energy. We can also see the difference in

the required threshold power when the signal and idler mode satisfy the conservation
of energy and when they do not.
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Figure 4-12: Mode selection mechanism in DROs [48]

Within the phase-matching bandwidth there are usually several mode pairs (idler and

signal) that coincide with the cavity resonant modes. The frequency separation
between two such pairs is defined as a cluster spacing [46], The mode selection
mechanism in the DRO can also be described in terms of the modified diagram in

Figure 4-13.

Figure 4-13: DRO mode selection mechanism. Avcl represents the cluster spacing in the DRO. vso,

The previously described mode selection mechanism in the DRO reveals the

sensitivity of this device to any pump frequency and cavity length changes. As can be

! Ak»o

SL_i I 1 I I L'-J I—1—I—1—1—I
i

J U i l I I ill I I—I—I—L—

vio represent the signal and idler frequencies at perfect phase-matching. Because the
conservation of energy should be obeyed the signal and idler frequencies vary in
opposite directions as the pump frequency or the cavity length is changed [46].
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seen from Figure 4-13, small changes in either the cavity length or the pump

frequency cause the output frequency to jump from one mode pair to another. So, as
the cavity length or the pump frequency varies, the new mode pair is either adjacent to
the original (mode hop) or many mode pairs removed (cluster hop).

The width of this jump depends on the difference in the free spectral range (FSR) of
the signal and idler fields in the cavity. This difference in FSR between signal and
idler fields is due to dispersion and/or birefringence in the nonlinear crystal. To

provide strong discrimination it is apparent that the difference in FSRs must exceed

the linewidth associated with the passive cavities. For a common cavity DRO the

required change of the cavity length and the required change in the pump frequency in
order for a mode-hop to occur are given by the following relations [45]:

A r AFSR ,
hop ~ 2FSR p (4-69)

Avhop=AFSR (4-70)

where AFSR is the difference between the signal and idler free spectral ranges, with

FSR the average free spectral range of signal and idler fields in the DRO cavity. This

average free spectral range is given by [50]:

FSR + FSR,FSR = FSRuvk = (4-71)

From equation (4-69) and (4-70) it can be seen that type II phase matching is

preferred in a DRO than type I in terms of stability [45], This because the difference
in FSRs of signal and idler is small in type I DRO close to degeneracy, whereas it is

large in type II phase matching. The tolerance of DRO to any pump frequency, cavity

length or crystal temperature perturbation can be increased by active stabilisation of
the OPO cavity length. An error signal is obtained from the resonating waves that
carries information about their detuning from cavity modes.

The number of modes between the centre of one cluster and the centre of the next one

is given by the following relation [45].
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J , , FSRNo. modes between clusters =
AFSR (4"72)

The number of the clusters within the phase matching bandwidth is defined by [50]
and as is mentioned in this reference is independent of the nonlinear crystal length.
From equations (4-69) to (4-72), we can deduce how much the cavity length or pump

frequency should change in order for a cluster hop to occur.

at -itcluster
2

(4-73)
AVcluster = FSR

An interesting review of the cluster hopping behaviour in DROs has been given in

[50], In this study it is concluded that in a DRO a mode hop is more likely to happen
when the free spectral range of signal and idler in the cavity are similar. This is valid
in type I phase-matching close to degeneracy, where at the same time there is a wide
cluster spacing. On the other hand, when the difference between the free spectral

ranges of signal and idler is large, then it is more likely for a cluster hop to happen

during a perturbation of the DRO. This happens because under this condition the
cluster spacing has been reduced. In the analysis of [50], it is also suggested that the
cluster hopping effect in a DRO can be minimised if the number of the clusters inside

the phase matching bandwidth can be reduced. This can be achieved by reducing the

phase matching bandwidth and at the same time increase the cluster spacing (true at

degeneracy). The phase matching bandwidth is determined by the dispersive

properties of the material. In [50] different materials are examined and all of them
showed similar selectivity (same number of clusters under the phase matching
bandwidth under similar pump conditions). Potential solutions to cluster selection

problem in QPM DROs include the use of shorter pump wavelengths and insertion of

intracavity frequency selective elements such as etalons [50], The use of type II

phase-matching also results in a reduction of phase-matching bandwidth. However,
the disadvantage of this scheme is that it does not allow the large d33 coefficient to be

used, so the threshold is increased for diode pumping.
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Another interesting quantity defined in [45] is the maximum detuning between the
FSRs of signal and idler in a DRO cavity defines in order for a signal idler pair to
remain above threshold this also defines the maximum continuous tuning that can be
achieved in a DRO as:

FSR< FSR.A v
„ = A v„ + A v, = + -

2F 2F,
(4-74)

where Avsj are the FWHM of signal and idler fields, respectively.

The required cavity length and pump frequency stability in order for a signal-idler

pair to remain above threshold (criterion point is not to double DRO threshold) is the

following [45]:

stability ^ .

/L f l p
~h

F. F,\ S i /

(4-75)

Avp-stability <
FSR

kf.+fU
Relations in equation (4-75) reveal how a variation of the pump field can compensate

a variation in cavity length in order for the same pair to remain above threshold. This

relationship can be extracted if the two above relations equalised. This results the

following relation:

A vp = -2AL
f FSR'

(4-76)

In a dual-cavity DRO, the signal and idler have their mode frequencies defined by

separate, and hence independently translatable, mirror surfaces.

From Figure 4-12 we can see the effect of the mismatch between the signal, idler and
the cavity modes on DRO threshold. A relation that reveals this effect more explicitly
is the following [48]:
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ThresholdDRO qc

'

f 2AqjRF, )1+ — (4-77)
[F,SoJs +FsS<o, J

In this equation there are the three terms that define the required pump power

reveals the effect of a non-perfect phase-matching on threshold. The third term

describes the effect of the non perfect match between signal and idler modes with the

cavity modes on threshold. In this term Aco is the total detuning of signal and idler

fields from the cavity modes and §cos, 8coi are the individual signal and idler detuning
from the cavity resonances, respectively.

Figure 4-14 shows a dual-cavity OPO in which signal and idler fields are resonated in
cavities which have a common section containing a common mirror and the nonlinear

crystal and which have separate mirrors at the other end. Independent tuning of signal
and idler waves is now possible, at the expense of a higher threshold power for the
overall device. By applying locking methods to one of the cavity lengths to maintain
the output, the OPO can now be smoothly and continuously tuned by varying the

length of the other cavity. A critical element in the design of such a device is the

beam-splitter, which must have a low insertion loss at both the signal and idler

wavelengths in order to maintain low operation threshold.

achieved by forming a doubly resonant cavity. The second
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Figure 4-14: A dual cavity DRO OPO

The alternative approach for obtaining smooth tuning in a DRO, is the use of a

tunable pump laser. In giving flexibility to the constraint that the sum of the signal
and idler frequencies must be equal to the pump frequency, continuous tuning of a

single frequency output can be obtained without the need for a dual-cavity geometry.

The tuning range of the pump laser does not have to be particularly extensive in order

to access large tuning of the OPO. A requirement for the pump laser is that its tuning

range is sufficient to tune the OPO over one FSR. Then by repeatedly mode hopping
the OPO to an adjacent signal/idler mode pair and re-setting the pump laser to the
start of its tuning range, it is possible to end-on a series of spectral scans to attain an

overall extensive tuning range.

It must be mentioned that a disadvantage of a DRO compared to a SRO is that its

efficiency is limited by back-conversion effects [51].

4.11 Pump-enhanced optical parametric oscillators

In a pump-enhanced OPO the cavity is made resonant at the pump as well as at either
the signal or idler [17], [28], [30], [52-57], In this way it is possible to greatly enhance
the circulating pump intensity within the nonlinear crystal. The pump field can be

brought onto resonance with the OPO below threshold. With common mirrors

defining the pump cavity and the resonant down converted wave cavity, the OPO is
then also aligned for the latter as well as former. On increasing the pump power to

above the threshold value, the OPO oscillates regardless of the mirror spacing since
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the device is not over constraint as in the case of the DRO. PE-SRO generally are

characterised by mode-hop free oscillation with a large emission range and a modest

threshold.

The linewidth of the non-resonant field in a SRO is determined by the pump source,

whereas the linewidth of the resonant field is determined by the bandwidth of the
OPO cavity [53]. In the PE-SRO the spectral quality and the stability of the pump

source are transferred to the interacting fields. So narrow linewidth and low frequency
drift signal and idler fields can be produced if a pump source with the same features is

used. Further, stabilising the cavity length on the pump field transfers the stability of
the pump laser frequency to the resonant down-converted wave, which shares a

common cavity [17], [30].

If the pump frequency is tuned so scanning the cavity length, the resonant wave

frequency tunes in step, at least until a mode hop occurs. A mode hop will occur
because the resonant field frequency (signal or idler) moves away from the parametric

gain centre as the pump frequency is tuned. Theoretically, continuous tuning can be

increased by simultaneous control of the laser frequency and temperature of the
nonlinear crystal [30].

Pump

Input Pump
►

Signal or Idler

Idler or Signal

Mi

Figure 4-15: Pump-Enhanced SRO (PE-SRO) configuration. r1; ft are the reflection and transmission
coefficients of the left mirror for the incident pump, t is the transmission coefficient of
the right side mirror for the non-resonant field. In the above configuration the pump

and signal or idler are resonant while the idler or signal is the non resonant field.

The nonlinear crystal is incorporated in a two-mirror cavity where the left-hand side

mirror, of reflectivity r/ and transitivity // serves as the input mirror for the pump
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wave. If the effective transmission of the crystal due to linear loss is t (round trip) and
due to nonlinear loss (due to parametric down conversion) is topo, and if the

reflectivity of the back mirror is r, then defining [29]:

rm = ttopor (4-78)

the circulating power, pc at the pump wavelength in the resonant cavity may be
written as [29]:

P _ 'iPi
*1^7 <4"79)

where p; is the incident power. The term 1j(l - y[r\r^)" describes the portion of the

interacting field inside the cavity. At OPO threshold, pc is clamped at its value at

threshold, pcc, determined by the condition that the OPO gain equals OPO loss [29],

KPCC = POPO (4-80)

where Popo is the round trip linear loss of the resonated down-converted wave in the

OPO, and k is a constant depending on the effective nonlinear coefficient, the

focusing arrangement of the pump, and so on.

Once the incident pump power is fixed, all quantities in (4-80) are fixed except for

topo, which is hence determined by this equation. The down-converted power is given

by [29]:

Poc = 0 — P)po )Pcc (4-81)

where the factor 1 - topo expresses the down conversion efficiency of the OPO.

Hence, we obtain [29]:

= ,„ [,_£zMZa]p -,1 DC 1 CC (4-82)
rxrt
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If we have a perfect input mirror (r/+ti=l), then on differentiating the above equation
with respect to tj, the optimum transmission required for the pump input mirror and
the optimum down-converted power thereby generated under such conditions can be
determined as

From the above equation it is obvious that if rt=1, so that there is no parasitic loss

experienced by the pump either due to leakage through the back mirror or through
linear absorption within the cavity, then the down-converted power under optimum

pump coupling conditions becomes equal to the input pump power. Hence, the pump

enhanced OPO can exhibit 100% efficiency for parametric down-conversion if there
is no parasitic loss of the pump wave from the cavity. From this analysis [29], it can
be described how parameters such as input mirror transmittance affect the efficiency
of the down-conversion. Also how focusing or nonlinear crystal length can affect the
level of threshold this device.

In a common mirror PE-SRO, continuous tuning can be achieved by simultaneous
variation of the pump frequency and cavity length. As the pump frequency varies the

signal and idler frequencies are changed, so by varying the cavity length the
simultaneous resonance of the pump and signal (or idler) can be sustained in the

cavity. In a common cavity PE-SRO the resonant field (signal or idler) tuning range is
limited by a mode hop that will occur when the resonant field and the parametric gain
are separated by more than one FSR of the cavity [58].

In a PE-SRO, the resonant pump field does not only reduce the SRO threshold power

but because is resonating inside the cavity, its stability and linewidth are transferred to

the signal and idler fields [54],

(4-83)

and

rt
(4-84)
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Similar to a dual-cavity DRO, a similar approach has been proposed in order to

increase the continuous tuning of a PE-SRO [58], As in the case of DRO, dual-cavity
PE-SRO systems allow independent control of the resonant fields, and so frequent

mode-hops can be suppressed in the resonant field as the pump is tuned [58], This
results in the tunability of the pump source to be transferred to the non-resonant field.

4.12 Applications of OPOs

The last decade the OPOs have been developed as significant practical sources of
coherent radiation. This sudden development has result from the substantial

improvements in nonlinear materials, combined with an appreciation of the

opportunities offered by the different cavity configurations that can be employed.

Nowadays, OPOs can generate coherent radiation across all timescales from
femtosecond pulses to true continuous wave [29],

Today, more than 35 years after the first demonstration of optical parametric

oscillation, OPOs have finally reached the market in full force [21]. Such devices
fulfil the need for widely tunable solid state laser sources. Over the last six years, the
OPO has become a critical instrument for a wide range of applications, facilitating
research that was previously very difficult or impossible to conduct using other laser

systems. Due to their tunability, OPOs have replaced the traditional dye lasers in

many nanoseconds applications. Research on OPO technology continues, and new

concepts are constantly being introduced. The most promising technology is offered

by periodically poled materials that can be pumped by low intensity pump sources,

leading to continuous wave and diode pumped configurations. Although current use

of the OPO is still primarily in research and development, some of this research is

carried by the industry with the intent to incorporate the technology in diagnostic
instruments.

Applications of OPOs include flash photolysis, spectrometry, resonance enhanced

multiphoton ionization, defence, and optical radars. Medical uses include

photoacoustic and photodynamic imaging. Biological researchers take advantage of
the OPOs tunability in laser induced fluorescence and matrix assisted laser desorption
and ionization. Differential absorption light detection and ranging systems are built
around OPOs, which are useful for remote sensing applications that include mapping
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gases and detecting chemical warfare agents at a distance. Further detailson

applications ofOPOs can be found in. [10, 29], [21], [29], [49], [59-63],
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Chapter 5: Construction and Characterisation of an External Cavity
Diode Laser ECDL

5.1 Introduction

In this chapter, basic principles that concern the construction of an External Cavity
Diode Laser (ECDL) will be presented. The parameters that make an ECDL a very

promising pump source for Continuous Wave Optical Parametric Oscillators (CW-

OPOs) will be described.

The characterisation of a constructed ECDL will then follow. This will include the

characterisation of all the parameters that comprise an ECDL. We will then follow
with the description and the implementation of a simple electronic circuit that allows
the long-range continuous tuning of the ECDL lase without mode-hopping. The

presented ECDL has been used, for first time, as a pump source for a Doubly
Resonant CW-OPO (DRO) and also as a pump source for a Pump Enhanced Singly
Resonant CW-OPO (PE-SRO). These devices are presented and characterised in

chapter 6.

5.2 CW-OPO Pump Source Requirements

One of the basic components of an OPO is the laser pump source. The laser pump
source should have some specific characteristics in order to pump successfully and

efficiently operate a CW-OPO. These operational characteristics include stability,
narrow linewidth, tunability, high spatial beam quality, and adequate output powers

(typically tens ofmilliwatts)

The first characteristic the laser source should have is to be a very stable device. This
means that the device should be frequency stable and at the same time its output

power should not greatly fluctuate (ideally not at all). It is also vital that the pump

source produces an output power that can meet the threshold requirements of CW-
OPOs. As it described in the chapter nearby, the performance characteristics of DRO
and PE-SRO OPOs are determined by the spectral characteristics of the pump source.

So a narrow linewidth, stable pump source will result in a high spectral quality and
stable output from the OPO. One of the most important applications of CW-OPOs is
in spectroscopy [1]. Tunable pump sources can make a CW-OPO very useful and
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promising tool for spectroscopic applications [2], Pump source should produce a high

spatial quality beam. Parameters that help ECDL to meet CW-OPOs threshold

requirements are ECDL high spatial, spectral quality, new nonlinear crystals, with

high nonlinear coefficients and new OPO design characteristics.

5.3 External Cavity Diode Laser (ECDL) as Pump Source of CW-OPOs

The development of novel optical cavity designs (e.g. DROs, PE-SROs) and the

fabrication of new quasi-phase-matched nonlinear materials (QPM) such as

Periodically Poled Lithium Niobate (PPLN) with long interaction lengths (50 mm)

and high nonlinear coefficients, made the pumping of CW-OPOs with diode laser
sources feasible [3, 4],
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Figure 5-1: The above graph shows how the high nonlinear coefficient makes, among other

parameters, the pumping ofDRO and PE-SRO possible by an ECDL [5]

Single longitudinal and transverse mode, moderate output power (up to 150 mW),
with high spectral and spatial quality, scannable output beam, Fabry-Perot diode
lasers have all the characteristics necessary for a CW-OPO pump source (see section

5.2).

As it was described in chapter 2, a diode laser can be tuned by varying its temperature
or its injection current. Temperature influences both the optical path length of the
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wavelength versus temperature. The latter means that the spectrum of a diode laser
can not be fully and continuously exploited.

The high dependence the diode laser has on the temperature leads to the need to look
for an alternative laser source that has the advantages of diode laser (compact,
efficient source) and at the same time has output characteristics that have less

dependence on temperature.

External Cavity Diode Laser (ECDL) is a configuration that results in an tunable

output frequency (coarse and fine tuning), spectrally narrow and less sensitive to any

variations of injection current and temperature compared to diode laser. All these
characteristics make the ECDL an excellent pump source for a CW-OPO [6], [5],
Until recently no direct pumping by an ECDL of CW-DRO or PE-SRO, based on

PPLN crystal had been obtained. There are reports that a Littman ECDL has been
used to pump PPLN CW SRO or PE-SRO through a master oscillator amplifier

(MOPA) systems [7-11]. Distributed Bragg Reflector (DBR) diode lasers have been
used to pump CW-DRO [12]. Recently the direct pumping of a CW PPLN DRO and a

PE-SRO was achieved successfully [5, 6], for first time.

DBR and MOPA systems are expensive devices. DBR diode lasers are commercially
available in limited wavelengths, whereas the MOPA systems are not commercially
available so far.

ECDL on the other hand is a low-cost system, can operate in vast number of

wavelengths, is easily tuned and relatively easy to be constructed. The main

disadvantage of ECDL, especially compared to MOPA systems is the limited single
mode output power that it can generated (below 130 mW).

5.4 Design Parameters of an ECDL

As mentioned before, the main advantages of an ECDL over solitary diode lasers are

its wide tuning range and high frequency and output power stability. So, during the
construction of an ECDL these characteristics together with compactness and

efficiency, should be preserved or even better improved.
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The level of temperature stability of an ECDL configuration is determined by the

design, the material and the temperature control loop of the ECDL mount. The

optimum design in terms of temperature and mechanical stability, requires as much as

possible compact and rigid mounting. The ECDL mount material is determined by
factors such as price, how easily it can be machined, and most importantly the
material thermal expansion coefficient. The latter describes how the dimensions of a
solid object change with the temperature according to the following relationship:

A/ = alAT (5-1)

where A/ is the change in length, a is the average coefficient of linear expansion over

the temperature change AT and I is the original length.

A material that is often used in the construction of ECDL is aluminium, which is not

expensive, is ease to machine and its thermal expansion coefficient is 23.6 pin./in.°C.
An excellent material, but expensive and hard to machine, is invar whose thermal

expansion coefficient is only 2.0 pin./in.°C. The following table include materials that

can be used in the construction of the ECDL mount, with their thermal expansion
coefficient also listed.

Material Thermal Coefficient

Expansion(juin./in. °C)

Aluminium 23.6

Manganese bronze 21.6

Naval brass 21.2

Yellow brass 20.3

Beryllium copper 17.8

Oxygen-free copper 17.7

Aluminium bronze 16.8
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Pure Copper 16.5

Beryllium 11.6

Gray cast iron 10.5

Invar 2.0

Table 1: Thermal expansion coefficient of materials that can be used to construct the

mountings of an ECDL. The thermal expansion coefficients are taken from

[13]

A compact mount means that all the components that comprise an ECDL, the diode

laser, collimation lens, and diffraction grating, are mounted in the same piece of
metal. For even better thermal stability the dimensions of the ECDL mount should be
minimised. This can be seen from the following equation (see www.marlow.com):

t = IpPYM "Gl (5-2)
Q

where t is the time that is required for the ECDL to reach the desired temperature, p is
T T

the density (g/cm ) of the ECDL mount material, V (cm ) is the volume of the ECDL

configuration, Cp is the specific heat of mount material and Q is the heat load which

expresses the amount of heat that the temperature control loop should dissipate in
order to keep the ECDL stable. From equation (5-2), it can be seen that the

temperature control loop is faster when the volume of the ECDL is as small as

possible and when the appropriate mount material is used.

The repeatability of the ECDL performance is determined primarily by the

temperature stability. Because ECDL consists, even in the case when an AR-coated
diode laser is used, of two cavities, one between diode laser facets and another one

between diode output facet and the diffraction grating. Its frequency is always
somewhat sensitive to the level of the constructive interference of these two cavities.

Destructive interference, that can be caused by temperature variations, between these
two cavities can cause unwelcome variations in the ECDL wavelength or linewidth.

Thus, poor temperature control can affect the ECDL performance in various ways.
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This makes the excellent temperature control of the ECDL temperature an important

necessity.

To achieve temperature stability, it is necessary to build a control loop in order to

compensate any unwanted changes of the ECDL temperature. This consists of a

temperature controller, a thermoelectric cooler (TEC) and a thermistor. The position
and the mounting of the TEC element and thermistor are vital for the effectiveness
and the speed of ECDL temperature control. There are reports that suggest for better

operational performance of an ECDL two temperature control loops should be used

[14].

The TEC element operates on direct current and may be used for heating or cooling

by reversing the direction of current flow. A typical single stage cooler consists of
two ceramic plates with p- and n-type semiconductor material (bismuth telluride)
between the plates. The elements of the semiconductor material are connected

electrically in series and thermally in parallel. When connected to a DC power supply,
current causes one side of the TEC to absorb heat (the cool side) while the other side

gives up heat (the hot side). From there the heat is dissipated into the heat sink and

surrounding environment. If the current is reversed, the heat is moved in the opposite
direction reversing the hot side and the cold side. The way that TEC element is
mounted is important for the speed and the effectiveness of the temperature loop as

will be seen later. The TEC element is sandwiched between two plates of aluminium
which is used because of its excellent thermal conductivity (205 W/m°C). One of the
two plates acts as the cold sink, whereas the other one acts as the heat sink (which of
them is characterised as the heat or the cold sink depends on the direction of current
flow through the TEC). Thermal grease is required to spread along the surfaces of the
two plates. This will help the easier heat transfer between the cold and the hot sink

plates. It must also be mentioned that the design and the selection of the heat sink is
crucial to the overall thermoelectric system operation. As mentioned before, all TECs

require a heat sink and will be destroyed if operated without only one. A typical

design parameter is to limit the heat sink temperature rise above ambient to 10-20 °C

(for Marlow constructions). A crucial parameter in the selection of the heat sink

material is the heat sink resistance. This parameter is a measure of the ability of the
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sink to dissipate the applied heat and can be calculated using the following

expression:

HSR = T] ~Tl (5"3)
Q

where HSR is the thermal resistance in °C/W, 7) is the heat sink temperature (in °C),
T2 is the ambient or coolant input temperature (in °C) and Q is the heat load into heat
sink (in watts). The goal to heat sink design is to maximise thermal resistance. This is
achieved through the exposed surface area the greater the surface area the greater the
heat load.

The position of thermistor has to do exclusive with the response of the temperature

loop to control stable the ECDL temperature. The closer the TEC element is to the

diode laser the faster the loop is. So, ideally we want the TEC element, the thermistor
and the diode laser in the ECDL to be as close as possible in order the ECDL to be

controlled better and faster.

Another requirement for better temperature control of an ECDL is all its parts must be
in a good thermal contact, and avoid air gaps between them. Again thermal greasing
between the components it will help the easier flow of heat from one part to another.

Nylon screws hold the TEC element sandwiched between the cold and hot sink and

are used in order to help the flow of heat towards the direction that the TEC current

orders. Enclosing the ECDL within a box will stop the air currents that may cause

variations in its temperature.

Another important factor in the construction of an ECDL is to minimise the negative
effect of acoustic noise on the stability of the device. Basically, and especially when
the diode and the grating are not housed in the same mount, vibrations could result in

destructive interference in the relative phase of the two cavities in an ECDL design.
The reduction of the vibrations can be obtained by the enclosure of the ECDL inside a

box. The box sides are dressed internally and externally with a special sound damping
sheet for better acoustic isolation.
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The last important element in the construction of an ECDL is the current control loop.
A low noise, battery operated, current source should be used for stable output

amplitude.
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Figure 5-2: Dimensions of the constructed ECDL. Different parts of the ECDL are mentioned by a
number. I: is the grating holder that houses a 1800 lines/mm holographic grating placed
at 45 degrees. 2: is the mirror mount that holds and translates the grating mount. 3: is the
laser and the collimation lens mount. 4: is the Peltier element that controls the ECDL

temperature.5: are steel bars that reduce the vibration of the laser and grating mount.

5.5 Characterisation of an ECDL

5.5.1 Brief Description of the ECDL

The ECDL system used in this work is configured in a standard Littrow extended

cavity arrangement [15]. The diode laser is a commercial single-stripe, single-mode
AlGaAs device (SDL-5410) operating at 814 nm, with a maximum power rating of
100 mW. The diode was supplied with a standard low reflectivity (~4%) output facet

coating, which is not sufficient to avoid coupled cavity effects. The output beam from
the laser was collimated using a lens with a numerical aperture NA = 0.65 and
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directed onto a diffraction grating with 1800 lines/mm, completing the external

cavity. The Littrow configuration resulted in the back-reflection of the first-order
beam (-20%) into the cavity and the extraction of the zeroth-order as useful output.
The maximum output power in the zeroth-order was measured to be around 80 mW.

The whole configuration was temperature stabilised using a Peltier cooler.

5.5.2 Characterisation of the Diode Laser

The diode laser is an SDL-5410. Its central operating wavelength is 810+4 nm. This

diode laser combines a quantum well structure and a real refractive index guided

single mode waveguide to provide high power (maximum 100 mW), low astigmatism,
narrow spectral width and a single spatial far-field Gaussian mode. This diode laser

operates in single longitudinal mode under some conditions. Small changes in drive

current, diode junction temperature or optical feedback can cause spectral broadening,
mode hopping and longitudinal mode instability. In order to minimise the possibilities
of any changes in drive current, a low noise diode laser current source was used

(Profile Optische Systeme ITC502).

The big advantage of the diode laser used is that it has its own thermoelectric cooler,
which means that its temperature was efficiently controlled with an accuracy of

1.4xl0~3 °C (the accuracy of the temperature controller). Any variations in diode
laser temperature caused by air currents or by variations of ECDL mount temperature

are compensated almost instantly by the fact that the diode laser TEC element is very
close to the diode. The ECDL mount temperature is controlled by a Peltier cooler. The
mount temperature is kept constant with an accuracy of better than 0.1 °C, which is
the resolution of the thermocouple that was used. The temperature of the ECDL was

checked in two positions. One very close to the Peltier cooler (5 mm distance) and
one 2 mm away from the diode. The temperature was the same in both positions

(accuracy « 0.1 °C ). In this way, it was confirmed that there are no thermal gradients

(within the accuracy of the measurement) in the mount and so its temperature is kept
constant. Figure 5-3 shows the calibration of the external thermistor (NTC thermistor

provided by Farnell) resistance. The thermistor during its calibration was placed close
to the diode. As can be seen in this figure, the variation of the thermistor resistance
with the temperature has been fitted by the following first order exponential decay

equation:
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T = 2.825 + 38.321e~8969 (5 _4)

where R is thermistor resistance and T the temperature measured 2 mm away from the
diode laser. It must be said that there is the Steinhart-Hart (S-H) equation that

accurately models the nonlinear R-T characteristic curve of a negative temperature

coefficient (NTC) thermistor. When the correct constants for a thermistor are known,
the S-H equation can be used to convert resistance to temperature (in °C degrees) and
vice versa. There are several forms of S-H equation. The form that is used in this
thesis is the following (from SDL catalogue for the specific Diode Laser Thermistor):

T- 273 (5-5)
0.82-1CT3 +2.62-10"4 ln/? + 1.20-10~7(ln.R)3

Equation (5-5) describes the calibration of the diode laser thermistor. The curve that is
described by equation (5-4) is the following:
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Figure 5-3: Thermistor calibration curve. Red line is the fitting function.

The difference between the temperatures that are calculated through equation (5-4)
and equation (5-5) as a function of thermistor resistance is less than 2%.

The free-running diode laser required 90 dB of isolation to avoid undesired effects
that can cause multimode, spectrally wide unstable operation. Diode lasers are very
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sensitive to unwanted optical feedback because they are very high gain devices.

Especially the used SDL diode laser with 5% reflectivity on its outer facet, is very

sensitive to even low feedback levels.

The diode laser facet dimensions are 3x1 pm (SDL Laser Catalogue 2000), allows to

calculate the FWHM beam divergence angles parallel and perpedincular to junction,

through simple Gaussian optics relations. The relationship used to calculate the
FWHM divergence angles is the following:

Divergence
nwa

where w0 is the half facet dimension in each direction, 6divergence is the FWHM

divergence angle in the selected direction, and X is the laser wavelength. So for T=810

nm, w/f= 1.5 pm, w±- 0.5 pm the FWHM divergence angles parallel and

perpedincular to the laser junction are respectively, Q//= 29.52° and 0±= 9.85°.

As can easily be observed the output light from a diode laser is highly divergent,

especially perpedincular to its junction. The appropriate collimators that should be
used are determined mainly by the divergence angle in the vertical plane of the diode
laser junction. The collimator should have the necessary surface to capture all the
emitted light from the diode laser. The ideal collimator should be designed to collect a
cone of light with an angular diameter equal to 1.7 times the FWHM divergence angle
of the diode [16]. The numerical aperture (NA) of the collimator is determined by the

following equation:

NA = sin(l .7 x ^Diverg ) (5-7)

So for 0i=3O0 the necessary NA should be >0.43. The selection of the diode laser

beam collimator has also to take into consideration that the higher the NA of the lens
the larger will be the diameter of the collimated beam. A large diameter beam is a

problem because there is a limited input aperture of the existing Faraday isolators.
The cost of a Faraday isolator increases significantly with the diameter of its input

aperture. Also a high NA means short focal length and working distance collimator.
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Such a collimator is difficult to construct [16]. The collimator lens should be AR-

coated in the spectral region that the diode laser operates.

In our case the collimator was provided by THOR Labs and its technical
characteristics are the following:

• A molted glass aspheric collimator lens

• Focal length, f= 2.75 mm

• Numerical Aperture, NA= 0.65

• Antireflection Coated, AR at 600-1050 nm

• Clear Aperture, <j)= 3.60 mm

• Working Distance 1.56 mm

The construction material of the lens is glass because it is superior to plastic with

respect to birefringence. Birefringence will change the polarisation state of the

intracavity light, reducing the external feedback. Also this kind of collimators
introduces low wavefront distortion. The disadvantage that they have is that because

they are single element lenses, correction of chromatic dispersion is not possible. This

may limit the spectral region that can be covered without working-distance

adjustment.

The diode laser used had a large gain bandwidth, as shown in Figure 5-4. The diode
laser gain bandwidth was measured with a monochromator just below diode laser

threshold, with the diode laser temperature around 21.6 °C. The width of the gain
bandwidth of the diode laser is around 5.5 nm.
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810 nm Solitary Diode Laser Gain Curve
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Figure 5-4: Laser gain bandwidth of the 100 mW SDL diode laser at T= 21.6 °C.

As already mentioned, the spectrum of a diode laser can be tuned by varying its

temperature or its injection current. The tuning of the diode laser wavelength with

injection current is depicted in Figure 5-5.

813

812

811

O)

810
<D
>
03

3
Q.

3

O

809 -

808

807

Injection Current Tuning of the Solitary Diode

Temperature= 19.11 °C

20 40 60 80

Injection Current (mA)

100 120

Figure 5-5: Injection current tuning of the SDL diode laser. During the above measurement the diode
laser temperature was kept constant to 19.1 °C.
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The staircase appearance of the above tuning curve is characteristic of a solitary diode
laser. The gaps between the steps correspond to mode hops. The size of the measured
mode hops is roughly -0.345 THz. The width of this mode-hop should correspond to

the FSR of the diode laser resonator. As can been seen, the main disadvantage to

solitary diode laser scanning with injection current is that there are regions in diode
laser spectrum that can not be covered.

The temperature tuning of the solitary diode laser spectrum is shown in the Figure 5-

6. This tuning curve is characterised by a staircase appearance. The discontinuities
between the steps corresponds to mode-hops between the solitary diode laser

longitudinal modes. I suspect that the steps are not so well defined because of
existence of thermal gradients between the diode laser temperature and that of the

host mount. The average mode-hop width that is measured through diode laser spectra

temperature tuning is 0.263 THz. The diode laser spectrum is scanned wider but
slower with the temperature compared to the injection current tuning, which is
characterised by narrower scanning range but faster tuning speed.
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Figure 5-6: Temperature tuning of the solitary diode laser output wavelength. The output spectrum

was scanned from 807.753 nm to 813.801 nm. At the same time the temperature was

varied from 10°C to 38°C.
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The diode laser threshold was also measured as its temperature was varied. The

threshold current increased as the diode laser temperature was changed. The threshold
current of a diode laser as a function of the temperature can be predicted according to

the following equation (from SDL laser diode operator's manual):

(Threshold at T2) =(Threshold at T])x exp rT2 -T^
v '» V

(5-8)

where Ta is a scale factor with a typical value of about 130 K for single quantum well
diodes as used here.

The experimental curve of threshold current against temperature is the following:
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Figure 5-7: Diode laser threshold versus temperature

Figure 5-7 has a somewhat staircase appearance. This is an indication of the existence
of coupled cavity effects. It must be mentioned that the reflectivity of the outer facet
of the diode is approximately 4%. So even though the reflectivity of the collimator is
less than 1% some light probably reflects back into the diode. There is a difference
between the experimental data of Figure 5-7 and the values that are predicted by

equation (5-8). This is probably due to interference, or a different scale factor should
be used in equation (5-8). Generally, as the temperature changes, several different

processes internal to the diode occur. The refractive index changes, mode-hops occur,
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the diode laser length changes. All these parameters could affect the exact form of the

graph in Figure 5-7.

The output power of the solitary was also affected by the change in temperature. As
can be seen in Figure 5-8, the output power of diode laser drops as the diode laser

temperature rises. For variation of solitary diode temperature from 17.189 °C to

46.934 °C power was dropped from 98.2 mW to 84.66 mW at the maximum injection
current. This corresponds to 13% variation in output power over a temperature range

of ~30°C.

The slope efficiency of the solitary diode laser was measured as its temperature was

varied. The slope efficiency, varied by less than 5% for a temperature variation of
more than 30 °C (see in Figure 5-9).
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Figure 5-8: Solitary diode laser output power variation versus temperature. Diode laser current was

kept constant at 110 mA during the measurement
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Figure 5-9: Solitary diode laser slope efficiency versus its temperature.

The polarisation of the diode laser was checked using a polaroid sheet and it was
found to be parallel to the junction of the diode i.e. across the small axis of the

elliptical beam.

The linewidth of the diode laser was measured using a scanning Fabry-Perot
interferometer with a 1.5 GHz free spectral range (FSR). First, the diode laser was

optically isolated from the interferometer by two Faraday isolators which provided 90
dB of total isolation. The linewidth was measured to be ~50 MHz.
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Figure 5-10: Solitary diode laser linewidth as was measured in a scanning Fabry-Perot
interferometer.

A near-diffraction-limited beam was emitted by the diode laser. The quality of the
beam is a central theme in this thesis. The parameter used to characterise the beam

quality is the M2. Scanning pinholes and slits can be used, with the transmitted power

being measured by a single element detector, to build up the intensity map of the
beam. In our case the M of the beam was measured by scanning a pair of closed

spaced scissors vertically and horizontally across the beam, for different distances
from the diode laser. The mode diameter is defined using the standard definition of

• .... 9
the distance between the points having intensities 1/e of the maximum. The

transverse distance within which the 95.4% of the power is contained, is commonly
used for beam diameter measurements along one axis of beams having arbitrary

intensity distributions. This definition particularly lends itself to the scanning scissors
measurement method as only two measurements, the scissors edge positions where
2.3% and 97.7% of the total power are transmitted, need to made to obtain the

2 idiameter. The M of the beam was measured to be equal to 1.15 +. 0.00835

(horizontally) and to 1.3 ± 0.08 (vertically), as shown in Figure 5-11.

214



Chapter 5: Construction and Characterisation of an External Cavity Diode Laser (ECDL)

E
03
<1>
CD

Data: Data1_B
Model: user-M2focus
ChiA2 = 1.8712E-10
wo 0.00004 ±0
lam 8E-7 ±0

M2 1.15604 ±0.00835
zo 0.1284 ±0.00051

M measurement (Horizontal plane)
with Multielement Lens (NA=0.68, f=2.75mm)

■P

\

0.10 0.15 0.20 0.25

Longitudinal Distance (m)

Figure 5-11: M2 measurement of the solitary diode laser beam (horizontal plane).
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Figure 5-12: M2 Measurement in the vertical plane of the solitary diode laser, M2= 1.3± 0.06

The shape of the emitted beam was elliptical and its captured by a beam profiler

(Figure 5-13). The intensity profiles in the two planes are also shown.
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Figure 5-13: Beam profile of the solitary diode laser. The extra two graphs show how does the beam

intensity varies away from its center in vertical and horizontal direction.

5.5.3 The Diffraction Grating

As described in chapter 3, there are several configurations of ECDLs. The presented
ECDL incorporated a holographic diffraction grating as a retroreflector in a Littrow

cavity configuration.

The Littrow ECDL was preferred to Litmann cavity, because in the latter set-up there
are more losses since the light passes twice through the grating. As mentioned at the
outset, the constructed ECDL was to be used as a pump source for CW OPOs. As a

consequence, as much as possible pump power was required from the ECDL in order
to efficiently pump a CW-OPO.

The retroreflector was selected to be a holographic grating rather than a ruled one

because the efficiency of the latter is very sensitive to the selected wavelength

(maximum efficiency at a blazed wavelength). This means that as the ECDL was

scanned the feedback power back into the diode would vary more if a ruled grating
were to be used.
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The selected holographic grating should satisfy the following requirements:

• Its diffraction efficiency in the first order should be -20% at Lpump «810 nm.

The zeroth order was used as the output field of the ECDL (efficiency ~ 80%).

• The smaller the grating period the better. In this way more lines are illuminated
so the beam will be spectrally narrower.

At least 20% feedback strength is demanded from the diffraction grating in order for
the extended cavity to operate in the feedback regime V (feedback strength > —10 dB)

[17]. In this regime, as has already described in chapter 2, the ECDL operates with a

narrow linewidth, single longitudinal mode, for all phases of the feedback as a long

cavity laser with a short active region. The constructed ECDL in this thesis operated
under regime V. The feedback strength from the grating back to the diode laser was
calculated to be around -6.98 dB.

"The Optometries Group" provided the holographic grating that was used. The

distance between its grooves was J mm. The efficiency curve for the grating
(from the Catalogue) is depicted below.

1800 grooves/mm OPTIMIZED FOR THE UV

Figure 5-14: Holographic grating efficiency. The top curve is the diffraction efficiency of the grating
in the "S" polarisation (vertical to the diode junction), the bottom line corresponds to

grating diffraction efficiency in the "P" polarisation (parallel to the diode junction).
The middle line is the average diffraction efficiency of the grating.
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According to Figure 5-14, the diffraction efficiency of the grating depends on how the
diode laser polarisation aligns relative to its diffraction lines. In my case, the grating
diffraction lines were horizontally aligned compared to the diode laser polarisation

(i.e. S polarised, look 5.5.2). From figure 5-14 it can been seen that its efficiency for

s-polarisation is around 20% at 800 nm. If it were placed with its lines perpedincular
to the diode polarisation then the diffraction efficiency in the first order back to the
diode would have been reduced to less than 5%. In the latter case, however the output

field (zeroth order) from the ECDL is spectrally narrower than when the grating lines
are placed perpedincularly to the diode polarisation. This because more grating lines
are illuminated in the first case so grating resolution is increased.

The basic equation for a diffraction grating in the Littrow arrangement is :

mA = 2d s'md (5-9)

So for m= 1, d= 1/1800 (mm"1), A= 810 nm, it results in Outtrow = 46.8 °. So the grating

was placed in such an angle in order to retroreflect back into the diode the first order
diffracted beam at an angle of 46.8 0 to the incident beam.

5.5.4 ECDL Alignment Procedure

It is clear that an ECDL will operate most efficiently when it is well aligned. Perfect

alignment in ECDL set-up results in coupling almost all the first order diffracted
beam back into the diode. In what follows, the successful alignment procedure during
the construction of different types of ECDL will be described. It is important to
ensure that the collimating lens and the diffraction grating are free from scratches

before embarking on the alignment procedure.

The alignment steps are the following:

• Adjust the collimation lens as to bring the emitted laser light to a sharp focus at a

distance of around 5 m. Then by a very slight adjustment of the lens the beam
should be brought to collimation. It should be checked that no focus occurs

within 5 m. A properly aligned laser beam exhibits a symmetrical and elliptical
beam spot. For easier alignment, THOR Labs collimation tubes were used in this

work for easier and faster collimation of the diode laser beam.
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• The grating must be placed at Littrow angle in order to retroreflect the first
diffracted beam back into the diode. In the presented ECDL, the grating was

placed in a kinematic mount. This allowed the horizontal variation of the grating
position (by rotate the left/right adjustment screw of the mirror mount) and also
the vertical direction by rotating the up/down adjustment screw of the mirror
mount.

During this procedure the diode laser operates slightly below its threshold
current. With an IR card it is checked that the diffracted beam from the grating
returns to the centre of the lens. If a second beam, usually smaller and less intense
than the main diode laser elliptical beam, is observed this means that all or some
of the beam diffracted back into the diode hits the lens mount or the diode mount.

With the mirror adjustments the two beams are brought onto coincidence, so

ensuring that the diffracted light passes through the centre of the lens and couples
back into the diode. When this happens a sudden increase in the brightness of the
beam will be observed, indicating that lasing occurs with a threshold less than the

solitary diode. A more precise vertical alignment of the beam will then be used to

basically reduce the operation threshold point of the ECDL set-up as much as

possible. It is the vertical alignment that determines the feedback strength of the

configuration. When a good vertical alignment was achieved it was never

adjusted again. Horizontal variation of the grating angle mainly affects the

wavelength selected by the grating. As the horizontal adjustment was varied

bright and dark spots were observed. The darker spots mean that the selected

wavelength corresponds to an external cavity length that is not an exact integer

multiple of the diode laser cavity length. The bright spots imply that the external

cavity length is an integer multiple of the diode laser cavity length and
constructive interference between the two cavities occurs. The horizontal

alignment should target these positions.

Good alignment would result in a reduction of the solitary diode laser threshold.
It will also help to a wide coarse tuning and a wide continuous tuning of the
ECDL output spectrum.
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5.5.5 Threshold Reduction in the ECDL

As mentioned in chapter 2, one of the advantageous features of feeding back light into
a diode is to reduce its threshold operational current. Figure 5-15 shows the threshold
current of solitary diode and ECDL for different temperatures. The average

percentage reduction of threshold current in the ECDL is calculated to be around 21.5
%. As can be seen the two lines are not parallel. Probably this has to do with small
oscillations of the ECDL mount temperature around the set point. Another reason is
that as the temperature was scanning and the threshold was being measured the
vertical and the horizontal alignment of the grating and also the collimator position

probably changed slightly.
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Figure 5-15: Threshold variation of the ECDL (red line) and solitary diode laser (black line) with

temperature.

5.5.6 Output Power of the ECDL

The constructed ECDL uses the zeroth order diffracted field from the grating as its

output field. In section 5.5.3 it was noted that the efficiency of the grating in the
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zeroth order diffracted beam should be around 80%. The diode laser has an output

power capability of -100 mW. This means that an output power of -80 mW was

expected. Figure 5-16 shows the variation of the output power versus temperature of
the ECDL. As can be observed the output power was slightly decreasing with the

temperature. This is the same behaviour as the solitary laser diode
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Figure 5-16: ECDL output power variation (0th order diffracted beam) versus diode laser

temperature. Total variation of power as the temperature was scanned 18 °C was

-8%.

The output power from the ECDL was around 78 to 75 mW for a variety of

temperatures. This differs from the expected value of -80 mW by roughly 6%.

Reasons for this difference could be the existence of higher order diffracted beams, or

probably slight misalignment of the orientation of the grating lines from their vertical

position relative the diode laser polarisation. This causes an increase in grating

reflectivity to the first order, so reduces the output power in the zeroth order.

5.5.7 Spectral Characterisation of the ECDL

The narrowing of the diode laser linewidth due to optical feedback from a diffraction

grating has been already mentioned in chapter 2. The grating enhances the selectivity
of the configuration compared to the selectivity in a solitary diode laser.
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The spectrum of the ECDL was measured through a scanning Fabry-Perot
interferometer. The finesse of this interferometer was -200 with a FSR =30 MHz.

From the definition of finesse and FSR it can be concluded that the resolution of this

interferometer was 1.5 MHz. Before the ECDL linewidth was measured, it was

isolated from unwanted back-reflection by a Faraday isolator which provided total
isolation of ~60 dB. The observed spectrum is depicted in Figure 5-17:

Ramp voltage

Frequency (GHz)

Figure 5-17: ECDL linewidth measurement as measured by a scanning Fabry-Perot interferometer.
The ramp voltage line across the interferometer PZT element is also shown with the
resolved ECDL lines.

As can be seen from Figure 5-17, the measured linewidth of the ECDL was limited by
the resolution of the particular Fabry-Perot interferometer. It is believed that the

ECDL linewidth is less than 1 MHz.

5.5.8 Circularisation of the ECDL Output Beam.

As mentioned at the outset the constructed ECDL was to be used as a pump source for
CW-OPOs. These OPO cavities have circular symmetry, which means that the pump
beam should ideally has a circular shape.

The ECDL output beam shape is the same as the one depicted in Figure 5-13. The
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circularisation of the ECDL beam was achieved through the telescope method. Two

cylindrical lenses were used with focal lengths of 22.2 mm and 63 mm, respectively.
The two lenses were placed apart at a distance equal to the sum of their focal lengths

(-85 mm). Due to collimation, the vertical dimension of the pump beam was

maintained constant to around 3 mm for distances up to 5 m, whereas the horizontal
was ~1 mm. Because the horizontal dimension of the beam needed to be expanded,
the cylindrical lens with the short focal length was placed first. It was found that the
distance between the two cylindrical lenses was very crucial for the circularisation of
the beam. After the insertion of the cylindrical lenses the dimensions of the beam in
both direction kept equal to around 2.8-3 mm in both directions. The circularised
beam from the ECDL was captured by a beam profiler and is depicted in Figure 5-18:
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Figure 5-18: Circularised beam from the ECDL after the insertion of the two cylindrical lenses. The
vertical and the horizontal dimensions of the beam were maintained equal to around 2.8
mm all the way to the OPO entrance.

At the end it must be noted that there is a report for an ECDL configuration that
houses a diode laser that emits a circular beam [18], This means that there is no need
for using external cylindrical lenses in order to pump an OPO.
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5.5.9 ECDL Isolation Requirements

ECDL is less sensitive to unwanted optical feedback than a solitary diode laser. As
can be seen from section 5.5.2 the solitary diode needs more than 60 dB of isolation,

where as the ECDL requires 45-50 dB of isolation as noted in section 5.5.7. As also
mentioned in section 5.5.2, in order to isolate the solitary diode from unwanted optical
feedback light two Faraday isolators were used. Each of these isolators introduces
losses roughly equal to 13%. So the introduced losses into the solitary diode laser

system are almost double those introduced into the ECDL system.

The Faraday isolator used had a micrometer adjustment to allow the maximum
isolation to be optimised for a given wavelength. This also allowed us to investigate
the effects of different levels of feedback. The adjustment was calibrated for the level

of isolation by directing the laser output through the isolator in the reverse direction
and measuring the fraction of power transmitted. The calibration of the isolator

(operational spectrum 745-890 nm) was performed at 785 nm. Similar results were

expected at 810 nm.

c -25-

I-
<D

Micrometer Position

Figure 5-19: Calibration of optical isolator adjustment at 785 nm.

The required level of isolation from unwanted optical feedback for stable operation of
the ECDL was determined. The isolator returned to the normal mode, with the laser

output passing through it in the forward direction, and a highly reflecting mirror was
then used to return light through the isolator in the direction of the laser, providing
feedback. A beam splitter was placed after the isolator to direct a small fraction of

light into a scanning interferometer and the output spectrum was monitored while the
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level of isolation was adjusted through isolator micrometer position. The experimental

set-up is depicted in Figure 5-20:

Faraday Isolator

ECDL * x-

Mirror 1

/'
/

>— < >

F-P Interferometer

< >

1
Mirror 2

IRIS 1 B/S IRIS 2

Figure 5-20: Experimental set-up that was used in order to measure the feedback sensitivity of the
ECDL. Mirror 2 was used in order to reflect ECDL light back to the ECDL through the
IRIS 1 and 2 and through the isolator. B/S is a beam splitter that sends a small amount
of light into the interferometer in order for ECDL spectrum to be monitored for
different levels of isolation.

Single mode, stable operation of the ECDL was observed at specific isolator
micrometer positions. These correspond to micrometer adjustment positions from 3.0-
4.5. According to Figure 5-19 these micrometer positions correspond to an isolation
of around -42dB. This is much less than the isolation required for the solitary diode
where more than -60 dB is necessary for stable single mode operation.

5.5.10Tuning of the ECDL

One of the several advantages of the ECDL is the increased number of methods that

the spectrum could be tuned. These are temperature tuning, injection current tuning
and grating angle tuning.

The graphs representing tuning the ECDL spectrum by varying the diode laser

temperature depict in Figure 5-21:
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Figure 5-21: Temperature tuning of the ECDL wavelength.

If Figure 5-21 is compared to Figure 5-6 it will be seen that the ECDL wavelength is
scanned much less than the solitary diode laser. This is because the grating in the
ECDL selects the wavelength and not the solitary diode laser, and the grating is now a

small part of the whole configuration. For temperature tuning ofAT- 23°C, the ECDL

spectrum was scanned no more than 0.5 nm (percentage variation -0.06%), whereas

for the same temperature variation the solitary diode laser spectrum was scanned
around 7 nm. Small changes in the ECDL spectrum as the diode laser temperature is
scanned are probably due to the fact that the diode laser spectral properties still affect
the ECDL temperature properties. It is believed that in an ECDL with an AR coated
diode laser, the wavelength will vary less than the wavelength of the ECDL in Figure
5-21.

The ECDL spectrum tuning by varying the injection current of the diode laser is

shown in Figure 5-22.
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Figure 5-22: Injection current tuning of the ECDL. The diode laser current was varied over 100 mA

and the ECDL output wavelength was remained locked between the two dashed lines.

It can be seen again that the grating selects the ECDL output wavelength. The

percentage change in the ECDL wavelength as the injection current was varied almost
over 100 mA was 0.035 % (the wavelength was scanned by 0.283 nm). For the same

diode laser injection current variation the wavelength of solitary diode was changed

by 0.24 % (the wavelength was scanned by 2 nm).

From Figure 5-21 and Figure 5-22 it can easily be understood that in the ECDL it is
the grating that selects the emitted wavelength. Another way to scan the spectrum of
the ECDL is to rotate the grating across the incident beam. This type of tuning is

categorised in fine tuning and in coarse tuning of the ECDL discussed below.

5.5.10.1 Fine Tuning of the ECDL

Fine tuning or continuous tuning is achieved by applying voltage to a piezo-electric
transducer (PZT). The PZT is located between the grating and the left/right grating
mirror mount adjustment screw. The applied voltage changes PZT element length,
which in turn rotates the grating across the incident beam. Rotating the grating across

the incident beam produces two changes. First, the external cavity length changes and
second the grating incident angle also changes with the result that another wavelength
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will be selected by the grating. During the continuous mode-hop-free tuning the
ECDL cavity length does not change more than a few micrometers. The continuous

tuning of the ECDL will be interrupted by a mode hop equal to the FSR of the
external cavity. The range of continuous tuning is limited by three factors: reflectivity
of the diode laser output facet, external cavity length, and pivot point location.

In our case a non-antireflection-coated diode laser was used, no special attention to

the location ofpivot point was given and the external cavity length was equal to 20-25
mm. This resulted in continuous tuning of the ECDL spectrum over 4-6 GHz.

It can be understood that an AR-coated (external facet residual reflectivity less than

8x10~5) diode laser minimises the interference effects between the diode laser and the

external cavities. This extends the fine tuning of the ECDL spectrum by 7-10 GHz

(The continuous tuning can be extended up to 30 GHz, but this depends on the
feedback strength).

The pivot point is the point around which the grating is rotated in order to select a

different diode laser wavelength. It has been shown [19, 20] that if the pivot point is
located at the intersection of diode laser back facet plane and the plane of the grating,
then the continuous tuning is extended to several nanometers. In our design, we paid
no attention at the location of pivot point

A disadvantage of the extended cavity configuration is that continuous wavelength

tuning through variation of the external cavity length is limited by the stringent

requirement that the two resonant optical fields, one oscillating within the diode chip
between the front and back facets, and the other between the back facet of the diode

and the grating, must remain in phase. If this condition is fulfilled, a single standing
wave will be resonant in both the external cavity and the diode laser.

To maintain the two resonant fields in phase, one approach is the direct suppression of
the oscillating field within the diode chip by applying an antireflection coating to the
diode output facet. This method, however, requires specialist coating design, resulting
in additional cost, and is also somewhat limited by restricted commercial availability.

An alternative technique for continuous single-mode scanning of an ECDL is based
on the simultaneous variation of the diode injection current and the grating angle in a
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prescribed numerical ratio using electronic control [21]. This allows the length of the
internal cavity, formed between the diode facets, and that of the extended cavity,
formed between the diode output facet and the grating retroreflector, to be

simultaneously scanned at a suitable rate, hence maintaining single mode operation of
the ECDL as it is tuned. This approach is attractive because it can be implemented
without the use of an antireflection coated diode.

This technique has been previously used to demonstrate 22 GHz continuous tuning of
an ECDL using computer control [21]. In this work, we have obtained continuous

single-mode scanning of an ECDL over 80 GHz based on this method by using a

simple and low-cost electronic circuit that controls the relative scan ratio of the diode
laser current and the external cavity length. This performance has been achieved

without the use of antireflection coating on the diode facet or computer control.

The grating was placed in a kinematic mirror mount and fine tuning was achieved as

mentioned earlier by the use of a PZT element placed between the tip of the
horizontal adjustment screw and the mounting plate. As the point of rotation of the
mount was off-axis with respect to the cavity, changes in the PZT length resulted in
variation of both the external cavity length and to a lesser extent, the grating angle.
Variation of the external cavity length in this manner allowed ,as we showed earlier,

continuous mode-hop-free tuning of 4-6 GHz, limited by the facet reflectivity of the
diode.

For long-range continuous tuning of the ECDL, the external cavity length and the
laser diode drive current were controlled using a simple electronic circuit. The

experimental set-up that is used to incorporate the scanning electronics into the ECDL

was depicted in the Figure 5-23.
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Figure 5-23: Experimental arrangement for the tunable extended cavity diode laser. (HVA- high

voltage amplifier, ECDL- external cavity diode laser, PD- photodiode)

The layout of the electronic circuit is shown in Figure 5-24. Essentially, the circuit
consists of 4 operational amplifiers (Op-Amps) and a number of resistors. It has two

output ports, delivering signals to the PZT control and to the laser diode driver. The
entire circuit board has dimensions of 50mm x 50mm, resulting in a compact and

portable configuration for the whole arrangement including the ECDL and the tuning
control unit. The ratio of the output voltage signals across the two ports is defined by
a simple analytical model [21]. The model prescribes how much the injection current

to the diode must be varied relative to the voltage across the PZT element in order for
the spectrum of the first-order diffracted beam from the grating (depends on the

grating angle), the longitudinal mode spectrum of the external cavity (depends on the

external cavity length), and the longitudinal mode spectrum of the laser diode chip

(depends on the cavity length of diode laser chip), to be tuned simultaneously.
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Signal Generator

Figure 5-24: Constructed electronic circuit allowing synchronous variation of diode laser current
and external cavity length in a fixed ratio. All the OP-Amps are the same (OP27).

Analytically, the model considers two independent cavities: a short cavity formed
between the two facets of the laser diode chip, having an optical path length T/; a long

cavity defined by the output facet of the laser diode and the grating, having an optical

path length L2. In order to scan the laser wavelength by an amount AX without mode

hopping, the number of longitudinal modes within the short cavity, Ni, and that within
the long cavity, N2, must remain constant. The number of the oscillating longitudinal
modes in the two cavities are related to the respective cavity lengths by

A = A, - (5-10)1 1
2

T AT ^L2=N2- (5-11)

where X is the free-space wavelength.
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This implies that the incremental variations in the cavity lengths necessary to maintain
scannable single-mode operation are given by

AI, AL2
t=~t <5-12)l^\

where AL/ and AL2 are the length variations that should be applied to the laser diode

chip cavity and the extended cavity respectively, to achieve mode-hop-free tuning.

Therefore, in order to scan the ECDL continuously, equation (5-12) must be
satisfied.

For the Littrow configuration, the first-order diffracted beam from the grating should
follow the same optical path as the incident beam onto the grating. Therefore, the

following condition must be satisfied [15]:

where d is the groove period of the grating and 0 is the angle of incidence onto the

grating. By combining equations (5-10) to (5-13), the rate at which the external cavity

length must change with the grating angle if the external cavity mode is to remain at

the centre of the grating bandwidth, thus avoiding a mode-hop, is found to be:

AL2=L2-^~ (5-14)"

tan#

If one defines the parameter /3 expressing the change in the wavelength with the diode
laser drive current, in the form

2d sin# = A (5-13)

(5-15)

then, using (5-10), (5-11), it can be shown that

2AZ2
~W2

(5-16)

Combining equations (5-10), (5-11), (5-14), (5-16), we obtain
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M'-° (5"17)

The variation in the grating angle, Ad, can also be expressed in terms of the change in

the length of the piezoelectric traducer with applied voltage as

AO—sAfL (5_18)

where AVpzt is the variation in the voltage applied to the PZT, I is the distance

between the PZT contact and the pivot point on the grating, and 5 is the change in the

length of the PZT with applied voltage. The sign on the right hand side of equation (5-

18) depends on geometry of the ECDL. More analytically the sign of equation (5-18)
is negative when the diffracted angle is decreased as the voltage across the PZT is

increased and positive when the diffracted angle 0 is increased as the voltage across

the PZT is increased. Combining equations (5-17) and (5-18), we obtain the

relationship between the change in the diode current and the PZT voltage in order to
achieve continuous, mode-hop-free scanning, namely

lp
_ ^

AVpzt IJ3 tan 0 (5"19)

Therefore, by knowing X, P, 8, 0 and /, it is possible to maintain scannable single-

frequency operation using an appropriate rate of change of diode laser current and
PZT voltage.

In our experiment the values of X, 0, P, 8, and / are 810nm, 46.8°, 5 nm/A, 0.06 pm/V

and 17 mm, respectively. Substitution of these values gives

7ir^ = -0-536mA/V (5-20)la v pzT

In our electronic circuit, this ratio can be adjusted, for a particular ECDL design, by

varying the gain of the first Op-Amp (#1 in Figure 5-24) in the diode laser driver
channel. The ramp input provided by the signal generator allows the ECDL frequency
to be repeatedly scanned automatically once the correct ratio has been set using this
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configuration. A variable voltage input to Op-Amp#3 provided by a 1 kQ

potentiometer, allows the addition of an offset to the ramp signal or, without the ramp

input, provides a manual tuning control. In order to reduce noise, the circuit is battery
driven. This can be seen in the Figure 5-25 where the performance of scanning
electronics is shown under mains and battery operation.

No Modulation

Modulation with batteries

L,--" 97.13 mA

Figure 5-25: Performance of the scanning electronics under battery and electrical modulation. The
first graph shows operation when the electronics are not connected to the laser diode

driver modulation input.

The above measurements were taken by connecting the diode laser modulation output

from the scanning electronic into modulation input of the diode laser driver and

observing the ECDL output in a manually scanned Fabry-Perot interferometer. It is
obvious that the performance of scanning electronics under battery operation is much
less noisy than when the scanning electronics were operated by the mains.

When adjusting the synchronous scanning circuit to obtain the ratio given in equation

(5-20), gain factors of 100 from the high voltage amplifier and 20 mA/V from the
modulation input of the laser diode driver were taken into account.

The continuous frequency sweep range of the ECDL was measured by monitoring the

output spectrum of the laser using a confocal Fabry-Perot interferometer with a fixed

cavity length, low finesse and a free spectral range (FSR) of 2 GHz. A triangular

voltage was applied to the ramp input of the control electronics (see Figure 5-24) and
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the transmission fringes were recorded as a function of the scanning voltage. By

counting the number of transmission fringes across the voltage ramp signal, we could
determine the scannable mode-hop-free sweep range of the ECDL.

Figure 5-26 shows a typical fringe pattern recorded across a single ramp voltage

sweep applied to the PZT element. As can be seen from the trace, up to 40
transmission fringes were obtained over the voltage sweep, implying a continuous

mode-hop-free tuning range of 80 GHz for the ECDL. In order to observe the equally

spaced fringes clearly the signal from the Fabry-Perot interferometer was ac-coupled,

blocking the low-frequency power variation during the scanning which can not be
observed on Figure 5-26.

Frequency (GHz)

Figure 5-26: Transmitted fringe patterns of ECDL through a low-finesse Fabry-Perot interferometer

(FSR =2.0GHz) with a fixed length. There are 40 equally spaced fringes corresponding
to 80 GHz ofmode-hop-ffee tuning of the ECDL.

Experimentally, the optimum ratio of the injection current to the PZT voltage to give
the maximum scanning range was found to be -0.462 mA/V. This is shown in Figure

5-27, where the maximum attainable single-mode tuning range is plotted as a function
of the ratio A/iD /A VPZT . The experimentally obtained value of -0.462 mA/V agrees

well with the theoretical ratio of -0.536 mA/V calculated earlier for our ECDL

system. The small difference between the two values may be due to the uncertainty in
the rate of change of the solitary diode output frequency with injection current, which
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could affect the value of P in our calculations. Other factors include an observed non-

linearity in the response of the PZT element to applied voltage and uncertainty in the
exact length of the external cavity.
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Figure 5-27: Continuous tuning range as a function of the ratio of laser diode injection current to the

voltage across PZT element. As can be seen, the maximum tuning range was achieved
when the ratio of the diode laser injection current to voltage across the PZT element
was in the range 0.36-0.48 mA/Volt.

With the ratio of A1LD/AVPZT adjusted to the optimum value of -0.462, we measured

the simultaneous variation in the diode laser injection current and the corresponding

piezoelectric voltage across the 80 GHz continuous tuning range of the ECDL. The
results are shown in Figure 5-28. It can be seen that during the scan the injection
current varied from 112 mA to 39 mA, with the corresponding PZT voltage varying
from 0 V to 160 V.

236



Chapter 5: Construction and Characterisation of an External Cavity Diode Laser (ECDL")

120 200

150

100

0 20 40 60 80

Frequency Scan (GHz)

I—
N
Q_

>
of
O)

2
~o
>

N
Q_

Figure 5-28: Variation of laser diode injection current and PZT voltage during an 80 GHz continuous
scan. In this particular ECDL design, the maximum continuous tuning can be achieved
when the diode laser injection current and the voltage across the PZT element are

varied simultaneously in opposite directions.

It was found that the frequency of the driving signal could be as high as 5 Hz allowing
the entire 80 GHz mode-hop free tuning range to be swept in 100 ms. The variation of
the ECDL output power with injection current across the continuous tuning range of
the ECDL is shown in Figure 5-29. While sweeping over the full 80 GHz tuning range

the scanning electronics adjusted the diode current from 112 mA to 39 mA, resulting
in a reduction in output power from 75 mW to 19 mW.
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Figure 5-29: Variation of injection current and output power as the laser frequency is continuously
tuned. The ratio of laser diode injection current to the voltage across PZT element was

kept constant at - 0.462 mA/V.

Given the placement of the grating pivot point in our design, it has been calculated
that the maximum tuning range before the external cavity mode and the centre of the

grating bandwidth differ sufficiently to cause a mode-hop is also around 80 GHz [19].
While a design with better pivot point placement might be expected to result in an

even larger tuning range, it should be noted that to cover the present tuning range both
the diode current and the PZT voltage were varied to their maximum values, and these

represent practical limits to further extension of the continuous tuning by this method,
in our present system. Improvements to these three factors could result in even greater

continuous tuning ranges.

5.5.10.2 Coarse Tuning of the ECDL

Coarse tuning of the ECDL spectrum was achieved by simply rotating the horizontal

adjustment screw of the grating holder. This kind of tuning extends as it will show
later to a few nanometers but is not continuous. It is interrupted by external and
internal cavity mode hops. As the wavelength selected by the grating is changed the
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threshold current of the ECDL changes. The coarse tuning of the ECDL was limited

to a range where the grating could not lock the emitted wavelength as the temperature
or the injection current varied (see Figure 5-21, Figure 5-22). At this point the
threshold current of the ECDL reached the level of the solitary diode laser threshold.

The coarse tuning in the constructed ECDL versus threshold current is depicted in

Figure 5-30.

As the ECDL threshold approaches the solitary diode threshold the fine continuous

tuning range is reduced. A good rule-of-thump is that the ECDL operates well when
its threshold is kept at least 10% below solitary diode laser threshold. From Figure 5-

30, it can be seen that the ECDL spectrum was scanned around 18 nm, from A,mtiai=

800.144 nm to Afina]= 818.495 nm. It must be noted that within this range single mode

operation was maintained, the threshold was kept below solitary diode threshold and
the continuous mode-hop-free tuning was more than 1 GHz. In Figure 5-30 it is also
noted the range within the continuous range was kept between 4-6 GHz. The main

characteristic of this range is that the threshold has been reduced more than 10%

compared to the solitary diode laser threshold.

Coarse Tuning of an External Cavity Diode Laser
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Figure 5-30: Coarse tuning of the ECDL.
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5.5.11 Passive Stability of the ECDL

Passive stability is a measure how much does the ECDL frequency drifts with the
time in the absence of any active stabilisation. The main requirement for the ECDL is
that its output frequency should not drift more than 300 MHz over an hour. Basically,
constructed it is required that the frequency drift of the pump source stay below levels
that could lead to a mode-hop in the signal or idler waves in a CW DRO or PE-SRO.

A compact ECDL mount and a enclosure box helped this requirement to be achieved.

Figure 5-31 depicts the frequency drift of the ECDL when it operates at full power

(75-80 mW of output power) within an hour. The temperature was set to around T=

22.5 °C. Within an hour, the ECDL output frequency drifted less than 250 MHz (or 4
MHz / min).

Ramp voltage drifting

Frequency (GHz)

Figure 5-31: Passive stability of the ECDL. Less than 250 MHz drift within an hour. The picture was

captured on the screen of the oscilloscope. The signal was coming from the photodiode
of a scanning Fabry-Perot interferometer with a free spectral range equal to 1.5 GHz.
Each one of the squares on the screen of the oscilloscope corresponds to 500 MHz.
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Such a good stability leads to a single-frequency, mode-hop free operation for more
than 8 hrs. The power amplitude stability of the ECDL was measured with the use of
digital storage adapter (see Figure 5-32).
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Figure 5-32: Long term amplitude stability of the ECDL output power. Peak to peak noise equal to

1.6% was observed within 8hrs of continuous operation.

5.6 Conclusions

In this chapter the main design and operating characteristics of a constructed ECDL

were discussed. A compact ECDL with a scannable output spectrum was presented.
The |ECDL spectrum could be scanned continuously over 4-6 GHz simply by varying
the voltage across a PZT element placed between the tip of the horizontal adjustment
screw and the mounting plate. A simple electronic circuit was presented that allowed
us to extend the mode-hop-ffee tuning of ECDL up to 80 GHz by simultaneous
variation of diode laser injection current and the external cavity length. Coarse tuning
of the ECDL was also obtained over 18 nm. Temperature and injection current tuning
of the ECDL was also presented. The output power produced by this ECDL was 75-

80 mW. Due to good passive stability of this ECDL, the output power was

characterised by an excellent stability, with 1.6% peak to peak noise, over 8 hrs of
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operation. The frequency of the constructed ECDL drifted less than 250 MHz over an
hour.

As it will be described in the following chapters this ECDL was successfully used, for
first time, as a pump source in CW-OPO devices based on a DRO and a PE-SRO

configurations.
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Chapter 6: ECDL pumped continuous-wave optical parametric oscillator

6.1 Introduction

In this chapter, the development and the characterisation of a continuous wave (cw) pump-
enhanced singly resonant (PE-SRO) and a doubly resonant (DRO) optical parametric
oscillator (OPO) pumped by an external cavity diode laser (ECDL) will be presented. The
construction and characterisation of the ECDL pump source used in these experiments was

described in the previous chapter

Considerable interest exists in the development of compact cw tunable laser sources in the
near- to mid-infrared for applications such as spectroscopy. Devices utilizing nonlinear

r optical frequency down-conversion offer relatively easy access to a wide range of

wavelengths in this spectral region. Such systems have been demonstrated in spectroscopic

applications using both single-pass difference-frequency generation (DFG) [1], [2] and a

variety of OPO devices [3-5], Although relatively simple, DFG systems are generally only

capable of generating output powers of the order of a few pW, while output powers ranging
from a few mW to several W can be obtained from OPOs.

Single-mode diode lasers are attractive pump sources for compact OPOs due to their small
size and relatively broad tuning capability. Such devices, however, are typically limited to

output powers of around 1 OOmW, thus requiring the OPO to have a threshold considerably
lower than this value for practical purposes. Generally, this necessitates the use of a DRO [6]
or PE-SRO [7], which represent the majority of low-threshold OPO configurations
demonstrated to date. Although limited stabilized operation of a cw OPO pumped by a

simple Fabry-Perot single-mode diode laser has been demonstrated [6], the frequency
instability and susceptibility to mode-hopping inherent to these devices limit long-term
stabilization. Distributed Bragg reflector (DBR) diode lasers have been shown to allow long-
term stabilized operation of cw OPOs [4]. However, they are confined to a few operating
wavelengths and are considerably more costly than simple Fabry-Perot devices.

Grating-stabilized ECDL's are an attractive alternative to DBR devices for stable operation.
While based on simple Fabry-Perot diode lasers, and therefore retaining their advantages of
low cost and wide wavelength availability, the use of an external diffraction grating as a

feedback element results in improved stability and reduced linewidth compared to the free-
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running Fabry-Perot device. Increasing the level of feedback by the use of an external
grating, however, further reduces the available output power. As a result, previous
demonstrations of OPOs pumped by ECDL's have always required an intervening amplifier

stage [7]. We describe here a cw PE-SRO pumped directly by a grating-stabilized ECDL,
without the need for additional amplification.

6.2 The CW-PE SRO OPO System

The experimental configuration for the PE-SRO system pumped by an ECDL (or a solitary
diode laser) is shown in Figure 6-1.

H r2.6igm-J.45gm (A,j)

Figure 6-1: Experimental set-up for the PE-SRO pumped by an ECDL and by a solitary diode laser. For

operation with the solitary diode laser two isolators were necessary in order to interrupt single-

The PE-SRO was based on a 50mm long crystal of periodically-poled LiNbCL (PPLN)

having eight gratings equally spaced in period from A=21.0 to 22.4pm. The end faces of the

crystal were antireflection coated (R<0.5%) over the ranges 0.8-0.85pm (pump) and 1.07-

1.22pm (signal) with low reflectivity (R<4%) over 2.6-3.5pm (idler). The crystal was placed
in an oven allowing the OPO output wavelengths to be tuned and photo-refractive effects to
be avoided. The near-concentric OPO cavity, was formed with two 25mm radius-of-

curvature mirrors separated by 75mm. Both mirrors were coated for high reflectivity

(R>99.8%) over the signal wavelength range of 1.0-1.16pm. The calcium fluoride output

mirror was coated for high reflectivity (R>99.9%) at the pump wavelength (0.775-0.830pm)
and for low reflectivity (R<2%) at the idler (2.6-3.5pm). The fused silica input mirror was
coated for R«95% over 0.8-0.83pm to allow pump input coupling and for low reflectivity

/=50mm
Solitary rg*B_A_ _

FP diode „3(

External

cavity diodecavity diode

mode operation of the laser through feedback.
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(R<20%) at 2.6-3.5p.m. The input mirror was mounted on a piezo actuator with a travel of
5pm. The crystal and mirror coatings were calculated to result in a cold-cavity pump

enhancement factor of «55.

6.3 The Pump Source

As the pump source for the constructed PE-SRO, we used a solitary diode laser as a first step
and an ECDL configuration hosting the same diode laser in the second device configuration..

The ECDL used as a pump source for the PE-SRO was described as detailed in the previous

chapter. A brief description of the operational characteristics of this device as well as the

solitary diode follows.

External-cavity diode laser pump source

SDL 5412 single-mode
diode (non AR-coated)

f=2.75 mm

1800 lines/mm

holographic

PZT stack

S X ~ 810nm
S =75mW output power
S Av < 1MHz
S 4GHz smooth PZT tuning
(limited by facet reflectivity)

Figure 6-2: The Extended Cavity Diode Laser Pump source.

A commercial lOOmW single-mode AlGaAs diode laser (SDL-5412) was operated both free-

running and in a 20mm long Littrow-geometry external cavity with -20% feedback provided

by a 1800 lines/mm holographic grating. In the external-cavity configuration, 75mW of

output power was available from the diode laser with a linewidth of <lMHz. Fine tuning
was carried out by changing the length of the external cavity with a piezo actuator in the

grating mount. No attempt was made to anti-reflection coat the diode laser facet and, as a

result, the smooth tuning range obtained by varying the cavity length was limited to «4GHz.
The free-running diode laser required 90dB of optical isolation, using two isolators, to avoid
multi-mode operation and even when well isolated only maintained single-mode operation
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on a time scale of minutes. By contrast, the ECDL exhibited long-term stable single-mode

operation with one 60dB isolator alone.

6.4 Pump Enhancement

In both pumping configurations, the laser output exiting the isolator was circularized using a

pair of cylindrical lenses and focused to a waist radius wq ~ 32pm, corresponding to a

focusing parameter [8] of £ « 2.8, at the center of the PPLN crystal. The focusing of the

pump beam into the crystal plays a very important role in minimising OPO threshold. To

keep the threshold power of the OPO as low as possible, the Rayleigh range of the focusing
beam should ideally be on the same order as the crystal length. This is required in order to

r exploit the maximum non linear gain in the crystal.

Tight focusing is not beneficial to obtain low threshold because even when the pump

intensity may be very high at the point of focusing, the confocal parameter can be very short

compared to the crystal length and the pump and parametric fields will have large divergence

angles. On the other hand loose focusing will increase the confocal parameter of the focused
beam and at the same time will decrease the divergence angles of the pump and generate

nonlinear fields. This will decrease the intensity of the pump field and thus the intensity and
the efficiency of the nonlinear process. In order to maximally reduce OPO threshold power,

the focusing should neiher be very tight nor very loose. In [8] is proposed that in order to

keep the threshold of a SRO as small as possible the focusing parameter £ (= y^) should be
kept within the range 1.52 < £ < 2.84, where / is the nonlinear crystal length. From this

condition the confocal parameter and thus the desired beam waist for the pump can be
calculated. In order for the desired beam waist to be achieved diffraction effects in the

nonlinear crystal and the cavity length of the PE-SRO device should be taken into account.

The focusing parameter was selected to be £=2.8. From this value, we obtain the desired
beam waist radius is required to be 32 pm.

In to achieve a beam waist with a radius of 32 pm at the center of the nonlinear crystal an

ABCD analysis was followed. This gives the required length of the PE-SRO cavity so that
the cavity waist matches the focused beam waist. The cavity waist is mainly determined by
the cavity length. The Figure 6-3 shows the required length of the PE-SRO cavity in order to
achieve a focusing parameter between 1.39 and 2.84. Because in the constructed PE-SRO
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both signal and pump should be resonant they both should have a similar confocal

parameter. The cavity length of the PE-SRO was thus around 73-78 mm.

6*10 5

spotsize . ^ 5 "10 ^

2 10
0.06 0.065 0.07 0.075 0.08

spotsize . q

Figure 6-3: ABCD analysis to calculate the PE-SRO cavity length that gives the required beam waist [8] for
low threshold operation. Spotsize ; o represents the PE-SRO cavity length in meters. Spotsize j 2

represents the variation of the signal beam waist at the center of the crystal (blue line). Spotsize i;1

shows the variation of the pump beam waist at the center of the 50 mm PPLN crystal.

The focusing lens that is depicted in Figure 6-1 should be selected in order to match the

focusing beam waist with the cavity beam waist for efficient conversion. The position of this
lens is very critical for mode-matching between the cavity mode and the external pump
mode. The position of the selected lens should be such that it provides a beam waist of 32

pm at the center of the crystal.

In order for the desired beam waist to be achieved a lens with focal length is used outside the
OPO cavity with a focal length equal to 80mm. An ABCD analysis showed us that the

previously mentioned lens should be placed around 60 mm away from the center of the
PPLN crystal. The OPO mirrors were then adjusted to match the cavity waist to the focused

pump waist, maximizing the input coupling when the cavity was on resonance.

6.5 PE-SRO Output Power

The OPO output power at the (resonant) signal wavelength and (non-resonant) idler

wavelength is shown as a function of incident pump power in Figure 6-4. It can be seen that
the threshold was in the region of 25-30mW. This compares to a calculated value [9] of

5=1.57 5=2.84
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-lOrnW, based on the coating performance data, for the estimated enhancement factor of

«55.
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Figure 6-4: Signal and idler output power versus incident pump power for pumping with the solitary diode

(A.p=812.5nm, A.s=1.12pm) and the external-cavity diode (A.p=810.3nm, \= 1.16pm).

The dashed lines in Figure 6-4 represent a fit to the data, where sufficient points were

available, of the form PS}i oc (Pp Pp,th)°5-Pp,th, where Ps i, Pp and Ppth are the signal/idler

power, pump power and threshold pump power, respectively. The threshold of 25-30mW
was maintained for signal wavelengths in the range 1.075-1.175|_im, broadly consistent with
the coating bandwidths. It can also be seen from Figure 6-4 that up to 4.6mW of idler power
was obtained with the solitary diode and up to 3.4mW with the extemal-cavity diode. Both

figures represent emission in one direction only and similar output levels would be expected

through the other OPO mirror.

It is observed that the output power capabilities of the PE-SRO OPO (idler output) depends
on the PPLN temperature and on the PE-SRO threshold requirements. It was observed that
the idler power is more stable when the PPLN operates in temperatures greater than 110 °C.
Below this temperature the photorefractive effect [10-14] appears, which rapidly increases
the external threshold of the device. As a result, this causes the idler power to drop very fast.
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Figure 6-5: Demonstration of the effect of the photorefractive effect to the PE-SRO Output as appears in
three different temperatures.

As it mentioned before the idler power depends also on the external threshold of the PE-SRO
device. This is shown on the following figure:
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Figure 6-6: Idler Power vs Temperature vs Threshold
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6.6 Tuning of the PE-SRO OPO

Tuning of the OPO could be achieved by variation of the crystal temperature, quasi-phase-

matching grating period or pump wavelength. A theoretical curve that predicts the signal

wavelength for different temperatures is depicted in Figure 6-7. The refractive indices for the

interacting fields have been calculated using the Sellmeier equations published in [15].

PPLN Temperature (°C)

Figure 6-7: Theoretical phase matching curve that predicts the signal wavelength as the PPLN crystal

temperature is varied. On the graph temperature ranges of interest are indicated. Also shown

are the limits ofmirror coatings for signal wavelengths between 1.0 pm and 1.16 pm.

The results of crystal temperature tuning, at a pump wavelength of 812.5nm, for a range of

grating periods are shown in Figure 6-8. The tuning range at the signal was 1.07-1.19pm,

corresponding to a range of 2.58-3.4 lpm at the idler. Measured tuning data for these pump

wavelengths was observed to generally differ slightly from that calculated using the

published Sellmeier equations [15], Better agreement was obtained by calculating the
theoretical data with a -20°C temperature correction for zero phase mismatch (Akl=0) or a -

21°C correction for the optimum phase mismatch (Akl~-3.2) [8] given the degree of

focusing, as in Figure 6-8.
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Temperature (°C)

Figure 6t8: OPO temperature tuning data for a pump wavelength of 812.5nm. Solid lines are derived from

Sellmeier equations of [ 15] and calculated by Dr. Ian Lindsay with -20°C temperature correction.

Pump-wavelength tuning was carried out at a crystal temperature of 129°C by varying the

temperature of the free-running single-mode diode laser over a range of 30°C. It can be seen

from Figure 6-9 that a signal tuning range of 1.06-1.18p.m and an idler tuning range of 2.65-

3.44(im were obtained. The signal range is essentially the same as that achieved by crystal-

temperature tuning appearing to indicate that the OPO tuning range is limited by the
bandwidth of the coatings at the signal wavelength rather than the range over which a high

pump-enhancement factor is obtained. The signal wavelength was calculated for different
values of the pump wavelength. The graph is produced based on the Sellmeier equations that
are published in [15] and the theoretical values are depicted in the Figure 6-9:
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Pump wavelength (nm)

Figure 6-9: OPO pump wavelength tuning data for PPLN temperature of 129°C. Solid lines are derived from
Sellmeier equations of [15] and calculated by Dr. Ian Lindsay with a -20°C temperature

correction.

In the case where the PE-SRO is pumped by an ECDL the pump and thus the signal and the
idler wavelength can be tuned by rotating the grating in the ECDL configuration. The main

disadvantage of this kind of tuning has to do with the re-alignment that has to be performed
each time the grating position changes. Tuning ranges similar to those in Figure 6-9 were

obtained in this case. In Figure 6-10 are also depicted the theoretical predictions and

experimental values of the signal wavelength as the pump wavelength is changed. The
theoretical values are based on the Sellmeier equations that are described in [15]. It can be

seen in Figure 6-10 that the published Sellmeier equations in [15] are in agreement with the

experimental results with an offset of -20°C. This difference could be due to different

focusing conditions of the pump in our experiment compared to that in [15] or some

calibration error in our measurements.

255



Chapter 6: ECDL-pumped continuous-wave optical parametric oscillator

1180

1170 H

1160

E
S 1150-

j=P 1140
_<p
> 1130

I
_ 1120
CO
c
■S5 mo
CO

1100

1090

Black spot: Experimental Results @ 180°C, 21.4 pm

Red spots: Theoretical Reesults @ 180°C, 21.4 pm

Green spots: Theoretical Results @ 155 °C, 21 4pm
Blue Spots: Theoretical Results @ 160°C, 21.4 pm

▲

a

A W

i v1

806 807 808 809 810 811 812

Pump Wavelength (nm)

Figure 6-10: Signal wavelength tuning via ECDL diffraction grating rotation. PPLN temperature was set

between 155 °C and 180 °C and the grating period was 21.4 pm.

At the pump wavelengths used, two possible phase-matched combinations of signal and idler

wavelengths fall within the transparency range of PPLN. One or the other of these
combinations is generally selected as the operating point by the choice of the OPO mirror
and crystal coatings. In the OPO described here, the turning point in the phase-matching
function falls within the low-loss coating band for the signal and hence both phase-matching
solutions experience low losses. However, the losses for the inner (long signal wavelength)
branch of the phase-matching function were always lower than those for the outer branch
and operation on the outer branch was not observed.

As the temperature of the crystal was varied in order for the signal and idler fields to be
scanned, the threshold power for the PE-SRO also changed. As is depicted in Figure 6-11 the
threshold increases markedly for the signal wavelengths close to low mirror reflectivities,
where at the same time the signal output increases significantly.
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Figure 6-11: PE-SRO Threshold Variation as the PPLN crystal varied from 100 to 170 °C. The pump

wavelength was set equal to 811 nm and the grating period was 21.8 pm. The wavelengths 1.18

pm and 1.1 pm correspond to the end of the PE-SRO OPO mirror reflection profiles.

The pump external threshold of PE-SRO configuration had been also measured for a variety
of gratings periods as the signal wavelength was varied and these measurements are depicted
in Figure 6-12.
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Figure 6-12: PE-SRO threshold measurements, for two different grating periods, A=21.6 pm and 21.8 pm, as

the signal wavelength was varied. The pump wavelength was Ap= 812.5 nm.
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6.7 Locking of the PE-SRO

There are a number of techniques that can be used to lock a laser's frequency. One of the

simplest is the "side-locking" method. This method developed before the Pound-Drever-Hall

technique. It must be mentioned that one starts with a frequency selective optical element, a

photodiode, which produces a voltage signal as a function of laser frequency V(co). If one

wishes to lock the laser frequency at to0, and dV/dco(cao ) * 0, then one subtracts a reference

voltage to make an error signal f(<y)= V(co)—V(co0). This error signal then serves as input

to a feedback loop which adjusts the cavity length to make s=0. As can be understood the

side-fringe locking technique is useful if one wishes to lock to the side of a peaked resonance

feature.

The disadvantage of this method is that the system can not distiquish between fluctuations in
the laser's frequency, which changes the intensity transmitted through the cavity, and
fluctuations in the intensity of the laser itself.

The derivative of the reflected intensity, however is antisymmetric about resonance.

Above resonance the derivative of the reflected intensity with respect to the laser frequency
is positive. If we vary the laser's frequency sinusoidal over a small range then the reflected

intensity will also vary sinusoidal in phase with the variation in frequency.

Below resonance, this derivative is negative. Here the reflective intensity will vary 180° out
of phase from the frequency.

On resonance the reflected intensity is at a minimum and a small frequency variation will

produce no change in the reflected intensity.

By comparing the variation in the with the frequency variation we can tell which side of
resonance we are on. Once the derivative of the reflected intensity with respect to frequency
has been measured we can feed this measurement back to the cavity PZT element to hold it
locked at the peak of transmission. The purpose of the Pound Drever Hall method is to do

just this.

Figure 6-14 includes the basic Pound-Drever set-up. FM side-bands are added to the laser

producing two weak side-bands at frequencies co±Q around the laser's central carrier

frequency at co. The modulation frequency Q is chosen to be slightly greater than the width
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of the cavity transmission peaks. The modulated laser beam is directed onto the cavity,
where part of the beam is transmitted and part is reflected. The reflected part is directed to a

fast photodiode. The reflected beam is sent into a photo-detector, whose output is compared
with the local oscillator's signal in the mixer. The mixer is a device whose output is the

product of its inputs, so this output will contain signals at both the dc and twice the

modulation frequency. It is the low frequency signal that we are interesting, since it will

gives us information about the derivative of the reflected intensity. A low pass filter on the

output isolates this low frequency signal, which then goes through a servo amplifier and onto
the tuning port on the high voltage amplifier, locking the cavity to the laser frequency.

If the laser and the cavity are in resonance, the carrier is mostly transmitted while the side¬
bands are mostly reflected. These fields all have fixed phases relationships, and their sum

produces a photo-current containing no component at modulation frequency. If the laser and
the cavity drift out of resonance, a photo-current signal appears at the modulation frequency
Q. This signal is pulled out by the mixer and becomes error signal.

The unstabilised operation of the PE-SRO is shown in Figure 6-13:

Refl.

pump

zero

Signal

250|_iW

XI

t
Frequency (GHz)

Figure 6-13: PE-SRO operation as the OPO cavity is scanned. It can be observed a more than 75% pump

enhancement.

Stabilized operation of the OPO was achieved using a Pound-Drever locking scheme [16],

[17], with the external-cavity diode laser as the pump source. RF modulation at «50MHz
was applied to the diode laser via a bias-tee circuit.
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High Voltage Amplifier
I

Integrator

Figure 6-14: Experimental set-up for locking the PE-SRO frequency using the Pound-Drever locking
method.

The bias-tee circuit allows us to apply RF frequency across the diode laser and at the same

time prevents high frequencies to pass through the diode laser driver, and dc current to pass

through the diode laser. The bias-tee circuit is depicted in Figure 6-15.

RF Input
Inductance 2

Inductance 2
Capacitor =

Laser Diode

Figure 6-15: The bias-tee circuit via the ECDL was modulated.

The modulated spectrum of the diode laser consists of a main peak (the carrier) and two less
intense peaks (the side-bands) and is shown in Figure 6-16. The side-bands were located 50
MHz away from the main peak.
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Figure 6-16: 50 MHz modulated optical spectrum. The modulation Amplitude was -10 dBm.

It must be mentioned that a slight amplitude asymmetry was observed between the side-
modes of Figure 6-16 and this is because both frequency modulation and amplitude
modulation occurs. It is observed that this asymmetry decreased as the amplitude from the
RF generator was reduced.

The resulting RF component in the pump light reflected from the OPO cavity, collected on

rejection from the isolator, was mixed with the original RF oscillator output to obtain an

error signal (Figure 6-17).
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Figure 6-17: All Error signal as the PE-OPO is on. The side bands in back rofloctions are not possible to be
seen due to the finesse of the used interferometer. The peak in back reflection corresponds to

the peak of the resonant pump inside the PE-SRO cavity.

The kink that is observed (Figure 6-17) at the middle of the error signal has to do exclusive
with the operation of the OPO. When the OPO is switched off the kink is disappeared. The

length of this kink also gives an information how well the OPO operates. The longer the

length of error signal kink the lower the external threshold of the PE-SRO.

It was observed that the error signal was changing its amplitude a lot as the EDCL injection
current was varied. This is because the ECDL spectrum becomes more susceptible to

modulation as the diode laser cavity and the external cavity come out of phase. When the
two cavities are scanned simultaneously [18] the magnitude of the error signal remains
almost constant.
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Figure 6-18: Error Signal Amplitude vs Interference Effects. Point A is the starting point where the diode
laser cavity and the external cavity are scanned simultaneously.

As can be observed from Figure 6-18 the error signal amplitude does not change at all when
the two cavities are simultaneously scan.

The error signal was fed back to the OPO input-mirror piezo actuator, via a proportional-

integral servo stage and a high-voltage amplifier, causing the OPO cavity length to be

adjusted to maintain pump resonance. It must be mentioned at this point that the error signal
that is taken when the PE-SRO is switched on (Figure 6-17) has a different view than this

one that has taken when a scanning interferometer was locked in the ECDL. This can be

explained as follows: The error signal of Figure 6-17 has been taken as the pump field inside
the OPO cavity is clamped. This means that the reflections back to photodiode has a constant

intensity, whereas in the case of the scanning interferometer the intensity amplitude of the
back reflection pump is varied as the interferometer comes in and out of resonance. The

depicted in this case error signal is figured on the following figure:
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Figure 6-19: The error signal (bottom trace) that has been produced as a scanning Fabry-Perot interferometer
would like to be locked in the output field of the ECDL

The signal and idler output powers of the stabilized OPO measured over a period of one hour
are shown in Figure 6-20.
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Figure 6-20: Signal and idler output powers measured over 1 hour for 62mW of external-cavity diode laser

pump power (A.p=81 Onm, Xs= 1.15pm).
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It can be seen from Figure 6-20 that a steady output power of 4 mW at the idler and 0.5 mW

at the signal was obtained with intensity fluctuations of±2.6% and ±3.5%, respectively.

No sudden changes in output power associated with mode-hops are observed and single-
mode operation of the pump and signal was confirmed by integrating their respective

spectra, observed using confocal interferometers, for the duration of the measurement. The

idler can, therefore, be assumed to have remained single mode over the same period. The

observed fluctuation of ±125MHz in the pump frequency over this period resulted in a

±100MHz variation in the signal frequency.

It must be mentioned that for better and longer locking the OPO should have as low as

possible external threshold and operate in temperatures higher of 130 °C.

It has been shown that the tuning range of a PE-SRO configured as a common cavity is

limited by the rate at which the signal cavity mode tunes relative to the optimum phase-

matching point as the pump frequency varies [19]. Applying the analysis described in [19] to
the OPO described here the maximum pump frequency change before a signal mode-hop

occurs was calculated as ±240MHz, implying a maximum continuous pump-tuning range of

480MHz. The observed pump fluctuation when stabilized was considerably less than this
value resulting in mode-hop free operation. The maximum continuous pump-tuning range

between OPO mode hops was observed to be 510MHz, in good agreement with the
calculated value. The continuous mode-hop-free tuning range of the signal within this pump-

tuning limit was 377 MHz corresponding to an idler tuning range of 133 MHz.
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Frequency (GHz)

Figure 6-21: Pump and signal frequency drift within an hour of locked operation of the cw PE-SRO. The
measurement was observed on the screen of an oscilloscope. The signal to the oscilloscope
screen was coming from the photodiode of a scanning Fabry-Perot interferometer, that has a

FSR equal to 1.5 GHz. Each square of the oscilloscope screen corresponds to 500 MHz.

In the case of mode hop the locked spectra behaviour is depicted in Figure 6-19:

'1

__ P u m p

Frequency (GHz)

Figure 6-22: Locked spectra behaviour of pump field (top trace) and the signal field (bottom trace). When
the pump field has drifted more than 550 MHz the signal mode hops.
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6.8 Collimation of the Output of the PE-SRO OPO

It is useful for applications the output, mainly idler field in this case, to be collimated. The
size of the collimated idler beam that was decided to be achieved is around 4 mm. This beam

waist is going also determined the focal length of the lens. In order to avoid absorption

phenomena a CaF2 lens was used for collimation of the idler.

The focal length of the CaF2 lens selected to be 90mm and the distance where it should be

placed away from the output coupler was calculated through an ABCD analysis which
results are shown below:
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spotH j >3 2.5
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Figure 6-23: Top graph shows how does the beam waist (spotHI 2) varies as the distance between the output

coupler and the collimation lens (spotHI0) varies. Bottom graph shows where the radius of
curvature of the idler beam (spotHIj3) becomes infinite (point where the collimation occurs) as

the distance between the output coupler and the collimation lens increases. The mathcad

program was written by Dr. Ian Lindsay.

From Figure 6-23 can be seen that if a 90mm focal length was selected in order to collimate
the idler beam, this lens should be placed around 68 mm away from the OPO output coupler
in order to give a collimated beam with a diameter equal to 3.6 mm.
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6.9 A cw DRO pumped by the ECDL

Here we describe a non-degenerate PPLN DRO with a threshold as low as 15 mW pumped

by an ECDL operated at 810 nm to produce signal and idler outputs at 1.2 and 2.5 pm,

respectively. This device represents the first example of an OPO pumped directly by an

ECDL.

6.9.1 Experimental Set-up

The experimental set-up of the ECDL-pumped cw DRO is shown in the Figure 6-24:

wmtiSolitary
FP diode -30dB

Cylindrical
Telescope

External cavity diode
s&\~ 810nm
B=75mW output power
BAv < 1 MHz

B4GHz smooth PZT tuning
(limited by facet reflectivity)

/=19mm
A=21 0-22.4|im
ARX 1 >,

Mirror coatings:
AR 0.80p.m-0.83[im (A,p)
HR 1.12nm-1.24nm (Xs)
HR 2.44^im-2.6p.m (A^)

Figure 6-24: Experimental set-up for the ECDL pumped cw DRO. Where Amp is the amplifier for the

photodiode signal, Sub. is the subtractor where the reference voltage is compared with the

photodiode voltage, int. is the integrator and HVA is the high voltage amplifier.

The PPLN crystal was 19 mm along the x-axis and had a cross section of 11.5 mm x 0.5

mm. The PPLN was poled with eight grating periods from A= 21.0 pm to 22.4 pm. This
allowed phase-matching for idler wavelengths from degeneracy to 5 pm between room

temperature and 200 °C when pumped at 810 nm. The end faces of the crystal were coated to

give R<0.2 % over the range 1.16-1.25 pm, R<0.8 % over 2.35-2.8 pm and R=1.5 % at 810
nm. The PPLN was placed in an oven within a concentric cavity formed by two mirrors,
each with a radius of curvature of 20 mm. The mirrors were coated such as to have high

reflectivity at signal and idler and high transmission at the pump wavelength. The mirrors
were coated to have reflectivity R>99.7% over 1.12-1.24 pm and 2.43-2.7 pm and R<2% at
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810 nm. One mirror was mounted on a piezoelectric element, allowing the cavity length to

be varied over approximately 1 pm.

The pump beam was focused to a 30 pm beam waist at the centre of the crystal resulting in a

confocal parameter in the crystal of 15.2 mm and a value for the focusing parameter %= 1.25.
The cavity length was adjusted in order to give similar confocal parameters for both signal

and idler fields. The calculated focusing parameter was not the optimum value, ^=2.84, as

described in [20]. This had the effect of increasing the threshold by 30 % of the value

corresponding to optimum focusing parameter [6].

The pump source was almost the same ECDL that pumped the PE-SRO. The pump source

was isolated from unwanted feedback light by a Faraday optical isolator, that provides the

40-45 dBm of isolation that the ECDL requires to operate under stable single mode operation

for long periods of time (>1 hr). The output beam as in the case of the PE-SRO was

circularised by a cylindrical telescope acting in the plane of the junction and then focused by

spherical lens into the OPO cavity.

6.9.2 Operating Characteristics of the cw-DRO.

The ECDL was set to operate at A.p=810.405 nm. The PPLN crystal temperature was set to

around 150 °C and a PPLN grating period equal to A=21.2 pm was selected. More than 60
mW of pump power was measured at the input coupler of the DRO. The DRO threshold was

measured to be around 15.5 mW. This value is very close to this one that measured when the

same DRO was pumped by a solitary diode laser [6].

The spectrum of the signal when the DRO is switched on is depicted in Figure 6-25:
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Frequency (GHz)

Figure 6-25: Output signal spectrum as the DRO cavity was scanned. As the cavity was scanned different

pairs of signal -idler pairs are resonated. The pump power from the ECDL was almost twice
the DRO threshold pump power.

The spectrum in Figure 6-25 was taken as the DRO was pumped by a solitary diode laser.
The two spectra were quite similar. It was hoped that because the linewidth of the pump

from the ECDL was much narrower than the pump linewidth from the solitary diode laser,

perhaps only one pair of signal and idler modes would be in resonance than many pairs seen

in Figure 6-25. This observation leads to the conclusion that the simultaneous resonance of

more than one pair of signal and idler as the DRO cavity was scanned is due to the phase-

matching bandwidth of PPLN [21].

The signal output power was measured with a germanium detector after filtering to remove

residual pump light, by using an RG 1000 filter. The signal output power was measured for
different levels of pump power. Single way signal powers up to 3.5 mW were measured for
60 mW pump power.

6.9.3 Tuning the CW-DRO

The spectrum of the DRO could be scanned in two ways, either by changing the PPLN

crystal temperature or by scanning the pump wavelength.
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Figure 6-22 shows how the signal and the idler wavelengths scan as the PPLN crystal

temperature is changed from room temperature up to 200 °C. The pump wavelength was set

to be stable at 808.7 nm. Measurements were taken for five gratings from 21.0 to 21.8 pm.

As can be seen the signal and the idler were scanned over 1.16-1.24 pm and 2.31-2.66 pm,

respectively. The tuning was limited by the coatings of the DRO mirrors.

Figure 6-26: Temperature tuning range of the ECDL pumped CW-DRO. The solid lines, are constructed by
Dr. Ian Lindsay corresponds to the calculated wavelengths according to Sellmeier equations

published in [15].

Pump wavelength tuning was also achieved and the signal and idler spectrum are depicted in
Figure 6-27.
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Figure 6-27: Pump tuning of the ECDL and the obtained signal and idler wavelengths.

6.9.4 Stable single mode operation of CW-DRO.

A simple side-of-fringe locking technique was used to stabilise the signal output power this
was done by controlling the cavity length so that stable single mode, operation could be
achieved. In order to avoid power variations due to PPLN temperature fluctuations the

crystal was operated at room temperature.

To obtain the well defined output maxima required for successful side-locking, with the

output falling to zero between each resonance as the cavity length was varied, the cavity was

misalign slightly in order to reduce the number of signal and idler mode pairs that were able
to achieve threshold [6], Locked single-mode pair operation with a signal output power of 1
mW and frequency stability of 150 MHz was obtained for periods of more than 5 minutes

[22]. When the same CW-DRO was pumped by a solitary diode, the locking period was

limited to no more than 60 seconds. This improvement has happened because the ECDL is
less sensitive to any temperature or injection current variations than the solitary diode laser.
The locking period of the DRO can be improved if the ECDL pump frequency was drifting
less than 48 MHz/min or a better locking technique is going to be used in order to lock the
DRO output frequency. Other improvements that can expand the locking period of the
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ECDL-pumped DRO include improved crystal temperature control and better OPO passive

stability.

Integrated signal spectrum (5mins)

_ Signal
&
*c75
a
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>
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Figure 6-28: Locked operation of the ECDL-pumped DRO over periods more than 5 minutes. The above
measurement was captured on the screen of an oscilloscope. The signal was coming from a

scanning Fabry-Perot interferometer photodiode. The F-P interferometer has a FSR equal to 1.5
GHz so each of the oscilloscope squares corresponds to 500 MHz.

We attempted to scan the signal spectrum simultaneously with the ECDL pump when the
DRO was operating under single signal mode operation. The continuous tuning range was

limited to no more than 500 MHz.

6.10 Conclusions

In conclusion, a pump-enhanced OPO directly pumped by an external-cavity diode laser and

having a minimum threshold of 25mW has been demonstrated. Coarse tuning of the OPO
over ranges of 1.06-1.19pm at the signal and 2.58-3.44pm at the idler by variation of the
PPLN temperature, grating period and the pump wavelength has been demonstrated. Up to

4mW of one-directional idler output was extracted from the OPO when pumping with the
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external cavity diode laser. The high stability of the external-cavity diode laser pump source

allowed Pound-Drever locking of the OPO cavity to the pump frequency resulting in single-
mode OPO operation for periods of >1 hour with a signal-frequency stability over this period
of ±100MHz due to pump frequency fluctuations. The continuous tuning range is presently
limited to 377MHz and 133MHz at the signal and idler, respectively, due to the use of a

common pump and signal cavity. This tuning range could be considerably extended by the
use of a split-cavity design [19].

We have also demonstrated cw-DRO pumped by an ECDL. A cw-DRO has been pumped

directly by a single mode diode laser [6], The DRO cw operation was limited by the poor

frequency stability of the solitary Fabry-Perot diodes. Single mode operation of the DRO
r

was kept for not more than 60 sees. When the same DRO was pumped by an ECDL the cw

operation was kept for periods more than 5 minutes.
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Chapter 7: Conclusions

7.1 Introduction.

As has already mentioned the existence of numerous absorption lines in the infrared

region, has motivated research to develop practical infrared sources that can be used

as spectroscopic tools in this important spectral region.

One of the most promising, among the very few, infrared sources are cw-OPOs. The
main aim of this thesis was to develop practical cw OPOs [1,2] that can be used for

spectroscopic and optical testing measurements.

Previous research [3, 4] in the area of the diode pumped cw-OPOs suggest that a

source with greater frequency and amplitude stability than solitary diode lasers should
be developed in order to convert the diode laser pumped cw-OPOs from a research
tool to a useful and practical spectroscopic device. One of the aims of this thesis
research was to develop such a source. External cavity diode lasers (ECDLs) were
studied developed, and finally demonstrated, for the first time according to our

knowledge, as cw-OPO pump sources [1, 2, 5]. These devices have been shown to be
more stable and tunable laser sources than the free-running diode lasers (see chapters

3, and 5). They have high spectral and diffraction output beam. The ECDL is also
much more tolerant to injection current and temperature changes. They are less
sensitive to optical feedback and this makes the whole configuration, ECDL and OPO

cavity, more compact.

Previous reports reveal the high potential that the ECDL devices have as

spectroscopic tools [6-22], The main ECDL characteristic that makes this device a

useful spectroscopic tool is the capability that it provides to continuously tune the
ECDL spectrum for a few GHz, a tuning range that is enough for the majority of

spectroscopic applications. One of the initial targets of this thesis was the

development of a long range continuously tuning source for OPOs. We managed to

extend the continuous tuning of an ECDL spectrum up to 80 GHz by using a simple
electronic circuit [5] that did not require complex or computer control [23-35],
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Finally, it is believed that the initial target to construct a stable, tunable, compact and
efficient infrared source for practical for spectroscopic applications has been achieved
with a high degree of success.

In the remainder of this chapter the results obtained and conclusions drawn over the

course of this program will be reviewed. Future work concerning the further

development and applications of ECDL and cw OPO devices will be presented.

7.2 Summary of thesis and experimental results

Chapter 1: In the introductory chapter we mentioned the necessity of development of

compact, efficient, high spectral quality sources in the infrared region for high-
resolution spectroscopy and other applications [36]. One of the most practical and

very promising infrared sources is the cw OPO. We classified three separate

operational configurations for the OPO, namely the singly-resonant (SRO-OPO), the

pump-enhanced SRO (PE-SRO) and the doubly resonant (DRO) OPO. We stated that
whilst the DRO is characterised by low operational threshold (few mWs), it is

generally over-constrained in terms of cavity length and pump frequency stability to

be a practical tunable source [37]. On the other hand the SRO is a more tolerant
device in terms of pump frequency and cavity length stability but it has high threshold

pump power requirements (typically a few Watts). The PE-SRO combines the

advantages of DRO and SRO configurations. This means that it has operational
threshold requirements comparable to that of DRO and is substantial more tolerant
than the DRO in terms of cavity stability requirements. These characteristics make cw

PE-SRO a unique and practical spectroscopic tool in the infrared region. As already

mentioned, the PE-SRO cavity still needs to be actively locked to the pump laser

cavity. The production of an error signal in the case of the PE-SRO is continuous,
since an error signal can be produced even when the cavity is non-resonant to the

resonating fields. As we saw this is not the case in DRO locking schemes. The advent
of new phase matching techniques such as quasi phase matching (QPM) [38] and new
nonlinear crystals with high nonlinear coefficients such as PPLN reduce the pump

threshold requirements of cw PE-SROs to levels that are approachable by cw diode
laser sources [39].
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Single-frequency diode lasers are economical, compact, efficient, and tunable devices

with diffraction-limited output. Today these are commercially available at output

powers of up to 150 mW (single mode operation), which is sufficient to meet the

threshold requirements of DRO and PE-SRO cw OPOs [1, 2, 4], Diode lasers

generally have all the characteristics that a cw OPO pump source should have. The

high sensitivity to temperature, injection current changes and feedback light that the

solitary diode lasers exhibit has led to the development of new pump sources with
reduced sensitivity to these factors. In this thesis, one such alternative source was

developed, which is the ECDL. The ECDL retains the diode laser advantages, while at

the same time is much more tolerant to temperature and injection current changes and
less sensitive to optical feedback than free-running diode laser. ECDL through this
research proved to be an excellent cw OPO pump source and by itself is also a very

promising spectroscopic tool [18],

Chapter 2: In chapter 2 we presented a review of semiconductor laser theory and a

short historical overview. The main reason for the existence of this chapter was

because the ECDL retains the semiconductor characteristics and so it was considered

necessary for these characteristics to be presented and analysed. This chapter will help
to more readily understand what properties of a semiconductor laser are "modulated"
when it is operated in an ECDL configuration. In this chapter the diode laser

properties that make these devices unique were mentioned. Among these properties
are its compact size, its commercially availability in a variety of wavelengths, its

efficiency, its high spectral and spatial output beam quality, and its tunability.
Formulas that give an idea of the parameters that affect the output characteristics, the

threshold, the spectral properties were provided. At the end of this chapter, we

described the direct injection current modulation mechanism in a diode laser. This

attempt was made because the diode laser injection current modulation was performed

many times in this research.

Chapter 3: In chapter 3 the ECDL theory was presented. In this chapter we identified
the diode laser properties that introduce limitations to their performance. Multimode

operation, large linewidths, strong coupling between the phase and amplitude of the

intracavity optical field, and limited tuning range are among the disadvantageous

properties of semiconductor lasers. The imperfect spectral features of the free-running
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laser diodes can be dramatically improved by exploiting their sensitivity to optical
feedback [40].

A configuration that took advantage of the latter mentioned diode laser property is the
diffraction grating ECDL design [13, 21] As mentioned in [41], there are five
feedback regimes, each one affecting the diode laser positively or negatively.

Advantageous effects, such as reduced linewidth, reduced operating threshold, and
increased side mode suppression, occur for very low or strong feedback regimes (I,

III, IV). Parameters such as the diode output facet reflectivity, the diffraction grating

reflectivity, the external cavity length, are important to determine the feedback regime
under which the ECDL operates.

Theoretical relationships show why the extended cavity length in which the diode
laser operates under the ECDL configuration improves some of the diode laser

properties. Some of the improvements are spectral narrowing [42], due to the longer

cavity lifetime, reduced dependence on diode material refraction index changes by a

factor nl/L , where n is the diode material refraction index, I is the diode chip length
and L is the external cavity length. The latter explains why the ECDL device is more

stable (frequency and amplitude) than the solitary diode laser. Other ECDL properties
such as effective reflectance and threshold current requirements were presented

through a feedback model [43].

The ECDL threshold current is mainly determined by three factors. These are the
diode laser output facet reflectivity and holographic grating reflectivity, and external

cavity length, which determine the phase of the feedback light. It is important for the

light emitted by the diode laser and the feedback light from the holographic grating to

constructively interfere. To avoid any interference problems between the two cavities,
one between the diode laser facets and one between the diode laser output facet and
the diffraction grating, the diode laser output facet should be antireflection-coated (R<

lO"4).

The output power capabilities of an ECDL that uses the zeroth order beam as the

output are determined by factors such as gratings reflection in the zeroth order, diode
laser external efficiency and collimation lens transmission [44]. As mentioned in
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chapter 4, output powers up to 125 mW can be extracted from a well-operated ECDL
device.

Wavelength selection mechanism in ECDL devices was presented in this chapter.
Generally the selected wavelength is one that has the lowest threshold. This

wavelength coincides with the peak of the grating reflection profile, few MHz wide
and with the peak of the semiconductor gain bandwidth [19].

In chapter 3 different components used in ECDL configuration such as collimation

lens, diffraction gratings were also examined. In particular, it was concluded that

lenses which are antireflection coated in the particular wavelength range and with the
r appropriate NA [45] should be used in order not to introduce any undesirable

diffraction effects on the output beam. If lenses with inappropriate NA are used, then

wavefront distortion will reduce the overlap integral between the waist of the output

and feedback beam [46], This will degrade the operation and the properties of the
ECDL. A diffraction grating that provides at least 20% feedback in the first order
should be used. The orientation of the grating lines compared to the diode laser

polarisation plays an important role in the ECDL operational characteristics. So when
the grating lines axe parallel to the diode laser polarisation more lines are illuminated
and the ECDL output beam is spectrally narrower than when the grating lines are

vertical to the diode polarisation. In second case, the diffraction grating reflectivity to
the zeroth-order diffraction beam is increased compared to the first case. The first
case results in the ECDL being more tolerant to temperature and current variation, the
threshold operation level is lower and the tuning range is increased by the larger

optical feedback into the diode. In our work the grating lines are placed vertical to the

diode laser polarisation because we are interested in the largest possible output power.

Other important diffraction grating properties that were examined were the number of
diode longitudinal modes that are under the diffraction grating gain profile, dispersion
that the grating introduces to the incident beam, resolving power, and wavelength
resolution. Important diode laser parameters that determine the values of the
mentioned diffraction gratings properties and so the ECDL performance, are the

wavelength and the spot size of the incident beam on the diffraction grating.

There are two basic ECDL configurations that are used today. These are the Littrow
and the Littman configuration. The two designs were presented and compared in this
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chapter 3. We showed that if a very narrow spectral output spectrum is required the
Littman configuration is more appropriate because the 1st order beam is diffracted

twice by the grating. On the other hand, if we are interested in more output power, the
Littrow configuration is preferable. In this thesis the Littrow configuration was

preferred, because the cw OPO device threshold requirements could be met, and

because of the reduced operational complexity compared with a Littman design. In
this chapter the alignment and positioning tolerances of different elements used in

ECDL were examined. It was shown in chapter 5 how important the positioning of the
collimation lens and the alignment of the diffraction grating is for efficient ECDL

operation [47]. The ECDL passive stability was studied. Parameters such as

environment temperature and pressure can effect the ECDL operational efficiency

[47],

A major advantage of the ECDL device compared to the free-running diode laser is its

longer tuning range. Tuning range includes the short range and long range. The first is
limited to few GHz and mainly depends on the external cavity length and the second
is limited to few nanometers and depends on the diode laser gain bandwidth. The
short range ECDL tuning or continuous tuning is achieved by moving the grating gain

profile, whereas the diode gain profile does not move. When the oscillating mode has
less gain than another external mode, then a mode-hop occurs. Different methods that
can increase the continuous tuning were examined. The common factor between all
these methods was to move both gain profiles of the diode and the diffraction grating

simultaneously, in order to ensurethe oscillating mode experiences less loss at all
times than any other external cavity mode [5, 27], At the end of the chapter, ECDL

applications were mentioned.

Chapter 4: In chapter 4 the basic theory of nonlinear optics, which involves optical

parametric oscillators technology was presented. The theory starts from the second
order nonlinear polarisation that a laser beam imposes on a nonlinear material. The
Maxwell wave equations for nonlinear media were used and with a combination of

energy and momentum conservation the coupled equations for plane waves were

extracted. Later in this chapter the coupled wave equations for Gaussian beams were

presented. The coupled equations describe the energy flow between the interacting
fields. From the coupled equations it was concluded that the pump field phase should
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be n/2 ahead of the generated fields phase for energy to flow to them from the pump

field. Through the Manley-Rowe equation it was revealed that in any parametric

process the power is transferred between the propagating waves as they travel through
the nonlinear medium. If the relative phase between the pump and the generated
waves are correct and under phase matching conditions, the signal and idler fields

continually draw power from the input pump field and grow as they propagate

through the crystal.

The nonlinear gain for the parametric process was extracted. This depends on factors
such as the nonlinear medium length, nonlinear coefficient, beam waist overlap and
the phase-mismatch between the interacting fields. When the phase-mismatch is zero

(phase matching), the gain of the nonlinear process is maximum.

There are two ways in which the phase-matching condition can be fulfilled. One
method is a birefringent phase matching technique, which takes advantage of the

birefringence that some materials show. Such materials have anisotropic refractive

indices, where the refractive index at a given wavelength depends on the propagation
direction of the light and on its polarisation. So in crystals with the appropriate
balance of birefringence and dispersion, one can achieve phase matching. This
method has strong orientation dependence and this introduces limitations.

The second method is quasi-phase-matching (QPM) which is achieved by introducing
a periodic change in the sign of the nonlinear susceptibility of the medium with a half-

period equal to the coherence length. The technique is not orientation-dependent. This
allows access to the highest nonlinear coefficients that the orientation dependent

birefringent technique does not allow. The important advantage of the QPM technique
is that he parameters that govern this process can be engineered, a flexibility that the

birefringence phase-matching does not allow. The advent of the QPM has lead to the

development of several periodically poled materials. These materials are fabricated in
a series of different grating periods. For each grating period the phase match condition
for QPM can be satisfied for various pump, signal and idler frequencies.

Macroscopic amplification of the signal and idler fields in the parametric process,

even under phase matching conditions, is not high. In order to make a useful

parametric source, the crystal must be placed within a resonator to enhance the
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parametric gain. In this way, successive passes through the nonlinear crystal achieve
the amplification of parametric waves and useful output can be extracted. This type of
device is known as optical parametric oscillator (OPO).

Different types of OPOs were presented in this chapter. Because of the specific aims
of this research, the threshold requirements of all the types of cw OPOs were

identified. Parameters such as cavity finesse in pump, signal and idler frequencies,
nonlinear crystals coefficients, nonlinear medium length, pump frequency resonator

geometry and other properties determine the threshold power levels of cw OPOs [39,

48].

In this chapter, mode selection mechanisms in DROs were determined [4, 49-53] . In

order for the DRO to be operational the following conditions should be satisfied: (a)
conservation of energy; (b) conservation of momentum; (c) signal and idler fields
should be both resonant within the DRO cavity. In a DRO, the oscillating fields are

those one's that coincide with the cavity modes and at the same time are closer to the

perfect phase matching corresponding to the maximum parametric gain. It must be
mentioned that only condition (a) should be fulfilled all times and condition (b)-(c)
determines the oscillating mode and the threshold level of the device. It is quite often
the case that the oscillating pair, signal and idler, in a DRO device do not obey the

perfect phase matching condition.

The stability requirements in DROs are very strict. The pump source and the cavity

length (of the order of few pm) should be very stable in order for a mode hop to

another pair not to occur [54] . Mode hopping in a DRO could be to the next pair or

many pairs away (cluster hopping). The width of the jump depends on the difference
in the FSRs of the signal and idler fields in the cavity.

Cluster hopping phenomenon in DROs was revised in this chapter [2], The cluster

hopping is more often when the idler and signal FSRs are similar. This happens in

type I phase matching and close to degeneracy. The cluster hopping in DROs can be
minimised if the number of clusters inside the phase matching bandwidth can be
reduced. Potential solutions to cluster selection problem in the QPM DROs include
the use of shorter pump wavelengths and insertion of intracavity frequency selective
elements such as etalons [2] .
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The maximum continuous timing of a DRO is determined by the maximum detuning
between the FSRs of signal and idler in a DRO cavity in order for a signal and idler

pair to remain above threshold. The maximum detuning is defined by parameters such
as finesse of the DRO cavity in signal and idler field and theirs corresponding FSRs.
The required cavity length and pump frequency stability for a signal-idler pair to
remain above threshold can be determined [55], It is possible that a variation of the

pump frequency can compensate a variation in cavity length in order for the same pair
to remain above threshold.

All the analysis presented above was for a common-cavity DRO. The dual cavity
DRO was also presented in this chapter. The advantage of a dual-cavity DRO cavity
is that it can be tuned more easily. In the dual-cavity DRO the signal and idler have
their mode frequencies defined by separate, and hence independently translatable,
mirror surfaces. Independent tuning of signal and idler waves is now possible, at

expense of a higher threshold power for the overall device.

The properties of the PE-SRO were also discussed [1], [56], [57-62], In this

configuration one of the parametric generated fields resonates with the pump field.
Even though there are two fields that resonate within the same cavity, the cavity

length and pump stability requirements are less strict than in the case of the DRO, and
at the same time its threshold requirements that can be met by the majority of cw laser
sources.

The output characteristics of the PE-SRO are determined by the spectral
characteristics of the pump source. In the PE-SRO the stability of the pump laser
transfers to the interacting fields.

Continuous tuning in a PE-SRO can be achieved by scanning the pump laser

frequency while the cavity length is scanned so that the generated field is kept in
resonance. A mode hop will occur when the resonant signal or idler field moves away

from the parametric gain centre as the pump frequency is tuned. Theoretically,
continuous tuning can be increased by simultaneous control of the laser frequency and

temperature of the crystal [63].

Chapter 5: Chapter 5 describes in detail the construction and characterisation of the
ECDL device that was used in chapter 6 to pump two different cw OPOs.

286



Chapter 7: Conclusions

The material from which an ECDL is constructed is very important for the passive

stability of the device. The ideal material should be easy to machine with a low

thermal expansion coefficient. In our case, the selected material was aluminium

whose thermal expansion coefficient is around 16.8 pin/°C. The ideal material is

invar, where its thermal expansion coefficient is around 2 p.in/°C. Usually the whole

ECDL device (laser diode, collimation lens, diffraction grating and ECDL mount) is

temperature controlled by a Peltier cooler. For better temperature control, the

distances between the Peltier cooler and the ECDL components should be minimised.

In the constructed ECDL, the first-order diffracted beam from a grating was used for

optical feedback. The diffraction grating was selected to provide 20% feedback in the
first order for the diode laser polarisation parallel to the grating lines. The constructed

ECDL was a Littrow design.

A compact ECDL with a scannable output spectrum was demonstrated in this chapter.
The |ECDL spectrum could be scanned continuously over 4-6 GHz, simply by

varying the voltage across a PZT element placed between the tip of the horizontal

adjustment screw and the mounting plate. A simple electronic circuit was presented
that allowed us to extend the mode-hop-free tuning of an ECDL up to 80 GHz by
simultaneous variation of diode laser injection current and the external cavity length

[5]; Coarse tuning of the ECDL was also obtained over 18 nm.

Temperature and injection current tuning of the ECDL was also presented and

compared with the temperature and injection current tuning of the free running diode
laser. The output power produced by this ECDL was 75-80 mW. The ECDL showed
excellent passive stability. The output power was characterised by a 1.6% peak to

peak noise, over 8 hrs of operation. The frequency of the constructed ECDL drifted
less than 250 MHz over an hour.

As described in chapter 6 this ECDL was successfully used, for first time, as a pump

source for cw OPO devices based on DRO and PE-SRO configurations [1,2, 64],

Chapter 6: In chapter 6, a PE-SRO directly pumped by the constructed ECDL and
with a minimum threshold of 25mW was demonstrated. Coarse tuning of the OPO

over ranges of 1.06-1.19pm at the signal and 2.58-3.44pm at the idler by variation of
the PPLN temperature, grating period and the pump wavelength was obtained. Up to
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4mW of one-directional idler output was extracted from the OPO when pumping with
the ECDL. The high stability of the ECDL pump source allowed Pound-Drever

locking of the OPO cavity to the pump frequency, resulting in single-mode OPO

operation for periods of >1 hour, with a signal-frequency stability over this period of
±100MHz due to pump frequency fluctuations. The continuous tuning range is

presently limited to 377MHz and 133MHz at the signal and idler, respectively, due to

the use of a common pump and signal cavity. This tuning range could be considerably
extended by the use of a split-cavity design [65].

We also demonstrated a cw-DRO pumped by the ECDL. The cw-DRO was first

pumped directly by a single-mode diode laser [4], The DRO cw operation was limited

by the poor frequency stability of the solitary Fabry-Perot diode. Single mode

operation of the DRO was maintained for no more than 60 seconds. The locking
method used in this DRO case was the side-of-fringe locking technique. When the
same DRO was pumped by an ECDL, cw operation was maintained for periods more

than 5 minutes.

7.3 Future Work

Possible directions of future research in the field of the ECDL-pumped cw OPOs will
be discussed in this section. Future work can be split into work that relates the further

development of ECDL devices and research concerned with the ECDL pumped cw

OPOs.

In [66], the authors suggests ways to reduce the tendency of DRO devices to cluster
and mode-hop. To achieve this, the phase-matching bandwidth and the number of
clusters within this bandwidth should be reduced. This can be done if the pump source

emits at 670 nm, for example. The development of an ECDL that works at around 670
nm is a future target of this research program.

Over the last decade tremendous efforts have been made towards the development of
blue emitting diode lasers. Their applications extend from information storage to

spectroscopy [67]. An ECDL device that operates at 400 nm has already been
demonstrated and as can easily be understood is a very useful spectroscopic tool [68].
One disadvantage of the blue ECDL compared to infrared ECDLs is that its
continuous tuning is limited to around 4 GHz. This limitations is believed to be due to
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the much narrower gain bandwidth of the GaN material compared to the gain
bandwidth of AlGaAs. It is believed that a blue ECDL that incorporates the scanning
electronics of [5] will be an ideal tunable laser source for the blue spectral range.

As shown in chapter 1, the threshold level of DRO and PE-SRO depends on the cube
of the pump wavelength. So, a visible laser source that satisfies the cw-OPO pump

source requirements will result in a very low OPO threshold. For example, if the cw-

DRO that is described in [4] is pumped at 400 nm, it will have a theoretical external
threshold at roughly 3 mW. Today, single longitudinal mode blue diode lasers are

commercially available with output powers up to 30 mW. This means that a blue
ECDL in which 20 % of the first diffracted order is used as a feedback light, can have

as much as 24 mW output power, more than enough to meet the OPO threshold

requirements. This means that the development of cw-OPOs pumped by a visible
ECDL is a very promising and exciting future project for cw OPOs operating in the
visible spectral range.

The development of better locking techniques than the side-of-fringe locking for

actively stabilising the DRO output is a future aim. The Pound-Drever [69] locking
method proved very effective in the case of the ECDL pumped PE-SRO [1], This
method will be tried quite soon for locking the DRO device [2].

Applications of the ECDL-pumped PE-SRO described in chapter 6 will be attempted
soon in optical testing research. The stable, narrow linewidth (< 1 MHz) output of this
source [1] will be used to estimate the infrared loss level in GaAs waveguide with the

Fabry-Perot method. Basically, this method requires a cw source with a linewidth at

least one order of magnitude lower than 1 GHz, moderate continuously tunability up

to 50 GHz and output wavelengths in the 1-5 pm range. All these characteristics are

met by our developed device.

Devices such as ECDL and ECDL-pumped cw-OPOs are, as already has been

emphasised, very efficient spectroscopic tools. Their transformation from the research

laboratory to commercialisation is a future aim of this research. Development of new

high power ECDL devices that incorporate diode lasers with output powers up to 150
mW has already started. The high power ECDL devices, with up to 120 mW output

power, will help the use of shorter nonlinear crystals than those so far used [1, 2, 4],
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This means that the whole configuration will be so compact that it will be possible to

transport it inside a briefcase!

Other future work includes the development of new, more compact ECDL mounts

made by invar, with the aim ofproviding better passive stability to the ECDL than the
current aluminium mounts used in this work. The construction of an AR-coated

ECDL aimed at providing continuous tuning up to 10 GHz. and eliminating the

change in output power that the synchronously variation of the injection current and
PZT voltage introduces [5].
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