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1. INTRODUCTION 

1.1. Background 
Semiconductor diode lasers are currently the most used lasers in optical 
telecommunications, atom physics, and spectroscopy. For these applications diode 
lasers offer an attractive combination of compactness, reliability, tunability, good 
efficiency, and low price. They have low intensity noise and their frequency and 
intensity can be modulated at high frequencies by direct modulation of the injection 
current. Diode lasers are available at several spectral regions from blue to far infrared, 
with output powers ranging from few milliwatts up to several watts of broad-area diode 
lasers.  

Spectral linewidth of a solitary diode laser is typically several MHz or more, and thus 
too large for many applications. The use of diode lasers e.g. in spectroscopy is impeded 
also due to longitudinal mode hopping when tuning the wavelength. An extensively 
used technique to improve spectral properties of a diode laser is to subject it to strong 
and frequency selective optical feedback from an external grating (Fig. 1.1) [1,2]. In this 
way the instantaneous linewidth can be narrowed even down to kilohertz-level. Such 
external cavity diode laser (ECDL) with an antireflection (AR) coated diode output 
facet also provides an easy way for mode-hop free tuning of the laser wavelength, 
making an ideal tool for spectroscopy. 

Laser 
diode

Collimating
     lens

Feedback
 element
 (Grating)

 

Fig. 1.1 Principle of external-cavity diode laser. Linewidth of a solitary diode laser is narrowed 
due to strong optical feedback from an external reflector, typically a grating. Laser wavelength 
can be tuned by rotating the grating. 

Despite the several benefits of the ECDLs they have some limitations, too. For example, 
in spectroscopy or nonlinear optics the poor beam quality and relatively small output 
power of most ECDLs can be troublesome. Even more severe limitations often result 
from the ECDLs’ sensitivity to mechanical vibrations and ambient temperature and 
pressure variations. If careful design of the ECDL and minimization of these effects 
does not provide high enough stability, the laser frequency can be locked to a more 
stable frequency reference, such as an optical resonator or a molecular transition.  

Another commonly used method to improve spectral purity of a diode laser (or to 
amplify the output power of a narrow-linewidth diode laser) is injection locking. Light 
from a master laser with desired spectral properties is injected into a slave laser that 
will, in certain conditions, lock to the frequency of the master laser. Just as the various 
effects of optical feedback, diode laser injection locking has been extensively studied 
both theoretically and experimentally [3,4]. In addition to laser synchronization, diode 
laser injection locking has been demonstrated to provide enhanced modulation 
bandwidth [5,6], reduced frequency chirping [7], and reduced sensitivity to detrimental 
optical feedback [8], for instance. 
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1.2. Thesis outline 
The main goal of the research summarized in this thesis has been to develop techniques 
based on optical feedback and optical injection in order to improve diode laser 
characteristics to make them better suited for applications of spectroscopy and length 
metrology.  

In Chapter 2, the theory related to this thesis is reviewed. First, the diode laser 
characteristics and in particular the spectral properties are considered, together with the 
effects of external optical feedback and optical injection. Secondly, saturation 
spectroscopy and the properties of iodine (127I2) as a frequency reference are briefly 
discussed. 

In Chapter 3, the constructed external-cavity diode lasers are presented. The lasers 
utilize transmission grating [9] as the optical feedback element. The transmission-
grating geometry allows a simple, compact, and robust laser structure with invariant 
output beam pointing. Transmission grating has been shown to give reliable operation 
over the entire gain spectra of the used diode lasers. For example, at telecommunication 
wavelengths, a tuning range as wide as 128 nm has been demonstrated [Publ. I]. Also, a 
new transmission-grating laser design with very good passive stability at 633 nm 
wavelength has been realized [Publ. II]. The good frequency reproducibility and narrow 
linewidth of 450 kHz (for 1 s integration time) make the laser ideal for many 
applications in metrology and atom optics. 

In Chapter 4, the developed techniques and apparatuses based on diode laser injection 
locking are introduced. Especially in frequency modulation spectroscopy and optical 
communication the modulation characteristics of the laser system are of importance. 
Moreover, the use of injection locking for improving laser operation in these 
applications has recently gained a lot of interest. For these reasons, a detailed study on 
the modulation transfer properties of injection locked diode lasers has been performed 
[Publ. III]. In particular, suppression of intensity modulation and reproduction of 
frequency modulation have been considered, for the first time, in terms of master-slave 
detuning. The presented results are of practical importance in designing of injection-
locked diode laser systems that utilize frequency modulation or intensity modulation. 

Chapter 4 also summarizes the work done on two applications where diode laser 
injection locking has been successfully used. First, an iodine spectrometer setup is 
presented [Publ. II]. The novel design has been made particularly for good frequency 
accuracy and reproducibility, and it is intended for absolute frequency measurements of 
various iodine absorption lines in the vicinity of 633 nm. Such measurements are 
needed to improve the frequency standards based on iodine-stabilized lasers. The 
realization based on injection locking makes the system less sensitive to optical 
feedback, and combines good beam quality of a microlens-coupled diode laser with 
high spectral quality of an external-cavity diode laser. The use of injection locking also 
reduces spurious intensity modulation associated with direct current modulation of the 
ECDL, thus allowing much higher modulation frequencies than the conventionally used 
method where modulation is made using a piezoelectric transducer (PZT). 

Another presented application of injection locking is an optical amplifier, which is used 
to amplify the output of an iodine-stabilized He-Ne laser [Publ. IV]. Iodine-stabilized 
He-Ne laser at 633 nm is the most widely used optical frequency standard for the 
practical realization of the definition of the meter [10], and commonly used e.g. in 
frequency calibration of lasers used in length measurements. To use a laser as a 
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frequency standard, its absolute frequency must be determined. The establishment of the 
femtosecond frequency comb technology [11] has made such measurements available to 
many national measurement institutes, thus allowing them to improve their calibration 
facilities. This means increased demand for absolute frequency measurements of the 
frequency standard lasers, such as the He-Ne lasers. Unfortunately, however, the output 
power of the iodine-stabilized He-Ne laser is too low for direct frequency comb 
measurements. The amplifier described here provides a convenient and inexpensive all-
optical way to amplify the laser output to the level required for reliable beat frequency 
counting, thus greatly improving and simplifying the measurements. The detailed 
system description and characterization allows other laboratories to directly implement 
similar approach to their measurement setups, too.  

In Chapter 5, the femtosecond frequency comb technology is outlined. In particular, the 
MIKES∗ frequency comb used in the absolute frequency measurements referred in this 
thesis is discussed [Publ. V]. The frequency comb technology is currently used in many 
laboratories to measure e.g. the values of fundamental physical constants or frequencies 
of stabilized lasers. It allows direct optical frequency measurements against a primary 
frequency standard without loss of accuracy, hence providing substantial improvement 
compared to previously used frequency chains that are extremely complicated and 
laborious to use. In addition to the description of the MIKES frequency comb generator, 
Publication V reports the results of absolute frequency determination of iodine-
stabilized Nd:YAG laser at 532 nm and He-Ne laser at 633 nm. The measured 
frequencies are in very good agreement with previous results and the CIPM† 
recommended values, the measured frequency differences being less than 0.2 kHz for 
the most important 127I2 transitions. 

                                                           
∗ MIKES = Centre for Metrology and Accreditation, Finland. 
† Comité International des Poids et Mesures (International Committee for Weights and Measures) 
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2. THEORY 

2.1. Diode laser characteristics 
Just like any oscillator, a laser needs both gain and feedback in order to work. To reach 
the lasing threshold, the gain must overcome the losses of the system. In diode lasers, 
the optical gain is obtained by passing current trough the active region, and the feedback 
is provided by the diode facets that form the resonator. The facets are made by cleaving, 
and their reflectivity may be further tailored using suitable coatings. Due to the high 
gain of typical diode laser active materials, the laser cavity can be made very short. 
Typical values for the cavity length are between 100 µm and 1 mm♣.  

Even if the longitudinal mode spacing of diode lasers is typically large, simple 
structures have a tendency to oscillate in multiple longitudinal modes. This is due to the 
large gain bandwidth of the semiconductor materials. For example, at 
telecommunication wavelengths in the 1.5-µm spectral region, InGaAsP laser operation 
over a bandwidth as large as 240 nm has been demonstrated [12,13]. For the InGaAlP 
devices operating in visible red, a typical gain bandwidth is 5 to 15 nm. In addition to 
the used semiconductor material, the position and width of the gain band depends on the 
structure of the laser diode. Present laser diodes are fabricated with heterostructures for 
low thresholds and continuous wave operation in room temperature. The heterostructure 
widths can be chosen to produce either a bulk or a more advanced quantum-well gain 
medium.  

Lateral confinement of the laser field is achieved by gain guiding or index guiding, with 
various designs introduced [14,15]. In a gain-guided device the lateral extent of the laser 
field is controlled by injection current distribution and in an index-guided device by an 
optical waveguide that is formed by suitably structured refractive index profile. The 
geometry of the active layer may be designed for different purposes, e.g. using narrow 
stripes for single transverse-mode operation, or broad active regions for high output 
power. The active region is typically a few micrometers wide, while the thickness is 
much smaller, for the quantum well structures only a few nanometers. This leads to 
highly diverging and asymmetric (elliptical) output beam. In addition to a collimating 
lens, reshaping optics or spatial filtering is needed for some applications where a 
Gaussian beam profile is desirable. 

General properties and practical details of diode lasers are covered in more detail e.g. in 
reference [1] and the related material physics in [16]. In the following, some of the most 
essential properties are reviewed. For the two applications considered in this work, 
spectroscopy and amplification of a frequency standard laser, good spectral purity and 
stability are perhaps the most important requirements for the used diode lasers. For that 
reason, the diode laser spectral properties are discussed in more detail.  

                                                           
♣ Here only edge emitting lasers are considered. Another type of diode laser, VCSEL (vertical cavity 
surface emitting laser) emits light in a direction perpendicular to the semiconductor wafer on which it has 
been fabricated. In such structure the cavity length is typically of the same order of magnitude as the 
emitted wavelength. 
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2.1.1. Threshold condition and rate equations 
The diode laser threshold gain can be estimated from the unity round-trip condition for 
intensity in a Fabry-Pérot cavity 

1)(2
21 =− Lg mtheRR α , (2.1) 

where R1 and R2 are the power reflectivities of the front and rear facets of the laser 
diode, respectively. The laser cavity length is given by L, and αm accounts for the 
internal optical losses. Solving Eq. (2.1) for the threshold gain per unit length gives 

L
RRg mth 2

)ln( 21−= α . (2.2) 

The gain per unit length is converted to gain per unit time (G) by multiplying with vg = 
c/n, with c being the vacuum speed of light and n denoting the real part of the refractive 
index. 

Dynamic behavior, such as the modulation characteristics, of diode lasers are commonly 
modeled using the following rate equations for the cavity photon number S, phase φ, 
and carrier density N. Derivation of the diode laser rate equations is given e.g. in 
references [3,17].  

)()(1)()( tFRtSNG
dt

tdS
Ssp

p
++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

τ
 (2.3.a) 

)(1)(
2

)( tFNG
dt

td

p
φτ

αφ
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=  (2.3.b) 

)()()()()()( tFtSNGtN
e
tI

dt
tdN

N
N

+−−=
τ

, (2.3.c) 

where I(t) denotes the laser injection current, e is the electron charge, τN is the carrier 
lifetime, τp is the photon lifetime, α is the linewidth enhancement factor, and G(N) is 
the modal gain per unit time. Rsp is the spontaneous emission rate and FS(t), Fφ(t), and 
FN(t) are the Langevin noise terms [18] for the photon number, phase, and carrier 
density, respectively. Spectral hole burning and other effects leading to gain 
compression are neglected and the gain is assumed to be a linear function of the carrier 
density N 

)()()( 0 trgtr NNANNGNG −Γ=−= , (2.4) 

where G0 is the gain coefficient and Ag is the differential gain. Confinement factor Γ 
describes the overlapping between the lasing mode and the active region. Carrier 
number for transparency (or zero gain) is denoted by Ntr. 

The photon lifetime τp depends on the cavity losses as 
1

21

2
)ln( −
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Using this relation together with Eq. (2.2) we can write the gain at the threshold as 

p
thNG

τ
1)( = , (2.6) 
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which allows us to express the rate equations in the following form that will be used 
later on in this thesis 

( ) )()()(
0 tSNtNG

dt
tdS

th−=  (2.7.a) 

( )thNtNG
dt
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2
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0
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e
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For simplicity, the terms describing the spontaneous emission and noise are omitted.  

Static behavior of the laser can be found from the stationary solutions of the rate 
equations, i.e. by setting the time derivatives dS/dt, dφ/dt, and dN/dt to zero. Above the 
laser threshold the carrier density N is clamped at the threshold value Nth, while the laser 
power increases linearly with the injection current I. The corresponding slope describes 
the laser current-to-light efficiency i.e. the differential efficiency (or slope efficiency), 
which is given in W/A. Laser output power through the front facet may be calculated 
from the cavity photon number S using 

νSh
RnL

cPout ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1

1ln
2

, (2.8) 

where the photon energy is given as a product of the Planck constant h = 6.626×10-34 Js 
and the emitted optical frequency ν. 

2.1.2. Linewidth enhancement factor 
In most lasers, the laser transition occurs between two discrete energy levels and the 
gain curve is symmetric around its maximum value. The refractive index dispersion 
curve is also symmetric and has a zero at the frequency of the maximum gain, as is 
demonstrated in Fig. 2.1 a. The gain (or imaginary part of the refractive index) and (the 
real part of) the refractive index are coupled together via the Kramers-Kronig dispersion 
relations [19]. 
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Fig. 2.1 In case of symmetric gain and refractive index dispersion curves (a) the coupling of 
phase and intensity near the gain maximum is negligible, while in semiconductor lasers the 
asymmetric gain (b) leads to stronger coupling and thus (via carrier density variations) to 
significant line broadening. Curves in (a) have been calculated from the Kramers-Kronig 
relations [19] and (b) has been calculated according to the model introduced in Ref. [20]. 
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Contrary to many other laser types, in diode lasers the lasing transition takes place 
between two energy bands, which leads to a shift of the refractive index dispersion 
curve relative to the gain curve (Fig. 2.5 b). This is because of the asymmetry of the 
gain curve. The asymmetry is for the reason that the gain material is transparent at long 
wavelengths where the photon energy is below the bandgap, while higher energy 
photons are strongly absorbed [21]. As the gain changes with carrier density, also the 
refractive index around the lasing frequency is dependent on the carrier density. The 
coupling between carrier-concentration induced variations of the real and imaginary 
parts of the refractive index is commonly described using the linewidth enhancement 
factor (or antiguiding parameter) α, which is defined as [22]  

 
dNdg
dNdnk

/
/2−=α . (2.9) 

Above k is the free-space wave vector, n is the real part of the refractive index, and g is 
the gain per unit length. The linewidth enhancement factor is typically between 2 and 
10, but is dependent e.g. on photon energy, temperature, material parameters, and laser 
structure. For example, quantum well structure can be used to reduce the value of 
α. Another way is to force the laser to operate on the short wavelength side of the gain 
curve, e.g. by using an external cavity with a frequency selective component [21,23]. 
The linewidth enhancement factor is an important parameter not only because it has a 
significant effect on the spectral properties of a solitary diode laser but also because it 
has a major contribution on how the laser behaves under optical feedback and optical 
injection. Therefore, various experimental methods have been developed to determine 
the linewidth enhancement factor [22]. In practice, however, the actual value for a given 
laser component is usually not very precisely known. (The same applies to most of the 
diode laser internal parameters). In the theoretical calculations presented in this thesis 
the values for the linewidth enhancement factor are selected to support the experimental 
observations. The aforementioned dependencies on temperature etc. are omitted. 

2.1.3. Frequency noise and linewidth 
The fundamental, or inherent, linewidth is caused essentially by altering of phase due to 
fluctuations caused by spontaneous emission. This is illustrated in Fig. 2.2, where the 
electric field of a single mode laser is given by  

[ ] ))(2(j
0 )()( tetEEtE φπν ∆+∆+= , (2.10) 

E0 being the nominal amplitude of the field, and ν denoting the optical frequency. 
∆φ and ∆E are instantaneous changes of the phase and amplitude caused by a 
spontaneous emission event. Due to the incoherence of the spontaneous emission its 
phase is random, which results in diffusion of the phase angle from its original value. It 
can be shown that the phase has a Gaussian probability distribution, and the Fourier 
transform of the autocorrelation of the resulting field produces a power spectrum with a 
Lorentzian line shape [24]. The corresponding linewidth (FWHM, Full Width at Half 
Maximum) is given by the modified Schawlow-Townes formula [17] 

 ( )
i

c
ST P

h 2ννπν ∆
=∆ , (2.11) 

where ∆νc is the cold cavity linewidth of the laser, and Pi is the intra-cavity power of 
the lasing mode. 
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Fig. 2.2 Instantaneous changes of phase φ and amplitude E0 of the laser field due to a 
spontaneously emitted photon [17]. 

As Eq. (2.11) indicates, linewidth is inversely proportional to the laser power. This is 
due to the fact that, above the laser threshold any increase in excitation leads to an 
increase in stimulated emission, while the spontaneous emission rate remains essentially 
unchanged. However, in diode lasers the lasing transition takes place between two 
energy bands, and the lower band is generally not empty. As a result, the laser photons 
can be absorbed and again re-emitted, possibly in spontaneous emission, thus leading to 
additional phase fluctuations. The corresponding increase in line broadening is by the 
spontaneous emission factor ns, which is the ratio of the spontaneous emission rate per 
mode to the stimulated emission rate per laser photon. 

As was already mentioned, particularly for the diode lasers the amplitude fluctuations 
are coupled to phase fluctuations. For this reason, any fluctuation of the field amplitude 
leads to additional broadening of the linewidth. This effect is taken into account by 
multiplying the linewidth given in Eq. (2.11) by (1+α2), where α is the linewidth 
enhancement factor discussed in the previous paragraph. The perturbations of the field 
amplitude are restored to the steady-state value via damped relaxation oscillations that 
have a frequency typically in the order of a few gigahertz. For a free-running diode laser 
the relaxation oscillation frequency can be estimated from [4] 

p
RO

SGf
τπ

0

2
1

= , (2.12) 

where G0 is the gain coefficient, S is the cavity photon number and τp is the photon 
lifetime (from equation 2.5). As Eq. (2.12) implies, the relaxation oscillations shift to 
higher frequency with increasing laser power. 

After including the aforementioned effects to the modified Schawlow-Townes formula, 
the fundamental linewidth (ignoring the relaxation oscillation sidebands) of a diode 
laser is written as 

( ) ( )2
2

0 1 αννπν +
∆

=∆ s
i

c n
P

h  . (2.13) 

For a multi-quantum-well InGaAlP laser diode operating around 633 nm, the typical 
values for both α and ns are between 2 to 3. The cold cavity linewidth ∆νc depends on 
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the cavity’s quality factor Q, and is for a diode laser expressed as 

( )21ln
2

2 RRL
Ln

c
Q dm

dd
c −==∆ α

π
πνν  , (2.14) 

where nd is the refractive index of the cavity medium. The quality factor of a normal 
solitary diode laser is relatively poor due to short cavity and low reflectance of the 
output mirror. The cavity quality factor can be improved, and the linewidth significantly 
reduced, by employing the laser diode in an external cavity (section 2.2).  

The term fundamental linewidth is commonly used to refer to the power-dependent 
Lorentzian line arising from spontaneous emission events, and it is given by Eq. (2.13). 
Moreover, also power-independent spectral broadening is apparent with diode lasers, 
and various theories have been developed to explain this additional broadening in 
different cases [22,25]. At low frequencies of approximately below 1 MHz the diode 
laser noise is typically dominated by 1/f noise that provides a Gaussian contribution to 
the laser linewidth [22,26,27]. This type of noise is partly of intrinsic origin, but also 
various extrinsic reasons (so-called technical noise) broaden the diode laser linewidth. 
For solitary diode lasers the main elements of technical noise are current source noise 
and temperature noise [28]. The current source noise is due to electronic components 
such as operational amplifiers and voltage references of the laser current supply, and it 
is typically dominated by 1/f noise at low frequencies, and by thermal noise at higher 
frequencies. Also the power supply ripple is normally clearly distinguishable in the laser 
noise spectrum. The other important source of technical noise, temperature noise, is 
caused by thermal fluctuations that vary the optical length of the laser cavity. Because 
active temperature control is normally used, the temperature noise level is defined 
essentially by the quality of temperature control electronics. In external-cavity diode 
lasers, significant additional noise arises from mechanical vibrations and air flows that 
both induce fluctuations in the laser medium and cavity length. Also, temperature 
fluctuations are more difficult to deal with, due to the larger structural size compared to 
solitary diode lasers. 

In practice, the laser linewidth can be determined using various techniques, most 
commonly heterodyne or homodyne beat frequency measurements [14]. In this work, a 
Fabry-Pérot interferometer was used as a frequency discriminator to study the laser 
frequency noise spectrum [29,30]. Although more complicated and difficult to calibrate, 
this method is advantageous as it provides direct information of different noise 
components affecting the linewidth. A typical frequency noise spectrum, i.e. the spectral 
density function of instantaneous frequency fluctuations, S(f) [Hz/Hz1/2], of a solitary 
diode laser is illustrated in Fig. 2.3. 
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Fig. 2.3 Typical frequency noise spectrum of a diode laser, calculated after [31]. The presented 
white noise level corresponds to a fundamental linewidth of approximately 40 MHz. 

2.1.4. Intensity noise 
In diode lasers the main source leading to noise in optical output power is amplitude 
fluctuations due to spontaneous electron-hole recombination events. These events cause 
two types of intensity noise. First of all, they result in spontaneous emission noise, 
which is due to field amplitude fluctuations (Fig. 2.2). Another type of intensity noise 
arising from electron-hole recombination events is inversion noise, which is often 
referred to as shot noise. This type of noise stems from carrier number variations due to 
the recombination events, and it is thus affected also by nonradiative events. Although 
the inversion noise is a significant source of intensity noise, its effect on the diode laser 
linewidth is small [32].  

The diode laser intensity noise can be almost shot noise limited except at frequencies 
close to the relaxation oscillation frequency and at frequencies smaller than 
approximately 1 MHz, where also other fluctuations in injection current, e.g. due to 
technical reasons, contribute to the intensity noise. In some cases, so-called mode 
partition noise may be the most severe source of intensity noise. Even if the total 
intensity of the laser is relatively constant, the intensity of each mode can significantly 
fluctuate in time. Negative correlation between the intensity fluctuations of individual 
longitudinal modes can lead to stabilization of the total intensity even in single-mode 
diode lasers, where the side modes indeed exist but are significantly suppressed relative 
to the main mode. Also, if the side modes are spectrally filtered, there can be a drastic 
increase in the total intensity noise due to the mode partition noise. On the other hand, 
in case of multimode lasers the negative quantum correlation between the longitudinal 
modes can lead to amplitude squeezing, where the total intensity noise is suppressed 
below the standard quantum noise limit at the expense of increased phase noise [33]. 
Experimental studies have shown that diode laser intensity noise can experience quite 
significant spatial variations within the transversal profile of the laser beam, for 
example due to presence of noisy nonlasing higher-order transversal modes [34].  

The intensity noise is typically characterized using relative intensity noise (RIN), which 
is defined as a ratio of the power spectral density of the intensity noise to the square of 
the average optical power. 



 21

2.1.5. Spectrum and wavelength tuning 
Even if single-longitudinal mode diode lasers can nowadays be fabricated, the wide and 
flat gain bandwidth of the diode lasers makes them inherently prone to multimode 
operation. A commonly used measure of the degree of single-mode operation is the 
side-mode suppression ratio (SMSR) which is the ratio of the main mode power to the 
power of the strongest side mode. 

In general, a semiconductor laser oscillates at a frequency of maximum total gain [35], 
which is a combination of different gain components. In the case of a solitary diode 
laser the only components to be considered are the gain of the active material, and the 
resonance modes of the Fabry-Pérot cavity. The extent of semiconductor gain curve for 
two different lasers is demonstrated in Fig. 2.4. The frequency difference between two 
consecutive resonance modes, i.e. the free-spectral range (FSR) of the cavity, is given 
by 

Ln
cFSR
d2

= . (2.15) 

For the 633-nm InGaAlP laser diodes used in this work L = 800 µm and the active 
region refractive index nd is about 3.4. This gives an optical cavity length of 2.7 mm, 
corresponding to a longitudinal mode spacing of 60 GHz. 
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Fig. 2.4 Measured optical spectra for two different diode lasers; (a) 633-nm InGaAlP laser, and 
(b) 1550-nm InGaAsP laser. Both lasers are operated in an external cavity, which explains the 
large difference between the lasing wavelengths and the gain curve peaks. In (a) the gray curve 
has been measured just below the lasing threshold (effect of the grating feedback is faintly 
visible at 633 nm), and the black curve shows the spectrum for a bias level of approximately 1.2 
times the threshold. Curve (b) has been measured just above the threshold. 

The laser wavelength can be tuned by shifting the gain curve or the cavity resonance 
modes, e.g. by changing the laser diode current or temperature. The gain spectrum shifts 
to higher energies as the injection current increases, but as a function of temperature the 
change is to the opposite direction. For an InGaAlP laser diode the gain curve shifts 
approximately 0.23 nm/K as a function of temperature. The positions of the cavity 
resonance modes are altered due to the thermal expansion and due to the refractive 
index changes as temperature and current are varied. Within a single longitudinal mode 
the temperature and current dependencies are typically +0.06 nm/K (-45 GHz/K) and 
+0.003 nm/mA (-2.4 GHz/mA). The difference in temperature dependencies of the gain 
curve and resonance modes leads to mode hopping when the temperature is varied, 
hence limiting the attainable continuous tuning range. In addition to ambient factors, 
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also laser diode ageing can significantly shift the lasing wavelength. Aging drifts as 
large as 100 to 500 MHz per hour have been reported [36,37]. Typically the drift is 
largest at the beginning and at the end of the diode lifetime.  

2.2. Diode lasers with optical feedback  
The low quality factor of diode lasers makes them extremely sensitive to optical 
feedback. This sensitivity is further enhanced due to the flatness of the gain curve. The 
actual effect of the feedback depends on phase, magnitude, and polarization of the light 
fed back to the laser, and also on the feedback distance (i.e. delay time).  

For various levels of optical feedback, five regimes with clearly distinguished 
characteristics have been experimentally identified [38] and also theoretically simulated 
[39]. These regimes apply to single-longitudinal mode diode lasers, although very much 
the same kind of behavior exists for multimode lasers as well. For very weak feedback 
(regime I), the laser linewidth is narrowed or broadened, depending on the phase of the 
feedback. When the feedback is increased, considerable line broadening occurs as a 
result of splitting of the emission mode, and consequent mode hopping (regime II). 
Further increasing feedback leads to stabilization of one of the external cavity modes, 
and single-mode operation with narrow linewidth is obtained for all phases of the 
feedback. This regime, III, covers only a small range of feedback ratio. When exceeding 
a certain critical value of feedback, interaction between undamped relaxation 
oscillations and external cavity modes leads to chaotic behavior and linewidth 
broadening by several orders of magnitude [35,40]. As the laser coherence length is 
tremendously decreased, this regime (IV) has been termed coherence collapse regime 
[34]. External-cavity diode lasers typically operate in the regime of strong optical 
feedback (V), where the laser linewidth is significantly narrowed and stable operation 
obtained.  

Optical feedback also affects the relative intensity noise of the laser. The RIN is low for 
weak to moderate feedback levels (regimes I to III) but increases drastically in the 
coherence collapse regime. In regime V significant reduction of the RIN is observed if 
only single-mode operation is maintained [41,42]. In practice, a RIN level below that of 
a solitary diode laser can be obtained with an external-cavity diode laser. On the other 
hand, in an external cavity the transversal-mode control is more sensitive to adjustment 
of the feedback element than the longitudinal-mode control, and also the transverse 
distribution of the intensity noise is changed under external optical feedback. 

2.2.1. Strong optical feedback 
In the following, the case of strong optical feedback, which typically applies to external-
cavity diode lasers, is studied in more detail in order to determine its influence on the 
diode laser linewidth. The effect of optical feedback can be analyzed by including 
feedback terms [43] in the rate equations (2.7.a)-(2.7.c). The calculation of linewidth 
reduction due to an external cavity usually utilizes the coupled-cavity model, which is 
illustrated in Fig. 2.5. For the analysis itself, various methods have been developed 
[43,44,45] and especially at the limit of very strong feedback (r3 >> r2) different models 
give different results [45]. In our case, we are no doubt operating in this regime, as the 
effective transmission-grating power reflectivity R3 = r3

2 is in the order of 0.08, while 
the AR-coated facet of the laser diode has a power reflectivity R2 = r2

2 smaller than 
1×10-4. Thus, in the following calculation we use the formalism described in [45], 
which indeed seems to give the result most consistent with our measured linewidth.  
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r1 r2 r3

Le,optLd,opt  

Fig. 2.5 Model of a diode laser coupled to an external cavity. Amplitude reflectivities of the 
laser diode rear and output facet are given by r1 and r2, respectively. Similarly, r3 is the 
amplitude reflectivity of the external feedback element. The round-trip times of the internal and 
external cavities are td = 2Ld,opt/c and te = 2Le,opt/c, where Ld,opt and Le,opt denote the optical 
lengths of the cavities. 

In the case of perfect AR coating (r2 = 0) the linewidth of an external-cavity diode laser 
can be calculated simply using Eq. (2.4), with the cold-cavity linewidth ∆νc of a solitary 
diode laser replaced by the cold-cavity linewidth ∆νecdl,c of the complete external cavity: 
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Consequently, using equations (2.13), (2.14) and (2.16), the linewidth reduction in an 
ideal external-cavity diode laser can be given as 
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with ∆νecdl’ denoting the linewidth of the external-cavity diode laser and ∆ν0 being the 
linewidth of the solitary diode laser. 

In the coupled-cavity model, the influence of the laser diode output facet (r2 ≠ 0) is 
taken into account by the frequency dependent effective reflectivity reff(ν) of the 
external cavity [45]: 
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Above r3 has been taken as the reference plane, and the light reflected back by r2 has 
been treated as a small perturbation with a leading relative phase, as represented by the 
positive sign of the external cavity round-trip time te = 2Le,opt/c in the numerator. 

In the case of strong optical feedback the actual lasing frequency ν is near the external-
cavity resonance νec = l/(td + te), where l is again an integer (longitudinal mode number) 
and td = 2ndLd/c represents the round-trip time of the laser diode. The threshold 
condition for the laser oscillation is thus given by [46] 
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ttjLg reer eddmth , (2.19) 

The threshold gain gth and oscillation frequency ν can be obtained by writing the 
condition in Eq. (2.19) separately for the magnitude and argument. This provides two
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coupled equations: 
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Since the real and imaginary parts of the laser diode refractive index are coupled via the 
linewidth enhancement factor α, the resonance frequencies νec are not constants but 
depend on the threshold gain. The gain is modulated e.g. when the frequency is tuned, 
as the effective reflectivity reff(ν) is also varied. The dependence of the real part of the 
refractive index on the threshold gain is approximately [46] 

( )00 4 ththdd ggcnn −+=
πν
α , (2.21) 

where nd0 is the refractive index and gth0 = αm-ln(r1r2)/Ld the threshold gain of the 
solitary diode laser. Combining this gain dependent refractive index with Eq. (2.20.a) 
and (2.20.b) gives  
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where td0 is the round-trip time of the solitary diode laser without external feedback. 

Now, the actual linewidth ∆νecdl(ν) of the external-cavity diode is frequency dependent 
and can be calculated from Eq. (2.22) using the transmission-line model [43]. Under 
very strong optical feedback the linewidth is given by [45] 

( )
2

'
−

⎟
⎠
⎞

⎜
⎝
⎛∆=∆

ν
ν

ννν
d

d ec
ecdlecdl . (2.23) 

As could be expected, at the limit of residual reflectivity r2 approaching to zero, the 
laser linewidth calculated using Eq. (2.23) is equal to ∆ν’ecdl predicted by Eq. (2.17). 

As an example, curve (a) in Fig. 2.6 shows the calculated linewidth for the 633-nm 
transmission-grating laser of this work [Publ. II], when the laser is detuned by sweeping 
the cavity length. In this particular case the external cavity provides linewidth reduction 
by a factor of ~ 1500. The influence of the non-ideal AR coating of the laser diode facet 
is seen as a small modulation that has period 1/te. The same periodical variation is 
evident also in the threshold gain of the laser, which can be calculated using 
Eq. (2.20.a). 

To demonstrate the importance of good-quality AR coating, curve (b) of Fig. 2.6 shows 
the linewidth calculation also for a higher value of the diode output facet reflectivity. In 
this case the linewidth is strongly dependent on the cavity detuning, and also the 
asymmetry [46] as a function of detuning due to the linewidth enhancement factor α is 
clear. 
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Fig. 2.6 Theoretical variation of the transmission-grating laser linewidth as a function of 
frequency detuning. The linewidth is given normalized to that (35 kHz) of the ideal (r2 = 0) 
external-cavity laser. Laser wavelength is 633 nm, the output power is 8 mW, the linewidth 
enhancement factor α = 2.5, and the grating reflectivity (including the feedback coupling 
efficiency) is assumed to be 8%. Optical length of the external cavity is 23 mm. Laser diode 
output facet reflectivity is 8×10-5 for curve (a) and 8×10-3 for curve (b). Envelope curve (c) 
shows the effect of the grating dispersion, which has a Gaussian shape. 

In summary, the preceding analysis shows that using a laser diode with good AR 
coating in an external cavity allows one to obtain narrow linewidth that is virtually 
independent of the lasing frequency. This is not the case for higher values of the diode 
output facet reflectivity, due to the already mentioned fact that the linewidth 
enhancement factor makes the oscillation frequency νec dependent on the laser threshold 
gain. For the same reason, at higher values of r2 (or smaller levels of external feedback 
r3), the competition between the coupled cavities can create bistable frequency zones 
with multiple thresholds. The stable operation range is given by the condition 
dνec/dν > 0, which can be obtained by performing stability analysis of the characteristic 
matrix that describes the laser under optical feedback [43]. 

Considering spectroscopic applications, especially beneficial effect of the AR coating is 
the increase in mode-hop-free tuning range of the external-cavity laser. Typically, the 
AR-coated surface has to have a residual reflectivity smaller than ~ 0.1% in order to 
remarkably improve the continuous tuning range [47,48]. Coating also provides a nearly 
constant tuning slope, i.e. the laser frequency changes approximately linearly with the 
cavity length. This is important especially in applications where frequency modulation 
is used, since a nonlinear tuning slope produces modulation distortion. In practice, the 
ECDL cavity also contains a collimating lens, which is needed to fulfill the stability 
condition of the resonator. Naturally, the collimating lens (and possible other optics 
inside the cavity) must be AR-coated in order to minimize the coupled-cavity effects. 
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2.3. Diode lasers with optical injection 
Figure 1 shows schematically the principle of diode laser injection locking. Light from 
the master laser is injected into the slave laser through an optical isolator that blocks the 
reverse light path. Also this system can be analyzed using the rate equations for a 
single-mode diode laser. Adding the injection terms to the equations (2.7.a)-(2.7.c) 
gives the following rate equations for an injection-locked diode laser [49,50] 
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The frequency detuning between the master and slave lasers is defined as ∆f = νinj – νs, 
where νinj denotes the master frequency and νs is the unperturbed cavity frequency of 
the slave laser. The phase of the injected field is φinj(t), and the number of injected 
photons inside the slave laser cavity is Sinj(t). Other parameters were defined previously 
in section 2.1.1 and now refer to the slave laser. 

Master laser Slave laserOptical isolator

 

Fig. 2.7 Schematic of the master-slave laser system. Light from the master laser is injected into 
the active region of the slave laser. Optical isolator is used to ensure unidirectional coupling. 

All the parameters in the set of equations (2.24) are given inside the slave laser cavity. 
However, there must be some way to connect the master laser field outside of the slave 
laser cavity with the field injected inside the slave laser cavity. In practice this coupling 
depends on the output facet reflectivity of the slave laser, but also e.g. on the spatial 
mode matching between the master and slave fields. Because the coupling can be quite 
complicated to analyze, we restrict to study the photon number inside the slave laser 
cavity without any attempt to define theoretical coupling efficiency. Instead, to allow 
comparison between the theoretical and experimental results, the injection coupling 
efficiency is estimated experimentally for each measurement. The used method is 
explained in Publications III and IV. 

Again, the static state of the slave laser can be solved by setting the time derivatives in 
Eqs. (2.24.a)-(2.24.c) to zero. This leads to two important results. First, the injected 
field increases the stimulated emission and thus reduces the carrier density compared to 
the threshold value Nth of the free running slave laser. This in turn leads to reduced gain. 
Secondly, it can be shown that the slave laser can lock to the frequency of the master 
laser only within a certain master-slave frequency detuning ∆f, and this static locking 
range is given by [50,51] 
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It is clear from Eq. (2.25) that the locking range is increased with the injection ratio 
Sinj/S. The locking range is also proportional to the slave laser free-spectral range, FSR. 
This can be understood so that the injected field adds to the field propagating inside the 
slave laser cavity at a time interval 1/FSR, which is the cavity round-trip time [52].  

In practice, the locking properties depend on the total gain profile of the slave laser and 
locking can be obtained by injecting light at a frequency which is close to a side mode 
instead of the free-running mode of the slave laser (Fig. 2.8). Also in this case the shape 
of the locking band follows the condition (2.25), although the locking range may be 
decreased or enhanced compared to the intra-mode locking, depending on the mode 
number [53].  

 

Fig. 2.8 (left) Measured spectrum of a microlens-coupled diode laser when running freely, and 
(right) when injected with light from an external-cavity laser. Injected wavelength is close to the 
second side mode of the microlens cavity at the short-wavelength side of the free-running mode. 
Smaller structure in the spectra is due to the diode laser cavity, which has an optical length of     
~ 2.7 mm. 

Due to the phase-gain coupling described by the linewidth enhancement factor α the 
locking range is asymmetric. This asymmetry has been explained by Lang [52] as 
follows: The decrease in carrier number due to the light injection results to increased 
refractive index and subsequently to decreased cavity resonance frequency of the slave 
laser. Therefore, the optimum locking can be obtained when the injected frequency 
coincides with the cavity resonance frequency that is downshifted compared to the 
cavity resonance of the free-running slave laser. 

It is important to notice that injection locking is not necessarily stable within the whole 
locking range given by Eq. (2.25) but there are also dynamically unstable regions 
[51,52]. The dynamical instabilities are not necessarily detrimental in all applications, 
since they are typically observed as additional spectral components a few gigahertz 
apart from the component locked to the frequency of the master laser. However, in most 
applications, such as in optical communications the dynamical instabilities must be 
considered. Just like in the case of a diode laser subjected to optical feedback, the 
system described by the set of rate equations (2.24) can be checked for dynamical 
stability by examining the eigenvalues of the characteristic matrix of the system [43,51]. 
This is discussed in more detail in section 4.2, in which the modulation transfer 
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properties of injection-locked diode lasers are analyzed. An example of experimentally 
observed instabilities is given in Fig. 2.9. 
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Fig. 2.9 Optical spectra for different values of master-slave detuning. (Left) Measured with a 
Fabry-Pérot (FP) interferometer. The separation of the large peaks corresponds to the free 
spectral range (2 GHz) of the FP-interferometer, i.e. the laser spectrum is repeated after every 
2 GHz. (Right) The respective spectra measured with a diffraction-grating spectrum analyzer. 

Usual dependence of the static and dynamic locking ranges on the injection ratio is 
sketched in Fig. 2.10. For large values of the linewidth enhancement factor α, damping 
is reduced and the dynamically stable region is narrowed compared to a diode laser with 
small α, even if the static locking range is broadened with α. Relatively good agreement 
between the experimental and theoretical locking ranges has been reported [51,54].  

   0 0.02 0.04 0.06 0.08
-20

-15

-10

-5

0

5

α = 2

 

M
as

te
r s

la
ve

 d
et

un
in

g 
(G

H
z)

Injection ratio S
inj

/S

α = 5

No locking

No locking

 

Fig. 2.10 Theoretical estimate [50] of the injection-locking range for two different values of 
linewidth enhancement factor α. Solid lines give the boundaries of the static locking range, and 
the filled areas denote the dynamically stable regions. At very low and high values of injection 
ratio stability may be obtained over the entire locking range (not shown in the figure).  
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In practice, the picture of slave laser output state for different ratios of optical injection 
and master-slave detuning is not as simplified as depicted in Fig. 2.10. Instead, various 
regions with clearly distinct characteristics have been found both within and outside of 
the static locking range [55,56,57]. Due to the complex nature of injection locking, 
simple classification similar to that for the optical feedback regions is difficult to make, 
and the locking characteristics of different diode lasers can be very different. The 
situation is further complicated e.g. in the presence of external optical feedback, which 
competes with the injection and hence reduces the attainable locking range. This effect 
can be analyzed by including both the feedback and injection terms in the rate equations 
[8]. A good overview on the general properties of diode laser injection locking is given 
in Ref. [3]. 

2.4. Doppler-free spectroscopy of molecular iodine 
For applications where the means of passive stabilization do not provide sufficient 
frequency stability, the laser can be actively stabilized on a more stable reference. In 
order to obtain absolute and precise long-term stabilization, atomic and molecular 
absorption lines are commonly used. A good frequency reference should be 
reproducible and thus virtually independent of external perturbations, such as 
temperature and pressure variations, or electric and magnetic fields. For that reason, 
molecules with no permanent dipole moment, such as the iodine (I2) molecule, are the 
most suitable ones. Iodine has approximately 100 000 absorption lines in the visible, 
making it one of the most important references for laser stabilization. The absorption 
lines are limited by Doppler broadening to a width of ~ 1 GHz, but much narrower 
linewidths can be observed using nonlinear spectroscopic techniques to resolve their 
hyperfine structures [19].  

As a part of this work, a laser spectrometer was designed and constructed. The 
spectrometer utilizes saturation spectroscopy in an external absorption cell for resolving 
the Doppler-free spectrum of iodine. Wavelength modulation technique is used to lock 
the laser frequency to an iodine hyperfine component. The actual setup is described later 
in chapter 4, here only the fundamentals of iodine as a molecular reference and the 
principle of the used spectroscopy technique are discussed. 

2.4.1. Iodine as a frequency reference 
The rich absorption spectrum of iodine results from a combination of three 
contributions: electronic energy due to the motion of electrons about the nuclei, 
vibration of the nuclei, and rotation of the molecule about its center of gravity. In each 
electronic state the molecule has a number of possible vibrational energy levels, and in 
each of these, a number of rotational energy levels. In Fig. 2.11, the lowest energy states 
of iodine are schematically shown, together with some of the vibrational substates. 
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Fig. 2.11 Ground state (X) and excited state (B) of the I2 molecule, together with some of the 
corresponding vibrational substates (v´´ and v’, respectively). 

As a transition between electronic states occurs, also the vibrational and rotational states 
can change. However, not all transitions are allowed. For the rotational quantum 
number J the selection rule is ∆J = J’-J’’ = ±1. Thus, the allowed transitions consist of 
two sets of lines: those with lower frequencies are referred to as P branch (∆J = -1), and 
those with higher frequencies are referred to as R branch (∆J = +1). For the vibrational 
quantum numbers there is no selection rule if the transition occurs between two 
electronic states. However, the transition probabilities are proportional to so-called 
Franck-Condon factors that describe the overlap of two vibrational wave functions. 
According to the Frank-Condon principle, the transitions take place instantly, so that the 
nuclear separation does not change. That is to say, the transitions vertically upward or 
downward in the potential energy diagram correspond to the most intense lines. 

The transitions in the B-X system of I2 are commonly identified by denoting first the 
change of rotational quantum number (P- or R-branch) and after that, in parenthesis, the 
rotational quantum number of the ground state. The vibrational quantum numbers of 
upper and lower state are given both, respectively. For example, the line R(127)11-5 
used in He-Ne laser stabilization corresponds to a transition from J’ = 128, v’ = 11 of 
the upper electronic state to J’’ = 127, v’’ = 5 of the ground state. 

Coupling between the total molecular angular momentum and total nuclear angular 
momentum leads to further energy splitting and hyperfine structure of the absorption 
lines [58,59]. The number of main hyperfine components is 15 for even rotational 
quantum number J’’, and 21 for odd J’’.  

2.4.2. Line broadening and saturation spectroscopy 
In iodine, two types of mechanisms cause absorption line broadening: homogeneous 
broadening affects each molecule identically, while inhomogeneous broadening 
distributes the resonance frequencies of molecules over some spectral range.  

Inevitable natural broadening originating from spontaneous emission sets the lower 
limit for the transition linewidth. In red, the natural linewidths of the iodine hyperfine 
components are of megahertz order, but at shorter wavelengths much narrower lines 
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exist – for example, natural linewidths as narrow as ~ 40 kHz have been found at 
508 nm [60]. Another homogeneous broadening mechanism having a significant effect 
is pressure broadening, which is due to the collisions of molecules. In experiments 
around 633 nm the iodine pressure is typically set to 17.3 Pa, resulting to a 
homogeneously broadened linewidth of approximately 3 MHz [61]. It should be noted 
that in practice the observable line is the convolution of the hyperfine component with 
the laser line. However, in our case the laser line is so narrow that its influence is fairly 
small (section 3.2). Instrumentation-related broadening also includes e.g. the transit-
time broadening and saturation (or power) broadening effects. In the experimental setup 
described in section 4.1 relatively small beam intensity is used and hence the effect of 
saturation broadening is also quite small, approximately 200 kHz (FWHM). The transit-
time broadening can be estimated [19] to be of the order of 100 kHz (FWHM) for the 
experimental conditions, with the laser beam diameter being approximately 2 mm. 

The inhomogeneous broadening arises mostly from the thermal motion of the 
molecules. The transition frequencies of the molecules are Doppler shifted when they 
are moving relative to the observer, and thus this type of broadening is called Doppler 
broadening. Due to this effect, linewidths of the I2 hyperfine components are increased 
up to ~ 360 MHz at room temperature [62]. 

The intensity profile of a homogeneously broadened line is Lorentzian, while the 
Doppler broadening leads to a Gaussian profile. The overall lineshape of a transition is 
the convolution of these profiles, and it has a Voigt profile [19]. However, in the case of 
iodine absorption, the Doppler broadening is predominant and the Gaussian profile may 
be used as a good approximation of the Voigt profile. The narrow Lorentzian hyperfine 
components can be resolved from the Gaussian background e.g. by using velocity-
selective saturation of the Doppler-broadened transitions. This technique, referred to as 
saturation spectroscopy, is discussed next. 

Let us first consider absorption in case of a homogeneously broadened line. If the beam 
intensity I0 is relatively weak, so that it does not significantly change the state of the 
medium, the absorption is linear and is given simply by the Lambert-Beer law [19] 
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where σ is the absorption cross section of the transition, z is the beam path length in the 
absorbing medium, and α0 is (unsaturated) absorption coefficient. NI1 and NI2 are the 
populations of the lower and upper energy states, which are assumed to be 
nondegenerate. (Naturally, the absorption is also a function of frequency although not 
explicitly indicated in Eq. (2.26)). 

In thermal equilibrium relation NI1>>NI2 holds, but as the beam intensity I0 is increased 
the two populations start to equalize, i.e. the absorption starts to saturate. In this case, 
the absorption coefficient is given by [63] 
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=

αα . (2.27) 

In Eq. (2.27) IS denotes the saturation intensity, which is defined as the intensity 
required to obtain a population difference that is half of its thermal equilibrium value. 
(I.e. for I0 = IS we get ∆NI = ½ ∆NI0 and thus αS = α0/2). As an example, the saturation 
intensity for the transition R(127) of 127I2 is shown as a function of pressure in Fig. 2.12. 
In this work, iodine pressure of 17.3 Pa has been used, corresponding to a saturation 
intensity of approximately 22 mW/mm2. 
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Fig. 2.12 Saturation intensity as a function of iodine pressure for the transition R(127). The 
solid curve is a second order polynomial fit to the three data points obtained from Ref. [61]. 
Dashed curve shows the corresponding cold finger temperature of the iodine cell. (Note the unit 
of the saturation intensity – used for practical convenience). 

Let us now consider an iodine hyperfine line that is inhomogeneously broadened. When 
using a narrow-linewidth laser, it affects only the molecules that have a certain velocity 
component in the beam direction. If the beam is first passed through an absorption cell 
and then reflected back to the cell according to Fig. 2.13, the two beams – referred to as 
pump and probe beam – are counterpropagating and thus affecting the molecules with 
opposite Doppler shifts (Fig. 2.14 a). Now, if the laser frequency is tuned to coincide 
with the center of the transition, both beams interact with the same molecules, i.e. those 
with zero velocity in the beam direction. This way the hole burned by the pump beam 
into the inhomogeneous line can be detected as an increase in the probe beam intensity. 
The corresponding dip at the center of the absorption profile is called the Lamb dip 
(Fig. 2.14 b). If the laser linewidth is narrow enough to be ignored, the depth of the 
Lamb dip depends on the properties of the absorbing medium, as well as on the 
intensities of the pump and probe beams [19].  

Iodine cell

Mirror

Pump beamProbe beam

 

Fig. 2.13 In the saturation absorption experiment of this work the pump beam is reflected back 
as a probe beam. 
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Fig. 2.14 (a) The population difference ∆NI of the upper and lower states as a function of 
optical frequency ν. So-called Bennet holes burned at sides of the curve correspond to the 
Doppler-shifted frequencies ν− = να(1-v/c) and ν+ = να(1+v/c), where να is the center 
absorption frequency and ±v is a velocity component of the group of molecules excited. Fig. (b) 
shows the Lamb dip at the center of the absorption profile when both the pump and probe 
beams interact with the same molecules (v = 0). 

Typically, the hyperfine components are so weak that detection of their inverse Lamb 
dips with a direct intensity measurement is very difficult. In this work, the (standard) 
third-harmonic technique [64] is used to improve the signal-to-noise ratio of the 
detection and to lock the laser frequency to a hyperfine component. The third-harmonic 
technique is a version of wavelength modulation (WM) spectroscopy, in which the laser 
frequency is modulated with a sinusoidal signal at a frequency smaller than the 
absorption linewidth. The nonlinear absorption profile leads to a generation of 
amplitude modulation with signals at different harmonics of the modulation frequency. 
The approximative nth derivative of the absorption profile can be measured by detecting 
the nth harmonic component of the modulation frequency in the probe beam intensity 
with a lock-in amplifier [19]. In order to get a dispersive error signal suitable for 
frequency locking an odd derivative must be used.  

The improved signal-to-noise ratio obtained with the nth harmonic technique is due to 
two reasons: First of all, the detection is restricted to a narrow frequency interval 
centered at the demodulation frequency. Secondly, the 1/f noise is reduced as the 
detection is shifted from DC to higher frequencies. The importance of the good signal-
to-noise ratio (SNR) becomes evident from the formula that gives the frequency 
stability slope, or Allan deviation [65], attainable with a frequency reference: 
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=y . (2.28) 

In Eq. (2.28) ∆να is the FWHM of the transition, να its center frequency, and τ the 
integration time. Note that the frequency stability is proportional also to the transition 
linewidth, which justifies the use of the narrow hyperfine components. 

In general, the signal-to-noise ratio declines rapidly when using higher harmonic 
frequencies because the signal amplitude is getting smaller. On the other hand, at higher 
harmonics the effects of the Doppler-background and the frequency shift caused by 
asymmetry of the absorption line profile are reduced [66]. To summarize, the third-
harmonic technique is commonly used as it leads to better accuracy than use of the first 
harmonic, and yet gives reasonably good signal-to-noise ratio. 
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2.4.3. Frequency shifts in iodine 
The frequency reproducibility and the determination accuracy of the absorption line 
center are affected by various frequency shifts arising from fundamental and technical 
reasons. In many of the present-day frequency stabilization setups that have been 
carefully realized, the major contribution shifting the centers of the transitions comes 
from iodine impurities [67]. However, also other significant effects should be taken into 
account. 

One of such frequency shifts in iodine is pressure shift, which is due to elastic collisions 
of the molecules inside the absorption cell [19]. The shift is linear and at the 633 nm 
wavelength and ~ 17 Pa pressure its magnitude has been measured to be smaller than -
10 kHz/Pa [68,69]. In order to minimize the effect of the pressure shift, the temperature 
of the cell’s coldest spot (cold finger) has to be carefully controlled, since it determines 
the iodine pressure. Around 17.3 Pa the dependence of the iodine pressure on the cold 
finger temperature is approximately 0.66 Pa/°C (Fig. 2.12), which means that the 
frequency shift as a function of temperature is smaller than -15 kHz/°C. 

Another important frequency shift is power shift, which can be quite different for 
different setup configurations. For configurations similar to the one used in this work, 
the effect of saturation power on the line frequency has been found to be almost 
negligible at small intensities [67,68]. However, when the one-way saturating intensity 
exceeds the value ~ 5 mW/mm2, power shift becomes of importance, being of the order 
-4.3 kHz/mW. (Measured in a configuration where the pump beam is reflected back as a 
probe beam [68]). This suggests that, for good reproducibility, the average saturating 
intensity should be kept relatively low even if the signal-to-noise ratio and thus the laser 
stability are degraded. Also, the alignment of the pump and probe beams is critical, 
since even a small misalignment reduces the signal amplitude and affects the 
reproducibility [67]. 

In general, frequency dependence on the operation parameters is due to the asymmetry 
in the observed line profile of the hyperfine components [62]. A typical shift related to 
the line asymmetry is modulation amplitude shift, which is approximately -10 kHz/MHz 
[68]. (When using 3rd harmonic technique, the modulation amplitude that gives the best 
SNR is approximately three times the effective linewidth under study [70], i.e. 
~ 10 MHz in case of the iodine hyperfine components). The asymmetry has been 
ascribed e.g. to a frequency dependent self-action of light in the iodine cell associated to 
the beam geometry [62], wave front curvature [71], collisions of iodine molecules [61], 
and frequency pushing and pulling of the neighboring lines [59,66]. Frequency shifts 
can be minimized for instance by using a laser beam with high spatial quality, by using 
sufficiently small modulation amplitude, and by avoiding optical feedback, which is a 
source of modulation distortion [72]. Also, when using WM spectroscopy, spurious 
intensity modulation should be minimized. Spurious intensity modulation is generated 
e.g. due to etalon effects but also when modulating the diode laser frequency. In section 
4.2 use of laser injection locking has been studied as a conceivable method for reducing 
the spurious intensity modulation.  
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3. EXTERNAL-CAVITY DIODE LASERS 
Various technologies have been developed for reducing diode laser linewidth and for 
facilitating their wavelength tuning. In the infrared, one of the latest and most important 
inventions are the quantum cascade lasers [73], which are used e.g. in trace gas analysis 
[74]. In the near infrared and especially in telecommunication applications devices with 
integrated optical feedback elements, such as DBR (Distributed Bragg Reflector) and 
DFB (Distributed Feedback) lasers, [21] are commonly used. In visible wavelengths 
such devices do not exist or the availability is limited. Therefore, the most common 
solution is to operate the diode laser in an external cavity. The external-cavity diode 
lasers (ECDL) still find use also in wavelength regions where integrated devices are 
available. For instance, in test and measurement equipment ECDLs are used due to their 
typically narrow linewidth and good tunability compared to the DBR and DFB lasers.  

Also the variety of different ECDL designs is huge as they have been used and designed 
for several different applications. Most of the designs are based on one of the two basic 
configurations, the Littrow configuration or the Littman-Metcalf configuration (Fig. 
3.1). The Littrow structure is simple and thus easier to stabilize, but it has a problem of 
varying output beam pointing associated with laser wavelength tuning which is made by 
rotating the grating. The Littman-Metcalf configuration removes this problem, although 
at the expense of increased complexity. Despite the fact that ECDLs have been 
extensively developed and used in research laboratories and in commercial applications 
already for more than two decades, many new implementations have been reported also 
lately [75,76,77,78]. One of the quite recent designs is the transmission-grating diode 
laser developed previously at MRI* [9], and also used in this thesis. 

Laser diode

Diffraction
Grating

a)        b)

Laser diode
Diffraction
Grating

Mirror

 

Fig. 3.1 External-cavity diode laser (a) in basic Littrow configuration and (b) in Littman-
Metcalf configuration. 

The principle of the transmission-grating diode laser is shown in Fig. 3.2. The -1 order 
reflection from the grating is used for optical feedback, while the laser output beam is 
obtained as the zeroth order transmitted beam trough the grating. The transmission 
gratings are manufactured onto a SiO2 substrate and the other side of the substrate is 
typically antireflection coated. The details of the design and manufacturing are given in 
Ref. [9]. Similarly to the ECDLs in general, the laser frequency can be tuned by rotating 
the grating and/or by tuning the laser cavity length. In order to achieve large mode-hop 
free tuning range, the grating angle and the laser cavity length must be synchronously 
varied so that the grating dispersion curve follows the lasing mode of the cavity. 

                                                           
* Metrology Research Institute, Finland 



36 

Transmission
    Grating

Laser diode

 

Fig.3.2 Transmission-grating version of the Littrow-configuration. 

The main advantage of the transmission-grating geometry is that it removes the problem 
of varying output beam pointing, while still allowing the use of the simple Littrow-
configuration. The invariant beam pointing is useful e.g. when coupling laser output 
light into an optical fiber, and crucial in saturation spectroscopy and injection-locking 
experiments, where already a minor change in the beam alignment can spoil the system 
performance. The simple Littrow-structure is possible to make compact, extremely 
robust, and symmetrical relative to the optical axis. The resulting high mechanical 
stability of such transmission-grating laser provides enhanced frequency reproducibility 
and ensures inherently narrow technical linewidth. In this work, two different 
transmission-grating lasers were constructed – one for the 1.55-µm optical 
telecommunication band, and the other one for spectroscopy applications in the 633-nm 
wavelength band. 

3.1. 1550-nm transmission-grating diode laser 
Publication I reports the structure and characteristics of the constructed 1.55-µm band 
laser. The mechanical construction is similar to that depicted in Ref. [9]. The used laser 
source is an AR-coated InGaAsP diode laser (Sacher Lasertechnik GmbH SAL-1550-
05), which has a residual reflectivity of the output facet of smaller than 1.3×10-5.  

The primary aim was to demonstrate operation of the transmission grating in the 
telecommunication wavelengths, where the need for tunable narrow-linewidth sources is 
pronounced, and where the gain bandwidths of the laser diodes are typically much 
larger than with the visible-wavelength devices. Reliable single-mode operation (Fig. 
3.3) of the 1.55-µm transmission-grating was indeed demonstrated over the whole gain 
band of the laser diode. The wavelength tuning range (without temperature tuning) is 
128 nm and covers the entire S- and C-bands of optical telecommunications (Fig. 3.4). 
The coarse tuning can be reached by tilting the grating angle manually with fine 
adjustment screws. The continuous fine-tuning range of the laser frequency was 
demonstrated to be 30 GHz, which is limited by the maximum expansion of the PZT 
elements used for tuning. 
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Fig.3.3 Measured spectrum of the 1.55-µm transmission-grating laser. Close to the gain curve 
maximum (Fig. 2.4 b) SMSR better than 40 dB is obtained. At the positive-wavelength side the 
SMSR is typically better than 30 dB and at the negative-wavelength side smaller than that. 
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Fig. 3.4 Output power of the 1.55-µm transmission-grating laser as a function of wavelength 
tuning.  

In Publication I, also the transmission grating operation with different polarizations, 
transverse electric (TE) and transverse magnetic (TM) polarization has been studied. It 
was observed that the grating works very well in TM polarization but in TE polarization 
the measured characteristics strongly differ from the calculated ones. Further 
calculations indicated that TE polarization is in general more sensitive to variations of 
the grating parameters and the difference between the designed and measured values 
can be explained e.g. by fabrication errors. In practice, optimal laser operation was 
reached in TM polarization. For instance, for TM polarization the grating feedback was 
observed to be almost constant as a function of wavelength, while with TE polarization 
the diffraction efficiency changes with wavelength. 
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3.2. 633-nm transmission-grating diode laser 
The 633-nm transmission-grating laser reported in Publication II is intended particularly 
for accurate absolute frequency measurements of narrow (FWHM ~3 MHz) hyperfine 
components of iodine. In such measurements, the laser is conventionally locked to a 
hyperfine component and the laser frequency is subsequently measured. For steady 
frequency locking, the laser is required to have intrinsically good passive frequency 
stability. Also, the laser linewidth should be sufficiently narrow, preferably smaller than 
that of the hyperfine components. Even though ECDLs have greatly improved spectral 
purity compared to solitary diode lasers, their frequency is very sensitive to 
environmental disturbances, particularly to variations of ambient pressure and 
temperature [79]. For instance, the laser cavity frequency νec depends on temperature 
according to 

Bec
ec κν

ν
−≈

dT
d , (3.1) 

where κB is the thermal expansion coefficient of the laser body material. If e.g. 
aluminum (Al 6063) is used for constructing the laser cavity, the thermal sensitivity of 
the laser can be as high as 11 GHz/K, thus making the laser prone to mode hopping. 
Typically air comprises a significant part of the optical length of an ECDL cavity, and 
any variations of the air refractive index shift the laser frequency. Assuming the 
humidity and composition of the air to remain constant, the frequency shifts as a 
function of the cavity air pressure and temperature for the 633-nm laser are 
-109 MHz/hPa and +354 MHz/K, respectively. 

Temperature of a diode laser is easy to stabilize using a Peltier element, and in a 
compact ECDL the same method can be used to compensate, to some extent, the 
thermal variations of the cavity, too. In addition to active temperature stabilization, 
thermal expansion of the 633-nm transmission-grating laser is minimized by proper 
material selections and compensation structures. Thermal expansion affects also in the 
direction perpendicular to the optical axis, as it changes the places of the cavity 
components relative to each other [79]. Such changes are eliminated by the laser 
structure that is symmetrical relative to the optical axis. The effect of ambient pressure 
is canceled using a hermetically sealed cover. 

To ensure rigid construction and to avoid mechanical resonances, the laser design was 
kept simple and minimum amount of components was used. For example, only one PZT 
element is used for fine tuning of the laser cavity frequency. This limits the fine-tuning 
range to approximately one cavity FSR. In practice, the fine-tuning range was observed 
to be between 3 to 6 GHz, depending e.g. on the quality of the laser diode AR coating, 
as well as on the grating adjustment.  This is sufficient for most spectroscopic 
applications. For instance, only a 1-GHz continuous tuning range is needed to sweep 
over an iodine absorption line. Moreover, coarse wavelength tuning of 14 nm is 
obtained by adjusting the screws that determine the grating angle relative to the laser 
beam. Side-mode suppression ratio is better than 35 dB over the entire tuning range. 

The high mechanical stability of such transmission-grating laser provides enhanced 
frequency reproducibility and ensures inherently narrow technical linewidth – the 
measured 1-s linewidth of the laser is as small as 450 kHz. Also the long-term stability 
of the laser has been demonstrated to be good: At 1000 s integration time the relative 
stability of the free running laser is better than 8.4×10-9 [Publ. II]. These properties, 
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combined with the invariant output beam pointing, make the laser design suitable for 
many applications of metrology and atom optics. 

3.2.1. Modulation characteristics 
Since the 633-nm transmission-grating laser is used in wavelength modulation 
spectroscopy, its modulation characteristics are of interest. The laser frequency can be 
modulated either directly through the injection current or by modulating the external-
cavity length with a PZT element. With the used PZT element and driver the -3 dB 
bandwidth of the feedback loop is limited to below 1 kHz, but in practice modulation 
frequencies higher than 10 kHz can be used by coupling the modulation inductively to 
the PZT driving voltage. The 3rd harmonic distortion measured from the frequency 
change of the laser was confirmed to be below -70 dB compared to the fundamental 
frequency. 

The direct current modulation allows much higher modulation frequencies than what is 
possible with the PZT. However, the drawback of the current modulation is the high 
degree of spurious intensity modulation (or residual amplitude modulation, RAM), 
which is detrimental in absorption spectroscopy as it leads to asymmetries and offset in 
the signal lines, thus shifting the line centers. Spurious intensity modulation also carries 
the low-frequency noise to the signal frequency, which degrades the signal-to-noise 
ratio of the measurement [80,81]. Coupling between the intensity and frequency 
modulations in a current-modulated diode laser is discussed e.g. in Ref. [82]. 

The magnitude of the spurious intensity modulation increases linearly with the 
frequency modulation amplitude as is shown in Fig. 3.5 for the two alternative 
modulation methods. In some cases the spurious intensity modulation can be reduced by 
means of optical injection locking. This is discussed separately in chapter 4. With the 
described transmission-grating laser, the intensity modulation associated with direct 
current modulation can be suppressed to the level that is normally obtained with PZT 
modulation, or even below it. The attainable suppression depends, however, on the laser 
operation conditions and on the injection locking parameters. 
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Fig. 3.5 Spurious intensity modulation of the 633-nm transmission-grating laser. Modulation 
frequency is 4 kHz. 
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4. INJECTION-LOCKED DIODE LASER SYSTEMS 
In the following, two practical realizations of laser systems based on injection locking 
are presented. First, a diode laser spectrometer with good spatial and spectral beam 
quality is discussed [Publ. II]. In section 4.3, an optical amplifier [Publ. IV] used to 
facilitate optical frequency comb measurements [Publ. V] is described. Both systems 
utilize a microlens-coupled diode laser (CirculaserTM, Blue Sky Researcher Inc.) as the 
slave laser. The primary function of the integrated microlens is to circularize the 
otherwise elliptical output beam of the laser. In addition, the microlens provides weak 
optical feedback that is enough to force the laser to operate in a single longitudinal 
mode (Fig. 2.8). The principle of the microlensed diode laser is described in more detail 
in Ref. [83].  

The related theory of laser injection locking was reviewed in chapter 2. In section 4.2 a 
theory used to model modulation transfer characteristics of injection-locked diode lasers 
is outlined. The obtained theoretical results, as well as experimental data, are reported in 
Publication III. 

4.2. Iodine spectrometer 
The objective of the work presented in this section was to design and construct an 
ECDL-based spectrometer that can be used in a frequency stabilization setup to 
measure, together with a femtosecond optical frequency comb generator [11, Publ. V], 
the absolute frequencies of various transitions of molecular iodine in the 633-nm region. 
In length metrology, this is an important spectral region since the He-Ne laser stabilized 
on the hyperfine spectrum of iodine at 633 nm is one of the most used optical frequency 
standards recommended by the CIPM for practical realization of the definition of the 
meter [10]. In practice, one of the hyperfine components of the R(127)11-5 transition of 
iodine is used. However, the good wavelength tunability of diode lasers allows the use 
of much stronger transitions in the range 630 to 640 nm. Iodine spectrum in the visible 
can nowadays be theoretically predicted to better than 10 MHz, and experimental 
studies have provided a complete atlas of the iodine spectrum in the red part with 
megahertz accuracy [84,85,86]. To develop better theoretical models and to further 
improve the frequency standards based on iodine-stabilized lasers, more precise 
absolute frequency measurements are needed.  

Motivated by the need for such measurements, a new iodine spectrometer was 
developed. To obtain good frequency accuracy, the various sources of frequency shifts 
(section 2.4.3) in the used saturation spectroscopy configuration have been minimized 
by optimizing the laser beams for spatial and spectral quality. This is done by injection 
locking a microlens-coupled diode laser with a nearly Gaussian output beam to the 
stable transmission-grating diode laser described in section 3.2. 

The principle of the constructed iodine spectrometer is shown schematically in Fig. 4.1, 
and explained in more detail in Publication II. The output of the injection-locked, 
microlens-coupled diode laser is directed as a pump beam for saturation spectroscopy in 
the iodine cell.  A mirror reflects the pump beam back as a probe beam, and a quarter-
wave plate changes the beam polarization so that the output of the setup is obtained 
from the PBS 2. Another polarizing beam splitter (PBS 3) is needed to get a small part 
of the output beam to the photodetector (PD 1), which is used for frequency locking. 
The standard third-harmonic technique explained in section 2.4.2 is used to detect the 
Doppler-free iodine spectrum, and to lock the laser frequency to the hyperfine 
components. 
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Fig. 4.1 Principle of the constructed iodine spectrometer [Publ. II]. Abbreviations: PD – 
photodiode, PBS – polarizing beam splitter, λ/2 – half-wave plate, λ/4 – quarter wave plate. 

The detailed characteristics of the spectrometer are demonstrated in Publication II. The 
main advantages of the new design are as follows: 

• The spectral properties of the system are fully determined by the transmission-
grating laser with enhanced frequency stability and reproducibility. The practical 
(1-s) linewidth of the laser is 450 kHz, which is narrow compared to the iodine 
hyperfine components.  

• Independently of the transmission-grating laser, also the spatial quality of the 
laser beams used in spectroscopy can be optimized for good frequency accuracy. 
In the reported system, the beam quality is determined by the microlens-coupled 
diode laser, which has a circular and nearly Gaussian beam profile. 

• The injection-locking scheme reduces the adverse effects of optical feedback 
[8]. This e.g. allows perfectly collinear alignment of the pump and probe beams, 
and minimizes the related frequency shifts. 

• Due to the good intensity stability of the microlensed laser the frequency 
instabilities arising from the iodine power shift are very small. These 
instabilities can be further suppressed using active intensity stabilization.  

Moreover, in the injection-locking scheme the frequency of the transmission-grating 
laser can be modulated simply through injection current, thus allowing much higher 
modulation frequency than with the conventional PZT modulation. This is because the 
injection-locking scheme can suppress the problematic spurious intensity modulation, 
which is typically high for direct current modulation. To get more quantitative 
information on this phenomenon, a detailed study of modulation transfer properties of 
injection-locked diode lasers was performed [Publ. III]. This study and its results are 
summarized in the following section. 

4.3. Modulation transfer in diode laser injection locking 
Although the suppression of spurious intensity modulation is just one of the benefits of 
the spectrometer design utilizing diode laser injection locking, it is an interesting and 
useful feature.  The same technique has been previously used in this particular purpose, 
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namely in suppression of intensity modulation, in FM spectroscopy on rubidium [87]. In 
addition, diode laser injection-locking has been extensively studied in view of optical 
communications. For instance, synchronization of a local oscillator for use in coherent 
transmission systems, enhancement of modulation bandwidth, reduction of nonlinear 
distortion, and reduction of frequency chirping of modulated injection-locked diode 
lasers have been demonstrated. These applications, however, are based on direct 
modulation of an injection-locked laser while the master laser is unmodulated. Recently, 
there has been research also on systems where the master laser frequency or intensity is 
modulated and the modulation is transferred to the slave laser, which is injection locked 
to the master laser. The recent studies include theoretical models of the intensity 
modulation (IM) and frequency modulation (FM) transfer properties of injection-locked 
diode lasers [88,49,89] but also experimental data on the dependence of these 
phenomena on injection ratio and on modulation frequency have been reported [89]. 

However, the papers published so far do not cover all the aspects that are important e.g. 
in applications of spectroscopy. Therefore, the transfer of IM and FM in diode laser 
injection locking was experimentally and theoretically studied for various injection 
locking conditions. In particular, the dynamic behavior of the master-slave system as a 
function of frequency detuning was considered. As the main motivation is to use the 
results for wavelength modulation spectroscopy on iodine, the experimental work only 
covers the frequency range below 50 kHz. The theoretical analysis is valid also for high 
modulation frequencies. The results of the research are given in Publication III. In the 
following, the theoretical model is explained in more detail. 

It can be intuitively understood that the output frequency and spectral properties of an 
injection-locked slave laser are determined by the master laser, while the output power 
is essentially insensitive to small variations of the master laser intensity. Thus it can be 
expected that frequency modulation is transferred in injection locking, while intensity 
modulation can be suppressed. However, using the following analysis it can be shown 
that these effects depend strongly on the injection locking parameters and e.g. the 
conversion of master FM to slave IM can play an important role in actual systems. 

The analysis utilizes the rate equations, which are recalled below for an injection-locked 
diode laser  
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S(t), φ(t), and N(t) are the photon number, the phase, and the carrier number inside the 
slave laser cavity, respectively. Parameter G0 is the gain coefficient, α is the linewidth 
enhancement factor, Ntr is the carrier number at transparency, and Nth is the carrier 
number at threshold of the free-running slave laser. Parameter I(t) denotes the slave 
laser bias current, e is the electron charge, and τN is the carrier lifetime. The injection 
rate is proportional to the slave laser free spectral range, FSR. The frequency detuning 
between the master and slave lasers is given by ∆f = νinj – νs, where νinj denotes the 
master frequency and νs is the unperturbed cavity frequency of the slave laser. The 
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phase of the injected field is φinj(t), and the number of injected photons inside the slave 
laser cavity is Sinj(t). 

First, the stationary state of the slave laser operating point is solved by setting the time 
derivatives in (4.1.a) – (4.1.c) to zero. Especially, the steady-state phase difference 
between the master and slave can be expressed in terms of frequency detuning as 
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Also the slave laser photon number S and carrier density N depend on the master-slave 
frequency detuning ∆f. However, to simplify the calculations, these parameters are 
solved only for one value of detuning and assumed to be constant within the entire 
locking range (if only other parameters remain unchanged). This approximation was 
confirmed to be valid in the considered operating conditions. 

Dynamic properties of the laser around its stationary state can be studied by following a 
commonly used procedure to add small modulation terms to the stationary values [51]. 
If fmod ( = ωmod/2π ) denotes the modulation frequency, the perturbed variables are given 
by 
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These are inserted into the rate equations (4.1) that are then expanded into series. The 
following approximations (first order Maclaurin expansion) are used: 
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Considering the small-signal modulation terms only, the equation for photon-number 
can be written as 
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After following the same procedure for the phase and carrier-number equations, the 
solution can be presented in matrix form 
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where I is the identity matrix, and matrices M and N are expressed as follows: 
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The matrix equation (4.9) allows us to calculate how the modulation of the master laser 
photon number or phase is converted to modulation of the slave laser. For example, 
transfer efficiency of the intensity modulation index is obtained as (∆S/S)/(∆Sinj/Sinj). All 
the theoretical results reported in Publication III have been calculated numerically using 
Eq. (4.9). 

The preceding derivation was made for an injection-locking system where the master 
laser photon number and phase are modulated. If a directly modulated, injection-locked 
diode laser is considered instead, the solution must be modified as follows: The left side 
of Eq. (4.9) remains the same but the right side of the equation is replaced with a vector 
that contains the driving terms for the slave laser modulation. In other words, the matrix 
N accounts for the effect of modulated optical injection. In both cases the system can be 
checked for dynamical stability by ensuring that the eigenvalues of the characteristic 
matrix M are located in the left half of the complex plane. 

Simulated and experimental results for the system described in section 4.1 are given in 
Publication III. The most important conclusions of the study can be summarized as 
follows: 

• Within the stable locking range, master laser FM is fully transferred to the 
injection-locked slave laser. This, as well as the other results, holds for all 
modulation frequencies that are clearly smaller than the slave laser relaxation 
oscillation frequency. The relaxation oscillation frequency depends on the slave 
laser bias level (Eq. 2.12) and can also be increased for high levels of optical 
injection. Typically the relaxation oscillation frequency is a few GHz or more. 

• Master laser IM is suppressed in the slave laser. Suppression is higher the 
smaller the injection ratio. Moreover, the level of IM suppression is strongly 
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affected by the master-slave detuning. Also the slave laser internal parameters 
and bias level affect. 

• Master laser FM is converted to slave laser IM. Again, the conversion efficiency 
depends on the master-slave detuning, as well as on the slave laser parameters 
and bias level. In particular, the amount of generated IM is directly proportional 
to the frequency modulation amplitude. On the other hand, the effect of injection 
ratio is small.  

• Considering a system similar to the one described in section 4.1 the most 
important observation is that, if the master laser IM index is initially small (e.g. 
with PZT-modulation) the FM-to-IM conversion can lead to enhancement of the 
spurious intensity modulation in the injection-locked slave laser. However, if the 
master laser IM index is relatively large (as in the case of direct current 
modulation) suppression of spurious intensity modulation can be obtained by 
means of injection locking.  

Altogether, the theoretical results are in good agreement with the experimental 
observations. The only significant discrepancy, different extent of the stable locking 
range is most probably due to the microlens-coupled diode laser used in the 
experiments. The small optical feedback from the microlens substantially modifies the 
diode laser gain profile (see Fig. 2.8) and this effect was not taken into account in the 
calculations. Both the optical feedback and existence of longitudinal side modes are 
known to affect the injection locking condition [8,53]. 

4.4. Optical amplifier 
One of the most common uses of optical injection locking is to amplify laser output 
power. As a part of this thesis, an optical amplifier operating at the 633-nm wavelength 
band has been realized using the injection-locking method. The work is motivated by 
the increasing need for absolute frequency measurements of iodine-stabilized He-Ne 
lasers as the emerging of femtosecond frequency comb technology has made such 
measurements accessible to many national standard institutes and research laboratories.  

Iodine-stabilized He-Ne (HeNe/I2) laser at 633 nm is the most widely used optical 
frequency standard for the practical realization of the definition of the metre [10], and 
commonly used e.g. in frequency calibration of lasers used in length measurements and 
gravimeters. To use a laser as a frequency standard, its absolute frequency must be 
determined. At present the most convenient way to do this is to perform a beat-
frequency comparison with an optical femtosecond frequency comb [11]. 
Unfortunately, however, the frequency comb measurement of the HeNe/I2 laser is 
impeded due to its low (< 100 µW) output power. The weak and frequency-dithered 
output is inadequate to produce sufficient signal-to-noise ratio (SNR) for reliable 
frequency counting. Until now, the problem has been solved e.g. by using a transfer 
laser [90,91] or by measuring the frequency of a high-power He-Ne laser phase-locked 
to the iodine-stabilized He-Ne laser under study [92].  

The new approach presented in Publication IV relies on optical amplification of the 
laser power to the level required in the measurement. The amplification is made by 
injection locking a microlens-coupled diode laser to the laser to be measured (Fig. 4.2). 
The injection-locking method provides a simple and inexpensive way to facilitate 
absolute frequency measurements of HeNe/I2 lasers. The same setup could be useful 
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also in other applications requiring relatively high laser powers, such as in laser 
interferometry.  
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Fig. 4.2 Principle of the optical amplifier setup operating in the 633-nm wavelength region 
[Publ. IV]. Also the use in absolute frequency measurements together with an optical frequency 
comb generator is schematically shown. Abbreviations: A – aperture, AOM – acousto-optic 
modulator, BS – beamsplitter, FC – fiber coupler, FR – Faraday rotator, L – lens, λ/2 – half-
wave plate, LD – laser diode, M – mirror, µL – microlens, and PBS – polarizing beamsplitter. 

Careful characterization of the constructed amplifier has been performed and reported in 
Publication IV. Reliable long-term operation in normal laboratory conditions has been 
demonstrated and the amplifier’s effect on the results of actual frequency comb 
measurements has been shown to be negligible. The reported data allows other 
laboratories to directly use similar approach without need for laborious characterization 
measurements of their amplifier setups. The results of the absolute frequency 
determination of MRI3 HeNe/I2 laser (and of a Nd:YAG/I2 laser) are presented in 
Publication V, which also outlines the MIKES frequency comb generator used in the 
measurements. A brief discussion of the femtosecond frequency comb technology in 
general is given in the following chapter.  
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5. OPTICAL FREQUENCY COMB 
Optical frequency standards are essentially lasers that are stabilized on molecular, 
atomic, or ionic transitions. Compared to microwave frequency standards, the optical 
standards offer potentially much better frequency stability due to their higher operating 
frequencies [93]. While the microwave frequencies can be directly counted up to the 
order of 100 GHz, the measurement of absolute optical frequencies (hundreds of THz) 
is much more challenging. However, the establishment of an optical frequency standard 
requires that the absolute frequency of the used transition must be measured relative to 
the primary frequency standard, which is based on the 9.2-GHz cesium hyperfine 
transition. That is to say, for an absolute frequency measurement in the optical region a 
phase coherent link to the microwave frequencies is needed.  
Previously, due to the laborious nature of the optical domain frequency measurements 
using frequency chains, there were only few optical transitions that were known relative 
to the primary standard and could be used as references for accurate frequency 
measurements in the optical region. At the end of the 1990s the bridging of the optical 
and microwave domains was remarkably simplified by the demonstration of the full-
octave optical frequency comb generator [11,94] that allows direct absolute 
measurement of any frequency within the comb range. Nowadays, this technology is 
used in many laboratories to measure e.g. fundamental constants [95,96], lasers 
stabilized on gas-cell absorbers [90-92] or trapped and cooled ions [97] or atoms [98]. 
Optical frequency standards and measurements are discussed e.g. in references [93,99]. 

In generation of the octave-spanning optical frequency combs, Kerr-lens mode-locked 
Ti:sapphire (Ti:S) lasers are most often used [99]. The Ti:S wavelength is typically 
centered near 800 nm, and the gain bandwidth is very large, approximately from 700 to 
1000 nm. Such a wide gain band makes it possible to generate ultrashort laser pulses of 
~ 5 ps [100]. Usual repetition rates for the Ti:S lasers are from tens of MHz to a few 
GHz, depending on the cavity round-trip time. By adjusting the laser cavity length the 
repetition rate can be slightly varied. 

The octave spanning spectrum can be obtained with a mode-locked femtosecond (Ti:S) 
laser using two different approaches: direct broadband operation [100,101], or spectral 
broadening of the laser output in a highly nonlinear microstructured fiber [11]. The 
latter approach is more common and is also used in the MIKES frequency comb 
generator described in Publication V. Microstructured fiber consists of a silica core with 
small diameter (1...5 µm), which is surrounded by air holes. The dispersion properties 
of the fiber can be designed so that temporal broadening of the Ti:S laser pulses in the 
fiber is minimized. This ensures that the nonlinear interaction is efficient over a long 
distance, thus leading to significant spectral broadening. An example of a Ti:S laser 
spectrum broadened in a microstructured fiber is shown in Fig. 5.1. 
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Fig. 5.1 Typical envelope spectrum of the MIKES frequency comb generator. Highest peak is 
normalized to 0 dB. The spectrum can be optimized for each wavelength to be measured. Figure 
reproduced from Publication V. 

The frequency spectrum of Fig. 5.1 is measured using an optical spectrum analyzer that 
has a resolution far from sufficient for resolving the actual comb structure, which is 
illustrated in Fig. 5.2. The spacing of the comb lines is the same as the repetition 
frequency frep of the Ti:S laser. To use the comb for frequency measurements, the 
absolute position and spacing of its lines must be known. Since the repetition rate frep is 
determined by the laser, it is known. To determine the comb position, or the offset 
frequency fo, so-called self-referencing technique is often used. The principle of this 
technique is schematically shown in Fig. 5.2. The comb component with the mode 
number n and optical frequency ν1 = nfrep + fo from the red part of the spectra is 
frequency doubled to a frequency 2ν1 = 2(nfrep + fo). If the comb extends over an optical 
octave the doubled frequency 2ν1 can be compared in a beat measurement with the 
comb component ν2 = 2nfrep + fo in the blue part of the spectra. The beat note between 
the frequency doubled mode and the mode 2n directly gives the value of the offset 
frequency since 2(nfrep + fo) - 2nfrep + fo = fo.  

P(ν)

ν

2x

ν1=nfrep+fo ν2=2nfrep+fo 

2ν1  2ν1-ν2=fo 
 

Fig. 5.2 Self-referencing the octave-spanning frequency comb produces a beat note at offset 
frequency fo. 

In practice, the repetition rate and the offset frequency are phase locked to an atomic 
clock by controlling the Ti:S cavity length and pump power, thereby providing an 
absolutely known line spectrum. The absolute frequency of a laser can now be measured 
by a direct beat-frequency comparison against the nearby line of the comb. The multiple 
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integer (mode number) n can be determined e.g. from a coarse measurement with a 
wavemeter. However, normally this is not needed as many laser frequencies are already 
known at a level much less than the comb spacing. 

A more detailed description of the MIKES frequency comb generator, together with the 
results of absolute frequency measurements for two iodine-stabilized lasers are reported 
in Publication V. All the measured frequencies are in good agreement with previous 
results and the CIPM recommended values. For the most important 127I2 transitions, 
R(56)32-0 and R(127)11-5, the differences are less than 0.2 kHz with respect to the 
CIPM recommendations.  
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6. CONCLUSION 
In this thesis, techniques based on optical feedback and optical injection have been used 
and studied for improving characteristics of semiconductor diode lasers. The main 
applications of the research are in metrology, but many of the results are useful also in 
optical communications and atom optics. 

Many of the present applications in spectroscopy, for example, require stable laser 
sources with narrow linewidth and good wavelength tunability. External-cavity diode 
lasers are commonly used in such applications, and also in this work two external-cavity 
diode lasers have been built and characterized. Both lasers utilize transmission grating 
as a dispersive optical feedback element. The main advantage of the transmission-
grating geometry is invariant output beam pointing, which is useful e.g. in coupling 
light into an optical fiber, and essentially important in applications like spectroscopy 
and laser injection locking. Transmission grating has been shown to give stable and 
reliable operation over the entire gain spectra of the used diode lasers. In 
telecommunication wavelengths, a tuning range as wide as 128 nm has been 
demonstrated. In addition, a new transmission-grating laser design with very good 
passive stability and narrow linewidth has been presented.  

In length metrology, one of the most important spectral regions is the visible red near 
633 nm wavelength. Iodine-stabilized He-Ne (HeNe/I2) laser stabilized on the hyperfine 
spectrum of the R(127)11-5 transition is one of the most used optical frequency 
standards recommended by the CIPM for practical realization of the definition of the 
meter. In addition to the R(127)11-5 transition, there are also much stronger transitions 
in the wavelength range 630 to 640 nm, which makes it attractive to develop new 
frequency standards based on tunable diode lasers. Both to improve already existing 
optical frequency standards and to develop new ones, precise absolute frequency 
measurements of the used iodine transitions are needed. At present, such measurements 
can be performed using an optical femtosecond frequency comb generator. 

In this thesis, two different setups for absolute frequency measurements with the optical 
frequency comb generator have been developed. Both realizations are based on diode 
laser injection locking, i.e. on a master-slave system where light from a master laser is 
injected into a slave laser, which then copies the spectral properties of the master laser. 
To facilitate the absolute frequency measurements of the HeNe/I2 laser, an optical 
amplifier has been constructed. The output power of the iodine-stabilized He-Ne laser 
as such is too low for direct frequency comb measurements, and the amplifier developed 
here provides a convenient and inexpensive all-optical way to raise the laser output to 
the required level. The amplifier can be reliably operated over several hours with very 
low phase noise, and it has been successfully used in absolute frequency determination 
of an iodine-stabilized He-Ne laser. The reported system description and 
characterization allows other laboratories to directly implement similar approach to their 
measurement setups.  

As another application of diode laser injection locking, a laser spectrometer for absolute 
frequency determination of various iodine transitions in the vicinity of 633 nm has been 
realized. The new spectrometer design has been made particularly for good frequency 
accuracy and reproducibility, and it combines good beam quality of a microlens-coupled 
diode laser with high spectral quality of the transmission-grating laser. The 
spectrometer uses wavelength modulation technique for locking the laser frequency to 
an iodine hyperfine component. Since the modulation properties of the laser are 
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important for the overall performance of the spectrometer, a detailed study of systems 
where the master laser is modulated and the modulation is transferred to the injection-
locked slave laser was performed. In particular, suppression of intensity modulation 
(IM) and reproduction of frequency modulation (FM) have been considered, for the first 
time, in terms of master-slave detuning. Moreover, the importance of FM-to-IM 
conversion in injection-locked diode lasers has been pointed out. In addition to 
spectroscopy, the results are useful in optical communications.  
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