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Abstract

This thesis is concerned with coherent effects in high resolution mid-infrared gas

phase spectroscopy using quantum cascade lasers (QCLs). An introductory chapter

explains the importance of QCLs as radiation sources in the mid-infrared region of

the spectrum and goes on to detail their development and structure. A discussion

of coherent effects in spectroscopy follows, leading into the second chapter which

discusses the theories relevant to the experimental sections of the thesis.

In chapter 2 the theory underpinning direct and velocity selective, Doppler-free

spectroscopy is discussed and a density matrix formalism is followed to derive the

equations of motion that govern coherent excitation effects in two-level systems. In

the final part of the chapter this treatment is extended to three-level systems. The

equations derived in this chapter form the basis of quantitative interpretations of

the phenomena observed in experimental data and presented in the remainder of

the thesis.

In chapter 3 the characterisation of a high power, narrow linewidth QCL is

carried out. This laser is then used to perform direct and sub-Doppler resolution

spectroscopy on NO, demonstrating non-linear absorption at high laser intensities

and providing a measurement of the laser linewidth in the limit of slow frequency

tuning. As the slow tuning rate increases, evidence of coherent transient effects

is presented and density matrix theory used to model this behaviour. The data

presented include the first observations of asymmetric Lamb dips and the onset of

rapid passage oscillations from a Lamb dip.

Pump-probe experiments on NO, utilising two cw QCLs are presented in chapter
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4. The high level of velocity selection afforded by QCL excitation leads to coher-

ent transient signals at far lower probe scan rates than previously reported. The

effect of altering both the scan rate and the gas pressure and the importance of

hyperfine structure are presented. A radio frequency noise source applied to one of

the lasers is shown to broaden the laser linewidth, leading to rapid dephasing. A

two-colour polarisation spectroscopy experiment is also presented which allows the

measurement of both the absorption and the Doppler-free dispersion signals and the

three-level density matrix formalism presented at the end of chapter 2 used to model

the non-linear response of the system.

The final chapter details the use of an acousto-optic modulator to create a pulse

of mid-IR light using a cw QCL and the application of this to time resolved pump-

probe spectroscopy. This capability suggests the prospect of achieving coherent

population transfer by stimulated Raman adiabatic passage (STIRAP) using two

such pulses. Simulations based on a simple three-level model and including Zeeman

coherences are presented, which take the measured properties of the lasers used in

this thesis as inputs to predict the potential population transfer achievable in NO

as well as providing useful information about the angular momentum polarisation

of the excited molecules. An experimental realisation of STIRAP would require

the lasers to be stabilised, and so the final part of the chapter details experimental

attempts to achieve stabilisation of an external cavity QCL, and suggests future

avenues for improved implementation.
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Chapter 1

Introduction

1.1 Mid Infra-Red Spectroscopy with Quantum

Cascade Lasers

In recent years the telecoms industry has forced the technological advancement of

near infra-red single mode continuous wave (cw) lasers whose bandwidths (< 10

MHz) allow sub-Doppler resolution of gas phase spectroscopic features. Semicon-

ductor diode lasers emitting in the visible to near-IR wavelength region (400 nm -

1.4 µm are readily available across this wavelength region, are economical, efficient,

operate at room temperature, can output relatively high powers, are easily elec-

tronically modulated and are very robust. However they have limited tunability

(unless placed in an extended cavity system) and whilst the spectral region that

they cover contains vibrational overtone bands, these transitions have relatively

small absorption cross sections, generally requiring sensitivity enhanced techniques

to be employed for the detection of trace gases. Fundamental rotation-vibrational

transitions occur in the mid-IR region from 3 µm to 12 µm and have much larger

cross sections (typically two orders of magnitude) offering the prospect of increased

sensitivity and selectivity for trace gas detection [1]. Until relatively recently there

were few single mode laser sources available in this region, being limited to lead

salt diode lasers [2, 3] or Difference Frequency Generation (DFG) [4, 5] using two

1



Chapter 1. Introduction 2

shorter wavelength near-IR diode lasers. Lead salt diode lasers require cryogenic

cooling and are limited to low output powers, similarly DFG systems produce only

up to a few mW of optical power (and often considerably less with unamplified laser

sources) and require complex optical and electronic setups [6]. These drawbacks are

addressed by the recent development of quantum cascade lasers.

The first quantum cascade laser (QCL) was demonstrated in 1994 by Faist et

al. [7], emitting at 4.2 µm. This first laser operated only in pulsed mode in which a

current pulse is applied to the laser causing rapid Joule heating and a consequent

change in the laser output frequency. Recent advances in QCL design have enabled

the production of high powered single mode cw lasers with narrow linewidths [8–

11]. These are ideal sources not only for sensing strategies based on modulation

spectroscopy such as wavelength modulation spectroscopy (WMS) [12–15] and cavity

enhanced absorption and ringdown spectroscopies (CEAS, CRDS) [16–20], but also

for non-linear spectroscopy [21] and vibrational state preparation. QCLs address

many of the drawbacks of other laser systems available in the mid IR frequency

range and offer scope to perform highly sensitive spectroscopic measurements as

well as non-linear spectroscopy which is the subject of this thesis.

1.1.1 The Structure of Quantum Cascade Lasers

While the principle behind the construction of a quantum cascade laser was initially

proposed by Kazarinov and Suris in 1971, [22] it wasn’t until the advancement of

molecular beam epitaxy and chemical vapour deposition that it was possible to make

such a laser. The operating principle behind a QCL differs significantly from that of

traditional semiconductor diode lasers. In diode lasers electrons from the conduction

n-type doped band combine with holes from the valence p-type doped band at a p-n

junction. Application of an electrical potential across the laser diode causes the

electrons and holes to re-combine across the band gap, emitting a photon in the

process as shown schematically in figure 1.1. The energy of the emitted photon is

determined by the size of the band gap. To achieve emission in the mid-IR the band
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Figure 1.1: A schematic of a diode laser active region. An electron from the
conduction band combines with an electron hole in the valence band releasing a
photon with an energy corresponding to the band gap energy.

gap must be relatively small, but this leads to efficient Auger recombination, a non-

radiative process which drastically reduces the efficiency of the diode and makes the

design unsuitable for wavelengths longer than ∼2 µm [23, 24]. Recent advances in

GaSb semiconductor lasers however, have allowed the production of lasers emitting

at up to 3.6 µm [25–27]

QCLs differ from the traditional diode laser as they involve intersubband trans-

itions rather than transitions from the conduction band into the valence band, rely-

ing on only one type of charge carrier. A QCL is made up of periodic thin layers of

alternating high and low band gap semiconductors which form a superlattice [7,28].

As the layer thickness approaches the de Broglie wavelength of the material electrons

are confined into one-dimensional quantum wells. The energy states of the quantum

wells are defined by the layer thickness and therefore by suitable design of layer thick-

ness it is possible to achieve the population inversion between two subbands neces-

sary for laser emission. As layer thickness rather than material band gap determines
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Figure 1.2: Two active regions of a QCL. Electrons are injected into the upper laser
level from the digitally graded alloy and relax into the lower laser level, releasing a
photon (red wavy line) in the process. The electrons then transition rapidly from the
lower laser level into the ground level before tunnelling into the digitally graded alloy
and thus into the next active region. The slope in the energy levels is determined
by the magnitude of the electric field across the laser. This figure shows a diagonal
transition. Wavefunctions are shown in green for example only. Adapted from [7].

the wavelength of emission, it is possible to make QCLs with a wide range of emis-

sion wavelengths using mature semiconductor technology. Typical semiconductor

materials for QCL manufacture are InGaAs/AlInAs [7] and GaAs/Al(Ga)As [29].

Figure 1.2 shows a typical three quantum well active region. Electrons are injec-

ted into the the upper laser level and undergo radiative decay into the lower laser

level. The electrons then quickly decay into a third level, the ground level (which

is slightly lower in energy than the lower laser level) and then into digitally graded

alloy. The rate of decay from the lower laser level into the ground level is sufficiently

fast that it maintains population inversion between the upper and lower laser levels.

The barrier thickness between wells is chosen so that tunnelling between wells is

an efficient process and the electronic wavefunctions span all of the wells in the act-

ive region. If the layer thickness is chosen such that the wavefunction for the upper

laser level lies mainly in the left hand well with the lower laser level wavefunction

lying towards the central and right hand wells then the emitting transition is known
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as a diagonal transition. Vertical transitions occur when the upper state wavefunc-

tion also lies towards the central and right hand wells. Vertical transitions reduce

population inversion since there is greater overlap between the two wavefunctions

but the increased transition strength increases the gain. A vertical transition is less

susceptible to applied electric field and temperature than the diagonal design. This

feature lends itself well to making stable fixed frequency lasers but results in limited

tunability. [28] By contrast diagonal designs are less stable to applied electric fields,

showing wavelength dependence through a voltage induced Stark effect, and thus

allow the laser greater tunability.

The lower laser level and the ground level are designed to have a large overlap

between their wavefunctions and so increase the rate of depopulation of the lower

laser level and maintain population inversion between the two laser levels. Some

designs involve the upper laser state decaying into a continuum of lower states; not

only do these bound to continuum lasers guarantee the rapid removal of electrons

from the lower state, but they also benefit from increased output frequency range,

enabling tuning of up to 150 cm−1 and allow high current flow which in turn gives

rise to high optical power. [28,30–32]

A QCL chip consists of may active regions (typically 30-100) and when a potential

is applied across the chip it causes a shift in the energy levels such that each active

region lies to slightly lower energy than the previous one. [33] Thus an electron

cascades down through many active regions, emitting a photon at each of them. In

this way it has been demonstrated that the wall plug efficiency of QCLs (the optical

output power divided by the electrical power drawn) can exceed 50% and optical

powers in excess of 1 W have been reported for room temperature continuous wave

operation. [11,34–37]

Early QCLs only operated in pulsed mode and required cryogenic cooling. The

high current required results in Joule heating of the laser, where the heat produced
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Q, is proportional to the square of the current according to Joule’s first law:

Q ∝ I2R, (1.1)

where R is the resistance across the laser. Commonly QCLs require several hundred

mA of current and have a voltage drop of several volts meaning that for cw operation

several watts of power are dissipated as heat and light. As the temperature of the

laser increases, so does the threshold current required for laser operation which

thus requires very efficient cooling in order to allow continuous operation. This

can be achieved by increasing the wall plug efficiency through active region design,

resulting in less heat being produced and more light [35]. Advances in mounting

of the lasers such as the ‘epi-down’ mounting [38] by which the laser gain medium

directly contacts a heat sink give increased heat dissipation. These advances have

meant that current QCLs can operate in pulsed mode with air cooling only and cw

devices are able to operate at room temperature, usually with only water cooling.

1.1.2 Wavelength Selection in QCLs

Wavelength selection in QCLs is much the same as it is for standard diode lasers.

The gain medium is first formed into an optical waveguide; the parallel ends of the

gain medium are cleaved along the crystal axis, producing reflective surfaces due

to the large refractive index change into air. This forms a Fabry-Perot laser cavity

which amplifies a set of frequencies according to the free spectral range of the cavity

∆ν:

∆ν =
c

2nl
, (1.2)

where n is the refractive index of the gain medium and l is the length of the resonator.

Typically one facet will be coated in a high reflectivity material to minimise light lost

from that facet and thus increase the efficiency of the resonator. The gain spectrum

of the laser medium is quite broad and so the laser output spans many modes of the

resonator, separated by the free spectral range. Altering the temperature and/or
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current supplied to the laser chip will change the output wavelengths. Multi-mode

lasers may be used for high resolution detection of multiple gas species using the

technique called multi-mode absorption spectroscopy (MUMAS) [39,40] and Fabry-

Perot QCLs make ideal sources for these kinds of measurements.

The active medium of the laser is surrounded by a cladding layer. If a diffrac-

tion grating is etched into this cladding layer then the wavelengths present in the

gain medium will be further selected by this so-called ‘Bragg grating’. The Bragg

grating supports only certain modes within the resonator, feeding back to the gain

material, resulting in a single output mode being selected and allowing for narrow

laser linewidths. Altering the temperature changes the spacing of the grating and

thus changes the output wavelength by changing the modes supported; altering the

current has a similar effect to changing the temperature. This type of laser is known

as a distributed feedback (DFB) laser [41–43].

Another method for selecting a single lasing mode is to utilise an external cavity

(EC) containing a grating. A Fabry-Perot type resonator is placed in an external

cavity and one facet is anti-reflection coated so that the laser modes must satisfy

the resonance conditions for the external cavity. A movable grating placed within

the cavity allows the selection of a single wavelength. Changing the grating angle

then allows tuning of up to 15% of the free-running wavelength [32].

The configuration of the EC-QCL used in this thesis is known as the double-

ended Littrow configuration [44]. The gain medium sits between two collimating

lenses with one directing the light onto a diffraction grating and the other outputting

the light. The double-ended configuration ensures that the output beam direction

remains constant regardless of the grating angle unlike that in the standard Littrow

configuration [46,47].

Distributed feedback QCLs are relatively easy to produce since the technology to

etch the gratings onto the waveguides is mature, being widely used in semiconductor

diode lasers. However the wavelength tuning, by temperature and/or current is lim-

ited to a few cm−1. By contrast EC-QCLs offer much larger tuning ranges (typically
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Figure 1.3: Schematic representation of the double-ended Littrow external cavity
configuration. Adapted from [45].

around 150 cm−1 but > 500 cm−1 in some cases [8,32,45]) but are technically more

challenging to produce, making them far more costly.

Regardless of whether single mode lasers select their output wavelength through

distributed feedback or with an external cavity, the narrow linewidths and high

powers afforded by QCLs in comparison to previously available mid-IR lasers makes

them an invaluable tool in high resolution spectroscopy and chemical sensing [48].

Their narrow linewidths allow the discrimination of different species absorbing at

similar wavelengths and the large absorption cross sections of molecules in the mid-

IR allow the very low detection limits. For example QCLs have been used in con-

junction with CRDS to detect NO at ppb level with a sensitivity of 0.7 ppb [49].

They have also been used by Nelson et al. to measure less than 1 ppb NO using

a multi-pass cell [50], and by Webster et al. to measure stratospheric CH4 to a

minimum of 2 ppb [51].

1.1.3 Linewidths of QCLs

A fundamental limit on the linewidth of a laser was first proposed by Schawlow and

Townes, [52] and adapted to diode lasers by Henry producing equation (1.3): [53]

δω =
v2

ghωααmnsp

4πP0

(

1 + α2
e

)

, (1.3)
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1

Figure 1.4: The three level model employed by Yamanishi et al. showing the rate
processes within the active region of the gain medium. Reproduced from [56]

where vg is the group velocity of the electrons, α the cavity losses, αm the mirror

losses, nsp is the spontaneous emission factor, P0 the output power and αe is the

Henry linewidth enhancement factor. αe accounts for variations in the refractive

index caused by fluctuations in the electron density in the gain medium. In conven-

tional diode lasers this tends to increase the linewidth but for QCLs the refractive

index varies very little at the peak of the gain spectrum [54,55].

Yamanishi et al. reformulated equation (1.3) in terms of the rate of processes

occurring in a three-level system shown in figure 1.4 [56]. In this scheme Ni corres-

ponds to the electron population in level i, P is the net rate of inflow and outflow of

electrons, η to the coupling into level 3 and the various τ values are time constants

for relaxation between levels. The equation for the linewidth now becomes:

δω =
1

4π
F

R

N3

(N3 −N2)th

(~ω)γ2
photon

Pint

(

1 + α2
e

)

, (1.4)

where F
R

is a factor due to spontaneous emission enhancement that is assumed

to be 1, γphoton is the photon decay rate, Pint is the internal power given by Pint =

γphoton~ωNphoton and Nphoton is the number of photons. This equation is applicable to

DFB-QCLs but is not entirely so for EC systems as it takes no account of the mirror

and grating reflectivities that lead to cavity losses [57]. By measuring the frequency

noise spectral density, Bartalini et al. have shown that the intrinsic linewidth of a
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QCL may be as low as a few hundred Hz [9,58]. The intrinsic linewidth is however,

broadened mainly by current noise and both DFB and EC-QCLs have been reported

with measured linewidths of a few MHz [59–62]. A measurement of the linewidth of

a DFB-QCL will be detailed in chapter 3 using Lamb dip spectroscopy.

1.2 Coherent Excitation Processes

The absorption of (near) resonant incoherent light by a sample of gas should be

treated according to Einstein’s equations for absorption and emission [63]. Assum-

ing that the radiation intensity is large enough that spontaneous emission may be

neglected, then the population in the excited state P1, is given by

P1(t) =
1

2

(

1− e−BF (t)
)

, (1.5)

where F (t) =
∫ t

−∞ I(t′)dt′ is the radiation fluence (energy per unit area) up until

time t, I is the time varying radiation intensity and B is the Einstein coefficient.

This shows that as time passes the amount of population excited into the upper

state monotonically approaches 50% as shown in figure 1.5. If the incoherent source

is replaced with a coherent light source then the system instead oscillates between

the ground and upper state. The population in the upper state is now given by

P1(t) =
1

2
(1− cos Ωt) , (1.6)

where Ω = µE

~
is the Rabi frequency [64] with µ being the transition dipole moment

and E the electric field. As is shown in figure 1.5 the population now oscillates

between 0 and 1. Application of the coherent radiation for the appropriate length

of time (Ωt equal to odd multiples of π) results in complete population inversion.

These so-called π-pulses are however, very difficult to achieve in real systems due

to phase fluctuations and so other methods for achieving state preparation with

population inversion, by evolving the population adiabatically (see figure 1.5) are
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Figure 1.5: A comparison of the population transfer to the excited state P1(t), in
the three types of excitation. Incoherent excitation (red) results in the populations
of the excited state monotonically approaching 50%. Coherent excitation (black)
results in the population oscillating between the excited and ground states and
adiabatic passage (blue) results in complete population inversion.

sought.

Adiabatic rapid passage (ARP) in which the frequency of a laser is swept through

a molecular resonance on a time scale that is fast compared to the collisionally

induced polarisation dephasing, is an established method of preparing molecules

in selected excited states [65]. Initially however, the necessary tunability was not

available from the high power lasers required to conduct ARP. Therefore techniques

such as Stark Chirped Adiabatic Rapid Passage (SCARP) in which the resonant

frequency of the molecular sample is swept via the Stark effect using an applied

electric field were developed [66, 67]. Another population transfer method involved

crossing a fixed frequency laser beam with a molecular beam with the laser beam

focused off the molecular beam axis [68, 69]. In this case the molecules experience

a curved wavefront that appears as a time varying Doppler shift and thus achieves

the tuning required for adiabatic rapid passage. With the laser beam fixed on the

molecular beam axis the molecules experience a flat wavefront and Rabi oscillations

(whereby the population oscillated between the ground and excited state as shown
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in figure 1.5) are observed [70]. Hamadani et al. achieved adiabatic rapid passage

by sweeping the frequency of an N2O laser through the ν2 [asQ(8, 7)] transition in

NH3. The tuning conditions required for ARP to occur were eased by utilising

counter-propagating laser beams to give a sub-Doppler resonance [71].

Another approach for achieving population transfer into an excited state involves

the incorporation of a third state and two lasers, pulsed in a counter-intuitive order-

ing in a process called Stimulated Raman Adiabatic Passage (STIRAP) [72,73]. The

theory of STIRAP will be presented in chapter 2 and later on the measured prop-

erties of our lasers will be used in simulations to calculate the population transfer

possible using STIRAP on nitric oxide using two QCLs (see chapter 5). It is shown

that cw quantum cascade lasers open up the possibility for coherent rovibrational

state preparation of gas phase molecules in low frequency vibrational modes.

The adiabatic limit requires that the ratio of the laser tuning rate k, to the square

of the Rabi frequency (known as the β-parameter) be less than or equal to 1. For

β = k
Ω2 ≫ 1 the passage is non-adiabatic, leading to minimal population transfer,

and is known simply as rapid passage (RP). The tunability and high output powers

produced by QCLs make them ideal laser sources for studying RP in ro-vibrational

systems absorbing in the mid-IR and it is in this regime, using pulsed devices that

most coherent transient studies using QCLs have been conducted. For pulsed QCLs

application of a current pulse to the laser results in rapid Joule heating causing a

fast frequency down chirp in the laser output, typically in the range 5 - 250 MHz

ns−1. The resulting high chirp rate may mean that the laser is swept through a

spectroscopic resonance in a sample of low pressure gas in a time that is short

compared to the that for collisionally induced polarization dephasing leading to

rapid passage effects which appear as oscillations in the measured spectrum [74–76].

A qualitative explanation of the structure of RP signals would be to say that

the macroscopic polarisation of the sample that has been created by an intense

coherent laser beam beats with the frequency chirped electric field of that beam.

The result is that the measured intensity of the beam oscillates due to constructive
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and destructive interference. The oscillations are damped out by the processes that

destroy the macroscopic polarisation of the sample, chiefly collisional dephasing

even in a low pressure gas. Provided that the laser frequency is chirped through

resonance on a time scale that is rapid compared to the dephasing time, and that

the detector/amplifier system has sufficient bandwidth to resolve the high oscillation

frequency, RP oscillations will be observed post resonance (in time).

With the increase in availability and power of room temperature cw QCLs, the

same effects may be observed by applying a waveform to the laser to scan its fre-

quency. The frequency scan rate may easily be changed by altering either the fre-

quency or magnitude of the waveform. Rapid passage has been observed using a

single laser setup over a long path length using OCS gas and a single mode QCL

operating at 10 µm [77], and using two cw QCLs in a pump-probe type setup [78].

Other coherent effects may also be seen with rapidly chirped cw QCLs such as

the electric field induced Autler-Townes splitting (also known as the AC Stark ef-

fect [79]) seen by Duxbury et al. [80,81]. In this case the splitting, observed in a low

pressure sample sample of NO over a path length of 100 m, was found to be chirp

rate dependent. These types of coherent effects lead to non-linear optical responses

and such processes are generally modelled using the optical Bloch equations. These

are the optical analogues of the original Bloch equations which describe the time

evolution of the nuclear magnetisation in NMR [82]. The Bloch equations will be

introduced in chapter 2, in which they will be derived from the density matrix de-

scribing the interaction of a two level system with radiation and they will be used

in later chapters to simulate coherent transient experimental measurements.

1.3 Thesis Overview

Coherent spectroscopy is investigated throughout this thesis with particular atten-

tion given to high resolution sub-Doppler velocity selection. In chapter 2 the theory

underpinning the types of spectroscopy employed in the thesis will be discussed.

This will include density matrix calculations for two level systems coherently ex-
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cited by a photon and the extension of the density matrix formalism to a three level

system coupled by two photons. These equations underpin the phenomena seen

throughout much of the rest of the thesis.

In chapter 3 a DFB-QCL is characterised, with its electrical and optical prop-

erties investigated. This laser is then used to perform both direct and sub-Doppler

resolution spectroscopy on NO, the spectroscopic properties of which are explained

in the chapter. The non-linear effect of saturation in the presence of a strong driv-

ing laser field is investigated and utilised in order to measure the laser linewidth via

Lamb dip spectroscopy. Evidence of adiabatic rapid passage will be presented with

line shape of the Lamb dip changing markedly as the rate of laser frequency scan

is increased. Rapid passage oscillations are seen as the laser scan rate is increased

even further and the optical Bloch equations will be used to model this transient

non-linear behaviour.

Chapter 4 presents experiments in which both a DFB-QCL and an EC-QCL are

used in pump-probe type experiments. These experiments are shown to be highly

velocity selective and the data once again shows RP oscillations, even at relatively

slow chirp rates. The effect of altering both the chirp rate and the total pressure will

be presented and evidence of velocity redistribution will be shown. The linewidth

broadening properties of a radio frequency noise source will be used to remove the

coherence, demonstrating the high level of velocity selectivity available from the

narrow linewidth QCLs and the importance of velocity dephasing in these studies.

A two-colour polarisation spectroscopy experiment will also be presented with the

measured signals able to provide both the absorption and the dispersion directly.

Finally, simulations based on the three-level density matrix will be used to model

the behaviour of the system.

Chapter 5 details experiments in which two lasers were again used, but now

with one being amplitude modulated. Pump-probe studies will be presented in

which the pump laser is amplitude modulated using an acousto-optic modulator

to give a defined switch off time, allowing us to study the temporal dependence of
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the combined population and polarisation relaxation. The properties of the lasers

measured in the previous chapters are then used in calculations of the theoretical

population transfer achievable using STIRAP. Simulations using a simple three-level

model will be shown and compared with an extended simulation that takes account

of the Zeeman coherences between MJ levels of the system. The simulation program

is shown to provide much useful information about the optimal conditions for high

population transfer and to provide information about the macroscopic polarisation

alignment of the resulting excited molecules. The thesis concludes with experiments

that attempt to stabilise the frequency output of the EC-QCL and suggestions for

future experimental work in this area.



Chapter 2

Theory of Nonlinear Optics

Many of the experiments detailed in this thesis result in spectra which deviate from

the standard linear absorption lineshapes A(ν), given by the Beer-Lambert law

A(ν) = − ln

(

I(ν)

I0(ν)

)

= σ(ν)lN = α(ν)l, (2.1)

where I(ν) is the measured intensity of light passing through the sample, I0(ν) is

the intensity in the absence of absorbing species, l is the path length, N is the

number density of the absorbers, σ(ν) is the frequency (ν) dependent absorption

cross section, α(ν) is the absorption coefficient and l is the path length. This

chapter details the theoretical framework used to analyse and model this non-linear

behaviour in the experimental data presented in later chapters. In the first instance

the mechanisms leading to the broadening of spectral lines will be presented followed

by the theory behind saturation spectroscopy, the method used in chapter 3 to

measure the linewidth of a DFB-QCL. The theory of polarisation spectroscopy which

provides a Doppler-free spectrum will also be detailed with experiments utilising this

technique described in chapter 4. The next part of this chapter will then focus on a

density matrix treatment of coherence in a two-level system coupled by the electric

field of a laser. The density matrix treatment will be used to derive the optical Bloch

equations which will be used in chapter 3 to model rapid passage signals originating

from a velocity selected subset of an optically saturated gas sample. Finally the

16



Chapter 2. Theory of Nonlinear Optics 17

density matrix treatment is extended to cover three-level systems coupled by two

fields, with the theory being used in chapter 4 to model the rapid passage behaviour

observed in a pump-probe type experiment and in chapter 5 to simulate, using

properties of the system measured in the previous chapters, the population transfer

technique known as STIRAP.

2.1 Line Broadening Mechanisms

To a crude first approximation, absorption of a photon occurs at a single frequency

that corresponds to the energy difference between two energy levels in the molecule

under study. However several mechanisms exist that broaden the frequency distribu-

tion over which the molecules absorb. These encompass homogeneous broadening,

whereby all the molecules are affected to the same extent and results in a Lorent-

zian lineshape, and inhomogeneous broadening mechanisms in which each molecule

is differently affected, resulting in a Gaussian lineshape. When multiple broadening

mechanisms are in effect the resulting lineshape is a convolution of the constituent

Lorentzian and Gaussian lineshapes that results in a Voigt profile [83]. In cases

where the mean free path of the molecules is shorter than the emission wavelength,

the molecules undergo several collisions during the emission process, changing velo-

city with each collision. This causes an averaging effect over the Doppler states of

the molecule resulting in a narrowing of the line profile [84] and resulting in a Voigt

fit underestimating the data at the line centre and at the wings. In these cases, more

advanced line profiles are used to fit the spectra, the Galatry profile [85] assumes soft

collisions between molecules, whereas the Rautian profile [86] assumes hard colli-

sions. Both Galatry and Rautian profiles contain relaxation coefficients that depend

on velocity changing collisions. Another advanced lineshape model that includes re-

laxation coefficients based on speed dependent effects is the speed-dependent Voigt

profile [87]. All three are commonly used in high pressure spectroscopy to account

for the change in lineshape due to collisional narrowing. At the low pressures used in

the experiments presented in this thesis however, these line profiles are not necessary.
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2.1.1 Doppler broadening

A ubiquitous phenomenon in gas phase absorption spectroscopy is the shift in the

resonant frequency caused by the Doppler effect. The molecules in a gaseous sample

have a distribution of velocities f(v), given by the Maxwell-Boltzmann distribution

f(v) =
(

m

2πkBT

) 3
2

4πv2e
−mv2

2kBT , (2.2)

determined by the particle mass m and the temperature T . A molecule that is mov-

ing in the direction of propagation of the incident radiation ‘sees’ a lower frequency

of radiation than a stationary observer and so absorbs at a higher frequency accord-

ing to that observer and appears blue shifted. Likewise a molecule moving opposite

to the direction of propagation will see a higher frequency and appear red shifted.

To the observer the molecules appear to absorb at the following frequency

ν =
ν0

1± v
c

, (2.3)

where positive velocity corresponds to a red shift and negative velocity to a blue

shift. The intensity of the measured absorption for a particular molecular velocity is

hence proportional to the probability of finding the molecule at that velocity. The

only component of the molecular velocity that adds to the Doppler broadening is

the component along the direction of propagation of the incident radiation which

leads to the following frequency distribution f(ν),

f(ν) =

√

mc2

2πkBTν2
0

e
−

mc2(ν−ν0)2

2kBT ν2
0 . (2.4)

We recognise this as a Gaussian function centred on the resonant frequency ν0, which

has a full width at half maximum of

∆νF W HM = ν0

√

8kBT ln 2

mc2
. (2.5)
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Doppler broadening is inhomogeneous as each molecule adds to the broadening in-

dependently. In nitric oxide as used in this thesis, the Doppler broadening at 300 K

is typically of the order of 125 MHz (0.0042 cm−1).

2.1.2 Lifetime Broadening

Even in the limit of no Doppler broadening an absorption line cannot be infinitely

narrow (ie. a delta function). Heisenberg’s uncertainty principle relates the uncer-

tainty in the energy of a system to its finite lifetime τ ,

∆Eτ ≥ ~. (2.6)

An excited state, populated to a greater extent than in the Boltzmann distribution,

decays at a rate given by

dNi

dt
= −kNi, (2.7)

where Ni is the number of molecules in level i. The lifetime τ is given by the

reciprocal of the rate constant k and leads to a natural linewidth of ∆ν,

∆ν =
1

2πτ
. (2.8)

This natural broadening is homogeneous in nature as every molecule is affected

identically and leads to a Lorentzian line profile given by

I(ν) ∝ 1

π

γ

2

(ν − ν0)
2 +

(

γ

2

)2 , (2.9)

where γ = ∆ν. For the nitric oxide molecule, the lifetime of the excited state is of

the order of 10−1 s, leading to lifetime broadening of order Hz.
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2.1.3 Pressure Broadening

In a gaseous sample molecules are free to move about and collide with one another.

These collisions result in an a loss of coherence between the laser and the transition

dipole which also leads to a broadening of spectral lines. In this case the rate is de-

termined by the collision frequency which is proportional to the pressure. Again the

broadening is homogeneous and produces a Lorentzian lineshape given by equation

(2.9) with a typical half-width (for NO) of 0.06 cm−1atm−1. The collisional processes

may also lead to a small pressure dependent shift in the centre frequency of the ab-

sorption line (typically an order of magnitude less than the broadening). Since the

coherent effects studied in this thesis are quickly damped out by high pressures, the

experiments presented all utilise low gas pressures (generally « 1 Torr) and as such

the pressure shifts and broadening are not a concern.

2.1.4 Transit-Time Broadening

For experiments involving transitions for which the spontaneous lifetimes are long

compared to the interaction time of the molecules with the radiation field, the

Doppler-free linewidth is limited by the interaction time. For a molecule that tra-

verses a laser beam the interaction time T , is determined by the radius r, of the

laser beam, and the mean thermal velocity v of the molecules,

T =
2r

v
. (2.10)

Transit time broadening is inhomogeneous for the same reason that Doppler broad-

ening is, ie. because each molecule has a different velocity and thus a different

contribution to the broadening. For a laser beam that has a Gaussian intensity

profile the resulting transit time broadening also results in a Gaussian profile

I (ω) = I0e
−

(ω−ω0)2r2

2v2 , (2.11)
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which has a full width at half maximum of δω = 2v
r

√
2 ln 2. The transit time

broadening for NO at 300 K through a beam with a radius of 2 mm is 263 kHz

(8.8× 10−6 cm−6).

2.2 Saturation Spectroscopy

A shown by the previous discussion, in a gaseous sample Doppler broadening is by

far the largest contribution to the broadening of the absorption lines at room tem-

perature. For transitions which are close together in frequency space as often found

in cases such as hyperfine splitting, this broadening often means that the individual

transitions cannot be distinguished. One solution which allows the observation of

hyperfine structure is obviously to cool the sample down to the point where the

Doppler broadening is less than the splitting but another, often far more practical

solution, is to use saturation spectroscopy.

2.2.1 Saturation of an Absorption Line

The Beer-Lambert law (2.1) applies under conditions of low incident radiation power

such that the populations of the energy levels are essentially unchanged and the ab-

sorbed power is linearly proportional to the incident power. With laser sources how-

ever it is possible to achieve radiation intensities at which the population difference

is no longer independent of the intensity. In these cases significant deviations from

the Beer-Lambert law are observed and the absorption is said to become non-linear.

The absorbed power dP is related to the population difference ∆N = N2 − N1

between the two levels within the volume Adz by

dP = AdzIσ∆N, (2.12)

where I is the incident laser intensity and σ is the absorption cross section. Taking

into account the rates of induced absorption and emission and the rates of decay

of the two states in an open system (one in which the states under investigation
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may lose energy to levels that are not pumped by the incident radiation) gives the

following expression for the population difference [88]

∆N =
∆N0

1 + S
, (2.13)

in which ∆N0 is the population difference in the absence of the radiation field and

S is known as the saturation parameter which is given by

S =
2B12ρ (ω12)

R1 +R2

. (2.14)

Here the optical density is denoted by ρ (ω12) and the product with the Einstein

coefficient B12 gives the absorption rate. R1 and R2 represent the total relaxation

rates of the two states which include spontaneous emission. Physically then, the

saturation parameter represents the ratio of the pumping rate to the relaxation

rate. In the case of an upper state which relaxes only by spontaneous emission we

have R1 = 0 and R2 = A12 where A12 is the Einstein coefficient for spontaneous

emission. For a monochromatic radiation source of intensity I(ω), the saturation

parameter may now be written as

S =
2σ12I (ω)

~ωA12

. (2.15)

As mentioned previously the transitions are subject to broadening and so the sat-

uration parameter has a frequency dependence which has a Lorentzian distribution

given by

Sω = S0

γ

2
2

(ω − ω0)
2 +

(

γ

2

)2 . (2.16)

Here S0 is the saturation parameter on resonance S (ω = ω0) and γ is the relaxation

rate of the system. Having introduced the idea that the measured absorption may be

decreased in the presence of a strong saturating field, we now introduce the concept

of hole burning.
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2.2.2 Hole Burning

A monochromatic wave that passes through a Doppler broadened gaseous sample

is absorbed by molecules with velocity components such that the Doppler shifted

frequency of the radiation in the molecular reference frame falls within the homo-

geneously broadened linewidth of the molecule. The absorption cross section for

molecules with velocity component vz in the direction of propagation of the radi-

ation and wavevector k = kz is

σ12 (ω, vz) = σ0

(

γ

2

)2

(ω − ω0 − kvz)2 +
(

γ
2

)2 , (2.17)

where the cross section at the line centre is given by σ0.

Saturation causes the population in the lower state to be depleted in the velo-

city interval dvz = γ

k
and the population in the upper state to be correspondingly

increased. The population densities N1 and N2 of the lower and excited states are

given by

N1 (ω, vz) = N1,0 (vz)− ∆N0

γ1τ







S0

(

γ
2

)2

(ω − ω0 − kvz)2 +
(

γs

2

)2





 , (2.18a)

N2 (ω, vz) = N2,0 (vz) +
∆N0

γ2τ







S0

(

γ

2

)2

(ω − ω0 − kvz)2 +
(

γs

2

)2





 , (2.18b)

and illustrated in figure 2.1, where γ = γ1 + γ2 is the sum of the homogeneous

linewidths of the two states and represents the homogeneous linewidth of the trans-

ition. The saturated linewidth is γs = γ
√

1 + S0 and the longitudinal relaxation

time τ is given by

τ =
1

γ1

+
1

γ2

. (2.19)

The population difference with a saturating electric field is now given by

∆N (ω, vz) = N0 (vz)





1−
S0

(

γ

2

)2

(ω − ω0 − kvz)2 +
(

γs

2

)2





 . (2.20)
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Figure 2.1: The Bennett hole burnt into the population of the initial state N1,
and the simultaneous increase in the population N2 of the excited state for a pump
laser emitting radiation at the frequency ω = ω0 + kvz.

This represents the underlying Gaussian velocity distribution ∆N(vz) but with a

velocity selective minimum at vz = (ω − ω0)/k which is known as a Bennett hole.

The width of the Bennett hole is the saturated linewidth γs and the depth of the

hole at the line centre (ω = ω0 + kvz) is given by

∆N0 (vz)−∆N (vz) = ∆N0 (vz)
S0

1 + S0

. (2.21)

Tuning the laser through the Doppler profile of an absorption feature will not

allow one to view a Bennett hole since holes will be burnt into successive velocity

groups such that the observed profile simply shows a reduced absorption compared

with a non-saturating field. The absorption coefficient in this case is decreased by

the factor
√

1 + S0 giving

α (ω) =
α0 (ω)√
1 + S0

, (2.22)

where α0 is the unsaturated absorption coefficient. It is clear from equations (2.15)

and (2.22) that as the radiation intensity increases, so the absorption coefficient
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Figure 2.2: The effect of increasing the saturation parameter S0 by increasing the
laser intensity, is to decrease the absorption coefficient α(ω).

decreases as demonstrated in figure 2.2. The more population that is pumped into

the excited state, the less radiation power that is absorbed and hence the smaller

the absorption becomes. In the extreme case where the populations in the lower and

excited states are equal, then ∆N = 0 and the sample becomes optically transparent

to the pumping frequency [89].

2.2.3 Lamb Dip Spectroscopy

While it is not possible to observe a Bennett hole using a single laser beam, it is

possible if two beams are used. In this case the saturating beam burns a hole in the

velocity group at frequency ωs = ω0 + kvz and then a weak probe beam is tuned

across the Doppler profile of the absorption feature. The weak probe observes an

unsaturated absorption profile for all frequencies except the saturated group, where

a dip in the absorption is seen. The absorption coefficient then becomes

αs = α0 (ω)





1− S0√
1 + S0

(

γ
2

)2

(ω − ωs)
2 +

(

Γs

2

)2





 , (2.23)
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where Γs = γ + γs = γ
(

1 +
√

1 + S0

)

is the halfwidth of the absorption dip which

is centred at ω = ωs.

The saturating ‘pump’ beam and the weak ‘probe’ beam may be generated by

separate lasers, but a special case exists where a single laser beam is passed through

the sample and then retroreflected, forming both pump and probe beam functions

simultaneously. In this case the pump and probe beams are tuned simultaneously

but as they propagate through the gas in opposite directions they interact with

mirror image velocity subsets ±vz within the Doppler profile. The only time that

the two beams interact with the same velocity subset is at vz = 0, i.e. at the

line centre. The Bennett hole observed in this case is known as a Lamb dip. [90]

For a strong pump field the absorption coefficient of a weak probe can be written

(neglecting coherence effects) as [91]

α (ω) = α0 (ω)

[

1−
(

1− 1√
1 + S0

)

Γ2

Γ2 + (ω − ω0)
2

]

. (2.24)

Equation 2.24 however, does not take account of the finite laser linewidth and so does

not quite give the observed spectrum. The actual lineshape observed is the convolu-

tion of equation (2.24) with a function representing the laser linewidth. Mukherjee

et al. give an analytical approximation to the convolution integral of the form [62]

α(ω) = αp



e
−

(

ω−ω0
∆D

)2

−
√
π Γ

∆l

(

1− 1√
1 + S0

)

e
−

(

ω−ω0
∆l

)2


 , (2.25)

where αp is the maximum absorbance at the line centre, ∆D is the Doppler width

and ∆l is the laser linewidth. This form assumes that the laser linewidth is greater

than the homogeneous broadening of the transition and that the inhomogeneous

Doppler broadening is also far greater than the homogeneous broadening such that

the Doppler background is accurately approximated by the Gaussian function that

is the first term in the square brackets. The Lamb dip technique may therefore be

used to measure the linewidth of a laser where this linewidth is greater than the

homogeneous broadening.
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With Lamb dip spectroscopy the spectral resolution is limited only by the velocity

selected linewidth of the Lamb dip rather than the much larger Doppler width. This

allows the resolution of spectral features which are too close in transition energies to

be resolved in the presence of Doppler broadening. For the investigation of coherent

effects lamb dip spectroscopy also greatly increases the decoherence time as the

velocity selected sample results in less averaging of the polarisation states than a

Boltzmann distribution of velocities. This effect will be discussed further in chapter

3.

2.2.4 Polarisation Spectroscopy

Saturation or Lamb dip spectroscopy measures the change in the absorption caused

by a saturating pump beam which significantly depletes the population in the ab-

sorbing energy level. Another way to remove the effects of Doppler broadening

is to look instead at the change in the refractive index of the medium caused by

optical pumping which alters the polarisation state. This is the principle behind

polarisation spectroscopy (PS) which was first reported by Wieman and Hänsch in

1976 [92].

In polarisation spectroscopy the laser is split into a high power pump beam

and a weak probe beam. The probe beam passes through a linear polariser before

entering the sample cell. On exiting the sample cell the probe beam then passes

through another polariser which is crossed with respect to the first. An unpumped

gas sample contains an isotropic distribution of angular momenta so it has the

same refractive index in all directions and the polarisation of the probe beam is

unaffected by passing through the sample. A detector placed behind the second

polariser thus sees only a very small signal determined by the finite extinction ratio

of the polarisers, the birefringence of the optics in the beam path (including the cell

windows) and spurious reflections.

In PS the pump beam is usually passed through a λ/4 plate to produce circularly

polarised light before propagating through the sample cell in the opposite direction
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to, and overlapping the probe beam. When tuned to a molecular transition the se-

lection rules associated with the magnetic quantum number M are ∆M = +1 for σ+

polarised light and ∆M = −1 for σ− polarised light. The magnetic quantum number

spans values from −J to J , where J is the total angular momentum quantum num-

ber. For rovibrational transitions that involve a change in total angular momentum

(∆J = ±1) it can be seen that a saturating pump beam that excites an appreciable

population will produce an unequal distribution of population in the excited M sub-

levels. For example, for an R branch transition with ∆J = +1, magnetic sublevels in

the excited state corresponding to M = −J are not populated and for a P transition

with ∆J = −1, magnetic sublevels in the excited state corresponding to M = +J

are not populated. This unequal population leads to an anisotropic distribution of

the angular momentum vectors which in turn makes the gas birefringent.

The pump induced birefringence causes the linearly polarised probe beam to have

its electric field vector rotated during its interaction with the sample gas, allowing

some of the light to pass through the crossed analysis polariser onto the detector.

The counter-propagating setup results in the polarisation signal being observed only

at the line centre since as in Lamb dip spectroscopy, only at the line centre is the

same velocity subset pumped and probed simultaneously. Furthermore, since it is

only at the line centre that the probe beam sees an anisotropic distribution of the

angular momentum vectors, the Doppler profile is cut out as the probe beam is not

rotated and is thus blocked by the analysis polariser, ie. the lineshape is Doppler

free.

The linearly polarised probe beam may be thought of as having both σ+ and

σ− circularly polarised components and these two components experience different

absorptions as they pass through the anisotropically pumped gas resulting in a

rotation of the polarisation. The most general expression for the intensity I, of light

transmitted to the detector after passing through a path length L is given by

I = 2I0e
−ᾱL |sin θ cosφ+ cos θ sinφ|2 , (2.26)
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where ᾱ = α++α−

2
is the average absorption coefficient seen by the σ+ and σ−

components of the probe [88]. The uncrossing angle between the two polarisers

is given by θ and takes values from 0 when the polarisers are fully crossed to 90◦

when they are aligned on the same axis. The term outside the modulus (2I0e
−ᾱL)

represents the Doppler background absorption. The complex phase factor φ is given

by

φ =
1

2











∆α0L
γs

2
(ω − ω0)

(

γs

2

)2
+ (ω − ω0)

2
+ ∆br





+ i







∆α0L

2

(

γs

2

)2

(

γs

2

)2
+ (ω − ω0)

2
+ ∆bi











 .

(2.27)

Here the first term represents the optical birefringence ∆n = n+ − n−, being the

difference in the refractive index seen by the σ+ and σ− polarised components of

the probe beam. The second term represents the circular dichroism ∆α = α+−α−,

being the difference in absorption coefficient experienced by the two polarisation

components of the probe. The values ∆br and ∆bi account for the birefringence and

circular dichroism of the cell windows respectively. The first term has a Lorentzian

dispersive dependence on the laser frequency, whereas the second has an absorptive

dependence. For θ = 0 the dispersion term vanishes and the only signal is from the

remaining Lorentzian term.

Combining equations (2.26) and (2.27) gives the expected signal at the detector

for all uncrossing angles. As an example, the polarisation spectrum for the R(13.5) 1
2

e

transition in NO has been simulated in figure 2.3 in which the background absorp-

tions have been normalised to emphasise the lineshape changes. At small angles the

dispersive term rises with a sin (2θ) dependence and has its maximum at θ = 45◦,

however the background term rises with sin2 θ and dominates the dispersion signal

except at small angles. Therefore the usual experimental setup involves finding a

small uncrossing angle for which the dispersion signal is maximised while keeping

the background small. Due to the vastly reduced background level afforded by the

(nearly) crossed polarisers, the signal to noise ratio of polarisation spectroscopy is

expected to be much better than that for standard saturation spectroscopy [93].
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Figure 2.3: Simulations of the polarisation signal expected for various analysis
polariser angles θ, on the R(13.5) 1

2
transition in NO. The signal amplitudes have

been normalised and offset in order to clarify the lineshapes.

2.3 Two Level Density Matrix

We now move on to describe the density matrix formalism used to describe the

processes that happen when light interacts with a two level system. The density

matrix formalism is useful because it is easy to deal with resonance compared with

perturbation theory, it provides a simple way to incorporate damping mechanisms

and it allows us to deal with mixed rather than pure states [94].

|1〉

~ω21

|2〉

Figure 2.4: A two-level system excited by a resonant photon of energy ~ω21.

An ensemble of particles which may individually occupy pure states |ψi〉 with

probability amplitudes pi, and with
∑

i pi = 1, together will form a mixed state
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which cannot be described by a single wavefunction. In this case there exists the

density operator ρ̂, describing the statistical ensemble

ρ̂ =
∑

i

pi |ψi〉 〈ψi| . (2.28)

The outer product, |ψ〉 〈ψ| is a linear operator that maps one state onto another.

By expressing the system in terms of a basis |m〉 the density matrix elements are

then given by

ρmn =
∑

i

pi 〈m |ψi〉 〈ψi |n〉 . (2.29)

For our two level system, this has the form of

ρ =









ρ11 ρ12

ρ21 ρ22









. (2.30)

The diagonal elements ρmm of the density matrix represent the probabilities of find-

ing the system in state |m〉 and have the property

ρ11 + ρ22 = 1, (2.31)

ie. the trace of the density matrix is equal to 1. The off-diagonal elements represent

the coherence between the two levels of the system. If the system occupies a pure

state which may be written as a linear superposition of the basis states

|ψ〉 = c1 |1〉+ c2 |2〉 , (2.32)

then the resulting density matrix is given by the products of the basis state prob-

ability amplitudes, c1 and c2









ρ11 ρ12

ρ21 ρ22









=









c1c
∗
1 c1c

∗
2

c2c
∗
1 c2c

∗
2









. (2.33)

In this situation the coherences are non-zero, however if the system is in a mixed
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state then the coherence terms are zero.

2.3.1 The Liouville or von Neumann Equation

The time evolution of an atomic or molecular wavefunction Ψ, is given by the time

dependent Schrödinger equation

i~
∂

∂t
|Ψ, t〉 = Ĥ |Ψ, t〉 . (2.34)

To derive the time evolution of the density matrix we start by differentiating the

form given in equation 2.28 assuming time independent probability amplitudes

∂

∂t
ρ =

∑

i

pi

(

|ψi〉
∂ 〈ψi|
∂t

+
∂ |ψi〉
∂t
〈ψi|

)

. (2.35)

We identify

∂ |ψi〉
∂t

= − i
~
H |ψi〉 (2.36)

and

∂ 〈ψi|
∂t

=
i

~
〈ψi|H. (2.37)

Substituting equations (2.36) and (2.37) into (2.35) we arrive at the Liouville-von

Neumann equation

ρ̇ = − i
~

[H, ρ] . (2.38)

The square brackets denote a commutator which for any two arbitrary operators Â

and B̂ is defined as
[

Â, B̂
]

= ÂB̂ − B̂Â.

2.3.2 Hamiltonian with external field

The Hamiltonian for an atom or molecule interacting with light is given by the

sum of the bare state Hamiltonian, Ĥ0 and the potential due to the electric field

interaction V̂ ,

Ĥ(t) = Ĥ0 + V̂ (t). (2.39)
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The bare state Hamiltonian acts on the orthonormal basis states of the system

to return the energies of the basis states as per the time-independent Schrödinger

equation and is a diagonal matrix containing the energies of the orthonormal basis

states:

Ĥ0 =









ǫ1 0

0 ǫ2









. (2.40)

We can subtract the lowest energy state from equation 2.40 to give the bare state

Hamiltonian in terms of the energy differences or transition energies of the system

Ĥ0 =









0 0

0 ǫ2 − ǫ0









= ~









0 0

0 ω21









, (2.41)

where the transition energy ǫ2 − ǫ1 is given by the Bohr frequency ∆E = ~ω.

Within the dipole approximation, which assumes that the electric field amplitude is

essentially unchanging over the length of the atom or molecule, the electric field is

written as

~E = E0

(

e−iωt + eiωt
)

. (2.42)

The electric field interaction term is given by the dot product of the electric dipole

of the atom or molecule with the electric field of the incident light

V̂ = −~µ · ~E, (2.43)

where the transition dipole moment is a function of position multiplied by charge

µ̂ = −qx̂ (2.44)

with the elements of its matrix representation (in 1 dimension) given by

µij = −q 〈i | x̂ | j〉 . (2.45)
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The position operator is linear with odd parity and may be written as the sum of

outer products of the orthonormal basis states

x̂ = |1〉 〈2|+ |2〉 〈1| . (2.46)

The odd parity of x̂ means that the diagonal matrix elements equal zero (due to

symmetry) and so the transition dipole matrix is simply given by

µ̂ = µ12 |1〉 〈2|+ µ21 |2〉 〈1| . (2.47)

Examining the components of equation (2.47), we see that the operator |1〉 〈2| maps

state |2〉 onto |1〉 and so we refer to it as the annihilation operator. Likewise the

operator |2〉 〈1| is the creation operator which maps state |1〉 onto |2〉. Combining

equation (2.47) with (2.43) and (2.42) gives

V̂ = −µ12 |1〉 〈2|E0

(

e−iωt + eiωt
)

− µ21 |2〉 〈1|E0

(

e−iωt + eiωt
)

. (2.48)

2.3.3 Rotating Wave Approximation

Let us make a unitary transform to put the system into the interaction picture, in

which the bare state Hamiltonian is zero. This transform is given by equation 2.49

U = e
iH0t

~ =









1 0

0 eiω21t









. (2.49)

This can be thought of as transforming to a reference frame that rotates at the

transition frequency. Applying the same transform to the interaction term, equation

(2.48), gives

V̂I = UV̂ U † =− µ12E0 |1〉 〈2|
(

e−i(ω+ω21)t + ei(ω−ω21)t
)

− µ21E0 |2〉 〈1|
(

e−i(ω−ω21)t + ei(ω+ω21)t
)

.
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Near resonance, (ω − ω21) ≪ (ω + ω21) and the latter terms are considered to be

rapidly oscillating, such that they average to zero over the shortest timescale of

the system. We therefore make what is known as the rotating wave approximation

by ignoring these rapidly oscillating terms. By making this approximation and

transforming back into the Schrödinger picture we arrive at the following form of

the interaction potential under the rotating wave approximation

V̂ = −~Ω∗ |1〉 〈2| eiωt − ~Ω |2〉 〈1| e−iωt, (2.50)

where Ω = µ21E0

~
is known as the Rabi frequency [64]. The rotating wave approx-

imation is valid near resonance and in the weak interaction limit, where the Rabi

frequency is much smaller than the transition frequency. The full Hamiltonian is

now

ĤRWA = ~









0 −Ωe−iωt

−Ω∗eiωt ω21









. (2.51)

We are able to remove all time-dependence from the Hamiltonian by making an-

other transformation into a frame that rotates at the optical frequency ω. The

transformation is given by

Û = eiĤ1t =









1 0

0 eiωt









, (2.52)

and yields the time-independent form of the Hamiltonian given by

Ĥ
′

RWA = Û
(

Ĥ − Ĥ1

)

Û † = −~









0 Ω

Ω∗ ∆









, (2.53)

where ∆ is the detuning given by ω − ω21. Clearly, the application of the rotating

wave approximation greatly simplifies the form of the Hamiltonian, making it a

time-independent function of the detuning and the Rabi frequency.
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2.3.4 Optical Bloch equations

We are now in a position to find expressions for the time evolution of the density

matrix elements by placing equation (2.30) and the Hamiltonian into the Liouville

equation (2.38). Using the form of the Hamiltonian given by (2.53) gives

ρ̇11 = i (Ωρ21 − Ω∗ρ12) (2.54a)

ρ̇22 = i (Ω∗ρ12 − Ωρ21) (2.54b)

ρ̇12 = iΩ (ρ22 − ρ11)− i∆ρ12 (2.54c)

and constitutes one form of the optical Bloch equations, otherwise known as the

Maxwell Bloch equations [82,95,96]. These were first derived for a spin 1
2

system in

NMR and later adapted to the optical regime [97,98].

Making a change of variables to describe the system in terms of the real part

of the coherence U , the imaginary part of the coherence V , and the population

inversion W , allows a more insightful form of the equations which we can use to

visualise the processes occurring. The transformation is given by

U = ρ21 + ρ12, (2.55a)

V = i (ρ21 − ρ12) , (2.55b)

W = ρ22 − ρ11, (2.55c)

and yields the following equations of motion

U̇ = ∆V, (2.56a)

V̇ = 2ΩW −∆U, (2.56b)

Ẇ = −2ΩV. (2.56c)
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~V

~W

~U

~T

~S

Figure 2.5: A schematic figure illustrating the Bloch sphere in the case of zero
detuning. The pseudo-spin vector ~S precesses about the torque vector ~T and traces
out a circle on the surface of the Bloch sphere in the V , W plane.

We see that the population inversion changes only due to the imaginary part of the

coherence, V . Since this is associated with an energy change we therefore associate

V with the absorptive part of the dipole moment and U with the dispersive part [99].

Let us define a vector ~S = U(t)x̂+V (t)ŷ+W (t)ẑ, which is called the ‘pseudo-spin

vector’ due to the analogy with the spin-1
2

system seen in NMR. If we also define a

‘torque vector’, ~T = −Ωx̂−∆ẑ, then we see that the equations of motion are given

by the cross product

Ṡ = ~T × ~S. (2.57)

The variables U , V , and W obey the conservation law U2 + V 2 + W 2 = 1. This

can be seen by noting that the time derivative of U2 + V 2 + W 2 = 1 vanishes,

and that in the absence of the driving field, with the system in its ground state

W = −1 and U = V = 0 [100]. Thus we can visualise the solutions of equation
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Figure 2.6: The time evolution of the population inversion W , and the absorptive
part of the coherence V , for a two level system pumped at the resonant frequency.
The population is seen to oscillate between the ground and excited states giving
complete population inversion at certain times (Ωt = (2n+ 1)π).

(2.57) occupying the surface of a sphere. The vector ~S precesses about ~T with an

angular frequency equal to the magnitude of ~T . In the case of zero detuning (∆ = 0)

this frequency is equal to the Rabi frequency Ω and we see that ~S traces out a circle

on the surface of the Bloch sphere which lies in the V,W plane as shown in figure

2.5. This corresponds to the system population cycling between the ground and

excited states and is known as Rabi cycling. The solution of equation (2.57) in the

case of zero detuning is

U = 0, V = − sin Ωt, W = − cos Ωt, (2.58)

solutions which are shown in figure 2.6. It may be noticed from figure 2.6 that the

application of on-resonance radiation for a length of time corresponding to π
Ω

will

give complete population inversion. This is known as a π pulse. Similarly a π
2

pulse

being a pulse with length π
2Ω

results in an equal population in each of the two states.

In the case of non-zero detuning the solution for a system which starts in its

ground state is given by Allen and Eberly as, [99]

W = −∆2 + Ω2 cos
√

∆2 + Ω2t

∆2 + Ω2
. (2.59)

The oscillations now happen at the generalised Rabi frequency Ω′ =
√

∆2 + Ω2 and
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Figure 2.7: The time evolution of the population inversion W for various detunings
∆. As the detuning increases the oscillation frequency increases but the population
transferred into the excited state decreases.

the population can no longer be fully inverted. The maximum population transferred

into the upper state is limited by the detuning, with greater detunings resulting in

smaller population transfer as shown in figure 2.7.

2.3.5 Decay processes

Until now we have considered the equations of motion in the absence of damping

mechanisms. Clearly, in order to model real systems we must take account of the

mechanisms by which those systems decay. The upper state is assumed to decay

spontaneously back to the lower state with a lifetime given by T1 such that all

population will return to the ground state in the absence of an electromagnetic

field. The dipole oscillations must also damp out once the field is turned off and do

so with the lifetime T2. This dephasing time is governed by incoherent interactions

such as collisions. We now introduce these lifetimes as phenomenological decay

constants into the density matrix equation of motion (2.38),

ρ̇ = − i
~

[

Ĥ, ρ
]

− (Γρ̂) , (2.60)
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where the matrix (Γρ̂) gives the decay constants, [101]

Γ̂ρ =









−ρ11

T1

ρ12

T2

ρ21

T2

ρ22

T1









. (2.61)

The equations of motion given in (2.54c) are thus modified to give

ρ̇11 = i (Ωρ21 − Ω∗ρ12) +
ρ11

T1

, (2.62a)

ρ̇22 = i (Ω∗ρ12 − Ωρ21)−
ρ22

T1

, (2.62b)

ρ̇12 = iΩ (ρ22 − ρ11)− i∆ρ12 −
ρ12

T2

, (2.62c)

and the alternative vector forms of the Bloch equations given by (2.56) become,

U̇ = ∆V − U

T2

, (2.63a)

V̇ = 2ΩW −∆U − V

T2

, (2.63b)

Ẇ = −2ΩV − (W + 1)

T1

. (2.63c)

2.3.6 Steady state solutions

In the limit where the relaxation is fast compared to the rate of change of the applied

radiation frequency then a steady state is reached. By setting the time derivatives,

equations (2.63) to zero and solving the resulting simultaneous equations we find

the steady state solutions to the optical Bloch equations [99]

U(∞,∆) =
2∆ΩT 2

2

1 + ∆2T 2
2 + 4T1T2Ω2

, (2.64a)

V (∞,∆) = − 2ΩT2

1 + ∆2T 2
2 + 4T1T2Ω2

, (2.64b)
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Figure 2.8: The steady state solutions to the optical Bloch equations as a function
of detuning show the behaviour expected of an absorptive transition in the weak field
limit. U gives a dispersive line shape with both V and W returning a Lorentzian
absorptive line shape.

W (∞,∆) = − 1 + ∆2T 2
2

1 + ∆2T 2
2 + 4T1T2Ω2

. (2.64c)

These return the expected behaviour for linear absorption in the weak field limit

when Ω2T1T2 ≪ 1 with V and W returning Lorentzian lineshapes and U giving a

dispersion type line shape as plotted in figure 2.8. It is notable from these solutions

that in the steady state regime the inversion W , is always close to −1, ie. little

population transfer occurs.
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2.3.7 Optical Nutation and Free Induction Decay

We now consider the effect that Rabi cycling of the populations in the two states has

on the driving field. As the population oscillates between the lower state, a coherent

superposition state, the excited state and back down again, there is a resultant effect

on the electric field which leads to amplitude modulation of the light. Initially as

the inversion increases from −1 the light amplitude is decreased, corresponding to

absorption. As the inversion reaches zero the gas becomes optically transparent

and there is no change in amplitude from that entering the sample. Then as the

population inversion increases further there is amplification of the light emitted. The

amplitude modulation follows the oscillations in population and is termed optical

nutation. The oscillations do not continue indefinitely but are damped out by the

relaxation processes that give rise to the time constants T1 and T2 [102,103].

If the molecules are exposed to a Stark field, which causes the resonance fre-

quency to shift such that the pumped molecules are no longer close to resonance

then the pumped molecules radiate at the sum of the optical frequency and the

frequency of the Stark shift. The observed signal caused by this effect oscillates

at a beat frequency equal to the Stark shift frequency, i.e. the difference between

the laser and molecular radiation frequencies. This can be thought of as the in-

teraction between a group of oscillating dipoles and the electric field of the laser

beam which causes both constructive and destructive interference and so produces

amplitude modulation of the detected signal. The oscillations decay due to the

dephasing of the freely precessing dipoles which can take place on a much shorter

time scale than population decay. This process is known as free induction decay or

rapid passage [104]. With the advent of highly tunable lasers, the detuning from

molecular resonance may be achieved simply by tuning the laser frequency. QCLs

operating in both pulsed and continuous modes allow fast frequency tuning allow-

ing rapid passage signals to be observed as in the seminal work of Duxbury et.

al. [76, 105–107].
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2.4 Density Matrix of a Three-Level System

For experiments involving three levels coupled by two monochromatic laser fields the

density matrix formalism may be extended to reveal interesting new effects. Several

types of three-level system exist: a Λ shaped system, a V shaped system and a

ladder state system. These are shown in figure 2.9. For this thesis only the ladder

a)

|0〉

|1〉

|2〉

b)

|0〉

|1〉

|2〉

c)

|0〉

|1〉

|2〉

Figure 2.9: The three schemes by which three levels are coupled by two photons.
a) A ladder state system, b) a Λ type system and c) a V shaped system. For this
thesis only the ladder state system will be discussed in detail.

type system will be discussed. The ladder state system is an extension of the two

level system studied previously in this chapter. Essentially it is two such systems

added together, sharing a common state as the middle ‘rung’ of the ladder. The

density matrix is now a 3 × 3 matrix of the same form as equation (2.30) and the

time evolution is still given by equation (2.60).

The elements of the Hamiltonian for the three level system are derived in the

same way as for the two level system including the rotating wave approximation.

It is essentially the Hamiltonians of the two 2−level systems placed into one 3 × 3

matrix; the overlap terms between the initial and final states Ĥ02 = Ĥ20 are zero as

they are linked only via the intermediate state. The Hamiltonian for the three level
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ladder system is therefore given in the rotating wave approximation by

Ĥ = −~

















0 Ω01 0

Ω10 ∆01 Ω12

0 Ω21 ∆01 + ∆12

















, (2.65)

where Ω01 is referred to as the pump Rabi frequency and Ω12 as the Stokes Rabi

frequency. The detunings ∆ are likewise referred to as the pump detuning (∆01) and

the Stokes detuning (∆12) with the sum of the two being known as the two-photon

detuning. The time evolution of the system is described by the following set of

differential equations:

ρ̇00 =
iΩ01

2
(ρ01 − ρ10) , (2.66a)

ρ̇11 =
iΩ01

2
(ρ10 − ρ01) +

iΩ12

2
(ρ12 − ρ21) , (2.66b)

ρ̇22 =
iΩ12

2
(ρ21 − ρ12) , (2.66c)

ρ̇01 = −i (∆01 − iγ01) ρ01 + iΩ01 (11 − ρ00)− iρ02Ω21, (2.66d)

ρ̇12 = −i (∆12 − iγ12) ρ12 + iΩ12 (22 − ρ11) + iρ02Ω10, (2.66e)

ρ̇02 = −i (∆01 + ∆12 − iγ02) ρ02 + iΩ01ρ12 − iρ01Ω12, (2.66f)

where the decoherence terms between levels are given by γmn and the population

decay terms γmm are ignored since the states have long lifetimes compared to the de-

coherence lifetimes. These equations will be used in chapter 4 to model the observed

spectra in velocity selective pump-probe spectroscopy experiments and in chapter 5

to model the theoretical population transfer afforded by STIRAP (described in the

next section) in a system limited by the measured properties of our lasers.

2.4.1 STIRAP

One particularly interesting technique based on the three level system is a method of

producing near complete population transfer from the initial state |0〉, to the second
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excited state |2〉 called STImulated Raman Adiabatic Passage (STIRAP). Incoher-

ent excitation can only produce 50% population transfer between two states and

successively pumping the |1〉 ← |0〉 transition incoherently and then the |2〉 ← |1〉

transition can only transfer 25% population into the second excited state. Applic-

ation of two π pulses, first to the |1〉 ← |0〉 transition and then to the |2〉 ← |1〉

transition could produce 100% population transfer [108] but this method is not

robust as it requires very careful timing and is vulnerable to decay processes, partic-

ularly in the intermediate state [109]. STIRAP is a more robust population transfer

method and is explained below.

The eigenstates of the time dependent Hamiltonian (2.65) are linear combinations

of the bare states given by (in the case of two photon resonance)

∣

∣

∣a+
〉

= sin θ sinφ |0〉+ cosφ |1〉+ cos θ sinφ |2〉 , (2.67a)
∣

∣

∣a0
〉

= cos θ |0〉 − sin θ |2〉 , (2.67b)
∣

∣

∣a−
〉

= sin θ cosφ |0〉 − sin θ |1〉+ cos θ cosφ |2〉 . (2.67c)

The mixing angle θ is given by

tan θ =
Ω01

Ω12

, (2.68)

where the Rabi frequencies and therefore the mixing angle are time varying func-

tions. The second mixing angle φ is given by [110]

tanφ =

√

Ω2
01 + Ω2

12
√

Ω2
01 + Ω2

12 + ∆2
01 + ∆01

, (2.69)

although for the remainder of the discussion it is not necessary.

It can be seen that equation (2.67b) is a combination only of the initial and

final states with no contribution from the intermediate state. We also see that

manipulation of the mixing angle θ from 0 to π/2 causes |a0〉 to initially align with

state |0〉 (θ = 0) and end aligned with state |2〉 (θ = π/2). In fact, if the system is
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prepared such that at time t = 0 the mixing angle is θ = 0 then only the so called

dark state |a0〉 is populated. If the mixing angle θ evolves adiabatically over time

then the population is trapped in |a0〉 and no population will be transferred into

state |1〉 [73, 111].

Examination of equation (2.68) shows that in order to satisfy our condition

θ (t = 0) = 0 we require that the pump laser be turned off and the Stokes laser be

turned on. Similarly to satisfy θ (t = end) = π/2 we require that the pump laser be

turned on and the Stokes laser turned off. This leads to a counter-intuitive sequence

of laser pulses in which the laser which is tuned to the |2〉 ← |1〉 transition is pulsed

before the pump pulse. The two pulses must overlap in time and the mixing angle

should evolve adiabatically by ensuring that the product of the interaction time

and the Rabi frequency is large enough. The adiabatic following condition is given

as [112]

Ωτ ≫ 1, (2.70)

where τ is the interaction time i.e the length of the laser pulse. Ensuring that the

adiabatic following condition is met with a counter-intuitive pulse sequence, it is

possible to transfer 100% of the population in |0〉 into |2〉.

The theoretical framework presented during this chapter will now be used to

support the experimental work carried out throughout the rest of this thesis. In

the next chapter, a DFB-QCL will be characterised and used to perform saturation

spectroscopy on nitric oxide. The laser linewidth will be measured by Lamb-dip

spectroscopy and the narrow linewidth will be shown to lead to velocity selection

that in turn leads to asymmetry and eventually rapid passage when combined with

increasing frequency chirp rates. In chapter 4 a second laser will be introduced in

order to perform pump-probe spectroscopy and in this case tt will be necessary to

utilise the three-level density matrix to correctly model the observed spectra. In

chapter 5 the three-level density matrix equations (2.66)will again be used to model

the expected behaviour of a real STIRAP system using the data gathered about our

laser systems presented throughout the previous chapters.



Chapter 3

Coherent Transient Spectroscopy

Using a Single CW DFB QCL

The work in this thesis involved the use of two different quantum cascade lasers.

One, a commercial external cavity laser (Daylight Solutions) that has been described

in detail before [15], and the other a distributed feedback (DFB) laser specifically

purchased for this project. This chapter details the characterisation of this DFB

laser and subsequent absorption spectroscopy experiments, using both direct and

sub-Doppler techniques. Initially the high power of the laser is used to demonstrate

power saturation of an absorption line in nitric oxide. Next, Lamb dip spectroscopy

is used to measure the linewidth of the DFB laser and further investigations using

the same experimental setup show the evolution of rapid passage effects.

3.1 Characterisation of a DFB QCL

3.1.1 Mounting the DFB QCL

The DFB QCL used in this thesis was purchased from Maxion Technologies, inc

(device number DQ5-M575AH-NS) and was specified to emit at around 5.3 µm in

single mode cw operation and at powers in excess of 150 mW. The laser was moun-

ted in a custom designed mount (shown in figure 3.1) for use with custom driving

47
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electronics to enable a large degree of control over both the temperature and the

supplied current and thereby provide flexible operation. The mount consists of a

copper heatsink onto which the laser is mounted using two screws. A piece of 0.1 mm

thick indium foil was placed between the base of the QCL and the copper heatsink

as the design made it difficult to polish the mounting platform to achieve a smooth

finish. The indium therefore acts as a thermal interface material, filling in any air

gaps left by the unpolished surface. Indium is chosen both for its very high thermal

conductivity and for its softness, allowing it to mould into any gaps. The copper

heatsink is mounted to a two-stage, water cooled peltier thermoelectric cooler (TEC,

RS Components Ltd. part number 490-1452) which actively controls the laser chip

temperature through in-house designed and built control electronics. Two spring

loaded pins contact the laser anode and cathode to supply current to the chip and

the whole is mounted inside a sealed body which is evacuated by means of a small

vacuum pump (KNF N84.3ANE-K). The laser chip is mounted such that the output

facet is as close as possible to the BaF2 output window and the laser and peltier

currents are supplied through a sub-D connector hermetically sealed to the top of

the mount.

3.1.2 Laser Output Characteristics

To check that the laser was mounted correctly and that the chip was functioning

as expected the voltage drop across the laser was measured as the current I, was

increased. It is expected that initially the measured voltage increases rapidly before

becoming a linear function of I. The current was supplied to the laser using a cus-

tom made low noise current controller, with the temperature being held constant

by a custom built driver. The resulting curve shown in figure 3.2 shows that the

chip responds as expected, with the potential increasing rapidly to begin with before

becoming linear at approximately 200 mA. The laser does not start to emit radi-

ation until the supplied current reaches the threshold current Ith, which lies within

the region of linear voltage increase. The maximum current recommended by the
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Figure 3.1: A diagram of the mount into which the DFB QCL chip was fixed. The
mount was designed and built in-house to allow a high degree of flexible control over
the laser output.

manufacturers for cw operation was 1000 mA, hence the properties were not meas-

ured beyond this limit and a limiter was built into the current driver to prevent the

current being increased further than this accidentally. Checking against the curve

in figure 3.2 provides a simple check that the laser circuit is well maintained as a

short or open circuit would cause significant deviation which could lead to damage

to the laser.

The laser mount shown in figure 3.1 was placed on a translation stage (Thorlabs

MBT602) and an aspheric collimation lens (focal length = 4 mm) was brought close

to the BaF2 output window in order to collect as much of the output light as possible.

The laser position relative to the lens was then adjusted to achieve collimation over

a long path length. The laser may be tuned using both temperature and current.

Tuning the temperature is a slow process, whereas current tuning may be done by

applying a current ramp to the laser input and can be done very quickly. We choose

therefore to tune the laser by changing the current whilst keeping the temperature

constant. However the temperature we choose to hold the laser chip at changes the
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Figure 3.2: Showing the measured voltage drop over the laser as a function of
applied current. After rising sharply initially, the voltage increases linearly with
applied current after about 200 mA. By checking against this curve it is possible to
give an early warning of a bad connection or short circuit that could damage the
laser.

centre output frequency as well as the threshold current and the output power of

the laser. Changing the current similarly causes a change in the power of the output

radiation as the frequency changes. It was necessary therefore to measure both the

output optical power and the output frequency as a function of driving current at

various temperatures to fully understand how to control the laser output.

The power measurements were made using a Melles Griot power meter (Broad-

band 13PEM001) placed close to the output window of the laser mount to minimise

absorption losses to atmospheric gases and are plotted in figure 3.3. The laser output

power is high, giving over 150 mW at all temperatures tested and over 250 mW at

the lowest temperatures combined with the highest driving currents. The threshold

current varies with temperature from 600 mA at 10 ◦C to a little under 500 mA at

−15 ◦C, and the output power for a given driving current increases with decreasing

temperature. These effects are expected from the structure of QCLs as described in

chapter 1. At 10 ◦C the power rolls off as the current approaches 1000 mA. This is a

sign of the laser chip reaching its gain limit and so the measurements were concluded.
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Figure 3.3: The optical power output as a function of increasing applied current is
shown at various temperatures. Increasing the current increases the power, as does
decreasing the temperature of the laser chip.

Likewise at −15 ◦C it became increasing difficult for the temperature controller to

keep the chip at a stable temperature beyond 900 mA of supplied current so the

measurements were concluded at this slightly reduced limit. Looking at figure 3.2

we see that at 900 mA of supplied current the voltage drop across the laser shows

that the dissipated power is over 9 W, most of which is heat that must be soaked

up by the heatsink. It is perhaps not surprising that under these circumstances

the temperature controller in combination with the TEC was unable to supply the

necessary driving current to maintain the low temperature.

The frequency output of the laser was measure by directing the light into a

commercial FTIR spectrometer (Perkin Elmer Spectrum 100). The laser current

and temperature were set and a scan was made with the FTIR spectrometer between

1895 cm−1 and 1905 cm−1, chosen to cover a range greater than the manufacturer’s

reported operating frequency range. The current was then changed, keeping the

temperature constant and another scan was made, continuing like this over the whole

current and temperature range. The resolution of the spectrometer was 0.5 cm−1,
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Figure 3.4: The output of an FTIR spectrometer into which the laser beam is
directed is shown for various applied currents at a temperature of 0 ◦C. The output
wavenumber decreases with increasing current applied to the laser.

which is significantly larger than the expected linewidth of the laser but much less

than the tunability of the laser. The results of the FTIR scans over a range of

currents at a chip temperature of 0 ◦C are shown in figure 3.4.

At each current the spectrum appears as a single feature showing that the laser is

(to at least the resolution of the spectrometer) emitting in a single mode. The peak

amplitudes of the individual features are related to the output power of the laser.

However they are not necessarily linearly correlated since the measured amplitude

depends on the response of the spectrometer’s detector which is unknown. The

amplitudes in figure 3.4 are nevertheless roughly consistent with the powers shown

in figure 3.3. Similar plots to figure 3.4 were created for various temperatures to

produce tuning curves showing the output frequency as a function of driving current

for each temperature, and these tuning curves are shown in figure 3.5.

Increasing the current causes a decrease in the frequency (wavenumber) of the

output radiation along with the increase in power shown by figure 3.3. The curves

are nearly linear over approximately a 5 cm−1 range at each temperature and the
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Figure 3.5: Tuning curves as a function of applied current at various temperatures
of the laser chip. The output frequency (wavenumber) decreases with increasing
current and temperature.

total range over which the laser is shown to emit spans approximately 8 cm−1 from

1896 cm−1 to 1904 cm−1. As the temperature is decreased the output wavenumber

increases. The combination of figures 3.3 and 3.5 allows laser conditions to be chosen

to best fit the requirements of the experiment.

The beam width of the laser was measured using the knife edge method. A knife

edge made from a piece of card was mounted on a translation stage 24 cm from the

laser collimation lens and moved through the laser beam with the beam intensity

being measured as a function of knife edge displacement. For this method we assume

that the collimated laser beam has a Gaussian intensity profile although the actual

quantity measured was the total laser power incident on the detector which is the

integral of the intensity over the area of the beam. If the beam is blocked to begin

with and gradually uncovered then the power measured as a function of knife edge

displacement has the form of the error function

I(x) = I0

∫ r

0
e

−2x2

w2 dx, (3.1)
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Figure 3.6: The relative intensity of the laser beam as a knife edge is moved
through the beam profile. Initially the intensity increases as the knife edge cuts the
beam and edge diffraction results in constructive interference. Fitting with equation
(3.2) gives the fit shown in red with the error function only part of the fit shown in
green. The beam radius measured by the fit is 1.56 mm.

where w is the radius of the beam and x is the knife edge position. Starting from

an uncovered beam the function is the complimentary error function (1− I(x)).

Figure 3.6 shows an example of the laser beam width measurements with as-

sociated fit. It is immediately obvious that the measured signal does not fit the

shape of the complimentary error function. Instead the signal appears to increase

as the knife edge begins to cut the laser beam and then falls more sharply than the

error function. This behaviour is well known as the knife edge effect and may be

understood by applying Huygens’ principle. A well defined object, in this case the

knife edge, acts as a secondary source creating a new wavefront which propagates

from the knife edge. In turn this causes constructive interference which gives rise to

the increased intensity. The diffracted wave at the boundary can be approximated

by adding in a boundary diffraction wave as per Tay et al. [113]

I = I0

∫ ∞

x

1

wk

e
−2(x−r)2

w2
k dx+B0e

−2(x−r)2

w2
b , (3.2)
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where wk is the beam radius taken from the complimentary error function part of the

equation and wb is the width of the Gaussian describing the effect of the boundary

diffraction wave with height B0.

Fitting the data to equation 3.2 gives wk as the beam radius when the intensity

has fallen to 1/e2 = 0.135 of the peak value (excluding boundary effects). From this

it is simple to calculate the radius under different definitions such as the full width

at half maximum. The measured beam radius (1/e2) was 1.56 mm.

3.2 Spectroscopy of Nitric Oxide

The nitric oxide radical has a 2Π ground electronic state and the molecular orbital

configuration

X2Π : (1σ)2 (2σ∗)2 (3σ)2 (4σ∗)2 (5σ)2 (1π)4 (2π∗)1 .

Nitric oxide displays four sources of angular momentum: electron spin, S, orbital

angular momentum L, rotational angular momentum R and nuclear spin I (the 14N

atom has I = 1). The spin-orbit interaction scales with the nuclear charge which

means that in a molecule such as NO which has low nuclear charges the spin-orbit

interaction is weak. The various angular momenta may couple in a variety of ways

which are described by a set of limiting cases known as Hund’s cases. While any

real system is actually a mixture of the five Hund’s cases, the NO molecule in low

rotational states may be reasonably described under Hund’s case (a). In this case

the orbital angular momentum L couples strongly to the electrostatic field produced

by the nuclear charges such that the magnitude of L is poorly defined and therefore

L is no longer considered a good quantum number. Instead its projection onto

the internuclear axis Λ~ is used. The electron spin couples to L via the spin-orbit

interaction and therefore indirectly couples to the internuclear axis with a projection

of Σ~ which has multiplicity of 2S+1. The component of the total electronic angular

momentum which lies along the internuclear axis is called Ω = |Λ+Σ|. The coupling
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Figure 3.7: A schematic of the angular momentum coupling under Hund’s case
(a). The orbital angular momentum couples to the electrostatic field produced by
the two charges in the molecule with its projection onto the internuclear axis given
by Λ~. The spin then couples indirectly to the internuclear axis with a projection
of Σ~ and the total angular momentum along the internuclear axis is given by Ω~.

is represented in figure 3.7. The set of good quantum numbers under Hund’s case

(a) coupling scheme is now Λ, S,Σ, J and Ω.

The molecular term symbol is written 2S+1ΛΩ. For NO we have Λ = ±1 and

S = 1
2
, which gives Σ = ±1

2
so that Ω = 1

2
, 3

2
. The spin-orbit interaction causes the

2Π 1
2

and 2Π 3
2

states to be shifted in energy by ∆E = AΛΣ, where A is the spin-orbit

coupling constant which for NO is +123 cm−1 [114]. As such, the lowest energy state

is the 2Π 1
2

although the splitting is less than the thermal energy kBT (∼200 cm−1 at

room temperature) so there is significant population in both spin-orbit states and

transitions from both are observed in the room temperature infrared spectrum.

In a stationary molecule the two states Λ = ±1 are degenerate since the two

simply correspond to opposing directions of electron rotation about the internuclear

axis. When the molecule rotates the electrons are not fully able to follow the motion

of the internuclear framework. This electron slip increases with increasing rotational

quantum number and causes decoupling of the angular momenta and the partial

admixture of Σ like orbital character into the Π orbitals which in turn causes a

splitting between the states Λ = ±1. This mixing is visualised in figure 3.8 which
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a)

b)

Figure 3.8: An interpretation of Λ doubling showing the effects of electron slip.
In a) the molecular framework slips between the nodes of the electronic orbitals
whereas in b) the nuclear framework slips into areas of high electron density. b)
corresponds to the partial admixture of Σ orbital character. Adapted from [117]

shows how the internuclear axis may slip between the nodes (figure 3.8 a)) of the

molecular orbitals or into a region of high charge density (figure 3.8 b)). When the

nuclear framework slips into a region of high electron density, this corresponds to

a partial mixing of Σ character into the wavefunction. The splitting is known as

Λ-doubling and presents as an observed doublet of energy levels for a given quantum

number with the components labelled e and f . The e levels are those with parity

+(−1)J− 1
2 , whereas those states with parity −(−1)J− 1

2 are f levels [115]. The Λ-

doubling is larger for the 2Π 1
2

fine structure state than for the 2Π 3
2

state and increases

with increasing total angular momentum (excluding nuclear spin) J [116]. In the

2Π 1
2

state the difference in transition energies is larger than the Doppler width of

the transition and so a doublet is seen in the absorption spectrum, whereas in the

2Π 3
2

state the splitting is less than the Doppler width so the spectrum appears as a

singlet unless sub-Doppler techniques are used [114].

The final interaction that determines the high resolution IR spectrum of NO is
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the nuclear hyperfine interaction. The most abundant isotope of nitrogen, 14N has

a nuclear spin of I = 1. This means that the total molecular angular momentum

quantum number including nuclear spin F takes values from J − I to J + I, which

leads to a three-fold splitting of the spectral lines (except for J = 1
2

where the

splitting is two-fold). The splitting is on the order of MHz or smaller and so can

only be observed in sub-Doppler experiments, and only then with a sufficiently

narrow laser linewidth [118].

The final thing to consider in the spectra of NO are the selection rules for allowed

transitions. These are:

∆Λ = 0,±1 (3.3a)

∆S = ∆Σ = 0, (3.3b)

∆Ω = 0,±1, (3.3c)

∆J = 0,±1, (3.3d)

∆F = 0,±1, (3.3e)

e←→ e, f ←→ f, e 6←→ f. (3.3f)

Since this thesis is only concerned with ro-vibrational transitions (in which ∆v = 1)

the selection rule for Λ is ∆Λ = 0 and so the same can be said for ∆Ω given that

the spin is not allowed to change (∆S = 0). The transitions in which J changes by

∆J = −1, 0, and +1 are labelled P,Q, and R respectively.

3.3 Direct Spectroscopy

A comparison with the HITRAN database [119] reveals that the strongest NO trans-

itions (those with the largest absorption cross sections) in the frequency region that

the Maxion laser emits in are the R(5.5) and R(6.5) fundamental transitions origin-

ating in both spin-orbit states. The strongest hot band transitions (v = 2← 1) are

the R(15.5) and R(16.5) transitions and again both spin-orbit states are available.
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Absorptions corresponding to these transitions are easily observable using a short

path length cell.

An initial experiment was performed to see the saturation effect of the laser power

in a direct absorption experiment on the R(6.5) 1
2

transition at 19.5 mTorr of NO. In

this case the laser beam was directed through a cell with a path length of 84 cm and

CaF2 windows and onto a mercury cadmium telluride (MCT) detector (VIGO PVI-

2TE-6). The laser was operated at −10 ◦C and 878 mA and the power was measured

as close to the front window of the cell as possible. A maximum power of 164 mW

was measured prior to the cell and a scan was applied to the current driver of the

laser using a function generator (TTi TG1010A) to produce a sine wave with a peak

to peak voltage of 1.5 V. Using a germanium etalon with a free spectral range of

500 MHz, the tuning rate of the laser was calculated to be 0.70 MHz µs−1. The laser

power was attenuated to varying amounts using a polariser (Alphalas MgF2 Rochon

polariser). Measurements were made at various power levels using the same pressure

of NO with the lowest power of 2 mW resulting in linear absorption as described

by the Beer-Lambert law (equation (2.1)). The results of these measurements are

shown in figure 3.9.

The measured decrease in the absorption caused by the power saturation is clear.

Using equation (2.22) with α0 given by the absorbance measured at the lowest power

of 2 mW, produces values for the saturation parameter of between 0.09 at 8 mW

power and 12.7 at 164 mW power. Starting from equation (2.21) and using the

fact that initially all population is in the ground state N1 (ie. ∆E ≫ kBT ) the

population transferred into the excited rovibrational state is given by N2 = S0

2+2S0
.

The population transferred into the excited state as a function of laser power is

plotted in figure 3.10 and is seen to approach the limiting value of 50%.

The saturation parameter may be calculated from the properties of the gas and

the measured intensity of the laser using equation (2.15) which may also be expressed

as

S =
2Iµ2

cǫ0h2Γ2
. (3.4)
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Figure 3.9: The absorption spectrum of 19.5 mTorr of NO with laser powers of
between 2 mW and 164 mW. The reduction in the absorption produced by saturation
of the transition as the power increases is clearly seen.
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Figure 3.10: Population transfer as a function of laser power. The amount of
population transferred increases with increased power as expected, approaching the
limiting value of 50%.
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Figure 3.11: The saturation parameter measured in a sample of NO at a pressure
of 19.5 mTorr displayed alongside the calculated stauration parameter (red line)
using equation (3.4).

Here µ is the dipole moment, the intensity (irradiance) I, of the laser is given by the

measured power divided by the area of the laser spot and Γ is the relaxation rate of

the system. The relaxation rate is calculated from the transit time broadening (see

chapter 2) and the self broadening parameter (0.062 cm−1atm−1) given by HITRAN

and the measured pressure, and the dipole moment is calculated to be 0.056 D

(1.87× 10−31 C m). The calculated saturation parameter is shown alongside the

measured saturation parameters and their associated errors in figure 3.11. A very

good agreement between the theory and the experimental data is shown. It should

be noted that equation (3.4) applies only in the steady state regime in which the

interaction time is much greater than the excited state lifetime. In the case of

Doppler broadening and a slow frequency scan this condition is well met and the

theory agrees well with the experimental data.

3.4 Sub-Doppler Spectroscopy

The observed line profile in direct absorption spectroscopy is a convolution of the

Doppler profile convolved with the laser linewidth function. The laser linewidth is
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much narrower than the Doppler profile so it is not possible to accurately measure it

by direct spectroscopy. The natural linewidths (as described in chapter 2) of these

transitions are on the order of kHz which is significantly smaller than the expected

linewidth of the laser and so a Lamb dip experiment was performed to give a dip

with a linewidth that provides a measurement of the laser linewidth.

3.4.1 Experimental

Rather than retroreflecting the beam as described in section (2.2), the beam was

split by a CaF2 beam splitter which reflected approximately 10% of the power. The

strong pump beam and weak probe beam then counter propagated through a 112

cm long cell fitted with Brewster angled CaF2 windows as shown in figure 3.12. The

probe beam was collected onto a detector (VIGO PVMI-3TE-10.6) while the pump

beam went to a beam dump.

Gas Inlet

DFB-QCLBeam Dump

To Pump

Beam
Splitter

Detector

Pressure Gauge

Pump
Beam

Probe Beam

Figure 3.12: Lamb dip experimental setup. The beam is split into ‘pump’ and
‘probe’ beams which counter propagate through the cell.

The ideal alignment of the system would have the pump and probe beams per-

fectly overlapping, however this causes optical feedback into the laser which induces

mode hops when the laser is scanned. This effect was observed in the Maxion laser,

leading to significantly distorted absorption lines. One method commonly used to
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protect lasers from optical feedback is to place an optical isolator in the beam path.

These consist of a pair of polarisers, one at each end of a Faraday rotator which itself

rotates the polarisation of the light by 45◦. Any reflected light entering the isolator

is rotated by a further 45◦ in the same direction and is therefore blocked by the input

polariser. Due to the difficulties in finding materials that display the Faraday effect

necessary to make an isolator and are transparent in the mid-IR it was not possible

to purchase an optical isolator for this experiment. It was therefore necessary to

slightly uncross the pump and probe beams such that there was sufficient overlap

to observe Lamb dips but without causing significant optical feedback.

The laser frequency was scanned by applying a triangular voltage ramp to the

current controller using a digital function generator (TTi TG1304). The laser fre-

quency chirp rate is a function of both the frequency and amplitude of the voltage

modulation which were both altered to give different chirp rates. The amplitude of

the voltage ramp was chosen to ensure that the laser frequency was scanned linearly

over the absorption feature. The spectra were recorded using a 400 MHz bandwidth

digital oscilloscope (LeCroy WaveSurfer 44MXs-A), though the bandwidth was re-

stricted to 20 MHz by the amplifier built into the detector. All data was recorded

on a frequency up-chirp (that is the laser was scanning from low to high frequency)

and approximately 100 sweeps were recorded with the data subsequently being re-

centered on the minimum of the Lamb dip and averaged in MATLAB to reduce

drifts and noise. A frequency scale is established using the positions of the Lamb

dips as known fixed frequency points and interpolating across the Doppler broadened

background spectrum. The chirp rate was measured by placing a germanium etalon

with a free spectral range (FSR) of 500 MHz in the beam path and recording a

sweep of the laser. The transmission function of the etalon as the laser frequency

is scanned appearing in figure 3.13 shows that the frequency scan is nearly linear

and as such the frequency scale is directly given by the spacing of the transmission

maxima in the time-domain signals. The change in amplitude of the fringes and the

ramped baseline reflect the small change in power of the laser across the current
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Figure 3.13: The transmission of the germanium etalon during a frequency up-
chirp of the laser, shown with a linear fit to the time spacing of the fringes. The
frequency spacing is 500 MHz (or 250 MHz between peaks and troughs) giving a
frequency chirp rate of 0.053 MHz µs−1. A small secondary oscillation in the fringe
amplitudes is likely due to imperfect alignment of the etalon. For the measurtement
of the chirp rate, only the spacing of the fringes is relevent.

scan.

3.4.2 Laser linewidth measurements

The Λ-doublet splittings in the R(6.5)Ω transitions are ca. 330 MHz and ca. 26 MHz

in the Ω = 1
2

and the Ω = 3
2

transitions respectively. Hence in an absorption

spectrum the R(6.5) 1
2

transition appears as a doublet whereas in the R(6.5) 3
2

the

splitting is less than the Doppler broadening (c.a. 124 MHz) and it appears as a

singlet as shown in figure 3.14. There is of course a further splitting due to hyperfine

coupling with the nuclear spin of the nitrogen (I = 1). Each angular momentum

state is thus split into three hyperfine levels, giving a total of six hyperfine levels.

The selection rule for transitions between these hyperfine levels is ∆F = 0,±1 where

F = |J + I| . . . |J − I| is the total angular momentum quantum number including

nuclear spin.

The laser linewidth was measured using Lamb dip spectroscopy on the NO
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Figure 3.14: Calculated absorption spectrum of NO covering both spin-orbit states
of the R(6.5) v = 1← 0 transition. The transition originating from the Ω = 1

2
spin-

orbit state appears as a doublet due to Λ doublet splitting, whereas that from the
Ω = 3

2
state appears as a singlet as the Λ doublet splitting is less than the Doppler

width. The calculations were made using the absorption cross sections given by
HITRAN. [119]

R(6.5) 3
2
v = 1 ← 0 transition. The cell was filled with approximately 8 mTorr

of NO and a Lamb dip spectrum was recorded at a laser frequency scan rate of

0.053 MHz µs−1 with a pump power of 130 mW. Six hyperfine lines were apparent

in the resulting spectrum shown in figure 3.15. This data was fitted with equation

(2.24) using least squares minimisation in MATLAB. The equation is applied to all

six hyperfine transitions with the amplitudes of the Doppler profiles being weighted

according the the transition cross sections given by HITRAN [119], and the satura-

tion parameters weighted according to the squares of the respective dipole moments

(see equation (3.4)). The overall Doppler lineshape is the sum of the six individual

components and the best fit to the data presented in figure 3.15 a) is shown in b).

The Lamb dips are well fit by the Gaussian lineshape in the second term of equation

(2.25) with full-width at half-maximum giving a laser linewidth of 800 ± 60 kHz.

This compares favourably with linewidths of 21 MHz, [62] 5 MHz, [24] 4 MHz, [59]

and 2.5 MHz measured using similar techniques with external cavity QCLs, [21]

and with linewidths of 1-10 MHz for DFB QCLs [61, 120–122]. The linewidth is
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Figure 3.15: Lamb dip spectrum of the NO R(6.5) 3
2
v = 1← 0 transition showing

6 separate Lamb dips corresponding to the strongest 6 hyperfine transitions. The
full Doppler profile is shown at a pressure of c.a. 8 mTorr and a laser chirp rate
of 0.053 MHz µ s−1 in a). The fit to the observed spectrum using equation (2.24)
which gave a laser linewidth of 800 ± 60 kHz is shown in b).
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limited mainly by supply current noise, since the intrinsic linewidth of QCLs has

been shown to be of the order of only a few hundred Hz. [9, 58,60]

Measurements with an external cavity QCL showed a narrowing of the laser

linewidth with increasing scan rate [123] and was attributed to low frequency current

noise being reduced at the higher scan rates. The Maxion DFB laser may be easily

scanned at almost any rate simply be applying the correct current ramp to the driver

using a function generator. The current controller was designed to be a low noise

source and so it was expected that the change in linewidth with scan rate would be

relatively small. To test this hypothesis, the chirp rate was increased by increasing

the frequency of the triangular voltage ramp applied to the current controller with

the rest of the experiment unchanged. Instead of observing an obvious change in the

linewidth of the laser several other effects which altered the shape of the observed

dips were observed and these are now discussed.

3.4.3 Lamb dip shape as a function of chirp rate

The effects detailed in this subsection resulted in the 6 Lamb dips seen on the R(6.5) 3
2

transition blurring into one another. Although both the R(6.5) 1
2

and R(6.5) 3
2

trans-

itions show changes in the size and shape of the Lamb dips, these transient ex-

periments were more easily seen on the R(6.5) 1
2

transition in which the hyperfine

splitting in each Λ-doublet is smaller than or comparable to the laser linewidth.

Therefore, as shown in figure 3.16, only a single Lamb dip is seen on each of the

Λ-doublet resolved transitions (see figure 3.16). Due to the narrow linewidth of

the laser it is however possible to partially resolve one of the hyperfine transitions

which has a splitting of 1.02 MHz, in the f component from the other two. In the

e component the splitting is much less than the laser linewidth and so only a single

dip is observed.

At relatively slow chirp rates of up to approximately 1 MHz µs−1, the depth of

the Lamb dips was observed to increase relative to the size of the absorption signal

as the chirp rate increased. Figure 3.17 shows examples of this behaviour. The
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Figure 3.16: Lamb dip spectra of the e and f components of the Λ doublet in the
R(6.5) 1

2
transition of NO with the transition intensities (from HITRAN [119]) of the

corresponding hyperfine components shown. Note that the laser linewidth is narrow
enough to allow partial resolution of the hyperfine lines in the f component.

Lamb dips were again fitted using equation (2.25). The values of Γ and ∆l were

both fixed parameters in the fitting with Γ calculated from the quadrature addition

of the transit time broadening and the collisional broadening and the laser linewidth

being fixed at the measured value of 800 kHz. Again all six hyperfine components

are summed to give the overall lineshape. The increase in the size of the Lamb dip

reflects an increase in the population transferred into the pumped velocity group in

the v = 1 level as plotted in figure 3.18. The population transfer is seen to increase

from around 20% to over 35%, simply by increasing the chirp rate.

This effect of chirp rate on the magnitude of the Lamb dip was previously ob-

served by Hamadani et al. in a low pressure sample of NH3 pumped with a high

power N2O laser [71]. In their study they found that at an appropriately high chirp

rate the Lamb dips switched into amplification (i.e. from absorption to emission)

indicating an inversion of population. This is direct evidence for adiabatic rapid

passage (ARP) where the definition of ‘rapid’ is that the laser is swept through

resonance in a time period that is short compared to the collisional relaxation of the

gas. In their study the laser intensity was significantly higher (5 W cm−2) than in



Chapter 3. Coherent Transient Spectroscopy Using a Single CW DFB QCL 69

a)

1900.07 1900.08

0.00

0.02

0.04

0.06

0.08

0.10

0.12

 

 
A

bs
or

ba
nc

e

Wavenumber (cm-1)

b)

1900.0705 1900.0815 1900.0820

0.6

0.8

1.0

 

 

A
bs

or
ba

nc
e 

(N
or

m
al

is
ed

)

Wavenumber

 0.06 MHz s-1

 0.20 MHz s-1

 0.87 MHz s-1

Figure 3.17: The full Doppler profile for the e and f components of the R(6.5) 1
2

transition with two Lamb Dips is shown in a) for the R(6.5) 1
2

transition at a chirp

rate of 0.87 MHz µs−1. The effect of increasing chirp rate on the size of the Lamb
dip is shown in b) with the depth of the dip increasing as the chirp rate is increased.
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Figure 3.18: Population transfer as a function of chirp rate.

the present study (1 W cm−2), and the dipole moment of their chosen transition was

larger at 0.191 D compared with 0.053 D for the transition here studied, explaining

why amplification is not seen in our data.

Raising the chirp rate above about 0.9 MHz µs−1 however did not lead to further

increases in the magnitude of the Lamb dips and in fact they became noticeably

asymmetric. The absorbance post-resonance in the probe scan becomes lower than

expected for the Doppler profile as shown in figure 3.19. This asymmetry is in-

dependent of the direction of frequency scan, ie. for the case of a frequency up

chirp it occurs to higher frequency than the line centre but on a down chirp the

asymmetry lies to lower frequency. The magnitude of the Lamb dip now decreases

with increasing chirp rate as the asymmetry increases. The cause of this asymmetry

relates to the counter-propagating nature of the experiment. As the probe laser

passes through the centre of the Doppler broadened line where ωprobe = ω0 it begins

to interact with velocity groups that have already been pumped. These velocity

groups have a significant amount of population in the v = 1 state when pumped.

The population of the v = 1 state decays in the time period between being pumped

and being probed but if this time period is short enough then little decay occurs.
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Figure 3.19: Increasingly asymmetric Lamb dip spectra are seen as the chirp rate
is increased. All data was taken with 10 mTorr NO and data sets have been offset
for clarity.

Hence the population difference in each velocity group ∆N , to which the absorbance

is proportional, is reduced compared to those velocity groups that are probed pre-

Lamb dip resonance, thereby reducing the absorbance. The length of time between

pumping and probing for each velocity group depends on the chirp rate of the laser,

thus the faster the laser is scanned, the less time the population in the v = 1 state

has to decay. This behaviour should be expected to be observed in a system in

which the main method of depopulating the upper state is molecular collisions.

As well as a change in the asymmetry with chirp rate, there is a noticeable

change with pressure as shown in figure 3.20. The dips get smaller and the spectra

more symmetric with increasing pressure, reflecting the increasing importance of

collisional relaxation of the v = 1 population. In figures 3.19 and 3.20 the Doppler

broadened absorption profiles have been normalized to show how the size of the dip

changes relative to the background absorption.

The asymmetric line shape, to a first approximation, can be thus fitted using
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Figure 3.20: The variation in the asymmetric Lamb dip spectra as a function
of pressure. As the pressure increases the dips get smaller in proportion to the
background absorption profile and become more symmetric. All data was taken
at laser chirp rate of 7.7 MHz µs−1 and the profiles were normalized and offset for
clarity.

equation (3.5),

α =



















α0 t ≤ 0

α0

(

1− Ae−kt
)

t > 0

, (3.5)

where t = ω−ω0

r
is the time taken between a velocity group being pumped and the

probe laser interacting with it, and r is the chirp rate of the laser. A is proportional

to the initial amplitude of the Lamb dip, and k is a phenomenological decay constant

which quantifies depopulation (and dephasing) of the upper state. Equation (3.5)

was convolved with a Gaussian of full-width at half-maximum 800 kHz, representing

the laser linewidth function and fitted to the data using least squares fitting in a

MATLAB program. An example fit to the e component of the R(6.5) 1
2

transition at

a chirp rate of 18 MHz µs−1 is shown in figure 3.21 and shows very good agreement

with the overall shape of the absorption line. The decay constant, k, is found to be

approximately equal to the collision frequency within the gas sample.
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Figure 3.21: A fit to the e component of the R(6.5) 1
2

transition at a chirp rate

of 18 MHz µs−1 using equation (3.5). The oscillatory structure seen post resonance
resembles rapid passage signals as seen using pulsed QCL systems.

3.4.4 Rapid Passage

A closer examination of the Lamb dip reveals oscillations post-resonance is shown in

figure 3.21. These oscillations occur only after the probe laser has scanned through

the line center, to later time in the scan. As with the asymmetric lineshape the

oscillations are seen to later time regardless of whether the probe laser is scan-

ning to increasing or decreasing frequency. The oscillatory structure resembles the

rapid passage signals seen using chirped pulsed QCLs; the electric field produced

by the polarized vibrationally excited molecules interferes with the electric field of

the scanning probe laser and causes the measured intensity oscillations. The pro-

cess happens on a timescale that is short compared with the relaxation time of the

system and as such the rapid passage does not appear at very slow laser scan rates

below about 4 MHz µs−1. The rapid passage signature is only visible due to the

sub-Doppler laser bandwidth causing significant velocity selection as no such rapid

passage occurs when the pump beam is blocked, removing the velocity selective

pumping. Because the velocity spread of the pumped molecules is very low (being

determined by the laser linewidth) the molecules dephase slowly. Hence even though
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Figure 3.22: The post-resonance data presented in figure 3.21 with the fit using
equation (3.5) subtracted. The behaviour of the system was modelled using the
optical Bloch equations and the output is shown in red. The agreement with the
experimental data is very good.

the laser is scanned slowly compared to the chirp rate of pulsed QCLs (ca. 3 - 4

orders of magnitude difference), the scan is still fast compared with the dephasing

time of the pumped velocity group and rapid passage can be observed.

This behaviour has been modelled by solving the optical Bloch equations (2.56)

using a MATLAB program [78]. The model takes the properties of the molecular

transition such as the dipole moment and longitudinal and transverse relaxation rate

constants, and the laser intensity and interaction length and produces a simulation

of the expected rapid passage oscillations. Figure 3.22 shows the same data as in

figure (3.21) with the fit using equation (3.5) subtracted. The output of our optical

Bloch equation model has been applied to the oscillations shown in figure 3.22 and

shows good agreement with the experimental data.

The rapid passage signals for the e and f components of the R(6.5) 1
2

transition

were found to differ in appearance. Moreover, it is seen that the observed difference

changes depending on the chirp rate of the laser. In general the observed signal on

the e component looks as expected for rapid passage, however on the f component
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there is a marked difference; this difference in structure is attributed to the hyperfine

splitting. In the e component the signals appear like normal rapid passage signals

which oscillate inside a damping envelope. However the f component signals display

a distortion from this form. A comparison between the signals measured for the e and

f components is shown in figure 3.23. In the f component the splitting as shown in

figure 3.16 is sufficiently large that a rapid passage signal beginning on the partially

resolved hyperfine transition may be slightly out of phase with that originating from

the other two hyperfine transitions. Hence these two signals interfere and cause the

change in overall signal shape that is observed. Again this effect was modelled using

the optical Bloch equations (2.56) as shown in figure 3.23. The three hyperfine

transitions on each Λ-doublet each contribute an oscillating rapid passage signal.

These signals are summed and then convolved with a Gaussian with a full width

at half maximum of 1 MHz to represent the probing laser linewidth. The results

of the simulations are shown in figure 3.23 c) and f) (for the e and f components

respectively) and are in good qualitative agreement with the experimental data

shown in 3.23 a) and d). It should be noted that these experimental data had the

underlying asymmetry subtracted using the best fit from equation (3.5). In addition,

the simulations are in good agreement with the chirp rate dependence and shape of

the experimental data for both Λ doublet components.

3.4.5 Single velocity group pumping

As stated in section (2.2.3) it is not possible to observe a Bennett hole at any fre-

quency other than the line centre using only one laser. Similarly it is also due to the

use of the same laser for pumping and probing that asymmetric lineshapes are ob-

served in our experiments. In order to observe the Bennett hole for velocity groups

that have a non-zero component in the direction of laser propagation it is necessary

to use two lasers in order to separate out the pumping and probing. To achieve this

a second laser was used as the pump. This laser was a Daylight Solutions external

cavity QCL (EC-QCL), widely tunable through the use of proprietary electronics
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Figure 3.23: Rapid passage signals at a laser chirp rate of 7.7 MHz µs−1 and
a pressure of 9 mTorr for the R(6.5) 1

2
transition. a) to c) correspond to the e

component and d) to f) to the f component. The experimental data is shown in
a) and d) with the asymmetric Doppler profile subtracted. Images b) and e) show
the simulations of the rapid passages signals for the three hyperfine components of
the respective transitions along with their sum in bold. Finally c) and f) show the
signal expected at the detector, calculated by convolving b) and e) with a Gaussian
function representing the probe laser linewidth.
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supplied with the laser. The external cavity gives this laser a tuning range much

greater than the DFB laser, being able to tune between 1776 cm−1 and 1962 cm−1,

whilst emitting up to 150 mW of optical power. The two beams counter propagated

through the same cell as previously used with the EC-QCL tuned to a fixed fre-

quency within the R(6.5) 1
2

transition and emitting 124 mW. The output frequency

of the EC-QCL is set by the angle of a grating in the external cavity which can

be tuned through the application of a driving voltage to a piezoelectric transducer

(PZT) that is attached to the grating. In order to provide fine adjustment of the

output frequency within the Doppler profile of the transition a small DC voltage was

applied to the PZT and altered by means of a potentiometer. The DFB laser was

scanned over the entire Λ-doublet at a rate of 19 MHz µs−1 in the manner previously

described. It is noted that even though the scan rate of the laser is greater than that

shown to be necessary to see asymmetry in a Lamb dip experiment, no asymmetry

is seen in these spectra. A polariser was used to attenuate the output of the DFB

laser to 2 mW to reduce saturation effects of the probe laser.

At this tuning rate no rapid passage occurs and because the pump laser is set at

a fixed output frequency the asymmetry associated with the finite population decay

time is not seen. It was possible to observe Bennett holes across the entire Doppler

profile at a pressure of 10 mTorr of NO. Some of these are shown in figure 3.24 and

show that the absolute depth of the Bennett hole is proportional to the number of

molecules in the relevant velocity group. Due to instabilities in the output frequency

of the pump laser it was not possible to average these spectra and the data shown

are from single scans over the absorption feature.

The equation used for fitting the Lamb dips, equation (2.25), being a modified

form of equation (2.24) clearly only applies in the case where a single laser is used

both to pump and probe the transition and thus the dip is always seen at the line

centre. For the direct observation of a Bennett hole equation (2.24) is modified
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Figure 3.24: Examples of Bennett holes burnt into the e component of the R(6.5) 1
2

Λ-doublet. Since separate lasers are used to burn the hole in the population and
to measure the absorbance it is possible to see the Bennett hole at frequencies
other than the line centre of the Doppler broadened transition. These data are not
averaged and hence display higher noise than previously shown data.

slightly to

α = αpe
−

(

ω−ω0
∆D

)2 [

1−
(

1− 1√
1 + S0

)

Γ2

Γ2 + (ω − ωB)2

]

. (3.6)

Here ωB is the optical frequency at which the transition is being pumped. Convolu-

tion with the laser linewidth function then allows the measured spectra to be fitted

as shown in figure 3.25. This shows a Bennett hole burnt into the e component of

the Λ-doublet which is well fit using equation (3.6). As with the fits to the Lamb dip

spectra shown earlier in this chapter, all six hyperfine lines were taken into account

to fit the overall lineshape. The fit suggests a population transfer of 28% which is

comparable to that seen in the Lamb dip experiments.

Given this interpretation of the data, it should be possible to see rapid passage

oscillations without the asymmetry by using a separate laser to pump a single ve-

locity group within the Doppler profile. To this end a single velocity group within
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Figure 3.25: A Bennett hole burnt into the e component of the Λ-doublet of the
R(6.5) 1

2
transition in 10 mTorr of NO. The fit returns a population transfer of 28%.

Again the data is not averaged and so appears noisier than previously shown data.

the Doppler profile of the R(6.5) 1
2

transition was pumped using a fixed frequency

supplied by the external cavity QCL [124].

Increasing the scan rate of the probe laser to 60.5 MHz µs−1 it was possible to ob-

serve rapid passage on a Bennett hole without the underlying asymmetry associated

with a single laser Lamb dip type experiment. The asymmetry in the Doppler profile

is due to the simultaneous frequency scan of pump and probe beams in a counter-

propagating setup with significant population transfer induced by the QCL, while

the rapid passage oscillations are due to the induced polarisation of the pumped

molecules beating with the chirping laser field. Again due to frequency instability of

the pumping external cavity QCL it was not possible to perform any averaging on

the recorded data, however the lack of asymmetry in the Doppler profile makes the

rapid passage oscillation even more pronounced. Figure 3.26 shows a velocity group

with a small component in the direction of laser propagation being pumped within

the f component of the Λ doublet resolved transition. Rapid passage oscillations

are clearly seen however the asymmetry caused by pumping all velocity sets before
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Figure 3.26: The absorption signal seen (a)) when a separate fixed frequency
(Daylight) QCL is used to pump a single velocity group within the R(6.5) 1

2
trans-

ition. The pumped velocity group has a non-zero, small velocity component in the
direction of propagation and so the dip caused by the hole burnt into the ground
state population is not centered within the Doppler profile. b) shows a fit to the
rapid passage oscillations using using the optical Bloch equations.

probing them is not.

The external cavity laser, used here as the pump, has a linewidth of ca. 2 MHz as

determined previously using Lamb dip spectroscopy [21,124]. Therefore the velocity

group pumped by this laser is slightly larger than that pumped by the Maxion laser

in the single laser Lamb dip experiments. Again the optical Bloch equations were

solved to model the behaviour of the system and the resulting simulation is shown

in figure 3.26 b). Once more the agreement is good.

3.5 Conclusions

In this chapter a high power distributed feedback continuous wave quantum cascade

laser was characterised by measuring its electrical properties as well as its optical out-

put properties. The output frequency range was measured using Fourier transform

Infra-red spectrometry. The spectroscopy of NO (a strong absorber in the output

frequency range of the laser) was explained and the laser was used to perform direct

spectroscopy which showed the power saturation of a single ro-vibrational transition.
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The linewidth of the laser was determined to be 800 ± 60 kHz through Lamb

dip spectroscopy. The effects of rapid passage on Lamb dips were investigated

and initially increasing chirp rates were found to favour population transfer, in good

agreement with Hamadani’s work on adiabatic rapid passage with a chemical laser in

which the efficiency of the population transfer from the initial state into the excited

vibrational state can be controlled by the laser chirp rate [71]. Whilst amplification

was not observed, population transfer efficiencies of up to 35% were measured which

could be controlled by the laser chirp rate. Increasing the chirp rate further has

allowed for rapid passage effects to be demonstrated in a Lamb dip experiment

using a narrow linewidth, high power single mode quantum cascade laser.

The absorption signals were observed to display asymmetric lineshapes, owing

to the rate at which the probe laser is chirped through resonance with previously

pumped velocity groups. If this rate is much higher than the rate at which the upper

state is depopulated then an asymmetric lineshape results reflecting the degree of

initial population transfer. This same condition is also necessary to observe rapid

passage oscillations on the Lamb dip. The RP oscillations were only observable

due to the narrow laser linewidth and their structure is affected by the hyperfine

splitting in the transition. Finally it was shown that it was possible to remove

the asymmetry effect from the spectra by pumping a single velocity group using a

second laser at a fixed frequency. By this method it was possible to observe hole

burning across the Doppler profile and to observe rapid passage within the Doppler

profile but without the asymmetry associated with the single laser experiment. All

of the experimental data are well corroborated by simulations based on the two-level

optical Bloch equations which were introduced in chapter 2.



Chapter 4

Pump-Probe Spectroscopy with

CW QCLs

The final experiments presented in chapter 3 began to incorporate two separate

QCLs in a counter-propagating experimental arrangement to perform velocity se-

lective saturation experiments on a single rotational-vibrational transition within

the v = 1 ← 0 band of NO. This chapter utilises the extended tuning ranges of

the two lasers to perform pump-probe type experiments over pairs of ro-vibrational

transitions covering the v = 1 ← 0 and v = 2 ← 1 bands. The velocity selective

pumping demonstrated in chapter 3 allows the observation of rapid passage effects

in the probe beam when interrogating the ladder state (see figure 2.9). The effects

of varying both the rate at which the probe laser is chirped and the gas pressure

will be investigated. In addition, a noise source was applied to one of the lasers in

order to broaden its linewidth with direct consequences for the observation of RP

oscillations. These results corroborate our conclusions regarding the importance

of velocity dephasing given in chapter 3. Two-colour polarisation spectroscopy is

also demonstrated, with a two-detector methodology allowing observation of both

the absorption and the dispersion of the velocity selected sample. Finally some of

the results of the chapter will be simulated using a three-level model based on the

density matrix equations of chapter 2.

82
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4.1 Hot Band Rapid Passage from a Velocity Se-

lected Sample

In the final part of chapter 3 two QCLs were used with one being used to pump

a sub-Doppler velocity group within the v = 1 ← 0 ro-vibrational transition of

NO, and the other scanned over the full Doppler profile of the same transition. The

operating range, particularly of the EC-QCL, which outputs light between 1776 cm−1

and 1962 cm−1, allows these lasers to be tuned such that one pumps a rotationally

resolved transition within the fundamental vibrational band whilst the other, probe

laser, is tuned to the corresponding ladder state transition in the v = 2 ← 1 hot

band. Furthermore, as the lasers both have similar powers, the lasers can each

be used as the pump and the probe on different transitions. For example, the

DFB-QCL is able to pump the R(5.5) and R(6.5) transitions originating in both

spin-orbit states. It is also able to act as the probe investigating the R(15.5) and

R(16.5) transitions, again in both spin-orbit states. The EC-QCL has a tuning

range that covers all of these transitions as well as the appropriate ladder state

transitions. For example if the DFB-QCL is used to pump the R(6.5) 1
2

transition,

the EC-QCL may be tuned to the R(7.5) 1
2

hot band transition or the P(7.5) 1
2

hot

band transition. If the DFB-QCL is used to probe the R(15.5) 3
2

hot band transition

then the EC-QCL would be tuned to the R(14.5) 3
2

fundamental or the P(16.5) 3
2

fundamental transition.

The two lasers have different linewidths with the DFB-QCL having a linewidth

of 800 kHz as measured by Lamb-dip spectroscopy in the previous chapter. The EC-

QCL has a linewidth of 2 MHz as measured in previously published work [21,123–125]

meaning that when used as the pump laser, the EC-QCL pumps a velocity group

more than twice as wide (in frequency space) as would the DFB-QCL. Both lasers

were therefore used to pump the fundamental transition in order to demonstrate the

effects of this increased velocity sampling.
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Figure 4.1: Schematic of the experimental setup. The lasers counter-propagate
through an 84 cm long gas cell filled with a low pressure of NO and the signals are
monitored by focusing with off axis parabolic mirrors onto HgCdTe detectors.

4.1.1 Experimental

The two laser beams counter-propagate with a small uncrossing angle (ca. 0.5◦)

through an 84 cm long absorption cell containing a low pressure of NO gas (5 - 500

mTorr). After passing through the cell both beams are focussed by off-axis parabolic

mirrors onto two 20 MHz bandwidth thermoelectrically cooled mercury cadmium

telluride detectors, the EC-QCL onto a VIGO PVMI-3TE-10.6 and the DFB-QCL

onto a VIGO PVI-2TE-6, see figure 4.1.

When the EC-QCL was used as the pump laser, its frequency was scanned by

applying a sine wave modulation (at a frequency in the range 5 to 40 Hz) to the

piezo-electric transducer (PZT) attached to its external grating. This modulation

signal was derived from a TTi function generator (TG230) and resulted in (near)

linear laser chirp rates in the range 20 to 150 Hz ns−1 (measured using a 500 MHz

etalon). In this case, a triangular current modulation was then applied to the

DFB laser using a second TTi function generator (TG1304) with frequency ramps

selected from the range 10 kHz to 75 kHz. Within a single current sweep, the total
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frequency scan range was 1.6 GHz, producing chirp rates ranging from 30.5 kHz ns−1

to 265.5 kHz ns−1. The three orders of magnitude ratio between the two laser chirp

rates implies that the pump laser remains quasi-static during a single frequency scan

of the probe laser. In some experiments the roles of each laser were reversed and the

corresponding chirping conditions will be presented later in the text as appropriate.

The PZT in the EC-QCL cannot respond to high frequency signals (> 100 Hz) and

so in order to modulate the output frequency to produce the chirp rates required to

see rapid passage, it is necessary to apply the modulation signal to an internal bias

tee which modulates the driving current to change the frequency output.

The absorption signals from both lasers are collected and recorded by a 2.5

gigasample/s, 400 MHz bandwidth digital oscilloscope (LeCroy Wavesurfer 44MXs-

A). During each frequency scan of the pump laser, which encompasses the funda-

mental absorption transition, a pre-selected number of probe laser scans are recorded

and averaged in order to increase the signal to noise ratio. A MATLAB program is

used to separate the data taken on the frequency up chirps from the down chirps.

The individual sweeps are then aligned onto the most intense spectral feature. This

process accounts for small drifts in the probe laser frequency as well as small amounts

of phase instability in the function generator output.

4.1.2 Results: Rapid Passage from a Velocity Selected Sample

In all of the experiments, the pump and probe lasers share a common intermediate

state. As a first example, consider the case where the R(14.5) 1
2
v = 1← 0 transition

of NO was pumped using the EC-QCL while the DFB laser probed the R(15.5) 1
2

v = 2← 1 transition. Figure 4.2 shows the multiple scans of the probe laser as the

pump laser is tuned slowly over the Doppler profile of the fundamental transition.

The data shown are obtained at a pressure of 50 mTorr. Throughout the Doppler

broadened absorption profile, the narrow bandwidth (∼ 2 MHz) pump laser excites

a velocity group within the NO gas sample into the v = 1 level according to equation

(2.3). As shown in figure 4.2 i-iii, the magnitude of the transient absorption signals
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Figure 4.2: Example signals obtained from the probe scan as the pump laser is
slowly tuned across the Doppler profile of the R(14.5) 1

2
v = 1← 0 transition of NO.

The amplitude of the rapid passage signals mirrors the instantaneous magnitude
of the absorbance of the pump. The decay period of the oscillations is constant
regardless of the amplitude. The data shown was taken at a pressure of 50 mTorr.
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measured by the probe are directly related to the frequency dependent absorption

induced by the sub-Doppler pump laser. The amplitudes of the rapid passage signals

is therefore proportional to the number of molecules being pumped into the v =

1 state. When the pump laser is off-resonance with the R(14.5) 1
2

transition, no

transient signal is observed in the probe scan. The bandwidth of the pump laser is

sufficiently small compared to the frequency separation between transitions probing

different Λ-doublets of the ground rovibrational level that the e and f components

can be considered separately. It can be seen in figure 4.2.i-iii that there is significant

baseline noise as the probe laser is scanned over a range of 1 GHz, and this is due to

the weak optical feedback from uncoated optics that propagate back into the laser

and etalons formed by the front window of the detector. However, the periodicity

of these effects is sufficiently different from that of the transient absorption signals

to be discriminated and not to affect the conclusions of the work.

Figure 4.3 shows a zoom in on a single transient signal captured by the probe

laser over a reduced time period of ca. 1 µs, and the transient signal after being

averaged over the full Doppler width of the transition. Both signals show clear

oscillatory structure characteristic of rapid passage. The averaged signal, derived

from 50 individual sweeps of the probe laser, retains the characteristics of the single

sweep, the oscillations being in phase and having the same coherence lifetime - see

later. The averaging does result in a lower overall amplitude than for the single

shot data, which was taken with the pump laser pumping close to the absorbance

maximum, but improves the signal to noise ratio by a factor of approximately 7 (the

square root of the number of averages). The coherent excitation produced by the

pump laser results in a polarised ensemble of velocity selected molecules. When the

probe laser comes into resonance with the pumped velocity group, these vibrationally

excited molecules interact with the probe field to generate the transient signal. RP

occurs when the probe laser radiation is swept through the molecular transition in

a time period which is fast compared with the relaxation time for the system. The

probe field then induces an oscillating polarization density within the vibrationally
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Figure 4.3: Rapid passage signal for 50 mTorr of NO obtained at a pump chirp rate
of 0.149 kHz ns−1 and a single pass of the probe at a scan rate of 145.5 kHz ns−1. The
averaged signal is derived from 50 individual sweeps of the probe laser through res-
onance and shows that both the overall shape and the decaying oscillatory structure
are unaltered by the averaging process.

excited subset of molecules which interferes with the electric field of the swept laser

radiation and leads to asymmetric absorption profiles [71].

The averaged RP traces were suitable for fitting in order to determine the RP

decay time and to this aim, the functional form given in equation 4.1 was used, in

which k is the probe laser chirp rate and τ is a phenomenological decay constant

[78,126].

A(t) = A0e
−t
τ sin

(

k

2
t2
)

(4.1)

The function applies only in the post resonance regime so does not fit the initial

part of the absorption, but rather starts at the first absorption maximum. The fit

of equation 4.1 to the experimental data was made using a Nelder-Mead simplex

algorithm to extract a value for τ , as well as the associated errors calculated from

the square roots of the diagonals of the covariance matrix.

An example of a fit to the averaged data is shown in figure 4.4 and the returned

best fit value for τ is 112.4 ± 2.5 ns. The decay rate constant of the RP signal,

( 1
τ
), is determined by both the decay rate of the population in the upper state and
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Figure 4.4: Averaged rapid passage signal from figure 4.3 shown with a fit using
equation (4.1). The equation accurately fits the form of the rapid passage and
returns a decay period of τ = 112.4± 2.5 ns.

the decay rate of the dipole moment polarisation, with rate constants 1
T1

and 1
T2

respectively [67]. At pressures of a few tens of mTorr, the average time between

collisions is a few µs and is comparable to the time taken for the probe laser to

complete one frequency up or down scan. This time period is an order of magnitude

longer than the timescale over which RP signals are observed. Therefore the decaying

shape of the RP signal is predominantly determined by dephasing of the dipole

moment polarisation rather than by collisional relaxation. The fits return values

for the decay constant τ , with the oscillation frequencies being determined by the

(known) chirp rate of the probe laser. In the following subsections the effect of

probe laser chirp rate and gas pressure on the decay period of the rapid passage

signal are investigated with a general decrease in coherence time being shown as

both parameters are increased.

4.1.3 Effect of laser chirp rate

The effect of varying the chirp rate of the probe laser on the RP signals was investig-

ated. Firstly the EC-QCL pump laser was set to scan over the R(14.5) 1
2
v = 1← 0
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Figure 4.5: a) Rapid passage signals and the corresponding best fits for probe
chirp rates of 38 kHz ns−1 and 266 kHz ns−1 with a pressure of 50 mTorr of NO. b)
Decay constants obtained from the fitting of the experimental rapid passage signals
as a function of probe laser chirp rate using equation (4.1).

transition at a rate of 0.149 kHz ns−1 and an output power of 80 mW. The DFB-

QCL was used as the probe at a power of 66 mW and chirped at a selection of rates

within the range 30 to 266 kHz ns−1. As can be seen in figure 4.5 a) the amplitude of

the RP signals decreases as the probe chirp rate is increased. Effectively, the probe

electric field couples less efficiently to the transition dipole moment for the R(15.5) 1
2

v = 2← 1 hot band transition, resulting in the measured transient absorption being

reduced. A similar effect is seen when working with pulsed QCL systems [127].

The post resonance parts of the transient signals are well fit by equation (4.1)

to yield reliable decay constants, τ . The set of measurements shown in figure 4.5 b)

indicates the decrease of τ as the chirp rate increases and reflects the fact that the

probe laser interacts with a progressively larger range of velocity groups per unit

time, leading to more rapid Doppler dephasing of the RP signal. Furthermore, as

the probe chirp rate increases, τ decreases to a lower limit of ca. 50 ns; this is the

limit imposed by the 20 MHz bandwidth of the detector.

In order to increase the degree of population transfer and minimise the Doppler

dephasing of the RP signal, similar measurements have been conducted for which

the function of each laser is reversed, i.e. the DFB-QCL becomes the pump and

the EC-QCL, the probe. Due to the limited tunability of the DFB-QCL, the NO
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transitions used in this case are different to those studied above. The pump laser

was tuned to the R(6.5) 1
2
v = 1← 0 transition at 1900.1 cm−1 while the probe laser

was scanned over the P(7.5) 1
2
v = 2 ← 1 band at 1822.3 cm−1. The powers of the

pump and probe lasers were 201 mW and 116 mW respectively and the pressure in

the cell was 50 mTorr.

The corresponding data for this case where the DFB is the pump and the

EC-QCL is the probe is shown in figure 4.6 a). Here the pump scan rate was

0.036 kHz ns−1, while the probe was scanned at rates from 20 to 486 kHz ns−1. The

decay constant, τ , again decreases as a function of increasing probe laser chirp reach-

ing the aforementioned limit of about 50 ns at the highest chirp rate as shown in

figure 4.6 b). However, in this case the limiting value isn’t reached until the chirp

rate is twice as large as before. In addition, the values of τ at low chirp rates are

higher than those for which the EC-QCL was the pump, e.g. at a chip rate of

50 kHz ns−1 the τ values are 150 ns and 130 ns respectively. The variation of τ with

probe laser chirp rate is also smoother than when using the EC-QCL as the pump

laser. Both effects directly reflect the narrower linewidth and higher power of the

DFB compared to the EC-QCL; in particular, the lower linewidth of the DFB-QCL

pumps a narrow range of velocities which leads to a slower dephasing of the rapid

passage signals.

Rapid Passage from the Ω = 3
2

Spin-Orbit State

The DFB-QCL was tuned to the R(6.5) 3
2
v = 1 ← 0 transition at 1900.5 cm−1 in

which the hyperfine splitting is greater than in the transitions for which Ω = 1
2
. In

this case the EC-QCL was tuned to the P(7.5) 3
2
v = 2← 1 transition at 1821.4 cm−1.

The pump laser was chirped at a rate of 0.055 kHz ns−1 with a power of 201 mW and

the probe laser was scanned at rates between 11 and 259 kHz ns−1. The pressure of

NO was again kept at 50 mTorr.

In chapter 3 it was shown that the differing hyperfine structure of the e and f

components of the Λ-doublet resolved transitions led to differences in the measured
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Figure 4.6: a) Rapid passage signals on the P(7.5)1
2
v = 2 ← 1 hot band of NO

and their fits taken at 50 mTorr of NO. b) The decay constants obtained by the
fitting of the experimental rapid passage signals as a function of the chirp rate of
the probe laser.

rapid passage structures. For the probe transition used here the splittings between

hyperfine transitions are significantly larger than in the Ω = 1
2

spin-orbit state; in the

f component the splittings between transition lines are 2.4 MHz and 2.6 MHz and

in the e component they are 2.4 MHz and 3.2 MHz respectively. The f component

transitions lie to slightly lower frequency than the e component transitions so for

a frequency down-chirp the probe laser encounters these splittings in the opposite

order to that given. These splittings are large enough that the rapid passage signals

from each hyperfine component interfere significantly with each other. The level of

interference is dependent on the chirp rate of the probe laser as shown by figure 4.7

It can be seen that at the highest chirp rates the rapid passage signals look like

the rapid passage signals previously shown, however at slower chirp rates significant

interference is seen. Similarly at the same chirp rates there is also a difference in the

shape of the RP signals seen between the up and down-chirps which is indicative

of the underlying hyperfine structures interacted with. It should be noted that

the dephasing times are fast enough that the RP signals only derive from a single

Λ-doublet component. These observations show the high resolution nature of our

measurements.
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Figure 4.7: The averaged rapid passage signals from the P(7.5) 3
2
v = 2 ← 1

transition at various chirp rates as given in the insets. a) shows the data taken
on the frequcney down-chirp and b) on the frequency up-chirp. The differences in
the rapid passage shapes are due to the underlying hyperfine structure which differs
between the up and down chirps as the splittings in the e and f components differ.
The signals are offset for clarity.

4.1.4 Effect of sample pressure

The previously described experiment was repeated at several different NO pressures

within the range 7.5 to 300 mTorr to investigate the effects of collisional dephasing

on the system. In this case, the EC-QCL pump (tuned to the R(14.5) 1
2

fundamental)

was chirped at 0.149 kHz ns−1 with a power of 81 mW, and the probe (tuned to the

R(15.5) 1
2

hot band) chirped at 145.5 kHz ns−1 with a power of 41 mW. The maximum

amplitude of the rapid passage absorption, A0 (see equation(4.1)), is plotted as a

function of pressure in figure 4.8. It can be seen that the signal amplitude rises

sharply to a maximum around 50 mTorr before the increasing pressure causes it to

fall again. This behaviour is due to the competition between the absolute number of

polarised molecules interacting with the electric field and the collisionally induced

dephasing. Both properties increase with increasing pressure with the collisional

dephasing beginning to dominate beyond about 50 mTorr of NO.

As the pressure of NO increases, there are more collisions per unit time and

collisions begin to make a greater contribution to the relaxation of the system.

Hence, the magnitude of the oscillations within the RP signal decreases and so
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Figure 4.8: The maximum amplitude of the rapid passage absorption as a function
of pressure. The data have been normalised to the largest absorption at around 50
mTorr.

does the decay time with increased pressure. This behaviour is shown in figure 4.9

a). In figure 4.9 b) the RP decay time as function of sample pressure for both

the e and f components of the R(15.5) 1
2
v = 2 ← 1 probe transition is plotted

showing the decrease in dephasing time with increasing pressure. In both cases at

low pressure, collisional relaxation is not the limiting factor determining the value of

τ but instead it is the spread of velocities that the probe interacts with. Figure 4.9

also shows a clear difference in the values of τ for the e and f Λ-doublet components

(for a given pressure) with the RP signals for the e-component dephasing faster

than those of the f -component. The reason for this behaviour is that the three

most intense hyperfine components of the transition probing the e Λ-doublet are

split by a greater amount (0.27 and 0.63 MHz) than the hyperfine components

related to the f -component (0.21 MHz), giving faster damping of the signal. As

expected both transitions exhibit the same decay constant in the high pressure

limit. Taking the reciprocal of the time constant gives a rate γ = 1
2πτ

, for the

coherence relaxation in the system. The gradient of lines fit to a plot of γ against

the sample pressure, as shown in figure 4.10 give rate constants of 2.9 ± 0.2 MHz

Torr−1 for the e component and 3.4±0.3 MHz Torr−1 for the f component. Published
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Figure 4.9: a) A comparison of rapid passage signals measured at different gas
sample pressures as shown. b) Decay constants obtained from the fitting of the
rapid passage signals as a function of pressure of NO.

0 50 100 150 200 250 300 350
1.0x106

1.5x106

2.0x106

2.5x106

3.0x106

 e component
 f component

 

 

 (s
-1
)

Pressure (mTorr)

Figure 4.10: Decay rate γ = 1
2πτ

, obtained from the fitting of the rapid passage
signals as a function of pressure of NO. The gradients of lines fit to these data give
rate constants of 2.9 ± 0.2 MHz Torr−1 for the e component and 3.4 ± 0.3 MHz
Torr−1 for the f component.
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Figure 4.11: Absorption profiles of the R(15.5) 1
2
v = 2← 1 hot band transition of

NO at different pressures.

measurements of the transverse (polarisation) relaxation rate by free induction decay

using microwave coherent spectroscopy in OCS gave values of 5.25±0.5 MHz Torr−1

[128] for the J = 2 ← 1 transition in the ground vibrational state and 5 − 6

MHz Torr−1 across various rotational and vibrational states [129]. Measurements of

linewidth self broadening in OCS gave similar values of 5.7 ± 0.2 MHz Torr−1 for

the J = 3 ← 2 transition [130] and 6.03 ± 0.05 MHz Torr−1 for the J = 2 ← 1

transition [131]. The population transfer during these published experiments is

small and so the decay of the signals is a measure of the transverse relaxation of the

system in the absence of longitudinal (population) relaxation. Our measurements

show good agreement with published data on similar systems, we note however, that

the rate constants calculated here are affected by both the hyperfine structure of

the transitions and the laser chirp rate (as shown in figure 4.6) meaning that our

experiments do not provide a pure measurement of the transverse relaxation rate.

At all of the pressures studied, the Doppler absorption profile of the R(15.5) 1
2

v = 2← 1 hot band is significantly more intense than that expected from a thermal

distribution. Figure 4.11 shows evidence that population is transferred from the

initial velocity selected Λ-doublet level into both a range of velocity groups within the
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Figure 4.12: a) The R(15.5) 1
2

hot band absorption signal for a 59.6 mTorr sample

of NO. b) Doppler profile of the data presented in a), with the RP signal removed.
Also shown in b) is the calculated absorption profile for the same pressure of NO
under local thermal equilibrium (LTE) conditions.

same level and into the near-degenerate opposite Λ-doublet level through collisions.

If the pump laser is blocked, this background absorption profile disappears. Figure

4.12 shows the Λ-doublet profile of the hot band transition at 59.6 mTorr of NO

in a) and the same in b) with the RP signal removed. For comparison, the profile

calculated using HITRAN data for local thermal equilibrium conditions at the same

pressure is also shown. As the pressure is increased the populations of the two

Λ-doublet components become more equal (see figure 4.11), showing the effect of

increased velocity redistribution and inelastic energy transfer. For comparison, in

order to observe a maximum absorption of the same magnitude observed at 200

mTorr (∼ 3 × 10−3) without the pump beam, calculation, using absorption cross-

section data from the HITRAN database, indicates that the cell would need to be

filled with 900 mTorr of NO [119].
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4.2 Linewidth Broadening with an External Noise

Source

To further confirm the hypothesis that the laser linewidth influences the dephasing

time of the rapid passage signals through velocity selecting the pumped sample a

noise source was added to the DFB-QCL. The noise generator (RFDesign Noise

Brick 3) produced white noise in the range 50 kHz to 500 MHz and was amplified

once (Mini Circuits ZKL-1R5 amplifier) then passed into a bias tee.

The DFB-QCL was tuned to the e component of the R(6.5) 1
2
v = 1 ← 0 Λ-

doublet resolved transition and operated at a fixed frequency while the EC-QCL was

tuned across the P(7.5) 1
2
v = 2← 1 transition either at a slow rate of 0.34 kHz ns−1

using a function generator (TTi TG1304) output applied to the PZT or at a faster

rate of 24.6 kHz ns−1 using the function generator output applied to the internal bias

tee of the EC-QCL. The beams counter propagated through a 70 cm long cell in the

same configuration as in figure 4.1 with a gas pressure of 43.5 mTorr. The detectors

used were again a Vigo PVI-2TE-6 for the pump beam and a Vigo PVMI-3TE-10.6

for the probe. Approximately 100 scans were taken both with and without the noise

generator attached to the DFB-QCL and averaged in the same manner as previously

described.

Figure 4.13 shows the level of linewidth broadening caused by applying the noise

source to the DFB-QCL and determined under conditions of slow scan rate. The

noise source was amplified by approximately 27 dB and by 30 dB to produce the

broadened lines (red and green) shown in figure 4.13. The signals were fit using

Gaussians to give full widths at half maxima of the resonance features of 6.00±0.01

MHz (no RF applied), 20.01± 0.02 MHz (RF amplified by 27 dB) and 26.96± 0.03

MHz (RF amplified by 30 dB). For the faster scan rate, shown in figure 4.14, this near

five-fold broadening of the linewidth has clear consequences for the rapid passage.

Without noise applied to the laser the signal appears as expected, ie. a normal

rapid passage signal. However with the broader laser linewidth the rapid passage is
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Figure 4.13: The effect of applying white RF noise to the pump DFB-QCL is
shown. The black line shows the signal when no noise is applied with the red and
green lines showing the signal when increasing amounts of amplified RF noise is
applied to the pump laser. Fitting the signals with Gaussians yields linewidths
(FWHM) of 6.00± 0.01 MHz, 20.01± 0.02 MHz and 26.96± 0.03 MHz respectively.
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Figure 4.14: The effect on the rapid passage shown in a) of the increased linewidth
caused by applying noise to the pump laser is shown in b). The increased width of
the pumped velocity group causes the oscillations to be completely damped out.
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dephased far more quickly due to the larger velocity spread and is consequently no

longer seen, confirming our conclusions about the importance of velocity dephasing

in transient spectroscopy.

4.3 Two-Colour Polarisation Spectroscopy

In chapter 2 polarisation spectroscopy (PS) was described as a Doppler-free tech-

nique similar to Lamb-dip saturation spectroscopy. While PS has traditionally util-

ised strong electronic transitions originating from ground state atomic and molecu-

lar species, [132] Carr et al. [133] have recently extended PS to excited electronic

states, observing Autler-Townes splitting in excited states of a low pressure sample

of atomic cesium and Kulatunga et al. [134] achieved the same with rubidium va-

pour. The reduction in the Doppler background led to experiments of the type

described in the preceding section being performed as polarisation spectroscopy ex-

periments. Moreover by using an analysis polariser set at 45◦ and two detectors

detecting the transmitted and reflected parts of the beam after this polariser allows

both the absorption and the Doppler-free dispersion to be measured [135].

The signal expected for a beam transmitted through the analysis polariser Itr

was given in chapter 2 by equation (2.26) and is restated here

Itr = 2I0e
−ᾱL |sin θ cosφ+ cos θ sinφ|2 . (4.2)

The reflected part of the signal Iref , is then given by

Iref = 2I0e
−ᾱL |cos θ cosφ− sin θ sinφ|2 . (4.3)

The sum of the two signals is trivial being given by equation (2.1) whereas the

difference signal is given by

∆I = I0e
−ᾱL

(

ξ + |sin (θ + φ)|2 − |cos (θ + φ)|2
)

, (4.4)



Chapter 4. Pump-Probe Spectroscopy with CW QCLs 101

where θ is the uncrossing angle, φ was given in chapter 2 by equation (2.27) and

ξ accounts for the non-ideal behaviour of the analysis polarizer. At an uncrossing

angle of 45◦ the differential signal yields a purely dispersive signal as the amount

of the saturated absorption lineshape seen by each detector is equal and so cancels.

The only remaining contributions to the signal come from those parts of the electric

field that have been rotated by the polarised pumped gas.

By applying polarisation spectroscopy to the pump-probe setup described in

this chapter, it cannot properly be said to be removing the Doppler broadened

component since the experiment seeks to pump a sub-Doppler velocity group into

the excited state and probe this. However as demonstrated in the previous section

population is transferred into nearby velocity groups so the technique maintains this

usefulness with the added benefit of slightly increasing the signal to noise ratio. As

will be shown in section 4.3.2 at slow probe laser chirp rates the summed signal gave

a measurement of the pure absorption signal which showed the velocity selection

induced by the pump beam whereas the difference signal gave a classic dispersion

lineshape. Increasing the chirp rate again led to the observation of rapid passage

which was seen in both the absorption and dispersion signals.

4.3.1 Experimental

The experiment utilises the same two cw QCLs operating at 5 µm in the same

counter-propagating configuration in a 70 cm long glass cell filled with a low pressure

sample of NO (10 - 100 mTorr). In this case the EC-QCL was used as the pump field,

and the DFB-QCL was used as the probe. The pump laser was circularly polarized

using a λ
4

waveplate (Alphalas) and its frequency tuned to a fixed frequency within

the R(14.5) 1
2
v = 1 ← 0 transition. This time the pump laser was not scanned

as the experimental time was shorter than the length of time it took the laser to

drift from the transition frequency. The 2 MHz laser linewidth resulted in velocity

selective excitation into the v = 1 state, which was subsequently probed by the

linearly-polarised probe laser. The probe laser frequency was continuously scanned



Chapter 4. Pump-Probe Spectroscopy with CW QCLs 102

across the R(15.5) 1
2
v = 2 ← 1 transition at a selection of scan rates using the

output from a TTi function generator (TG1304) to supply a triangular waveform to

the laser driver. Within a single linear current sweep, the total frequency scan for

this laser was between 3 and 5 GHz, producing chirp rates ranging from 0.1 kHz ns−1

to 248 kHz ns−1. After exiting the cell the probe beam passed through an analysis

polarizer (Alphalas Rochon polariser) set with its transmission axis at 45◦ to that

of the probe laser and both the transmitted and reflected beams were then focussed

by off-axis parabolic mirrors onto two thermoelectrically cooled mercury cadmium

telluride detectors (both VIGO PVMI-3TE-10.6). Similar detectors were used, such

that the measured signal intensities of the reflected and transmitted beams were

well-matched. The PS signals were collected and recorded by a 2.5 gigasample/s,

400 MHz bandwidth digital oscilloscope (LeCroy Wavesurfer 44MXs-A). The signal

to noise is further improved by averaging over 50 scans in the same manner as

previously described in this chapter.

The key quantity in equation (4.4) is the complex phase factor φ which accounts

for both the circular dichroism, ∆α, and the optical birefringence, ∆n, of the velocity

selected sample which is induced by the circularly polarized pump laser, and is

defined generally as

φ (ω) =
ω

2c
(L∆n (ω) + ∆br) + i

(

L
∆α

4
+

∆bi

2

)

, (4.5)

where L is the path length of the light in the sample, ω is the frequency of the

probe and ∆br and ∆bi account for possible contributions to birefringence and the

dichroism coming from the cell windows, respectively. The parameters ∆α and ∆n

are related to the probe laser detuning (ω− ω0), and the dephasing rate γ, through

equations (4.6) and (4.7) respectively [88,133]

∆α =
∆α0γ

2

γ2 + (ω − ω0)
2 , (4.6)
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Figure 4.15: Polarization signals obtained at a pressure of 36 mTorr and probe
chirp rate of 0.92 kHz ns−1. The pure absorption signal is shown offset and shows
the velocity selection induced by the pump beam. The full width at half maximum
of the summed signal is 1.5±0.2 MHz.

∆n = ∆α0
c

ω0

γ2 (ω − ω0)

γ2 + (ω − ω0)
. (4.7)

Substituting these into equation (4.5) yields equation (2.27).

4.3.2 Results

Figure 4.15 shows both the transmitted and reflected parts of the beam after the ana-

lysis polariser with a gas pressure of 36 mTorr and a probe chirp rate of 0.92 kHz ns−1.

Also shown is the sum of these two parts, giving the total absorption and demon-

strating the velocity selective pumping with a full width at half maximum of 1.5±0.2

MHz.

The difference signal for the transmitted and reflected signals shown in figure 4.15

is shown in figure 4.16. The data shows clear resolution of the expected dispersion

line shape. Also shown is a fit to the data using equation (4.4) and a method

of least squares minimisation. The fit shown in figure 4.16 yields a linewidth of

1.7± 0.3 MHz. It should be noted that while this simple line shape function fits the

overall profile reasonably well under these conditions of slow probe scan rate, the



Chapter 4. Pump-Probe Spectroscopy with CW QCLs 104

-50 -40 -30 -20 -10 0 10 20 30 40 50

-0.02

-0.01

0.00

0.01

0.02

 

 

An
is

ot
ro

py

Detuning (MHz)

Figure 4.16: The difference signal derived from the transmitted and reflected
signals shown in figure 4.15. The expected dispersion line shape is well resolved and
a fit to it using equation (4.4) is also shown, yielding a linewidth of 1.7± 0.3 MHz.

data around the central resonance consistently displays a slightly steeper gradient

than that predicted by the fit. This effect may be due to the lasers being in perfect

2-photon resonance at line centre but it seems that any strong coherence effect

is dampened by the inherent jitter in the unstabilised laser fields under the slow

scanning conditions. As will be shown below, the effect of two-photon coherence

is more readily apparent in the data obtained when the probe laser chirp rate is

increased as was the case in the data presented earlier in this chapter.

Figure 4.17 shows the evolution of the PS signals as the chirp rate of the probe

laser is increased to ca. 15 kHz ns−1. It is clear that both the absorptive and dis-

persive PS signals develop oscillatory structure as the chirp rate of the probe laser

increases. This structure is again due to rapid passage in which the probe laser is

tuned through resonance on a time scale which is short compared to the relaxation

time of the system as demonstrated previously in this chapter. A fit to the RP signal

shown in figure 4.17c) is shown in figure 4.18 and yields a decay period of ∼ 200

ns. This is consistent with the chirp rate of 15.2 kHz ns−1 which is slower than any

of the data points reported in section 4.1.3 and follows the upward trend of decay



Chapter 4. Pump-Probe Spectroscopy with CW QCLs 105

a)

-50 -40 -30 -20 -10 0 10 20 30 40 50

0.92

0.94

0.96

0.98

1.00

 

 
Tr

an
sm

itt
an

ce

Detuning (MHz)

d)

-50 -40 -30 -20 -10 0 10 20 30 40 50
-0.03

-0.02

-0.01

0.00

0.01

0.02

 

 

An
is

ot
ro

py

Detuning (MHz)

b)

-50 -40 -30 -20 -10 0 10 20 30 40 50

0.92

0.94

0.96

0.98

1.00
 

 

Tr
an

sm
itt

an
ce

Detuning (MHz)

e)

-50 -40 -30 -20 -10 0 10 20 30 40 50

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

 

 

An
is

ot
ro

py

Detuning (MHz)

c)

-50 -40 -30 -20 -10 0 10 20 30 40 50

0.94

0.96

0.98

1.00

1.02

 

 

Tr
an

sm
itt

an
ce

Detuning (MHz)

f)

-50 -40 -30 -20 -10 0 10 20 30 40 50

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

 

 

An
is

ot
ro

py

Detuning (MHz)

Figure 4.17: Polarisation signals (both absorption and dispersion) as a function of
probe laser chirp rate obtained at a pressure of 36 mTorr. The chirp rates increasing
from top to bottom are 0.92, 4.1 and 15.2 kHz ns−1. a) to c) show the absorption
while d) to f) show the dispersion. As the chirp rate increases rapid passage effects
become apparent in both the absorption and the dispersion with a phase difference
of π

2
between the two.
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Figure 4.18: A fit to the RP signal shown in figure 4.17c) using equation (4.1)
yields a decay period of ∼ 200 ns.

period with decreasing chirp rate. As expected from the optical Bloch equations,

the absorption signal and dispersion signal are out of phase by π
2
.

Polarisation spectroscopy has been used as a modulation free laser stabilisation

technique since it gives an error-type signal (ie. the signal has opposite sign de-

pending upon whether the laser frequency is above or below the target frequency)

as the laser moves away from resonance. In this two laser technique it is therefore

possible that the dispersion signal derived from the probe laser signal at slow chirp

rates (which correspond to slow drifts of the laser frequency) could allow two lasers

to be locked in two-photon resonance. The pump laser would be free to drift but

assuming those drifts are slow then the detuning of the two-photon resonance caused

by this drift would cause an error signal in the probe laser which could be fed back

to lock the probe into two photon resonance with the pump.

4.4 Simulations using the 3-Level Density Matrix

In the previous chapter a rapid passage signal was simulated by solving the two-level

optical Bloch equations as shown in figure 3.22. With the extension of the system
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to include a high power narrow bandwidth probe laser tuned to a ladder state

transition, it is pertinent to consider the optical response of the system in terms of

three coupled levels. The density matrix for a three level system coupled by two

photons was given in chapter 2; specifically the equations of motion were given by

equations (2.66). Throughout these pump-probe experiments it has been assumed

that over the time period of the rapid passage signals the pump laser frequency

has remained static or quasi static while the probe laser is scanned. Therefore in

equations (2.66) the Stokes detuning ∆12 and the two-photon detuning ∆02 are time

varying quantities with their rates of change equal to the chirp rate of the laser. A

MATLAB program was created to solve numerically these equations of motion for

a three level system, giving the populations and coherences at each time point over

which the integration is performed.

The 3-level model takes as inputs the measured properties of the system (laser

powers, P , probe laser chirp rate, gas pressure, laser linewidths, ∆pump and ∆probe,

beam radii, r), along with broadening parameters (Γ01 and Γ12 respectively for

the pump and probe transitions) and the Einstein A coefficients which are used to

calculate the transition dipole moments, µ (taken from the HITRAN database [119]).

The Rabi frequencies, Ω, are calculated from these inputs, as are the decay constants

for the two transitions,γ01 and γ12, and for the 2-photon combination, γ02. These

latter four quantities are given by

Ω =
µ
√

4P

πr2cǫ0~
, (4.8)

γ01 =
√

∆2
pump + Γ2

01, (4.9)

γ12 =
√

∆2
probe + Γ2

12, (4.10)

γ02 =
√

∆2
pump + ∆2

probe. (4.11)

The system of ordinary differential equations (2.66) describing the components

of the density matrix is set up in a MATLAB program and solved using one of MAT-



Chapter 4. Pump-Probe Spectroscopy with CW QCLs 108

a)

-20 -10 0 10 20 30 40 50

0.96

0.97

0.98

0.99

1.00

1.01

1.02

1.03

 Sum Signal
 Simulated Absorption

 

 
Tr

an
sm

itt
an

ce

Detuning

b)

-50 -40 -30 -20 -10 0 10 20 30 40 50
-0.03

-0.02

-0.01

0.00

0.01

0.02

 Difference Signal
 Simulated Dispersion

 

 

An
is

ot
ro

py

Detuning

Figure 4.19: The absorption a), and dispersion b), signals from a PS experiment
at a pressure of 36 mTorr. The EC-QCL pumps the R(14.4) 1

2
fundamental and the

DFB-QCL probes the R(15.4) 1
2

hot band transition. The three-level simulations

(red lines) are shown to accurately model the behaviour of both parts of the signal.

LAB’s proprietary ODE solvers, ode23. The diagonal elements of the 3x3 density

matrix describing the system are the populations of each of the three levels while

the off-diagonal matrix elements are the coherence terms. The term of interest for

the pump-probe experiments demonstrated in this chapter is the complex coherence

term between the first and second excited ro-vibrational levels. The imaginary part

of this term gives the absorption and the real part gives the dispersion.

Figure 4.19 shows the pure absorption and dispersion signals produced in the PS

experiment with the lasers tuned as described in the PS section, at a pressure of 36

mTorr along with the corresponding parts of the ρ12 coherence term from the 3-level

simulation. The input powers for the simulation were 60 mW for the pump and 100

mW for the probe with laser linewidths of 2 MHz and 0.5 MHz (consistent with

a narrowing of the linewidth over a short measurement time scale) respectively.

The chirp rate used for the simulation was 72 kHz ns−1 which is consistent with

the chirp rate measured using a germanium etalon of 69 kHz ns−1. There is excellent

agreement between the three-level simulation and the experimental data. The decay

of the rapid passage oscillations is faster in the three-level model in comparison with

a two-level model as one would expect with an extra decay channel. This is shown
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Figure 4.20: A comparison of the two-level model with the three-level model
under the same conditions as 4.19. The oscillations are accurately modelled by both
simulations but the decay period is far longer in the two-level model than in the
three-level one, with the three-level model being the more accurate.

by running the two-level model with a Doppler width equal to the pump beam

width and using the same conditions for the probe beam as in the three-level model.

Figure 4.20 demonstrates how the extra decay channel in the three-level model leads

to a faster dephasing time and a better fit to the experimental data. The oscillation

frequency is well matched by both simulations however showing that this is primarily

determined by the chirp rate of the probe laser under these conditions.

For completeness figure 4.21 shows the evolution of the populations of the three

ro-vibrational states as the probe laser is scanned. The model starts by assuming

that all the population is in the ground state, but by the time the probe beam has

scanned far enough to begin to come into two-photon resonance the populations

in the ground and first excited state have become equal at the incoherent limit of

50%. The model predicts 38% population transfer into the second vibrationally

excited state. This section has shown that the field oscillations seen in pump-probe

spectroscopy on velocity selected samples are accurately modelled by solving the

density matrix for a three level system and further highlights the use of QCLs for

non-linear spectroscopy and coherent state preparation.
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Figure 4.21: Showing the evolution of the populations in the three vibrational
levels as the probe laser tunes through resonance. The model predicts 38% popula-
tion transfer into the v = 2 level.

4.5 Conclusions

This chapter has detailed the results from pump-probe experiments conducted on

low pressure samples of NO utilizing two high power cw quantum cascade lasers. The

lasers were tuned to the individual rotationally resolved transitions within the v =

1← 0 (pump) and v = 2← 1 (probe) vibrational bands and there is clear evidence

of velocity selective pumping. The reduced velocity spread in the excited v = 1, J

states compared to the Doppler width, allowed clear rapid passage structures to

be observed in the hot band transient absorption spectra. The effects of altering

chirp rate and gas pressure in the transient signals were investigated. It was found

that the RP signals decay faster in time as both the chirp rate of the probe laser

and the pressure of NO was increased. This indicates that both velocity dephasing

and collisional processes are important contributors to the form of the RP signals.

Evidence of velocity redistribution was readily seen (and population transfer into the

near-degenerate opposite Λ-doublet component through collisions in the gas) with

the amount of absorption in both the pumped and unpumped components measured

to be markedly greater than that expected under local thermal equilibrium. This
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indicates a high degree of population transfer caused by the strong pumping.

The hyperfine structure of the NO molecule was shown to have a large impact on

the structure of the rapid passage when the lasers were tuned to the Ω = 3
2

transitions

in which the energy differences between pairs of hyperfine levels is greater than in the

Ω = 1
2

transitions. This increased spacing caused rapid passage signals originating

from each hyperfine transition to interfere causing unusual line shapes. As the chirp

rate increased the rapid passage signals attained the shape that is expected for a

single transition as the size of the velocity group the probe laser interacted with per

unit time increased to include all the hyperfine transitions.

A radio frequency noise source was applied to the DFB-QCL which was then used

as the pump laser to demonstrate the effect of broadening the laser linewidth. The

applied noise was shown to broaden the size of the pumped velocity group by almost

5 times - indicative of the same increase in the laser linewidth. When the probe laser

chirp rate was increased it was seen that the larger velocity group being pumped led

to far more rapid dephasing to the extent that no rapid passage was seen, further

confirming the importance of velocity dephasing for transient spectroscopy.

A polarisation spectroscopy experiment was also demonstrated using the same

ladder state transitions. The pump beam was circularly polarised and the rotation

of the probe beam by the polarised vibrationally excited sub-Doppler velocity group

was monitored through the use of an analysis polariser whose transmission axis was

set at 45◦ to the polarisation direction of the probe laser beam. Two detectors were

employed to monitor the transmitted and reflected parts of the beam after the ana-

lysis polariser, allowing both the absorptive and dispersive parts of the signal to be

recorded. At low laser scan rates this technique has applications in modulation-free

laser stabilisation and may allow two lasers to be locked to two-photon resonance.

At faster probe chirp rates rapid passage effects again became evident and have been

observed in the purely dispersive component of the signal for the first time. The

absorptive and dispersive components were seen to be π
2

out of phase as expected.

Finally a model was developed that solves the three-level density matrix with
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two photons coupling the levels. The model was shown to be in good agreement

with experimental data and gave both the absorptive and dispersive components

of the complex coherence for the probe beam. The model also gives the expected

population transfer which for the experimental conditions given was 38%. These

initial pump and probe studies highlight the the potential utility of the set-up when

combined with multi-pass cells, for detailed studies of both inelastic and elastic

collisional processes and velocity changing effects, especially given the wide spectral

tunability afforded by external cavity QCLs.



Chapter 5

Mid-IR Pulse Generation for

Coherent Population Transfer

The data presented in chapter 4 quantified the temporal decay of the coherent rapid

passage signals observed from a velocity selected sample probed with a rapidly swept

probe field and prepared under conditions of constant pump intensity. The focus now

turns to the temporal decay of the coherent transient signal once the pump has been

switched off. To this end an acousto-optic modulator (AOM) was incorporated into

the experimental setup. The AOM was used as a fast switch to give a well defined

time period over which the fundamental ro-vibrational transition was pumped in

a pump-probe experiment similar to those described in chapter 4. The ability of

an AOM to create a pulse from a cw laser opens up the possibility to perform

the coherent population transfer technique known as STIRAP which was described

in chapter 2. In the second part of this chapter the properties of the two lasers

used previously in this thesis, along with the measured and literature values for the

properties of the transitions involved, are used to simulate the use of STIRAP to

achieve a high level of population transfer between ro-vibrational levels in NO. A

necessary condition for STIRAP to be successful is that the lasers must be in two-

photon resonance with the three-level system. It is therefore necessary to stabilise

the lasers in order that this condition be met and the final part of this chapter

113
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details two attempted methods for stabilising output frequency of the EC-QCL.

5.1 Amplitude Modulation in a Pump-Probe Ex-

periment

5.1.1 Characterisation of a Mid-IR Acousto-Optic Modu-

lator

The AOM (Isomet AOM (1208-6-4M)) contains a piece of germanium as the op-

tical medium and is anti-reflection coated at 5.3 µm. Attached to one side of the

germanium crystal is a piezoelectric transducer (PZT) which produces sound waves

that propagate through the germanium and are absorbed on the other side. The

sound waves create moving planes of expansion and compression, causing the refract-

ive index of the germanium to change periodically. [136] The incident laser beam is

scattered by these planes in a manner analogous to Bragg diffraction in crystals as

shown schematically in figure 5.1. Since the diffraction occurs from moving sound

waves rather than static crystal lattice planes, the frequency of the scattered light

is Doppler shifted by the frequency of the applied sound wave. The normal to the

AOM crystal surface is tilted at the Bragg angle θ to the propagation direction of the

incident laser beam such that the diffracted beam emerges with a separation angle

between the diffracted (first order) and unaffected (zeroth order) parts of the beam

of 2θ. The required Bragg angle is a function of the wavelength of the incident light,

λ, the frequency of the sound waves, f and the acoustic velocity of the medium, V

θ =
λf

2V
. (5.1)

The intensity of the diffracted light is dependant on the intensity of the applied

sound waves with the peak intensity being reached at the saturation power Psat

Psat =
kλ2H

2LM2

, (5.2)
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Figure 5.1: A schematic of an AOM. The piezoelectric transducer produces a sound
wave which propagates through the optical crystal and produces planes of varying
refractive index from which the laser wavefront is diffracted.

where k is the transducer conversion loss (typically near unity [137]), L is the in-

teraction length, H is the electrode height and M2 is known as the figure of merit

(approximately 170 for Ge [138]). The diffraction efficiency decreases as the acous-

tic power is increased beyond Psat and typically this power is tuned by adjusting

a potentiometer on the driver to set the maximum drive power. The power can

then be switched digitally from zero to full power or may be controlled by analogue

modulation to change the intensity of the first order beam. Power attenuation by

this method does not change the laser linewidth or polarisation and therefore offers

a distinct advantage over power tuning by injection current modulation or use of a

polariser.

The switching speed of the AOM is limited by the transit time of the sound wave

across the beam waist within the germanium crystal with the rise time tr, of the

first order being given by

tr = 0.65
d

V
, (5.3)

where d is the beam diameter (measured at the width at which the beam intensity

falls to 1
e2 of its peak intensity) and V is the acoustic velocity. Evidently then the

switching speed may be increased by focussing the beam into the AOM; even faster
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Figure 5.2: AOM output pulse produced by applying a 0.5 µs trigger pulse to the
driver.

switching would require an elector-optic modulator which is not readily available in

the mid-IR region.

The AOM was mounted on a rotation stage (Thorlabs PR01/M) and the angle

tuned to give maximum diffraction efficiency, defined as the ratio of power diffracted

into the first order to total incoming power. A digital function generator (TTi

TG1304) provided a square wave voltage input to the radio-frequency driver (Isomet

RFA151) which output a 50 MHz signal to the AOM PZT. The drive power was

set to Psat by observing the power in the first order beam and increasing the drive

power until the output power began to decrease before rolling the drive power back

to Psat. The diffraction efficiency was measured to be 91% in good agreement with

the manufacturer’s stated efficiency.

The rise time of the AOM was measured using a 2 mm beam radius with the

function generator supplying a 0.5 µs long trigger pulse. As shown in figure 5.2

the timescale over which the AOM transmission of the first-order beam rises from

zero to full power was measured to be 506 ± 9 ns, in close agreement with the

manufacturers’ specification. The frequency offset between the zeroth and first-

order beams should be 50 MHz and this was confirmed by the following experiment:
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Figure 5.3: Two Bennett holes in the Doppler profile of the R(6.5) 1
2
v = 1 ← 0

transition of NO showing the 50 MHz frequency offset between the zeroth and first
order beams transmitted through the AOM. The first order beam burns the hole at
the higher frequency.

the EC-QCL output, resonant with the fundamental R(6.5) 1
2

transition, was directed

into the AOM, and two Bennett holes were burnt into a low pressure NO sample

using both the zeroth and first-orders of the modulated EC-QCL beam. The Bennett

holes were observed by aligning both orders with the counter-propagating DFB probe

which was scanned across the same R(6.5) 1
2

transition. A frequency scale was set

using the known separation of the R(6.5) 1
2

Λ-doublet components so that the 50

MHz offset between the zeroth and first orders could be experimentally verified as

49.6± 0.9 MHz. The widths of the Bennett holes shown in figure 5.3 correspond to

the pump laser linewidth of ca. 2 MHz, and demonstrate that the AOM does not

change the linewidth of the modulated IR radiation.

5.1.2 Amplitude modulating the pump pulse - decay of the

transient signal

With the experiment set up as shown in figure 5.4, the pump (DFB-QCL) laser

frequency was fixed on resonance with the R(6.5) 1
2
v = 1 ← 0 transition while the
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Figure 5.4: Experimental setup used for all amplitude modulation experiments.
The setup is the same as for the pump probe experiments presented in chapter 4
with the exception that an AOM has been added to the DFB-QCL beam line to act
as a fast switch.

probe (EC-QCL) laser was tuned to the ladder state P(7.5) 1
2
v = 2← 1 transition.

The pump beam was aligned such that only the first order diffracted beam passed

through the gas cell and was counter-propagated with respect to the probe beam.

The pump beam was then turned on and off using the AOM. The frequency of the

probe was scanned at a rate of 236 kHz ns−1 using a TTi function generator (1010A)

applying a voltage ramp to the internal bias tee of the laser. The phase of the probe

scan was altered in time thereby allowing the velocity selected sample to be probed

at a variety of time delays after the AOM had been switched off as shown in figure

5.5. The time delay is defined as the period between the pump power falling to half

its maximum and the time point corresponding to the maximum amplitude of the

coherent transient signal. The data in figure 5.5 were obtained at a pressure of 50

mTorr and the signals shown for each time delay are an average of 100 scans.

The experiment was performed using several NO pressures and the maximum
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Figure 5.5: Showing the absorption in the hot band transition at several time
delays after the pump beam has been switched off. a) 630 ns before the pump is
turned off, b) 190 ns after the pump is turned off, c) 820 ns after the pump is
turned off and d) 1550 ns after the pump is turned off. The time delay is defined
as the period between the pump power falling to half its maximum and the time
point corresponding to the maximum amplitude of the coherent transient signal.
The switching off of the pump beam is shown in black with the corresponding probe
scans being the red lines.
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Figure 5.6: The maximum absorbance of the transient signal is plotted against
the delay time between switching off the pump and sweeping through resonance.
Exponential decays are fitted as shown to give decay periods τ of 2405 ± 645 ns
(24.5 mTorr pressure), 895± 124 ns (48.5 mTorr) and 486± 120 ns (68.5 mTorr).

absorbance is plotted against time delay for several representative pressures in figure

5.6. The decay in the measured maximum absorbance with increasing time delay

is fit using an exponential decay as shown to give time constants τ , which reflect

the combined polarization and population relaxation of the system. At pressures of

24.5 mTorr and 34.5 mTorr the time constants were found to be 2405± 645 ns and

1583± 518 ns respectively. These compare well with values of 2458 ns and 1745 ns

respectively calculated from the self broadening parameter given by HITRAN [119].

At higher pressures however, the measured time constants are a little lower than

the values expected from HITRAN. For example at 48.5 mTorr the measured decay

period is 895 ± 124 ns compared with a calculated 1242 ns using HITRAN and

at 68.5 mTorr the decay period is 486 ± 120 ns compared with 879 ns, although

since we likely measure a combination of the depolarisation and population decay

times as the molecules potentially also undergo velocity redistribution this is perhaps

unsurprising.

The width of the absorption features is seen to increase at increasing delay times

indicating velocity redistribution. It should be noted that since the width of the
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Figure 5.7: Coherent transient signals before and after the pump beam has been
extinguished.

signal increases on the same time scale as the decrease in signal amplitude, that

this effect is not easily seen in all of our data and as such we show only the clearest

example. This is shown in figure 5.7 in which the widths of signals measured 300

ns before the pump is turned off and 1550 ns after the pump is switched off are

compared. In figure 5.7 the absorbances have been normalised in order to emphasise

the linewidth change. Figure 5.8 shows how both the maximum absorbance and the

width of the signals changes with increasing delay time. The measured width is the

full width at half maximum of the absorbance signals. The linewidth measured while

the pump laser is on, is 11.5 MHz and represents the narrow sub-Doppler velocity

group prepared by the pump laser which is then broadened by the effective linewidth

of the fast-chirping probe laser. The resolution limit, ∆ν, of a fast chirping laser

with a chirp rate k (Hz s−1) is given by [74,139].

∆ν =
√
Ck (5.4)

where C is a constant of order unity. At the measured chirp rate and with a pumped

velocity group of 2 MHz width, the effective linewidth of the probe laser is calculated
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Figure 5.8: The evolution of the width of the coherent transient signals as a
function of time after the pump pulse has been extinguished. The total observed
linewidth is a quadrature sum of the velocity profile width and the effective laser
linewidth.

to be 11.3 MHz; this is consistent with a value of C of 0.541 which falls between the

values for Gaussian (0.441) and rectangular time windows (0.886). The observed

linewidth of the transient signal is then interpreted as the quadrature sum of the

true width of velocity profile in the v = 1 state and the effective laser linewidth. The

data therefore indicate that the velocity profile in the v = 1 state broadens from 2

MHz (while the pump laser is on) to 13 MHz at a time delay of approximately 1.5 µs

i.e. at a rate of 6.45 MHz µs−1.

These preliminary measurements indicate that similar studies within multi-pass

cells are capable of providing details of speed dependent collisional processes. For

example, the inherent velocity selection afforded by QCLs can be combined with

two colour polarization spectroscopy to provide information about state-to-state

differential scattering cross-sections for both elastic and inelastic collisions of vi-

brationally excited molecules in their ground electronic state, and to measure the

degree of polarization retention during inelastic energy transfer [140,141].
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5.2 Simulating STIRAP by Solving the Three-

Level Density Matrix

The initial foray into fast amplitude modulation of QCLs as presented in the previous

section paves the way towards attempting to achieve Stimulated Raman Adiabatic

Passage (STIRAP) in the NO system. The theory of this technique was presented in

chapter 2 and involves the pump and Stokes laser beams being pulsed in a counter-

intuitive order. To summarise, the technique involves the molecules being subject

to partially overlapping (in time) pulses of laser radiation, the frequencies of which

correspond to the fundamental (pump) and hot band (Stokes) transitions. The

pulses are ordered such that the Stokes beam is seen before the pump beam (with

some overlap in time) and results in population being put into an eigenstate of the

three-level time dependent Hamiltonian (equation (2.65)) which contains only the

ground v = 0 state and the v = 2 state (equation (2.67b)). As long as the adiabatic

following condition (equation (2.70)) is met, the population in the ground state will

be transferred entirely into the v = 2 state.

In a similar manner to the simulations presented in chapter 4, the three-level

density matrix equations of motion (2.66) can be solved to model STIRAP. In this

case however, the detuning is held constant and instead the Rabi frequencies of both

the pump and Stokes lasers become time dependent as the intensity of the lasers

is modulated. The equations (2.66) are solved numerically by writing a MATLAB

program to set up the equations and perform the integration. The pulses were

programmed to have a Gaussian temporal shape Ω(t) = Ωe(
−t
τ )

2

with a pulse width τ

and the program alters the time delay between the pulses to investigate the optimum

delay time for population transfer. Figure 5.9 shows the calculated total population

transfer into each of the vibrational levels of NO as a function of the delay between

the pump and Stokes pulses with negative delay corresponding to the pump pulse

occurring before the Stokes pulse in time. The pulse lengths τ were 1 µs for both

pulses, the shortest pulse length achievable with the AOM in the previous section.



Chapter 5. Mid-IR Pulse Generation for Coherent Population Transfer 124

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time Delay (µs)

F
ra

ct
io

na
l P

op
ul

at
io

n

 

 

N
0

N
1

N
2

Figure 5.9: The calculated final total population in each vibrational level of the
system for changing delay times between the 1 µs pulses. Positive delay times corres-
pond to the counter-intuitive pulse ordering in which the Stokes pulse occurs before
the pump pulse. A maximum transfer of 92% occurs for a delay of 1.6 µs.

The input parameters for the model are the Rabi frequencies of the pump and

Stokes pulses which were calculated from the measured properties of the lasers (out-

put power, beam radius) and HITRAN values for the simulated transitions (Einstein

A factor, transition frequency) along with detuning values for both beams and the

dephasing rate which is assumed to be equal for all states. The low tuning range

(relative to the EC-QCL) of the DFB-QCL limits the choices of ladder states to

attempt STIRAP with and the transitions that have been simulated here are the

R(6.5) 1
2
v = 1← 0 being pumped with the DFB-QCL with the Stokes resonant with

the R(7.5) 1
2
v = 2 ← 1. The Rabi frequencies were calculated as 14.8 Mrad s−1 for

the pump and 11.6 Mrad s−1 for the Stokes. The detuning values are taken to be the

measured linewidths of the lasers (0.8 MHz and 2 MHz respectively) and the deph-

asing rate was taken to be the self broadening rate at a pressure of 10 mTorr of NO

which is 213 kHz. At negative delay times (the intuitive pulse ordering) figure 5.9

shows that population transfer is very sensitive to the pulse timing with the transfer

oscillating between the target (v = 2) and intermediate (v = 1) states depending on

the delay time. However with the counter-intuitive pulse sequence (positive delay
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Figure 5.10: The temporal evolution of the populations in the three vibrational
levels for the most efficient pulse delay of 1.6 µs. The populations evolve smoothly
with little population occupying the intermediate state and the system ends with
92% of the population in the v = 2 state.

times), the population transfer into the target is consistently high over a broad range

of delay times with little population remaining in either the v = 0 or v = 1 states.

The maximum population transfer calculated occurs at a pulse delay of 1.6 µs

and predicts a total transfer of 92% into the v = 2 level. The temporal evolution

of the ro-vibrational state populations as the pulses occur is shown in figure 5.10.

This shows that only a very small proportion of the total population enters the

v = 1 level during the process and that the population, which initially starts in the

v = 0 level is smoothly transferred into the v = 2 level. At negative delay times the

population transfer into the v = 2 state reaches as high as 60% for precisely defined

pulse timings, but with positive delays the accuracy of the pulse timing is far less

critical with a larger population transfer occurring for a wide range of delay times.

A limitation of the three-level model is that it ignores the fact that the rota-

tional levels are (2J + 1)-fold degenerate in the absence of a strong magnetic field.

To address this limitation we turn to a more complicated system of equations given

by Mukherjee and Zare [142], who treat the Stokes beam as being composed of

two opposite circularly polarised components. They then use a graphical method
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Figure 5.11: A diagram showing a selection of M states, the driving fields, and
the coherences between the states. The labels use the notation used by Mukherjee
and Zare [142]. J ′′ corresponds to a rotational state within the ground vibrational
state, J ′ to a rotational state in the v = 1 and J to a rotational state in the v = 2.

illustrated in figure 5.11 to calculate the coherences between Zeeman levels of the ro-

tational states of the system. The time evolution of the populations (in the notation

used by Mukherjee and Zare) are given by

ρ̇J ′′

M
= 2ℜ

(

iΩP

(J′′,M)(J′,M)
σ

(J′,M)(J′′,M)

)

, (5.5a)

ρ̇J ′

M
= 2ℜ

(

iΩP ∗

(J′′,M)(J′,M)
σ

(J′′,M)(J′,M)
− iΩ+∗

(J′,M)(J,M+1)
σ

(J′,M)(J,M+1)

−iΩ−∗

(J′,M)(J,M−1)
σ

(J′,M)(J,M−1)

)

, (5.5b)

ρ̇J
M

= 2ℜ
(

iΩ+∗

(J,M−1)(J,M)
σ

(J,M−1)(J,M)
+ iΩ−∗

(J′,M+1)(J,M)
σ

(J′,M+1)(J,M)

)

, (5.5c)

where J ′′ denotes rotational level within the ground vibrational state, J ′ the in-

termediate state and J the target second ro-vibrationally excited state. The single
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photon coherences are given by;

σ̇
(J′,M)(J,M+1)

+ i∆
S
σ

(J′,M)(J,M+1)
= iΩ+

(J′,M)(J,M+1)

(

ρJ
M+1
− ρJ ′

M

)

+ iΩ−

(J′,M)(J,M−1)
σJ

(M−1)(M+1)

− iΩ−

(J′,M+2)(J,M+1)
σJ ′

(M)(M+2)

+ iΩP ∗

(J′′,M)(J′,M)
σ

(J′′,M)(J,M+1)
, (5.6a)

σ̇
(J′,M)(J,M−1)

+ i∆
S
σ

(J′,M)(J,M−1)
= iΩ−

(J′,M)(J,M−1)

(

ρJ
M−1
− ρJ ′

M

)

+ iΩ+

(J′,M)(J,M+1)
σJ

(M+1)(M−1)

− iΩ+

(J′,M−2)(J,M−1)
σJ ′

(M)(M+2)

+ iΩP ∗

(J′′,M)(J′,M)
σ

(J′′,M)(J,M−1)
, (5.6b)

σ̇
(J′′,M)(J′,M)

+ i∆
P
σ

(J′′,M)(J′,M)
= iΩP

(J′′,M)(J′,M)

(

ρJ ′

M+1
− ρJ ′′

M

)

− iΩ+∗

(J′,M)(J,M+1)
σ

(J′′,M)(J′,M+2)

− iΩ−∗

(J′,M)(J,M−1)
σ

(J′′,M)(J,M−1)
, (5.6c)

and the coherences between Zeeman levels by;

σ̇J ′

(M)(M+2)
+ γ

m
σJ ′

(M)(M+2)
= iΩ+

(J′,M)(J,M+1)
σ

(J,M+1)(J′,M+2)

− iΩ−∗

(J′,M+2)(J,M+1)
σ

(J′,M)(J,M+1)
, (5.7a)

σ̇J

(M)(M+2)
+ γ

m
σJ

(M)(M+2)
= iΩ−∗

(J′,M+1)(J,M)
σ

(J,M+1)(J′,M+2)

− iΩ+

(J′,M+1)(J,M+2)
σ

(J,M)(J′,M+1)
. (5.7b)

Finally the two-photon coherences are given by;

σ̇
(J′′,M)(J,M−1)

+ i∆2σ(J′′,M)(J,M−1)
= iΩP

(J′′,M)(J′,M)
σ

(J′,M)(J,M−1)

− iΩ−

(J′,M)(J,M−1)
σ

(J′′,M)(J′,M)
, (5.8a)

σ̇
(J′′,M)(J,M+1)

+ i∆2σ(J′′,M)(J,M+1)
= iΩP

(J′′,M)(J′,M)
σ

(J′,M)(J,M+1)

− iΩ+

(J′,M)(J,M+1)
σ

(J′′,M)(J′,M)
. (5.8b)
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Figure 5.12: The final populations in each of the three vibrational states with
various time delays between the pump and Stokes pulses. Negative delays correspond
to the pump laser interacting with the system before the Stokes and positive time
delays to the counter intuitive pulse ordering. The maximum transfer into the v = 2
level is found with a time delay of 1.12 µs which is slightly longer than the 1 µs
duration of the pulses. The process is very robust to errors in this time delay as
greater than 50% transfer occurs for pulse delays of between 0.5 µs and 1.5 µs.

The Rabi frequencies, Ω, are dependant on the Zeeman level and are modified by

the Clebsch-Gordan coefficients, and are given by

ΩP

(J′′,M)(J′,M)
=
µ01EP

~

√

√

√

√

(J −M − 1)(J +M − 1)

(2J − 1)(2J − 3)
, (5.9a)

Ω+

(J′,M)(J,M+1)
=
−µ12ES√

2~

√

√

√

√

(J +M)(J +M + 1)

2(2J − 1)(2J + 1)
, (5.9b)

Ω−

(J′,M)(J,M−1)
=
µ12ES√

2~

√

√

√

√

(J −M)(J −M + 1)

2(2J − 1)(2J + 1)
. (5.9c)

These equations were again solved numerically in the MATLAB programming en-

vironment. The input parameters for this model were the same as for the three-level

model and the pulse shapes were again Gaussian with a pulse width of 1 µs. Fig-

ure 5.12 shows the total population transfer into each of the vibrational levels as a

function of the delay between the pump and Stokes pulses and shows a significant

difference from the three-level model. Now, the maximum population transfer into



Chapter 5. Mid-IR Pulse Generation for Coherent Population Transfer 129

v = 2 is 78.3% and occurs with a pulse delay of 1.12 µs. This time delay is approx-

imately 0.5 µs slower than for the simpler three-level case but is roughly as expected

as studies have found that the optimum time delay is roughly equal to the pulse

length [143]. The technique is quite robust, in that the timing does not need to be

very precise to achieve appreciable population transfer; greater than 50% transfer is

achieved into the v = 2, J = 8.5 state for pulse delays of between 0.5 µs and 1.5 µs.

At negative delay times (intuitive pulse ordering) the maximum population transfer

is only 32.3% with a time delay of −1.27 µs, slightly higher than in the incoherent

limit, in which the maximum population transfer would be 25%. The population

transfer as a function of time is shown for the optimum pulse delay in figure 5.13.

As evidenced by the smoothness of the curves the population is being transferred

adiabatically; no oscillations occur as they would in Rabi cycling. The dephasing

and the Zeeman coherences mean that not all of the population is initially prepared

in the so-called dark state as described in chapter 2. This means that some of

the population is left in both the ground and middle states, reducing the overall

efficiency from 100%. However a population transfer of 78% is still significant.

The model calculates the populations of each of the (2J + 1) individual Zeeman

levels and these are shown in figure 5.14. The population is symmetrically distrib-

uted around M = 0 but weighted towards higher |M |, ie. the population in the

v = 2, J = 8.5 state is aligned. This alignment is expected as the two circularly

polarised components of the linearly polarised Stokes beam have equal intensities; if

they were unequal then the populations would be skewed to one side (either positive

or negative M) and the system would be oriented. The density matrix components

also allow us to calculate the orientation and alignment parameters which describe

the angular momentum polarisation. These parameters are defined by [144,145]

A(k)
q =

c(k)

〈JM | J2 |JM〉
k
2

〈

J (k)
q

〉

, (5.10)

where J (k)
q are spherical tensors of rank q and order k. The tensor rank q runs

from −k to k and a k value of 0 signifies a unipolar operator. A k value of 1
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Figure 5.13: The temporal evolution of the populations of the three ro-vibrational
levels as a function of time shown with the most efficient pulse delay (1.12 µs). The
shapes and timings of the pulses are shown with the pulse heights normalised. The
population is transferred smoothly into the v = 2 with only a little population
escaping into v = 1.
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Figure 5.14: The final distribution of population among the M states of the
v = 2, J = 8.5 level for the most efficient pulse delay.



Chapter 5. Mid-IR Pulse Generation for Coherent Population Transfer 131

Figure 5.15: The spatial distribution of the angular momentum for the most
efficient pulse delay as calculated from the alignment parameters A

(2)
0 = −0.075757

and A
(2)
±2 = −0.17477.

is associated with dipolar operations, and k = 2 is associated with quadrupolar

operations. Since the excitation modelled produces equal populations in |J,M〉 and

|J,−M〉, the molecule does not become oriented and so the orientation parameter

A
(1)
0,±1 = 0. The Zeeman coherence however, breaks the cylindrical symmetry and

leads to non-zero second order components of the spherical tensor operator J (2)
q .

These are given by

〈

J
(2)
±1

〉

= 0, (5.11a)

〈

J
(2)
0

〉

=
1√
6

∑

M

ρMM

[

3M2 − J (J + 1)
]

, (5.11b)

〈

J
(2)
±2

〉

=
1

2

∑

M

ρJ
MM−2

[

√

J (J + 1)− (M − 2) (M − 1)×
√

J (J + 1)−M (M − 1)
]

.

(5.11c)

The spatial distribution of the angular momentum polarisation is then calculated

from equations (5.11) using

P (θ, φ) =
1

4π



1 +
5

2
A

(2)
0

(

3 cos2 θ − 1
)

+ 5

√

3

2
A

(2)
2 sin2 θ cos 2φ



 , (5.12)
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where θ is the polar angle and φ is the azimuthal angle. For the simulation shown

in figure 5.13 the corresponding alignment parameters are A
(2)
0 = −0.075757 and

A
(2)
±2 = −0.17477 which give the overall spatial distribution of the angular momentum

shown in figure 5.15. Applying circularly or eliptically polarised light to one of the

transitions would result in unequal populations in |J,M〉 and |J,−M〉 leading to

orientation.

In conclusion this model which incorporates Zeeman coherences and uses meas-

ured values of the properties of our lasers even under realistic conditions inside an

absorption cell, predicts a significant amount of population transfer (78%). Two

AOMs could readily produce the necessary pulses with the cw lasers. In addition

such vibrationally excited samples will be formed with well defined angular mo-

mentum polarisation.

5.3 Laser Stabilisation

Since achieving two-photon resonance is paramount to STIRAP working, and since

neither the DFB-QCL or the EC-QCL is frequency stabilised, it was deemed neces-

sary to attempt to stabilise at least one of the lasers. Lasers of all types exhibit

various kinds of noise. The noise may exhibit as frequency fluctuations, phase fluctu-

ations or intensity changes and may be caused by multiple sources such as electrical

noise from the current supply or temperature variations. It is possible to counter

these fluctuations by applying some kind of feedback to the laser. For example Borri

et al. have locked a DFB-QCL to a Lamb-dip and used an optical frequency comb

synthesizer to measure the absolute frequency to kHz precision. [146]

The basic laser stabilisation setup includes some method by which the fluctu-

ations are measured followed by feedback electronics that convert the measured

(fluctuating) signal into a signal to send back to the laser to adjust the output back

to the desired state. A schematic of this is shown in figure 5.16. Various methods

exist for measuring a change in output frequency of the laser. These generally rely

on a measurement that results in an amplitude variation that is proportional to the
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Figure 5.16: A schematic of the basic active stabilisation setup. A detector meas-
ures some change in the laser output properties and feedback electronics convert
the detector signal into a signal to feed back to the laser to return it to its original
output properties.

change in frequency. This may be produced for example by measuring the trans-

mission of a stable reference cavity [147], by measuring the transmission through an

absorption cell or by using an interferometer [148]. Many methods rely on modula-

tion of the laser frequency or phase to produce the error signal required to calculate

the detuning from the desired frequency [88]. This may broaden the linewidth of

the laser, a trait that is undesirable in the kinds of coherent spectroscopy studied

in this thesis. Many stabilisation methods are also unable to distinguish between

amplitude modulation of the laser and frequency modulation since they rely on the

phase difference between different frequencies altering the amplitude of the signal.

Several modulation free techniques exist that deal with the linewidth broadening

problem, the most common being Pound-Drever-Hall (PDH) locking in which a

stable Fabry-Perrot cavity is used in conjunction with a phase modulator [149,150].

The phase modulator allows optical sidebands to be added to the laser light which

are then directed into the cavity. The reflected light is monitored and the signal

demodulated to produce an error signal. The error signal is an odd function, unlike

the transmission function of the cavity, which allows a measurement of both how far

off resonance the laser is (through its magnitude) but also whether the frequency is

higher or lower than resonance (through its sign). The error signal is then fed back
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to the laser to return it to resonance. PDH locking is insensitive to laser amplitude

fluctuations but requires both complex, expensive electronics and expensive cavity

mirrors. For a laser that must be resonant with a certain molecular transition, it

would also be necessary to very accurately tune the cavity length.

It was suggested in chapter 4 that two-colour polarisation spectroscopy could

be used to lock the two lasers into two-photon resonance; the PS signal is of the

correct form for an error signal, being an odd function of detuning with a zero

crossing on (two-photon) resonance. Furthermore, the technique is modulation free

since the error signal is a direct function of the laser detuning. An attempt was

made to stabilise the EC-QCL (as the Stokes or probe laser) by this method and is

summarised below.

5.3.1 Experimental: Measuring the Frequency Stability of

the DFB-QCL

The experimental setup was largely the same as for the experiments presented in

chapter 4 with a few modifications. The probe beam was circularly polarised this

time and the chosen transitions were the R(6.5) 1
2
v = 1 ← 0 and the P(7.5) 1

2

v = 2← 1. The same detectors were used as before (VIGO PVMI-3TE-10.6).

Initially the probe laser was scanned across the hot band transition while the

pump laser was fixed within the fundamental transition from the e component Λ-

doublet. The cell was filled with 150 mTorr of NO and the signals at both detectors

were recorded on a 400 MHz oscilloscope (LeCroy Wavesurfer 44MXs-A). The sum

of the two detector signals once again gave the absorption signal, which contained

both a Doppler absorption component due to the continuous pumping and velocity

redistribution in the v = 1 level, and an increased absorption around the two-

photon resonance as shown in figure 5.17. By comparing the position of the narrow

absorption spike to the positions of the maxima of the Doppler broadened incoherent

components, it was possible to measure the detuning of the pump beam over time.

Figure 5.18 shows the detuning of the pump (DFB-QCL) over a period of ap-
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Figure 5.17: Illustrating the detuning of the pump laser. The Doppler profile of the
hot band transition is clearly visible and a sharp decrease in the probe transmittance
is seen when the probe laser tunes through two-photon resonance. The detuning of
the pump laser is measured as shown.

proximately 40 minutes. The detuning oscillates at a rate of about 2 mHz; the mean

detuning is -70 MHz indicating that the laser was not tuned to the centre of the

pump resonance, although this does not affect the rate at which the laser changes

frequency. The oscillating nature of the frequency change indicates that this is not

caused by random noise but is most likely due to the TEC cycling causing small

(< 1◦C) changes in the temperature. The width of the detuning keeps the pump

laser within the Doppler profile of the transition which has a FWHM of approxim-

ately 120 MHz. Moreover the slow changes mean that over the time scale of the

coherent phenomena studied, the laser appears to be quite stable. It is therefore

reasonable to assume that two-photon resonance could be maintained using two

colour polarisation spectroscopy for an appreciable time.

Figure 5.19 shows the difference signal obtained at a pressure of 150 mTorr with

a 100 kHz low pass filter. The width of the signal, determined peak-to-peak, is 4

MHz and there is a clear and smooth zero crossing so that it is possible to distinguish

positive detuning (higher frequency than desired) from negative. The signal shown

appears very suitable for laser frequency stabilisation, although amplitude changes
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Figure 5.18: The stability of the pump laser over time. The mean detuning is
-70 MHz and the detuning oscillates at approximately 2 mHz. This cycling is most
likely due to the TEC cycling causing small temperature variations.

in the lasers may result in the amplitude of the signal changing.

A new cell was therefore built and a portion of the probe power (ca. 7 mW) was

split from the main beam using a ZnSe window as a beam splitter. The pump beam

was passed through the new cell and the low power probe beam was passed through

a λ
4

waveplate and then counter propagated through the cell. The probe beam then

passed through an analysis polariser and the two components were picked up by

the same detectors as previously used. A differential amplifier was built to take

the detector outputs, invert one and output the combination which gives the error

signal. It was intended to send the error signal to the piezo of the EC-QCL, which

has a maximum frequency response of 100 Hz. Unfortunately at this refresh rate

the instability of the laser proved to be larger than the 4 MHz width of the error

signal and as such it was not possible to stabilise the EC-QCL using this method.

5.3.2 Experimental: Stabilising Using a Scanning Etalon

Another method was then chosen to stabilise the EC-QCL over a long (several

minutes) time period, through feedback to the output grating PZT. Figure 5.20
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Figure 5.19: The polarisation spectrum for a setup in which the probe beam has
been circularly polarised rather than the pump beam. The width of the central zero
crossing is 4 MHz.

shows schematically how a scanning etalon (Spectra-Physics SP5945) was used to

provide feedback to the laser. The confocal etalon contains a beam splitter, two

mirrors and a scanning KBr plate that rotates in order to change the optical path

length. The scanning plate is mounted to a motor that is driven at 5 kHz by a

lock-in amplifier (Stanford Research Systems SR830). The signal received at the

detector is demodulated by the lock-in amplifier to provide an error signal to the

laser.

The free spectral range (FSR) of the scanning etalon was measured in the absence

of modulation by scanning the EC-QCL over approximately 2 GHz and comparing

the output of a Ge etalon with 500 MHz FSRto the output of the scanning etalon.

The result is shown in figure 5.21 and comparison between the two gives an FSR of

294.6±17 MHz. The finesse of the scanning etalon, defined as the FRS divided by

the width of an individual fringe (measured at 70 MHz FWHM) is approximately 4.

While this is very low, it does mean that the error signals are much wider than the 4

MHz width measured using polarisation spectroscopy, making them wider than the

frequency instability of the laser and therefore potentially usable for stabilisation.
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Figure 5.20: A schematic of the experimental set up for using a scanning etalon
to stabilise a laser.
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Figure 5.21: The transmission of the scanning etalon (whilst not being scanned)
as a function of laser tuning. The transmission of a germanium etalon with a 500
MHz free spectral range is shown for comparison and to set a frequency scale. The
free spectral range of the scanning etalon is 294.6±17 MHz.
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Figure 5.22: The transmission of the scanning etalon and the demodulated error
signal produced by the lock-in amplifier.

An example of the demodulated signal from the lock-in amplifier is given in

figure 5.22. The EC-QCL was found to tune 1.1 GHz per volt applied to the piezo

driver but would not respond to a change in DC signal voltage of less than 6 mV.

Unfortunately since this corresponds to a detuning of approximately 6 MHz, it does

not seem possible to stabilise the laser to within its linewidth of 2 MHz by feedback

to the piezo; it was found that once the error signal was attenuated to a level that

would not cause the laser to oscillate, it did not appear to stabilise the laser as

the PZT was unable to respond to the signal. The scanning etalon could be driven

at up to 10 kHz, but at this highest rate the signal to noise ratio is very poor

due a decrease in the modulation depth of the motor used to change the angle of

the scanning plate. 10 kHz is the minimum frequency needed to apply a signal to

the bias tee input of the EC-QCL and as such this method (using the equipment

available) is not suitable for stabilising this particular commercial laser due to the

limitations of the device.

To increase the usability of this technique it may be possible to build a scanning

etalon with higher finesse, perhaps by increasing the FSR by using cavity mirrors as

opposed to the current beam splitter design such that cavity losses are reduced. The
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scanning of the etalon should be controlled by mounting one of the mirrors on a piezo

which can be driven in the kHz regime and would provide better control over the

cavity length than the KBr plate mounted on a motor currently used. This would

enable both better signal to noise ratio and higher frequency feedback to overcome

the problem of the EC-QCL’s limited PZT response. If the EC-QCL were stabilised

in this way, the DFB-QCL could potentially still be locked into two-photon resonance

using two-colour polarisation spectroscopy. Effective feedback to the lasers has the

potential not only to maintain two-photon resonance for an appreciable time but

also to narrow the laser linewidths which would increase the population transfer in

a STIRAP experiment by decreasing the velocity dephasing.

5.4 Summary and Outlook

In this chapter the operation of a mid-IR AOM was characterised and found to have

a rise time of 506± 9 ns, allowing the AOM to create a puse of µs length or longer.

The AOM was then used as a fast switch to investigate the temporal decay of a

transient absorption signal in a pump-probe experiment using low pressures of NO.

The signals were found to both decay and broaden over a period of approximately

1.5 µs and the low pressure samples (20 - 80 mTorr) measured showed a strong

agreement between the measured decay rate and the published self broadening rate

given by HITRAN [119].

The properties of the EC-QCL and the DFB-QCL measured throughout this

thesis were then used as input parameters for simulations using the density matrix

treatment outlined in chapter 2 to calculated the theoretical population transfer

achievable in a STIRAP experiment. A simple three-level model suggested that

as much as 92% population transfer could be achieved from the v = 0, J = 6.5

ro-vibrational level into the v = 2, J = 8.5 level with counter-intuitive pulse or-

dering and the correct delay between the pulses. A more complex model was then

demonstrated based on the equations of Zare and Mukherjee [142], which take into

account the (2J + 1) degeneracy of the rotational levels of the system. For the same
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transitions and input parameters as the three-level model the calculated popula-

tion transfer was 78% for 1 µs pulse durations. From the calculated density matrix

elements it was also possible to construct a plot of the spatial distribution of the

angular momentum for the final state and show that the result is an aligned system.

In order to achieve STIRAP using our lasers it is necessary for their frequencies

to be stabilised in order to achieve two-photon resonance. To this end several meth-

ods were attempted in order to stabilise the commercial EC-QCL. Unfortunately

due to the limitations of the commercial EC-QCL it was not possible to sufficiently

stabilise this laser using the methods attempted. Polarisation spectroscopy offers a

relatively simple, modulation free method of laser frequency stabilisation, but the

signals attained in our experiments were too narrow to lock the laser to. An altern-

ative method of polarisation spectroscopy suitable for laser locking demonstrated by

Hansch and Couillaud is to put a linear polariser inside a reflecting cavity [151]. The

light reflected from the cavity acquires a frequency dependent elliptical polarisation

and thus produces an error signal in the same way as polarisation spectroscopy. The

width of the error signals is then dependent on the cavity finesse and as such could

be made wider than the velocity selected width of the polarisation signals shown

in this chapter. In future this may provide a solution to the problem of frequency

stabilising the EC-QCL.
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