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A continuous wave quantum cascade laser (cw-QCL) operating at 10 μm has been used to record
absorption spectra of low pressure samples of OCS in an astigmatic Herriott cell. As a result of the
frequency chirp of the laser, the spectra show clearly the effects of rapid passage on the absorption
line shape. At the low chirp rates that can be obtained with the cw-QCL, population transfer between
rovibrational quantum states is predicted to be much more efficient than in typical pulsed QCL ex-
periments. This optical pumping is investigated by solving the Maxwell Bloch equations to simulate
the propagation of the laser radiation through an inhomogeneously broadened two-level system. The
calculated absorption profiles show good quantitative agreement with those measured experimen-
tally over a range of chirp rates and optical thicknesses. It is predicted that at a low chirp rate of
0.13 MHz ns−1, the population transfer between rovibrational quantum states is 12%, considerably
more than that obtained at the higher chirp rates utilised in pulsed QCL experiments. © 2012 Ameri-
can Institute of Physics. [http://dx.doi.org/10.1063/1.4734020]

I. INTRODUCTION

Continuous wave quantum cascade laser (QCL) devices
are high resolution and intense sources of single mode
radiation.1–3 These properties make QCLs ideal for use in
nonlinear spectroscopy experiments, such as Lamb-dip,4 free
induction decay,5, 6 and rapid passage studies. In addition to
these types of spectroscopic applications, QCLs may also
be used to prepare molecules in specific rovibrational quan-
tum states. This approach to quantum state preparation has
been demonstrated recently using two cw-QCLs in a pump-
probe type arrangement.7 In Ref. 7, a high-powered, narrow
linewidth (2 MHz) pump cw-QCL was used at a low chirp
rate (0.1 MHz ns−1), and it was shown that ∼16% of the
v = 0, J = 6.5,� = 1

2 level of NO was transferred to the
v = 1 level. This population transfer was calculated from the
saturation parameters of the system under the experimental
conditions,8 and was consistent with the value predicted by
solving the Maxwell Bloch equations for these levels. While
a 16% transfer of population is not particularly high, it does,
however, indicate the potential use of cw-QCLs for rovibra-
tional state preparation of molecules for experiments in re-
action dynamics and kinetics, thereby allowing the internal
state dependence of energy transfer and chemical reactivity
to be probed.9–12 In this paper we extend the study of Walker
et al.,7 and discuss rapid passage signals and population trans-
fer effects occurring when a cw-QCL is operated at chirp rates
in the range ∼0.1–1 MHz ns−1 in a single laser arrangement,
considerably lower than the 10–200 MHz ns−1 typically ob-
tained with pulsed QCL systems.

a)Electronic mail: grant.ritchie@chem.ox.ac.uk.

The degree of population transfer between two molec-
ular states that can be achieved in a typical experiment us-
ing chirped laser radiation depends on the rate at which the
laser frequency is swept through the molecular resonance.
The sweep through the transition is typically described as be-
ing either linear or adiabatic, depending on whether the square
of the on-resonance Rabi frequency is approximately equal
to, or much greater than, the laser chirp rate, respectively.13

The adiabatic passage regime is favourable for state prepara-
tion experiments as the extent of population transfer is rel-
atively insensitive to drifts in laser frequency, intensity, and
pulse lengths, in comparison to, e.g., a single π -pulse of res-
onant radiation. Development of the adiabatic approach was
first carried out for magnetic resonance experiments, using a
slowly varying magnetic field to drive transitions between nu-
clear spin states.14 Subsequently, adiabatic passage has been
used for coherent population transfer in many fields (see
Ref. 15), using atomic electronic transitions,16 and, to a
lesser degree, in the infrared region (using, e.g., a cw-N2O
laser).17–19

The conditions for adiabatic transfer to occur require13

that �2
0 � |d�/dt |, where �0 = d × E/¯ is the on-

resonance Rabi frequency, d is the transition dipole moment,
E is the electric field strength of the radiation, and ¯ is the
reduced Planck’s constant. The detuning is defined as �(t)
= ω0 − ω(t), where ω0 is the resonance transition frequency,
and ω(t) is the radiation frequency. Therefore, if the Rabi fre-
quency is high, and the time taken to sweep through a res-
onance is long, then population transfer can be 100% under
the adiabatic regime.20 This analysis assumes that relaxation
processes are negligible in the time that the frequency sweeps
through the transition, so that coherence is maintained. In this
case, because the population transfer has occurred in a time
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shorter than the radiative or collisional lifetime of the excited
state, it is named rapid adiabatic passage.

To date, most QCL studies have employed pulsed QCL
devices,21 in which the power of the laser increases rapidly
from zero through rapid heating of the laser chip within a
single electrical pulse of tens to hundreds of nanoseconds
duration. This Joule heating leads to a fast frequency chirp
of the laser output over a wavenumber range that is large
(∼1–2 cm−1) compared to a typical molecular resonance.22

The fast sweep rate of the laser radiation through a molecular
transition results in an asymmetric absorption line shape, of-
ten exhibiting post-resonance oscillations (if measured with a
fast detector). As the laser radiation is swept rapidly through
the molecular resonance, an oscillating polarisation density
is produced in the sample, along with population of the up-
per molecular state. While the laser frequency remains close
to resonance, the induced polarisation interferes destructively
with the laser electric field, resulting in attenuation of the
propagating radiation. However, as the laser frequency moves
away from the resonance, beating occurs between the po-
larised sample and laser field. For this beating to be observ-
able, the time scale for relaxation of the induced polarisa-
tion must be sufficiently long in comparison with the time
taken for the laser frequency to traverse the resonance. Conse-
quently, these so-called “rapid passage effects” are most pro-
nounced in absorption spectra measured in low pressure sam-
ples using rapidly swept radiation. A conventional absorption
line shape can be recovered by the addition of a non-absorbing
gas to decrease the relaxation time of the system.23, 24

The population transfer for most pulsed QCL experi-
ments is minimal, due to the fast chirp rate (tens to hundreds
of MHz ns−1), and so the system is likely to be operated in the
linear passage regime (as �2

0 will be smaller than the chirp
rate, e.g., in the experiments in this paper �0 = 3 MHz),
which is of limited use in population transfer experiments. By
using cw-QCLs, much lower chirp rates can be achieved in
comparison to pulsed QCL systems as the cw-QCL laser chip
can dissipate heat more effectively, so that the initial power
is higher and a smaller modulation of the driving current is
applied. Therefore, a low chirp rate can be achieved (tens to
hundreds of kHz ns−1), so that the adiabatic regime may be
reached and a larger population transfer may occur. To this
end, the effect of low chirp rates on the degree of population
transfer from the 2ν2 P(42) state of OCS at 10 μm is investi-
gated in this paper.

To better understand the observed absorption spectra un-
der a rapid passage (RP) regime, and quantify the population
transfer achieved, the coupled Maxwell Bloch equations de-
scribing the propagation of the laser radiation through the ab-
sorbing medium are solved numerically25 for a closed two-
level system.26 Although the RP structure can be described
analytically for weak absorptions27 (or in terms of an in-
tegral transform28), for the present experiments, a numeri-
cal approach is necessary to include nonlinear effects aris-
ing from high optical densities. We show that the Maxwell
Bloch model is in excellent agreement with the experimental
measurement. Therefore, using the results of the model, and
comparing the calculated signals to those measured experi-
mentally, it is possible to predict the population transfer in

rovibrational transitions and to suggest optimum parameters
for optical pumping experiments. The paper concludes with a
discussion of the future uses of QCLs for population transfer.

II. THEORY

A. Maxwell Bloch equations

The transmission of the QCL radiation through the
absorbing gas has been modelled by solving the coupled
Maxwell Bloch equations for an inhomogeneously broadened
two-level system.25 A brief outline of the theory and the nu-
merical methods used to solve these equations is given here.

The laser radiation is assumed to be a plane polarised
electromagnetic wave travelling along the z-direction with a
linearly increasing angular frequency in time, ω(t), which is
close to the molecular transition frequency ω0. To describe
the propagation of the radiation, the Maxwell wave equation
for a non-magnetic medium with no free charges is used. As-
suming that the phase-matching condition k = ω/c is met, this
equation can be written as(

∂

∂z
+ 1

c

∂

∂t

)
Ẽ(z, t) = ik

2ε0
P̃(z, t), (1)

in which Ẽ(z, t) = E(z, t) e−iφ(z,t), is the complex envelope
function describing the amplitude and phase of the electric
field under the slowly varying envelope approximation and
P̃(z, t) is the macroscopic polarisation density generated by
the transition electric dipole moments of the gas molecules.
The envelope function for the polarisation density is chosen
to be of the form

P̃(z, t) = Nd(mJ ) [ 〈u(z, t)〉 − i〈v(z, t)〉 ] e−iφ(z,t), (2)

where N is the number density of the absorbing species, d
is the transition dipole moment, and 〈u(z, t)〉 and 〈v(z, t)〉 are
averages over the Doppler profile of the components of the
Feynman-Bloch vector (vide infra) used to describe the two-
level system. The Feynman-Bloch vectors of molecules in dif-
ferent mJ states, with different transition dipole moments with
respect to the laser polarisation,

d(mJ ) = d

√
J 2 − m2

J

(2J + 1)(2J − 1)
, (3)

are summed directly with weightings corresponding to their
degeneracies. The 〈u(z, t)〉 and 〈v(z, t)〉 components of the
Feynman-Bloch vector determine the absorption and disper-
sion of the field,25 while the third component, 〈w(z, t)〉, de-
scribes the population inversion in the two-level state and
allows the population transfer between the two levels to be
calculated. Equation (1) can be rewritten in terms of the real
quantities, 〈u(z, t)〉 and 〈v(z, t)〉, as(

∂

∂z
+ 1

c

∂

∂t

)
� = μ

4
〈v(z, t)〉, (4)

�

(
∂

∂z
+ 1

c

∂

∂t

)
φ = −μ

4
〈u(z, t)〉, (5)
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in which the electric field amplitude has been replaced by the
Rabi frequency,

�(z, t) = d × E(z, t)

¯
, (6)

and the constants are represented by one term,

μ = Nd2ω0

ε0¯c
. (7)

Transforming this pair of equations to the retarded time refer-
ence frame by making the substitutions T = t − z/c and Z = z
gives

∂�

∂Z
= μ

4
〈v(Z, T )〉, (8)

�
∂φ

∂Z
= −μ

4
〈u(Z, T )〉. (9)

Here, Eq. (9) is used to determine the evolution of the tran-
sition dipole moments of the gas molecules, as represented
by the Feynman-Bloch vectors, in response to the applied ra-
diation. This evolution is calculated by solving the quantum
Liouville equation for the density matrix of a dipole-coupled
two-level system. Making use of the rotating-wave approxi-
mation, these equations are given in the Feynman-Bloch rep-
resentation by

u̇ = −(� − φ̇)v − u/T2, (10)

v̇ = +(� − φ̇)u + �w − v/T2, (11)

ẇ = �v − (w − weq)/T1, (12)

in which, u(T), v(T ), and w(T ) are the components of
Feynman-Bloch vector, T1 and T2 are the longitudinal and
transverse relaxation times, respectively, and weq is the
equilibrium population inversion between the two levels
(weq = −1 for the calculations here). The longitudinal re-
laxation time (T1) governs the population decay rate, and
the transverse relaxation time (T2) determines the dephas-
ing of the Feynman-Bloch vectors. In the case of constant
Rabi frequency and laser detuning, analytical solutions for
Eqs. (10)–(12) have been derived by Torrey using the Laplace
transform. Details of these solutions are summarised in the
Appendix.

B. Numerical solutions

A spectral method based on Chebyshev grid points was
used to solve Eqs. (8) and (9) for the spatial dependence of
the QCL radiation (phase and field) along the gas cell of
length, L. Boundary conditions for these equations are deter-
mined by φ(Z = 0, T) = 0, and by the electric field magni-
tude, E(Z = 0, t) =

√
2I/πε0cr2, calculated from the power,

I = 15 mW, and beam radius, r = 1 mm, of the inci-
dent laser radiation. The response of the gas medium to the
laser radiation is calculated at each grid point from an en-
semble of Feynman-Bloch vectors associated with molecules
of different velocities and transition dipole moments. A

TABLE I. Typical parameters used in the Maxwell Bloch simulation. The
number of grid points for distance and time depend on the chirp rate used,
and the order of the Gauss-Hermite quadrature on the gas pressure. The pa-
rameters here were used in Figure 1.

Simulation parameter Value

Transition dipole moment (D) 0.0237a

Self broadening coefficient (MHz Torr−1) 5.7
Laser power (mW) 15
Beam waist radius (mm) 1
Path length (m) 238, 47 or 1
Order of Gauss-Hermite quadrature (for Doppler average) 11
Number of Chebyshev points 11
Time step (ns) 1.8

aCalculated from HITRAN (Ref. 29) values, comparable to Ref. 30.

Gauss-Hermite quadrature is used to integrate over the one-
dimensional Doppler profile of the gas. The initial conditions
for the Feynman-Bloch vectors are the equilibrium values of
the Torrey solutions for an electric field E(Z, t = 0) = E(Z =
0, t), and an initial detuning much larger than the Doppler
width of the absorption profile. Each of the Feynman-Bloch
vectors are evolved over discrete time steps using the analyti-
cal Torrey solutions, assuming implicitly that the frequency of
the laser radiation and local Rabi frequency are constant over
the time step, valid as �t → 0. The derivative φ̇(Z, T ) appear-
ing in Eqs. (10) and (11) is calculated using a second-order
finite difference. The transmittance of the gas as a function
of time is calculated from the electric field magnitude at the
detector, T (t) = [

E(L, t)/E(0, t)
]2

. To compare with the ex-
perimental signal, the calculated transmittance is convoluted
with a Gaussian function with a full width at half maximum
corresponding to the acquisition system time response.

C. Calculated examples

In order to test the model, average values for the three
Feynman-Bloch vector components, 〈v〉, 〈u〉, and 〈w〉, are
calculated by integrating over the path length, mJ states and
velocity distribution of the molecules. Table I summarises the
parameters used, and Figure 1 displays the results.

The relaxation times T1 and T2 are assumed to be
equal at a given gas pressure27 and are calculated from the
self-broadening coefficient of the 2ν2 P(42) transition of
OCS from T1 = T2=1/(pγself ), where p is the pressure of
OCS, and γ self the self-broadening coefficient obtained from
HITRAN.29 The relaxation time determines the temporal de-
cay of the signal, as shown in Figure 1(a). The oscillations
depend upon the chirp rate, as this will affect the rate of
change of the detuning through the resonance. Therefore, a
relatively high chirp rate of 100 MHz ns−1 was used, so that
clear oscillations are shown in this example. These oscilla-
tions arise when the detuning away from resonance causes a
rotation in the Feynman-Bloch vector, which precesses back
to the ground state, as shown in Figure 1(b).

When the relaxation time is much longer
(T1 = T2 = 27.8 μs) than the time taken for the laser
to sweep through the transition (0.5 ns), there is minimal
relaxation during the chirp, so that large oscillations are
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FIG. 1. (a) Example solutions to the Maxwell Bloch equations for different relaxation times. The calculations were performed using a chirp rate of
100 MHz ns−1, a path length of 1 m and other parameters as given in Table I. (i–iii) The average values of the 〈v〉, 〈u〉, and 〈w〉 Feynman-Bloch vector
components over the path length as a function of time. (b) Solutions plotted on the Bloch sphere, using the same parameters as in (a), but, for clarity, the Rabi
frequency has been increased by a factor of 103 and relaxation times, T2 of (i) 5 ns (ii) 1.5 ns, and (iii) 0.1 ns. (c) For relaxation times which are much shorter
than the time taken for the laser frequency to sweep through the transition, an equilibrium absorption profile is recovered, as reflected in the 〈v〉 component
shown in (i). The 〈u〉 component is in this case given by the Kramers-Kronig relation, giving a dispersion profile as shown in (ii), while the 〈w〉 component
follows the absorption profile, as shown in (iii).

observed in the 〈v〉, 〈u〉, and 〈w〉 components in Figure 1(a).
By decreasing the T1 = T2 values, relaxation occurs faster, so
that fewer oscillations are observed, and when the relaxation
time is comparable to the time for the laser to sweep through
the resonance, the 〈v〉 and 〈u〉 components look, respectively,
like an equilibrium absorption profile (see Figure 2), and a
dispersion profile from the Kramers-Kronig relations, shown
in Figure 1(c). The predicted population transfer in the
two-level system can be calculated from (〈w〉 + 1)/2, and it
is averaged over the path length, mJ states and velocity com-
ponents. Therefore, once the model reproduces quantitatively
the absorption signals under a RP regime, it will also give
a quantitative estimate of the population transfer achieved.
We have further checked our simulations by comparison
to Ref. 21. In addition, the population transfer between
the v = 1 ← 0 states of NO as in Ref. 7 was calculated
by solving the Maxwell Bloch equations for this system,
and the result is comparable to the experimentally detected
population in the v = 1 state. Considering the experimentally

observed transmission signals from a selection of different
experiments can be modelled, this gives confidence that the
correct degree of population transfer can be predicted.

III. EXPERIMENTAL

The 9.7 μm distributed feedback cw-QCL (Hamamatsu,
L10195-9700) can be operated in the range of 1027.78 cm−1–
1034.22 cm−1. The laser is sealed in a temperature controlled
mount (ILX Lightwave LDM-4872) and cooled to −4 ◦C to
access the 2ν2 P(42) transition of OCS, and stabilised using a
temperature controller (ILX Lightwave LDT-5545B). A high
compliance laser diode current source (ILX Lightwave LDX-
3232) was used to set the dc current through the QCL and the
laser emission frequency was tuned by varying this current
in combination with the temperature of the laser chip. The
laser emission frequency was scanned, typically by around
0.1 cm−1, using a function generator (Tectronix AFG-3022B)
to apply a dc current ramp over the set current level. The
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(a) (b)

FIG. 2. The buffered spectra for low pressures of OCS in the Herriott cell, in
order to verify the two path lengths used as (a) 238 m, and (b) 47 m for the
2ν2 P(42) transition of OCS, located at 1031.109 cm−1.

laser output was collimated using a 4.8 mm focal length anti-
reflection coated lens (Hamamatsu, A11331-01) to produce
a beam of radius ∼1 mm. The beam was reflected by three
mirrors and passed into an astigmatic Herriott cell (Aerodyne
Research Inc) with a 1 m base length, and a maximum 238 m
path length. From the exit of the Herriott cell, the beam was
directed by two mirrors onto a 1 GHz, ac-coupled detector
(VIGO System 3PVI-3TE-10.6). The signal from the detector
was recorded using a 200 MHz, 2 gigasample/s oscilloscope
(LeCroy Wavesurfer 424).

For the present study, two different path lengths were ob-
tained by adjusting the incidence angle of the cw-QCL beam
on entry into the Herriott cell. Conventional absorption spec-
troscopy was used to verify the path length in both cases: ap-
proximately 30 Torr of N2 or He was added as a buffer gas to
a low pressure of OCS (mTorr), allowing a symmetric absorp-
tion line shape to be observed, as shown in Figure 2. Voigt fits
of the spectra confirmed the expected path length of 238 m,
and 47 m, respectively, for the 2ν2 P(42) transition of OCS,
located at 1031.109 cm−1, with an integrated absorption cross
section of 2.581× 10−21 cm−1 (molecule−1cm−2).29 Pressure
broadening coefficients obtained from Voigt fits using a con-
strained Doppler width were in good agreement with those in
the HITRAN database.29

The current ramp applied to the laser modulates both
the power and wavelength of the emitted radiation. A typi-
cal variation in intensity over a modulation cycle is shown in
Figure 3(a) in which the positive gradient and negative gradi-
ent correspond to a down- and up-chirp, respectively. It should
be noted that the time at which the frequency chirp changes
from down- to up-chirp does not coincide with the times at
which the laser intensity signal is at a maximum or mini-
mum, (see Figure 3(a)), but is displaced temporally as a result
of the response of the laser control electronics. The position
of this change-over time, determined by observing the transi-
tions when changing the applied current to the laser, is marked
on Figure 3(b).

Calibration of the laser frequency and chirp rate was
achieved by passing the laser radiation through a 3-in. long
germanium etalon with a free spectral range of 480 MHz. A
typical transmission signal through the etalon is shown in
Figure 3(b). Changing the current slope from 0.002 mA ns−1

to 0.02 mA ns−1 allows almost an order of magnitude differ-
ence in chirp rate to be accessed, as shown in Table II. The

(a)

(b)

(c)

-

-

2υ2
P42

2υ2
P42

FIG. 3. (a) Spectrum showing the variation in intensity of the laser radiation
due to the voltage ramp, (b) spectrum showing the laser transmission through
the 480 MHz germanium etalon; the down-chip, up-chirp and “change over”
(dotted line) points are marked, (c) shows a sample OCS spectrum during the
down- and the up-chirp phases of the scan. There are small oscillations in the
baseline in (a) at the “change over” point due to the laser control electronics.
Note that the position of the RP signal is always later in time compared to the
absorption.
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TABLE II. The change in chirp rate on application of the voltage ramp to
the laser chip at various frequencies.

Current slope Calculated chirp rate Calculated resolution
(mA ns−1) (MHz ns−1) (MHz)

0.02 1.08 30.9
0.01 0.76 25.9
0.005 0.42 19.3
0.002 0.13 10.7

spectral resolution is calculated from

�ν =
√

C
dv

dt
, (13)

where dv/dt is the calculated chirp rate of the cw-QCL, and C
is a constant that depends on the characteristics of the acquisi-
tion system (here assumed to be 0.886 (Ref. 31)). For a sym-
metric ramp, the chirp rate was calculated at the centre of each
down- and up-chirp, and was found to be the same for each.
Although a small variation in the chirp rate was observed at
the ends of the voltage ramp, tuning the offset current applied
to the laser ensured that the molecular absorptions occurred
during the central part of the ramp. By applying a sawtooth
voltage ramp, different chirp rates are produced on the ris-
ing and falling edges of the modulation, allowing the effects
of chirp rate in the observed spectra to be explored concur-
rently. An example of the signals observed using a low pres-
sure of OCS is shown in Figure 3(c). It can be seen that the
RP features occur later in time than the main absorption fea-
ture, i.e., post-resonance and irrespective of the direction of
the frequency chirp. This behaviour is expected, as in order
to observe this type of interference effect, the laser radiation
must first produce a polarised sample. Although no depen-
dence on the direction of the frequency chirp has been ob-
served, for consistency, unless otherwise stated, we consider
only the molecular absorptions recored using the down-chirp,
such that the RP features appear on the lower frequency side
of the transition. An important point to note is that at the very
low chirp rates used, the chirp-limited resolution, calculated
from Eq. (13) and shown in Table II, reaches sub-Doppler lev-
els (the Doppler width is 49.5 MHz).

IV. RESULTS

A. Chirp rate variation

As noted in the Introduction, the laser chirp rate is of
central importance for experiments using rapidly swept radi-
ation sources. Applying an asymmetric ramp to the cw-QCL,
allowed two different chirp rates to be accessed within one
modulation cycle. Raw signals associated with the molecu-
lar transitions, recorded using chirp rates of 1.5 MHz ns−1

−0.8 MHz ns−1, are shown in Figure 4(a). Corresponding
transmission signals, in which the laser power variation over
the modulation cycle has been removed, are shown in Fig-
ure 4(b). For the highest chirp rate of 1.5 MHz ns−1 it takes
∼0.03μs for the laser frequency to pass through the Doppler
width of the OCS transition. This is much less than the
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(b)

(c)
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FIG. 4. (a) Experimental spectrum of 7 mTorr OCS in the Herriot cell with a
238 m path length displaying an asymmetric laser chirp so that the up-chirp
(down-chirp) has a chirp rate of 0.8 MHz ns−1 (1.5 MHz ns−1). The observed
P(42) OCS spectra as a function of time for (b) experiment, (c) theory.

pressure-limited relaxation time of T1 = T2 = 4μs expected
for this transition using 7 mTorr of OCS. Consequently, for
the chirp rates used, the relaxation of the induced polarisation
in the sample is slow in comparison to the time required to
sweep through the Doppler width of the transition, leading to
RP effects in the experimental signals. These features are cap-
tured well by the absorption signals calculated using the ap-
proach detailed in Sec. II A and shown in Figure 4(c). As the
chirp rate is decreased, both the experimental and theoretical
absorption signals are observed to become broader and the RP
oscillation more damped.

It should be noted that once the time axes of the spec-
tra are converted to wavenumbers using the etalon calibra-
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FIG. 5. Experimental spectra showing the effect of different chirp rates on
the RP signals for the P(42) transition measured using 4 mTorr of OCS and a
path length of 238 m.

tion, the widths of the transitions are similar at all chirp
rates, as seen in Figure 5 for chirp rates in the range of
0.13–1.08 MHz ns−1. As in the previous example, the trans-
mission intensity of the post-resonance rapid passage signal
decreases as the chirp rate is decreased. This behaviour arises
because, at low chirp rates, the time needed for the laser ra-
diation to become in-phase with the induced polarisation is
increased. This allows the polarisation to decay before appre-
ciable constructive interference can occur and so both the in-
tensity and the frequency of the RP oscillations are reduced.

For very low chirp rates, the laser radiation remains close
to resonance for an extended period and this allows more
pronounced rotation of the Feynman-Bloch vector in the di-
rection of higher population inversion. This is illustrated in
Figure 6(a), which shows the simulated 〈w〉-components for
this range of chirp rates and at an OCS pressure of 4 mTorr,
plotted together with the predicted population transfer to the
2ν2 P(42) OCS state. As the chirp rate decreases from 100
to 5 MHz ns−1, the calculated population transfer increases.
In Figure 6(b) the calculated maximum population transfer
from the 〈w〉-parameter output from the Maxwell Bloch sim-
ulation is plotted for a range of chirp rates. In this system �0

= 3 MHz and so the adiabatic condition of �2
0 � dω(t)/dt is

not satisfied until the chirp rate approaches 0.1 MHz ns−1. As
a result, a sharp increase in the predicted population transfer is
observed for chirp rates around this value. This demonstrates
the importance of achieving a suitably low chirp rate in order
for population transfer to occur efficiently.

B. Optically thick samples

A further test of the Maxwell Bloch model is to compare
the transmission signals simulated for optically thick samples
where the absorbance, A = σ (N

L
)l � 1. Previous similar ex-

periments in this regime using a pulsed QCL system,26, 32, 33

found a broadening of the absorption signal that was sev-
eral orders of magnitude greater than would be expected for
pressure-induced broadening of a transition under linear con-
ditions (in the absence of RP effects). This broadening results
in a shift to later times during the pulse of the “peak” asso-
ciated with the rapid passage signal. This shift can be calcu-
lated by comparing the position of the RP maximum peak and
the wavenumber of the transition taken from HITRAN.29 In
the previous studies with pulsed QCLs, it was found that the
shift was independent of the intensity of the laser radiation
and chirp rate,32 while shorter path lengths resulted in smaller
shifts. In the present work, the shift in RP signals with increas-
ing pressure of OCS is studied using a cw-QCL with a much
lower chirp rate and using larger path lengths. The increased
path length allows a high optical thickness to be maintained
while using relatively low pressures of OCS, thereby ensur-
ing that the sample, while being optically thick, is minimally
damped by collisional relaxation.

The effect of increasing the optical thickness on the ab-
sorption spectrum was investigated by comparing the ex-
perimental and simulated signals of increasing pressures of
OCS in the Herriott cell. The range of OCS pressures used
were between 1 mTorr and 130 mTorr, at path lengths of
47 m and 238 m. The chirp rate was kept at the same value
for all measurements at each path length (1 MHz ns−1 at 238
m and 3 MHz ns−1 at 47 m; but this small change does not
affect the shift33), allowing the results to be compared.

-1

-1

-1

-1

-1

-1

-1

-1

(a) (b)

FIG. 6. (a) Population transfer for the 2ν2 P(42) transition of OCS as a function of the chirp rate of the cw-QCL, calculated for a path length of 238 m and an
OCS pressure of 4 mTorr, (b) log plot showing the population transferred after the cw-QCL pulse as a function of chirp rate.
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(a) (b)

FIG. 7. Data showing the change in absorption spectra of the OCS transition as a function of pressure at a chirp rate of 3 MHz ns−1 and a path length of 47 m
for (a) experiment, (b) theory.

Figure 7(a) displays representative spectra for increas-
ing pressures of OCS and, again, the absorption profiles in-
crease in width and there is a shift in time (and therefore
wavenumber) where the rapid passage peak occurs (relative
to the low pressure spectra). In Figure 7(b) it can be seen that
the simulation correctly models how the RP signals evolve as
the pressure of OCS increases. It has been noted previously
in experimental pulsed-QCL studies that the RP shift mea-
sured for increasing gas pressures is dependent on the dipole
moment of the molecule34 and the optical path length of the
propagation of the beam.33 The shift is affected minimally by
the incident laser power and chirp rate.34 Considering that the
OCS shift recorded with a cw-QCL is well modelled by the
two-level Maxwell Bloch model, as displayed in Figure 8 for
two different path lengths, it is evident that the shift occurs
solely due to the increased optical density in the cell as the
gas pressure is increased.

Experiment 47 m
Experiment 238 m
Simulation 47 m
Simulation 238 m

FIG. 8. Pressure shifts for the P(42) OCS transition at the chirp rates shown
for two absorption path lengths of 47 m and 238 m. Both the experimentally
(filled symbols), and the simulated (open symbols) shifts are shown.

V. DISCUSSION AND CONCLUSION

A modulated cw-QCL was used to observe absorption
spectra of OCS in a 238 m Herriott cell, in which all dis-
play the effects of rapid passage. The experimental signals
for a variety of chirp rates, gas pressures, and path lengths
are well-simulated by the Maxwell Bloch equations for an
inhomogeneously broadened two-level system. That the ob-
served signals can be described by the Maxwell Bloch equa-
tions alone, suggests that other factors thought to affect the
RP signals, e.g., the effects of self-focussing,26 are negligible.
The population transfer in the current experiments have been
inferred from the simulations, which themselves agree well
with recent measurements using two cw-QCLs in a pump-
probe arrangement.7

The predicted population transfer to the 2ν2 P(42) state
of OCS is seen to depend strongly on the chirp rate of the
laser, and to a lesser extent on the pressure of the OCS gas;
little difference was observed after changing the path length,
even for optically thick samples. At the lowest chirp rate
of 0.13 MHz ns−1, the population transfer is calculated to
be 12%, considerably more than the 0.03% calculated for a
chirp rate of 100 MHz ns−1 typical for a pulsed QCL. This
shows that the lower the chirp rate in this system, the more
effectively population can be transferred to the upper state.
However, it should be noted that there will be an optimum
minimum chirp rate as, for very low chirp rates, relaxation
effects will return the system to an equilibrium population
distribution.

Factors affecting the population transfer that can be
achieved between rovibrational states in the infrared region
by using cw-QCLs have been discussed using the predictions
of the Maxwell Bloch model. In order to achieve efficient pop-
ulation transfer, the relaxation of the system needs to be slow
in comparison to the time taken to sweep through the Doppler
width of the transition. Increasing the Rabi frequency also
improves the efficiency: in the Feynman-Bloch model of the
optical excitation, the vector rotates more quickly, reaching
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(a) (b)

FIG. 9. Calculated 〈w〉 components and population transfers for the 2ν2 P(42) OCS transition, a number density of 1013 cm−3, chirp rate of 1 MHz ns−1 and
an incident laser power of 15 mW, at (a) temperatures of 1 K and 298 K. (b) Same parameters but for a temperature of 1 K, and a higher incident power of
200 mW.

a higher population transfer within the duration of the laser
pulse.

The degree of population transfer can be increased, for
example, if a pulsed molecular beam is used instead of the
room-temperature cell here. The effect of modifying the tem-
perature on the 〈w〉-component output from the Maxwell
Bloch simulation is shown in Figure 9(a) for the P(42) tran-
sition of OCS at a chirp rate of 1 MHz ns−1, and a number
density of 1013 cm−3 (typical for a pulsed beam). The tem-
perature is varied from 298 K to 1 K, a temperature that may
be achieved using a skimmed molecular beam. It can be seen
that the effect of the change in temperature is to increase the
coherence in the prepared state. Therefore, utilising the low
chirp rates of a cw-QCL and the typical low temperature in
a molecular beam may be a way to achieve significant coher-
ent state preparation, in order to study vibrationally excited
species. Using a higher power cw-QCL (200 mW, which is
commercially available), increases the Rabi frequency and, in
this case, a higher population transfer is predicted, as seen in
Figure 9(b). It should also be noted that this work employs
an overtone transition, and a significantly higher population
transfer would be achievable by using a fundamental tran-
sition in a small polyatomic molecule such as O3 or NH3.
Future experiments in this area may also include the devel-
opment of QCL-based infrared stimulated Raman adiabatic
passage.35
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APPENDIX: ANALYTICAL SOLUTIONS
TO THE MAXWELL BLOCH EQUATIONS

In order to make explicit our use of the analytic
solutions to the Maxwell Bloch equations, a summary of the
results obtained by Torrey36 is given here. Using the same
notation as Bloch,14 the differential equations governing the
evolution of the components of the Feynman-Bloch vector
can be written as

du/dτ + βu + δv = 0, (A1)

dv/dτ + βv − δu + Mz = 0, (A2)

dMz/dτ + αMz − v = αM0, (A3)

where, for the case of an optically driven two-level sys-
tem with longitudinal and transverse relaxation times T1

and T2, respectively, and with an equilibrium population

TABLE III. Analytic expressions for the coefficients of the transient and steady-state terms in Eq. (A4).

u/M0 v/M0 Mz/M0

g(p) u0p[1 + (p + α)(p + β)] u0δp(p + α) + v0p(p + α)(p + β) u0δp + v0p(p + β)
+δ(α + m0p) − δv0p(p + α) −(α + m0p)(p + β) +(α + m0p)[(p + β)2 + δ2]

A −g( − a)/a[(b − a)2 + s2)] −g( − a)/a[(b − a)2 + s2)] −g( − a)/a[(b − a)2 + s2)]
B −(A + D) + u0 −(A + D) + v0 −(A + D) + m0

C aA + bB − βu0 − δv0 aA + bB − m0 + δu0 − βv0 aA + bB + α(1 − m0) + v0

D αδ/[α(β2 + δ2) + β] −αβ/[α(β2 + δ2) + β] α(β2 + δ2)/[α(β2 + δ2) + β]
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inversion of weq,

τ = � t, δ = (ω0 − ω)/�,

α = 1/�T1, β = 1/�T2,

Mz = −w, M0 = −weq.

These equations can be solved using the Laplace transform to
give a general solution of the form,

y(t) = Ae−at + Be−bt cos st + C

s
e−bt sin st + D, (A4)

in which y stands for any one of the components u/M0, v/M0

or w/M0. The parameters appearing in Eq. (A4) can be calcu-
lated as follows. The most negative real root of the polynomial
equation,

�(p) = (p + α)(p + β)2 + p + β + δ2(p + α) = 0,

(A5)
is equal to −a, which allows the two other constants gov-
erning the transient behaviour of the solution to be computed
straightforwardly,

b = (α + 2β − a)/2, (A6)

and

s =
√

1 + 2βα + β2 + δ2 − 2ab − b2. (A7)

The remaining parameters are determined by the initial con-
ditions, which are written in the form u0M0, v0M0, and m0M0

for each of the components u, v, and w, respectively. Table III
provides a recipe for these calculations.
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