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Abstract
Laser spectroscopy of hot atomic vapours has been studied extensively. Theoretical models that
predict the absolute value of the electric susceptibility are crucial for optimising the design of
photonic devices that use hot vapours, and for extracting parameters, such as external fields, when
these devices are used as sensors. To date, most of the models developed have been restricted to the
weak-probe regime. However, fulfilling the weak-probe power constraint may not always be easy,
desired or necessary. Here we present a model for simulating the spectra of alkali-metal vapours for
a variety of experimental parameters, most distinctly at intensities beyond weak laser fields. The
model incorporates optical pumping effects and transit-time broadening. We test the performance
of the model by performing spectroscopy of 87Rb in a magnetic field of 0.6 T, where isolated atomic
resonances can be addressed. We find very good agreement between the model and data for three
different beam diameters and a variation of intensity of over five orders of magnitude. The
non-overlapping absorption lines allow us to differentiate the saturation behaviour of open and
closed transitions. While our model was only experimentally verified for the D2 line of rubidium,
the software is also capable of simulating spectra of rubidium, sodium, potassium and caesium
over both D lines.

1. Introduction

Spectroscopy is an essential tool in fundamental research to unveil the electronic structure of atoms and
molecules, through their interaction with radiation. Its powerful capability extends to many applications
such as time and frequency referencing [1, 2] and quantum sensing of electro-magnetic fields [3]. Operating
below saturation is crucial for obtaining a linear response and minimising perturbations caused by the
radiation itself. At larger intensities, nonlinear effects arise. This regime can be utilised, for instance, to study
a single atom [4].

Laser spectroscopy of hot atomic vapours has been studied extensively, with topics of interest including
constructing a magnetometer [5]; electromagnetically induced transparency [6, 7]; terahertz imaging [8];
nonlinear and quantum optics [9]; dipolar interactions and cooperative effects in confined geometries [10];
and building an optical filter [11]; to name but a few.

Vapours of alkali metals are ideally suited media for many applications as they combine: (i) a large
resonant optical depth [12]; (ii) simple atomic structure with well-understood interactions with external
fields [13]; and (iii) resonance transitions in the near infrared for which there exist numerous convenient
laser sources [14]. The simplicity of the theoretical framework and experimental apparatus results in
alkali-metal vapours being the platform of choice for numerous experiments. In the particular case of
alkali-metal atoms probed by weak intensity laser fields, well-established theoretical models have been
implemented in open-source software such as ElecSus [15, 16]. Its versatile design allows precise fitting to
experimental atomic spectra to extract a large variety of experimental parameters, e.g. temperature, buffer
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gas broadening, isotope ratio or magnetic field strength, to list a few. However, fulfilling the weak-probe
power constraint [17] may not always be easy, desired or necessary. For certain experimental setups,
involving e.g. waveguides [18–21], cavities [4], nano-photonics [22] or when exploiting the nonlinear
regime [23], it may even be very challenging to operate below the saturation intensity. Above saturation, a
variety of other effects need to be considered. Besides the obvious nonlinear response and power broadening,
additional contributions from transit time broadening and optical pumping arise. The effects of transients
and short excitation pulses are also a concern but are not included here. In this work, we present a model for
alkali-metal vapour spectroscopy beyond weak intensity laser fields. We take into account the effects listed
above, including all accessible hyperfine states. The model predicts the expected spectrum of an alkali-metal
vapour at high intensities for different experimental parameters. To verify its validity, we performed D2 line
spectroscopy of a 87Rb vapour subject to an external magnetic field, investigating a broad parameter space.
The laser intensity covered 5 orders of magnitude, and different laser beam diameters were used to explore
the effect of transit time broadening. This variety of parameters demonstrates the versatility of the model.

The rest of this paper is organised as follows: section 2 outlines the theoretical model; we describe the
atomic basis used for the calculation, and the relevance of being in the hyperfine Paschen–Back (HPB)
regime. The Linblad master equation is used to evaluate the atomic response and incorporate excited state
decay. In section 3 we provide details of the apparatus used to conduct the investigation. In section 4 we
present and analyse the experimental results, and compare with our model. Finally, we conclude and present
an outlook in section 5.

2. Theory

The complex electric susceptibility, χ(ω), encapsulates the response of a dielectric medium when subject to
monochromatic radiation at angular frequency ω. The susceptibility describes the bulk response of the
medium—the real part characterising dispersive effects, and the imaginary component the absorption of the
light. The macroscopic response can be related to the microscopic response of individual atoms, averaged
over the distribution of atoms in the medium [24, 25]. We shall employ the formalism of the master equation
to incorporate spontaneous emission [26]. Our model takes into account the transit time broadening arising
from the finite time atoms spend traversing the laser beam. Since the light is attenuated as it propagates
through the medium, our model also incorporates propagation effects. In the next sub-section we provide
details of the atomic Hamiltonian, and in what basis the calculations are performed.

2.1. The atomic Hamiltonian
We shall consider the D2 and D1 transitions nS1/2 → nP3/2,1/2 in alkali metals, with n being the principal
quantum number of the valence electron. The nP3/2 and nP1/2 terms differ in energy due to the coupling
between the electron’s orbital angular momentum L and spin angular momentum S. Further splitting into
the hyperfine structure occurs due to coupling between the electron’s total angular momentum J and the
nuclear angular momentum I [24].

The Zeeman interaction of alkali-metal atoms subject to an external magnetic field is well known [27,
28]. In brief, for weak fields the total angular momentum F, and its projectionmF, are good quantum
numbers; for stronger fields the interaction with the external field exceeds the internal coupling of the atom,
and thereforemI andmJ are the good quantum numbers (a qualitative discussion of the field needed is
provided in section 2.2). The evolution of the good quantum numbers differs between the excited state and
the ground state, as the hyperfine interaction is weaker for the excited state. Thus, there are values of the
magnetic field at which the good quantum numbers are different in the ground and excited states, or there
are no good quantum numbers for one state. The values of the magnetic field at which these different
regimes occur depend on the hyperfine interaction strength, and therefore the alkali-metal atom, and
isotopes of the same atom. Consequently, it becomes favourable to use numerical techniques for the
diagonalisation of the Hamiltonian to obtain the eigenenergies (to calculate transition energies) and
eigenstate decompositions (to calculate transition line-strengths). This is the approach used in
ElecSus [15, 16]. The Hamiltonian matrix incorporates both the hyperfine structure and Zeeman interaction
using the uncoupled basis |mL,mS,mI⟩, wheremL,mS andmI are respectively the projection of the electron’s
orbital angular momentum, electron spin, and nuclear spin.

The transition frequencies are obtained from the matrix diagonalisation. The relative transition strengths
are calculated by evaluating the electric dipole matrix elements squared; the absolute values are calculated
using atomic properties and fundamental constants, as detailed in section 1.7 of [12]. The selection rules are
particularly simple in the uncoupled basis: neither the electron spin nor the nuclear spin projections change
during an electric dipole transition, therefore∆mS ≡mS′ −mS = 0,∆mI ≡mI′ −mI = 0, where the primed
notation indicates the excited state. Upon optical excitation with a dipole transition, the orbital angular
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momentum does change, and there is a simple selection rule for its projection:∆L≡ L ′ − L=±1, and
∆mL ≡mL′ −mL =±1, 0, corresponding to σ±, and π transitions, respectively. We define the quantisation
axis z along B. Electric field components in the xy-plane drive optical transitions if and only if∆mL =±1.
The σ+ (σ−) transition is driven by left (right)-hand circular polarised beams propagating along the
quantisation axis [29]. A component of the electric field oscillating along z induces the∆mL = 0, or
π-transition, but will not be studied in this investigation.

2.2. The HPB regime
The HPB regime is attained when the Zeeman shift exceeds the ground state hyperfine interaction.
Numerous experimental studies have been performed in the HPB regime with Rb [30–36]. Recent highlights
show the breadth of the utility of this regime, covering the fundamental: precision measurement of the
excited state Landé g-factor [37]; electromagnetically induced transparency and optical pumping in the HPB
regime [38]; through to the technological: quantum memories [39]; to the applied: high-field optical
magnetometry for magnetic resonance imaging [40]. To estimate the field necessary to gain access to the
HPB regime we equate the magnetic dipole constant for the ground state, AHFS, to the Zeeman shift of a
ground stretched state: BHPB = AHFS/µB, where µB is the Bohr magneton. For 87Rb this is evaluated to be
0.24 T [12]. When performing spectroscopy of Rb in the HPB regime the separation of the optical transitions
(the Zeeman shift) exceeds the Doppler width. Consequently, the spectrum is comprised of isolated atomic
resonances; this greatly simplifies the interpretation of the atom-light interaction as complications arising
from overlapping resonances are eliminated. This has led to textbook demonstration of: ladder-EIT [41],
V-EIT [42], electromagnetically induced absorption [43], and diamond four-wave mixing [44]. Importantly
for this study, investigating the role of saturation and optical pumping with open and closed atomic
transitions will be significantly easier with isolated resonances, when open and closed transitions can be
probed independently.

2.3. Lindblad master equation
The density operator ρ=

∑
i pi|i⟩⟨i| describes the mixed quantum state of an ensemble of atoms, with pi the

probability to end up in the pure |i⟩ state after a measurement. As we will see later, each state |i⟩ corresponds
to a vector of the system’s eigenbasis. The diagonal element of the corresponding density matrix ρii = ⟨i|ρ|i⟩
corresponds to the population of |i⟩ and the off-diagonal element ρij = ⟨j|ρ|i⟩ to the coherence between the
states |i⟩ and |j⟩ [25].

The theoretical basis of our semi-classical model are the well-known optical Bloch equations [25, 45].
There, the atom is considered a quantum-mechanical object, while the electromagnetic wave is approximated
by a classical plane wave. In this work, the optical Bloch equations are formalised by the master equation in
the Lindblad form [26, 46], describing open quantum systems, i.e. systems interacting with their
environment:

ih̄
∂ρ

∂t
= [H,ρ] + ih̄L(ρ) . (1)

The equation describes the temporal evolution of the density matrix in the presence of decoherence
processes. Here, L(ρ) is the Lindblad operator and incorporates these decoherence processes, to represent
quantum jumps by statistical decay or dephasing rates. For a decay process it has the form [26]

L(ρ) =
∑
i,j

(
Γjiρjj −Γijρii

)
|i⟩⟨i|

− 1

2

∑
i̸=j

(∑
k

Γik +Γjk

)
ρij|i⟩⟨j|,

(2)

with Γ ij the decay rate between state |i⟩ and |j⟩. L(ρ) acts on both the coherences and populations. An
analogous form can be used to describe sole decoherence processes, e.g. for non-quenching collisions with a
buffer gas [26].

The exact rate of Γ ij is given by the product of the squared dipole matrix element DME and the natural
decay rate ΓD1/2 of the respective D line (here the D2 line) [26] by

Γij =
[
DME2σ+ +DME2σ− +DME2π

]
·ΓD1/2. (3)

Here DMEσ+ , DMEσ− , and DMEπ correspond to the dipole matrix elements of the σ+, σ− and
π-transition. As described in section 2.1, we separately derive the atomic Hamiltonian including the Zeeman
interaction of ground and excited state in the completely uncoupled basis |mL,mS,mI⟩. We then calculate the
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respective eigenbasis via diagonalisation. This gives us a set of vectors, which allows the representation of the
eigenbasis in terms of the uncoupled basis. The dipole matrix elements are then given by the scalar product of
the respective ground and excited state vectors. In case of zero magnetic field the eigenbasis coincides with the
completely coupled basis |F,mF⟩ [24]. Transit time effects are factored in by an effective decay rate (see 2.4).

For continuous wave lasers and due to the decoherence processes, our system is assumed to reach
equilibrium. Therefore the steady-state solution ∂ρ/∂t= 0 is sufficient. With the steady-state solution of the
density matrix, one obtains the absorption of the system via the electric susceptibility χ. Using the electric
polarisation

P= ϵ0χE, (4)

we can link χ with the mean value of the atomic electric dipole ⟨pA⟩ [47] via

P= n⟨pA⟩= n
∑
ij

ρijdij. (5)

Here dij = ⟨j|er · ϵ̂|i⟩ is the dipole matrix element between state |i⟩ and |j⟩ of one atom, n= N/V the atomic
density, r is the position operator and ϵ̂= E/|E| is the normalised polarisation vector of the external
electromagnetic field E. This yields the relation

χ =
n

ϵ0|E|
∑
ij

ρijdji (6)

between the electric susceptibility χ and the entries of the density matrix ρ. The latter is obtained from
numerically solving 1 in the steady-state.

2.4. Transit time broadening
In thermal vapours, atoms have velocities following the Maxwell–Boltzmann distribution. Therefore, an
individual atom will only interact with the laser beam for a finite time before leaving the interaction region.
Since the number of atoms in a given volume element is statistically constant, this atom is replaced by a new
atom from outside the beam. The outgoing atom can be in any state, but the incoming atom is always in a
ground state. From the system’s point of view, this represents an additional decay channel. However, there are
some notable differences from spontaneous emission. Decay by spontaneous emission only occurs from
excited states to dipole-allowed ground states with their individual rates Γ ij. In contrast, transit time
broadening allows both excited and ground states to ‘decay’, with a uniform rate [48]

Γt =
v̄

d̄
, (7)

where d̄ is the average path length for an atom travelling through the beam and v̄ the average velocity in the
transverse plane, given by the Rayleigh distribution (the velocity probability distribution for particles in a
plane). We point out that this gives us the statistical average transit time rate. In general atoms have different
velocities and cross the beam on different trajectories. Nonetheless our simulations showed only marginal
differences between taking the average decay rate and integrating over the different rates.

In the case of a circular beam, the transient decay rate is given by

Γt =

√
8kBT/πm

DFWHM
, (8)

where DFWHM is the diameter evaluated at half of the beam intensity [48],m is the atomic mass in units of
the kilogram, and T is the temperature of the atomic vapour in Kelvin. For a rubidium vapour at room
temperature probed by a beam with diameter DFWHM = 1.0mm, we obtain a decay rate of Γt ≈ 0.27MHz,
corresponding to an average interaction time of τ = 1

Γt
≈ 3.7µs.

The total decay rate Γ ij in equation (2) between state i and state j is then the sum of spontaneous decay
and transit time broadening:

Γtot,ij = Γnat,ij +
1

2g
Γt. (9)

This also implies an additional broadening of the spectral linewidth. Note that we have introduced the factor
1
2g , where g denotes the number of eigenstates of the ground state Hamiltonian. This ensures that the
coherence terms of the resulting Lindblad operator are correctly normalised.
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The transverse particle motion leads to a transit-time broadening. In contrast, the longitudinal velocity
distribution P(vz) leads to a Doppler-broadened susceptibility χD, described by the convolution

χD (∆) =

ˆ
dvzχ(∆− kvz) P(vz) (10a)

=

ˆ
dv ′z χ(kv

′
z) P

(
∆

k
− v ′z

)
, (10b)

where k= 2π/λ and∆ is the detuning from the atomic resonance frequency in the absence of the hyperfine
splitting. The substitution v ′z =∆/k− vz reduces the computational burden, as χ(v ′z)must only be
computed once and can be reused for multiple values of∆.

2.5. Propagation effects
In contrast to the weak-probe theory, another effect taken into account in this work is the attenuation of the
laser light during its propagation through the rubidium vapour. Here we used an iterative approach to
calculate the absorption after passing through the 2mm long vapour cell. We divided the cell into 10 equal
slices, along the laser propagation axis, such that we can consider ten vapour cells each of length 0.2mm and
a constant incident laser beam intensity along their length. The intensity is then given by [21]

dI

dz
=

4π

λ
Im
{√

1+χ [I(z) ,∆,n]
}
I(z) , (11)

where χ [I(z),∆,n] is the electric susceptibility. Note that χ not only depends on the laser detuning∆ and
the atomic density n, but also on the longitudinal beam intensity I(z). The resulting spectrum can be
obtained by summing the transmission spectra of all slices. We noticed that for 10 slices our simulation
converges to an acceptable level of accuracy. A larger slice number would yield a minor increase in accuracy,
while the required computation time scales proportionally. Note that the required number of slices N will
vary depending on the absorption α, cell length L and atomic species (Na/K/Rb/Cs). Currently, the value of
N required for the model to converge must be determined manually. This can be easily done by manually
settingN as an argument in the main calculation. Furthermore, the current model only allows the calculation
of the propagation-corrected absorption for a single value of the detuning∆ at a time. This is because for a
given longitudinal position z inside the medium, the intensity will change, depending on the detuning∆.

Interesting beam shape modifications due to the nonlinear optical response are only achieved at number
densities significantly higher than ones used in this work [49, 50].

2.6. Predicted spectrum
A simulated spectrum of 87Rb for weak-probe intensities is shown in the upper panel of figure 1. The lower
panel shows the energy diagram of the ground and excited states, showing the evolution of the Zeeman shift
for magnetic fields up to 0.6 T. As expected from the discussion in section 2.2, 0.6 T is sufficiently large to
gain access to the HPB regime, with the Zeeman splitting being larger than the hyperfine splitting.

The bottom right corner shows the involved ground states in the uncoupled basis |mL,mS,mI⟩. As
expected for such a large field,mI is a good quantum number for the ground states; there are negligible
admixtures due to the hyperfine interaction for the excited states. There are four σ+ transitions (a
consequence of the four different possible values ofmI) from themS =+1/2 manifold centred on a detuning
of 7.5GHz, and four σ+ transitions from themS =−1/2 manifold centred on a detuning of 15GHz. The
separation of the transitions exceeds the Doppler width, yielding non-overlapping resonances. In addition
there are three significantly weaker σ+ transitions centred on a detuning of−2.5GHz arising from the small
admixture ofmS =−1/2 in three of the upper four ground states. The pattern for the σ− transitions is
mirror-symmetric about zero detuning. Since the magnetic field is parallel to the light wave vector, σ+/σ−

transitions can be induced separately using a left/right-hand circularly polarised incident field
(LCP/RCP) [26]. In 1, the incident field is linearly polarised; this induces both σ+/σ− transitions
simultaneously since any linearly polarised light vector can be decomposed into an equal combination of
LCP and RCP light [51].

3. Experimental setup

To benchmark our model, we performed spectroscopy of the D2 line of 87Rb vapour under various
conditions. We utilised a thin vapour cell containing an isotope mixture of 99.3% 87Rb and 0.7% 85Rb. The
cell diameter was 25.4mm and the thickness was 2mm, the latter ensuring a uniform magnetic field over the
extent of the medium. Modest changes in temperature produce a large change in opacity of the cell [12],
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Figure 1. The upper panel (a) shows a simulated spectrum of 87Rb in the presence of a 0.6 T external magnetic field. The
spectrum was computed using linearly polarised light, which is an equal sum of left and right circularly polarised light as
indicated in the top right corner. The left of the lower panel (b) shows the energy level diagram of ground (5S1/2) and excited
(5P3/2) states for a magnetic field increasing up to 0.6 T. The centre of the lower panel shows the energy levels at 0.6 T, and shares

a frequency x-axis with panel (a). The purple (σ−) and blue (σ+) arrows on (b) and vertical lines in (a) correspond to the
transitions between the involved ground and excited states. The numbers in the bottom right corner give the involved states in the
|mL,mS,mI⟩ basis, with small admixtures due to the hyperfine splitting at 0.6 T. The absorption lines in (a) marked with † and ‡
are taken as examples of closed and open transitions respectively, to investigate differences at high intensities.

Figure 2. (a) Schematic depicting the experimental setup. After exiting the laser, the beam passed through an optical isolator (OI)
and was split by a beam splitter (BS) with a 90:10 ratio. A portion of the light travelled through a Fabry–Perot interferometer, with
its transmission detected on photodetector 1 (PD1) via a coupling lens (L) for frequency calibration of the x-axis [12]. The
majority of the laser light passed through a polariser, half waveplate (HWP) and polarising beam splitter (PBS) to control power
to the main setup. This setup included a quarter waveplate (QWP) to circularly polarise the light before it entered a 2 mm long
87Rb atomic vapour cell, surrounded by two top-hat permanent magnets in Helmholtz configuration, creating a B= 0.6T strong
magnetic field at the cell centre. A quarter waveplate (QWP) creates circularly polarised light. The laser beam diameter incident
on the atoms was adjusted with an iris, offering diameters of 0.5, 1.0 and 2.0mm. An interference bandpass filter (IF) before the
photodetector (PD2) suppressed stray light. (b) Example of the intensity recorded by PD1 as a function of time during a laser
frequency scan. (c) Example absorption spectrum recorded by PD2.

enabling experiments to be performed with either optically thick or thin media. figure 2 shows a schematic of
the setup. The beam of a Toptica DL100 diode laser operating at λ= 780nm is split into two. One passes
through a Fabry–Perot interferometer to provide a frequency reference when scanning the laser frequency
detuning. After a polariser, a combination of half-wave plate and polarising beam splitter controls the
intensity of the second beam. Additional neutral density filters alter the beam power over almost 5 orders of
magnitude, ranging from hundreds of microwatts up to tens of milliwatts. The probe light is circularly
polarised by means of a quarter-wave plate. With circular polarisation we obtain maximum absorption while
ensuring that only one transition is addressed.
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Figure 3.Measured spectra of 87Rb in the hyperfine Paschen–Back regime at 0.6 T for three different probe beam intensities and
three different beam diameters. The intensities are chosen to be around 1× (green lines), more than 10× (orange lines) and
more than 100× the saturation intensity (purple lines). In comparison, the simulated spectra are shown in black, according to
the experimental parameters. On the bottom we have plotted the residuals between experiment and simulation, showing very
good agreement with less than 5% difference over the entire optical range.

For this work we measured spectra for three different beam diameters that are controlled via an aperture
in front of the vapour cell. The original beam has a diameter of around DFWHM = 4.5mm before being
restricted by interchangeable irises with diameters of 0.5, 1.0 and 2.0mm. This gives us an approximately
flat–top beam shape with precise diameters. According to our simulations, the deviation from an ideal
flat–top beam can be neglected in our case. A flat intensity profile is advantageous, as it remains uniform
along the cell during propagation. In addition, we investigated the influence of the cell temperature. We
chose temperatures of T≈ 340K and T≈ 354K, resulting in vapour densities of n≈ 5.81× 1011cm−3 and
n≈ 1.67× 1012cm−3. These correspond to roughly 50% and 80% peak absorption respectively. Note, the
80% absorption attenuates the beam significantly. Propagation effects can be neglected for I≪ Isat or
I≫ Isat, but need to be considered when the intensity is close to the saturation intensity.

The vapour cell is placed in an axial field of 0.6 T (oriented along the z-axis), produced by two cylindrical
‘top hat’ NdFeB permanent magnets. The uniformity of the field across the length of the cell is better than
0.1% [52].

Revisiting figure 1, we note that the large separation of states for a 0.6 T field allows us to separately
address the closed and open transitions. We see that the †-marked transition is closed as only one pure ground
and one excited state are involved, effectively forming a two-level system. In contrast, the open transition ‡
allows spontaneous decay into one or more dark states. A dark state does not participate to a transition, but
reduces the populations of the other states and thus the absorption. For sufficient probe powers we expect
the effect of optical pumping to affect these transition types differently.

4. Results

We measured the spectrum of the rubidium at 15 different intensity values. We have plotted exemplary
spectra for three different intensity ranges in figure 3. Not only can one see that the overall transmission
increases with the intensity of the probe laser, but also that the relative line strengths change due to optical
pumping. Additionally, figure 3 compares these measurements with our model (black lines). The residuals
plotted in the bottom row show very good agreement between our model and the experimental results. Note
that the intensity used for the respective simulated spectra were not obtained by fits to the individual
measured spectra. Instead, the intensity has been derived once by a global fit to the data, which is shown in
figure 4. For higher intensities the residuals start showing dips on top of the absorption peaks. We attribute
this to back reflections from the uncoated cell windows, which produce saturation absorption spectroscopy
(SAS) effects. It has already been shown that SAS is possible for strong magnetic fields and circularly
polarised light [53]. The dips seem to become more prominent for larger beam diameters. We suspect that
the cell walls are not perfectly perpendicular to the beam. For larger beam diameters, the back reflection has
more spatial overlap with the original beam.
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Figure 4. Evolution of the line-centre absorption αmax of one closed (filled circles) and one open (hollow circles) transition as a
function of the laser intensity. The transitions correspond to the those marked with † and ‡ in figure 1. Two different
temperatures and the three different beam diameters are plotted. The vertical lines denote the laser intensities at which the
absorption coefficients of the high temperature measurement are half of the values in the weak-probe limit.

Another way to look at our data is by plotting the line-centre absorption coefficient αmax. This is the
maximum absorption coefficient for a given spectral line, related to the transmission T via α=−ln(T)/L
with L the cell length. We selected the left-most peak (†, figure 1), which corresponds to a completely closed
transition, and the right-most peak (open transition, ‡, figure 1) for comparing the absorption as a function
of the laser intensity. The results are shown in figure 4. Here we have plotted αmax of the open and closed
transitions against the laser intensity, for two different temperatures and the three different beam diameters.
For most combinations of temperature and beam diameter we achieve good agreement between our
experimental measurements and our model. Note that most parameters for our model correspond to the
experimental values, e.g. beam diameter, cell length or magnetic field strength. The model was fitted to the
experimental data using only two free parameters, the cell temperature and attenuation of the laser intensity
inside the cell. The attenuation corresponds to a shift of our model curve along the intensity axis. However,
the overall line shape is given by the fixed parameters. The individual modelled spectra from figure 3 are then
directly produced using these parameters.

Figure 4 also allows us to analyse the influence of transit time broadening. When the beam diameter
increases, so does the transit time, τ t , of atoms through the beam. Therefore the decay rate is reduced
(Γt = 1/τt). For the high temperature data, this illustrated by the vertical lines, marking where the
absorption coefficient is half the value of the weak-probe limit. We see that the closed transition (filled dots)
is only marginally affected by Γt. Interestingly, the open transition (hollow dots) shows a clear shift towards
higher intensities for smaller diameters (higher Γt).

Both the data and model demonstrate that optical pumping causes saturation effects to set in at a lower
intensity than would otherwise be expected [54–56]. Furthermore, geometrical effects—especially the role of
the probe beam diameter—must be taken into account when selecting a beam intensity to operate in the
weak-probe regime, and to obtain agreement between theory and experiment [48, 57–60].

5. Conclusion and outlook

In summary, we have demonstrated an effective model for simulating the spectra of an alkali-metal vapour
for a variety of experimental parameters, most distinctly at intensities in the saturation regime. While our
model was only experimentally verified for the D2 line of rubidium, the software is also capable of simulating
spectra of sodium, potassium and caesium over both D lines. In contrast to previous works [48, 61, 62], we
present line-centre absorption measurements over an intensity range of five orders of magnitude and for very
high laser intensities of up to 1000 times the saturation intensity. In addition, we showed individual atomic
spectra for different intensities and compared them to our model. Even at high magnetic field strengths
reaching the HPB regime, we can report very good agreement between experiment and simulations. The
good agreement can be maintained for very high laser intensity values, up to 1000 times the saturation
intensity. Furthermore, by using a strong magnetic field we enter the HPB regime which allows for a much
easier comparison of the transit time broadening influence between open and closed transitions. The model
takes into account changes in intensity due to propagation through the vapour and the effect of optical
pumping. Most importantly, the underlying software for the model is made publicly available at [63] to allow
for its broad usage and integration into existing models. As the model is based on the optical Bloch
equations, it is also possible to extract the state populations, e.g. for simulations based on fluorescence
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spectroscopy. In this investigation we used these populations to study the absorptive properties of an
alkali-metal atomic medium, via the imaginary component of the electric susceptibility.

In the future, we plan on extending the investigation to incorporate the dispersive properties of the
medium, as encapsulated in the real component of the electric susceptibility. For applications such as
designing narrowband optical filters at high fields, the interplay between the real and imaginary components
is crucial [64–66]. Furthermore, the complex interaction mechanisms of buffer gas, like spin-exchange and
velocity-changing collisions, warrant further theoretical modelling in the context of the optical Bloch
equations.
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