Journal of Physics B: Atomic,
Molecular and Optical Physics

PAPER « OPEN ACCESS

Modulation transfer spectroscopy of the D,
transition of potassium: theory and experiment

To cite this article: A D Innes et al 2024 J. Phys. B: At. Mol. Opt. Phys. 57 075401

View the article online for updates and enhancements.

You may also like

- Laser-assisted (e,2e) study with twisted

electron beam on H-atom
Neha, Nikita Dhankhar, Raul Sheldon
Pinto et al.

- Interplay of intermolecular and

intramolecular vibrations mediates ultrafast
singlet fission

Binjie Cui, Ajay Jha and Hong-Guang
Duan

- Resonances in electron scattering from H.,

around the H(2) + H(1s?) dissociation limit
Peter S Bingham and Jimena D Gorfinkiel

This content was downloaded from IP address 129.234.39.150 on 28/05/2024 at 08:45


https://doi.org/10.1088/1361-6455/ad31af
/article/10.1088/1361-6455/ad38f0
/article/10.1088/1361-6455/ad38f0
/article/10.1088/1361-6455/ad3b53
/article/10.1088/1361-6455/ad3b53
/article/10.1088/1361-6455/ad3b53
/article/10.1088/1361-6455/ad38f3
/article/10.1088/1361-6455/ad38f3
/article/10.1088/1361-6455/ad38f3
/article/10.1088/1361-6455/ad38f3

OPEN ACCESS
I0OP Publishing

Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 57 (2024) 075401 (10pp)

https://doi.org/10.1088/1361-6455/ad31af

Modulation transfer spectroscopy of the
D transition of potassium: theory and

experiment

A D Innes'®, P Majumder!, H R Noh?

and S L Cornish'*

! Department of Physics, Durham University, South Road, Durham DH1 3LE, United Kingdom
2 Department of Physics, Chonnam National University, Gwangju 61186, Republic of Korea

E-mail: s.l.cornish@durham.ac.uk and hrnoh@chonnam.ac.kr

Received 17 October 2023, revised 25 February 2024
Accepted for publication 8 March 2024
Published 20 March 2024

Abstract

®

CrossMark

We report on a study of modulation transfer spectroscopy of the 4S;,, — 4P, /, (D) transition
of naturally abundant potassium in a room-temperature vapour cell. This transition is critical for
laser cooling and optical pumping of potassium and our study is therefore motivated by the need
for robust laser frequency stabilisation. Despite the absence of a closed transition, the small
ground-state hyperfine splitting in potassium results in strong crossover features in the D
modulation transfer spectrum. To emphasise this we compare the D; and D, spectra of
potassium with those of rubidium. Further, we compare our experimental results with a detailed
theoretical simulation, examining different pump—probe polarisation configurations to identify
the optimal signals for laser frequency stabilisation. We find good agreement between the
experiment and the theory, especially for the lin || lin polarisation configuration.

Keywords: potassium, modulation transfer spectroscopy, D1, crossover

1. Introduction

Experiments employing laser cooling require lasers that are
frequency stabilised to better than the linewidth of the trans-
ition used for cooling. For alkali-metal atoms this corresponds
to a frequency stability of <1 MHz. One method of achieving
this is with a spectroscopy technique to obtain an error sig-
nal from an atomic transition. The error signal is then used
as feedback to correct any frequency deviations of the laser.
Some of the most common methods are dithering the current
to extract the derivative of the saturated absorption signal [1—
3], frequency modulation spectroscopy [4, 5], dichroic atomic
vapour laser locking [6-9], far off resonance locking with the
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Faraday effect [10, 11], polarisation spectroscopy [12—14] and
modulation transfer spectroscopy (MTS) [15, 16].

MTS is a pump—probe spectroscopy technique that works
by modulating the pump beam with an electro-optical mod-
ulator (EOM) to produce sidebands and carrier compon-
ents. When the pump beam is overlapped with the probe
beam in an atomic vapour cell, and near resonance with
an atomic transition, a four-wave mixing process transfers
the sidebands from the pump to the probe. The beating
between the sidebands and the probe can then be detec-
ted by a fast photodiode. Demodulation of the photodiode
signal leads to the MTS signal. MTS has two key advant-
ages. Firstly, it generates a dispersive signal on a zero
background; the zero crossing of which occurs when the
laser is exactly on resonance with the associated transition.
Secondly, the MTS signal is dominated by cycling trans-
itions. This can be useful in cases where the hyperfine struc-
ture is too narrow to resolve with other spectroscopic tech-
niques such as the S; , — P53, transition in bosonic potassium
[17]. This makes it an effective tool for laser frequency
stabilisation.

© 2024 The Author(s). Published by IOP Publishing Ltd
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A considerable body of theoretical and experimental work
has been published on MTS, for example see [15-26]. The
importance of the technique is highlighted by its continued
investigation and application. Recent examples include: the
development of Zeeman-tunable MTS [27]; stabilisation of
a distributed Bragg reflector laser to the Cs D, line [28],
which could prove useful for nuclear magnetic resonance
gyroscopes; characterisation of MTS of the 649 nm transition
in naturally abundant Yb [29]; frequency stabilisation of a
laser using MTS on molecular '?’I, for laser cooling of '7*Yb
[30]; a study of the effect of polarisation misalignment on
MTS locking stability [31]; development of a compact setup
to achieve an optical frequency standard by locking a laser at
459 nm with MTS to the '3Cs 6S; , — 7Py ), transition [32]; a
study of the effect of beam size on the stability of MTS locked
lasers, leading to a short term stability of 4.5 x 107'*/,/7 on
the 3’Rb D line [33]; and MTS of a four level ladder system
in 8Rb which is employed to probe Rydberg transitions [34].

For potassium, there has already been a comprehensive
study on the D, lines [17]. However, to our knowledge, very
little work has been published on the D; lines of potassium
either in theory or experiment; an MTS spectrum has been
reported but in a wider study of simultaneously locking mul-
tiple lasers to a single cell [35]. The small hyperfine splitting
in the 4P;/, state of bosonic potassium makes it difficult to
resolve the individual hyperfine components of the D, trans-
ition spectroscopically and has a detrimental impact on the
efficiency of laser cooling [36]. In contrast, the hyperfine com-
ponents of the D; transition are resolvable due to the simpler
structure and slightly larger splitting. This transition has found
important applications for grey molasses cooling [37, 38] and
degenerate Raman sideband cooling [39] and is useful for effi-
ciently spin-polarising a sample of potassium atoms.

The bosonic isotopes of potassium also have the interest-
ing feature that the ground-state hyperfine splitting is smal-
ler than the Doppler width of the D; and D, transitions in
a room-temperature vapour. This leads to the existence of
ground-state crossover resonances in pump—probe spectro-
scopy schemes. These crossovers are something that are not-
ably absent in the D line spectra of rubidium and caesium [8,
40]. Similar ground-state crossover resonances have been pre-
viously observed in the D, transition of lithium [23]. The pres-
ence of ground-state crossover features in potassium motivate
a comparison between the MTS spectrum of the D; and D,
lines, as well as a comparison with a species, such as rubid-
ium, whose ground-state hyperfine splitting is greater than the
Doppler width.

In this work we present a detailed study of MTS of the D
transition of potassium, comparing our results with M TS of the
D, transition. To elucidate the role of the ground-state cros-
sover, we contrast our results with spectra obtained for rubid-
ium. We also present spectra for different pump—probe polar-
isation configurations, showing that the configuration where
the beams have linear and perpendicular polarisation offers
the strongest signal for locking. Throughout we compare our
experimental results with the predictions from a theoretical
model based upon the solutions to the time dependent optical
Bloch equations without the use of any phenomenological

constants. We find the calculations predict a large dispersive
signal for the crossover features, as observed experimentally.
The layout of the paper is as follows. In section 2 we present
the theoretical model used to predict the MTS spectrum. In
section 3 we outline the details of our experiment. In section 4
we present our results and compare them against the predicted
theoretical curves. In section 5 we summarise our work and
give an outlook to possible future extensions of our study.

2. Theory

In this section, we outline the theory for predicting the MTS
signal. Figure 1 shows the hyperfine structure for the 4S8 /,,
4P/, and 4P;,, energy levels for the bosonic isotopes. We
illustrate the method of calculation for the D, transition in *°K,
noting that the methodology is directly applicable to 'K as
both isotopes have the same nuclear spin. The final spectra are
obtained by summing the results for *K and *'K weighted by
their natural abundances. We consider four polarisation con-
figurations of the counter-propagating pump and probe laser
beams: (i) lin||lin, (ii) linLlin, (iii) c*o™, and (iv) oo ™.
Here, for simplicity, the circularly polarised cases in (iii) and
(iv) are labelled by the transitions the beams drive. In the
case of linear polarisation configurations, the quantisation axis
was chosen as the direction of the electric field of the pump
beam, whereas the propagation direction of the pump beam
was chosen as the quantisation axis in the case of circular
polarisation configurations. In the experiment, we reinforce
the quantisation axis with a weak magnetic field parallel to the
direction of beam propagation. The polarisation vectors of the
pump and probe beams are expanded as a € + apéy +a_€_
and c4 €4 + coép + c_€_, respectively, in the spherical bases.
Then, the coefficients for the 7~ and o+ polarised pump beam
are (ay,ap,a—)=(0,1,0) for polarisation configurations (i)
and (ii) and (1,0,0) for configurations (iii) and (iv). The cor-
responding coefficients (¢4, cp,c_) for the probe beam are (i)
(0,1,0), (i) (—1/+/2,0,1/+/2), (iii) (1,0,0), and (iv) (0,0, 1).

To find the internal dynamics of the atoms, we solve the
following density matrix equation:

p=—(i/h) [Ho+ V,p] + pretax, (1)

where p is the density operator, and Hy and V are the atomic
and interaction Hamiltonians, respectively. In equation (1),
Prelax Tepresents the term related to relaxations such as spon-
taneous emission and transit-time decay [43]. The atomic and
interaction Hamiltonians are given by

2
Hy=— Y h&|F' =2,m")(F' =2,m'|
m'==2
1
= > R+ A F =1,m") (F' = 1,m'|

m’'=—1

1
= > WA |F=1,m)(F=1,m|, 2)

m=—1
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Figure 1. The hyperfine structure of potassium relevant to the D,
and D transitions, together with the associated line spectra
highlighting the relative transition frequencies. Levels are labelled
by the quantum number F for the total angular momentum of the
state and hyperfine shifts are given in MHz using the values from
[41, 42]. The horizontal dot-dashed lines show the positions of
crossovers for the S/, and Py /> manifolds. In the line spectra, lines
above the axis correspond to normal transitions and have heights
reflecting the relative oscillator strengths. Lines below the axis
correspond to crossover transitions. Ground-state crossovers are
indicated by circles at the bottom of the line. For clarity,
excited-state crossover transitions have been omitted for the D,
transition. For both spectra, zero detuning corresponds to the
X(1,2) — F’ = 2 transition in *K. Note, in the experiment the
spectra will be weighted by the natural abundances of the isotopes
shown in the figure.

> 2 g [eq2pe™" +ag (Qe + Qe ™

F=1F'=1m=—Fq=+,0

—0e )] x C£7/,Z"+q|F',m+q> (F,m|+h.c., 3)

respectively, where h.c. denotes the Hermitian conjugate.

In equations (2) and (3), 0;(= § +kv) is the detuning of
the carrier component of the pump beam. 6, (= —2kv) is the
detuning of the probe beam relative to the carrier component
felt by an atom moving at velocity v where § is the detun-
ing of the laser frequency with respect to F=2 — F' =2
transition of 3°K and k is the wave vector. F (F') and A,
(A¢) denote the hyperfine quantum number and splitting of
the ground (excited) state, respectively. m and m’ are the
projection of the total angular momentum onto the quantisa-
tion axis for the ground and excited states, respectively. In
equation (2), the external magnetic field was not taken into
consideration. In equation (3), {2, and () represent the Rabi
frequencies of the carrier and sideband components of the
pump beam, respectively; €1, is the Rabi frequency of the
probe beam. (2 is the modulation frequency for the sidebands,
and C?:,;f"/ is the normalised transition strength between the
states |F,m) and |F',m’) [18]. In equation (3), ¢, (a,) with
g ==+,0 are the coefficients of the electric field vector of
the probe (pump) beam in the spherical bases, as mentioned
above.

To solve equation (1) using the explicit expression of
Hamiltonians given in equations (2) and (3) in the steady-
state regime, the density matrix elements must be expanded
as various Fourier components oscillating in time with vari-
ous oscillation frequencies. The detailed description of find-
ing oscillation frequencies at general polarisation configura-
tions were reported in references [18, 44]. Thus, when the
three-photon interactions are considered, the optical coher-
ences have 20 oscillation frequencies and Zeeman coher-
ences and populations have 11 oscillation frequencies in the
cases of lin||lin and oo configurations [44]. We may use
these frequencies in the cases of linllin and oTo~ con-
figurations as well. However, we can select further non-
vanishing components of the density matrix elements. For
example, when the polarisation configuration is oo™, the
oscillation frequencies for the optical coherences are given
by {—dp,—0p £Q,—0, £2Q} and {0,£Q,4+20,4+3Q} for
Am(=m’ —m)=—1 and +1, respectively. Those frequen-
cies for Am = —3 and +3 are given by {—20,, 25, =}
and {0,,6, £Q,8, £2Q}, respectively. In the 070~ con-
figuration, the optical coherences not satisfying Am = +1,
and %3 vanish. The oscillation frequencies for the popula-
tions are {0,+0,+2Q}. We will not present the descrip-
tion of Zeeman coherences for the oTo~ configuration
nor the optical and Zeeman coherences for the lin.Llin
configuration.

Using the expanded density matrix elements, a set of
coupled differential equations for Fourier components of
the density matrix elements is obtained from equation (1),
which is then solved in a steady-state regime as functions
of v and 4. The MTS signal can be obtained from the
relevant optical coherences with oscillation frequencies of
—0p €2, whose real and imaginary parts are defined as
r?)/,’nm/’(i) and s?)/,’nm/’(i), respectively. Then, the in-phase (I,)
and quadrature (Q,) components of the MTS signals are
given by
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where n =39 and 41 represent 3°K and 'K, respectively, and
atomic parameters for specific isotopes are used in the calcula-
tion. In equations (4) and (5), fpo (v)[= 1/(v/7u)e~ /"] rep-
resents the Maxwell-Boltzmann velocity distribution function
and u is the most probable speed of the atom in the cell. The
final MTS signals including both *K and #'K are given by

Nso Nu

10)= —2  Lg(8)+ —21 1, (6—A), 6

(9) Nio + Nuj % (9) Nio + Ny a ) ©)
N3g Ny

= —2 04 (8)+ — 0 (5—A), (T

0(9) N39+N41Q39( ) N39+N41Q41( ), (D

where N3g(4 is the atomic number density of *K (*'K) in
the cell considering the natural abundances of the isotopes and
A =27 x 305 MHz is the isotope shift of the F =2 — F' =2
transition between K and 4'K.

3. Experiment

The experimental setup is shown in figure 2. The laser source
is an external cavity diode laser (Toptica DL Pro). We couple
the laser light through a single mode polarisation maintaining
fibre such that the subsequent output beam profile is Gaussian.
A pair of polarising beam splitters (PBSs) in combination with
a pair of A/2 waveplates are used to control the total power of
laser light delivered to the spectroscopy setup and the ratio of
power between the pump and probe beams. The probe light is
passed directly to the 2 cm long potassium vapour cell. The cell
is housed inside a brass block with a pair of heating elements
attached. The cell temperature is raised to 99(2) °C where
we expect a vapour pressure of 3.5 x 107> mbar. The probe
and pump beams are collimated such that their 1/e? diamet-
ers at the centre of the cell are 2.06(2) mm and 1.96(5) mm,
respectively.

The pump light is passed through a homebuilt EOM. The
EOM uses a LiTaO; crystal electrically contacted to a pair of
brass capacitor (C) plates. The addition of an inductor (L) cre-
ates a simple LC circuit that resonantly enhances the voltage
across the crystal. The resonance frequency of the EOM is at
6.054(5) MHz. We always drive the EOM on resonance at its
maximum voltage, producing sidebands each with intensities
equal to 15(1)% of the total pump intensity. More details of
the EOM can be found in previous work [8].

We investigate different combinations of laser polarisa-
tion. To maintain a well defined quantisation axis we apply

a weak magnetic field with a set of rectangular coils which
are concentric with the cell. The coils provide a 1.5G mag-
netic field at the centre of the cell in a direction along the beam
propagation axis. By switching around the waveplates indic-
ated in figure 2 we are able to study four different polarisa-
tion configurations of the laser light through the cell: circular
polarisation where the pump and probe drive opposite trans-
itions (070 ™), circular polarisation where the pump and probe
drive the same transitions (¢ T ¢ ™), linear polarisation where
the pump and probe are perpendicular (lin_L lin) and linear
polarisation where the pump and probe are parallel (lin || lin).

A simple set of electronics apply a phase lock-in technique
to demodulate the MTS signal. The homebuilt fast photodi-
ode detects the beat signal between the modulated probe car-
rier and the sidebands. This signal is passed through a bias-
tee (Mini-Circuits model: ZFBT-4R2GW) which filters out the
DC component of the signal corresponding to the standard sat-
urated absorption profile and sends it to a secondary channel
of the oscilloscope. The modulated component is passed to the
double-balanced mixer (DBM) (Mini-Circuits model: ZAD-
1H+) which multiplies the signal with the reference signal
provided by the arbitrary function generator (AFG) (Tekronix
model: AFG 3102). The AFG has two outputs. One output
is used to drive the EOM and the second output is used as a
local oscillator which acts as our reference for the demodu-
lation. The relative phase of the two outputs can be set using
the AFG, allowing us to fully characterise the phase parameter.
The demodulated signal can then be sent to the oscilloscope for
data acquisition or to feedback circuitry to stabilise the laser
frequency.

4. Results

4.1 Comparison with D, and rubidium MTS

To better illustrate the role of the crossovers and cycling trans-
itions in MTS we have recorded an MTS trace for the D,
and D, transitions of both potassium and rubidium for a brief
comparative study. 8’Rb is suitable for a comparison against
potassium since they both have the same hyperfine quantum
numbers.

Figure 3(a) shows the absorption spectroscopy and MTS
signals for the D; and D, transitions in potassium [45].
The vertical axis for the MTS signals are normalised with
respect to the ¥K D; X(1,2) — F =2 feature. These data
were taken using the ot configuration with a probe beam
intensity of 78(2)mWcm™2 and a pump beam intensity of
86(5)mWcm 2. All intensities quoted for the experiment are
the peak intensity where the beam is assumed to be Gaussian.
We note from the absorption profile on figure 3(a) that all
of the hyperfine transitions lie within the same Doppler pro-
file. The D, transition shows the standard MTS signal, with a
single strong feature resulting from the F =2 — F’ = 3 closed
transition on a flat zero background. This feature is ideal for
laser frequency stabilisation [17]. For the D; transition we
observe several strong features in the MTS signal, despite the
absence of a closed transition. The signal is dominated by the
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Figure 2. Experimental setup for modulation transfer spectroscopy (MTS). Laser light is output from a fibre and the red solid line indicates
the subsequent beam path. Two polarising beam splitters (PBSs) and waveplates are used to set the total power and ratio between the pump
and probe beams. The waveplates labelled A /n are exchanged depending on the polarisation configuration: n =2 for linear polarisation
configurations or n =4 for circular polarisation configurations. The transmitted probe beam is detected on a fast photodiode (FPD). The
resulting MTS signal is extracted using a double-balanced mixer (DBM) and low-pass filter (LPF). nPBS: 50:50 non-polarising beam
splitter. BD: beam dump. EOM: electro-optical modulator. AFG: arbitrary function generator. OSC: oscilloscope.
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Figure 3. (a) Absorption signal as filtered by bias-T (top) and MTS signal (bottom) for potassium in the ¢ o™ configuration. The vapour
cell was 2 cm long and heated to 99 °C. Data were taken with probe and pump beam intensities of 78(2) mW cm % and 86(5) mW cm ™~

2

respectively. (b) Signal for rubidium in the ¢ "¢ configuration. The vapour cell was 4 cm long and at 20 °C. Data were taken with probe
and pump beam intensities of 90(2) mW cm 2 and 53(2) mW cm 2 respectively. The red lines show the D, transition and the blue lines
show the D; transition. For potassium, zero detuning corresponds to the X(1,2) — F' = 2 transition in %K for the D trace and the
X(2,3) — F' = 3 transition for the D; trace. For rubidium, zero detuning corresponds to the F =2 — F’ = 2 in 8’Rb for the D; trace and
the F =2 — F' = 3 transition for the D, trace. The vertical axes for both (a) and (b) share the same ticks.

ground-state crossover transition, X(1,2) — F’ = 2, providing
a feature suitable for laser frequency stabilisation. We note that
the X(1,2) crossover features involve both ground-state energy
levels such that the pump beam and probe beam can simul-
taneously interact with atoms in both states preventing hyper-
fine optical pumping, effectively ‘closing’ the transition. Such
strong ground-state crossovers have also been reported in the

D, MTS of lithium [23]. In contrast, the crossover signals for
the D, transition are weak, as reported previously [17]. For the
oo™ configuration the existence of a cycling transition may
be detrimental; optical pumping on the cycling transition will
populate the F = 2, my = 2 ground state, but on the crossover at
least one of the pump or probe beams will be interacting with
the depopulated F =1 state. This will restrict transfer of the
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Figure 4. Gradient (black circles) and amplitude (grey triangles) of the X(1,2) — F’ = 2 transition in 39K as a function of the beam
intensity in the lin || lin configuration. Results are shown for (a) the pump beam optimised at a constant probe of 47.4(8) mW em ™2 and (b)

the probe beam optimised with a constant pump of 32.8(2) mWcm 2.

sidebands from the pump to the probe, weakening the signal.
The strong resonances observed for MTS of the D, transition
in the absence of a cycling transition merit further study.

Figure 3(b) shows the absorption spectroscopy and MTS
signals for the D; and D, transitions in rubidium. These
data were taken taken using the oto™ configuration with
a probe probe beam intensity and pump beam intensity of
90(2) mWcm ™2 and 53(2) mW cm ™, respectively. Again the
MTS signal for the D2 transition is dominated by the cycling
transitions. However, in contrast to K, the MTS signal on the
D, transitions for Rb does not show any measurable features.
This can be attributed to the lack of ground-state crossover
transitions; in Rb the ground-state hyperfine splitting (greater
than 3 GHz for both isotopes) is significantly greater than the
Doppler broadening (on the order 500 MHz in a room temper-
ature cell), as evident in the absorption spectrum.

4.2. MTS signal optimisation and comparison with theory

We use measurements of the strongest feature resulting from
the X(1,2) — F' = 2 transition to optimise the parameters of
the MTS setup for the D1 transition in potassium. Figure 4
shows the gradients and amplitudes of the signal for the lin ||
lin configuration as a function of the intensities of (a) the pump
beam and (b) the probe beam, with the intensity of the other
beam held constant. We optimise the intensities to obtain the
steepest gradient. The pump intensity was optimised first with
a constant probe intensity of 47.4(8) mW cm~2; then the probe
intensity was optimised with a constant pump intensity of
32.8(2) mW cm ™2 (chosen arbitrarily). The optimised intensit-
ies were found to be 36(3) mWcm ™2, and 59.5(1.1) mW cm >
for the pump and probe beams, respectively. Note the satura-
tion intensity is 1.75mW cm ™2,

In figure 5 we investigate the dependence of the MTS sig-
nal for the lin || lin configuration as a function of the relative
phase, , at the DBM. Traces of different phase were taken
by introducing a phase delay using the AFG and were taken
in 10° steps. Theoretical traces were calculated as discussed
in section 2. The simulation assumed a flat-top intensity dis-
tribution rather than the Gaussian profile used in the experi-
ment. To partially compensate for this, intensities used in the

simulation were set to 75% of the quoted peak experimental
intensities. The width of this top-hat function is equal to the
1/€* diameter of the beam. Two contributions are calculated:
an in-phase component /() and a quadrature component Q(6),
where 9 is the detuning. These are superimposed to obtain the
signal, S, as a function of the relative phase ¢,

$[8,6] =4 (1(6)cos 6+ 0(9)sin) ®)
where A is an arbitrary amplitude factor to match the theory to
the experimental measurements. Experimentally there are two
contributions to qg; the relative phase ¢ set by the AFG and
an arbitrary phase offset ¢ arising from cable delays. Thus to
compare the theory and experiment we use ¢~> = ¢ — ¢, and
adjust the value of ¢ to find the best agreement. In practice,
traces for all measured phases of a given polarisation are fit-
ted simultaneously to equation (8) to extract the parameters
A and ¢y.

Figure 5(a) shows example MTS signals for both the exper-
iment (solid lines) and theoretical predictions (dashed lines) in
phase steps of 30°. There are three distinct regions highlighted
corresponding to features arising from the F'= 1 ground state
(right), the X(1,2) crossover (centre) and the F =2 ground
state (left). It is also worth noting that the rightmost region
also has a significant contribution from the *'K X(1,2) cros-
sovers as well, see figure 1, but the other features are purely
from °K. Figure 5(b) shows a zoom in to the F =2 — F’ (top)
and F=1— F’ (bottom) ground-state transitions, respect-
ively. The peak-to-peak amplitude for the X(1,2) — F' =2
feature as a function of the phase is shown in figure 5(c). We
note that the optimal peak-to-peak amplitude is not obtained
in either the quadrature or in-phase scenarios, but rather at a
relative phase of ¢~ 112°.

We can see from figure 5 that there is generally good agree-
ment between theory and experiment. For phases where the
X(1,2) — F' features are maximised, the relative peak heights
and signal widths agree particularly well. Further evidence
is shown by (c) which compares the experimental amplitude
against the predicted amplitude for the dominant feature over
phases from 0° to 180°. We certainly see in the region closest
to the maximum that we get better agreement. For the weaker
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Figure 5. (a) MTS signals on the potassium D; transition for the lin || lin configuration for different relative phases at the double-balanced
mixer. The data were taken with intensities for the pump carrier, the pump sidebands and the probe of 25(2) mW cm™2, 5.5(4) mW cm ™2 and
59.5(1.1) mW cm 2, respectively. The grey solid trace is the experimental data and the black dashed trace is the fitted simulation. An
arbitrary vertical offset is added between traces to separate the signals recorded at different phases. Highlighted regions indicate areas where
we see transitions and have their ground-state shown next to them. Vertical lines show the transition locations for >’K. Numbers on the left
of each phase show the phase, q; (b) MTS signal zoomed into the F =2 — F’ (top) and F = 2 — F’ (bottom) transitions at q~$ =117.5°. A
vertical offset has been added to separate the two transitions. (c) The amplitude of the X(1,2) — F’ = 2 feature as a function of the phase
for experimental (black circles) and theoretical predictions (red squares).

F=1— F’ and F =2 — F’ transitions shown in (b) there is
reasonable agreement, although there are differences in some
cases.

4.3. Different polarisation configurations

A simple reconfiguration of the waveplates in figure 2 allows
us to look at the MTS signal for other polarisation configura-
tions. The results are shown in figure 6 for the signals arising
from X(1,2) — F” transitions. The traces were taken with ¢ =
117.5°, close to the optimum phase of ~112° from figure 5(b).
The laser parameters were the same as the optimum val-
ues found for the lin || lin configuration. In the lin L lin case
we observe a substantial increase in the amplitude of the
X(1,2) — F' =2 signal and a reduction in the size of the
neighbouring features. There is very good agreement between
the theory and experiment for all cases except for the o T o™
configuration. We note that in this case the theory predicts
substantially broader features than are observed experiment-
ally. The Rabi frequencies of laser beams in the experiment
lie between 2 and 4 x I'. In this region of laser intensities, our
assumption of three-photon interactions may be insufficient,

in particular for the specific polarisation configuration, and we
may need new calculations of higher order interactions in this
case. This kind of improvement in the calculation is beyond
the scope of the current paper.

Table 1 shows the fitted values of A and ¢q for all polar-
isation configurations. The values of A and ¢ mean little on
their own since they are arbitrary and exclusive to our specific
setup, however in the context of theory we expect these val-
ues to be constant across different polarisation configurations.
We find good agreement between the different configurations
for the phase offset, with all cases falling within a 7° range
(1.4° if we exclude the o T o+ data). The amplitude conversion
factor, A, does not agree between different configurations. We
note that although the lin || lin and the oo~ results are are in
reasonable agreement; the lin L lin disagrees by a factor of 2
compared with lin || lin. The theory predicts that the X(1,2) —
F =2 transition to be at least a factor of two larger in the linear
perpendicular case than in the lin || lin case. However, this is
not observed in experiment.

Itis of interest to investigate how the theoretical predictions
depend upon the intensities used. As mentioned previously,
the simulation assumes a uniform flat-top intensity distribution
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Figure 6. The MTS signal on the potassium D; X(1,2) — F’ transitions for different polarisation configurations. All the traces were
recorded using the optimum parameters for the lin || lin configuration. The grey solid lines show the experimental data and the black lines
indicate the best fit theory for simulations at 75% intensities. We have also included, for comparison, the best fit theory data for a simulation

at 50% of the quoted intensities: the red dashed lines. The polarisation configurations are (a) lin || lin, (b) lin L lin, (c) oo~ and ) o

Table 1. Fitted parameters for D; experimental results against
theory. Each of the polarisation configurations are listed. A and ¢o
are as defined in equation (8).

Polarisation A (V) @0 (°)

lin || lin 1787(7) 110.7(4)
lin L lin 886(3) 109.4(3)
oto 1576(5) 108.3(3)
otot 1232(8) 103.7(7)

but the beam in the experiment is Gaussian. Figure 6 also
includes the simulations for intensities at 50% of the exper-
imental peak intensities. Across all polarisation configura-
tions the broadening is substantially less. Although the rel-
ative heights of the peaks is somewhat mismatched we note
an immediate improvement in the agreement between the the-
ory and experiment for the oo . However, the width of the
other features is underestimated by the theory in this case. This
is a crucial point. If simulating the beam at the peak intensity
quoted, then it would be a uniform beam but with a constant
intensity at the peak of the Gaussian beam. This may result
in an overestimation of power being delivered to the atoms.
Likewise a uniform beam at 50% of the peak intensity (the
average beam intensity) may underestimate the power at the
atoms. It is evident from the simulations shown in figure 6 that
there is a strong intensity dependence from the theory which
may assist in explaining some of discrepancies. We choose,
albeit arbitrarily, 75% of the peak beam intensity obtain the-
ory between these two extremes. Regardless, the simulation
still produces results in reasonable agreement with the experi-
ment for the lin || lin, linLlin and the 0 o~ cases. We have not
used a Gaussian beam in our simulations because it is too com-
putationally expensive. In addition, the difference between

+O'+.

experiment and theory might be reduced by using new calcula-
tions of higher order interactions. We are currently elaborating
the calculation to enhance the accuracy.

5. Conclusions

We have presented an experimental study of the MTS of the
D, transition in potassium. We have also presented a theor-
etical model which can be used to predict the MTS signal
which shows generally good agreement with the experimental
measurements. We have shown that for the D; transition, the
MTS signal shows strong features originating from ground-
state crossover transitions. We have optimised various exper-
imental parameters, including the beam intensities and polar-
isations, to maximise the X(1,2) — F’ = 2 feature, providing
a good reference for laser frequency stabilisation. We expect
these results will be of interest to researchers employing the D,
transition for laser cooling and optical pumping of potassium
in quantum gas experiments.
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