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1 Introduction

In 1914 Bose in [1] exposed his idea of a
model for the gas of photons. Einstein extended
that idea to integer-spin particles and created
the Bose-Einstein statistic. In 1938, Fritz Lon-
don proposed what became Bose-Einstein Con-
densate (BEC) as a mechanism that explained
superconductivity and super-�uidity [2]. A
BEC is a type of condensate in which the ma-
jority of particles are in their ground state.
First condensation was obtain in 1995 by An-
derson, Ensher, Matthews, Wieman, Cornell
from a Rubidium gas cooled at 170 nK [3], and
by Davis, Mewes, Andrews, van Druten, Dur-
fee, Kurn, Ketterle from a Sodium gas [4].

In 2008, a team from the Laboratoire de
Physique des Lasers (LPL) reported a suc-
cessful production of Chromium (Cr) Bose-
Einstein Condensate [5]. The Cr condensation
has been achieved for the �rst time in 2005 by
Tilman Pfau's group at Stuttgart [6]. While
alkali atoms only lead to contact interaction,
Chromium with 6 electrons in its valence shell
has an atomic spin of S = 3 leading to the
presence of dipolar interactions [6]. Chromium
is much more suitable for such a study. In-
deed knowing that dipolar interactions evolves
as µ2, with µCr = 6µB , dipole-dipole interac-
tions are 36 times stronger compared to alkali
gas. Studying quantum thermalisation of iso-
lated quantum system in presence of dipolar
interactions is the goal of the LPL Chromium's
experiment. After nearly 20 years of exploita-
tion [7, 8, 9], the Chromium team decided to
rebuild this experiment with better probe and
in order to produce a 2D BEC.

During the experiment, Ramsey-like se-
quence will be used to probe the collective spin
state of the system. Such a sequence is depicted
in �gure 1. This measure is very sensitive to
the transverse magnetic �eld. Indeed the time
of no-interaction τ is very much related to the
magnetic �eld. To be able to probe the phase-
shift caused by the dipole-dipole interaction,
one needs to know exactly the behaviour of the
magnetic �eld during this no-interaction time
to compute its duration. More precisely, dur-
ing a Ramsey sequence, the spin will precess at
Larmor pulsation ωL (�xed by the Bext mag-
netic �eld), the micro-wave �eld being the refer-
ence. Any di�erence between ωL and ωMW will
lead to a phase shift. This shift is particularly
di�cult to estimate during the spin dynamic.
It will eventually prevent us from applying the
right pulse sequence in order to measure the
collective spin component (Sx, Sy, Sz). It is the
context in which I started my internship. I had
to explore the implementation of a magnetome-
ter within the experiment chamber to achieve
a better monitoring of the magnetic �eld that
applies on the Cr BEC and thus enabling a re-
liable information on the magnetic �eld for the
τ -calibration.
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Figure 1: Ramsey sequence on the Bloch
sphere. A �rst micro-wave (MW) π/2 pulse
is applied to shift the atom that was in the
ground state into an equatorial-superposition
state. Then this states rotates during τ . Af-
ter that time, another π/2 pulse is applied, the
two-times rotated state then can be projected
on the quantisation axis for read-out.

This report investigates the implementation
of Optically-Pumped Magnetometer in a cost
e�ective way aiming at integrating in the ex-
periment chamber of the ultra-cold experimen-
tation. First, we characterise, repair and �ne-
tune the 852nm Laser which was known to
be lastly used in 2002. Following that, we es-
tablish the absorption spectrum of old and new
Cesium cells and determine their pressure prop-
erty. Then, we start to implement the atomic
pumping and probing on a Cs vapour cell to
accomplish magnetometry.

2 State of the art of magne-

tometry

Since the development of quantum mechanic,
magnetometer �eld of application extended
from industry [10, 11] to biomedical imag-
ing and probing [12, 13, 14]. However, the
main limitation to a wider use of such Opti-
cally Pumped Magnetometer (OPMs) is their
low dynamic range making them very noise-
sensitive. Recent breakthrough about that par-
ticular issue supported consequently this in-
ternship [15]. A quantity of methods have been
developed adapting to a lot of constraints. Fab-
ricant's article [16] is reporting a lot of those

methods and is walking the interested reader
through the step of the implementation of a
magnetometer.

Three main method, described in [16]
grabbed our attention. All of them use the
atomic spin precession to probe the magnetic
�eld. The �rst is the Free-Induction Decay, de-
scribed by [17, 15]. The second is Bell-Bloom
method, which foundational concept was given
nearly 50 years ago in [18] and whose charac-
terisation has been done around the year 2000
by [19]. More recently, the extension to an ar-
bitrary direction of the magnetic �eld has been
done in [20]. Finally, the Non-linear Magnetic
Optical Rotation exploit the Faraday Rotation

to probe the magnetic �eld [21, 22, 23].

However it is often that a highly shielded en-
vironment is used and little to no papers are
interested in measuring near Gauss/ambient
magnetic �eld. Although OPMs are recurrent
in multiple �eld of physics, they have never
been, to our knowledge, implemented or used
in a ultra-cold experimentation nor under ultra-
vacuum. Ultra-vacuum is typically needed for a
BEC experimentation and is under 10−10mbar.
This experiment targets a 10−11mbar vacuum.

3 Theoretical Aspects

3.1 Laser source

The Littman-Metclaf con�guration (depicted
in Fig.2) is a feed back con�guration particu-
larly adapted to the use of an external cavity
diode Laser (ECDL). Two types of this con�g-
uration exists, we will focus on con�guration of
type I because it is the one that will be used in
this study. A Laser diode is emitting towards
a grating at grazing-incidence. The �rst order
of di�raction is re�ected by an adjustable mir-
ror1 that re�ects the �rst order di�raction back
on itself toward the grating. It is then di�racted
once again, and the �rst order of that second
di�raction provide optical feedback. The ad-
justable mirror thus close the Laser cavity.

1in general a retro-re�ector or a similar optic system
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The zero order di�raction is used as an output
[24].

The grating being �xed, the tuning of the
laser is done through the retro-re�ector posi-
tion. No movement of the output beam is hence
observed. This con�guration is providing less
power than a Littrow con�guration where the
grating is movable and the output is the zero or-
der of di�raction, making it slightly more pow-
erful [25].

Figure 2: Littman-Metcalf con�guration of
type I (a) et II (b). Figure from [26].

3.2 Atomic magnetometry

Atomic magnetometry is achieved through
two steps (generally), pumping and probing.

3.2.1 Atomic pumping

Atomic optical pumping corresponds to the
general concept of using atomic transitions to
prepare all the atoms in a speci�c state. We
take [16] as the main source of information for
this part alongside with the much more de-
veloped [27]. Now on, we will use the arti-
cle from Daniel Steck as a reference for ce-
sium atomic properties and numbers [28]. The
atomic pumping transition we will be using is
one between the triplet F = 3 → F ′ = 2, 3, 4
and the triplets F = 4 → F ′ = 3, 4, 5 2.

Our goal in this study is to prepare the ce-
sium atoms in a speci�c spin state. The absorp-
tion of a photon cannot address the electronic
spin state of the atoms. Indeed, the quantum
numbers of the atoms are a�ected following the
selection rules [16]:

∆L = ±1, (1)

∆S = 0, (2)

∆J ∈ {0,±1}, (3)

∆F ∈ {0,±1}, (4)

and we see from equation 2 that the atomic
spin cannot be changed by the absorption of a
photon. In other words, the atomic spin is con-
served in an atom-light interaction. However,
the magnetic quantum number along a quanti-
sation axis is changed by such an absorption.
This depends on the light polarisation. This
is stated by the following selection rule on the
magnetic quantum number along the quantisa-
tion axis (which will be here the propagation
axis) [16]:

σ+ → ∆mF = +1 (5)

σ− → ∆mF = −1 (6)

To prepare the atomic medium in spin co-
herent state, e.g to magnetise the cell, we have
to polarise the Laser beam in σ+ and to tune
it on one of the absorption line. Both being
of about the same optical depth, we can chose
one or another. As suggested in [16, 27], such a
process is counterbalanced by spontaneous de-
cay of the atoms. The pumping rate is propor-
tional to the beam's intensity [16]. The polari-
sation (or magnetisation) of the atomic medium
is an equilibrium between the pumping rate Γp

and the decay rate Γd. We should also take
into account the maximum Mm magnetisation
alongside z the quanti�cation axis reachable in
absence of relaxation. One can represent that
process with the di�erential equation 7. Now
on, Mx will represent the magnetisation along
the x axis (resp. y, z).

2the transitions within the triplets being so close to each other (a few hundred of MHz) that we will address
the two or three transitions of the same triplet at the same making them indistinguishable.
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dMz

dt
= Γp(Mm −Mz) + Γd(−Mz) (7)

On the two other axes, the pumping is low-
ering the global magnetisation along those axes
to zero, spontaneous decay helping in that pro-
cess:

dMx,y

dt
= Γp(−Mx,y) + Γd(−Mx,y) (8)

To conclude, Fabricant in [16] is exhibiting
an e�ective relaxation rate Γ = Γp + Γd and a
stady-state magnetisation Ma = MmΓp/Γ and
compute:

d

dt

 Mx

My

Mz

 = Γ

 −Mx

−My

Ma −Mz

 . (9)

Preparation of the atomic medium in a highly
magnetised state is therefore possible and only
parametrised by the beam's intensity if one
use a σ± polarised beam at the transition fre-
quency. It is important to note here that the
transition lines are broadened to 1 GHz at room
temperature, due to Doppler broadening as de-
scribed in [28]. Thus, the tuning is more per-
missible that what one can imagine a priori. In
order to conserve the coherence of the medium,
one shall minimise the decay rate by minimis-
ing the interaction with the atomic medium.
The main source of interaction being the colli-
sion between atoms and the cell's wall, a bu�er
gas is used to slow down the atoms and thus
increase the coherence time of the medium.

3.2.2 Atomic probing

The atomic medium being polarised, it acts
now as a magnetic dipole. Such a dipole will
interact with a magnetic �eld, this is what will
be probed.

In free-induction-decay, the medium is
pumped alternatively, in between those pump-
ing steps, one observe through the transmit-
ted polarisation of a linearly polarised beam,

the Larmor precession of the atomic magnetic
dipole, e.g. coherent atomic spin. This leads
us to the Bloch equation:

Ṁ = −M×B+ Γ

 −Mx

−My

Ma −Mz

 (10)

Given that, ΩL = γB the vectorial Lar-
mor frequency, one can retrieve the precession
alongside with the pumping e�ect in this Bloch
equation. Linearly polarised beam will thus in-
teract di�erently according to the global mag-
netisation. And one can access the orthogonal
or the coaxial (to the pump beam) magnetic
�eld component reading respectively the mag-
netic resonance [16] or the non-linear magneto-
optical rotation (Faraday rotation) using a bal-
anced detection [29].

4 Implementation

This section is intended to describe the set-
up that has been used. One of the �nal and
most detailed con�guration of the global set-
up is depicted in appendix A. Main scienti�c
results are postponed to section 5.

4.1 852nm Laser source

The source that is at my disposal during this
study is a 850nm tunable ECDL (TEC-850-20
from Sacher-lasertechnik) in a Littman-Metcalf
con�guration of type I (see section 3.1, �gure 2)
that is combined with a MLD 1000 driver. This
tunable ECD was used for the last-known time
approximately 25 years ago and remained un-
touched since that time. Hence the documen-
tation of this Laser set-up is not available and
we have little to no speci�cations (only [30]).
We suspect this ECDL to be not containing the
original Laser Diode but have no piece of in-
formation on this new one. We thus decided to
use a maximum current of 130 mA and a work-
ing current from 65 mA to 125 mA considering
the last know settings used.

Ecole normale supérieure de Lyon 6
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Moreover, during my internship we worked
especially on the ECDL aiming at repairing and
�ne-tuning it. This work focused on two as-
pects: the tuning and cooling systems. One
primordial aspect of this con�guration is within
the tuning-system. The mirror is supported by
a �exure which is pushed by a piezo-electric
compound. After the �rst injection in the
Fabry-Perot cavity (see section 4.3), the piezo
appeared to be dying. Indeed, it stopped an-
swering our scanning ramp after a few minutes.
After through-full investigations, we con�rm
that the piezo-electric needed to be changed.
As a proof of principle, we replaced the old
40 mm piezo-electric with a new one, much
shorter adapted through a 3D-printed support
(see appendix B, �gure 23).

4.2 Shape, power of the Laser

source

The question of the shape of the Laser

source is central to process the beam and to
pump/probe e�ectively the atomic cell. Indeed,
having a gaussian-like shaped Laser beam is
essential for the �bre coupling. Futhermore,
the overall manipulation of such a beam is much
easier.

Figure 3: Raw beam's vertical (right) and hor-
izontal (left) sections. Intensity pro�le of the
beam at 11 cm and 44 cm of the source.

The shape of a Laser beam is measured us-
ing a camera. During such a measurement, one
should be interested in comparing the waist of
the beam in two orthogonal directions in the
longitudinal plan in respect to the propagation
direction.

Figure 4: Corrected beam's vertical (right) and
horizontal (left) sections. Intensity pro�le of
the beam at 11cm and 44cm of the source.

The waist of a gaussian beam being given by:

w(z) =
FWHM(z)√

2 ln(2)
(11)

and the full width at half maximum being
driven by:

FWHM(z) = 2
√
2 ln(2)σ(z) (12)

where σ is the standard deviation of the
Gaussian beam model and z is the distance
from the Laser source (according to [31]).
Hence w(z) = 2σ(z). After a numerical �t,
we found a waist of 1 156 µm along U direc-
tion and 521 µm along V direction at 44 cm
of the Laser source. This waist is comparable
with the waist at 11 cm (1 033 µm and 507 µm)
from the Laser source. This beam needs to be
corrected hence the use of a corrective prism as-
semble with an aspect ratio of 3.5. After correc-
tion, the measurement of the waist is depicted
in �gure 4.

Ecole normale supérieure de Lyon 7
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The �nal shape of the corrected beam right
before the Cs cell is depicted in �gure 5. It has
been considered su�cient for our application.

Figure 5: Corrected beam's shape right in front
of the Cs cell. Beam intensity is normalised.
The beam diameter throught the cell is of 2 mm
even though on this picture, the beam appear
to be much smaller due to attenuation.

The beam power at the exit of the Laser
source is of maximum 17,5 mW. The transmit-
ted power to the Cs cell ranges from 1,2 mW to
3,4 mW.

4.2.1 Tuning

Such a repair implied the disassembly of the
mirror support, hence the (re)-alignment of the
Laser cavity. This can be done in three steps:
(1) Align the �rst di�raction order of the grat-
ing with the tuning mirror vertically using the
piezo tuning screw ; (2) Align this same �rst or-
der laterally using the grating �exure ; (3) Fine
tune this lateral alignment. This last step can
be done using the minimisation of the Laser
threshold as an indicator of the cavity lateral
alignment's quality. Using a beam viewer3 one
can determine the Laser threshold as depicted
in �gure 6. When going past the threshold,
the Laser power will suddenly evolve much

faster. Exactly at the threshold, the beam will
be �ashing by quickly starting and stopping
to lase. In order to optimise this threshold,
one places themselves right under the current
threshold and adjust the grating �exure until
one sees the beam lasing again. At this point,
we lower the current and adjust again. Starting
at a threshold of approximately 90 mA, we re-
peated those steps until we found an optimum
at 46 mA which is the same order of magni-
tude as in equivalent set-up (such as LD-0860-
0080-AR-3 from Toptica). This threshold have
been measured and optimised to that value fre-
quently as it is an indicator of the Laser cavity
alignment's quality.

Figure 6: The Laser thresholds evolution with
respect to cavity alignment.

4.2.2 Cooling system

A Laser wavelength and quality being very
dependant to the diode and cavity temperature,
a cooling/heating system is needed. The MLD
1000 temperature control stopped to function
not long after the piezo-electric system has been
changed and adjusted. This led to further de-
lay in the implementation but an improvement
of the temperature control's quality (now on
called TEC quality). The TEC is composed of
a Peltier module, a current Proportional Inte-
grator/Derivator (PID) servo controller and a

3We are indeed working with a near infrared (NIR) Laser , meaning the beam is not visible. A beam viewer
is an active tool that convert IR light in visible light. A revealing card can also be used for easier process and
both solution have been put in place.
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temperature probe.

Not knowing the type of temperature probe
that was implemented before in the ECDL,
the probe have been changed to a 10 kW
thermistor, the Peltier module remained un-
changed and a seperate current controller have
been put in place of the integrated one in the
MLD1000. This led to an extension of the TEC
range4. The temperature/wavelength relation-
ship is linear in such a case, the slope have been
measured to 0,13 nm K=1 which is, once again,
conform to the expectation of such a slope value
at this wavelength. Such a fact was not surpris-
ing and already measured in the literature [32].

4.3 Laser analysis

The analysis of the Laser wavelength and
quality have been done through a wave-meter
(WaveMaster from coherent [33]) and a Fabry-
Pérot cavity (used in [34]). Those being remote
from the optical table where the set-up was sup-
posed to be implemented, optical �bres have
been used (see appendix D for more details on
optical �bres, beam injection).

On the Wave-meter beam, a optical density
(O.D. 4.0) has been used, e.g. the beam's in-
tensity have been lowered by 10 000 times. In
fact, the wave-meter is able to measure from
an optical power of a few nW hence the need
of a power reducer, because the only propri-
ety of the beam used here is its frequency. A
multi-mode optical �bre has been implemented
to transmit the beam from the optical table to
the wave-meter, see �gure 21 "Towards Wave-
meter" in appendix A.

To feed the Fabry-Pérot cavity, a polarisa-
tion maintaining optical �bre have been imple-
mented. This is done with a polarisation main-
taining single mode �bre with a half wave plate
at its enter. The idea of such a set-up is to align
the polarisation of the beam with one of the
slow/fast axis of the optical �bre, thus main-
taining the polarisation independent of the ex-

ternal perturbations. Each Fabry-Pérot peaks
are separated by 250 MHz in a C

4L con�gura-
tion. See �gure 21 "Towards Fabry-Pérot Cav-
ity" in appendix A for more details on this part
of the set-up and [34].

Figure 7: Fabry-Pérot spectrum obtained
throught the scan of the piezo-electrical tun-
ing and after the visualisation on a oscilloscope.
The time-frequency conversion is now on de-
duce using the free spectral range (FSR) of the
cavity. Two peaks are separated by 250 MHz
and a few ms to µs. One can thus refer one-
self to the Fabry-Pérot spectrum to measure
frequency di�erence.

4.4 Wavelength and modal purity

Chromatic and modal purity are needed in
order to adress e�ciently the atomic D2 tran-
sition of Cs . Chromatic �rst tuning is assured
by the adjustment of the piezo device's posi-
tion. The Laser frequency is then monitored
using the wave-meter.

The Lasermodal aspect is analysed through
the Fabry-Pérot cavity. We considered the
piezo to be tuned when the Laser mode hop-
free ranges are on both side of the targeted fre-
quency. Temperature, �ne-tuning of the piezo
and current allows us to shift those mode hop-
free ranges on the targeted frequency. Thus,
one can access a spectrum such as depicted in
�gure 7 while scanning the piezo.

4We went from an e�ective range (20 °C to 30 °C) to the range (20 °C to 40 °C), both being limited by
condensation (lower limit) and Diode speci�cation (higher limit).
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In this �gure 7, the spectrum is divided in
three zone. In two of those three, the spaces be-
tween Fabry-Pérot peaks are noisy, with even-
tually secondary peaks. On �gure 7 these
zones are from =0,04 A U to =0,005 A U and
0,02 A U to 0,04 A U . Those area are multi-
modal functioning-area of the Laser . In be-
tween, one can see 4 alone peaks that are char-
acteristic of the single mode regime. For ref-
erence, each peaks are separated by 250 MHz,
which means the mode hop-free range is ap-
proximately of 1 GHz. By �ne-tuning the
Laser cavity alignment, one can enhance the
single mode area and make it larger such as in
�gure 14.

4.5 Cs Absorption

One of the main step toward Cs magnetome-
try is being able to probe the Cs hence to per-
form an absorption spectrum5. To do so, and
because next steps will use this same system, we
decided to implement a home-made balanced
detection using balanced photo diodes. This
system is depicted in �gure 8. This aims at sub-
tracting a reference to the spectroscopic signal
in order to ignore the �uctuations of the Laser
power.

Figure 8: One possible implementation of a bal-
anced photo-detection using two photo diodes.

Flip mirrors have been implemented to be
able to switch between the absorption spec-
troscopy set-up and the magnetometry set-up.
The beam have been enlarged by two times in
order to interact with more atoms on its path
at the saturation intensity.

4.6 Atomic pumping and probing

Atomic pumping in ensured by a left-
circularly polarised beam by a Quarter Wave
Plate. Because pumping may have to be in-
terrupted depending on the technics that is
chosen, a 110 MHz Acousto-Optic Modulator
(AOM) has been implemented. This device is
using a crystal in which an acoustic wave is
being propagated transversally to the beam's
direction. This wave is generated by a piezo-
electric device driven by a RF generator at
110 MHz and a ampli�er delivering 2 W of
power as speci�ed in the documentation of the
AOM. This AOM is inducing a frequency shift
of 110 MHz of the Laser and an angular devi-
ation of the �rst order of refraction. This �rst
order is then selected through an iris, by do-
ing so, the pumping beam is only entering the
cell when the AOM is on. We thus successfully
created an electronic shutter, with an response
time in the order of magnitude of the nanosec-
ond.

Atomic probing can be accomplished using
a separated beam, linearly polarised. This is
to probe a Faraday rotation through the Cs
medium. Such a probe is extended radially to
ensure that all the polarised atoms are inter-
rogated. Moreover, it is very important that
the two contra-propagating beams are overlap
in order to pump and probe the same atoms.
Thus a special attention has been paid during
the alignment of this set-up. In order to extract
the information from that probe beam, 10% of
its power is extracted using a 10/90 beam split-
ter (BSF-10-B from Thorlabs [35]). In order to
have no or little impact on the beams polarisa-
tion, one needs to pay attention to the angular
orientation of such a device. Furthermore, the
back of this device is made to be speci�cally
non re�ective (see �gure 9). From the speci�-
cations (see �gure 10), we could establish that
down from 25°, the polarisation maintaining is
su�cient for our use case.

5Indeed, we need to lock our Laser frequency around a speci�c Cs transition.
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Figure 9: Re�ected power on the back face of
the beam splitter according to [35]

Figure 10: Re�ected beam's polarisation at
780 nm according to [35]

The �nal step is to extract the information
from the probe beam. To do so, we used the
balanced photo-diodes set-up combined with a
half wave plate and a polariser beam splitter.
Thus one can separate the horizontal and ver-
tical polarisation from the beam and then plot
the rotation of the polarisation, that is what we
want to do.

Figure 11: In the Cs gas, all the atoms have
aligned spin (through pumping) creating a col-
lective spin. This state is later called polarised
state. In the Free induction decay method, we
polarise the Cs orthogonally to the magnetic
�eld. The collective spin will then turn follow-
ing Larmor mechanism. This medium is bire-
fringent and a linearly polarised probing beam
will have its polarisation turned. Figure ex-
tracted and cropped from [17].

5 Measurement

5.1 Cs cell characterisation

The next step toward magnetometry is the
realisation of the Cs cell abortion spectrum and
their proper characterisation. A Cs cell is a
glass-work having low pressure or vacuum con-
ditions and solid Cs. Cesium vapour is pro-
duced through the equilibrium vapour pressure
(saturated vapour pressure) of the solid cesium.
We have at our disposal more than 20 years old
spectroscopic Cs cell that are l = 5cm, d = 3cm
cylinders, two 1 × 1 × 1cm cubes with 50 torr
and two of the same shape with 150 torr of N2

bu�er gas. Those cells are uncoated but have
2 (for the old cell) and 4 optical surfaces (for
the new cell). Some pictures of those cells are
in �gures 12 and 13.
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Figure 12: The old spectroscopic cell with
its surrounding coil used to generate magnetic
�eld.

Figure 13: One of the new cell after the heating
and desorption process. We can clearly see the
presence of a solid on all the walls of the cell.

We started by establishing that the theoreti-
cal transmission rate of such cell should be ap-
proximately 84.9%. Indeed, there is 4 glass-
air/gas interfaces that have each a 4% loss rate,
hence 0.964 = 84.9% of transmission rate. Such
transmission rate have been reached on the
spectroscopic cell. On the new cells, the trans-
mission rate was both �uctuating between the
same speci�cation cell and low (between 49%
and 56%). This is explained by the fact that a
solid was coating partially the optical surfaces.
Nonetheless, this rate is su�cient for a �rst ab-
sorption spectrum.

Figure 14: Much larger hop-free range of
around 3,75 GHz. This is the condition in
which the spectrum of the Cs cell has been
for the �rst time established in our experiment.
One can see that their is a hop between two
single mode area. In that case, counting the
peaks does not provide a good estimation of
the frequency scan through this hop.

Figure 15: In this �gure, a scanning ramp is
corresponding to a piezo scan of 3 GHz.

The absorption spectrum of the spectro-
scopic cell was established (see �gure 15)
around the D2 transition. Thanks to a hop
in the scanning, we could establish the whole
D2 transition spectrum (including the hyper-
�ne splitting of 9 GHz). This is depicted in �g-
ure 16. The splitting size have been con�rmed

Ecole normale supérieure de Lyon 12
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by the wave-meter. Moreover, it is centered on
the theoretical value of 852,347 nm.

Figure 16: Depiction of the D2 transition with
the hyper�ne split of 9 GHz enabled by the
hop between to single-mode. The excited hy-
per�ne levels are combined in the same peak
because they are separated of 151,21 MHz to
251,00 MHz which is negligible compared to the
9 GHz hyper�ne splitting [28].

Figure 17: Not heated cell with a small signal
of a few mV.

The evaluation of the new cell leads to the
implementation of a secondary spectrograph set
up. This enables us to superpose both spec-
trum for comparison. Little to no traces of Cs

has been observed on this �rst spectrum. Ac-
cording to [28], a 1 GHz pressure shift could
explain that fact. After thorough research of
the spectrum, we found that the Cs cell have a
little spectroscopic signal as depicted in �gure
17.

Figure 18: The di�erence between heated and
not heated 50 torr cell produce this signal.

To enhance the signal, we decided to heat the
cell and take the di�erence as plotted in �gure
18.

If a signal is de�nitely here, one can see that
it is some order of magnitude smaller than the
one coming from the spectroscopic cell (approx-
imately 100 times smaller). We concluded that
this is the result of a lack of cesium in those
untested cell. We made the hypothesis that a
reaction between the bu�er gas (nitrogen) and
Cs could have happened during the one year
storage before my internship. However, even
if some chemistry exercises suggest such a re-
action, several teams using those type of cell
reported no alteration of the cell after a long
storage. We therefore could not conclude on
this lack of Cs this way. According an estima-
tion of Benjamin Pasquiou6 the pressure broad-
ening and the di�erence of length of the cell are
not enough to explain that ratio of amplitude.
Despite all e�orts, an unexplained factor 4 re-
mained in the ratio between our two measure-

6Benjamin Pasquiou is a CNRS research engineer in the Chromium team.
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ment. Further investigation needs to be done
on this subject.

The desorption of the Cs from the pyrex cell's
wall has been tried using a 405 nm Laser diode
with around 20 mW of power. This resulted in
no amelioration of the signal.

5.2 Magnetic �eld measurement

5.2.1 Parameters of the experiment and

chosen set up

Due to a lack of time we implemented the
method that appeared to be the easiest in our
con�guration: the Nonlinear Magneto-Optical
Rotation (NMOR). The pumping and probing
beam can be the same in this technic [29]. That
is what we did using the probing as both prob-
ing and pumping circularly polarised. We mod-
ulate the frequency of the Laser at Ωm tak-
ing values from 250 MHz to 1 000 MHz. The
magnetic �eld is generated with a coaxial coil
with respect to the probing/pumping beam and
scanned through a current source driven by a
function generator generating a ramp at fre-
quency from 100 mHz to 100 µHz.

An unbalanced detection is demodulated us-
ing a moku-go ([36]) in lock-in con�guration.
The inputs are the sinusoidal Ωm modulation
and the unbalanced detection. Considering the
frequency of modulation, we use a photo-diode
with variable gain and a response time under
the µs at 20 dB. Due to the absence of doc-
umentation, we suppose that the connexion is
through a T-connector which acts as a low-pass
�lter and a SMA port. In order to keep a clean
modulation signal, we avoid any high frequency
harmonic, hence the use of sinusoidal modula-
tion in current. As 10 V corresponding to 3 A,
we have a converting ration of k = 0,3 A mV=1.
Placing ourselves at the center of the coil, con-
sidering the length of the cell (5 cm) being
small compared to the length (10 cm and with
R =1,5 cm the cell radius, n = 100

0.6 = 166 the
number of turns, I the intensity, U the driving
tension of the function generator, µ0 the mag-

netic �eld constant, the Biot-Savart's law gives:

B =
µ0nI

2R
=

µ0nUk

2R
(13)

This law has been used to compute the mag-
netic �eld created by the coil. We shall keep
in mind the in�uence of the earth's magnetic
�eld in our interpretation. Indeed, the cell is
oriented in the North-South direction. The dif-
ferent results are presented in page 16.

5.2.2 Interpretation

Those results are di�cult to interpret and
further exploration needs to be done. However
we managed to extract some possible explana-
tions and interpretations. Before making any
statement, we shall notice that this experimen-
tation is very sensible to the Laser tuning and
mode. We had to compensate for the Laser
shift several times throughout this experimen-
tation and exit the multi-mode emission areas.
Firstly �gures 19a and 19b depict the same ex-
periment conducted several times. Indeed, the
stability of the signal was not established at
�rst, and we decided to conduct the same ex-
periment several times in order to identify what
structures are physically related signal. We es-
pecially paid attention to the dispersive signal
that should be seen according to [29]. Although
we established the signal presented in those �g-
ures is repeating, its asymmetry combined with
its instability leads us to further investigations.
Therefore, we focused on the symmetrical part
of this signal which was the near-zero part (dips
occurring symmetrically and repeatedly).

In fact, the next step consisted in changing
the current source to a bipolar current source.
Indeed the dips suggested in the last para-
graphs seemed to occur in a near-zero �eld. We
thus investigated the zero-crossing �eld situa-
tion. This is a situation where we need to take
into account the presence of the earth's mag-
netic �eld shift the zero of the magnetic �eld in
one or another direction. This has been done in
�gures 19c and 19d. A highly symmetrical sig-
nal is achieved in 19d while 19c demonstrate the
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instability of the signal in general and more es-
pecially in the �rst few periods of the magnetic
scan. Moreover, we can observe the presence
of the near-zero dip describe and suggested in
�gures 19a and 19b.

We decided to invert the direction of the
generated magnetic �eld. This has been done
through the inversion of the polarisation of
the current source. This is the only di�erence
between �gure 19c and 19d. We can clearly
establish the inversion of the dispersive sig-
nal between those two �gures with respect to
the magnetic �eld value. In addition to that,
the dip is situated at 35 mV o� compared to
zero. When inverting the direction of the gen-
erated magnetic �eld, the dip is situated at
=80 mV. This leads to a 0,47 G magnetic
�eld. The International Geomagnetic Refer-
ence Field (IGRF) simulator is estimating the
horizontal N-S magnetic �eld to be of approx-
imately 0,315 G. Considering the important
errors that reside in the reading of such values,
this measure is compatible with the measure-
ment of the earth magnetic �eld by 19,75 %.

In order to have a stronger proof of the po-
larisation inversion's impact, even though the
signal can be unstable, we decided to do the
inversion through the scan. This is what have
been done in �gure 20a. We can see that the
signal is been repeated which is a strong proof
of the magnetic �eld observation.

Finally, we decided to explore the demodu-
lation frequency's impact. Figures 20b to 20d
show such an impact. Even thought the in-
terpretation of those data is di�cult, we can
observe that the higher the demodulation fre-
quency is, the more details we have in the
demodulated signal. Moreover, the near-zero
magnetic �eld dip is present throughout all the
signals and the same global structure is re-
spected. Two peaks are present in all the con-
�guration. The two times slower scan of the
magnetic �eld seems also to have increase the
amount of information that one can extract.
The global signature of a dispersive signal is
well conserved while changing the demodula-
tion frequency.
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(a) Demodulation at 750 kHz. The magnetic �eld
is scanned from 0 G to 4,17 G at 2 Hz.

(b) Demodulation at 750 kHz. The magnetic �eld
is scanned from 0 G to 4,17 G at 2 Hz.

(c) Demodulation at 1 MHz. The magnetic �eld is
scanned from 0 G to 16,368 G at 2 Hz.

(d) Polarity inverted compared to 19c. Demodula-
tion at 1 MHz. The magnetic �eld is scanned from
0 G to 16,368 G at 2 Hz.

Figure 19: First qualitative test of magnetometry. Every measure has been done with a scan of
the magnetic �eld at 2 Hz. Blue trace is the demodulation of the photo-diode, the black trace is
the magnetic �eld scan. An independent normalisation has been applied on each of those traces.
The physical information laying within the dynamic of the demodulated signal with respect to
the magnetic scan.
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(a) Polarity inversion of the magnetic �eld at 65 s
to 75 s done mannualy by inverting the connexion
between the current generator and the coil. Scan
from =16,368 G to 20,86 G.

(b) Demodulation at 1 MHz. Scan from =16,368 G
to 20,86 G.

(c) Demodulation at 500 kHz. Scan from =16,368 G
to 20,86 G.

(d) Demodulation at 250 kHz. Scan from =16,368 G
to 20,86 G.

Figure 20: Di�erent frequency of modulation/demodulation in 20b to 20d and polarity inversion
of the magnetic �eld in 20a. Every scan is at 1 Hz.
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6 Conclusion and perspec-

tives

In order to conclude, we successfully man-
aged to repair and �ne-tune the 25-year old
852 nm Laser. However, this Laser is not
stable and we identify two major issues. First is
its shifting tendency. This experiment's Signal-
Noise Ratio (SNR) is greatly impacted by plac-
ing ourselves in the center of one of the two hy-
per�ne D2 transition. Second is the fact that
the Laser needs to be single-mode. If it is not
the case, the SNR is tremendously unusable.

We then established that the new Cs cell
ordered for this experimentation are far from
being usable, even after a desorption manip-
ulation or a heating. Even though the heat-
ing produced some amelioration that could be
exploited, the �nal cell being placed in ultra-
vacuum, this add too much complexity to the
experiment. New Cs cell should be ordered af-
ter the absence of the Cs has been explained.
We also demonstrated that the spectroscopic
cell, with no bu�er gas is still usable. The bu�er
gas being essential to have a exploitable coher-
ent time, this cell cannot be used for FID in the
vacuum.

Finally, a proof of concept of magnetome-
try has been established. Even thought the
�nal application in the Chromium experimen-
tation will be using the Free-Induction Decay
(FID) method, the Non-linear Magneto Opti-
cal Rotation (NMOR) method has been suc-
cessfully implemented. NMOR has been suc-
cessfully achieved with less means than what
has been founded in the literature, using un-
balanced detection. This work is thus a proof
of concept of magnetometry and opens the way
for the Chromium team to explore further the
atomic magnetometry. Further investigation of
this set up are needed in order to fully under-
stand the magnetic �eld detection, especially
concerning non-zero magnetic-�elds and the de-
modulation frequency impact on the measure-
ment.
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A Complete set-up

Figure 21: Set-up of the experimentation at its most complete point. HWP: Half Wave Plate,
QWP: Quarter Wave Plate, AOM: Accousto-Optic Modulator.
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B External Cavity Diode Laser details

Figure 22: A view of the laser cavity. The diode is at the back of the block, illuminating the
grating. This view is for visual representation only and is not exact in proportion neither it is
in angles.

Figure 23: Design of the new 3D printed support that adjusts the new piezo-electric to the
system (in the cylindrical hole).
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Figure 24: Section of the Laser cavity, the diode is in between the mirror and grating, the
grating's �exure is adjusting the lateral alignment of the cavity, the mirror is tuning the laser.

C D2 transition of cesium
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Figure 25: The D2 transition of cesium. The F = 3 → F = 4 transition in the ground state
62S1/2 is the transition used for the de�nition of the second [28] We are working around the
F = 3 → F ′ ∈ {2, 3, 4} and F = 4 → F ′ ∈ {3, 4, 5} transition between 62S1/2 (ground) and
62P3/2 (excited) states. Figure extracted from [28].
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D Optical �bres

D.1 Concept

Optical �bres are a way of transmitting light through long distance. This is usually done by
a onion structure such as in �gure 26. The light is propagating through the core.

Figure 26: Single-mode �bre typical layout, the core being at most ten times larger than the
light wavelength. 1 being the core, 2 the cladding, 3 the bu�er and 4 the jacket. From [37].

The propagation is due to total re�ection at the interface of the core and the cladding. The
core (n1) and cladding (n2) refractive index being di�erent (n2 < n1), a total re�ection can
occur if the incident light is contained within an acceptance cone de�ne by the critical angle:
θc = arcsin(n1/n2).

Being within that acceptance cone is one of the two condition of coupling in an optical �bre.
The other one is having a beam's waist smaller than the aperture of the optical �bre. Those two
conditions help in choosing the focal length of the collimation lens. Having a waist too big will
result in a poor coupling e�ciency (less than 50% for a single-mode �bre, less than 80% for a

Figure 27: The acceptance cone is de�ne by the critical angle depending on the refractive index
of the core and cladding. This is one of the two coupling condition for an optical �bre.
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multi-mode �bre). Having a part of the beam that is outside of the acceptance cone is the main
other reason for such a loss.

D.2 Single versus multi-mode �bre

An optical �bre is imposing some boundary conditions on the transverse electro-magnetic �eld
that is the coupled light. Those boundary conditions result in transverse mode conditions for
the propagation called TEMpl modes, p, l being respectively the angular and radial numbers of
the Bessel function that is describing the beam in a cylindrical hypothesis. If the core diameter
is less than ten times the light wavelength [37], the �bre is said to be single-mode. That is to
say that the only propagative mode in this �bre is the TEM00 which is the well-known Gaussian
mode. The coupling of such �bre is harder due to the diameter of the core and thus the di�culty
one have to align properly the beam with the �bre.

D.3 Polarisation maintaining �bres

The polarisation maintaining optical �bre consists of a single-mode optical �bre that have built-
in stress rod and a half-wave plate at its enter. Indeed, the optical �bre propagation mechanism
is refractive index-dependent. Such an index is sensible to thermo-mechanical stress that can
a�ect locally the �bre heterogeneously along its circumference. Thus, the di�erent component of
the light's polarisation can be transmitted at di�erent velocity, rotating the beam's polarisation.
Here, those rod creates a fast and slow axe of propagation. In those axis, the phase velocity of
the light is very di�erent from the one in the other axis making cross talking of the di�erent
modes impossible even under high stress. By aligning the light's polarisation to one of those two
axis, the polarisation will be maintained at the exit of the optical �bre [38].
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