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Detailed study of a transverse field Zeeman slower
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Université Paris 13, Sorbonne Paris Cité, F-93430, Villetaneuse, France.
(Dated: January 14, 2021)

We present, a thorough analysis of a Zeeman slower for sodium atoms made of permanent mag-
nets in a Halbach configuration. Due to the orientation of the magnetic field, the polarisation of
the slowing laser beam cannot be purely circular leading to optical leakages into dark states. To
circumvent this effect, we propose an atomic state preparation stage able to significantly increase
the performances of the Zeeman slower. After a careful theoretical analysis of the problem, we
experimentally implement an optical pumping stage leading to an increase of the magneto-optical
trap loading rate by 3.5. Such method is easy to set up and could be extended to other Zeeman

slower architectures.

I. INTRODUCTION

Zeeman slowers are a popular technology widely used
to decelerate thermal beams of atoms to velocities where
they can be laser cooled and trapped. The various de-
signs that have been proposed and implemented since its
first realisation [1] all rely on the radiation pressure from
a contra-propagating laser beam. In order to compen-
sate for the Doppler frequency shift and maintain the
laser beam at resonance with an electronic transition of
the atom, a static and spatially varying magnetic field is
used to induce an opposite Zeeman frequency shift. The
shape of this magnetic field is chosen to fit the velocity
change of the atoms along their trajectories.

The orientation of the magnetic field inside the ap-
paratus defines a preferred quantization axis which in
turn determines the polarisation of laser beams. In the
different Zeeman slower implementations, the magnetic
field is either colinear [1-9] or orthogonal to the atom
propagation axis [9-13]. In the first case, pure circular
polarisation of the laser beam is achievable allowing for
an atom-light interaction limited to a cycling transition,
within an effective two-level system. In the other case, a
pure circular polarisation of the laser beam is not possi-
ble and only the fraction of the laser field which is prop-
erly polarised contributes to a cycling transition. The
interaction of the atom with other polarisation compo-
nents of the laser beam may lead to optical leakages into
dark states. Appropriate strategies are required to avoid
this effect and preserve the performances of the Zeeman
slower.

Here we present a thorough analysis of a transverse
magnetic field Zeeman slower based on permanent mag-
nets in a Halbach configuration [14]. Such design has
the advantage to be compact and easy to install and
remove without the need for electric power nor water
cooling. It also allows for very smooth magnetic field
profiles with excellent transverse homogeneity and low
stray magnetic fields. It has originally been introduced
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for 8"Rb atoms [12] and we show how to adapt it to 23Na
atoms taking into account their specific level structure.
Thanks to numerical simulations based on the resolution
of optical Bloch equations, we are able to precisely iden-
tify the origin of the leakage into dark states, due to the
orientation of the magnetic field in this configuration.
This allows us to propose an adequate response based
on a proper atomic state preparation upstream from the
Zeeman slower. We finally present experimental mea-
surements demonstrating the performances of our im-
plementation and conclude with general considerations
about Zeeman slower technologies.

The organisation of the paper is as follows. In Sec-
tion II we present our experimental design of a Zeeman
slower in a Halbach configuration dedicated to sodium
atoms. This is the opportunity to introduce a Matlab
routine[15] able to optimise the design of any Zeeman
slower in a Halbach configuration. In Section III we
present results of numerical simulations of the atom-light
interaction upstream from the Zeeman slower. Depend-
ing on the orientation of the magnetic field and on the
laser beam polarisation, we show how the atoms tend
to accumulate in the dark hyperfine state of the sodium
ground state. We then propose a method to circumvent
this issue relying on an optical pumping stage with two
laser beams. As we show, an atom optically pumped into
the right magnetic substate doesn’t suffer from significant
leakages into dark states once inside the Zeeman slower.
In Section IV we present the experimental performances
of our Zeeman slower design and stress how the optical
pumping stage significantly enhances the flux of deceler-
ated atoms feeding a magneto-optical trap (MOT). We
finally discuss our results and give general conclusions in
section V.

II. EXPERIMENTAL DESIGN

Like all alkali atoms, the sodium ground state presents
an hyperfine structure [16] and cycling transitions are
only available on the Dy line. Our Zeeman slower de-
sign follows the same architecture than the one described
in [12] adapting its shape to fit sodium atoms specifici-



ties. As in [12], we work with an increasing magnetic
field configuration. As a result, the laser beam addresses
the |[F = 2,mp = —2) to |F' = 3, mp, = —3) transition,
where F' and F’ represent respectively the total angular
momentum of the ground and excited states and mp and
mp their projections onto the quantization axis. In the
rest of the paper we label |S) = |F = 2,mp = —2) the
ground state of this slowing transition.

A. DMagnetic field profile within a simple model

Modelling the cycling transition as a two level system
and using a semi-classical approach, the force induced by
the radiation pressure onto the atoms writes [17]:

r
F= —nghkuz (1)

where h is the Planck constant, k£ the light wave vector,
I' the natural line width of the transition, u, the unit
vector along the Zeeman slower axis z and
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Here 6 = Wiaser — Watom 18 the laser beam detuning to
the atomic transition, sg = I/l the resonant satura-
tion parameter, I the laser beam intensity and I, the
saturation intensity of the transition.

Assuming that the atom propagates along the z axis
against the laser beam, in the presence of a magnetic
field B and taking into account the Doppler frequency
shift due to the atom velocity v = wvu,, the detuning
writes

0 =0p+ kv — ’“;LB (gprmpr — grmp) (3)
~ (50+k”0+ % (4)

where §g is the detuning for an atom at rest and in the
absence of magnetic field, up the Bohr magneton and gp
and g the Landé factors of the hyperfine states.

If § remains constant along the atom propagation, the
radiation pressure force is also constant and energy con-
servation implies the following relation for the velocity
v(z) at position z

v(z)? = v(0)% — TIEFZ' (5)

Combining Eq. (4) and (5) sets the model profile of the
magnetic field along the atom propagation [1]:

B(z) = B(0) + AB (1 - H) (6)

with B(0) = h(d —do—kv(0))/up, AB = hkv(0)/pp and
L = mv(0)?/(nhkI).

B. Choice of the experimental parameters

According to Eq. (6), in order to set the magnetic
field shape for experimental implementation, the values
of AB, B(0) and L — or equivalently n — have to be de-
fined.

The choice of AB determines the initial velocity v(0)
which corresponds to the largest velocity of the atoms
that will be decelerated in the Zeeman slower. Ideally,
in order to maximize the flux of decelerated atoms, the
latter has to be as large as possible compared to the
peak value of the velocity distribution in the thermal ef-
fusive beam of atoms originating from the oven, which
writes [18]

m \? v mu?

P(v) = (kBT) 5 exp( 2k:BT) . (7)
In the experiment, the oven has a temperature of T =
570 K. Then, imposing v(0) = 950 m/s allows for the
slowing of about 64% of the atomic flux. This leads to
AB = 1152 G which is on the order of the highest am-
plitude of the magnetic field achievable with rare-earth
magnets in a Halbach configuration taking into account
typical experimental constraints.

For a given value of the laser beam intensity I, the
parameter 7 only depends on |4| and is bounded from
above by so/(1 4 so) < 1. This sets a lower limit on the
value of L. To compensate for possible local imperfec-
tions of the magnetic field achieved experimentally, it is
safer to design its profile with a strictly positive value
for |0]. Setting n = 0.52 leads to L = 0.96 m. This
in turn imposes a minimum value for the laser intensity
Liot > Imin ~ 13.6 mW/cm?. Here, the laser polarisa-
tion is chosen linear and orthogonal to the direction of
the magnetic field, which maximises the projection onto
the relevant o~ polarisation addressing the slowing tran-
sition, i.e I = Tio/2.

Once AB and L are set, the value of B(0) is arbi-
trary but must remain positive to avoid a zero magnetic
field region which cannot be easily designed using per-
manent magnets. This in turn determines the detun-
ing of the laser beam 4y since || < Jy. A value of
B(0) = 300 G leads to dp/(27) ~ —2 GHz which al-
lows to almost suppress the effect of the laser beam onto
the magneto-optical trap where the atoms are captured
after deceleration. Moreover, with such a value for B(0),
electronic level crossings within the excited state of the
atoms are also avoided inside the Zeeman slower [16], as
illustrated in figure 1. Above 300 G, there is a single iso-
lated o~ transition, which justifies the use of an effective
two-level model to describe the deceleration process [19].
The residual leakage into dark states due to the other,
far-detuned, transitions is studied quantitatively in sec-
tion III.

In order to define the output velocity of the Zeeman
slower, one could in principle slightly shorten the length
of the magnetic field profile. Since for z ~ L the slope of
the magnetic field profile is almost vertical, see Eq. (6), it




1 1 1
~
T
= 500 A
‘.E
wn
&
=) U
(]
=
o
®
=
-500
T T T

100 200 300 400
Magnetic field [G]

FIG. 1. Frequency shifts of the transitions from state |S) as a
function of the magnetic field. The solid blue, dashed-dotted
black and dashed red curves correspond respectively to o,
7 and o transitions. The only allowed o~ transition has a
constant electric dipole matrix element dmax across the entire
magnetic field range. For 7 and o7 transitions, we follow
each transition up to the magnetic field where the associated
electric dipole matrix element falls below 0.05dmax-

is actually more efficient experimentally to slightly adjust
the detuning &g to optimize it.

C. Experimental implementation

The magnetic field of a Zeeman slower should ideally be
transversally homogeneous across the atomic beam and
should not leak outside the apparatus. Only few tech-
nological designs are actually able to produce magnetic
fields respecting these two constraints. The most com-
mon one relies on current-carrying wires wound around
the atomic beam. It readily produces a transversely ho-
mogeneous magnetic field pointing along the axis of the
solenoid. However it often represents a large amount of
metal that needs to be carefully wound in order to pro-
duce a smooth magnetic field profile. Moreover, once
built it cannot be easily disassembled and limits baking
possibilities for the vacuum chamber. Finally, in order to
reach high magnetic field values, it requires a large cur-
rent circulating in the coils [20], representing hundreds
of watts of power that needs to be dissipated.

Alternatively it is possible to use permanent magnets
in order to mimic a Halbach configuration [14]. Here, the
orientation of the magnetization of the magnets is such
that the magnetic field is homogenous within the Hal-
bach ring and quickly falls to zero outside [12]. Fig. 2 (a)
shows an example involving eight NdFeB parallelepi-
pedic magnets[21] of size 6 x 6 x 128 mm? and rema-
nent field B = 10.8 kG. The resulting magnetic field,
deduced from numerical calculations, points along the y
axis and is relatively homogeneous transversely as shown
in Fig. 2 (b),(c) and (d). In order to tune the amplitude
of the magnetic field along the z-axis, one can slightly tilt

the magnets individually with respect to the symmetry
axis of the ring. Such assembly can be seen as a building
block for Zeeman slowers.

Combining eight successive Halbach rings as shown in
Fig. 3 (a) and (c) allows to reproduce the model profile
of Eq. (6) taking into account the parameters introduced
in section IIB (see Fig. 3 (b) and (d)). Since the shape
of the model profile is quite steep toward the end, an ad-
ditional ring made of 10 mm-side cubic magnets of N35
grade (Br = 11.7 kG) is added at the end of the struc-
ture [12]. In order to adjust the geometry of the Zeeman
slower shown in Fig. 3 (a), we have optimised by hand
the values of the diameters of the different Halbach rings,
their position along the z-axis and the angle of the mag-
nets with respect to the symmetry axis of the ring. Since
a design where the angles of the magnets are all differ-
ent would require to be able to hold them individually,
we have opted for a simpler mechanical solution close
to Ref. [12] implementation where all the magnets apart
from the last ring share the same angle in a guide. This
leads to Fig. 3 (a) and (b) where our experimental mea-
surements show very good agreement with the theoretical
expectation.

It is worth noting that since the magnetic field pro-
duced by each magnet decreases within its length on each
end (see also Fig. 2 (b)), the total length of the magnets
assembly is larger than the extension of the magnetic
field profile. Moreover, as the model profile becomes ex-
tremely steep toward the output of the Zeeman slower,
reproducing experimentally its shape with accuracy, and
in particular its maximum, is beyond reach. In our exper-
imental realisation, the measured value of the magnetic
field maximum is 100 G lower than the theoretical one.
This implies that the experimental values for the capture
velocity and the output velocity will be smaller than the
theoretical ones. It is not an issue as they can be readily
fine-tuned by changing the laser detuning. The exper-
imental optimum for the MOT loading rate is actually
do/(27) = —1885 MHz.

Adding a magnetic shield made of a 1 mm-thick soft
iron sheet around the permanent magnets assembly im-
proves the fall off of the magnetic field outside the Zee-
man slowing region (see inset Fig. 3 (b)). At the position
of the MOT, the residual magnetic field drops from 1 G
to 0.5 G thanks to the shielding. The complete assembly
is also fairly easy to install and remove on the experi-
mental setup and the resulting magnetic field is much
smoother than what is achievable with wound wires.

Setting as constraints that the different Halbach rings
must lie next to each other along the z-axis and that the
diameter of the rings must decrease continuously at the
exception of the last ring, and letting the angles of each
magnet be free parameters, we have been able to check
using a Matlab optimisation routine [15] that it is pos-
sible to almost perfectly reproduce the model profile of
the magnetic field as shown in Fig. 3 (d). The routine is
versatile and once the number of Halbach rings is fixed,
allows for the optimisation of any parameter of the mag-
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FIG. 2. (a) Three-dimensional representation of a Halbach ring made of 8 parallelepipedic magnets of size 6 x 6 x 128 mm and
remanent field Br = 10.8 kG. The mean diameter of the ring is 5.4 cm and its angle with respect to the symmetry axis of the
assembly is 0.97° (b) Amplitude of the three components of the magnetic field B along the symmetry axis of the Halbach ring.
The results are based on the exact formula for the magnetic field induced by a cuboid magnet presented in the supplementary
information of Ref. [12]. The vertical dotted lines indicate the length of one magnet of the assembly. (c) Amplitude of By in
the x — y plane for z = 0. The orientation of the magnetization of each magnet of the Halbach ring is indicated with a white

arrow.(d) Zoom on the central part of (c).

nets geometry: their sizes, the diameter of the different
rings and their angle with respect to the symmetry axis
of the Zeeman slower. It is also possible to optimize the
parameters of the model profile, for example 7, which can
be interesting if the length of the magnets is fixed since it
controls the length of the Zeeman slower. We have made
a few tests with different model profiles and the optimi-
sation routine converges typically after a few tenths of
seconds. The field resulting from the optimisation is in
good agreement with the model profile. The relative er-
ror is typically smaller than 0.1% when the angle of each
magnet is optimised independently (see Fig. 3 (c)).

III. NUMERICAL SIMULATIONS

A. Atom trajectories

Since the experimental implementation of the Zeeman
slower doesn’t produce a magnetic field profile which per-
fectly reproduces the one deduced from Eq. (6), it is in-
teresting to simulate the classical trajectories of atoms

belonging to different velocity classes to check how the
efficiency of the assembly is affected. From Eq. (1) we
deduce the acceleration of each atom, which depends on
its velocity and on the amplitude of the magnetic field at
the position of the atom. We can then solve the equa-
tion of motion and infer the trajectory of the atoms in
velocity space within the two-level model. Taking into
account the experimental magnetic field profile shown
in Fig. 3 (b) and setting the laser intensity to I, =
87 mW /cm? and the detuning to dp/(27) = —1885 MHz
as in the experiment, see section IV, we obtain the results
presented in Fig. 4 (a). Up to a velocity slightly smaller
than 900 m/s, the atoms decelerate inside the Zeeman
slower to reach a velocity close to 13 m/s. Atoms start-
ing with an initial velocity smaller than this latter value
are ultimately decelerated to a zero velocity before be-
ing pushed back. Atoms with an initial velocity close to
1150 m/s start at resonance with the laser beam and are
therefore slightly slowed down before entering the Zee-
man slower. All the other velocity classes are unaffected.
From Fig. 4 (b), we observe that the detuning § of all
the decelerated atoms increases up to a value on the or-
der of —I" where it locks, the force remaining constant for
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FIG. 3. (a) Three-dimensional representation of the experimental implementation of our Zeeman slower. It is fabricated with
nine consecutive Halbach rings made of NdFeB permanent magnets. The first eight rings are built with parallelepipedic 30SH
grade magnets of size 6 x 6 x 128 mm?®. The diameter of the first ring is 80 mm and the angle of the magnets with respect to the
symmetry axis of the assembly is 1.25°. The last ring is made of 10 mm-side cubic magnets of N35 grade. Its diameter is 61 mm.
(b) Longitudinal profile of the y-component of the magnetic field deduced from Eq. (6) (red dashed line), obtained from exact
calculations taking into account the geometry of the magnets shown in (a) (black line) or from experimental measurements
with (blue crosses) or without (red circles) a magnetic shield surrounding the magnets assembly. The inset shows in log scale a
zoom of the last centimetres of the magnetic field profile. (c) Three-dimensional representation of a Zeeman slower where the
magnets in the different rings can have different angles with respect to the symmetry axis of the assembly. (d) Comparison of
the model profile of the magnetic field (red dashed line) and the one obtained from exact calculations of the field produced by
magnets assembly shown in (c¢) (black solid line).

the rest of the trajectory. Taking into account the initial Zeeman slower we built, only the ground state |S) can
velocity distribution of the atoms at the output of the  be efficiently slowed. In order to evaluate the fraction
oven following Eq. (7), depicted in Fig. 4 (c), we obtain  of slowed atoms, we perform a numerical calculation to
in Fig. 4 (d) the final velocity distribution of the atoms compute precisely the fraction of atoms that remain in
at the output of the Zeeman slower. About 60% of the this state during their propagation from the output of
initial atoms are hence slowed down inside the magnets the oven to the magneto-optical trap chamber. We start
assembly. with the low magnetic field section, i.e. the first 50 cen-
timetres of the ballistic flight, from the output of the oven

to the input of the Zeeman slower, where significant op-

B. Optical pumping tical pumping occurs. We then show how this depump-

ing effect can be mitigated by introducing a transverse

As mentioned above it is not possible to define a purely repumping section. Finally we focus on the dynamics

circular polarisation for the slowing laser beam in a Zee-  inside the Zeeman slower where optical pumping is very
man slower using permanent magnets in a Halbach con- limited thanks to the large Zeeman splitting, see Fig. 1.
figuration, because the resulting magnetic field is perpen- We proceed as follows. We use the framework of the

dicular to the beam propagation axis. The best choice, a optical Bloch equations (OBE) to describe the interac-
linear polarisation orthogonal to the magnetic field, can tion of the internal atomic degrees of freedom with the
be written as the sum with equal weights of ¢~ and o  laser beams [16, 22]. Because we are mainly interested
polarisations. Hence an atom interacting with the slow- in optical pumping phenomena that occur at long time
ing beam can be optically pumped into dark states, which scales and result in population transfer, we reduce the full
cannot be slowed down. In fact, for the increasing field OBE system to rate equations describing only the time
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FIG. 4. (a) Simulation of the trajectories in velocity space for atoms with different initial velocities inside the actual Zeeman
slower implemented in the experiment (see Fig. 3 (b) for the magnetic field profile). (b) Behaviour of the detuning ¢ for the

atomic trajectories shown in (a).

(c) Initial velocity distribution at the output of the oven, following Eq. (7). (d) Velocity

distribution at the output of the oven (blue bars) and at the output of the Zeeman slower (red bars). The bin size for histograms

(c) and (d) is 25 m/s.

evolution of the atomic populations. We perform this
reduction by considering that the atomic coherences fol-
low adiabatically the populations. This approximation
is not appropriate to describe the short time dynamics
but we checked that it leads to an accurate determina-
tion of the long term dynamics and correctly recovers the
steady state. Moreover it is quite simple to implement
numerically and results in a dramatic speed up of the
computation besides reducing the memory requirements
(576 x 576 matrices to describe the full sodium Dg line
within the OBE, 24 x 24 matrices for the rate equation
model).

Starting with an atom with a longitudinal velocity v
at the output of the oven, we compute the evolution of
its internal state populations due to the interaction with
the detuned Zeeman slower beam, starting from a ther-
mal equilibrium equipartition between the ground state
sublevels. Between the output of the oven and the in-
put of the Zeeman slower itself the atom propagates for
50 cm in the presence of a low magnetic field, mostly
due to the Earth magnetic field. Therefore the atom ab-
sorbs on average very few photons and we can neglect
the radiation pressure force, which in turn allows to sim-
plify the numerical treatment of the dynamics. However
the depumping effects are not negligible, as shown below.
We typically follow the evolution of the internal atomic

states by monitoring the populations every centimetre
along the atom trajectory.

Figure 5 shows the computed evolution of the popula-
tion in level |S) along the propagation for different initial
velocities close to the output of the oven, with the same
values of the detuning dy and the total laser intensity I
as those used in section III A. For velocity classes close to
the resonance, a strong optical pumping towards states
of the F' = 1 hyperfine manifold occurs. As the state |.S)
belongs to the F' = 2 hyperfine manifold at low magnetic
fields, only a small fraction of the atoms can be slowed
by the Zeeman slower. For the theoretical velocity distri-
bution of Fig. 4 (¢), we compute that only 3.7 % of the
atoms enter the Zeeman slower in the |S) state.

In order to mitigate this optical pumping effect we pro-
pose to pump the atoms back into the |S) state using
a transverse beam, with two frequencies tuned to the
|[F = 1) = |F' = 2) and to the |F = 2) — |[F/ = 2)
transitions with purely circular polarisation. Because
the lasers are perpendicular to the atomic beam and can
be resonant for all velocity classes, this process can be
made very efficient, as can be seen in figure 6 at posi-
tion z = —0.15 m. Unfortunately, due to geometrical
constraints this optical pumping stage cannot be done
immediately at the entrance of the Zeeman slower and
the atoms propagate again in a low magnetic field for
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about 15 cm. We thus expect that 31 % of the atoms
enter the Zeeman slower in the relevant state.
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FIG. 6. Population in state |S) for different initial velocities
as a function of the distance travelled by the atoms starting
from the output of the oven (at z = —0.5m). At z = —0.15m
a repumping section is included, see text for detail. Beyond
this point, the atoms enter the increasing magnetic field re-
gion of the Zeeman slower and the depumping dynamics is
strongly affected. The vertically hatched pattern indicates
the phase space domain where atoms in the |S) state are ef-
ficiently slowed.

Finally we consider the evolution of the atomic pop-
ulations inside the Zeeman slower, in the presence of
the increasing magnetic field, under the assumption that
the atomic populations follow adiabatically the magnetic
field changes. More specifically we model the continu-
ous magnetic field inside the Zeeman slower by discrete
steps of constant magnetic field, with an increment of
3 G, and compute the atomic population evolution for
this particular field value, over the appropriate distance
(determined mainly by the local magnetic field gradient).

The output populations are then fed to the next segment.
As the magnetic field increases, the matrix elements of
the electric dipole between the different atomic states are
modified as the system progressively enters the Paschen-
Back regime and the two circular components of the lin-
early polarised Zeeman slower laser beam become more
and more asymmetrically detuned with respect to the al-
lowed transitions, see figure 1. At sufficiently high mag-
netic field these two effects ensure that the slowing tran-
sition is almost closed such that the atoms are slowed,
provided they reach the ‘slowing area’ in the |S) internal
state. Here we numerically investigate to which extent
this affirmation is true and in particular we quantify the
effect of the intermediate field area where level crossings
could favour optical pumping into non slowed states and
reduce the efficiency of the Zeeman slower.

Figure 6 shows the computed evolution of the pop-
ulation in level |S) along the propagation for different
initial velocities, from the oven to the magneto-optical
trap chamber, including the repumping section using a
transverse laser beam at position z = —0.15 cm.

After an initial depumping section, as in figure 5, the
atoms are repumped into the level |S) by the transverse
beams, resulting in 31 % of the atoms entering the Zee-
man slower in state |S). The populations subsequently
evolve in the presence of the detuned Zeeman laser beam
and the increasing magnetic field, resulting in a more
complex behaviour. First, above the Zeeman slower cap-
ture velocity v, ~ 900 m/s, the population in level |S)
is depleted inside the Zeeman slower. As the Zeeman
slower is not designed to slow these atoms this is not an
issue. Then, for velocities smaller than v., the depump-
ing mechanism becomes less efficient as the field increases
and about 28 % of the atoms end in the slowable state
at the position where the Zeeman laser becomes resonant
(indicated by the vertically hatched pattern). Therefore
the additional depumping due to this section is negligible
in our setup. For the lowest velocities the depumping is
significant inside the Zeeman slower, even at high mag-
netic fields, due to the long interaction times.

Our model predicts an increase of the slow atom flux at
the output of the Zeeman slower, with about four times
more atoms when the repumping section is present. This
figure is computed by comparing the number of atoms
in the |S) state for each velocity class at the position
inside the Zeeman slower where it is resonant with the
slowing laser, convoluted by the velocity distribution, re-
spectively with and without the transverse repumping
section described above.

IV. EXPERIMENTAL PERFORMANCES

In order to set up an atomic state preparation on the
experimental apparatus, we have installed a laser beam
propagating horizontally along the horizontal z-axis or-
thogonal to the atomic beam of sodium, roughly 15 cm
before the entrance of the Zeeman slower. It corresponds



to the closest position where a window is available on the
set-up to let the beam pass through the vacuum cham-
ber. The laser is circularly polarised and its frequency is
set close to the |[F =2, mp = —1) = |F/ =2, mp = —2)
transition. The total power in the beam is 25 mW for a
1/e2-diameter of 8 mm. We use an electro-optical modu-
lator to produce sidebands at 1.771 GHz from the carrier
frequency. They both represent about 20% of the total
laser power. In order to split the Zeeman sublevels of
the atoms in this region where only the Earth magnetic
field is present, we apply a homogeneous magnetic field
pointing in the direction of the propagation axis of the
laser and produced by two 20-turn coils in a Helmholtz
configuration. Its amplitude is on the order of 1 G. While
the carrier optically pumps the |F' = 2) atoms into the
|F =2, mp = —2) state, the blue sideband is used to re-
pump the atoms from the |F' = 1) to the |F' = 2) states.

The slowing beam itself possesses a waist of 0.5 cm
for an intensity of I,y = 87 mW/cm?. Its detuning is
do/(2m) = —1885 MHz and it is linearly polarised along
the x axis which means that only half of the total power
of the beam contributes to the slowing transition.

Loading a magneto-optical trap (MOT) from the
slowed atomic beam for 3 s allows to test the perfor-
mances of the atomic state preparation. The dependence
of the captured atom number with the laser detuning is
shown in figure 7[23]. The pump laser intensity has been
optimized here such that increasing it further does not
change the final populations anymore. When the pump-
ing laser is resonant with the |FF = 2,mp = —-2) —
|F' = 3,mp = —3) transition, the atoms end up cy-
cling over the transition, exchanging a large number of
photons with the laser which increases significantly the
divergence and the deflection of the atomic beam, de-
grading in turn the performances of the MOT loading.
This is no more the case when the laser is resonant with
the |[F = 2,mp = —1) — |F' = 2,mp; = —2) transition
since the |F' = 2,mp = —2) state is in this case a dark
state and all the atoms get optically pumped into it. It
is worth noting that since the magnetic field direction is
different in the optical pumping area (along the x axis)
compare to the slowing region inside the Zeeman slower
(along the y axis), we assume the spin of the atoms to
adiabatically follow the local direction of the magnetic
field along their propagation.

In order to compare the efficiency of the atomic state
preparation with the simulations of section III B, we have
measured the dependence of the MOT atom number with
its loading time. Comparing the slope of the atom num-
ber with and without the atomic state preparation, we
measure a factor of 3.5 increase in the atomic loading.
This result agrees well with the factor of four deduced
from the simulations. We attribute the small discrep-
ancy to the probable over-estimation of the efficiency of
the repumping section in the computation as we did not
include the spatially varying intensity of the laser in the
numerics and modelled the real gaussian shaped laser
beams by top-hat beam profiles.

Atom number

|F =2,mp = —2) —>T|F’ =3, mp = —3)
T T

-50 0 50

Detuning [MHz]

FIG. 7. Dependence with the optical pumping laser detuning
of the number of atoms captured in the magneto-optical trap
after 3 s of loading with the atomic state preparation (black
line, see text) or without (red line). The detuning is zero
when the laser is resonant with the |F = 2,mp = —2) —
|F' = 3,mps = —3) transition. The error bars come from
the standard deviation computed over two realisations of the
experiment.

We have also measured the peak velocity of the slowed
beam by monitoring the fluorescence signal S induced
by a probe beam crossing the atomic beam at +45° [1].
This signal depends on the velocity of the atoms through
Doppler effect. For a single atom with longitudinal ve-
locity v, the probe beam detuning 6, writes

w 0
2

with d, 0 its detuning for an atom at rest and k, the
modulus of its wavevector. We present in Fig. 8 (a) the
dependence of S with d, 0 and the detuning dp of the
slowing laser beam. For a given dg, the observed peak in
the fluorescence signal S corresponds to the peak veloc-
ity vpeak of the velocity distribution of the slowed atoms
D lpo = :kavpeak/\/i. The observed velocity width is
limited by the natural width of the transition. As shown
in Fig. 8 (b), the peak velocity of the slowed atomic beam
depends linearly with dg as expected from Eq. (4) if we
assume that the velocity of the atoms remains constant
after exiting the Zeeman slower. This is a fair assumption
from the results of the simulations shown in Fig. 4 (a).
For a detuning of -1885 MHz we find vpeax = 28(3) m/s,
slightly higher than the estimation of section III A. This
discrepancy can be explained by a 1 % uncertainty on
the magnetic field measurement near the end of the Zee-
man slower, where the magnetic field is high and varies
rapidly, see figure 3.

Sy = 0p0—Kp- v =0p0+

V. DISCUSSION

We now turn to more general considerations on the
available methods to mitigate the optical pumping ef-
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FIG. 8. (a) Fluorescence signal S in arbitrary units as a fonction of d,,0 and dp induced by a probe beam crossing the atomic
beam at —45°. (b) Dependence of vpeax as a fonction of dp for a probe beam crossing the atomic beam at respectively —45°
(red crosses), 45° (blue plus signs). The red line is a linear fit of the results. The shaded area around the line represents the

uncertainty of the fit.

fects in the transverse field Zeeman slower considered in
this paper. This discussion is enabled by the accurate
modelling of the optical pumping dynamics that we have
developed. We will focus on the increasing field Zee-
man slower for sodium described in the present work, for
which we have shown that a transverse repumping strat-
egy is efficient, resulting in up to 28 % of the total atomic
flux being slowed.

Let us first consider the case of a perfectly polarised
slowing light, which could be achieved by a more complex
arrangement of permanent magnets resulting in a longi-
tudinal magnetic field (see for example Ref. [3]). We
compute that 32 % of the flux would be slowed, due to
optical depumping occurring during the initial popula-
tion redistribution in the |F' = 2) manifold, before the
entrance of the Zeeman slower. Again, a transverse re-
pumping section is needed to reach the theoretical limit
of 60 % of the flux set by the estimated velocity capture.

The authors of Ref. [12] have shown that another so-
lution was to use a longitudinal repumping laser, co-
propagating with the slowing light, with a frequency ei-
ther fixed or rapidly modulated over the whole Doppler
width. We only computed the former case as the latter
would be much more involved. Briefly we extended our
OBE description by adding the contribution of the second
laser and instead of performing a rotating wave approx-
imation we performed a Floquet expansion truncated at
second order. This allows to consider single photon ab-
sorption as well as two photon transitions but neglects
higher order phenomena. We find that for a repumping
laser tuned to the |F' = 1) — |F’ = 2) transition (at low
magnetic field) about 19 % of the total flux is slowed.

From our computations it seems that it is particularly
efficient inside the Zeeman slower, where it pumps back
to the |S) state a set of velocity classes locally resonant
at a given magnetic field. We may expect that the re-
sult could be even better with a modulated repumping
frequency. However this strategy is very demanding in
terms of laser sources and probably necessitates an inde-
pendent laser system for the repumping beam, which can
be very costly, especially for sodium atoms.

To conclude, we have presented an efficient optical
pumping method able to significantly increase the per-
formance of a transverse field Zeeman slower made of
permanent magnets in a Halbach configuration. We have
experimentally demonstrated an increase by a factor of
3.5 of the atomic loading rate in the MOT. This figure
could be even improved if the distance between the opti-
cal pumping stage and the entrance of the Zeeman slower
could be further reduced. We believe that this technique
could be extended to many different Zeeman slower archi-
tectures in order to optimise their efficiencies and in turn
reduce the MOT loading time or limit the total atomic
flux to improve the background vacuum pressure.

ACKNOWLEDGMENTS

This work has been supported by the Region Ile-de-
France in the framework of DIM IFRAF (Institut Fran-
cilien de Recherche sur les Atomes Froids) and by the
ANR Project No. 11-PDOC-021-01. LPL is UMR 7538
of CNRS and Paris 13 University.

[1] W. D. Phillips and H. J. Metcalf, Physical Review Letters
48, 596 (1982).

[2] E. W. Streed, A. P. Chikkatur, T. L. Gustavson,
M. Boyd, Y. Torii, D. Schneble, G. K. Campbell, D. E.

Pritchard, and W. Ketterle, Review of Scientific Instru-
ments 77 (2006), 10.1063/1.2163977.

[3] Y. B. Ovchinnikov, Optics Communications 285, 1175
(2012).



[4] V. Lebedev and D. M. Weld, Journal of Physics B:
Atomic, Molecular and Optical Physics 47, 155003
(2014).

[5] S. P. Krzyzewski, T. G. Akin, P. Dahal, and E. R. L.
Abraham, Review of Scientific Instruments 85 (2014),
10.1063/1.4897151.

[6] F. Zhang, Y. Long, J.-L. Yang, G.-Q. Ma, J.-P. Yin, and
R.-Q. Wang, Chinese Physics Letters 32, 123701 (2015).

[7] Q. Wang, Y.-G. Lin, F.-L. Gao, Y. Li, B-K. Lin,
F. Meng, E.-J. Zang, T.-C. Li, and Z.-J. Fang, Chinese
Physics Letters 32, 100701 (2015).

[8] X. Zhang and X. Xu, Laser Physics 26, 075501 (2016).

[9] I. R. Hill, Y. B. Ovchinnikov, E. M. Bridge, E. A. Curtis,
and P. Gill, Journal of Physics B: Atomic, Molecular and
Optical Physics 47, 075006 (2014).

[10] S. N. Bagayev, V. I. Baraulia, A. E. Bonert, A. N. Gon-
charov, M. R. Seydaliev, and A. S. Tychkov, Laser
Physics 11, 1178 (2001).

[11] Y. B. Ovchinnikov, Optics Communications 276, 261
(2007).

[12] P. Cheiney, O. Carraz, D. Bartoszek-Bober, S. Faure,
F. Vermersch, C. M. Fabre, G. L. Gattobigio, T. Lahaye,
D. Guéry-Odelin, and R. Mathevet, Review of Scientific
Instruments 82, 063115 (2011).

[13] G. Lamporesi, S. Donadello, S. Serafini, and G. Ferrari,
Review of Scientific Instruments 84, 063102 (2013).

[14] K. Halbach, Nuclear Instruments and Methods 169, 1
(1980).

[15] The Matlab code with a few example scripts is given as
supplementary materials..

10

[16] D. A. Steck, “Sodium D Line Data,” available online at
http://steck.us/alkalidata (revision 2.1.4, 23 December
2010).

[17) H. J. Metcalf and P. van der Straten, Laser Cooling
and Trapping, Graduate Texts in Contemporary Physics
(Springer New York, New York, NY, 1999).

[18] N. Ramsey, Molecular Beams (Oxford University Press,
1986).

[19] M. A. Joffe, W. Ketterle, A. Martin, and D. E. Pritchard,
J. Opt. Soc. Am. B 10, 2257 (1993).

[20] S. C. Bell, M. Junker, M. Jasperse, L. D. Turner, Y.-
J. Lin, I. B. Spielman, and R. E. Scholten, Review of
Scientific Instruments 81 (2010), 10.1063/1.3276712.

[21] HKCM, part number: Q128x06x06Zn-30SH.

[22] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg,
Atom-Photon Interactions (Wiley-VCH Verlag GmbH,
1998).

[23] The absolute performance of the MOT loading rate is
mainly determined by the parameters of the MOT beams
(sizes, intensities,...), the temperature of the sodium oven
and the geometry of the vacuum chamber (aperture of the
oven output, distance between the oven output and MOT
chamber, apertures of the differential pumping stages,...)
and the amplitude of stray magnetic fields in the MOT
chamber. We have been able to increase the absolute
MOT loading rate up to 10° atoms/s by optimizing some
of these parameters. We have observed that the rela-
tive increase in the MOT loading rate due to the op-
tical pumping stage is independent of the absolute MOT
loading rate.



