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Abstract

CrossMark

We demonstrate both numerically and experimentally the important role of buffer gas in

achieving optical isolator based on efficient hyperfine-structure optical pumping of Rubidium
(87Rb) atoms in miniaturized vapor cells. It is observed that the increase in the buffer gas
pressure allows achieving highly efficient optical pumping. Specifically, at a buffer gas pressure
of 40 Torr, it is possible to pump about 85% of the atoms out of the pumped state into the other
ground state. While optical pumping has been reported for conventional centimeter-scale cells,
we show that in miniaturized cells the role of buffer gas is crucial, as the higher collision rate
with the walls diminishes the effect of optical pumping, posing a stringent limitation on the
applicability of optical pumping in miniaturized systems. Following the results reported herein,
we demonstrate an optical isolator with isolation ratio better than 20 dB at a relatively low
temperature of about 80 °C, and with a low magnetic field (~800 Gauss). The obtained results
provide another step forward in the quest for miniaturizing quantum devices. The demonstrated
device shows that such miniaturized vapor cells can be considered for applications such as all-
optical switching, optical quantum memory, frequency references, and magnetometry to name a

few.

Supplementary material for this article is available online
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Introduction

Optical pumping is a powerful technique to create and
maintain a non-equilibrium state of populations of atoms in
different quantum states by means of resonant absorption of
light [1, 2]. These states can be of different fine-structure
levels [2], different Zeeman sublevels [3] or different hyper-
fine-structure levels [4]. The population exchange of atoms
across the different states can be monitored by the measured
intensity or polarization of the scattered resonance light or by
the change in light transmission through the cell [5, 6].

0953-4075,/20,/045201+10$33.00

Optical pumping has been used quite often to exchange
the population of atoms in Zeeman sublevels of the ground
state [1, 3, 7]. Furthermore, it was shown that strong popu-
lation differences between hyperfine levels can be achieved
by optical pumping techniques, without the use of a magnetic
field [4, 8, 9]. In optical pumping of pure Rb atoms (i.e.
without the presence of buffer gas), the mean free time
(defined as the average collision time of the Rb atom with the
cell walls) can be shorter than the life-time of the excited
state. As a result of which, the atoms which collide with the
walls of the cell, suppress the optical pumping efficiency

© 2020 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0001-7182-9762
https://orcid.org/0000-0001-7182-9762
https://orcid.org/0000-0002-0451-9518
https://orcid.org/0000-0002-0451-9518
mailto:ulevy@mail.huji.ac.il
https://doi.org/10.1088/1361-6455/ab5da7
https://doi.org/10.1088/1361-6455/ab5da7
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ab5da7&domain=pdf&date_stamp=2020-01-24
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ab5da7&domain=pdf&date_stamp=2020-01-24

J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 045201

E Talker et al

since collision causes the atoms to lose their spin coherence.
By losing their spin memory, the atoms return back to one of
the two ground states according to Boltzmann distribution.

In order to preserve the spin-polarized ground state of
atoms in a vapor cell, the use of anti-relaxation coatings such
as Paraffin has been reported to improve optical pumping
[10-13]. While the use of anti-relaxation coatings is a pro-
mising approach, it has also some disadvantages, e.g. the low
melting point of the material used for the coating [14]. The
realization of such coatings may also be challenging from the
technological point of view.

As an alternative, the use of inert buffer gas, typically a
noble gas such as argon, or neon or inert gases such as
nitrogen in a vapor cell has been studied to improve optical
pumping [8, 15, 16]. Though the use of buffer gas causes
pressure broadening in the optical transition, still, it allows
keeping the atoms in interaction with the optical beam for a
much longer time. As compared with anti-relaxation coatings,
buffer gas allows working at elevated temperatures [17]. The
collisions of atoms with the buffer gas reduce the probability
of the optically spin oriented atoms to reach the wall, where
they lose their spin orientation. If the gas density is suffi-
ciently high, the mean free path of the atoms becomes small
as their motion is governed by a slow diffusion process in a
gas environment (instead of ballistic motion in the absence of
buffer gas) which helps to achieve efficient optical pumping
[15, 18, 19].

In parallel to these efforts, we are witnessing significant
efforts towards the miniaturization of vapor cells to a millimeter
scale and even below, with the final goal of enabling efficient
and compact chip-scale light-vapor interactions [20-26]. Laser
spectroscopy employing miniaturized vapor cells is attracting
growing attention, primarily for its potential applications in
compact frequency standards [27], magnetometry [28, 29], and
optical isolator [30]. Optical isolators, which allow the trans-
mission of light in only one direction, are the basic optical
components for many laser systems since they prevent
unwanted feedback resulting in a number of instabilities [31].

Yet, miniaturization of cells brings about the penalty of
increasing the collision rate of atoms with the wall of the cell
as compared to the conventional vapor cell. As such, it is far
more challenging to achieve optical pumping in miniaturized
cells as compared to conventional Rb cells (see supporting
information). Thus, the role of buffer gas is expected to
become crucial in achieving optical pumping with such cells.
Achieving optical pumping in such miniaturized vapor cells
using buffer gas to demonstrate a relatively low temperature
(~80 °C) optical isolator is the topic of our current paper.

In this paper, we start by exploring theoretically and
experimentally light-vapor interactions in miniaturized
(Length = 1 mm, Radius = 0.5 mm) vapor cell in the pre-
sence of buffer gas. Specifically, we investigate the first
efficient hyperfine optical pumping of 87Rb atoms in a
miniaturized vapor cell filled with buffer gas of different
pressures. The mechanism for population exchange of 87Rb
atoms in our cells is studied theoretically using a density
matrix approach and verified experimentally. We observed
that the increase in buffer gas pressure (we use a {2: 1}
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Figure 1. (a) Schematic of the experimental setup for optical
pumping. M: Mirror, BS: Beam Splitter, Det: Photodetector.
(b) Scheme of 87Rb energy levels showing the D and D, lines
related to the optical pumping process.

mixture of N, and Ar in order to minimize the shift in energy
levels) in the cell under a pump-probe scheme allows
achieving efficient optical pumping. Finally, we demonstrate
the usefulness of achieving efficient optical pumping with
buffer gas, by demonstrating an optical isolator under the
pump-probe beam scheme in a miniaturized vapor cell.

Experimental setup

Figure 1(a) shows a sketch of our experimental setup including a
photograph of our miniaturized vapor cell which is used to
achieve hyperfine optical pumping under a pump-probe scheme.
The beam from 795 nm laser L2 (Toptica DL100) with a 1/e?
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beam radius of 0.5 mm is acting as a strong pump beam while
the beam from 780 nm laser L1 (Toptica DL pro), also with a
1/e* beam radius 0.5 mm is acting as a weak probe beam. The
pump and probe beams pass through the miniaturized vapor cell
filled with 87Rb. A counter propagation beam configuration was
used to ease the separation of the pump and the probe beam.
Several different cells with different levels of buffer gas pressure
are used. Beam splitters and mirrors are used to tap some of the
light from both laser beams into a 7.5 cm long pure isotope Rb
reference cell. The reference cell is used in the experiment to
ensure that both pump and probe beams are coupled to desired
transition levels. Photodetectors (Thorlabs Det100) are used to
capture the 780 nm probe beam transmitted through the cells.
The intensity for both the pump and probe beam is controlled by
neutral density filters. All the measurements are done at a
temperature of 40 °C using a homemade resistive oven. The
miniaturized vapor cells are created by the process of anodic
bonding in a glove box environment. The fabrication process of
such cells is closely resembling the description which was
published in [32]. To prevent spontaneous decay, a quenching
gas, typically a diatomic molecule such as N, is added to the
cell. In the presence of N,, the absorption line will be positively
frequency shifted (Blue-shift), because of collisions of the Rb
atoms with the buffer gas. Ar, on the other hand, results in a
negative frequency shift (Red-shift). In order to compensate for
the shift, we use a mixture of N, and Ar with a ratio of 2:1. The
choice of these two types of buffer gases is a standard way to
reduce the frequency shift. In this case, the frequency shift Av,
can be approximated in a limited temperature as [33]

Avyg = P[(r1B1 + rf2) + (b1 + ryo)(T — To)
+ (ris1 + o) (T — Th)?1, ¢))

where (3;, 1; and ¢; with i = 1, 2 are the pressure and temper-
ature coefficients for buffer gas 1, 2 respectively. r; and r;
denote the ratio between the buffer gas pressure for the buffer
gas, 1 and 2 respectively such that r; + r, = 1. P is the total
pressure of the buffer gas and 7 is the temperature in Kelvin.
Figure 1(b) shows the scheme for an eight-level atomic
system of 87Rb considered as two ground levels |1), |2)
which are related to the hyperfine levels F, = 1, 2 respec-
tively. The levels |3), |4) are the levels of the D, transition,
which are separated by 27*814.5 MHz. The other four levels
(15), 16), |7), |8)) are related to the D, transition with different
level spacing as shown in figure 1(b). This system interacts
with the counter-propagating pump and probe beams, where
the pump beam (795 nm) is aligned with the D, transition and
the probe beam (780 nm) is aligned with the D, transition.
The Ay, Ap, are the linear detuning and €2, €2, are the
Rabi frequencies of the probe and pump beam respectively.

Numerical results

In order to understand the mechanism of optical pumping, we
have plotted the real part of the density matrix (p) in steady-state
(ie. p;; = |i) (jl) as shown in figure 2 (see supporting information
is available online at stacks.iop.org/JPB/53 /045201 /mmedia for

density matrix approach). The obtained results for different
pressure values of buffer gas are shown in figures 2(a)—(d). We
can clearly see that by setting the pump laser beam to the
transition of Fy = 2 to F, = 1, 2 (D; transition), the efficiency of
optical pumping is increasing with the increase of buffer gas
pressure. Specifically, at a pressure of 40 Torr, it is possible to
pump about 85% of the atoms out of the pumped state into the
other ground state as shown in figure 2(d). The populations of the
ground states (F; = 1 and F, = 2) are obtained from the ele-
ments py; and po; respectively. Here, the presence of the buffer
gas increases the interaction time of the atoms with the optical
beam due to the higher collision rate with a buffer gas. As such,
the spin states are maintained for a longer time, which is suffi-
ciently long to allow efficient optical pumping.

Figure 3 shows the simulated steady-state imaginary part
of the susceptibility as a function of the linear probe detuning,
considering a vapor cell filled with buffer gas of different
pressure values. The susceptibility x describes the degree of
polarization of a dielectric medium in response to an electric
field. The imaginary part of the optical susceptibility x;(A,,)
is derived from the density matrix of the eight-level atomic
system. Taking into account the selection rules, the imaginary
susceptibility terms are calculated by

2N LI
X1(Ap) = — 7 ImZ d2,i/02,i(APr)

€0/ cpr i=6
7
+ ImZ dlz,ipl,i(APr)]’ @)
i=5
where N is the uniform number density for an atomic
ensemble and d represents the dipole matrix.

The blue curve shows the calculated absorption spectrum
taking into account the natural lifetime, whereas the red curve
predicts the total line width by also including the effect of
residual Doppler broadening (due to the difference in wave-
length between pump and probe) and pressure broadening. In
figure 3(a), we show the imaginary susceptibility curve for the
case where no buffer gas is present. As can be observed, the
effect of optical pumping is negligible. This is due to the high
rate of collisions with the walls. Figures 3(b)—(d) represent the
scenario of increasing buffer gas pressure. As a result, the
effect of optical pumping becomes more noticeable as man-
ifested by the increase in susceptibility of the transitions
aligned with the F, = 1 level and the decrease in suscept-
ibility of the transitions aligned with the F, = 2 level. For
small values of buffer gas pressure, the wall collision rate is
still higher than the lifetime of the excited state and therefore
most of the atoms still lose their coherence and therefore
occupied each of the ground states with equal probability,
which reduces the optical pumping efficiency. On the other
hand, with the increase of the buffer gas pressure, we could
also see the increase in optical pumping efficiency. This,
however, is followed by linewidth broadening due to pressure
broadening mechanism. Indeed, the hyperfine transitions,
which are well separated for the case of low buffer gas
pressure, become un-noticeable for larger gas pressures. All
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Figure 2. Simulated density matrix elements achieved by optical pumping with pressure values of (a) 5 Torr (b) 10 Torr (c) 20 Torr

(d) 40 Torr respectively.

the simulations were carried out assuming a temperature (7)
of 40 °C while setting Rabi frequency of the pump to Qpu =
10.Ty, and the probe Rabi frequency to €, = I, where
Il = 27 - 5.75 MHz corresponds to the D; transition, and
I =27 - 6.06 MHz corresponds to the D, transition
respectively.

In figure 4, we show the simulated transmission curve
(dashed black) without and with optical pumping for buffer
gas pressure of 40 Torr corresponding to levels F, = 1 and 2
respectively. When the pump beam is applied (figure 4(b)),
optical pumping is achieved due to increase in the population
of the atoms at level F, = 1, whereas in the absence of the
pump beam (figure 4(a)), both the dips corresponding to
Fy =1 and F, = 2 are observed to have almost the same

contrast (the contrast defined as : ;” ; iL : where Sy, stands for
H L

the highest and lowest value of the signal, respectively).

Experimental results

Next, we turned into the experimental observation of optical
pumping in our vapor cells filled with a buffer gas. Using the
same scheme as described in figure 1(a), the transmission of
the probe beam (780 nm) with and without optical pumping
through the vapor cell having buffer gas pressure of around
40 Torr is measured as shown in figure 4(solid red). For a
pump power of 2.5 mW and probe power of 15 W, efficient
optical pumping features (figure 4(b)) are clearly observed. In
the absence of the pump beam (figure 4(a)), the contrast of the
F, =1 transition is significantly reduced, whereas the con-
trast of the F; = 2 reaches the value of about 1%, in agree-
ment with the simulated results.

To confirm the effect of buffer gas pressure on the optical
pumping as described above, we measured the transmission
of the probe beam through several vapor cells filled with
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pump intensity of 2.5 mW.

buffer gas of different pressure values as shown in figure 5.
We can clearly observe that with a gradual increase in the
pressure of the buffer gas, the effect of optical pumping
becomes more noticeable. In parallel, one can also notice the
increase in pressure broadening with the increase in buffer gas
pressure. As such, enhanced optical pumping is accompanied
by a broader line width of transition. This can be favorable for
applications such as all-optical switching [20], where

bandwidth is important. On the other hand, such broadening
is less desired for applications such as magnetometry [28].
Then, we studied the effect of pump beam intensity on
optical pumping, by measuring the transmission of the probe
beam through our miniaturized vapor cell with buffer gas
pressure of 40 Torr. Figure 6(a) shows the simulated trans-
mission curve for different values of pump beam Rabi fre-
quencies whereas the Rabi frequency of the probe beam was
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kept constant. With the increase in the pump beam Rabi
frequency (i.e. power), the increase in the contrast of the
optical pumping can be clearly observed. To verify the
simulation results, the transmission curves for the same vapor
cell were experimentally measured with different power
values of the pump beam as shown in figure 6(b). The probe
power during this experiment was kept to be constant
(15 pw). Similar to the simulation results, the same features of
enhanced optical pumping with the increase in pump power
could be clearly observed in the measured transmission

curves. As can be seen, highly efficient optical pumping was
obtained.

Realization of an optical isolator

Optical isolators are fundamental components in a variety of
optical systems, typically used for the purpose of blocking
backscattered light from arriving into the laser. By doing so,
undesired effects such as laser instabilities and mode hopping
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are significantly suppressed. The basic principle of an optical
isolator relies on the Faraday effect. In more detail, one may
consider an atomic vapor cell, placed between two crossed
linear polarizers, or polarized beam splitters (figure 7(a)).
When an external magnetic field is applied along the optical
axis, the mg levels split in an asymmetric manner. The o+ and
o~ components of the linearly polarized light, now experience
different phase shifts when passing through the medium, this
results in a net rotation of the linearly polarized light. Using
the principle of the Faraday effect as shown in figure 7(a), a
beam passes through the cell where the magnetic field is
applied parallel to the optical axis. A second PBS is rotated by
« /4 with respect to the first one, allowing high transmission
along the positive z-direction (7,) for an induced polarization
rotation of w,4. With this arrangement, one would also
expect isolation along the negative z-direction (7"). An ideal
isolator provides a 7/4 polarization rotation alongside with
minimal absorption. The angle of rotation is given by

0~N-Po-L, 3)

where L is the path length of the probe beam through the cell,
N is the density of alkali atoms, and Po is the polarization of
the alkali vapor along the probe beam direction (for more
details see the supporting information). As can be seen from
equation (3), increasing the density and/or the polarization

will increase the Faraday rotation. The density can be
increased by increasing the operating temperature. However,
increasing the temperature will also increase the undesired
absorption and will broaden the optical linewidth. The
polarization is increased by applying a strong magnetic field.
In such a case, the thermal polarization is given by [34]

1
Egs:uBB
Poshermar = tanh | =———1,
T

“)
where g ~ 2 is the electron g-factor and iz = 2.97 x 107
JT ! is the Bohr magneton constant, kg is the Boltzmann con-
stant and B is the magnetic field. For example, at the temperature
of 80 °C, a very strong magnetic field of about 10 T is needed to
achieve a relatively low polarization factor of ~0.01.
Alternatively, one may consider operating in the none-
quilibrium regime by using optical pumping. Optical pump-
ing increases the polarization by changing the population of
atoms from one my level of a ground state to another mg level
of a ground state level via an excited state. Large nonthermal
spin polarization, with Po ~ 1 can be obtained by optical
pumping, which transfers the angular momentum from reso-
nant light to the atoms (see supplementary information). Here,
we take advantage of this approach to demonstrate optical
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isolation in our miniaturized vapor cell. Due to the non-
thermal polarization, we can achieve a high isolation ratio
better than 20 dB at a temperature of about 80 °C and with the
low magnetic field of about 800 Gauss. Both the temperature
and the field values are significantly lower than the values
used in [30].

The experimental setup is shown in figure 7(a). The
measurements are taken at a temperature of 60 °C in order to
increase the optical density and hence increasing the optical
isolator efficiency. The o polarized pump light (A = 795 nm,
pink color) is used to pump the atoms and is later filtered out
using Dichroic Mirror (DM) and sent to a Beam Dump (BD).
The probe beam (A = 780 nm, red color) is linearly polarized
along the horizontal direction using Polarization Beam
Splitter (PBS). Figures 7(b)—(d) show the transmission as a
function of the probe beam detuning. Figure 7(b) shows
the transmission when the pump beam is fixed to
F, =1 — F, = 1, 2 while figure 7(c) shows the transmission
when the pump beam is fixed at F; =2 — K. = 1, 2. From
figures 7(b), (c), one clearly observes the isolation effect.
Furthermore, the frequency operation of our isolator can be
switched between two values separated by ~6.8 GHz. Simply
by tuning the pump beam to each of the two ground states
(Fg = 1 and F, = 2) of 87Rb as shown in figures 7(b) and (c)
respectively, the frequency of the probe in which isolation

occurs is shifted by about 6.83 GHz, in correspondence with
the separation between the two ground states. As a control
experiment (figure 7(d)), we have repeated the measurement,
this time when turning off the pump beam. As can be seen, for
such a case the transmission in both directions is nearly
identical. In other words, by switching the pump beam on and
off, we are able to switch the optical isolator on and off.

To further investigate the performance of our realized
optical isolator, we define the isolation of the device as
E = —101og(T,/T_) (dB). The isolation for the cases where
the pump is off and on is now presented in figure 8, alongside
with a schematic illustration showing the polarization of the
atoms. Figure 8(al) presents a schematic illustration showing
the random direction of the atoms for the case where the
pump is off. For such a case, the maximal isolation is about
1.2 dB with the transmission of around 20% (figure 8(a2)). In
contrast, when the pump beam is on, the atoms are oriented in
the same direction (figure 8(b1)). For such a case, the isola-
tion reaches a value of ~10dB with ~ 90% transmission
(figure 8(b2)).

Next, we test the isolation for different values of buffer
gas pressure. As shown in figures 9(a), (c), for 20 Torr buffer
gas pressure, the obtained transmission is ~80% (figure 9(a))
and the isolation is nearly 7dB (figure 9(c)). By increasing
the buffer gas pressure to 40 Torr (figures 9(b), (d)), the



J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 045201

E Talker et al

.; 1.0
E
<08
i (==
£061 —
5 T+ (a)
2 0 2 4 6 8 0 12
~ 0 1
m
)
m Pressure : 20 Torr
—54 Isolation : 6.9 dB
Transmission = 80% (c)
-2 0 2 4 6 8 0 12

Probe Detuning (GHz)

£ 1.001
E
E£0.751
=
3 —
E 0.501 T, (b)
Z T T
~2 0 2 4 6 8 10 12
~ 07
Z
o Pressure : 40 Torr
Isolation : 10.1 dB
_10] Tr;msn}xssnon :Il)()% . ‘ ' ' (d)
-2 0 2 -+ 6 8 10 12

Probe Detuning (GHz)

Figure 9. Isolator effect as a function of linear probe detuning with buffer gas pressure of (a), (c) = 20 Torr (b), (d) = 40 Torr respectively.
The operating temperature is 60 °C with a magnetic field of 800 G. The pump beam is fixed to Fy =1 — F. =1, 2.

8
71,0
g
i
£
G | pe—y
E | T+
Z T
4 -2 0 2 4 6 8
0.
)
)
= 101
20 . ‘ . . ‘
-4 =5 0 2 4 6 8

Probe Detuning (GHz)

Figure 10. (a) Transmission for forward and backward propagating
beam and (b) isolation as a function of linear probe detuning for 40
torr buffer gas pressure; with operating temperature of 80°C and
magnetic field of 800 G.

transmission is increased to ~90% (figure 9(b)), whereas the
isolation reaches the value of 10 dB (figure 9(d)). The reason
for the increase of the isolation is that the polarization value
(see supplementary information) for 40 Torr is larger than the
polarization value for the 20 Torr.

Finally, we demonstrate the increase in isolation effi-
ciency by increasing the temperature to around 80 °C as
shown in figure 10. As we can see, the isolation is about to
20 dB, while the transmission of the forward beam is about
the same as in the previous case (figure 10(b)). The isolation
can be further improved by increasing the temperature of the
cell or by increasing the strength of the magnetic field as was
done in [30].

Conclusions

We have demonstrated the importance of buffer gas in
achieving efficient optical pumping of 87Rb atoms in min-
iaturized vapor cells. When buffer gas is not present, the

rubidium atoms take a ballistic trajectory and quickly collide
with the walls of the cell. Given the small dimensions of
the cell, the high collision rate is faster than the lifetime of the
excited state. As a result, such collisions do not allow for
efficient optical pumping to occur. However, with the pre-
sence of buffer gas, the motion of the atoms become diffu-
sive-like, and the collision rate is significantly reduced, giving
rise to an efficient optical pumping even in miniaturized cells.
The mechanism of the hyperfine-structure based optical
pumping was studied theoretically by considering eight levels
atomic system of the 87Rb scheme using a density matrix
approach, followed by experimental characterization of the
transmission of the probe beam through the miniaturized
vapor cell. The numerical and experimental results indicated
that indeed the efficiency of optical pumping is enhanced with
the increase in buffer gas pressure within the vapor cell.
Finally, this efficient optical pumping scheme is used to
demonstrate an optical isolator with the transmission of about
90% and isolation of about 20 dB using a reasonable temp-
erature of 80°C with the magnetic field as low as 800 G. The
operation frequency of the isolator can be switched in fre-
quency by 6.8 GHz by switching the frequency of the
pump beam.

The obtained results provide significant progress in the
quest for miniaturizing quantum devices. The buffer gas-filled
miniaturized cell can be used in applications such as all-
optical switching, optical quantum memory, frequency
references, and magnetometry to name a few. Future work
will be devoted to the study and the demonstration of such
optical pumping effects in even more miniaturized cells,
down to the micro and the nanoscale level.
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