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The detection of narrow and high-amplitude optical resonances in atomic cells is of crucial im-
portance for the development of compact and high-stability lasers or vapor cell optical references.
In this work, using monochromatic light and proper polarization setting of the counter-propagating
pump and probe beams, we demonstrate the detection of enhanced-absorption sub-Doppler reso-
nances on the D; line of Rb atom. We report a theoretical model showing that the Zeeman coherence
induced between magnetic sub-levels, especially in the ' — F’ = F — 1 systems, with F' and
F’ being the hyperfine quantum numbers of ground and excited states respectively, play a key role
in the observed enhanced-absorption process. The theoretically predicted behaviour matches well
the experimental observations. The impact of light polarization, laser intensity, magnetic field and
cell temperature onto the Doppler-free resonance features is experimentally investigated. For appli-
cation, two identical diode lasers were frequency-stabilized onto enhanced-absorption sub-Doppler
resonances. The fractional frequency stability of the laser beatnote is measured to be 1.8 x 10712 at
1s and 8.4 x 10712 at 10*s. These results demonstrate the interest of this scheme for the implemen-
tation of a compact or even chip-scale optical frequency reference, which might find applications in

instrumentation, navigation and metrology.

I. INTRODUCTION

Sub-Doppler spectroscopy [IH3] in alkali-metal vapor
cells is an elegant method to perform high-precision prob-
ing of atomic or molecular resonance spectral lines. Due
to its relative simplicity and reliability, this technique is
widely used for laser frequency stabilization and the de-
velopment of optical frequency references.

A well-established spectroscopic approach used for the
implementation of cell-based optical references relies on
the excitation of the two-photon transition (TPT) of ru-
bidium. Pioneerly studied in the 1990s [4H7], this tech-
nique has known a renewed interest over the last years [8-
1T] and has motivated several remarkable developments
for various field-deployable applications [12H14]. Also,
inspired by the success of microwave chip-scale atomic
clocks (CSACs) [15HIS], and by the rapid development
of chip-scale optical frequency combs [T9H22], some Rb
two-photon clocks based on microfabricated vapor cells
have been recently demonstrated with short-term frac-
tional frequency stability at 1 s in the low 1073 range
[23126).

The optical Dy or D, transition of alkali metal [27],
with a natural linewidth of a few MHz, is also often used
for laser frequency stabilization. Various Doppler-free
spectroscopy schemes have been explored including sat-
urated absorption spectroscopy (SAS) [28H32], polariza-
tion spectroscopy (PS) [33], or modulation transfer spec-
troscopy (MTS) [34]. The use of SAS with the Dy line
of alkali atoms is quite popular. Rovera et al. demon-
strated external-cavity diode lasers (ECDLs) stabilized
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on the Cs Dy line with a fractional stability of 4 x 10713
at 1 s [35). An ultra-compact optical frequency reference,
with a frequency stability of 1.4x10712 at 1 s and below
10~ at 10° s, and dedicated to nanosatellites applica-
tions, was demonstrated in Refs [36] B7]. Sub-kilohertz
laser linewidth narrowing was reported with polarization
spectroscopy [38]. MTS, with the advantages of insen-
sitivity to background absorption and rejection of low-
frequency noise, has allowed the demonstration of lasers
with a frequency stability at the level of a few 10713 at 1 s
in Rb and Cs [39H41], and even down to the 10~1* range
using the Dy line of rubidium [42]. MTS has been also
widely used for the development of high-stability molec-
ular iodine cell clocks [43H45].

Dual-frequency sub-Doppler spectroscopy (DFSDS)
was also reported [46H48]. In this approach, atoms in
the vapor cell interact with two counter-propagating bi-
chromatic laser fields. The destructive interference of
Zeeman and hyperfine dark states, created by incident
and reflected light fields, yields for the specific class
of zero velocity atoms the detection of high-contrast
enhanced-absorption sub-Doppler resonances. With this
method, a Cs microcell-stabilized ECDL has achieved a
stability of 3x 10713 at 1 s [49]. DFSDS was also explored
with the Rb atom D; line [50].

In this work, we demonstrate, using proper light
polarization setting in the counter-propagating pump-
probe scheme, the detection of sign-reversed enhanced-
absorption Doppler-free resonances with high signal to
linewidth ratio on the Rb Dj line. Such resonances re-
veal to be interesting candidates for laser frequency sta-
bilization. In comparison with the DFSDS work reported
in [46 [49], sub-Doppler resonances are here obtained us-
ing a single-frequency light-field, avoiding the necessity
to microwave-modulate the laser (typically by using an
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electro-optic modulator) and then simplifying the sys-
tem architecture. The spectroscopic scheme studied here
is obtained in the most basic retro-reflected configura-
tion, without separating the pump and the probe beams.
This prevents the addition of an optical modulator to
modulate the pump beam as in MTS. Also, while TPT
schemes require high laser intensities and cell tempera-
tures (typically > 90 °C) for optimization of the reference
short-term stability, the spectroscopic lines are here ob-
tained for modest laser powers (~ 100 uW) and cell tem-
peratures (~ 40°C). All these features are of significant
interest for the demonstration of a high-performance and
simple-architecture hot vapor cell optical reference.

A theoretical model is developed to understand qual-
itatively the phenomenon of enhanced-absorption in
Doppler-free spectroscopy of Rb D; line and reveals the
general features of experimental observations. Enhanced
absorption, especially observed for the FF — F' = F — 1
system (with F' (F’) the hyperfine quantum numbers of
ground (excited) state), is mainly explained by Zeeman
coherence and found to be, for the signal amplitude, max-
imized for intermediate polarization angles (0 < 6 < 90°)
between the incident and reflected light fields. The influ-
ence of some key parameters onto the sub-Doppler reso-
nances features is experimentally investigated. Using this
simple-architecture setup, we demonstrate a laser beat-
note with a fractional frequency stability of 1.8 x 107'2
at 1 s and below 107! at 10* s.

II. THEORETICAL ANALYSIS

The investigated scheme consists on two counterprop-
agating linearly polarized pump and probe beams, in-
teracting with a rubidium atomic ensemble in a vapor
cell. We consider the simplified 5-level atomic system
shown in Fig. [I] The proposed model aims to understand
qualitatively the phenomenon of enhanced-absorption in
Doppler-free spectroscopy of Rb D; line, and to cap-
ture general features of sign-reversed sub-Doppler res-
onances experimentally observed in section III. The pro-
posed model does not predict the quantitative evolution
of the specific features (amplitude, linewidth) of the sub-
Doppler resonances with key experimental parameters.
For this purpose, an extended model should be devel-
oped, considering the full atomic system structure (11
Zeeman levels). This remains out of scope of the present
work.

In the system shown in Fig. 1, we consider the case
I, < Isqt, with I, the pump intensity and I,4; the sat-
uration intensity. The electric field Ep,, of the linearly
polarized pump beam is:

E,, = Ercos(wit —kyz)

éx 1
= Ercos(wit — kiz)(—éy +é-)/V2, .

where w4 and k4 are the laser angular frequency and
wave numbers of pump (probe) beams, seen by the atoms

with velocity v along the -z axis, respectively. €, is the
unit vector along x(y)-axis direction, and éy = F(é, +
ié,)/V/2 is the spherical base of circular polarization.

With electric dipole approximation, the dark state
|dpy) prepared by the pump beam is:

|dpy) = cos|l) —sinp|—1)
= (1) +|-1))/v2, (2)

where sinp = Q4 /1/Q% + Q% cosp =Q_//Q% + Q2

with Q1 = —&éxd+1/(V2h) = FQ is the Rabi fre-
quency with Q € R (real number), in which d+i. is the
electric dipole matrix element of each transition and # is
the reduced Planck constant.

The interaction Hamiltonian for the pump beam is
then:

Vi = —EpD = h(le) (1] — [e){~1]) + H.C.,  (3)

with D the electric dipole operator, and H.C. de-
notes the Hermitian conjugate. Here, we can see that
Vildpu) = 0. A dark state is generated by the pump
beam. Zeeman coherence and population trapping be-
tween |1) and | — 1) are created.

FIG. 1. Simplified 5-level atomic system that interacts with
counter-propagated pump and probe beams, i.e., the transi-
tion with ' = 1 — F/ = 0. We indicate Zeeman sublevels
labeled by their magnetic quantum number mp = —1,0,1 in
the ground state F' = 1. The states e and g stand for the sole
Zeeman state in the excited state (with F' = 0) and ground
state (with F' = 0), respectively. The linear pump beam, as
well as the two linearly orthogonal components of the probe
beam, can be decomposed into two counter-rotating circular
polarizations, respectively. Note that the quantization axis is
chosen to be parallel with the direction of probe- or pump-
beam propagation.



The electric field Ep, of the linearly polarized probe
beam light, relative to x-axis with an angle 6, can be
written as:

Ep = &cos(w_t +k_2)(—e e, +ePe )/V2.  (4)

When 6 = 0, i.e., for a x-axis polarized probe beam,
denoted as the lin//lin case, the interaction Hamiltonian
for the probe beam is:

Vau = hir)(le) (1] — le)(=1]) + H.C., ()

with 7 = & /&;. In this case, we find that Vo, |dp,) = 0,
meaning that |dp,) is also a dark state for the probe
beam. Atoms are then uncoupled from the probe light,
resulting in increased transmission of the probe light
through the cell.

At the opposite, for the y-axis polarized probe beam
(6 = 90°, linLlin case), the interaction Hamiltonian for
the probe beam is given by:

Vay = hrQ(ile) (1] + ile)(—1]) + H.C. (6)

This leads to Vay |dpy) # 0, meaning that the |d,,) is not
a dark state but a bright state for the probe beam. It
results in increased absorption of the probe light.

In order to get a quantitative analysis for arbitrary lin-
ear polarization of the probe beam, and then predict the
the resonance features observed in the following exper-
iments, we use the Liouville equation. It provides the
evolution of the density matrix for atoms at rest, based
on the light-atom interaction system shown in Fig. (1l De-
tails are deduced in the appendix. All the following the-
oretical results are obtained with the parameters: decay
rate of the excited state I' = 2w x 5.75 MHz, decay rate
of the excited state’s optical coherence T'. = T'/2, Rabi
frequency of the pump beam Q = 0.15 I, electric field
amplitude ratio of probe to pump beam r = 0.5, temper-
ature of atomic ensemble in the vapor cell T,.;; = 40°C,
1 is a rate for the atomic system that leaves the exper-
imental region, 7. is the relaxation rate of the Zeeman
coherence, i.e., the coherence decay rate between |1) and
|-1). Assuming a Gaussian laser beam with a 1/e? ra-
dius (R ~ 0.94 mm) passing through a dilute gas of atoms
with a mean velocity u ~ 245ms~!, the transit rate of an
atom through the beam is v; = u/(2R) ~ 0.13 MHz. We
fixed 7. = 71 for simplification of the analysis. The de-
tection time, that corresponds to the duration over which
the signal is averaged for a given value of the laser fre-
quency scan, was fixed a ¢ = 10 ps. The results of numer-
ical calculation are then plotted, i.e., the atomic popula-
tion and coherence as shown in Fig. and Fig. in
the appendix.

When the atomic optical coherences are averaged over
the Maxwell-Boltzmann velocity distribution, absorption
coefficients («4+) and polarization rotation angle differ-
ence () between the two counter-rotating circularly po-
larized components of the probe beam can be deduced

(see Eq. to[A.13|in the appendix). These terms are
shown in Fig. versus the laser detuning, for various

polarization angles 6.

In Fig. Doppler-broadening absorption for both
counter-rotating circularly polarized components of the
probe beam is observed, for all . Near the resonance,
when 6 = 0° or 90°, enhanced-transmission or absorption
signals appear due to the constructive or destructive in-
terference of above mentioned processes. Note that in
these two cases (0 = 0° or 90°), no dichroism or birefrin-
gence occurs (ay = a— and § = 0). At the opposite,
when 0 < 6 < 90°, dichroism and birefringence appear.
The transmission of the y-axis and x-axis polarized com-
ponents of the probe beam is then related to both dichro-
ism and birefringence terms values (see Eq. and Eq.

AT to [LT3).

Figure[[a) shows the transmission of the y-axis polar-
ized component of the probe beam, in cases where 8 = 90°
and 6 = 45°, versus the laser detuning. At 6 = 45°, the
amplitude S of the sub-Doppler resonance is significantly
increased. Figure b) reports the absorption-enhanced
Doppler-free dip’s amplitude S, contrast C' (defined as
S/Bpg, with Bpp the bottom of the Doppler-broadened
profile background), the background Bpp (with a nor-
malization factor of 0.2), the imaginary part of the Zee-
man coherence (with a normalization factor of 30), and
a simple model prediction, versus the polarization angle
f. The contrast C' is decreased when the polarization
angle is increased. The amplitude S of the sub-Doppler
resonance reaches a maximum around 6 = 50°. This be-
havior agrees well with our experiment observation (see
Fig. @(a)). As S = C x Bpp, we also plot C and Bpp in
the same figure. It indicates that the optimal angle for
the maximum of S results from a compromise between
the dark states fraction ratio and the probe beam’s y-axis
polarized component amplitude.

We have also developed a simple model, which assumes
that the absorption-enhanced signal amplitude S is pro-
portional to both the dark states fraction ratio and the
electric field amplitude of the y-axis polarized compo-
nent of probe beam, which destructive interferes with the
generated dark states. The former, i.e., the fraction of
dark states from the atomic ensemble, is proportional to
the electric field amplitude of the x-axis polarized pump
beam and the same polarized component of probe beam.
Thus we get the relation S o (&1 + Ezcos6) x Ezsind,
which is also shown as the purple curve in Fig. [3(b). This
simple model qualitatively matches the numerical calcu-
lated signal amplitude S (red curve in Fig. [3|(b)). This
indicates that the process of dark states destructively in-
terferes with the y-axis polarized component of the probe
beam play a key role in maximizing the the signal am-
plitude of absorption-enhanced Doppler-free resonances.
For reference, we also plot Zeeman coherence (p1,—1 ;) in
Fig. b). Finally, we note that the contrast reaches its
maximum around ¢ = 0°. Nevertheless, we chose the
signal amplitude (5) as a reference parameter for our op-
tical frequency reference application since the very low
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FIG. 2.  Absorption coefficients (a), and polarization rotation angle difference (b) of the two counter-rotating circularly

polarized components of the probe beam, versus the laser detuning, for various polarization angles. The inset in the top right
of (a) shows the magnification of absorption coefficients near the resonance.
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FIG. 3. (a) Theoretical calculated normalized-transmission of the y-axis polarization versus the laser detuning, for two polar-
ization angles (8 = 90 or 45°). (b) Signal amplitude (S) and contrast (C' = S/Bpg) of the absorption-enhanced Doppler-free
dip, with Bpp the bottom of the Doppler-broadened profile, enlarged imaginary part of Zeeman coherence (p1,—1,:), and a
simple model prediction: n(&1 + E2c0s0) X E2sind (n is an arbitrary constant), versus the polarization angle 6.

detected light power around # = 0° would have led to a III. EXPERIMENTAL SET-UP
poor signal-to-noise ratio.

Figure depicts our experimental setup. A dis-
tributed Bragg Resonator (DBR) diode laser (Pho-
todigm, PH795DBR), with a spectral linewidth of about
1MHz, emits light at 795nm. A 28dB optical isolator
(Iso, Thorlabs, 10-5-780-VLP) is placed at the output
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FIG. 4. Experimental setup for characterization of the DBR
lasers, which are frequency-stabilized using Doppler-free spec-
troscopy with enhanced absorption in D; line of ¥"Rb. L, lens;
Iso, optical isolator; PBS, polarizing beam splitter; M, mirror;
PD, photodetector; FPD, fast photodetector; A/2, half-wave
plate; A/4, quarter-wave plate; AOM, acousto-optic modula-
tor; P, polarizer.

of the laser to prevent spurious feedback. A polarizing
beam splitter (PBS), preceded by a half-wave plate, is
placed to extract a fraction the laser power at the isola-
tor output. The laser beam, incident in the vapor cell,
is then used as the pump beam. After interacting with
the atomic vapor, the laser beam is retro-reflected by a
mirror to produce the counter-propagating probe beam,
which is overlapped with the pump beam. The polariza-
tion of the reflected probe beam can be adjusted using
a quarter-wave plate inserted between the cell and the
reflection mirror. The transmission of the probe beam is
monitored at the cell input through the use of a PBS and
a photodiode (PD, Thorlabs, PDA36A2). The gain of the
photodiode is set to 40dB for all following experiments
except for the laser beatnote stability measurement (Fig-
ure E[) where a gain of 20dB was used to increase the
detection bandwidth.

The laser beam is elliptical, with a 1/e? diameter of
about 2.1mm and 1.7mm. The 8"Rb-isotope-enriched
cylindrical vapor cell has a diameter of 20 mm and a
length of 50 mm. It is temperature stabilized at around
40°C, except for the cell temperature tests reported in
Fig. The cell is surrounded by one layer of mu-metal
magnetic shield. As shown in Figure[12]in the appendix,
the maximum of enhanced-absorption signal amplitude
is reached at null magnetic field.

Two quasi-identical laser setups, each frequency-
stabilized to the absorption enhanced Doppler-free res-
onance, were implemented. For one of the them (Laser
system 2 in Fig. [4)), an acousto-optic modulator (AOM),
driven by a 100 MHz radiofrequency signal, was im-
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FIG. 5.  Spectroscopic signals obtained with different po-

larization angles (§ = —90° and 6 = —45°) between the
pump and the probe beams. Experimental parameters are :
Teet = 40°C, Ppump = 100uW, By = OnT. The inset shows
the atomic levels involved in the D; line of 8"Rb atom with
four transition lines noted ‘a’ to ‘d’. These resonances are
from left to right ‘a> F=2 = F' =1,b: F=2— F' =2,
‘< F=1—F=1,d: F=1—=F =2.

plemented to shift the laser frequency. This allows,
through superposition of both laser beams, to produce
a 100 MHz beatnote between the two laser setups. The
beatnote is detected by a fast photodiode (FPD, Thor-
labs, PDA10A2) and analyzed with a frequency counter
(Keysight, 53230A), referenced to an active hydrogen
maser.

IV. EXPERIMENTAL RESULTS
A. Doppler-free spectrum

Figure[5|reports the measured Doppler-free spectra. In
the lin L lin case (§ = —90°), resonances noted ‘b’, ‘¢’
and ‘d’ appear as transmission-enhanced peaks whereas
the ‘a’ resonance is sign-reversed (enhanced absorption),
with a contrast C of 18.1%. In the case where § = —45°,
resonances ‘b’ and ‘¢’ are also reversed (enhanced absorp-
tion). The ‘a’ resonance, broadened to 32.7 MHz, instead
of 21.7 MHz in the lin L lin case, appears as enhanced
absorption and exhibits a much higher contrast of 66.9%,
which is qualitatively agree with theoretical predictions
of Figure a). In the following, we have utilized the sub-
Doppler resonance signal S, linewidth (FWHM) and cor-
responding signal/linewidth ratio (S/FWHM) for evalu-
ating the impact of some key experimental parameters
onto the Doppler-free resonance. The ratio S/FWHM
can be used as a figure of merit for optimization of the
optical reference short-term stability [52]. In the follow-
ing figures, the positive or negative value of the signal
S stands for enhanced absorption or transmission of the



resonance, respectively.

B. Polarization angle (0)

The effect of the polarization angle (6) on the charac-
teristics of ‘a’ and ‘b’ spectral lines is shown in Fig. [6]
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FIG. 6. Signal (a), linewidth (b) and S/FWHM ratio (c) of
‘a’ and ‘b’ lines versus the polarization angle 6. Experimental
parameters are: Teeyp = 40°C, Ppump = 100nW, By = 0puT.
The lines simply connect experimental data points to guide
the eyes of the reader. The same applies hereinafter.

The amplitude S of the ‘a’ resonance, shown in
Fig.[6|(a), reaches a maximum for | 6 |~ 52.5° and is mini-
mized for # = 0°. This observed dependence qualitatively
agrees with theoretical predictions of Fig. 3(b), i.e., both
the signal amplitude (red curve) obtained with the Liou-
ville equation and those based on a simpler model pre-
diction (purple curve). The trend of the ‘b’ resonance
signal versus 0 is similar, but with a different maximum
location (0 ~ £ 27.5°) and a lower amplitude. The res-
onance linewidth, plotted in Fig. [6(b), changes discon-
tinuously at § = 0°. Even if very low light power is
detected at this polarization angle, enhanced-absorption
sub-Doppler dips are still observed for ‘a’ and ‘b’ reso-
nances. The linewidth of the ‘b’ resonance also changes
discontinuously for | § |~ 60°. This occurs at the angle
where the resonance sign reverses, as illustrated by the
zero-crossing of the signal on Fig. [6]a).

The S/FW HM ratio, shown in Fig. [6]c), reaches a
maximum around | 6 |~ 45° and | 0 |~ 25° for ’a’ and b’
resonances, respectively. For completeness, we have also
studied the spectral features of ‘c’ and ‘d’ resonances. We
measured that these lines exhibited a smaller S/FW HM
ratio than the ‘a’ and ‘b’ resonances. We chose then to
focus on ‘a’ and ‘b’ resonances for the following experi-
ments.
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FIG. 7. Signal (a), linewidth (b) and S/FWHM ratio (c) of
‘a’ and ‘b’ lines versus the laser pump beam power. Experi-
mental parameters are: Teep = 40°C, 6 = —45°, Bp = 0pT.

C. Pump beam power

Figure[7]summarizes the effect of the pump beam laser
power Py, on the Doppler-free ‘a’ and ‘b’ resonances.

For the ‘a’ resonance, the signal height S is increased
with the laser beam power in the investigated power
range. For the ‘b’ resonance, the signal height S is in-
creased much more slowly, tends to reach its maximum
for P, =~ 1.25mW, and then starts to go down. For
both lines, the linewidth of the sub-Doppler resonance
is increased with Pr. Shown in Fig. c), the slope
of S/FWHM ratio of the ‘a’ resonance is reduced for
power values higher than about 200 pW. In the case of
the ‘b’ resonance, the S/FW H M ratio reaches its max-
imum around 200 pW.

D. Cell temperature

The effect of the cell temperature T,.; on the ‘a’ and
‘b’ Doppler-free resonances is shown in Fig. [8| The max-
imum signal height of ‘a’ and ‘b’ resonances is reached
for Teep = 41°C and 48°C, respectively. For the ‘a’
resonance, the linewidth increases firstly with the cell
temperature and starts to decrease for T, higher than
52°C. For the ‘b’ resonance, the linewidth starts to de-
crease after Tpey ~ 28°C. The maximum S/FWHM
ratio of ‘a’ and ‘b’ resonances is reached for 7T,.; ~ 40°C
and 52°C, respectively. From the experimental inves-
tigation reported above, we find that the maximum
S/FWHM ratio is much higher for the ‘a’ resonance.
We decided then to use this resonance to implement laser
frequency stabilization tests.
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FIG. 9. Allan deviation of the laser beatnote frequency in the
free-running (black) and locked (red) regimes. Experimental
parameters are: Teey = 40°C, Ppump = 100uW, 0 = —45°,
Bo = 0pT.

E. Allan deviation of the laser beatnote

In a last part, we have performed frequency stability
measurements of the laser beatnote between both laser
systems. Each laser is frequency stabilized onto the ‘a’
resonance. For this purpose, an error signal is derived
from the spectroscopic signal at the photodiode output
using synchronous modulation-demodulation technique,
operating at a modulation frequency fy; = 200 kHz.
Thanks to a proportional-integral (PI) controller (Ves-
cent, D2 — 125 — PL), the error signal is fed back to the
laser dc current with a bandwidth of about 100 kHz, for
stabilization of the laser frequency onto the atomic res-
onance. Frequency stability results, in the free-running
and locked regimes, are reported in Fig. [0

In the free-running regime, the laser beatnote frac-

tional frequency stability is 2.7 x 1072 at 1s and is de-
graded for longer integration times to reach 3 x 1072 at
103s. In the locked case, where both lasers are stabilized
to the absorption-enhanced Doppler-free signal, the Al-
lan deviation of the laser beatnote is improved by more
than 3 orders of magnitude, yielding 1.8 x 10712 at 1s
and 8.4 x 107'2 at 10*s. Performances at 1 s, obtained
here for a single-frequency laser setup, are comparable
to those obtained in [52] using DFSDS. For 7 > 10%s,
the degradation of the frequency stability is not quanti-
tatively explained to date. The sensitivity of the optical
reference frequency to variations of laser power or cell
temperature, as well as typical fluctuations of these ex-
perimental parameters, will be measured in the future to
estimate their contributions onto the reference long-term
stability.

V. CONCLUSIONS

Through optimized polarization setting of the counter-
propagating pump-probe configuration, we have demon-
strated enhanced-absorption Doppler-free spectroscopy
on the D4 line of Rb atom at 795 nm. We have reported a
theoretical model that shows the important contribution
of Zeeman dark states in this spectroscopic scheme. The
impact of several key parameters on the sub-Doppler res-
onance features was investigated experimentally. In a last
part, we have stabilized two quasi-identical laser systems
using this spectroscopic approach. The Allan deviation
of the laser beatnote is in the locked regime 1.8 x 10712 at
1s and below 10~ at 10*s. These results demonstrate
the interest of this approach for the implementation of a
compact and high-stability vapor cell optical frequency
reference.
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APPENDIX A: THEORETICAL SIMULATION

In this section, we show the importance of Zeeman co-
herence in the process of absorption-enhanced Doppler-
free spectroscopy. This study is extracted from theoreti-
cal simulations based on the 5-level model shown in Fig.
using the Liouville equation and the polarization rota-
tion calculation method.

1. Liouville equations

The evolution of the density matrix for atoms at rest
is given by the Liouville equation. Without relaxation
terms at first, it reads:

—1

h

where H = Hy + V', Hy = hw, is the Hamiltonian of the
unperturbed atom, and w, is the angular frequency for
the level |e). The interaction Hamiltonian, induced by
the pump beam, and x- and y-axis polarized components
of the probe beam respectively, is V = Vi + Vo, + Vay,.

With electric dipole approximation, the Hamiltonian
is:

p

[H, pl, (A1)

00 0 a
H=h 000 0 , (A.2)
00 0 —ax

a0 —a we

with a = Qcos(wt) + rQecos(w_t).
The Liouville equations with interested atomic levels
can thus be written as:

p11 = —2Im(a*p1.c),
p-1,-1=2Im(ap_1.),
Pee =2Im(a*pre) — 2Im(ap_1.),
p1,-1 = —ia(pZy . + p1e),
Pre = ila(pr1 — pee) — a’p1—1 + p1ewel,
p-1,e = i[a"(pee — p—1,-1) + ap]l _1 + p-1,eWe]-
(A.3)

In order to calculate the atomic population and
coherence, we transform the density matrix equation
with slowly variables, as defined by [53], such as:
Ple = Olet€™*t + 01 ™t py . = 0 14+t +
J_l’e_eiw,t'

Under the rotating wave approximation, and consid-
ering the relaxation terms into consideration, we arrive
to:



P11 =—U01,e4,s —7r8in001 e + 080071 e ;) + peel' /4 — p11m +71/4,
p-1,-1=Q0_1,e4,; +rsinbo_q e, +cosbo_1c_;)+ peel'/4—p_1,-171 +71/4,

pe,e = Q(Ul,e+,i — rsin 90175_774 4+ cos 90176_,2') —

Q(O——lye"ni + 7 sin 90——1,6—,’!’ —+ cos 00'_176_77;) — pe,e(F + ")/1)7

Pr—1 = —Yep1,—1 — Qo™ o + O1eq + 10 (0% +016-)]/2,
014 = (—iAy —=Te —=71)01,e4 — iQpe.e — p1,1+p1,-1)/2,

Ole— =

0_1,e—

in which o, ,, »(;) is the real (imaginary) part of o, n,
with mn € (£1,e£), and we used: AL = wy — w, =
w + kv — w,, here w and k = w/c are the laser angular
frequency and wave number seen by the atoms with zero
velocity along the -z axis, respectively. The initial con-
ditions are: p_1 _1(t = 0) = poo(t = 0) = p11(t =
0) = pgglt = 0) = 025, pee(t = 0) = p1,1(t =
0) = O'1,e+(t = 0) = Ul,e—(t = 0) = U—l,e+(t = 0) =
0_1,e— (t == 0) =0.

2. Susceptibilities of the atomic medium

With the help of the Jones matrix, the electric field of
the probe beam can be also written as:

& =
— 72 _6720 [ 1
2 —1

From Ref. [54], the probe beam, transmitted across
the clock cell with length L, is changed to:

E,. +e

] a9

(A.6)

where £ = —ifiy — axL/2, B+ = 2nlny /A, ny are
the refractive indices of the 8’Rb atomic medium for the
components that are left and right circularly polarized,
a4 are the corresponding absorption coefficients, and A
is the average wavelength of pump and probe beams.

For the y-axis polarized transmission light detection,
we get:

_ *
Iyt = EOEp'rty * Ep'r‘ty

= Iyle L p et —2e L cos(20 + B)]/4,

(A7)

where Iy = £0€32, a = (ay +a_)/2, ny ~ 1+ Re(x+)/2,
ayr = 2nIm(x+)/\, and 8 = By — f_. As the y-axis

(—iA, - Fc - ’71)0—1,67 - irﬂ[ew(pe,e - 91,1) + e_iepl,fl]/Q;
01+ = (—iAL —Te =)0 1,e4 +iQpee — p—1,-1 + p1,1)/2,
(—iA- —Te—)o_1,e— +irQle ™ (pe.c — p_1,-1) +€p} _11/2,

(A4)

(

polarized input light is I, = I sin® 0, the normalized
signal is:
Lin = e F +em=F — 27 cos(20 + B)]/(45in? 0).
(A.8)
Then, we need to calculate the susceptibility. For
atoms at rest, it can be written as:

—3NNT

- ()
T T e/
—3N)\3F J1,e—
= (= *. A9
X 472 (elarﬂ) (A-9)

with N the atomic density. Note that there is a slight
difference from ref [55], the new definition expanded the

. . .o, . . — 3
original definition, i.e., we use y = =223-E(%2)* rather
_ —3NXT 9.
than x = = 5—-4°.

With averaging over the Maxwell-Boltzmann velocity
distribution and using AL = A + kv, x4 is given by:

—3NXT [ 2, O_q e
_ T3NVATD ~wjw?( T=Le= vxo a1
= g [y dn(A0)

— 00

where u = (ZkBTce”/M)l/2 is the most probable velocity
with M the mass of a 8"Rb atom and kg the Boltzmann
constant. The absorption coeflicient for o light can be
written as:

oy = A/ e*(V/“)2(70_176_7T sin —o_1 . ; cos@)dv,
(A.11)

_ _3NMT
where A = 5277

Similarly, the absorption coefficient for o_ light can be
written as:

o0
a_ = A/ e~ w/w? (—01,e— rsind + oy . ; cosf)dv,
—00

(A.12)



We get also the polarization rotation angle difference
(8) between the two counter-rotating circularly polarized
components of the probe beam:

LA [~
8= 7/ e_(”/“)z(a,lﬁe,yr cosf—o_1_ ;sinf +

Ol,e—rCOSO +071 ¢ ;8in0)dv.
(A.13)

By inserting the numerical calculated results from Eq.
[A4] into Eq. to and then Eq. we finally
get the transmission spectroscopy of the y-axis polarized
component of probe beam.

3. Theoretical results: Atomic Population,
coherence and susceptibilities

Here we present partial of theoretical calculation re-
sults, i.e., atomic population and coherence for atoms at
rest, which are not only necessary for calculating the ab-
sorption coefficients and polarization rotation angle, but
also show the system’s evolution under the interaction of
pump-probe beam for zero velocity atom.

Figure [10| shows atomic populations (p1,1 and pe ) in
(a), Zeeman coherence (p1,—1, and p1,_1;) in (b), and
the probe beam felt slowly variable optical coherence
(01,e—rs O1,e—iy O—1,e—r and 0_1 _;) in (c and d) ver-
sus the laser detuning, for various polarization angles 6,
for zero velocity atoms.

At resonance (null laser detuning, Ay = A_ = 0, with
A, and A_ the laser detuning for the incident pump and
reflected probe beams, respectively), the atomic popu-
lation p11(= p—1,—1) and the real part of the Zeeman
coherence pq,—1, decrease when the polarization angle
(9) is increased. The opposite behavior is observed for
Pe,e- This can be explained by the fact that, with a weak
pump intensity (I, < Isq), optical pumping induced Zee-
man coherence in ground states is more pronounced than
the saturation effect and the population pumping effect
between two set of ground hyperfine states (from F' to
F-1).

To be specific, when 6 = 0, the dark state prepared by
the pump beam is also decoupled from the probe beam.
A common dark state is then obtained for both beams
such that, at resonance, the ground atomic population
p11(p—1,—1) and the real part of the Zeeman coherence
p1,—1r (relative to the transmission) reach their maxi-
mum. At the opposite, at # = 90°, the dark state created
by the pump beam is a bright state for the probe beam.
In this case, there is no common dark state anymore. A
decrease of the p11(p_1,-1) and transmission (p1,—1.),
and increase of pc ., is then observed. Interestingly, the
situation is between these two cases for 0 < 6 < 90°. In
this case, the resonance features results from a compe-
tition between the above-mentioned processes. As seen
on Fig. [10(b), the imaginary part of the Zeeman coher-
ence (p1,—1,:), but also its real part (p1,—1,,), exhibit two
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bumps (maxima), when the laser frequency detuning is
scanned, for § = 45°.

Figure [IT] focuses on the evolution of the atomic popu-
lations (a), the probe beam felt optical coherence (b) and
the Zeeman coherence (c) versus the polarisation angle
0, for zero-velocity atoms and null laser detunings.

Figure a) shows that, when 6 increases, atomic pop-
ulation trapping in the py 1(p—1,—1) is decreased, and the
excited state p. . is increased. The atomic populations of
po,0 and pg 4, which are proportion to pc ., also increase
with 6. The coherent population trapping effect becomes
weak due the transformation from constructive (lin//lin)
to destructive (linLlin) interference. During this process,
we can find that the optical pumping induced popula-
tion leak to non-resonant hyperfine ground states (F' to
F —1) plays a negative effect for the enhanced-absorption
Doppler-free signal as € increases.

Figure [II{b) shows the imaginary and real part of
the optical coherence seen by the two counter-rotating
circularly-polarized components of the probe beam. The
optical dichroism and birefringence are easier to read
with the definitions o and Sy given in Eq. [AT1]to[A13]
but without velocity averaging, i.e.,

Qo = 91(_0—1,e—m sin f — O_1,e—,i cos ) —
Ol,e—rSINO+ 01— ;c080),
Bo=92(0_1,e—rcos0 —0_1 . ;sinb +
O1l,e—rCOSO+ 01 ;sinb),
(A.14)

with g1 and go arbitrary constant. We plotted «g and
Bo in Figure[11c), These parameters qualitatively agree
with real (p1,—1 ) and imaginary (p;, _1,;) part of the Zee-
man coherence shown in the same figure, respectively.
The imaginary part of the Zeeman coherence (p1 _1,;)
reaches its maximum around € = 35°. This behavior
agrees with the observed maximum of the absorption-
enhanced Doppler-free signal at intermediate angle in

Figure [6]a).

APPENDIX B: THE EFFECT OF STATIC
MAGNETIC FIELD

In this part, the impact of the z-axis direction static
magnetic field generated by a coil in the magnetic shield
onto the features of ‘a’ and ‘b’ resonances are measured
and reported in Figure

For both resonances, the signal height S and the
S/FWHM ratio are maximized at null magnetic field.
Such a behaviour was also observed in [47]. At higher
static magnetic field, the enhanced absorption reverses
to enhanced transmission around By ~ 43 puT for the
‘a’ resonance, and 6 pT for the ‘b’ resonance. For even
higher values of By, we have observed that the enhanced
transmission peak was reversed again to appear again as
an enhanced absorption dip for the ‘a’ resonance. This



phenomenon might be due to the effect of light pressure
discussed and observed in Ref. [5I]. According to re-
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sults obtained in Fig. the other experiments were
performed at null magnetic field.
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FIG. 10. Atomic populations (a), Zeeman coherence (b) and probe beam felt optical coherence (c, d), for zero velocity atoms,

as function of the laser detuning, at various polarization angles.

o
o

Population and coherence (Normalized)

o
o

FIG. 11.

@)

P4
—— .4
—4— 100p; ¢

p0,0+pg,g

(0] 30 60 90 (0] 30

60
O (deg)

90

Atomic populations (a), probe beam felt optical coherence (b), Zeeman coherence, ag and Sy (c), for zero-velocity
atoms and null laser detunings (A = A_ = 0), versus the polarization angle 0.



14

S (V)

SIFWHM (V/IMHz) FWHM (MHz)

-600 -400 -200 0 200 400 600
Bo (MT)

FIG. 12. Signal (a), linewidth (b) and S/FWHM ratio (c) of ‘a’ and ‘b’ lines versus the static magnetic field (Bo). Experimental
parameters are: Tyey = 40°C, 0 = —45°, Ppump = 100 pW.
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