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In this study, the Ramsey spectroscopy of coherent population trapping resonances excited on the D, line of
alkali metal atoms in miniature vapor cells has been studied theoretically and experimentally. The configura-
tion of the field produced by two counterpropagating waves with opposite circular polarizations has been con-
sidered. A counterpropagating wave is formed as a result of reflection from a partially transmitting output mir-
ror, while the signal from the initial wave transmitted through the mirror is detected. It is shown that such a
scheme is characterized by the optimal mirror reflection coefficient, for which the short-term stability can be
substantially improved relative to the standard scheme without the counterpropagating wave. The three-fold
improvement of the short-term stability of the atomic clock based on the coherent population trapping reso-

nance in a vapor cell with 3’Rb atoms has been demonstrated experimentally.

DOI: 10.1134/50021364024603130

1. INTRODUCTION

The atomic clock is a quantum instrument for
high-precision measurements of frequency and time.
The wide area of their application includes important
fields such as navigation and positioning, data syn-
chronization and transmission, metrology, geodesy,
and verification of fundamental physical theories [1—
9]. In miniature rf atomic clocks, coherent population
trapping (CPT) resonances on the D, line of alkali
metal atoms are widely used [10—14]. The advantages
of such devices are their compactness and low energy
consumption, which are ensured by the application of
purely optical methods for exciting the resonance
between hyperfine-structure components of the
ground state.

One of the main problems limiting the long-term
stability of atomic clocks is the light frequency shift of
the reference transition during the interaction of
atoms with a probe laser field. The devices based on
the Ramsey spectroscopy of CPT resonances, for
which various highly effective methods for suppressing
the field shift can be used [10—24], possess a high
potential for solving this problem [15—18].

However, apart from the long-term stability, the
short-term stability that is affected by resonance
parameters such as the amplitude and width is an

important characteristic of atomic clocks. In the most
widespread case of excitation of CPT resonances by
circularly polarized light, optical pumping of atoms to
the extreme Zeeman sublevel of the hyperfine compo-
nent of the ground state with the maximum angular
momentum takes place. The atoms accumulated in
such a trapped state do not contribute to the formation
of coherence between the working Zeeman sublevels
with zero angular momentum projection. For this rea-
son, the reference resonance amplitude does not reach
its maximum possible value, which limits the short-
term stability. To eliminate the trap state, a method for
excitation of CPT resonances in the field formed by
two counterpropagating waves with opposite circular
polarizations (so-called 6, — ¢_ configurations) was
developed in [25] and tested experimentally in [26] for
continuous-wave spectroscopy. The variant of Ram-
sey spectroscopy in the 6, —o_ configuration was
implemented only for laser-cooled atoms [27].

In this study, we investigate the possibility of signif-
icant improvement of the short-term stability of
atomic clocks based on the Ramsey spectroscopy of
CPT resonances in miniature vapor cells using the
scheme proposed in [25]. In our case, the counterpro-
pagating wave with the opposite circular polarization
is produced using a partially transmitting mirror with
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the possibility of varying the reflection coefficient.
The calculations of the error signal for the D, line of
87Rb atoms demonstrate the existence of the optimal
reflection coefficient of the mirror, for which the slope
of the discriminant curve is maximal. Theoretical con-
clusions are confirmed by the results of the experiment
in which the short-term stability of the CPT clock was
improved by a factor of 3 compared to the standard
scheme without the counterpropagating wave.

2. THEORY

As a specific example, let us consider the interac-
tion of the full hyperfine structure of the D, line of
87Rb atoms with a sequence of Ramsey pulses of the
bichromatic field produced by two counterpropagat-
ing resonant waves with opposite circular polariza-
tions:

E() = [E7(e" e, + £ (e e e
+ [ES ()" e,, + EO (e e Je 1 e e,

(1

where e,, = (e, +ie y)/x/i are the unit vectors of the
right- (6, ) and left-hand (c_) circular polarizations of

light; El(,iz)(t) are the complex amplitudes of the corre-
sponding spectral components; and the functions
@ ,(f) describe the field phase modulation used to
generate the error signal. For definiteness, we assume
that 6, — ¢_ is the configuration of the counterpropa-
gating waves that is formed by the reflection of an inci-
dent bichromatic wave with the ¢, polarization from a
mirror and its transformation during the propagation
through a A/4 plate into the counterpropagating wave
with the ¢_ polarization as shown schematically in
Fig. 1a. The energy level diagram for the D, line of
8’Rb and the diagram of light-induced transitions
forming the CPT resonance between the states
|F, =2, m=0) and |F, =1, m = 0) are shown in
Fig. 1b.

As demonstrated in [25], the CPT states for the D,
line of alkali metal atoms for each of the counterprop-
agating ¢, and ¢_ waves (which are the superposition
of the Zeeman sublevels |F, ,m = 0) and |F, ,m = 0) of
the ground state) coincide provided that

20k, — k) Z iy = Cun+1)n (n=0,1,2..), (2)

where Z_,., is the distance to the mirror (see Fig. 1a).
In this case, the constructive interference of two-pho-
ton transitions from different circular polarizations
takes place, and the amplitude of the CPT resonance
is maximal. However, for the fulfillment of condi-
tion (2) in an extended medium, miniature vapor cells
must be used, the longitudinal size L of which should
satisfy the condition

L «2n/(k — k). 3)
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Fig. 1. (Color online) (a) Diagram of the formation of the

o, — o_ field configuration: (PR) partially transmitting
mirror and (PD) photodetector. (b) Diagram of light-
induced transitions involved in the excitation of the CPT

resonance between the states |Fgl =2, m=0) and
|Fg, =1, m =0) for the D; line of 87Rb atoms in the
o, — o_ configuration of the bichromatic field.

In particular, for Rb, vapor cells of length L < 4.4 cm
must be used.

The temporal dynamics of atoms is described by
the quantum kinetic equation for density matrix p:

%ﬁ(r) +Fp) = L1+ V0 + V0Pl @)

where ﬁ[o is the Hamiltonian of an unperturbed atom;
I}E(t) = —&E(t) is the operator of the interaction of

atoms with the laser field (ﬁ is the electric dipole
moment operator and E(¢) is the electric field strength

vector), and VB = —iB is the operator of the interac-
tion of atoms with the static magnetic field, which is
used to split the Zeeman sublevels (i is the magnetic
moment operator and B is the magnetic induction

vector); and f{f)} is the linear functional describing
relaxation processes. The model includes the follow-
ing relaxation constants: the rate of spontaneous decay
of the excited state 7,,; the decay rate of the optical
coherence Y,,, and the rates of relaxation of atoms 1,
and v, to the equilibrium isotropic distribution over
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Fig. 2. (Color online) Schematic diagram of a periodic
sequence of the Ramsey pulses with the duration Tp and

free evolution time 7': (a) modulation of the field intensity
and (b) modulation of the phase difference in the spectral
components of the bichromatic field to form the error sig-
nal given by Eq. (6).

the Zeeman sublevels of the ground and excited states,
respectively. We assume that the collisional broaden-
ing of the optical transition in the buffer gas exceeds
the Doppler width (i.e., v,,, > kU, where U is the ther-
mal velocity of atoms). In this case, we can disregard
the Doppler effects associated with the motion of
atoms and consider the model of motionless atoms.

In the approximation of an optically thin medium,
the amplitude of the counterpropagating wave with the
O_ polarization is related to the amplitude of the inci-
dent wave with the ¢, polarization as

EP=dolEF, 0<a<l (j=1,2), (5)
where o is a certain effective reflection coefficient
determined by the sum of the reflection from the mir-
ror and losses in optical elements of the setup. In our

calculations, we used the Rabi frequencies
R =|dES"|/h (where d,, = (J ||d||J,) is the reduced

matrix element of the electric dipole moment opera-
tor) and the parameter Q, = Ug|B|/% characterizing

the Zeeman splitting of hyperfine levels (where L is
the Bohr magneton).

As a spectroscopic signal, we consider the absorp-

tion of the incident wave with the 6, polarization. The
frequency in the CPT clock is stabilized by the error
signal for the Ramsey spectroscopy using the phase
jump technique. In this case, the phase difference ¢, —
0, of the frequency components for adjacent Ramsey
pulses is *w/2. Figure 2 shows schematically a peri-
odic sequence of Ramsey pulses and corresponding
phase jumps. Here, each jump serves simultaneously
for interrogation of atoms and their pumping to the
CPT state. The error signal is formed as the difference
in the integral absorption signals between adjacent
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Fig. 3. (Color online) Temporal dynamics of the absorp-
tion signals (red solid line) 47 (¢, +1/2) and (blue dashed

line) A(+)(t, —mt/2) during the action of the Ramsey pulses

according to the calculations with the parameters
—1

R /g = RV /4y = 0.5, 00=0.25, tp = 0.5y, T =

'Y;’ Qr/Ysp =0.05, Yopt/Ysp =50, Vg/Vsp = 10_57

Ye/Ysp = 20, and Ox T = 1/4.

Ramsey pulses, which can be represented analytically
by the following relation:

S(8) = f AV (2, +1/2)dt — j AV, —n/2)dt,  (6)

A

where A (¢,£m/2) is the signal of the absorption of
the wave with the right-hand circular polarization

(0.) for the phase difference ¢, — ¢, = £7/2 of the fre-

quency components and 8y = (@, — ®, — M) is the
Raman detuning (where 4 is the hyperfine splitting
frequency of the ground state). For illustration, Fig. 3
shows the results of calculation of the temporal

dynamics of signals A(”(t, +n/2) during the action of
Ramsey pulses.

Asseenin Fig. 4, the advantage of the 6, — 6_ con-
figuration as compared with the conventional scheme
(i.e., a single circularly polarized traveling wave) is the
significant increase in the error signal amplitude. This
occurs because the counterpropagating wave with the
o_ polarization pumps out atoms from the extreme
Zeeman sublevel |ﬁ;} =2, m =2), which does not

interact with the ¢, field, thus increasing the number
of atoms in the CPT state. In addition, the resonance
width is independent of the field intensity (in contrast
to continuous wave spectroscopy) and is determined
only by the free evolution time.

One of the key parameters affecting the short-term
stability is the slope of the linear part of the error signal
at the center of the resonance:

S
K =— . @)
98els, —o
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Fig. 4. (Color online) Error signal S(dg) versus the two-
photon detuning at the reflection coefficients o0 = 0.25
(red solid line) and oo = 0 (blue dashed line, which corre-
sponds to the standard scheme without a counterpropa-
gating wave) according to the calculations with the param-

eters RI(J’)/N{Sp = R;J')/ySp =05, 1p = 0.57;1, T = Ygl,
Qp /¥sp = 0.05,
Ye/Ysp = 20.

-5
Yopt/Ysp = 50,  Yg/Ysp =107, and

Figure 5 shows the dependence of the slope K on the
reflection coefficient o, which specifies the relation
between the amplitudes of the incident and counter-
propagating waves. It can be seen that the existence of
the counterpropagating wave with the opposite circu-
lar polarization (o > 0) leads to an increase in the
slope of the error signal as compared to the scheme
without the reflected wave (o0 = 0). In this case, the
dependence K(o) has a clearly manifested maximum.
The existence of the optimal reflection coefficient is
physically explained by the existence of two competing
processes in the given spectroscopic scheme, for
which balance is achieved at a certain reflection coef-
ficient o0 = o,,.. On the one hand, an increase in the
reflection coefficient of the mirror leads to an increase
in the amplitude of the counterpropagating wave with

the ¢_ polarization and, hence, increases the rate of
pumping of atoms from the trapped state. As a result,
the fraction of atoms in the CPT state increases, which
leads to an increase in the resonance amplitude. On
the other hand, the atoms absorbing the reflected wave
make no contribution to the absorption of the detected
o, wave, thus reducing the resonance amplitude.
Therefore, with increasing o, the resonance amplitude
for the detected wave first increases due to the pump-
ing of atoms from the trapped state |Fg] =2,m=2)to
the CPT state, and then begins to decrease because of
the increase in the fraction of atoms involved in the
absorption of the counterpropagating wave. For a cer-
tain relation between the intensities of the counterpro-
pagating waves, which corresponds to the optimal
reflection coefficient o, the peak in the slope of the
error signal given by Eq. (6) is observed. The position
of this peak depends on the intensity of the incident
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Fig. 5. (Color online) Slope of the error signal K at the line
center versus the reflection coefficient o according to the

calculations with the parameters R](+) /sp = R§+)/“{sp =
—1 —1

0'5’ Tp = Yg , T = Yg s QL/PYsp =0.05, Yopt/Ysp =50,
-5

Yg/Ysp =10 ", and Ye/Ysp = 20.

wave and on the relaxation constants that determine
the processes of optical pumping of atoms.

3. EXPERIMENT

The diagram of the experimental setup is shown in
Fig. 6. As the radiation source, we used a distributed
Bragg reflector laser with a fiber output and a wave-
length of 795 nm, which corresponds to the D, absorp-

tion line of ¥ Rb atoms. The vapor cell had the internal
longitudinal dimension L = 5 mm, which satisfied cri-
terion (3). Phase modulation of radiation at half the
frequency of the hyperfine splitting of the ground state
was performed using the fiber electro-optic phase
modulator. The half-wave plate together with the
polarization splitter was used to control the power of
radiation incident on the cell. The experimental setup
also included three quarter-wave plates. The first plate

formed the circular ¢, polarization of the incident

wave, while the second plate formed the opposite G_
polarization of the counterpropagating wave. The
third plate together with the polarization splitter and
the totally reflecting mirror formed the effective out-
put mirror with a variable reflection coefficient. In this
case, the reflection coefficient was varied by rotating
the quarter-wave plate. Depending on the rotational
angle of this plate, the relation between the radiation
reaching the photodetector and the radiation with the

o_ polarization, which was reflected back to the vapor
cell, changed. All optical elements had an antireflec-
tion coating; when the position of the wave plate cor-
responded to the minimum reflection coefficient of

the output mirror, at least 98% of light with the o,
polarization transmitted through the cell reached the
photodetector. In our experiments, we used the Ram-
sey sequence of pulses with a duration of 600 ps and a
free evolution time of 400 ps.
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Fig. 6. (Color online) Schematic diagram of the experimental setup: (AOM) acousto-optic modulator, (L.O.) local quartz oscil-
lator, (A/2) half-wave plate, (A/4) quarter-wave plate, (PD) photodetector, (PBS) polarization band splitter, (AOM generator)
generator of the signal fed to AOM, (AM) amplitude modulation signal. To measure the reflected wave power, the quarter-wave

plate located between the PBS and the mirror was rotated.
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Fig. 7. (Color online) Ramsey structures in the error signal
in different positions of the totally reflecting mirror relative
to the cell corresponding to (blue line) the destructive
interference of two-photon transitions for the 6, and ¢_
counterpropagating waves and (red line) the constructive
interference, for which condition (2) holds.
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Fig. 8. (Color online) Short-term stability versus the
reflection coefficient of the effective output mirror for dif-
ferent radiation powers. Zero reflection coefficient corre-
sponds to the absence of the reflected wave.
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Since the error signal amplitude depends periodi-
cally on the distance between the totally reflecting
mirror and the cell, at the first stage, we optimized the
position of the cell relative to this mirror to satisfy con-
dition (2). Figure 7 shows two error signals for differ-
ent positions of the cell, in which the maximum and
minimum amplitudes of the CPT resonance are
reached. It is seen that the difference between these
amplitudes is about 30% and is due to the constructive
and destructive interferences of two-photon transi-
tions for the incident and counterpropagating waves
[25].

Further, for the optimal position of the totally
reflecting mirror, we measured the dependence of the
short-term stability frequency on the reflection coeffi-
cient of the effective output mirror for different radia-
tion powers. Figure 8 shows that these dependences
are identical in character: upon an increase in the
reflection coefficient to 30—40%, the stability is
improved, but then becomes worsened; in other
words, there is the optimal reflection coefficient o,y
of the mirror. In particular, for a radiation power of

50 uW, the stability was improved from 7.6 X 107" to

2.6x107" (i.e., by a factor of 3) during 1 s. These
results are in good qualitative agreement with the the-
oretical conclusions drawn above.

4. CONCLUSIONS

For miniature vapor cells, we have investigated the
Ramsey spectroscopy of CPT resonances excited by a

laser field with the ¢, — o_ configuration formed by
two counterpropagating waves with opposite circular
polarizations. In our scheme, a counterpropagating
wave is formed by a partially transmitting mirror, while
the spectroscopic signal is detected in the transmitted
wave. It has been shown theoretically and experimen-
tally that there is an optimal reflection coefficient of
the output mirror corresponding to the best short-
term stability. In our setup, the short-term stability has
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been improved by three times (from 7.6x107" to

2.6%x10"in 1 s) as compared to the standard scheme
without the counterpropagating wave. The results of
this study can be generalized to the D, line of atoms of

other alkali metals (e.g., 8*Rb and 33Cs).
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