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Abstract.  Sub-Doppler resonances in caesium vapours are studied 
in a laser field produced by counterpropagating two-frequency light 
beams with mutually orthogonal linear polarisations. The beams 
are in resonance with optical transitions in the D1 line, the fre-
quency difference of the field spectral components being equal to 
the hyperfine ground-state splitting in the Cs atom (~9.2 GHz). It 
has already been shown that in this configuration, the hypercon-
trast effect can be observed for sub-Doppler resonances, which 
makes this configuration promising for the employment in new-
generation miniature optical frequency standards. In the present 
work, two different two-frequency configurations are compared 
with each other and with the single-frequency configuration widely 
used in practice for observing saturated absorption resonances. The 
parameters of nonlinear resonances are measured at various tem-
peratures of caesium vapours and at different optical field intensi-
ties. The results of the investigations performed make it possible to 
find an optimal two-frequency scheme for exciting nonlinear reso-
nances and to estimate a potential of the scheme for its applications 
in quantum metrology.

Keywords: optical frequency standards, ultra-high resolution spec-
troscopy, coherent population trapping, caesium, diode lasers, 
modulation of laser radiation.

1. Introduction

Quantum frequency standards (QFS’s) and atomic clocks on 
their basis have been actively developing for more than half of 
the century and find numerous applications in applied and 
fundamental physics [1]. In applied physics, QFS’s can be 
used in satellite and inertial navigation systems, communica-
tion systems and broadband internet, in smart grids, and for 
synchronising signals in such important direction of astron-
omy and astrophysics as the very-long-baseline radio-inter-
ferometry, which yielded a series of important scientific dis-

coveries in recent years (see, for example, [2]). In fundamental 
physics, QFS’s are involved in various precision measure-
ments, for example, studies of fundamental constants [3], 
search for dark matter [4], relativistic geodesy [5] and so on.

Apart from QFS metrological characteristics such as the 
relative frequency instability and accuracy, also important in 
many applications are dimensions, mass, and power con-
sumption of the whole device. Evidently, the most accurate 
and stable are stationary arranged laboratory QFS’s with an 
electric power consumption of, as a rule, much greater than 
1  kW. Most advanced versions of such standards are based 
on laser-cooled atoms and ions [6 – 8]. The development of 
transportable QFS’s is also important not only in solving 
various applied problems, but also in fundamental physics. 
For example, active studying of the gravitation influence on 
clock operation in earth conditions predicted by the general 
relativity theory has started with the appearance of first high-
precision transportable atom clocks based on a microwave 
QFS with a beam of caesium atoms (Hafele – Keating experi-
ment [9]). Presently, even more precise measurements of this 
effect are taken with transportable QFS’s in the optical range 
[10]. The principle of operation of such QFS’s, similarly to 
their laboratory analogues, may be based on using ultra-cold 
atoms or ions [5, 10, 11] or on the more ‘classical’ laser tech-
nology related to saturated absorption resonances in molecu-
lar and atomic gases (see, for example, [12 – 15]).

Compact versions of transportable QFS’s are quite in 
demand and employed in onboard aircraft devices including 
satellites. Now, there are several technologies for creating 
such standards. The most compact (miniature) QFS’s have a 
volume of less than 100 cm3 and are based on the phenome-
non of coherent population trapping (CPT) [16]. In these 
devices, CPT appears as a narrow nonlinear resonance in cells 
filled with vapours of alkali-metal atoms (Rb or Cs). The 
nonlinear resonance is excited by using a multi-frequency 
laser emission obtained in a result of the microwave modula-
tion of the pump current of a vertical-cavity surface-emitting 
laser (VCSEL). A CPT resonance is used as a reference for 
stabilising the frequency of a microwave oscillator 
(m-oscillator). Thus, CPT-based QFS’s are standards in the 
microwave frequency range. Among the latest achievements 
in the field of QFS-CTP, it is worth noting, for example, 
papers [17 – 19] (see also a review [20]). In particular, the total 
QFS volume in [17] was only 15 cm3 at an power consumption 
of about 60 mW, and the relative frequency instability (Allan 
deviation sy) was 7 ´ 10–11 at an averaging time of 1 s and 2 ´ 
10–12 at 24 h. It is expected that in the near future such QFS’s 
will provide a noticeable progress in many technologies 
related to the employment of mobile high-precision clocks. 
For example, the projects are realised in which QFS-CPT are 
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used for refining navigation principles in deep space with the 
employment of small satellites, namely CubeSats [21].

Until recently, samples of miniature QFS’s only operated 
in the microwave range. However, the development of such 
QFS’s in the optical range is valuable in itself. Indeed, in addi-
tion to the employment of such frequency standards as a basis 
for new-generation miniature optical clocks, they may be 
high-stability sources of laser radiation and be included in 
more sophisticated quantum devices, i.e. transportable atomic 
interferometric sensors of gravitation, acceleration, and rota-
tion, which are now rapidly developing [22]. The first minia-
ture optical-range QFS’s competitive with respect to advanced 
microwave analogues have been demonstrated only in the last 
three years by a group of US scientists [23, 24]. The latter 
paper demonstrated the relative frequency stability of the 
developed standard sy = 2.9 ´ 10–12 at 1 s, the total QFS vol-
ume being 35 cm3.

Importantly, in developing a miniature QFS the main 
problem is to find the optimal method of laser spectroscopy 
capable of demonstrating good results with micro-cells of vol-
ume ~10 mm3. In particular, operation of the developed QFS 
[23, 24] bases on the method of two-photon spectroscopy of 
87Rb atoms placed in a micro-cell of size 3 ´ 3 ´ 3 mm.

The authors of Refs [25, 26] proposed an alternative 
approach to the formation of a reference optical resonance 
for stabilising the laser radiation frequency. In particular, the 
cell filled with vapours of Cs atoms was irradiated by a field 
of counterpropagating laser beams, each of those having two 
frequency components w1 and w2, which matched the corre-
sponding dipole transitions in the D1 line. Here, the difference 
w1 – w2 is equal to the value of hyperfine splitting of the 
ground state (Dg » 2p ´ 9.2 GHz, Fig. 1). The frequency com-
ponents w1 and w2 of the field (sidebands of the ±1 orders) 
were obtained from the initial (carrying) laser frequency w0 by 
using an electro-optical modulator (EOM). In scanning fre-
quency w0, the high-contrast nonlinear (sub-Doppler) reso-
nance was obtained in an absorbing cell, which was a refer-
ence for stabilising the optical frequency. Physical reasons for 
a high contrast of the nonlinear resonance are thoroughly 
studied in [26, 27]. In [26], the optical frequency of a diode 

laser was stabilised by using a caesium micro-cell of approxi-
mately the same volume as in the work of American counter-
parts [24]. Already in first experiments, the measured relative 
frequency stability was sy = 2 ́  10–12 at 1 s, which is one of the 
best results to date in the optical range with the employment 
of micro-cells.

Thus, the method of bichromatic sub-Doppler spectros-
copy suggested in [25, 26] is rather promising for the employ-
ment in quantum metrology and laser physics. However, 
there are important issues that require an additional study. In 
particular, in the present work we study two different schemes 
for forming the laser field in a cell. In the first scheme, the 
laser beam is formed by simply reflecting the initial beam by a 
mirror back to the cell. In the second scheme, the initial beam 
is split into two beams: freely speaking, to the pump beam 
and probe beam, which pass to a glass cell through the oppo-
site faces. For comparing nonlinear resonance characteristics 
of these two schemes we, similarly to other authors, introduce 
into consideration and study the quality parameter of a non-
linear resonance Q, which determines the short-term stability 
of the QFS (sy at 1 s). This parameter has been measured for 
various optical field powers in the cell at various temperatures 
of the latter. Results obtained are compared to those for the 
widely used single-frequency configuration, in which a ‘con-
ventional’ resonance of saturated absorption is observed. The 
study conducted substantially expands the data obtained in 
[25 – 27] and allows one to discuss the optimal optical scheme 
and physical conditions for using the two-frequency spectros-
copy method in quantum metrology.

2. Two-frequency spectroscopy method

2.1. Scheme with backward reflection from a mirror

Figure 2 presents a schematic of the experimental setup where 
the counterpropagating laser beam is formed by a reflected 
initial laser beam, which propagates along the z axis from 
highly reflecting mirror M arranged on a linear translation 
stage. This simple approach to the formation of counterprop-
agating laser beams in a cell was used in all previous works on 
this subject [25 – 27]. Necessity of using the stage is explained 
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Figure 1.  Energy level diagram of the D1 line of the caesium atom. For 
simplicity, level degeneration in magnetic (Zeeman) sublevels m is omit-
ted. The counterpropagating two-frequency laser beams are in reso-
nance with the dipole transitions Fg = 3 ® Fe = 4 and Fg = 4 ® Fe = 4, 
the corresponding energy levels are marked with digits 1, 2, and 3. 
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ling waves.
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by that the distance between the mirror and cell should be 
chosen to provide the maximal amplitude of a sub-Doppler 
resonance. The dependence of the resonance amplitude on 
this distance is thoroughly discussed in [26, 27], and we will 
not consider it. Note only that an oscillation of the resonance 
amplitude during stage motion along the z axis is the manifes-
tation of CPT, which is related to excitation of the microwave 
coherent states in the caesium atom as superpositions of the 
magnetic sublevels pertaining to different hyperfine ground-
state components Fg = 3 and Fg = 4 (see Fig. 1).

A diode DBR laser (a laser with a distributed Bragg reflec-
tor) with an emission wavelength of about 894.6 nm and a 
linewidth of ~1 MHz is used as a radiation source. The laser 
radiation passed through optical isolator OI and a half-wave 
plate is directed to the amplitude EOM (iXBlue NIR-
MX950-LN-20) coupled to a polarisation-maintaining fibre. 
The EOM is fabricated by the Mach – Zehnder interferometer 
scheme, which provides at its output the observation of only 
two spectrum components with the frequencies w1 and w2 
(side bands of ±1 orders) with a suppressed carrying fre-
quency w0. Here, the frequency difference is w1 – w2 = 4pfm, 
where fm is provided by a microwave m-oscillator connected to 
the EOM. In all experiments with the two-frequency spectros-
copy method, the frequency is fm = Dg /4p » 4.6 GHz, that is, 
half the value of hyperfine splitting for the ground state in the 
caesium atom (see Fig. 1). Under this condition, two optical 
transitions in the atom are excited simultaneously, which may 
lead to their destructive interference and CPT [28].

The laser beam of diameter ~1 mm having passed the 
EOM and a polarisation beam splitter PBS, is directed to a 
cell with vapours of caesium atoms. The cell is installed at a 
small angle in order to avoid undesirable backward reflec-
tions. In all the experiments, the same cylindrical cell is used 
with a length of 5 mm and a diameter of 20 mm fabricated 
from borosilicate glass. The cell is placed inside a copper heat-
ing case and a three-layer cylindrical magnetic shield made of 
permalloy (the shield length is 25 cm, no end-caps). The resid-
ual magnetic field measured at the cell position was not above 
0.5 mG. Having passed the cell, the laser beam reflects from 
mirror M and passes twice (forward and backward) a quar-
ter-wave plate l/4, which results in a turn of the radiation ini-
tial linear polarisation by 90°. After the second passage 
through the cell, the laser beam is directed to a photodetector 
PD, whose signal is analysed by an oscilloscope as a function 
of the laser frequency w0.

Thus, the laser field configuration is formed in a cell, 
which comprises counterpropagating bichromatic laser 
beams with orthogonal linear polarisations. As shown in 
[25 – 27], the sub-Doppler resonance is observed in such a 
configuration in the form of homogeneously broadened dip in 
a power of the radiation passed through the cell. It can be 
termed ‘the inverse resonance of saturated absorption’. An 
example of such a resonance is shown in Fig. 3. On the 
abscissa the laser frequency detuning from the average fre-
quency of two optical transitions is plotted d0 = w0 – (w31 + 
w32)/2, where wij  are the frequencies of the corresponding 
optical transitions (see Fig. 1). The ordinate is a signal of the 
photodetector PD. The dashed slanting line in Fig. 3 refers to 
the total passage of the light beam without absorption in the 
cell (laser frequency w0 was tuned by varying the laser pump 
current, which explains the deviation of this line from hori-
zontal and the absorption profile asymmetry). In the experi-
ments (with the current and following configurations) the 
laser beam power P was measured prior to PBS.

Note that a conventional resonance of saturated absorp-
tion observed in the single-frequency scheme with the waves 
of similar polarisations, as a rule, increases transmission at 
the resonance centre. In our case, the resonance has an oppo-
site sign: a noticeably increased absorption is observed at the 
profile centre. Such an inversion of the sign of sub-Doppler 
resonance in not surprising. Indeed, an inverted resonance of 
this kind have been observed earlier in various configurations 
of light fields (see, for example, [29 – 32]). However, a distinc-
tive feature of the two-frequency scheme used is the contrast 
value of the nonlinear signal: the central resonance amplitude 
A may substantially exceed that of a wide Doppler profile D 
(Fig. 3). In the case of a conventional resonance of saturated 
absorption this amplitude is, as a rule, not above 20 % – 30 % 
of the Doppler profile amplitude (see, for example, [14, 33, 34], 
and Section 3 of the present paper). In the case shown in 
Fig. 3, the amplitude of the sub-Doppler resonance is approx-
imately 2.5 that of a Doppler base, the total resonance width 
(FWHM) Dres being about 35 MHz.

Qualitatively, a sharp increase in the absorption at the 
resonance profile centre can be simply explained as follows. 
When the laser radiation frequency is far from an average fre-
quency of the two transitions, that is, d0 /2p >>  Dres, the light 
beam propagating along the z axis and the counterpropagat-
ing beam interact with different velocity groups of atoms in 
the gas due to the linear Doppler effect. In each group, the 
conditions of coherent population trapping are satisfied, in 
which the most of atoms are pumped to a coherent superposi-
tion of levels 1 and 2 (see Fig. 1), and the absorption of the 
laser beams becomes minimal. It is a so called dark state 
related to a relatively small amplitude of the wide Doppler 
profile in Fig. 3. At d0 /2p » Dres, that is, near the resonance 
curve centre, both beams interact with the same atoms in the 
gas. In this case, it is possible to choose such experimental 
conditions that a dark state in atoms will be absent. The 
destruction of the dark state sharply increases absorption in 
the resonance medium. This simple consideration explains the 
essence of the phenomenon observed; however, it does not 
give an estimate of its value (the resonance contrast). Actually, 
a high contrast of the nonlinear resonance is a result of several 
constructively interacting optical effects, which intensify each 
other. A thorough consideration of this effect (hypercontrast) 
requires consideration of the real energy level structure in the 
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Figure 3.  Sub-Doppler spectroscopy of caesium atoms in the field of 
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1.5 mW; A, B, and D are the amplitudes of the central resonance, back-
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atom (taking into account all magnetic sublevels), which is 
beyond the scope of the present work. Such a consideration is 
given in previous works on this subject [26, 27]. Note that 
physics of this phenomenon has much in common with the 
effects observed on resonances of electromagnetically induced 
transparency and absorption (EIT and EIA) in the field of 
counterpropagating laser beams in the two-frequency [35, 36] 
and single-frequency magneto-optical [37 – 39] configura-
tions, where the two-photon (Raman) detuning is scanned 
instead of the optical frequency.

Figure 4 demonstrates the effect of oscillations of the non-
linear resonance amplitude as the mirror moves as mentioned 
above. One can see that with a shift of the mirror M (see 
Fig. 2), which forms the counterpropagating laser beam, the 
amplitude oscillates in a range of ~50 % of the maximal value. 
The experimental points in Fig. 4 are well approximated by a 
sinusoidal function with the period of ~17 mm, which agrees 
with theory [26, 27].

Dependence of the nonlinear resonance width Dreson total 
optical power P at the cell input is shown in Fig. 5. The beams 
in the experiments are narrow (~1 mm) and data presented in 
Fig. 5 refer to strong fields such that I > Isat, where Isat is the 
saturation intensity (~1 mW cm–2). The dependence observed 
is typical for homogeneously broadened resonances in gases 
and can be approximated by a square root dependence ~(a + 
P)1/2, where a is a constant [34, 40]. Here, the resonance width 
weakly depends on the vapour temperature in the range of 
moderate (at most 50 °C) temperatures. This is related to the 
fact that at such temperatures, the optical density OD of the 
resonance medium is small: OD = lg(Pin /Pout) » 0.1 for the 
case of Fig. 3 (here, Pin, Pout are the radiation powers in the 
exact resonance conditions at the cell input and, correspond-
ingly, after passing it forward and backward). In this case, the 
sub-Doppler resonance profile is close to Lorentzian and 
repeats the resonance profile a(d0) for a single atom in the 
gas. As temperature increases, the concentration of resonant 
atoms also becomes greater and the medium becomes opti-
cally dense (OD ~ 1). This additionally broadens the nonlin-
ear resonance, the profile of the latter can be qualitatively 
approximated by the dependence ~еxp[–naLa(d0)], where na 

is the atomic concentration and L is the cell length. In our 
experiments at Т = 65 °C and Pin = 1.5 mW the optical density 
measured at the resonance centre (d0 = 0) is OD » 0.7.

The resonance contrast is a very important parameter. It 
may be defined in several ways depending on a particular 
application. Let us introduce and analyse two contrast 
parameters of a nonlinear resonance with respect to the 
value of Doppler profile D (see Fig. 3) and to the back-
ground signal B [41]:

CD = 100 ´ A/D,	 (1)

CB = 100 ´ A/B.	 (2)

In Fig. 6a one can see that for contrast CD a low vapour tem-
perature is preferable, at which the absorption of a laser field 
far from the sub-Doppler resonance is small. In this case, con-
trast CD may reach 250 %, which, as noted in Introduction, is 
absolutely not typical for sub-Doppler resonances in many 
other observation configurations.

As for the parameter CB (Fig. 6b), its dependence on the 
laser field power demonstrates a quick optimum; in addition, 
there is an optimal temperature as well. For example, for the 
optimal values one may choose P » 300 mW and T » 60 °C. 
Both definitions of the sub-Doppler resonance contrast are 
important in the development of the QFS, namely: contrast 
CD is mostly important when vapour fluorescence is analysed 
(see, for example, [15]), whereas CB is needed when the trans-
mitted signal is used, as in our case (see Fig. 2).

The main metrological characteristic of the QFS is the rela-
tive frequency stability, which conventionally is characterised 
by Allan deviation sy [1, 42]. In the quantum noise limit

sy » 
/

SNR
10n n
t

D
,	 (3)

where Dn is the resonance width in hertz (FWHM); n0 = 
w0 /2p; and SNR is the signal-to-noise ratio (in the considered 
limit, SNR » A/ B ). Thus, a short-term frequency stability 
of the QFS is inversely proportional to the parameter that 
may be called the quality of reference resonance Q:

sy(t = 1 c) ~ 
Q
1 ,   Q = 

/

B

C 100B

nD
%

.	  (4)
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Hence, maximisation of the parameter Q is of primary impor-
tance for the employment of the two-frequency spectroscopy 
method in quantum metrology.

It follows from Fig. 7 that the same value of Q can be 
attained at various T and P combinations. Preferable should 
be the ranges of low temperatures and optical powers, which 
is due to the necessity of providing a low power consumption 
of the developed QFS’s. Thus, for the optimal values it is rea-
sonable to take Т » 50 °C and P » 0.5 mW. 

2.2. Pump – probe scheme

A schematic of an experimental setup shown in Fig. 8 is in 
many respects similar to that in Fig. 2. The difference is in the 
method of forming the counterpropagating laser beam. Now 
both beams are completely independent: the initial laser beam 
splits into two beams of equal power, which pass to a cell 
from the opposite ends. The beam optical powers are adjusted 
through the mutual orientation of the PBS and the output 
collimator of a fibre EOM. Despite of the apparent similarity 
of the two configurations, there is a principal difference, 
which may affect the parameters of the observed resonances. 
Obviously, in the scheme discussed in Section 2.1, an intensity 
of the counterpropagating beam directed against the z axis 
(see Fig. 2) depends on the degree of laser beam absorption 
along its first passage through the cell. In other words, the 
intensities of the counterpropagating beams in this scheme 
principally cannot be equal (at equal beam diameters). 
However, as was shown in [26, 27], the equality of intensities 
of the counterpropagating beams is the requirement for 
obtaining the maximal light absorption at the resonance cen-
tre (at d0 = 0).

In the scheme with the splitting of the initial beam into 
two independent (pump and probe) beams, there is a possibil-
ity to make intensities of the counterpropagating beams 
equal. On the other hand, in the scheme with a single mirror 
(see Fig. 2), the beam, which absorption is analysed by a pho-
todetector, passes a twice longer resonance medium and the 
absorption is also increased (as at the resonance centre so and 
far from it). In view of these facts, it is difficult to conclude 
a priori which scheme would be preferable for the employ-
ment in QFS’s. Therefore, similarly to the scheme in Fig. 2, 
we will present measurement results for the sub-Doppler reso-
nance parameters in the pump – probe scheme.

A high contrast of the sub-Doppler resonance is addition-
ally illustrated in Fig. 9, where two resonance curves of the 
probe wave absorption are presented: with the pump wave 
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and without it. In the scheme considered (Fig. 8) apart from 
the previous variant (Fig. 2), the pump wave may be excluded, 
for example, by simply shutting the beam. By juxtaposing the 
two curves, one can select part of a resonance curve that is 
related to the simultaneous action of the two counterpropa-
gating beams, that is, the central sub-Doppler resonance. It 
follows from Fig. 9 that at given experimental parameters the 
amplitude of the sub-Doppler resonance is approximately 
thrice that of the wide Doppler profile.

Figure 10 demonstrates the dependence of a sub-Doppler 
resonance on the total optical power. As in the scheme in 
Fig. 2, in the new scheme the nonlinear resonance is addition-
ally broadened at elevated temperatures. Measurement results 
of the nonlinear resonance contrast are presented in Fig. 11. 
One can see that at equal intensities of the counterpropagat-
ing beams, contrast CD may reach 450 %, whereas in the pre-
vious scheme it was 250 %. The parameter CB (similarly to the 
case of the scheme in Fig. 2) has an optimum in the optical 
power; however, no extremum is observed in this case in the 
dependence on the cell temperature (in the range of tempera-
tures considered).

It follows from Fig. 12 that, in contrast to the scheme in 
Fig. 2, the quality parameter of nonlinear resonance has no 
extremum in the range of optical powers considered as well. 
However, it seems that the optimal cell temperature value 
becomes apparent. Thus, from the viewpoint of using the con-
figuration considered for developing a QFS, the optimal val-
ues are Т » 60 °C and P » 1.5 mW. In this case, approxi-
mately the same nonlinear resonance quality is obtained as in 
the scheme in Fig. 2 where the initial beam is not split into two 
beams. Nevertheless, a higher cell temperature and laser emis-
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power and cell temperature in the pump – probe scheme.
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sion power are required (as compared to Т » 50 °C and P » 
0.5 mW, see Fig. 7).

3. Comparison of the two-frequency  
and single-frequency methods for resonance 
excitation

In order to demonstrate advantages of the two-frequency 
spectroscopy method we may compare the observed reso-
nance with a similar sub-Doppler resonance, obtained in the 
widely used single-frequency configuration. It can be realised 
on the same experimental setup as in Section 2.2 (Fig. 8), 
however, with the EOM switched off. In this case, the laser 
frequency w0 is adjusted in resonance with the transition Fg = 
3 ® Fe = 4 where the sub-Doppler resonance has the highest 
contrast as compared to other dipole transitions of the D1 
line.

As follows from Fig. 13, the resonance of saturated 
absorption in the single-frequency method has a substantially 
lower amplitude than in the two-frequency method, the reso-
nance width being much greater as well. The latter circum-
stance is related to the fact that the transition Fg = 3 ® Fe = 4 
is open and that the most of the atoms are optically pumped 
to the nonresonance level Fg = 4, which additionally broadens 
the resonance [30]. In the two-frequency regime near the sub-
Doppler resonance (d0 » Dres) these factors are absent.

Quality parameters of nonlinear resonance obtained by 
different methods are shown in Fig. 14. In each case, the opti-
mal temperature is chosen with the best Q value (in particular, 
in the single-frequency regime Тopt » 58°C). One can see that 
in the two-frequency method of observation, the parameter Q 
is substantially greater than in the case of the standard single-
frequency approach. According to (4) it should result in the 
corresponding enhancement of the short-term stability of a 
QFS based on the two-frequency method.

4. Conclusions

Parameters of sub-Doppler resonances observed in caesium 
vapours are compared and discussed for different optical 

schemes with the employment of the two-frequency laser 
spectroscopy method that was recently suggested for develop-
ing a miniature QFS on their bases. In particular, in the two-
frequency regime, two methods of forming the required laser 
field in a caesium cell have been experimentally studied: by 
reflecting the initial laser beam from a highly reflecting mirror 
back to the cell (with the turn of the linear polarisation by 90° 
in a quarter-wave plate) and by splitting the laser beam into 
two independent beams (the pump – probe scheme) possess-
ing orthogonal linear polarisations. The main parameter in 
the comparison of nonlinear resonances was the quality 
parameter Q introduced according to formula (4), which sub-
stantially determines the QFS short-term stability. The inves-
tigations performed have shown that the first scheme with a 
single highly reflecting mirror (see Fig. 2) is preferable for the 
development of a miniature QFS based on the analysis of the 
laser beam passage through a resonance medium. In such a 
scheme, the maximal resonance quality is attained at a lower 
cell temperature and optical power as compared to the pump-
probe scheme. In addition, the first scheme with a single mir-
ror is simpler in realisation and adjustment and can be made 
more compact than the second one.

The possibilities of the two-frequency spectroscopy 
method are demonstrated by comparing it with the results of 
the widely used method based on a single-frequency configu-
ration of the laser field, in which a conventional resonance of 
saturated absorption is observed in the form of a peak in the 
medium transmission signal. The data presented show that 
the two-frequency method is substantially better than the 
single-frequency approach from the viewpoint of attaining a 
high value of the quality parameter of nonlinear resonance. 
Note that, in addition to the short-term frequency stability 
(Allan deviation sy for 1 s), a long-term stability (sy at the 
averaging time of 103 – 105 s) is also important for the QFS. 
This stability, as a rule, is limited by the relatively slow drifts 
of an optical frequency, which are caused by various physical 
factors: fluctuations of a cell temperature, laser emission 
intensity, and so on. This problem requires a separate thor-
ough study.
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