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Abstract.  We study the peculiarities of the absorption spectra in 
D1,2-lines of Cs, caused by optical pumping in cells with antirelax-
ation coating. In these cells the internal state of the atom, which 
arose under optical pumping by a monochromatic laser field, is pre-
served with a high probability in a collision with the wall. As a 
result, the optical pumping action extends to the entire volume of 
the cell and to all the velocities of the atoms. This leads to the 
speed-dependent scanning distortions of the absorption line profile. 
The detected features should be considered when using laser-
pumped quantum magnetometers with antirelaxation-coated cells.

Keywords: antirelaxation coating, optical pumping, relaxation, 
Doppler-free spectroscopy.

1. Introduction

Transitions between hyperfine and magnetic sublevels of the 
ground state of alkali-metal atoms have been widely used in 
frequency standards and quantum magnetometry for more 
than 50 years [1 – 3]. New progress has been observed in these 
fields in recent decades [4 – 7]. The metrological value of qual-
ity of radiofrequency and UHF resonances is first of all 
related to its narrow spectral width. The latter is determined 
by the relaxation rates for atom collisions with cell walls and 
each other [3, 8]. There are two ways to make lines narrower. 
The first way is adding a buffer gas to the cell, which makes 
the time interval between collisions with a wall longer because 
a fast ballistic motion of atoms is replaced by slow diffusion. 
Possibilities of this method are limited by the line broadening 

due to collisions of alkali atoms with atoms of the buffer gas 
[7]. The second way is to deposit an antirelaxation coating onto 
internal walls of the cell, which reduces the probability of relax-
ation of internal states of atoms in collisions with walls [3, 8]. 
The coated cells are widely used in quantum magnetometers 
with optical pumping [4, 5, 8]. As compared to cells with a buf-
fer gas, they provide a better signal-to-noise ratio and weaken 
an influence of the magnetic field gradient so that the field aver-
aged over the cell volume can be measured.

Resonance lamps on alkali metals are used in commercial 
quantum magnetometers. In recent years, resonance lamps 
are actively replaced by diode lasers, which open new possi-
bilities for the double radio-optical resonance method [9]. In 
particular, diode lasers can simultaneously pump a great 
number of cells in a magnetocardiograph [10, 11] and mini-
mise the energy consumption and weight of portable magne-
tometers.

In the present work we employed the cells with  antirelax-
ation coating filled with caesium vapour and a control cell 
without such a coating. The linewidth of the employed 
extended cavity diode lasers (~1 MHz) is less than the natu-
ral width of resonance lines (~5 MHz), which, in turn, is less 
than the Doppler width (~380 MHz) of 133Cs-line at room 
temperature by almost two orders of magnitude. Thus, the 
laser radiation of a fixed frequency efficiently interacts with 
only a small (as compared to the whole ensemble of atoms) 
group of atoms. However, the nonuniform distribution of 
atoms over sublevels of the ground state caused by optical 
pumping not only persists in collisions, but is also extended to 
all other velocity groups including the group of atoms inter-
acting in resonance with the laser field. Here we investigate 
the influence of this effect on the resonance absorption spec-
tra of a running probe wave and on formation of a Doppler-
free structure if there is an oncoming saturating wave in the 
case of varied rates of laser frequency scanning.

In Section 2, an experimental setup and the results 
obtained are described. Most of the features of spectra 
obtained in coated cells are explained in Section 3. A theo-
retical model describing the effect of the antirelaxation coat-
ing is presented in Section 4.

2. Experiment

2.1. Experimental setup

The spectra were recorded by using the tunable extended cav-
ity diode lasers (ECDLs) [12] adjusted to D1- or D2-line. 
D1-line was detected in the cylindrical cell with  antirelaxation 
coating of length 72 mm, and diameter 50 mm filled with cae-
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sium vapour. Characteristics of D2-line were recorded by 
using a shorter coated cell with the length of 51 mm and diam-
eter of 36 mm. For revealing the effect of the coating, refer-
ence spectra of caesium vapour were recorded in the cell with-
out antirelaxation coating.

The frequency of laser emission was scanned by applying 
a saw-like voltage across the piesoceramic element controlling 
the diffraction grating [12]. The modulation frequency varied 
from 0.1 to 100 Hz and the laser emission frequency variation 
was 1 – 5 GHz. This provided recording of the Doppler profile 
in time intervals from dozens of seconds to milliseconds at 
raising or falling the laser radiation frequency. The laser radi-
ation passed through an optical isolator, half-wavelength 
plate, and polariser (not shown in the scheme), which pro-
vided a control of the laser power. The linearly polarised 
emission having passed through a semi-transparent mirror 
M1 entered the optical system for Doppler-free spectroscopy 
(Fig. 1). In position 1, Doppler-free resonances were observed 
against the background of the Doppler profile at the ratio of 
pumping to probe beam intensities 3 : 1. Absorption of run-
ning wave radiation was detected in position 2.

2.2. Results for D1-line

In the spectrum of D1-line of Cs single hyperfine transitions can 
be studied because the lines of all the four transitions 6S1/2, Fg 
= 3, 4  ® 6P1/2, Fe = 3, 4 are resolved: at the Doppler line 
broadening of ~0.38 GHz, the interval between hyperfine sub-
levels for the ground state is 9.2 GHz and for the excited state 
it is 1.2 GHz (Fig. 2). In the experiment we chose the transition 
Fg = 3 ® Fe = 4, in which the nonlinearity due to the pumping 
to the other hyperfine sublevel Fg = 4 dominates, and redistri-
bution over magnetic sublevels has negligible influence.

The insertion in Fig. 2 shows transient characteristics of 
caesium cell transmission under a stepwise onset of the laser 
radiation of various intensities at the fixed frequency corre-
sponding to a centre of the transition 6S1/2, Fg = 3 ® 6P1/2, 
Fe = 4. The laser field was periodically switched on by a 
mechanical chopper. The front of the light pulse was at most 
0.1 ms, the time between the pulses was sufficient for com-
plete relaxation of atoms in the cell. The photodetector 
response time was less than 10 ms. In Fig. 2 one can see that 

the time needed to reach a steady-state transmission is longer 
than 10 ms and increases with decreasing laser radiation 
power. This time is much longer than the time needed for 
atom to flight across the beam, which equals to ~2 ´ 10–5 s.

The transmission coefficients for the probe wave and 
coated cell in position 1 are juxtaposed in Fig. 3 to those 
for the cell without a coating in position 2. One can see that 
in the case of coated cell 1) the minimal transmission coef-
ficient for the probe wave is observed earlier than in the 
cell without coating, 2) a Doppler-free resonance is 
detected with a high contrast despite the fact that the 
pumping selectivity with respect to atom longitudinal 
velocity is lost in collisions with the walls, and 3) the posi-
tion of the Doppler-free resonance corresponds to the min-
imum of the background profile of transmission coefficient 
in a cell without a coating.

The time dependences of the transmission coefficients 
for the coated cell in position 1 shown in Fig. 4 were 
recorded at raising and falling frequencies of the probe 
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Figure 1.  Experimental setup: (ECDL) extended cavity diode laser; 
(OI) optical isolator; (M1, M2, M5) semi-transparent mirrors; (M3, 
M4, M6) highly reflecting mirrors; (PD1, PD2) photodetectors.
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Figure 2.  Schematic diagram of levels and allowed transitions for D1- 
and D2-lines of Cs atom. Inset: time dependences of the cell transmis-
sion at the central frequency of the laser field at various radiation pow-
ers (the beam cross section is ~2 ´ 3 mm).
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Figure 3.  Time evolution of the transmission on the Fg = 3 ® Fe = 4 
transition of Cs atom for the coated cell in position 1 (upper curve) and 
for the uncoated cell in position 2 (bottom curve).
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field. The scanning rate was 30 MHz ms–1. A change of sign 
of frequency tuning corresponds to the vertical dashed 
line. In both cases one can clearly see the shift of the mini-
mum of the background transmission relative to the 
Doppler-free resonance and violation of the profile sym-
metry. The character of the distortion depends on time and 
not on the sign of frequency tuning. From the position of 
the Doppler-free resonance one can find the instant when 
the frequency of laser radiation corresponds to a maximum 
of the Maxwellian distribution of atoms over longitudinal 
velocity. Note that the saturating field not only forms a 
Doppler-free resonance but also substantially distorts the 
background profile because it is more intensive than the 
probe wave.

The shift of the Doppler-free resonance relative to the 
minimum of the Doppler-broadened transmission profile is 
observed in a wide range of frequency tuning rates (from 
~1 GHz ms–1 to ~1 MHz ms–1). Near the ends of this range 
the shift is negligible (Fig. 5). It takes a maximum value at the 
scanning rate of ~50 MHz ms–1.

2.3. Results for D2-line

Due to Doppler broadening, six hyperfine components of Cs 
D2-line 6S1/2, Fg = 3, 4 ® 6P3/2, Fe = 2, 3, 4, 5 (see Fig. 2) 
merge into two lines. Each of the lines corresponds to three 
hyperfine transitions two of which are cyclic in quantum 
number F. The specificity of transmission spectra caused by 
antirelaxation coating is more pronounced in the long-
wavelength group of transitions Fg = 4 ® Fe = 3, 4, 5 
(Fig.  6). The distortions of D1-line depends on the frequency 
scanning rate, whereas the situation with D2-line is quite dis-
tinct. The value of maximal absorption (minimal transmis-
sion in Fig. 6) in the total profile noticeably differs for dif-
ferent directions of frequency tuning. Under frequency 
reduction where the absorption on a cyclic transition starts 
first, a greater maximal absorption is reached. Note that all 
the Doppler-free resonances (three at eigenfrequencies and 
three crossovers) are allowed.

3. Discussion and qualitative explanation 
of the results

In atoms with a nonzero nucleus spin with a hyperfine (HF) 
structure of the ground state the nonlinearity in the interac-
tion of laser radiation with an ensemble of atoms may occur 
not only at noticeable population of the excited state with the 
lifetime of ~3 ´ 10–8 s, but also in the case where a large part 
of atoms is transferred to nonabsorbing hyperfine or mag-
netic sublevels of the ground state. In the second case, the 
relaxation time for the disturbance is at least the time of flight 
of atom across the laser beam (t0 » 10–5 s), and the nonlinear-
ity is revealed at the intensities two – three orders lower than 
in the case of two-level systems. In magnetometers or atomic 
clocks, a low-intensity radiation is used to avoid power 
broadening of metrological resonances. In the present work 
the intensities were smaller than 1 mW cm–2 but sufficient to 
produce the above-mentioned nonlinearity.

The internal state of the atom colliding with the wall of 
the coated cell remains constant at a high probability, whereas 
the projection of the velocity on the laser beam propagation 
direction changes. Thus, the effect of optical pumping is 
spread over the entire Maxwellian velocity distribution. As a 
result, nonlinear interaction of atoms with laser radiation is 
formed in the following two channels: one is caused by pump-
ing into the nonabsorbing state in a time of flight of atom 
through the laser beam, the other is related with a return of 
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Figure 4.  Transmission on the Fg = 3 ® Fe = 4 transition for D1-line of 
Cs atom for the cell with  coating in position 1 in the cases of raising and 
falling frequencies of the probe field. The pump radiation intensity is 
~1 mW cm–2.
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Figure 5.  Transmission on the Fg = 3 ® Fe = 4 transition for D1-line 
of Cs atom for the coated cell in position 1 under fast (~300 MHz ms–1) 
frequency scanning. The pump radiation intensity is ~1 mW cm–2.
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Figure 6.  Transmission spectrum for D2-line (transitions Fg = 4 ® Fe = 
3, 4, 5) for the coated cell in position 1 in the cases of raising and falling 
frequencies of the laser radiation. The pump radiation intensity is 
~1 mW cm–2.
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such atoms after a single or several collisions with the walls 
to the laser beam (i.e., to the interaction zone) in a character-
istic time tv. The probability of the return after a first collision 
is proportional to the ratio of natural to Doppler line width 
and to the ratio of beam cross section to the area of the base 
of the cylindrical cell. In the experiment, this value was not 
above 10–2.

For the second channel, there is an effect of atom accumu-
lation in the nonabsorbing state, which results in increasing 
the degree of nonlinearity during the time when the laser fre-
quency remains within the limits of Doppler-broadened line 
profile. If this time is longer than the time of attaining a sta-
tionary regime for the whole ensemble of atoms T = tg /
(1+Ptg) (where tg is the population relaxation time for hyper-
fine sublevels of the ground state, P is the rate of atom trans-
fer into the nonabsorbing state) then the absorption stops 
changing. This simple estimate is valid for moderate radiation 
intensities and pumping rates, because T cannot be shorter 
than the time of flight of atom across the laser beam. The 
dynamics of the pumping is analysed in more details in the 
next Section. Passing to a stationary level means that the dis-
tribution of population was established for the whole ensem-
ble of atoms over both volume and velocities. It is for this 
reason that the transient period of cell constant transmission 
(~0.01 s) recorded at a fixed probe radiation frequency and 
presented in Fig. 2 is much longer than the time of flight of 
atom across the laser beam (2 ´ 10–5 s), which determines the 
transient period of stationary absorption for cells without a 
coating.

In the frequency scanning regime, absorption in each 
point of Doppler profile (in each velocity group) is deter-
mined by the action of the field on other velocity groups of 
atoms in preceding instants. At certain rates of frequency tun-
ing (see below) the absorption due to the delayed action of 
pumping in the second channel depends on interaction pro-
cesses at preceding instants, which results in distortions of the 
line profile observed. Note that the change in frequency may 
be not only linear (in recording a spectrum) or harmonic (in 
forming the error signal for laser frequency stabilisation sys-
tem) but can stem from fluctuation.

In scanning the laser frequency within the Doppler profile 
at a rate of ~100 MHz ms–1 atoms are accumulated in the non-
absorbing state during the whole time needed to pass the 
Doppler-broadened line. At the stage where the laser frequency 
tunes from the line tail to its centre, the raising function of the 
atom distribution over the longitudinal velocity is multiplied by 
a decreasing function due to the total accumulation of nonab-
sorbing atoms. This is why the minimum transmission is 
attained prior to the moment when the laser frequency becomes 
equal to the central frequency of the Maxwellian distribution 
(see Fig. 3). For solitary, hence, symmetrical hyperfine compo-
nents of D1-line the effect is independent of the sign of fre-
quency tuning, which is confirmed in Fig. 4.

At a high scanning rate (Fig. 5), where the time of line 
scanning is noticeably shorter than T, the influence of the sec-
ond channel (the degree of pumping of the entire ensemble of 
atoms) is small even at the end of the scanning because the 
shift of the background transmission extremum relative to the 
undisturbed atomic frequency vanishes. The same situation 
occurs under a very slow frequency scanning (~g/Т = 
5 MHz ms–1 = 0.5 GHz s–1, where g is the natural line width) 
because the ensemble of atoms manages to approach the sta-
tionary state at each frequency value. Obviously, there exists 
the rate of tuning at which the shift of the transmission profile 

minimum relative to the centre of the Maxwellian distribution 
takes a maximum. The dependence shown in Fig. 3 corre-
sponds to this case.

Revert to the features of D2-line transmission, where all 
six HF components merge into two groups each comprising 
three HF components. The profile distortions due to the anti-
relaxation coating are more pronounced in the long-wave-
length group (Fg = 4 ® Fe = 3, 4, 5), for which the correspond-
ing experimental curves are presented in Fig. 6. As was men-
tioned the character of D2-line distortion noticeably differs 
from that for D1-line. The maximal absorption in the total 
profile depends on the sign of frequency tuning. As the laser 
radiation frequency approaches that of the transition Fg = 4 
® Fe = 3, 4, 5 from the long-wavelength side, open transitions 
first fall in resonance with the field. In the result, the transfer 
of atoms to the ‘dark’ HF sublevel Fg = 3 noticeably empties 
the level Fg = 4 up to the moment when the laser radiation 
frequency approaches the center of the most intensive HF 
componentFg = 4 ® Fe = 5 in the triplet. This is why the 
maximal absorption is noticeably weaker in this case than in 
scanning the line from the short-wavelength side where the 
first transition that fits resonance is the cyclic transition Fg = 
4 ® Fe = 5, which does not produce optical pumping and is 
most intensive. Note that in the result of the combined open 
and cyclic transitions other effects also exhibit specific fea-
tures. Thus, in early work [13] it was noted that just such a 
combination makes crossed resonances to dominate in the 
Doppler-free spectrum of the long-wavelength component of 
Cs D2-line; in [14] the same combination leads to a maximal 
amplitude of magneto-optical resonances.

An important item is possible observation of Doppler-free 
resonances caused by the nonlinearity due to the population 
redistribution (polarisation) of atoms induced by laser radia-
tion on sublevels of the ground state in coated cells. Indeed, in 
order a Doppler-free resonance to occur it is necessary that 
the nonlinearity due to an action of the pump wave was selec-
tive with respect to the atom velocity. However, in colliding 
with cell walls, atoms change the velocity while keeping the 
induced polarisation, which breaks the selectivity with respect 
to the longitudinal velocity and may affect the amplitude of 
the Doppler-free resonance.

The amplitude of a Doppler-free resonance is determined 
by the difference in absorption coefficients at the resonance 
frequency and around it (under the detuning of several g). In 
the resonance conditions, both pump channels lead to satura-
tion and reduction of absorption, whereas under frequency 
detuning only the second channel does, due to the return of 
atoms transferred to the nonabsorbing state after collisions 
with cell walls. However, it is clear that the degree of satura-
tion determined by the second channel is lower by at least  
wD /g times because the result of pumping during the time of 
flight of atoms  in the resonance group through the laser beam 
after collisions with walls is distributed over the whole ensem-
ble of the atoms possessing the Doppler width wD. Thus, 
Doppler-free resonances should be observed in coated cells as 
well with the contrast comparable to that for a cell without a 
coating, which was confirmed experimentally.

Note that in magnetometers developed for geology sur-
vey, the lasers with the generation linewidth of 50 – 100 MHz 
are employed. In addition, a running wave is detected in the 
magnetometers whereas a backward wave may only arise as a 
result of parasitic reflection from cell output window. 
Nevertheless, even in this case one can observe a Doppler-free 
resonance with a more complicated structure [15]. Appearance 
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of a narrow structure in the absorption profile may lead to 
excess noise due to the conversion of phase noise to amplitude.

4. Theoretical model

In analysing the results of experiments we will use a three-
level scheme presented in Fig. 7. The optical radiation of fre-
quency w = w31 + D, where w31 is the frequency of transition 
between levels 3 and 1, D is the laser frequency detuning from 
atom resonance frequency, interacts with the working transi-
tion of atom |1ñ ¬® |3ñ and is presented by the pump wave 
either running along (in the direction of z axis) or accompa-
nied by a weak (probe) oncoming wave. The Rabi frequencies 
of induced transitions corresponding to these waves satisfy 
the weak absorption conditions|W2| << |W1| << g, where the 
total width g = g1 + g2  of the upper level is the sum of partial 
constants of spontaneous decay in the channels |3ñ ® |1ñ, |2ñ.

The problem has several characteristic times. For simplic-
ity, we may neglect geometrical factors and assume that the 
interaction of atoms with the laser field occurs during the effi-
cient time t0 of particle flight across the laser beam. After the 
flight atoms collide with cell walls so that the velocity distri-
butions for each of the states |1ñ and |2ñ relax in the time tv to 
equilibrium values. The interaction with the laser field sub-
stantially depends on the longitudinal (along the beam axis) 
velocity uz º u, for which the equilibrium distribution func-
tion has the form

( ) expf 1

T
2

2

p
u

u u
u

= -
T

e o,

where uT is the thermal velocity. By the order of magnitude tv 
coincides with the average time needed for atom to reach the 
cell wall and characterises the time of atom return to the laser 
beam.

Without loss of generality one may assume that tv is sev-
eral times greater than t0. Collisions with walls equalise the 
populations of states |1ñ and |2ñ, i.e., lead to relaxation of 
inner states of atoms with a characteristic time tg.

In cells without a coating tg ~ tv and we may assume that 
at times greater than tv all the atoms coming into the interac-
tion zone have the equilibrium velocity distribution and equal 
populations of states |1ñ and |2ñ. Note that the energy interval 
between hyperfine sublevels of the ground state is noticeably 

less than the thermal energy and their populations are pro-
portional to the corresponding statistical weights. A small dif-
ference between the statistical weights for Fg = 3 and Fg = 4 
(7/16 and 9/16) is neglected in the model.

In coated cells, the change in inner state of atoms occurs 
due to a large number of collisions with walls so that tg >>  tv. 
Hence, at times t from the interval tv, t0 < t £ tg  atoms enter-
ing the laser beam have the equilibrium velocity distribution. 
However, the distributions integrated over velocity n1,2(t) of 
the states |1ñ and |2ñ relax, as will be shown below, to the 
resulting stationary state slower with the effective constant 
1/T which depends on both the interaction with the pump 
wave and times t0 and tv.

4.1. Relaxation of populations in coated cells

In the interaction with the pump wave in the time interval 
t0 £ t £ t0 + t0, evolution of the populations r11(u, t) and 
r22(u, t) of lower states of atom possessing velocity u is 
described by the following equations

( )k11 22 11r r u rG D=- =- -o o .	 (1)

The parameter

( )
( ) /

| |
k

k 4
2 2 2

1
2

u g
u g

G D
D

W
- =

- +
,	 (2) 

where D is a detuning from the resonance for atom possessing 
zero longitudinal velocity and ku is the Doppler frequency 
shift, presents the rate of transitions from the state |1ñ to non-
absorbing state |2ñ through intermediate state |3ñ under condi-
tions of weak saturation. As was mentioned, at the entry to 
light field at t = t0 the diagonal elements of the density matrix 
has the form:  r11(u, t0) = n1(t0) f (u)  and r22(u, t0) = n2(t0) f (u). 
Note that the total normalised populations n1 and n2 = 1 – n1 
may be considered constant during the interaction period t0. 
Taking the integral over the time t0 of flight we obtain the 
expressions

d r11 = – d r22 = – n1(t0) f (u){1 – exp[– G (D – ku)t0]},	 (3)

which describe the variations d r11,22 = r11,22(u, t0 + t0) – 
r11,22(u, t0) of velocity distribution functions in states |1ñ and 
|2ñ. These variations, obviously, have opposite signs. The fac-
tor in braces (3) describes local (in the longitudinal velocity) 
modification of the equilibrium distribution  f (u). The param-
eter N(D – ku) = G (D – ku)t0 in the exponent is the number of 
transits from state |1ñ to nonabsorbing state |2ñ in a time 
needed for atom to cross the laser field. If N(D – ku) ~ 1 then 
the relative variation of the distribution function for such 
velocities is on the order of unity.

At a next slower evolution stage, the velocity distributions 
locally (with respect to uz º u) deformed according to (3) in the 
result of collisions of atoms with walls relax in time intervals of 
approximately tv to the equilibrium distribution, thus changing 
the total populations n1 and n2 = 1 – n1. Recall that in a coated 
cell inner atomic states are conserved for a long time tg. Since 
the above mentioned variations are small and occur in a short, 
as compared to tg, time interval tv << tg we have

¶
¶ d
t
n

T
n1

v

1
11

1dt r u= =-y .	 (4)
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Figure 7.  Schematic diagram of levels and transitions in the theoretical 
model.
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( )expT k1 1 1
v

0t u tG D= - - -6 @ ,	 (5)

angular brackets denote integration over velocities with the 
equilibrium distribution á. . . .ñ º òduf (u). . . .

The main contribution to the integral is made by a small 
vicinity of resonance velocity ures = D /k, hence at |D| <<  kuT º 
wD the distribution function can be considered constant

( )f 1

T

,
p

u
u
.

Now (5) takes the form

( /2)T F Nv

D

t
w
g

= ,	 (6)

where the function

( ) [ ( ) ( )]e i i iF z z J z J zz
0 1p= -- 	 (7)

is expressed in terms of the Bessel function of the imaginary 
argument and the parameter z = N/2 = G (0)t0 /2 = 2g2t0(|W1|/g)2 
is determined by the optical pumping into the nonabsorbing 
state for the time needed for atom to cross the field. At raising 
z, for example, under increasing laser radiation intensity, the 
function F (z) monotonically increases: F (z) ~ z  at z << 1 
and F (z) ~ z  at z >>  1. This means that with an increase in 
the field intensity I ~ |W1| 2, time T falls first as 1/I and then as 
1/ I .

If the optical pumping during the time of flight is approx-
imately unity then

T ~ tv wD /g >>  tv,	 (8)       

that is, the relaxation time of the total population is greater 
than tv by a factor of wD /g >>  1. Appearance of this parameter 
is explained by the fact that the pumping deforms velocity 
distributions in states |1ñ and |2ñ only in a small (du ~ g/k) 
range of velocities. These deformations being distributed in a 
time tv over the velocity interval on the order of uT only result 
in a small variation of the total population: dn1/n1 ~ du/uT ~ 
g/wD << 1. A noticeable change in population occurs in the 
time longer by a factor of wD /g.

In order to describe the population evolution n1(t) in the 
time interval extending to t ~ tg it is necessary to introduce 
the term (n2 – n1)/tg to the right-hand side of Eqn (4), which is 
responsible for the slow process of levelling the populations n1 
and n2 = 1 – n1 with the characteristic time tg. The solution of 
the resulting equation with the initial condition n1(0) = 1/2 
has the form

( )
2 / 2(1 2 / )

expn t
T T T t1 1 1 2

g g g
1 t t t=

+
+

+
- +c m; E.	 (9)

For a cell with a coating, inequality tg >>  T holds. In this 
case at t >>  T the population reaches the stationary value 
n1 ~ T/tg << 1.

The considered features of parameter T are noticeably 
revealed in various optical characteristics of resonance gases 
in cells with antirelaxation coating.

4.2. The transient characteristic of absorption coefficient 
 for running wave

In the insertion of Fig. 2 one can see an experimental transient 
characteristic for the absorption coefficient of the cell under 

pulsed switching on of fixed-frequency radiation. The absorp-
tion coefficient k of the pump wave is proportional to the 
population of upper state |3ñ, averaged over time of flight of 
atom across the field. In the conditions of weak saturation, 
the element r33 of atomic matrix of density is related to r11 by 
the relationship r33 = (1/g 2)G (D – ku)r11. By averaging r11 
over the time of flight of atom using (1) and integrating over 
longitudinal velocity we obtain

( )
( )
1 [ ( ) ]

( )
expt

n t
k T

n t1 1 v

2 0

1
0

2 0

1+k g t u t g t
tG D- - - = .	 (10)

At a final stage of these transformations we used expression 
(5). The long-term evolution of the absorption coefficient is 
determined by the function n1(t), which is given by formula (9). 
The absorption coefficient reaches a stationary value in a time T, 
which can be estimated from formula (8). If we take tv ~ d/uT, 
where d is the transversal dimension of cell, then

T dkv D+ +g
t w

g .	 (11)

By substituting d = 5 cm and the parameters of D1,2-lines k » 
7 ´ 104 cm–1 and g » 3 ´ 107 s–1 we obtain Т ~ 10 ms. The 
stationary value of the absorption coefficient as follows from 
(9) and (10)

( )t T
g

v

2 0
& +k g t t

t 	 (12)

is proportional to a simple combination of three characteris-
tic times t0, tv, and tg.

The results obtained – a reduction of time T at growing 
radiation intensity, relationship (6), estimate (11) of its char-
acteristic value at N ~ 1, and independence of the value of 
stationary absorption on intensity – agree with the experi-
mental results (see insertion in Fig. 2).

4.3. Absorption of probe wave in scanning the laser radiation 
frequency

The counterpropagating probe and the pump waves vary lin-
early in time

( )t t
0

0
tD D

= ,	 (13)

where D0  is the frequency variation (for definiteness positive) 
for the time t0 of flight of atom across the laser beam. Thus, 
at D0 ~ g a Doppler-free resonance is detected in time t0. The 
time needed to record the whole Doppler profile is determined 
from the condition |D(t)| = wD, that is, |t| = tD º wDt0 /D0. At 
D0 ~ g we obtain tD ~ (t0 /tv)T < T, that is, for the total time 
of scanning the system is not saturated due to interaction 
with the pump wave. Further on, we assume D0 = g because 
this considerably simplifies explicit forms of analytical expres-
sions and by the order of magnitude corresponds to the rate 
of frequency variation in the experiment except for, obvi-
ously, the limiting cases of fast (presented in Fig. 5) or slow 
scanning.

When the field frequency is varied, the dependence of T 
on time is determined by the expression

( )
( )

exp arctan
T t

N t k
1

2
2v

2t
g

uD
= - -

-; E' 1 ,	 (14)

from which one can see that 1/T (t) is a monotonically decreas-
ing function of |t |. In the range |t | << tD it actually remains 
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constant, whereas at |t | > tD it exponentially decreases. If 
N ~1 then in the range |t| £ tD the characteristic value of T ~ 
tvwD /g coincides with estimate (8). Note that at |t | << tD and 
N << 1 formula (14) coincides with results (6), (7).

From (4) one can see that evolution of n1(t) in view of 
dependence T (t) is as follows:

3
( )

( )
exp dn t

T t2
1

1
0 t

t
= -

-
; Ey .	 (15)

For simplicity we assumed t £ T << tg. In the course of fre-
quency scanning the population n1(t) monotonically decreases 
from n1(– ¥) = 1/2 to

3
( )

( )
exp dn

T t
t

2
1

1
0

3 = -; Ey ,

where the integral in the exponent is equal by the order of 
magnitude to tD /T ~ t0 /tv < 1 so that there is no strong deple-
tion of the lower working level.

The absorption coefficient for a weak probe wave calcu-
lated by the perturbation theory is proportional to

2
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Here the integral over t presents averaging with respect to 
time of flight of the product of two terms: one related with the 
action of the probe field (W2) and second pertaining to the 
accumulating effect of interaction between the pump wave 
(W1) and atoms possessing a longitudinal velocity u. The pop-
ulation n1(t) weakly varies during the time of flight and is 
therefore considered constant in  averaging over t. Expression 
(16) describes evolution of the absorption coefficient in the 
whole range of frequency scanning. To analyse experimen-
tally observed specific features it suffices to consider the limit-
ing cases of large and small detunings |D(t)|.

In the range |D(t)| >>  ga, that is, far from the Doppler-free 
resonance formula (16) takes the form

2

( )
| |

( )
( )

expt n t
t

2
D

2
2

1 2

2

+ pk gw w
W D

-
D

= G.	 (17)

Note that function n1(t) in this expression is related to the 
action of the pump wave and substantially changes in the time 
interval on the order of frequency scanning duration. By dif-
ferentiating (17) with respect to t we obtain
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exp
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d
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2
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The expression in braces turns to zero at point t0 satisfying the 
condition

( )t T t
2
1 0D

0 0
0 2

1g
t w

=- ` j ,	 (19)

that is, the maximal absorption is attained earlier than the 
Doppler-free resonance is observed, which occurs at t = 0. 
This result, obviously, is independent of the sign of frequency 
tuning. If T ~ tv wD /g then  |t0| ~ (t0 /tv )tD, that is, the maxi-

mal absorption is realised within the time of scanning and 
|D(t0)| ~ t0 wD /tv >>  g. From (17) one can see that the shift of 
maximal absorption is caused by two competing factors: the 
decreasing population of the working level |1ñ due to optical 
pumping and increasing probability of absorption while 
approaching the centre of line. These results agree with the 
experimental data presented in Fig. 4. Note that at higher 
scanning rate D0 /t0, which we assumed equal to g/t0, the shift 
|t0| decreases proportionally to (t0 /D0)2. Hence, at sufficiently 
high scanning rate where the time of passing the line becomes 
noticeably less than T, the shift of the maximal absorption 
relative to the undisturbed atomic frequency actually van-
ishes, which agrees with the experimental curve presented in 
Fig. 5.

In describing the Doppler-free resonance we may consider 
the absorption coefficient (17) near t = 0 where |D(t)| << g. 
Assume, in addition, that N << 1. Then for k2(t) we obtain

2

( )
| |

( )
( )

t n
N t

2 0 1
D

2
2

1 2

2

+ pk gw g
W D

+= G,	 (20)

which means that the absorption coefficient has a local mini-
mum at the line centre, that is, at point t = 0, where the detun-
ing is D = 0. The local minimum at the centre of the absorp-
tion line just reveals the appearance of a Doppler-free reso-
nance.

Thus, the theory in this section well describes experimen-
tally observed features of the transient and spectral character-
istics of absorption in cells with a coating in scanning the fre-
quency of the laser field.

5. Conclusions

Specific features of laser radiation absorption in resonance 
lines of Cs atoms are studied in cells with  antirelaxation coat-
ing. It was established that high-contrast Doppler-free reso-
nances may be formed in such cells despite the loss of selectiv-
ity of optical pumping with respect to longitudinal velocity in 
collisions with walls. In the approximation of three-level the-
oretical model, most of observed effects were explained and a 
qualitative interpretation was made. A series of effects are 
beyond the framework of this article, those are connected 
with the optical pumping to nonabsorbing Zeeman sub-lev-
els, influence of circular polarisation, magnetic field orienta-
tion, and phase noise of laser radiation. These important 
effects are studied in the framework of developing an energy-
efficient laser magnetometer and will be described in a future 
publication.
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