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Introduction:
In works [1, 2] a new approach to the creation of miniature optical guantum frequency standards was proposed and investigated. To obtain a reference resonance in these works, colliding bichromatic laser beams with orthogonal linear
polarizations are used. It was shown in [2] that, in such a configuration, it is possible to observe sub-Doppler resonances with a high contrast. Numerical simulations of these resonances were carried out in [3, 1]. In this work we
present some analytical results that provide a deeper understanding of the physics of the observed effects.
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Coherent population trapping (CPT):

Here, we use a simplified spectroscopic model based on a
three-level A-scheme. The scheme is shown in figure 1. A-
scheme interacts with a dual-frequency laser field composed of
two counter-propagating, linearly polarized plane waves.
Expression for the light field with two frequency components

w1 and w, :
E(z,t) = By (e~i@it-laz) 4 g=ilnt=lp2)) |

Ez(e—i(w1t+klz+cp1+<p) + e—i(w2t+k2z—cp+<p2)) + C.C.

The angle o is the mutual angle between linear polarizations of
counterpropagating waves. The angles ¢, , Is the spatial phase

shifts.

The field E; pumps atoms with velocity -v into the non-
coupled (dark) state INC1) while the field E, pumps those of

velocity +v into the non-coupled state INC2) :

|NC1) — iz( |1) — plwipt+ ik122|2) ), |NC2) — iz( |1) — eiw12t—i(k1zz+¢12—2€0)|2) )
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Now, we consider the situation where the fields E, and E, start to interact with the same atoms. There are two

main cases in this configuration:

(1) INC,) and INC.,) interfere destructively, i.e. (NC,INC,) = 0;
(2) the ‘competition’ between [NC,) and INC,) does not destroy the CPT effect, (NC,INC,) = 1.
In the first case, atoms start to absorb intensively and scatter energy from the light field since they are no

longer in the dark state.

Linear approximation in the test field:
In this case, we consider the dependence of the
absorption coefficient on the frequency detuning. The
expression for the absorption coefficient will take the

form:
ArtkNd?y

“T ()/2 + (5 +x)2)h

Averaging over the velocities of the thermal motion of
atoms, we obtain the curve shown iIn Fig. 2. The
absorption coefficient can be represented as the sum of
the Doppler and sub-Doppler parts: a = apopprer +
asub-poppler- FIQUre 3 shows the graphs for each
contribution and the dependence on the total 8 phase.

d? .
(,011 — ,033) + 47'[ka Re (L(+)*el9p21(+))

NG

Fig. 1 A — scheme of atomic energy levels. Solid vertical arrows
denote transitions induced by the light-wave components with
vectors K, ,, , while dashed vertical arrows are attributed to the

waves with - K, ,. Wavy black arrows denote spontaneous decay

processes. y — is relaxation rate, 5 — is the openness coefficient.

Math model:
Equation for one-atom density matrix in the Wigner representation:
dp ic oA
i —%[HO +V,p |+ R{p}

The Hamiltonian H, of a free atom in the basis of eigenfunctions:

QU

3
A, = z £ nyn|, V=—F
n=1

The system of equations for the density matrix in the case of a linear approximation in the test field. :

p11 O ( T+ 2 yeg 51(_)) — 33O (¥ B+ 2veg 51(_)) +p21 M R L 4 p, O RELO) =

P22 (T + 2 yeq $17) = p3@(y B +2 Yeg $17) + p21 PRZLE + py, DR =

(P11 9 + 022 ) + p330(r+2y (1 -p)) =T,
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P11 OLOR? + p,, QLR — p  OR2( L) 4 [O)) 4 p,, ) ([' +R2(LO) + L(—))) =0,
p11 @ LO R2 4 p,, @ O R2— p O R2 ([ 41O ) 4 p,, (D) ([' +R? (L) 4L )) — 0.

Population of the excited level in the approach of a standing wave:
Zyeg T(Sl(_) + Sz (+))
_|_
14+ 2yt

P33 =

(ZyegT)Z
(1 + 2y7)?

2

—(2¥eg7) (e () =i

7R S S — i(0+2kq52)
e< 14 2yt 1 2 ¢

<(51(‘)2 + 52(”2) 4+2y 72— B) + 5,75, (6 + 4y t(1 — ,B))) +

S,gi) = R,%/(yeg2+ (6 + kv)?) — saturation parameters, L) = 1/(Yeg + (6 + kv)) — complex Lorentzian, R = Ed/h — Rabi
frequencies, & — one photon detuning, y., = ¥ + I' - relaxation rate of optical coherences with I' the time-of-flight relaxation rate

attributed to the finite time of atom—field coherent interaction, 7 =11, 8 = @1 — @, — 2¢.

Results:
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Fig. 2 Dependence of the absorption coefficient on the frequency detuning 9§,
R=0.5y, 8 = 1y, ' = 1072y, kv, = 100y
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Fig. 3 Doppler (left) and sub-Doppler (right) contributions.

Standing wave mode (Interaction of two weak counterpropagating waves):

In this case, we consider the dependence of the population of the excited level on
the frequency detuning. After averaging over the velocities of the thermal motion, the
expression for the population of the excited level can be represented as the sum of
the linear and non-linear parts. The non-linear part can be thought of as the sum of
several different non-linear effects: p "ot =g o 4 Sepr + Seescaturation T

S CPT interference"

ScpT ._ SCPTinterference ,_ 1t2YT __ z]/T
S VT

Sself—saturation Sres.saturation 3

It can be seen from the presented ratio of the quantities that the CPT effect prevails
over the effect from the saturated absorption resonance. If the cos(6 + 2k ,z) = —1
contributions from CPT and SAR have opposite values: SAR always leads to a dip.
Since the value of the CPT contribution is larger, in this case a contrast absorption
peak is formed in the center of the resonance curve, rather than a dip.
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Fig. 4 Dependence of the

population of the excited level on
the frequency detuning 6. R = 0.05
v, B =1y, = 107%y,x, = 100y



