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1. Doppler broadening of resonances imposes a number of fundamental limitations
on the selectivity of the interaction of electromagnetic radiation with atomic and molecu-
lar systems. Methods of two-photon excitation in counterpropagating waves are widely
used to eliminate the inhomogeneous broadening of two-photon transitions. However,
these methods are applicable only in the case of stepped configurations of the transitions
and equal frequencies of the interacting waves. Appreciable departures from the interme-
diate resonances will substantially reduce the two-photon interaction cross sections. For
overcoming these limitations, methods based on the use of strong fields and the change in
the frequency-correlation properties of multiphoton processes in strong resonance fields
were proposed in Ref. 2 and in subsequent publicaffonk.was shown that inhomoge-
neous broadening can be eliminated and sub-Doppler resonances can be realized even for
transition configurations of the Raman-scattering type. In this case, resonance interaction
with all atoms simultaneously, irrespective of their velocities, is possible. Methods of
inducing sub-Doppler spectral structures in strong laser fields have been attracting in-
creasing attention in recent years in the context of using quantum coherence effects to
manipulate the optical properties of atoms and molecules in order to form large cross
sections for nonlinear optical processes, spectral windows of transmission and amplifi-
cation without population inversion, large dispersion of materials and effective popula-
tion of high-lying levels(Refs. 10—12 and references cited therein the present letter
we propose new ways of compensating the Doppler broadening and of capturing atoms
into resonance over a wide interval of velocities on account of coherence and strong-field
effects. The results are illustrated by numerical examples for one of the transition
schemes.

2. The main idea consists of the following. Let an atom interact with one strong field
E, at a frequencyw, close to the transition frequeney,; (Fig. 1, whereE;=0). On
account of induced transitions between the resonance states, their probability amplitudes
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FIG. 1. Transition scheme for eliminating Doppler broadening and capture of atoms into resonance over a wide
interval of velocities.

are modulated; for a high frequency of the induced transitions this modulation is mani-
fested, for probe radiation at an adjacent transition, as a splitting of the common level
into two quasilevels. Resonance detunings for weak probe radi€tighw,;— w4 cor-
respond to the valués®®

1
0= — o 7= — 5{0, % /4|G*+ 03}, (1)

whereQ,=w,— w,,, andG,=E,d /2% is the Rabi frequency. Hence it follows that
the correlation factors of the frequencies and w, at the corresponding resonances are
determined by the expression

M _dalyz_ 1 1+ Q2 (2)
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so thatM;+M,=1 always. In weak fields|G;5°<0Q32) one hasQ{’=-Q, and
Q(12)= 0, while the correlation factors assume the valvbs=1 andM =0, correspond-

ing to two-photon and step processes. In strong figl@s 42> Q3) the correlation fac-
torsM,; andM, become equal, with a value of 1/2, i.e., they do not correspond to either
single- or two-photon processes.

For atoms moving with velocity all the detunings, on account of the Doppler shift,
must be replaced b§); ,=, ,— Ky ,-v, wherek, , are the wave vectors of the corre-
sponding radiation. With the aid of Eq(1), from the condition Q1*—k;-v
=—a; Q) for |Q,|>|k,-v| we obtain, to first order itk,- v/,

Q&l'z)_kl'V: — (a1~ My Ky-v). )

In weak fields [G;,?<Q3) we obtain from Eq(3) the well-known condition for two-
photon resonance to occur for all atoms simultaneougly: —k, (w,=w,). For transi-
tion configurations of the Raman-scattering type the condit®rbecomes

Q2 —ky-v= ay,— My Ky v (4)
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In strong fields, sincé, , differ substantially from 1, the conditior{8) and(4) can
also be satisfied fok;#k,. Therefore, with the correct choice of the intensity of the
strong radiation the field-induced level shifts, which in turn depend on the velocities, can
compensate the Doppler shifts and result in capture of the atoms into resonance over the
entire velocity interval, even forw;# w,, i.e., even at Raman-scattering type
transitions>>°

3. We shall now present the results of an investigation of new possibilities for
manipulating sub-Doppler resonances with the aid of additional strong fields for different
types of nonlinear optical resonance processes. For definiteness, we shall consider the
nonlinear optical process shown in Fig. 1. For greater clarity, we shall consider the case
where the radiation field at the 01 transition is so weak that the change in the populations
of the levels can be neglected. Then the formula for the probability of absorptibe of
photons per unit time can be represented in the f@gee Ref. 13, Eq$24) and (26))

|Goil? 1
Po1 1+(Gy)?/PyPod 1+|G2d % PooPoal )

w(Qq)=2 Re| 5)

where
Gu=E1do/2fi, Go3=E3dyd2%,
Por=Lorti(Q1—kyV),  Pop=Loati[Q1+Qs—(ky+ky) V],
Poiz=Tozti(Q1+ Qo+ Q3—Ksv), ke=k;+ks+Kks,

andI'j; are the homogeneous half-widths of the corresponding transitions.
Reducing this expression to a common denominator, we obtain

PoaPost|Gadl®
w(y)=2 R€| Gol?——=—— (6)
|301':)02':)03
wherePy, describes a two-photon resonance modified by strong fields:
= G1d® | [Gad?
Poo=Pgo+ —_—. 7
00=Port 5 —+ 5 U

Assuming that the detuning of the fields from single-photon resonances is much
greater than not only the homogeneous but also the Doppler widths of the transitions, and
taking the Doppler shifts into account in E@) in the first nonvanishing approximation,
we obtain

Boo=Tort 18op—i | 14192 | bge — 188y L, ®)
02 02 02 Qi 1 2 (Ql+92+93)2 s ’
wherefzoz and1~“02 have the form
~ Gig? G,y?
Qozzﬂl"'ﬂz_ | 12| | 23| (9)
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FIG. 2. Probe-field absorption resonances: @uav— sub-Doppler resonance in a strong field(E;=0),

b — the same, if the conditions for eliminating Doppler broadening are not satisfiedcompensation of the
residual Doppler broadening by means of a strong #&JdAll curves are normalized to the value of the linear
absorption at the center of the Doppler-broadened single-photon resonance.

= G1d? G2g?
Igo=Tgot ot .
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Formula(8) demonstrates the possibility of obtaining a narrowed two-photon resonance
in absorption of the probe field in the presence of two strong fields with different ratios

of the wave vectors of the interacting radiations, even if the conditions for compensation
of the Doppler broadening at the transition 02 in the absence of the Higldre not
satisfied. The effects under discussion are a consequence of atomic coherence excited by
the strong fields at the interacting transitions.

We shall illustrate the main results in a numerical model of the transitions of the Li
atom with the following parameters: \y;=670.784 nm, X\;,=610.364 nm,
N23=1091.91 nm,I"3;=2.85 MHz, I"1,=8.35 MHz, I',3=6.30 MHz, and the Doppler
half-widths are, respectivelyAw;p=1.362 GHz, Aw,p=1.497 GHz, andAwgzp
=0.837 GHz. The homogeneous half-width of the two-photon transition is
FOZI 5.5 MHz.

4. Let us consider first the case where the figldis switched off. Let the detuning
of the fieldE, from resonance be much greater than the Doppler width of the transition
12, and let the intensity correspond to the conditiqe- M 1k,, whereM is the corre-
lation factor(2). For the present numerical model with detuning=6.68 GHz the Rabi
frequency required to eliminate its broadenindsis,= 2.32 GHz. The half-width of the
narrowed “quasi-two-photon” resonance in the field of the counterpropagating waves of
different frequency is equal to approximately 10 MHz, while the position of the reso-
nance is shifted relative to that of the resonance in weak figds 2, curve & The
resonance detuning of the probe field in this case is determined bl Efpr Q(ll).

For transitions with frequencies differing by almost a factor ofe? f/ w,,=0.5),
the quantityG,, required to obtain a narrow resonance increases to 10—-100 GHz, which
corresponds to a light field with intensity of the order of 10 MWcm



1022 JETP Lett., Vol. 67, No. 12, 25 June 1998 A. S. Baev and A. K. Popov

04 1 1 ] t ]
=56 =54 -5.2 -5.0 -48 ~46

2, /A Wy

FIG. 3. Probe-field absorption resonances in the presence of another weak counterpropagating wave with
different frequencyw,: Curve a — Doppler-broadened two-photon resonance in the absence of th& fjeld

b — compensation of Doppler broadening by means of a strongHigl@he curves are normalized to the value

of the linear absorption at the center of the Doppler-broadened single-photon resonance.

If the intensity of the strong fiel&, is less than optimal®,,=1.16 GHz), then the
condition for obtaining a Doppler-free resonance is not satisfied, and the height of the
peak decreases while the width increadélg. 2, curve . Switching on an additional
strong fieldE5 propagating in a direction opposite to the shortest-wavelength radiation
E, makes it possible to reduce once again the width of the resonance to a mirigum
(9)) and to increase the absorption cross sectiondfpmphotons(Fig. 2, curve ¢ The
required values ar&,;=2.15 GHz and(};=—5.04 GHz.

5. Let us examine one more variant of sub-Doppler spectroscopy, where the inten-
sity of the counterpropagating wavis andE, is low, while their frequencies are chosen
to be different so as to approach an intermediate resonance with level 1. In this case, the
absorption cross section grows approximately by 6 orders of magnitude, but the condition
for compensation of Doppler broadening at the transition 02 is not satisfied, and the
two-photon absorption linewidth cannot be narrower thp-k,|v (v is the thermal
velocity). When an additional strong field of frequeney, propagating in the opposite
direction to the waveE,, is switched on, it becomes possiblEg. (8)) to obtain a
narrowed line having a linewidth comparable to the minimum possible two-photon ab-
sorption linewidth in weak field§i.e., whenk,;= —k,) (Fig. 3. The illustrations corre-
spond to the same transitions in Li witG,,=8.35 MHz and(},=6.68 GHz (k,
—k;)/k,;~0.1). Curve a corresponds E;=0; curve b corresponds to the same condi-
tions but in the presence of a strong fiéld with G,3=0.45 GHz and1;=0.94 GHz,
propagating in the same direction as the wi&ye

6. In conclusion, we note that the possibilities examined above can be easily ex-
tended to transition schemes of the Raman-scattering type as well as to schemes where all
three fields interact with a common intermediate level.

When the difference of the frequencies of the fields interacting with adjacent tran-
sitions is large, compensation of the Doppler broadening requires high intensities of the
additional radiation. As the intensity of the radiation increases, the Doppler-free reso-
nance undergoes field-induced broadening. However, this conflict can be overcome, since
the magnitude of the field-induced broadening is proportional to the product of the in-
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tensities of the interacting radiation, while elimination of Doppler broadening can be
accomplished by increasing the intensity of only one of the fields.
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