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1. Introduction

When a 2-level atom is irradiated by a cuasi-resonant 1light beam, having a
frequency w_ close to the atomic frequency wp, its energy levels a and b are
shifted. Perturbation theory shows that the so called 1ight-shift ez of the
lower level a (which is equal te -ep) is proportional to the light-intensity
I and inversely proportional to the detuning w -wg, provided that this detu-
ning is not too small.

ca = = b~ /(g - wo) (1)

Light-shifts have been studied several years ago, before the advent of la-
sers, in optical pumping experiments using ordinary light sources [1][2]. B
checosing a convenient polarizaticn for the Tight beam, it was possible to
shift two Zeeman sublevels of the greound state by different amounts and to
detect this effect by a shift of the magnetic resonance curve between these
two sublevels. Bs a consecuence of the long relaxation times in the ground
state, this resonance curve is very narrow and light-shifts as small as one
hertz have been easily measured.

Mow, with laser sources, light-shifts have considerably increased, from a
few Hz to several GHz [3], and they can be observed directly on optical
transitions. Actually, they introduce a Timitaticn in the accuracy of high
resolution spectroscopic measurements and they have to be avoided or, at
least, carefully controlled.

On the cther hand, during the last few years, new physical effects using
light-shifts have been proposed and studied. For example, atomic beam de-
flection experiments using transverse dipole forces, and discussed in this
meeting [4], may be interpreted in terms of positicn-dependent Tight-shifts.
An intensity gradient I(v) of the laser beam introduces a ¥-dependent Tight-
shift e,(¥) of the ground state. When the detuning is large enough, e,(¥)
appears-as a potential energy for the atom,giving rise to dipole forces,
—vea(r) which can deflect an atomic beam.

In this paper, we discuss another effect using velocity-dependent Tight-
shifts for compensating the Doppler broadening of an optical transition. We
will briefly outline the principle of such a scheme which is analyzed in
more details in references [5] and [6] (see also [7]). Experimental evidence
for the narrowing mechanism has been obtained recently [E]. We present here
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additional experimental results obtained on 20Ne and which exhibit important
polarization effects. '

Let us finally mention that other mechanisms for producing velocity depen-
dent energy shifts, which could lead to a compensation of the Doppler broa-
dening, have been recently suggested. They use gquadratic Stark shifts in
crossed static electric and magnetic fields [9],0r motional interactions of
spins with static electric fields in polar crystals [ 10].

2. Discussion of the narrowing mechanism

Consider an atom moving, in the laboratory frame, with a velocity v towards
a laser beam with frequency w_ (Fig.1).
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Fig.l - Laser and emission frequencies in laboratory and atom rest frames.

The Tight-shifts induced by such a laser irradiation have to be evaluated
in the rest frame of the atom where the laser frequency is Doppler shifted
from w to @ = w_ (1 + ¥ ). The v-dependence of & (v) results in a v-
dependent de%uning i (v) - w, between the apparent Haser frequency o (v) and
the frequency wg of the transition a-b. It fcllows that the Tight-shift ¢,

of a which depends on this detuning is also v-dependent.

Suppose now that we observe, in the same direction as the laser, the light
spentaneously emitted from a third level ¢ to a by an atom excited in c (for
example by a discharge). The frequency w'y of transition a-c is completely
off-resonance with w_, so that level c is not perturbed by the laser. In the
rest frame, the emitted frequency is equal to w'p corrected by the light
shift ey(v) of a, i.e to w'g - g5(v). Coming back to the laboratory frame
introduces the well-known Doppler factor (1 - % ) since the atom is moving

away with a velocity v.

Now, the basic idea discussed in this paper is to try to achieve a compensa-
tion between the v-dependence of the light-shifted internal frequency

w'o - ea(v) and the v-dependence of the emission Doppler factor (1 - X ), in
order to have, in the laboratory frame, all atoms emitting at the sané fre-

guency in the forward direction.

Such a compensation condition is easily found to be
ga(V) = - w'g V/C (2)
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Befere describing how it can be achieved, Tet's first discuss scme important
characteristics of this new scheme.

First, the narrowing is not due to a population effect. e are locking at a
spontaneous emission signal which is independent of the pepulation of the
final state a and which originates from a level c which is not perturbed by
the laser. Levels a and b could even be empty. —

Second, there is no power broadening of the Dopnler free Tine. When the
compensation condition is fulfilled, all atoms emit at the same frequency.
The width of the line is just the homogeneous width y. These features clear-
ly distinguish this effect from cthers, such as fluorescence line narrowing
[11] [2] where the laser irradiation creates in the velecity distribution
of atoms a population hcle or a ponulation peak which is power broadened.

Finally, and this is perhaps the most interesting peint, this effect is
highly anisotropic. If one looks at the 1ight emitted not in the forward but
in the backward direction, the Doppler emission factor changes from (1 - ¥ )
to (1 +Y ). If the Doppler broadening is compensated for one direction

of emissfon, it is clearly doubled for the opposite one. Such a scheme
could therefore provide an atomic medium emitting with the homogeneous

width v in one direction and with twice the Dopplerwidtha in the opposite
one. Forward-backward asymmetries are well known effects in laser spectro-
scopy of 3-Tevel systems [12] but,here,such an asymmetry could be particu-
larly important because of the large difference between y and &.

3. How to get a 1ight-shift proportional to v ?

Two possibilities are represented on Fig.2. One of them (Fig.2a) considers a
2-Tevet system with freauency w, irradiated by two co-propagating laser
beams with frequencies wy + 6 and wy - 6. In the second scheme (Fig.2b),
which is simpler experimentally, we have a single laser beam wgy, which is
o-polarized and which excites a J = 0 to J = 1 transition in a static field,
so that the two Zeeman sublevels b, and b_, which are counled to the laser,
are detuned by +& and -8§ (& is the Zeeman splitting).
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For a v = 0 atom, we have in both cases two opposite detunings, so that the
two Tight-shifts produced by the two lasers in the first case, by the virtual
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excitation of the two Zeeman components in the second one, balance. It fol-
Tows that e4(v=0) = 0.

On the other hand, when v is different from zero, the Doppler shift of the
laser frequencies introduce uneaual detunings and, consequently, unbalanced
light-shifts. This shows that ea(v) is an odd function of v which depends on
the laser intensity I and on the detuning s.

From now on, we will consider only the second scheme (Fig.2b). The laser in-
tensity I being fixed (generally at its highest possible value), we have to
find if it is possible to adjust § so that the linear term in the expansion
of ea(v) coincides with - w'y v/c. We have also to understand the effect of
higher order terms (in v3, v% ...) and to determine under what conditions
they can be neglected.

4. Calculation of the compensation condition and of the emission spectra

It turns out that the Tight intensities reauired for achieving the compensa-
tion condition may be quite large.so that a non-nerturbative treatment of
the atom-laser coupling is necessary [ 13].

There are actually three relevant states of the atom-laser system which are
strongly coupled. Let |a, n> be the state corresponding to the atom in a

in presence of n laser photons. e take its unperturbed energy equal to 0

s¢ that the corresponding perturbed energy will represent the light-shift
€a- The atom in a can absorb one laser photon and jump into one of the two
Zeeman sublevels by or b_ of b, so that we have also to consider the states
|by, n-1> and | b, n-1>"with unperturbed energies respectively equal to §-u
and - 6- u where § is the Zeeman splitting and u = & - wy = wy v/c the de-
tuning of the laser with respect to wg in the rest frame, propertional to v.
The atom-laser coupling V is characterized by the matrix elements

<2, I"1| V|_Ig+, n-1- = wle (2)
where wy is a Rabi frequency ecual to the product of the atomic dipole by

the laser electric field. We suppose wj #> y so that we can neglect the dam-
ping processes in a first step and diagenalize the matrix

0 wfp wfy

“’1/2 &-u 0 (4)
w1/2 0 -8-u

The eigenvalues of (4) give the three perturbed energies versus u, i.e.
versus v (in particular, the light-shift of a is not just the sum of the two
light-shifts associated with the coupling to |b,, n-1> alone, and |b_, n-1>
alone, as it would be in a perturbative treatment). One gets in this way an
exact expression for the Tinear term (in v) of e3(v) Teading, for the compen-
sation condition (2), to the following exact relation

Lu12/(u112 + 262) = “"IO/“’D = 35 (5)
between w2 (proportional to the laser intensity), &, and w'y/ug.

The diagonalization of (4) gives also three perturbed states |i, n> (i=1,2,3),
which all contain admixtures of |a, n> , so that the emission spectrum c+ a
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is actually a triplet corresponding to the three transitions |c, n> +|1, n-.
These three lines have a simple physical interpretation in the nerturbat1ve
regime. le have first the Donpler free line correspending to the spontaneous
emission from ¢ to the Tight- shifted level a (Fig.3a), and then two Raman
sidebands corresponding te inverse Raman preocesses where the atom starting
from ¢ spontaneously emits cne photon and absorbs one laser nhoton to end
in sublevels by or b_ which are also light-shifted (Fig.3b).
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Fig. 3 - Perturbative interpretation of the three lines emitted from c

Because of the Maxwellian distribution of velocities, the diagonalization
of (4) must be done for a range of values of v corresponding to the Dopnler
width o of a - b.

If the light intensity is very large, so that
w) >> A (6)

we can neglect the curvature of the perturbed energy levels associated with
(4) when v varies within the Doppler width. In such a case, we have, when
condition (5) is fulfilled, a complete compensation of Doppler breadening :
all atoms emit the central line at the same frequency w'y. The theoretical
spectrum obtained in these conditions (Fig.4) exhibits a central narrcw
peak at w'y with the homogeneous width y. The compensation of Doppler brea-
dening does not occur for the two Naman sidebands which are located at a
distance * w /J__'and which remain Dopnler broadened. The weights of the
lines are respectively equal to s/2, 1+ -5, s/2. They are comparable, so that
the height of the narrow peak is much larger.

On the other hand, if
A >> ] >> v (7)

we cannotneglect the curvature of the energy levels versus v within the
Doppler width. In such a case, we have only a partial compensation of
Doppler broadening, occurring for the fraction of the velocity distribution
where the linear approximation is valid. The snontaneously emitted frequen-
cies are redistributed into a central symmetric narrow peak (which represents
the contribution of atoms having a 1light shift linear in v), and two sharn-
edged sidebands (see for exemnle the theoretical curve B = 42 G of Fig.5).
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If one increases the light intensity and, simultaneously, changes the Zeeman
splitting & in order to maintain ( 5), the height of the central neak would
increase without any broadening, whereas the two sidebands would move away
and become Doppler broadened.
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Fig.4 - Theoretical emission spectrum in the case of a complete compensation
of Doppler broadening.

5. Experimental results

The first experimental evidence for the compensation of Doppler broadening
by velocity-dependent Tight-shifts has been obtained on 20Ne atoms [8].

The three levels a, b, c are respectively the 1ls3, 2py and 2p,y levels
(Paschen notations). The output of a c.w. dye laser is tuned to the wave-
length 6163 A of the a - b transition and is focussed after a ¢ polarizer
inside a d.c. discharge cell containirg 1.5 torr of 20Ne and put in a static
magnetic field. The mn-polarized fluorescence which is emitted frem the m=0
sublevel of 2pqg, at 7439 R, is isolated by color and interference filters
and spectrally analyzed with a confocal Fabry-Perot interferometer. The la-
ser power was of the order of 150 ml and the waist w in the discharge cell
of the order of 400y, which leads to values of wy of the order of 200 'Hz,
small compared to a (a~1100 MHz), but large compared to y (y~30 Miz).

We are therefore in a regime of partial compensation of Doppler broade-
ning.

Fig. 5 shows, on the left part, the recorded emission spectral profiles for
increasing values of the static magnetic field. They are in good agreement
with the corresponding computed curves represented on the right part. In
zero magnetic field, we have actually a 2-level system since only a super-
position of by and b. is counled to the laser. We get the well known Autler-
Townes doublet [14] observed on the spontaneous emission from c. lhen the
magnetic field is increased, a narrow structure anpears in the center of

the spectrum, reaches a maximum around B = 42 G, and then broadens. For

B =42 G, w and & satisfy the compensation condition (5) and one gets the
Doppler free line discussed above with the two sharp-edged sidebands.
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More recently, we have studied other transitions of 20Ne (Fig.6) for which
the Zeeman structure appears now in the lower level a (1lsg) of the a - b
transition (1sq - 2p3) which is coupled to the laser. With this new energy
level scheme, it is now the upper state b which undergoes a light shift ey
linear in v, so that the compensation of Doppler broadening can be achieved
on the inverse Raman spontaneous line starting from c (2p1p, m =0), whereas
the two spontaneous transitions c -ajand ¢ - a. give rise to two sidebands

which remain Doppler broadened or sharp-edged.

b (2p3)
c {zplgs m:O)

\"

a, (154. m=+1)

a- (lsq, m=-1)

Fig.6 - Energy level scheme and spontaneous direct and Raman transitions
corresponding to the spectra of Fig.7.
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Note that we have now the possibility of choosing at the detection a o pola-
rization either parallel or perpendicular to the one of the laser beam. The
emission rate on the three lines |c, n> -1, n> 1is proportional to

|<i, n| #.D |c, n>|2 (% is the detection nolarization, D the atomic dipole
operator). The emission spectra are therefore different on these two polari-
zations.

Fig.7a shows the comparison between experimental [15] and theoretical spec-
tra when the detection polarization is parallel to the laser one. In zero
magnetic field, no structure appears. The reason is that this detection po-
larization connects ¢ to a Tinear superposition of a4+ and a- which is just
orthogonal to the one coupled to the laser. The central Doppler free line
appears,when the field increases,with a better contrast than on Fig.5. The
compensation condition corresponds to a field around 114 G [16] . The re-
sults obtained when the detection nolarization is orthogonal to the laser
one are represented on Fig.7b. The zero field spectrum exhibits now the
Autler-Townes doublet. But, for thispclarization, a perturbative treatment
shows that the inverse Raman process vanishes for v = 0, because of a des-
tructive interference between the two possible paths  via a, and a- (Fig.6)
This is why the height of the central narrow peak is now smaller than the
one of the two sidebands.
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Fig.7 - Experimental and emission spectral profiles on the 2piprlsy tran—

sition of 20le (laser excitation of the 2pz - Isy transition).
The o detection polarization is either parallel (a) or perpendi-
cular (b) to the laser one.
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6. Conclusion

In conclusion, we have proposed a net scheme for compensating the Doppler
broadening by velecity dependent light-shifts and we have obtained experi-
mental results giving good confidence in the theoretical analysis of such

a scheme.

Up to now, we have used moderate laser intensities (150 m'l) and moderate
focalisations (w = 400u). Commercial ring lasers can give now powers higher
by a factor 10, even still higher if one works inside the laser cavity. The
laser beam could be also focussed to smaller waistsif one uses a second
laser beam for probing the ¢ -a transition rather than a spontanecus emis-
sion signal. -

Consecuently, it does not seem hopeless tc obtain, even with c.w. lasers,
values of wy of the order of, or larger than a. In such a case, one could
achieve a nearly complete compensation of Doppler broadening leading to
forward-backward asymmetries as large as 10 or 100. This would open the
way to various interesting apnlications such as reduction of threshold in
laser media, ring lasers, directed Doppler free superradiance, Doppler free
coherent transients, non-reciprocal devices...
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