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Abstract

The reflection from a dielectric-atomic vapor interface displays resonance behavior in the vicinity of an atomic line (selective
reflection ). At normal incidence, a sub-Doppler structure arises which is due to the symmetry-breaking presence of the interface.
The optical saturation of the selective reflection signal for the cesium D, line is investigated and a different saturation behavior
for atoms leaving the surface and atoms moving toward the surface is found. The experimental results agree with reasonable
accuracy with the predictions derived from a three-level atomic model. The saturation effect may be important for the correct
interpretation of long-range atom-wall interaction and of collision-induced broadening measurements, for which selective re-

flection spectroscopy is particularly suitable.

1. Introduction

The diffuse scattering of resonance radiation (flu-
orescence) at a dielectric—vapor interface is accom-
panied by selective reflection (SR) [1]. The reflec-
tion originates in a thin vapor layer with a thickness
of the order of a reduced wavelength. This opens a
way to use SR spectroscopy for the study of the opti-
cal properties of the vapor boundary layer. At normal
incidence, a sub-Doppler structure is observed in SR
spectra [2]. This structure is due to symmetry break-
ing in the velocity distribution of optically polarized
atoms near the interface. In Ref. [3] a frequency-
modulation (FM) technique was proposed which al-
lows to eliminate the Doppler background in SR
spectra. Doppler-free FM SR spectroscopy has been
used for the measurement of the collision-induced
broadening and shift of atomic resonance lines [3-
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6], and for the investigation of long-range atom-wall
interactions [7,8].

A first investigation of nonlinear SR was per-
formed by Vartanjan [9], who studied the optical
saturation of single-beam SR for a dilute gas of two-
level atoms *'. At arbitrary incidence angle the non-
linear reflection from two-level atoms in single-beam
and pump-probe schemes was studied theoretically
in Refs. [9,10]. Nonlinear SR in cascade three-level
systems has been analyzed by Schuller et al. [12].

Saturation of SR resonances was first observed in
total reflection [13] and in near-normal incidence SR
experiments [14] by using a pump-probe scheme.
The two-beam scheme has also been used for the de-
tection of ground state population trapping [15] in
SR experiments. In the single-beam scheme optical

#1 Here a dilute gas means that the collision-induced broadening
of the atomic line is smaller than the Doppler width. For high
vapor pressures, when the thermal motion of the atoms is negli-
gible, the nonlinear effects in SR have been studied in Refs.
[18,19] and references therein.
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saturation of SR resonances has been first observed
in Ref. [16]. In Refs. [5,15] it was noted that at low
vapor pressure ground state optical pumping may
contribute to the saturation coefficient. Recently
nonlinear magnetic rotation due to a ground state
Zeeman coherence has been observed by Weis et al.
[17].

In this work we investigate the optical saturation
of selective reflection due to ground state optical
pumping. The experiment was performed on the ce-
sium D, line (894 nm), where different hyperfine
(hf) SR resonances are spectrally isolated due to a
large hyperfine splitting.

2. Theory. Noznear SR in the three-level atom
scheme

In this paper we study the reflection of monochro-
matic radiation from a transparent dielectric-atomic
vapor interface at normal incidence (Fig. 1) and use
the theoretical approach developed in Refs. [10-12].
We consider the case of three-level atoms with ground
state g, excited state e and non-absorbing state n (Fig.
2). A monochromatic optical field E(¢, z) excites only

transparent
dielectric
laser :
atomic
Doamn T i bor
to
detector

A
& N SR
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Fig. 1. Basic set-up for selective-reflection spectroscopy.

Fig. 2. Three-level atom with two ground states g, n and an ex-
cited state e. The incident light field is resonant with the g—e
transition, but not with the n—e transition. The ground state re-
laxation rate is I'.

the transition g—¢. An atom in the excited state e can
decay into ground state g and non-absorbing state n
with decay rates 4, and A4, respectively. 4= Ag+A4,
is the spontaneous decay rate of level e, while y is the
homogeneous (collisional and radiative) line width
of the g—e transition. Furthermore we introduce the
relaxation rate I' (I'<<y, A, A,), which characterizes
the decay of the n and g states.

A coordinate system is chosen with its origin at the
surface and with its z axis perpendicular to the sur-
face, such that the atoms moving towards the surface
have negative v, and the atoms leaving the surface
have positive v,. The optical field in the atomic va-
por, E(t, z) = Eo exp ( —iwt+1kz), induces an atomic
polarization p, which can be written as p(¢, z, v,) =
Nd,.p, (1, z,v;). Here N is the number density of at-
oms and d, is the electric dipole moment of the op-
tical transition g—e. The time and spatial depen-
dence of the incident electric field can be separated
from the density matrix element p, according to

/7+(t,z, vz)=exp(—ia)t+ikz) é+(za vz): (l)

where the off-diagonal reduced matrix element ¢ (2,
v,) is time independent. We assume complete decay
of all atoms at the surface (z=0). The optical polar-
ization of atoms with v, <0 can be described by a po-
sition-independent density matrix &, (v.<0) (steady
state regime ), while atoms with v,>0 are described
by a density matrix &, (z, v.>0) which depends on z
(non-local optical polarization) [10].

By considering the reduced density matrix element
¢4 (z, v,) together with its Laplace transform

& (0= [ exp(=p2) &z, 0) d, @)
0

it was found in Ref. [10] that SR is described in the
general case by the effective refraction index

TGt o ot (3)

which comprises a contribution from atoms with
v,<0,

0
4
T1=L§ZLNJ' W(v,) &, (v, <0) dv, (4)

and a contribution from atoms with v,> 0
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= ﬂggl_vj W(v,) (=2ik) &, (=2ik,v,>0) dv,,
0
0

(3)

where W(v,) is the normalized Maxwell velocity
distribution.

The relative change in the reflection coefficient due
to the presence of a dilute vapor (|7—1|<1) is
given by the expression

R—R, 4n,
=AR; +AR; = —
Ro ; z n%—l

AR= RC(T1+T2) )

(6)

where ny is the refraction index of the transparent di-
electric and Ry= | no—1|2/|no+1|? is the reflection
coefficient of a dielectric-vacuum interface.

By taking into account the relaxation rate I” of the
ground state the optical Bloch equations for the re-
duced density matrix £(v,, z) can be written in the
form:

0;08e/02= —ALee +12(E- ¢4 ) /2,

0,085/ 02 =+ Aglee —iR(E_ =&+ ) /2T (8 — &3p)
0:000/02= +An&ee —I'(&an—E2n) 5

0,08, /0z=— (y—10)&s +12(Cg— &) /2,
v,08/0z=— (y+i0)¢_ —i2(Lgg—Cee) /2,

éee+égg+€nn=la (7)
with
623=1/2’ égn=l/21 ége=0, (8)

where 6= w,— w—kv,=4—kv, and L is the Rabi fre-
quency defined as

Q=E,d,/2h . (9)

By using the Laplace transformation (2) and taking
into account the boundary condition (decay of at-
oms at the surface [10-12]), we can write

é+ (p’ vz)= (lg/4p) (r+vzp)(A+vzp) (y+vzp+16)
X{(IT+v,p)(A+v.p)[ (y+v,p)*+6°]
+Q%(y+v,p)(v.p+4,/2)} " . (10)

For very low intensity (linear reflection ) the arriving
~and departing atoms give the same contribution to
- the reflectivity:

0
nNdg, J‘ W(v,)
h o+iy

— Qo

Ty=T,=— dv, . (11)

Here we would like to note that for small detuning,
|wo—w| = |4| < 4p, (4p Doppler width ), from Egs.
(11) and (6) we find that the frequency derivative
of the SR coefficient takes the form

dR/dwocd/ (4*+y?) , (12)

with the dispersive lorentzian line shape. The spec-
tral interval between the maximum and the mini-
mum of the curve equals 2y. In Ref. [4] the FM tech-
nique was applied to carry out the frequency
derivation of the SR coefficient and the relation (12)
was used for the estimation of the cesium D, line self-
broadening coefficient.

In a two-level system (A4,=0, I'=0) we immedi-
ately obtain the same expression for the matrix ele-
ment &, asin Ref. [10].

The stationary value &, (v,<0), which is necessary
for the calculation of the term 77, is obtained from
the Laplace transform relation

f+(vz<0)=lir13pé+(p, v:<0). (13)

Therefore the value 7, is given by the expression

0

__ nNdg j W (v.) (d—iy)

Ty owg ¢ 1+ 6) (14)
where

G=(R2/2Iy)A4,/A4 (15)

is a saturation parameter typical of the nonlinearity
induced by optical pumping [17,20]. For atoms de-
parting from the surface (v,>0), the expression for
T,, which is given by Egs. (5) and (10), is more
complicated, but even without explicit calculation we
can predict that the contributions to the reflectivity
AR, and AR, can exhibit different nonlinear proper-
ties, for instance, the saturation intensities can differ.
We remind that SR originates in a very thin vapor
layer and atoms with »,> 0 do not spend enough time
in this volume for effective optical pumping. There-
fore the saturation intensity will be higher for AR,
than for AR,.
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3. Experimental arrangement

In our experiment the optical saturation of Dop-
pler-free SR resonances is studied by means of the
FM technique [4]. We record the SR FM signal of
the 6S,/,(F;=3)-6P, ,(F.=4) hyperfine transition
at different laser intensities 7. The set-up is presented
in Ref. [6]. The energy level diagram of the cesium
D, line is shown in Fig. 3. In the experiment a tuna-
ble single-mode titan-sapphire laser is used which is
frequency-locked to the resonance of a confocal ref-
erence cavity. The laser line width is less than 1 MHz.
We modulate the laser frequency with 1 kHz and the
FM-technique is used for the detection of Doppler-
free SR resonances.

The linearly polarized light is sent onto a reflection
glass cell which has a wedged window to avoid inter-
ference from the inner and outer surfaces. The cell is
heated to a variable temperature and the correspond-
ing atomic density N is calculated from the tempera-
ture of the coldest spot of the cell by means of the
Langmuir-Taylor relation. The estimated residual
Doppler broadening of the SR resonances due to
nonzero incidence angle and diffraction divergence
of the laser beam does not exceed 2 MHz. The laser
light intensity (beam diameter 6 mm) is varied with
calibrated neutral filters.

The light reflected from the glass—cesium vapor in-
terface is detected with a photodiode and a lock-in
amplifier. To obtain a frequency reference, we simul-
taneously record a saturation spectrum in a second
cesium cell at low pressure (p= 10~ Torr). For fre-
quency calibration we use two parallel probe beams
that are frequency shifted relative to each other by

F

6P 1.1 GHz ¢

9.2 GHz
3

Fig. 3. Level scheme of the cesium D, transition.

means of an acousto-optic modulator. Thus we ob-
tain two identical saturation resonances with g well
defined frequency spacing.

4. Experimental results and discussion

A typical Doppler-free SR resonance at very low
laser intensity (linear interaction regime) is pre-
sented in Fig. 4. The observed line shape is similar to
the dispersive Lorentzian line shape (12) in the cen-
tral region but it is slightly asymmetrical. The shape
of Doppler-free SR resonances has recently been in-
vestigated by Ducloy and Fichet in a theoretical work
[7] where they took into account surface-induced
long-range atom-surface interactions. They obtained
line shapes that can be characterized by the homoge-
neous width y and a dimensionless coupling constant
A, which represents the surface-induced shift in units
of the homogeneous line width. For our experimental
conditions with 2X 10> cm—3<N< 5% 10 cm—2 in
the linear interaction regime by comparison with the
calculated line shapes we estimate 4<0.05 [6]. The
difference between the full width of the observed
Doppler-free resonance, defined as the spectral inter-
val between the two extrema of the curve, and the
homogeneous fwhm 2y of the theoretical line shape
functions is less than 4%, which stays within the lim-
its of our measurement accuracy. For nonlinear re-
flection a theory which includes long-range atom-
surface interactions is yet to be developed. To inter-
pret the measured intensity dependence of the SR line
width we do not take into account the possible con-
tributions from long-range atom-surface interactions.

In Fig. 5 the square of the SR line width Avsg is
plotted against the incident intensity for two differ-

1.0

311l /\
7

-1.0 J_V

150 -100 -50 0 50 100 150

SR signal (a.u.)
o
o

detuning in MHz

Fig. 4. Typical FM SR spectrum recorded at N=2x 10> cm—>at
low laser intensity.
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squared line width [MHz2]

0
0.0 4.0 8.0
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Fig. 5. Square of the measured line width plotted against the in-
cident intensity. (O: N=2X 10" cm~3, @: N=5%10'3 cm~3).
Two regions at low and high intensity corresponding to two dif-
ferent saturation intensities can be distinguished.

Table 1

Saturation intensities I, and I for the low and high intensity re-
gions, respectively, as obtained from the experimental results by
fitting the expression Avdg = Av3 (1+1/1), k = 1,2.

N[10%cm~3] Apg[MHz] I,[mWcm=2] IL,[mW cm~2]

2 12.8 (0.1)
5 15.8 (0.1)

0.42 (0.04)
1.7 (0.8)

16.7 (0.1)
18.6 (0.1)

ent cesium densities N. It is not possible to fit all ex-
perimental curves with only one simple saturation
formula. Instead, we use the expressions

Avdg =Av: (1+1/1), i=1,2, (16)

where I, is a parameter for the low intensity region
(I<1mW /cm?) and I, is valid for higher laser inten-
sities I. The fitting parameters were calculated and
the results are presented in Table 1. The SR reso-
nance width 27Av, includes the natural line width
2Yna=A=271X%5.3 MHz, the collisional broadening
induced by a constant buffer gas 2y.=2nX4 MHz,
the residual Doppler broadening 27X 2 MHz and the
self-broadening 2yc,=kN=2n%0.75(11) 10~'* N
cm® MHz [6].

At low intensities the saturation value I, is typical
for ground state optical pumping, and at high inten-
sities 7, is typical of the optical saturation of cycling
transitions in alkaline atoms. The existence of two
distinct regions with different saturation intensities
in Fig. 4 can be explained by the difference in the sat-
uration behavior of atoms arriving onto the surface
(v,<0) and atoms departing from the surface
(v,>0). Complete quenching of the atomic dipole

“was found for collisions of cesium atoms with un-

coated glass surfaces [21]. At low intensity the arriv-
ing atoms are optically pumped since they spend some
time interacting with the light field before they reach
the layer adjoining the interface where they contrib-
ute to the reflected field. The departing atoms, on the
other hand, have no time for several optical cycles
before they leave the dielectric—-vapor boundary re-
gion and there is only the small saturation due to the
excited state population process. The saturation of the
SR signal in the low intensity region is governed by
the optical pumping of the arriving atoms and a cor-
respondingly small saturation intensity /;. At high
laser intensity most of the arriving atoms have al-
ready been pumped into the non-absorbing state be-
fore they reach the boundary region and only atoms
with v,> 0 give rise to the SR signal.

We compare our theoretical results and experi-
mental findings for the saturation intensity. For low
laser light intensity, the Rabi frequency £ is much
smaller than y or 4 and by using the relation (14) for
the arriving atoms (v.<0), the linear response (11)
for the departing atoms (2.>0) and the asymptotic
expressions for the derivatives, one arrives at an
expression for the Doppler-free FM SR resonance

dR Re(a(T,+T2)>

9 & Jw

oc( 4 + 4 ) (L)
A+ P @)=

with a saturation parameter
Q2 A uk

G=2_F}’7_I_s, (18)

where the light intensity is /=cE?/8x.
In the limit of small saturation, G < 1, the spectral
width of the SR resonance can be written as

A3 ~4y2(1+G/2) . (19)

By using a well-known relation for the absorption
cross-section at a hyperfine transition F,— F, [20,22]

dnwd’, 22 2J.+14

= = g, 2
agc(y) hc}’ 4ngF'Fe 2J8+1 y ( 0)
the saturation intensity can be expressed as

i A
JL = =/ 21)

O () 4 (
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In these formulae

- (2F+1)(2F’+1){F J 1}2

S 20+1 J F' 1 (22)
is the normalized relative intensity of the F— F’ hy-
perfine component and

A/A, = (8r.r, +8r.r,) / 8FeFy (23)

is the branching ratio [22].
The relaxation rate of the atomic ground states in
the general case is given by

F=Fcol+[‘im =Fcol+rtrans+ﬂong s (24)

where I, is collisional broadening relaxation rate and
Iine=Ttrans + I'ong 1s due to the finite interaction time
of the atoms with the laser beam. The relaxation rate
I, is governed by the escape rate from a cylinder of
absorption length /,,, and laser beam radius » [17].

The relaxation rate due to the transverse time of
flight is given by I'yans=vw/r [20], where vy, is the
average thermal atomic velocity.

To calculate the longitudinal interaction time we
need to know the effective longitudinal atomic veloc-
ity v and the absorption length /. On resonance
the optical field excites mainly atoms with average
velocity

Ver=(7/2)"*vn¥/4p (25)
with Doppler half-width 4p=w(In2)'/?(ksT In2/
Mmec?) V2,

The relaxation rate due to the longitudinal inter-
action time is given by the relation

Flong — Ueﬂ'/[abs = vcffage(AD)N > (26)
where
e (Ap) = Te(7) (7/2) %7/ 4p (27)

is the peak absorption cross section of the Doppler
broadened F,— F, transition.
Hence we can write

nong=(n/z)vlhage(y)(y/AD)z' (28)

Under our experimental conditions (average veloc-
ity v =2X% 10* cm/s, beam radius r=0.3 cm, cesium
density 2X 10'> cm~3*<N< 5% 10'3 cm—?), the con-
tribution from cesium-cesium spin-exchange colli-
sions [23] [eoi~27Xx 10~ N MHz cm~? is negligi-
ble compared to [iy,.

As a result we obtain a relation for the saturation
intensity

2
A 1 nf v
1 — T R — b
i hwv"‘An I:ray(y) + 2<AD) N]. (29)

By using the measured width y=2mn(Av,/2) from
Table 1 and the relative transition intensities g;4=
0.33, g44=0.23, the fitted parameter I, =2/ is calcu-
lated as 0.6 and 1.9 mW cm~2 for N=2%10"? and
5% 10'3 cm~3, respectively. These estimated satura-
tion intensities are in a good agreement with the ex-
perimental data observed at low laser intensity. The
saturation of atoms with v,>0 can be roughly esti-
mated from the effective interaction time Az. We re-
mind that SR is formed in a thin vapor layer of the
order of a reduced wavelength 1/27. On resonance
the interaction time is approximately

(30)

The saturation intensity for AR, is hence given by

it
Oge(?)

With the measured width y=27X 3 MHz we estimate
I,~10 mW cm~2, which is in qualitative agreement
with our fitting values for 7, at high laser intensities.
The results confirm the prediction that at low light
intensities the saturation of SR spectra is mainly as-
sociated with ground state optical pumping.

(31)

5. Conclusions

The earlier developed theory [9,10] of nonlinear
selective reflection for two-level atoms cannot ex-
plain the observed saturation behavior of the reflec-
tion from a dielectric-atomic vapor interface at low
and high laser intensity, as observed for cesium va-
por. In this paper we propose a straightforward the-
oretical model for the nonlinear reflection which takes
into account optical pumping effects in three-level
atomic systems.

The observed different saturation behavior at low

and high laser intensities can be explained by the dif-

ferent optical saturation of atoms moving onto the
glass surface and atoms moving away from the glass
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surface. Atom-wall collisions randomize the orien-
tation of the atomic polarization. Hence at low inten-
sity only the arriving atoms, which are in a steady state
of interaction with the light field, are saturated,
whereas at high intensity most of the arriving atoms
are pumped into the non-absorbing state and only the
departing atoms contribute to the reflectivity. We
have derived formulae for the saturation intensity as-
sociated with the optical pumping process in SR. By
using asymptotic relations for the SR resonance width
reasonable agreement between the theoretical predic-
tions and the experimental data has been achieved.

The results obtained here may be used to estimate
the optical saturation of SR in a near linear regime
which might be important for the correct interpreta-
tion of the collision-induced broadening and shift and
also of long-range atom-wall interaction measure-
ments [4-8]. Additional information could be ob-
tained by using an intensity modulation (IM) tech-
nique. In this case at low laser intensity the saturation
1s mainly due to optical pumping and it will be pos-
sible to observe only the contribution from atoms
moving onto the uncoated glass surface. The optical
saturation effect in SR could also be applied to the
study of the disorientation of atomic dipoles at coated
surfaces (silan or metal coating [24]).

For future studies a more detailed description of
the SR line shapes taking into account a theoretical
model of long-range atom-wall interactions will be
desirable. This interaction is responsible for the dis-
tortion and the frequency shift of SR resonances
[7,8].

Acknowledgements

We thank D. Bloch, M. Ducloy and F. Schuller for
" beneficial discussions. One of us (V.A.S.) acknowl-
~ edges the Alexander-von-Humboldt foundation for a
- research grant and the Max-Planck Institut fiir Quan-
‘tenoptik for the hospitality.

References

[1]1R.W. Wood, Phil. Mag. 18 (1909) 187.
[2]J.P. Woerdman and M.F.H. Schuurmans, Optics Comm. 14
(1975) 248.
[3] M.F.H. Schuurmans, J. Phys. (Paris) 37 (1975) 469.
[4] A.M. Akulshin, V.L. Velichanskii, A.S. Zibrov, V.V. Nikitin,
V.A. Sautenkov, E.K. Yurkin and N.V. Senkov, JETP Lett.
36 (1982) 303.
[S]A.M. Akulshin, A.A. Celikov, V.A. Sautenkov, T.A.
Vartanjan and V.L. Velichanskii, Optics Comm. 85 (1991)
215
[6]V. Vuletic, V.A. Sautenkov, C. Zimmermann and T.W.
Hinsch, Optics Comm. 99 (1993) 185.
[7]1 M. Ducloy and M. Fichet, J. Phys. II (Paris) 1 (1991) 1429.
[8] M. Chevrollier, M. Fichet, M. Oria, G. Rahmat, D. Bloch
and M. Ducloy, J. Phys. IT (Paris) 2 (1992) 631.
[9] T.A. Vartanjan, JETP 61 (1985) 674.
[10] G. Nienhuis, F. Schuller and M. Ducloy, Phys. Rev. A 38
(1988) 5197.
[11]F. Schuller, G. Nienhuis and M. Ducloy, Phys. Rev. A 43
(1991) 443.
[12] F. Schuller, O. Gorceix, and M. Ducloy, Phys. Rev. A 47
(1993) 519.
[13] P. Simoneau, S. le Boiteaux, C.B. de Araujo, D. Bloch, J.R.R.
Leite and M. Ducloy, Optics Comm. 59 (1986) 103.
[14]S. le Boiteaux, P. Simoneau, D. Bloch and M. Ducloy, J.
Phys. B 20 (1987) 149.
[15] V.L. Velichanskii, R.G. Gamidov, G.T. Pack and V.A.
Sautenkov, JETP Lett. 52 (1990) 136.
[16] V.A. Sautenkov, A.M. Akulshin and V.L. Velichanskii, J.
Appl. Spectr. (USSR) 50 (1989) 189.
[17] A. Weis, V.A. Sautenkov and T.W. Hinsch, Phys. Rev. A 45
(1992) 7991.
[18]R. Friedberg, S.R. Hartmann and J.T. Manassah, Phys. Rev.
A 42 (1990) 5573.
[19]J.J. Maki, M.S. Malcuit, J.E. Sipe and R.W. Boyd, Phys.
Rev. Lett. 67 (1991) 973.
[20] P.G. Pappas, M.M. Burns, D.D. Hischelwood, M.S. Feld
and D.E. Murnick, Phys. Rev. A 21 (1980) 1955.
[21] H.M. Goldenberg, D. Kleppner and N. Ramsey, Phys. Rev.
123 (1961) 530.
[22]LI. Sobelman, Atomic spectra and radiative transitions
(Springer, Berlin, 1979).
[23] N.D. Bhaskar, J. Pietras, J. Camparo, W. Happer and J.
Liran, Phys. Rev. Lett. 44 (1980) 930.
[24] M. Tanaka, T. Oshima, K. Karoti, M. Fujiwara, T. Itahashi,
H. Ogata and M. Kondo, Phys. Rev. A 41 (1990) 1496.




