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Abstract

Selective reflection (SR) of light from a cesium vapor - sapphire interface close to the D2 resonance

line has been studied by use of a sapphire window with highly parallel surfaces. Temperature-tuning

of the Fabry-Perot behaviour of the window [Jahieret al., Appl. Phys. B71, 561 (2000)], resulting in

a change of 0.5 to 26 % of the window reflection coefficient, dramatically affects both the magnitude

and lineshape of the SR resonant atomic signal. For nearly zero window reflection, the case of par-

ticular interest, the absorptive properties of the atomic medium govern the signal shape, as opposed to

the usual dispersive ones in the ”ordinary” SR. This is a manifestation of homodyne detection of the

radiated atomic field. The numerical simulation based on a model, which accounts for all the processes

involved, shows a good agreement with the experimental spectra. Possible applications for laser and

atomic spectroscopy, in particular tunable locking of laser frequency, are discussed.

PACS numbers: 39.30.+w:Spectroscopic techniques; 42.25.Gy:Edge and boundary effects; reflec-

tion and refraction; 32.70.Jz:Line shapes, widths, and shifts; 42.25.Hz:Interference

1 Introduction

The selective reflection (SR) technique [1, 2, 3, 4] is known to be a powerful tool for a number of applica-

tions in atomic spectroscopy and laser physics. Being free of complications imposed by propagation and

inhomogeneous broadening effects, SR allows one to study the response of a thin atomic vapor layer (the

thickness is of the order of the wavelength, or less) behind the entrance window of an optical cell, over a

wide range of atomic vapor densities fromNat
∼= 1012 cm−3 to∼=1019 cm−3 [5]. Among the applications of

SR spectroscopy are: determination of homogeneous broadening, in particular collisional self-broadening
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and shift of atomic resonance lines [6, 7]; study of the van der Waals interaction of atoms with dielectric

surfaces [8]; study of coherent and magneto-optical processes [9, 10, 11]; locking a diode laser frequency

to atomic resonance lines [12, 13],etc.

In most cases, the optical response in selective reflection is associated with dispersive properties of

the atomic vapor. Theoretical descriptions of lineshapes encountered in SR spectroscopy under various

conditions and/or approximations have been given by several authors [4, 14, 15, 16]. Nevertheless, there

are a few publications where more complex vapor-dielectricinterfaces have been studied, namely with an

intermediate thin metallic layer [17] or an internal dielectric coating [18]. In those cases, the signal mixes

absorptive and dispersive components of the effective resonant susceptibility, and one can derive conditions

under which the lineshape depends only on the imaginary partof the vapor admittance at the boundary.

In [19], a cell with highly parallel sapphire windows has been shown to allow temperature tuning of the

reflection losses at the windows, which range from 26 % per window down to nearly zero, depending on the

window temperature, and hence on the interference order of the Fabry-Perot etalon behavior of the window.

In the present paper we report on the first observation of the selective reflection obtained with a temperature-

tunable cell containing an atomic cesium vapor, along with atheoretical model, which describes experimen-

tal spectra and their temperature dependence. We study how the lineshape of the reflected signal changes

with the window temperature and ask whether it is possible todistinguish in this signal absorptive and

dispersive contributions of the atomic vapor response. Besides scientific interest, this question is of partic-

ular relevance for the practical implementation of (frequency-tunable) locking of laser frequency to atomic

resonance lines.

2 Experimental, measurements and results

We used an 80 mm-long sealed-off alumina cell, with a 10 mm inner diameter, closed byd = 0.5 mm

thickness sapphire windows with a crystalline orientation(0001) to better than 15 arc minutes1. Both the

tilt angle between the two surfaces of the windows (<10 µrad) and the surface roughness (<λ/10) meet

requirements for temperature-tunable windows listed in [19]. The cell was placed in a two-section oven,

which allowed us to control and stabilize (to better than± 0.5 ◦C accuracy) the temperatures of the cell

body and of the attached side arm by means of an active microprocessor feedback system. Throughout the

experiment, the side arm which contains a small amount of metallic Cs which determines the saturated vapor

density, was kept atTsa = 160◦C. The corresponding number density of Cs atoms isNCs
∼= 2.9×1014 cm−3

(the precise value depends on the window temperature, whichwas varied in the rangeTw = 190− 232◦C).

Note that in this temperature regime a noticeable collisional self-broadening of the Cs D2 line takes place

(γcol
∼= 33 MHz [6]). The choice of a relatively high vapor pressure was justified by the necessity of direct

recording of the SR spectra with a high signal-to-noise ratio despite the absence of frequency modulation.

A standard grating external cavity diode laser (PL = 30 mW; λ = 852 nm; ∆νL ∼ 3 MHz) was

used as a tunable radiation source in the region of the D2 line of atomic cesium. A fraction of the laser

radiation was sent to an auxiliary Cs saturated absorption (SA) setup to provide a frequency reference. The

main⊘ = 0.5 mm linearly polarized radiation beam was directed undernear-normal incidence (angle≃
7 mrad) onto the front window of the Cs cell. The power of the incident beamPinc was attenuated to 20

1Meller Optics Inc., 120 Corliss St., Providence, RI 02904, USA
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µW to reduce saturation and optical pumping effects. The reflected radiation powerPrefl was detected by a

photodiode placed 40 cm away from the window. The small detection solid angle (5x10−5 srad) allowed us

to suppress the contribution of resonance fluorescence to the recorded signal. The photodiode was followed

by an operational amplifier and a two-channel digital oscilloscope for simultaneous recording of SR and SA

spectra. To obtain SR spectra, the laser radiation frequency was linearly scanned by up to∆νscan = 3.5

GHz through the spectral region covering theFg = 3 → Fe = 2, 3, 4 hyperfine transitions of the Cs D2
line. The scanning was realized by application of periodical triangular ramps with 24 ms rise/fall time. The

selective reflection measurements, which were performed with Tsa = 160◦C whileTw was varied from 190
◦C to 232◦C by step of 1◦C, are shown in Fig.1. The raw spectra are presented in Fig.1a. One can see that

the SR signal is superimposed upon the window ”background” reflection, strongly variable with the window

temperature. The magnitude of this off-resonance contribution is obtained using the equations presented in

[19]:

R(ϕ) =
Prefl

Pinc

=
1

1 +

(

2n

(n2 − 1) sinϕ

)2 (1)

where the refractive index of sapphiren = 1.759, andϕ is the phase acquired after an internal reflection:

ϕ(T ) = ϕ(T0) +
2πd

λ

(

∂n

∂T
+ αT n

)

(T − T0) (2)

whereαT = 7×10−6 K−1 is the linear expansion coefficient and
∂n

∂T
= 15×10−6 K−1 the temperature

coefficient for sapphire2. From Eqs.(1) and (2), the off-resonance reflection coefficient must vary from

Rmin = 0 to Rmax = 26.2 % in a temperature interval∆T = 15.6 ◦C, which is in good agreement with

the experiment. One can see that the atomic resonant contribution to the reflected signal (triple peak/dip

structure) is weak. To make this contribution visible, we subtracted in Fig.1b the off-resonance reflection

(taken as the mid-value of R at the edges of the scanning region) from the total signal. Note that even

after this procedure, an overall temperature-dependent wavy pattern remains. The latter is due to the phase

dependence on the radiation frequency at fixed temperature:

ϕ(ν) = ϕ(ν0) +
2πnd

c
(ν − ν0) (3)

For the 900 MHz-frequency region covered in Fig.1, the reflection slope changes from∼= 0.01 % /GHz for

ϕ ∼= mπ/2 to∼= 0.47 % /GHz forϕ ∼= (2m + 1)π/4 (m integer).

To eliminate better the contribution from the off-resonance reflection and to visualize the change of the

SR (resonant) lineshape with the window temperature, we present in Fig.1c the frequency derivatives of

the direct reflection spectra depicted in Fig.1a. Note that under the conditions of our experiment (10,000

acquired measurement points per scan, fast response of the photodetector), this procedure is equivalent, to

some extent, to the application of a frequency modulation with subsequent synchronous detection (except

for noise rejection). As can be seen from Fig.1c, a flip of the derivative occurs every∼= 16 ◦C, at the window

temperatures for which the phaseϕ passes throughmπ (reflection minima) or(2m + 1)π/2 (reflection

maxima).

2This coefficient actually depends on the method used for the crystal growth.
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In Fig. 2a, the measured SR response is shown for the window temperatures which correspond to the

phase valuesϕ = 0, π/4, π/2, and3π/4 (left column). The evolution of the SR spectral lineshape with the

window temperature is best seen on the signal derivatives presented along with the original spectra (right

and left graphs, respectively). Obviously, the shape of a spectrum changes with the window temperature.

For comparison with the case of an ”ordinary” selective reflection (with no interference effects involved),

the lower graph in Fig. 2a shows a SR spectrum, and its frequency derivative, taken in similar temperature

conditions3 but with the use of a vapor cell fitted with a wedged sapphire window. Since this measurement

has been performed on a different setup, with a free running laser diode (∆νL
∼= 25 MHz), direct comparison

of the signal magnitudes is not relevant. However, the comparison of the spectral lineshapes for these two

cases holds justified. One can see that the lineshape of the ordinary SR signal is similar to the one of

the Tw = 211 ◦C signal where reflection maximum occurs, though with less pronounced sub-Doppler

features. The most substantial variation of the signal lineshape occurs in the temperature region where the

off-resonance reflection minimum takes place. This region of particular interest (190− 198◦C) is explored

in more detail in Fig. 3a. As can be seen from these graphs, indeed, a variation of the window temperature

by only 1 ◦C has a dramatic effect upon the reflection signal line shape,while in the other temperature

regions the variation of the reflection signal withTw is less significant.

The measurements were also performed at an elevated side armtemperatureTsa = 180◦C (i.e., with an

increased Cs vapor densityNCs = 6.8×1014 cm−3) to enhance the atomic signal (albeit at the expense of

an increased collisional linewidthγcol
∼= 78 MHz). The spectra (not shown) are not qualitatively different

from those recorded atTsa = 160 ◦C. Special checks of a possible dependence of the reflection spectra

on the incident laser radiation polarization (linear, vertical or horizontal; elliptical), for various window

temperature ranges, have shown that the spectra are insensitive to changes of laser polarization.

Obviously temperature changes of the window can affect dramatically the SR spectra, while it has no

significant consequence on the way the atoms interact with the light field. Indeed, this reveals the homodyne

beating between the non-resonant reflected field and the emitted resonant field, which bears the atomic

response. The phase of the non-resonant reflected field changes depending on the interference regime, so

that the total reflected intensity contains a predominantlydispersive or absorptive contribution, depending

on the interference order, and hence on the window temperature. This issue is discussed in the next section.

3 Model and discussion

Our aim here is to calculate the amplitude of the total electric field ER backreflected from the Fabry-Perot

constituted by the window, taking into account the backwardradiation field generated in the resonant vapor

(see Fig.4 for the geometry):

ER = ER(nr) + ER(at) (4)

whereER(nr) is the ”non-resonant” contribution that would arise in an empty cell (with no resonant vapor),

andER(at) the ”atomic” contribution caused by the resonant response of the atomic vapor.

To this purpose, following the lines of [20], we use :

3For this case, the value of the window temperature is of secondary importance: a change ofTw by 10 ◦C altersNCs by less

than 2 %.
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1) the continuity equations for the radiation field at each interface, denotingrij andtij the amplitude

coefficients of reflection and transmission, respectively,at the interface between thei-th to j-th media

rij =
ni − nj

nj + ni

; tij = 1 + rij =
2ni

nj + ni

(5)

(in our casen1 = n3 = 1 andn2 = n, the refractive index of the dielectric window); and

2) the Maxwell equations for the propagation of the backwardatomic field through the resonant vapor,

without using the slowly varying envelope approximation.

Assuming that the beam is completely absorbed in the vapor (cell length L≫ absorption length), we obtain

for the total reflected field

ER = r12E0 +
t12t21r23E0 exp(2iϕ)

1 − r23r21 exp(2iϕ)
+

t21t32Eat exp(iϕ)

1 − r23r21 exp(2iϕ)
, (6)

whereϕ =
2πn2d

λ
is the phase acquired after a single passage through the dielectric sapphire plate4.

The first two terms correspond to the non-resonant contribution ER(nr). With R(ϕ) =

∣

∣

∣

∣

ER(nr)

E0

∣

∣

∣

∣

2

, one

recovers the usual expression (Eq. (1)) for the intensity reflection coefficient by an ordinary parallel plate.

The resonant atomic contribution is given by the last term inEq. (6)

ER(at) =
t21t32Eat exp(iϕ)

1 − r23r21 exp(2iϕ)
(7)

which involves the backward atomic field generated in the vapor

Eat = 2ik

L=∞
∫

0

P (x) exp(2ikx)dx , (8)

whereP (x) is the atomic polarization andk = ω/c. We define the atomic responseℑs by rewriting

Eat =
t12t23E0 exp(iϕ)

1 − r23r21 exp(2iϕ)
ℑs. (9)

where the input field transmitted in the vapor after multiplereflections through the window is singled out.

As in previous works [10, 15, 18, 20], we assume a linear approximation in the light field and neglect the

back reaction of the atomic polarization on the light field that drives the atoms. Solving the density matrix

equations relevant to the transitions involved, we obtain

ℑs =
NCs

~
√

π

3
∑

k=1

|dk|2
ΓD

∞
∫

0

exp(−x2)dx

(ω − ωk)

ΓD

+ x +
iΓ

ΓD

− ∆ωl

ΓD

. (10)

Here the indicesk = 1, 2, 3 account for the three hyperfine transitions (Fg = 3 → Fe = 2, 3, 4)

with resonance frequenciesωk and transition dipole momentsdk [21]; ΓD = u0/λ is the Doppler width

(u0 is the mean atomic velocity),Γk = γ + γcol + ∆νL the total homogeneous width including natural

linewidth, collisional broadening, and laser linewidth, correspondingly, and∆ωlk the Lorentz redshift, taken

as−γcol/3 [15], [22].

4Tuning ofϕ with the window temperature is described by Eq. (2).
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Inserting Eq. (9) into Eq. (6), we obtain the overall intensity reflection coefficientR:

R =

∣

∣

∣

∣

ER

E0

∣

∣

∣

∣

2

=

∣

∣

∣

∣

r12 +
t12t21 exp(2iϕ)

1 − r23r21 exp(2iϕ)

(

r23 +
t23t32ℑs

1 − r23r21 exp(2iϕ)

)∣

∣

∣

∣

2

. (11)

Using this equation withn1 = n2 = n andn3 = 1, one recovers the reflection coefficient for the case of

”ordinary” SR at the 2-3 boundary:

Rordinary = |r23 + t23t32ℑs|2 . (12)

In the linear approximation inℑs, it involves only the dispersive contribution of the atomicresponse:

Rordinary
∼= r2

23 + 2r23t23t32 Re {ℑs}.

In our case of the parallel plate (n1 = 1, n2 = n, n3 = 1) we find

R =
sin2 ϕ

α2 + sin2 ϕ
+ α2 2 sin ϕ

[

β sinϕRe {ℑs} + α cos ϕ Im {ℑs}
]

+ α2 |ℑs|2

(α2 + sin2 ϕ)2
, (13)

whereα =
r2
12 − 1

2r12
=

2n

n2 − 1
andβ =

n2 + 1

n2 − 1
. Note that the last (quadratic) term in the numerator of

Eq.(13) is not omitted, since it yields a non-negligible contribution in the vicinity ofϕ = mπ. The reflection

coefficientR as given by Eq. (13) depends not only onRe {ℑs} (dispersive contribution), as in ”ordinary”

SR, but also onIm {ℑs} (absorptive contribution). Depending on the phaseϕ, these terms may happen to

be of comparable magnitude. Near the reflectionminima(sin ϕ ≪ 1) thecos ϕ Im(ℑs) term dominates the

sin ϕRe(ℑs) term and it accounts for the change of sign of the resonant signal observed for a positive or

negative variation of temperature (Fig. 3a). In fact, though we record the reflectionintensity, usually sup-

posed to be ”sign-insensitive”, the implementation of the temperature-tunable Fabry-Perot window allows

us to realize homodyne detection of the atomic signal in selective reflection. With respect to ”ordinary”

SR, a noticeable difference appears close to theminimaof the window reflection depending on whether the

phase of the reflected field adds or subtracts to the phase of the radiated atomic field.

We performed the numerical simulation of the reflected signal using Eq. (11) (and Eq. (12) for ordinary

SR) for the experimental conditions of Figs. 2a and 3a, with the phase values that correspond to the given

window temperatures, without any fitted parameter. The results shown in Figs. 2b and 3b are in rather good

agreement with the experimental results (both for the SR spectra and their derivative). We ascribe minor

mismatches, most noticeable on the wings of the reflection spectra, to the slight frequency dependence of

the laser intensity and other experimental imperfections,as well as to the fact that the laser frequency de-

pendence of the non-resonant reflection (see Section 2) has not been included in the model. This agreement

tends to support the model we have proposed.

4 Possible application for the laser frequency locking

As mentioned in the introduction, selective reflection techniques can be used for locking a laser frequency

to atomic resonance lines [12, 13]. The practical usefulness of the locking technique increases if the locked

frequency can be tuned within some limits around the resonance line. In [13], a∼ 5 MHz tuning of the

servo-lock point by means of variation of the vapor pressurehas been reported. Extension of this range to

∼ 300 MHz is possible with the use of magneto-optical methods [23,24, 25], but this requires implementing

a precise polarization technique and application of a variable magnetic field.
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The substantial variation of the line shape of the SR signal with the window temperature discussed above

can be exploited for the realization of frequency-tunable locking of the laser diode frequency to the atomic

hyperfine transitions. To prove this statement, we have performed an analysis based on the model of Section

3.

Standard frequency locking techniques require frequency modulation of the laser radiation with lock-in

detection of the atomic optical response signal. The sign and the amplitude of the error signal generated

in the feedback scheme depend on the deviation of the actual frequency from the zero-crossing points of

the frequency derivative of the optical spectrum (dispersive-shaped locking signal). In Fig. 5, we present

the dependence of the frequency positions of these zero-crossing points on the acquired reflection phase

for the conditions of the present experiment (see Section 2). There are six such points for the group of

the three hyperfine transitionsFg = 3 → Fe = 2, 3, 4, three on the falling slopes and three on the rising

slopes of the derivative signal (left and right graphs in Fig.5, respectively). As can be seen from the left

graphs, a variation of the window temperature by 35◦C, which corresponds to the phase variation∆ϕ = π,

changes the zero-crossing points on the falling edge by± 30 − 40 MHz around each hyperfine transition.

At the same time, the zero-crossing points on the rising edgeundergo some change between neighbouring

hyperfine transitions, and a broad (> 600 MHz) deviation on the red wing of theFg = 3 → Fe = 2

transition. Of course, the range of tuning depends generally on the particular parameters of the experiment

(chosen optical transitions, vapor density, window material and thickness,etc.

As final remark, we point out the relative simplicity of the proposed tunable locking method where only

a control of the window temperature is required for tuning the frequency with the averaged slope coefficient

of 2 MHz/◦C. We note that temperature control units with< 0.1 ◦C accuracy are commercially available.

The practical realization of the locking technique however, lies beyond the scope of the present work.

5 Conclusion

We have studied selective reflection of light from the dielectric window-resonant atomic vapor interface,

both experimentally and theoretically, exploiting the Fabry-Perot behavior of a sapphire window with highly

parallel faces. Variation of the window temperature by∆Tw
∼= 35 ◦C results in a full-range variation of

the reflection phase. Depending on this phase, the lineshapeand magnitude of the atomic signal change

dramatically. The greatest variation of the reflection spectrum occurs in the temperature region of the phase

reversal (reflection minimum). This is attributed to the homodyne detection of the atomic signal, which

in these conditions bears information about not only the dispersion but also the absorption of the atomic

medium. Thus, selective reflection with a temperature-tunable window provides a tool, both very convenient

and easy to implement, for studies of complex (absorptive and dispersive) response of an atomic vapor with

a sub-Doppler resolution.

We have considered the application of the selective reflection using a temperature-tunable window for

locking the laser diode frequency to the atomic resonance lines. The possibility to change the servo-lock

point over a wide frequency range,60 − 80 MHz around the hyperfine resonance transitions and up to600

MHz on the red wing of the line, by a simple change of the windowtemperature, is supported by numerical

simulations performed for the conditions of the present experiment.
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Figure 1: Results of measurements forTsa = 160 ◦C andTw = 190− 232 ◦C: raw reflection spectra (a);

same spectra with subtracted off-resonance contribution (see text) (b); frequency derivative of the reflection

spectra (c). The triple peak/dip structure corresponds to theFg = 3 → Fe = 2, 3, 4 hyperfine transitions of

the Cs D2 line.
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Figure 2: Results of measurements (a) and numerical simulations (b) of the selective reflection spectra (left

columns) and their frequency derivatives (right columns) for Tsa = 160 ◦C andTw = 194, 202, 211, and

220 ◦C corresponding toϕ = 0, π/4, π/2, and3π/4 (four upper rows), and for the case of the wedged

window cell withTsa = 160 ◦C, Tw = 208 ◦C (lower row). The positions of theFg = 3 → Fe = 2, 3, 4

hyperfine transitions of the Cs D2 line are marked by the dotted lines.
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Figure 3: Results of measurements (a) and numerical simulations (b) for Tsa = 160 ◦C in the window

temperature region of the reflection minimum.Left columns: reflection spectra;right columns: frequency

derivative of the reflection spectra. The nine rows correspond to the indicated values of the window temper-

atureTw (in a) and the phaseϕ (in b); variation ofTw by 1 ◦C corresponds to variation ofϕ by π/35. The

positions of theFg = 3 → Fe = 2, 3, 4 hyperfine transitions of the Cs D2 line are marked by the dotted

lines.
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Figure 4: Reflection geometry. 1: air; 2: dielectric window with highly parallel faces; 3: atomic vapor.E0:

incident laser radiation field;ER: total reflected radiation field;Eat: effective backward field generated in

the atomic vapor (see text).

Figure 5: Calculated frequency of the zero-crossing pointsof the reflection derivativevs the phaseϕ on the

falling (left column)and rising (right column)slopes. The horizontal dotted lines indicate the frequency

positions of the hyperfine transitions.
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