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Abstract

Selective reflection (SR) of light from a cesium vapor - sappimterface close to the Dresonance
line has been studied by use of a sapphire window with highhaltel surfaces. Temperature-tuning
of the Fabry-Perot behaviour of the window [Jahé¢ml., Appl. Phys. B71, 561 (2000)], resulting in
a change of 0.5 to 26 % of the window reflection coefficientptically affects both the magnitude
and lineshape of the SR resonant atomic signal. For neartywmdow reflection, the case of par-
ticular interest, the absorptive properties of the atomédimm govern the signal shape, as opposed to
the usual dispersive ones in the "ordinary” SR. This is a fiestation of homodyne detection of the
radiated atomic field. The numerical simulation based on dehevhich accounts for all the processes
involved, shows a good agreement with the experimentaltspe®ossible applications for laser and
atomic spectroscopy, in particular tunable locking of tdeequency, are discussed.

PACS numbers: 39.30.+vBpectroscopic technique$2.25.Gy:Edge and boundary effects; reflec-
tion and refraction 32.70.JzLine shapes, widths, and shif&2.25.Hz:Interference

1 Introduction

The selective reflection (SR) technique [1, 2, 3, 4] is knowbé a powerful tool for a number of applica-
tions in atomic spectroscopy and laser physics. Being ffeammplications imposed by propagation and
inhomogeneous broadening effects, SR allows one to stugyeponse of a thin atomic vapor layer (the
thickness is of the order of the wavelength, or less) beHiedentrance window of an optical cell, over a
wide range of atomic vapor densities fraxy, = 10'2 cm™3 to 210" cm—3 [5]. Among the applications of
SR spectroscopy are: determination of homogeneous brimggen particular collisional self-broadening
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and shift of atomic resonance lines [6, 7]; study of the vanWlaals interaction of atoms with dielectric
surfaces [8]; study of coherent and magneto-optical psmefd, 10, 11]; locking a diode laser frequency
to atomic resonance lines [12, 18}c

In most cases, the optical response in selective refleciassociated with dispersive properties of
the atomic vapor. Theoretical descriptions of lineshapeentered in SR spectroscopy under various
conditions and/or approximations have been given by skwethors [4, 14, 15, 16]. Nevertheless, there
are a few publications where more complex vapor-dieledtierfaces have been studied, namely with an
intermediate thin metallic layer [17] or an internal digtexcoating [18]. In those cases, the signal mixes
absorptive and dispersive components of the effectivenadsusceptibility, and one can derive conditions
under which the lineshape depends only on the imaginaryopéne vapor admittance at the boundary.

In [19], a cell with highly parallel sapphire windows has besown to allow temperature tuning of the
reflection losses at the windows, which range from 26 % pedeaindown to nearly zero, depending on the
window temperature, and hence on the interference ordéedfabry-Perot etalon behavior of the window.

In the present paper we report on the first observation ofgleetve reflection obtained with a temperature-
tunable cell containing an atomic cesium vapor, along wittearetical model, which describes experimen-
tal spectra and their temperature dependence. We studyHelineshape of the reflected signal changes
with the window temperature and ask whether it is possibldistinguish in this signal absorptive and
dispersive contributions of the atomic vapor responseid@sesscientific interest, this question is of partic-
ular relevance for the practical implementation of (fregmetunable) locking of laser frequency to atomic
resonance lines.

2 Experimental, measurementsand results

We used an 80 mm-long sealed-off alumina cell, with a 10 mnerirdiameter, closed by = 0.5 mm
thickness sapphire windows with a crystalline orienta{{©@01) to better than 15 arc minutesBoth the
tilt angle between the two surfaces of the windowdlQ urad) and the surface roughnessi\{10) meet
requirements for temperature-tunable windows listed 8].[TThe cell was placed in a two-section oven,
which allowed us to control and stabilize (to better tha®.5 °C accuracy) the temperatures of the cell
body and of the attached side arm by means of an active mawepsor feedback system. Throughout the
experiment, the side arm which contains a small amount ddlfieeCs which determines the saturated vapor
density, was kept &, = 160°C. The corresponding number density of Cs atoni¥ds =2 2.9x 104 cm™3
(the precise value depends on the window temperature, wiasthvaried in the randg,, = 190 — 232°C).
Note that in this temperature regime a noticeable collai@elf-broadening of the CsJline takes place
(veor = 33 MHz [6]). The choice of a relatively high vapor pressuresyisstified by the necessity of direct
recording of the SR spectra with a high signal-to-noiserdéispite the absence of frequency modulation.
A standard grating external cavity diode lasél, (= 30 mW; A = 852 nm; Av;, ~ 3 MHz) was
used as a tunable radiation source in the region of thdiri@ of atomic cesium. A fraction of the laser
radiation was sent to an auxiliary Cs saturated absorp8#t) setup to provide a frequency reference. The
main © = 0.5 mm linearly polarized radiation beam was directed umdar-normal incidence (angte
7 mrad) onto the front window of the Cs cell. The power of theident beamP,,,. was attenuated to 20
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W to reduce saturation and optical pumping effects. Theatefteradiation poweP,. ;; was detected by a
photodiode placed 40 cm away from the window. The small dietesolid angle (5%0~° srad) allowed us

to suppress the contribution of resonance fluorescence tettorded signal. The photodiode was followed
by an operational amplifier and a two-channel digital ogsdbpe for simultaneous recording of SR and SA
spectra. To obtain SR spectra, the laser radiation frequeas linearly scanned by up v, = 3.5
GHz through the spectral region covering the = 3 — F. = 2, 3,4 hyperfine transitions of the CsyD
line. The scanning was realized by application of periddigangular ramps with 24 ms rise/fall time. The
selective reflection measurements, which were performéufyj = 160°C while T',, was varied from 190
°C to 232°C by step of I°C, are shown in Fig.1. The raw spectra are presented ind&i@Qte can see that
the SR signal is superimposed upon the window "backgrouefiéation, strongly variable with the window
temperature. The magnitude of this off-resonance coriobls obtained using the equations presented in
[19]:

R(p) = Lrett _ L 1)

f)inc 1+ 2n 2
(n?2—1)sing

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

o(T) = ¢(Tp) + 2md (an

s \a7 + aTn> (T —Tp) 2
wherear = 7x107% K~! is the linear expansion coefficient a%j} = 15x10°% K~! the temperature
coefficient for sapphire From Egs.(1) and (2), the off-resonance reflection coefiicmust vary from
Rimin = 010 Rpax = 26.2 % in a temperature intervAT = 15.6°C, which is in good agreement with
the experiment. One can see that the atomic resonant aargribto the reflected signal (triple peak/dip
structure) is weak. To make this contribution visible, wetsacted in Fig.lh the off-resonance reflection
(taken as the mid-value of R at the edges of the scanningmeffiom the total signal. Note that even
after this procedure, an overall temperature-dependewy pattern remains. The latter is due to the phase
dependence on the radiation frequency at fixed temperature:

2mnd

(v —wo) 3)

For the 900 MHz-frequency region covered in Fig.1, the réflecslope changes fro¥ 0.01 % /GHz for
© 2 mm/2t0=0.47 % IGHz forp = (2m + 1)7/4 (m integer).

To eliminate better the contribution from the off-resoraneflection and to visualize the change of the
SR (resonant) lineshape with the window temperature, weeptein Fig.t the frequency derivatives of
the direct reflection spectra depicted in Fag.Note that under the conditions of our experiment (10,000
acquired measurement points per scan, fast response dhthedetector), this procedure is equivalent, to
some extent, to the application of a frequency modulatiaih wilbsequent synchronous detection (except
for noise rejection). As can be seen from Fig .4 flip of the derivative occurs evesy 16 °C, at the window
temperatures for which the phagepasses throughr (reflection minima) on2m + 1)7/2 (reflection
maxima).

p(v) = p(ro) +

2This coefficient actually depends on the method used formystal growth.



In Fig. 2a, the measured SR response is shown for the window tempesatdrich correspond to the
phase valuep = 0, 7/4, w/2, and3x /4 (left column). The evolution of the SR spectral lineshapthhe
window temperature is best seen on the signal derivativesepted along with the original spectra (right
and left graphs, respectively). Obviously, the shape ofextspm changes with the window temperature.
For comparison with the case of an "ordinary” selective odite (with no interference effects involved),
the lower graph in Fig. shows a SR spectrum, and its frequency derivative, takeimihas temperature
condition$ but with the use of a vapor cell fitted with a wedged sapphimedaw. Since this measurement
has been performed on a different setup, with a free runaisgy ldiode Av;, = 25 MHz), direct comparison
of the signal magnitudes is not relevant. However, the coispa of the spectral lineshapes for these two
cases holds justified. One can see that the lineshape of dirapr SR signal is similar to the one of
the T, = 211 °C signal where reflection maximum occurs, though with lessypunced sub-Doppler
features. The most substantial variation of the signakhag@e occurs in the temperature region where the
off-resonance reflection minimum takes place. This regfqradticular interest (196- 198°C) is explored
in more detail in Fig. & As can be seen from these graphs, indeed, a variation ofitttow temperature
by only 1°C has a dramatic effect upon the reflection signal line shatée in the other temperature
regions the variation of the reflection signal wih) is less significant.

The measurements were also performed at an elevated sideraperaturd’,, = 180°C (i.e., with an
increased Cs vapor densilyc, = 6.8x10'* cm~3) to enhance the atomic signal (albeit at the expense of
an increased collisional linewidth.,; = 78 MHz). The spectra (not shown) are not qualitatively défe
from those recorded &af;, = 160 °C. Special checks of a possible dependence of the refleqiiectra
on the incident laser radiation polarization (linear, @it or horizontal; elliptical), for various window
temperature ranges, have shown that the spectra are iseisichanges of laser polarization.

Obviously temperature changes of the window can affect dtimally the SR spectra, while it has no
significant consequence on the way the atoms interact wathight field. Indeed, this reveals the homodyne
beating between the non-resonant reflected field and thaeehrigssonant field, which bears the atomic
response. The phase of the non-resonant reflected field ebaspending on the interference regime, so
that the total reflected intensity contains a predominadiipersive or absorptive contribution, depending
on the interference order, and hence on the window temperafiis issue is discussed in the next section.

3 Modd and discussion

Our aim here is to calculate the amplitude of the total elefield Er backreflected from the Fabry-Perot
constituted by the window, taking into account the backwartiation field generated in the resonant vapor
(see Fig.4 for the geometry):

ERr = ER(mr) + ER(at) (4)

whereEg,, is the "non-resonant” contribution that would arise in arpgneell (with no resonant vapor),
and Ep(4) the "atomic” contribution caused by the resonant respofiigecatomic vapor.

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

3For this case, the value of the window temperature is of s#Exynimportance: a change f, by 10°C altersN¢. by less
than 2 %.



1) the continuity equations for the radiation field at eadkerfiace, denoting;; andt;; the amplitude
coefficients of reflection and transmission, respectivatiyhe interface between thidh to j-th media
ng —mn;j 277,1‘

Tis = ———— tii=14mr,;=
J nj+ni’ J J n; +n;

(5)

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

2) the Maxwell equations for the propagation of the backvaainic field through the resonant vapor,
without using the slowly varying envelope approximation.
Assuming that the beam is completely absorbed in the vapdidéngth L>> absorption length), we obtain
for the total reflected field

t1at21123Ep exp(2iyp) to1t32Fqt exp(ip)

Er =rppE 6
R = 1280 + 1 — rogroy exp(2igp) 1 — rogroy exp(2ip) ' ©)
2mnad . . . ) .
wherep = ™2% is the phase acquired after a single passage through tleetrielsapphire plafe
E nr 2
The first two terms correspond to the non-resonant contoibut z,,,. With R(p) = % , one
0

recovers the usual expression (Eg. (1)) for the intensftgation coefficient by an ordinary parallel plate.
The resonant atomic contribution is given by the last terfadn (6)
to1t32 Eqr exp(ip
ER(at) = at CXP .) (7)
1 — rogra1 exp(2iyp)
which involves the backward atomic field generated in theowvap

L=

E. = 2ik / P(x) exp(2ikz)dx , (8)

whereP(x) is the atomic polarization and= w/c. We define the atomic responSe by rewriting

tlgtggEQ exp(z‘ap)

E =
a 93721 €Xp(2ip)

(9)

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

As in previous works [10, 15, 18, 20], we assume a linear appration in the light field and neglect the
back reaction of the atomic polarization on the light fieldtttrives the atoms. Solving the density matrix
equations relevant to the transitions involved, we obtain

Ncs \dk] eXp 2)dm

. —

“S_fszl / (w— wk PN (10)
Tp Tp

Here the indices: = 1,2,3 account for the three hyperfine transition, (= 3 — F. = 2,3,4)
with resonance frequencies, and transition dipole momentg; [21]; I'p = wuo/A is the Doppler width
(ug is the mean atomic velocityl), = v + v.o + Avy, the total homogeneous width including natural
linewidth, collisional broadening, and laser linewidtbrrespondingly, and\w;;, the Lorentz redshift, taken
as—7.01/3 [15], [22].

4Tuning of » with the window temperature is described by Eq. (2).



Inserting Eq. (9) into Eq. (6), we obtain the overall intéyseflection coefficieni?:

Eg 2

:E—O

R

2 .
t12t 2 Lot
. ' 12t21 exp(2iyp) (r 5 23132335 ) (12)

= |T12 - -
1 — 793791 exp(2ip) 1 — 193791 exp(2i¢p)

Using this equation witm; = ny = n andng = 1, one recovers the reflection coefficient for the case of
"ordinary” SR at the 2-3 boundary:

Rordinary = ‘7'23 + t23t32%s’2 . (12)

In the linear approximation ifs,, it involves only the dispersive contribution of the atorm@sponse:
Rordinary = T%g + 2ro3tasta Re {%s}
In our case of the parallel plate{ = 1,ny = n,ng = 1) we find

sin? ¢ L 2sin ¢ [Bsin o Re {3} + acos o Im {S5} | + a? S

R= : 13
a2 +sin? ¢ (a2 + sin? p)?2 (13)
2 -1 2 211 . .
wherea = 12 = — " . andg = n2 i T Note that the last (quadratic) term in the numerator of
ns — ns —

Eq.(13) is not grlr%itted, since it yields a non-negligible tritrution in the vicinity ofy = mz. The reflection
coefficientR as given by Eq. (13) depends not onlyRa {3} (dispersive contribution), as in "ordinary”
SR, but also ofim {3} (absorptive contribution). Depending on the phas¢hese terms may happen to
be of comparable magnitude. Near the reflectiinima(sin ¢ < 1) thecos ¢ Im(SJ;) term dominates the
sin p Re(S;) term and it accounts for the change of sign of the resonantkigpserved for a positive or
negative variation of temperature (Figa)3 In fact, though we record the reflectiamtensity usually sup-
posed to be "sign-insensitive”, the implementation of thmperature-tunable Fabry-Perot window allows
us to realize homodyne detection of the atomic signal inctiete reflection. With respect to "ordinary”
SR, a noticeable difference appears close tariiremaof the window reflection depending on whether the
phase of the reflected field adds or subtracts to the phase cddimted atomic field.

We performed the numerical simulation of the reflected digaig Eqg. (11) (and Eq. (12) for ordinary
SR) for the experimental conditions of Figsa @hd &, with the phase values that correspond to the given
window temperatures, without any fitted parameter. Thelteshown in Figs. Band 3 are in rather good
agreement with the experimental results (both for the SRtep@nd their derivative). We ascribe minor
mismatches, most noticeable on the wings of the reflectiextsp, to the slight frequency dependence of
the laser intensity and other experimental imperfectiassyell as to the fact that the laser frequency de-
pendence of the non-resonant reflection (see Section 2)dbd&een included in the model. This agreement
tends to support the model we have proposed.

4 Possible application for thelaser frequency locking

As mentioned in the introduction, selective reflection téghes can be used for locking a laser frequency
to atomic resonance lines [12, 13]. The practical usefslioéshe locking technique increases if the locked
frequency can be tuned within some limits around the resmnéine. In [13], a~ 5 MHz tuning of the
servo-lock point by means of variation of the vapor pressiae been reported. Extension of this range to
~ 300 MHz is possible with the use of magneto-optical methods 24325], but this requires implementing
a precise polarization technique and application of a légienagnetic field.

6



The substantial variation of the line shape of the SR sigiithl thve window temperature discussed above
can be exploited for the realization of frequency-tunableking of the laser diode frequency to the atomic
hyperfine transitions. To prove this statement, we haveopaed an analysis based on the model of Section
3.

Standard frequency locking techniques require frequermguiation of the laser radiation with lock-in
detection of the atomic optical response signal. The sighthae amplitude of the error signal generated
in the feedback scheme depend on the deviation of the act@ldncy from the zero-crossing points of
the frequency derivative of the optical spectrum (dispershaped locking signal). In Fig. 5, we present
the dependence of the frequency positions of these zessing points on the acquired reflection phase
for the conditions of the present experiment (see SectionTBere are six such points for the group of
the three hyperfine transition§, = 3 — F. = 2, 3,4, three on the falling slopes and three on the rising
slopes of the derivative signal (left and right graphs in.Bigespectively). As can be seen from the left
graphs, a variation of the window temperature by 85 which corresponds to the phase variatiop = 7,
changes the zero-crossing points on the falling edge-139 — 40 MHz around each hyperfine transition.
At the same time, the zero-crossing points on the rising edgergo some change between neighbouring
hyperfine transitions, and a broad (600 MHz) deviation on the red wing of thé¢;, = 3 — F, = 2
transition. Of course, the range of tuning depends generalthe particular parameters of the experiment
(chosen optical transitions, vapor density, window matexnd thicknessgtc.

As final remark, we point out the relative simplicity of theoposed tunable locking method where only
a control of the window temperature is required for tuning fitquency with the averaged slope coefficient
of 2 MHz/°C. We note that temperature control units with0.1 °C accuracy are commercially available.
The practical realization of the locking technique howelies beyond the scope of the present work.

5 Conclusion

We have studied selective reflection of light from the digleonvindow-resonant atomic vapor interface,
both experimentally and theoretically, exploiting the fjraBerot behavior of a sapphire window with highly
parallel faces. Variation of the window temperature &Y, = 35 °C results in a full-range variation of
the reflection phase. Depending on this phase, the lineshiagenagnitude of the atomic signal change
dramatically. The greatest variation of the reflection spea occurs in the temperature region of the phase
reversal (reflection minimum). This is attributed to the lmalyne detection of the atomic signal, which
in these conditions bears information about not only theeatision but also the absorption of the atomic
medium. Thus, selective reflection with a temperaturetillmevindow provides a tool, both very convenient
and easy to implement, for studies of complex (absorptivedispersive) response of an atomic vapor with
a sub-Doppler resolution.

We have considered the application of the selective refleaising a temperature-tunable window for
locking the laser diode frequency to the atomic resonamasli The possibility to change the servo-lock
point over a wide frequency rang&) — 80 MHz around the hyperfine resonance transitions and Qo
MHz on the red wing of the line, by a simple change of the windemperature, is supported by numerical
simulations performed for the conditions of the presentexpent.
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Figure 1. Results of measurements 1g, = 160°C andT,, = 190 — 232°C: raw reflection spectra;
same spectra with subtracted off-resonance contribusiea {exXt(b); frequency derivative of the reflection
spectra ). The triple peak/dip structure corresponds tofje= 3 — F, = 2,3, 4 hyperfine transitions of

the Cs D line.
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Figure 2: Results of measuremera énd numerical simulation®) of the selective reflection spectiaft
column$ and their frequency derivativesight column$ for T,, = 160°C andT,, = 194, 202, 211, and
220°C corresponding t = 0, 7/4, m/2, and3x /4 (four upper row$, and for the case of the wedged
window cell with7,, = 160°C, T, = 208°C (lower row). The positions of the", = 3 — F, = 2,3,4
hyperfine transitions of the Cs,line are marked by the dotted lines.
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Figure 3: Results of measuremen& &nd numerical simulationd) for 75, = 160 °C in the window
temperature region of the reflection minimuireft columns reflection spectragight columns frequency
derivative of the reflection spectra. The nine rows corredgo the indicated values of the window temper-
atureT,, (in @) and the phase (in b); variation ofT,, by 1 °C corresponds to variation gf by 7 /35. The
positions of thef,, = 3 — F, = 2,3,4 hyperfine transitions of the Cs,Dine are marked by the dotted
lines.
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Figure 4: Reflection geometry. 1: air; 2: dielectric windowhahighly parallel faces; 3: atomic vapak:
incident laser radiation fieldtr: total reflected radiation field,;: effective backward field generated in
the atomic vapor (see text).
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Figure 5: Calculated frequency of the zero-crossing paihtke reflection derivativesthe phase> on the
falling (left column)and rising (ight column)slopes. The horizontal dotted lines indicate the frequency
positions of the hyperfine transitions.
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