
Abstract. A series of reêection resonances formed by the
hyperéne components of the D2-lines in the spectrum of the
natural mixture of rubidium isotopes is studied. Passages
from resonantly frustrated total internal reêection to
resonance Brewster reêection caused by the frequency tuning
of the incident light are demonstrated experimentally. The
contrast of the strongest refection resonances exceeds 500%
at the moderate heating of reêecting cells. The intensity of
the reêected light changes in this case by more than 20 times.
A theory is developed which is based on a two-level model for
resonance atoms and Fresnel formulas for reêection coefé-
cients. Numerical calculations based on the proposed theory
conérm main experimental results.

Keywords: selective reêection, polarised light, laser, laser radiation
noise.

1. Introduction

Selective resonance reêection from a dielectric-resonance
gas interface has been known from the beginning of the last
century [1]. Later, sub-Doppler resonances in selective
reêection at the angles of incidence close to zero were
observed and theoretically explained [2 ë 6]. The authors of
papers [7 ë 10] investigated the inclined geometry, when the
angles of incidence were equal to the nonresonance value of
the Brewster angle and also lied in the region of the critical
total internal reêection (TIR) angle [7 ë 10].

Interest in the selective reêection of light is related to the
possibilities of its application in the spectroscopy of
optically dense media [2 ë 15]. This phenomenon is used
for studying the impact line broadening [4, 16], for the
development of selective elements of lasers [17 ë 20], and for
investigation of the interaction of excited atoms with solid
surfaces, including the van der Waals interaction [21 ë 23].

The aim of this paper is to study in detail the features of
selective reêection of polarised light for a series of closely
spaced lines under conditions close to the resonance TIR
and resonance Brewster reêection (BR). The obtained
results can be used in the spectroscopy of dense gases

and in optical informatics and quantum optics to control the
intensity of reêected light and reduce its êuctuations
(including quantum êuctuations).

2. Experimental method and results

The scheme of the experimental setup is shown in Fig. 1. As
a radiation source a single-frequency 780-nm semiconduc-
tor laser was used, which was tuned to the hyperéne
components of the D2-line of rubidium isotopes [24]. The
laser was tuned by varying the injection current. Laser
radiation was directed on cells operating in absorption or
reêection regimes. Absorption cells had a length of 50 mm
and were kept at room temperature.

Laser radiation was incident on the entrance window of
a reêection cell élled with saturated rubidium vapour. The
reêection of light from the transparent dielectric-resonance
gas interface was provided at an angle of incidence close to
the Brewster angle and critical TIR angle. The concentration
of resonance atoms in reêection cells was controlled by their
heating up to 200 8C. We used the natural mixture of 85Rb
and 87Rb isotopes. The orientation of the polarisation plane
of linearly polarised laser radiation was varied with the help
of a polariser. The laser radiation power density in the
absorption cell and at the interface under study was
considerably lower than the saturation power density.
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Figure 1. Scheme of the experimental setup: ( 1 ) laser; ( 2 ) laser power
supply; ( 3 ) beamsplitter; ( 4 ) absorption cell; ( 5 ) l/4 plate; ( 6 )
polariser; ( 7 ) reêection cell; ( 8, 9 ) photodiodes; ( 10, 11 ) detection and
experiment control unit.



Reêection cells used in experiments were equipped with
a system for radiation input/output, which provided operat-
ing conditions close to TIR. However, unfortunately the
measurement accuracy of the angles of incidence restricted
by the properties of this system was only �0:58 (see
section 3). Other experimental factors such as the laser
beam divergence, the quality of reêecting surfaces, adjust-
ment errors, etc. introduced considerably smaller
contributions. For these reasons, the angular position of
reêection cells was set by the value of the nonresonance
reêection coefécient.

Figures 2a and c show three typical dependences of the
reêection coefécient on the laser frequency (reêection
spectra). These dependences correspond to three different
angles of incidence and two orientations of the polarisation
plane ë parallel to the plane of incidence (parallel orienta-
tion) and orthogonally to the plane of incidence (orthogonal
orientation). Figures 2b, d show the relative intensity of
light transmitted through the absorption cell (absorption
spectra). The hyperéne components of D2-lines of

85Rb and
87Rb isotopes correspond to peaks a, A, B, and b in
absorption spectra, which were used to calibrate frequency
axes.

The shapes of reêection curves ( 1 ë 3 ) noticeably differ
from each other. Reêection spectra ( 1 ) in Figs 2a and c
correspond to the angle of incidence 648 at which TIR
conditions are fulélled outside resonance lines (or in the
absence of gas) (the nonresonance critical TIR angle is
34.68). One can see that these curves virtually coincide with
the absorption curves, exhibiting dips a 0, A0, B 0, and b 0 at
resonance lines, which are similar to dips a, A, B, and b in
absorption spectra. This suggests that the dips in curves ( 1 )
are formed by the violation of TIR due to the absorption of
laser radiation by resonance gas. Radiation is absorbed by
atoms interacting with a surface light wave existing under
TIR conditions [25].

Reêection spectra ( 2 ) in Figs 2a and c correspond to the
angle of incidence 348 at which resonance TIR conditions
are not fulélled outside resonance lines and the non-
resonance reêection coefécient is 0.40 and 0.75 for
parallel orientation and orthogonal orientations, respec-
tively. Curves ( 2 ) strongly differ from curves ( 1 ) and
( 4 ). One can see that the reêection coefécient at the bottom
of dips a 0, A0, B 0, and b 0 considerably decreased and
reêection peaks a 00, A00, B 00, and b 00 appeared. The for-
mation of reêection peaks is especially well observed by
comparing peaks A00, B 00, and b 00. The tops of peaks b 00 are
still êat because conditions close to frustrated TIR (FTIR)
are fulélled at their frequencies. The reêection coefécient at
the tops of peaks A00 and B 00 is somewhat smaller, and these
tops are sharper. Peaks a 00 in all curves are weaker, which
can be explained by the inêuence of adjacent peak A00.

By comparing reêection spectra ( 2 ) (Figs 2a and c), we
see that the reêection coefécient at the bottom of dips a 0, A0,
B 0, and b 0, corresponding to the parallel orientation
(Fig. 2a), is several times smaller than that in the reêection
spectrum for orthogonal orientation (Fig. 2c). This can be
explained by the fact that reêection conditions at the bottom
of dips in Fig. 2a approach to BR, more exactly to pseudo-
BR (PBR) because resonance gas has absorption. At the
same time, it is known that BR and PBR do not exist in the
case of orthogonal polarisation.

The approach to PBR in curve ( 2 ) (Fig. 2a) occurs to
the resonance change in the refraction index of an atomic

ensemble and the corresponding modiécation of the Brew-
ster angle. In this case, the intensity of reêected light
considerably changes. The most signiécant change (by
more than 5 times) is observed at the left wing of peak A00.

Spectra ( 3 ) in Figs 2a and c demonstrate pronounced
resonance reêection in the inclined geometry. These spectra
correspond to the angle of incidence 338 at which the
reêection coefécient outside resonance lines is 0.10 and
0.50 for the parallel and orthogonal orientations, respec-
tively. A comparison of peaks ( 2 ) and ( 3 ) in Figs 2a and c
shows that the intensities of peaks A00 and B 00 for both
orientations decrease with decreasing the angle of incidence,
which is mainly explained by the deviation from conditions
close to TIR. Nevertheless, the resonance reêection coefé-
cient at the top of peak B 00 of spectrum ( 3 ) in Fig. 2a
exceeds 60%, while the contrast of this resonance (the ratio
of the peak intensity to the pedestal intensity) is no less than
éve. At the same time, the reêection conditions at dips a 0,
A0, B 0 and b 0 in spectrum ( 3 ) in Fig. 2a are much closer to
TIR than in spectrum ( 2 ). As a result, the reêection coefé-
cient drastically changes on passing from the tops of peaks
to dips between them. This change for peaks A00 and B 00 in
spectrum ( 3 ) in Fig. 2a exceeds 20 and 10, respectively.

By estimating the degree of approaching to TIR in
spectra in Fig. 2a, note that the angle of incidence for
spectra ( 2 ) and ( 3 ) is greater by 4.48 and 3.48, respectively,
than the nonresonance Brewster angle (29.68), and therefore
reêection conditions outside resonances in spectra ( 2 ) and
( 3 ) are far from BR. This is also conérmed by non-
resonance reêection coefécients for these spectra, which
are equal to 0.4 and 0.1, respectively, whereas refection
coefécients at the bottom of dips A0 in spectra ( 2 ) and ( 3 )
are 2.2 and 4.1 times smaller. At the same time, reêection
coefécients at the bottom of dips A0 in spectra ( 2 ) and ( 3 )
in Fig. 2c are smaller than the corresponding resonance
coefécients only by 1.3 and 1.4 times. Thus, as the incident
light frequency is tuned, a passage to reêection conditions
approaching TIR is observed in spectra ( 2 ) and ( 3 ) in
Fig. 2a.

3. Theoretical model and calculation results

The theoretical consideration is based on the model of a
two-level atom interacting with a plane light wave. It is
assumed that the atom has only the ground state and one
excited state no transitions occurs to other levels and the
resonance transition is not saturated by a laser éeld. Based
on expressions for the density matrix, corrections to the
wave vector k of a resonance light wave, which are
determined by an ensemble of atoms, are found [26]:

Dk � Dk 0 � iDk 00; (1)

Dk 0 � ÿDmDk 00; (2)

Dk 00 � k 000n0 f
G21�1� Dm 2� ; (3)

where n0 is the concentration of atoms; f is the oscillator
strength; G21 is the homogeneous half-width of the atomic
line; Dm � (vÿ va)=G21 is the dimensionless detuning of the
éeld frequency v from the atomic frequency va; and k 000 is a
numerical coefécient determined by fundamental constants
and the chosen system of units.
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Figure 2. Experimental reêection (a, c) and absorption (b, d) spectra for light with polarisation planes parallel (a) and orthogonal (c) to the plane of
incidence for angles of incidence 648 ( 1 ), 348 ( 2 ), and 338 ( 3 ), respectively, and the atomic concentration n0 � 2� 1015 (a, c) and 3:3� 109 cmÿ3 (b,
d). The zero detuning frequency corresponds to the positions of dip A in curve ( 4 ).
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The real experimental situation, in which selective
reêection was determined by four resonance lines, was
described by calculating the total correction to the wave
vector

Dk �
X4
k�1

giDki; (4)

where gi is a factor taking into account the concentration
ratio of rubidium isotopes and multiplicity of levels. It is
assumed that the population of Zeeman and hyperéne
sublevels is equilibrium.

Then, the value of hDkiD was determined by averaging
over the Doppler distribution of atomic frequencies and the
refractive index of the atomic gas was found:

n2 � 1� hDkiD=k: (5)

The intensity reêection coefécients for parallel and
orthogonal orientations of the polarisation plane were
determined by Fresnel formulas

Rjj �
���� �n2=n1�2 cos yÿ ��n2=n1�2 ÿ sin2y�1=2
�n2=n1�2 cos y� ��n2=n1�2 ÿ sin2y�1=2

����2; (6)

R? �
���� cos yÿ ��n2=n1�2 ÿ sin2y�1=2
cos y� ��n2=n1�2 ÿ sin2y�1=2

����2; (7)

where n1 is the refractive index of the reêection cell window
and y is the angle of incidence.

The results of calculations for parallel and orthogonal
orientations are presented in Fig. 3. By comparing the
experimental data and theoretical calculations, it is neces-
sary to take into account that the intensity of resonances in
the region between the critical TIR angle and Brewster angle
strongly depend on the angle of incidence. Unfortunately,
cells used in our experiments prevented the measurement of
the angles of incidence with the required accuracy (0.18 ë
0.28 and better, see section 1).

To compare calculated and experimental results, the
values of y in (6) were selected for each of the curves ( 1 ë 3 )
in Fig. 3a so that the theoretical values of the absorption
coefécient at the bottom of dips B 0 in curve ( 1 ) and the
reêection coefécient at maxima of peaks B 00 in curves ( 2 )
and ( 3 ) coincided with the corresponding experimental
values in curves ( 1 ë 3 ) in Fig. 2a; the same value of y
were then substituted into (7) to construct each of the curves
in Fig. 3b. This allows us to compare theoretical and
experimental data obtained for both orientations of the
polarisation plane.
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Figure 3. Calculated reêection spectra for light with parallel (a) and orthogonal (b) polarisation planes for y � 658 ( 1 ), 34.38 ( 2 ), and 33.38 ( 3 ).
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One can see that theoretical curves are in well agreement
with experimental curves, demonstrating the high contrast
and the greater intensity of reêection resonances. The curves
describing the reêection coefécient for light with the polar-
isation plane parallel to the plane of incidence lie below the
curves with the orthogonal polarisation plane and the
intensity of reêected light at the bottom of dips for the
former curves is considerably smaller. This conérms the fact
that for light with the parallel orientation of the polarisation
plane, the resonance passage from nearly TIR conditions to
PBR conditions exists.

Note that there exist differences between experimental
and theoretical results. Thus, the width of the êat top of
peak b 00 on experimental curves ( 2 ) (Fig. 2) is noticeable
smaller than that on calculated curves ( 2 ) (Fig. 3). In
addition, the maximum value of the reêection coefécient
at peaks A00 is greater than at peaks b 00 on calculated curves
( 3 ), while in experiments the situation is inverse. These and
other similar discrepancies can be explained érst of all by
the simplicity of the theoretical model used, which is based
on the description of the optical properties of resonance gas
with the help of the refractive index. A more detailed
theoretical analysis requires the use of theoretical appro-
aches developed, for example, in [3, 5, 6, 12, 14, 15, 23]. This
will probably make it possible to obtain from experimental
reêection spectra new information on the interaction of
atoms with resonance radiation near surfaces [23].

Note also that the curves in Fig. 2, especially curves ( 4 )
exhibit angularities. They are caused by the use of an
external diffraction-grating cavity laser, which is intended
for other studies [24]. The external cavity of this laser was
misaligned to provide continuous tuning in the required
range. The `angularity' of the experimental spectra is caused
by the insufécient misalignment of the diffraction grating
resulting in a partial locking of the laser frequency by the
external cavity (the superweak coupling regime [24]). In
addition, errors in the mapping of calculated data also made
some contribution [see, for example, `angularities' of peaks
A00 and b 00in curves ( 2 ë 3 ) in Fig. 3]. However, this does not
affect the basic results obtained in the paper.

4. Conclusions

A series of reêection resonances formed by the hyperéne
components of the D2-lines of the natural mixture of 85Rb
and 87Rb isotopes has been investigated. It is expedient to
compare the obtained results with the results of other
authors.

In [7], a cell with mercury vapour was illuminated by the
253.5-nm radiation incident at the Brewster angle. In this
case, the maximum selective reêection coefécient was 14%.
Strong reêection resonances in rubidium and cesium
vapours at the angles of incidence close or equal to the
Brewster angle were érst observed in [9]. In the case of
parallel orientation of the polarisation plane in the presence
of resonance atoms, the passage from BR to FTIR was
observed. The reêection coefécient increased up to 95%,
which exceeded the nonresonance reêection coefécient by an
order of magnitude. Such a strong reêection was caused by
high concentrations of atoms, which were achieved by
heating a cell up to 3508. Note that a strong heating can
present problems with the design and service life of
reêection cells. Increasing air êows in the optical path
and thermal deformations of cell mounts increase êuctua-

tions of parameters of a reêected beam, which poses
additional diféculties in studies of the reêected light
statistics.

In this paper, comparative investigations of resonance
reêection from rubidium vapour were performed for light
with parallel and orthogonal orientations of the polarisation
plane. By varying the angle of incidence, the initial (non-
resonance) reêection conditions were controlled from TIR
to conditions close to BR. At the angles of incidence
exceeding the critical TIR angle, the violation of TIR
was observed within a series of resonances for both polar-
isations, which was caused by the resonance absorption of
coherent radiation by atoms interacting with a surface light
wave. Such effects were observed earlier at concentrations of
sodium atoms � 1016 cmÿ3 [25]. The sensitivity of the
experimental setup described in the present paper allows
the detection of resonance FTIR at atomic densities
1014 cmÿ3 and lower.

If the angle of incidence was chosen so that non-
resonance reêection conditions were intermediate between
TIR and BR and the polarisation plane of incident radiation
was parallel to the plane of incidence, the tuning of laser
radiation was accompanied by the passage from reêection
conditions typical for resonance FTIR to conditions close to
resonance PBR. In this case, the intensity of the strongest
reêection resonances increases by more than éve times.

In [8], selective reêection from sodium vapour was
investigated at low concentrations, when the homogeneous
linewidth is smaller than the Doppler width. For the angle
of incidence of 838, the maximum reêection coefécient was
� 77% and the contrast was 1.15. In our conditions, the
contrast of the strongest reêection resonances exceeded éve.
This is approximately six times greater than in the case of
sub-Doppler resonances in the orthogonal geometry at the
same concentrations of resonance atoms [4]. In experiments
described here, more than 60% of the incident light was
reêected in strong maxima. To obtain comparable reêection
in the orthogonal geometry, atomic concentrations should
be a few orders of magnitude higher [11], which consid-
erably complicates the design of reêection cells. At atomic
concentrations comparable with these used in the present
paper, the maximum reêection coefécient in the orthogonal
conéguration was 8% [4]. At the same time, the contrast of
resonances that we observed was four times smaller than
that in [9], which is explained by a lower concentration of
resonance atoms in our study. In [26], the shift and
broadening of the hyperéne structure of the D2-line in
dense rubidium vapour were studied under FTIR condi-
tions.

Aside from a high contrast, many applications (for
example, the laser line frequency stabilisation) require
narrow resonances and the absence of the frequency shift
with respect to the unperturbed transition frequency. As
applied to selective reêection, sub-Doppler resonances
observed upon orthogonal incidence have these properties
to some extent [4]. Sub-Doppler resonances are also
observed in extremely thin cells [23].

Our experiments did not reveal sub-Doppler resonances
in the inclined geometry. Sub-Doppler reêection resonances
in sodium vapour under FTIR conditions observed in [13]
were caused by the absorption and dispersion saturation in a
counterpropagating surface wave. The contrast of resonan-
ces was � 0:01%. Reêection resonances described in the
present paper are a few orders of magnitude stronger and
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are rather broad. This can be useful for solving other
problems related, for example, to the transformation of
light statistics because the negative inêuence of frequency
êuctuations of probe laser radiation is noticeably reduced
for broad reêection resonances, while the band of trans-
mitted frequencies can be noticeably broadened [27].

The theory has been developed which is based on the
Haken model for resonance atoms and Fresnel formulas for
the reêection coefécient. The reêection coefécients are
obtained for a series of closely spaced reêection resonances
for the cases of parallel and orthogonal orientations of the
polarisation plane of incident laser radiation. The calculated
curves are in good agreement with experiments and correctly
describe the basic features of experimental curves.

The selective reêection of polarised light can be used to
control the intensity and êuctuations of reêected light,
including the control of its quantum composition. The
latter assumption is based on the nonlinear properties of
reêection resonances determining the dependence of the
selective reêection coefécient on the incident light intensity
[27]. These effects were explained theoretically in [28]. Of
interest are further studies of the interaction of light with
resonance atoms in the case of Brewster reêection and in a
surface wave, as well as the observation of bistability and
formation of transverse structures in the system under study
[29].
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