Eur. Phys. J. D 23, 237–255 (2003)
DOI: 10.1140/epjd/e2003-00098-4

THE EUROPEAN
PHYSICAL JOURNAL D

Resonant coupling in the van der Waals interaction
between an excited alkali atom and a dielectric surface:
an experimental study via stepwise selective reﬂection
spectroscopy
H. Failachea , S. Saltielb , M. Fichet, D. Blochc , and M. Ducloy
Laboratoire de Physique des Lasers, UMR 7538 du CNRS, Institut Galilée, Université Paris-13, 99 avenue J.-B. Clément,
93430 Villetaneuse, France
Received 16 January 2003 / Received in ﬁnal form 25 March 2003
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Abstract. We present a detailed experimental study of the evaluation of the van der Waals (vW) atomsurface interaction for high-lying excited states of alkali-metal atoms (Cs and Rb), notably when they couple
resonantly with a surface-polariton mode of the neighbouring dielectric surface. This report extends our
initial observation [Phys. Rev. Lett. 83, 5467 (1999)] of a vW repulsion between Cs(6D3/2 ) and a sapphire
surface. The experiment is based upon FM selective reﬂection spectroscopy, on a transition reaching a
high-lying state from a resonance level, that has been thermally pumped by an initial one-photon step.
Along with a strong vW repulsion ﬁtted with a blue lineshift, −160 ± 25 kHz µm3 for Cs(6D3/2 ) in front of
a sapphire surface (with a perpendicular c-axis), we demonstrate a weaker vW repulsion (−32±5 kHz µm3 )
for Cs(6D3/2 ) in front of a YAG surface, as due to a similar resonant coupling at 12 µm between a virtual
atomic emission (6D3/2 –7P1/2 ) and the surface polariton modes. A resonant behaviour of Rb(6D5/2 ) in
front of a sapphire surface exists also because of analogous decay channels in the 12 µm range. Finally,
one demonstrates that fused silica, nonresonant for a virtual transition in the 12 µm range and hence
weakly attracting for Cs(6D3/2 ), exhibits a resonant behaviour for Cs(9S1/2 ) as due to its surface polariton
resonance in the 8–9 µm range. The limiting factors that aﬀect both the accuracy of the theoretical
prediction, and that of the ﬁtting method applied to the experimental data, are discussed in the conclusion.
PACS. 42.50.Xa Optical tests of quantum theory – 34.50.Dy Interactions of atoms and molecules with
surfaces; photon and electron emission; neutralization of ions – 42.50.Ct Quantum description of interaction
of light and matter; related experiments – 32.70.Jz Line shapes, widths, and shifts – 78.20.Ci Optical
constants (including refractive index, complex dielectric constant, absorption, reﬂection and transmission
coeﬃcients, emissivity)

1 Introduction
The long-range forces between an atom and a surface [1]
have a fundamental importance which aﬀects numerous
domains of physical sciences, and the control of these
forces could open new avenues for various engineering purposes. Because the coupling between a (ﬂuctuating) dipole
and its electrostatic image is attractive, the nonretarded
van der Waals (vW) surface interaction between an atom
and a perfect reﬂector is often thought to be universally
attractive. Actually, for an atom in front of a real surface,
a
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like a dielectric medium, one cannot ignore the dispersive properties of the surface in the frequency range of the
quantized atom ﬂuctuations. Situations can occur in which
the virtual emission of an atom resonantly couples with
the electromagnetic (e.m.) modes of the surface [2–4], e.g.
a surface polariton mode. In this case, the atom-surface
interaction is magniﬁed, while the delay between the original atomic ﬂuctuations and the image induced in the surface is susceptible to turn the attractive behaviour into a
repulsion.
We have previously reported [5] on the ﬁrst observation of this resonant atom-surface coupling, and on the
spectroscopic evidence of a repulsive atom-surface potential. In this paper, we elaborate our experimental results.
They are based on an optical method of selective reﬂection (SR) spectroscopy between excited states, that probes
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the vapour in the vicinity of an interface within a typical
range λ/2π, with λ the optical wavelength of the probe.
Through an adequate ﬁrst step pumping, we have extended to excited states our previously demonstrated ability [6–10] to measure the van der Waals interaction from
a transition starting from a thermally populated ground
state.
The main study [5,11] has dealt with Cs(6D3/2 ) because of a virtual emission at 12.15 µm (towards 7P1/2 ),
that falls within the resonance of polariton modes of sapphire, as estimated [3] from older literature [12]. For purposes of comparison, we have also tested various types of
sapphire windows, diﬀering notably by the orientation of
their c-axis, and have studied the vW interaction exerted
on Cs(6D3/2 ) by other materials, like a fused silica window and a YAG window. An extension [11] of this study
includes some attempts to evaluate the vW surface interaction exerted on Rb(6D), as motivated by a special coincidence: the 6D3/2 and 6D5/2 levels of Rb are respectively
connected to 7P1/2 and 7P3/2 by virtual emission falling
into the sapphire resonance range at 12 µm. In another
extension, we have investigated the Cs(9S1/2 ) level, because of a virtual emission in the 8–9 µm range for which
a fused silica surface could exhibit a resonant coupling,
and a sapphire surface a nonresonant one.
The discussion is organized as follows. In a ﬁrst part
(Sect. 2) we recall the main theoretical elements required
to predict the vW interaction exerted onto an excited
atom by a surface in the case of resonant coupling. This
is illustrated with experimental data from the literature
that are relevant to predict the vW interaction. The next
section (Sect. 3) is devoted to the experimental set-up of
SR spectroscopy at an interface and includes the extension
to transitions between excited states. In Section 4, which
is central to this report, we present the interpretation of
the various experimental data for Cs(6D3/2 ) as obtained
through an elaborate ﬁtting method. In Section 5, we report on the results obtained for Rb(6D), while Section 6
deals with the Cs(9S) results.

2 Theoretical predictions for the strength
of the surface vW interaction
2.1 vW interaction between an atom and a reﬂecting
surface
It is well-known [13] that when an atom lies in front of
a perfect reﬂector, its energy structure, as deﬁned in vacuum, is modiﬁed as due to the e.m. coupling between the
atomic quantum ﬂuctuations and the ﬂuctuations induced
in the reﬂector (in an alternate point of view, the vacuum
ﬂuctuations are modiﬁed because of the boundary conditions imposed by the perfect reﬂector). The long-range
interaction is essentially deﬁned by its insensitivity to the
atomic details of the dense surface. It can be described by
an eﬀective Hamiltonian:
H=−

 2

1
D + Dz2 .
3
64πε0 z

(1)

In (1), D is the atomic dipole operator, Dz its component along the normal Oz to the surface, and z the distance between the surface and the atom. Equation (1)
is restricted to the nonretarded limit, which usually deﬁnes the range of the surface vW interaction. This description implies to neglect the propagation eﬀects, that
attenuates the z −3 interaction towards a z −4 attraction
(i.e. the relativistic Casimir-Polder limit [15]) for an atom
in its ground state, or that oscillates with contributions
in z −1 cos(kz), or z −2 sin(kz) in the case of an excited
state [14,16] (with k the spatial period associated to the
wavelength of the spontaneous emission from the excited
state). More precisely, the nonretarded approximation is
veriﬁed as long as z  λα , with λα standing for the wavelength of the generic virtual dipole transitions coupling
the considered atomic level to other levels. Within this
approximation, and assuming here for simplicity that the
atom is isotropic (i.e. the operator (D2 + Dz2 ) is equivalent to 4D2 /3), the interaction of an atom in the |i level
with a perfect reﬂector corresponds to an energy modiﬁed
by ∆Ei :
  2 
1
4
i D  i
∆Ei = −
(2a)
3 64πε0 z 3

1
=−
i |D| j j |D| i
(2b)
3
48πε0 z j
= −C3 /z 3 .

(2c)

The remarkable point shown in (2b) is that the strength
of the vW interaction depends on an explicit sum over all
virtual dipole transitions from level |i. The knowledge of
these purely atomic couplings is essential for the determination of the vW interaction. In most cases, because the
dipole moment i|D|j is related to the transition probability by a factor involving the third power of the wavelength (λij )3 , (λij the wavelength of the i → j transition),
the dominant contribution originates in atomic couplings
with neighbouring states, for which the relative probability of a real transition is weak. This can be illustrated with
the example, discussed in more detail below, of Cs(6D3/2 )
for which the transition 6D3/2 → 7P1/2 approximately accounts for only 5 × 10−3 of the 50 ns spontaneous emission
lifetime of level 6D3/2 , but provides about 20% of the vW
shift in front of a perfect reﬂector.
2.2 Interaction with a dielectric surface
If the ideal reﬂector is replaced by a dielectric surface,
the z −3 vW surface interaction is modiﬁed by a “dielectric
image” factor. While in electrostatics, the image factor
would be simply given by S = (ε − 1)/(ε + 1), here, the
vW interaction originates in quantum ﬂuctuations, and
the dispersive properties of the dielectric medium cannot
be ignored. Hence, a frequency-dependent dielectric image
coeﬃcient r(ωij ) has to be applied to each contribution
associated to a virtual dipole coupling [3]:

1
∆Ei = −
r(ωij )i|D|jj|D|i
(3)
48πε0 z 3 j
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with ωij the frequency associated with the virtual coupling |i → |j.
As long as the |i level is the ground state, ωij is simply the frequency for a virtual absorption (by convention
we take this frequency to be positive), and the corresponding image coeﬃcient r(ωij ) satisﬁes 0 ≤ r(ωij ) ≤ 1,
with r(ωij ) given by [2,3,17]:

2 ∞
ωij
r(ωij > 0) =
S(iu) 2
du
(4)
π 0
ωij + u2
in which S is the surface response:
S(ω) =

ε(ω) − 1
·
ε(ω) + 1

(5)

In (4), S(iu) and ε(iu) are respectively the surface response and the permittivity taken at the imaginary frequency iu, as analytically extended in the complex plane
from the dispersive properties of the dielectric constants of
the material at the interface. Due to this analytical extension and causality, one predicts the monotonous behaviour
of ε(iu) and S(iu), that imposes 0 ≤ r(ωij ) ≤ 1.
For an excited state |i, one has to distinguish [2,3]
between virtual absorption and virtual emission. For
contributions associated with a virtual absorption (i.e.
Ej > Ei ), the expression for r(ωij ) remains essentially
similar to the case when |i is the ground state (i.e. Eq. (4)
applies). For contributions originating in a virtual emission (ωij < 0 according to our convention), r(ωij ) includes
an additional contribution, that oﬀers possibilities of a resonance. Indeed, one has:

2 ∞
|ωij |
r(ωij < 0) = −
S(iu) 2
du + 2ReS(|ωij |).
π 0
ωij + u2
(6)
One notices that the second term in the r.h.s. of equation (6) can drastically modify the amplitude, and sign,
of r(ωij ). This notably happens when the virtual dipole
emission at ωij falls in an absorption band of the dense
medium. In particular, the surface response ReS(ω) can
take large values at some speciﬁc frequencies, related to
the poles of the surface polariton modes given by the poles
of S(ω). The poles are usually deﬁned by a complex frequency for which ReS(ω) would diverge. On the real frequency axis, this simply leads to a resonant behaviour in
the surface response. The atom interaction with the dielectric surface can hence be seen as driven by a resonant
coupling between a virtual atomic emission, and a virtual
absorption in a surface mode.
2.3 Evaluation of the surface response for several
materials
Generally, an accurate evaluation of r(ωij ) is a diﬃcult
task. First, an extensive spectral evaluation of ε(ω) appears to be required as equation (4) includes a frequency
integration over the dielectric spectral response (note that
in (4), one could introduce ε(ω) instead of ε(iu) [3], but

Fig. 1. Dielectric image coeﬃcient for a sapphire interface
(optical axis normal to the interface, c⊥) as a function of the
virtual transition frequency; (a) absorption ω > 0, (b) emission
ω < 0.

one is left anyhow with the need of a frequency integration over the whole spectrum). This is actually not the
most critical point to evaluate the resonant contribution.
A more sensible point is that ε(ωij ) is not measured directly, but rather extrapolated from various types of measurements, most often of the reﬂectance-type (this is related with the fact that the medium is opaque in the region
of interest). Another diﬃculty is related with the variations from sample to sample as due to impurities, crystal
growth, sample temperature, or to surface defects (possibly critical for reﬂective measurements). These points will
be discussed at length in a critical evaluation of r(ωij ) [18],
based on the published optical data for several types of
windows.
We evaluate the sapphire surface response on a large
spectral range, including both cases of virtual emission
and virtual absorption of the atom. The data are obtained
from an analytic evaluation extrapolated from [19], using
the Drude-Lorentz model. For a virtual coupling in absorption, r(ωij > 0) smoothly decreases (Fig. 1a) from
values on the order of 0.83 for the far infrared to 0.47
in the visible. For an atomic coupling in emission, the
sapphire surface response r(ωij < 0) is essentially characterized by a main peak around 12 µm (dispersion-like
lineshape, quality factor ∼
=102 , peak value ≤20), and a
secondary one around 20 µm (Fig. 1b). These surface resonances can be seen as reminiscent of the respective 15 µm
and 20–24 µm absorption bands of the bulk sapphire. An
extra-diﬃculty is associated with the natural birefringence
of sapphire. It induces a removal of degeneracy in the surface polariton resonances [3]. The consequences for the
atom-surface interaction have been studied recently [4].
Here, we simply recall that sapphire is a uniaxial material
and that the usual cylindrical symmetry of the vW interaction is not broken for a c-axis oriented normally to the
surface (c⊥). Hence, the expression for r(ωij ) [Eqs.
√ (4–6)]
is valid provided an eﬀective permittivity ε̄ = εo εe is
considered (εo and εe are the permittivities respectively
associated with the ordinary and extraordinary indices,
the square root being the determination continuously
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Fig. 2. Tuning of the sapphire polariton resonance through
c-axis orientation (θ is the angle between the c-axis and the
normal to the interface).

Fig. 4. Dielectric image coeﬃcient for a YAG (Y3 Al5 O12 ) interface as a function of the virtual frequency; (a) absorption
ω > 0, (b) emission ω < 0.

of sapphire (i.e. much higher than the one of a fused silica). Surface resonances for YAG [18] are located in the
10–60 µm range (Fig. 4). They are more numerous than
those of sapphire or glass, reﬂecting the numerous phonon
resonances of the bulk material [21]. In return, these surface resonances have a relatively low amplitude. It is accompanied by a partial overlap of the resonances, so that
the non resonant contribution in equation (6) (i.e. the
ﬁrst term in the r.h.s.) is non-negligible. This makes the
lineshapes for r(ωij < 0) no longer resembling an antisymmetric dispersion lineshape.
Fig. 3. Dielectric image coeﬃcient for a fused silica (SiO2 )
interface as a function of the virtual frequency; (a) absorption
ω > 0, (b) emission ω < 0.

extended from the frequency range where εo and εe take
real values) [3]. For a (c⊥) window, one has predicted
a polariton resonance approximately centred at 12.2 µm
(Fig. 1b). From [4], and neglecting the break of the cylindrical symmetry (e.g. for an atomic state with a suﬃcient
symmetry, like an s-state, or a p-state), one would ﬁnd for
a c-axis parallel to the window (c ), a resonance centre
shifted to 12.1 µm (i.e. a blue polariton shift of 8 cm−1 ).
For an arbitrary c-axis orientation, the resonant behaviour
evolves smoothly between the two typical situations mentioned above (Fig. 2).
For a fused silica window (Fig. 3) the predicted resonances (i.e. for ωij < 0) have to be extrapolated from
data that appear to be even more sensitive to the considered sample than for a crystalline window [20]. The surface
resonances essentially include two isolated dispersion-like
resonances, one centred in the 8–9 µm region, and the
other one in the 20 µm region, with respective amplitudes
on the order of +3.38, −2.15 and +2.27, −0.53. A third
minor resonance (whose eﬀects could be however relatively
dramatic in our experiments) is predicted around 12 µm.
We have used also windows made of YAG (Y3 Al5 O12 ),
a material of interest because its chemical resistance to a
high temperature alkali vapour is comparable with the one

2.4 vW coupling for the relevant excited states
Alkali atoms in the free-space have a well-known structure, and the surface vW interaction exerted by a perfect
reﬂector can be evaluated straightforwardly (most often
through theoretical estimates, rather than from direct experimental measurements, of the dipolar transition moment). As a rule, the higher the atomic excitation, the
higher is the surface interaction, with an asymptotic behaviour [13] growing like (n∗ )4 (with n∗ the eﬀective quantum number). In our case, we have performed SR spectroscopy on transitions between excited states of Cs and
Rb, starting respectively from the resonance levels 6P1/2
and 5P3/2 levels. For these initial levels, the perfect reﬂector C3 coeﬃcient had been evaluated in previous works
to C3 = 4.43 kHz µm3 for Cs and C3 = 4.59 kHz µm3
for Rb [11] ([22]). These values are to be considered as
an upper limit for the interaction with any of the considered windows. Indeed, for these ﬁrst resonance levels, the
virtual couplings in emission (i.e. coupling towards the
ground state) lie in the transparency region of the considered windows, implying 0 < r(ωv ) < 1 whatever is the involved virtual transitions. Conversely, for the upper states
studied in the present work, whose “perfect reﬂector” values of the interaction strength are C3 = 25.3 kHz µm3 for
Cs(6D3/2 ) level, C3 = 82.4 kHz µm3 for Rb(6D3/2 ) level
and C3 = 81.2 kHz µm3 for Rb(6D5/2 ) level (see Tabs. 1–3
calculated using previous data in the literature [23,24]),
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Table 1. The predicted vW shift for Cs(6D3/2 ) in the vicinity of various interfaces, with the contribution of each relevant
virtual transition. The sign (−) in the wavelength column is for emission coupling.
Cs(6D3/2 )
6P1/2
6P3/2
7P1/2
7P3/2
8P1/2
8P3/2
9P1/2
10P1/2
4F5/2
5F5/2
6F5/2
7F5/2
8F5/2
9F5/2
10F5/2
11F5/2
12F5/2
Total

λ (µm)
(−)0.87637
(−)0.92110
(−)12.147
(−)15.571
3.2040
3.1213
1.9803
1.6287
5.3083
2.2812
1.7419
1.5245
1.4104
1.3416
1.2964
1.2649
1.2419

δν vW perfect reﬂector
kHz µm3
0.382
0.093
6.756
1.377
0.505
0.060
0.045
0.011
15.28
0.339
0.177
0.096
0.057
0.037
0.025
0.018
0.014
25.27

δν vW sapphire c⊥
kHz µm3
0.205
0.05
−108.67
2.237
0.286
0.034
0.024
0.006
9.172
0.185
0.094
0.05
0.03
0.019
0.013
0.009
0.007
−96.25

δν vW YAG
kHz µm3
0.217
0.053
−26.91
0.796
0.297
0.035
0.025
0.006
9.374
0.195
0.01
0.054
0.032
0.020
0.014
0.01
0.007
−15.77

δν vW fused silica
kHz µm3
0.129
0.031
3.323
0.470
0.205
0.024
0.017
0.004
6.593
0.134
0.068
0.037
0.022
0.014
0.01
0.007
0.005
11.09

Table 2. Same as Table 1 for Rb(6D5/2 ).
Rb(6D5/2 )
5P3/2
6P3/2
7P3/2
8P3/2
9P3/2
10P3/2
11P3/2
12P3/2
4F5/2−7/2
5F5/2−7/2
6F5/2−7/2
7F5/2−7/2
8F5/2−7/2
9F5/2−7/2
10F5/2−7/2
11F5/2−7/2
12F5/2−7/2
Total

λ (µm)
(−)0.63001
(−)2.0422
(−)12.206
8.5880
4.3844
3.3650
2.9162
2.6684
(−)5.2703
17.002
5.1590
3.6736
3.0488
2.7458
2.5637
2.4439
2.3600

δν vW perfect reﬂector
kHz µm3
0.032
0.082
24.671
7.161
0.442
0.117
0.055
0.029
1.746
44.037
1.575
0.613
0.285
0.161
0.101
0.068
0.048
81.22

a large variety of emission couplings can exist. Hence, it
becomes possible to explore experimentally the resonances
of various materials. In a previous analysis [3], we had
shown that the contribution of the 6D3/2 –7P1/2 emission
for Cs, located in the IR range at 12.15 µm, and that
accounts for ∼25% of the vW interaction for a perfect
reﬂector, falls in the region of strong sapphire surface resonance (conversely, the 6D5/2 is only coupled to 7P3/2 at

δν vW sapphire c⊥
kHz µm3
0.018
0.039
−58.354
4.557
0.259
0.067
0.031
0.016
0.532
30.403
0.942
0.353
0.160
0.089
0.056
0.038
0.027
−20.77

δν vW YAG
kHz µm3
0.018
0.043
−89.594
4.598
0.266
0.069
0.032
0.017
0.729
30.306
0.964
0.364
0.167
0.093
0.058
0.039
0.028
−51.80

δν vW fused silica
kHz µm3
0.011
0.025
12.58
3.294
0.185
0.048
0.022
0.011
0.209
22.018
0.677
0.251
0.114
0.064
0.040
0.027
0.019
39.59

14.6 µm, not yielding resonances). Tables 1–3 show an
up-to-date of these calculations extended to the relevant
levels of interest for Cs and Rb [25]. The values used for
r(ωij ) in Table 1 are estimated from the same data, whose
accuracy was discussed above (Sect. 2.3), as presented in
Figures 1, 3 and 4. Hence large uncertainties are expected
in the theoretical evaluations for a given system “excited
atom/dielectric surface”. In particular, for Cs(6D3/2 ),
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Table 3. Same as Table 1 for Rb(6D3/2 ).
Rb(6D3/2 )
5P1/2
6P1/2
6P3/2
7P1/2
7P3/2
8P3/2
8P1/2
9P3/2
9P1/2
10P3/2
10P1/2
11P1/2−3/2
12P1/2−3/2
4F5/2
5F5/2
6F5/2
7F5/2
8F5/2
9F5/2
10F5/2
11F5/2
12F5/2
Total

λ (µm)
(−)0.6208
(−)2.0113
(−)2.0431
(−)11.736
(−)12.240
8.5714
8.7122
4.3801
4.4018
3.3624
3.3707
2.9143
2.6667
(−)5.2766
16.937
5.1530
3.6306
3.0647
2.7441
2.5622
2.4426
2.3587

δν vW perfect reﬂector
kHz µm3
0.025
0.031
0.014
18.273
4.147
1.192
6.643
0.073
0.371
0.019
0.094
0.049
0.026
1.752
46.644
1.681
0.634
0.310
0.172
0.108
0.073
0.052
82.38

δν vW sapphire c⊥
kHz µm3
0.014
0.015
0.006
−109.054
39.296
0.758
4.235
0.043
0.218
0.011
0.053
0.028
0.014
0.533
32.189
1.006
0.364
0.175
0.096
0.060
0.040
0.028
−29.87

δν vW YAG
kHz µm3
0.014
0.016
0.007
−31.585
−11.532
0.765
4.271
0.044
0.224
0.012
0.055
0.029
0.015
0.731
32.091
1.029
0.377
0.182
0.100
0.062
0.042
0.030
−3.02

δν vW fused silica
kHz µm3
0.009
0.009
0.004
8.612
2.174
0.546
3.019
0.031
0.156
0.008
0.038
0.020
0.010
0.203
23.196
0.724
0.261
0.125
0.069
0.043
0.029
0.020
39.31

Table 4. Same as Table 1 for Cs(9S1/2 ).
Cs(9S1/2 )

λ (µm)

6P1/2
6P3/2
7P1/2
7P3/2
8P1/2
8P3/2
9P1/2
9P3/2
10P1/2
10P3/2
11P1/2
11P3/2
12P1/2
12P3/2
Total

(−)0.6356
(−)0.6588
(−)1.9436
(−)2.014
(−)8.323
(−)8.937
13.762
12.965
5.505
5.427
4.011
3.983
3.398
3.385

δν vW perfect reﬂector
(KHz µm3 )
0.009
0.020
0.131
0.293
9.402
23.281
33.555
56.106
0.455
0.872
0.080
0.157
0.022
0.043
124.43

the overall vW interaction appears to be strongly dependent of the exact values of r(ωij ) for YAG on the 12.15 µm
transition, while for fused silica, a possible modiﬁed value
of the dielectric coeﬃcient at 12.15 µm would induce only
marginal changes. One also sees in Tables 2 and 3 that
Rb(6D) is similarly coupled to the 7P level in the 12 µm
range; this coincidence in the “low n Rydberg states” of

δν vW sapphire c⊥
(KHz µm3 )
0.005
0.011
0.063
0.140
−0.871
−6.044
22.609
37.540
0.274
0.525
0.047
0.091
0.012
0.025
54.43

δν vW fused silica
(KHz µm3 )
0.003
0.007
0.04
0.089
−12.25
62.60
16.28
27.099
0.198
0.378
0.033
0.065
0.009
0.018
94.57

alkali now includes 6D5/2 as well as 6D3/2 , with respective couplings at 12.21 µm, and at 11.74 µm and 12.24 µm.
An interesting point is that it may provide a sensitive way
to test the sapphire surface resonances. For Cs (9S1/2 ), as
shown in Table 4, there is a strong emission coupling in the
9S–8P emission at 8.323 µm and 8.937 µm, that falls close
to the expected surface resonances of fused silica, but far
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from the sapphire or YAG surface resonances. Note that
for most of those high-lying states studied here, only a
single virtual transition determines the resonant coupling
between the atom and the surface. This contrasts with the
general situation encountered with highly excited states,
such as Rydberg levels [13,14], when several emission couplings may compete as due to multiple resonances of the
surface.

3 Description of the experiments
3.1 Principle of the experiments: selective reﬂection
spectroscopy between excited states
Among the few experimental methods [14,26] that permits
the observation of the atom-surface interaction, SR spectroscopy is particularly well-suited to the observation of
interaction of a surface with short-lived atomic levels ([6]
and references therein), owing to its combination of optical excitation and detection. SR spectroscopy essentially
consists of monitoring the resonant change of reﬂectivity
coeﬃcient at the interface between the surface of interest,
and the atomic vapour. Within the standard assumption
of an optically dilute medium (i.e. when the propagation
on a wavelength scale of the incident beam is not sensitively aﬀected by the resonant interaction), the SR signal
can be viewed as the homodyne beat between the nonresonant contribution of the ﬁeld ENR reﬂected at the interface, and the ﬁeld Evap that the vapour radiates as due
to the oscillating dipole induced by the incident ﬁeld in
the direction of the reﬂected ﬁeld. Assuming for sake of
simplicity a normal incidence, this resonant radiated ﬁeld
is given by:
 +∞
1
exp(2ikz)p(z)dz
(7)
Evap =
2iε0 k 0
with k the spatial period of the incident wave, and p(z)
the amplitude of the oscillating dipole induced at z in the
vapour by the resonant incident ﬁeld. For a dilute vapour,
one has Evap  ENR , and the measured SR signal given by
∗
2Re(ENR
Evap ), is simply proportional to 2Re(Evap ) (conventionally assuming that ENR is real at the interface).
In (7), the exp(2ikz) factor is responsible for the ﬁnite
coherence length of the radiative process leading to the
build-up of Evap . As, far from the surface, the amplitude
of the induced dipole tends to be independent of z, SR
spectroscopy is particularly sensitive to inhomogeneities
induced in the vicinity of the surface (within one – reduced
– optical wavelength λ/2π), and hence to the atom-surface
interaction.
Although the SR technique lies on a simple principle,
the evaluation of the signal Evap , or of p(z), can be complex as due to the combined eﬀect of the atomic motion
and of the surface interaction. Indeed, for nonstationary
atoms the coupling between the induced dipole and the
incident ﬁeld is nonlocal [27], since, for a given atomic
velocity group (vz ), p(z, vz ) depends on the previous temporal evolution of the atomic dipole. We summarize here
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some of the eﬀects associated with the atomic motion:
(i)

if one neglects the surface interaction, a usual assumption is that the atoms leaving the surface are
in the ground state, so that they undergo a transient
regime of interaction, while the arriving atoms experience a steady-state interaction with the ﬁeld. This
generates a well-known singularity for atoms of slow
normal velocity [27]. In particular, it yields a subDoppler component in the SR lineshape, eventually
turned into a Doppler-free dispersion-like resonance
in a frequency-modulated (FM) scheme [28], when
the considered transition is a resonance line starting
from a thermally populated ground state;
(ii) when the vW surface interaction is taken into account, both arriving and departing atoms experience
a transient regime, but the transient temporal evolution remains considerably diﬀerent for arriving and
departing atoms, and the singularity around the null
normal velocity generally survives. A complete analysis, both theoretical [29] and experimental [6–10], of
the eﬀect of the surface vW interaction for transitions
from the ground state was derived in our previous
works. In the framework of linear (FM) spectroscopy
under normal incidence, one predicts a simultaneous
lineshape distortion, and an apparent frequency shift,
governed by the strength C3 of the atom-surface interaction for the considered transition. These eﬀects
are conveniently summarized by a single dimensionless parameter A, deﬁned as:
A = 2k 3 C3 /γ

(8)

(γ is the homogeneous linewidth of the atomic transition). Subsequent extensions of the initial model included the possibility of a residual Doppler broadening (non-normal incidence) [29], ﬁnite Doppler
width [9], or in related works, of high atomic density eﬀects [30];
(iii) a spatial inhomogeneity in the atomic density (“spatial dispersion” [31,32]) introduces another factor
that aﬀects the overall value of p(z). For transitions
between excited states, this is expected to be an important eﬀect. The evaluation of p(z) is hence dependent on the mechanism that populates the atoms
into the initial state |i from the ground state (e.g.
linear or nonlinear optical pumping). In the practical calculation, this adds an extra term in the spatial
evolution of p(z, vz ) and implies several extra-steps
of integration;
(iv) all of the above description relies on an integration of
the contribution of the various velocity groups. This
assumes that the eﬀect of the surface interaction is
small enough so that the mechanical eﬀects of the
interaction potential are negligible. In the conditions
of resonant vW interaction, and notably in the repulsive regime, these eﬀects may start to have a realistic
inﬂuence at typical distances ∼10 nm, that remains
however shorter than those explored through the SR
technique [5].

244

The European Physical Journal D

Fig. 6. Principle scheme of the experimental set-up: the removable (dashed) beam splitters, on pump and probe beams,
enable simultaneous comparison between 2 windows made of
diﬀerent materials.

Fig. 5. Scheme of the relevant levels of Cs and Rb, including
the hyperﬁne structure (h.f.s.) when appropriate. For Rb, the
indicated h.f.s. applies for 85 Rb, the other couplings applying
both for 85 Rb and 87 Rb.

For alkali atoms, whose thermal population lies in the
ground state, linear SR spectroscopy cannot be used to
probe such levels as Cs(6D), Rb(6D), or Cs(9S), that can
be reached only by a two-photon process. The theory of
two-photon SR spectroscopy [33] is rather complex and
has not included until now the long-range surface interaction. This is why we focused on a situation resembling as
close as possible to a resonance line from a thermally populated ground state, enabling us to analyse experimental
results with the theory for simple linear SR, whose reliability had been already demonstrated. This purpose was
generally achieved by a broadband pumping into the resonant level Cs(6P1/2 ) or Rb(5P3/2 ) (Fig. 5). The choice
of a pumping on the D1 line for Cs, and on the D2 line
for Rb, has been essentially motivated by the wavelength
of the transitions leading to the excited states of interest:
frequency tunability across the 921 nm line (for Cs: 6P3/2 –
6D3/2 ), or the 620 nm line (for Rb: 5P1/2 –6D) is hardly
obtained with c.w. laser diode. When the population of the
initial excited state is equivalent to a homogeneous thermal population, the principle of the experimental evaluation of the vW interaction is identical to the one previously
established [6–10]. Note that through a single parameter,
the theory predicts both the lineshape and its frequency
position relatively to the transition for the noninteracting atom. Hence, a revealing test of the quality of the
theoretical ﬁtting lies in the agreement between the frequency centre for the atomic resonances, as yielded from
the ﬁtting procedure, and an independent determination
of this frequency. Also, and as shown in [8], a consistent
value of the atom-surface interaction should be deduced
independently of the experimental conditions, in spite of
the variety of phenomenological lineshapes obtained when
varying the pressure conditions (i.e. varying the broadening induced by atom-atom collisions). For these reasons,

the experimental set-up has to provide an auxiliary reference spectrum, free of atom-surface interaction (e.g. saturated absorption set-up), and each estimate of a given
“excited atom + surface” interaction should result from
measurements covering a range of atomic vapour pressure
as large as possible.

3.2 Experimental set-up
We describe below the main elements of the experimental
set-up employed for probing the 6P1/2 –6D3/2 transition
of Cs, and we indicate, when appropriate, the changes
imposed for probing the Rb transition 5P3/2 –6D, or the
Cs transition 6P1/2 –9S1/2 . A scheme of this set-up is given
in Figure 6.

3.2.1 Lasers
An essential element of the experimental set-up is the
laser used as the spectroscopic tool for probing the atomsurface interaction through FM SR spectroscopy between
excited states. This laser is frequency-modulated, and its
frequency stability (jitter and drift) and tunability are essential parameters for the experimental set-up. In all the
various experiments that we describe here, this laser is a
low-power (<10 mW) semiconductor (s.c.) laser coupled
to some other frequency-stabilized external cavity. In the
initial steps of the study of the 6P1/2 –6D3/2 transition of
Cs(876 nm transition), we started from a s.c. chip whose
frequency was well-centred relatively to the transition, and
we have used the technique of the weak optical feedback
from a tunable Fabry-Pérot [34]. In a subsequent step,
we have turned to the grating technology, using a commercially designed system. This system has been used to
produce the red wavelengths 630.0 nm, 630.1 nm, (for Rb
5P3/2 –6D5/2 or 6D3/2 ) and 636 nm (for Cs 6P1/2 –9S1/2 ).
For the IR emission, the short-term jitter remained well
below 1 MHz, and the long-term instabilities (on a few s)
induced by the cavity drift were on the order of 2 MHz.
For red emission in the 635 nm range, the output power is
limited, and the laser has to be operated relatively close
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to its threshold. Moreover, our s.c. chip had to be cooled
down for emission at 630 nm, while operation at 636 nm
(at room temperature) was found to be at the limit of
the tunability of the s.c. component. This explains some
diﬃculties observed in the frequency tuning. The FM has
been applied through a modulation of the Fabry-Pérot
length (most often at ∼52.7 kHz) for the 876 nm laser,
or through a modulation (at ∼1.57 kHz) of the grating
position in the case of the red lasers. Its peak-to-peak amplitude was chosen in order to remain below the signal
resonance width, while maximizing the modulated part
in the SR signal (usual p-p amplitude in the range 1 to
5 MHz for Cs(6D) experiments, or 5–15 MHz for Rb and
Cs(9S) experiments, as due to a lower signal).
The population in the initial resonant state Cs(6P1/2 )
or Rb(5P3/2 ) was produced with another s.c. laser, most
often a DBR s.c. laser (free-running jitter <5 MHz, output
power up to 50 mW) for the Cs D1 line (894 nm), or an
ordinary s.c. laser (free-running jitter <30 MHz) for the
Rb D2 line (780 nm). In order to generate a nearly thermal population, the pumping mechanism must be large
enough to excite all velocity groups. Because SR spectroscopy operates some kind of velocity selection along the
normal to the window, oﬀ-axis pumping appears preferable; however, the incidence angle is limited due to the
geometrical peculiarities of our ovens. Most often, in order
to mimic a random distribution of frequency within the
Doppler width of the pump transition, we have applied a
fast modulation (at ∼200 kHz) of the injected current that
induces a large modulation (comparable to the Doppler
width ∼200 MHz) of the pump laser frequency. This technique was essentially applied for Rb pumping. For Cs, and
as will be discussed in the various tests of the validity of
the experimental set-up, the excitation re-distribution inside the resonant 6P1/2 hyperﬁne manifold (h.f.s. structure 1.17 GHz), revealed to be a very eﬃcient mechanism
(nearly even thermal distribution in the two h.f.s. sublevels) in our pressure range (10–100 mtorr). Because this
transfer results from mechanisms such as collisions or radiation trapping that are essentially nonselective with respect to the atomic velocity, even a velocity-selective optical pumping that excites (Cs) atoms in the 6P1/2 (F = 4)
level (respectively F = 3) can produce a quasi thermal
population on 6P1/2 (F = 3) (respectively F = 4).

3.2.2 Cells and ovens
In all of our experiments, the cells used for SR measurements were sealed vapour cells that were heated-up in an
oven whose geometry ensured a slightly higher temperature for the windows than for the alkali metal reservoir
(temperature diﬀerence ∼10–20 ◦ C, temperature range
100–250 ◦ C). For cells with fused silica windows, the body
of the cell was also in fused silica. Cells with sapphire or
YAG windows had a sapphire body and were of a special
production (in co-operation with the Armenian Institute
of Physics). They were either T-shaped, either made of
a single sapphire tube, inside which the alkali metal was
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embedded in a niobium envelope, notably trapping impurities as a getter. Evacuation of these cells, prior to the
ﬁlling with the alkali metal vapour, normally includes a
step at a high temperature (>400 ◦ C) for outgassing [35].
In general, the temperature was measured in two diﬀerent points with thermocouples probes, supposedly yielding the reservoir temperature and the windows temperature. The vapour pressure (and atomic density) in the cells
were extrapolated through classical formulae [36] from the
temperature of the alkali reservoir. Note that a gradient
of temperature in the cell oven can aﬀect the accuracy
of the reservoir temperature. To eliminate this diﬃculty
when comparing the interaction of a given atomic state
with various materials, we have notably used cells terminated at one end by a sapphire window — with a nominal
c-axis normal to the window (c⊥) —, and at the other
end by a YAG window. For the Cs cell, the orientation of
the sapphire C-axis was measured to be at 1.8◦ from the
normal to the window. We have also used a Cs cell with
a window whose c-axis was nearly parallel to the window
(actually at ∼10◦ from the window plane).
3.2.3 Main optical set-up and detection scheme
The incidence angle of the probe beam is most often chosen between 0 and 50 mrad because the expected residual
Doppler broadening (∼ΓDopp θ) (ΓDopp = ku being the
Doppler shift for an atom ﬂying at the most probable velocity) remains well below the transition linewidth. For
the pumping beam, the incidence angle does not exceed
50–100 mrad because of the geometry of the oven. The
probe beam is attenuated in order to ensure that the SR
signal behaves linearly with the incident intensity. The
beam reﬂected at the window-vapour interface is sent to
a low-noise ampliﬁed photodiode. The signal is processed
through a lock-in ampliﬁer, whose reference channel is synchronous to the FM applied onto the probe beam. For a
typical 0.1 mW probe beam, the intensity of the reﬂected
beam falling onto the photodetector is usually on the order of 1 µW, and the typical minimal detectable relative
change of reﬂectivity is usually below 10−5 , for an integration time 0.1–1 s. An extra-improvement, by nearly an
order of magnitude, leading to a sensitivity close to the
shot-noise limit, was ﬁnally achieved in the course of the
experiments on Rb by applying an additional fast AM on
the pump beam. This modulates the population of the initial level of the probed transition (6P1/2 for Cs), and it
enables a SR signal detection through a cascade of lock-in
ampliﬁers (typically the AM is at 90 kHz, and the FM is
hence lowered down into the kHz range).
To provide a spectroscopic reference for a “volume” experiment, an auxiliary experiment has been set that uses
fractions of the incident pumping and probe beams. For
Cs, a ﬁrst part of this auxiliary set-up consists of the monitoring of the pumping beam frequency, in order to stabilize the overall atomic density in the (Cs) 6P1/2 level
(as the pump spectrum itself is already broadened, as due
to the applied FM). This is usually achieved by a regular linear absorption experiment on a room temperature
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Fig. 7. Linear absorption spectrum on the 6P1/2 –6D3/2 transition of Cs (Cs temperature: 97 ◦ C), with the narrow-spectrum
pump laser tuned to the 6S1/2 (F = 4)–6P1/2 component. One
notices on the 6P1/2 (F = 4)–6D3/2 component a residual narrow structure related to the hyperﬁne structure of 6D3/2 , associated to the velocity selectivity in the pumping step; conversely, the 6P1/2 (F = 3)–6D3/2 component is observable only
because of a collisional redistribution and is intrinsically broad
(see text).

cell. A second saturated absorption (SA) set-up is implemented in another Cs cell, for the monitoring of the
probe frequency itself. It involves two counterpropagating
beams at the probe frequency, in the presence of an additional irradiation at the pumping frequency. It provides
the probe frequency reference for the SR spectroscopy experiment that is performed between excited states. Note
that because of the hyperﬁne optical pumping — whose
eﬀects are long-lasting in the ground state —, a strong
absorption on the pumping transition produces only a relatively low population in the excited states. In order to
increase the intermediate state density for the SA experiment, the alkali cell is heated-up. In return, the pump
beam is so strongly attenuated in the cell that the SA experiment at the probe frequency is actually performed in
a limited region, conﬁned to the vicinity of the window.
This was notably the key to perform SA experiments [11],
that will be reported elsewhere, characterizing the (atomatom) collisional behaviour for the 6P1/2 –6D3/2 transition of Cs. The pressure broadening was measured to be
1.6 ± 0.4 MHz/mtorr, with an uncertainty mostly related
to the temperature measurement, while the pressure shift
remained below 0.1 MHz/mtorr, as extrapolated from a
Lorentzian ﬁtting of the observed lineshapes.
3.3 Testing the broadband pumping
Because of our purpose to interpret the FM SR spectrum
of a transition between excited states on the basis of a
SR theory for a transition starting from a thermal ground
state, it is particularly important to check if the pumping
conditions eﬀectively generates a quasi-thermal population in the 6P1/2 state for Cs (respectively 5P3/2 for Rb).
A ﬁrst test has been provided by the observation of the
linear absorption spectrum at the probe frequency in the
cell used for the SA reference spectrum. Indeed, the linear
absorption spectrum of the probe beam simply reﬂects the
velocity distribution induced in the resonant level (Fig. 7).
It easily demonstrates that the chosen pumping conditions provide a broad Gaussian absorption lineshape. In
a second step, we have tested directly on the SR spectrum the insensitivity of the SR lineshape to the speciﬁc

Fig. 8. (FM) SR spectra on the 6P1/2 (F = 4)–6D3/2 transition of Cs, recorded for two diﬀerent temperatures, and various
surfaces, along with the SA reference spectrum (upper trace).
The amplitudes are normalized, in order to make easier the
comparison between the various lineshapes.

parameters (FM broadening of the pump spectrum, residual Doppler broadening, ...) of the pumping process. This
appears necessary because the population transfer to the
resonant state 6P1/2 , when analysed close to the interface
as in a SR measurement, should result also from a transient behaviour, and it may happen that the steady state
population is not yet reached. Actually, for all the experiments that we describe below (Sects. 4–6) the tests have
been passed successfully.
Also, in the course of these preliminary experiments, it
has been observed on Cs (see Sect. 3.2.1) that a velocityselective pumping (e.g. with a narrow laser) on one of the
h.f.s. component induces an eﬃcient broadband pumping
on the other h.f.s. component, located ∼1 GHz away, in
which the initial velocity selection related to the pumping process has disappeared. Note that for Rb, the h.f.s.
structure in the 5P3/2 is smaller than the Doppler width,
so that it is not possible to restrict oneself to the broad
contribution of atoms that have undergone a hyperﬁne
transfer (hence washing out the initial velocity selection).

4 Interpreting experimental results
on Cs(6D3/2)
4.1 General features of the spectra
Figure 8 shows FM SR spectra as recorded in typical conditions on the 6P1/2 (F = 4)–6D3/2 transition of Cs for
various cell temperatures (and hence linewidths, as due
to pressure broadening). One clearly distinguishes wellresolved Doppler-free structures in all cases, but one notes
striking diﬀerences according to the considered interface,
that can be either fused silica, YAG, or sapphire (with
c⊥-axis). In particular, one notes that the main diﬀerences
between YAG and fused silica seem related to the width
of the lineshapes, while one notices a systematic red shift
of the spectra recorded at the sapphire interface. For the
comfort of the eye, the amplitude of the diﬀerent spectra
in Figure 8 has been normalized to their maximum, while

H. Failache et al.: Resonant van der Waals interaction excited atom and dielectric surface

Fig. 9. Comparison between (FM) SR spectra on the
6P1/2 (F = 4)–6D3/2 transition of Cs, for sapphire windows
with c⊥ and c-axis. The Cs cell temperature is ∼105 ◦ C (corresponding to ∼0.5 mtorr), and the amplitude of the spectra
is normalized. The SA reference spectrum is also indicated.
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Fig. 10. Comparison between (FM) SR spectra on the
6P1/2 (F = 4)–6D3/2 transition of Cs, as recorded for two diﬀerent positions of the incident beam onto the c sapphire window.
Varying the stress on the sapphire window, and the related
birefringence, appears as a way to tune the resonant behaviour
of a sapphire window.

4.2 Fitting method

a meaningful comparison should take consideration of the
relative signal amplitude. The amplitudes of the SR signal
(when compared to the nonresonant reﬂection) are typically (in the explored temperature range) in a 2.3, 1, 0.6
ratio for fused silica, YAG, and sapphire windows, respectively. Note also that in Figure 8, the vapour temperature
should be nearly equal for YAG and sapphire, because
the two windows belong to the same cell, while for the
fused silica window, the uncertainty in the temperature
measurement cannot be neglected. As ascertained below,
the large shift, along with other features, observed for the
sapphire windows can be intuitively viewed as a signature
of a resonant coupling between sapphire polariton mode
and the virtual emission of 6D3/2 of Cs. Note also that
for the 6P1/2 (F = 3)–6D3/2 manifold, equivalent spectra
are obtained, with the h.f.s. components exhibiting more
comparable amplitude.
A comparison between two SR spectra recorded respectively on c⊥ and c sapphire windows, is provided
in Figure 9. Clearly, the frequency shift is much weaker
for the c window. As will be discussed below, this is in
agreement with the reduction of the resonant coupling between the polariton mode and the virtual emission of the
excited level of Cs. As shown in Figure 10, we have also
investigated, for the c sapphire window, the inﬂuence of
the position of the irradiation spot. Close to the regions
where the window is glued to the sapphire body of the
cell, where stresses and tensions in the window are higher,
the spectra are modiﬁed, and slightly shifted towards the
c⊥-window response. It is believed that this relates either
with a local change in the c-axis orientation, or more probably, with a stress-induced shift of the surface resonance
(i.e. it appears as a modiﬁcation of εo (ω) and εe (ω), rather
than a geometrical change in the relevant combination of
εo (ω) and εe (ω)).

Because a quasi-thermal population has been induced in
the intermediate level 6P1/2 , the obtained SR lineshapes
on the 876 nm line are to be (tentatively) ﬁtted with the
previously calculated lineshapes for linear FM SR spectroscopy with vW interaction taken into account. Let us
recall that in previous works [29], one has given a detailed numerical evaluation of the FM SR lineshapes for
any value of the vW interaction (according to the dimensionless parameter A, see Eq. (8)). The evaluations for this
series of lineshapes include a variety of situations, notably
perturbative regime of the vW attraction (0 < A < 1),
strong vW regime (A > 1) [29], as well as vW repulsion [5]. The A value governs all the features of the FM
spectrum: this includes distortion relatively to the pure
Doppler-free dispersive Lorentzian (i.e. relatively to the
A = 0 lineshape), apparent frequency shift relatively to
the free-space transition, and signal amplitude (the SR signal being simply proportional to the atomic density, and
to the transition probability). It should be recalled that,
as a consequence of the spatial averaging intrinsic to the
SR method, (see the appendix of [6]) both attractive and
repulsive potentials yield an apparent red-shift. However,
the lineshapes can be clearly distinguished in most cases,
with an exception discussed in Section 4.3.2. In particular,
the normalized amplitude (relatively to the vW-free signal, A = 0) increases with A (A > 0), and decreases with
|A| (for A < 0). Although the original theoretical lineshapes [29] were calculated in the simple framework of an
inﬁnite Doppler width, further improvements in the theoretical lineshape estimates have included the eﬀect of the
ﬁnite Doppler width (essentially the wings of the FM SR
lineshapes) through a ﬁrst order correction in γ/ΓDopp [9].
Note that the ΓDopp value is imposed, almost independently of the experimental conditions, while the optical
width γ is a posteriori deduced in the ﬁtting process (as
depending on the experimental conditions). To solve this
diﬃculty, an a priori but approximate value of the homogeneous width γ is considered. In the present work, and in
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order to increase as much as possible the accuracy of the
ﬁtted parameters, the numerical theoretical curves used
in the ﬁtting process have been amended to include the
eﬀect of the residual Doppler broadening (see [29]) associated with the actual oblique incidence of the probe beam
(typical incidence up to 50 mrad). Indeed, some diﬃculties
(see Sect. 4.3.5) have prevented us to perform the experiment too close to the normal incidence. Note that for given
experimental data, the major eﬀect of a model including
the eﬀect of the residual Doppler broadening, is a slight
reduction in the γ value, while A is nearly unaﬀected (i.e.
a fraction of the linewidth has to be attributed to the
residual Doppler broadening, rather than to the natural
width of the atomic transition). Similar eﬀects of apparent broadening are expected from the ﬁnite amplitude of
the applied FM and the laser jitter (in general assumed
to have an inﬁnitely small amplitude).
Experimentally, the neighbouring hyperﬁne components partially overlap, notably in the wings that are
typical of the vW interaction. This profoundly alters the
apparent similarity with the lineshape theoretically predicted for an isolated transition. The ﬁtting procedure,
based upon a least square method, allows for a theoretical
ﬁtting curve that sums over three diﬀerent hyperﬁne components. The program is essentially similar to the one previously used in [9]. In spite of numerous free parameters,
it achieves convergence eﬃciently because the hyperﬁne
components are well resolved. For respective trial values
A1 , A2 , A3 of the dimensionless vW interaction strength,
the calculation is able to optimise the three respective
optical widths γ1 , γ2 , γ3 , the respective amplitudes, as
well as the positions of the resonances. It also allows for
a residual experimental oﬀset. In such an adjustment, the
amplitudes of the three diﬀerent components can be freely
determined, although in the frame of linear FM SR, their
relative value is expected to be governed by a factor:



(2F + 1)(2F + 1)

F

1

F

2

3/2 7/2 1/2
(i.e. the 3-2, 3-3, 3-4 components of the 6P1/2 (F )–
6D3/2 (F  ) manifold are governed by relative weights 20,
21, 15, and the 4-3, 4-4, and 4-5 components by respective weights 7, 21, 44). Such a ﬂexibility in the amplitudes
enables one to take into account possible slight variations
of the incident intensity during the laser scan (notably
as due to variations in the injected current), as well as
residual nonlinear eﬀects, or possible variations aﬀecting
the homogeneous linewidth of the components. The extrapolated homogeneous widths γ1 , γ2 , γ3 , can also be
determined independently, in spite of the fact that the
width, essentially governed by spontaneous or collisional
processes, should be identical for each h.f.s. component:
this notably permits to compensate for some nonlinearity
in the laser frequency scan, that is calibrated thanks to
the SA reference spectrum. It is also to allow for residual
nonlinearities in the frequency scan that the resonance
position of each component of the (well-known) hyperﬁne structure can be determined independently by the

ﬁtting program. In ordinary situations, once an optimal
ﬁtting has been found for a given (A1 , A2 , A3 ) set of
values, it is compared, notably on the basis of the value
of the quadratic error, with the other optimal ﬁttings respectively obtained for diﬀerent sets of values (A1 , A2 ,
A3 ) [37]. This provides a range of acceptable values of the
ﬁtting parameters. Naturally, if the set values (A1 , A2 ,
A3 ) is ill-chosen, no satisfactory ﬁt can be obtained. Also,
it happens occasionally that some experimental spectrum
does not enter inside the family of “ﬁttable” spectra (see
Sect. 4.3.5), notably when the linearity of the frequency
scan has been altered by severe perturbations. In spite
of the numerous free parameters (up to 10 adjustable parameters are to be optimised for a given set (A1 , A2 , A3 )),
the ﬁtting procedure remains tractable in most cases, and
conﬁdence in the signiﬁcance of the ﬁtting is ascertained
by the agreement with theoretical predictions, not initially
included in the ﬁtting method. In particular, the relative
amplitudes and the positions of the resonances are in very
good agreement with the predictions, the widths of the
three resonances are nearly identical, and the set of values (A1 , A2 , A3 ) can be most often reduced without losses
to a single value of the vW interaction.
In a ﬁnal stage of improvement of the ﬁtting process,
and in order improve the accuracy on the value of the most
relevant parameter, i.e. Aγ, a reduction in the number of
free parameters has been operated, as allowed by the general observations mentioned above. In this approach, an
identical value A of the vW interaction is assumed for
the three components along with identical widths, while
the position of the SR resonances themselves are imposed
by the position of the SA resonances (as theoretically expected, with respect to the null pressure shift measured
for the 6P1/2 –6D3/2 line). Hence, one is left with ﬁve adjustable parameters (width, amplitude of each component,
and oﬀset) for each ﬁt with a given A value, that can
be eventually be reduced to only three by imposing the
relative amplitudes of the hyperﬁne components: in such
a case, the discrimination between “good quality ﬁtting”
and “bad quality ﬁtting” ﬁts is made even simpler, as long
as a nearly ideal ﬁt can be found; this is paid back by the
fact that an increasing number of experimental curves may
become impossible to be ﬁtted.

4.3 Summary of the results
4.3.1 c⊥ sapphire window
As it has been already described in [5], a consistent series of ﬁts has demonstrated the presence of a strong
vW repulsive potential at the interface with a c⊥ sapphire. The ﬁtting consistency is clearly apparent from
two diﬀerent results. First, one observes, when increasing the Cs density in a signiﬁcantly large range, a linear increase of the ﬁtting value for γ, while the atomsurface interaction, as determined by the ﬁtting value of
the Aγ product, remains remarkably constant, yielding
C3 ∼ −160 ± 25 kHz µm3 (Fig. 11). This is obtained in
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Fig. 11. SR spectroscopy on the 6P1/2 –6D3/2 transition of Cs
at a sapphire c⊥ window: pressure dependence of the ﬁtted
values of the optical width and of the vW interaction.
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Fig. 12. An example of a FM SR spectrum of Cs(6P1/2 (F =
3)–6D3/2 ) at a YAG interface (125 ◦ C), that can be ﬁtted with
a vW attraction (with C3 ∼ +22.7 kHz µm3 ) or with a vW
repulsion with C3 ∼ −30.5 kHz µm3 ).

spite of the signiﬁcant changes aﬀecting the spectral lineshapes. Second, for a given atomic density, the two hyperﬁne manifolds F = 3 → F  and F = 4 → F  , which
exhibit notable diﬀerences in the overall shape (as related
to the diﬀerent weighting of the various hyperﬁne component) are actually ﬁtted with extremely similar values (of
the A and γ parameters), as expected for an atom-surface
interaction that is nearly independent of the considered
hyperﬁne level.
4.3.2 YAG window
As already mentioned, one has observed signiﬁcant diﬀerences between the lineshapes with YAG and with sapphire
windows. Initially, the comparison between YAG and sapphire window was implemented because of the expectation
that for sapphire, one would be able to demonstrate the
possibility of a resonantly enhanced surface interaction
(with, in addition, the possibility of getting a repulsive
potential), while YAG was supposed to behave nonresonantly, hence leading to the common vW attractive interaction. In some cases, the comparison between the two
spectra has been performed in real-time, through a duplicating of the detection set-up, enabling on the same
cell (with the two diﬀerent windows) the simultaneous
recording of the two spectra (see Fig. 6). In a ﬁrst ﬁtting trial, we restricted ourselves to a theoretical model
of a vW attraction. Fits that look to be acceptable, although not so perfectly ﬁtting as for sapphire, and corresponding to a relatively weak regime of attraction, are
obtained if one takes C3 ∼ +24.5 ± 5 kHz µm3 (Fig. 12).
The relative values of the hyperﬁne components amplitudes are in reasonable agreement with predictions, as
well as the consistency of the results when varying the
atomic density. However, a surprising point is that for a
given cell temperature, the width γ obtained from the ﬁts,
is much larger than both the value obtained for the sapphire window (Fig. 13b), and the one deduced from the
independent SA measurement. Assuming the possibility
of a repulsive Cs-YAG vW interaction, consistent ﬁttings have been also obtained, with a typical value of the

(a)

(b)
Fig. 13. The ambiguity in the ﬁtting of the SR spectra obtained at a YAG interface on the 6P1/2 –6D3/2 transition of
Cs: (a) pressure dependence of the ﬁtted values of the vW
interaction, assuming either a vW attraction or a vW repulsion; (b) pressure dependence of the ﬁtted values of the optical width, assuming either a vW attraction or a vW repulsion.
Both types of ﬁts appear consistent with the phenomenological
changes induced by the pressure eﬀects. Only the comparison
with an independent measurement (dashed line) performed in
a volume experiment, establishes that the vW interaction is
actually repulsive (see text).
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Table 5. Experimental and theoretical values of C3 for diﬀerent atomic transitions, in front of various surfaces. The indicated
uncertainties are those found in the frame of the model.

C3 (kHz µm3 ) with ﬁt
C3 (kHz µm3 ) with tables

fused silica
Cs(6P1/2 –6D3/2 )
11 ± 2
9.4

YAG
Cs(6P1/2 –6D3/2 )
−32 ± 5
−18.3

sapphire (c⊥)
Cs(6P1/2 –6D3/2 )
−160 ± 25
−98.6

fused silica
Cs(6P1/2 –9S1/2 )
130 ± 15
93

sapphire (c⊥)
Cs(6P1/2 –9S1/2 )
100 ± 10
52

4.3.4 Sapphire window (c)

Fig. 14. SR spectroscopy on the 6P1/2 –6D3/2 transition of
Cs at a fused silica interface: pressure dependence of the ﬁtted
values of the optical width and of the vW interaction.

vW repulsion, on the order of C3 = −32 ± 5 kHz µm3 ,
as illustrated in Figure 13a. The main diﬀerence with the
ﬁtting for a vW attraction is that the pressure broadening behaviour becomes in good agreement with the values
measured both on the sapphire window and in the volume experiment. This ambiguity between the lineshapes
for vW repulsion and vW attraction, ﬁnally resolved only
thanks to the overall measurement of the pressure broadening, originates in the large similarity in the lineshapes
in the typical ranges 0.3 ≤ A ≤ 2 and −2 ≤ A ≤ −0.3,
i.e. when the most apparent eﬀect of the vW perturbation
(whatever its sign may be) is to induce an apparent redshift (see [6] and the discussion in Appendix). Returning
to the theoretical expectations, one ﬁnally sees that the
experimental results are thus in good agreement with the
moderate vW repulsion that has been predicted for YAG
(see Sect. 3).

4.3.3 Fused silica window
The experimental FM SR lineshapes for a Cs cell terminated by a glass window (fused silica) have been also successfully ﬁtted with the SR lineshapes that include the
eﬀect of a vW potential. The ﬁtting consistently establishes, without further ambiguity, that the vW interaction
is weakly attractive. Results of the ﬁtting are shown in
Figure 14, leading to C3 = 11 ± 2 kHz µm3 , in an excellent agreement with the theoretical prediction (Tabs. 1
and 5). Note that, due to a weak dispersive resonance for
a fused silica surface in the 12 µm range, an accurate prediction depends strongly on the exact parameters of the
fused silica window (temperature, etc.) [18].

One has observed notable experimental diﬀerences between SR spectra at the interface with a sapphire window
according to the c-axis orientation, either perpendicular
to the window (c⊥), or parallel to the window (c ). From
a theoretical point of view, the c-axis, when not perpendicular to the window, induces a break of the cylindrical
symmetry of the problem, and a complete theoretical approach cannot be limited to the (D2 + Dz2 )/z 3 eﬀective
Hamiltonian. One expects a degeneracy lifting between
the various atomic states (according to mJ ) [4,38]. This
should induce a dependence of SR spectra on the incident
probe polarization, and the corresponding excitation of a
speciﬁc h.f.s. component. Actually, we have not found a
signiﬁcant sensitivity to the polarization, most probably
because with a (c ) window, the potential gets weaker,
due to the polariton frequency shift [4].
In the absence of a clear signature of a symmetry
break, it has appeared reasonable to attempt a ﬁtting
of the experimental lineshapes with the scalar theoretical model described in Section 4. Such tentative ﬁts
have demonstrated that the strong resonant repulsion evidenced with the c⊥ sapphire window disappeared. However, at the point of deciding which sets of ﬁtting parameters are acceptable, and which one should be rejected, the
situation is even more intricate than the one discussed in
the case of YAG (Sect. 4.3.2) when attractive or repulsive interaction induces comparable lineshapes features.
Also, the agreement between the tentative ﬁts, and the
experiments remains rather poor (in the wings, in the
linewidth, etc.). Indeed, the shift of the polariton resonance (relatively to the resonance of a c(⊥) window) implies a severe decrease of the contribution of the 12.15 µm
line, which is no longer the dominant one. As a consequence the overall prediction becomes inaccurate (e.g.
−25 ≤ C3 ≤ 25 kHz µm3 ). As will be reported elsewhere [39], a satisfactory agreement needs one to include
in the physical model the dissipative eﬀect of the real energy transfer, that is also z −3 space-dependent (see [40]
and the experimental observation in [32]), in addition to
the vW energy shift originating in the virtual emission.

4.3.5 A remark
Before closing this section devoted to the ﬁne agreement
obtained between the experiment and the ﬁtting model,
we should mention that we observed that the lineshape is
modiﬁed for an irradiation very close to the normal incidence, with the appearance of a narrow structure [11].
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This structure can never be ﬁtted within the model,
it is more or less dispersion-like, and has an apparent
width on the order of the natural width. Remarkably, this
structure can be observed for various types of windows,
independently of the strength of the vW interaction, and
it is precisely located on linecenter (as estimated for a free
atom, as it would be the case if originating from a signature of atoms relatively far away from the wall). Although
we have not been able to build-up a satisfactory model, we
believe that this signal may be related with an inhomogeneous spatial distribution of atoms: in particular, when the
transient evolution of the pumping is considered, the density of departing atoms is expected to be inhomogeneous
on distances on the order of the wavelength. This eﬀect,
most probably hindered in the transmission experiments,
remains however marginal enough to disappear with a relatively small amount of broadening (e.g.: FM amplitude,
residual Doppler broadening, pressure broadening...). It is
also independent of the pumping conditions (Sect. 3.3).

5 Experimental results on Rb(6D)
5.1 Main diﬀerences with the 6P–6D transition of Cs
The essential interest of studying the 5P–6D transition of
Rb, is that the 6D level couples to Rb(7P) at wavelengths
that fall in near coincidence with the Cs 6D3/2 → 7P1/2
coupling, whose dramatic eﬀects in the vicinity of a sapphire or of YAG surface have been seen in the previous section. In the principle, exploring the resonant coupling at
wavelength neighbouring the one of the Cs 6D line should
provide some kind of high resolution spectroscopy of the
surface polariton resonance of sapphire and YAG. Moreover, while the Cs 6D5/2 → 7P3/2 coupling is simply non
resonant, but that no comparison experiment could be
performed because of the diﬃculty to reach Cs(6D5/2 ) —
an uncommon source at 917 nm would be required following a pumping tuned to the D2 resonance line —, in
the case of Rb, the ﬁne structure levels 6D3/2 and 6D5/2
are expected to exhibit a resonant behaviour with sapphire or YAG surface. The 6D–7P coupling falls indeed
respectively at 12.21 µm and 11.74 µm (and 12.24 µm).
For such a comparison, the pumping is necessarily on the
D2 line (780 nm). This is actually more favourable than
a D1 pumping, as the excitation line to 6D falls then in
the 630 nm range (630.0 nm and 630.1 nm), where some
diode lasers operate, while the 620 nm range required with
a D1 pumping cannot presently be reached with a diode
laser.
Unfortunately, it has appeared that several diﬀerences
between the Rb experiment and the Cs experiment, that
we list below, have imposed severe limits on the Rb
studies:
(i)

in spite of an apparent similar labelling, Rb(6D) is
a more excited level than Cs(6D), both energetically
(3.6 eV instead of 2.8 eV), and in the number of quantized excitation: it is more resembling to a Rydberg
level, has a longer natural lifetime (295 ns vs. 70 ns),
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Fig. 15. (FM) SR spectrum as recorded on the weak 5P3/2 –
6D3/2 transition of Rb at fused silica interface. Note the high
pressure broadening of Rb.

so that the transition probability 5P–6D of Rb is approximately one order of magnitude smaller than the
one of 6P–6D of Cs. In a linear technique such as SR
spectroscopy, this limits practically the sensitivity:
the only possible compensation is found in increasing
the atomic density. In return, the narrow spectral features, from which the vW interaction can be characterized, undergo a considerable pressure broadening;
(ii) as expected for a higher-lying state, the hyperﬁne
structure of Rb(6D) is much narrower (in the range
1–8 MHz, depending on the considered manifold) [41]
than in the well-resolved one of Cs(6D). Even in
the low-pressure SA reference spectra, the h.f.s. of
Rb(6D) cannot be resolved for most of the transitions, and the SR spectra appear simply broadened
by the unresolved h.f.s.;
(iii) natural Rb is a mixture of two isotopes. For the ﬁrst
resonance line (D1 or D2 ), the relevant isotope shifts
are rather large, so that all transitions are easily discriminated. However, radiation redistribution in the
resonant level can transfer excitation from one isotope to the other one. Because the two isotopes have
close 5P–6D lines, the wing analysis, so important
in the ﬁt analysis for a correct determination of the
vW interaction, can be made more diﬃcult by these
residual contributions.

5.2 SR spectra: comparison between diﬀerent windows
In spite of all our attempts, notably including focusing of
the pump beam — at the risk of saturation eﬀects — to
increase the atomic density in the excited state, the SR
spectrum on the weak 5P3/2 –6D3/2 transition has been
observable only in pressure conditions that imply a broadening hardly compatible with the detection of surface interaction eﬀects. This is illustrated in Figure 15: the signal
remains small while the pressure broadening tends to induce an overlap between the hyperﬁne components of the
initial states of the transition.
The transition 5P3/2 –6D5/2 has revealed to be more
favourable, and we succeeded in performing signiﬁcant
comparison between SR spectra at the interface with different types of windows. At the interface with a fused silica

252

The European Physical Journal D

Fig. 16. (FM) SR spectrum as recorded at fused silica interface on the 5P3/2 –6D5/2 transition of Rb.

broadened relatively to the one of a SR spectrum at a
fused silica interface.
These behaviours, notwithstanding a smaller overall
amplitude, with respect to the fused silica window are typical of a repulsive vW interaction, and can be seen as an
indication for a resonant behaviour in the atom-surface interaction induced by the coupling between the Rb (6D5/2 )
emission at 12.21 µm, and the surface resonances of sapphire and of YAG.
However, the pressure broadening has remained very
large for all spectra exhibiting a reasonable signal amplitude, while the frequency reference itself is relatively noisy.
This is why we have not attempted to ﬁt the recorded SR
spectra.

6 Cs(9S) and the SiO2 resonance
in the 8 µm range
6.1 Diﬀerences with the other experiments

Fig. 17. Comparison between (FM) SR spectrum as recorded
at YAG (dot line) and sapphire (c⊥) interfaces on the 5P3/2 –
6D5/2 transition of Rb. Because all the available laser power
is needed in a single experiment, the comparison between
YAG and sapphire has not been performed with simultaneous recordings. The occasional frequency drifts are visible from
the SA reference where two successive frequency scans are
presented.

window, the SR spectrum resonances, although as broad
as 50 MHz, do not exhibit a signiﬁcant frequency shift.
The SR peak remains within 20 MHz from the position
of the SA resonance. The SR lineshape, as seen in Figure 16, is always asymmetric, and evolves smoothly with
the broadening induced by increasing temperature and
densities. In spite of the complexity brought by the successive hyperﬁne components, one may recognize the typical
distortion induced by a relatively weak vW (attractive)
interaction (as expected for a non resonant atom-surface
interaction).
This contrasts with the situation observed with the
cell terminated by sapphire (c⊥) and YAG windows. Between the spectra recorded at the same temperature with
these two windows, one notices considerable diﬀerences,
as seen from Figure 17. With the sapphire window, one
notes a considerable red frequency shift relatively to the
SR spectrum on the YAG window, and to the SA resonance. This red shift at the sapphire interface is observed
with a comparable line broadening. The SR spectrum at
a YAG interface also shows a red-shift relatively to the
SA resonance peak, while the SR wing are considerably

The previously analysed experiments were motivated by
some speciﬁc resonance of sapphire, that could be extended to YAG, while the fused silica window was the
typical example of a nonresonant material. Here, it appears in Table 4, that, with regards to its surface vW
interaction, the high lying state 9S of Cs is mainly sensitive to the couplings at 12.96 µm and 13.76 µm, along with
those at 8.3 µm and 8.9 µm. However, the couplings in the
13 µm region are not aﬀected by the above demonstrated
sapphire resonance, because they simply correspond to a
virtual absorption; conversely, the couplings in the 8 µm
range are associated to a virtual emission, susceptible of a
resonant exchange with the surface mode. Speciﬁcally, for
the fused silica, there is simultaneously a large resonant
enhancement of the 8.9 µm contribution, and a negative
resonant behaviour for the companion coupling at 8.3 µm.
For the sapphire, the coupling in the 8–9 µm region reduces the vW attraction, because of the far wing of the
12 µm resonance. It is hence one of the situation where
the interaction on the fused silica window should be an
attraction stronger than the one of sapphire, mainly because of the resonant contribution of the fused silica. With
the exception of strong resonances, this situation can appear to be unusual as it is at the opposite of the ratio of
the index of refraction (higher for sapphire than for fused
silica at the wavelength of observation).
The experiments, performed by SR spectroscopy on
the 6P1/2 –9S1/2 line after a D1 line pumping, beneﬁt on
the one hand of the well-resolved h.f.s. of the 9S1/2 level,
whose splitting is as large as 440 MHz, so that even at
high Cs pressure, there is never any overlap between the
various components, while on the other hand, the transition probability (and accordingly the SR signal) is weaker
by an order magnitude than on the 6P1/2 –6D3/2 line; additionally, the frequency tuning of the laser can reveal to
be diﬃcult in this frequency range. This is why we have
only realized a limited set of experiments, not exploring
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Fig. 18. (FM) SR spectrum on the 6P1/2 –9S1/2 transition of
Cs at sapphire window (c⊥). The ﬁt is also indicated (open
circles).

much the variations of the SR behaviour with the Cs density, nor attempting to study systematically the possible
pressure-shift aﬀecting the volume (SA) reference.
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ter A. One also notes that the central position of the resonance, as deduced from the SR lineshape, is automatically
adjusted from the ﬁtting programme, and is slightly redshifted (by an amount 4–5 MHz) relatively to the low Csdensity SA reference. This appears very compatible with
a small pressure-induced shift: indeed an identical shift is
obtained for a ﬁtting of the SR spectrum at a fused silica
interface at comparable Cs densities.
From the systematic analysis of the data, and of the
corresponding ﬁts, we conclude that the C3 values, estimated experimentally to be: (100 ± 10) kHz µm3 for sapphire (c⊥), and (130 ± 15) kHz µm3 for fused silica, are
larger than the predicted values by a factor not exceeding 2, and that the fused silica interface is responsible for a
stronger interaction than the sapphire. Although the cells
are not identical, one may estimate that most of the systematic errors that could aﬀect the C3 value should be
identical in the two SR experiments, conﬁrming again experimentally that the fused silica exerts on the Cs 9S1/2
level an enhanced attraction due to a pole in the 8–9 µm
range.

6.2 Experimental results and interpretation
The experiments have been limited to the comparison of a
sapphire window (c-axis perpendicular to the window) and
of a fused quartz window. There was no eﬀective attempt
of including the high density eﬀects: conversely, spectra
were recorded several times in similar nominal conditions,
in order to minimize ﬂuctuations in the frequency scan.
To eliminate as much as possible the need of an estimate
of the frequency shifts induced by pressure for the volume
resonance, the SR lineshapes were recorded in the conditions of a low atomic density (typically 130–140 ◦ C of
Cs, i.e. ≈1014 at/cm3 ). However, this was obtained at the
expense of the signal-to-noise ratio, whose optimisation
hence depends on the adjustment of the FM amplitude.
This is why, for this set of experiments, the FM amplitude
is much larger than for the 6P1/2 –6D3/2 and can reach an
appreciable fraction of the linewidth, implying a residual
FM broadening that can easily remain unnoticed at the
time of the experiment, as due to the low signal to-noise
ratio.
A typical SR spectrum is presented in Figure 18, as
recorded at an interface with a sapphire window, along
with the best corresponding ﬁtting. Here again, and in
spite of the possible eﬀects of spatial dispersion always
associated to a ﬁrst pumping step, we obtain an excellent agreement between the experimental SR lineshape,
and the chosen calculated lineshape. As an evidence of
the good quality of the ﬁtting, it should be noted that,
here again, the two h.f.s. components are ﬁtted with the
same width and vW interaction although they are perfectly resolved. Relatively to the ﬁtting method described
in the Section 4.2, the presented ﬁtting has been improved
by taking into account the eﬀect of this modulation frequency. A smoothing method is indeed applied to the ideal
theoretical curve. As a rule, this implies a slightly reduced
value of the extrapolated value of γ and can tend simultaneously to modify the optimal value of the vW parame-

7 Conclusion
The above extended experimental study completes the
ﬁrst evidence of a resonant vW atom- surface interaction
that is turned into a repulsion. Along with the general interest for the control of atom-surface interaction, it clearly
shows that this repulsion, that may look to be exotic in
its requirement of a coincidence between the atom and the
surface mode resonances, is actually more common than
expected at ﬁrst sight. In particular, for high-lying atomic
states, the stronger couplings are in the infrared range,
and naturally fall in a range where the dispersive properties of dielectric windows can induce strong resonances.
As mentioned in Section 2, one should expect large
uncertainties concerning the resonant features of the surface polariton modes, notably because of a possible dependence on the sample, and a lack of data obtained at
the adequate surface temperature, moreover in a wavelength range that makes the “window” strongly opaque.
In addition, in some cases, the C3 predictions may depend on the surface response rather far away from the
resonance center (this is the case for the 9 µm behavior of
sapphire for Cs(9S)), or on a combination of various resonant behaviors (e.g. the repulsive contribution at 8.3 µm
for Cs(9S1/2 ) in front of fused silica, as opposed to the enhanced attractive contribution of the 8.9 µm transition).
Table 5, that summarizes the results of the comparison
between the predicted C3 values (for a given transition,
i.e. taking into account the minor eﬀect of the C3 value of
the lower state), and the experimental ﬁndings, shows an
agreement satisfactory up to a level on the order of 50%.
Such a good agreement is even remarkable in view of the
various pitfalls that could aﬀect it: the model used for
the theory is somehow crude in its neglect of the spatial
dispersion of the pumped atoms (notably for departing
atoms). It also neglects the spatial dependence γ(z) of the
relaxation coeﬃcient γ induced for all emission transitions
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by the process of ﬂuorescence in an evanescent mode [42],
and, for the resonant coupling, by the near-ﬁeld z −3 real
transfer [32]. It is indeed only for c sapphire that the
latter eﬀect must be introduced, in a more reﬁned ﬁtting
process that will be presented elsewhere [39]. It should be
added that in the present study, when the signal-to-noise
ratio and the frequency resolution allow one to attempt
a ﬁtting method, the ﬁtting model based upon an initial
thermal population has revealed to be very eﬃcient: this
shows once again how powerful is the FM SR technique,
with its intrinsic velocity selection. Only in some cases
the consideration of the broadening induced by the ﬁnite
amplitude of the applied FM has improved, to a limited
extent, the quality of the ﬁttings.
A further extension of this work, which actually represents, to our knowledge, the sole observation of the very
fundamental process of long range energy exchange between an excited atom and a real surface, should notably
include the cavity QED correction for non-zero temperature [43]. Indeed, the strong 12 µm emission coupling in
our experiment is only ∼3 times more energetic than the
average quantum of thermal excitation, so that the reverse
process (resonant coupling due to a virtual atomic absorption) may start to be observable, or turn to be dominant
for higher-lying levels, as is the Cs(8P) level, that we are
presently exploring [44]. At last, for these thermal eﬀects,
a foreseen diﬃculty lies in the fact that the surface resonances themselves are extracted from phenomenological
values of the optical parameters of the dielectric material: these dispersive properties of the windows are usually
temperature-dependent, and this dependence can partly
be traced back to thermal statistics eﬀects, like multiphonon absorption [45].
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