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Abstract. We have realized a resonant waveguide structure which enhances the intensity of
an evanescent wave at a dielectric~vacuum interface by more than three orders of magnitude.
We present a simple theoretical model inciuding the effect of the losses in the waveguide,
which gives a good description of the observed behaviour of the structure. We experimentally
determine the enhancement factor by analysing the resonance of the reflected light intensity.
This characterization technique allows for an easy in situ monitoring of the enhancement, which
is a key feature for the understanding of atomic mirror experiments.

1. Introduction

The use of the dipole force in an evanescent wave to reflect atoms was proposed in [1], and
has received a great deal of experimental attention {2-12]. This is because such a device is a
very promising way to make an atomic mirror, and our experience in optics leads us to expect
that good mirrors will be important tools for atom optics. To be really useful it is important
that the atomic mirror be ‘coherent’, i.e. that it preserve the coherence of the incident wave.
Thus, random processes such as spontaneous emission must be avoided. One can show that,
for a fixed incident velocity, the minimum probability of spontaneous emission during the
bounce is inversely proportional to the laser intensity creating the evanescent wave [, 10].
In all the experiments of [2~6], the spontaneous emission probability was equal to or greater
than about 10% per atom per reflection. It is therefore important to increase the intensity
of evanescent waves to obtain coherent atomic mirrors. A solution for reaching higher
intensities is to enhance the evanescent wave using a passive resonant structure. Atomic
mirrors based on this idea have been demonstrated, making use of both surface plasmons
[7-9] and of a dielectric waveguide structure [10-13].

The waveguide used in [10], was described in a previous paper [14]. The principle of
the enhancement was explained, and we showed that the main features of the structure could
be qualitatively understood using an analogy with a Fabry—Perot cavity, We also introduced
a method to evaluate the enhancement, based on the analysis of the reflected light. The
treatment of the experimental data yielded a value of 130 for the enhancement factor, the
ratio of the effective intensity €gcE2/2 of the evanescent wave at the interface with and
without the waveguide. In this first system, the influence of the losses was negligible,

In this paper, we describe an improved structure with an enhancement factor of 1650, a
gain of more than one order of magnitude. With this structure we were able to reflect atoms
with a spontaneous emission probability below 1% [11,12]. ’Undcrstanding the behaviour
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of this highly resonant system requires a more detailed analysis than in the previous case.
In particular, the losses have to be accounted for to calculate the enhancement. We will
also use a Lorentzian approximation to derive some simple analytical expressions for the
transmission and reflection coefficients of the structure as a function of the wavelength [15].
This provides a simple understanding of the influence of the various parameters of the
structure and a straightforward way to estimate the enhdacement, using the quantities
characterizing the reflectivity curve. We have applied this method to our device placed in
the conditions of the atomic mirror experiments (i.e. inside a UHV chamber). We measure
the intensity of the light reflected by the structure as a function of the wavelength, and use
the quantities characterizing this reflectivity curve to calculate the enhancement factor. This
remote measurement technique penmits easy in siru characterization of the resonance. It
has enabled us to observe the evolution of the structure with time, a phenomenon that we
attribute to a reversible pollution of the prism surface by rubidium atoms.

In section 2, we present the detailed analysis of the enhancement of evanescent waves
using a dielectric waveguide structure. We describe in section 2.1 the structure of the
multilayered system, and recall the simple analogy with a Fabry—Perot cavity which allows
a qualitative understanding. We then introduce the notation used throughout the paper,
and recall the results of the exact plane-wave treatment based on the Fresnel coefficients
(section 2.2). In sections 2.3 and 2.4, we discuss the behaviour of the device in the
‘low-coupling’ regime, analogous to a high reflectivity input coupler in a Fabry—Perot, both
without and with losses in the waveguide layer. Two different regimes appear, depending on
the value of the losses with respect to the coupling. In section 2.5, we use the Lorentzian
approximation to derive some simplified expressions for the transmission and reflection
coefficients of the structure around resonance. Using these results, we show that the
enhancement can be easily obtained through the analysis of the reflected light.

In section 3, we present experimental results obtained with the system described in this
paper. The experimental set up, allowing for the in situ measurement of the reflectivity of
the structure, is described in section 3.1. We then show how we analyse the experimental
data (section 3.2). This analysis yields a value for the enhancement of the evanescent wave.
We finally report, in section 3.3, on the time evolution of the resonance due to contamination
by rubidium atoms.

2. Theory

2.1. Description of the system

The waveguide structure under study is illustrated in figure 1. Two thin dielectric layers
are evaporated on a glass prism with a high index of refraction n;. The first film, with
a low index of refraction n, and a thickness d5, acts as a gap layer between the prism
and the second layer, characterized by a high index of refraction n3 and a thickness ds.
This second layer, surrounded by two media of lower indices (the gap layer below and the
vacuum above), acts as a single-mode waveguide at the operating wavelength (A = 780 nm).
The incident light is coupled inside the waveguide through the gap layer, making use of
frustrated total internal reflection at the prism—gap interface.

To understand how this structure enhances the evanescent wave, we can use an analogy
with a Fabry—Perot cavity. In this analogy, the gap corresponds to a coupling mirror, whose
transmission is small in our case. The waveguide—vacuum interface, where the light is totally
reflected, corresponds to the second mirror of the cavity, with a‘reflection coefficient equal
to 1. We thus have a Fabry-Perot cavity of high finesse: for certain values of the incident
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Figure 1. Resonant dielectric waveguide structure. The high-index waveguide (TiO;, thickness
d3 = 69.7 nm, index of refraction n3 = 2.387) is separated from the prism (LaSFN18, index of
refraction 1y = 1.893) by a low-index gap (8i0,, thickness d; = 700 nm, index of refraction
ny = 1.49). All indices are given for A = 780 nm. The diclectric layers are deposited by
ion-assisted deposition (1AD}). The incident laser beam can be resonantly coupled to a waveguide
mode, through the gap, by frustrated total intemnal reflection (‘photon tunnelling’). This results
in a large amplitude evanescent wave in the vacuum above the waveguide.

light parameters (e.g. the wavelength), the electric field amplitude inside the waveguide
experiences a strong resonant build-up; by continuity, the evanescent wave amplitude in the
vacuum above the waveguide is also enhanced.

2.2. Plane-wave description

In the theoretical section, we consider an incident plane wave in the prism. The influence
of the Gaussian profile of the laser beam will appear in the analysis of the experimental
results. Therefore, the electric field in each medium will be described by the sum of two
plane waves. We assume TE polarization for the incident plane wave, so all the electric
fields in the problem are perpendicular to the plane of figure 1 (x-z plane). The time
dependence of the electric field is described by a term exp (—iwt). The complex amplitude
of the electric field of a plane wave in medium j is

Ej(x,z) = Ajexplilkyx + k;2)] N
where k,; and k,; are the components of the wave vector along the x and z axis, respectively.

The total electric field in medium j can be written as the sum of an incident (upward
propagating) wave and a reflected (downward propagating) wave:

Ej(x,2) = E*(x,2) + (1 — ;) E}(x, )
= Af,-“c explitkyjx + kpjz)] + (1 — 5;4),4}““ explitkejx — k,;2)). 2)
The Kronecker symbol §;4 accounts for the fact that there is no reflected wave in medium 4,

which is semi-infinite. The components k,; and k,; of the wave vector in medium j are
linked by the relation

2 2 2“’2
K+ =n— (3)

Because of the Snell-Descartes laws, all the k,; components are equal:

w .
kyj = —nysinéy =k, @
c
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where 4, denotes the incidence angle in the prism. To obtain total internal reflection at
the prism—gap interface, we operate with 6; satisfying sinéy > ny/n;. According to the
values given in figure 1, we have: nsy > n; > n; > ng4; therefore, the electromagnetic
waves are propagative along the z axis in the prism (j = 1) and the waveguide (j = 3),
and evanescent in the gap (j = 2) and vacuum (§ = 4). Thus we write the electric field
amplitudes in the prism and the waveguide:

Ei(x,2) = (A;nc exp (ku‘z) + A; exp (—kzjz)) exp (ikyx) )]
with
2{:)2 2 :
k= nje—z-k_; for j=1and3. {6)
Similarly, in the gap and the vacuum we have
Ej(x, 2) = (A" exp(—&;2) + (1 — 8j4) A} exp(k;2)) exp (ikrx) 0]
with
_Je-n® g j—2and4 8
K = X—nj—g or j=2and4. %)

The amplitude Fresnel coefficients for reflection and transmissien at the interface i—j
are denoted by r;; and r;;, respectively. In a very general way, we can write

rij = ll‘,leXp(—ZIQJU) ; (9)

In our particular situation, there is total internal reflection at the prism—gap interface, as
well as at the waveguide—gap and waveguide-vacuum interfaces. Thus, in the absence of
losses, one has |r1z| == 1 and |r3;| = 1, for j = 2 and 4. When losses are taken into account
in the waveguide, one has |r3;] < I [16]. It is also convenient to introduce a generalized
Fresnel coefficient describing the amplitude reflection of the waveguide layer, surrounded
by the two semi-infinite media 2 and 4 [16]:

ras -+ rig exp (—Zisz,d;;)
1 4 rasrsgexp (—2ik,3ds)
Using the same approach, we can similarly define the generalized Fresnel coefficients for
our structure, #1334 and ryz34:

Ej(x,z=dp 4+ d3) _

== |ry3a] exp (—2i®P234) . (10}

234 =

Hoe = - = ! 11
1234 £ (r.2 = 0) 14 (11)
and
E{{x,z=10)
el == pyy 12
234 E™ (x,z=0) T4 (12)

In expréssion (11) and (12), we introduced the abbreviated notation f;4 and ry4 for
the sake of simplicity; however, the reader should keep in mind that these quantities are
composite terms involving the Fresnel coefficient at the various interfaces and the indices
of refraction and thicknesses of the dielectric layers.

The term |t;4]%, which we will refer to as the transmission factor in the rest of this
paper, is the most important quantity in our problem, since it measures the performance of
the device. More precisely, the enhancement is proportional to [t14l? . However, |f4]? is
not directly measurable in our experiment, since it is difficult to have access to the electric
field amplitude in the evanescent wave at the dielectric-vacuum interface [17]. Instead, we
will extract this information from the analysis of the reflection-coefficient |r14|%, which is
easier to measure in our experiment.
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2.3. Loss-free waveguide

Writing the continuity of the electric field at the various interfaces, it is possible to obtain
an exact expression of the amplitude transmission and reflection coefficients 714 and r 4, as
a function of the Fresnel coefficients r;; and f;; and of the thicknesses and indices of the
layers. The amplitude transmission factor can be written as [18]

112123134 €Xp (ik;3d3)

hg = (13)
F exp (k2d2) + G exp (—kad>)

with
F =1 — rysryexp (Qik,sds) (14)
G = riary3 — raara exp Qikpds) . o (15)
The amplitude reflection coefficient is given by
12 + ry3q exp (—2«2d;)

e 16
H 1 + riaraas exp (—2k2ds) (16)

where the expression of ry34 is given in (10).
Since we are interested in strongly resonant systems, we will restrict our discussion to
the case of a thick gap layer, so that

exp (—2kady) <« 1. (7

We refer to this situation, where the fraction of an incident plane wave intensity transmitted
through the gap layer is small, as the ‘low-coupling’ regime. For our parameters (see
figure 1), one finds: ky & 4/A and exp (—2kads) =~ 4 x 1074,

Using expressions (13) and (16), it is possible to plot the transmission and reflection
coefficients |t;4|> and |ri4/? as a function of the wavelength A. Since we have assumed in
this section that the system is free from losses, all the incident light is reflected by the prism
and it is not surprising to find the reflection coefficient |r;4]? equal to 1 for all wavelengths.
In figure 2, we have plotted the transmission factor |£;4/% as a function of A for two different
values of the gap thickness d;. We see that the transmission factor exhibits a resonant
behaviour, i.e. |t14|2 strongly increases for the resonance wavelength. Furthermore, the on-
resonance value of the transmission factor, which we denote by |t14|fes, strongly increases
with the gap thickness, while the width of the resonance curve decreases.

This can be understood with expression (13). We see that, usually, |t14|2 is small
(exp (kadp) > 1), but if F is zero, |f14]> can become very large. From expression (14), this
occurs when

r3ar3z €Xp (2ik13d3) =1. (18)

Using the notation introduced in (9), and in the absence of losses, we can write (18) in
the form

V= 2k13d3 - 2@32 - 2@34 =2mm (19)

where m is an integer. Equation (19) corresponds to the resonance condition for the
waveguide layer surrounded by two semi-infinite media (the vacuum above and a medium
with the index of refraction n; below), i.e. when the prism is at an infinite distance from
the waveguide (d, = 00). Note that the phase shift W given in expression (19) depends,
for a given structure (i.e. fixed thicknesses and indices), only on the wavelength A and
the incidence angle 6y, so that both quantities can be adjusted to excite a mode. Because
the waveguide is very thin (see figure 1), the only mode allowed for A = 780 nm is the
zeroth-order mode (m = 0) for TE polarization.
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Figure 2. Resonant behaviour of the transmission factor ]t;4[2 in the loss-free case, as a function
of the wavelength, for two values of the gap thickness 3. 114 is the ratio of the electric field
amplitudes in the evanescent wave and in the prism, as defined in equation (11). The resonance
is more pronounced when the gap is thicker.

In fact, due to the finite thickness of the gap d-, the maximum of the transmission factor
!t14|2 does not exactly commespond to the zero of F, ie. the resonance for the complete
structure occurs for conditions slightly different from those of the ‘uncoupled” waveguide
(d2 = o0). This effect, however, is small since we consider only large gap thicknesses, and
can be neglected in the present discussion. This amounts to taking F = 0 in expression (13),
and we thus obtain

It1alZg o exp (2x2dy) . (20)

This is an important feature of our system: although the off-resonance transmission
factor drops exponentially to zero when the gap thickness d; increases (see expression (13)),
the on-resonance transmission factor |f14]%;, in contrast, increases exponentially with ds.
This clearly appears when comparing the two curves in figure 2.

Note that all the features described above can be understood using the Fabry-Perot
analogy introduced in section 2.1. When the transmission of the coupling mirror decreases,
the finesse of the cavity increases, in the absence of losses. The build-up of the electric
field inside the cavity is proportional to the finesse, so we expect the enhancement of the
evanescent wave to increase exponentially with the gap thickness. The improvement of the

finesse of the cavity when d, increases also results in the narrowing of the resonance peak.

2.4. Lossy waveguide

So far we have considered a lossless structure. Our system, however, is subject to several
loss mechanisms: absorption, bulk and interface scattering. Our observations show that
the reflection coefficient |ri4|> decreases by at least 20% on resonance (see figure 8).
On the other hand, when the laser is far from resonance, and when comrected for the
Fresnel coefficients of the input and output faces of the prism, [#4? is very close to unity.
This means that, on resonance, most of our loss comes from the waveguide, where the
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Figure 3. (a) transmission factor 1:;4]3 and (&) reflection coefficient {ri4]% as a function of the
wavelength in the presence of losses. The gap thickness is fixed {(dz = 700 nm} and the losses,
included through an imaginary part of the index of refraction of the waveguide, are varied. (1)
ny =2x 1075 () nf = 107% (3) nf =3 x 1074 (@) n§ = 1077

electromagnetic energy density is very high. Thus, in our simple model, we only take into
account the losses in the waveguide, by adding an.imaginary part to the refractive index of
this layer:

n3y = ny + inj . 2n

We assume here that n7 accounts not only for the losses occurring in the bulk of the
waveguide layer, but also for those due to scattering at the waveguide—gap and waveguide—
vacuum interfaces.

The amplitude transmission and reflection coefficients #;4 and ry4 can still be calculated
using expressions (13) and (16), where the index of refraction of the waveguide has been
replaced by expression {21). In figure 3, we have plotted the transmission and reflection
coefficients |#14)% and |r14|? as a function of the wavelength, for different values of the losses
and a fixed gap thickness d; = 700 nm. We see in figure 3(a) that, as n7 increases, the
transmission curve broadens while the peak value lt14|fes decreases rapidly. In figure 3(b),
we see that due to the losses, |r4/% is no longer equal to 1 for all wavelengths, but presents
a marked dip on resonance. The characteristic parameters of this curve will allow us
to extract the information on |f14|%,. Starting from small values of n}, the on-resonance
reflection coefficient |riq|2, first decreases with n}, reaches zeto for nj ~ 3 x 1074, and
then increases.
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Figure 4. (a) On-resonance transmission factor 1:;4[?‘;5 and (b) reflection coefficient {rysl;, as

a function of the gap thickness d;, for different values of the losses. The values of n} are the
same as in figure 3. (1) nf = 2 x 107%; (2} nff = 107% (3} nf = 3% 1074, (@) n§ = 1073, The
dotted vertical line at dy = 700 nin corresponds to the conditions of figure 3.

We are also interested in the influence of the gap thickness ;. In figure 4, we have
plotted the on-resonance transmmission and reflection coefficients !rMIfu and lr,,;lfes as a
function of d, for different values of the losses (i.e. of n3). In these curves, we can find
the results of figure 3, corresponding to dp = 700 nm (dotted line). We also see that for a
fixed value of n}, |114|%, reaches a maximum for an optimum value of d;, while | 4|2 goes
to zero. For example, when nj = 107* (curve (2)), ttmlfes is maximum for d, = 800 nm
and is then equal to 2000. This suggests the distinction between two regimes. When d;
is much smaller than the optimum value, |1t14|3\:s increases exponentially with dy. We will
refer to this regime as ‘low loss’. In the opposite situation, when d5 is much larger than the
optimum value, [tM]f;:s decreases exponentially with d: this will be called the ‘high-loss’
regime. Note that the boundary between the two regimes depends on the value of n3: the
optimum value of d; decreases when the losses increase, and so does the maximum value
of |tal2,.

We can again interpret these results with the Fabry—Perot analogy including losses inside
the cavity. For a given coupling mirror, the build-up in the cavity will be reduced and the
finesse will decrease when the losses increase. If the losses are fixed and the thickness
of the gap dy 1s varied, a maximum for the electric field build-up will be reached when
the transmission coefficient of the coupling mirror equals the losses per round trip inside
the cavity: this is similar to an impedance matching condition.. This explains qualitatively

why there is a maximum in I:;413‘“ as a function of d3, and why the matching value of
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dy decreases with the losses. We can also understand why |rislZ; goes to zero when the
matching condition is fulfilled: in this situation, the light directly reflected on the coupling
mirror destructively interferes with the light stored in the cavity and transmitted back through
the coupling mirror.

2.5. Lorentzian approximation

2.5.1. Approximations. In this section, we want to derive simplified expressions for
the transmission and reflection coefficients |#4)%> and |r14|2 to show more explicitly their
_dependence on the gap thickness d; and in the losses via nj. In particular, we will obtain
analytical expressions for the on-resonance values ]t14[ 1 and lrm[z and for the width AA of
the resonance peak. We will discuss their behaviour with n5 and ds, and gain a quantitative
insight into the results previously discussed with the Fabry-Perot analogy. This will also
allow us simply to relate the two coefficients |t;4}% and |ri4* with respect to each other.

In order to simplify the expressions, we assume that the ‘low coupling’ condition is
fulfilled:

exp (—2r2dr) K 1 22)
and that the losses in the waveguide remain small, which amounts to (see the appendix):
W& 1. , (23

In our experimental situation (d, = 700 nm and A = 780 nm), exp (—2k2d,) = 4 x 10™*
and nj will vary between 1073 and a few times 107 both quantities are small and of the
same order of magmtude Therefore, we will expand the expressions of |t14l and {r14)? at
the lowest order in nj and in exp (—2k,d,), neglecting the terms of order nj exp (—2«a2dy).

We will then focus our interest on the behaviour of |4/ (1) and ]r;4}2 () around
resonance, and approximate these functions by their lowest-order expansion in A. We will
end up with a Lorentzian dependence on A for |#14]* and |r14|* around resonance. Note that
similar Lorentzian expressions could be obtained for [t14% (6)) and |riaf? (61).

2.5.2. Calculation of |t;g|?( X) and |ri¢|*(*).. In this section, we will expand |t1a)? and

[rial? to lowest order in n3 and exp (—2«k»d»), and then around the resonance in A. Here

we will give the main steps of the calculation for It;4! and refer to the appendix for more

details. The expansion of |r14]? is very similar and we will only give the final expression.
We start from expression (13} which we write in the form

|f12t23t34 exp (ik;3d3)|” exp (—2x2d2)

|F + G exp (~262dy) ?
where F and G are given by (14) and (15). Note that 3, given by (3), is no longer a real
number but has an imaginary part proportional to nj.

The full dependence on exp (—2k2dy) is explicit in expression (24). Because we ncglect
the terms of order nj exp (—2«3d3), we only have to consider the dependence on nj in the
term F. This dependence appears through the Fresnel coefficients r4; and the z component
of the wave vector in the waveguide k3. To first order in n3, we have (see the appendix):

F=1-(1—anf)exp(i¥) (25)

where W i$ the same as in (19), and a is a numerical factor depending on the indices and
the incidence angle (see the appendix, equation (A8)). We have seen in section 2.3 that the
resonance condition corresponds, in the ‘low-coupling’ regime and in the absence of losses,
to F = 0 and, in the case of the lowest-order mode, to ¥ = 0. In equation (23), we see

|ta)? =

(24)
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that the lowest-order approximation in n3 results in an attenuation of the electric field of
an’ per round trip inside the waveguide, while the phase term in F is not modified.

We now want to analyse the behaviour of |£;4]* as a function of the wavelength around
the resonance. In expression (24), the dependence of |f4/* on A is, around resonance,
mainly due to the phase term W. We will thus expand W around the resonance wavelength

12 for the ‘uncoupled’ waveguide, for which W = 0. We limit the expansion to the lowest
order in A — A%

es”

= (-2 x < L. 26)

In our system, x = 2.5 mrads/nm at 780 nm, so this approximation remains justified
even several tens of nanometres away from resonance. We neglect the terms of order
W exp (—2uzdy) and Wnj. Note that x not only includes the explicit dependence of k3
on A, but also the variations of the phase shifts ®3; and s34 through the dispersion of the
indices of refraction. Taking into account all these simplifications we eventually obtain (see
the appendix): ’

AA?
2 2
hal” =1t 27
[14]” = |l PSRN 27
with
Ares = lo + ZeXP (—2krdy) s;(in 2P33c08 2P 28)
Al = anf + 2exp (—2k,d;) sin 2<I)12 sin 2P, 29
x|
64 cos? P cos? P, sin? Dip exp (—2k2d3)
alies = = > 2 0xp (Z2rch (30)

x2 (any + 2exp (—2k2d,) sin 2y, sin 2<I>32)

In expression (27), the quantities A.s, AX and |tl4[fés vary slowly with & through
exp (—2kyd,) and the dispersion of the refractive indices; however, the main dependence on
X of |t14)* around resonance appears explicitly in (27). Therefore we consider the quantities
Aress DA and |t14l2 constant and equal to their values in A = )&m Then, the transmission
factor |114]° assumes a Lorentzian shape around resonance, which is characterized by three
parameters: the position of the resonance Ay, the half—w1dth at half maximum AX and the
on-resonance-(maximum) value ]114|

Starting “from expression (16) and using the same approximations, we find for the
reflection coefficient (see the appendix)

el = 1= (1 fruy) —— 22 @31
ralf=1-{1—|r
14 14lges (- )\ms)z-{_‘A}“z
with
any — 2 sin 24y sin 23, exp (—2k2d,) 2
il = ( ) (32)

(anf + 2sin 2, sin 2P3; exp (— 2K2dz))

Thus, we see that the reflectivity curve |rj4|* (1) is the complementary of a Lorentzian
around resonance, with the same width AX as Im[2 (A).
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Figure 5. Comparison between the results of the exact calculation (equations (13) and (16))
and the Lorentzian approximation, {a) for the transmission factor |r14I2»(A)'~and () the refiection
coefficient [rl;;[2 {A). For these curves, d; = 700 nm and ng' = 2 x 10~3, The curves are .not

distinguishable on this scale; the relative differences (residues) are plotted below each curve.

2.5.3. Discussion.

In order to quantify the validity of the Lorentzian approximation, we

compare in figure 5 the transmission and reflection curves obtained with the exact Fresnel
formulae (13) and (16) with the approximated expressions (27) and (31). On the scale of the
figure, the curves are indistinguishable. We have also plotted the relative difference between
the exact and approximated curves. These differences arise primarily from the wavelength
dependence of the term exp (—2«2d,), which we have neglected in expressions (28)—(30)

and (32).

We can now use the analytical expressions (28)~(30) and (32), obtained through the
Lorentzian approximation, to discuss the dependence on nj and dj.
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Figure 6. On-resonance transmission 5’1413}:3 and (a) resonance width AX and (b) on-resonance
reflection |r|4!fcs as a function of n’3’ . These curves are plotted using the results of the Lorentzian
approximation, with the nominal values of the parameters of the structure (see figure 1).

Equation (28) shows that the resonance wavelength for the structure A, is equal to
the resonance wavelength for the ‘uncoupled’ waveguide A%, plus a term proportional to
exp (—2kydy). This term, reflecting the effect of the finite thickness of the gap d,, was
neglected in the qualitative discussion of section 2.3. In our system, this displacement of
the resonance is about 0.1 nm. As expected, the resonance wavelength is independent of
the losses, since nj did not induce any additional phase shift in the lowest-order expansion
of W.

In the loss-free case nj = 0, both the inverse of the resonance width AX and the
on-resonance transmission factor \tmlf& are proportional to exp (+2«»d;). This behaviour
was outlined in section 2.3 using the Fabry-Perot analogy. Figure 6 shows the variations
of |t1al2,, AX and |ris]2, for increasing values of the losses, and a fixed gap thickness
d; = 700 nm. The resonance width increases linearly with nj while !114]‘3@ decreases
continuously to zero.

In the three expressions (29), (30) and (32), we clearly see the appearance of the two
different regimes introduced in section 2.4: as long as 2 exp (—2kydz) sin 24, sin2d5y >
any, “14'?::3 exponentially increases with dy; this is the ‘low-loss’ regime. When
2exp (—2x3dy) sin 215 sin 2P33 « ang (i.e. in the ‘high-loss’ regime), ]tMIfes exponentially
decreases when d, increases. Thus, with the Lorentzian approximation, we have obtained
the analytical condition which determines the boundary between the two regimes:

-

any = 2exp (—2kd;) sin 2Py, sin2d3; . (33)
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This corresponds to the matching condition in a Fabry-Perot, where any is the loss per
round trip, and 2 exp (—2«ydy) sin 2%, sin 21, represents the coupling into the cavity. In

expression {32), condition (33) yields lr,.;ifes = (.

2.5.4. Relationship between 1142 and |ris)?(3). It can be seen from expressions (29),

(30) and (32) that the quantities characterizing the transmission and reflection resonance
curves involve the same parameters: exp (—2«.d»), ny and x. Therefore it is possible to

express the on-resonance transmission factor |f14l%, in terms of the characteristics of the

reflectivity curve:
, _(xfind)
=gV (34)

[fiale =

The factor B is given by
tan @3 1

B=4 cos? P4 .
tan @13 x|

(35)

The plus and minus signs in (34) correspond, respectively, to the low-loss and high-loss
regimes. When the matching condition (33) is fulfilled, [rml;‘;s = (. Note that, in the
low-loss regime, if {erfes is close to 1, itmlfes is simply inversely proportional to AA. The
quantities ir;4|fes and AX can be obtained by experimentally recording the reflectivity of
the structure as a function of the wavelength. The factor § is a slowly varying function
of the indices and thicknesses of the dielectric layers, and does not depend on n3. All the
‘resonant’ character of Im[fes is contained in AXA and irm,zcs, both quantities which can
be easily measured experimentally. Therefore, equation (34) can be conveniently used to
estimate “14[3:5’ even when the indices and thicknesses of the layers are not known very

precisely.

3. Experimental section

In this part of the paper, we describe in detail our method for evaluating the enhancement of
the evanescent wave, based on the analysis of the reflected beam intensity. We first describe
our experimental procedure for recording the reflectivity curve, together with an example
of experimental data. The next section is devoted to the analysis of the experimental data,
eventually yielding a numerical value for }tmlfes. The accuracy of this result is discussed.
Finally, we describe the observed evolution of the rescnance with time, and propose an

interpretation for this behaviour.

3.1. Experimental procedure and results

The evaluation of the performance of our waveguide is based on the measurement of the
reflection coefficient |r14|? as a function of the wavelength A. This measurement is performed
using the experimental set-up illustrated in figure 7. A Ti:sapphire laser beam with a typical
power of 100 mW enters the prism and reflects from the layered structure. The intensity
of the reflected beam is recorded with a photodetector as the wavelength of the laser is
scanned across resonance.

Our aim is to evaluate the enhancement of the evanescent wave in the conditions of
the atomic mirror experiments; this is why the measurement fakes place inside the UHV
chamber used for these experiments, To perform this measurement, we need to control the
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-

Figure 7. Experimental scheme for the in situ recording of the reflectivity curves. The prism is
inside a unv chamber. The beam from a Ti:8a laser experiences total internal reflection inside
the prism and its intensity is measured with the photodetector Py; a fraction of the incident
jight is sent on the photodetector Pr. The laser beam passes through a telescope (y = 3) with
a spatial filtler (H); after the telescope, the beam waist is 2.28 mm. The incident laser power
was 100 mW. The collimation of the beam is optimized by adjusting the position of the output
fens L, using a shear-plate interferometer se temporarily placed in the front focal plane of L,.
The incident light polarization (1€} and angle of incidence are adjusted by monitoring the light
scattered in the waveguide with a CCD camera.

parameters that characterize the incident laser beam: the internal angle of incidence 6y, the
angular divergence of the laser beam, its polarization and wavelength.

The angle of incidence is adjusted using the mirror (M) mounted on an orientation
stage. Its value is measured using the reflection of the incident beam on the input face of
the prism, with an accuracy of +0.2 mrad.

In the theoretical section, we considered the case of an incident plane wave. However,
since the angular width of the resonance is very small (HWHM: A6; = 0.21 mrad), the
divergence of the laser beam used for the measurement is not negligible. As a consequence,
it is necessary to deconvolve the measured reflectivity curve, which requires good control
of the divergence angle. For this purpose the beam provided by the laser passes through
a telescope whose output lens (L) position can be adjusted. A spatial filter (H) is placed
at the focal point inside the telescope. The minimum for the output beam divergence is
obtained when the spatial filter is in the back focal plane of lens L;, which comresponds
to an output beam waist in the front focal plane of L. To adjust the proper position for
the lens 1.,, we use a shear-plate interferometer (SP) [19], placed in the front focal plane
of the lens. The resulting divergence has been measured by looking at the beam profile
with a CCD camera, at different positions on the propagation axis. The fit of the data by
a Gaussian-beam law yields a waist size wp = 2.28 mm and a divergence of 0.064 mrad
(HWHM), outside the prism. Due to the high refractive index of the prism (n; = 1.893), the
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divergence angle inside the prism is 0.034 mrad, which must be compared to the angular
width of the resonance A8 =~ 0.21 mrad. Therefore the width of the angular spectrum of the
incident beam is approximately six times smaller than the angular width of the resonance.

The incident light polarization is determined by a polarizing cube (P) mounted on a
rotation stage. The extinction ratio of the cube is 10~ in transmission.

The spectrum of the laser beam is monitored with a Fabry—Perot analyser (free spectral
range 750 MHz). Thus, we can verify that the laser remains single mode when the
wavelength is varied. The emission wavelength of the laser is measured with a wavemeter,
with an accuracy of +0.01 nm.

The procedure for the measurement of the reflectivity curve is as follows. First, the angle
of incidence is adjusted to obtain the resonance for A = 780 nm. The proper orientation for
the polarization is then adjusted. These operations are achieved by looking at the surface
of the prism from above with a CCD camera; when the electric field builds up inside the
waveguide layer due to the resonance, the scattered light strongly increases and the impact
of the beam on the prism surface appears as a bright spot.

It is essential to get rid of the intensity fluctuations of the incident laser beam. A
beamsplitter (BS), placed after the polarizing cube, sends a portion of the incident light
on a first photodetector (P,) to provide a reference for the incident light intensity. After
reflection inside the prism, the laser beam is collected on a second detector (P;). The
outputs of both detectors are fed to a LeCroy numerical oscilloscope which calculates the
ratio P;/P,. An averaging over 100 sweeps reduces the small amplitude noise left on the
signal after division. The final reproducibility of the signal is well below one per cent.

When recording reflectivity curves, we usually observe a small asymmetry (a few %)
between the baselines on each side of the resonance. One possible cause for this behaviour
is a slow drift of the alignment of the Ti:Sa laser cavity, due, for example, to thermal
phenomena in the crystal or displacement of the argon laser pump beam. To minimize that
problem, we let the laser warm up for some time and stabilize. The remaining asymmetry,
when present, is corrected assuming a linear variation with the wavelength. The resulting
reflectivity curve is normalized so that its off-resonance value is equal to 1.

In figure 8, we present a typical example of an experimental reflectivity curve; the full
circles correspond to TE polarization, and the curve with open circles was obtained with T™
polarization; as expected, it exhibits no resonant behaviour. The experimental curve in TE
polarization is the result of the convolution of a Lorentzian (i.e. the plane-wave response of
the prism given by equation (31)) by a Gaussian (i.e. the angular spectrum of the incident
beam, which has been measured). We therefore fit the experimental data with a Voigt
profile. To convert the angular profile of the laser beam into an equivalent spectral profile,
we need to know the quantity:

aelms
= —. 3
s n (36)

We obtain this quantity experimentally, by recording the resonance angle of incidence
61res at various wavelengths (see figure 9). The fitted Voigt profile is shown in figure 8 (full
curve); it is characterized by the pg§ition f)im and the value Iﬂilfcs of the minimum, and by
the half-width at half-maximum AA. These quantities could be directly measured on the
experimental curve. After the deconvolution, we obtain the corresponding characteristics of

the Lorentzian plane-wave response Ars, AA and |rigl2.
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Figure 8. Typical experimental reflectivity curve for the structure shown in figure 1. The open
circles correspond to T™ polarization where no resonance occurs. The full circles correspond
to TE polarization. The statistical uncertainty of the data points is about the size of the circles.
The resonance curve is fitted by a Voigt profile including the measured angular divergence of
the incident laser beam (0.069 mrad KwhM). The fitted parameters (before deconvolution) are:
Xms = 780.00 nm, Ax = 0.75] nm and lr']fglfcs = 0.777. The corresponding characteristics of
the Lorentzian profile are: A = 780.00 nm, AX = 0.73 nm and |r14|,2ts =0.772.
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Figure 9. Measurement of the variation of the resonance angular position 8 with the

wavelength A. The slope s of this curve is used for the deconvolution of the experimental data.

Our set-up did not permit the measurement of the angle of incidence around A = 780 nm.

The linearity of the curve over the 15 nm range shown allows us to extrapolate to the value at
res = 780 nm.

3.2. Analysis of the measurements

We now present a first method for analysing the experimental data, with the goal of obtaining
an accurate value for the enhancement factor. This method can be summarized as follows.
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We compute the transmission and reflection coefficients |1,4> (A) and |ris|? (A), using the
exact expressions in the case of an incident plane wave (13) and (16). The parameters
that characterize the structure (e.g. the thicknesses and indices of the dielectric layers) are
adjusted to fit the experimental data. The enhancement factor can then be calculated, using
the fitted values of these parameters.

This approach is motivated by two observations. First, the nominal values (i.e. provided
by the manufacturer} of the thicknesses and indices of the layers are not known to better
than 1%. In addition, the value of n} is not available, and somewhat difficult to estimate
a priori. These uncertainties on the parameters of the structure would yield, for our highly
resonant structure, an unacceptably large uncertainty on the calculated transmission factor.
Second, we have observed strong modifications of the characteristics of the resonance with
time, which we attribute to variations of the structure parameters (in particular, the losses).
Thus, the parameters of the model have to be continuously readjusted to account for the
observed behaviour.

In our model, the structure is a priori described by nine parameters, characterizing the
prism {n;, 3n,/94), the gap (d3, n3, 3n,/3A) and the waveguide (ds, nj, 3n3/3A, n3). The
parameters dn;/dA take into account the dispersion of the indices of refraction:

a .
n; (A in nm) = n; (A = 780 nm) — -;T’ (. — 780) 37

assuming a linear dependence for the limited range of wavelength explored. The
measurement provides four quantities: A.s, §, AA and lﬁ}lzms. Therefore, we need to
narrow our choice of nine possible parameters to four that will be fitted.

Unlike the thin layers, whose parameters (e.g. the indices) are not known exactly, the
refractive index n; of the prism has been precisely measured, yielding

ny (A in nm) = 1.8934 — 7.39 x 107> x (A — 780). (38)

Although the value of the dispersion for the gap is not known precisely, its influence can be
neglected. Thus, we now have to choose between six parameters to adjust: ds, ds, na, nj,
dns/8x and nf. It is clear from the discussion above that n3 has to be adjusted. We select
among the remaining parameters those which have the strongest influence on the measured
quantities; for instance, since the value of dn;/aX is fixed, it is the parameter dn3/3A which
has the main influence on the quantity s = 36),.;/dA. Therefore, we will retain dr;/9A as
a fit parameter. Finally, the indices nz and nj have somewhat more influence than d; and
ds on the measured quantities. Therefore our fitting parameters are: ny, nj, dn3/8A and n3.

The fitting procedure operates as follows: the program starts from a set of layer
parameters, for instance the set of nominal values. It computes the reflectivity curve for
an incident plane wave, and the characteristic quantities 8y,,5, AA and ]mlis and s. These
are compared to the experimental values obtained after deconvolution of the experimental
curve. The layer parameters na, n3, 3n3/9A and nj are then modified according to a simple
Newton-type algorithm; the whole process is iterated until the experimental quantities are
fitted.

We have applied this procedure to the experimental data presented in figures 8 and 9.
The set of fitted structure parameters obtained is

ny (A = 780 nm) = 2.386

8;:3 4

—2 =339 x 10

ax x (39)
ny =2.46 x 107° .

ny (A =780 nm) = 1.509.
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Note that the vatues obtained for the indices n} and n; of the layers agree with the nominal
values {see figure 1) within the uncertainty range provided by the manufacturer (1%). Using
these fitted parameters in equation (13), we calculate the value of the transmission factor
(for an incident plane wave):

ltialZ, = 2360. (40)

We now address the question of the uncertainty on this transmission factor. The fitting
procedure described above uses fixed values of the structure parameters that are not fitted
(i.e. da, ds and 8n,/3)), and of the experimental quantities (i.€. G1,er, Ares, AA, ]rmlfcs and ).
All these quantities are known with limited precision, which result in a global uncertainty
on the final calculated value of |114|fes. Using the same fitting procedure, we numerically
estimate the partial derivatives of {r 4]3“ with respect to each of these quantities. This allows
us to obtain the uncertainty on ]mlfes, knowing the uncertainties on the relevant nominal
and experimental parameters. The main contributions to this final uncertainty are due to
the nominal.uncertainties on d; and d5 (1%), and to the experimental uncertainties on the
resonance width (=~ 0.01 nm) and on the on-resonance reflection coefficient (=~ 0.01).

We finally obtain
|tial2, = 2360 £ 150. (41

We can define an enhancement factor as the ratio of the squared amplitude. of the
electric field in the evanescent wave above the prism with and without the dielectric layers,
for the same intensity and polarization of the incident laser beam [14]. This quantity is
simply the ratio of the transmission factors with and without the dielectric layers. Since the
transmission factor for a bare prism is 1.43 in our conditions (TE polarization, §; =~ 59°),
the enhancement factor is equal to 1650. This can be considered as the gain in available
laser power achieved with the resonant waveguide structure.

As discussed in section 2.5.4, one could more simply estimate the on-resonance
transmission factor using equation (34). In this equation, the factor 8 can be calculated with
expression (35), using the nominal values for the parameters of the layers and the measured
values of A, and 6y,,,. The quantities AA and [’1413es are obtained from the deconvolution
of the experimental data, using the slope s measured in figure 9. Applying this method to the
measurement of figure §, we find ]114]?cs = 2318. We see that this phenomenological analysis
of the experimental reflectivity curve is very convenient to easily obtain an estimation of the
transmission factor. Unlike the detailed analysis described before, however, this approach
provides no information on the values of the various parameters of the structure. Indeed
one must assume their nominal values to estimate !m}i,_s.

Finally, note that the value given in (41) corresponds to the plane-wave response of the
structure, and hence to the maximum transmission attainable with this system. To estimate
the effective transmission factor ]f{;[fu obtained with an incident laser beam of finite waist
size, one needs to make the convolution between the plane-wave response of the prism and
the angular spectrum of the laser beam. For instance, with the same beam as used for the
measurement of figure 8, we obtain [tmlis = 2250,

3.3. Evolution of the resonance

The high finesse of our structure makes it very sensitive to small variations of its parameters
(e.g. the losses or the thicknesses of the layers). We have observed, in the course of a series
of experiments on the reflection of rubidium atoms on the enhanced evanescent wave [11],
a pronounced evolution of the performance of the waveguide structure. This evolution was
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Figure 10. [llustration of the evolution of the resonance with time. The full symbols correspond
to a recently cleaned prism, and the open symbols to the same structure after 2 months of
experiments with Rubidium atoms. !

correlated with the operation of the decelerated atomic beam and hence to the presence
of Rb atoms inside the vacuum chamber above the prism. The general features of the
evolution were an increase of the width of the reflectivity curve and a decrease of the
on-resonance reflection coefficient. This is illustrated in figure 10, where we show two
experimental resonance curves corresponding to a recently cleaned prism and a ‘degraded’
- prism, respectively. The time between the two measurements corresponds to 2 months
of experiments with the atoms. We have found that this phenomenon can be reversed
by cleaning the surface of the prism. This was achieved using two different techniques:
a ‘mechanical’ cleaning, where the prism was removed from the vacuum chamber and
carefully wiped with an optical tissue and solvents, and a ‘thermal’ cleaning where the prism
was heated between 50 and 100 °C for two days, inside the vacuum chamber, using heating
lamps intended for the baking of the chamber. In both cases, the effect of the cleaning was
to restore the initial reflectivity curve. These observations support the interpretation that the
evolution of the resonance is due to the pollution of the waveguide surface.

It seems reasonable to represent the effect of the pollution of the waveguide by an
increase of the losses, and hence of n3. To check this model, we have plotted in figure 11
the on-~resonance reflection coefficient lrmlfﬁ as a function of the width AA, as expected
from our model when only nj is increased (full curve). We also plot the results of the
in situ measurements performed on the prism, extending over a period of 9 months (filled
circles). Note that, during this period, the prism was removed from the vacuum chamber and
cleaned twice using the methods described above. Considering the fact that the theoretical
curve includes no fitting parameters, the agreement is reasonably good. The most important
difference is that the measured reflectivity never reaches zero. A possible explanation for
this discrepancy may be the inability of our model to describe the losses by scattering with
an imaginary part of the refractive index of the waveguide. In our model, the scattered light
disappears like the absorbed light, while in the real situation part of it might be scattered
back in the reflected beam and result in an offset of the reflectivity curve.
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Figure 11. Measured values of 1*!4!,2“ versus AA at various points during nine months of the
prism’s history. The measured on-resonance reflection coefficient Irmfcs is plotted as a function
of the measured width of the resonance AA (filled symbols). The full curve corresponds to the
theoretical evolution when only nj is varied.

4. Conclusion

In this paper, we have both theoretically and experimentally investigated the properties of a
structure providing large enhancements of an evanescent wave. With this new structure, we
have achieved a 10-fold improvement of the enhancement compared to our first prototype
[14]. We obtain a value of the on-resonance transmission factor of |rsl2, = 2360
4150, corresponding to an enhancement factor of 1650 for the evanescent wave intensity,
compared to a bare prism. To understand the behaviour of such high-finesse systems,
we had to take into account the losses, which led to the appearance of different regimes
for the enhancement depending on the relative values of the losses and the coupling. In
the regime of ‘low coupling’, we derived some simple approximate expressions for the
quantities characteristic of the resonance, allowing for a detailed understanding of the role
played by the various parameters. In the experimental part, we described our method for
evaluating the enhancement factor, based on the analysis of the intensity of the reflected
light. This technique of characterization has the advantage of allowing for a fairly easy in
situ monitoring of the enhancement of the evanescent wave.

It is theoretically possible to obtain even higher enhancement values, by further
increasing the gap thickness: for our clean prism, the fitted value of n7 (2.5 x 1073,
see equation (39)) suggests a maximum transmission factor ]tmlfes of about 10000 (see
figure 4). However, several factors will eventually limit the enhancement: the divergence
of the incident laser beam will have to be reduced, the sensitivity of the system to mechanical
vibrations and to the pollution of the surface will increase, and the material of the waveguide
layer might be altered by the heating due to residual absorption.

Here, we have studied the global transmission and reflection coefficients averaged over
the surface of the laser beam. One might also want to study the spatial intensity distribution.
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We have, for instance, observed structures in the reflected beam, appearing around resonance.
These structures, obtained with a well-collimated incident laser beam, differ in orientation
and shape from the well known ‘m-line’ observed when the divergence of the beam is larger
than the resonance width [20]. They might be due, for example, to small non-uniformities
in the thicknesses of the layers.
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Appendix. Transmission and reflection coefficients in the Lorenfzian approximation

This appendix is devoted to the detailed derivation of |f15]* (A) and |r14|? (1) in the regime of
‘low coupling’, where exp (—2x,d;) < 1, and for small losses, n5 <« 1. As a consequence,
we will expand the expressions at the lowest order in n and exp (—2#2d,).

Taking into account the losses in the waveguide has two consequences. Firstly, the z
component of the wave vector in the waveguide, k3, is now a complex quantity, given by
(see equation (3))

2
k)t = (mZ) — () D

where k; = n;%sin6; is real, as discussed in section 2.2, and nj is given in (21). The
real part of k,3 describes the phase evolution when the plane wave propagates inside
the waveguide, while the imaginary part is responsible for the attenuation during the
propagation. Expanding the real and imaginary parts of k;3 in n)j and retaining only the
lowest-order term, one obtains

Re [ky3] ~ %/ng — (n;5in6,)? (A2)

Im[ka] ~ 2 " A (A3)
m - f— ] .
217 n? — (n; singy)? 3

We also introduce the notation
2Im[k;3]d3
O =5 e
ny

and

(A4)

With our parameters, the term « is of the order of 1. Equation (A2) shows that by neglecting
the terms in ngz, we have neglected the contribution of the losses to the phase shift during
the propagation. On the other hand, we find that the attenuation of the wave during the
propagation in the waveguide is proportional to n3.

The second effect of n7 is to modify the modulus and phase of the Fresnel coefficients
for the reflection at the waveguide~gap and waveguide—vacuum interfaces [16]. Expanding
the expressions of the Fresnel coefficients r3; in nj, one finds that the modulus |r3 j| is
modified by a first-order term in nj, while the modification of the phase 2®s; is only a
second-order term in n’3’. Therefore, we see as before that, at the lowest-order in ng’, we
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take into account only the attenuation of the wave at reflection due to the losses, and not
the phase modification. The calculation yields for the modulus of the Fresnel coefficients:

raj| 2 1 — a;jny = exp (—a;n3) (A5)

2,/ (nysin 0;)2 — n} A6)

Q) = 2 - 2 2
(£Relkz3])” + (nysin6y)? — nJ

where

The factors «; are typically of the order of 1 in our case. Thus, we now can write the term
riars exp (2ik;3ds), which describes the modification of the plane wave amplitude after one
round trip inside the waveguide, as

risrs exp (2ik,3ds) = exp (—anj) exp (i¥) (A7)
where
a=o-+oy+ag. A (AB)
Calculation of |r4]? .
We start from expression (13):

(112023134 €Xp (ik;3d3) 1% exp (—2k2d;) _N

2
t == A9
il |F + G exp (—2kady) 2 D B9
with
F =1 — r3sra; exp Qikyads)
G = riaray — raary exp (2ik,;3d3) -
We can also write G in the form
r .
G = riarys — —tryar exp Qikgds)
rig
21
=rprp — — (1 — F).
32
Thus, using the equality ry; = —r;;, we write for the denominator D of expression (A9):
1 2
D= ](1 _e exp (—2;(2:2’2)) F4rp, (-— - r32) exp (—2xyd3) (A10)
R 32
Using the result of equation (A7), we write F in the form
F =~ 1 —exp (—anj) exp (i¥). (A1D)

Since our aim is to obtain approximated expressions around resonance, we expand
the phase shift per round trip W around the resonance wavelength A% of the ‘uncoupled
waveguide’, at the lowest order:

YR x(-20) «1 (A12)

where we have introduced the notation y = %[ 40 and used the definition of the resonance
es

wavelength (1% ) = 0. In the following we will neglect the cross-products of the form
Wny and W exp (—2«2d3). Equation (All) then becomes

”

F=~anj—iV.



Study of a high-finesse planar waveguide 23

If we now turn back to expression (A10), we see that the first term of the sum simply
becomes

rz " :
(1 — ~—~exp(—2fc2d2)) F=ani —1V¥
rs i
and the second term is
1
riz (r— - r32) exp (—2k,dy) & 2iry; sin 2Py exp (—2x2d>) .
32

Then, separating the real and imaginary parts, we finally obtain for the denominator D:

. 2
IDP ~ 32 [A B ()‘?es + 2 exp (—2k,d;) sin 2®3; cos 24313)}
X

" + 2exp (—2kady) sin 2015 sin 2P, | 2
+ (an3 + 2exp (—2«2dp) sin 2Py, sin 33) ‘ (A13)
X
We now turn to the derivation of the numerator N of 114, as given by expression (A9):
N = |t1pty3t34 exp (ik,3d3)|* exp (—2kady) . (Al4)

We use the relationship between the amplitude Fresnel coefficients for transmission and
reflection, that is, the continuity of the electric field at the interface: ,

L = 1+F‘,';*_ (A15)
Therefore, using the notation introduced in equation {9), one has
il‘,’j[z == (1 + ‘f';jl COSZ@,‘;)E + [?’f}lz sin2 2@;} B (Alé)

According to (AS5), the terms |r3;| and |r3| both include a term proportional to nj.
However, since the quantity exp (—2«2d,) is a factor in the expression of N, we can neglect
the cross-products in nf exp (—2kad;). Similarly, we neglect in |exp (ik,3d3)|* the terms in
ny and we obtain

N = 8 (14 cos2®y) (1 —cos2Pa} (1 + cos2P3q) exp (—2k2d7)
= 64 cos® Dy sin? B33 cos® Pag exp(—2dy). (A17)

We have obtained an expression for Ital® (A); in expressions (A13) and (A17), the main
term describing the wavelength dependence of 1114]2 is the term A in D. All the other
terms contribute little to the wavelength dependence of |t;4|? and can therefore be taken as
constants, and replaced in (A13} and (A17) by their values in A = R?es. Then, |f4]? (V) is
maximum when [D|? (1) is minimum, which corresponds to:

2 exp (—2k3d;) sin2d3y cos 25
a=a0 4 =2 - 12 s (A18)
Thus, we finally obtain for the transmission factor |4/ (A) a Lorentzian expression around
resonance:

AX?
(A — hes)? + AX2

|t1al? (M) & |114]% (A19)

of width
_an’j + 2exp (—2k2dy) sin 2® 13 sin 203,

A
[x1

(A20)
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and on-resonance (i.e. maximum) value:

_ 64 exp (—2k2d;) cos® sin? @3, cos? di4

[F1alfes = : : :. (A21)
(an%’ + 2 exp (—2kyd,) sin 2¢y; sin 2<I>32)
Calculation of |ri4)2.
The reflection coefficient given in (16) can be expressed under the form:
P
ra= 2P0 (A22)
P 4+r0
with
P = r3; + rysraprg exp (2ik,34
32 + 72373734 €Xp (21k;3d3) (A23)

Q = (rar3; + rarg exp (2ik;3ds)) exp (—2x2ds)

Let us write out the terms P and Q. Expanding their expressions in nj, exp (—2«2d,), and
WV, and retaining only the lowest-order terms, we find

Pary+rs(l—anf +i¥) =ry (cmf{ — i) (A24)
and ’

1
O=ry [r23 -+ - (1 —anj + 1‘1’)] exp (—2kady) . (A25)
32

Because of the term exp (—2«2d,) in expression (A25), we can neglect the terms in nj and
¥ inside the brackets:

1
0 ~ry li—rn + —-—-j] exp (—2xydy) & 2iry; sin 203 exp (—2k3dz) . (A26)
732

Replacing P and Q in (A22), we obtain

any —i¥ + X sin 203, exp (~2kady)

N ) A27
"4 rlzang' — iV + 2iry sin 23, exp (—2k3dy) "

Because of the total reflection at the interface prism—gap, we have 1/ry; = exp (2i®y3), and
hence

any — 2sin 2@ 5in 2P3 exp (—2k2ds) 41 (2 cos 283 sin 2P 33 exp (—2x2dy) — V)

T 5in 215 sin 2032 exp (—2kada)+i (2 €08 201 sin 23 exp (—2ady) — 1)
(A28)

Taking the squared modulus of this expression, we finally obtain:

AA?
2 2
rgl“=1—{1—|r A29
{rial (1= IrialZs) RS WREYNT (A29)
with

an’ — 2s5in2®, sin 2P3; exp (—2x3d,) 2

r1al%, = (ans P ) (A30)

(an} + 25in 2P, sin 2d3; exp (——2xzd2)/)2 '
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Chapitre VII
Réflexion d’atomes froids sur I’onde exaltée
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Chapitre VII
Reéflexion d’atomes froids sur ’onde
exaltée

Ce chapitre est consacré a la description d’une expérience préliminaire de réflexion d’atomes
froids par I’onde évanescente exaltée produite par le systéme de couches diélectriques présenté
dans le chapitre précédent. Le but de cette expérience est de confirmer, en étudiant le seuil de
réflectivité du miroir a atomes, le phénomene d’exaltation de 1’onde évanescente. On souhaite en
particulier comparer la valeur du coefficient d’exaltation, mesurée directement avec les atomes, a
celle obtenue indirectement par la méthode de caractérisation optique décrite dans le chapitre
[vij.

Nous commengons par décrire le schéma expérimental qui nous a permis de réaliser cette
étude. Nous nous concentrons sur le principe de 1’expérience, en donnant volontairement une
description succincte du montage. Le lecteur pourra trouver une description beaucoup plus
détaillée de toutes les parties de ’expérience dans la these d’ Amaud Landragin [88] . Dans la par-
tie qui suit, on s’intéresse & la nature de I’information qui est fournie par la mesure du seuil
de réflexion, en introduisant le concept de “miroir effectif ”. Enfin, nous présentons le résul-
tat obtenu; nous en tirons une valeur du coefficient d’exaltation qui est comparée a celle
obtenue dans le chapitre [VI].
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