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Chapter 2 

Theoretical background 

2.1 Introduct ion 

In this chapter we describe some properties of evanescent waves (EW), in particular we 
will show how such a light field can act as a potential barrier for neutral atoms, such 
as 8 7Rb. The interaction of (laser) light with atoms has been theoretically described by 
many authors. Good reviews can be found for example in Refs. [23, 24]. This chapter 
will summarize some basic results which are of interest for this thesis. Special attention is 
given to the influence of the light on the motion of neutral atoms. We also establish the 
notation and list some of the basic properties of 8 7Rb, for further reference throughout 
this thesis. 

2.2 Evanescent waves 

2.2.1 Configuration 

Consider a free running monochromatic plane wave, with frequency w, amplitude £0. 

polarization ê of unity length and a wave-vector k 0 . where |k0 | = k0 = LO/C. Then the 
electric field vector is described as: 

E0(rJ)=1-ê£0e'(k°-r-^+c.c (2.1) 

where c.c. denotes the complex conjugate. In our experimental configuration, this wave 
enters a glass prism at the hypotenuse, near normal incidence, as shown in Fig. 2.1. Inside 
the dielectric medium the wave vector is described by A'i = nko, where n = 1.51 is the 
refractive index of BK7 glass around 780 nm. The electric field amplitude depends on the 
Fresnel transmission coefficient t\ = S\/EQ. The prism is not anti-reflection coated so 
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Figure 2.1: Creation of an evanescent wave. The incoming beam is totally internally 
reflected when the angle is larger than the critical angle. 9 > 6C = arcs in( l /n) . 

t, = 2 / ( n + 1) and is independent of polarization. The intensity transmission coefficient 

is then Ti = « | ( i | 2 = I^IQ « 0.96. 

This wave is subsequently reflected at the second prism surface, and the angle of the 

transmitted beam is calculated with Snell's law: smOt = rising. When the incoming 

angle 9 exceeds the critical angle, 9C = arcsin(l /n) . the angle of the transmitted beam 

becomes complex: cos9t = i\Zn2sm29 - 1. The A'-vector of the transmitted field is ac

cordingly written as k t = k0(n sin 9. 0. iVn2 sin2 9 - 1). Along the surface it has a running 

component, but the imaginary vertical component results in an exponentially decaying 

electric field in the vertical direction. This is called an evanescent wave (EW): 

where the decay length K _ 1 is of the order of the wavelength of the light field. 

(2.2) 

fcoVn2sm2 ^' (2.3) 

We define an effective EW intensity as Ieu. = (l/2)e0c(ê*w • êew)\£ew\2e 2KZ. Note that 

this intensity does not describe photon flux into the vacuum but Iew/c is still the energy 

density. The transmittance of the intensity is defined a s T = Iew/I\ = ( l / n ) |£;|2 ê*ew • eew 

[25]. where the subscript i denotes the polarization. 

The polarization vector êew is described in the basis (x, y. z) depicted in Fig. 2.1. The 

polarization properties and field amplitudes of the EW depend on the polarization (TE 

or TM) and angle of the incoming field, and will be discussed for both polarizations 

separately. 
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2.2.2 TE polarized light 

When the electric field vector of the field inside the prism is perpendicular to the plane 
of incidence, the wave is called TE-, or s-polarized. The polarization vector is described 
by ê = (0.1,0). in the basis depicted in Fig. 2.1. The polarization vector of the EW is 
the same: êTE = (0, 1,0). The field amplitude Sew is determined by the polarization 
dependent Fresnel coefficient 

Sew 2n cos 9 
TE 

S\ n cos 6 + iy/n2 sin2 6 — 1 
The total intensity of the EW at the surface is then 

(2.4) 

lew = TXTTEI0 (2.5) 

with the intensity transmission coefficient 

_ 4n cos2 9 
TTE = ^ = T (2-6) 

For angles close to the critical angle, the intensity of the EW exceeds the intensity of the 
incoming laser: T{TTE « 2.6. 

2.2.3 TM polarized light 

When the electric field vector is in the plane of incidence, the wave is called TM- or 
p-polarized. The polarization vector is described by iTM = (— cos0 t ,O,sin0 t). The field 
amplitudes and polarization are given by: 

, £«w 2ncos0 
h\M = -7T- = ; 2.7 

S\ cos 6+ in\/n2 sin2 9- 1 

t-TM -

The EW is elliptic-ally polarized, with the plane of the ellipse in the plane of incidence. 
The ellipticity is determined by the incoming angle 9. and the major axis of the ellipse 
is perpendicular to the surface, since « < |A;X|. Note that eTM • êTM > 1. The intensity 
transmission coefficient is given by 

4ncos26< ( 2 n 2 s i n 2 0 - 1) 
(2.8) 1M cos2 6 + 722(r;2 sin2 6-1) 

which results in total transmission coefficient of approximately TXTTM ss 5.8 for angles 
close to the critical angle, about a factor n1 higher compared with the transmittance for 
a TE polarized beam. 
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resonance wavelength (Di). \\ 
resonance wavelength {D2). X2 

lifetime, r (D2) 
Linewidth. T (D2) 

saturation intensity. Is (D2) 
recoil velocity. vr 

recoil temperature Tr 

795 nm 
780.2 nm 
26.2 ns 
2TT x 6.1 MHz 
1.7 mW/cm2 

5.8 mm/s 
0.357 (iK 

Table 2.1: Some 6asic properties ofa7Rb. 

2.3 Atom-light interaction 

In many instances the atom-light interaction can be adequately described by replacing 

the internal atomic level-structure by a two-level model. The lower and upper states of 

an optical transition are denoted by the respective labels g (ground) and e (excited). The 

atomic transition is characterized by the resonance frequency UJQ and the natural linewidth 

r = T " 1 , with T the natural lifetime. The detuning of a driving monochromatic laser field 

of frequency u> is 5 = u) — Wo, and is usually expressed in units of Y. The intensity of 

the laser field is expressed in units of the saturation intensity Is = 7r/?cF/(3A3). This 

is defined such that for I = 2IS, the Rabi frequency Q = Y<Jl/{2Is) equals the natural 

linewidth. When an atom absorbs a photon with wavenumber k = 2?r/A and momentum 

hk, the velocity of the atom with mass m will change by the recoil velocity. vr = hk/m. 

The corresponding recoil energy is then Er = \mv^. Energies are often expressed as 

temperatures, i.e. the recoil-temperature is Tr = 2Er/kB, where kB is the Boltzmann 

constant. Some of these characteristic quantities are given in Table 2.1. 

2.3.1 Optical transitions of rubidium 

There are two isotopes of rubidium : 85Rb and 87Rb which are 72.17% and 27.83 % 

abundant, respectively. All our experiments are done with the 87Rb isotope. The optical 

transitions are shown in Fig. 2.2. located around 795.0 nm (D1-line)and 780.2 nm (02-

line). The hyperfine splitting for the 55i/2 ground level is Ahfs = 6.835 GHz [26], The 

level splitting for the upper levels is given in Fig. 2.2, where F denotes the total angular 

momentum. In addition, every F level contains 2F + 1 degenerate Zeeman-sublevels, 

labeled by raj. with — F < nip < F. 

2.3.2 Interaction between laser light and two-level atoms 

When near-resonant laser light interacts with neutral atoms, two types of forces are dis

tinguished: the spontaneous scattering force and the dipole force. In this section we 
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Fe = 3 

267.2 MHz 

F =2 
157.2 MHz e 

E = l 

Fe =2 

F=l 

Figure 2.2: Fine and hyperfine structure of the 87Rb atom. 
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summarize these interactions between monochromatic (laser) light and a two-level atom. 

The interaction between an atom and a monochromatic radiation field whose frequency 

is close to the atomic resonance frequency, is described by the optical Bloch equations [23]. 

When the light field is far detuned, |<$| S> r , the steady state solution is usually sufficient to 

adequately describe the interaction. The optical scattering and induced potential energy 

are expressed in terms of the saturation parameter s. defined as 

s = ÏTW]f> (2-9) 

S p o n t a n e o u s s c a t t e r i n g force 

The spontaneous scattering force, Fsp, is a direct result of the momentum change of the 

atom when a photon is absorbed. The photon recoil kick is in the direction of the laser. 

This yields a force that is directly related to the number of scattered photons per second, 

and is expressed as 

F,p = hk-/ (2.10) 

The optical scattering rate 7 is related to the saturation parameter as 

7 = - - i _ (2.11) 
' 21 + s v ; 

As mentioned before, photon scattering also leads to heating of the atom. The spon

taneously emitted photons have random direction, so their contribution to the atom's 

momentum averages to zero. The randomness results in heating: after absorbing ./V pho

tons the temperature of the atom is increased by AT = NT,. [27]. 

D ipo le force 

The dipole force is the force which arises from the interaction between the induced atomic 

dipole moment and the local laser electric field. Unlike the spontaneous force which 

saturates at high intensities, the dipole force does not saturate and therefore becomes 

dominant at high laser intensities. The potential energy of a dipole in an electric field is 

Udip = — (d • E), where d is the field-induced dipole moment and E is the electric field of 

the laser. The sign of the dipole energy is dependent on the relative phase of the induced 

dipole moment and the electric field. This depends on the sign of the detuning S of the 

field compared to the atomic transition. If the induced dipole oscillates in phase with the 

electric field (<5 < 0, or "red detuned"), the potential energy is negative. Therefore the 

lowest potential energy will be at the largest negative energy, i.e. largest electric field. 

In this case the atom acts as a "high field seeker". Likewise, when the induced dipole 

oscillates out of phase with the electric field (5 > 0. or "blue detuned"), the potential 
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energy will be positive and the lowest energy is at the smallest electric field. The atom 
behaves as a "low field seeker". The dipole force is obtained by taking the negative 
gradient of the optical potential energy, F,nv = — Vf/^p. 

The dipole potential is expressed in the saturation parameten' by the equation: 

Udip/h = A1LA = i\n(l + a) « S-6 (2.12) 

for s <C 1, where AT LA is called the light shift. The subscript TLA indicates that this is 
the light shift for a two-level atom, i.e with unity Clebsch-Gordan coefficient. To calculate 
the actual dipole potential, one has to take into account the transition strength. 

2.3.3 Multilevel atoms 

The expression for the dipole potential 2.12 is valid for a two-level atom. As is clear 
from Fig. 2.2, 87Rb is not a two-level atom. We therefore recalculate the dipole potential, 
and take into account that all sublevels couple with a different strength to the light field, 
i.e. the coupling is different for every \Fg,mg ) —> \Fe,rne ) transition. The atom-light 
interaction is now described by the so-called light-shift Hamiltonian. The light shift of 
the ground state is obtained by diagonalizing the corresponding matrix. 

Dipole m a t r i x e l emen t s 

The coupling strength between an atomic dipole and the light is characterized by the 
matrix elements of the dipole operator D : ( Fg,mg | D \Fe, me ). To calculate these 
matrix elements, it is useful to factor out the angular dependence and write the matrix 
element as a product of a Clebsch-Gordan coefficient and a reduced matrix element, using 
the Wigner-Eckart theorem [28]: 

(Fg,mg\D\Fe.me) = DFgiFe(Fe,me,l,q\Fg,mg) (2.13) 

The first factor is called the "reduced dipole matrix element" and is independent on the 

magnetic sublevels and polarization of the light. For each Fg —> Fe transition the 

reduced dipole matrix element, DpgFe, can be expressed in units of the element for the 

closed transition of the rubidium Di line -D2.3- Each Dp pt is then calculated by 

ÖF..F. = - P w <*F„F. (2-14) 

In this way we have separated the (atomic species dependent) dynamical information 

D2., = J h r ^ - = 2 . 5 3 x l C T 2 9 C m (2.15) 

from the geometrical information 
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dFg,Fe = (-l)Fs+J '+/+V(2Je + l)(2Fg + 1) { 5 5 } } . (2-16) 

where {}6- denotes the Racah "6J" symbol. / = 3/2 is the nuclear spin of 87Rb and 

Je = 1/2 (3/2) is the total electronic angular momentum of the excited state of the D\ . 

{D2) line. 

Reduced light shift Hamiltonian 

The second factor in the dipole matrix element Eq. 2.13. the Clebsch-Gordan coefficient, 

and describes the coupling between the various atomic sublevels to the spherical polariza

tion component of the field q. It is useful to define this new basis for the polarization, in 

which each component describes one polarization 7r. <7+. a~. It is labeled by q = 0. + 1 . —1 

respectively. This spherical basis of polarization is defined in the cartesian basis {x, y, z} 

as 

f (x-iy)Iy/2 . q=-l 
eq = \ z , q = 0 

[ -(x + iy)/V2 , 9 = 1 

When the polarization of the light is elliptical, the spherical component of the atom-

light-coupling is no longer a single Clebsch-Gordan coefficient, but is described by the 

"reduced light shift Hamiltonian" ( (F g , Fe , ê). This is a (2Fg + 1) x (2Fg + 1) matrix and 

contains the Raman coupling between different sublevels of the ground state, coupled by 

a field with polarization ê, and calculated as 

C(Fg ,Fe .ê) = ?-A(Fs,Fe)-ê (2.17) 

where A(Fg. Fe) is the polarizability tensor which describes the coupling between twom s 

ground states. This tensor is built up by matrices of dimension (2Fg + 1) x (2Fg + 1), 
containing products of the Clebsch-Gordan coefficients. These elements are 

Aq,.K.mg.q(Fg.Fe) = 52(Fs,m'e,l,j\Fe,me)(Fe,meA,q\Fs,me) (2.18) 
m e 

Each element describes the coherent Raman couplings between mg sublevels due to exci

tation of |Fg , mg) to \Fe, me + q) by the component eq of the polarization ê, followed by a 

de-excitation to \Fg, m'g = mg + q — q') by the component eq>. 

When the electric field is purely TT or a + ~ polarized, i.e. q = 0 ,1 , —1. the reduced 

light shift Hamiltonian ((Fg, Fe, ê) has no off-diagonal elements, and its eigenstates are 
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the pure mg states. When the polarization is a sum of TT and a (i.e. it is elliptically 

polarized), it has non-zero off-diagonal elements, thus its eigenvectors are mixed states 

(the coherent sum) of different mg ground states. 

Light shift 

When the dipole matrix elements are known, one can give a general expression for the 

light shift of the Fg ground states. To calculate this light shift, one has to sum over all 

excited Fe states. For low saturation parameter the light-shift Hamiltonian for a rubidium 

atom in the ground state is then written as 

r 2 I v-, 4 F C ( ^ - ^e, ê) 
UFg = hA = h~--Y. F ' x S ' (2.19) 

where 5p pe denotes the detuning relative to the transition Fg —» Fe. This is the multi
level generalization of the shift that was already provided in Eq. 2.12 for the two-level case. 
The correction with respect to a two level atoms is always less than unity: A < ATLA-

An overview of all matrix elements is given in Fig. 2.5 and 2.6. 

Light shift dependency on the detuning 

When the detuning is on the order of the separation between the hyperfine states of the 
excited level, every element in the sum in Eq. 2.19 contains a different <5F9,FP- This results 
in a strong dependence on the detuning. As an example, the light shift is calculated 
for the \Fg = 2) level interacting with a+ polarized light, with intensity I = ƒ.,. and 
compared with the outcome for a two-level atom ATLA, according to Eq. 2.12. The light 
shift correction a = A/ATLA < 1. is the value by which the two-level light shift has 
to be multiplied to obtain the total light shift, and is different for every Zeeman level. 
The results is plotted in Fig. 2.3a. For large detuning, a saturates, because all possible 
\Fg) —> \Fe) transitions experience (almost) the same detuning. 

D e p e n d e n c e of the light shift on polarization 

When the polarization of the light field is purely 7r, <T+ or a~, the eigenstates of Q(Fg, Fe, e) 

are the pure mg states, and the eigenvalues are given by the squares of the Clebsch-Gordan 

coefficients. 

However, when the polarization is a mixture of TT and a. i.e. it is elliptically polarized, 

the reduced light-shift Hamiltonian contains off-diagonal elements, connecting different 

mg ground levels with each other. The eigenvalues still represent the light shifts, but the 

eigenvectors are no longer pure Zeeman levels. The eigenstates have become a superposi

tion of different magnetic sublevels. 
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TT)— Polarization-

< 

< 

0 100 200 300 

d/T 
a) 

400 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

9(rad) 
b) 

Figure 2.3: a) Dependence on detuning of the total light shift of the Fg — 2 ground state. 
relative to the light shift for a two-level atom, ATLA 
polarization and low saturation parameter: s <§; 1. 

The light field is described by a+ 

The detuning is defined relative to 
the Fg = 2 —» Fe = 3 transition of the Di line. The different coupling for different mF 

states is the direct result of the different Clebsch-Gordan coefficients, b) Light shift of 
the Fg = 1 ground level as a function of polarization. The laser has a detuning 6 = 100r 
(D\ line), and the result is also relative to ATLA- The horizontal axis represent the phase 
difference between the two polarization components: 0 = 0 (IT/4) corresponds to linear 
(circular) polarized light. 

As an an example, Fig. 2.3b shows the light shifts of the Fg = 1 ground level as 

a function of polarization. The three curves correspond to the three eigenvalues of the 

Fg = 1 level. The light shift is relative to a two-level atom. In the limit of a far detuned 

linearly polarized field, the correction is 1/3 (2/3) for the Di (D2) line. 

2.4 Van der Waals potential 

In most of our experiments, the atoms approach the surface to such a small distance that 

we must take into account the van der Waals potential. This potential results from the 

dipole fluctuations of a neutral atom, interacting with its mirror image in the dielectric. 

The interaction energy has a negative sign, and thus results in an attractive force directed 

toward the surface. The expression of the van der Waals potential for 8 7Rb. close to the 

flat surface of our prism reads 
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where n = 1.51 is the index of refraction of our BK1 prism and k0 the free-space wavevec-
tor of the light field [121. 

2.5 Evanescent wave potential 

Combining all ingredients from the previous sections, we can now calculate the total 
potential for an 87Rb atom close to the surface. As a typical example, the potential for 
an atom in the Fg = 1 state is shown in Fig. 2.4. For TM-polarized light, the elliptical 
polarization of the EW results in a large difference of light shift for the eigenstates. In 
this example the EW potential is high enough to reflect 2 magnetic sublevels of the falling 
atoms. The lower value of the Fresnel coefficient for the TE-polarized beam makes the 
potential lower, such that under these conditions the atoms have too much energy to be 
reflected. In contrast to the TM polarized case, the linear TE polarization of the EW 
yields light shifts that are nearly the same for all magnetic sublevels. 

z / X 
Figure 2.4: The total potential for an 87Rb atom in the Fg = 1 state, close to the surface. 
The thin (thick) lines, represent the light shifts for the magnetic sublevels when the EW is 
TM (TE)-polarized. The dotted line at 2hT represents the typical energy of atoms arriving 
at the surface, corresponding to 6mm fall height. The EW is described by: I = 30 mW, 
6 = 0C + 5mrad, 6 = 400r with respect to the D\-line. 

23 



-2 -1 O +1 +2 

-1 O +1 

Fg=1 

Figure 2.5: The total transition strength, d\ Fe(Fe, me, 1, q\Fg, mg)
2, /or o,// transitions on 

the Dy line, multiplied by 60. 

-3 -2 -1 o +1 +2 +3 

-1 0 +1 

-1 0 +1 
F 9 = 1 

Figure 2.6: 77ie ioia/ transition strength, d\ ? (Fe, me, 1, g|Fs, m9}2, /or a// transitions on 
the Di line, multiplied by 60. 

21 


