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Abstract

The 6S1/2 → 5D5/2 electric quadrupole transition of cesium is studied experimentally

via Doppler-free spectroscopy in a hot vapor. With a three-level coupled system, the

hyper�ne structure of this transition is resolved. The intensities of the lines in the

spectrum are investigated and the optical pumping dynamics are analyzed. Further-

more, a laser is stabilized to the 6S1/2 → 5D5/2 transition. This makes the presented

setup a useful tool for further investigations of electric quadrupole transitions. Based

on our results, we plan future experiments with laser-cooled atoms close to surfaces,

e.g., to enhance the quadrupole coupling.
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Introduction

High-resolution spectroscopy with lasers is an important tool in atomic and molec-

ular physics. Experiments in this �eld set new standards in modern-day metrology

and provide unique possibilities for studying atomic and molecular structures in detail.

High-resolution spectra can also serve as an absolute frequency reference or can be

used to stabilize lasers. These lasers can then be used for further tasks.

A common method to obtain high-resolution spectra is nonlinear Doppler-free laser

spectroscopy. In atomic physics, such spectroscopy methods have been used mainly to

study electric dipole (E1) transitions. However, in recent years, E1 forbidden transi-

tions have been garnering attention. Electric quadrupole (E2) transitions which are

being driven by �eld gradients of optical beams, in particular, became interesting be-

cause they can occur even where there is no light intensity at the center-of-mass position

of the atom, but only a �eld gradient [1, 2]. These E2 transitions are typically weaker

than E1-allowed transitions, however, the electric quadrupole interaction can be en-

hanced by tailoring the laser �eld [3�5].

Spectroscopy of E2 transitions in a vapor cell is a�ected by Doppler broadening [6, 7],

but several methods have been used to investigate the hyper�ne lines of such transitions

in cesium [8,9] and rubidium [10,11]. In this thesis, we utilize three-level Raman-type

nonlinear spectroscopy [9, 12�14] to study the hyper�ne lines of the 6S1/2 − 5D5/2 E2

transition in a hot cesium vapor cell. We use the 6S1/2, 6P3/2, and the 5D5/2 states to

resolve the hyper�ne structure of the E2 transition, similar to [9].

This thesis was done in the Rauschenbeutel group at the Atominstitut of TU Wien.

This research group performs experiments with laser-cooled cesium atoms optically

trapped in the vicinity of optical nano�bers [15]. An attractive wavelength for trap-

ping is around 687 nm because the di�erential AC Stark shifts for 6S1/2 and 6P3/2 states

cancel [16]. The 6S1/2 → 5D5/2 E2 transition has a wavelength of about 685 nm which

is close to the trapping wavelength at 687 nm. The present work can help to study

the E2 transition close to nano�bers and to investigate the e�ects on the trapping

performances. The evanescent �eld around the nano�ber could be used to enhance

the E2 transition and to study these transitions in a strong �eld gradient around the

nano�ber [17].

The �rst chapter of this thesis consists of the theoretical background of E2 transition

and three-level Doppler-free spectroscopy. The second chapter presents the experimen-
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tal setups used for the measurements in this thesis. In the last chapter, we show and

discuss the measurements of the hyper�ne lines of the 6S1/2 − 5D5/2 E2 transition.



Chapter 1

Theoretical Framework

In this section, we discuss the theory relevant for this thesis. The �rst part deals with

optical transitions of multi-level atoms. We will discuss the electric dipole approxima-

tion, then we will extend this approximation to describe E2 transitions. Afterward, we

will present the investigated level scheme of cesium and discuss the E2 transition of

this scheme in more detail. The second part discusses the Doppler-free spectroscopy

methods used in this thesis.

1.1 Optical Transitions

In this thesis, we study the transition between the 6S1/2 electronic ground state and the

5D5/2 state of cesium. This transition has a wavelength of λ = 685 nm. Because the

orbital momentum quantum number l is changing by +2, this transition is forbidden

by the selection rules of the electric dipole term, but it is allowed for higher-order light-

matter coupling, considering the electric quadrupole term. In this section, we discuss

the electric dipole approximation and the extension in order to get to the electric

quadrupole selection rules.

1.1.1 Electric Dipole Approximation

With the HamiltonianH(t) and the wavefunction Ψ(t), we can write the time-dependent

Schrödinger equation as

H(t)Ψ(t) = i~
∂Ψ(t)

∂t
. (1.1)

When an atom is exposed to radiation, H(t) can be written as a combination of the

Hamiltonian of a free atom H0 =
p 2
kin

2m
+ V (r) and a time-dependent interaction Hamil-

tonian H′(t). In this section, we will derive an expression for H′(t) and discuss the

resulting transition amplitudes.

In the Hamiltonian H(t) = H0 + H′(t), the kinetic momentum pkin is included, but

the Lagrange and Hamilton formalism in electrodynamics states that this momentum

is no longer equal to the kinetic momentum pkin = mv if an electromagnetic vector
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potential A is present [18]. Instead, the time-dependent �eld momentum eA(t) must

be added where e is the charge of an electron. This gives the total momentum

p = pkin + eA(r, t), (1.2)

which is also known as the conjugate momentum. The Hamiltonian for the valence

electron of an atom in an electro-magnetic �eld is therefore

H(t) =
1

2m
(p− eA(r, t))2 + V (r)− eU(r, t), (1.3)

where V (r) is the electrostatic potential due to the interaction with the nucleus and the

other electrons, U(r, t) is the scalar potential of the external �eld and p andA(r, t) are

operators which may not necessarily commute. However, in the Coulomb gauge, where

∇ ·A(t) = 0, the operators commute when we consider the product rule. Therefore

we can write p ·A(t) + A(t) · p = 2A(t) · p, and expand the term in the parentheses.

The |A(t)|2 term can be neglected for small light-matter coupling strengths. Thus the

Hamiltonian becomes

H(t) =
p 2

2m
+ V (r) +

eA(r, t) · p
m

− eU(r, t) = H0 +H′(t). (1.4)

In the Coulomb gauge, U(r, t) vanishes and the external electric �eld only gives a

contribution to A(r, t). For an atom at the origin, we can write

A(r, t) = A0(0, t) exp[ik · r − ωt] + c.c., (1.5)

where k is the wave vector, ω = ck is the angular frequency of the light �eld, c.c. is the

complex conjugate, and A0 is the amplitude of the wave which de�nes its polarization.

The dipole approximation assumes that the external �eld does not change over the vol-

ume of the atom. This is a reasonable assumption because the Bohr radius a0 ≈ 0.5Å

is small compared to the optical wavelength λ ≈ 500 nm which means that k · r � 1 .

We can expand A(r, t)

A(r, t) = A0(0, t)(1 + ik · r +O(k · r)2), (1.6)

and, in dipole approximation, we neglect higher order terms and consider only the

zeroth order to �nd A(r, t) ≈ A0(0, t).

The transition rate between two states |ψi〉 and |ψf〉 is proportional to the square of

the transition matrix elementMif (t), de�ned as [18]

Mif (t) = 〈ψf |H′(t) |ψi〉 = A0(t) · 〈ψf |p |ψi〉 , (1.7)



5

where the wave functions ψf and ψi of a state i and a state f are de�ned by the

quantum numbers of the unperturbed atom. We can use the Heisenberg picture to

transform the interaction A ·p into the electric dipole interaction µ ·E where µ is the

electric dipole moment de�ned by µ = −er and E is the external electric �eld [19].

ForMif (t), it is therefore also common to write

Mif (t) = 〈ψf |µ ·E |ψi〉 . (1.8)

If these matrix elements are evaluated, it turns out that only transitions involving

speci�c changes in the quantum numbers are possible. These dipole selection rules

are presented in table 1.1 in section 1.1.3. For all other combinations of quantum

numbers, the matrix element vanishes and the transition is called dipole-forbidden.

In particular, the matrix element disappears for ∆l = +2 which is the case for the

transition 6S1/2 → 5D5/2.

1.1.2 Electric Quadrupole Approximation

Equation 1.8 de�nes selection rules for dipole-allowed transitions. However, measure-

ments show that it is possible to observe dipole-forbidden transitions which do not

satisfy these rules. This is the case for the 6S1/2 → 5D5/2 transition that we study

here. To understand such transitions, we have to go beyond the dipole approximation.

This means that ik ·r term in equation 1.6 cannot be neglected. When we consider the

next order, we take two terms into account. The �rst term arises from the magnetic

moments produced by moving charges within an atom and the second term comes from

the quadrupole moment of the charge distribution induced by the light �eld. We can

add both terms to the interaction Hamiltonian [19]

H′(2) = −µE ·E − µB ·B −
∑
ij

Qij∇iEj, (1.9)

where µB is the magnetic dipole moment, Qij is the electric quadrupole moment, and

∇iEj are the spatial derivatives of the electric �eld components Ej. This electric

quadrupole tensor is de�ned as [17]

Qij = e(3xixj −R2δij), (1.10)

where δij is the Kronecker delta, xi is the ith coordinate of the valence electron, and

R =
√
x21 + x22 + x23. The magnetic dipole moment interacts with the external mag-

netic �eld B with approximately the same strength as the electric quadrupole moment

interacts with the electric �eld gradient ∇iEj. Because the magnetic dipole and elec-

tric quadrupole moments arise from the ik · r term in equation 1.6, the rate of these
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Table 1.1: Selection rules for electric dipole (E1) and electric quadrupole (E2) transi-
tions [17, 19,20].

E1 E2
∆l ± 1 0, ± 2

∆J 0, ± 1 0, ± 1, ± 2
J = 0 = 0 J = 0 = 0, 0 = 1, 1

2
= 1

2

∆MJ 0, ± 1 0, ± 1, ± 2
MJ = 0 = 0 if ∆J = 0

∆F 0, ± 1 0, ± 1, ± 2
F = 0 = 0 F = 0 = 0, 0 = 1, 1

2
= 1

2

transitions relative to the E1 transitions can be estimated as [19]

(k · r)2 =
(2πa0

λ

)2
=
( ~ω
mec2α

)2
≈ α2

4
≈ 1.3 · 10−5, (1.11)

where c is the speed of light, me is the mass of the electron, α = e2

4πε0~c is the �ne

structure constant, and a0 = ~
αmec

is the Bohr radius of a hydrogen atom. Here, we

used that the photon energy is equal to the energy separation of two levels

~ω = Ef − Ei = −mec
2α2

2

[ 1

n2
f

− 1

n2
i

]
≈ mec

2α2

2
, (1.12)

where ni and nf = ni + 1 are the principal quantum numbers of the states ψi and

ψf . Because of equation 1.11, the rates of the magnetic dipole and E2 transitions are

typically �ve orders of magnitude smaller than those of the E1 transitions.

1.1.3 Electric Quadrupole Selection Rules

For a transition with ∆l = 0,±2, only the last term in the interaction Hamiltonian 1.9

is relevant, because the transition matrix elements of the other terms vanish. To �nd

the electric quadrupole selection rules, we have to calculate the matrix elements

〈ψf |Qij∇iEj |ψi〉 (1.13)

with the quadrupole tensor operators Qij. The wavefunctions ψf and ψi are de�ned by

the quantum numbers, and transitions are possible only for speci�c changes of these

quantum numbers. In table 1.1, we summarized the possible changes of the orbital

momentum quantum number l, the quantum number of the total angular momentum

J , the projection of the total angular momentum MJ , and the the quantum number

for the total angular momentum of the Atom F as a result of E2 transition selection

rules.

We now want to discuss selection rules of E2 transitions in more detail. The selection
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(a) (b)

Figure 1: Illustration of (a) an electric quadrupole and (b) an electric dipole. The
con�guration of the poles explains the even parity of a quadrupole and the uneven
parity of a dipole.

rule of the angular quantum number l can be understood geometrically. The electric

quadrupole consists of alternating positive and negative charges which are arranged

on the corners of a square as illustrated in �gure 1(a). When we mirror a quadrupole

at the origin, the charges keep their sign, in contrast to a dipole where the sign of

the charges switch (�gure 1(b)). This means that the parity of the wavefunctions of

two states, between those of where an E2 transition is happening, must have the same

parity. The parity of a wave function is given by (−1)l. Therefore, ∆l must be even

for an E2 transition. Elaborate calculations show that the selection rule of l for an E2

transition is ∆l = 0,±2 [21].

When an atom absorbs electric quadrupole radiation, the radiation transfers an angular

momentum of |∆J | = 2~, instead of 1~ for electric dipole radiation, to the atom.

Considering this, we can explain the selection rules of the total angular momentum J

with vector diagrams [21] as shown in �gure 2. The total angular momentum of the

atom F is de�ned as the sum of the nuclear spin and the total angular momentum of

the electron as we will discuss in the next section. The selection rules of F are the same

as for J because we change only the state of the electron. It is also possible to derive

the various selection rules from equation 1.13 by using the Wigner-Eckart theorem as

described in [17].

1.1.4 Level Scheme of Cesium

This thesis deals with spectroscopy of cesium. We study only the stable isotope 133Cs.

Cesium has 55 electrons, but because it is an alkali metal, we can readily describe

its physical and chemical properties by studying only the outermost electron. In the

ground state, this electron is in the 6S1/2 state, but with, for example, inelastic collisions

[22] or lasers [23] it can be excited in other states.

In �gure 3, we present the level scheme of cesium which we investigate in this thesis. In

this level scheme, three states are involved: the 6S1/2, the 6P3/2, and the 5D5/2 state.

The �rst number in the de�nition of the states describes the principal quantum number
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(a)

(b)

Figure 2: Vector diagrams which illustrate the selection rules of the total angular
momentum J for (a) E1 transitions and (b) E2 transitions where the possible changes
∆J = J ′ − J are given by |∆J | = ~ and |∆J | = 2~, respectively [21].

2018

Figure 3: The level scheme of cesium which we investigate in this thesis.
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n, the letter represents the total orbital angular momentum quantum number L, and

the subscript is the value of the total angular momentum quantum number J . If the

hyper�ne structure of the states is relevant, we will write the total angular momentum

quantum number F in parenthesis next to the other quantum numbers. For example,

the F = 4 hyper�ne level of the 6S1/2 state is denoted as 6S1/2(F = 4).

The quantum number F describes the total angular momentum of the atom, given by

F̂ = Î + Ĵ , (1.14)

where Î is the nuclear spin operator and Ĵ is the operator of the total angular mo-

mentum of the electrons. F can have following values

F = |J − I|, |J − I|+ 1, ..., J + I − 1, J + I. (1.15)

This de�nition determines the number of hyper�ne levels of every �ne structure state.

The nuclear spin of cesium is I = 7
2
. Therefore, the 6S1/2 state has two hyper�ne

levels, F = 3 and F = 4, the 6P3/2 state has four hyper�ne levels, F = 2, 3, 4, 5, and

the 5D5/2 state is split into six hyper�ne levels, F = 1, ..., 6. The hyper�ne levels of the

6S1/2 state are separated by a frequency of 9.192 GHz. This value is precisely known

and the current de�nition of the second. Even in Doppler-broadened measurements,

we can selectively excite cesium atoms either from the F = 3 or the F = 4 level to

higher states because the separation between these levels is large compared to typical

Doppler broadening at room temperature of about 500 MHz. The frequency spacing

between the hyper�ne levels of the 6P3/2 is smaller [24] and we cannot resolve them in

Doppler-broadened measurements. However, there are several possibilities to measure

these levels using Doppler-free spectroscopy. We discuss some of these Doppler-free

methods in section 1.2. The same is true for the hyper�ne levels of the 5D5/2 whose

frequency separations are even smaller [25].

In the present level scheme, three transitions are possible (see �gure 3). The transition

between the 6S1/2 state and the 6P3/2 state is a dipole-allowed transition at a wave-

length of about λ = 852 nm. This transition is known as the D2 line of cesium and is

very well investigated [26]. We excite atoms via the D2 line with a laser, which we will

call the D2 laser in this thesis. The transition between the 6S1/2 state and the 5D5/2

state has a wavelength of about λ = 685 nm [27]. From the selection rules, we see that

this is an E2 transition. We will call this transition the quadrupole line and the laser

which drives this transition, quadrupole laser in this thesis. The third transition is

between the 6P3/2 state and the 5D5/2 state. This E1 transition has a wavelength of

about λ = 3.5 µm [28].

Because the E2 transition is dipole-forbidden, the decay rate of γ5D6S = 2π×3.5 Hz [6]

is very small compared to the decay rate of the D2 line which is about γ6P6S =

2π × 5.22 MHz [29]. Because of the low decay rate of the E2 transition, excited atoms
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Table 1.2: Literature values of the wavelength and the frequency of the transitions
which are investigated in this thesis.

Transition Wavelength in air [nm] Frequency [THz]

6S1/2(F = 4)− 5D5/2 [27] 684.89696(5) 437.59785(3)
6S1/2(F = 3)− 5D5/2 [27] 684.88233(5) 437.60720(3)
6S1/2(F = 4)− 6P3/2(F = 5) [33] 852.12034530(1) 351.721960563(5)
6S1/2(F = 3)− 6P3/2(F = 4) [33] 852.09868306(8) 351.730902117(34)

will mostly not decay directly back to the 6S1/2 ground state, but will rather de-

cay to the 6P3/2 state because this E1 transition has a much higher decay rate of

γ5D6P = 2π × 124 kHz [23].

When atoms decay from the 5D5/2 state via the 6P3/2 state back to the ground state,

two photons are emitted, the �rst at a wavelength of λ = 3.5 µm and the second

at a wavelength of λ = 852 nm. These photons are correlated and can be entan-

gled [17, 30, 31]. It is possible to use these photons to measure the lifetime of the

5D5/2 state. Previous measurements have shown that the lifetime of this state is

about 1.281µs [23] which is very long compared to the lifetime of 30.55 ns of the 6P3/2

state [32].

1.1.5 6S1/2 − 5D5/2 Transition of Cesium

In this thesis, we study the 6S1/2−5D5/2 E2 transition and the properties of the 5D5/2

state of cesium. Therefore, we want to take a closer look at this transition in this

section. In the beginning, we present the literature value of the wavelength of this

transition. Then, we determine the line strengths of the hyper�ne transitions of the

quadrupole line and calculate their saturation intensities.

Wavelength and Transition Rate

In Doppler-broadened measurements, two frequencies of the D2 line and the 6S1/2 →
5D5/2 transition can be observed because of the large ground state hyper�ne splitting

of cesium. In [27], the wavelength in air of the 6S1/2(F = 3, 4) → 5D5/2 transitions

have been determined. In table 1.2, these values are presented together with literature

values of the D2 line [33].

In [6], the oscillator strength of the 6S1/2 → 5D5/2 transition was determined to be

fik = (4.69± 0.05)× 10−7. We can convert that into a transition rate using [34]

γki =
2πe2ν2

mec3ε0

gi
gk
fik, (1.16)

where ν is the frequency of the transition, e the elementary charge, ε0 the electric

constant, and the statistical weights are given by

gi(k) = 2Ji(k) + 1. (1.17)
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Using a frequency of ν = 437.602 41 THz, we �nd a transition rate of the 6S1/2 → 5D5/2

E2 transition of γ5D6S = 2π × 3.536 Hz. This is consistent with the value given in [9]

and in the "NIST Atomic Spectra Database" [35].

Line Strength

We now want to discuss the line strength of transitions in our level scheme. Let us

consider two states, connected through an E1 transition and which have a total angular

momentum of J and J ′, respectively. When these states are split into hyper�ne levels

de�ned by F and F ′, we can calculate the line strengths with [26]

SDFF ′ = (2F ′ + 1)(2J + 1)

{
J J ′ 1

F ′ F I

}2

, (1.18)

where I = 7/2 is the nuclear spin of cesium and the curly brackets represent the

Wigner's 6-j symbol. If the two states are connected via an E2 transition, we can

calculate the relative intensities of the lines with [9, 36]

SQFF ′ = (2F ′ + 1)(2J + 1)

{
J J ′ 2

F ′ F I

}2

. (1.19)

We used this equation to calculate the relative line intensities between the

6S1/2(F = 3, 4) state and the 5D5/2(F
′ = 1− 6) state. In �gure 4(a), we present the

line strengths when the ground state is the 6S1/2(F = 3) level. The intensity and the

frequency of the lines are plotted relative to the 5D5/2(F
′ = 5) line. In �gure 4(b), the

ground state is the 6S1/2(F = 4) state and we plotted intensity and frequency relative

to the 5D5/2(F
′ = 6) line.

Saturation Intensity

When a laser is near-resonant with an atomic transition and we increase the intensity

of the laser, then the transition will saturate. This means for higher laser intensities, it

is not possible to excite more atoms because stimulated emission causes atoms to decay

back to the ground state. The saturation intensity Isat depends on the total decay rate

Γ of the optically excited state and the frequency ν and the decay rate to the lower

state γ of the selected transition. We can de�ne Isat as [26]

Isat
I

=
Γ2

2Ω2
, (1.20)
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(a) (b)

Figure 4: The calculated line intensities of the 6S1/2 → 5D5/2(F
′ = 1 − 6) hyper�ne

transitions. These line strengths corresponds to the expected line intensities when the
atoms are excited (a) from the 6S1/2(F = 3) level and (b) from the 6S1/2(F = 4) level
to the 5D5/2 state. Line strength and frequency are given relative to the hyper�ne line
with the highest F of the 5D5/2 state.

where Ω is the Rabi frequency of the transition. For an E1 transition, the resonant

Rabi frequency Ω for arbitrary light polarization is

Ω = −〈ψf | ε̂ · d |ψi〉
E0

~
, (1.21)

where ε̂ is the unit polarization vector, d is the atomic dipole moment, and E0 is the

electric �eld amplitude at the position of the atom [37]. In the case of linearly polarized

light (ε̂ = ẑ), we can use this together with the intensity

I =
ε0c

2
E2

0 (1.22)

to obtain the saturation intensity of an E1 transition

Isat =
cε0~2Γ2

4|〈ψf | ε̂ · d |ψi〉 |2
. (1.23)

We can eliminate the dipole matrix element with the relation [37]

γ =
8π2ν3

ε0~c3
|〈ψf |dz |ψi〉 |2 (1.24)

which comes out of a full quantum electrodynamics calculation [37]. Here, ν is the

frequency of the driving laser �eld and γ the decay rate of the transition driven with

the laser. In a two level system, the decay rate of the upper state is Γ = γ and, in this

approximation, the saturation intensity of an E1 transition is

Isat =
2π2~ν3γ

3c2
. (1.25)
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In the level scheme of this thesis, three levels and an E2 transition are involved. The

total decay rate of the upper state is the sum of the decay rates from the 5D5/2 state

to the 6P3/2 state and to the 6S1/2 state, namely

Γ = γ5D6P + γ5D6S. (1.26)

To calculate the saturation intensity of the quadrupole line, we also need its Rabi

frequency. We now derive an expression of this Rabi frequency.

In the interaction picture and with rotating-wave approximation, the resonant Rabi

frequency of an E2 transition is [17]

Ω =
1

6~
∑
ij

〈ψf |Qij |ψi〉
∂Ei
∂xj

, (1.27)

where Qij is the electric quadrupole tensor. The atoms in the vapor cell are not

prepared in a well-de�ned initial Zeeman state and there is no single Rabi frequency

for a degenerate transition [38]. However, we can still de�ne a rms Rabi frequency for

a degenerate transition [17,38]

Ω̄2
FF ′ =

1

2F + 1

∑
MM ′

|ΩFMF ′M ′ |2, (1.28)

where 2F + 1 is a normalization factor as we have an incoherent mixture. When we

assume that the electric wave is traveling in x-direction, we can write the electric �eld

as a plane wave E = E0 exp[i(kx − ωt)]. Then, only the derivative with respect to x

is nonzero. The squared derivative of the electric �eld is

|∂E
∂x
|2= |E0ikei(kx−ωt)|2= E2

0 |k|
2= E2

0

4π2ν2

c2
. (1.29)

We use this to �nd the rms Rabi frequency [17]

Ω̄2
FF ′ =

e2π2ν2|E0|2

10~c2(2F + 1)
| 〈n′F ′||T 2||nF 〉 |2, (1.30)

where ν is the frequency of the transition and T 2 is a tensor operator which does not

act on the nuclear spin degree of freedom. When we insert equation 1.22, equation

1.26, and equation 1.30 into equation 1.20, we obtain a saturation intensity of the

quadrupole line of

Isat =
IΓ2

Ω̄2
FF ′

=
10(2F + 1)~2c3ε0Γ2

4π2e2ν2| 〈n′F ′||T 2||nF 〉 |2
. (1.31)
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Table 1.3: Calculated saturation intensities of the di�erent 6S1/2(F ) → 5D5/2(F
′) E2

hyper�ne transitions. All values are given in W/cm2.

F ′

1 2 3 4 5 6

F
3 1.89 1.26 1.08 1.15 1.72
4 14.60 4.17 1.80 0.95 0.56

The reduced matrix element 〈n′F ′||T 2||nF 〉 can be expressed as [17,39]

〈n′F ′||T 2||nF 〉 = (−1)J
′+I+F

√
(2F + 1)(2F ′ + 1)

{
F ′ 2 F

J I J ′

}
〈n′J ′||T 2||nJ〉 .

(1.32)

Since the tensor operator T 2 does not act on the electron spin degree of freedom, we

can write [17,39]

〈n′J ′||T 2||nJ〉 = (−1)L
′+S+J

√
(2J + 1)(2J ′ + 1)

{
J ′ 2 J

L S L′

}
〈n′L′||T 2||nL〉 . (1.33)

In our case, the quantum numbers for the total angular momentum of the lower state

and upper state are L = 0 and L =′ 2, respectively. This yields a reduced matrix

element of [17]

〈n′, L′ = 2||T 2||n, L = 0〉 =

√
2

3
〈n′ = 5, L′ = 2||r2||n = 6, L = 0〉

=

∫
V

dV ψn′=5,L′=2R
2ψn′=6,L′=0.

(1.34)

For the radial part of the wave function ψnL, we can write [40]

RnL(r) = −
{(

2Z

naµ

)3
(n− l − 1)!

2n[(n+ l)!]3

}1/2

e−ρ(r)/2ρ(r)lL2l+1
n−l−1(ρ(r)), (1.35)

where aν = 4πε0~2
µe2

= a0
me

µ
is the reduced Bohr radius, L2l+1

n−l−1(ρ(r)) are the associated

Laguerre polynomials, and ρ(r) = 2Zr
naν

. The valence electron of cesium sees an e�ective

nuclear charge of Z = 8.56 [41]. When we use this in equation 1.35, we can calculate

the reduced matrix element of equation 1.34. We then insert equation 1.34 and 1.33

in equation 1.32 to �nd a value 〈n′F ′||T 2||nF 〉. When we insert 〈n′F ′||T 2||nF 〉 into
equation 1.31, we can calculate the individual saturation intensities of the hyper�ne

transitions of the quadrupole line. In table 1.3, we summarize the so-obtained sat-

uration intensities. The results deviate from calculations in [9] where they did not

discriminate between di�erent F → F ′ levels.
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1.2 Doppler-Free Spectroscopy

In vapor cells, various systematic e�ects play a role. Here, we discuss the e�ect of

Doppler broadening. Due to the longitudinal Doppler e�ect, an atom with a velocity

of v � c sees the frequency of incident light shifted by

∆ω = ωM − ωR = −k · v, (1.36)

with the wavenumber k = 2π
λ
. ωM and ωR are the frequencies seen by a moving atom

and by an atom in rest, respectively. An atom moving parallel to the laser beam with

a velocity of v sees a laser frequency which is decreased by ∆ω whereas for an atom

moving antiparallel to the laser with a velocity of v, the laser frequency is increased

by ∆ω. Atoms will, therefore, absorb light with di�erent frequencies depending on

their velocity. The velocity distribution of an atomic ensemble is the source of so-

called Doppler broadening of the spectrum. This broadening e�ect has the shape of a

Gaussian distribution. The line pro�le of a Doppler-broadened spectral line is [42]

I(ν) = I0 exp

[
−
(c(ν − ν0)

ν0vp

)2]
, (1.37)

where ν0 is the central frequency of an atomic emission line and vp = (2kBT/m)1/2 is the

most probable velocity with the atomic massm, the temperature T , and the Boltzmann

constant kB. This Doppler pro�le has a full with at half maximum (FWHM) of

δνD = 2
√

ln 2
ν0vp
c

=
ν0
c

√
8kBT ln 2

m
. (1.38)

Using a frequency of ν = 437.602 41 THz, we �nd a Doppler width of δνD = 465.49 MHz

for the 6S1/2 → 5D5/2 transition at a temperature of T = 293.15 K. When we take the

Lorentzian line shape that is associated with the natural linewidth of the atoms into

account, the overall spectral pro�le corresponds to a Voigt distribution.

With narrow-band, tunable laser light sources, it is possible to overcome the limitations

due to Doppler broadening. For this purpose, several techniques typically based on ve-

locity selective absorption of atomic transitions have been developed. These techniques

are summarized as nonlinear spectroscopy, because when optical pumping decreases the

population density of the atoms in the ground state the absorbed radiation power de-

pends nonlinearly on the incident power [43].

An example of Doppler-free laser spectroscopy is to use two polarized laser beams to in-

duce birefringence in a vapor. This method is known as polarization spectroscopy [44].

Multiphoton spectroscopy can also be utilized to suppress Doppler broadening. For

instance, in a two-photon transition, the Doppler shift is canceled when an atom is

irradiated by two plane waves which travel in opposite directions [45].

However, the most common Doppler-free spectroscopy method is saturated absorption
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spectroscopy, which is discussed in detail in the next section. For the measurements

of this thesis, we use a modi�cation of the usual saturated absorption spectroscopy

method, because an emitter in a three-level con�guration is investigated. The second

part of the next section discusses this method.

1.2.1 Saturated Absorption Spectroscopy

With the Doppler-free spectrum obtained from saturation absorption spectroscopy and

a frequency reference, it is possible to measure the absolute frequency of a transition

of an atom. In principle, the precision to which we can determine these frequencies is

limited only by the lifetime of the excited state.

The idea of saturated absorption spectroscopy is to send two counter-propagating laser

beams, the pump beam and the probe beam, through an atomic vapor. The probe

beam is used to measure the absorption spectrum of an optical transition with the

resonance frequency ν0, and the pump beam is used to deplete the ground state of this

transition. The probe and the pump beam have the same frequency ν in the lab frame,

but, since they are propagating in opposite directions, they feature opposite Doppler

shifts in the atomic frame. If ν 6= ν0, the pump beam will be absorbed by the velocity

class vx,pump = (ν − ν0)/k and the counter-propagating probe beam by the velocity

class vx,probe = −(ν − ν0)/k. We will show an illustration of this in section 1.2.2. For

ν 6= ν0, the pump beam depletes a di�erent velocity class than the velocity class which

is probed by the probe laser. However, for ν = ν0, we have vx,pump = vx,probe = 0

and the probe beam probes the velocity class which is depleted by the pump beam.

Therefore, the probe laser will be less absorbed because there are fewer atoms in the

ground state. Doppler-free lines will be visible as peaks in the transmission spectrum.

These peaks correspond to dips in the absorption spectrum of the laser. These dips

are commonly known as Lamb dips, because W.E. Lamb was the �rst to describe them

theoretically [46].

Beside the Lamb dips, more peaks are possible in the saturated absorption spectrum.

These peaks can occur when the pump and the probe beam are resonant with two sepa-

rate transitions with resonant frequencies ν1 and ν2. Then the pump beam depletes the

ground state via one transition, and the probe beam �nds fewer atoms in the ground

state and gets less absorbed on the second transition. This so-called crossover signals

lie in the middle of two atomic resonances ν = ν1+ν2
2

.

Figure 5 shows a possible realization of saturation spectroscopy. A laser is split up

into a strong pump beam and a weak probe beam, which counter-propagate through

a vapor cell. For many applications, it is not su�cient to send the beams crossed

through the cell because the interaction region is very small and other solutions have

to be found to maximize the beam overlap.

Typically, a photodiode can be used to measure the transmitted power of the probe

beam. Alternatively, we can also measure the laser-induced �uorescence to get a
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Figure 5: A possible realization of saturated absorption spectroscopy where a laser
is split up into a strong pump beam and a weak probe beam. Both beams counter-
propagate through a vapor cell, and a photodiode measures the intensity of the probe
beam.

Doppler-free signal. In this kind of measurements, two counter-propagating beams

from one laser are chopped at di�erent frequencies and the modulation of the �uores-

cence is monitored at the sum frequency [47]. This technique has advantages when the

absorption is small and the change of the attenuation of the probe beam is di�cult

to detect, because dips of the hyper�ne lines can nearly disappear in the Doppler-

broadened background [43].

In the setup explained in section 2.2, we use saturated absorption spectroscopy to

stabilize the D2 laser at a wavelength of about λ = 852 nm to a hyper�ne transi-

tion of the D2 line of cesium. In section 2.3, this setup is extended to measure the

hyper�ne-resolved spectrum of the 6S1/2 → 5D5/2 E2 transition. This extended setup

is a modi�cation of the typical saturated absorption spectroscopy setups, as explained

in the next section.

1.2.2 Three-Level Spectroscopy with Two Lasers

In this thesis, we want to analyze the hyper�ne structure of the 5D5/2 state of cesium

experimentally. The ground state of cesium is the 6S1/2 state and it is possible to excite

the atoms directly to the 5D5/2 state via an E2 transition. We can measure �uores-

cence of the decaying atoms between the 6P3/2 intermediate state and the 6S1/2 ground

state. Typically, single-photon counting spectroscopy has to be used [48], because the

�uorescence signal is very weak. This makes it di�cult to apply the modulation and

demodulation technique which we described in the last section.

Furthermore, the absorbed intensity of E2 transitions is very weak compared to the

laser intensities which are necessary to saturate an E2 transition. Therefore, saturation

spectroscopy as described in the previous section is very di�cult to perform. We use

another technique in this work to analyze the hyper�ne structure of the 5D5/2 state.

This technique is known as three-level Raman-type nonlinear spectroscopy [9, 12�14].

Figure 6 shows an illustration of this method. The basics are similar to typical satu-
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(a) (b)

Figure 6: An illustration of three-level Raman-type nonlinear spectroscopy. (a) shows
the spectroscopy setup. We will use the quadrupole laser at a wavelength of λ = 685 nm
as pump laser (blue) and the D2 laser at a wavelength of λ = 852 nm as the probe laser
(red). Both lasers share the same ground state. With a hot mirror, only re�ecting near-
infrared radiation, we separate the beams. A photodiode measures the probe beam
after its transmission through a vapor cell. (b) shows one possible implementation
that accounts for the atomic hyper�ne structure. Here, atoms get "repumped" from
the 6S1/2(F = 3) level to the 6S1/2(F = 4) level and therefore the probe laser gets
more absorbed on resonance.
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ration absorption spectroscopy. As before, a pump beam saturates a transition and a

photodiode measures the transmitted power of a probe laser. However, now the lasers

have di�erent frequencies and address di�erent transitions which only share the same

ground state.

We use the quadrupole laser at a wavelength of λ = 685 nm as the pump laser. This

laser excites atoms from the 6S1/2 to the 5D5/2 state. The D2 laser is the probe laser.

This laser is stabilized to a hyper�ne line of the 6S1/2 ↔ 6P3/2 transition and we mea-

sure its absorption. The intensity of the probe laser weak is in our case compared

to the intensity of the pump laser, because of the higher saturation intensity of the

quadrupole line. The probe laser always probes one velocity class of the atoms in the

vapor cell while we scan the pump laser over all velocity classes. Regarding this, we

show an illustration of the number of atoms in the ground state depending on the

velocity class of atoms in �gure 7. In contrast to two-level saturation spectroscopy, the

pump beam and the probe beam do not have to counter-propagate through the vapor

cell to obtain sub-Doppler resolution. This improved resolution can be achieved when

the probe beam always probes one velocity class and is not scanned or when we lock

the frequency of the probe laser on an independent reference.

When the pump laser excites atoms, the number density of atoms in the 6S1/2 state

changes and therefore also the absorption of the probe beam changes. Considering

the hyper�ne structures of the states, shown in �gure 6(b), a possible realization

of the present saturation absorption spectroscopy is to lock the probe laser on the

6S1/2(F = 4) ↔ 6P3/2(F = 5) hyper�ne transition and to scan the pump laser over

the 6S1/2(F = 4) → 5D5/2(F
′ = 2 − 6) transitions. The pump laser depletes the

6S1/2(F = 4) level and, therefore, the probe laser gets less absorbed once the pump

laser hits a resonance. We use a photodiode to record this change in the absorption of

the probe laser as a function of the frequency of the pump laser.

We expect di�erent results when we address the 6S1/2(F = 3) level with the pump

laser. When we scan the pump laser over the 6S1/2(F = 3)→ 5D5/2(F
′ = 1− 5) tran-

sitions, the atoms get excited to the 5D5/2 state and then they will decay to the 6P3/2

state. From this state, the atoms can decay back to the 6S1/2(F = 3) level, but they

can also decay to the 6S1/2(F = 4) state. This means that there will be more atoms in

the 6S1/2(F = 4) level and the quadrupole laser acts as a repumper from the F = 3 to

the F = 4 level. When there are more atoms in the 6S1/2(F = 4) level, we expect more

absorption of the D2 laser when this laser still probes the 6S1/2(F = 4)↔ 6P3/2(F = 5)

transition.

The natural linewidth of the D2 transition is γ6P6S = 2π × 5.223 MHz [26]. This

linewidth is one limitation of the maximum spectral resolution of the E2 transition res-

onances in our three-level spectroscopy technique [9]. However, as shown in [12,13,49],

even in the ideal case disregarding experimental imperfections and constraints, it is

not possible to achieve this resolution, because the second laser has another frequency.
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(a)

(b)

Figure 7: Illustrations of saturation absorption spectroscopy. In (a), two laser beams of
the same frequency are simultaneously scanned. In (b), one laser has a �xed frequency,
and the other one is scanned. N0 is the number of atoms in the ground state and vx is
the velocity of the atoms in the propagation direction of the lasers. The arrows show
the scanning direction of the laser beams and the boxes illustrate a frequency locked
laser. In the illustrations on the left and the right, the laser beams address di�erent
velocity classes, and we do not see a Doppler-free spectrum. Only in the illustration in
the center, when both beams address the same velocity class, we measure a modi�ed
absorption of the probe beam.
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When we consider the frequency di�erence, the maximal spectral resolution is

ν5D6S

ν6P6S

× γ6P6S = 2π × 6.498 MHz, (1.39)

where ν6P6S = 351.721 96 THz [26] and ν5D6S = 437.598 32 THz [27] are the frequencies

of the D2 line and the quadrupole line, respectively. As a consequence, the reso-

nance will always appear broader than what is expected from their natural linewidth.

However, it is still su�cient to overcome the Doppler broadening and to resolve the

hyper�ne structure of the 5D5/2 state.





Chapter 2

Overview of the Experimental Setup

In this chapter, we present the setup and modi�cations which were necessary to perform

the measurements presented in the following chapters. In the �rst section, we describe

a setup which we use to detect �uorescence emitted from atoms which got excited via

the 6S1/2 → 5D5/2 E2 transition and then decay via the intermediate 6P3/2 state. In

the second section, we discuss how we stabilize a laser at a wavelength of λ = 852 nm

to the D2 line of cesium. We use this laser in the last setup such that we can resolve

the hyper�ne structure of the 6S1/2 → 5D5/2 E2 transition.

2.1 Fluorescence

In this section, we present a setup which we built to perform the �uorescence mea-

surements of section 3.1. The setup is illustrated in �gure 8. The idea is that the

quadrupole laser excites atoms via the E2 transition from the 6S1/2 to the 5D5/2 state.

Then, we use an SPCM to measure photons with a wavelength of 852 nm emitted when

the atoms decay back to the ground state via the 6P3/2 intermediate state.

The quadrupole laser is a self-made external-cavity diode laser. For this laser at a

wavelength of λ = 685 nm, we mounted a laser diode1 in a housing which also contains

a collimation tube with a collimation lens2 to collimate the laser beam. We measure

the temperature of the laser diode with a thermistor3, and stabilize it with a Peltier

element4. We use a controller5 to regulate the temperature and the current which �ows

through the laser diode. With a home-built electronic circuit, we can modulate the

laser frequency by modulating the current.

With an external cavity, we can select the operating wavelength of the laser diode and

narrow the laser's optical spectrum. This cavity consists of a blazed grating6 mounted

in Littrow con�guration. In this con�guration, di�raction angle and incidence angle

1Thorlabs, HL6750MG
2Thorlabs, LT110P-B
3EPCOS/TDK, B57861S103F40
4Laird, PE-127-10-13
5Thorlabs, ITC102
6Thorlabs, GR13-1850
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Figure 8: Setup for �uorescence spectroscopy. We excite atoms via the quadrupole line
and record the �uorescence for the decay via the D2 line. (OI, optical isolator; BPF,
bandpass �lter; DG, di�raction grating; λ/2, half wave plate; MR, mirror; SPCM,
single photon counting module; WM, wavelength meter).

are identical [42], and the frequency of the laser is changed by rotating the grating with

a piezoelectric actuator.

After the laser beam leaves the laser housing, it passes a half wave-plate7 which changes

the polarization plane of the linearly polarized beam. We use an optical isolator to

ensure that no re�ected light from the setup reaches the laser. To align the optical iso-

lator, we �rst mounted it in the wrong direction, and we adjusted the Faraday rotator

for maximal extinction. Then, we turned the isolator around and mounted it, leaving

the extinction ratio unchanged.

After the optical isolator, we inserted a telescope, because the beam diameter was too

big for our requirements. After the laser beam passes the telescope, we use two mirrors

to send it through a cesium vapor reference cell which has a length of 5.62 cm, a diam-

eter of 2.4 cm, and contains 99.8 % cesium. In the cell, the cesium atoms are excited

via the E2 transition between the 6S1/2 and the 5D5/2 state. The excited atoms decay

mainly via the 6P3/2 state to the ground state by spontaneously emitting a photon at

a wavelength of λ = 3.5 µm and a photon at a wavelength of λ = 852 nm. We measure

only the latter photons in the near-infrared, since we do not have any detectors for

light at a wavelength of λ = 3.5 µm. Because the �uorescence signal is very weak, we

record it with an SPCM8.

We use a lens with a focal length of f = 50 mm to collect �uorescence light. Following

the lens, a bandpass �lter9 ensures that we measure only �uorescence photons and not

scattered photons from the quadrupole laser beam. This also reduces the count rate

7Thorlabs, WPH05M-694
8Excelitas, SPCM-AQRH-14-FC
9Thorlabs, FBH850-10
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due to room light that reaches the SPCM. We use a �ber holder which contains a lens

to couple the �uorescence photons into a multimode �ber10. The �ber has a special

cladding to make sure that no unwanted photons from, e.g., the room light are coupled

into the �ber. Before we plugged this �ber into the SPCM, we connected a �ber check

laser to the end of the �ber. This �ber check laser causes a radiation cone to exit at

the other side of the �ber which allows one to determine the area from where �uores-

cence photons can be coupled into the �ber, i.e., the area from which we can detect

�uorescence with the SPCM. With this method, we can pre-align the �ber, the �ber

holder, the lens, the cesium cell, and the quadrupole laser beam in order to maximize

the number of collected photons. Around these components, we built a box to block

unwanted light and to protect the SPCM.

The SPCM generates a TTL pulse for every detected photon. We send these pulses

with a BNC cable to a shielded connector block11, which we connect to a computer

via a PCI-card12. A LabVIEW program counts the total number of pulses measured

within a certain time. This program can also detect the frequency of the quadrupole

laser beam when we measure it with a wavelength meter13.

2.2 Locking a Laser to the D2 Line of Cesium

In the �rst part of this section, we present the setup which we used to stabilize the

D2 laser to the D2 line of cesium. In the second part, we discuss measurements of the

absorption spectrum with the Lamb peaks of the D2 line.

2.2.1 Setup of the Lock

We use a three-level Raman-type nonlinear spectroscopy method to measure the hyper-

�ne structure of the 6S1/2 → 5D5/2 E2 transition of cesium by measuring the modi�ed

absorption of the 6S1/2 → 6P3/2 transition. For this task, we have to lock a probe laser

to one of the hyper�ne transitions of the D2 line. In this section, we present the setup

that allows us to lock this laser, see �gure 9.

We built the D2 laser at a wavelength of about λ = 852 nm, similar to the external

cavity laser from the last section. We mounted a laser diode14 in a collimation tube,

and we use a di�raction grating15 to form the cavity. A controller16 regulates the tem-

perature and current of the laser diode. The frequency of the laser changes when we

alter the angle of the grating with a piezo. We use a function generator17 to apply a

10Thorlabs, FG050LGA
11National Instruments, BNC-2110
12National Instruments, PCI-6221
13HighFinesse, WS-6, Serial No. 706
14Roithner Lasertechnik, RLT850-100GS
15Thorlabs, GR13-1205
16Arroyo Instruments, 6305 ComboSource, 500mA
17Voltcraft, FG-7202
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Figure 9: An illustration of the setup which we use for the frequency stabilization of
the D2 laser. (OI, optical isolator; DG, di�raction grating; λ/2, half wave plate; λ/4,
quarter half plate; MR, mirror; PBS, polarizing beam splitter; PD, photodiode).

voltage to the piezoelectric actuator to scan the frequency of the laser periodically.

Following the grating, an optical isolator prevents unwanted feedback into the optical

diode. We then mount a half-wave plate and a polarizing beam splitter18 in the beam

path. This allows us to control the power that is sent to the frequency lock and the

main �uorescence setup. We use the transmitted beam for a Doppler-free saturated

absorption spectroscopy setup which enables us to resolve the hyper�ne spectrum of

the 6S1/2 → 6P3/2 transition. We explained this spectroscopy method in detail in sec-

tion 1.2.1. In the present implementation, the laser beam transmits through a cesium

cell19 with a length of 5 cm and a diameter of 2.62 cm. After the beam passes the cell,

it is re�ected by a mirror and passes the cell in the other direction a second time. In

between the cell and the mirror, we mounted a quarter-wave plate20. The beam po-

larization is rotated by 180◦ because the beam passes this plate two times. Therefore

the transmitted beam gets now re�ected by the polarizing beam splitter and can be

measured. We detect the power of the beam with a photodiode21 and see an absorption

spectrum with the peaks associated with the hyper�ne levels of the 6P3/2 state.

We use a frequency modulation and demodulation technique for stabilization of the

frequency of the D2 laser. In �gure 10, we illustrate how we implement this method

18Thorlabs, PBS122
19Thorlabs, Cs S128
20Thorlabs, WPQ05M-850
21Farnell, BP104S-Z
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Figure 10: The components which are used to stabilize the frequency of the laser
to the D2 line of cesium. We use a photodiode to measure the power of the laser
beam. Depending on this signal, the angle of the di�raction grating is changed so that
the frequency of the laser stays the same (DC, direct current signal; DG, di�raction
grating; FG, frequency generator; IF, intermediate frequency; LD, laser diode; LO,
local oscillator; PD, photodiode; RF, radio frequency signal).

into our setup. To describe it, let us consider a signal S(ν) that depends on the laser

frequency ν. When performing amplitude modulation, this signal is transformed to

SAM(t, ν) = cos2(ωt)S(ν). Demodulating the resulting signal at ν yields the initial

signal S. When performing FM, the initial signal transforms to

SFM(ν, t) = S(ν + ε cos(ωt)) = S(ν) + ε cos(ωt)
dS(ν)

dν
+O(ε2). (2.1)

The demodulation yields a signal that is, to �rst order, proportional to the derivative of

the initial signal. We use FM because a laser lock works better with the steeper slope of

the derivative of the initial signal. Furthermore, we lock the laser on the zero crossing

of the derivative which makes the lock more resistant against power �uctuations of

the laser. We use an electronic circuit, connected between the controller and the laser

diode, to modulate the current which �ows through the laser diode. A frequency

generator22 periodically modulates this current and, therefore, the laser beam gets

frequency modulated accordingly.

The beam power is recorded using a photodiode that is fast enough to measure the

modulation frequency. We connect the photodiode to the RF+DC input of a bias tee23,

which separates the modulated RF signal from the DC signal. With an oscilloscope,

we can display the DC signal which looks similar to the signal in �gure 11(a). We

send the radio frequency signal to the RF input of a frequency mixer24. We connect

the frequency generator which we use for the laser modulation to the LO input of

the mixer. When we apply a signal with the right phase and the same frequency

as the modulation frequency, the signal from the photodiode gets demodulated. A

low pass �lter25, connected to the IF output of the mixer, suppresses signals with

high frequencies. After this �lter, we send the demodulated signal to a homemade

22Rigol, DG1022
23Mini Circuits, ZFBT-4R2GW+
24Mini Circuits, ZX05-1MHW-S+
25Mini Circuits, SLP-1.9+
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(a)

(b)

Figure 11: Hyper�ne-resolved spectra of the D2 line when we scan the frequency around
the 6S1/2(F = 4) → 6P3/2(F

′ = 3 − 5) states. (a) The signal from the DC output of
the bias tee. (b) The demodulated signal at the monitor connector of the lockbox. A
sinus with a frequency of 5 MHz and a peak-to-peak amplitude of 100 mV was used for
the modulation. For the demodulation, we applied a sinus with a frequency of 5 MHz
and an amplitude of 100 mV to the mixer. At the mixer, the two signals have a phase
di�erence of about ∆φ ≈ 0. We used the crossover peaks F = 3/5 and F = 4/5, and
literature values [50] to convert the measured time axis into a frequency axis. We can
see that the demodulated signal is the derivative of the initially measured voltage.

PI-lockbox26. This lockbox controls the piezo behind the di�raction grating of the

laser. The monitor connector of the lockbox outputs the demodulated signal, shown

in �gure 11(b). We then change the scanned frequency range to investigate only one

hyper�ne peak and lock the laser on the zero crossing of the derivative of this peak.

2.2.2 Measurements of the D2 Line

In this section, we present measurements of a saturated absorption spectrum of the

D2 line of cesium featuring Lamb peaks. By using a triangle function of a waveform

26Lockbox Vers.5
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(a)

(b)

Figure 12: Measured transmission spectra featuring dips of the hyper�ne levels of the
D2 line. In (a), we scanned the laser over the 6S1/2(F = 3) → 6P3/2 transition. In
(b), we scanned the laser over the 6S1/2(F = 4) → 6P3/2 transition. We labeled
the hyper�ne levels of the 6P3/2 state in the spectrum. In the middle of every pair of
hyper�ne levels are crossover peaks, labeled with the two numbers of the corresponding
hyper�ne levels.

generator to scan the frequency of the laser, we were able to take the measurements

shown in �gure 12. For this purpose, a LabView program was used which enables us

to detect the voltage of the photodiode and the frequency of the wavelength meter

simultaneously. Because of timing issues, we used a relatively low scanning frequency

of about 100 mHz. We averaged over six scanning cycles to increase the signal-to-noise

ratio. By using a current of 93.0 mA and a temperature of 30 ◦C to operate the D2

laser diode, we were able to scan over the 6S1/2(F = 4)→ 6P3/2 transition completely.

We present the transmission spectrum with the hyper�ne peaks in �gure 12(a). To

scan over the 6S1/2(F = 4) level, we used a current of 99.4 mA and a temperature of

30 ◦C to run the D2 laser diode. Figure 12(b) shows this spectrum.

The saturation absorption spectroscopy measurements of the D2 line give results

which are compatible with measurements of other groups [51]. Furthermore, they are

in good agreement with the level scheme from section 1.1.4. In table 2.1, the frequencies

of the D2 hyper�ne-resolved transitions are shown and compared to literature values
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Table 2.1: Absolute frequency measurements of the hyper�ne transitions of the D2
line. The quantum number F and F ′ correspond to the hyper�ne levels of the 6S1/2

state and the 6P3/2 state, respectively. For the measured frequencies of this thesis, the
error limits are estimated to 10 MHz. The literature values were taken from [50].

F=3 F=4
Frequency - 351.73 THz [GHz] Frequency - 351.72 THz [GHz]
this work literature this work literature

F'=2 1.40 0.55
F'=3 1.56 0.70 2.38 1.51
F'=4 1.76 0.90 2.58 1.71
F'=5 2.77 1.96

from [50]. The frequency spacing between the measured lines agree excellently with the

literature values, but we see a shift of the absolute frequency. This shift of in average

0.85 GHz probably results from insu�cient and outdated calibration of the wavelength

meter.

2.3 Spectroscopy of the 5D5/2 Hyper�ne States

In this section, we present the setup which is illustrated in �gure 13. This is a three-

level Raman-type nonlinear spectroscopy setup which we use to resolve the hyper�ne

spectrum of the 6S1/2 → 5D5/2 E2 transition. Furthermore, we are able to stabilize

the quadrupole laser to one of the hyper�ne transitions of the quadrupole line.

We use the saturation absorption spectroscopy setup, as presented in the last section,

to lock the D2 laser to a speci�c F → F ′ transition of the D2 line. This laser is

the probe laser in the present setup whereas the quadrupole laser acts as the pump

laser. We split the probe laser with a polarizing beam splitter and use the transmitted

component for the locking of this laser. The other component is re�ected towards

the rest of the setup. We use a combination of a have wave plate, a polarizing beam

splitter, and a beam block to adjust the power of the beam.

With the probe laser beam set to the desired intensity, we combine it with the pump

laser using a hot mirror27. The two laser beams propagate in opposite directions

through a 5 cm long cesium vapor cell28. Then, we separate the probe laser from the

pump laser with another hot mirror. After separating the beams, we measure the power

of the probe laser with a photodiode29. A bandpass �lter30 with a central wavelength

of 850 nm and a FWHM of 10 nm in front of the photodiode improves the extinction

of scattered light especially from the pump laser.

The beam path of the pump laser is similar to that of the quadrupole laser in section 2.1.

We only extended it by the cesium cell where the pump laser is counter-propagating

27Thorlabs, M254H45
28Thorlabs, Cs S132
29rev4_01
30Thorlabs, FBH850-10
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Figure 13: Setup for hyper�ne-resolved spectroscopy of the 6S1/2 → 5D5/2 E2 transition
(AOM, acousto-optic modulator; BB, beam block; OI, optical isolator; BPF, bandpass
�lter; DG, di�raction grating; λ/2, half wave plate; λ/4, quarter half plate; LIA, lock-in
ampli�er; MR, mirror; PBS, polarizing beam splitter; PD, photodiode; SPCM, single
photon counting module; WM, wavelength meter).
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with the probe laser. The pump laser depletes the ground state of cesium, and this

changes the absorption of the probe laser which we measure with the photodiode.

Because the changes of the absorption are small, it was necessary to use a modulation

technique in order to improve the signal-to-noise ratio. In the present setup, an AOM31

di�racts the pump laser into several orders. We select the minus �rst order with an

aperture and send it through the cesium cell whereas the other beams are blocked.

A waveform generator32 and an ampli�er33 provide the 110 MHz RF signal to drive

the AOM. The waveform generator allows us to amplitude or frequency modulate the

output signal and, thus, allows us to modulate the di�racted orders of the AOM.

The modulation frequency is provided by a lock-in ampli�er34 which also demodulates

the measured power of the probe laser. Because we use the same frequency for the

modulation and the demodulation, only modulated signals of the probe laser are visible

after the demodulation. We modulate only the pump laser, therefore exclusively signals

of the probe laser which are caused by the pump laser are visible when the signal is

demodulated.

We measure the demodulated signal of the lock-in ampli�er with an oscilloscope35 or we

can use this signal to lock the pump laser. When we want to stabilize this quadrupole

laser, we use FM, since this yields a signal proportional to the derivative of the initial

signal. We send the demodulated signal of the probe laser to a home-built PI-lockbox.

We also connect the second channel of the waveform generator to this lockbox. This

channel provides the scanning frequency of the di�raction grating. Similar to the setup

in section 2.2, a switch can be operated, and the lockbox changes the voltage of the

piezo automatically. This changes the angle of the di�raction grating of the quadrupole

laser so that the frequency of the laser is stabilized.

31AA Opto Electronic, MT110-B50A1-VIS
32RIGOL Technologies, DG4162
33Mini Circuits, ZHL-1-2WX(+)
34Stanford Research Systems, SR830
35Teledyne LeCroy, HDO4054



Chapter 3

Spectroscopy of the 5D5/2 Hyper�ne

States

In this chapter, we present hyper�ne-resolved spectra of the cesium 6S1/2 → 5D5/2

E2 transition. In the �rst section, we discuss measurements of �uorescence emitted

upon excitation of the atoms to the 5D5/2 state and decay via the intermediate 6P3/2

state back to the ground state. Then, we perform three-level Raman-type nonlinear

spectroscopy and use di�erent con�gurations of the probe and the pump laser to resolve

the hyper�ne structure of the quadrupole line. We experimentally investigate the

dependence on the power of the pump laser and the probe laser, and the role of the

pump laser AM frequency. In the last part of this chapter, we discuss how to stabilize

a laser to the quadrupole line.

3.1 Fluorescence Related to the 6S1/2 → 5D5/2 Transi-

tion

In the �rst measurement of this chapter, we investigate the �uorescence signals emitted

upon excitation of the atoms on the 6S1/2 → 5D5/2 E2 transition. Similar experiments

were performed in [9]. We use the quadrupole laser to excite the atoms to the 5D5/2

state from where they will decay mainly to the 6P3/2 state and then back to the 6S1/2

ground state by emitting a photon at a wavelength of λ = 3.5 µm and a consecutive

photon at a wavelength of λ = 852 nm. In �gure 14, we detect the 852 nm photons

with an SPCM.

For this measurement, we used a copper wire at a temperature of 103 ◦C to heat the

cell in order to increase the cesium pressure. This increases the �uorescence signal by

a factor of about 17 compared to a cell at room temperature. The laser power was

33.2 mW in front of the cell, and we continuously scanned the laser frequency with a

triangle function with a frequency of 10 mHz across the atomic resonance. We use a

LabView program to count the detected photons in a time span of 20 ms. At the same

time, we record the frequency of the quadrupole laser with a wavelength meter thereby
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(a)

(b)

Figure 14: Fluorescence excitation spectrum at a wavelength of around λ = 852 nm
when only the quadrupole laser is present and its frequency is being scanned. (a) We
�tted the measurement (blue) with a Gaussian function (red). Because of laser insta-
bilities due to mode hopping, we only �t the frequency interval between 437 598.96 GHz
and 437 599.89 GHz. (b) When we calculate the residuals, we see a deviation between
the measured Doppler-broadened �uorescence and the Gaussian �t which is a sign for
a �ner structure of the quadrupole line.
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measuring the absolute frequency of the �uorescence light.

We scanned the frequency of the quadrupole laser around the

6S1/2(F = 4) → 5D5/2(F
′ = 1 − 6) transitions. From the E2 selection rules, we

know that we can excite the atoms to the F ′ = 2 − 6 levels. In the present case, we

did not use a Doppler-free technique, and the signals are broadened. Therefore, the

hyper�ne levels of the 5D5/2 state cannot be resolved. The reason being is that there

is a is the small frequency splitting between the hyper�ne lines compared to Doppler

broadening at room temperatures of about 500 MHz given by equation 1.38.

The Doppler broadening leads to a Gaussian pro�le. Therefore, we use a Gaussian

function to �t our measurement as presented in �gure 14(a). Due to laser instabilities,

we did not �t the whole spectrum. To analyze the quality of the �t, we calculate the

residuals. In �gure 14(b), we divide the residuals by
√
Nσ, where N is the number of

measured photons in a time interval of 20 ms and σ is the standard deviation of the

residuals. We observe that the residuals are distributed asymmetrically. From this, we

conclude that several lines contribute to the signal [9].

We, therefore, superimpose �ve Gaussian functions in order to account for the �ve

transitions expected from the E2 selection rules. We �x the relative weights, calcu-

lated with equation 1.19, and the relative frequencies of the hyper�ne levels for the �t.

Our free �t parameters are thus a global amplitude, a global frequency shift, a global

FWHM, and a global o�set. We �nd an improved �t compared to the �t with only

one Gaussian as shown in �gure 15. In �gure 15(a), we present the �t and the �ve

superimposed Gaussian pro�les. Figure 15(b) shows the residuals of the �t. Except

for small deviations which occur probably because of laser instabilities, these residu-

als indicate an improved �t. From the �t, we �nd that the FWHM of the Gaussians

is 506(34) MHz which is in agreement with our calculations of Doppler broadening in

section 1.2.

3.2 Measurement of the 5D5/2 Hyper�ne States

We now use three-level Raman-type nonlinear spectroscopy to measure hyper�ne-

resolved spectra of the 6S1/2 → 5D5/2 E2 transition. We use a probe laser, stabilized

to the D2 line as explained in section 2.2, and scan a pump laser across the quadrupole

line. First, we scan the pump laser around the 6S1/2(F = 4)→ 5D5/2(F
′ = 2−6) tran-

sitions, and then we scan around the 6S1/2(F = 3) → 5D5/2(F
′ = 1 − 5) transitions.

This results in di�erent hyper�ne-resolved spectra of the quadrupole line as discussed

in the following sections.
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(a)

(b)

Figure 15: Fit of the �uorescence excitation spectrum. (a) As �t function, we super-
imposed �ve Gauss functions, labelled with the addressed hyper�ne levels of the 5D5/2

state. We �t the same frequency interval as in �gure 14. (b) We see that the distri-
bution of the residuals has improved compared to a �t with only one Gaussian pro�le.
The deviations on the right side occur probably because of laser instabilities.
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Figure 16: Depletion of the 6S1/2(F = 4) level. We present the relevant hyper�ne
levels which are addressed by the probe laser and the pump laser. To measure a
hyper�ne-resolved spectrum of the 6S1/2(F = 4) → 5D5/2 E2 transition, the probe
laser is stabilized to the D2 line while the pump laser is scanned over the quadrupole
line. Both lasers excite the atoms from the 6S1/2(F = 4) level.

3.2.1 Depletion of the 6S1/2(F = 4) State

Here, we study the hyper�ne-resolved spectrum of the 6S1/2(F = 4) →
5D5/2(F

′ = 2 − 6) E2 transition via depletion of the 6S1/2(F = 4) state. In �g-

ure 16, we illustrate which states are addressed by the pump and probe laser. The

pump laser depletes the 6S1/2(F = 4) level; thus, the number density of atoms in this

level is reduced. As a consequence, the absorption of the probe laser, stabilized to the

6S1/2(F = 4) → 6P3/2(F
′ = 5) transition, is reduced. In order to measure this e�ect,

we detect the power of the probe laser transmitted through the cesium cell with a pho-

todiode. Less absorption of the probe laser corresponds to peaks in the transmission

spectrum as shown in �gure 17. Because of the discussion in section 1.2.2, we see a

Doppler-free spectrum of the 6S1/2 → 5D5/2 E2 transition.

For this measurement, the pump laser had a beam waist of approximately 0.2 mm.

Without amplitude modulation, the power was about 20.5 mW in front of the cell cor-

responding to a peak intensity of I0 = 15.6 W/cm2. When we compare this value to

the saturation intensities of the hyper�ne transitions of the quadrupole line, shown

in table 1.3, we �nd that it should be large enough to saturate all transitions. The

intensity of the probe laser was about I0 = 55 mW/cm2 ≈ 20.3Isat. This intensity is

relatively high in order to transmit enough power through the vapor cell to reach the

photodiode and to get a measurable signal. To scan the frequency of the pump laser,

we applied a triangle function with a frequency of 4 Hz and a peak-to-peak amplitude

of 200 mV to the piezoelectric actuator of the di�raction grating. We use an AOM to

amplitude modulate the pump laser beam with a frequency of 15 kHz. This frequency
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Figure 17: Doppler-free spectrum of the quadrupole line. We labeled the lines with
the addressed hyper�ne levels of the 5D5/2 state. We stabilized the probe laser to the
6S1/2(F = 4)→ 6P3/2(F

′ = 5) transition and scanned the frequency of the pump laser
over the 6S1/2(F = 4) → 5D5/2 E2 transition. The measurement (blue) is compared
to theoretical calculations (red). The experimental spectrum is an average of ten
spectra. The frequency is shown relative to the frequency to the F ′ = 6 line and the
measured power of the transmission relative to the F ′ = 5 line. We clearly resolve the
transmission peaks corresponding to the F ′ = 2− 6 levels of the 5D5/2 state.

Table 3.1: Settings of the Lock-in ampli�er used to modulate the pump beam and to
demodulate the measured intensity of the probe beam.

Input A Sensitivity 2x1 mV
Couple AC Phase +150 DEG
Ground Ground Ampl 2.5 V
Time constant 1x100µs Mod. Freq 15 kHz
Slope 24 dB Source Internal

is provided by a Lock-in ampli�er which also demodulates the detected signal. Table

3.1 shows the settings of the Lock-in ampli�er.

We measure the voltage of the demodulated signal of the photodiode over time and

use the F ′ = 6 line and the F ′ = 5 line for the calibration of the frequency axis. The

spectrum, depicted in �gure 17, is an average of ten individually detected spectra.

The pump laser excites the atoms from the 6S1/2 state via an E2 transition to the 5D5/2

state. The quadrupole selection rules determine to which hyper�ne states transitions

are possible. These selection rules state that ∆F = 0,±1,±2. Because the atoms are

excited from the 6S1/2(F = 4) level, we can see the F ′ = 2− 6 levels of the 5D5/2 state

in the spectrum.

The line intensities depend on the population of the 6S1/2(F = 4) level. The number

density of atoms in this level gets lower when atoms are excited to the 5D5/2 state by the

pump laser. The excited atoms can decay via the 6P3/2 state back to the 6S1/2(F = 4)

level, thereby increasing the number density of atoms in this level again. We use equa-

tions 1.18 and 1.19, which describe the line strength of an E1 and an E2 transition,

to calculate the expected line intensities in case of a Doppler-free hyper�ne-resolved
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spectrum. The signal strength is given by [9]

S(F ′) = SQF,F ′ − α
∑
F ′′

SQF,F ′S
D(F ′, F ′′)SD(F ′′, F ), (3.1)

where F , F ′ and F ′′ are the toal quantum numbers of the hyper�ne levels of the 6S1/2,

5D5/2 and 6P3/2 state, respectively. The sum runs over all hyper�ne levels F ′′ of the

6P3/2 state. The re-pumping ratio α is given by [9]

α =
γ5D6S + γ5D6P

γt + γ5D6S + γ5D6P

, (3.2)

where γ5D6S and γ5D6P are the partial decay rates from the 5D5/2 state to the 6S1/2 state

and the 6P3/2 state, respectively. γt describes a transit relaxation which diminishes the

re-pumping back to the ground state mainly because of the relative long lifetime of the

5D5/2 state. This rate can be approximated by [9]

γt ≈
2vt
d
≈ 848.64 kHz, (3.3)

where d ≈ 400 µm is the beam diameter in the middle of the cell and

vt =

+∞∫
−∞

dvx

+∞∫
−∞

dvy

+∞∫
−∞

dvz

√
v2x + v2y

(
m

2πkBT

)3/2

exp

[
− mv2

2kBT

]

=
1

2

√
2πkbT

m
= 169.727 m/s,

(3.4)

is the transverse mean thermal velocity across the laser beam for a temperature of

T = 293.15 K. We �nd a ratio of α = 0.48, which we use to calculate the expected

relative strengths of the experimentally observed lines.

In �gure 17, we superimpose �ve Lorentz functions, one for every hyper�ne line of the

5D5/2 state, to �nd the expected hyper�ne-resolved spectrum. We used equation 3.1

to calculate the relative strenghts of the functions, and equation 1.39 determines their

FWHM. We observe that the hyper�ne structure of the 5D5/2 state is resolved and the

lines have the expected relative frequencies. The relative line intensities coincide with

our calculations except for the F ′ = 6 line. We discuss these deviations in detail in

section 3.3.3. The measured linewidths are broader than expected. This broadening

could be a consequence of power broadening, transit time broadening, pressure broad-

ening, and laser frequency jitter. The transit time broadening is negligible, since it can

be calculated as [42]

δν ≈ 0.4
vt
w
≈ 340 kHz, (3.5)

with w ≈ 200 µm corresponding to the beam waist of a Gaussian beam pro�le. This

is small compared to the other broadening e�ects. We probably have some pressure
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Figure 18: Absolute frequency measurement (blue) of the quadrupole line. We used
a wavelength meter to record the frequency of the hyper�ne-resolved spectrum of the
6S1/2(F = 4)→ 5D5/2 E2 transition. We �tted Voigt pro�les (red) to the experimental
data to �nd the absolute frequencies presented in table 3.2.

Table 3.2: The absolute frequency values of the transitions between the 6S1/2(F = 4)
level and the hyper�ne levels of the 5D5/2 state measured with a wavelength meter.
The error corresponds only to the error of the �t. We compare our measured line
intensities to literature values of relative frequencies [25] since we did not �nd an
absolute frequency measurement.

Our measured line Literature values of the
frequency - 437 599.208 GHz [MHz] relative frequencies [MHz] [25]

F=6 0 ± 0.8 0
F=5 118.1 ± 0.4 127.2
F=4 227.5 ± 0.4 233.2
F=3 313.6 ± 0.5 318
F=2 375.5 ± 0.8 381.6

broadening, but this e�ect should be negligible at room temperature for our error

bars [23]. A possible broadening of the lines can arise from the quadrupole laser fre-

quency jitter which we cannot estimate. However, the best candidate to explain the

broadening of the lines in the experimental spectrum is power broadening due to the

probe laser. We will discuss this in section 3.3.2. In the end, the natural linewidth of

the D2 line limits the FWHM of the lines. A possible solution to get even narrow lines

could be to probe another transition, for example, the 6S1/2 → 7P1/2 E1 transition of

cesium. We will discuss this point in the outlook.

In �gure 18, an absolute frequency measurement is shown. We used a LabView pro-

gram to read out a PCI-card and the measured frequency of the wavelength meter. This

allows us to record the demodulated transmission signal of the probe laser and the fre-

quency of the pump laser simultaneously. The pump laser was amplitude-modulated

with a frequency of 30 kHz and scanned with a triangle function with a frequency of

20 mHz over the 6S1/2(F = 4)→ 5D5/2 E2 transition.

The frequency resolution of this measurement is worse compared to the other measure-



41

ments. However, we can �t a Voigt pro�le to the lines to �nd the absolute frequencies

shown in table 3.2. We did not take systematic errors into account and, therefore, the

presented errors of the frequencies correspond only to the statistical errors of �t. The

relative frequencies between the lines correspond very well to literature values [25]. We

did not �nd any absolute frequency measurements of the hyper�ne spectrum in the

literature. As discussed in section 2.2.2, the absolutes frequency values are probably

shifted by 0.85 GHz because of an outdated calibration of the wavelength meter.

3.2.2 Repumping from the 6S1/2(F = 3) to the 6S1/2(F = 4) State

In contrast to the measurements from the previous section, we now scan the pump laser

around the 6S1/2(F = 3)→ 5D5/2(F = 1− 5) hyper�ne levels. The laser is still stabi-

lized to the hyper�ne transition between the 6S1/2(F = 4) level and the 6P3/2(F = 5)

level. Hence, the pump laser and the probe laser do not share the same ground state

as illustrated in �gure 19.

To measure an altered transmission of the probe laser through the cell, the number

density of atoms of the 6S1/2(F = 4) level has to change. The number density of atoms

in this state changes when the pump laser excites atoms to the 5D5/2 state, because

these atoms can decay via the 6P3/2 state to the 6S1/2(F = 4) level. It is appropriate to

say that we repump atoms from the 6S1/2(F = 3) level to the 6S1/2(F = 4) level. This

counteracts the depumping of the 6S1/2(F = 4) level due to o�-resonant excitation of

the 6P3/2(F = 4) level followed by a decay to the 6S1/2(F = 3) level. We, therefore,

expect a higher number density of atoms in the 6S1/2(F = 4) level and therefore more

absorption of our probe laser. This leads to dips in the transmission spectrum of the

probe laser. In the measurement shown in �gure 20, we observe these dips with good

agreement to theoretical calculations.

For this measurement of the hyper�ne-resolved spectrum of the quadrupole line, we

scanned the frequency of the pump laser with a triangle function at a frequency of 4 Hz.

The peak intensity of this laser in front of the cell was about I0 = 16.9 W/cm2 without

modulation. This should be large enough to saturate all hyper�ne transitions of the

quadrupole line. The intensity of the probe beam was about I0 = 49.5 mW/cm2 ≈
18Isat. We used the F ′ = 5 line and the F ′ = 4 line to calibrate the frequency axis.

The frequency and the intensity of the lines is plotted relative to the F ′ = 5 line.

The pump laser excites the atoms via the 6S1/2(F = 3)→ 5D5/2 E2 transition. To de-

scribe this transition, we have to use quadrupole selection rules, namely

∆F = 0,±1,±2. Considering this, we expect to see transitions to the F ′ = 1 − 5

hyper�ne levels of the 5D5/2 state in a hyper�ne-resolved spectrum. However, we do

not see the F ′ = 1 line in our measurement. That is because atoms in this hyper�ne

level decay via the 6P3/2(F = 2) back to the 6S1/2(F = 3) ground state, because these

are the only available E1 transitions. Therefore, this is a closed cycle, and the number

density of atoms in the probed 6S1/2(F = 4) level does e�ectively not change.
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Figure 19: Repumping from the 6S1/2(F = 3) to the 6S1/2(F = 4) level. The probe
laser is stabilized to the same hyper�ne transitions as in the previous section. However,
now we scan the pump laser across the 6S1/2(F = 3)→ 5D5/2 E2 transition.

Figure 20: Hyper�ne-resolved spectrum of the 6S1/2(F = 3) → 5D5/2 E2 transition.
The frequency and the intensity of the experimental lines are given relative to the
F ′ = 5 line. Note that a transmission of 0 does not mean that no probe light is
transmitted through the cell. The reason for the increased absorption of the probe laser
is that the quadrupole laser repumps atoms from the 6S1/2(F = 3) to the 6S1/2(F = 4)
level. The measured spectrum (blue) agrees very well with our theoretical predictions
(red) except for some broadening. As expected, we do not see the 6S1/2(F = 3) →
5D5/2(F = 1) transition.
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We use

S(F ′) = −α
∑
F ′′

SQF,F ′S
D(F ′, F ′′)SD(F ′′, F ), (3.6)

for the theoretical spectrum shown in �gure 20. This equation is similar to equation

3.1 but we removed the �rst term because the lasers do not share the same hyper�ne

ground state. Similarly to the last section, we use α = 0.480656 since the temperature

and the beam diameter did not change. We �nd an excellent agreement of the relative

frequencies and the relative intensities of our measurements with the theoretical pre-

dictions. However, the experimental linewidths are again signi�cantly broader than our

expectations based on the natural linewidths of the involved states and the frequencies

of the lasers (see equation 1.39). As described in the last section, this broadening arises

mainly due to power broadening induced by the probe laser.

In the last two sections, we presented two di�erent measurements. We stabilized the

probe laser to the hyper�ne transition between the 6S1/2(F = 4) and 6P3/2(F = 5)

level and scanned the frequency of the pump laser �rst from the 6S1/2(F = 4) level

and then from the 6S1/2(F = 3) level over the quadrupole line. It is also possible to

lock the probe laser to other hyper�ne levels to study the selection rules, the relative

line intensities, and the relative frequencies of the lines. This results in similar spectra

as presented here.

3.3 Systematic Measurements of the Hyper�ne States

In this section, we present systematic measurements of the hyper�ne-resolved spectrum

of the 6S1/2(F = 4) → 5D5/2(F
′ = 2 − 6) E2 transitions to understand the observed

amplitudes and FWHMs. We use the same laser settings as in section 3.2.1. The

probe laser is stabilized to the 6S1/2(F = 4) → 6P3/2(F = 5) transition and we scan

the pump laser across the 6S1/2(F = 4)→ 5D5/2(F
′ = 2−6) levels. We will �rst study

the dependence of the experimental spectra on the di�erent powers of the pump and

the probe laser. In the last section, we analyze hyper�ne-resolved spectra for di�erent

AM frequencies.

3.3.1 Role of the Power of the Pump Laser

In the �rst measurement, we studied the in�uence of the power of the pump laser on the

hyper�ne-resolved spectrum of the 6S1/2(F = 4) → 5D5/2(F
′ = 2− 6) E2 transitions.

These spectra look similar to the spectrum shown in �gure 17. We use Voigt pro�les

to �t the experimental data. Figure 21 shows the amplitude and the FWHM of these

�ts, depending on the di�erent intensities of the pump laser.

For these measurements, we scan the pump laser with a triangle function and a fre-

quency of 2 Hz and used an AM-frequency of 10 kHz to modulate the pump beam. The

probe laser had a power of 100µW, corresponding to an intensity of
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(a)

(b)

Figure 21: Hyper�ne-resolved spectrum of the 6S1/2(F = 4)→ 5D5/2 E2 transition for
di�erent intensities of the pump laser. We used Voigt pro�les to �t the experimental
data. The labeling of the lines corresponds to the addressed hyper�ne levels of the
5D5/2 state. (a) shows the amplitudes of these �ts. Although the intensities of the
pump laser were larger than the saturation intensity, we see that the lines get stronger
for higher powers of the pump laser. In (b), we present the FWHMs of the �ts. Within
the error bars, we see no changes for di�erent powers of the pump laser.
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I0 = 42.3 mW/cm2 ≈ 15.6Isat, in front of the cell. We changed the power of the

pump laser in integer steps between 15 mW and 22 mW, which corresponds to intensi-

ties between I0 = 11.4 W/cm2 and I0 = 16.73 W/cm2. Since the saturation intensity of

the 6S1/2(F = 4)→ 5D5/2(F
′ = 2) transition is 14.6 W/cm2, as shown in section 1.1.5,

we would expect to see saturation e�ects of this line. This is the weakest line, and the

error is too large to make clear statements about. The other lines are saturated for all

pump laser intensities considered here.

We record ten hyper�ne-resolved spectra and average them. After averaging, we use

the F ′ = 6 peak and the F ′ = 5 peak to convert the time axis into a frequency axis.

Then, we �t the experimental data with Voigt pro�les. In �gure 21(a), the amplitudes

of these �ts are plotted relative to the maximal amplitude of the F ′ = 5 line. We also

�t the hyper�ne lines in all ten individually measured spectra. We took the standard

deviation of the amplitude of these �ts as the error of the �ts of the averaged spec-

trum. The intensities of the pump laser were larger than the saturation intensity for the

6S1/2(F = 4)→ 5D5/2(F
′ = 3− 6) transitions. We still see that the lines get stronger

for higher powers of the pump laser which is expected in the observed intensity range

due to not being much larger than the saturation intensities of the transitions.

In �gure 21(b), we present the FWHM of the Voigt �ts. The error is again the standard

deviation of the �ts of ten individual measurements with the same settings. We do not

show the F ′ = 2 line because this line is very weak and the error of the FWHM is

very large. Within the error bars, the FWHM stays approximately constant. This was

to be expected because, in the absence of other broadening mechanisms, the power-

broadened FWHM of a transition is [42]

γS = γ0
√

1 + S0, (3.7)

where γ0 is the natural linewidth given by the total decay rate of the state and S0 is

the resonant saturation parameter. S0 can be calculated with [42]

S0 =
σI(ν0)

π~ν0γ
=
I(ν0)

Isat
, (3.8)

where the σ is the scattering cross section of the atom, I is the intensity of the laser,

and ν0 is the resonance frequency. Considering power broadening, the linewidth of the

6S1/2(F = 4) → 5D5/2(F
′ = 6) transition for an intensity of I(ν0) = 11.94 W/cm2, as

present in our measurement, is

γSL = γ0

√
1 +

11.94 W/cm2

0.56 W/cm2
= 2π × 585.8 kHz. (3.9)
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At the highest intensity I(ν0) = 17.5 W/cm2, we �nd a linewidth of this transition of

γSH = γ0

√
1 +

17.5 W/cm2

0.56 W/cm2
= 2π × 704.2 kHz. (3.10)

Compared to the di�erence between γSL and γSH, our error of the FWHM is too large

to measure the power broadening of the pump laser. For technical reasons, we cannot

measure larger intensity ranges with our setup which would be necessary to see power

broadening of the pump laser.

3.3.2 Role of the Power of the Probe Laser

We now study the e�ect of the intensity of the probe beam on the hyper�ne-resolved

spectrum of the 6S1/2(F = 4) → 5D5/2(F
′ = 2 − 6) E2 transitions. Figure 22 shows

these measurements. We scanned the pump laser with a triangle function and with

a frequency of 2 Hz over the quadrupole line and used an AM-frequency of 10 kHz to

modulate the pump beam. We stabilized the probe laser to the transition between the

6S1/2(F = 4) level and the 6P3/2(F = 5) level and changed the power between 50µW

and 140µW. These powers correspond to intensities between I0 = 21.2 mW/cm2 ≈
7.8Isat and I0 = 59.3 mW/cm2 ≈ 21.9Isat.

We averaged ten individually taken measurements and then �tted the experimental

lines with Voigt pro�les. In �gure 22(a), we present the amplitude and in �gure 22(b),

which is the FWHM of these �ts. Similar to the previous section, we do not show the

F ′ = 2 peak, because the error is relatively large and we cannot make clear statements

about the FWHM of this line. To �nd the error, we �t the lines of the ten measurements

before they were averaged and calculate the standard deviation of the amplitude and

the FWHM.

The amplitudes of the lines are shown with respect to the maximum amplitude of the

F ′ = 5 line. We �nd a larger amplitude and a larger FWHM of the experimental lines

for higher probe beam powers. The FWHM increases because of power broadening.

Considering only power broadening due to the probe laser, we can use equation 3.7 to

calculate the FWHM of the lines. Since we change the intensity of the probe beam

between I0 = 21.2 mW/cm2 and I0 = 59.3 mW/cm2, we expect the lowest FWHM to

be

γSL = γ0

√
1 +

21.2 mW/cm2

2.7 mW/cm2
= 2π × 15.5 MHz, (3.11)

and the highest FWHM to be about

γSH = γ0

√
1 +

59.3 mW/cm2

2.7 mW/cm2
= 2π × 24.9 MHz. (3.12)
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(a)

(b)

Figure 22: Measurements of the hyper�ne-resolved spectrum of the 6S1/2(F = 4) →
5D5/2 E2 transition for di�erent intensities of the probe laser. Voigt pro�les were used
to �t the lines. We used the same labeling as in �gure 21. (a) shows the amplitudes
of the �ts of the experimental lines. We see that the amplitudes get higher for higher
intensities of the probe laser. (b) shows the FWHM of the Voigt pro�les. Power
broadening of the lines is apparent.
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For the smallest I0, the experimentally observed FWHM is larger than what is predicted

by equation 3.11. For the largest I0, the predicted linewidth (equation 3.12) is larger

than what is obtained from the measurement. We only take the statistical error of the

�t into account. The real error is probably higher and therefore the measured FWHMs

probably �t our expectations. However, further studies are necessary to investigate the

origin of these deviations.

To measure a FWHM close to the lowest possible FWHM, given by equation 1.39, we

would have to use lower probe beam powers. To be able to measure a signal from

the probe beam with su�ciently low powers, we would have to use a more sensitive

photodiode, or we would have to decrease absorption inside the cell by cooling the cell

or using a shorter cell.

3.3.3 E�ect of the Pump Laser AM Frequency

In this section, we study the e�ect of the AM frequency of the pump laser on the

hyper�ne-resolved spectrum of the 6S1/2(F = 4) → 5D5/2(F
′ = 2− 6) E2 transitions.

We will discuss the origin of the deviations between theory and expectations of the

amplitude of the F ′ = 6 peak in �gure 17. In �gure 23, we present the �tted amplitude

and the FWHM of the measured lines for di�erent AM frequencies. We use the same

measurement procedure as in section 3.2.1 to record the hyper�ne-resolved spectra.

However, now, the probe laser has an intensity of I0 = 42.3 mW/cm2 ≈ 15.6Isat and

the pump laser an intensity of I0 = 16.7 W/cm2 which should be enough to saturate

all hyper�ne transitions of the quadrupole line.

As described in the previous sections, we use Voigt pro�les to �t the peaks in the

hyper�ne-resolved spectrum. We average ten individually taken measurements before

we �t the data. From the �t, we obtain the amplitude and the FWHM of the lines. We

also �t the peaks in all ten measurements separately to estimate the error of amplitude

and FWHM. We present in �gure 23(a) the amplitude and in �gure 23(b) the FWHM

of the �ts as a function of the AM frequency. The FWHM stays constant within the

error bars. However, the lines get weaker for higher AM frequencies. This can have

two reasons. First, the photodiode which we use to measure the transmission of the

probe beam has a bandwidth of about 180 kHz. It was tested experimentally that the

hyper�ne spectrum cannot be resolved anymore when the AM is performed with a

frequency close to the detector's bandwidth limit. This limitation could be overcome

by using faster photodiodes. Second, at high AM frequencies, the atomic population

cannot follow these fast modulations and the amplitude of the oscillations of the ground

state occupation gets smaller which makes the lines weaker.

To simulate this behavior, we use a di�erent notation, as shown in �gure 24. We

denote the 6S1/2 ground state, the 6P3/2 intermediate state and the 5D5/2 excited state

as states 1, 2, and 3, respectively. Three levels are involved in the present measurements
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(a)

(b)

Figure 23: Role of the AM frequency of the pump laser. (a) shows the �tted amplitude
and (b) the �tted FWHM of the hyper�ne levels of the 5D5/2 state depending on the
AM frequency of the pump laser.

Figure 24: The notation which is used in this section where 1, 2 and 3 correspond to
the ground state, the intermediate state and the excited state.
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and the following three rate equations can be formulated:

Ṅ3(t) = −γ32N3(t)− γ31N3(t) + PN1(t)− PN3(t), (3.13)

Ṅ2(t) = +γ32N3(t)− γ21N2(t), (3.14)

Ṅ1(t) = +γ21N2(t) + γ31N3(t)− PN1(t) + PN3(t), (3.15)

where Ni is the number density of atoms in state i and P is a factor which is propor-

tional to the laser power of the quadrupole laser. In �gure 25, we study the expected

amplitude of the lines for di�erent AM frequencies. We assume that the amplitude

is proportional to the peak-to-peak amplitude of the ground state occupation oscilla-

tions. We obtain these values by numerically solving the rate equations. We used the

literature decay rates in units of 106 s−1, presented in section 1.1.4, and an AM laser

power of P = A sin2(2πνAMt), where νAM is the modulation frequency.

Figure 25(a) shows the population of the three states as a function of time for an AM

frequency of νAM = 50 kHz. For the amplitude of the driving �eld, we used a value of

A = 1× 106 s−1. In the beginning, all atoms are in the ground state. Then, atoms get

excited to state 3 from where they decay via state 2 back to the ground state. After a

settling time, we see constant population oscillations. The peak-to-peak amplitude of

the ground state population oscillations is proportional to the amplitude of the peaks

in the hyper�ne-resolved spectrum. When we study this peak-to-peak amplitude and

increase the AM frequency, we see that these oscillations get weaker as shown in �g-

ure 25(b). Because the amplitude of the oscillation of the ground state population

gets weaker, we expect smaller changes in the absorption of the probe laser leading

to weaker lines in the spectrum. This e�ect arises mainly because of the relatively

small total decay rate of the 5D5/2 state, meaning the populations cannot follow the

AM. However, compared to the bandwidth of the photodiode, the decreased oscillation

amplitude should play a minor role.

Furthermore, the lower modulation amplitude for high AM frequencies and the low

bandwidth of the photodiode cannot explain why the F ′ = 6 peak is getting weaker

slower for higher AM frequencies of the pump beam than the other lines. In [9], the

hyper�ne-resolved spectrum of the 6S1/2(F = 4) → 5D5/2(F
′ = 2 − 6) E2 transitions

with an AM frequency of 18 kHz was measured, and no similar e�ects were described.

In contrast to our hyper�ne-resolved spectra at this AM frequency, the F ′ = 6 peak is

higher than the F ′ = 5 peak.

However, the di�erent behavior of the F ′ = 6 line is probably a result of the di�erent

decay channels for atoms in di�erent 5D5/2(F
′ = 2 − 6) levels. For the F ′ = 2 − 5

levels of the 5D5/2 manifold, atoms can be lost to the 6S1/2(F = 3) level. This ef-

fect is stronger for low AM frequencies because we have to multiply the amplitude of

the ground state occupation modulations with a factor which takes the decay to the

(F = 3) level into account. As the probe laser detects changes in the population of
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(a)

(b)

Figure 25: (a) shows the population of the involved states for an AM frequency of the
pump laser of 50 kHz. In (b), we study the peak-to-peak amplitude of the oscillation of
the ground state population after the settling time for di�erent AM frequencies (green).
We see that the amplitude gets weaker for higher AM frequencies. This corresponds to
weaker peaks in a hyper�ne-resolved spectrum of the 6S1/2(F = 4)→ 5D5/2(F

′ = 2−6)
E2 transitions. We note that this e�ect depends mainly on the low decay rate from
the 5D5/2 state to the 6P3/2 state γ5D6P = 2π × 124× 103 s−1 (red).
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the 6S1/2(F = 4) state, this makes the F ′ = 2 − 5 peaks stronger in the hyper�ne-

resolved spectrum, especially at low AM frequencies. On the contrary, atoms in the

5D5/2(F
′ = 6) level can only decay via two E1 transitions back to the 6S1/2(F = 4)

level. This is a closed cycle and no atoms are lost to the 6S1/2(F = 3) level. To test

this explanation, an additional laser at a wavelength of λ = 852 nm could be used to

repump atoms from the 6S1/2(F = 3) level to the 6S1/2(F = 4) level. This would lead

to higher absorption of the probe laser and, therefore, the F ′ = 2 − 5 lines would get

weaker and would probably show the same behavior as the F ′ = 6 line.

3.4 Stabilization on the Quadrupole Line

With the present setup, we can stabilize the laser to the 6S1/2 → 5D5/2 E2 tran-

sition. This laser is then available for further experiments. We use the measured

transmitted power of the probe laser for the stabilization of the frequency of the pump

laser to a speci�c hyper�ne transition of the 6S1/2 → 5D5/2 E2 transition. As ex-

plained in section 2.2, demodulation of a frequency modulated signal results in the

derivative of the initial signal. This provides a good error signal for the lock, see

section 2.2.1. Figure 26(a) shows the measured hyper�ne-resolved spectrum of the

6S1/2(F = 4) → 5D5/2(F
′ = 2 − 6) E2 transitions when the pump laser is amplitude

modulated with the AOM. In �gure 26(b), we apply FM to the pump laser, and de-

modulation results in the derivative of the AM signal.

In these measurements, we scan the pump laser with a triangle function with a fre-

quency of 5 Hz. The intensity of the pump laser was I0 = 16.7 W/cm2 in front of the

cell. We stabilized the probe laser to the transition between the 6S1/2(F = 4) level and

the 6P3/2(F = 5) level. This laser had an intensity of I0 = 42.3 mW/cm2 ≈ 15.6Isat

in front of the cell. To analyze the lock, we stabilize the frequency of the quadrupole

laser to the F ′ = 5 line of the spectrum in �gure 26(b). In �gure 27, we compare the

temporal change of the frequency of the unstabilized quadrupole laser to the one locked

to the error signal shown in �gure 26(b). We measured the frequency of the unstabi-

lized quadrupole laser with the same settings immediately after the measurement of

the stabilized quadrupole laser.

We use a frequency of 10 kHz to frequency modulate the pump beam. We use a home-

made PI lock box for the stabilization of the frequency and record the drift of the

laser frequency over a 175 s time interval with a wavelength meter. Compared to the

unstabilized quadrupole laser, we note that the stabilization of the laser functions bet-

ter because the frequency stability is improved signi�cantly. However, the measured

frequency of the stabilized quadrupole laser drifts. Long-term drifts of the wavelength

meter, arising mainly because of temperature changes, could be one reason. Neverthe-

less, a good lock is essential for further experiments. In future experiments, the drift

will be studied in greater detail to improve the stability.
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(a)

(b)

Figure 26: In (a), we used AM, and in (b), we used FM to modulate the pump laser.
Apart from the modulation, we use the same settings in both measurements of the
hyper�ne-resolved spectrum of the 6S1/2(F = 4) → 5D5/2(F

′ = 2− 6) E2 transitions.
Transmission and frequency are in both cases shown relative to the 6S1/2(F = 4) →
5D5/2(F

′ = 5) transition. We see that the spectrum obtained with FM is the derivative
of the spectrum obtained with amplitude modulation.

Figure 27: Characterization of the stability of the frequency of the quadrupole laser. We
measured the frequency of the quadrupole laser for 175 s with a wavelength meter. The
frequency stability of the laser is improved when we compare the stabilized quadrupole
laser (red) to the unstabilized quadrupole laser (blue), but we recognize small drifts of
the measured frequency of the stabilized quadrupole laser.





Chapter 4

Summary and Outlook

In this thesis, we studied the Doppler-free spectrum of the 6S1/2 − 5D5/2 E2 transi-

tion of cesium. The total �uorescence signal, emitted upon excitation of the atoms

to the 5D5/2 state and decay via the 6P3/2 state back to the ground state, clearly

deviated from a Gaussian distribution when scanning the wavelength of a laser over

the quadrupole line. This was due to the fact that there are several lines present in

the 6S1/2 − 5D5/2 transition. With three-level Raman-type nonlinear spectroscopy, we

could resolve this hyper�ne structure of the quadrupole line. Among other things,

we used this hyper�ne-resolved spectrum to analyze the quadrupole selection rules.

Studies of the FWHM of the hyper�ne transitions of the quadrupole line showed that

the widths of the measured lines were broader than expected from calculations. These

calculations included the decay rate of the 6P3/2 state and the wavelengths of the probe

laser and the pump laser. One major limitation to the resolution is the probe laser: As

shown, the linewidth of the measured hyper�ne lines of the 6S1/2−5D5/2 E2 transition

depends on the linewidth of the transition driven with the probe laser in our case. We

stabilized our probe laser to the D2 line of cesium. This transition has a large natural

linewidth compared to the natural linewidth of the quadrupole line as illustrated in

�gure 28.

The large natural linewidth of the D2 line limits the possible resolution of our measure-

ment. To overcome this limitation, one could stabilize the probe laser to the transition

between the 6S1/2 state and the 7P1/2 state at a wavelength of about λ = 459.44 nm [52].

The linewidth of this transition is more narrow because the lifetime of the 7P1/2 state is

about 155 ns [52] which is about �ves times longer than the lifetime of the 6P3/2 state.

Probing the 6S1/2 − 7P1/2 transition would yield weaker, but narrower peaks in the

hyper�ne-resolved spectrum of the quadrupole line. Another possibility to resolve the

natural linewidth of the quadrupole line would be to modulate two counter-propagating

beams from one laser at di�erent frequencies. When the �uorescence signal is demod-

ulated at the sum frequency, the Doppler-free linewidth can be obtained [47].

Finally, with our setup, we were able to stabilize a laser to the quadrupole line. This

makes the setup a useful tool for further experiments. Therefore, this thesis paves the
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Figure 28: Level scheme of cesium. We used the D2 line at a wavelength of about
λ = 852 nm to probe the number of atoms in the 6S1/2 ground state. Compared to
the lifetime of the 5D5/2, the lifetime of the 6P3/2 state is very short. This corresponds
to a high natural linewidth of the D2 line which limits the possible resolution of our
measurements of the quadrupole line. By probing the transition between the 6S1/2

state and the 7P1/2 state at a wavelength of about λ = 459.44 nm, the peaks in the
hyper�ne-resolved spectrum of the quadrupole line would get weaker but narrower. We
took wavelength and lifetime of the 7P1/2,3/2 states from [52].
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way to further studies of E2 transitions. In recent years, the study of E2 transitions of

atoms close to surfaces attracted attention. These transitions were theoretically stud-

ied for an atom located near a spherical particle of a dielectric and a metal [53�55],

near a dimer of spherical particles [56], near an ideally conducting cylinder [57], in

optical near �elds generated by a subwavelength slit array [58], near an in�nite two-

dimensional periodic array of core-shell metallic nanoparticles [59], and inside a planar

cavity [60]. Furthermore, E2 transitions were theoretically analyzed for atoms close to

nano�bers [17]. With trapped, laser-cooled atoms around a tapered nano�ber, it would

be possible to study E2 transitions next to surfaces in the presence of the strong �eld

gradient of the evanescent �eld around the nano�ber. That way, theoretical calcula-

tions could be tested. This would help to even better understand the atomic structure

and the interaction of atoms with electromagnetic �elds.
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