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Abstract

In this thesis we will present the set-up of a laser system to drive a two-photon transition
to Rydberg states. The excitation is performed on a thermal atomic vapour. We observed
unexpected absorption effects on the two-photon transition that were systematically explored,
and that could be accounted for by a new model.
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Chapter 1

Introduction

The fast development of information technology since the 1960’s is characterised by Moore’s law.
This empirical law, first introduced by Gordon E. Moore, co-founder of Intel, in 1965, states
that the number of transistor on an integrated circuit doubles approximately every two years.
This evolution will however face a fundamental limit given by the size of the atoms. Therefore
it is not irrelevant to watch out for new technologies suitable for computing tasks.

With the rapid development in isolating and manipulating elementary quantum systems it is
now possible to implement Feynman’s idea of a fundamental quantum simulator. More generally
speaking is the goal of quantum information to take advantage of quantum properties such as
entanglement to store and carry information on a superposition of states (a qubit) instead of 2
bits. This resource of information could then be used in a quantum computer or for quantum
cryptography, which would be much more powerful and secure than any classical realisation of
computers and cryptography protocols.

The quantum information theory has been heavily studied during the last decade, but to build
quantum devices is still a challenge. Elementary quantum operations (CNOT-gate, single-photon
source, etc.) have already been realized with systems such as trapped ions, nuclear spins or
quantum dots. Also Rydberg atoms have been proposed [1] as a possible ingredient towards the
realization of quantum gates, essential devices for quantum information processing. Recently
this was demonstrated by two groups with two atoms. Rydberg atoms are atoms with one or
several highly excited electrons. With their huge electric dipole moment, they exhibit suitable
properties such as an excitation blockade which prevents more than one atom to be excited in
a Rydberg state within a certain blockade radius.

Based on this Rydberg atoms in vapour cells are a promising system for the realization of
quantum devices as for their scalability. It has been shown that Rydberg excitation is possible in
confinement [2], and more recently, that fast coherent Rabi oscillations with a Rydberg state can
occur [3]. Caesium appears to be a better candidate to explore quantum information technology
due to higher vapour pressure, larger hyperfine structure and better suited laser systems.

This thesis presents a new coherent excitation scheme to Rydberg states for this purpose.



Chapter 2

Fundamental aspects

This chapter presents fundamental aspects that are needed to understand the results present
in this this thesis. In the first section the properties of the element caesium are detailed.
The theoretical foundations of atom-light interaction are discussed in the second section. An
brief introduction to the dipole matrix element formalism is given in the third section. The
discrepancies of real systems to the theoretical treatment are discussed in the fourth section.

2.1 The element caesium

Caesium is is the second heaviest alkali element, and the heaviest to have a stable isotope. Only
133Cs is stable, and we will consider only this isotope in the following study. Useful physical
properties of 133Cs are listed in Table 2.1. The vapour pressure formulae for caesium are given in
[4]. For the temperature range relevant for this thesis (room temperature up to 200 °C), caesium
has a vapour pressure that is low enough for the ideal gas model to apply. From the ideal gas
law and the vapour pressure formula one can obtain the expression for the atomic density of
caesium in the gas phase as a function of the temperature (in Kelvin):

T 1.0133 - 109-165— 3¢

n(T) — (2.1)

2.2 Atom-light interaction

The theoretical treatment of atom-light interaction in two and three-level systems has been
performed in a variety of books and theses. In the following we will present the models and the
necessary formulae for this thesis. The derivation of these formulae can be found in [5], [6].

Atomic number Z 55

Atomic mass number A 133

Atomic mass m | 2.206 946 57(11) x 10~ kg
Nuclear spin I 7/2

Melting point T 28.5°C

Vapour pressure at 25°C | Py 1.983(98) x 10~ mbar

Table 2.1: Useful physical properties of 133Cs [4].
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Figure 2.1: Two-level system coupled to a light field. w is the light frequency, wye the absolute
frequency of the transition,  the detuning of the light field with respect to the transition
frequency and v the decay rate from the excited state |e) to the ground state |g).

2.2.1 Two-level atom

The simplest way to describe the interaction of a light with atoms is to consider a classical light
field and a two-level system. We consider a ground state |g) = ((1)) and an excited state |e) = ((1))
The system is shown in Figure 2.1. The Hamilton operator for the purely atomic system is the

Hy=h (O 0 > (2.2)

0 wge

following;:

The Hamiltonian describing the interaction between this two-level atom and a classical light
field E(t) = Eo(e™! 4 e~™?) is:

0 1
where dg. is the dipole matrix element of the transition.
By introducing the Rabi frequency Q4. = _dggEO and applying the rotating wave approximation,
the Hamiltonian reduces to:
0 Qye/2
H = 9e 2.4
" (QQE/ 2 —0 ) 24)

The system can be described by the density matrix

b= <pgg pge) (2.5)

Peg  Pee

and the decay process from the excited state is accounted for by the Lindblad operator

L(p) = r< Pee ‘%'%6’). (2.6)

1
—35Peg T Pee
The time evolution of the system is described by the Liouville-von Neumann equation:

& 1t 0]+ L(o) (27)



The equations verified by each coefficient of the density matrix are:

iQge

Pgg = 9 (Pge - Peg) + I'pee
. i) r .
pge — 296 (pgg _ pee) — <§ ‘|‘ Z(;) pge
2.8
i, ro 28)
Peg = 9 (Pee - pgg) - 5 —i0 Peg
) i)
Pgg = %(Pey - Pge) — I'pee
With the hypothesis that pyq + pee = 1, the steady state solutions are:
Q2. +46% + T2
Pos = 502 467 412
_ Qge (i + 26)
Pge 202, + 462 4+ I2 -
QT - 2) (29)
Peg = 202, +46% 412
Q2

Pos = 502 467 412

We can define the saturation parameter as

I Qe 2
It:2<g> (2.10)

so that the previous coherences in steady-state transform to

2
= +4(3)
2
1+ 2= +4(%)

IR

Pgg =

Pee = 7 2 (2.11)

pge - I 2 = peg

ceoE'g

where I = 5

is the light intensity. The saturation intensity is given by:

060r2h2

v (2.12)

Isat =

Light absorption

The polarisation of the atom is given by the expectation value of the dipole moment (d) and
the atomic density:
P=mn-(d) =n-(dgpge + dgepegy) (2.13)

Moreover the response of the polarisation of the atoms to weak electric fields is linear:

P =eyxE (2.14)



The imaginary part of the susceptibility x contains the information about the absorption proper-
ties. We can therefore extract the absorption coefficient ag = % Im x. Note that the absorption

coefficient is proportional to the imaginary part of the coherence between the two states.
We obtain the absorption coefficient:
w n

ap = ” e Fo - 2dge Im pye

(2.15)

= nNnaog T
=no(d,1)

with o (4, I) 5 and og = QEILSZ being the absorption cross section and the resonant

1
= 0o T 3
. T )
absorption cross section.

Absorption of a Doppler-broadened medium

The atomic ensembles that we are considering in this thesis are atomic vapours at room tem-
perature or even above so that the thermal movement of the atoms cannot be neglected. Each
atom, moving with its velocity ¥, experiences the Doppler effect in its interaction with the light
field. If w is the light frequency in the laboratory frame of reference, the light frequency in the
frame of reference of the atom is w’ = w—k-¥. The atomic velocity follows a Maxwell-Boltzmann
distribution, so it can be shown that the number of atoms that resonant with the light field as
a function of detuning J to the absolute frequency of the transition is given by:

mc2 mc252

n(8)ds = noy| =————e *8BT dj (2.16)

where ng is the atomic density, ¢ the speed of light, kp the Boltzmann constant, 7' the temper-
ature and m the atomic mass.

The absorption coefficient is then defined by equation ( 2.15) any more but by the convolution
of n(d) and o (4, 1).

In the low intensity regime, one can neglect the power broadening effect. Moreover, the linewidth
of the excited state (typically a few MHz) is small compared to the width of the Doppler broad-
ened absorption profile (typically a few hundreds of MHz at room temperature). The absorption
coefficient can then be approximated to have a Gaussian lineshape. The width of this Gaussian
profile n(9), the so-called Doppler width (FWHM) is given by (from [7]):

wp = w [81In2kpT (2.17)
c m

The formula of the absorption coefficient for a single atomic transition is therefore (from [7]):

" [In2 2 _4mo2 )2
O = ngog——14{/ ——¢€ “D

2.18
2 ™ Wp ( )

2.2.2 Three-level atom

In this thesis, we report on Rydberg excitation of caesium atoms via an intermediate state.
A similar theoretical approach to the one presented in section 2.2.1 can be use to describe
such a three-level system. We add to the previous system from Figure 2.2.1 a third level of
higher energy that is coupled to a second light field. The two light fields can be written as
Ei(t) = E;o(e™ + e~™1%) with = 1, 2 for the first and second transition. This so-called

10
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Figure 2.2: Three-level ladder-type system coupled to two light fields. |g), |e) and |r) are the
ground state, intermediate state and upper/Rydberg state. w; (resp. wq) is the frequency of the
light field coupling the first (resp. second) transition, wge (resp. we,) the absolute frequency of
the first (resp. second) transition, dge (resp. der) the detuning of the first (resp. second) light
field with respect to the first transition frequency, and I'j; the decay rate from the [j) state to
the |i) state.

three-level ladder-type system is shown in Figure 2.2. We can represent the three states in the
following way:

1 0 0
99 =10 la=11] [n=10
0 0 1

and the density matrix for the system is therefore

Pgg Pge Pgr
P = | Peg Pee Per
Prg Pre Prr

Similarly to the two-level atom, dge (resp. der) is the dipole matrix element of the first (resp.
second) transition, and we can define the Rabi-frequencies describing the coupling of the light

field to the transition by Q4. = @ and Qg = %. After applying the rotating wave
approximation, the Hamiltonian describing the atom and the atom-light interaction is
0 Qeg/2 0
H=19/2 —0pc Qr/2 |. (2.19)

0 Qer/2  —ber — Oge

Once again, the Liouville-von Neumann equation describes the time evolution of the system:

dp 7
— =——|H L 2.20
0 — L1H.0]+ Lip) (2:20
where the dissipative effects are accounted for by the new Lindblad operator
Fegpee + Frgprr _%Fegpge _% (Fre + Frg) Pgr
L(p) = _%Pegpeg _Fegpee + Preprr _% (PT‘G + PT‘g + Peg) Per . (221)
_% (Fre + Frg) Prg _% (Fre + Frg + Feg) Pre - (Fre + Frg) Prr

11



Note that the coherence between two states decay with the sum of the half decay rates of these
states.

Similarly to the two-level atom, the absorption of a light field is here as well proportional to the
imaginary part of the coherence corresponding to the driven transition.

Electromagnetically induced transparency

In a three-level system, some peculiar effects can arise, such as electromagnetically induced
transparency (EIT). EIT has been studied and discussed since its first observation in 1991 [§],
as it carries promising properties for the realisation of non-classical optical devices. The basic
principle of EIT can be understood with a simple picture.

In a three-level ladder-type system, EIT is observed with weak probe field on the first transition
(|1) = |2)) as a strong pump field drives the second transition. The strong pump field modifies
the properties of of the atomic medium for the probe field, and the absorption on the first
transition is eliminated on resonance. This phenomena can be explained in terms of quantum
interference between the excitation pathways to the intermediate state (|]1) — |2) and |1) —
|2) — |3) — |1)). On resonance these interfere destructively so that the absorption is annihilated.
More comprehensive studies on EIT can be found in [1].

2.3 Dipole matrix element formalism

In real atomic systems, the atomic levels are degenerated in magnetic sublevels. Depending on
the magnetic quantum number m of the magnetic sublevel and the polarisation of the light field,
the dipole matrix elements take different values. If we consider two hyperfine sublevels |F'mp)
and |F'm/;), the dipole matrix element that couples them is (F'mp|ery|F'm):), where g describes
the angular component of the position operator r (see section B.1.1). The angular dependence
can be factorized using the Wigner-Eckart theorem into:

pelF > (2.22)

(Fmplery| F'mp) = (Fller||F') (=) =1 mr /(2F +1) ( /
mp q —Mmp
where (F|er|F’) is the so-called reduced dipole matrix element and the (:::) symbol is the
Wigner 3-j symbol. This reduced dipole matrix element can be further factorised into terms
that do not depend on the hyperfine coupling between the total angular momentum J and the
nuclear spin I, and on the spin-orbit coupling between the azimuthal angular momentum and
the electronic spin:

(FlerlF) = (ler |l (-1 VEFTDET T4 ) 1 ) )
Wlerll7) = (Elerpy (-1 s RTaDEE {3, 5 b e

where the {:::} symbol is the Wigner 6-j symbol.

These formulae yield the relative strength of every single transition between two hyperfine sub-
levels from a L — L’ transition.

The derivation of the previous formulae is detailed in section B, as well as some discussions
about the dipole matrix elements.

2.4 Real systems

The theoretical treatment of the atom-light interaction presented in section 2.2 describes the
basics of these interactions. However, except for the case of a cyclic transition (perfect two-level

12
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mp = —1 me =0 mp =1 mp = —2 mp = —1 mE =0 mp =1 mp = 2

Figure 2.3: Optical pumping in transitions with F/ = F'—1 and F’ = F. The allowed transitions
for linearly polarised light fields and the decays into the dark state are shown.

system), this two-level model gets strongly perturbed by several effects when it comes to describe
the interaction of a light field with an atomic ensemble. In this section we will first describe
the processes that perturb an atomic system from the two-level system, and notice that some of
these cancel each other. In the whole section we will only consider linearly polarised light fields.

2.4.1 Deviations from the two-level model
Manifold optical pumping

Let us first consider a real F — F’ atomic transition. As mentioned above each transition
between two hyperfine states has a specific dipole matrix element. Moreover, each excited
hyperfine state has specific decay rates on the allowed transition. Therefore the steady state
distribution of the atoms on a magnetic manifold is not an equal distribution. Typically the
atoms are being pumped around the central hyperfine state mp = 0.

The derivation of this optical pumping for the case of F/ = F' + 1 was performed by Gao [9].
The interesting consequence of his results is that the coupling to the excited state is affected
and that the two-level model remains valid with the effective dipole moment verifying

dirp = gs(2F + D|(Fler| F) . (2.25)

For a transition F' =4 — F’ =5 (caesium D2-line 651 — 6P3), g5 = % = 0.0478474. For
2 2

the two other allowed cases F/ = F' — 1 and F/ = F one or two of the magnetic sublevels are
dark states (see Figure 2.3). Hence the atoms are pumped into these dark states and in the
steady-state there is no absorption anymore.

Optical pumping in the dark ground state

Another optical pumping effect can occur in the interaction of a light field with an ensemble of
atoms. At least with alkali atoms, because of the hyperfine coupling between the total angular
momentum and the nuclear spin, the ground state is split. So, when the light field is resonant
to one atomic transition, the other ground state is a dark state. If the transition between the
excited state and the dark ground state is dipole-allowed, then the atoms are pumped into the
dark ground state and there is once again no steady-state absorption.

According to this, the absorption of the D1-line of caesium (GSé(F =3,4) — GP% (F''=3,4))
in the steady state should always be zero. This cannot be true since, as we will see in section 3.3,
a laser resonant to the D1-line of caesium is absorbed.

Transit time broadening

As mentioned above the atoms are moving. Moreover, the interaction is performed by a laser
of finite beam cross section. So the atoms only spend a limited time interacting with the light

13



field.

This effect is called the transit time broadening. The interaction time between the light field
and the atom is given by the ratio of the atomic velocity to the path length through beam. After
this interaction time 7, the atom leaves the beam section and is basically replaced by a new
atom at a random ground state sublevel. If we assume the light intensity to be weak enough,
we can consider the excited state population to be negligible so that no excited atom leaves the
beam section. The transit time broadening can therefore be regarded as a decay to every ground
state with the same decay rate I'yy = 1/7. The tricky part is to determine a value for this decay
rate. The difficulty is originating from two facts: the atomic velocity is Maxwell-Boltzmann-
distributed and the laser beam profile is Gaussian. Sagle et al. [10] conducted a theoretical
and experimental investigation on transit time effects on the D1-line of caesium. For the atomic

velocity, they worked with the two-dimensional mean velocity 7 = 4/ 7”;—5?. Then they matched

their theoretical and experimental results and determined that the appropriate beam diameter

to use for the mean path length through the beam is the full width at half maximum (FWHM).
- D
The average path length is d = %, Dy, being the FWHM beam diameter. So according to

Sagle et al., a good expression for the transit time decay rate is:

— 1 8kpT 1 8krT
Ty =7/d=—1)—2— = \ == (2.26)
D1/2 ™n Vl1og 2D1/62 ™n

with D2 being the beam full width at e% maximum. From this expression, a typical value for
transit time decay rate with caesium atoms is I'yy = 27 x 36 kHz (at 60°C with Dy/, = 1 mm).

So the finite transit time of the atoms in the light field prevents the atomic ensemble to reach
the expected steady state that would show no absorption, in the case where the atoms would
be pumped to dark states of the magnetic manifold or to the dark ground state. In the case
where there is no dark state for the system, the transit time broadening tends to flatten the

distribution of the atoms over the magnetic manifold.

14



Chapter 3

The 65 — 7P transition in caesium

In this chapter the results of our measurements on the 651 — 7Pz transition of caesium, the
first transition of the three-level system described in chaptelg 4, are f)resented. This transition is
driven with a commercial frequency doubled amplified diode laser (Toptica TA-SHG Pro) at 455
nm. We first have a look at the level scheme of this transition. In the second section, the laser
locking set-up scheme is described, as well as its optimization. In the third section we present
further measurements to determine the temperature of the spectroscopy cell.

3.1 Level scheme

The 651 — 7Ps transition is quite similar to the well-known 651 — 6P;s transition (D2-line) of
2 2 2 2

caesium. The hyperfine structure of these two levels is shown in Figure 3.1. The reduced dipole

matrix element for this transition was determined experimentally [11] to be

(J=5ller||J" = 3)gs, L7p, = 0-4965(35) x 107 C-m (3.1)
2 2

Besides the characteristic frequencies and dipole matrix elements, the main difference of this

transition to the D2-line of caesium is that this system is not a closed system. That means that

7P3 ~~ 6S1 is not the only allowed decay channel from the 7P; state (see Figure 3.2). All decay

chaznnels fr20m the 7P; state, along with the lifetimes and trailsition probabilities are shown in

Figure 3.2. ’

The total lifetime of the 7P% state is defined as

% =31y (3.2)

where the I'; are the transition probabilities from the 7Ps state. The formula shown above
gives a lifetime of 7 = 111 ns. The lifetime of the 7P3 2state has been measured before as
Teap = 134.5 18 (I'¢zp = 27 - 1.18 MHz) in [12]. This I' Corr2esponds to the decay rate or linewidth
of this state.
The transition probability from the 7Ps state to the 651 ground state state (single channel) is
defined by ’ ’
4 2 4o :
3meghc? 2 - % +1

T7py—6s) = (J=3|er|J = %}65%%13% (3.3)

All decay channels from the 7Pz state back to the ground state can be seen in Figure 3.2.
2
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Figure 3.1: Level scheme of the 651 — 7P; transition with all hyperfine levels.
2 2
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Figure 3.2: Level scheme of the 651 — 7P3 transition with all allowed decay channels. The

2 2
lifetime and transition probability values are taken from [4], [12] and [13] with the best precision

available.
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Figure 3.4: Absorption spectrum with and without pump beam, and error signal for the
651 (F =4) = TP3(F' = 3,4,5) transition.
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3.2 455 nm laser set-up

3.2.1 Frequency locking procedure: DAVLL

We perform spectroscopy with the 455 nm laser in a thermal (approx. 60°C) vapour cell
of caesium atoms. At such a temperature, the atomic velocities are not negligible and the
atoms experience the Doppler effect in their interaction with the light field. Hence, the pure
spectroscopy signal is Doppler-broadened. In order to lock the 455 nm laser to the 65 1= 7P3
transition however, we need a Doppler-free signal. We chose the DAVLL (Dichroic Atomlc Vapor
Laser Lock) spectroscopy method with saturation spectroscopy in a magnetic field [14]. In the
case of the D2-line of caesium, polarization spectroscopy is supposed to produce a better locking
signal than the DAVLL method with saturation spectroscopy in a magnetic field. However, we
tried both methods in our case and there was no significant improvement of the locking signal
with polarization spectroscopy, so we used the DAVLL technique.

The set-up for the saturation spectroscopy is shown in Figure 3.3. The incoming laser beam is
split with a half-wave plate and a PBSC (Polarizing Beam-Splitting Cube) into a strong pump

17
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Figure 3.5: Inside configuration of the Toptica TA-SHG Pro laser (source: Toptica website).

beam and a weak probe beam, both linearly polarized. The probe beam passes directly through
the spectroscopy cell to the detectors. The pump beam is overlapped with the probe beam in
an almost counter-propagating way. The probe laser beam sees the whole Doppler distribution
(see Figure 3.4). When the pump beam is on, both probe and pump beam are simultaneously
resonant with the same velocity class when the laser is resonant to one single hyperfine transition.
This velocity class is the class of atoms that are moving perpendicularly to the beam (E U =0).
In this case, the atoms are mainly driven by the strong pump beam, and the vapour becomes
more transparent for the probe beam. This results in transmission peaks (Lamb-dips) at the
position of the transitions and crossovers (see Figure 3.4).

If we apply a magnetic field parallel to the laser beams in the spectroscopy cell, the degeneracy
of the hyperfine sublevels is lifted due to the Zeeman effect. Hence the o™ and o~ components
of the linearly polarized beams are not simultaneously resonant with the atoms. These two
components are split using a quarter-wave plate and a PBSC, each being sent to one detector.
The difference of these two signals gives the error signal (see Figure 3.4). This error signal
is produced by a differential amplifier and sent to a Proportional-Integral-Derivative (PID)
Controller. The locking signal generated by the PID Controller is fed back into the laser. Each
Lamb-dip gives rise to one zero-crossing slope on the error signal, on which we can lock the laser.

3.2.2 Set-up

The laser system (Toptica TA-SHG Pro) consists of a tunable diode laser (External Cavity Diode
Laser) seeding a tapered amplifier. The infrared beam of this tapered amplifier has a power of
approx. 1 W after the optical isolator, is reshaped and coupled into a ring cavity, in which a
non linear frequency doubling crystal is located (See Figure 3.5).

The output power of the frequency doubled light at 455 nm is approx. 220 mW. From this, we
use approx. 5 mW for the frequency locking process. Before going into the DAVLL spectroscopy,
the beam passes through two acousto-optical modulators (AOM) in double pass configuration
(see Figure 3.6). The first AOM is adjusted such that the 1! order of the diffraction pattern
is selected. The second AOM is adjusted such that the —1%¢ order of the diffraction pattern is
selected. The detuning of the beam used to perform the DAVLL spectroscopy with respect to
the original laser beam is therefore twice the difference between the two AOM frequencies. This
allows us to precisely set the laser detuning to one atomic resonance. The two main cases of
interest are the resonant one (AOM frequencies: 4200 MHz and -200 MHz) and the far detuned
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Figure 3.6: Set-up for locking the 455 nm laser.

one (AOM frequencies: +180 MHz and -220 MHz, detuning: -80 MHz). However, the optimal
incoming beam angle to the AOM is strongly dependent on the AOM frequency. So, in order to
have a similar efficiency after the two AOM double passes, we adjusted the AOMs on intermedi-
ate frequencies: +190 MHz and -210 MHz respectively. When the frequencies are back to +200
MHz and -200 MHz, we obtain an efficiency of around 30% after two double passes. The power
of the beam going into the DAVLL spectroscopy is approx. 1 mW and its diameter is approx.
1 mm. We split this beam with the half-wave plate and the PBSC so that the probe beam has
the lowest possible intensity (approx. 50 pW).

We used a home-made spectroscopy cell made out of quartz glass. The cell is 7.5 cm long and
has a diameter of 30 mm. The magnetic field is generated by a a coil around the cell with 180
windings. The cell is heated with a heating foil to obtain sufficient optical thickness, and the
cell windows have additional heaters using a resistor and copper plates to avoid condensation of
caesium.

3.2.3 Saturation absorption and DAVLL spectroscopy measurements

We performed systematic measurements with the DAVLL spectroscopy set-up in order to op-
timize the locking procedure. The parameters that were optimized are the optical pump and
probe powers and the magnetic field in the spectroscopy cell.
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Figure 3.7: Transmission of the blue laser scanned at different pump powers (probe power:
2.5 uW, transition F' =4 — F' = 3,4,5).

Saturation absorption spectroscopy optimization

We performed a scan over all the hyperfine transitions of the 65% (F=4)— 7P% (F' = 3,4,5)
transition for different pump and probe powers. The laser beam diameter was 1 mm.

One can see in Figure 3.7 the saturation absorption signal with the Lamb-dips for different pump
powers. Our goal is to have significantly high Lamb-dips, without using too much power. One
can see that at higher power (20 mW), the Lamb-dips get broadened, what we want to avoid
for the DAVLL signal. So we chose a pump power of ~ 1 mW since it is a satisfying trade-off
between signal amplitude and used power.

We performed the same measurement for different probe powers. The results can be seen
in Figure 3.8. 50 uW corresponds to the minimal achievable power 1 mW input power into
the DAVLL set-up. We obtained 2.5 uW with attenuators before the cell. The signals were
normalized to the same Doppler profile depth. The frequency shift of the two upper signals with
respect to the first one is due to a drift of the laser. We could not see a significant effect of the
different probe power on the relative height and width of the Lamb-dips. Therefore we chose a
probe power of 50 uW to minimize possible saturation effects without having to attenuate the
power of the probe beam before the cell.

DAVLL signal optimization

The error signal is obtained by taking the difference between the transmission of the o+ and o~
components of the probe beam in the cell. Its shape depends on the strength of the magnetic
field inside the cell, and therefore on the current applied to the coil. Figure 3.9 displays the
error signal at different currents. The signal at 0 G applied magnetic field indicates the presence
of stray magnetic fields, probably emerging from the optical isolators of our Toptica TA-SHG
pro standing nearby and from the earth. We also notice that at 28 G applied magnetic field,
the slopes become less steep and unclean, as a cause of the specific Zeeman coefficients to the
ground and excited states. For an efficient locking we want to have slopes as steep as possible
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and a large amplitude. Thus, we selected in the end a magnetic field of 4.2 G (current of 150
mA through the coil), as this signal appears to be a good trade-off between the two criteria.

3.3 Temperature measurements

The optical thickness of our 7.5 cm long cell for the 651 — 7P3 transition at room temperature

is relatively low (transmission reduced by approx. 5 ‘;6 on regonance) compared to the D-line
(6S — 6P), so we need to heat the cell up to get a significant signal. The heating was set to
obtain a transmission reduced by approx. 60 %. on resonance (see Figure 3.12). However it is
not possible to measure this temperature directly.

The temperature of the cell can be obtained by fitting the absorption spectrum. Along with
the temperature, another important fitting parameter is the ‘2-level-like’ saturation intensity.
Because of the more complex nature of our system (several decay channels) compared to the D-
line, we cannot estimate this saturation intensity in a straight forward manner using the 2-level
formula. Although a fitting procedure on both the temperature and the saturation intensity
simultaneously would be possible, we decided to go for a more robust approach using a 895 nm
laser! driving the D1-line 651 — 6P1. We first fitted an absorption spectrum of the 895 nm
laser in a cell at room tempeQrature t20 obtain a fitted value of the saturation intensity of the
D1-line. With this value of the saturation intensity, we fitted the absorption spectrum of the
895 nm laser in the cell used for the 455 nm laser set-up to obtain a fitted value of the cell
temperature. This allowed us to fit the absorption spectrum of the 455 nm laser with this value
of the temperature and obtain a fitted value of the saturation intensity for the 651 — 7P3
transition afterwards. ’ ’

3.3.1 Fitting function

From equation 2.18, the absorption profile for the D1-line (651 (F = 3,4) — 6P (F’ = 3,4)) is
2

1
given by the formula: ’

' /In2 2 7 7 741n2(674514.0354)2 7 741n2(67568147154)2
5,T) =n(T)og—1) — — — (= w - w
a(6,T) =n(T)og 5 T on X (16<12€ D +4e D

9 /7 _ 6+4678.5964\2 5 643510.9164 \2
+1_6<Ze 41 2( $+16T8.5964 +2e 41n2( I )>>

(3.4)

The 7/16 and 9/16 express the probability of the atoms to be initially in the F' = 3 or F' = 4
hyperfine ground state. It is determined by the number of magnetic sublevels. The other
fractional factors express the relative strengths of each hyperfine transition.

In the case of the 65 1= 7P% transition, the formula yields:

7' [In2 2
0,T) =n(T)og— 1/ — —
(X(7 ) 7’L( )UO 9 T wp
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(3.5)
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Figure 3.10: Transmission signal of the D1-line (651 — 6P1), fitted function and fitting error
2 2
taken in a 7.5cm Cs cell at 20°C.

In both formulas the positions of the hyperfine transitions are given in MHz relatively to the
line centre, and n(T") is the atomic density from equation 2.1.

We could fit the measured transmission profiles to the relative intensity defined by the Lambert-
Beer law:

I
I = Tout e ol (36)
I;
d being the cell length, with 7" and I, as fitting parameters, and allowing a non-linear! time
to frequency scaling, a non-linear! light intensity? and a non-linear! offset.

3.3.2 Saturation intensity of the D1-line

We took an absorption spectrum of the D1-line at room-temperature (20 °C) in a similar cell to
the one used in the previously described set-up. The laser beam was very weak (15 uW, intensity
of approx. 1W/m?) and therefore far from the power broadened regime. The signal was then
fitted, keeping the temperature as a fixed parameter. The signal, the fitted function and the
fitting error are shown in Figure 3.10. Note that the fitting error was magnified. The fitted
value for the saturation intensity is Is, = 61.3 W/ m?. The theoretical value calculated with the
<J = %H er HJ "= %> reduced dipole matrix element is I, = 8.35 W/ m?. The difference in the
two values accounts for pumping effects within the manifold of the bright ground state, pumping
effects in the dark state in the dark ground state, and its compensation by the transit time of
the atoms through the beam.

Leaving also the temperature free as a fitting parameter results in a higher value than the
expected one. This basically means that the Doppler profiles are broader than the ones expected
from theory. Our home-made spectroscopy cell was filled under a background gas pressure of
approx. 1079 mbar. The vapour pressure of caesium at room temperature is also on the order of
10~%mbar. So we could expect that pressure broadening is responsible for this deviation, and
our results are therefore not inherently inconsistent.

tond order polynomial

Zaccounting for the feed-forward system in the lasers
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Figure 3.11: Transmission signal of the D1-line (651 — 6P1), fitted function and fitting error
2 2
taken in the 7.5cm Cs cell used in the blue laser set-up. The fitted temperature is 58 °C.

3.3.3 Temperature of the “blue” spectroscopy cell

With the previously determined value for the saturation intensity of the D1-line of caesium we
could take a reference absorption spectrum of the D1-line in the same cell used in the blue
laser set-up. Again we work in the weak intensity regime (approx. 0.8 W/m?). This time we
left the saturation intensity we identified before as a fixed parameter, and the temperature was
left as free fitting parameter. The signal and the fitting results are shown in Figure 3.11. The
temperature we obtain from the fitting is 58 °C which seems to be a realistic value.

The fitting error was rather substantial. At such a temperature, our caesium cell is expected
to be optically thick. The bottoms of the transmission dips should therefore coincide with the
zero transmission level. As one can see in Figure 3.11, the bottoms of the transmission dips are
flat and inclined instead of coinciding with the zero transmission level. This might be caused
by another mode coexisting in the laser. We added a polynomial offset to try to compensate for
this effect.

If we also leave the saturation intensity as a free fitting parameter, the fitted temperature is
119°C. This results in smaller fitting errors but with an unlikely temperature. The fact that
this unlikely temperature is higher than expected could be partly explained by the presence of
pressure broadening.

3.3.4 Absorption of the blue laser on the 65 — 7P transition

A similar measurement was then realized with the blue laser on the 6S1 — 7Ps transition. The
signal was first fitted with a fixed temperature of 58 °C. The results a2re show2n in Figure 3.12.
The fit is rather good, since the error mainly emerges from the laser intensity which has a peculiar
behaviour that could not be fitted perfectly by our function, as one can see with the off resonant
signal in Figure 3.12. The saturation intensity obtained from the fitting for the 65 1= 7P%
transition with T = 58°C is Iy = 424 W/m?2. If both the saturation intensity and the cell
temperature are left as free parameters, they are fitted to T = 52°C and I4 = 261 W/m?, in
which the fitting error is only slightly improved.
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Figure 3.12: Transmission signal of the blue laser, fitted function and fitting error taken in the
blue laser set-up for T'= 58°C.

So the temperature of the spectroscopy cell used to lock the 455 nm laser was determined to
be around 58 °C by the fitting of the absorption spectrum. These fittings also provided rough
estimates for the effective saturation intensities of the D1-line and the 6.5 1= 7P% transition.
Such values could be used to calculate the parameters of effective two-level models of these lines.
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Chapter 4

A new way to the Rydberg states of
caesium

The excitation scheme to Rydberg states that was chosen for this project differs slightly from
previous approaches, e.g. with rubidium. The excitation scheme, its differences to previous
approaches and the motivation for using this new scheme are described in the first section.
Preliminary simulations showed that as in the case of rubidium one expects to observe elec-
tromagnetically induced transparency (EIT). The experimental set-up was designed for such
measurements and is described in the second section. However the experimental results re-
ported in the third section exhibit a peculiar behaviour not entirely understood by the present
theory. The analysis and interpretations of these results will be performed in the fourth section
by means of comparison to other works and analysis of possible unwanted effects.

4.1 The level scheme

Most experiments involving Rydberg states of alkali metals were performed on cold atoms where
the slowing and trapping processes happen with the D2-line (if the ground state has n as principal
quantum number, the D2-line is the nS:1 — nP; transition). Therefore the same laser system
can be used for the first excitation s‘cep.2 ’

In the case of rubidium, the usual excitation scheme is the two-photon-transition 551 — 5Pz —

2 2
nS,nD [15]. The same scheme has been used with thermal rubidium atoms in our group ([2],

32S,,
—_—
pump
1070 nm
7|:)3/2
Y
probe
455 nm
681/2

Figure 4.1: Level scheme of the considered three-level system to the 325 Rydberg state.
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[3]). In the case of caesium, Rydberg excitation have been performed with the similar scheme
651 — 6P3 — nS,nD [16] and with the three-photon-transition scheme 651 — 6P3 — 751 —
2 2 2 2

nP on ultracold caesium atoms [17].

The excitation scheme that was chosen in our case can be seen in Figure 4.1. The 65 1= 7P3
transition is the first excitation step, driven by the 455 nm laser system described in the prev1ous
chapter. The Rydberg transition is the 7Pz — nS,nD. It is driven by a laser around 1070 nm,
slightly depending on the principal quantuin number of the chosen Rydberg state.

The dipole matrix element of the upper transition has been calculated for the 325 state using
the method from [15] adapted to caesium. The wave functions are computed with the Numerov
method and the dipole matrix elements are then calculated by integration. We obtain:

=3er | = %>7P%%325% =3.06x 107 C-m (4.1)

As a comparison, the value given by this method for the 651 — 7P: transition has a relative
2 2

error of 6.3% to the experimental value from section 3.1. Since the computation of the wave
function with the Numerov method improves drastically with the principal quantum number,
one can assume that the above value is reasonably good.

The lifetime of the 325 Rydberg state was measured and calculated in [16] to be approx. 7325 =
27 pus. This excitation scheme presents some advantages in comparison to the 55 1= 5P3 — nlL
scheme in thermal rubidium. From a fundamental point of view, the dipole matrlx element to
the Rydberg state is larger than in the case of rubidium. Indeed caesium has one more inner
electron shell than rubidium, so the similar states (e.g. 6P3 in Cs and 5P; in Rb) are further
away from the core in caesium than in rubidium, and the intermediate tQhat we chose has a
larger principal quantum number, which contributes to a larger overlap with the Rydberg state,
and therefore to a larger dipole matrix element. This allows to have larger Rabi frequencies on
the upper transition. From the technical point of view, the upper transition is at a wavelength
of 1070 nm, which can be easily amplified by an ytterbium-doped fibre amplifier up to 15 W
of optical power. A Pockels-cell can afterwards be used to produce pulses, in a much easier
way than in a previous experiment [3]. Both these differences are interesting in the prospect of
observing and utilizing fast (Gigahertz) Rabi oscillations thermal vapours.

The other difference to the rubidium case is the inverted ratio of the two wavenumbers of the
two-photon-transition. This has an implication on the averaging process over the whole Doppler-
distribution.

The chosen excitation scheme is basically a three-level system in a ladder configuration. EIT
is expected from the simulations for such a system with the first transition being driven by a
weak probe and the upper transition being driven by a strong coupling, independently of the
difference of the wavenumbers.

4.2 Experimental set-up

The initial goal of the set-up was to measure EIT, in order to be able to implement a frequency
locking procedure for the laser driving the upper transition afterwards.

The laser set-up described in section 3.2 is used for the first transition of the ladder system. An
additional commercial diode laser drives the upper transition. The second laser (Toptica DL100
pro design) is a tunable diode laser (External Cavity Diode Laser) at 1070 nm. The output
power after the optical isolator is approx. 110 mW. The set-up can be seen in Figure 4.2. The
incoming laser beam at 455 nm passes through two AOMs in double pass configuration in the
exact same way as described in section 3.2. These AOMs are also adjusted with a total detuning
of —40 MHz. Once again, the purpose of these AOMs is to detune the laser beams without any
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restrictions. In this case, if the the AOMs detune the incoming frequency-locked blue beam,
a non-zero velocity class (/Z - U # 0) is selected and when the Rydberg laser is resonant, it is
actually detuned from the zero velocity class (E - = 0). Overall, the four AOMs from the
two set-ups allow to select the detuning of each beam to the zero velocity class independently.
The blue beam is afterwards sent through the spectroscopy cell which is identical to the one
described in section 3.2.

The beam of the 1070 nm laser is reshaped and collimated using an anamorphic prism pair and
two telescopes to achieve a 1 waist of 2 mm. We then use half-wave plates and PBSCs to split
the beam into three beams: two of them are coupled into optical fibres to a wavemetre and to
other experiments, and the third beam is used for our set-up. This beam needs to be reshaped
afterwards to a waist of 1 mm to match the aperture of the chopping AOM that will be used
for the amplitude modulation.

We use the amplitude modulation technique to enhance the signal-to-noise ratio by modulating
the intensity of the 1070 nm pump beam. We select the 0*" order beam of the Bragg diffraction
for the experiment. The RF power is then chopped with 20 kHz and the measured signal is
demodulated by an lock-in amplifier.

The modulated beam passes through a half-wave plate and a PBSC to choose the power of
the beam in the experiment. Both the blue and infrared (IR) laser beams are overlapped in
the spectroscopy cell in a counter-propagating configuration using a dichroic mirror. Another
dichroic mirror separates the blue beam after the cell to be analysed by a photodiode. Both
beams are linearly polarized.

For some of the measurements, this set-up was modified to have the beams focused instead of
collimated in the cell, or to have the beams overlapped in a co-propagating configuration.

4.3 Experimental results

All measurements presented below were performed with the following excitation scheme:

GSé(F =4) — 7P%(F’ =3,4,5) — 328

Experiments from the other hyperfine ground state 651 (F = 3) produced similar results.
2
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Figure 4.3: Blue laser transmission signal with the infrared laser being scanned. The beams were
focused at 100 pm. The probe beam was weak (power of 24 uW, intensity of approx. 10> W/m?).
The blue curve represents the spectrum with a strong pump beam (power of 95 mW (maximum
available), intensity of approx. 108 W/m?). The green curve represents the spectrum with a
weaker pump beam (power of 440 uW, intensity of approx. 10° W/m?). Note that the two
y-axes are scaled differently. The spacing between these transmission dips is consistent with the
hyperfine splitting of the intermediate state.

4.3.1 Observation of enhanced absorption

The very first measurements were performed with the laser beams focused into the cell (waist
of 100 um) in order to achieve larger peak Rabi frequencies and by this a bigger signal.
Surprisingly in our first try, we observed dips in the blue laser transmission instead of the ex-
pected peaks with a strong pump beam and a weak probe beam. When we started to change the
pump intensity we were also able to observe a peak arising for the F’ = 5 hyperfine intermediate
state. The two extreme cases of strong and weak pump intensity are shown in Figure 4.3. One
can see three clean transmission dips with a strong pump beam, and with a weak probe beam for
a small transmission peak F’ = 5 and transmission dips for F’ = 3,4. The signal was averaged
over 256 traces in the weak pump beam case.

Intensity dependence of the system

We performed systematic measurements for different pump and probe intensities in order to
understand the behaviour of the enhanced absorption and of the EIT that we observe.
Working with focused beams is interesting because the peak intensity is higher. It is a way
to achieve higher Rabi frequencies, or to save optical power for other applications. However
focused beams induce a broadening as the intensity is not constant and the observed signal is an
integration over the beam path in the spectroscopy cell. In order to understand the behaviour
of our system, it is preferential to have a single intensity/Rabi frequency over the whole cell. So
the beams were not focused for these measurements.

For the measurements, signals were taken systematically for different combinations of probe
(blue) and pump (IR) intensities following a rectangular pattern . The measurements were done

29



for co- and counter-propagating beams. The blue beam diameter was 1 mm. The infrared beam
diameter was approx. 1.5 mm in the counter-propagating case and approx. 2 mm in the co-
propagating case. The corresponding data sets are shown in the Figures 4.4 to 4.11. On each
Figure there is one set of measured spectra for one of the intensities kept constant, in the co- or
counter-propagating case. FEach signal is an average over 32 traces. Note that the Figures 4.10,
4.11 and 4.8 are split in two parts. This is due to the fact that a change of parameters on the
photodiode and on the lock-in amplifier had to be made in order to keep a good detection signal,
without the possibility to rescale by comparing the signals before and after the change.

Weak probe beam For a weak probe beam, in the case of the counter-propagating beams
(Figure 4.4), for the F' = 5 hyperfine intermediate state, the EIT peak amplitude grows first
as we increase the pump intensity before shrinking as a broader transmission dip grows. The
transition seems to occur for a pump intensity of around 30 kW /m?, and the signal shows a
dispersive behaviour during the transition. For co-propagating beams (Figure 4.5) the evolution
of the EIT peak is similar though we do not see an transmission dip, as we could not achieve
as much pump intensity as with counter-propagating beams (19kW /m? against 47 W/m?). We
could however observe that the peak takes a dispersive shape as the pump intensity is increased,
similarly to the situation of the counter-propagating beams.

In both cases for the two other intermediate states F' = 3 and F’ = 4 we see transmission dips.
Their amplitude decrease as we turn the pump intensity down before becoming undistinguish-
able.

Strong probe beam Here both cases of counter- and co-propagating beams (Figures 4.6
and 4.7 respectively) are quite similar. There is an EIT peak for each hyperfine intermediate
state whose amplitude decreases as we turn the pump intensity down. We also notice that for
high pump intensities, this peak seems to sit on top of a smaller and broader transmission dip.

Weak pump beam For a weak pump beam, only the features from the F’ = 5 hyperfine
intermediate state are clearly visible. In both cases of counter- and co-propagating beams
(Figures 4.8 and 4.9 respectively), there is an EIT peak that gets broader and bigger with the
probe intensity. The position at which the features from the F’ = 3 and F’ = 4 states should
occur are however shown.

Strong pump beam In the strong pump and counter-propagating beams case (Figure 4.10)
for the F’ = 3 and F’ = 4 hyperfine intermediate states, we first see an transmission dip growing
as we increase the probe intensity. This dip then gets overcome by an faster growing EIT peak
as we increase the probe intensity further. For F’ = 5, This transition also happens, but the
signal takes a dispersive shape during the transition, instead of being a growing peak sitting on
top of a dip. We can extract from the data rough values for the probe beam intensity at which
the transitions are happening: for F’ =5 at 100 W/m?, for F' = 4 at 1kW/m? and for F' =3
at 6kW/m?2. For co-propagating beams (Figure 4.11), the same is occurring with F’ = 3 and
F' =4 (at 200 W /m?). For F’ = 5, we only see that the EIT peak takes a dispersive shape for
small probe intensities, once again as the achievable pump intensity was smaller.
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beams. The probe beam intensity is 25 W/m?.
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Figure 4.7: Blue laser transmission signal for different pump beam intensities with co-propagating
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Figure 4.9: Blue laser transmission signal for different probe beam intensities with co-propagating
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Figure 4.11: Blue laser transmission signal for different probe beam intensities with
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A overview of these results for F/ = 4, 5 with co- and counter-propagating beams is presented
in Figure 4.12. We notice that the results for counter- and co-propagating beams are perfectly
compatible regarding the prevalence of EIT or enhanced absorption.

Now the information concerning the transmission and absorption peaks that we can extract
from these measurements is the following:

There are two phenomena competing, the enhanced transmission and the enhanced ab-
sorption.

At constant blue (probe) intensity, increasing the IR intensity leads the absorption to take
over the EIT.

At constant IR (pump) intensity, a small blue intensity leads to enhanced absorption and
as we increase the blue intensity, EIT takes over.

There seems to be a minimal blue intensity below which it is not possible to observe a
transmission peak (see left side of Figure 4.12(b)).

The transition between enhanced absorption and the enhanced transmission shows a dif-
ferent behaviour between the hyperfine intermediate states F/ = 5 and F' = 3,4. For
F’' =5, a dispersive behaviour is observed whereas for F' = 3,4 we observe a peak and a
dip that are competing.

Starting from this, we will now try to explain the presence of unexpected absorption peaks and
their relative behaviour to the transmission peaks.
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Figure 4.12: Blue and infrared intensity dependence of the EIT/absorption for the
GS%(F =4) — 7P%(F’ =4,5) — 325 excitation scheme. The measurement points are shown
as green cross for counter-propagating beams and black circles for co-propagating beams. (a)
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4.4 Analysis and interpretation

Enhanced absorption of the blue laser is not expected from theoretical simulations of ladder-
type three-level systems like ours. However, it has been reported in other works on three-level
ladder-type systems that one can observe absorption peaks ([18] and [19]). We will see that the
explanation of these results relies on the fact that perfect three-level ladder-type systems rarely
exist, and that the theoretical treatment of Moon et al. [19] can apply to our system.

4.4.1 Three-level ladder-type systems in the reality

Hayashi et al. have conducted studies of electromagnetically induced transparency in hot sodium
atomic vapours [18]. Four different ladder type systems in sodium were investigated. For the
351 — 3P 3 = 551 system, absorption peaks and even transitions from absorption peaks
to %ransmisQSién peast were observed. They interpreted the enhanced absorption to arise from
two-photon absorption (TPA), but they were not able to explain the transitions between the
two regimes.

Moon et al. have conducted extensive studies of three-level ladder-type systems in rubidium
atoms ([20], [21], [19]). In the 55% — BP% — SD%,g system, they have observed an absorption
peak ([19]) along with expected transmission peaks. They demonstrate the absorption peak
to be caused by TPA. They also developed an improved theoretical treatment for three-level
ladder systems that accounts for all the absorption/transmission peaks from their systems, and
highlight the fact that only if the transition is cyclic or almost cyclic the transmission peak that is
observed can be due to EIT. Otherwise it arises from double-resonance optical pumping (DROP)
[19]. Let us now analyse these three effects and their contribution in an actual three-level ladder
type system as Moon et al. did, and try to match it to our experimental results.

Actual structure of a three-level ladder type system

The only true three-level ladder-type systems that can be found in atomic systems are the one
with closed (or cyclic) transitions. One example is the 65% (F=4)— 6P% (F'=5)— 5D% (F" =
6) transition in caesium, as the 5D% state can only decay to the GP% state. Most three-level
ladder systems have additional allowed decays channels from the upper state and to the other
hyperfine ground state (dark ground state). These systems can be much better represented by
a five-level ladder-type system (see Figure 4.13, [21]).

EIT, DROP and two-photon absorption

The contributions of the EIT, DROP and two-photon absorption in the five-levels ladder-type
system for Moon et al. are explained below.

EIT In a cycling transition (where v;; = 0 except for 732 and 743 in Figure 4.13), EIT tends
to be the dominant phenomena with a weak probe (Noh opt ex 2011). However when the
transition is not cycling, the additional decay rates tend to reduce the importance of the EIT
for the amplitude of the transmission peak ([22]). The EIT tends to take a dispersive lineshape
when the lasers are detuned.

DROP DROP can be explained only in the five-levels ladder-type system. Here, a strong
coupling tends to pump the atoms that are excited by the probe laser to the intermediate state
in the dark ground state. Thus the population in the ground state decreases and the transmission
is bigger. DROP increases with both probe and pump intensities. The lineshape of DROP does
not show dispersive behaviour when the laser are detuned ([21], [19]).
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Figure 4.13: Scheme of a five-level ladder-type system.
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Two-photon absorption TPA appears when the two beams respect the two-photon reso-
nance. It results in an absorption peak. TPA is always present, but mostly overcome by the
one-photon effects EIT and DROP. Moon et al. explain the absorption peak that they observe
by the fact that for this particular transition, EIT and DROP are too weak or suppressed. They
observed that their absorption peak amplitude increases with the pump intensity but decreases
with an increase of the probe intensity.

4.4.2 Comparison to our results

In our system, the upper state is a long-living state. Therefore the decay rates from this state
are low. This would mean that DROP is more difficult to achieve as in Moon’s system. Our
intermediate state has additional decay paths to the direct 7Ps;, ~» 6S1/,. This leads to addi-
tional decoherence, which would tend to reduce the EIT contribution. The F’ = 5 intermediate
state however can decay in the dark ground state (F' = 3) only via the additional decay paths
mentioned in section 3.1. The 65% (F=4)— 7P% (F" =5) — 325 transition is therefore not far
from being cyclic, considering the long lifetime of the Rydberg state.

We observed that the absorption peak amplitude grows with the pump intensity. This is con-
sistent with TPA. Moreover, we just mentioned that EIT and DROP effects should be in-
hibited compared to Moon’s system. This can explain why we need relatively high intensi-
ties for the transmission processes (EIT and DROP) to take over the TPA and to observe a
transition from absorption peaks to transmission peaks. The almost cyclic character of the
651 (F =4) — 7P (F' = 5) — 32S transition is also consistent with the fact that in this case,
WeQSometimeS obsérve signals with a dispersive lineshape. In this case, the implied detuning
could come from the blue laser, whose locking system was unstable at the time. All of this is
consistent with the transition from absorption to transmission peaks as we increase the pump
intensity for a constant probe intensity.

Therefore the work of Moon et al. helps us understand that because of the long-living character
of the Rydberg state and the additional decay paths from the 7Ps/, state, the EIT and DROP
effects are inhibited and they surpass the two-photon absorption process for higher intensities.
The TPA is actually a weak effect, so this also explains why the measured signals were always
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very weak and needed averaging to be distinguished.

Yet one conclusion of our experiment remains unexplained: the transition to enhanced absorp-
tion for higher pump intensities at constant probe intensities. Indeed increasing the pump
intensity should increase the EIT and the optical pumping. Our results should be further inves-
tigated with simulations of the five-level ladder-type system. These simulations should focus on
the influence of the existence of several decay paths from the 7P, state, as it is the only change
to the model compared to usual three-level ladder system 55 1= 5P% — nS,nD in rubidium,

which exhibits strong EIT ([23]).

4.4.3 Other effects

Though the former interpretation appears to be robust, there are quite a few differences between
our system and Moon’s system (long-living upper state, inverted ratio of the wavenumbers, ...).
Therefore we examined other hypotheses for the observation of enhanced absorption.

Fundamental aspects

Rydberg state In order to check if the 325 Rydberg state had a specificity (e.g. shorter
lifetime) that would lead to the results that were observed, other Rydberg states were tried
with both allowed azimuthal quantum numbers L = 0 and 2. The 355, 435, 32D states show
identical behaviour to the 325 state.

Inverted wavenumber ratio One of the characteristic of our 65 1= 7P3 — nS,nD ap-
proach is that the wavenumber ratio of the driven transitions is 1nverted Compared to usual
systems. The laser with the largest wavenumber (shortest wavelength) drives the first transition
(455 nm - 1070 nm) of our system whereas in the two well studied approaches via the D2-line
in caesium and rubidium it is the smallest wavenumber first (780 nm - 480 nm in Rb, 852 nm -
509 nm in Cs). The consequence of this inversion on a ladder system is that the averaging over
the Doppler velocity distribution is changed. However, simulations show that enhanced trans-
mission should still be present at all Rabi frequencies/intensities. Also measurements on other
“Inverted” ladder systems have already been performed ([20], [18]) and enhanced transmission
was reported. Ergo, the scheme having an inverted wavenumber ratio should not be the cause
for the observation of enhanced absorption.

Broadening effects

Laser ionization Another hypothesis is that the infrared laser induced the ionization of the
Rydberg atoms, explaining the peculiar effect that was measured. The level scheme is shown in
Figure 4.14. Let us assume that the Rydberg atoms are ionized by the infrared laser driving
the upper transition. Since we observe enhanced absorption for several Rydberg levels for which
the resonant wavelengths differ by up to several nanometres, this phenomenon is not strongly
dependant on the wavelength of this laser.

The ionization was tested with an additional laser passing through the cell. This is a diode-
pumped Nd:YAG laser with 1.5 W of optical output power at 1064 nm. A scheme of the
modified set-up is shown in Figure 4.15. The transmission of the blue laser was measured with
and without additional laser. Like in the very-first measurements, the beams were focused in
the cell to 100 um. The probe beam was weak (power of 24 uW, intensity of approx. 10> W/m?).
The results are shown in Figures 4.16(a) and 4.16(b). In both cases, strong and weak pump,
the only visible difference between the two signals is a shift in frequency, which comes from the
drift of the lasers. Therefore there is no laser ionization visible.
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Background gases and collisions A defect spectroscopy cell would possess an excessively
high fraction of background gases. These could be responsible for unwanted effects. This
hypothesis was ruled out by trying a commercial Cs spectroscopy cell with which we noticed no
difference compared to the home-made cell.

It has also been reported in [24] that collisions can induce enhanced absorption in ladder systems.
A three level ladder system with collisional decay rates was simulated and the results exhibit a
competition between EIT and enhanced absorption as a function of the probe Rabi frequency.
We also witnessed such a phenomena except that Yang sees the absorption taking over the
transmission as he increases the probe Rabi frequency and we measured the exact opposite.
Moreover the atomic density that is achieved in our spectroscopy cell at around 60°C on the
order of 10'® atoms/m®. This value is way below the collisional regime. The combination of
these arguments allows us to say that our measurement results are not a result of collisions.
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Chapter 5

Conclusion and outlook

The scope of this thesis has been the set-up of a new laser system and to investigate a two-
photon transition to a Rydberg state in caesium via an intermediate state. First results on the
behaviour of the transition have been presented and explained by applying a five-level atom
model.

The first transition 651 — 7Ps was driven by a commercial frequency doubled diode laser.
The laser could be freqaency loéked to the hyperfine transitions with the DAVLL spectroscopy
method and saturation absorption spectroscopy. A measurement method to determine temper-
ature of the spectroscopy cell was reported and led to satisfying results.

The excitation to a Rydberg state was performed with a commercial diode laser. Surprisingly,
the measurements did not match the expected results. Enhanced absorption of the blue laser was
observed at the two-photon resonance instead of the expected EIT signal. To gain more insight
the intensity dependence of the system was studied and the transition between absorption and
transmission peaks was determined. A more complex model than the usual three-level system
as well as the comparison with other results on three-level systems allowed to determine that
the results arose from the competition between three processes, and in particular that the en-
hanced absorption was due to two-photon absorption. A set of simulations has to be performed
on five-levels systems, in order to make sure that the interpretation was right, and to further
understand the role of the different parameters in the system.

As mentioned above, the original purpose of the set-up was to perform EIT measurement and
to lock the second laser frequency with this signal. The conclusion of this study is that such
a procedure would be highly consuming in optical power, as obtaining clean spectra at low
pump power required substantial averaging. The recently developed method of polarisation
spectroscopy of an excited state transition ([25]) will be performed to lock the frequency of the
1070 nm laser. We have good confidence that this method will produce better signals, as it
relies on the optical pumping on the first transition by a circularly polarised beam. Although
the optical pumping should not be as efficient as in a closed transition, the almost cyclic nature
of the 65% (F=4)— 7P% (F'" = 5) transition should still make it possible to create an anisotropy
for the 1070 nm laser.

Once the laser set-up is fully functional, the goal is to amplify the 1070 nm laser in a fibre am-
plifier, to modulate its intensity with an ultrafast Pockels cell and to study fast dynamics on the
651 — 7Ps — nS, nD transition, similarly to previous work on rubidium ([3]). Afterwards, we
W01211d like 2‘50 achieve higher caesium densities and to observe blockade phenomena in a vapour
cell.
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Appendix A

Caesium level structure
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Figure A.1: Level structure and lowest optical transitions of caesium. The wavelength of each
transition is indicated on the arrow representing the transition. The values were taken or
calculated from [26], [27] and [28] with the best available precision.
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Appendix B

Dipole matrix elements: derivation
and analysis

B.1 Derivation of the dipole matrix elements

B.1.1 The spherical basis

A very useful tool for the evaluation of the dipole matrix elements is the so-called spherical
basis, since it provides a very nice and convenient form for the dipole operator using the spherical
harmonics. The overview presented here is based on the treatment of the spherical basis by Steck
[30], Sobelman [31] or Zare [32].

In terms of the Cartesian basis vectors &, § and Z, the spherical basis vectors are defined as:

€41 : T Eig) = —(éx1)"

S
V2 (B.1)
ép:=%=(é)"
Note that we must use a hermitian scalar product so that this basis is orthonormal: é;1-é41 =0
but (é+1)* . é+1 =1.
The components of any vector A in the spherical basis are given by : A, := é,- A (usual “dot”
product!), and thus the expression of A in the spherical basis is:

A=) Ager = (—1)144é_, (B.2)

q q
The hermitian scalar product is then defined as A* - B = 3 (A4)" By so that the norm is
AP =32, 144/

If the components of a vector A are defined in the Cartesian and spherical basis such that
A=A +A0+A2=) q Agey, the the basis transformation relations are:

Ag= A, A = Ay
1 1
A1 =F—(A, 1A Ay, = ——F(A 1 — A B.3
+1 jF\/E( iAy) 2( 11 1) (B.3)
Ay = —=(Ap + A

y \/5
We can now express the components of the position operator = in the spherical basis:
L +ip
ry1 = F——=sinfe
V2 (B.4)

rg = rcosf
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or more compactly,

4
Tq=T ?qu(& 90) (B'5)
As we can see later on (equation (B.7)), the ¢ term corresponds to the inverse of the polarisation:
q = 0 is m-polarisation, ¢ = +1 is o~ -polarisation and ¢ = —1 is o "-polarisation.
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B.1.2 Reduced matrix element, what is it?

A dipole matrix element (jm;|er,| j’m&) can be factored as a product of a radial and an angular
dependance using the Wigner-Eckart theorem:

(mglerlg'mly = Glerl ) mgli'mi 1) (B6)
‘ . . ‘ . e R
(gmjlerqg|i'm}) = (jller i) (=17 /2 +1( _7 , (B.7)
mj q m
. ) ) . v ) - 71 7
Gmileraldmty = Glerly (-1 /BT (1, L3 ) (B5)
J J

respectively with Clebsch-Gordan coefficients or Wigner 3-j symbols.
Without hyperfine structure or LS-coupling, such a dipole matrix element can also be written

in an integral form and expanded using the separation of the radial and angular part of the wave
function (symmetries of the Hamiltonian operator).

(Lmplery|L'm%) = <LmL|er\/§Y1q|L/m/L> using equation (B.5) (B.9)

4
= ey % / (R}, 7 Ry o dr) (Y, Y gYi m, Sin6 do dp) (B.10)
.0,

=eJ%Kﬂﬁmumwm)ewm¢@L+W”t;U@D+n

L1 IN\N({L 1 L'\,
x<0 ! 0) <_mL ! mL,) (B.11)
= 6(—1)mL </ TgR;LRn/ I d?“) \/(QL + 1)(2[/ + 1)
L 1 L L 1 L
x<0 ! 0) <_mL ! mL/) (B.12)

We can now identify the equation (B.7), valid for any angular momentum, with the equation
(B.12) to get the expression of the the reduced dipole matrix element (L||er||L’).

/
(L||er||L') = e(—1)me—(E=me) </T3R,’;LRn/ L dr> V2L +1 (L L L> (B.13)

: 00 0
Since )
Lmaac Ll +1 ] —
00 0 0 if AL #£ +1

with Lyq, = max(L, L"), we get

L L+L'+1
Lller||L') = e(—1)*mz~F /3 LRy dr | V2L + 1 et )T
(Ller |2y = (-1 ([ PR R VAT [ o1y

(B.15)

- L
= (1) </TsRZLRn/L/ d7“> 2Lmjx1 mr, € Nso (=1)*" =1 (B.16)
s

if AL ==1, and (L|jer|| L) = 0 otherwise.

"Here we use Vi _,, = (—1)™Yi,, and equation (B.67), taken from [32] eq. (3.119) p. 103, or citesobelman eq.
(4.62) p.66
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We can also define a “purely radial” dipole matrix element as:

(Rnpler|Ry ) = 6/T3RZLRn/LI dr (B.17)
s

The relation between this radial dipole matrix element and the reduced dipole matrix element

(L|ler||L") coming from the Wigner-Eckhart theorem is then:

’
L =L41 —2L+1 Lmax

(Eller|lL') = (1) S

(Rn Ller| Ry ) (B.18)
The radial dipole matrix element (R, p|er|R, /) is simply the radial integration of the radial
parts of the wave functions. It is used for example in [1]. The reduced dipole matrix element

(L|ler|| L") used for example by Steck, coming from the Wigner-Eckhart theorem, contains an
additional angular factor, depending on the L’s.
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B.1.3 Calculation of the dipole matrix element with hyperfine structure

A hyperfine sublevel can be split in a sum of uncoupled products of fine structure and nucleus
spin sublevels using the Clebsch-Gordan coefficients or the Wigner 3-j symbols:

InLSJIFmp) = > |Tmy, Imp){Jmy, Imy|Fmg) (B.19)
my ki em
J I F
F = Jm ) Imp)V2F +1(=1)/~I+mr ( )B.QO
|[Fmp) m}ZmI |Jm ) Imy) (1) my my g ) )
myt+mr=mpg
Similarly,
[nLSJmy) = > |Lmy, Sms)(Lmy, Smg|.Jm.) (B.21)
mLAgam.
mgy = S0 [Lmp)|Sms)V2T +1(—1)LS+mJ<L s J >(B.22)
mL.ms mrp ms —mj

mr+mg=mj

Putting this expression in the |F'mp) expression, we obtain:

|Fmp) =/ (2F +1)(2J + 1)(=1)/1+=5

<D \me\Sms>umf><_1>w+m(

mj+mi=mpg
mr+mg=mj

mp ms —my my myp —mg

L S J ><J I F ) (B.23)

Let us now write the complete formula for the dipole matrix element with hyperfine structure
(Fmplerq|F'm/;) using equations (B.23) and (B.7), and reduce it to get equation (B.8) in terms
of F. The relations used to manipulate the Wigner 3-j symbols and Wigner 6-j symbols are
listed in section B.3.
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19

(Fmp|ery F'ml) = /(2F + 1)(2J + 1)/ (2F + 1)(2J" + 1)(—1)/~IFL=5 (=) = I'+L=S
< ST (Impl(Sms|(Lmplerg L'mi,)|S mlg) [T'mi))(—1)™F 9 (— 1)+
myjt+mr=mpg
mLerS:mJ
m{]+mII:m/F
m/Lerfsv:m{]

« L S J J T F L g J J I o
mr mg —my) \my; mp —mp)\m, my —m/)\m/); m; —m}

= V@2F + 1)(27 + 1)\/2F + 1) (27" + 1)(—1)/+/ +L+L-I=I=5=5

XY 61Oyt 055/ g, (L |erg| L'y ) (—1) ™ Hrm by tms
(LS JN(E S TSN(J 1 FN(J I F
mp ms —my) \mp my —m,) \m; mr —mp)\m;, m, —-ml

=1 /2F + D)2J + D/ 2F + 1)(2J" + 1)(—1)7+/ +L+L-20-28

/
% Z (_1)mF+mF+mJ+mJ(_1)L—mL /2L+1<L||€T||L/>< L 1 L )

/
—mr q mp

m gy +mI:mF
my, +mS:mJ
m{]+mI:m/F
/ !
my +msfm‘]

« L S J L S J’ J I F J’ I F
mrp mg —my) \m} mg —m/;)\m; m;r —mp)\m/;, m;p —mp

(B.24)

(B.25)

(B.26)

Since the dipole operator doesn’t act on the electronic and nucleic spin, the Kronecker-6 symbols in equation (B.25) come from the fact that electronic spin and nucleic
spin states form an orthonormal basis. This is the reason why there is only I, ms, S and mg left in equation (B.26). We also use equation (B.7) for (Lmy|erq|L'm})
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(Fmp|ery|F'my) = 23/ (2F + 1)(2J + 1)/ (2F" + 1)(2J" + 1)V2L + 1(—1)7+/ +L-21-35
, J 1 F J 1 F
_1\ymrpt+tmp—mj+img /
D SIS (wlerlz) ) )( )

/ /
m —m m m —m
myt+mr=mp 1 F J 1 a
my, +mS:mJ
m{]+mI:m/F

/ /
mL+mS:mJ

X (=)L HSFmtmE —ms (J' S r ) < L 1 L’) <L S J > (B.27)

/ / /
m; —mg —mp -my q mp) \mp mg —my

=3V/(2F + 1)\/(2F' + 1)(2J + 1)(—1)/ /" TE=21+8

! 1 !
X Z (_1)m}7+mp—m(] J I F ‘]/ I F , '], 1 J (_1)—J’—L—1—S
my my —mpg my; myp —Mmpg my; q —my

mJ+m]:mF
/ /
mJ+mI:mF

x (=1)7 S (L ler|| L) /(20 + 1)(2L + 1) {‘z ; LJ,} (B.28)

=(Jller[lJ")

= 4/(2F + 1)\/(2F 4+ 1)(2J + 1)(—1)/+/ L2048
XZ<JHerHJ’>(—1)mﬁw+mF—mJ(J I F ><J I F> <J’ 1 J ) (L1)-riis 20

1 1
my my —mg my; myp —Mmpg my; q —my

2The relation m’y +my —my = (m}, +mr —mg) + (—mys + 4mg) has been used to transform the exponent of (—1). The underbracketed 3-j symbol was also
transformed using the symmetry relations (B.57) and (B.58).

3We use the fact that (—1)*° =1 = (—=1)*™S to suppress the 4ms exponent and transform (—1)73% into (—1)°. We also factorised 3 3-j symbols into one 3-j symbol
and one 6-j symbol using the tranformation formula (B.66).

“We used the equation (37) from [4] to introduce the fine structure (J|ler||J’) reduced dipole matrix element. Symmetry relations (B.63) and (B.64) are used to get
the proper form for the 6-j symbol.
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(Fmp|ery|[F'mlp) =5/ (2F + 1)/ (2F + 1)(2J + 1)(—1)/ 21
X ZUHGT||J'>(—1)m%+mF—mJ (—1)/++F ( F 1 J ) <J’ 1 J > (= 1)/ +H <_J’, I

/
—mgp my my my; q —my

, ) (B.30)

=0/2F +1)y/(2F +1)(2J + 1)(—1)/ 7+
x ST (fler |l (—1y2metme =2

mJ+mI:mF
y (_1)J,+J+I+m1_mi]_m(]< F I J> (J’ 1 J ) < J! I F’)
—mp m; my) \m; q¢ —my)\-m/; —m;p mp

m{]‘f’mI:mlF
=T/(2F + D)/ 2F + 1)(2J + 1)(=1) - I-1HF +F+2mlptmp =21
rrrbmml—mg (F LT (LT VA B
x>0 (Jller|| (1) T ( )( )( / )

/
—mp my; my my; q —my -m/; —mp mp

mytmr=mpg
m/JerI:m’F

/
_8 /7(2};1_{_1)(_1)J—3I—1+F+F+2mF+mF< F 1 F ) (1)~ F'=I-1-1

—-mp q mp
F 1 F
J I J

J

x (=1)FH I ller || TV (2F +1)(2J + 1) {

=(Fller||F")

5The two underbracketed 3-j symbols were transformed using respectively (B.57) and (B.58).

5The exponent of (—1) was modified using the relation m’ + mpr — my = (2my +mp — 2mr) + (mr —m/; — my).
"Since —2I and —2mr have the same parity, we use (—1)72/ = (=1)72™1.

8We factorised 3 3-j symbols into one 3-j symbol and one 6-j symbol using the tranformation formula (B.66).

(B.31)

(B.32)

(B.33)
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AL P24 3m , F'1 F
(Fmplerg| F'm) = 9\/(2F 4 1)(=1) 4T 282metme (Bllep || F') (—1)7 F1HF (m% . _mF> (B.34)
, , F' 1 F

:(—1>2F—4f+2mF<F||er||F'><—1>F—1+mF\/<2F+1)( , ) (B.35)
mrp ¢q —mp
. F 1 F
<FmF\erq]F'm'F>:10<FHerHF'>(—1)F Lrme, J(2F 4 1) <m,F ¢ _mF> (B.36)
(B.37)

9We used the equation (36) from [4] to introduce the fine structure (F'|ler||F’) reduced dipole matrix element. Symmetry relations (B.63), (B.64) and (B.57) are used
to get the proper form for the 6-j symbol, as well as another 3-j symbol.
OFinally, to get equation (B.36), which is exactly the same as the equation (35) from [4], we used the following facts:

— 2F and 2F' necessarily have the same parity, so 2F and 2m/’» too, so (—1)2F+27”IF =1

— I is an integer or a half integer, so (—1)™* =1



B.1.4 Comments
Why Wigner 6-j symbols?

We saw in the calculation that Wigner 6-j symbols appear by recombination of Wigner 3-
7 symbols. We can understand this in another way. Let us remember that the Wigner 6-j
symbols come from the different possibilities of adding three angular momenta. Adding ji, j2, j3
gives different basis if you first add j; + jo = j12 and then jio+ js, or if you first add js 4+ j3 = jog
and then j; + jo3. The Wigner 6-5 symbols give the basis transformation relations.

(FlerlF) = (lerl ) (-)" = @F T DRI 1

In this equation (equation (36) from [4], similar to equation (37)), the idea is that one can see the
photon as either changing J or F. This amounts to coupling the photon (of angular momentum
1) to the electron (of angular momentum .J) either before or after coupling the electron to the
nucleus (of angular momentum I). Thus the appearance of the Wigner 6-j symbol.

The equation (37) from [4] is to understand in the similar way, that is coupling the photon to
the electron (of angular momentum L) before or after coupling the electron to the electronic
spin S.

For more details, you can refer to Daniel Steck’s very comprehensive script on quantum optics
[30], sections 7.3.6.1 and 7.3.7.1.

Angular factor / Transition strength

Let’s now write the dipole matrix element for the transition from a state |nL---amg) to a
state [n'L’'--- o/ ml), the a angular momenta being either L, J or F, in terms of the reduced or
the radial dipole matrix elements multiplied by an angular factor {:|-} (often also refered to as
transition strength):

(nL---amalergnL’--- o' my) = (Lller||L') x {L- - ama|L'--- o/ mq}reuced (B.38)

(nL---amgylergn'L"---o'ml) = (Rypler|Ry /) x {L---amqu|L - &' m, }ragia  (B.39)
The relation between these two angular factors is then:

L' —L4+1 2L+ 1
] {L---amga|L o m. }radgia  (B.40)

{L---ama’L/"'a/m;}reduced: (_1) L
max

These angular factors exhibit different symmetry properties:

2L+ 1
{L/'"O/mIa’L"'ama}reduced: (—1)6 W{L"'ama‘L/"'O/m/a}reduced (B41)
{L'--'ml|L- amu}radgian = (—1)"{L---ama|L' - &' m }radial (B.42)

where € and k are two integers.

Using the reduced dipole matrix elements, we can also define transition strengths between two
angular momenta « and 3, a and § being either L, J or F:

(n---a---Bmglergn’---o - g'mig) = (aller||d/{a--- Bmgla’--- ' Ms}reducea  (B.43)

The symmetry relation in that case is:

[2a0+ 1
{O/---ﬁ,mlﬁ|a“‘ﬁmﬁ}r6duced = (_1)77 206,_’_1{a‘“5mﬁ|a/"'ﬁ/mlﬁ}reduced (B44)

where 7 is an integer.
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B.2 Discussions and examples

B.2.1 Normalizations

The dipole matrix elements obey several normalization, arising from the orthogonalization rules
for the Clebsch-Gordan, Wigner 3-j and Wigner 6-j symbols. They also have physical interpre-
tations.

Let us first consider the decay from a state |j'm’) to any other state |j (m’ + ¢)). The cor-
responding decay rate is then!:

L j (miq) = 37T€W\(j (m + q)lery|s'm’)? (B.45)

The global decay rate from the state |j'm’) is the sum of all possible single decay rates:

Ty = > Tty (mirq) (B.46)
VR
wi
Ly = W Z| m’ + q)lerq|j'm P (B.47)

The sum of all possible transition strengths to a single state |j'm’) is appearing. The Wigner-
Eckhart theorem (B.7 and B.6) and the first orthogonality relation for the Wigner 3-j coefficients
(B.60) yield:

ZI (m' + @)lery|j'm')? =Y (ller 7)1 (m” + @)L, 5'm")[? (B.48)

. 1 i\2
Z| (0 + g)lergl'm')? Zuueruy 2y+1><_(=2 J,) (B.49)

m'+q) ¢ m

ZI (m' + q)lergli'm’)|* = ZI(J’H@’PHJ">I2 (B.50)
J
Assuming a simple 5 — 7’ system, the sum disappears and we get:
2541
. NNT)
D13+ el )P = ller P 53 (B.51)

This identity can be verified by summing the squared coefficients leading to a single level in
Figure B.1. A similar relation is valid if we express the reduced dipole matrix element in
another basis (equation (36) from [4], leading to the equation (38)) and use the orthogonality
relation for the Wigner 6-j coefficients:

2J+1

mKJHerHJ/HQ (equation (40) in [4]) (B.52)

Z| (M + q)lerg|[F'mlp)|? =

This normalization is actually valid for any angular momenta and can be rewritten in terms of
(reduced) transition strengths (see equation (B.38)):

20+1

Z |{Oé tee ﬁm5|o/ e 5/ mlﬁ}reduced|2 = 2 + 1

ﬁ?m,@

(B.53)

1130] section 7.3.7.4 or 11.4
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The meaningful interpretation of this takes place when j = j’. In this case the strengths of
the transitions leading to a single magnetic level is 1, meaning that adding the strengths of the
different decay paths represent the probabilities of the single decays.

m=—1 m

Figure B.1: Two-level-systems with the associated ‘transition factors’ (Clebsch-Gordan coeffi-
cients from equation (B.6) in this case).

Another normalization appears from the sum of all dipole matrix elements from a single
ground state sublevel. This is also a consequence of the first orthogonality relation.
In [4], this normalization is shown with the equations (39), (41) and (42). The interpretation of
this normalization is a bit tricky and not really physical (see [30]).

B.2.2 Hydrogen atom

The structure, fine structure and hyperfine structure of the 1s — 2p transition of hydrogen (D1
and D2 line), with the respective transition coefficients, is represented in Figure B.2, Figure B.3,
Figure B.4 and Figure B.5. The missing coefficients can be obtained by symmetry or antisym-
metry: multiplication by (—1)jl+j+1_2mj, j and j' being the corresponding angular momenta.
This factor arises from the symmetry relation (B.58) for the Wigner 3-j coefficients and from
m; — —myj.
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mr = —1 mp =0 myp =1 =1
1
D %G gy
V3 V3
mp =0 L=0

Figure B.2: ‘L-structure’ of the 1s — 2p transition of hydrogen. The coefficients give the dipole
matrix elements when multiplied with the reduced matrix element (L||er| L) = (0|er|1)

my = —3/2 my = —1/2 my =12 my =3/2 .
J =32
n J = 1/2
Vo
I
YR T e
Vo Vo
,5
Vo
J=1/2
my = —1/2 my =1/2

Figure B.3: ‘J-structure’ of the 1s — 2p transition of hydrogen. The coefficients give the dipole
matrix elements when multiplied with the reduced matrix element (L|jer|L") = (0|er|1)

mp = —1 mp =0 mp =1
—— F=1
F=0
[T an
V3 Vs
/L /L
Vi Vs
[r /1
-V Vi
—— F=1
mp = —1 mp =1
—_ F=0
mp =0

Figure B.4: ‘F-structure’ of the D1-line of hydrogen (1s — 2p). The coefficients give the dipole
matrix elements when multiplied with the reduced matrix element (J|er||J") = (1/2]ler|/1/2).

For the Dl1-line, (J|ler||J') = \/13/6(L|er||L")

o8



mp = —2 mp = —1 mp =0 mp =1
F=1
— ()
N
Vs
,‘/l i
i V3
F=1
mp = —1 mp =1
F=0
mp = 0
mp = —2 mp = —1 mp =0 mp =1
F=1
/‘/‘T /1
/1 /=
Vi V12
_
/L V4 1 /1
Va Vs Vi
/1 —
[ /1
Viz Vi
F=1
mp = —1 mp =1
F=0

mp =0

Figure B.5: ‘F-structure’ of the D2-line of hydrogen (1s — 2p). The coefficients give the dipole
matrix elements when multiplied with the reduced matrix element (J||er||J’) = (1/2|er||3/2).

For the D2-line, (J||er||J') = —+/25/6(L||er| L")
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B.3 Mathematical formulae
B.3.1 Wigner 3-j symbols and Clebsch-Gordan coefficients

The relation between Clebsch-Gordan Coefficients and Wigner 3-j symbols is:

(jim1, joma|jams) = (—1)7 7218 /245 + 1 (jl S >
mp mz2 —ms3

Symmetry relations

e The “complex conjugate” of a Clebsch-Gordan coefficient is defined as:

(JM|jimy, jama) = (jima1, jome|J M)

e The Wigner 3-j symbols have the following symmetry relations:
JuoJe g3\ _ (J2 J3 g \_[(J3 J1 Je
m1 Mg M3 mo M3 MMi m3 M1 M2

o J3 g2
mp Mg Mo

]1+J2+J3 <]3 j2 jl )

Jr J2 J3 _ j1+]2+]3
mp Mg ms

m mo Mq

j1 +j2+73

o J2 s _ (—1)rtizts it J2 J3
mi1 Mg M3 —mp —Mm2 —M3

Orthogonality relations

(B.54)

(B.55)

(B.56)

(B.57)

(B.58)

The related orthogonality relations for Wigner 3-j symbols and Clebsch-Gordan coefficients are:

e First orthogonality relation:

Z (gml|jimy, jama) (jima, jamal|j'm’) = 05 516

mi,m2

Z jvode ds\ (A g2 gz _ 1 55
myp Mg M3 mi Mgy mé 2js + 1 73,54 Oms,mj

mi1,Mm2

e Second orthogonality relation:

Z<j1m1712m2!jm>(jm\j1m/17Jém,2> = Omy ,m, Omg,m),

j7m

J2 3 o J2 3
E 2 1 = / /
(275 +1) <m1 mo m3> (m’l m’2 m3> 5m17m15m27m2

J3,ms3

Other relations can be found in Sobelman, or Zare for instance.
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B.3.2 Wigner 6-j symbols
Symmetry relations

The Wigner 6-j symbols have the following symmetry relations:

Ju g2 Jsl Sz ogv g3\ JJs g2 gl Jz g2

{11 Iy 13}_{12 h 13}_{13 Iy 11}_{11 Is 12} (B.63)

Ji1 J2 J3 Iy la ja L Jo ls} {jl la 53}
=< . ; =q . = . . B.64
{11 ly 13} {31 J2 13} {Jl la s b je2 Js (B.64)

Orthogonality relation
. - Ji g2 sl JJar g2 U3

276 + 1)(293 + 1 . . . . . e =10 B.65
Z( Jo - 1)(2s ){14 Js J6} {J4 Js Jé} 707 (B.65)

J3

Relation to the 3-j symbols A sum of Wigner 3-j symbols can be factorised into a product
of one 3-j symbol and one 6-j symbol using:

Z (_1)l1+l2+l3+u1+u2+u3 (]1 l2 l3 ) < ll j2 l3> <l1 l2 J3>
B1p2p3 mi p2 TH3 —H1 M2 M3 M1 —H2 M3

(g2 g3\ a1 J2 Js

B <m1 mo m3> {h ly lg} (B.66)
B.3.3 Other

/ Yll m1Y22 m2Yl3 m3 sin 6 df d‘P

:\/(211+1)(212+1)(213+1) <z1 Iy b,)(zl Iy 13

41 0O 0 O mi1 Mo MmMms

> (B.67)
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