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Abstract:

The richness of Rydberg physics and the simplicity of laser-cooled atoms are

combined in ultracold Rydberg gases. In these systems thermal energies and

thermal motion are negligible and all dynamics are governed by Rydberg–

Rydberg interactions. In this thesis we examine to what extent coherence is

preserved in such a system. We demonstrate coherent excitation of ultracold

Rydberg atoms by rapid adiabatic passage and premiere in driving Rabi oscil-

lations between ground and Rydberg states. We study the dynamics of energy

transfer and diffusion processes and show that these processes can be described

in a fully coherent way in nearly frozen Rydberg gases. We identify the random

spatial distribution of atoms as the prominent dephasing mechanism. For a

specific class of elementary transfer processes we also show that the coupling to

dense manifolds of Rydberg states constitutes an additional cause of decoherence

and verify that Rydberg-Rydberg interactions are the source of the omnipresent

threat of ionization of the weakly bound states by observing the atomic motion

in the van der Waals potentials of Rydberg states in real time.

Zusammenfassung:

Ultrakalte Rydberg-Gase vereinen die reichhaltige Physik von Rydberg-Atomen

mit der Klarheit und Ruhe lasergekühlter Atome. Die vernachlässigbare ther-

mische Energie und Bewegung führt dazu, dass das gesamte System durch

die Wechselwirkung zwischen Rydberg-Atomen dominiert wird. Der Gegen-

stand dieser Arbeit ist die Frage, inwieweit Kohärenz in diesem System erhalten

bleibt. Wir demonstrieren die kohärente Anregung ultrakalter Rydberg-Atome

durch schnelles adiabatisches Folgen und treiben erstmalig Rabi-Oszillationen

zwischen Grund- und Rydberg-Zuständen. Wir untersuchen Energietransfer-

Prozesse und zeigen, dass diese Prozesse in einem gefrorenen Rydberg-Gas

vollständig kohärent beschrieben werden können. Als Hauptursache für De-

phasierung wird die zufällige räumliche Verteilung der Atome identifiziert. Für

eine spezielle Klasse von Energietransfer-Prozessen können wir die Kopplung

an dicht liegende Rydberg-Zustände als zusätzlichen Grund von Dekohärenz

ermitteln. Desweiteren verfolgen wir die Bewegung der Atome in den Wechsel-

wirkungspotentialen in Echtzeit und weisen so van-der-Waals-Kräfte als Grund

für die stets drohende Ionisation der schwach gebundenen Zustände nach.
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Arithmetic is being able to count up to twenty

without taking off your shoes.

– Mickey Mouse
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Chapter 1

Introduction

Ultracold quantum gases have opened the door to a wide range of research activities

using a large degree of control over the internal and external degrees of freedom [Chu

et al., 2002]. As almost all thermal energy is removed from the atomic cloud, the

dynamics are determined by external potentials and the interaction between atoms.

This has lead to a number of new observations, with examples ranging from the

coherent coupling between atomic and molecular states [Donley et al., 2002] over

quantum phase transitions [Greiner et al., 2002] to long-range correlations between

atoms [Hadzibabic et al., 2006].

Ultracold Rydberg gases extend cold gases to new domains combining the negli-

gible thermal motion and energy of cold atomic gases with highly excited electronic

states. The exaggerated properties of Rydberg states have already been studied for

more than a century and gave inspiration to new insights ranging from the semi-

classical quantum mechanics of Niels Bohr [Bohr, 1913] to the quantum mechanical

description of vacuum [Goy et al., 1983; Brune et al., 1994]. The use of cold Ryd-

berg atoms can improve the precision of measurements [Magalhães et al., 2000; Li

et al., 2003], however, the allurement of ultracold Rydberg gases lies somewhere

else. First and foremost Rydberg atoms exhibit strong and controllable interac-

tions. As the thermal energy is much smaller than interaction energies and since

interaction dynamics are much faster than any changes in interatomic spacings due

to thermal motion, the dynamics of ultracold Rydberg gases are completely driven

by Rydberg-Rydberg interactions, which can easily reach a strength of several Mega-

hertz at distances as large a few micrometers.

1
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Figure 1.1: Förster resonances and resonant energy transfer processes with Ryd-

berg atoms. (a) The different Stark shifts of the various Rydberg states can be used

to tune a specific atomic state into the exact center between two other Rydberg

states. (b) In a collision two atoms in the intermediate state can change their in-

ternal excitation, if one atom loses some internal energy while the other atom gains

exactly this energy. Section 4.1 will describe how Förster resonances can be used to

change the interaction strength between Rydberg atoms and Section 5.1 will discuss

how the energy transfer can be described in a frozen system without collisions.

One prominent feature of Rydberg atoms is the possibility to tune the interaction

strength by the use of Förster resonances: The different Stark shifts of the various

Rydberg states can be used to tune the energy of a specific atomic state into the

exact center between two other Rydberg states. In a collision of two atoms, both

prepared in the intermediate state, one atom can lose internal energy and decay

to the lower state, while the other atom gains exactly this energy and is raised to

the upper state (see Fig. 1.1). This radiation-less transport of internal energy is

widespread in larger molecules and plays an important role in such fundamental

processes as photosynthesis [Scholes, 2003]. Rydberg atoms allow to study such

energy transfer processes in a well-defined and theoretically well-described atomic

system [Safinya et al., 1981; Gallagher et al., 1982; Stoneman et al., 1987]. But how

is the energy transferred when no thermal motion is involved and collisions do not

occur? In Section 5.1 a description of the energy transfer in a frozen system will be

introduced. In fact, two experiments on resonant energy transfer [Anderson et al.,

1998; Mourachko et al., 1998] marked the beginning of ultracold Rydberg physics

with the identification of many-body effects in the frozen atomic cloud.
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Later measurements also lead to the observation of ultralong-range molecu-

lar resonances [Farooqi et al., 2003; Stanojevic et al., 2006]. As all these mea-

surements have shown the special character of ultracold Rydberg gases they in-

spired theoretical investigations including quantitative calculations of interaction

potentials [Marinescu and Dalgarno, 1995; Marinescu, 1997; Singer et al., 2005b;

Stanojevic et al., 2006], proposals for the production of exotic molecules [Greene

et al., 2000; Hamilton et al., 2002; Liu and Rost, 2006], and suggested fast logic

gates for quantum information processing with neutral atoms [Jaksch et al., 2000;

Lukin et al., 2001; Cozzini et al., 2006]. The proposal by Lukin et al., 2001 in-

duced a number of investigations on the coherent many-body effect that is referred

to as the “dipole blockade”. The dipole blockade is an inhibition of excitation due

to interaction-induced line-shifts. It was experimentally observed as a suppression

of excitation [Tong et al., 2004; Singer et al., 2004] and a change in Rydberg atom

number statistics [Cubel Liebisch et al., 2005]. Recently pair state resonances were

used to switch the dipole blockade on and off by an external electric field [Vogt et al.,

2006].

While these investigations examined and used coherent interactions, there is one

important source of decoherence intrinsic to Rydberg atoms: Every atom stores an

enormous amount of internal energy which becomes apparent in the autoionization

of cold Rydberg gases. It links Rydberg gases to another strongly coupled system,

namely ultracold plasmas [Killian et al., 1999]. Early experiments showed that Ryd-

berg gases can spontaneously evolve into a plasma [Vitrant et al., 1982; Robinson

et al., 2000] and that the reverse process happens as well [Killian et al., 2001].

Soon it became obvious that the free charges can severely influence the Rydberg

atoms [Dutta et al., 2001; Walz-Flannigan et al., 2004] and a number of investiga-

tions examined the interplay between ultracold Rydberg gases and strongly coupled

plasmas [Gallagher et al., 2003].

Thus ultracold Rydberg gases span the range from coherent long-range effects to

completely incoherent motion and ionization, all being induced by Rydberg-Rydberg

interactions. This thesis investigates some of the many open questions of this field.

Chapter 2 will start with a description of the experimental conditions for ultra-

cold Rydberg physics. We will address the challenges in the coherent excitation of

Rydberg states and make an important step towards the preparation of qubits by

demonstrating Rabi oscillations between ground and Rydberg states in Chapter 3.
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The various kinds of Rydberg-Rydberg interactions will be introduced in a uniform,

qualitative description and a method to determine the interaction potentials exper-

imentally will be demonstrated in Chapter 4. In the final chapter (Chapter 5) we

will describe and measure the dynamics of resonant energy transfer in the case of

coherent many-body interactions. As will be shown, strong interactions can lead

to a suppression of excitation which marks the onset of the dipole blockade. By

contrast, the decay into a large manifold of states can lead to the opposite effect of

excitation enhancement.



Chapter 2

Ultracold Rydberg gases

With two experiments on resonant energy transfer the field of frozen, ultracold

Rydberg gases emerged in 1998 [Anderson et al., 1998; Mourachko et al., 1998].

This new system is characterized by negligible thermal motion compared to the

time and length scale of interactions and typical interatomic distances. This allowed

for the observation of phenomena specific to ultracold Rydberg gases such as many-

body effects in the transport of internal excitation [Anderson et al., 1998; Mourachko

et al., 1998; Anderson et al., 2002], ultralong-range molecular resonances [Farooqi

et al., 2003; Stanojevic et al., 2006], interaction-induced acceleration [Li et al., 2005;

Knuffman and Raithel, 2006; Amthor et al., 2006] or spontaneous evolution into

an ultracold plasma and the reverse [Robinson et al., 2000; Killian et al., 2001;

Gallagher et al., 2003].

All these experiments start with a magneto-optically trapped cloud of cold atoms.

A frozen gas of Rydberg atoms is prepared from this cloud by laser excitation which

conserves the low temperatures. State selective detection is achieved by field ioniza-

tion and subsequent detection of the resulting ions or electrons. Control parameters

include the wavelength (i.e. the initially excited state), external electric fields, and

choice of the excitation volume.

This chapter describes the ingredients for ultracold Rydberg physics as used in

our experiment. Section 2.1 gives an overview of the most important properties

of alkali Rydberg atoms concentrating on the quantitative description of Rydberg

states of alkali atoms, section 2.2 describes our cooling and trapping setup and

section 2.3 explains the excitation and detection of Rydberg states.

5
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2.1 Alkali Rydberg atoms

Highly excited states had their premiere in physics with the interpretation of the

Balmer series [Balmer, 1885], which was generalized to all levels and alkali atoms by

Johannes Rydberg who gave a formula for the wavenumbers of the observed series

as

νn` = ν∞` −
Ry

(n− δ`)2 (2.1)

where ν∞` is the series limit (with ` = 0(s), 1(p), or 2(d) denoting the sharp,

principal, or diffuse series, respectively), n is the principal quantum number, δ` is

the quantum defect and Ry became known as the Rydberg constant. These highly

excited states, now named Rydberg states, got a phenomenological interpretation by

Nils Bohr [Bohr, 1913] who gave the principal quantum number n and the angular

momentum ` a physical meaning and linked the Rydberg constant to fundamental

constants as

Ry =
Z2e4me

2(4πε0~)2
, (2.2)

with Z the nucleus charge in units of e, e the electron charge, me the electron mass, ε0

the vacuum permittivity, and ~ Planck’s constant. Although superseded by modern

quantum mechanics, the Bohr model still gives quick access to the scaling of many

experimentally interesting parameters listed in Table 2.1. Their scaling suggests the

use of atomic units (au) rather than SI-units. An overview of atomic units is given

in Table 2.2.

The scaling laws apply to alkali Rydberg atoms in the same way as they apply

to hydrogen. The main difference is that the proton in hydrogen is replaced by the

atom’s nucleus plus the inner shell electrons. The effect of this “extended core” can

be described by the so-called quantum defect [Seaton, 1983]. The quantum defect

is most accurately calculated with the extended Rydberg-Ritz formula

δn,`,j = δ0 +
δ2

(n− δ0)2
+

δ4
(n− δ0)4

+
δ6

(n− δ0)6
+

δ8
(n− δ0)8

(2.3)

with the constants applicable to rubidium given in Table 2.3. With this the energy

of rubidium Rydberg levels is given by

En,`,j = ERb
i −

RyRb

(n− δn,`,j)2
(2.4)
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Table 2.1: Selected properties of Rydberg atoms and their principal dependence

on n. Adapted from [Gallagher, 1994]. For alkali atoms the principal quantum

number n must be replaced by n
? = n− δ`. Values for 87Rb are taken from [Singer,

2004]

Quantity n dependence 87Rb @ 60D

Binding energy n
−2 3.96 meV

Ionizing field n
−4 ∼44 V/cm

Orbital radius n
2 5156 a0

Radiative lifetime n
3 215µs

Polarizability n
7 191 MHz / (V/cm)2

Table 2.2: Definition of atomic units and selected deduced quantities. The speed

of light is denoted by c, the fine-structure constant by α.

Quantity Atomic units Formula Value

Mass Electron mass me 9.11× 10−31 kg

Charge Electron charge e 1.602× 10−19 C

Length Radius of first Bohr radius a0 = 4πε0 ~
2 /mee

2 5.29× 10−11 m

Velocity Electron velocity in first orbit e2 / 4πε0 ~ = αc 2.19× 106 m/s

Deduced quantity Atomic units Value

Energy Twice the ionization energy of hydrogen 27.2 eV

Electric field Field at first Bohr orbit 5.14× 109 V/cm

Time Periodic time at first orbit 2.42× 10−2 fs
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Table 2.3: Constants for the calculation of the quantum defect of Rb. Values are

taken from [Lorenzen and Niemax, 1983] and [Li et al., 2003]. They give accurate

results for n ≥ 14 for S and P and for n ≥ 4 for D and F. Higher angular momentum

states have no quantum defect which is why they are named “hydrogen-like” states.

State δ0 δ2 δ4 δ6 δ8

S1/2 3.1311804(10) 0.1784(6) -1.8 – –

P1/2 2.6548849(10) 0.2900(6) -7.9040 116.4373 -405.907

P3/2 2.6416737(10) 0.2950(7) -0.97495 14.6001 -44.7265

D3/2 1.34809171(40) -0.60286(26) -1.50517 -2.4206 19.736

D5/2 1.34646572(30) -0.59600(18) -1.50517 -2.4206 19.736

F 0.016312 -0.064007 -0.36005 3.2390 –

with RyRb = 109736.605 cm−1 and an ionization energy (measured from the center of

gravity of the hyperfine-splitted ground state) of ERb
i = 33690.798(2) cm−1 [Lorenzen

and Niemax, 1983]. The rubidium energy levels in comparison to hydrogen are

depicted in Fig. 2.1.

The concept of the quantum defect also allows for the numeric calculation of the

electronic wavefunctions of alkali Rydberg atoms. Analogous to the hydrogen atom

we start with the Schrödinger equation for the electron (in atomic units)

(
−∆2

2µ
− Z

r

)
ψ = Eψ , (2.5)

where E is the energy of state ψ, the distance between electron and core is denoted

by r, and µ is the reduced mass of core and electron. With the ansatz

ψ =
1

r
Un`(r)Y`m(θ, ϕ) (2.6)

with Y`m being the well-known spherical harmonics, Eq. (2.5) reduces to

(
− 1

2µ

d2

dr2
− Z

r
+
`(`+ 1)

2r2µ

)
Un`(r) = EUn`(r) . (2.7)

In the case of hydrogen the eigenenergies are E = −1/(2n)2 and Eq. (2.7) has an-

alytical solutions that can be expressed in terms of associated Laguerre polynomi-

als [Sakurai, 1994]. In the case of alkali atoms the energy is set to E = −1/(n−δn`j)
2
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Figure 2.1: Energy levels of rubidium and hydrogen. Different quantum defects

lift the degeneracy for different angular momenta in the alkali atom. The principle

quantum number is placed below lines. Values are calculated with (2.4), when

applicable, or taken from [NIST, 2005], otherwise.
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Table 2.4: Constants for the calculation of the model potential in Eq. (2.8).

parameter value (atomic units)

` = 0 ` = 1 ` = 2 ` ≥ 3

αc 9.0760

rc 1.66242117 1.50195124 4.86851938 4.79831327

a1 3.69628474 4.44088978 3.78717363 2.39848933

a2 1.64915255 1.92828831 1.57027864 1.76810544

a3 -9.86069196 -16.79597770 -11.65588970 -12.07106780

a4 0.19579987 -0.81633314 0.52942835 0.77256589

and Un`j(r) is calculated by integrating Eq. (2.7) from the classically forbidden range

of large r to 0 with the Numerov method [Blatt, 1967]. For numerical reasons the

use of scaled coordinates is preferable [Bhatti et al., 1981; Singer, 2004]. One can

take effects of core polarization and penetration into account by replacing Z/r in

Eq. (2.7) by a model potential

− Z

r
→ −Z`(r)

r
− αc

2r4
[1− exp(−r

6

r6
c

)] (2.8)

with

Z`(r) = 1 + (Z − 1) exp(−a1r)− r(a3 + a4r) exp(−a2r) (2.9)

where the parameters were fitted to one-electron energy levels. The optimal values

for rubidium are listed in Table 2.4[Marinescu, 1994]. This model potential allows

to extend the evaluation of wavefunctions down to the ground state. It is shown in

Fig. 2.2 together with an example of calculated wavefunctions.

The knowledge of the electronic wavefunctions allows for the calculation of dipole

moments. In a spherical basis

µ−1 = 1/
√

2 (µx − iµy) µx = e x

µ0 = µz µy = e y

µ+1 = 1/
√

2 (µx + iµy) µz = e y

(2.10)

the components of the dipole operator ~µ can be expressed as

µq = e r

√
4π

3
Y1,q , q = 0,±1 , (2.11)
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Figure 2.2: Calculated radial wavefunctions (upper graph) of the rubidium 30P3/2

state (solid line) and the hydrogen 30P state (dashed). The relative shift at small r

yields directly the quantum defect. The lower graph compares the model potential

given in Eq. (2.8) (solid line) with the one for hydrogen (dashed line). Both potential

include the centrifugal barrier `(`+1)
2µr2 . At large r both potentials overlap completely

and appear as a single line. A difference is only noticeable for small r (inset) where

core polarization and penetration are taken into account by the model potential.
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and its expectation value can be calculated as

〈n`jmj|µq|n′`′j′m′
j〉 =

∑

ms,m′

s

〈
j,mj

∣∣∣∣`,m` −ms,
1

2
,ms

〉

×
〈

1

r
Un,`,mj−ms

∣∣∣∣ er
∣∣∣∣
1

r
U

n
′,`′,m′

j−m′

s

〉

×
√

4π

3

〈
Y`,mj−mS

∣∣∣Y1,q

∣∣∣Y`′,m′

j−m′

s

〉

×
〈

1

2
,ms

∣∣∣∣
1

2
,m′

s

〉

×
〈
j′,m′

j

∣∣∣∣`
′,m′

` −m′
s,

1

2
,m′

s

〉
.

(2.12)

The factor in the second line is referred to as the radial dipole matrix element. It

is evaluated with the calculated wavefunctions. The other terms combine to the so-

called spherical matrix element. It consists mainly of Clebsch-Gordon coefficients

and yields both relative strength and selection rules.

The calculated dipole moment can be used to determine transition probabilities

which become important in Ch. 3. The radial matrix elements between the 5P3/2

and Rydberg states (relevant for Rydberg excitation) are depicted in Fig 2.3.

The dipole matrix elements also allow for the determination of Stark shifts fol-

lowing [Zimmerman et al., 1979] by diagonalizing the Hamiltonian

H = H0 + E‡µ0 (2.13)

where E‡ denotes the electric field along the dipole-axis and H0 denotes the eigenen-

ergies of the zero-field Rydberg states, −1/2(n − δn`j)
2, which by definition of the

quantum defect already includes fine structure. An example for calculated Stark

shifts is shown in Fig. 2.4.
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Figure 2.3: Calculated radial matrix elements µrad =
〈
5P3/2

∣∣ er
∣∣
n `
〉

for the

dipole allowed transitions with ` =S, D. For n ≥ 30 the matrix elements scale as

µrad ' C` n
?−3/2. A fit of this scaling law to the calculated values yields CS =

4.508 au and CD = 8.475 au. Together with the spherical matrix elements µsph =√
1/3 for the stretched transition

∣∣5P3/2, mJ = 3/2
〉
→
∣∣
nS1/2, mJ = 1/2

〉
and

√
2/5

for the stretched transition
∣∣5P3/2, mJ = 3/2

〉
→
∣∣
nD5/2, mJ = 5/2

〉
this yields the

matrix elements used in Ch. 3.
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Figure 2.4: Calculated Stark shift for rubidium Rydberg levels around n=47 with

|mJ | = 1/2. States with angular momenta S, P and D show quadratic Stark shifts.

The hydrogen-like states (angular momenta G or higher) are degenerate and mix in

arbitrarily small electric fields. This leads to a permanent dipole-moment resulting

in a linear Stark shift. States with angular momentum F have a very small quantum

defect which is not resolved in this scale. These states mix with the hydrogen-like

manifold at very small electric fields.
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Figure 2.5: Relevant levels of 87Rb with the different laser frequencies used in our

experiment.

2.2 Experimental conditions

Experiments with ultracold Rydberg atoms need to combine the excitation and de-

tection of Rydberg states with a source of ultracold atoms. In our experiment we use

rubidium as the sample element which is cooled and trapped in a standard magneto-

optical trap (MOT) [Raab et al., 1987] loaded from dispensers (SAES Getters) inside

the vacuum chamber [Fortagh et al., 1998]. The magnetic coils are mounted inside

the vacuum system as well. A detailed description with our specific setup parameters

is given in [Tscherneck, 2002].

The light needed for cooling, trapping and optical pumping works on the transi-

tion between the
∣∣5S1/2

〉
ground state and the first excited state

∣∣5P3/2

〉
at 780 nm.

This transition is also used in our Rydberg excitation which employs a two-photon
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Figure 2.6: Overview of the laser system. The combination of switching AOMs

and frequency shifters in the spectroscopy allows for a wide range of accessible laser

frequencies. An example for the first excitation laser is given in Table 2.5.
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Table 2.5: The driving frequency νL of the AOM in the spectroscopy arm of the first

excitation laser and the driving frequency νS of the switching AOM allow for a wide

range of detunings δ from the closed transition
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F = 3

〉

which is the reference frequency of the atomic spectroscopy. Both AOMs have a

central frequency of 110 MHz. The accessible values for δ are listed for values of

νL and νs at which the AOMs are still efficient. Tuning of δ is important for the

coherent excitation schemes presented in Sec. 3.4.

νL [MHz] 75. . . 145 145 75. . . 145 145

νs [MHz] -150 -150. . . -90 90 90. . . 150

δ [MHz] 0. . . 140 140. . . 200 240. . . 380 380. . . 440

scheme
∣∣5S1/2

〉
→
∣∣5P3/2

〉
→ |n`j〉 which will be explained in the next section. The

important transitions between the different hyperfine components of the
∣∣5S1/2

〉
and∣∣5P3/2

〉
states can be seen in Fig. 2.5 and the according laser system is schemat-

ically depicted in Fig. 2.6. In short the transition between
∣∣5S1/2, F = 2

〉
and∣∣5P3/2, F

′ = 3
〉

is used for cooling and excitation. Therefore
∣∣5S1/2, F = 1

〉
is a dark

state that needs to be continuously pumped back to
∣∣5S1/2, F = 2

〉
by a repump-

ing laser (
∣∣5S1/2, F = 1

〉
→
∣∣5P3/2, F

′ = 2
〉
). We can also deliberately populate

F = 1 with a depumping laser (
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F

′ = 2
〉
), as F ′ = 2 can

decay to both F = 1 and F = 2. The pumping laser runs on the closed transi-

tion
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F

′ = 3
〉

and is used to polarize atoms by pumping the

atoms with σ+-polarization to the stretched
∣∣5P3/2, F

′ = 3,mF ′ = 3
〉

state. A laser

on the transition
∣∣5S1/2, F = 1

〉
→
∣∣5P3/2, F

′ = 0
〉

(“Hanle” laser) is used to deter-

mine and compensate stray magnetic fields with the mechanical Hanle effect [Kaiser

et al., 1991]: As the transition F = 1→ F ′ = 0 is closed, the“Hanle”laser pushes the

atoms out of the MOT region. However, for σ+ (π) polarized light, the mF = 0, −1

(mF = ±1) states do not couple to the laser light and atoms in these states will not

be pushed by the pumping beam. In order to zero the magnetic field we therefore

switch off the magneto-optical trap and turn on the “Hanle” laser for ∼ 10 ms. Af-

ter that we switch the MOT lasers back on and measure the amount of recaptured

atoms. This rate is much larger for well-defined σ+(π) polarization than for mixed

polarizations, e.g., if the pumping beam travels (almost) along +y, right-handed
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circular polarized light has σ+ polarization if and only if the magnetic field points

along ±y. Therefore the magnetic field along x/z can easily be set to zero by max-

imizing the recaptured atom numbers. The same holds for light linearly polarized

along x (magnetic field must be zero along y/z in this case). The compensating

magnetic field is produced by three mutually orthogonal pairs of coils in Helmholtz

configuration surrounding our vacuum chamber [Deiglmayr, 2006]. In order to apply

magnetic fields along the excitation beams (which run along the space diagonal of

our vacuum cube) we use a fourth Helmholtz pair that is directly mounted onto the

corresponding viewports and has 54 windings at a radius of 49 mm and a distance

of 20 cm between both coils.

All lasers are frequency locked by gas cell spectroscopy. The laser running on∣∣5S1/2, F = 1
〉
→
∣∣5P3/2

〉
is stabilized with a Doppler free saturation spectroscopy on

the F ′ = 1, 2 crossover resonance by frequency modulation [Demtröder, 2003]. All

lasers running on
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2

〉
are stabilized with modulation transfer

spectroscopy [Raj et al., 1980]. Fig. 2.7 shows a schematic of this locking scheme

and the typical modulation transfer signal. All laser beams are frequency shifted

and switched by accousto-optical modulators (AOMs). The beams are transferred

to the vacuum chamber by single-mode polarization-maintaining optical fibres to

ensure stability and reproducibility even after extensive changes in the laser setup.

We use absorption imaging and measure the MOT fluorescence to determine

atom number, atom density and temperature [Fölling, 2003]. We typically trap 107

atoms at a density of 1010 cm−3 and temperatures of 100µK. We use a MOT that is

constantly loaded with an excitation and detection cycle (described in the following

section) repeated every 70 ms.
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Figure 2.7: Electronic setup for modulation transfer spectroscopy (upper graph)

and typical spectrum (lower graph). A frequency modulated saturation beam passes

through a gas cell. An unmodulated probe beam is counter-propagating and picks

up the modulation if both laser beams saturate the transition and if both lasers

interact with the same atoms. Therefore modulation spectroscopy is inherently

Doppler-free. The demodulated probe-beam signal is proportional to the derivative

of the lamb dip. The lower graph contains a Doppler-free saturation spectroscopy

(gray line) of the 87Rb, 5S 1

2

, F = 2 and 85Rb, 5S 1

2

, F = 3 lines. The lamb dip of the

closed transitions and two crossover resonances are clearly visible in the Doppler-

broadened background. The modulation transfer signal (black line) has strong,

background-free dispersive signals at the frequency of the closed transition.
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Figure 2.8: Locking scheme for the second excitation laser at 480 nm. The lock

works on the fundamental of 960 nm and is based on an ultra-stable resonator.

To shift any arbitrary laser frequency onto a resonator mode we use a wide-range

accousto-optical modulator with a bandwidth of 500 MHz. The remaining laser

power at the detecting photodiode is as low as 100 nW. We use an avalanche pho-

todiode with an advanced transimpedance amplifier to keep a bandwidth of several

MHz.

2.3 Excitation and detection of Rydberg atoms

For Rydberg excitation we use the two-photon transition
∣∣5S1/2

〉
→
∣∣5P3/2

〉
→ |n`j〉.

Both lasers are counter-propagating with the laser at 780 nm (see Fig. 2.6) being col-

limated to a waist of 1.1 mm which ensures a constant intensity over the excitation

volume. The 480 nm beam is either focussed to a waist of 37µm with a standard

plano-convex lens or to a flattop beam profile which will be described in Sec. 3.4.2.

The source for this beam is a commercial semiconductor laser system (Toptica TA-

SHG 110) consisting of an extended cavity diode laser [Ricci et al., 1995] at 960 nm,

an amplification stage, and a frequency doubling unit. The wavelength of this laser

can be tuned to address Rydberg levels starting from n ∼ 30 up to the ionization

threshold. While all other lasers are stabilized via atomic spectroscopy, no such ref-

erence is available for the 960 nm laser which has to be stabilized over a wide range of

optical frequencies. We use an ultra-stable cavity made of Zerodurr as a reference.
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A monitor beam is tuned by a wide-range accousto-optical frequency shifter onto a

cavity mode (Brimrose GPF-800-500.960, with a bandwidth of 1 GHz in double-

pass, which is larger than the free spectral range of the resonator). The optical power

at the photodiode is as low as 100 nW but still needs to be detected with a bandwidth

of 10 MHz for frequency modulation spectroscopy. The amplification is accomplished

by the combination of an avalanche photodiode (APD, Hamamatsu S6045) and a

high gain, high bandwidth amplifier with very small bias current (Burr-Brown

OPA 657). With this scheme, depicted in Fig. 2.8, the excitation laser at 480 nm

can be stabilized to any absolute frequency with a residual drift of 2 MHz/hour.

When determining line shifts, we compensate for this drift by frequently taking

identical spectra, determining the line centers and interpolating the resonator drift.

Absolute frequencies are measured with a home-made wavemeter following a design

of the group of R. Blatt in Innsbruck [Blasbichler, 2000; Deiglmayr, 2006]. This

lambdameter is based on a Michelson interferometer in which one branch is varied

in length. By comparing the number of interference fringes of the unknown beam

with the number of fringes from a polarization-stabilized helium-neon laser we can

determine the wavelength with a relative precision of 1 : 10−7 (' 30 MHz).

A typical excitation cycle happens in the following way: Every 70 ms the MOT

magnetic field is turned off. After a time delay texp ≥ 3 ms we turn off the MOT

lasers (cooling and repumping lasers) as well. Using the thermal expansion of the

atom cloud we can vary the ground state density by changing texp. A alternative

way to change the ground state is to switch off the repumping laser before switching

off the cooling laser with a variable time tdep in between. In this manner we slowly

depump atoms out of the cooling transition into the
∣∣5S1/2, F = 1

〉
state. As this

state is far detuned from the excitation process (which starts from
∣∣5S1/2, F = 2

〉
)

this effectively changes the ground state density. By additionally switching on a

depumping laser we can accelerate this process. See Sec 2.2 for details on the laser

system. Finally the two excitation lasers at 780 nm and 480 nm are switched on with

typical pulse times between 100 ns and 1µs.

After excitation we can switch electric fields or leave the cold Rydberg cloud to

evolve depending on the effect we want to explore, before we field ionize the atoms.

For this purpose two nickel meshes (Buckbee Mears, MN-4) are placed 15 mm apart

on either side of the MOT center. These meshes are used as field plates both to

compensate residual stray electric fields and for Rydberg atom manipulation. They
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Figure 2.9: (a) Rendered image of the central vacuum chamber (“science”chamber)

design with 1) stainless steel cube (side length 123 mm), 2) MOT magnetic coils, 3)

magnetic coil planned for magnetic trapping, 4) dispenser, 5) atom cloud, 6) micro

channel plate (MCP), 7) MCP shielding grid, 8) central field grids. Description see

text. (b) Actual photograph from the same perspective.
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Figure 2.10: Schematic of the science chamber. Fluorescence and absorbtion

measurements allow for atom number, density, and temperature measurements. The

trapping lasers run at 780 nm, the atoms are released from current-heated dispensers.

Two counter-propagating laser beams (780 nm and 480 nm) are used for Rydberg

excitation. Detection is performed by field ionization and ion/electron detection

with micro channel plates.
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Figure 2.11: Rydberg spectrum around n ∼ 100. Excitation of S and D states is

dipole allowed resulting in large amplitudes. The small excitation probability of P

states is due to residual electric fields.

have an optical transmission of 95% (50µm thick wires with a spacing of 1 mm)

which allows the MOT beams to pass almost undisturbed. By applying a field

pulse of sufficient amplitude to the central field plates we ionize Rydberg atoms and

push the resulting ions onto a micro-channel plate (MCP, Topag Lasertechnik,

MCP-MA25/2). The resulting charge pulse is processed with a boxcar integrator

(Stanford Research Systems, SR250) and recorded and saved with a fast oscil-

loscope. Further details are given in [Singer, 2004]. Fig. 2.9 shows the design and a

photo of our “science” chamber which houses besides dispensers and MOT magnetic

coils also electric field grids and ion/electron detectors. Fig. 2.10 shows a schematic

clarifying the main ingredients. After detection the electric field is raised again to

suppress the accumulation of ions during the MOT reloading time. We produce

field pulses with commercial switches (Behlke, HTS 31-GSM). In order to perform

state-selective field ionization it is useful to apply field ramps instead of pulses: as

different states ionize at different electric fields they ionize at different times in a

slowly rising electric field. Thus different Rydberg states can be identified by their

arrival time on the detector. We generate field ramps by placing a low pass filter

(high-voltage resistor-capacitor pair, typical rise times ∼ 10µs) behind our switches.

Fig. 2.11 shows a typical Rydberg spectrum near n=100. It exemplifies some gen-

eral properties of our excitation scheme. Our two-photon excitation allows dipole
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transitions into S and D states resulting in high excitation probabilities. States with

angular momenta P or F and higher are excited due to residual electric fields which

can break the selection rules. Our central field grids only allow to compensate the

perpendicular electric field. Parallel field components (mainly caused by the high

voltage supply of our detector) cannot be compensated and give rise to the small

excitation probability of the 102P and 103P state. By analyzing the field depen-

dence of these lines we can compensate the perpendicular electric field determine

the residual parallel component to be ' 160 mV/cm [Singer, 2004].





Chapter 3

Coherent excitation of Rydberg

states

Ultracold Rydberg physics allow to study interactions in an environment with neg-

ligible thermal contributions. Strong interactions in turn need high Rydberg atom

densities or, in other words, high excitation rates. This chapter describes two ap-

proaches to excite an ultracold gas of Rydberg atoms in both a coherent and effective

way: Rapid adiabatic passage is a robust technique to excite the uppermost state in

a three-level ladder system with (almost) unity probability [Bergmann et al., 1998]

providing an optimal starting point to study interactions. Rabi oscillations between

the ground state and Rydberg states demand a more critical control of pulse tim-

ings and laser power. In return for these higher demands it offers the possibility to

excite any superposition between ground and Rydberg state which is an essential

prerequisite for quantum computing [Jaksch et al., 2000; Lukin et al., 2001].

Both approaches take advantage of the underlying three level ladder system.

Such a system is completely described by the optical Bloch equations (OBE) for

a three level system [Whitley and Stroud, 1976; Berman and Salomaa, 1982]. We

will introduce the OBE in Sec. 3.1 and describe Rapid adiabatic passage in Sec. 3.3.

Rabi oscillations between ground and Rydberg states were not observed before and

we will discuss the challenges and how they were mastered in Sec. 3.4.

27
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3.1 Optical Bloch equations

Our excitation scheme uses the two transitions
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F = 3

〉
and∣∣5P3/2, F = 3

〉
→ |n`j〉. By optically pumping the atoms to the stretched state∣∣5S1/2, F = 2,mF = 2

〉
we can retreat to a three-level system depicted in Fig. 3.1.

The relevant parameters are the Rabi frequencies ω and Ω of the lower and upper

transitions, the laser detunings δ and ∆ and the (radiative) lifetimes γ and Γ. In

the case of no decay (Γ = γ = 0) this system is described by the Hamiltonian (in

the dressed atom picture) [Berman and Salomaa, 1982]

H =




0 ω/2 0

ω/2 δ Ω/2

0 Ω/2 ∆̃


 (3.1)

with the two-photon detuning ∆̃ = δ+∆. Including radiative decay, we can describe

the three-level system with the optical Bloch equations (OBE) [Whitley and Stroud,

1976; Berman and Salomaa, 1982] which gives the following relation for the entries

of the density operator:

d
dt
ρ11 = i

ω

2
(ρ12 − ρ21) + γ ρ22

d
dt
ρ22 = i

ω

2
(ρ21 − ρ12)− γ ρ22 + i

Ω

2
(ρ23 − ρ32)

d
dt
ρ33 = i

Ω

2
(ρ32 − ρ23)− Γ ρ33

d
dt
ρ12 = −

(γ
2
− i δ

)
ρ12 + i

ω

2
(ρ11 − ρ22) + i

Ω

2
ρ13

d
dt
ρ23 = −

(
γ + Γ

2
− i ∆

)
ρ23 + i

Ω

2
(ρ22 − ρ33)− i

ω

2
ρ13

d
dt
ρ13 = −

(
Γ

2
− i ∆̃

)
ρ13 + i

Ω

2
ρ12 − i

ω

2
ρ23

ρij = ρ∗ji i, j = 1, 2, 3 .

(3.2)

Note that for a finite Γ the trace Tr(ρ) < 1 because the radiative decay of the

Rydberg state is predominantly into nearby Rydberg states [Gallagher, 1994] and

therefore out of the three-level system. However the radiative lifetime of the shortest

lived state we can excite, i.e. the 30S state, is 15µs [Gallagher, 1994]. This is long

compared to all other involved timescales and we can usually set Γ = 0. In order
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to quantitatively evaluate the OBE we need to determine all other parameters.

The radiative lifetime of the intermediate level γ = 2π × 6.065 MHz is taken from

literature [Steck, 2001], while the detunings are given by our experimental settings,

namely the frequencies applied to accousto-optical modulators. The Rabi frequencies

can be calculated from the measured intensity as

Ω = µ

√
2 I

c ε0

(3.3)

with µ the dipole matrix element and I the laser intensity. Although this allows

for the calculation of the Rabi frequency we want to have a direct measurement

of the Rabi frequencies for two reasons. First, the measurement of beam profiles

is susceptible to systematic errors. Secondly, although we can calculate µ for the

upper transition as described in Sec. 2.1 there has been no comparison between

experimental and theoretical values yet. However, we can obtain an independent

measurement of the Rabi frequency by evaluating Autler-Townes splittings.
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Figure 3.1: Relevant levels for the reduction to a three-level system. By depump-

ing and/or repumping we can move atoms between the F = 1 and F = 2 hy-

perfine component of the ground state. With a σ+-polarized laser running on the

closed transition
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F

′ = 3
〉

we pump atoms in the F = 2

to the stretched state
∣∣5S1/2, F = 2, mF = 2

〉
. With this well-defined starting point

we can (depending on the relative helicity of both excitation lasers) reduce the

atom to a three-level system when exciting nS1/2 and nD5/2 states. Note that∣∣5P3/2, F = 3, mF = 3
〉
=
∣∣5P3/2, mJ = 3/2, I = 3/2, mI = 3/2

〉
. The remaining sub-

system with all relevant parameters is outlined on the right.
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3.2 Autler-Townes splitting

When we only consider the lower transition the Hamilton of Eq. (3.1) reduces to

H =

(
0 ω/2

ω/2 δ

)
(3.4)

with the eigenvalues

E±/~ =
δ

2
±

√(
δ

2

)2

+
(ω

2

)2

. (3.5)

For large detunings Taylor expansion gives a shift of

∆E/~ =
ω2

4 δ
(3.6)

which is known as the AC-Stark shift [Cohen-Tannoudji, 1998]. In the case of δ = 0

the eigenenergies are E± = ±~ω/2. Thus, if we use the upper transition as a

weak probe measuring the population of the intermediate state, we will observe

two resonances at detunings of ∆ = ±ω/2 instead of a single resonance at ∆ = 0.

Therefore this so-called Autler-Townes doublet [Autler and Townes, 1955; Teo et al.,

2003] is a direct measure for the Rabi-frequency.

Fig. 3.2 shows a measured Autler-Townes splitting of the lower transition. Re-

markable is the high intensity at zero detuning and the large width of both compo-

nents which is much larger than the expected linewidth of γ = 2π× 6.065 MHz. We

can explain this with the blue laser intensity. For large intensities the probe beam is

no longer a weak perturbation and the Autler-Townes doublet becomes a single line

again. This is shown in Fig. 3.3(b) which depicts the theoretical spectrum of the

upper transition for different Rabi frequencies as gained from the numerical integra-

tion of the OBE. For low intensities (lower graphs) we see a well separated doublet,

for increasing intensities (upper graphs) this turns into a single line. While the

beam driving the lower beam is collimated and larger than the beam for the upper

transition, its intensity (and Rabi frequency) is constant over the excitation volume

defined by the overlap of both beams and the atomic cloud (see Sec. 2.2). At the

typical intensities absorption in the MOT leads to an attenuation by no more than

10%. In our models we therefore assume the red Rabi frequency to be constant over

the excitation volume. By contrast the blue beam is focussed to a waist of 37µm

and atoms at different positions in the Gaussian profile of the laser beam experience



32 Chapter 3. Coherent excitation of Rydberg states

-30 -20 -10 0 10 20 30 40

0

0.2

0.4

0.6

0.8

1
R

y
d
b
er

g
si

gn
al

[a
rb

.u
.]

relative blue frequency [MHz]

Figure 3.2: Autler-Townes splitting of the lower transition. The probe beam

excites the 45S1/2 state. Shown are measured data (dots) and calculated curves

for Ωpeak = 2π × 13 MHz (solid line), Ωpeak = 2π × 15 MHz (upper dashed), and

Ωpeak = 2π × 9 MHz (lower dashed). The red Rabi frequency is ω = 2π × 30 MHz

for all calculated curves.

different Rabi frequencies for the upper transition. We take this into account by

calculating the spectra at different distances R from the focus and averaging with a

geometrical weight π R2 ∆R. Fig. 3.3(a)-(c) exemplifies this procedure. The central

Rabi frequency Ωpeak is a free parameter and by comparing the theoretical results for

different values of Ωpeak with the measured Autler-Townes spectrum we can identify

both the Rabi frequency of the lower and upper transition as seen in Fig. 3.2.

In all model calculations we take the temporal pulse shapes of both lasers into

account. We record the pulse shapes of the excitation lasers with a fast photodiode

and fit error functions to the obtained signals. Fig. 3.4 shows two example curves.

The Rabi frequencies in the model are parameterized as Ω(t) = Ω0

√
I(t)/Imax, where

I(t) is the fitted pulse shape and Ω0 is a parameter determining the maximum Rabi

frequency.

The measured Autler-Townes spectrum is reproduced best for a blue Rabi fre-

quency of Ωexp
peak/2π = 13 +2

−4
MHz. We can compare this with a theoretical value

following Eq. (3.3). The peak intensity I is given by the incident power P and

the beam waist w0 as I = 2P/πw2
0. With the measured values for P and w0 this
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Figure 3.3: Spatial averaging of the Autler-Townes splitting over a Gaussian profile

of the blue beam. The uniform red Rabi frequency is ω / 2π =30 MHz, the peak blue

Rabi frequency is Ωpeak / 2π =13 MHz. (a) The Gaussian profile of the beam driving

the upper transition is split into ten rings. For each of these rings with average radius

R, the local Rabi frequency Ω / 2π is determined. (b) With this blue Rabi frequency

the spectrum of the upper transition is calculated (the curves are offset for better

visibility). (c) Finally all spectra are incoherently added with a weight proportional

to the size of each ring (∝ ∆R×Ri).
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Figure 3.4: Recorded pulse shapes and fitted error functions for the first (dashed)

and second excitation laser (solid).

yields I = 2.3 ± 0.1 × 106 mW/cm2. The value for the dipole transition matrix

element is computed according to section 2.1 as µ = 5.5 × 10−3 ea0. This yields a

Rabi-frequency of Ωtheo
peak/2π = 16.1 MHz which is in reasonable agreement with the

experimental value.
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3.3 Rapid adiabatic passage

In order to excite the uppermost state in a three-level ladder system with (almost)

unity probability, rapid adiabatic passage (RAP) has proven to be a versatile and ro-

bust technique [Bergmann et al., 1998]. The system interacting with a bichromatic

laser field exhibits a dark state formed by a coherent superposition of the ground and

uppermost excited state which is adiabatically transformed by temporally changing

the intensity of the laser fields. The dark state contains no admixture of the in-

termediate state at any time. One important signature of RAP is unity excitation

when the two laser pulses are applied in the counter-intuitive sequence: The pulse

for the upper transition is applied first, whereas the pulse for the lower transition is

turned on while the first pulse is being turned off. There are two criteria that need

to be fulfilled in order to make this process efficient [Bergmann et al., 1998]: The

“local adiabaticity criterion”
∣∣∣ d
dt

arctan
ω

Ω

∣∣∣�
√
ω2 + Ω2 (3.7)

essentially demands that the synchronous turning off of the upper laser and turning

on of the lower laser is slow enough for the atom to follow the dark state adiabatically.

The empirically determined“global adiabaticity criterion”demands sufficiently large

Rabi frequencies:

Ω ∆τ > 10 (3.8)

where ∆τ is the period during which the pulses overlap and Ω is the effective Rabi

frequency

Ω =

√√√√√ 1

∆τ

∆τ∫

0

(ω2 + Ω2) dt . (3.9)

Recently three-level RAP in an ultracold Rydberg gas was demonstrated in the

group of Georg Raithel in Michigan [Cubel et al., 2005]. In this section we present

similar measurements extending the approach of the Michigan group. In particular,

we examine the excitation of a different angular momentum state and compare the

measurements with a model similar to the previous section.

Fig. 3.5 shows how the Rydberg signal depends on the relative delay of the red

(lower transition) and blue (upper transition) laser pulse. Negative times corre-

spond to the counter-intuitive sequence (blue starts before red pulse), a delay of
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Figure 3.5: Rydberg signal for different delays between the two pulses of the red

(780 nm, lower transition) and blue (480 nm, upper transition) excitation lasers.

Zero delay corresponds to the maximum overlap of both pulses, negative delays

correspond to the counter-intuitive sequence, where the blue pulse precedes the

red pulse. Shown are the measured Rydberg signals which are larger for negative

delays which is the identifying signature of STIRAP. By driving two consecutive,

identical pulse sequences we can deduce the excitation efficiency as seen in Fig. 3.6.

Shown here is the signal after the first excitation sequence (•) and after the second

excitation sequence when the blue lasers was turned off during the first sequence (◦).
The identical behavior is important to exclude systematic effects from the detection

(field pulse) of the first excitation or possible dynamics in the ultracold atom cloud.
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Figure 3.6: Rydberg signal for different delays between the two consecutive ex-

citatiion sequences. Shown are the measured Rydberg signals after the first (�)

and the second (◦) excitation sequence. Calculated curves are shown for a blue

Peak-Rabi-Frequency of 2π × 13 MHz (solid curve), 2π × 11 MHz (upper dashed)

and 2π × 15 MHz (lower dashed).

0 ns corresponds to maximum overlap of both pulses, as displayed in Fig. 3.4. The

maximum signals are obtained on the counter-intuitive side which is a signature of

rapid adiabatic passage. In order to deduce this excitation efficiency, we perform

two consecutive excitation sequences: Following a first excitation we apply a 15µs

long 1 kV high voltage pulse to the central field plates that ionizes all Rydberg atoms

and results in a first detector signal. 15µs after this field pulse the excitation and

detection sequence is repeated exactly as the first time resulting in a second signal

from the same cloud of atoms. Fig. 3.5 shows that the first excitation sequence

results in the same signal as the second one when the blue laser is not turned on in

the first excitation. This shows that neither the detection (field pulse) of the first

excitation nor possible dynamics in the ultracold atom cloud influence the second

excitation.

When both excitation sequences are performed we can deduce the excitation

probability from the ratio of the two consecutive detector signals without knowledge
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Figure 3.7: Calculated spatial dependance of the RAP-excitation efficiencies for

a homogenous red beam with Ωa = 2π × 30 MHz, a blue Gaussian beam with a

waist of 36.8 µm and a peak Rabi frequency of Ωb,peak = 2π × 13 MHz (solid line) ,

2π × 11 MHz (dashed line), and 2π × 15 MHz (dotted line). The delay is -100 ns.

of the absolute atom number which would involve the uncertainty of the detection

efficiency. Fig. 3.6 shows the measured Rydberg signal of the first and second pulse

sequence for different delays between the blue and red pulse. The second sequence

(open circles) leads to a constantly smaller signal as it can only excite the remaining

atoms that were not excited by the first sequence. We have numerically integrated

the OBE again averaging over the different Rabi frequencies in the Gaussian profile

with the value Ωpeak as the only free parameter. At each distance R we calculate the

excitation probability pR. The second pulse will then provide a signal proportional

to pR×(1−pR). We can thus model the signal for both the first and second pulse, as

in Sec. 3.2, by a weighted average over different values of R and find the best overlap

with the experiment at Ω0 / 2π = 13±2 MHz (see Fig. 3.6). Fig. 3.7 shows that this

yields an excitation efficiency in the focus of 90%. Again this experimental value for

the Rabi frequency is in good agreement with the values deduced in Sec. 3.2.

For positive delays the measured signals are much larger than predicted by the

calculation. This is the region where the blue laser is still on after the red laser

was turned off. As the intermediate state has a very short lifetime of 26 ns this

leads to a population inversion and all excited atoms should be efficiently pumped

back to the ground state. The larger than expected signal can be partly explained

by radiation trapping in the optically dense cloud: Spontaneously emitted photons
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Figure 3.8: Rydberg population for different blue pulse lengths. For the short-

est pulse length the blue laser pulse ends before the red laser is turned on, for the

longest pulse length the red laser is turned off long before the blue laser (see inset).

The number of Rydberg atoms rises until blue and red laser are turned off at the

same time (dashed line). If the blue laser is still on after the red laser is turned off,

the intermediate state population decays immediately (τ = 26 ns) and population

inversion between Rydberg state and intermediate state occurs. The blue laser stim-

ulates emission from the Rydberg state into the empty intermediate state leading

to a “quenching” of the Rydberg population. After deexcitation of approx. 45% of

the initial Rydberg population, the further dynamics is dominated by the natural

decay of the Rydberg state.
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are reabsorbed by surrounding atoms, thus effectively increasing the lifetime of the

intermediate state [Labeyrie et al., 2003]. However we can artificially establish the

same situation by making the blue laser pulse longer than the red pulse. Fig 3.8

shows the Rydberg signal depending on the blue pulse length. Up to 1µm the

Rydberg signal rises. This is the point where the lower transition laser is turned off.

For longer pulse length, the blue laser pumps Rydberg atoms back to the ground

state. However, this so-called “quenching” is not efficient and about 50% of the

atoms remain in Rydberg states. This can be explained by the fact that our atoms

do not represent an ideal three-level system. Rydberg atoms in the target state

may be redistributed to other Rydberg states by Rydberg-Rydberg interactions as

was discussed by the Michigan group [Cubel et al., 2005]. Their similar observation

of a large signal for positive delays for the excitation of 44D5/2 atoms via rapid

adiabatic passage was explained by an (almost) resonant energy transfer process

(see the following chapters). However, no such energy transfer process is close to

resonance for the 45S1/2 state used here. Therefore the reason for the large signal

remains unclear. We will see in the next section that in the case of small mesoscopic

atom clouds complete quenching is possible.
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3.4 Rabi oscillations

A few years ago ultracold gases were the basis for a proposed implementation of fast

quantum gates [Jaksch et al., 2000; Lukin et al., 2001]. However, the realization of

single qubit operations with Rydberg atoms has proven to be particularly demand-

ing, as coherent superpositions between the electronic ground state and Rydberg

states were not realized so far. In this section we discuss the involved challenges and

how they were mastered.

3.4.1 Excitation with an inhomogeneous beam profile

The optical Bloch equations for a three-level system (given in equation (3.2)) can

be greatly simplified under the assumption

|δ|, |∆| � ω,Ω, γ, |∆̃| and Γ3 ' 0 (3.10)

which means that the excitation is close to the two-photon resonance but far de-

tuned from the intermediate state and that the only relevant incoherent process is

the spontaneous decay from the intermediate state into the ground state. Under

these circumstances the intermediate state has a vanishing population and can be

adiabatically eliminated from the OBE in Eq. (3.2) [Shore, 1990]. The remaining

equations correspond to the optical Bloch equations for a two-level system:

d
dt
ρ11 =

i

2
Ωeff (ρ13 − ρ31)

d
dt
ρ33 =

i

2
Ωeff (ρ31 − ρ13)

d
dt
ρ13 =

i

2
Ωeff (ρ11 − ρ33)− i ∆eff ρ13

(3.11)

with the effective Rabi frequency

Ωeff =
ωΩ

2 δ
(3.12)

and the effective detuning

∆eff = δ + ∆− ω2

4 δ
− Ω2

4 ∆
, (3.13)

where the first two terms constitute the two-photon detuning and the last two terms

result from the AC Stark shift. Note that the lifetime γ of the intermediate level
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Figure 3.9: Spectroscopy of the excitation into the 35D5/2 Rydberg state for dif-

ferent detunings δ / 2π of the lower transition. The Rydberg excitation is large for

darker grey, and zero for white. At δ = 0 the Autler-Townes doublet is visible. The

two components show different behavior for increasing δ. One component at ∆ ∼ 0

corresponds to an incoherent stepwise excitation and quickly fades out. By contrast,

coherent two-photon excitation (∆ = −δ) is clearly visible even at large detunings.

does not play any role and that equation (3.12) allows to vary the effective Rabi

frequency over a large range of values. Our three-level system has therefore been

reduced to a two-level system with tunable Rabi frequency.

The fact that this excitation scheme is indeed efficient can be seen in Fig. 3.9.

It shows the spectrum of the 35D5/2 line for different detunings of the red laser.

For zero detuning one observes the Autler-Townes splitting of the lower transition

probed by the blue laser. As the detuning is increased, one of the two Autler-Townes

components turns into a coherent two-photon line discussed above, while the other

one belongs to a two-step excitation, in which the blue laser excites atoms from

the intermediate level off-resonantly populated by the red laser. This line, corre-

sponding to incoherent excitation, quickly fades out with increasing detuning and is
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Figure 3.10: Excitation probability for increasing laser pulse length. The dashed

line shows the solution of the OBE considering our experimental pulse forms, a

detuning of δ / 2π = 78 MHz and assuming constant Rabi frequencies of ω / 2π =

43 MHz and Ω / 2π = 18 MHz. The solid line corresponds to a model averaging

over the Gaussian laser beam profile of the blue laser. The circles correspond to

experimental data with the same parameters. The data is arbitrarily scaled in height

with the scaling factor reflecting the detector efficiency.

already hardly discernible at detunings exceeding δ / 2π = 60 MHz. In contrast, the

amplitude of the two-photon line at the largest detuning of δ / 2π = 380 MHz is still

clearly visible.

In spite of the coherent nature of the two-photon excitation, the Gaussian beam

profile prevents the observation of Rabi oscillations. This is exemplified in Fig. 3.10.

We can first model the excitation probability for a single blue Rabi frequency with

our experimental parameters shown as a dashed line in Fig. 3.10. This corresponds

to the intensity at the center of our laser beam profile. The slow decay of the ampli-

tude can be attributed to the small but finite admixture of the intermediate state.

Averaging over all Rabi frequencies present in our laser beam yields the solid line

in Fig. 3.10 with an almost complete cancelling of the oscillations. A corresponding

measurement is overlapped with this model showing very good agreement. Pulse du-

rations below 100 ns are not accessible due to the finite switching times of the AOM.
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From the time dependence of Fig. 3.10 we infer that each individual atom interacting

with the laser beam indeed performs Rabi floppings, but with varying frequencies

depending on the position within the Gaussian beam profile. As we need the full

power of the blue laser beam in order to achieve high enough Rabi frequencies we

have to shape the beam into a flat-top profile combining a focussed high-intensity

beam with a constant intensity distribution over the excitation volume if want to

observe the synchronous Rabi oscillation of several atoms.

3.4.2 Shaping of the excitation beam

There are several ways to reach a uniform intensity profile (so-called “flat-top” or

“top-hat”) profile. The simplest is filtering either by a pinhole (which selects only

the central part of the Gaussian beam profile) or by an inverse Gaussian gray fil-

ter [Chang et al., 1998] (which strongly attenuates the beam in the center and is

transparent at the edges). In both cases typically 90% of the incident power is dis-

carded which is not tolerable in our case due to the small dipole matrix element

between ground and Rydberg state.

Refractive beam shaping elements geometrically transform an incoming intensity

distribution (in our case a Gaussian beam profile) into a desired outgoing intensity

distribution (in our case a flat-top) by aspherical lenses. Optical elements that ad-

ditionally transform the phase-front are called diffractive optical elements or holo-

grams. A purely diffractive optical element (DOE) which only changes the phase of

the light field is also called a “kinoform”. One prominent example for DOEs are liq-

uid crystal displays that have been successfully used for dynamically created optical

dipole traps (e.g. [Bergamini et al., 2004]) or for manipulating microscopic objects

with “optical tweezers” [Grier, 2003]. However, dynamic light modulators are very

expensive and generally suffer from a limited diffraction efficiency below 40 %. We

decided to use a static optical element etched from a silicate glass plate. Although

refractive in nature, the element is usually referred to as a DOE due to the manu-

facturing process. Details and discussion on design issues are given in [Deiglmayr,

2006].

The DOE used in our experiment was designed and manufactured by the “In-

stitut für Technische Optik” in Stuttgart (ITO, contact: Christof Pruss). The

main refractive power is realized by a sapphire plano-convex lens (Casix 073PLCX-
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Figure 3.11: Simulation of a geometrical transformation from a Gaussian beam

(waist-radius 6.4mm) into a flat-top with 25µm radius at different distances from

the DOE (z = 0 corresponds to the DOE surface). The finite aperture of the system

is not taken into account. Image (c) corresponds to the design distance. The region

where the rays start to cross each other (red dots) is called “caustic”.
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Figure 3.12: Dependence of the shaped beam on the distance from the DOE for

480 nm. Shown are CCD-images at different distances and corresponding beam

profiles (position marked by dashed line in CCD image). I0 (Imax) corresponds to

a pixel value of 0 (255).

25.4/51.5Q1) which is responsible for the beam focussing. The DOE responsible

for the intensity redistribution is cemented onto the lens. This ensures that the

alignment of the beam-shaping element in an optical setup is less critical. Fig. 3.11

exemplifies the principle of the DOE. The input beam (by design a collimated beam

with a Gaussian waist of 6.5 mm) is experimentally realized by collimating the out-

put of a single-mode, polarization maintaining fiber (OzOptics QPMJ-3A3A-488-

3.5/125-3-10-1) with a 1”-achromat (Casix ACL0303) with a focus length of 80 mm.

All elements from the fiber coupler to the DOE are mounted in a rigid case that was

pre-aligned and characterized using a low cost consumer USB web camera (Philips

ToUCam Pro PCVC740K) which was modified for our purposes in the following

way:

• The color CCD chip (Sony ICX098BQ) was replaced by its monochrome

equivalent (Sony ICX098BL) to recover the full spatial resolution of 5.6µm

per pixel.

• A glass window protecting the semiconductor surface of the CCD-chip was

removed because it produces Fraunhofer diffraction rings when illuminated
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with coherent light and strongly disturbes the measurement. This inevitably

caused a significant but still acceptable number of inactive (black or white)

regions on the sensor (approx. 10 % of the sensor area).

• The firmware of the CCD camera was modified with the software tool WmRmac

[Burri and Bonduelle, 2005] to produce raw, uncompressed and unprocessed

images.

• The whole camera was built into a new housing that allows the camera to be

easily employed within a standard optical setup.

• For image acquisition a demo version of the “MontiVision Development Kit”

was used [Ingenieurbüro Cymontkowski, 2005]. This DirectShowTM-based

tool kit provides an interactive development environment called “MontiVision

Workbench” which allows easy implementation of complex image processing

tasks. Filters for centering the laser beam, zooming, rotating, measuring beam

profiles and capturing of bitmap-files can be easily arranged in the desired se-

quence and are applied to the acquired images in realtime.

Representative beam profiles after pre-alignment are shown in Fig. 3.12. The best

approximation of a flat-top was found 640µm in front of the focus. This is a crucial

value that we will use later for alignment with respect to the MOT.

After pre-alignment the cage housing the DOE is mounted directly onto the

vacuum setup as shown in Fig. 3.13. This yields a maximum in stability. To align

the DOE with respect to the MOT we can move the enclosing cage within this

setup by three high precision adjustment screws (NewPort AJS100-0.5H) with a

thread pitch of 0.25 mm per turn. With the two outer screws the angle of the beam

can be controlled with a lateral resolution of up to 15µm at the MOT position.

Longitudinal alignment can be achieved via turning all three screws by the same

angle. We estimate to reach an alignment accuracy of 50µm.

Note that the flat-top is realized at only one, rather well-defined, distance from

the DOE (see Fig. 3.12). We therefore need to limit the excitation volume to this

region.
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Figure 3.13: Mounting of the DOE. The cage containing (a) fiber coupler, (b)

achromat, (d) xy-translation stage, and (e) the DOE can be disconnected from the

rest of the setup which consists of (c) high precision screws for alignment relative

to the MOT and (f) the direct fixation to the vacuum chamber.
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Figure 3.14: Selection of a mesoscopical subensemble of atoms. First the whole

cloud is pumped to a dark state. A small tube of atoms perpendicular to the excita-

tion beams is repumped back to the bright state. The repumping beam overlaps the

blue laser at the position of the flat-top. The overlap defines the excitation volume.
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3.4.3 Selection of a mesoscopic ensemble

The straightforward way to select the flat-top region as the excitation volume is to

cross both excitation lasers. However, there are two objections. First, one would

have to shape the red excitation laser as well. Secondly, we need to define one

single transition pathway from the ground state to the Rydberg state as different

transitions have different spherical matrix elements and we would again average over

several Rabi frequencies. The best way to meet the second demand is to use counter-

propagating beams with circular polarization and use optical pumping to prepare the

atoms in the stretched ground state
∣∣5S1/2, F = 2,mF = 2

〉
. This allows us to excite

atoms either to nS states via
∣∣5S1/2, F = 2,mF = 2

〉 σ+

−→
∣∣5P3/2, F = 3,mF = 3

〉 σ−

−→
∣∣
nS1/2,mJ = 1/2

〉
or nD states via

∣∣5S1/2, F = 2,mF = 2
〉 σ+

−→
∣∣5P3/2, F = 3,mF = 3

〉

σ+

−→
∣∣
nD5/2,mJ = 5/2

〉
as depicted on the left of Fig. 3.1.

With this scheme in mind we define the excitation volume in the following way

(also sketched in Fig 3.14): After switching off magnetic field and the MOT laser,

we depump all atoms to the dark |5S1/2, F = 1〉 ground state. Afterwards a small

cylindrical tube of atoms is pumped with a tightly focused repumping beam with

a waist of 10µm back to the
∣∣5S1/2, F = 2

〉
manifold. These and only these atoms

are optically pumped to the stretched state
∣∣5S1/2, F = 2,mF = 2

〉
by σ+-polarized

laser light resonant to the closed transition
∣∣5S1/2, F = 2

〉
→
∣∣5P3/2, F = 3

〉
. Finally

these atoms are excited into Rydberg states by two-photon excitation of the counter-

propagating excitation laser beams. As the red excitation laser is much larger than

the blue one, the excitation volume is given by the overlap between the 480 nm

laser and the repumping laser. From the measured beam profiles we infer an exci-

tation volume of about 10µm× 10µm× 100µm which at our density of 1010 cm−3

corresponds to 100 atoms.

The excitation scheme also allows us to align the lasers in the following way: We

first overlap the foci of the repumping and the blue excitation laser by minimizing

their overlap, i.e. the excitation volume (at a constant density the Rydberg signal

is proportional to the excitation volume). Afterwards we move the repumping beam

onto the flattop as we know the distance between the focus and the region of the

closest approximation of a flattop. We estimate to reach an alignment accuracy of

50µm.
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Figure 3.15: Rabi oscillations of atoms excited to the 31D5/2 state at a detuning

from the intermediate state of δ / 2π = 140 MHz and a Rabi frequency for the lower

transition of ω / 2π = 55 MHz. Each dot corresponds to an average of measure-

ments over 28 experimental repetition cycles. The dashed line shows the simulated

excitation probability averaged over the measured intensity distribution. The solid

line is the solution of the optical Bloch equations for a two-level system with an

effective laser linewidth of 2.4MHz. The MCP signal is given in V ns, and the axis

is scaled to give the best agreement with the simulated curve with the scaling factor

constituting the detector efficiency.

3.4.4 Synchronous Rabi floppings of a mesoscopic ensemble

Fig. 3.15 shows the measured fraction of excited Rydberg atoms in the 31D5/2 state

as a function of excitation time. Rabi oscillations are clearly visible, but the contrast

is smaller than unity and the oscillation amplitude is significantly damped. For S-

as for D-states, similar behavior is observed. As discussed above we can reduce

our three-level system for sufficiently large detunings to a two-level system with

an effective Rabi frequency from Eq. (3.12) Ωeff = ωΩ / 2δ. We have verified this

dependence by measuring the effective Rabi frequencies for different detunings from

the intermediate level. As seen in Fig. 3.16 we find very good agreement with the

expectation for an effective two-level system.

We can also compare the experimental values of the Rabi frequencies to the ab-

initio calculations of Sec. 2.1. This yields a concise test of the predicted transition
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Figure 3.16: Measured effective Rabi frequencies Ωeff / 2π for different detunings

δ / 2π from the intermediate state. The solid line shows the theoretical prediction for

a blue Rabi frequency Ω / 2π = 27 MHz and a red Rabi frequency ω / 2π = 55 MHz

as deduced from an Autler-Townes splitting.

Table 3.1: Comparison between measured Rabi frequencies and calculations based

on ab-initio transition matrix elements (see Sec. 2.1.

final state Ωexp / 2π Ωtheo / 2π

30D5/2 32.8± 1.7 MHz 37.6 MHz

31S1/2 18.9± 0.6 MHz 19.3 MHz

matrix elements. Table 3.1 shows the comparison between the experimental values

and the theoretical prediction. While there is excellent agreement for the 31S state,

the measured value for the 30D state is slightly smaller than expected. We attribute

the deviation to stray electric fields which induce an admixture of other mJ -states

effectively reducing the spherical matrix element. This effect does not perturb the

S1/2 state as mJ = 1/2 is the only dipole coupled state and Stark coupling on the

intermediate 5P3/2 state is negligible.

Three factors may cause the reduced contrast and the damping of Rabi oscilla-

tions: the residual inhomogeneity of the flat-top intensity profile, redistribution of

Rydberg atoms to other states, and the finite linewidth of the laser source. Only the
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Figure 3.17: Quenching of Rydberg atoms by stimulated emission. At 150 ns, the

laser at 780 nm for the lower transition is turned off, and Rydberg atoms in the

32S1/2 are stimulated to the 5P3/2 state by the laser light at 480 nm. Experimen-

tal values of the total Rydberg population with corresponding statistical error are

shown as dots. The solid line shows the excitation probability of the 32S1/2 state

as predicted by a model calculation with no free parameters. The scaling factor for

the MCP signal was determined by comparing the corresponding Rabi oscillation

to a simulated curve as in Fig. 3.15.

last effects are sources of decoherence for all atoms while the first one only represents

ensemble averaging with full coherence for each individual atom.

We can again simulate the influence of the residual intensity distribution on the

damping of the Rabi oscillations by solving the OBE for the three-level system and

averaging over blue Rabi frequencies according to the measured intensity distribution

shown in Fig. 3.12. The only free parameters are the detection efficiency of the MCP

and the average Rabi frequency of the upper transition. A resulting simulation is

shown as a dashed line in Fig. 3.15 showing damped Rabi oscillations with reduced

contrast as a result of the averaging over different Rabi oscillations and a small

but finite population in the intermediate state. However the slightly inhomogeneous

distribution of Rabi frequencies is not responsible for the reduced measured contrast.

We can determine the redistribution of Rydberg atoms to other states in the same

way as in Sec. 3.2 by measuring the quenching for the 32S1/2 state. As shown in
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Fig. 3.17 this process can be ruled out for a small mesoscopic ensemble: In contrast

to the case of a macroscopic cloud shown in Fig. 3.8, Fig. 3.17 shows that the total

number of Rydberg atoms is fully quenched by stimulated emission in the case of a

mesoscopic cloud. In addition, the temporal evolution of the Rydberg signal is in

excellent agreement with the solution of the Bloch equations for a pure three-level

system. Note that there are no free parameters in the model as detection efficiency

and blue Rabi frequency were independently determined from Fig. 3.15.

The third and main contribution to the reduced contrast is the finite bandwidth

of the laser sources which are specified as 2 MHz for the blue and 1 MHz for the

red excitation laser. In fact one can model the measured Rabi oscillations as a 2-

level system again taking the intensity distribution of the flattop into account and

modelling the laser bandwidth as an effective incoherent linewidth of 2.4 MHz in the

OBE. The model calculation is shown as a solid line in Fig. 3.15 displaying excellent

overlap with the measured time dependence. The limiting finite bandwidth of our

laser system can easily be solved in future experiments by improving the frequency

stability of our laser systems.

These experiments constitute the first observation of Rabi floppings between

the electronic ground and Rydberg states. They enable us to perform well-defined

experiments with mesoscopic clouds of Rydberg atoms. We will see in Ch. 5 that

they constitute a unique starting point for experiments with coherently interacting

cold Rydberg gases. The experiments described in Ch. 4 and Sec. 5.1 were performed

with the more easily prepared macroscopic cloud excited with an unshaped, focussed

laser beam.





Chapter 4

Pair interactions between Rydberg

atoms

As ultracold Rydberg gases have (almost) no thermal motion and negligible thermal

energy the dynamics of these systems is purely governed by Rydberg-Rydberg inter-

actions. In this chapter we will discuss some of the properties of these interactions.

We will see that, depending on specific settings, all interactions are in leading order

dipolar interactions either between induced, resonant, or permanent dipoles. The

common ground and the differences between these cases will be discussed in Sec. 4.1.

An experimental technique to probe and measure pair interaction potentials will be

described in Sec. 4.2. This also includes a discussion on an important source of

decoherence in ultracold Rydberg gases.

4.1 Dipolar interactions

The interaction energy of two classical dipoles ~µ1 and ~µ2 is given in atomic units

by [Jackson, 1975]

E =
~µ1 · ~µ2

|~R|3
− 3

(
~µ1 · ~R

)(
~µ2 · ~R

)

|~R|5
, (4.1)

where ~R denotes the distance vector between the dipoles. In quantum mechanics, the

dipole moment ~µ is replaced by the dipole matrix element ~µ = 〈φ1 |e~r|φ2〉 between

the states |φ1〉 and |φ2〉. Ignoring the spatial alignment of the dipoles we get the

55
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Figure 4.1: Subsystem of Rydberg states |p〉, |s〉 and |s′〉 with p and s denoting

different angular momenta. Although the atomic states may have large energy

differences, the pair states |p p〉 and |s s′〉 are almost degenerate with a small energy

difference ∆. This subsystem of dipole coupled states is highlighted by the dotted

circle and discussed in the text.

interaction potential of two atoms in states |φ1〉 and |φ2〉 as

Vdd ∝
1

R3

∑

|φ′

1〉,|φ′

2〉
〈φ1 |µ1|φ′

1〉 〈φ2 |µ2|φ′
2〉 =

∑

|φ′

1
φ′

2〉

〈
φ1 φ2

∣∣∣
µ1 µ2

R3

∣∣∣φ′
1 φ

′
2

〉
. (4.2)

Let us consider a subsystem of Rydberg states |p〉, |s〉 and |s′〉 with p and s de-

noting different angular momenta. Fig. 4.1 shows such a system, where the Rydberg

states have large energy differences but the pair states |p p〉 and |s s′〉 are almost

degenerate. With Eq. (4.2) the Hamiltonian of this subset is given by

H =

(
0 µ1 µ2

R3

µ1 µ2

R3 ∆

)
, (4.3)

where ∆ = Ep − Es + Ep − Es′ measures the energy difference between the pair

states. We will now inspect different limiting cases.
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4.1.1 Van der Waals interactions

The Eigenenergies of Eq. (4.3) are

E± =
∆

2
±

√(
∆

2

)2

+
(µ1 µ2

R3

)2

. (4.4)

In almost all atomic systems the energy difference ∆ will be non-zero and for large

pair distances R with µ1 µ2

R3 � ∆ we can Taylor expand Eq. (4.4) and get an energy

shift for the |pp〉 state of

∆E|pp〉 = −(µ1 µ2)
2 /∆

R6
(4.5)

which is the well-known van der Waals (vdW) interaction energy. With µ ∝ n
2 and

∆ ∝ n
−3 (see Sec. 2.1) we get an overall scaling of the vdW coefficient

C6 = −(µ1 µ2)
2

∆
∝ n

11 . (4.6)

By considering all dipole coupled states with the actual detunings of 87Rb (or other

alkalis) one can get ab-initio values for the vdW coefficients as presented in [Singer

et al., 2005b].

Eq. (4.5) also shows that the character of the interaction, i.e. whether it is

attractive or repulsive, depends on the energy difference to the nearest dipole coupled

pair state. For 87Rb this means for instance, that two atoms in the same nD state

exhibit predominantly attractive interaction while two atoms in the same nS state

exhibit a repulsive interaction [Singer et al., 2005b].

4.1.2 Förster resonances and resonant energy transfer

At zero electric fields the energy difference ∆ between pair states is given by the

atomic level energies (or equivalently by the quantum defects) and a pair degeneracy

would be accidental and is not present in the case of 87Rb. However, as different

states have different Stark shifts, Rydberg atoms allow to tune ∆ with moderate

electric fields. At the electric field, where the energy difference between |p〉 and |s〉
is identical to the difference between |p〉 and |s′〉, ∆ becomes zero. This is called

Förster resonance. In this case Eq. (4.4) reduces to

E± = ±µ1 µ2

R3
= ±C3

R3
. (4.7)
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This means that the interaction strength can be tuned from short-range vdW (or

induced dipole) interaction to longer range resonant dipole interaction.

At moderate electric fields 87Rb offers more than one of these resonances for two

atoms in the same state:

• for n ≤ 38

nP3/2 + nP3/2 ←→ nS1/2 + (n + 1)S1/2 (4.8)

• for all n

nD5/2 + nD5/2 ←→ (n + 1)P3/2 + (n− 1)F

nD3/2 + nD3/2 ←→ (n + 1)P3/2 + (n− 1)F

nD3/2 + nD3/2 ←→ (n + 1)P1/2 + (n− 1)F

(4.9)

• for n ≥ 40

nD3/2 + nD3/2 ←→ (n + 2)P3/2 + (n− 2)F (4.10)

• for n ≥ 43

nD5/2 + nD5/2 ←→ (n + 2)P3/2 + (n− 2)F (4.11)

• for n ≥ 58

nD3/2 + nD3/2 ←→ (n + 2)P1/2 + (n− 2)F (4.12)

Förster resonances not only change the interaction strength from vdW to dipole-

dipole interaction but they do so with a single control parameter, namely the electric

field. Fig. 4.2 shows the electric field dependence of a Förster resonance of type (4.8).

The analog in cesium was recently used to prove experimentally the switching be-

tween weak and strong interaction [Vogt et al., 2006].

Förster resonances are closely related to resonant energy transfer processes.

Imagine two atoms initially prepared in the 32P state at fields far away from the

Förster resonance. When switching to the resonance field one atom can change to

the lower-lying 32S state while the other atom gains exactly the released energy by

changing to the higher-lying 33S. This process is readily understood in terms of an

elastic state-changing collision [Safinya et al., 1981]. In the case of a nearly frozen

Rydberg gas, collisions do not occur and this process becomes a coherent energy

transfer in which atoms oscillate back and forth between the two states |32P, 32P〉
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Figure 4.2: Left: Stark shift of states close to 32P. Right: Stark shift of the∣∣32P3/2, 32P3/2

〉
(dashed) and

∣∣32S1/2, 33S1/2

〉
(solid) pair states. The three lines

for 32P+32P correspond to three different combinations of mJ values: |mJ | =
1
2 , 1

2 (long dashed), |mJ | = 1
2 , 3

2 (short dashed), and |mJ | = 3
2 , 3

2 (dotted). Note

the different energy scale. While the atomic states are separated by more than

100 GHz and hardly affected by the depicted fields, the pair states can be brought

to degeneracy by very moderate fields around 11 V/cm.
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and |32S, 33S〉 [Mudrich et al., 2005]. In fact, experiments illuminating this pro-

cess were the first experiments with ultracold Rydberg gases [Anderson et al., 1998;

Mourachko et al., 1998].

We will return with a closer look on resonant energy transfer processes in Sec. 5.1.

4.1.3 Permanent dipoles

As the electric field polarizes Rydberg atoms it leads to permanent dipole moments

by mixing different angular momenta. As the energy of an electric dipole µ in

an electric field E scales as µ · E , the dipole moment can be measured directly as

the slope of the lines in a Stark map. Typical desirable interaction energies of

10 MHz at typical distances of 10µm translate with Eq. (4.7) into a dipole moment

of µ = 3200 ea0 = 4.1 GHz/(V/cm). For instance the 46D5/2 state in 87Rb has such

a dipole moment at an electric field of 10.5 V/cm (see Fig. 4.3).

However, just as the admixture of different angular momenta leads to a perma-

nent dipole moment it also lowers the excitation probability. This effect is shown as

an inset of Fig. 4.3. It is due to the fact that our current excitation scheme allows

only for the excitation of states with angular momenta ` = 0 (S) or 2 (D). In order

to make permanent dipole interactions suitable for future investigation one can for

instance implement a three-photon excitation such as (see also Fig. 2.1)

5S1/2
780 nm−→ 5P3/2

1530 nm−→ 4D
∼700 nm−→ nP / nF (4.13)

or

5S1/2
780 nm−→ 5P3/2

776 nm−→ 5D
∼1260 nm−→ nP / nF , (4.14)

which would allow the excitation of angular momenta ` = 1 (P) and 3 (F). For the

remainder of this work we will discard states with permanent dipole moments.
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Figure 4.3: Calculated and measured Stark map of the 46D5/2 and 46D3/2 state.

The zero-field energy of the 46D5/2 state is used as the energy reference. The

calculated lines correspond to the different possible |mJ | values of 1/2 (dotted), 3/2

(short dashed) and 5/2 (long dashed). Overlapped are measured spectra (gray lines)

positioned at the electric fields where they were taken. The solid line corresponds to

a permanent dipole of 3200 eaB =4.1GHz / (V/cm). Although comparable dipole

moments are reached at fields as small as 8 V/cm, the excitation amplitude drops

by 2 orders of magnitude. This effect (shown as an inset) is due to the admixture

of different angular momenta which cannot be excited by our excitation scheme.
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4.2 Experimental determination of interaction po-

tentials

In this section we will present and apply a method to experimentally determine

the ultralong-range part of pair interaction potentials in ultracold Rydberg gases.

Imagine two (initially stationary) atoms excited in an attractive potential. Both

atoms will be accelerated towards each other and eventually collide. Theory predicts

Penning ionization to be the most probable outcome [Olson, 1979]. In this process

Rb(n`) + Rb(n`) −→ Rb(n′`′) + Rb+ + e− (4.15)

one of the atoms looses internal energy by decaying to a lower-lying Rydberg state

and the other atom gains this energy. If the energy transfer is large enough the

electron will not be bound anymore. This is not unlikely as the internal electronic

energy of atoms in states with n ≥ 30 exceeds 4 eV while the binding energy is

smaller than 20 meV. For instance a 60D5/2 atom, when decaying to a 40S or any

other lower-lying state, releases enough energy to ionize a second 60D5/2 atom.

The time until a collision occurs will depend on the initial separation R0 and the

strength of the interaction. In a pure vdW potential (∝ −C6/R
6) this time can be

calculated from energy conservation as

Epot + Ekin = E0 = const.

−C6

R6
+
µ

2

(
dR

d t

)2

=− C6

R6
0∫ τcoll

0

d t =−
∫ 0

R0

dR√
2C6/µ

(
R−6 −R−6

0

)

(4.16)

where µ is the reduced mass [Gallagher and Pritchard, 1989]. This yields the collision

time

τcoll = 0.2156 R4
0

√
mRb

C6

. (4.17)

The large scaling with R0 is crucial for the following discussion: In a realistic system

we will not have a single pure vdW potential. In fact for distances where the

interaction potential energy becomes comparable to the energy spacing between

different pair states there will be potential crossings and even the character of the

interaction can change from vdW to dipole-dipole interaction with 1/R3 behavior.
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This was recently pointed out by [Li et al., 2005]. Consequently, the atom pair can

change between a number of pair potentials until it finally arrives on an auto-ionizing

potential and decays into the continuum. However, as long as the collision time is

dominated by the first acceleration (which is a result of the large scaling with R4
0)

it is still reasonably well described by Eq. (4.17) – independent of the specific path

through different pair potentials. This enables us to experimentally determine the

ultralong range part of Rydberg-Rydberg vdW-potentials:

By deliberately detuning the excitation to the red of the atomic transition, we

will preferentially excite atom pairs in attractive pair potentials. For a certain vdW-

potential the detuning will determine the initial pair distance R0. By measuring the

time until the atom pairs collide and ionize we can determine the interaction strength

with Eq. (4.17). We will discuss how this simple picture translates into a realistic

model in Sec. 4.2.1 and see how well it describes the reality of ultracold Rydberg

gases in Sec. 4.2.2. Finally the consequences for the study of coherent interactions

will be discussed in Sec. 4.2.3.

4.2.1 Modelling mechanical effects

A straightforward approach to estimate the distribution of pair distances is given

by [Gallagher and Pritchard, 1989] for the case of ground-state – excited-state in-

teraction (which is always a resonant dipole-dipole interaction). In this case the

number of pairs with a separation between R0 and R0 + dR0 excited to a C3/R
3

potential curve is proportional to:

Npair ∝
I/IS

1 + I/IS + 4
Γ2

(
∆ + C3

R3
0

)2 × n2 4π R2
0 dR0 , (4.18)

where the first factor gives the excitation rate at an intensity I (IS is the saturation

intensity), a linewidth Γ and a detuning ∆ from the atomic resonance which is

shifted by the interaction energy. The second factor accounts for the number of

atomic pairs at internuclear separation R0 at a constant density n.

In our case we want to study the interaction between two excited atoms. First,

this leads to vdW interaction instead of dipole-dipole interaction. However, even

more important is the fact that in the case of ground-state – excited state interaction

every excitation automatically creates a pair, while in our case the laser first has to
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Figure 4.4: Rydberg excitation assuming attractive van der Waals potentials. (a)

Blue-detuned laser light excites a homogeneous Rydberg distribution, (b) A red-

detuned laser causes clustering of the excitation, (c) Modelled normalized distribu-

tions of pair distances at a laser detuning of −6 MHz (solid) and +6MHz (dotted)

and typical experimental parameters for the excitation of the 60D5/2 state. This

state is only connected to attractive potentials (see Sec. 4.1.1).

excite one atom and later excites a “partner” atom. In the case of large detunings

the excitation of atoms is suppressed while the excitation of “partners” is enhanced

as the interaction energy can balance the detuning. This can lead to clustering of

excited atoms and the simple model of Eq. (4.18) is no longer valid. We therefore

use a Monte Carlo method to describe the excitation in a more appropriate way:

A large number of atoms are randomly distributed to represent the ground state

atoms in a magneto-optical trap. In an iterative procedure, atoms are then excited

to Rydberg states. The probability to excite atom i within one iteration step is

given by

Pi = αL(δ − V (Ri)) exp(−2
x2

i + y2
i

w2
) (4.19)

where L is the Lorentzian line profile evaluated at a detuning δ considering an

additional shift due to the interaction V (R) = −C6/R
6 with the nearest Rydberg

neighbor at a distance Ri. Given a van der Waals interaction, the restriction to

the nearest Rydberg neighbor is justified by the fact that the interaction strength

decreases rapidly (1/R6) for larger distances. w is the waist of the excitation laser

beam and α is a small number to ensure that in each iteration step only a small

number of atoms can be excited. These iterations are repeated to reach the actual

excitation fraction of a few percent at the center of the MOT. The result of this

procedure is exemplified in Fig. 4.4.

After modelling the excitation process, all excited atoms are combined to disjoint

pairs by successively choosing the two atoms closest to each other. From the resulting
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Figure 4.5: Timing sequence for ionization measurements. After excitation we wait

for a variable time ∆t before detecting both collisionally produced ions and Rydberg

atoms with an ionizing field ramp. Ions are drawn to the detector immediately while

Rydberg atoms ionize at a finite field producing a delayed signal.

list of distances, shown as a histogram on the right hand side of Fig. 4.4, the number

of pairs colliding until a certain time ∆t can be determined with Eq. (4.17) by simply

counting the pairs with the appropriate starting distance R0. The whole simulation

can be performed for different laser detunings to obtain spectroscopic line shapes.

4.2.2 Observation of mechanical effects in real time

We can compare the results of our model with experimentally determined ionization

rates. In order to measure the ionization dynamics of an ultracold Rydberg gas we

use the timing scheme depicted in Fig. 4.5. After excitation we wait for a variable

time ∆t before applying a slowly rising electric field ramp. Collisionally produced

ions are drawn to the detector immediately (prompt ions) while Rydberg atoms

ionize later at a finite electric field. In this way we can measure both the number

of ions and Rydberg atoms in the same experimental run. There is one technical

peculiarity: Due to the qualitatively different temporal shape of the ion and Rydberg

signal, a comparison between both signals is uncertain within a factor of 2. We can

see the temporal evolution of the number of ions by changing ∆t. For each value

of ∆t we record the ion and Rydberg signal for different laser detunings to obtain

spectral information as well.

Fig. 4.6 shows a comparison between modelled and measured spectra. The mea-
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Figure 4.6: (a) 60D5/2 Rydberg excitation line (solid), with a fitted Lorentzian

(dashed). The center of this line corresponds to the atomic resonance. (b) Evolution

of the ion signal for different interaction times (solid) compared to the Monte Carlo

simulation (dashed). The laser frequency is given relative to the atomic resonance.
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Figure 4.7: Evolution of the ion number at different detunings: 0 MHz (solid),

+6 MHz (long dashed), −6 MHz (short dashed). Upper graph: measured data (data

points binned over 3 MHz), lower graph: model. The scale of the measured data is

uncertain within a systematic error of a factor of two as explained in the text.

sured ionization peaks at laser frequencies that are smaller than the atomic reso-

nance. This is in agreement with the excitation into attractive potentials. Fur-

thermore, the difference between the ion peak position and the atomic resonance is

larger for shorter evolution times. This is also easily understood as larger detunings

correspond to smaller interatomic distances and thus to shorter collision times. The

modelled spectra are averaged over ten random realizations of the initial atom cloud.

Very good agreement of the Monte Carlo simulation with the experimental results

is found for C6 = 2 × 1020 au, while values between 1020 and 1021 are also compat-

ible with the measured spectra. This is in agreement with calculations following

Ref. [Singer et al., 2005b]. Note that in the actual experiment an effective potential

is observed, which averages over all possible molecular symmetries.

We can also explicitly look at the time development of the measured and mod-

elled ionization at specific detunings, as displayed in Fig. 4.7. The model predicts a

threshold for the ion production at around ∼ 3− 4µs, which is also observed in the

experiment. Furthermore, when comparing the ionization rates at different detun-

ings relative to each other, we find very similar behavior of model and experiment:
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At −6 MHz the rate is comparable to the one at zero detuning, while at +6 MHz

the rate is significantly lower. The error bars at the measured data points display

the standard deviation of fluctuations in the signal.

In conclusion, the good quantitative agreement between the time-resolved spec-

troscopic measurements and the theoretical predictions reveal the motion of Rydberg

atoms under the influence of van der Waals interactions as the cause of Penning ion-

ization.

4.2.3 Implications of ionization processes

The preceding experiment closes a gap in the physics of ultracold Rydberg gases.

In earlier experiments it was already seen that ultracold Rydberg gases can sponta-

neously transform into an ultracold plasma [Robinson et al., 2000]. While the initial

process was not yet identified, it was clear that the first ions (after some initial ion-

ization and the drifting away of the first electrons) would form a positively charged

potential which traps all subsequently produced electrons. As these electrons can hit

many more Rydberg atoms, an avalanche-like ionization sets in with the Rydberg

atoms itself being the energy donor. Although dipole-dipole interaction is known

to induce motion in a cold gas containing two different Rydberg states [Li et al.,

2005] and the emission of fast atoms from a cold Rydberg gas has recently been

observed [Knuffman and Raithel, 2006], our experiments show the role of van der

Waals interactions quantitatively for the first time.

As the ionization is due to collisions of pairs it is ideally suited to probe pair

potentials. The accuracy of determining the interaction strength could even be

increased by using two excitation laser pulses at different frequencies: The first one

to excite a dilute Rydberg gas on the atomic resonance, the second one detuned from

resonance to create well-defined pair distributions over a larger range of accessible

detunings.

However, in the study of coherent phenomena motion is a major contribution

to decoherence. Furthermore, any study of atom-atom interactions will always be

disturbed (if not rendered impossible) by the presence of ions. This means that we

usually want to avoid ions. Indeed the frequency dependence of the ionization sug-

gests the use of blue-detuned excitation as this leads to a suppressed ionization rate

(see Fig. 4.7). Even more promising would be the use of states that do not exhibit
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Figure 4.8: Spectroscopy of the 60S1/2 state (upper graph), measured (solid) and

fitted Lorentzian (dashed). The lower graph shows collisionally ionized atoms after

25µs interaction time (lower graph). The ions are produced mostly on the blue-

detuned side of the resonance.

attractive potentials. As argued in Sec. 4.1.1 nature provides us with these states

in the form of nS states which exhibit only repulsive vdW interaction [Singer et al.,

2005b]. We have performed ionization measurements for the 60S state. Surprisingly,

we still observe ionization, although on much longer timescales. Most ions are pro-

duced on the blue-detuned side of the resonance, which implies that the ionization

rate is in conjuction with the repulsive pair potential. Perhaps the redistribution of

states due to black-body radiation plays a crucial role [Gallagher, 2006]. A possible

explanation starts with an atom pair in a repulsive potential. This means that the

atoms are accelerated apart. As soon as one atom has decayed to a nP state it can

accelerate in an attractive dipole-dipole potential towards a third atom still in the

initial 60S state. Atoms excited at small distance (i.e. at blue detuning) could then

be the first to collide as they have picked up the highest speed. This process is more

difficult to model because a simple counting of pair distances is not sufficient. We

have checked that a model including only pairs (as in Sec. 4.2.1) is not suited to

explain the measured spectra. We will further investigate this ionization process in

repulsive potentials in future experiments.

Obviously, repulsive interaction and blue-detuned excitation can slow down but
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not fully suppress ionization. The remaining conclusion is a matter of timescales.

As argued above, the initial acceleration in the ultra-long range part of the interac-

tion potential dominates the temporal behavior with a typical ionization time of a

few microseconds. If we study any form of “stationary” interaction that leads to a

(coherent) evolution on much shorter timescales, ions will not be the limiting factor.

We will present two examples in the following chapter.



Chapter 5

Many-body effects

Penning ionization as discussed in the preceding chapter occurs in the collision of two

atoms and is therefore a monitor signal for a pair process. What is different when we

examine interactions on timescales were the atoms have not yet moved? How does an

atom pick its interaction partner? In this chapter we will investigate the dynamics

of resonant energy transfer and we will see that, in fact, the atoms do not choose

a partner but interact with all surrounding atoms simultaneously. We will discuss

a method sensitive to this in Sec. 5.1. In Sec. 5.2 we will discuss how this many-

body interaction influences coherent excitation. In this context we will introduce

the concept of the dipole blockade. We will see a first experimental signature in

the excitation of a mesoscopic cloud and we will identify a new decoherence channel

that leads to the contrary effect of excitation enhancement.

5.1 Dynamics of resonant energy transfer

The first signature of many-body effects in ultracold Rydberg gases was found in the

spectrum of a resonant energy transfer process [Anderson et al., 1998; Mourachko

et al., 1998]. It was found that the resonance broadens with increasing density.

The effect can be explained in the following way: Imagine a cloud of atoms initially

prepared in state |p〉. On resonance any pair of atoms can convert from |p p〉 to |s s′〉
(for notation see Sec. 4.1.2). With the electric field slightly detuned from resonance

this process is suppressed, however, very close pairs will still be able to transform

71
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due to the 1/R3 scaling. The two diffusion processes

|s〉+ |p〉 ←→ |p〉+ |s〉
|s′〉+ |p〉 ←→ |p〉+ |s′〉

(5.1)

are always resonant because they only constitute an inter-atomic exchange of the

internal state. Note that both processes conserve the number of |s〉 (|s′〉) atoms.

However, these processes can return the initial pair back to |p p〉 allowing for a

second energy transfer process in this close pair. In this manner the processes (5.1)

can enhance the energy transfer even when detuned from the actual resonance.

This picture explains a density-dependant resonance-broadening. It was supported

by later experimental and theoretical investigations which examined the density-

dependance of the dephasing [Anderson et al., 2002] and explained the broadening

qualitatively in a simple three-atom model [Mourachko et al., 2004] or by a coupling

to a band structure [Akulin et al., 1999]. In the following we will investigate the

same system. However, we do not look at spectral information but examine the

temporal evolution when being exactly on resonance.

5.1.1 Modelling resonant energy transfer in a disordered gas

We performed simulations for the Rydberg states |p〉 =
∣∣32P3/2

〉
, |s〉 =

∣∣32S1/2

〉
and

|s′〉 =
∣∣33S1/2

〉
of 87Rb, where we calculated the radial dipole matrix elements to be

µrad = 966 au and µ′
rad = 943 au following Sec. 2.1. As in the experiment described

in the following section, we assumed half of the atoms to be initially in the state∣∣32P3/2,mJ = +3/2
〉

and half in the state
∣∣32P3/2,mJ = −3/2

〉
. In a spherical basis,

the non-zero matrix elements for the transition
∣∣32P3/2, |mJ | = 3/2)

〉
↔
∣∣
nS1/2

〉
are

µ =
∣∣∣
〈
32P 3

2
, mJ=+ 3

2

∣∣∣µ+

∣∣∣32S 1

2
, mJ=+ 1

2

〉∣∣∣

=
∣∣∣
〈
32P 3

2
, mJ=− 3

2

∣∣∣µ−

∣∣∣32S 1

2
, mJ=− 1

2

〉∣∣∣

= µrad/
√

3 = 558 au

(5.2)

and

µ′ =
∣∣∣
〈
32P 3

2
, mJ=+ 3

2

∣∣∣µ+

∣∣∣33S 1

2
, mJ=+ 1

2

〉∣∣∣

=
∣∣∣
〈
32P 3

2
, mJ=− 3

2

∣∣∣µ−

∣∣∣33S 1

2
, mJ=− 1

2

〉∣∣∣

= µ′
rad/
√

3 = 544 au .

(5.3)
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Note that neither of these processes changes the sign of mJ (due to the applied

electric field, the states with |mJ | = 1/2 and |mJ | = 3/2 are energetically separated

so that the states 32P3/2(|mJ | = 1/2) are not excited and cannot be populated).

The basis for N atoms can be expressed as |ψ1ψ2ψ3 . . . ψN〉, where ψi denotes

the state of the atom at position i which can be either p, s, or s′. Considering that

the number of s and s′ atoms must always be the same, this gives a total of 3 states

for two atoms, 7 states for three atoms, 19 states for four atoms, 141 states for six

atoms, 1107 states for eight atoms and 8953 states for ten atoms. The corresponding

Hamiltonian matrix contains non-zero entries for each pair of states connected via

one of the pair interaction processes

p + p ↔ s + s′ (5.4)

s + p ↔ p + s (5.5)

s′ + p ↔ p + s′ . (5.6)

The anisotropy of the dipole interaction is fully taken into account with the inter-

actions strengths

V1(~R) = 〈pp| V̂ |ss′〉

= 〈pp| V̂ |s′s〉 =
~µ ~µ′

|~R|3
− 3

(~µ~R)(~µ′ ~R)

|~R|5
for (5.4)

V2(~R) = 〈sp| V̂ |ps〉 =
~µ2

|~R|3
− 3

(~µ~R)2

|~R|5
for (5.5)

V2(~R) = 〈s′p| V̂ |ps′〉 =
~µ′

2

|~R|3
− 3

(~µ′ ~R)2

|~R|5
for (5.6)

(5.7)

and the non-zero dipole matrix elements of Eqs. (5.2) and (5.3).

To model the time development of the s population, we average over the coherent

evolution of subensembles consisting of 4 to 10 atoms using a Monte Carlo method.

1000 atoms at a given average density n are randomly placed in a box. From the

center of the box, the smallest sphere containing the desired number of atoms is

used to select these atoms as a subensemble. For this specific spatial constellation,

initially in the state |pppp...〉, we numerically solve the time-dependent Schrödinger

equation and obtain the number of s atoms produced after some interaction time t

by adding up the probability amplitudes of the respective states at time t multiplied
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Figure 5.1: Comparison of the time development of the s population considering

different atom numbers in the model at a density of 108 cm−3. The inset shows the

coherent evolution of the s population for two specific spatial realizations in the

six-atom model. An average over many different realizations yields the curve of the

large graph.
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by the number of s atoms contained in this state. More details on the construction

of the Hamilton operator and the solution of the Schrödinger equation are given in

[Westermann, 2006]. The number of s atoms is divided by the number of atoms

involved in the model, in order to obtain the fraction of atoms in the s state. The

inset of Fig. 5.1 shows the time evolution for two different spatial constellations in

the six-atom model. This procedure is repeated for a number of realizations of the

system and the results are averaged, giving the curves in Fig. 5.1. The number of

realizations needed to obtain a smooth graph depends on the number of atoms in the

simulation, and for the curves shown here range from 1000 for the ten-atom model

to 4000 for the four-atom model. For comparison, we also simulated a two-atom

model for which we select atoms out of the random sample in the following way:

First, we choose the atom closest to the center of the box. Since the fastest resonant

energy transfer for each atom occurs with the atom which interacts most strongly,

we select the second atom as the one with the strongest interaction (5.4) to be its

partner. For this atom pair we calculate the probability to be in |ss′〉 or |s′s〉 and

again average over 5000 realizations of the system. Note that a two-atom model

cannot involve the migration processes (5.5) and (5.6).

Fig. 5.1 shows the development of the s-population depending on the number

of atoms contained in the subensemble for a density of 108 cm−3. Note that the

interaction within each individual set of atoms is described by the model in a fully

coherent way. Including more atoms in the model leads to a faster s atom production,

which can be explained by the increased probability to have strongly interacting

atom pairs in the ensemble considered. All models eventually approach a value of

approximately 0.25, corresponding to a 50% probability for each atom to be in the p

and 25% to be either in the s or s′ state. The differences between the models become

less as more atoms are taken into account, suggesting that it is sufficient to consider

subensembles of 6-10 atoms to properly model the averaged dynamics of the whole

ensemble. For further analysis and to compare with the experiment, we thus chose

the six-atom model as a compromise between accuracy and calculational effort. The

dashed line in Fig. 5.1 shows the evolution of the s population if only interactions

between isolated atom pairs are considered. Here the coherent evolution of the pair

states features Rabi-like oscillations between |pp〉 and |ss′〉. The overshoot of the

s population visible in this case can be attributed to the fact that the variation

of interaction strengths due to the random atom positions is not large enough to
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Figure 5.2: Dependence of the s population on the interaction time calculated

with the six-atom model for different densities.

completely average out the first oscillation.

In the off-resonance case described in Ref. [Anderson et al., 1998] the migration

processes (5.1) enhance the production of s atoms by allowing atom pairs with high

interaction strength to undergo the resonant energy transfer (5.4) several times. On

resonance however, the interaction strengths of transfer and migration are approx-

imately equal. We checked the influence of the migration by performing the same

analysis as above for the six-atom model without taking (5.1) into account and found

no significant difference in the curves. On average, exchanging p and s or p and s′

excitation has no effect on the s production when the resonance condition for (5.4)

is fulfilled.

The model shows a clear density dependence of the initial increase of the s pop-

ulation. As the initial population transfer is determined by process (5.4), the initial

transfer rate should be roughly proportional to the average interaction strength V̄1

given in Eq. (5.7) and thus to the atomic density n due to the 1/R3 dependence of

V1. This behavior can indeed be seen in Fig. 5.2 which shows the time development

predicted by the six-atom model for a range of experimentally accessible densities.

A comparison of the corresponding initial rates is given in Table 5.1. The rates are

to a good approximation proportional to the density n.

So far we assumed the atoms to be fixed in space. However, as seen in Sec. 4.2,
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Table 5.1: Comparison of the initial transfer rates of the curves depicted in Fig.

5.2.

density n (cm−3) rate γ (µs−1) n/γ (108 µs cm−3)

3× 106 0.0112 2.67

1× 107 0.0423 2.36

3× 107 0.119 2.52

1× 108 0.381 2.63

3× 108 1.201 2.50

the attractive C3/R
3-potential leads to a force between the atoms, which accelerates

the atoms towards each other. At first this enhances the coupling V1 and increases

the transfer rate. Later this movement will lead to collision and ionization of the

atoms. In analogy to Eq. (4.16) the time an atom pair initially separated by R0

needs to collide in a −C3/R
3 potential is given by

τcoll = 0.37

√
mRb

C3

R5
0 , (5.8)

while the rise time of the s population is on the order of τrise ≈ 1/V1 = R3
0/C3.

Thus, one would expect the effect of the atomic motion on the initial rise of the s

population to be negligible for τcoll � τrise or

τcoll
τrise

= 0.37

√
mRbC3

R0

� 1 . (5.9)

Note the weak dependence on the atomic density n (on average τcoll/τrise ∝ 6
√
n).

For C3 = 3 × 105 au, mRb = 1.6 × 105 au and average interatomic separations for

densities between 106 cm−3 and 108 cm−3 we obtain τcoll > 50 τrise, so we do not

expect the motion of the atoms to have a significant influence on the initial rise of

the s population.

We can verify this reasoning by including the motion of the atoms into the model.

We describe the motion of the cores in the electronic potential purely classically

and restrict the discussion to the most simple system of two atoms with a scalar

interaction V1(R) = −µµ′/R3, solving the time-dependent Schrödinger equation
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Figure 5.3: Comparison of the time development of the S-population at a Rydberg

density of 3 × 108 cm−3 for the two-atom model described in the text with and

without motion of the atoms included (left axis, lines). The initial rise is unchanged,

while the curve where motion was allowed decreases for long interaction times due

to atoms lost in collisions. The loss of S-atoms is roughly one fourth of the collided

atom pairs (green pillars, right axis), as in the steady state 25% of the atoms are in

S. Note that the anisotropic part of the interaction is not included here.
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with the time-dependent interaction strength V1(t) = V1(R(t)) and R(t) obeying

Newton’s Law
mRb

2

d2

dt2
R(t) = − d

dR
V1(R) . (5.10)

This treatment is only valid as long as the electronic wavefunctions of the two atoms

are well separated. As the orbital radius of the relevant states is on the order of

1600 a0 (see Sec. 2.1), we terminated the calculation once R was below 5500 a0. Using

the same Monte-Carlo scheme as above we performed an average over the different

interatomic spacings, with atom pairs only contributing to the s population as long

as they were separated by more than 5500 a0. When comparing the results for an

atom density of n = 108 cm−3 to the same situation without motion, we find that

the initial slope of the s population remains unchanged as expected from (5.9).

However, as the interaction time increases, atoms are continuously lost due to

collisional processes. After 10µs, about 7% of the atoms are removed from the

sample after passing beyond the threshold of minimum distance between the atoms.

Although little direct influence of the motion of the atoms on the s population is

seen at our simulated densities, a non-negligible fraction of the atoms is predicted to

collide at higher densities. Note that only attractive interaction has been considered

for the collision. Depending on the orientation of the atoms, repulsive interaction is

also possible, which means that the number of dipole interaction-induced collisions

in real systems will be even lower than estimated here.

5.1.2 Experimental investigation of

resonant energy transfer dynamics

In order to experimentally produce the conditions modelled in the previous section

we start at an electric field of E0 = 15 V/cm to allow for the excitation of the

32P3/2(|mJ | = 3/2) state, which would be dipole forbidden at zero electric field.

This state is spectroscopically resolved due to the narrow bandwidth of the excitation

laser. The excitation laser is switched on for 100 ns. 100 ns after the excitation the

field is switched to Eres = 11.5 V/cm where process (5.4) becomes resonant (see

Fig. 4.2). This means that the system is prepared in the state |pppp...〉 before

the interaction is suddenly turned on, which resembles exactly the situation in the

model. The electric field is left at Eres for a variable time ∆t before it is switched

back to E0. Another 500 ns later the field is ramped up to ionize the Rydberg
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Figure 5.5: State-selective field ionization spectra on resonance (solid line, in-

teraction time ∆t = 5µs) and off resonance (dotted line). Integration windows

to determine the population are set on the 32S signal and on the narrow 32P peak

which is not displayed in full height here. The 33S signal appears on an underground

of the 32P state.
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atoms state-selectively. During excitation and detection, the MOT lasers and the

magnetic field are turned off. Fig. 5.4 illustrates the timing sequence. The field

ionization spectra obtained from the MCP detector are averaged over 100-200 shots

and the population of the different Rydberg states is determined by integrating the

signal over the corresponding time window. In Fig. 5.5 typical spectra for medium

Rydberg density are shown, one without switching to resonance field, the other with

an interaction time of ∆t = 5µs. The redistribution to the 32S and 33S states is

clearly visible.

We performed measurements at three different atom densities. The density is

varied by optically pumping a certain fraction of the atoms to the dark ground

state 5S1/2, F = 1 (see Sec. 2.3). For the measurements at medium (low) density,

the repumping laser is turned off for 5 ms (9 ms) before excitation. This leads to a

decrease of ground state atoms available for excitation to 20% (6%) (determined by

fluorescence measurements). Assuming a constant excitation rate to the Rydberg

state, we can fix the medium and low density relative to the highest Rydberg density

n0 to be 0.2 n0 and 0.06 n0.

Fig. 5.6 shows the measured time dependence of the 32P and 32S population

at the three different Rydberg atom densities. When the interaction time ∆t is

zero, only the initially excited 32P atoms are detected. After a few microseconds

of interaction, the 32P population has dropped, while some population of the 32S

state has accumulated. The remaining atoms have been transferred to the 33S state,

which is not shown in the graphs. Clearly the transfer process is faster at higher

densities, as is expected from the results of the previous section. The decrease of

the signals at longer times can be attributed to the lifetime of the Rydberg atoms.

We mapped the number of s atoms obtained from the six-atom model of the

previous section for three densities with fixed ratios 1 : 0.2 : 0.06 onto the measured

number of 32S atoms. We found the best agreement of the modelled curves with

the experiment for an average density of n0 = 2.5 × 108cm−3. This is a reasonable

value considering the Gaussian density distribution in a MOT with a peak density

of 1010 cm−3 and an excitation probability on the order of 10%. The spontaneous

decay was included by multiplying the predictions of the model by an exponential

decay factor e−t/τeff , where τeff = 24µs denotes the effective lifetime of the Rydberg

states which we estimated to be τ−1
eff = 1

2
((τS)

−1 + (τP)−1) = (24µs)−1, where τS =

20µs and τP = 30µs are calculated values for the lifetime of 32S and 32P states at
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Figure 5.6: Measured time dependence of the 32P (◦) and 32S (•) population for

different Rydberg densities. The solid lines are simulated with the six-atom model

for (a) n = 2.5× 108 cm−3, (b) n = 5× 107 cm−3 and (c) n = 1.5× 107 cm−3, which

correspond to the experimental density ratios of 1 : 0.2 : 0.06.
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vanishing electric field. The experimental data have been scaled in height so that

the measured s data matches the simulated curve for the s population. The scaling

factor represents the detector efficiency, however, we have to use different scaling

factors for the three densities which we attribute to the fact that some atoms are

redistributed to other states [Walz-Flannigan et al., 2004]. This redistribution causes

the effective densities to be less than the total Rydberg densities. We estimate that

the ratio between highest and lowest density may actually be up to 40% lower than

expected by the experimental settings.

The excitation time has been chosen as short as possible to prevent the produc-

tion of ions. However, at the highest density presented here, a small number of ions

was detected even at short timescales. We find that less than 10% of the Rydberg

atoms are ionized in this case, which is in agreement with the number of collisions

predicted by the model. From this we estimate that roughly 10% of the remaining

atoms are shifted away from resonance by the electric field of the ions, so that the

transfer rate is only slightly affected.

In addition to the s states, the simulated and measured p populations are also

shown in Fig. 5.6. The measured data are derived from the central 32P peak in

the field ionization spectrum. Since the 32P state also appears at other times in

the field ionization spectrum (Fig. 5.5), the measured p population is systematically

underestimated, as can be seen in Fig. 5.6.

What can we learn from the good agreement between model and experiment?

We have compared the results of the two-atom model to the measured data for a

number of different densities. The two-atom model predicts an “overshoot” visible

in Fig. 5.1 as a remnant of the coherent oscillations between |pp〉 and |ss′〉. This

overshoot is not present in the experimentally determined dynamics and it is not

possible to find an agreement as good as for the six-atom model. We performed a

least squares analysis, yielding substantially better agreement for the six-atom model

than for any modelled density in the two-atom model (see Fig. 5.7). This means

that the behavior of the system must be described in terms of many-body dynamics.

Furthermore, the good quantitative agreement between model and experiment and

the discussion at the end of Sec. 5.1.1 shows that the energy transfer is a stationary,

coherent process and not due to collisions as was presumed in Refs. [Zanon et al.,

2002; de Oliveira et al., 2003].

The model describes the time development of the resonant energy transfer in an
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Figure 5.7: Least square errors for the six- and the two-atom model for the three

densities investigated in the experiment. Each of the squares and rhombuses corre-

sponds to one density for which the 32S-population was modelled. The best agree-

ment with the experimental data at a fixed density ratio of 1 : 0.2 : 0.06 (which

is the ratio of the Rydberg densities in the experiment) is for n = 1.5 × 107 cm−3

for the low density, n = 5 × 107 cm−3 for the medium density and n = 2.5 × 108

cm−3 for the high density, which all lie within close range of the minima of the least

square errors. The two-atom model shows consistently worse agreement with the

experimental data.
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entirely coherent way. The fact that the model does not predict oscillations is only

due to the averaging over different atomic spacing in the disordered atomic cloud as

present in a MOT. By spatially resolved excitation or by defining specific distances

(e.g. with an optical lattice for ground state atoms) we hope to produce and detect

coherent many-body oscillations between different states in future experiments.
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Figure 5.8: Simplified presentation of the dipole blockade with only one pair of

atoms being involved. |g〉 and |r〉 denote the ground and Rydberg state, respectively.

Strong interactions shift the Rydberg pair state energy relative to the atomic value

and thus suppress excitation of a Rydberg pair by a resonant laser field, as indicated

by the vertical arrows.

5.2 Coherent excitation of strongly interacting

clouds

In the previous section we have examined the dynamics of a system in which the

interactions were turned on after excitation. In this section we will study the exci-

tation into a strongly interacting system.

5.2.1 Dipole blockade

We have already seen that Rydberg atoms exhibit strong interactions. Thus the

energy of a close pair of Rydberg atoms is shifted by the interaction energy with

respect to the energy of two well-separated atoms. This is exemplified in Fig. 5.8. If

the interaction energy is larger than the excitation bandwidth, a laser resonant with

the atomic transition will excite only a single atom within a certain domain. This

process was dubbed“dipole blockade” [Lukin et al., 2001] in analogy to the“Coulomb

blockade” [Altshuler et al., 1991]. As any atom can host the Rydberg excitation the

whole domain shares the excitation quantum and the excitation occurs at the many-

body Rabi frequency

ΩN =
√
N Ωatom (5.11)
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Figure 5.9: Simulated coherent Rydberg excitation close to a Förster resonance

with a model adapted from the previous section. The atomic density is n = 1010

cm−3, the excitation laser is at the atomic resonance with a Rabi frequency of

10 MHz, δ measures the energy difference between |pp〉 and |ss′〉. The interaction

between pairs connected via (5.4) is taken as µ2/R3 ignoring alignment. This means

that the interaction strength increases by a factor of 4 between adjacent rows with

the smallest interaction in the upper right corner and the strongest interaction in

the lower left. The graphs are averages over 30 spatial realizations of the system.

The transition from atomic excitation (all four atoms being excited simultaneously)

to the fully blockaded regime (all four atoms sharing a single excitation) is marked

by a decrease in contrast, a suppression of excitation, and, finally, by the many-body

Rabi frequency of Eq. (5.11).
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ground state atoms

Rydberg atoms

ground state atoms

Rydberg atoms

excitation laser

Figure 5.10: Onset of the dipole blockade (or “local blockade”) of a macroscopic

cloud defined by the excitation volume of a focused excitation laser. Rydberg exci-

tation out of the gas is suppressed in the vicinity of another Rydberg atom, resulting

in many domains within which only one Rydberg atom is excited.

where N denotes the number of involved atoms [Lukin et al., 2001]. Fig. 5.9 shows

how the excitation of an ensemble of 4 atoms changes from the atomic case (small in-

teraction, where all 4 atoms perform the same Rabi frequency simultaneously, upper

right graph) to the fully blockaded regime (strong interaction, all atoms share a sin-

gle excitation with the many-body Rabi frequency, lower left graph). These curves

where simulated by including coherent excitation into the model of the previous

section. Details are given in [Westermann, 2006]. Note that in the fully blockaded

regime the 4 atoms are highly entangled: the excited many-body state is a coherent

sum over all states with a single atom being excited [Lukin et al., 2001]:

∣∣r1
〉

= |rggg〉+ |grgg〉+ |ggrg〉+ |gggr〉 . (5.12)

Experimentally the preparation of a well-defined set of only 4 atoms is hard

to achieve. On the other hand, the use of more atoms adds another challenge:

when increasing the radius of an atom cloud by a factor of 2 the interaction de-

creases by a factor of 8 for dipole-dipole interaction and even by a factor of 64 for

vdW interactions. This makes it very hard to observe the full blockade regime at

reasonable densities in the case of a mesoscopic cloud with a few hundred atoms,

let alone in the case of macroscopic clouds. So far the onset of the dipole block-

ade was seen for macroscopic clouds as a suppression of excitation [Tong et al.,

2004; Singer et al., 2004] and a change in the number statistics of detected Rydberg

atoms [Cubel Liebisch et al., 2005]. Recently a Förster resonance was used to switch
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Figure 5.11: Excitation suppression for a mesoscopic ensemble of atoms in the 75S

state. The excitation probabilities are taken from the peak height of spectral scans

for different ground state densities. The dashed line corresponds to the theoretical

excitation probability for non-interacting atoms. For higher densities the Rydberg-

Rydberg interaction energy rises and moves the excitation out of resonance reducing

the excitation probability on resonance. The corresponding line broadening (shown

as an inset with an identical x-axis) also reflects the increasing interaction energy.

the regime of excitation suppression on and off [Vogt et al., 2006]. All of these effects

can be explained in the picture of blockaded sub-domains illustrated in Fig. 5.10.

Fig. 5.11 shows how the excitation probability of the 75S state depends on the

ground state density in the case of a mesoscopic cloud. The excitation is performed

in the same way as in Sec. 3.4. This allows us to determine both the single-atom

excitation probability and relative densities by comparison with the excitation of

low-n states (n ∼ 30), for which the interaction strength is not yet sufficient to

influence the excitation [Singer et al., 2005b].

For a single (or non-interacting) atom we can also solve the optical Bloch equa-

tion for the independently determined experimental parameters and obtain a value

represented by the dashed line. For low densities the measured excitation probabil-

ity agrees well with the prediction. The measured linewidth for low densities agrees

well with the expectation, which is a convolution of our laser bandwidth (2.4 MHz)

and saturation broadening (1.7 MHz). With increasing density we observe both a
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significant line broadening and a suppression of the excitation probability. This

suppression of excitation marks the onset of the dipole blockade. The underlying

interaction has van der Waals (vdW) character with a C6/R
6 dependence on the

interatomic spacing R in contrast to dipole-dipole interaction with R−3 character,

which was originally proposed [Lukin et al., 2001]. In comparison this means a

shorter interaction range and in fact we see the suppression due to vdW interaction

only for high principal quantum numbers n as the vdW coefficient scales as C6 ∝ n
11.

However, high-n states also show smaller Rabi frequencies (∝ n
−3/2) and indeed we

do not observe Rabi oscillations for the 75S state, as the currently achievable Rabi

frequency is smaller than our laser bandwidth.

The presence of ions was ruled out by verifying that a detector signal was mea-

surable only above a threshold value for the ionization field (which is necessary for

Rydberg atoms but not for ions). This means that the excitation suppression is

indeed due to Rydberg-Rydberg and not Rydberg-ion interaction.

5.2.2 Decoherence and excitation enhancement

The situation changes when exciting the 47D5/2 state. Fig. 5.12 shows the tem-

poral development of the 47D5/2 excitation population for two different densities.

For the smaller density of 4.7 × 109 cm−3 (gray points) we observe damped Rabi

floppings similar to the low-n (or non-interacting) states. For the higher density

(1010 cm−3, black points) we do not observe a suppression of excitation. Instead

more and more atoms remain in Rydberg states without being stimulated back to

the ground state. This enhancement is in obvious contrast to the expectation as a

stronger interaction should lead to suppression. The excitation enhancement means

that the atoms are transferred into states that are decoupled from the coherent

excitation. Our detection scheme does not distinguish different Rydberg states if

they are nearby the 47D5/2 state and therefore redistributed states contribute to the

measured Rydberg signal as well. The radiative lifetime of the 47D state is 55µs

and cannot explain the observed decoherence. We can also rule out redistribution

by free charges ([Walz-Flannigan et al., 2004]) as we do not observe spurious ions.

Our explanation is based on a difference between nS states (where we observe a

suppression) and nD states (where we observe an enhanced excitation). nS are not
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Figure 5.12: Temporal evolution of the excitation probability for the 47D5/2 state.

For the smaller density of 4.7×109 cm−3 (gray dots) we see a damped Rabi oscillation

with a steady state value of 0.5 due to the balance between stimulated emission

and absorption (see Sec. 3.4). For the higher density of 1010 cm−3 (black dots)

the stimulated emission is suppressed leading to a constantly increasing Rydberg

population. We explain this by a decay into hydrogen-like states. The lines are

solution of a model schematically depicted in Fig. 5.14 which includes this decay.

Details see text.
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Figure 5.13: Stark shift of dipole coupled pair states around the 47D+47D asymp-

tote. For increasing electric fields the angular momentum F is not well defined as it

mixes with higher angular momenta leading to the fan of hydrogen-like states. Only

a subset is depicted here, as more than 4000 states are involved. The circles show

the first crossings at which the two processes (5.13) and (5.14) become resonant.

However, all other states in the hydrogen-like manifold have a finite admixture of

the zero-field F state. The two arrows mark the total electric field at which the two

spectra of Fig. 5.15 are taken.
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Figure 5.14: Simple level scheme involving the coherent excitation of a ground

state/Rydberg state atom pair |g D〉 to a pair of two Rydberg atoms |D D〉 which can

turn into an almost degenerate pair |P F〉 via a Förster resonance. The F state can

decay into the (almost) degenerate hydrogen-like manifold with angular momenta

` > 3. The coherent excitation is characterized by a Rabi frequency ΩR, a laser

detuning δ and an effective linewidth γ [Reetz-Lamour et al., 2006c]. The Förster

process is also coherent [Mudrich et al., 2005] with an interaction energy ~ ΩF and

an energy difference ~ ∆ that depends on the electric field E . The decoherence

originates in a decay to a large bath of states that is decoupled from the coherent

processes. It is phenomenologically introduced with a decay rate Γ out of the three-

level system |g D〉, |D D〉, |P F〉. The master equations for this system are an analog

to the optical Bloch equations [Whitley and Stroud, 1976].

connected to a Förster resonance while small electric fields tune the pair processes

47D5/2 + 47D5/2 ←→ 48P3/2 + 46F and (5.13)

47D5/2 + 47D5/2 ←→ 49P3/2 + 45F (5.14)

into resonance (see Sec. 4.1.2). Fig. 5.13 shows the electric field dependence of

the involved pair states. As nF states have a very small quantum defect they mix

with hydrogen-like states already at very small electric fields leading to a fan of

states which all have a finite admixture of the zero field nF state [Gallagher, 1994].

The processes (5.13) and (5.14) become resonant for electric fields larger than E =

480 mV/cm and E = 60 mV/cm, respectively, and are already allowed at the residual

electric fields in our experiment (∼ 160 mV/cm, see Sec. 2.3).

However the resonant energy transfer alone cannot explain the observed decoher-

ence since this process in a frozen Rydberg gas is in principal coherent as was shown



94 Chapter 5. Many-body effects

for a Förster resonance of type (4.8) in [Mudrich et al., 2005]. Furthermore, even

including the many-body diffusion of excitation [Anderson et al., 1998; Mourachko

et al., 1998; Anderson et al., 2002; Mudrich et al., 2005] already discussed in the

previous section leads to an interaction-induced blockade, which was recently shown

experimentally [Vogt et al., 2006] and which we have confirmed with the simulation

shown in Fig. 5.9. As we do not observe an excitation suppression but rather an

enhanced excitation we require a different decoherence mechanism that is specific

to process (5.14). One possible mechanism is the decay of the 45F state into the

hydrogen-like manifold 45`, ` > 3 either by direct Stark mixing or by another pair

process

n`+ n`′ → n(`± 1) + n(`′ ± 1) . (5.15)

In either case, this decay can lead to a loss of coherence in the energy transfer

process (4.11) as a |P `〉 pair is not dipole coupled to a |D D〉 pair and a return back

to ` = 3 (F) is very unlikely: The complete 45`j manifold with ` > 3 is more than

4000-fold degenerate, therefore this manifold is quasi-continuous and a coupling back

to the original 45F state is very improbable.

We can model this decoherence with a simplified analytical model illustrated in

Fig. 5.14. It incorporates the coherent excitation between a pair |g D〉 of ground

state and Rydberg atom and a pair |D D〉 of two Rydberg atoms in the 47D state as

well as the Förster resonance with a pair |P F〉 with a field dependant energy shift ∆

relative to |D D〉. The F state can decay with a rate Γ into the ` > 3 manifold. We

can describe this system with the OBE of Eq. (3.2). In the case of coherent couplings

(Γ = 0), this system also describes the dipole blockade for a single pair of atoms.

In this picture the dipole blockade can be interpreted as the analog to the Autler-

Townes splitting in the optical system. Including an incoherent coupling (Γ > 0), we

reproduce the measured excitation enhancement shown in Fig. 5.12: The dashed line

corresponds to model calculations in the low-density limit (ΩF = 0) with parameters

for the excitation that agree with measured low-n Rabi floppings (see Sec. 3.4). For

the high density we have chosen the free parameters ΩF , ∆, and Γ to achieve a good

overlap with the experimental curves. Table 5.2 shows a comparison to theoretical

values. Note that the simplicity of the model allows for various combinations of

parameters to give reasonable overlap with the measurements. Considering that

an increasing electric field distributes the F state over the hydrogen-like manifold

effectively decreasing the value of ΩF , the values used in the model seem reasonable
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Table 5.2: Parameters used in the model calculations for Figs. 5.12 and 5.15. With

rising electric field |∆| decreases. This is expected from the Stark shifts shown in

Fig. 5.13: With increasing electric field more and more states of the hydrogen-like

manifold cross the energy of the |D D〉 pair resulting in comparable strength of

repulsive and interactive interaction thus lowering the effective detuning |∆|. The

diverging hydrogen-like fan also reduces the effective interaction strength ΩF . This

is also reflected in the model as ΩF decreases with increasing E . The values for

E = 0 are theoretical predictions. The theoretical value for ΩF is expected for

matrix elements µ =
〈
47D5/2|49P3/2

〉
= 1622 au, µ′ =

〈
47D5/2|45F7/2

〉
= 1661 au

and an average nearest-neighbor distance of R = 2.6 µm. In all model calculations

the decay rate to the hydrogen-like manifold was chosen to be Γ = 2π × 30 MHz.

E ∆ / 2π ΩF / 2π

[mV/cm] [MHz] [MHz]

0 -225 155

Figs. 5.12, 5.15(a) 160 -150 40

Fig. 5.15(b) 260 0 5

when compared to the theoretical values.

We can exemplify the role of the Förster process by changing the (effective) en-

ergy difference between the |D D〉 and |P F〉 pair states with an electric field. Fig. 5.15

shows spectra of the 47D5/2 line for different electric fields and densities. There are

three distinct features of the measured spectra accompanying higher densities: line

broadening, an electric field dependent shift, and an enhanced excitation probability.

All of these features can be explained in the picture of our model: The increasing

interaction strength leads to a line broadening. Depending on the electric field, the

detuning to the closest dipole-coupled pair states changes in size and also sign (see

Stark shifts in Fig. 5.13). As discussed in Sec. 4.1.1 this also changes strength and

character of the interaction which is reflected in the shifted resonance peak. Finally

the enhanced excitation is again a consequence of the decay into the hydrogen-like

manifold. As seen in Fig. 5.15 the model qualitatively describes all of the observed

features.

Finally we want to point out a difference in the decoherence presented here and
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Figure 5.15: (a) Spectrum of the 47D5/2 resonance line at an electric field of

E = 160 mV/cm (E⊥=0V/cm) at densities of 1010 cm−3 (black) and 4.7× 109 cm−3

(gray). For the higher density we observe a line shift and broadening combined with

an enhanced excitation probability. The solid and dashed lines are results from the

model schematically depicted in Fig. 5.14. The line shift is a result of an energy

difference between the |D D〉 and |P F〉 pair states. (b) Same for an electric field of

E = 260 mV/cm (E⊥ = 200 mV/cm). The electric field changes the overall line shift

to zero, while line broadening and excitation enhancement remain.
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the dephasing due to the diffusion of the resonant energy transfer which relies on

internal state swapping between two atoms. The mechanism presented here is a

single-atom process and can be seen as an energy diffusion inside individual atoms

rather than a spatial diffusion in the atomic cloud. In fact this internal energy

dissipation can counteract the spatial diffusion as atoms can only exchange their

internal state if these states are dipole coupled. As the hydrogen-like manifold

comprises n − 3 different angular momenta a decay into these states can strongly

reduce the probability for many-body effects.





Chapter 6

Conclusion and perspectives

6.1 Summing up ...

The large set of the various Rydberg states and the strong interaction between Ryd-

berg atoms are both the basis for the many possibilities and the source of different

and numerous disturbances. In this thesis we have shown that the limiting timescale

for studying coherent effects in a frozen Rydberg gas is not necessarily given by the

radiative lifetime but can be considerably shortened due to acceleration in interac-

tion potentials. This is one example showing that our system is prepared far away

from an equilibrium state.

However, on short timescales the system is stable enough for investigations of the

initially prepared system. We have seen that, while coupling to a large (almost de-

generate) manifold can lead to very efficient decoherence, we can nevertheless both

coherently excite atoms and examine the coherent evolution of long-range interac-

tions when working in a well-separated subspace.

All this shows two of the special qualities of ultracold Rydberg gases: The in-

herent complexity generates challenging demands that need to be met in order to

control the gas on a quantum level, while the same complexity can also be used to

study larger systems or couplings to incoherent reservoirs. This thesis has investi-

gated both aspects. Future perspectives can be understood in the larger theme of

increasing the degree of quantum control and thus gaining a better understanding

of the ever-present mechanisms of decoherence.
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6.2 ... and going on

Gaining better access. Our current excitation scheme is limited to angular mo-

menta of ` = 0(S) and 2(D). The implementation of a three-photon excitation

5S1/2
780 nm−→ 5P3/2

1530 nm−→ 4D
∼700 nm−→ nP / nF

or

5S1/2
780 nm−→ 5P3/2

776 nm−→ 5D
∼1260 nm−→ nP / nF ,

will allow access not only to ` = 1(P) and 3(F) but also to the full hydrogen-like

manifold because the ` = 3(F) mingles into this manifold at very small electric fields.

The combination of the two- and three-photon scheme thus allows the excitation of

all Rydberg states with high excitation probability.

Increasing the sensitivity for pair processes. Another aim is to increase the

resolution of our measurements of interaction potentials introduced in Sec. 4.2. By

using two independent excitation pulses we can first create a dilute gas of single

atoms and with a second (detuned) pulse excite partners at well-defined distances.

When measuring the stability of pairs excited in this manner we also hope to identify

molecules consisting of two non-overlapping Rydberg atoms [Boisseau et al., 2002].

Introducing spatial order. In earlier experiments we have demonstrated Ra-

man sideband cooling of 87Rb [Singer, 2004]. While this reduces the thermal energy

even further it also pins the atoms to an optical lattice. The introduction of both

long- and short-range spatial order in an optical lattice decreases the number of

possible pair distances. This may lead to the direct observation of oscillations be-

tween pair states in resonant energy transfer processes and, secondly, may delay

ionization processes. The combination of well-defined pair distances and the direct

excitation of a superposition of different (higher) angular-momentum states is also

a prerequisite for observing exotic “butterfly” and “trilobite” ground-state–Rydberg-

state molecules [Greene et al., 2000; Hamilton et al., 2002].

Closing in on many-body interactions – increasing the density. At current

densities the typical interatomic distances are on the order of a 5µm, while the Bohr

radius of the most abundantly used Rydberg states with n ≤ 50 is only . 100 nm.
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A

e
ij

B
Figure 6.1: Original idea of a fast quantum phase gate using the dipole block-

ade [Lukin et al., 2001]: Two mesoscopic Rydberg gases A and B are excited. In

each of these two subensembles only one atom can be excited into the Rydberg state

due to the dipole-blockade. The long-range interaction between the two subensem-

bles leads to the accumulation of an interaction-dependent relative phase eiϕ between

the two ensembles.

This means that the Rydberg gas, even at complete excitation, is still very dilute.

Increasing the density will therefore preserve a system of well-separated atoms while

drastically increasing the interaction strength. We plan to implement optical dipole

traps and evaporative cooling in order to lower the temperature and raise the density

at the same time.

Entangling mesoscopic clouds and simulating long-range transport. By

characterizing both coherent excitation and coherent interaction we have leapt for-

ward to the realization of a proposed scheme for quantum information processing

which is sketched in Fig. 6.1. We can use our gained expertise in beam shaping

to produce two separated mesoscopic ensembles and study their mutual interaction

which will ultimately lead to the experimental realization of quanutm phase gates

for neutral atoms. One of the important steps (relying on an increased density)

will be to reach the regime of the full dipole blockade with the experimental ob-

servation of the many-body Rabi-frequency discussed in Sec. 5.2.1. One can also

imagine a whole line of Rydberg clouds in which we can, for instance, study the

energy transfer. This may give additional insight into energy transfer in molecular

systems.

Going exotic – starting from a quantum degenerate gas. By increasing den-

sity and decreasing temperature we will eventually reach quantum degeneracy of the
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ground state atoms. The first Rydberg excitation out of a Bose-Einstein-condensate

(BEC) was recently performed in the group of Tilman Pfau in Stuttgart [Pfau, 2006].

This system will pose new questions: Can we observe transitions to a metal-like state

when the Rydberg wavefunctions overlap? What happens when we excite a perfect

crystalline structure (namely the Mott-insulator state of a BEC) to Rydberg states?

How does Rydberg interaction influence the coherent“thermal”motion of the atoms?

How does a single highly excited atom or ion disturb a condensate?

Ultracold Rydberg atoms have been around for less than a decade and have

drawn magnificent interest in this very short time. Many question await to be asked

and answered. This work constitutes one step on the long path towards unravelling

all the mysteries of this system.
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Browaeys, A., and Grangier, P. (2004). Holographic generation of microtrap

arrays for single atoms by use of a programmable phase modulator. J. Opt. Soc.

Am. B 21, 1889.

103



104 BIBLIOGRAPHY

[Bergmann et al., 1998] Bergmann, K., Theuer, H., and Shore, B. W. (1998). Coherent

population transfer among quantum states of atoms and molecules. Rev. Mod.

Phys. 70, 1003.

[Berman and Salomaa, 1982] Berman, P. R. and Salomaa, R. (1982). Comparison be-

tween dressed-atom and bare-atom pictures in laser spectroscopy. Phys. Rev. A

25, 2667.

[Bhatti et al., 1981] Bhatti, S. A., Cromer, C. L., and Cooke, W. E. (1981). Analysis of

the Rydberg character of the 5d7d1D2 state of barium. Phys. Rev. A 24, 161.

[Blasbichler, 2000] Blasbichler, G. (2000). Ein Lambdameter mit 10−7 Ungenauigkeit.

diploma thesis Universität Innsbruck.

[Blatt, 1967] Blatt, J. M. (1967). Practical points concerning the solution of the

Schrödinger equation. J. Comput. Phys. 1, 382.

[Bohr, 1913] Bohr, N. (1913). On the Constitution of Atoms and Molecules. Phil. Mag.

26, 1, 476, and 857.

[Boisseau et al., 2002] Boisseau, C., Simbotin, I., and Côté, R. (2002). Macrodimers:
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Zum anderen dafür, dass Du immer aufmerksam genug warst, mir im vollem Umfang

die Auszeit zu geben, die ich für mich als nötig empfunden habe – unabhängig vom

Ausmaß. Du hast das seltene Talent, Menschen zu Höchstleistungen zu treiben. Ich
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dienst. Außerdem danke ich Dir für das gemeinsam getragene Leid im Kampf mit

den T******-Lasern.

Am Rydberg-Experiment haben eine Reihe besonders talentierter und außerge-
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Erratum

The calculation of Stark shifts in this thesis has been performed with a wrong quan-

tum defect for hydrogen-like states (which was set wrongly to the same value as

for nFJ states). This affects Fig. 5.13 for which the correct version is depicted in

Fig. E.1.

While the main results, namely (i) a substantial population of states that are

not deexcited by the laser (see Fig. 5.12) and (ii) a field-dependant shift of the

interaction-broadened line due to a shift of the pair resonance (see Fig. 5.15), remain

unaffected, these effects are not caused by the coupling to a large reservoir of all

hydrogen-like states (as suspected in the thesis) but seem to come from the dephasing

of the much fewer nFJ ,mJ = −J . . .+ J states alone.
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Figure E.1: Stark shift of dipole coupled pair states around the 47D5/2+47D5/2

asymptote. The two arrows mark the total electric field at which the two spectra of

Fig. 5.15 are taken. With the correct quantum defect for the hydrogen-like states

(n`J with ` = 4) the energy transfer resonance is well defined. Note that the values

for the detuning ∆ used in the simulation are now well justified (see Table 5.2).
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