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Abstract:

Signatures of coherent excitation in a cold gas of Rydberg atoms are

presented in this thesis. The setup for the creation of a cold gas of Ry-

dberg atoms out of a magneto-optical trap is discussed. The design and

the characterization of a beam shaping element transforming a beam

with Gaussian intensity distribution into a beam with uniform intensity

distribution are shown. Measurements on the Autler-Townes splitting

of an atomic resonance in a strong laser field, the two-photon excita-

tion in a three-level system with far detuned intermediate state, and

the efficient population transfer via rapid adiabatic passage (RAP) are

presented and discussed in detail. A special focus is put on the influence

of a Gaussian intensity profile of the excitation lasers onto the acquired

signals. Finally an experimental setup for measuring Rabi flops in a

cold gas of Rydberg atoms is desribed.

Zusammenfassung:

In dieser Diplomarbeit werden Signaturen kohärenter Anregung in

einem Gas kalter Rydberg Atome vorgestellt. Der experimentelle Auf-

bau zur Präparation eines kalten Rydberg-Gases wird erläutert und ein

Strahlformungselement zur Transformation eines Gauss’schen Laserpro-

files in ein Strahl-Profil mit homogener Intensität präsentiert. Mes-

sungen zur Aufspaltung einer atomaren Resonanz in einem starken

Laser-Feld (Autler-Townes Doublet), zur Zwei-Photonen Anregung in

einem Drei-Niveau System mit weit verstimmtem Zwischen-Niveau und

zur effizienten Anregung mittels “rapid adiabatic passage” (RAP) wer-

den vorgestellt und ausführlich diskutiert. Besonders der Einfluss

Gauss’scher Strahlprofile auf die gemessenen Kurvenformen wird un-

tersucht. Abschließend wird der experimentelle Aufbau zum Nachweis

von Rabi Zyklen in einem kalten Rydberg-Gas beschrieben.
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Introduction

Rydberg atoms in states of high principal quantum number n have been studied

since the end of the 19th century [Gal94]. Johann Balmer realized in 1885 that the

wavenumbers of the four lines observed in the visible spectrum of atomic hydrogen

could be calculated by the simple formula

ν =
1

4b

(

1

4
− 1

n2

)

where n where integer numbers. Today we know that n corresponds to the principal

quantum number n of the excited state decaying into the n = 2 state of Hydrogen.

Johannes Rydberg generalized the Balmer formula to

ν = R

(

1

m2
− 1

n2

)

which predicted the existence of many lines that hadn’t been observed at that time

but where identified much later. R is now known as Ry, the Rydberg constant. This

formula also inspired Bohr in 1913 to propose his atom model, which predicted many

exceptionally pronounced properties of atoms with high-n, such as a large cross-

section scaling with n
4 and a polarizability scaling with n

7. All these exaggerated

properties are due to the large extend of the electronic wavefunction which scales

with n
2. First experiments, performed on hot Rydberg atoms excited in vapor cells

and atomic beams, focused on the large cross-section of Rydberg atoms. Line shifts

in high pressure background gas and magnetic fields were studied in great detail

over many decades.

The field gained new momentum with the advent of laser trapping and cool-

ing techniques. Rydberg atoms could now be excited out of a cold cloud of atoms

trapped e.g. in a magneto-optical trap (MOT). Thus the kinetic energy of the

1
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ground state atoms is very small (typically in the µK range) and the excited Ryd-

berg atoms combine a very low kinetic energy with a high internal excitation. This

shifts the interaction regime from the one of a statistical ensemble (such as in a

hot gas) towards many-body interactions such as in solid state physics. Some of

the phenomena studied in cold Rydberg gases in recent years include many-body

diffusion of excitation [And98,Mou98] via resonant dipole energy transfer processes

(“Förster process”), the evolution of cold Rydberg gases into cold plasmas and the re-

verse [Gal03], the ionization of a Rydberg gas by Rydberg-Rydberg collisions [Mis03],

the conversion of interaction energy to atomic motion [dO03,Li05], and the forma-

tion of Rydberg molecules [Far03]. Previous work performed on this experiment

showed the interaction-induced local suppression of excitation [Sin04b,Ton04,CL05]

and current experiments are focused on the dynamics of the resonant energy trans-

fer [Wes05] and the interaction-induced ionization of a gas of Rydberg atoms. In all

these cases the interaction strength is depending on the density of Rydberg atoms.

In order to reach regimes of stronger interactions (e.g. the complete suppression

of excitation in a mesoscopic ensemble, the “dipole blockade”) it was therefore nec-

essary to increase the Rydberg density. Using a sequence of two short pulses in

counter-intuitive order, we were able to show rapid adiabatic passage (RAP) in a

three level system with an excitation efficiency of 90% [Dei05b].

One main feature of the Freiburg experiment is the narrow-band quasi-continuous

wave (cw) excitation into the Rydberg state. In contrast, most other groups in this

field use pulsed lasers with a high bandwith. This allows us to gain high-resolution

spectroscopic information about the interaction processes and to excite the atoms

in a coherent way. Coherent excitation is of great importance for the applicability

of cold Rydberg gases to quantum information processing [RL05]. However, the

coherent excitation of a mesoscopic ensemble of atoms requires homogeneous light

fields; for quantum information processing these light fields also need to be spatially

structured. The evaluation of different beamshaping techniques lead to design and

characterization of a diffractive optical element which transforms a Gaussian beam

profile into a uniform flat-top profile.

The excitation into Rydberg states in our experiment is based on a two-step

excitation scheme. First the atom is excited into an intermediate state by a red

photon (780 nm), then excited further into the Rydberg state by a blue photon

(480 nm). Although Rydberg resonances have a natural linewidth in the kHz range,



CONTENTS 3

the natural linewidth of the intermediate state limits the spectroscopic resolution to

Γ/2π = 6.1MHz. Within the scope of this thesis the resolution could be increased by

a factor of two by employing a far detuned two-photon resonance. The intermediate

state was not populated and sufficiently high excitation rates were achieved.

In chapter 1 the creation and the properties of a cold Rydberg gas will be ex-

plained. We will illuminate the theoretical background of Rydberg atoms in sec-

tion 1.1, calculate transition matrix elements in section 1.2, and present the experi-

mental setup in section 1.3. In chapter 2 the transformation of laser beams with a

Gaussian intensity distribution into a beam with a uniform intensity profile will be

discussed. The characterization of shaped beam profiles will be presented. Coher-

ent excitation in a cold Gas of Rydberg atoms is the topic of chapter 3. After an

introduction to the theoretical background of atom-light interaction in section 3.1,

three experiments in preparation of coherent excitation into Rydberg states will be

presented. The observation of the Autler-Townes doublet [Aut55] gave important

insights on the homogeneity of the laser beam profiles and will be reported in sec-

tion 3.2, the excitation of a far-detuned two-photon resonance in a three-level system

is shown in section 3.3. In section 3.4 the efficient population transfer via rapid adi-

abatic passage (RAP) [Ber98] into Rydberg states will be demonstrated. This thesis

will close with a conclusion and an outlook in chapter 4.





Chapter 1

Preparation of a cold Rydberg gas

In this chapter the preparation of a cold gas of Rydberg atoms is described. After

a general overview over the properties of Rydberg atoms in section 1.1, the dipole

matrix elements for transitions into Rydberg states are calculated in section 1.2. In

section 1.3 the path from trapping a cold gas of atoms in a magneto optical trap

(MOT) to the creation of a gas of cold Rydberg atoms is described.

1.1 Rydberg atoms

Rydberg atoms in high states of principal quantum number n have many exag-

gerated properties due to the large extent of their electronic wavefunction. The

most pronounced example is the polarizability: The dipole matrix element between

neighboring levels depends on the average location of the electron 〈r〉 = 2n2a0 (a0

is the Bohr radius) in the two states. The matrix elements therefore scale as the

orbital radius with n
2. The relative energy between adjacent states scales with n

−3

(due to the normalization of the electronic wavefunction). Therefore the polarizabil-

ity given by 2e2
∑

n 6=n
′,l,m | 〈nlm | z | n

′l′m′〉 |2/(Enlm − En
′l′m′) scales with n

7. The

strong polarizability leads to van der Waals interaction between Rydberg atoms:

fluctuations in the electronic wavefunction of atom A lead to a temporal dipole mo-

ment of atom A. The field of this dipole induces a dipole moment in atom B. The

interaction energy between those two dipoles scales with the interatomic distance R

as R−6 and with the principal quantum number n as n
11 [Boi02]. The regime of long

range van der Waals interaction applies therefore especially to interactions between

5
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Property (n∗) dependence Rb(60d)

Binding Energy (n∗)−2 3.96meV

Energy spacing (n∗)−3 33.5GHz

Orbital radius (n∗)2 5156 a0

Dipole moment 〈nd| er |nf〉 (n∗)2 138.3 ea0

Polarizability (n∗)7 191 MHz
(V/cm)2

Radiative lifetime (n∗)3 215µs

Table 1.1: Selected properties of Rydberg atoms adapted from [Gal94] for rubidium.

Rydberg atoms in high n-states. Interactions between permanent dipoles also play

a role in Rydberg systems. These permanent dipole moments can be induced by

small electrical fields which lead to mixing of states with different parity due to the

Stark effect. The interaction scales as R−3 and is tunable by small electrical fields.

An overview over other important properties of Rydberg atoms and there scal-

ing behavior with the principal quantum number n is given in table 1.1. The small

binding energies of only several meV below the ionization limit (for states n ≥ 30)

make it possible to ionize Rydberg atoms by moderate electric fields (. 1000V/cm).

The ions (or electrons) can then be easily detected e.g. by a channeltron or by a

multi-channel plate. By varying the electrical field it is also possible to selectively

ionize Rydberg states above a certain energy level (state-selective detection).

The energy levels for alkali Rydberg atoms can be expressed similarly to the

hydrogen energy levels

En = Eion − Ry

(n∗)2
(1.1.1)

with the ionization limit Eion, the Rydberg-constant Ry and an effective quantum

number n
∗ = n − δ where δ is the empirically observed quantum defect. In general

the quantum defect δ is depending on n, the orbital angular momentum ℓ and the

total electron angular momentum J . It is parameterized by the Rydberg-Ritz model

δl,j = δ0 +
δ2

(n − δ0)
2 +

δ4

(n − δ0)
4 +

δ6

(n − δ0)
6 +

δ8

(n − δ0)
8 + . . . (1.1.2)
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with parameters δ(α) for the transitions relevant in our experiment listed in Table 1.2.

For the ground states (n = 5) the electron energies can be calculated directly from

measurements of the ionization energy [Lor83] and transition wavelengths [Ste01].

(ℓ, j) nmin δ0 [Lee78,Li03] δ2 [Lee78,Li03] δ4 [Lor83] δ6 [Lor83] δ8 [Lor83]

(0, 1
2
) 14 3.1311804 0.1784 -1.8 0 0

(1, 1
2
) 11 2.6548849 0.2900 -7.904 116.4373 -405.907

(1, 3
2
) 13 2.6416737 0.2950 -0.97495 14.6001 -44.7265

(2, 3
2
) 4 1.34809171 -0.60286 -1.50517 -2.4206 19.736

(2, 5
2
) 4 1.34646572 -0.59600 -1.50517 -2.4206 19.736

Table 1.2: Parameters for the calculation of the quantumdefect in 87Rb by

Eq. (1.1.2), compiled from the given references. nmin is the lowest principal quan-

tum number for which experimental and fitted values agree within 2σ.

1.2 Calculation of dipole matrix elements

The interaction strength between an atom and a laser mode is proportional to the

dipole matrix element between initial and final atomic state. In order to gain quan-

titative information about the excitation process, these matrix elements have to be

known. In our experiment we employ a two-photon excitation scheme that will be

discussed in Sec. 1.3. The matrix element for the lower transition
∣

∣5S1/2

〉

→
∣

∣5P3/2

〉

can be calculated from the excited state lifetime and can be found e.g. in [Ste01].

The matrix elements for the transition from the intermediate atomic state
∣

∣5P3/2

〉

into Rydberg states |n ℓ j〉 are not published in the literature and therefore had to

be calculated as described in the following section.

The matrix elements for these transitions are given by
〈

5P3/2

∣

∣ ~µ |n ℓ J〉 where ~µ

is the dipole operator. The dipole operator ~µ can be expressed in a spherical basis

as

µq = e r

√

4π

3
Y1,q (1.2.1)

with electron charge e and spherical harmonic Y1,q. For a rotational invariant po-
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tential this expression separates into a radial and a spherical matrix element

〈

5P3/2

∣

∣µq |n ℓ J〉 = 〈R5P3/2
(r)|er|Rn ℓ,J(r)〉

〈

P3/2

∣

∣

√

4π

3
Y1,q |ℓ J〉

=: 〈R5P3/2
(r)|µr|Rn ℓ,J(r)〉

〈

P3/2

∣

∣µsph |ℓ J〉
(1.2.2)

where Rn,ℓ,J is the electronic wavefunction of the state n with orbital angular mo-

mentum ℓ and total electron angular momentum J . This wavefunction is calculated

by integrating the Schrödinger equation for the electron at the energy given by

Eq. (1.1.1) with the Numerov algorithm following [Zim79]. The potential of the

atomic core and the closed-shell electrons is implemented by a model potential for
87Rb that is fitted to one-electron energies [Mar94].

Radial matrix element

The radial matrix element is given by

〈R5P3/2
(r) | µr | Rn ℓ,J(r)〉 =

∫

R5P3/2
(r) er Rn ℓ,J(r) r dr . (1.2.3)

With the calculated wavefunctions this integral can easily be evaluated. This yields

the radial matrix elements depicted in Fig. 1.1. For high n the matrix elements

scale with n as µrad =
〈

5P3/2 |er| nℓ
〉 ∼= Cℓ n

∗−3/2. A fit of this scaling law to the

calculated values yields CS = 4.508 a.u. and CD = 8.475 a.u for n≥ 30.

To our knowledge there are no published all-order calculations of matrix elements

for transitions from the intermediate
∣

∣5P3/2

〉

state into high n states. Ref. [Saf04]

gives matrix elements for low-lying transitions calculated via an all-order relativistic

many-body method. The matrix element of the highest transition they consider

is
〈

5 P3/2

∣

∣ er
∣

∣8 S1/2

〉

=0.71 ea0. Our method is not accurate for n<14, since the

quantum defect calculated from Tab. 1.2 has a high error for these n. However, if we

ignore this error, our method yields 0.63 ea0. This is still an acceptable agreement

for our purposes. For higher lying n states more reliable results can be expected.

The radial dipole matrix element for the transition from the intermediate state

into the Rydberg state is typically a factor 100 smaller than the matrix element for

the transition from the ground state into the intermediate state1. This will become

important when we consider coherent excitation in a two-step scheme (see Sec. 2.1).

1e.g. compare 〈5P|er|37D〉 ≈ 0.03 ea0 and 〈5S1/2|er|5P3/2〉 ≈ 3.0 ea0.
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Figure 1.1: Calculated radial matrix elements (ignoring Clebsch-Gordan coefficients)
〈

5P3/2

∣

∣ er |n ℓ〉 for the dipole allowed transitions with ℓ =S,D.

Spherical matrix element

The spherical matrix element 〈µsph,q〉 for transitions into Rydberg states is given by

〈n, ℓ, J, F, mF |µsph,q |n′, ℓ′, J ′, F ′, m′
F 〉 (1.2.4)

where ~J = ~ℓ + ~S is the total electron angular momentum composed of orbital

angular momentum ℓ and electron spin S, and ~F = ~J + ~I is the coupling of J and

the nuclear spin I. Expanding this matrix element into the degenerate magnetic

quantum numbers mI of the nuclear spin and mS of the electron spin leads to

〈µsph,q〉 =
∑

mI ,mS

〈F, mF |J, (mF − mI), I, mI〉

× 〈J, (mF − mI)|ℓ, (mF − mI − mS), S, ms〉

×
√

4π

3

〈

Yℓ,(mF−mI−mS)

∣

∣Y1,q

∣

∣Yℓ′,(mF ′−mI−mS)

〉

× 〈F ′, mF ′|J ′, (mF ′ − mI), I, mI〉
× 〈J ′, (mF ′ − mI)|ℓ′, (mF ′ − mF − mS), S, mS〉

(1.2.5)

The first and last two terms are Clebsch-Gordan coefficients which are tabulated.

The term 〈Yℓ,m|Y1,q|Yℓ′,m′〉 can be calculated e.g by Mathematica [WRI03], a com-
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puter algebra system.

The matrix elements we calculated as described in this section will be used in

chapter 3 to gain estimates for excitation efficiencies and atom-light interaction

strengths.
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Figure 1.2: (a) Trapping and excitation scheme. (b) Experimental setup for the

preparation of a frozen Rydberg gas from a magneto-optical trap. Figure adapted

from [RL05].

1.3 Experiment

The experimental setup used for the creation and detection of a cold gas of Rydberg

atoms is described in detail in the doctoral thesis of Kilian Singer [Sin04a]. Here

I will only shortly outline the general setup and then focus on improvements and

additions made during my thesis.

A magneto optical trap (MOT) is used to trap a cloud of cold 87Rb atoms as

schematically shown at the center of Fig. 1.2 (b). The trapping light is generated by

grating stabilized diode lasers. The MOT is placed between two metal grids (1.5 cm

apart) with high optical transmission which are used to apply electric fields during

excitation and to field-ionize the Rydberg atoms. The resulting ions and electrons are

accelerated by electric fields and detected by micro-channel plates (MCP). Between

107 and 108 87Rb atoms are typically trapped at a peak density of about 1010 cm−3

with loading times of roughly 5 s. The steady state temperature of the MOT is

about 200µK.

The cold atoms are prepared in Rydberg states by a a two-photon excitation

scheme shown in Fig. 1.2 (a). The cold atoms are excited by a first photon from the
∣

∣5S1/2, F = 2
〉

into the intermediate state
∣

∣5P3/2, F = 3
〉

. This photon is provided

by a commercial high-power diode laser with a line width . 1MHz (Toptica, DLX

110). The second excitation step excites the atom in the intermediate state into

a selected Rydberg state |n, ℓ, J〉. The light for this transition is generated by a
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4
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2
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1

5

Figure 1.3: Image of the MOT-chamber during construction. Marked are (1) central

field grids used for field ionization of the Rydberg atoms, (2) magnetic coils used to

generate the quadrupole field for the MOT, (3) offset coil to generate an offset field

for magnetic trapping, (4) multi channel plate for ion detection, and (5) position of

the atom cloud. Figure adapted from [Sin04a].

commercial cw laser system consisting of a frequency-doubled semiconductor laser

source with a line width <2MHz (Toptica, TA-SHG 110). The wavelength of this

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

threshold. A lambdameter allows to measure the wavelength of the second photon

with a precision of ≈ 500MHz (see appendix B). All lasers can be independently

switched by accousto-optical modulators (AOMs) with switching times in the 100-ns

range.

A typical experimental cycle (repeated every 70ms) is shown in Fig. 1.4. First

the quadrupole magnetic field used for trapping is turned off. The MOT lasers

are switched off 3ms later. The red and blue excitation lasers are switched on for a

variable time period. The cycle is completed by ionizing the Rydberg atoms through

an electric field pulse and detecting the resulting ions and electrons on two opposite

MCPs. The electric field is always switched to a high voltage except during the

excitation sequence in order to prevent accumulation of ions which are created in
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Figure 1.4: Typical timing sequence of an experimental cycle.

the time between excitations. All timings are controlled via a programmable digital

delay-pulse generator (Berkeley Nucleonics BNC 555) with a 1 ns precision on delay

and width of the generated pulses.

1.3.1 Compensation of magnetic fields

Excitation of atoms in a magnetic field leads to broadening of the atomic resonances

by the Zeeman effect. The broadening due to the earth’s magnetic field is approx.

2MHz for a D5/2 state (following [Sob72], par. 29.1). This is on the order of our

laser linewidths (the Rydberg resonances are only a few kHz broad) and is therefore

not negligible. Six coils placed around the vacuum chamber (see Fig. 1.5) allow

for a nearly complete compensation of an external magnetic field. The coils used

in a previous setup of the experiment [Sin04a] did reduce the optical access to the

vacuum chamber significantly. New coils were designed to allow better optical access

to the chamber. The four coils in x- and y-direction are designed to produce a field of

0.8 Gauss/Ampere at the position of the MOT. They have 60 windings each, except

for the front coil in y-direction which has only 30 windings. This compensates the

off-centered position of the vacuum chamber. The two coils for the z-axis have 200

windings each, yielding a calculated field of 2.2 Gauss/Ampere at the position of

the MOT.

The electric current running through the compensation coils is stabilized elec-

tronically (see appendix C). We optimized the field compensation by observing the

atomic cloud expansion. After the magnetic trapping fields are turned off, the ex-

pansion of the atomic cloud is sensitive to residual magnetic fields since the optical

force on the atoms depends on the splitting of magnetic sublevels. If the magnetic
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Figure 1.5: Positions of magnetic compensation coils around the vacuum chamber.

field in the MOT region is compensated to zero, the atom cloud expands “slowly”

(on the order of a few hundred milliseconds) which can be observed by monitoring

the fluorescence with a camera.

1.3.2 Modulation transfer spectroscopy

The MOT-lasers and the laser for the first excitation step are stabilized via Doppler-

free modulation transfer spectroscopy [Ber01]. The setup is sketched in Fig. 1.6.

The light from the laser is split into two beams: a pump beam and a probe beam.

The pump beam is phase-modulated by an electro optical modulator (EOM) and

then passes through a rubidium vapor cell. The probe beam is counterpropagating

through the vapor cell and then passes onto a photodiode. If both lasers are strongly

saturating an atomic transition, anomalous dispersion leads to a transfer of modu-

lation from the pump to the probe beam [Raj80]. This transfer can be measured by

detecting the relative phase between the two beams. The phase-detection is realized

by mixing the signal from the photodiode and the signal driving the EOM. A low-

pass filter is used to gain the dc part of the mixing signal which is proportional to the

relative phase. A typical spectroscopic signature of rubidium is shown in Fig. 1.7.

One feature of this method is that it yields the strongest signals at the closed atomic

transitions while for instance frequency modulation (FM) spectroscopy only gives

small signals at these transitions. A main advantage of modulation transfer spec-
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Figure 1.6: Schematics of the modulation transfer spectroscopy (MTS). The light

from the laser is split into two beams at the beam splitter (BS). The pump beam

is frequency modulated by an electro optical modulator (EOM) and then reflected

through a rubidium vapor cell (Rb). The probe beam is passing directly through the

vapor cell and on to a photodiode. The saturation signal from the photodiode and

the signal driving the EOM are mixed and fed through a low-pass filter. The resulting

signal is used as error signal in the servo loop. The EOM is coupled to the oscillator

through a resonance circuit.

troscopy is that it is intrinsically Doppler-free. In contrast a signal gained by FM

spectroscopy always shows a Doppler-broadened underground.

The zero crossing at the 87Rb closed transition is used as servo feedback for

locking the laser to this resonance. When necessary acusto optical modulators are

used to shift the laser frequency relative to this transition.

1.3.3 Ultra-stable cavity lock

Another recent improvement to the experiment is an active frequency stabilization

for the blue excitation laser. While all other lasers are stabilized via Doppler-free

Rb spectroscopy, no such reference is available for the blue laser. Since we want to
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Figure 1.7: Typical curves for the absorption spectrum of the rubidium vapor (gray

line). Marked are the resonances F=2→F’ for F’=2, F’=3 and the cross-over resonance

between 2 and 3, (*). Only the closed transitions F=2→F’=3 for 87Rb and 85Rb are

visible in the dispersion signal from the modulation transfer spectroscopy (black line).

address Rydberg states from n> 30 up to the ionization limit, the blue laser has to

be stabilized at a wavelength between 479 nm and 483 nm. We use an ultrastable

cavity made of ZERODURr as a reference. The cavity is built from one concave

and one planar mirror. The optical path length is therefore four times the physical

cavity length of 10 cm. This leads to a free spectral range of 400MHz. The mirrors

have a reflectivity of R = 99.8% which corresponds to a finesse of approx. 1500.

Since we cannot tune the cavity to different wavelengths, we shift a monitor beam

of the fundamental laser at 960 nm by a wide-range acousto-optical modulator2 onto

a cavity mode (see Fig. 1.8). We achieve a detuning range of 400MHz which allows

us to scan the laser over the whole free spectral range of the cavity. The laser is sta-

bilized to the cavity by frequency modulation techniques where the laser frequency

is modulated by an electro-optical modulator. Since the cavity is aligned in a non-

confocal way, we can address longitudinal and transverse modes in the cavity which

leads to a typical measured mode spacing on the order of 100MHz. Since we can

lock the laser at any mode, the different cavity modes form a “frequency ruler”. By

“hopping” from mode to mode we can tune the blue laser over several hundred MHz

which a frequency resolution off less than 1MHz.

2Brimrose GPF-800-500.960 with a center frequency of 800MHz and a bandwidth of 500MHz.
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With this setup, the excitation laser at 480 nm laser can be stabilized with an

absolute frequency stability better than 1MHz over a period of one day.

Figure 1.8: Simplified sketch of the frequency stabilization of the Rydberg excitation

laser at 480 nm. The laser passes through an optical isolator and an accousto-optical

modulator (AOM) in double-pass configuration. The frequency-shifted reflected beam

is guided through another fiber for mode cleaning, modulated by an electro-optical

modulator (EOM) and coupled into the ultrastable cavity. An avalanche photo diode

(APD) picks up the reflected beam. The output is amplified and mixed with the

modulating signal to obtain an error signal for locking the laser.





Chapter 2

Beamshaping for homogeneous

excitation

The interaction strength of an atom in a light field scales with the square root of the

light intensity. If we want to coherently manipulate a mesoscopic ensemble, we have

to make sure that the intensity of the light-field is uniform over the whole sample.

Otherwise the different interaction strength would make a controlled experiment

impossible. Since most laser-beams have a Gaussian beam profile the requirement

of uniformity is not trivial.

In section 2.1 different approaches for achieving a homogeneous intensity will be

discussed. In section 2.2 the most important concepts of beam shaping by diffractive

and refractive elements will be introduced. The design implemented and fabricated

for our specific application will be presented in section 2.3. Finally measured beam

profiles will be shown in section 2.4.

2.1 Comparison of different approaches for achiev-

ing homogenous intensity

A beam profile with uniform intensity is called a “flat-top” or a “top-hat” profile. It

can be gained from a Gaussian beam by two approaches: either by filtering or by

redistributing the intensity.

Filters for shaping a beam are realized either as a pinhole which selects only the

central part of the Gaussian distribution or as an inverse Gaussian gray filter [Cha98]

19
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which strongly attenuates the beam in the center and is transparent at the edges. In

both cases typically 10% of the incident power is transferred into the flat-top. The

intensity of the incident beam can be increased by focusing the laser. However the

following discussion will show, that the loss of 90% of the incident laser power is not

acceptable for our situation: In section 1.2 we saw that the transition matrix element

for the lower transition is typically a factor 100 higher than the matrix element of

the upper transition. Equal excitation efficiencies for both transitions can therefore

only be achieved if the laser driving the upper transition has an intensity which is 104

times higher than the intensity of the lower transition. Since we also have to highly

saturate the lower transition for coherent excitation, this sets a lower bound for the

upper laser intensity of approx. 1 × 106 mW/cm2. Current narrow band continuous

wave (cw) lasers with a wavelength around 480 nm have only limited laser power

(. 200mW) so that the laser beam has to be focused for achieving the required

intensities (radius 6 100µm)1. If we filter the beam in order to gain a uniform

profile, the incident laser power is reduced by a factor of 10 which translates into a

image radius of 6 10µm. For an average interatomic spacing of 5 µm (at densities

of 109 cm−3) only a few atoms would be addressed by such a small laser beam. Thus

many body effects could not be observed.

The second approach is the redistribution of the incident power. Lossless shaping

of laser beams has been an active area of research since the 1960s [Dic00]. Three main

techniques have been established which are of interest for our problem: refractive

beam shaping by the use of aspherical lenses, diffractive beam shaping via phase-

only holograms (a so called “kinoform”) and dynamical holograms. The distinction

between“refractive”and“diffractive”elements is mainly technical and is based on the

methods employed in the design process. We will not follow this distinction strictly

and treat both techniques as diffractive beam shaping. Diffractive optical elements

(DOEs) change the phase of an incoming wave in a way, that the desired image

is reproduced at a certain distance. This concept is known from holography. The

phase modulation can either be achieved by a static element (an aspherical lens or a

kino-form) or by a dynamical element such as liquid crystal devices. Liquid crystals

add a phase to the incoming light depending on their orientation. The orientation

can be programmed either via an electrical field like in a liquid crystal display (LCD)

1Pulsed lasers deliver much higher power, however their large bandwidth makes it impossible

to prepare a coherent superposition of Rydberg states.
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or via optical programming. LCDs consist of an array of electric field-plates which

control the phase shift at the corresponding pixel. Because of the pixel structure

and a low diffraction efficiency at the pixel edges, the generated holograms generally

suffer from a poor resolution and a high speckle density. Optically programmed

devices (such as the Hamamatsu PPM series) use light instead of electrical fields to

program the liquid crystals. This has the advantage of a smoother spatial modulation

which results in a low-noise image. Such devices have been successfully used to trap

atoms in dynamically created optical dipole traps (see e.g. [Ber04]) or for versatile

manipulation of microscopic objects (“optical tweezers”) [Gri03]. However, spatial

light modulators using liquid crystals are very expensive and generally suffer from

a limited diffraction efficiency (< 40% in first order) which is insufficient for our

application.

We therefore decided to use a static DOE for shaping the excitation laser in our

setup. In the following section the design of such an element will be discussed.

2.2 Methods of diffractive beam shaping

The problem of shaping a beam with diffractive optics can be formulated in the

following way: given an incoming plane wave with a certain intensity distribution

i(x, y) at plane P, find a phase-modulation ei φ(x,y) at P so that the propagated wave

has an intensity distribution I(X, Y ) at plane Q (see Fig. 2.1). A conventionally

recorded hologram modulates phase and amplitude of the incoming wave to achieve

such a beam shaping. Since modulation of the amplitude means losing laser power

this is not desirable for our application. A purely diffractive optical element (DOE)

which only changes the phase of the light field is also called a “kinoform”. Two main

techniques have been established to determine the phase modulation φ(x, y): geo-

metrical transformation [Bry74] and the method of iterative Fourier transformations

(IFTA) [Rip04]. Both approaches are be described in more detail in the following

paragraphs.

2.2.1 Geometrical transformation

The method of geometrical transformation is based on simple geometric principles:

find a deformation h that transforms a region B on plane P into a region h(B) on
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Figure 2.1: Schematic view of the beam-shaping problem.

plane Q of Fig. 2.1 in a way that satisfies the condition
∫

B

i(x, y) dx dy =

∫

h(B)

I(X, Y ) dX dY (2.2.1)

for all B. This can be seen as the requirement of conservation of power. For the

general two-dimensional problem there is no unique solution for h. However, our

specific problem has cylindrical symmetry and is therefore basically one-dimensional.

Thus we will consider i(x, y) → i(r) and I(X, Y ) → I(R):

r
∫

0

i(r′) r′ dr′ =

h(r)
∫

0

I(R) R dR , for all r (2.2.2)

Note that we will discard the unit of intensity in the following discussion. For a

Gaussian input distribution i(r) = e−2r2/r2
0 with a beam waist2 r0 there exists an

analytic solution. It can be found in the following way: The energy E(r) collected

within a radius r on plane P is uniformly distributed onto a circle with radius h(r)

on plane Q:

E(r) = 2π

r
∫

0

i(r′) r′ dr′ =
π r2

0

2

(

1 − e−2r2/r2
0

)

!
= σ π h(r)2 (2.2.3)

where the constant σ is the ratio between the incident peak intensity and the uniform

intensity over the circle on plane Q. σ therefore determines the scaling between input

2The waist of a Gaussian beam is defined as the distance from the center where the intensity

has droped to 1/e2 of the peak value.
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and output dimensions. Eq. (2.2.3) directly yields the function h(r)

h(r) =

√

r2
0

2 σ

(

1 − e−2r2/r2
0

)

(2.2.4)

Now for each radius r on plane P the necessary angle ϑ of the outgoing ray is given

by

tan ϑ(r) =
h(r) − r

Z
(2.2.5)

where Z is the distance between the two planes.

Necessary for manufacturing the DOE is the information of how much the phase

has to be changed by the element at every point on the surface P. Equation (2.2.5)

yields only the angle at every point.

z

r

W (r)
ϑ

ϑ

~k

Figure 2.2: Schematic view of the relation between geometrical wavefront W (r),

wave-vector ~k, and the angle ϑ.

The “geometrical wavefront” W is defined as the surface where for a given time t

the phase of a wave is constant. It is always perpendicular to the local wave-vector

defined by the angle ϑ(r). From figure 2.2 one can easily derive that for the slope

of the wavefront the following relation holds:

∂

∂r
W =

∆z

∆r
= tanϑ(r) (2.2.6)

With W (0) = 0 as start-value W (r) can be found by numerical integration using

(2.2.5). An example is shown in figure 2.3.
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0

1

2

-2-1012

Figure 2.3: Calculated wavefront which transfers a Gaussian input beam with waist

r0 = 2 into a flat-top with the same radius. The z-axes is arbitrarily scaled

W (r) directly yields the thickness d(r) of the DOE. To see this, let us consider

two incident rays with vacuum wavelength λ, parallel to the z-axis in distances r1

and r2. They travel for a length of d(r1) and d(r2) through the DOE which has a

refractive index n. Since both rays are bound to have equal phase at z = W (r) (the

wavefront-surface), the relative phase acquired by the different travel times through

the substrate has to be equal to ∆W :

∆φ =
2π

λ
∆d (n − 1) =

2π

λ
∆W (2.2.7)

which can be simplified to

∆d(r) =
∆W (r)

n − 1
. (2.2.8)

The DOE can then be realized either as an aspherical lens or by etching the surface

profile d(r) = ∆d(r) + offs into a planar substrate.

The main advantages of the method of “geometrical transformation” are its sim-

plicity and the smoothness of the resulting wavefront which is favorable in the pro-

duction process of the phase element. However, this approach does not take into

account the finite size of the fabricated beam-shaper which leads to a convolution

of the expected beam profile with the diffraction pattern of a circular aperture and

therefore destroys the uniform intensity distribution.

Note that the geometric description is valid as long as rays originating from

different points of the DOE do not intersect. A region where the crossing of rays

happens is called a “caustic”. Here interference dominates the reconstructed image

(see Fig. 2.4). Since the method of geometrical transformation redistributes the
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incident rays in a monotonous way, such a region can only exist behind the image

plane and therefore it is justified to neglect interference between the propagating

rays in the design process. Elements designed under such assumptions are often

called “refractive” elements.

{~z

(a) input

(b) z=99.8mm (c) z=100.0 mm (d) z=100.2 mm

caustic

Figure 2.4: Simulation of a geometrical transformation from a Gaussian beam (waist-

radius 6.4 mm) 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”.

It is obvious that the desired beam shape can only be realized in the specified

plane. Figure 2.4 shows a simulation of how the beam profile changes with distance

from the DOE. Closer to the DOE the edge of the flat-top gets broader and one finds

not only a single intensity but a broad distribution of intensities. In a plane behind

the working distance, a caustic region leads to an overshoot of the intensity at the

edges. This has to be taken into account during the design of the optical setup for

the two-step excitation (see section 4.1).

The uniformity of a beam profile is evaluated best by the distribution of inten-

sities. This distribution is determined by taking the intensity at every pixel and
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partitioning this list of intensities into “bins” (intensity intervals) from zero to the

peak intensity. The normalized number of entries in a bin yields the relativ frequency

of the intensity interval corresponding to this bin. Fig. 2.5 compares the distribution

of intensities for a Gaussian beam with the intensity distribution of an ideal flat-top.

A uniform intensity means that all bright pixels have the same intensity. Therefore

the distribution consists of a single line (intensities below a certain threshold of typ-

ically 5% are truncated). The Gaussian beam has a very broad distribution where

all intensities occur with comparable weights.
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Figure 2.5: Intensity distribution of the flat-top from Fig. 2.4 (c) (dark gray), and

a Gaussian beam profile (light gray, enlarged by a factor 5 for better visibility). In-

tensities below 5% of the peak intensity where truncated.

2.2.2 Iterative Fourier transformation algorithm

In contrast to the above described method, the iterative Fourier transformation

algorithm (IFTA) is a numerical approach which is not based on the tracing of

single rays but which treats the light as a complex wavefunction with intensity and

phase. DOEs designed on such principles are generally called “diffractive”.

It is well known that the field distribution EQ =
√

I(X, Y ) ei Φ(X,Y ) in a plane Q
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far away from the aperture3 is given by

EQ(kX , kY ) =

∞
∫∫

−∞

EP (x, y) ei(kXx+ kY y) dx dy , (2.2.9)

where EP =
√

i(x, y) ei φ(x,y) is the field distribution in the aperture plane P [Hec98].

EP is also called the “aperture function”.

The spatial frequencies (or wave vectors) kX and kY can be defined in the fol-

lowing way (figure 2.6 defines the notation):

kX = |~k| sin θ = |~k|X/Z (2.2.10)

kY = |~k| sin φ = |~k| Y/Z (2.2.11)

x

y

X

Y

Zθ

φ

~k

kX

kY

Figure 2.6: Illustration the nomenclature for the Fourier transformation. x and y

span the DOE plane P, X and Y span the image plane Q. ~k is the wave vector from

(x=0,y=0) to (X,Y).

With this definition the Fourier transform reads

EQ(X, Y ) =

∞
∫∫

−∞

√

i(x, y) eiφ(x,y) ei k (Xx + Y y)/Z dx dy (2.2.12)

where k = |~k| = 2π/λ is the absolute value of the wave vector.

3“Far away” means that the spatial extension of the aperture is negligible when compared to

the distance from the aperture.
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However, this transformation always modifies phase and amplitude of the beam.

To achieve a phase-only modulation one can use the freedom of phase in the image

plane: since only the output intensity is of interest, the phase remains arbitrary. This

is used by an algorithm named after Gerchberg and Saxon [Ger72]. The algorithm is

given by the following iteration scheme: the iteration starts with the desired intensity

distribution I(X, Y ) and a random phase Φ(X, Y ) in the image plane Q. The inverse

fourier transformation is used to calculate the field distribution
√

ĩ(x, y) ei φ̃(x,y) in the

shaping plane P. Now the input constraint ĩ(x, y) = i(x, y) is enforced by replacing

the calculated intensity distribution with the desired one while keeping the calculated

phase function:

EP =
√

i(x, y) eiφ̃(x,y) (2.2.13)

Often other constraints are enforced such as the quantization or a finite spatial

resolution of the phase function (more examples can be found in [Rip04]). This

distribution is then transformed back into the image plane using again the Fourier

transformation. Here the output constraint Ĩ(X, Y ) = I(X, Y ) is enforced in the

same way. The deviation between I and Ĩ is the criterion for convergence. The choice

of the right initial phase-distribution, the optimal implementation of the required

constraints and the correct criterion for convergence are non-trivial and are an aim

of ongoing research [Rip04].

When finally a suitable transformation is found, the DOE is realized by etching

the final phase-function φ(x, y) into a glass-substrate following equation (2.2.8)4.

Since the calculated structure of a DOE can be reproduced on a real substrate only

with a finite precision, distortions are introduced into the shaped beam profile. They

often show up as bright or dark spots called“speckles”and a less effective suppression

of illumination outside of the desired flat-top. Such technical limitations can to a

certain amount be included in the algorithm. A general guideline is to make the

phase function as smooth as possible (note that geometrical transformation yields an

inherently smooth wavefront). Another problem is the limited diffraction efficiency

of the element which leads to a bright spot on the optical axis, the so-called “zeroth

diffraction order”.

4Note that the wavefront W (r) defined in section 2.2.1 is just the phase function φ(x, y) defined

in this section, multiplied by λ/2π.
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2.3 Realization of a diffractive beam shaper

We chose the following specifications for the beam-shaping element:

Wavelength 480 nm

Gaussian input waist 6.5mm

Flat-top output radius 25µm

Working distance 106.5mm

The input beam was specified as large as possible so that the spatial resolution

of the DOE could be utilized in an optimal way. The upper limit is given by the

entrance window into the chamber which has a diameter of approx. 15 mm. The

working distance was chosen to be as short as possible where the limit was again

given by the dimension of the vacuum chamber. The spot size is the best trade-off

between a high intensity and a sufficiently large excitation volume.

The DOE was designed and manufactured for us by the “Institut für Technische

Optik” in Stuttgart (ITO)5. The procedure employed in the design of the beam-

shaping element is a combination of geometrical transformation and IFTA algorithm:

As the beam not only has to be changed in shape but also has to be focused, the

main refractive power is realized by a sapphire plano-convex lens (Casix 073PLCX-

25.4/51.5Q1). This also reduces the distortion of the beam profile by the zeroth

diffraction order discussed in section 2.2.2. A first guess for the DOE is found by an

analytical solution following section 2.2.1. The combined phase front of the lens and

the DOE is then taken as the starting point for an iterative process following section

2.2.2 which takes into account the influences of the system aperture, the entrance

window of the vacuum chamber and the different refractive indices of air and vacuum.

The resulting beam profile has been simulated and checked independently with the

optics software package ZEMAX [DC05].

The computed surface profile is transferred onto a silicate glass plate in a two-

step process: First a halftone image is written into a photo resist by a high precision

(resolution of less than 1µm) polar coordinate laser writing system (CLWS-300).

Then reactive ion etching (RIE) is used to translate the amplitude information into

a depth profile. The control of the whole process is very critical and it takes about

one day to create a structure of one inch in diameter. The element is then cut out

5Contact: Christof Pruss
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of the glass plate and cemented onto the lens. This ensures that the alignment of

the beam-shaping element in an optical setup is less critical.

2.3.1 Optical setup

Figure 2.7 shows the optical setup for the beam-shaping element. The output of a

single-mode, polarization maintaining fiber (OzOptics QPMJ-3A3A-488-3.5/125-3-

10-1) with a measured effective numerical aperture (NA) of 0.081 is collimated by a

1”-achromat (Casix ACL0303) with a focus length of 80mm. This design results in

a profile which is a very good approximation of a collimated Gaussian beam with a

waist of 6.5mm. For optimal on-axis alignment of all elements a combination of lens

tubes (Thorlabs SM Tube series) and a 30mm cage system is used. While the fiber-

connector and the achromat are centered only by the lens tubes, the beam-shaping

element is mounted onto a xy-positioning stage for better alignment. The whole cage

system is then fixed onto a 2”-lens mount which was modified for this purpose by

the mechanical workshop. The screws were replaced by high precision adjustment

screws (NewPort AJS100-0.5H) which a thread pitch of 0.25mm 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. A translation stage could make the align-

ment easier but would also introduce additional instabilities. Tests have shown that

the chosen method is sufficiently reliable, precise and fast. Finally the lens mount

is fixed directly to the vacuum chamber in order to make the whole setup very stable.

The alignment of the optics was done in the following way: First the distance

between fiber-connector and achromat was changed until the focus of the whole

system was at the specified distance from the DOE. Collimating the beam after the

achromat with a screen positioned at different distances proved to be less precise.

For comparison the Gaussian beam waist behind the achromat was measured with a

knife edge. The measured distribution was in very good agreement with a Gaussian

distribution of 6.9± 0.1mm waist. This is about 6% larger than designed, probably

due to uncertainties in the measured NA of the fiber. However simulations with

the software package ZEMAX showed that this should have no larger impact on the

functionality of the DOE. Finally a CCD-camera (see following section) was used
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Figure 2.7: Sketch and actual implementation of the beam shaping optics. Marked

are (a) the fiber-connector, (b) the achromat for collimating the beam, (c) the beam-

shaping element, (d) the xy-mount for the DOE, (e) the mirror mount, and (f) the

mounting point to the vacuum chamber.

to align the position of the beam-shaping element on the mentioned xy-translation

stage so that the flat-top showed optimal symmetry.

2.4 Characterization of shaped beam profiles

Since the radius of the flat-top profile was designed to be only 25µm, special tools

had to be developed for alignment and characterization of the beam-shaping ele-

ment. The DOE basically works like a hologram thus the intensity profile has to be

measured in situ and cannot, for example, be projected onto a screen or a camera

for measurements.

There are three established techniques for beam-profiling: knife edge scanners,

slit scanners and CCD-camera based profilers. Knife edge scanners work by mea-

suring the integrated intensity signal while cutting through the beam at different

angles. The complete intensity distribution is then recovered with methods similar

to the ones used in computer tomography. However, since the number of angles

under which the beam is cut is always limited, the full two-dimensional profile can

only be reconstructed by making assumptions about the distribution (e.g. that it is

super-Gaussian). Slit scanners work in a similar way with the difference that they
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record a signal integrated over only a small slit. They are also of limited use when

the intensity distribution is completely arbitrary. CCD-chip based devices on the

other hand can record any intensity distribution in two dimensions. A drawback is

that they suffer from a higher noise-level and a more complicated saturation behav-

ior. Both can be compensated, the first by averaging over several frames and the

latter by explicitly measuring the intensity dependence of the acquired signal.

We decided to use a low cost consumer USB camera (Philips ToUCam Pro

PCVC740K) which was modified for our purposes in the following way: The camera

employs a color CCD chip (Sony ICX098BQ). This is a normal b/w CCD sensor with

different color-filters applied to the pixels in a regular pattern (a so-called “Bayer

mosaic sensor”). The color of each pixel is recovered via interpolation from an array

of up to nine pixels. Since this decreases the resolution of the camera, the chip was

replaced by its monochrome equivalent (Sony ICX098BL). This recovers the full

spatial resolution of 5.6 µm/pixel .

The semiconductor surface of the CCD-chip is protected by a glass window

which produces Fraunhofer diffraction rings when illuminated with coherent light

and strongly disturbed the measurement. Therefore it was removed mechanically

which inevitably caused a significant but still acceptable number of inactive (black

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

The software tool WmRmac [Bur05] was used to modify the firmware of the

CCD camera so that raw, uncompressed and unprocessed images could be read out.

Finally 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”[IC05]

was used. 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, ro-

tating, measuring beam profiles and capturing of bitmap-files can be easily arranged

in the desired sequence and are applied to the acquired images in realtime.

2.4.1 Results for 480 nm

Figure 2.8 shows beam profiles measured at different distances from the DOE. The

CCD camera was mounted on a horizontal translation stage for a controlled varia-
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Figure 2.8: 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).

tion of distances. Fig. 2.8, (b) shows the best flat-top with a radius of approx 42 µm

which is about 70% bigger than it was specified. Fig. 2.9 compares the intensity

distribution of Fig. 2.8 (b) with the one of a Gaussian beam. The beam shaping

element leads to a redistribution of intensities below 50% of the peak value to higher

intensities as expected. However, the intensity distribution is not perfectly uniform:

the variations of intensities reach up to 30% over the illuminated area. The increased

radius can be partially explained by the input beam, which was about 6% bigger

than the designed value. The non-uniformity might be due to a slight angle of the

fiber connector or the DOE relative to the optical axis which cannot be compensated

in the current setup. However, simulations of the excitation process with this inten-

sity distribution (see Sec. 4.1) show that the flat-top at z = 0 should be homogenous

enough for our purposes.

Measurements showed, that more than 80% of the incident power is transferred

into the flat-top profile. This is a improvement of a factor eight against the simpler

solution of filtering the Gaussian beam by a pinhole (see Sec. 2.1).
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Figure 2.9: Intensity distribution of the CCD image from Fig. 2.8 (b) (dark gray),

and the intensity distribution of a Gaussian beam (light gray). Intensities below 5%

are truncated.

2.4.2 Results for 780 nm

A second beam shaping element for the first excitation laser (780 nm) was also

designed and fabricated. Measured beam profiles are shown in Fig. 2.10. Very

pronounced dark rings are visible at all distances from the DOE. These rings could

not be removed by realigning the optics. The intensity distribution is very broad and

small intensities are only weakly suppressed when compared with a Gaussian beam

as can be seen from Fig. 2.11. The reason for this deviation is still not explained by

the group in Stuttgart.

We decided that this beam profile is not uniform enough for the coherent ma-

nipulation of a mesoscopic ensemble of atoms. However, we will show in section 4.1

that the shaping of only one beam, the excitation laser at 480 nm, is sufficient for

our purposes.
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Figure 2.10: Dependence of the shaped beam on the distance from the DOE for

780 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).
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Figure 2.11: Intensity distribution of the CCD image at z = −0.8mm, Fig. 2.10 (c)

(dark gray), and a Gaussian beam (light gray).





Chapter 3

Coherent excitation of cold

Rydberg atoms

In this chapter the coherent excitation of a cold Rydberg gas is investigated the-

oretically and experimentally. In section 3.1 we derive the theoretical framework.

The optical Bloch equations formulated in section 3.1.2 are used to model exper-

imental data and gain quantitative information about the excitation process. In

the following sections three experiments will be presented which illustrate different

aspects of coherent excitation in a Rydberg gas. The first experiment discussed in

section 3.2 is the measurement of the so called “Autler-Townes” doublet [Aut55].

Here the first excitation step is resonant and strongly saturated while the second

laser serves as a weak probe. Under these circumstances the atomic resonance will

split into a doublet of lines. In the second experiment presented in section 3.3 a

“two-photon” resonance will be studied. Here the sum of the two laser-frequencies

is equal to the energy gap between ground state and Rydberg state while the first

laser is far detuned from resonance with the intermediate level. In section 3.4 we

will demonstrate highly efficient population transfer using “rapid adiabatic passage”

(RAP). A population transfer of 90% is achieved with two coherent pulses of light.

3.1 Theoretical background

In this section a versatile model for the optical excitation in a three-level ladder

system including spontaneous decay is discussed. The full Hamiltonian for the sys-

37
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tem is derived and the temporal evolution is evaluated through the density matrix

formalism leading to the optical Bloch equations for our system.

3.1.1 Hamiltonian of a three-level system

The excitation scheme employed in our experiment is in very good approximation

described by a three-level ladder system. Fig. 3.1 shows such a system where |i〉

{

{

|1〉

|2〉

|3〉

Γ2

Γ3

ωA,12

ωA,23

ωL,12

ωL,23

δ12

δ23

Figure 3.1: A three-level ladder system with two near resonant light fields

(i=1,2,3) is the bare atomic level, ωA,ij is the inter-atomic energy spacing, ωL,ij is

the frequency of the laser-field coupling the levels i and j, and δij = ωA,ij − ωL,ij is

the detuning of the laser from the atomic resonance. Note that all these observables

are symmetric under exchange of i and j. Finally Γi is the rate of spontaneous decay

out of level i.

The Hamilton-Operator for this system can be written as

H = HA + HL + VAL (3.1.1)

where HA is the Hamiltonian for the bare atom, HL is the Hamiltonian for the

laser fields and VAL is the light-matter interaction. The spontaneous decay will be

omitted for now.
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Atomic Hamiltonian HA

With the notation introduced in figure 3.1 we can write the atomic part of the

Hamiltonian as

HA = −~ ωA,12 |1〉 〈1| + ~ ωA,23 |3〉 〈3| (3.1.2)

where the intermediate level was chosen as energy reference.

Hamiltonian of the laser field HL

In second quantization, the photon-number operator Nij is written as Nij = (a†
ijaij +

1
2
) with the annihilation and creation operators aij and a†

ij of the laser mode ωL,ij in

the conventional normalization aij |N〉 =
√

N |N − 1〉 and a†
ij |N〉 =

√
N + 1 |N + 1〉.

The Hamilton operator for the two laser modes is then given by

HL = ~ ωL,12

(

a†
12a12 +

1

2

)

+ ~ ωL,23

(

a†
23a23 +

1

2

)

(3.1.3)

Interaction operator VAL

The interaction operator for a three-level system acts on the states |i, N12, N23〉 with

bare state |i〉 (i=1,2,3) and photon-numbers N12 (N23) in the laser mode ωL,12 (ωL,23).

The matrix-elements of VAL in this basis are:
〈

j, N̄12, N̄23

∣

∣VAL

∣

∣i, N̄12, N̄23

〉

= ~ Ωij/2 for |i − j| = 1

= 0 else
(3.1.4)

where we only consider average photon numbers N̄ij and can therefore introduce the

so-called “Rabi frequency” Ωij

Ωij = µij

√

2 Iij

c ε0

(3.1.5)

Here c is the speed of light, ε0 the vacuum permittivity, µij the transition dipole

matrix element calculated in chapter 1.2 and I the intensity of the coupling laser

beam. For a complete treatment see appendix A.

Full Hamiltonian

Now everything is prepared to determine the Hamiltonian in an adequate basis.

With the introduction of the Rabi frequency in eq. (3.1.4) we made the assumption



40 Chapter 3. Coherent excitation of cold Rydberg atoms

that the atom-light coupling strength is in very good approximation depending only

on the average photon number in the laser-mode. This leads to a periodicity of the

eigenvalues of the full Hamiltonian (3.1.1) over a range of ∆N around |N12, N23〉.
Therefore it is well justified to formulate the Hamilton-operator only in the basis of

{∣

∣1, N̄12 + 1, N̄23

〉

,
∣

∣2, N̄12, N̄23

〉

,
∣

∣3, N̄12, N̄23 − 1
〉}

(3.1.6)

with average photon numbers N̄ij = 〈Nij〉. The matrix-elements of the atomic

Hamiltonian HA are in this basis given by

〈

1, N̄12 + 1, N̄23

∣

∣HA

∣

∣1, N̄12 + 1, N̄23

〉

= −~ ωA,12
〈

2, N̄12, N̄23

∣

∣HA

∣

∣2, N̄12, N̄23

〉

= 0
〈

3, N̄12, N̄23 − 1
∣

∣HA

∣

∣3, N̄12, N̄23 − 1
〉

= ~ ωA,23 (3.1.7)

and the matrix-elements of the light-field operator HL are given by

〈

1, N̄12 + 1, N̄23

∣

∣HL

∣

∣1, N̄12 + 1, N̄23

〉

= ~ ωL,12
〈

2, N̄12, N̄23

∣

∣HL

∣

∣2, N̄12, N̄23

〉

= 0
〈

3, N̄12, N̄23 − 1
∣

∣HL

∣

∣3, N̄12, N̄23 − 1
〉

= −~ ωL,23 (3.1.8)

where all energies are chosen relative to the intermediate level. With the matrix

elements of the interaction operator VAL defined in (3.1.4) the full Hamiltonian can

then be written in a very compact way:

H =







−δ12 Ω12/2 0

Ω12/2 0 Ω23/2

0 Ω23/2 δ23






(3.1.9)

with detunings δij = ωA,ij − ωL,ij as given in Fig. 3.1.

3.1.2 Optical Bloch equations

Up to now the discussion was following the description of a simple two-level system

as discussed e.g. in [CT88]. However the system employed in the experiments

described later in this work has an intermediate state with a life-time which is not

negligible when compared to experimentally interesting Rabi frequencies. Therefore

it is necessary to include the effects of spontaneous decay in our description. The

density matrix formalism will be used to include those effects.
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The density matrix operator for our system is

ρij = |i〉 〈j| i, j = 1, 2, 3 (3.1.10)

With the rotating wave approximation made above and Γij ≪ ωL,ij the density

matrix obeys the quantum Liouville equation [Ber82]

∂
∂t

ρ = − i

~
[H, ρ] + ∂

∂t
ρdec (3.1.11)

with H given by (3.1.9) and an additional incoherent term

∂
∂t

(ρdec)ij = −γij ρij for i 6= j (3.1.12)

∂
∂t

(ρdec)ii = −Γi ρii +
∑

j 6=i

Γji ρjj (3.1.13)

where γij describes the decay of the coherences ρij , i 6= j and Γij is the rate of pop-

ulation transfer due to spontaneous decay or collisions. The only two relevant decay

processes in the investigated system are the spontaneous decay of the intermediate

level into the ground state (Γ21 = Γ2) and the decay of the upper state out of the

system given by Γ3. Γ1 and all other Γij’s are zero.

If there are no phase-changing collisions between atoms the coherences decay as

γij = 1/2 (Γi + Γj) [Ber82]. Thus we get the following incoherent contributions to

equation (3.1.11):

d
dt

(ρdec)12 = −Γ2/2 ρ12
d
dt

(ρdec)21 = −Γ2/2 ρ21

d
dt

(ρdec)23 = − (Γ2 + Γ3) /2 ρ23
d
dt

(ρdec)32 = −(Γ2 + Γ3)/2 ρ32

d
dt

(ρdec)13 = −Γ3/2 ρ13
d
dt

(ρdec)31 = −Γ3/2 ρ31

d
dt

(ρdec)11 = Γ2 ρ22 (3.1.14)

d
dt

(ρdec)22 = −Γ2 ρ22

d
dt

(ρdec)33 = Γ3 ρ33

For further simplification the transformations

ρ̃12 = e−i δ12/2 t ρ12 , ρ̃23 = e−i δ23/2 t ρ23 , ρ̃13 = e−i ∆/2 t ρ13 , ρ̃ij = ρ̃∗
ji

(3.1.15)
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are made, where ∆ = δ12 + δ23 is the two-photon detuning. This transformation

eliminates fast oscillations of the light-field so that they do not show up in the

final equations. With this transformation (3.1.11) finally yields the following nine

equations:

d
dt

ρ11 = i
Ω12

2
(ρ̃12 − ρ̃21) + Γ2 ρ22

d
dt

ρ22 = i
Ω12

2
(ρ̃21 − ρ̃12) − Γ2 ρ22 + i

Ω23

2
(ρ̃23 − ρ̃32)

d
dt

ρ33 = i
Ω23

2
(ρ̃32 − ρ̃23) − Γ3 ρ33

d
dt

ρ̃12 = −
(

Γ2

2
− i δ12

)

ρ̃12 + i
Ω12

2
(ρ11 − ρ22) + i

Ω23

2
ρ̃13

d
dt

ρ̃23 = −
(

Γ2 + Γ3

2
− i δ23

)

ρ̃23 + i
Ω23

2
(ρ22 − ρ33) − i

Ω12

2
ρ̃13

d
dt

ρ̃13 = −
(

Γ3

2
− i ∆

)

ρ̃13 + i
Ω23

2
ρ̃12 − i

Ω12

2
ρ̃23

ρ̃ij = ρ̃∗
ji i, j = 1, 2, 3

(3.1.16)

Note that for a finite Γ3 the trace Tr(ρ) < 1, which means that the system is not

closed. However, the condition Γ3 ≃ 0 is valid in all situations for which we will

solve the OBEs in chapter 3. This set of coupled partial differential equation is

equivalent to the classical optical Bloch equations (OBE) for this situation. The

system (3.1.16) will therefore be referred to as OBE in the remainder of this work.

Given appropriate starting conditions it can easily be solved numerically, for example

by using a computer algebra system such as Mathematica [WRI03].
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3.2 Autler-Townes splitting

The Hamilton operator for a three-level-ladder system was derived in chapter 3.1.

For Ω12 ≫ Γ2 ≫ Ω23 one can neglect the interaction with the third state and Γ2

and just consider the much simpler two-level system described by

H =

(

−δ12 Ω12/2

Ω12/2 0

)

(3.2.1)

The eigenvalues of this matrix are easily found:

E±/~ = −δ12 ∓
√

δ2
12 + Ω2

12

2
(3.2.2)

In the case of δ12 = 0 they are E± = ±~ Ω12/2. We now include again the upper

transition with a low intensity beam, meaning that the upper most state is used only

as a weak probe measuring the population of the intermediate state. If the frequency

of this laser is now scanned around the atomic resonance between intermediate and

upper most state, the new eigenstates will become resonant at detunings of the new

eigenvalues E1 respectively E2 from the atomic resonance. One will therefore observe

a doublet of lines separated by the Rabi-frequency Ω12 of the lower transition. The

same doublet can be observed for a strong laser driving the upper transition and a

weak laser probing the lower transition.

Fig. 3.2 shows a calculated spectrum obtained by numerically solving the OBEs

for different detunings of the upper laser.

3.2.1 Experimental setup

The principles of the employed excitation and detection scheme have already been

presented in chapter 1.3. In this section the specific excitation scheme for this mea-

surement will be discussed. It is sketched in Fig. 3.3.

In addition to the excitation sequence shown in Fig. 1.4, the atoms are optically

pumped for 1µs to the
∣

∣5S1/2, F = 2, mF = 2
〉

state with σ+-light. The quantization

axis is defined by the optical axis of the three beams aligned in parallel as shown in

Fig. 3.4. The σ+-polarized excitation lasers can therefore only drive the transition
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Figure 3.2: Autler-Townes spectrum calculated by solving the full set of OBEs for

a lower Rabi-frequency of Ω12/2π = 60MHz, a natural linewidth of Γ2/2π = 6.1 MHz

and a very small upper Rabi frequency.

∣

∣5S1/2, F = 2, mF = 2
〉

→
∣

∣5P3/2, F = 3, mF = 3
〉

→
∣

∣35D5/2, mJ = 5/2
〉

1.

After a 1 µs delay the first and the second excitation lasers are switched on at

the same time. The blue laser is turned off after 400 ns, the red laser is turned off

after 800 ns. This sequence prevents deexcitation of the Rydberg state via the blue

beam. Longer excitation times lead to ionization of the Rydberg gas which destroys

the atomic coherence.

For acquiring spectral information, the blue laser is locked to a cavity and scanned

over the atomic Rydberg resonance via a wide-range AOM (see section 1.3.3). The

laser for the first excitation step is locked to the atomic resonance via a vapor-cell

spectroscopy (see section 1.3.2).

Fig. 3.4 shows the alignment of the laser beams. The beams for the first and

the second excitation step and the beam of the pumping laser are all aligned in

parallel, so that they have a common quantization axis. The beams for the first

and the second excitation step are counter-propagating. Thus, residual Doppler

shifts (up to 2 MHz at typical temperatures) cancel out for a two-photon process.

The red beam (780 nm) is collimated to a waist of 1.1mm. Its intensity is in good

approximation constant over the cylinder-shaped excitation volume. The blue beam

(480 nm) is focused to a measured waist of 37 ± 2 µm with a Rayleigh-range greater

1Note that the stretched state |35D, mJ = 5/2〉 is also the state
∣

∣35D5/2, F = 4, mF = 4
〉

.
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35 D5/2
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2

1
2

3
2
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2

Figure 3.3: Excitation scheme: A resonant σ+-polarized 780 nm laser (dashed lines)

pumps all atoms into the mj = 1/2 sub-level of the 5S1/2 ground state. A strong

σ+-polarized 780 nm laser (solid red line) couples the ground state 5S1/2, mj = 1/2

to the excited state 5P3/2, mj = 3/2. This state is coupled by a tunable σ+-polarized

480nm laser (solid, blue line) to the Rydberg state 35D5/2, mj = 5/2.

1st step

2nd step

pumperMOT

Figure 3.4: Excitation geometry. The red 780 nm light for the first excitation step

is much broader than the blue 480 nm light for the second step. The 780 nm light for

optical pumping is overlapped with the first excitation step. All beams are circularly

polarized.

than 1mm. Since the atom-density in the MOT has a 1σ radius of ∼ 0.5mm the

radial intensity profile of the blue beam is considered constant over the whole length

of the excitation volume.

3.2.2 Measurements on the Autler-Townes splitting

Fig. 3.5 shows four spectra taken at different intensities of the red excitation laser

beam. While the laser of the first excitation step is always kept resonant to the

atomic transition, the blue laser probing the intermediate state is scanned over the

resonance. The graphs show the recorded MCP signal, which is directly proportional

to the number of excited Rydberg atoms, plotted against the frequency of the blue
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Figure 3.5: Autler-Townes splitting measured for different red laser intensities (solid

lines) . For comparison spectra calculated from the simple model given in section 3.2

are calculated with the splittings adjusted to the experimental data and a natural

linewidth of Γ2/2π = 6.1 MHz (dashed lines).

laser relative to the atomic resonance. At an intensity of 1.2mW/cm2, which is

smaller than the saturation intensity of 2.5mW/cm2 for this transition, a single

resonance is observed. Its linewidth is dominated by the spontaneous decay of the

intermediate 5 P3/2 state which has a linewidth of Γ/2π = 6.1MHz. With increasing

intensity the line splits symmetrically into two resonances. At the highest intensity

the two peaks are separated by ∼120MHz.

The line-shapes of the measured peaks are very different from the calculated

line-shapes. They are significantly broadened, especially towards zero detuning.

The excitation probability at zero detuning is finite even for high splittings. It is

obvious that the model described in section 3.2 is not accurate. In the next section

the model is extended and the line shapes are reproduced accurately.
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3.2.3 Optical Bloch equations revisited

The observed line shapes can be gained from a full numerical solution of the optical

Bloch equations introduced in equation (3.1.16). For a quantitative analysis both the

real pulse shapes and intensity distributions have to be included in the calculation.

The pulse shapes of the excitation lasers are recorded with a fast photodiode

and error functions are fitted to the obtained signals. Fig. 3.6 shows two exem-

plary curves. The Rabi frequencies in the model are parameterized as Ω(t) =

Ωmax

√

I(t)/Imax, where I(t) is the fitted pulse shape and Ωmax is a parameter de-

termining the maximum Rabi frequency.
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Figure 3.6: Recorded pulse shapes and fitted error functions for (dashed) first exci-

tation step and (solid) second excitation step.

The spatial dependence of the second excitation step is taken into account by

calculating the Rabi frequency of the upper transition at typically n = 10 different

distances Ri from the optical axis, ranging from zero to the distance where the

intensity has dropped to 1/e4 of its peak value. The peak-value is a free parameter.

For each of these frequencies the OBEs are solved numerically yielding a spectrum

fi(ω). The averaged spectrum of the whole sample is then given by

f̄(ω) =
1

πR2
n

n
∑

i=1

π
(

(Ri + ∆R/2)2 − (Ri − ∆R/2)2
)

fi(ω)

=
2∆R

R2
n

n
∑

i=1

Ri fi(ω)

(3.2.3)
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Figure 3.7: Autler-Townes spectrum of 45S1/2. Shown are measured data (points)

and calculated curves for Ω23,peak = 2π × 13 MHz (solid line), Ω23,peak = 2π × 15 MHz

(upper dashed), and Ω23,peak = 2π × 9 MHz (lower dashed). The red Rabi frequency

is Ω12 = 2π × 30 MHz for all calculated curves.

where every spectrum is weighted by the corresponding area and ∆R is |Ri −Ri+1|.
The contribution of the single spectra to the averaged curve is illustrated in Fig. 3.8.

The spatial intensity distribution of the first excitation step is assumed to be uniform.

Fig. 3.7 compares a measured Autler-Townes spectrum with curves obtained

from a numerical solution of the full OBEs including measured pulse shapes and

spatial dependence of the second excitation step for different blue peak Rabi fre-

quencies. The experimental curve is reproduced best for a blue peak Rabi frequency

of Ω23,peak/2π = 13 +2
−4

MHz. This value can be compared with a theoretical value

following equation (3.1.5): ~ Ω = µ (2I / cǫ0)
1/2. The peak intensity I is given by the

incident power P and the beam waist ω0 as I = 2 P/πω2
0. With the measured values

for P and ω0 this yields I = 2.3±0.1×106 mW/cm2. The value for the dipole transi-

tion matrix element is computed according to section 1.2 as µ = 5.5×10−3 ea0. This

yields a Rabi-frequency of Ω23,peak/2π = 16.1MHz which is in reasonable agreement

with the experimental value.
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Figure 3.8: Spatial averaging of the Autler-Townes splitting over a Gaussian profile

of the blue beam. The uniform red Rabi frequency is Ω12/2π =30 MHz, the peak

blue Rabi frequency is Ω23,peak/2π =13 MHz. The Gaussian profile is split into ten

rings (a). For each of these rings with average radius R, the local Rabi frequency

Ω23(R)/2π is determined. With this blue Rabi frequency the excitation efficiency is

calculated for detunings of the upper transition from δ23/2π = −40 to 40MHz and

weighted as described in the text (b) (the curves are offset for better visibility). Then

all spectra are incoherently added (c).
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Autler-Townes splitting of the upper transition

It was not possible to observe the Autler-Townes splitting of the upper transition

as mentioned in section 3.2. The Gaussian intensity distribution of the focused blue

beam leads to a continuous range of splittings which average out in the measured

signal. One can therefore only observe a broadening of the atomic resonance. Note

that this critical dependence on the intensity distribution makes this measurement

an ideal tool for evaluating the applicability of a beam-shaping element as described

in chapter 2.

3.3 Two-photon excitation

This section will investigate the excitation into Rydberg states under the condition of

two-photon resonance. This is the situation where the sum of both laser-frequencies

equals the energy gap between ground and Rydberg state ωL,12+ωL,23 = ωA,12+ωA,23

but the intermediate state is far detuned from resonance (δ12 ≫ Γ2). Therefore

atoms can be transferred from the ground state to the upper most state without any

population flowing through the intermediate level.

3.3.1 Adiabatic elimination

The optical Bloch equations for a three-level system (given in equation (3.1.16)) can

be greatly simplified under the assumption

|δ12|, |δ23| ≫ Ω12, Ω23, Γ2, |δ12 + δ23| and Γ3 ≃ 0 (3.3.1)

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. This as-

sumption is justified beacuse the Rydberg state lifetime (> 23 µs)2 is much larger

than the lifetime of the intermediate state (26 ns). Under these circumstances the

2The Rydberg state with the shortest lifetime used in our system is the 35S state. It has a

lifetime of 23µs including decay due to blackbody radiation [Gal94], which is much larger than all

other time scales involved
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intermediate state has a vanishing population and can be adiabatically eliminated

by setting

ρ̇22 = ˙̃ρ12 = ˙̃ρ21 = ˙̃ρ23 = ˙̃ρ32 = 0. (3.3.2)

The resulting equations can be used to remove ρ22, ρ̃12, ρ̃21, ρ̃23, and ρ̃32 from

equations (3.1.16). By ignoring all small terms according to (3.3.1) the remaining

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

ρ̇11 =
i

2
Ωeff (ρ̃13 − ρ̃31)

ρ̇33 = − i

2
Ωeff (ρ̃13 − ρ̃31)

˙̃ρ13 =
i

2
Ωeff (ρ11 − ρ33) − i ∆eff ρ̃13

(3.3.3)

with the effective Rabi frequency

Ωeff =
Ω12 Ω23

2 δ12
(3.3.4)

and the effective detuning

∆eff = δ12 + δ23 −
Ω12

2

4 δ12
− Ω23

2

4 δ23
, (3.3.5)

where the first two terms constitute the two-photon detuning and the latter result

from the AC Stark shift. Note that the lifetime γ of the intermediate level does not

play any role and that equation (3.3.4) 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 interaction strength.

The atom oscillates in time between ground state and Rydberg state with the

effective Rabi-Frequency Ωeff . This is called “Rabi cycling”. Every coherent super-

position of these states can be selected by varying the excitation pulse length. Of

special interest is a pulse which transfers a ground state atom into a pure upper state

and vice versa. Such a pulse is called a “π-pulse”. Fig. 3.9 shows the time evolution

of an atom for typical pulse-shapes, intensities and detunings in our experiment.

Note that less than 100% of the population is transferred into the Rydberg state

since δ is still on the order of Ωij . The dashed curve, which shows a spatial aver-

age over a Gaussian intensity distribution, does show only weak oscillatory behavior

since the contributing frequencies are averaging out. The following measurements

had to be performed with a Gaussian beam, so it was not possible to observe Rabi

flops in this setup.
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Figure 3.9: Dependance of Rydberg excitation on the excitation pulse length for

δ = 2π × 200MHz, Ω12 = 2π × 30MHz and Ω23,peak = 2π × 30MHz. Plotted are the

curves for a uniform intensity (solid line) and a spatial average over a blue beam with

a Gaussian profile (dashed line).

3.3.2 Extension to the experiment

The measurements on the two-photon resonance were performed with a setup sim-

ilarly to the one described in section 3.2.1. Additionally the detuning of the first

excitation step from the atomic resonance was changed over a wide range of val-

ues. Since AOMs work only in a limited range of frequencies around their specified

operating frequency, two AOMs were necessary to cover detunings from 0MHz to

440MHz. The AOMs employed in our setup have a central frequency of 110MHz

which allows to shift the light by 70 to 150MHz towards higher (+1st order) or

lower (-1st order) frequencies. Fig. 3.10 illustrates the setup. The upper branch

with smaller intensity will be called “locking” branch, the main beam will be called

“switching” branch. The light in the locking branch passes AOM A twice, so that is

is shifted in frequency by 2 ωA before it is used to lock the laser on the atomic reso-

nance F = 2 → F = 3 with frequency ω0. Depending on the direction of the shift,

the laser is thus stabilized to a frequency of ω0 ± 2ωA. The beam in the switching

branch is shifted by ωB through AOM B. Therefore, the light at the MOT has a

frequency of ω0 ± 2ωA ±ωB. By setting different values for ωA and ωB the following

detunings can be achieved:
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LASER

MT

BS

PBSAOM-A

AOM-B

MOT

ë/4

Figure 3.10: Sketch of the AOM-setup. A small part of the beam (“locking branch”)

is separated at a beam-splitter (BS), passes through AOM A, is reflected and passes

again through AOM A. It is deflected at a polarizing beam splitter and is then passed

to a modulation transfer spectroscopy (MT). The feedback signal is used to lock the

laser to the transition frequency. The main beam (“switching branch”) passes through

AOM B and then into the MOT.

ωA [MHz] 75. . . 145 145 75. . . 145 145

ωB [MHz] -150 -150. . . -90 90 90. . . 150

δ12 [MHz] 0. . . 140 140. . . 200 240. . . 380 380. . . 440

Care has to be taken that the laser is always detuned to the blue side of the

atomic resonance F = 2 → F = 3 where no other transitions are nearby. In this

way the influence of other transitions is suppressed. The pumping beam is always

kept resonant.

The blue laser driving the upper transition has to be scanned over the same range

of frequencies. In difference to the laser driving the first step it is not locked to a

single atomic resonance but can be locked to any of several cavity modes (see section

1.3). Around each of these modes the laser can be scanned with high resolution by

using a special wide-range AOM. The spacing of the cavity modes can be measured

with high precision, so by “jumping” from mode to mode it is possible to gain very

precise relative frequency information over a wide scan-range.
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3.3.3 Two-photon resonance

The measured spectra for different detunings of the first excitation step from the

atomic resonance are shown in figure 3.11.
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Figure 3.11: Spectroscopy of the excitation into the 35D5/2 Rydberg state for dif-

ferent detunings δ12 of the lower transition. The graphs are offset proportional to the

detuning δ12 which is depicted besides each curve. For detunings larger then 200 MHz

the signal is enlarged by a factor of two for better visibility.

For zero detuning the line splits into an Autler-Townes doublet as described

in the previous section. With increasing detuning the doublet becomes more and

more asymmetric: the left peak shifts towards lower blue frequencies and eventually

corresponds to the two-photon resonance introduced above. The right peak cor-

responds to off-resonantly excited atoms in the intermediate state. Its amplitude

is rapidly decreasing. The first peak corresponds to the two-photon process and

for detunings δ12 > 60MHz the population in the intermediate state is below the

threshold of our detection system. In contrast, the two-photon excitation is efficient
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even at the largest detuning. At 380MHz the peak-amplitude is still about a third

of the maximum on-resonance value. The full width at half maximum (FWHM)

is δω/2π = 3.6 ± 0.3MHz which is much larger than the natural line-width of the

Rydberg state (Γ3/2π = 6 kHz). Indeed, the width is determined by the line-widths

of the lasers, which are specified as 1MHz (red) and 2MHz (blue), and the finite

excitation time (the Fourier transform of the excitation pulse has a width of 1MHz).

From the line-width of the two-photon resonance one can deduce a coherence time for

the interaction between the two-photon field and the atom of τ = 1/(2π δω) ≈ 50 ns.

This is of the order of the typical switching time for our laser pulses of approx. 50 µs

and may therefore be a major obstacle in achieving controlled coherent manipulation

of a Rydberg gas. The laser line widths can be improved by optimizing the parame-

ters of the involved laser locks. Another way of increasing the coherence between the

two excitation lasers is to fix their relative phase. This can be achieved by phase-

locking one laser (“slave”) to the other laser (“master”). Whenever the master laser

shifts in phase, the slave laser follows. Thus the relative phase is constant. Since

the two wavelengths employed in our setup (780 nm and 480 resp. 960 nm) are too

far apart to use a beating lock, a frequency comb would be required [Jon00,Hol00].

Note that the line broadening due to the Fourier limit for short pulses does not

influence the coherence of the atom-light interaction.

3.4 Rapid Adiabatic Passage

A very robust technique to achieve high excitation efficiencies in a multi-level system

is rapid adiabatic passage (RAP) [Ber98]. RAP in a three-level ladder system that

involves a Rydberg state was demonstrated just recently in the Michigan group of

Georg Raithel [Cub05]. In this section additional measurements will be presented3

and the method developed in section 3.2.3 will be used to deduce the Rabi frequency

of the upper transition from these measurements.

The basic mechanism behind RAP is easily explained for the special case of a a

three-level ladder system. Due to the interaction with a strong bichromatic laser field

the system exhibits a dark state formed by a coherent superposition of the ground

and uppermost excited state without admixture of the intermediate state. This dark

3Specifically another another angular momentum state is investigated.



56 Chapter 3. Coherent excitation of cold Rydberg atoms

state is adiabatically transformed from the ground state into the upper-most excited

state by changing the intensity of the laser fields with time.

3.4.1 Principles of RAP

The Hamiltonian defined in equation (3.1.9) takes the following form for the special

case of two-photon resonance:

H =







δ Ω12/2 0

Ω12/2 0 Ω23/2

0 Ω23/2 δ






(3.4.1)

The eigenenergies of this Hamiltonian are given by

λ+ = δ +
√

δ2 + Ω2
12 + Ω2

23

λ0 = 0

λ− = δ −
√

δ2 + Ω2
12 + Ω2

23

(3.4.2)

and the eigenstates are found to be

∣

∣a+
〉

= sin Θ sin Φ |1〉 + cos Φ |2〉 + cos Θ sin Φ |3〉
∣

∣a0
〉

= cos Θ |1〉 − sin Θ |3〉
∣

∣a−
〉

= sin Θ cosΦ |1〉 − sin Φ |2〉 + cos Θ cos Φ |3〉
(3.4.3)

where the mixing angle Θ is defined by

tan Θ =
Ω12

Ω23
(3.4.4)

The mixing angle Φ is a known function of the detunings and Rabi-frequencies,

which is of no further interest for the discussion (for a complete treatment see refer-

ence [Few97]). These eigenstates are called the“dressed states”. The state |a0〉 is the

non-coupling state mentioned above. For Θ = 0 the state |a0〉 is a pure |1〉 state, for

Θ = π/2 the state |a0〉 is a pure |3〉 state. While the first case is true for Ω23 ≫ Ω12,

the second one applies for Ω23 ≪ Ω12 as can be seen from the definition (3.4.4). In

the following we will only consider the case δ = 0.

To fill these formulas with some life, Fig. 3.12 shows the time dependence of

mixing angle, eigenenergies and dark state when the laser pulses are applied in
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Figure 3.12: Time-dependence of (a) the Rabi frequencies for the upper (blue)

and the lower (red) transition, (b) the rotation of
∣

∣a0
〉

from |1〉 into |3〉, and (c) the

eigenenergies of all dressed states for a typical RAP sequence.

the counter-intuitive order. First the laser driving the upper transition with Ω23 is

switched on. The dark-state |a0〉 remains parallel to the atomic state |1〉 while the

states |a+〉 and |a−〉 (which both contain admixtures of the intermediate state) are

shifted out of resonance. Then the laser driving the lower transition with Ω12 is

switched on. The states with contribution from the atomic state |2〉 are still out of

resonance while the mixing angle Θ is turned from 0◦ to 90◦. When the blue laser

is turned off, the state |a0〉 is equal to the atomic state |3〉. If this is done “slowly

enough”, the population will follow adiabatically and is transferred from the ground

into the Rydberg state. The condition for a complete adiabatic following is given

by [Ber98]
∣

∣

〈

a±| d
dt

a0
〉∣

∣ =
∣

∣sin Φ d
dt

Θ
∣

∣≪
∣

∣λ± − λ0
∣

∣ (3.4.5)

where the definition of the eigenstates (3.4.3) was used on the left hand side of the

inequality. With equation (3.4.2) for the case of δ = 0, one gets sin Φ = 1 and

equation (3.4.5) can be written as

∣

∣

d
dt

Θ
∣

∣≪
∣

∣λ± − λ0
∣

∣ =
√

Ω2
12 + Ω2

23 (3.4.6)
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which is the local adiabaticity criterion. It must be fulfilled for every time t.

Bergmann et al. [Ber98] give an empirically determined global adiabaticity crite-

rion

Ω̄ ∆τ > 10 (3.4.7)

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

frequency defined by

Ω̄ =

√

√

√

√

√

1

∆τ

∆τ
∫

0

(Ω2
12 + Ω2

23) dt . (3.4.8)

3.4.2 Setup

The setup employed for this experiment is the same as the one used for the measure-

ment of the Autler-Townes doublet (see section 3.2.1). The intensity of the red laser

is adjusted to yield a Rabi frequency of ω = 2π × 30 MHz, which was determined

by measuring the Autler-Townes splitting. The Rabi frequency of the blue laser

could not be measured directly. Cubel et al. [Cub05] gain an estimate for the upper

transition Rabi frequency by measuring the quenching of the Rydberg population

by the blue laser (see caption of Fig. 3.13). However this method seems not to work

in our case as can be seen from Fig 3.13. Only ∼45% of the Rydberg population is

quenched by the mechanism discussed in Ref. [Cub05]. We will see in the next sec-

tion, that we can gain a good estimate for the blue Rabi frequency from a complete

model of the excitation process. From the measured peak intensity of the blue laser

of 2.3× 106 mW/cm2 we calculate (see section 3.2.3) a blue peak Rabi frequency of

Ω23,peak/2π = 16.1 MHz.

The Rydberg state used for the measurement is the
∣

∣45S1/2, mJ = 1/2
〉

state.

The atoms are optically pumped to the stretched state
∣

∣5S1/2, F = 2, mF = 2
〉

so

that the circularly polarized (σ+) excitation lasers drive the transition
∣

∣5S1/2, F = 2, mF = 2
〉

→
∣

∣5P3/2, F = 3, mF = 3
〉

→
∣

∣45S1/2, mJ = 1/2
〉

4.

The excitation is performed with a 400 ns pulse of the blue laser and a 400 ns pulse

of the red laser. The delay between the two pulses is varied. Following this excitation

4Note that
∣

∣5P3/2, F = 3, mF = 3
〉

=
∣

∣5P3/2, I = 3/2, mI = 3/2, mJ = 3/2
〉

. If we pump with

orthogonal polarization we see an effective suppression of excitation as there is no state with

mJ = 5/2 available at
∣

∣45S1/2

〉

.
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Figure 3.13: Rydberg population for different blue pulse lengths (a), starting with

pulse shapes shown in inset (b). The number of Rydberg atoms raises 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 = 26ns) and population inversion between Rydberg state and intermediate state

occurs. The blue laser stimulates emission from the Rydberg state into the empty

intermediate state leading to a “quenching” of the Rydberg population. After deex-

citation of approx. 45% of the initial Rydberg population, the further dynamics is

dominated by the natural decay of the Rydberg state.

a 15 µs long 1 kV high voltage pulse is applied to ionizes all Rydberg atoms. 15 µs

after this field pulse the excitation and detection cycle is repeated exactly as the first

time. Fig 3.14 shows that the first excitation pulse results in the same signal as the

second one when the blue laser is not turned on in the first excitation. This proves

that neither the detection (field pulse) of the first excitation nor possible dynamics

in the cold atom cloud influence the second excitation sequence.

The global adiabaticity criterion given by Eq. (3.4.7) is fulfilled for pulse delays

∆t in a range of -250 ns<∆t< 200 ns5.

5This range is deduced from the measured pulse shapes, the measured Rabi frequency of the

lower transition and the calculated peak Rabi frequency of the upper transition.
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Figure 3.14: Rydberg signal for different delays between the two pulses. Negative

delays correspond to the counter-intuitive sequence, zero delay corresponds to the

maximum overlap of both pulses. Shown are the measured Rydberg signals after the

first excitation sequence (•) and after the second excitation sequence when the blue

lasers was turned off during the first sequence (◦) .

3.4.3 Experimental results

Fig. 3.15 shows the measured Rydberg signal of the first and second pulse for dif-

ferent delays between the blue and red pulse. Negative times correspond to the

counter-intuitive sequence (blue starts before red pulse), a delay of 0 ns corresponds

to maximum overlap of both pulses, as displayed in Fig. 3.16 b). The maximum

signals are obtained on the counter-intuitive side, which is the identifying signature

of RAP. The excitation probability averaged over the whole sample can be gained

by comparing these two consecutive signals without knowledge of the absolute atom

number which would involve the uncertainty of the detection efficiency. If the av-

erage excitation probability is p̄ and N0 atoms are interacting with the lasers, then

the first pulse will yield

N1 = N0 p̄ (3.4.9)
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Figure 3.15: Rydberg signal for different delays between the two pulses. 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).

and the second sequence (which is applied to the same atomic ensemble as the first

sequence) will yield

N2 = N0 p̄ (1 − p̄) (3.4.10)

Rydberg atoms. From these two numbers we can again derive the average excitation

probability

p̄ = 1 − N2

N1
(3.4.11)

We find a maximum average excitation probability of p̄ ≈ 0.58 at a negative detuning

of −50 ns.

Analysis

In order to deduce the spatial dependence of the excitation probability over the

Gaussian beam, the optical Bloch equations (OBE) were solved including the time-

dependence of the excitation pulses as described in section 3.2.3. Both excitation

lasers were assumed to be resonant (δ12 = δ23 = 0). The Rabi frequency of the
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red laser Ω12/2π = 30 MHz varies due to absorption in the MOT by no more than

10%. In the model it is assumed to be constant over the excitation volume. The

Gaussian intensity profile of the blue beam is included by calculating the excitation

probability p(R) at different distances R from the optical axis. The second pulse

will then provide a signal proportional to p(R) × (1 − p(R)). One can thus model

the signal for both the first and second pulse by a weighted average over different

values of R (compare Sec. 3.2.3).

We find the best overlap with the experiment at Ω23,peak / 2π = 13±2 MHz which

is in reasonable agreement with the calculated value of 16.1 MHz. Fig. 3.16 (a) shows

the excitation efficiency over the beam profile assuming a peak Rabi frequency of

Ω23/2π = 13 MHz. An excitation probability of 90% is achieved in the focus. One

reason why we do not achieve unity transfer efficiency might be, that we are not

very far in the adiabatic regime. At this delay and at the blue peak intensity we

calculate Ω̄∆τ ≈ 15 which is still on the order of the limit Ω̄∆τ ≈ 10 given by (3.4.7).
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Figure 3.16: (a) 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 36.8µm 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.

(b) Measured intensities of the blue and red laser pulses for a delay of 0 ns. The two

curves are offset vertically for better visibility.

Measured data and model disagree for positive delays. This is the region where

the blue laser is still on after the red laser was turned off and all excited atoms should
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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: Spon-

taneously emitted photons are reabsorbed by surrounding atoms, thus effectively

increasing the lifetime of the intermediate state [Lab03]. An additional contribution

to the large signal at positive delays is given by the fact that the Rydberg excitation

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

may be redistributed to other Rydberg states by Rydberg-Rydberg interactions. A

specific case was discussed by the Michigan group [Cub05]. Their similar observa-

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

was explained by the (almost) resonant energy transfer process

nD + n D → (n + 2) P + (n − 2) F

where the latter states are decoupled from the laser light and can therefore not be

pumped from the Rydberg state to the intermediate level by the blue laser. This

process can also explain a large signal for positive delays. However, no such energy

transfer process is close to resonance for the nS1/2 state used in this experiment, but

Rydberg-Rydberg interactions may nevertheless play a role in redistributing popu-

lation of the Rydberg states.

However, the important result of reaching a peak excitation efficiency of 90% is

not influenced by this discrepancy between the measured data and the presented

model.





Chapter 4

Conclusion and outlook

We have presented three experiments demonstrating coherent excitation in an ultra-

cold Rydberg gas: the measurement of the Autler-Townes doublet, the characteri-

zation of the two-photon resonance and the demonstration of highly efficient pop-

ulation transfer via rapid adiabatic passage (RAP). The experimental setup for

observing Rabi cycles will be presented in section 4.1 and an outlook will follow in

section 4.2

4.1 Rabi cycles

The diffractive optical element (DOE) presented in chapter 2 will be used to trans-

form the intensity of the upper transition into a uniform flat-top profile. In sec-

tion 2.2.1 it was already mentioned that the desired intensity distribution is created

only in a certain distance from the DOE, the working distance. The spatial range,

in which a flat-top profile is achieved, is much shorter than the cylinder excited by

the blue and red beam in a counter-propagating setup. Therefore some additional

measures have to be taken.

The first and most obvious idea was to shape both excitation beams and let them

intersect in a 90◦ angle. This would define a very small excitation volume over which

both beams would have a constant intensity. Due to the limited optical access to

our vacuum chamber it is however not possible to let the beams intersect in a right

angle. Therefore it was not possible to drive the transitions between the stretched

states
∣

∣5S1/2, mF = 2
〉

→
∣

∣5P3/2, mF = 3
〉

→
∣

∣

nD5/2, mF = 4
〉

which is crucial for the

65
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preparation of a three-level system.

The alternative setup sketched in Fig. 4.1 overcomes this obstacle. First all

atoms are pumped into the F=1 state which is not addressed by the first excitation

step F=2→F=3. This is done by switching off the repumper-laser of the MOT

and turning on a depumping laser resonant with the transition
∣

∣5 S1/2, F = 2
〉

→
∣

∣5 P3/2, F = 2
〉

. After absorption and emission of a few photons all atoms are in the

dark state. However they do not leave the trap region in this short time. Then a

tightly focused repumping beam resonant with the
∣

∣5 S1/2, F = 1
〉

→
∣

∣5 P3/2, F = 2
〉

transition is turned on for a few milliseconds. It pumps all atoms in a cylindrical

volume perpendicular to the axis of the excitation beams into the bright state F=2.

Only these atoms are then pumped into the stretched state by the circularly polarized

pumping beam and interact with the two excitation lasers.

repumper

depumper

1st step

2nd step

pumper

MOT

excitation
volume

Figure 4.1: Schematic view of the excitation geometry. The red 780nm light for the

first excitation step is much broader than the blue 480nm light for the second step.

The 780nm light for optical pumping is overlapped with the first excitation step. The

focused repumping beam is intersecting the blue beam at an angle of approx. 90◦. All

beams are circularly polarized. The excitation volume (yellow) is given by the spatia

overlap of blue beam and repumping beam.

Only the blue laser beam has a shaped (uniform) intensity profile. The intensity
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of the broad laser for the first excitation step is almost constant over the small

excitation volume defined by overlap of the repumping light and the blue laser.

The uniformity of the blue intensity distribution will be determined by measuring

Autler-Townes spectra of the upper transition (see section 3.2.3). Fig. 4.2 shows

calculated Rabi flops averaged over the measured flat-top profile for 480 nm presented

in section 2.4. This indicates, that Rabi flops could be observed in the experiment.
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Figure 4.2: Dependance of Rydberg excitation on the excitation pulse length for δ =

2π × 200MHz and Ω12 = Ω23,peak = 2π× 30MHz. Plotted are (solid line) the Rydberg

signal averaged over the measured intensity distribution of the flat-top designed in

Sec. 2.2 and (dashed line) the Rydberg signal expected for a uniform intensity.
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Potential V(r)

inter-atomic distance R 105 a0

|5P〉 |5P〉

|5P〉 |n ℓ〉

|n ℓ〉 |n ℓ〉

Figure 4.3: Schematic description of the dipole blockade. Shown are the energy levels

of a pair of atoms. |5P 〉 is the ground state and |n ℓ〉 the Rydberg state. The long

range interaction splits the Rydberg pair-state level and thus inhibits the excitation

of the second atom into the Rydberg state. Figure adapted from [Sin04a].

4.2 Structured excitation of mesoscopic Rydberg

gases

The techniques used for the transformation of a Gaussian beam profile into a uniform

beam profile as demonstrated in chapter 2 can also be used for creating more complex

light fields. Of great interest is the excitation of sub ensembles in an atomic cloud.

This is achieved by transforming the Gaussian beam not only into one, but into two

flat-tops. Excitation then leads to the formation of two distinct, mesoscopic Ryd-

berg gases. The mechanism of the “dipole blockade” [Ton04,CL05,Sin04b] (sketched

in Fig. 4.3) can be used to guarantees the excitation of only a single Rydberg atom

in each of the two sub ensembles. The Rabi frequency of such a single excitation

in a strongly interacting ensemble is then given by Ω∗ =
√

NΩs where Ωs is the

single atom Rabi frequency of the transition. Long-range interactions between the

two Rydberg atoms (e.g. between field induced dipoles) lead to an evolving relative

phase between the ensembles (see Fig. 4.4). Such a system of mesoscopic clouds of

Rydberg atoms was proposed as a fast phase gate for quantum information process-

ing [Luk01].The design for this phase gate is highly scalable since the extension from

two to several sub ensembles can be easily achieved by optical beam shaping ele-

ments. Mesoscopic clouds with variable sizes and variable distances between the sub
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A B

eiϕ

Figure 4.4: Excitation of two mesoscopic Rydberg gases A and B. In each of these

two sub ensembles only one atom can be excited into the Rydberg state due to the

dipole-blockade. The long-range interaction between the two sub ensembles leads to

the accumulation of a relative phase eiϕ between the two ensembles.

ensembles can be created by dynamical holograms such as described in section 2.1.

Detailed insights into the interaction potentials could be gained through such a well

defined, highly controllable excitation geometry.





Appendix A

Atom-light interaction in a

three-level system

In this chapter the interaction between an atomic three-level system and two strong

laser modes is derived from classical electro-dynamics. The matrix elements in

second quantization will be formulated in terms of two characteristic frequencies,

the so-called “Rabi frequencies” of the transitions.

A.1 Dipole approximation

Classically the atom-light interaction is given by

VAL(~r, t) = − ~d(~r) · ~E(~r, t) (A.1.1)

where ~d = e~r with electron charge e is the classical dipole-moment. ~E(~r, t) is the

classical electro-magnetic field. For an arbitrary component of the field operator

Ez(~r, t) inducing the transition g → e with electron wavefunctions Rg and Re we get

〈g| dz(~r)Ez(~r, t) |e〉 =

∞
∫

0

Rg(z) dz(~r)Ez(~r, t) Re(z) dz (A.1.2)

where the origin was placed at the position of the atom. The electronic wavefunction

of a state n decays exponentially at the classical outer turning point r0,n. For
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r0,g < r0,e one can therefore write

〈g| dz(~r)Ez(~r, t) |e〉 ≈
r0
∫

0

Rg(z) dz(~r)Ez(~r, t) Re(r) dz

≈ Ez(0, t)

r0
∫

0

Rg(r) dz(~r) Re(r) dz

(A.1.3)

Here the assumption has been made, that the envelope of the field amplitude is con-

stant over the volume occupied by the electronic ground state g. Since the electron

ground state has a spread of <1 nm this is certainly valid for optical transitions

(λ > 400 nm). This approximation is called “dipole approximation”. Note that the

spread of the electronic wavefunction in high-n Rydberg atoms is comparable with

the wavelength of optical transitions1. However the dipole approximation is still

valid since the ground state is well localized. The remaining integral in (A.1.3) is

the transition dipole moment calculated in section 1.2.

A.2 Interaction operator in second quantization

In quantum mechanics the atom-light interaction is described best in the so-called

“second quantization” where the energy levels of the atom and the light field are

quantized. We introduce the basis |i, N12, N23〉 for a three-level system with bare

states |i〉 (i=1,2,3) and photon numbers N12 (N23) in the laser mode ωL,12 (ωL,23).

The operator for the light field coupling the atomic states |i〉 and |j〉 with linear

polarization ~εij and a frequency of ωL,ij is given in second quantization by [Mes00]

Êij =

√

~ ωL,ij

2 ε0V
~εij

(

aij + a†
ij

)

(A.2.1)

where ǫ0 is the vacuum permittivity and V the quantization volume2. The dipole-

operator d̂ij for the transition |i〉 → |j〉 is expressed as

d̂ij = ~dij (|i〉 〈j| + |j〉 〈i|) (A.2.2)

1The classical orbital radius 〈r〉 for an electron in n ≈ 50 is approx. 〈r〉 = 250nm.
2Classically E =

√
I cosωL,ij t is the oscillating electric field of a light field with intensity

I = 〈N〉 · c
V · ~ ωL,ij where 〈N〉 is the average photon number of the laser-mode ωL,ij and c is the

speed of light.
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where ~dij = ~dji = 〈i| e~r |j〉. Using these two operators one can now write the

interaction part VAL of (3.1.1) as

VAL = − d̂12 · Ê12 − d̂23 · Ê23

= g12 (|1〉 〈2| + |2〉 〈1|)
(

a12 + a†
12

)

+ g23 (|2〉 〈3| + |3〉 〈2|)
(

a23 + a†
23

)

(A.2.3)

Here the coupling strength gij = gji = −~εij · ~dij

√

~ωL,ij

2 ε0V
was introduced. The

terms (|2〉 〈1| a12) and (|3〉 〈2| a23) in equation (A.2.3) correspond to the situation

of absorption where one photon is taken out of a laser-mode and the atomic state

is excited. The terms (|1〉 〈2| a†
12) and (|2〉 〈3| a†

23) on the other hand correspond to

stimulated emission where the atom decreases its energy while a photon is emitted

into the corresponding mode. Since these are the resonant terms which are domi-

nating the evolution of the system, the other non-resonant terms3 can be left out.

This is called the “rotating wave approximation”:

VAL = g12

(

|1〉 〈2| a†
12 + |2〉 〈1| a12

)

+ g23

(

|2〉 〈3| a†
23 + |3〉 〈2| a23

)

(A.2.4)

A.3 Rabi frequency

Consider the interaction strength of VAL as defined in (A.2.4) between a state

|1, N12, N23〉 and a state |2, N ′
12, N

′
23〉. It its obvious that it vanishes always except

if N ′
12 = N12 − 1 and N ′

23 = N23. For this case we get

VN := 〈2, N12 − 1, N23|VAL |1, N12, N23〉
= g12 〈N12 − 1| a12 |N12〉 = g12

√

N12 (A.3.1)

using the conventional normalization for a12. This describes the absorption of a

photon by the atom in state |1〉 which then changes into state |2〉. The number

of photons in a laser mode is of course fluctuating. However the influence on the

interaction strength is negligible as can be seen from the following estimate:

∆VN

VN

=
∆
√

N√
N

=
1

2

∆N

N
≈ 1

2

∆N

〈N〉 (A.3.2)

3They correspond to the emission (absorption) of a photon while the atomic excitation increases

(decreases). In the case of δ ≪ ωL these processes are far from resonance.
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For a coherent laser mode the width of the photon number distribution is ∆N =
√

〈N〉. We therefore get
∆VN

VN
≈ 1

2

1
√

〈N〉
(A.3.3)

which can be neglected for a strong laser field which is considered here.

The coupling strength given by (A.3.1) can therefore be defined in more general

terms by

vij := 〈i| VAL |j〉 = gij

√

〈Nij〉 = −~εij · ~dij

√

~ ωL,ij 〈Nij〉
2 ε0V

(A.3.4)

With the introduction of the Rabi frequency

Ωij = µij

√

2 ~ ωL,ij 〈Nij〉
ε0V

= µij

√

2 Iij

c ε0

(A.3.5)

where c is the speed of light, µij = −~εij ·~dij is the transition matrix element calculated

in chapter 1.2 and I = c ~ ωL,ij
〈N〉
V

is the intensity of the coupling laser beam, the

interaction strength can finally be written as

vij = ~ Ωij/2 for |i − j| = 1

= 0 else
(A.3.6)



Appendix B

Michelson lambdameter

In order to tune the blue laser at 480 nm close to a specific Rydberg transition, the

frequency of the laser has to be measured with a precision of approx. 500MHz. Pre-

viously a commercial wavemeter (Burleigh WA-1000) was used. Since this expensive

piece of equipment was shared by several experiments in the group, it was not always

available when needed. It was therefore decided to construct a Michelson lambdame-

ter following the design developed in the group of R. Blatt in Innsbruck [Bla00]. This

lambdameter allows the determination of wavelengths with a relative precision of

(1 : 10−7). The setup is sketched in Fig. B.1. It is based on a Michelson interfer-

ometer but with one branch which is varied in length with a constant velocity v.

One therefore observes a sinusoidal change from constructive to destructive inter-

ference at the exit port of the interferometer where the frequency of the variation f

is only determined by the velocity v of the glider and the wavelength λ of the laser.

Therefore a unknown wavelength can be calculated from the ratio of the variation

frequencies fref/funknown and the known wavelength of a reference laser λref.

In addition to the Innsbruck design we vary the length of both branches. This

increases the variation frequency by a factor of two when compared to the original

setup. Thus the length of the air track could be reduced by a factor of two which

makes the setup more compact. A picture of the current setup is shown in Fig. B.2.

Details on the experimental setup are given elsewhere [Eng04].

A Helium-Neon (HeNe) laser at 623.8 nm was actively stabilized (for a circuit

diagram see B.3) via polarization stabilization [Bal72] and is used as reference. The

short time frequency stability of the reference laser was estimated from the variation
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RESALeN-eH

D1P

D2P

D3P

BS

1RR

2RR

air track glider

fiber from laser

PBS

Figure B.1: Original Setup for the Michelson lambdameter (from Innsbruck). The

reference beam from the HeNe laser is split at a 50% beam splitter (BS). Both beams

are back-reflected at the retro-reflectors (“cat eyes”) RR1 resp. RR2 and are super-

imposed again at the beam splitter BS. The polarizing beam splitter (PBS) separates

the two polarization modes of the reference laser. The interference pattern is then

measured by fast photodiodes (PD1 and PD2). The retro-reflector RR2 is mounted

on an air track glider which is travelling with constant velocity between two turning

points. The beam with unknown frequency is coupled into the wavemeter via a single

mode fiber. It travels the same optical path as the reference beam but on a different

height so that it can be separated from the reference after the beam splitter. The

interference pattern of the unknown beam is also measured with a fast photodiode

(PD3). Figure adapted from [Bla00].

of the error signal to be as low as 5MHz. The limiting factor for the wavelength

resolution is the counting error made when determining the variation frequency from

the photodiode signals. No explicit tests were performed on the long time stability.

The absolute frequency error depends on the precise knowledge of the wavelength

of the reference laser and the refractive index of air. The error in the reference

wavelength can be minimized by calibrating the wavemeter to a known standard.

We used the commercial wavemeter mentioned above to identify a specific Rydberg

transition and then calibrated our lambdameter with the known wavelength for this

transition.
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The refractive index of air can be calculated by the Édlen formula [Bön98]

(ns(λ) − 1) · 108 = 8091.37 +
15518

38.9 − (λ/µm)−2 +
2333983

130 − (λ/µm)−2

ntp(λ) − 1 =
(ns(λ) − 1) ∗ (P/Pa)

93214.60

× 1 + 10−8 · (0.5952 − 0.00987 (T/◦C)) · (P/Pa)

1 + 0.0036610 (T/◦C)

ntpf(λ) = ntp(λ) − (f/Pa) ·
(

3.802 − 0.0384

(λ/µm)2

)

· 10−10 (B.0.1)

where ns is the value for standard conditions, and ntp and ntpf are corrected values

for different temperature t, air pressure p and water vapor pressure f .

A computer program was developed which reads the measured wavelengths via

the serial port directly from the electronics of the lambdameter. With these wave-

lengths in air, the programm calculates the laser frequency f = c/λvac = c/(ntpfλair)

using Eq. B.0.1. The programm has a special mode for the calibration of the ref-

erence laser to a known frequency standard (typically a Rydberg resonance). A

documentation is available [Dei05a]. The lambdameter was running stable over a

period of six months without need for realignment and is a reliable part of our

experiment.
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Figure B.2: Setup of the Michelson lamdameter. The reference beam is drawn in red, the beam from the fundamental

laser at 960 nm laser in green. The actual Michelson interferometer begins behind the beam splitter (BS), the optical

path in the interferometer is marked by double arrows. In contrast to the original design both retro-reflectors (RR) are

placed on the air track. The acceleration coil keeps the glider at a constant velocity, it is controlled by the electronics of

the lambdameter and two photo sensors (not marked).
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Figure B.3: Circuit for the polarization stabilization of the reference laser.





Appendix C

Electric current stabilization

Stabilization circuit for the current running through the magnetic compensation

coils. The current is measured via the voltage drop over Rm (a high power, low

resistance resistor) and is adjusted to the voltage set at Pot via a power resistor.

By applying a voltage to Mod in the current through the coils can be modulated.

Typical currents are on the order of 0.5A.
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