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Abstract

The rubidium atom has an unquestionable importance for the fields of atomic

physics and quantum optics over their full history. It is versatile and simple

to use with a well-studied level scheme among only singlet states as an alkali

element.

The D1 and D2 lines are in the range of near infrared wavelengths accessible

by semiconductor diode lasers based on GaAs. Among the multitude of ap-

plications, this allows for compact spectroscopic setups which can serve as an

optical frequency reference. For improving existing technologies, other transi-

tions with higher frequencies and lower linewidths in the rubidium atom may

be utilized.

This thesis will present results gathered via direct optical saturation spec-

troscopy of thermal rubidium vapor in the 6P1/2 and 6P3/2 orbitals with a

GaN diode laser emitting in the blue/violet at 420.3 nm. The setup is based

on a one beam, two passes, heated rubidium gas cell. Acquired data was veri-

fied against theoretic calculations within good agreement of the uncertainties

and a new model for crossover transition amplitudes was partially confirmed.

All states were systematically categorized and successfully matched the the-

oretical predictions. Hyperfine structure splitting constants were determined

with unprecedented accuracy from data sets of an experiment from Eberhard

Karls University Tübingen with the evaluation scheme developed in this the-

sis. These new results give improved state of the art precision and accuracy

of the hyperfine dipole and quadrupole values for the 6P manifold.



Zusammenfassung

Das Rubidium Atom hat über der gesamten Geschichte der Atomphysik und

Quantenoptik eine zweifellos wichtige Stellung. Es ist vielseitig einsetzbar

und verfügt als Alkaliatom über ein gut untersuchtes und einfaches Energien-

iveauschema mit nur singulett Zuständen.

Die D1 und D2 Linien sind innerhalb des infraroten Bereiches, erreichbar

über den Einsatz von Halbleiterdioden basierend auf GaAs. Unter der Viel-

zahl von Anwendungen erlaubt das ebenfalls den Einsatz in kompakten Spek-

troskopieaufbauten welche als optische Frequenzreferenz benutzt werden kön-

nen. Um die bisherigen Technologien weiter zu verbessern, können andere

Übergänge in Rubidium mit höherer Frequenz und schmalerer Linienbreite

eingesetzt werden.

Diese Arbeit präsentiert die Ergebnisse welche mit optischer Sättigungsspek-

troskopie in den 6P1/2 und 6P3/2 Zuständen erreicht wurden. Dabei wurde

thermaler Rubidium Dampf benutzt, welcher von einem violetten 420.3 nm

Halbleiterlaser auf GaN Basis angeregt wurde. Der gesamte Aufbau läuft über

eine geheizte Gaszelle in einem ein Strahl, zwei Durchläufe Design. Aufge-

nommene Daten wurden mit theoretischen Berechnungen verglichen und eine

gute Übereinstimmung innerhalb der Unsicherheiten wurde gefunden. Ein

neu eingeführtes Modell der Crossover-Übergangsamplituden konnte teilweise

die Beobachtungen bestätigen. Alle Energiezustände wurden systematisch

kategorisiert und erfolgreich den theoretischen Vorhersagen zugeordnet. Die

Konstanten der Hyperfeinstrukturaufspaltung wurden mit bisher unerreich-

ter Genauigkeit ausgewertet mit Datensätzen der Eberhard Karls Universität

Tübingen und dem Auswerteschema, dass in dieser Arbeit entwickelt wurde.

Diese Ergebnisse liefern neue, genauere und präzisere Literaturwerte für die

Hyperfeinstruktur Dipol- und Quadrupolkonstanten der 6P Mannigfaltigkeit.



1 The rubidium atom

1815 a.c., a date 204 years in the past to this thesis, was marked by a discovery from

Joseph Fraunhofer concerning the spectrum of light from the sun [1]. He observed,

when light is shine through a prism which was collimated by an aperture beforehand

that the resulting spectrum of the sunlight is subdivided by dark lines. While not

being the first to observe this [2], he was the first to systematically categorize and

describe them in a detailed fashion. The lines were denoted by capital letters for

strong lines, lowercase letters for smaller, weaker lines and other types of letters

for every other line. For very close, similar looking lines in strength and width, a

subscript was introduced. It happened, that he denoted two close lines as D1 and

D2 and wrote about them:

[...] D besteht aus zwey [sic] starken Linien, die nur durch eine helle Linie

getrennt sind. [...]

English translation:

D is constituted of two strong lines, only separated by one bright line.

Those two lines would later be known to be the sodium doublet. A transition from

the 3S1/2 ground state up to the fine structure separated 3P1/2 and 3P3/2 states.

Some of the denotations of the nowadays called Fraunhofer lines are still around

in physics. This includes the first two fine structure transitions of all alkali atoms

being D1 and D2. Rubidium, being an alkali atom two periods below sodium, does

also inhibit theses two characteristic levels. Contrary to the sodium doublet, the

transitions pair is not necessarily in the range of visible light anymore but in the

near infrared [3]. Thus it was outside of Fraunhofers observations but can easily

be identified with modern technology today. This makes it an ideal candidate for

optical spectroscopy with GaAs laser diodes and provided for great technological

advancements in the past few decades [4–10]. Those were mainly in the field of

frequency references, laser cooling, precision inertial sensing and tests of fundamental

theories. But as time progresses, these transitions reach their practical physical

limits. Especially for using the transitions to stabilize a laser as a frequency reference

for high precision clocks. While this technology is readily available, it cannot be

improved by great margins [11] since the natural linewidth Γ is a solid constant of

the rubidium atom and limits the fractional stability σy at a certain frequency ν in

those setups which is given by the proportionality

σy(τ) ∝ Γ

ν
(1)

1



1 THE RUBIDIUM ATOM

whereas all other contributing factors are mainly limited by the quality of the setup.

To circumvent this and provide even better optical frequency references, the physics

community turned to other elements with narrower linewidths [12–14]. While this

was successful [15–18] with stability below the 10−16 level, it was usually bound to

an increase of complexity and decrease of compactness. Rubidium however, is simple

in its structure and easy to come by with a natural mix of just two isotopes which

are both effectively stable. Also, its properties are well known and measured to a

high degree of accuracy. So instead of using other elements or increasing the size and

complexity of the experiments (for example with second harmonic generation), other

transitions inside the rubidium atom could be considered. This was for a long time

a challenging task since no lasers for higher transitions were available. This changed

in the recent decade caused by the invention of blue GaN diodes [19, 20] which the

2014 Nobel prize was in part awarded for [21]. Using direct blue, violet and near

ultra violet laser light, one can use transitions which were previously hard to get

to. This includes the violet D1 and D2 counterparts at λ1 = 421.673(18) nm and

λ2 = 420.299(18) nm [22] with their associated states 6P1/2 and 6P3/2 respectively.

Those two states, including all their additional splittings and levels, represent the

full 6P manifold in rubidium and their investigation of suitability for frequency

references and atom cooling is the subject of this thesis.

1.1 Orbital structure and excitations

The rubidium atom has 37 electrons in its unionized form. The full ground state

electron structure can be written as

1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6︸ ︷︷ ︸
[Kr]

5s1 2S1/2 .

All but one electron are in a fully filled orbital and therefore stable in place. The

loose, last electron reigns in the singlet |5S〉 state. Introducing the fine structure

splitting and the total angular momentum J of the electron hull with

J = L + S , (2)

where L is the orbital angular momentum and S the electron spin, we can deduce

the associated quantum number with |L − S| ≤ J ≤ L + S where both sides of

the inequality evaluate to 1/2 = J . Equivalently it can be shown, that nP states

are lifted in one degeneracy to a twofold splitting of nP1/2 and nP3/2 whereas nD

states experience a split into nD3/2 and nD5/2. Further, the spin-orbit interaction

with the nuclear spin introduces the hyperfine structure splitting. We write a new

2



1.1 Orbital structure and excitations

angular momentum operator F, the total atomic angular momentum, being

F = J + I (3)

|J − I| ≤ F ≤ J + I . (4)

Both rubidium isotopes inhibit different nuclear spins due to their different numbers

of neutrons in the core. Both lift a twofold degeneracy in the S1/2,P1/2 states, a

fourfold degeneracy in the P3/2,D3/2 states and a fourfold, and sixfold in the D5/2

of the isotopes 87Rb and 85Rb, respectively. The energy splitting can be calculated

in the frame of perturbation theory. Hereby a perturbing Hamilton function is

introduced which describes the multipole contributions of the J-I interaction to a

certain order. For the hyperfine splitting the expansion is usually made up to the

quadrupole depending on the orbital to be described. For any nS state a dipole

interaction fully describes the splitting. Its Hamiltonian is written as [23]

Hhfs,2 = 2gI µB µN
µ0

4π

N · J
J · J

I · J
r3

= Ahfs · I · J , (5)

where µ0 is the vacuum permeability, µN the nuclear magneton, µB the Bohr mag-

neton and gI the effective g-factor for the nucleus. Further, the angular momentum

and spin operator N can be projected onto J. Thus everything except for the

independent term I · J can be summarized into the hyperfine structure dipole op-

erator Ahfs. Using the factored square of equation (3) we can get the expectation

value under the identity that for every angular momentum operator Q it holds that

〈Q2〉 = Q(Q+ 1). Thus the dipole energy splitting can be written as

∆E = Ahfs
F (F + 1)− I(I + 1)− J(J + 1)

2
, (6)

where Ahfs is the given expectation value of the associated operator and is usually

subject to measurement and given as a literature value. Doing the expansion up to

the octupole, which is omitted for brevity, yields

∆E = Ahfs
K

2
(7)

+Bhfs

3
2
K(K + 1)− 2M

4I(2I − 1)J(2J − 1)

+ Chfs
5K2(K/4 + 1) +K [I(I + 1) + J(J + 1) + 3(1−M)]− 5M

I(I − 1)(2I − 1)J(J − 1)(2J − 1)
,

where K = F (F + 1)− I(I + 1)−J(J + 1) and M = I(I + 1)J(J + 1). Bhfs and Chfs

are the quadrupole and octupole constants respectively. These equations can later

be used to determine the three constants as a comparison to given NIST literature

3



1 THE RUBIDIUM ATOM
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Figure 1: Full rubidium 87 level manifold down to the hyperfine F levels from the
ground state 5S1/2 up to the 5D5/2 state. The equivalent niveau scheme of 85Rb can
be viewed at Fig. 37 in the appendix. Wavelengths are given in units of nm and
are calculated from [22].

values in [22] and other publications. Those constants are valuable for calculating

splittings and interaction constants which are used in other experiments.

1.1.1 5P manifold: the D1 and D2 line

The next orbitals above the ground state are the ones in the 5P manifold. Those

orbitals are described by the configuration of

85Rb : 4p6 5p1 2Po
1/2;F = 2, 3

85Rb : 4p6 5p1 2Po
3/2;F = 1, 2, 3, 4

87Rb : 4p6 5p1 2Po
1/2;F = 1, 2

87Rb : 4p6 5p1 2Po
3/2;F = 0, 1, 2, 3

The transition |5S1/2〉 ↔ |5P1/2〉 is called D1 and |5S1/2〉 ↔ |5P3/2〉 is in turn called

D2 due to the historic reasons mentioned above. Since these lines were extensively

used in various applications like laser cooling or atom interferometry, all values are

available in precision far above usual literature values. The wavelengths are given

with [3, 24]

4



1.1 Orbital structure and excitations

85Rb : λ1 = 794.979 014 933(96) nm

85Rb : λ2 = 780.241 368 271(27) nm

87Rb : λ1 = 794.978 850 9(8) nm

87Rb : λ2 = 780.241 209 686(13) nm .

Those frequencies are easily available with ordinary GaAs semiconductor laser diodes.

Beside strong diodes, optical amplifier for those regimes are also technology ready

and mature to be used for higher optical powers. Also the occurrence of the

closed transition |5S1/2;F = 3〉 ↔ |5P3/2;F = 4〉 for 85Rb and |5S1/2;F = 2〉 ↔
|5P3/2;F = 3〉 for 87Rb, where an electron cannot leave with dipole interactions,

is an advantage for laser cooling experiments. However, the strong transition rate

Γ = Aij ≈ 2π × 6.0666(18) MHz provides strong and easily detectable signals but

severely limits the reachable fractional stability that scales with the Q-factor of the

transition which is proportional to Γ/ν.

1.1.2 6P manifold

The 6P manifold is structured similar to the 5P orbitals. The electron structure

is given universally as [Kr] 6p1 2Po
J where only the principle quantum number is

increased by one. The hyperfine level numbers are conserved, though their energy

splitting is only a quarter of that from the 5P levels because the nucleus-orbit

interaction is weaker with increasing distance. This can be approximately confirmed

by evaluating the quotient of the expectation values of r with

〈Ψ610(r, θ, φ)|r|Ψ610(r, θ, φ)〉
〈Ψ510(r, θ, φ)|r|Ψ510(r, θ, φ)〉

=
106

73
≈ 1.45 , (8)

where Ψnlm(r, θ, φ) is estimated with the analytical hydrogen wave function. Thus

the 6P orbitals are in average 45% further away from the nucleus in comparison

to the 5P ones. The transition wavelengths were also measured but not in such a

precise fashion as for the D1 and D2 lines. Most sources also do not distinguish

between the isotopes [22] and therefore incorporate the slight energy shift between

them.

87,85Rb : λ1 = 421.673(18) nm

87,85Rb : λ2 = 420.299(18) nm

Such short wavelengths in the blue/violet regime can be efficiently accessed with

recently developed GaN Fabry-Perot laser diodes. These diodes are not available

5



1 THE RUBIDIUM ATOM

in the linewidth of GaAs diodes but an ECDL in Littrow design can nowadays

reach below 100 kHz [25, 26]. In respect to the 5P transitions, the decay paths

from the 6P manifold can be complicated and over thousand of different paths are

possible. However, a semi closed transition path is also possible here. Equivalently

|5S1/2;F = 3〉 ↔ |6P3/2;F = 4〉 for 85Rb and |5S1/2;F = 2〉 ↔ |6P3/2;F = 3〉 for
87Rb are conceptually closed. Nevertheless, a direct decay back into 5S1/2 cannot

be guaranteed and only a certain fraction, depending on the branching ratio, is able

to do so. This might, however, still be interesting for future cold atom experiments

as a way for efficient repumping and ensemble preparation schemes. The transition

rate of 6P → 5S is debated in many different publications [22, 27–29]. Despite

that, a magnitude of about Γ ≈ 2π × 1.447 MHz seems to be reasonable. That is

about five to six times lower than for the 5P linewidth. Since this is tied to the

second Einstein coefficient Bij and therefore the stimulated transition strength, the

relative intensity is accordingly weaker. This makes it necessary to reach higher

vapor densities for equal signal amplitudes and is usually reached via heating a

vapor cell [30].

1.2 Monochromatic two-photon transitions

Even higher orbitals are accessible through smaller wavelength, single photon dipole

interactions. However, coherent light sources for such high frequencies are harder

to come by with decreasing wavelength. Another possibility are monochromatic

two-photon excitations. Hereby two-photons with the same frequency interact si-

multaneously with one atom.1 Since energy is conserved, both interacting photons

contribute to the excitation energy. Therefore, these two-photons act as one with

summed frequencies. However, the probability of two photons simultaneously in-

ducing a dipole interaction with one electron are pretty small which leads to a small

absorption cross section and requires special preparations to observe those effects.

Also, a direct detection of absorption in the laser intensity is much harder due to

this. Instead the fluorescence of decaying atoms can be detected. Since those sig-

nals are also pretty weak, special detectors, usually in the form of photomultiplier

tubes, are needed. To increase the chance of interaction with the medium (rubid-

ium vapor), the optical density needs to be increased. This is realized with strong

heating of the gas cell to increase the vapor pressure. Additionally, a strong beam

focused into the cell provides enough intensity to produce a high photon flux. Hav-

ing two-photons forcing a transition then acts as an effective electric quadrupole.

Thus different transition rules apply as opposed to single photon spectroscopy. It

enables for example transitions with ∆L = 0 and ∆L = ±2 in a primarily L − S
1Multiple order excitations and/or mixed frequency light photons are possible as well but not

considered since it would negatively impact Size Weight and Power budgets (SWaP).

6



1.2 Monochromatic two-photon transitions

Table 1: First decay transitions from a two-photon excited orbital. All numbers
are given in units of nm. Entries which do not fulfill dipole transitions rules are
denoted by a − sign.

7S1/2 5D5/2 5D3/2 upper level
6P3/2 3970.1 5233.1 5241.2
6P1/2 3851.6 − 5036.6
5P3/2 741.0 776.0 776.2
5P1/2 728.2 − 762.1

lower level

coupling atom. Contrary to that, transitions with ∆L = ±1 are now forbidden.

The selection rules are now also dependent on both polarizations. Having a π po-

larization permits the cancelation of angular momentum and therefore ∆L = 0 (or

in detail a doubled parity change is always an even one). Opposed to that σ+ and

σ− polarizations will induce ∆L = +2 and ∆L = −2 transition, respectively.

There are three, already observed, two-photon transitions which are already exten-

sively studied.

1. |5S1/2〉
2γ−→ |5D3/2〉 at λ1γ ≈ 778 nm [31]

2. |5S1/2〉
2γ−→ |5D5/2〉 at λ1γ ≈ 778 nm [32]

3. |5S1/2〉
2γ−→ |7S1/2〉 at λ1γ ≈ 760 nm [33]

Dipole interactions do not allow for a direct decay back into the ground state thus

judging from Fig. 1 (and Fig. 37 in the appendix) possible paths only lead up

into the 5P and 6P manifold. One difference arises due to the different wavelengths

emitted as stated in Tab. 1. Either the wavelengths are close to the exciting laser

wavelength, or at mid infrared radiation at around 4µm or 5µm. Both cases are not

optimal conditions for detection. In the first case the close laser light wavelength

would strongly perturb the detection of the fluorescence light. While the laser

light is usually filtered before detection, the close vicinity limits the choice of truly

effective filters without also harming the fluorescence detection efficiency. The latter

case implies the usage of mid infrared photovoltaic detectors. Those detectors are

usually only usable in a stable temperature regime and need active stabilization to

do so. This increases complexity and SWaP budgets. Additionally, the usually used

borosilicate glass as well as most other glasses for the cell strongly absorb at both

infrared regimes [34]. Therefore nothing outside could be detected. Those reasons

inhibit the direct exposure of the first decay from the 5D5/2 state. Contrary to that

the 5D3/2 → 5P1/2 transition as well as the 7S1/2 → 5P3/2 and 7S1/2 → 5P1/2

transitions have sufficiently performing optical bandpass filters available and could

in theory be probed in a setup with such a filter installed.

7



1 THE RUBIDIUM ATOM

Table 2: Secondary decay transitions from a two-photon excited decayed orbital.
All numbers are given in units of nm. Entries which do not fulfill dipole transition
rules are denoted by a − sign while entries which are energetically negative are
denoted by a / sign.

6P3/2 6P1/2 5P3/2 5P1/2 upper level
6S1/2 2732.2 2791.3 / /
4D3/2 2253.8 2293.9 / /
4D5/2 2253.6 − / /
5S1/2 420.3 421.7 780.2 795.0

lower level

Another possibility is the detection of secondary decays. Hereby, the fluorescence

of a consecutive decay of an atom in the 5, 6P state manifold is used. Possible

wavelengths for that are given in Tab. 2. There is again a lot of near infrared

radiation plus the D1 & D2 lines while it also includes the direct 6P ground state

decays which are part of this thesis.

All higher possible decay wavelengths are given in Tab. 13 in the appendix. When

used for an optical frequency reference, the 5D states have a lower cross section and

therefore a lower linewidth (330 kHz for the 5D5/2) which yields a better fractional

stability and is often preferred. Also their use as such were already demonstrated

[32]. However, the 7S has an advantage of being magnetically impervious in the

first order. If one assumes that a perturbing magnetic fields act on the atoms, a

resulting shift would affect the 5S ground state and 7S excited state in the same

manner and magnitude. This renders the transition unaffected for weak magnetic

fields. However, this transition has a nearly three times higher linewidth with around

900 kHz and is therefore less perfomant [35].

Nevertheless, monochromatic two-photon transitions are advantageous in their low

linewidth compared to single photon transitions and in their simplicity of the setup

compared to other kind of references like beam standards or optical lattices.

1.3 Applications of rubidium transitions

Rubidium, with its clear level scheme, can simply be probed with GaAs based semi-

conductor lasers in the near infrared wavelengths. This enabled ways of exciting ru-

bidium atoms with narrow linewidth lasers like external cavity diode lasers (ECDL

∼ 100 kHz) as well as the slightly broader but more powerful distributed feedback

diodes (DFB ∼ 1 MHz). Using tapered amplifier additionally allows for high power

at small seed linewidths which is necessary for experiments such as laser cooling.

Within optical spectroscopy the most often used technique of probing the levels

of the atom is the Doppler free saturation spectroscopy. Hereby two beams are

counterpropagating through a gas cell. One beam is stronger than the other and is

8



1.3 Applications of rubidium transitions
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Figure 2: Previously successfully employed as well as future planned projects
utilizing rubidium with participation from the Humboldt-Universität zu Berlin.

called pump beam whereas the weaker is called probe beam. In such a setup the

laser frequency is scanned with ∆ω(t) or even modulated in phase. Both beams see

a Doppler shifted frequency with ω(t) = ω0 +∆ω(t)±v‖ ·k where ω0 is the resonance

of the atom. A resonance of one beam is given in the case of v‖ = ∓∆ω(t)
k

which

yields a normal Doppler broadened signal. If, however, the relative detuning reaches

∆ω(t) = 0, then both beams have to interact with the same zero velocity class v‖ = 0

at the same time. Since the pump beam is stronger than the probe beam, it will

depopulate the atoms which the probe beam can interact with. This leads to a

weakened signal inside the Doppler broadening, the so called Lamb-dip, which cuts

into the inhomogeneous broadened line shape closer to the natural linewidth.

It can be used to lock the laser onto the now resolvable hyperfine transitions as will

be shown in section 3.3. An approach utilizing modulation yields better performance

and will later be demonstrated in section 3.4. Modulation of the laser frequency is

usually done in two different approaches [36, 37]. In frequency modulation spec-

troscopy (FMS), sidebands ωmod of the order n will be modulated onto the probe

beam ωn = ω ± nωmod. This can either happen via modulation of the diode cur-

rent or in the case of ECDL laser in piezo voltage as well as from external sources

like acoustic-optical modulators (AOM) or electro-optical modulators (EOM). If a

beam now traverses through the rubidium vapor, then different sidebands experience

different absorptions. Scanned through yields a signal with zero crossing which is

effectively the derivative of the line shape (see Fig. 28). If centered, the signal can

be fed into a PID controller to try to hold the zero crossing in place, hence stabilizing

the laser onto the targeted atomic transition. The second kind is called modulation

transfer spectroscopy (MTS). It has the advantage that no Doppler background is

present in the signal which usually leads to better laser stabilization. It works by

just modulating the pump beam which creates an oscillating refractive index in the

vapor. This in turn modulates a sideband onto the initially modulation free probe

beam. Other than FMS, the modulation here has to be created by an external source

since both beams need to come from the same source but only one is modulated.

9



1 THE RUBIDIUM ATOM

Both schemes can be used to stabilize a laser onto an atomic transition and open

the door to a lot of different possible experiments from frequency reference stan-

dards [38], high precision sensors based on Rydberg atoms [39], laser cooling [40]

and Bose-Einstein condensation based applications like test of the particle standard

model [41] up to gravitational wave detection in unprecedented mass regimes [42]

and interferometric detector sensitivities [43]. Some of those ventures take place at

the Humboldt-Universität zu Berlin (see Fig. 2) where multiple Rubidium based

projects were already performed and space readiness, mobility and compactness was

multiple times demonstrated.

Frequency references Atomic frequency references combined with frequency

combs are, by todays standard, the best tool physics can provide for extremely

high precision time keeping. The second as a unit of time is currently defined by

the frequency reference of the 133Cs ground state hyperfine transition. Such mi-

crowave references are versatile and in fact used on the Galileo GNSS satellites [44].

Figure 3: Rendering of the QUEEN
satellite platform. (by TU Berlin, Marc
Lehmann)

Those satellites employ two passive hy-

drogen maser as master time provid-

ing clocks as well as two secondary ru-

bidium atomic microwave clocks. The

fractional instability of the smaller ru-

bidium clocks is σ = 4 × 10−14 at

104 s [45]. Better references than mi-

crowave transition based clocks with

lower linewidths and higher base fre-

quencies can be achieved by using di-

rect optical references on transitions in

the O(ν) = 100 THz regime. This how-

ever has the additional challenge that

those high frequencies can not be mea-

sured continuously in a direct fashion to

create a steady time signal. Thus an-

other element is needed to convert the optical frequency to a microwave signal

which can be counted by electronics. Such a device is a frequency comb and is

a more recent achievement of physics since it was awarded the 2005 Nobel prize

[46, 47]. Those combs are already space tested [48] and are commercially avail-

able. Using such devices is also a compromise on the SWaP budget. This calls

for miniaturization of the atomic references to lower the size and weight. This

usually implies lowered power requirements as well. One project dedicated to the

development of such an optical clock is called QUEEN (QUantentechnologien für

10



1.3 Applications of rubidium transitions

-15 -10 -5 0 5 10

0.0

0.2

0.4

0.6

0.8

1.0

relative frequency νrel / MHz

no
rm
al
iz
ed
ph
ot
o
m
ul
ti
pl
ie
r
si
gn
al

[a
.u
.]

Figure 4: Monochromatic two-photon spectrum of the |5S1/2;F = 3〉 → |5D5/2〉
transition with λ ≈ 778.1 nm as captured by the QUEEN ground testbed. It was
made with 26 mW of incident optical power at a vapor cell temperature of 90 °C.
Here, the light gray lines denote the raw PMT signal, the lowpass filtered data is
shown in red and a fit with five pseudo Voigt distributions is given in black. The
data and calibration was kindly provided by Sven-Eike Reher [49].

den Einsatz auf Einem Nanosatelliten - english translation: quantum technologies

for the use on a nano satellite) and is a collaboration of the Humboldt-Universität

zu Berlin, the Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequenztechnik

and the Technische Universität Berlin. The objective is to demonstrate a frequency

reference based on the 85Rb two-photon transition |5S1/2〉
2γ−→ |5D5/2〉 being able

to operate for a year in space strapped on a small satellite platform (see Fig. 3).

Currently only a ground testbed was built but already demonstrated a spectroscopic

exploration of the 5D5/2 orbitals. It uses a heated vapor cell with a PMT as detec-

tion unit. In front of the PMT is a bandpass filter which lets only 420 nm photons

through. Therefore the detection was aimed at the secondary |6P〉 → |5S1/2〉 decay

channel. A usual detected spectrum is shown in Fig. 4. It is evident, that the

PMT emits a lot of noise beside the signal. This is either due to a misalignment

of the PMT or insufficient light produced. A future improvement was suggested

by using silicon photo multiplier (SiPM). These are semiconductor chips set in an

array and have their maximum detection efficiency at around 420 nm which is per-

fectly suited for this task. The ground testbed also aims to reproduce or improve

a result given by Martin et al. [32] wherein they produced an optical clock on the

same transition with a fractional stability of σ(τ) = 4× 10−13/
√
τ for τ from 1 s to

10000 s. Those results were not reached in the time frame of this thesis but are part

of future investigations. This use case will be discussed again in section 4.4.
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Figure 5: Concept of the grating chip MOT. Linear polarized cooling and repump-
ing light is directed on the optics/grating chip to create four to five pillars of light
depending on the grating shape. Image taken from Nshii et al. [50].

Atomic quantum sensors Rubidium can also be used for a variety of sensors for

different observables. One common application is cold rubidium as an inertial sensor.

Hereby, rubidium is trapped and cooled via laser cooling schemes in a MOT down to

µK temperatures. Sometimes this is extended to further evaporative cooling schemes

to reach temperatures where rubidium condensates and a Bose-Einstein condensate

(BEC) is created [10]. This minimizes the expansions of the atom cloud. The so

prepared cloud of cooled atoms or BEC ensemble can now be introduced to splitting

and mirror pulses to create a Mach–Zehnder type interferometer. The gravitational

potential then imprints different phases onto the separated clouds. This leads to

an interference pattern on recombination to read out the acting relative or absolute

acceleration as well as gravity gradients.

Usually the D2 or D1 lines are taken for cooling in rubidium. Especially the D2

line has the advantage of having a closed transition which minimizes the need for

repumping light. The |5S1/2〉 ↔ |6P3/2〉, 420.3 nm light cycling transition could

in principle also be used to create a MOT. This could eliminate the need for an

optical molasses stage which would lift complexity from the experiments as well as

the cooler ensembles due to the lower linewidth and therefore Doppler temperature

(see equation (9)). However, it is not entirely clear how the many different decay

channels will act in a cooling scheme. It is to suspect that the impact on the MOT

is to have a cooler ensemble overall but to have fewer atoms and less loading rate.

So it might be a compromise to take into account. A smaller project called QChip

aims to verify that. It will use a grating (see Fig. 5) in which a single beam will

suffice to create four cooling beams in a tetraeder configuration or five depending on

the grating used. Such micro integrated MOT sources could lead to small sensors

for versatile use and they would benefit from even cooler ensembles as produced by
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(a) Big gas cell.
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(b) Miniaturized gas cell.

Figure 6: Comparison between a big (left) and miniaturized (right) gas cell with a
natural abundance of rubidium 85 and 87. The small cell is designed and assembled
by Rydberg Technologies.

the blue 420.3 nm light.

Another promising sensing approach are so called Rydberg atoms. It is a technique

where atoms are excited into very high orbitals below the ionization limit (or even

further than that [51]) and thus become very sensitive to perturbing external fields,

that can be measured with high sensitivity. This holds especially for electric [39]

and magnetic fields [52]. In small sensors the atoms are excited into their states

in micro vapor cells (see Fig. 6). The preparation of Rydberg atoms however is

complicated. Usually the D2 line is first excited before a second laser excites the

atom to their Rydberg state. Using the 6P as a intermediate stage however would

allow for using stronger, more stable and better available infrared lasers. It was

already proposed and demonstrated multiple times for direct [28, 29] or indirect

[53, 54] excitations. However, to the best of knowledge, there is no setup with

a direct exciting 420.3 nm ECDL laser working to prepare the atoms. This could

be the case since there are no amplifiers for such a low wavelength available so the

working power is limited by the diode. Currently this limits the usable power to

below 100 mW. Nevertheless, this is a promising future application and could enable

better sensors in those areas.
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Figure 7: Energy levels of the 6P manifold including the hyperfine splitting with
all values given in MHz if not otherwise indicated. Sources: [3, 22, 24, 28]

2 Rubidium 6P manifold

The rubidium 6P manifold consists of two fine structure splitted states. Each state

has additional hyperfine splittings with four levels for the |6P3/2〉 state and two

for the |6P1/2〉. To excite an atom from the 5S1/2 ground state, a wavelength of

λ = 420.299(18)nm and λ = 421.673(18)nm is required for the higher and lower

energy orbitals respectively. According to (4) the states have the quantum numbers

as shown in Tab. 3. A level scheme of the whole manifold is given in Fig. 7 with

all splittings and wavelengths depicted. Those wavelengths are nowadays accessible

with GaN and InGaN based semiconductor diodes [19, 20, 55–57] for which the

2014 physics Nobel prize was awarded [21].

In the context of cold atom physics, using one of the 6P transitions can have an

advantage over the frequently used D2 transition. While the exact values are still

discussed, both 6P states do have a narrower linewidth, which is on the order of

O(Γ/(2π)) ≈ 1 MHz. This corresponds to a longer lifetime of the excited atoms.

For a magneto optical trap this can be favorable for example in the lower Doppler

cooling limit given by

Td =
~

2kB
Γ (9)

therefore the Doppler temperature can be decreased from TD2
d ≈ 146µK for the D2

line down to around T
6P3/2

d ≈ 35µK. This is approximately the optical molasses
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2 RUBIDIUM 6P MANIFOLD

Table 3: F -quantum numbers of the 6P manifold by the fine structure splitting of
both rubidium isotopes given by (4).

Isotope State F -quantum numbers
85Rb |6P1/2〉 {2, 3}
87Rb |6P1/2〉 {1, 2}
85Rb |6P3/2〉 {1, 2, 3, 4}
87Rb |6P3/2〉 {0, 1, 2, 3}

cooling temperature region [40, 58]. To be able to skip the optical molasses stage

in the BEC creation process from such a sub-doppler cooling stage would increase

the atom number and might as well produce a denser condensate due to lack of

expansion in the meantime. While this would be beneficial, it is unclear how the

reduced loading rate of the first MOT would impact the resulting BEC duty cycle in

the end. Testing this experimentally on a MOT chip [50] is planned to be subject

for further research after this thesis. Especially a future development of optical

amplifier chips could enable much higher optical powers. It would also enable for

a sole integration of just blue light and eliminate the need for red/infrared light.

Another purpose of the 6P lines is the application of frequency stabilized blue light

as an optical frequency reference. In this context, the smaller linewidth allows

for better frequency stability compared to the D2 line. The instability of the 6P

transition in terms of the Allan Deviation σy(τ) can be assessed as [59]

σy(τ) =
1

Q · SNR

√
1

τ
, (10)

where the quality factor Q can be estimated with Γ/ν. It is therefore antipropor-

tional to the linewidth and thus σy ∝ Γ. Additionally, as Q ∝ ν the increased

frequency of the blue light does improve the stability again by a factor of two com-

pared to 780 nm. This would allow for a comparably easy single laser frequency

reference design with blue light where the stability is more than an order of magni-

tude improved compared to a frequency reference based on the D2 line [30].

An additional consequence of the lower linewidth is the lowered saturation intensity

for a cycling transition in the atom given by [3]

Isat =
~ω3

12πc2
Γ (11)

which the publication of Vernier et al. [29] giving a value around Isat ≈ 10.3 W/m2.
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2.1 Theoretic considerations

2.1 Theoretic considerations

Working with orbitals in such high energy regimes compared to the D1 and D2 lines,

brings in several difficulties to watch out for, notably that there are six and seven

fine structured orbitals situated below their level. Especially decay paths are now

extremely complicated, which is due to the fact that only a fraction of the excited

electrons branch directly back into the ground state. These branching ratios are

defined by the different transition rates Ani of a given state by

bni = Ani

[∑
j

Anj

]−1

. (12)

In this work, the primary focus is on the |6P3/2〉 state due to its lower linewidth

compared to the |6P1/2〉. Its branching ratios are distributed approximately with

1. |5S1/2〉 with 34.8% at λ ≈ 420.3 nm

2. |4D5/2〉 with 20.1% at λ ≈ 2253.4 nm

3. |4D3/2〉 with 2.2% at λ ≈ 2253.7 nm

4. |6S1/2〉 with 42.9% at λ ≈ 2732.9 nm

as given by the literature [60] where the first is the direct ground state decay path.

Considering that 65.2% of electrons decay via thousands of different possible paths

(see Tab. 10 in appendix) back to the ground state, warrants a better understand-

ing about the time evolution of the decay processes.

2.1.1 Transition strength and angular momentum coupling

Understanding the decay paths with different branching, associated strengths and

rates is essential for a complete decay process description. This starts by only con-

sidering dipole transitions of alkali atoms. Commutation relations and conservation

of angular momentum yields a number of selection rules to follow in the upcoming

calculations

1. ∆L = ±1 (LS coupling)

2. ∆J = {0,±1} (rigorous)

3. ∆F = {0,±1} (rigorous)

4. ∆mF = {0,±1} (rigorous)

5. ∆F 6= 0 if mF = 0 and m′F = 0 (rigorous)
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Figure 8: Hyperfine transition strengths as calculated by (18) for q = 0 = ∆mF .
The values are evaluated for 85Rb and the orbitals 5S1/2 → 6P1/2. The graphs for
q = 1 and q = −1 can be found in Fig. 34 and Fig. 35 in the appendix.

Those transitions are usually three orders or more of magnitude stronger than the

next magnetic dipole and electric quadrupole which justifies their negligence.

Equivalent to the classical analogon ~D = q~r, a quantum mechanical dipole operator

can be defined as d = er. Given a two level system |ψ1〉 , |ψ2〉 we can write a dipole

moment between those states

〈ψ2|d|ψ1〉 = e 〈ψ2|r|ψ1〉 . (13)

This moment can then be related to the transition rate A21 between those states

[61] which is an important measureable quantity

A21 =
16π3ν3

21

3ε0hc3
|〈ψ2|er|ψ1〉|2 . (14)

Here ν21 represents the transition frequency of the emitted/absorbed light. All

necessary values Aij can be acquired through the means of literature databases like

NIST and others [3, 22, 60, 62]. Considering all allowed transitions down to the

mF quantum number, leads to a total of 2336 transitions. Assigning all of them a

rate value however proofs to be a more extensive task. Therefore, each Aij is then

split according to the branching of the hyperfine structure and the projection of

it given by the mF quantum number. This is realized by calculating the relative

strengths of the angular momentum coupling from the respective states. A wave
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function can therefore be written by the following ket

|ψ〉 = |J, F,mF 〉 (15)

The angular momentum base representation can be changed by invoking the com-

pleteness theorem to get relative population coefficients.

|J, F,mF 〉 = I |J, F,mF 〉 =
∑
J ′

∑
F ′

∑
m′

F

|J ′, F ′,m′F 〉 〈J ′, F ′,m′F |J, F,mF 〉 (16)

=
∑

J ′,F ′,m′
F

c
J ′,F ′,m′

F
J, F, mF

|J ′, F ′,m′F 〉 (17)

Thus the Clebsch-Gordan like coefficient c
J ′,F ′,m′

F
J, F, mF

is introduced. It is a factor of the

different base changes which can then be carried out in executing the expectation

value of the dipole operator while using the Wigner-Eckart theorem [63]. The full

expression between two states |ψ〉 , |ψ′〉 with associated quantum numbers can be

derived to be [3, 64]

〈ψ′|d|ψ〉 = 〈J ′, F ′,m′F |d|J, F,mF 〉 = c
J ′,F ′,m′

F
J, F, mF

〈J ′|r|J〉 ∝

∝
√

(2J + 1)(2J ′ + 1)(2F + 1)(2F ′ + 1)

{
L′ J ′ S

J L 1

}{
J ′ F ′ I

F J 1

}(
F 1 F ′

mF q −m′F

)
(18)

whereas the curly brackets denote a Wigner 6 − j symbol and the plain brackets

a Wigner 3 − j symbol. Furthermore, for alkali atoms the total electron spin is

S = 1/2 and I is the nuclear spin of the used isotope (I = 5/2 for 85Rb and I = 3/2

for 87Rb). It holds that for a spontaneous emission the parameter q is given by

q = m′F −mF . For an excited transition this is the polarization parameter in which

π represents q = 0 and q = ±1 for σ± polarization respectively.

Finally, the transition rate can be multiplied by the square of the Clebsch-Gordan

coefficients
(
c
J ′,F ′,m′

F
J, F, mF

)2

given by (18) as seen in Fig. 8.

2.1.2 Orbital population simulations

For simulating decay paths and future laser cooling schemes, the ability to address

all states down to their mF quantum number is needed. This enables the precise

determination of transitions with light in different polarizations and also allows the

planning of state selection or sub-doppler cooling, e.g. with Sisyphus type cooling

stages [65]. To ease the development and to get a sufficient approximation the full

incoherent limit was chosen. Therefore no coherent effects like Rabi oscillations or

additional phase relaxations or non radiative relaxations like collisions are modeled.
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This poses a strong limitation and inherently imposes an isolated system with only

approximative behavior of the real world. With this approximation, we can describe

the interactions using the Einstein rate equation model [66, 67]. In this model we

assume that every state experiences four interactions over time: spontaneous emis-

sion/absorption and stimulated emission/absorption. For each of the interactions

we can write an associated term which scales with population and the respective rate

of the transition. These terms are then combined to give the resulting population

change of a level. It does not surprise that the spontaneous emission term is easily

described by the transition rate given in (14) and the own population: AijNj(t).

Here, the Aij term gets modified in its expectation value as a sum of all hyperfine

contributions according to (14) & (18). For the stimulated emission terms a sec-

ond Einstein coefficient Bij is introduced which depends on external light fields and

scales with the spectral energy density ρ(ν). It can also be written in relation to

the first coefficient

Bij = Aij
c3

8πhν3
. (19)

Its term is then written as the combination with the state population asBijρ(ν)Nj(t).

The respective absorption terms are in turn simply given by the negative of the emis-

sion terms. Assuming a two state system we can write the rate equations as

dN2(t)

d t
= −A12N2(t)−B12ρ(ν)N2(t) +B21ρ(ν)N1(t) (20)

N1(t) = Ntot −N2(t) . (21)

For an equal degeneracy of the states 1, 2 one can also insert B12 = B21. This

system of equations could analogously be derived for N1(t) or jointly for both in

symmetrized fashion. The latter symmetric form has the disadvantage of one more

ODE to solve simultaneously with the rest of the system but the advantage of being

easily writable in a vectorized form. To write it that way, equation (20) can be

generalized to multiple states and simultaneous transitions with

dNj(t)

d t
= −Nj(t)

∑
i<j

Aij +
∑
k>j

AjkNk(t)−Bmjρ(ν)Nj(t) +Bjmρ(ν)Nm(t) . (22)

The laser excitation could be extended to multiple paths with two additional sums

which is omitted here for the sake of brevity. It is beneficial to write the spectral

energy density in the form of a light intensity I which is experimentally easily
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2.1 Theoretic considerations

accessible. Combined with (19), this yields the term [68]

Bijρ(ν) = Aij
4πc

2hν3
I . (23)

From here on the problem could be solved with any numerical solver which is able

to handle coupled ODE systems. For time independent intensities however there is

a more elegant way which provides an additional advantage. To do that we write

our ODE system in a matrix form

d N(t)

d t
= (F + L) N(t) , (24)

where F is the spontaneous emission matrix and L the stimulated emission/absorption

matrix. Both matrices are in the dimension of Rn×n, where n is the number of states

in the system. For the stimulated emission this can be written as

(L)ij =
K∑
k=1

[
δi,i(k)δj,j(k)Bij − δj,i(k)δi,j(k)Bji

]
ρ(νk) (25)

for all K stimulated transitions with associated indices i(k), j(k). In contrast, the

stimulated emission matrix can be build up in a five stage process:

1. Allocate a Rn×n matrix and enumerate all entries to their assigned quantum

numbers (n), L, J, F,mF . Hereby n is only needed for distinguishing purposes.

2. Remove all elements not satisfying the dipole selection rules.

3. Apply angular momentum coupling between the states.

4. Multiply with the assigned transition rates gathered from the literature.

5. Sum up the absorption contributions from the emission entries.

1. Matrix allocation and quantum number enumeration: The performed simulation

includes all states from |5S1/2〉 to |5D5/2〉. This was chosen to incorporate future

projects on two-photon spectroscopy. For 85Rb this results in 216 states. All those

states get encoded in the matrix and their quantum numbers assigned to the re-

spective row and column. An enumeration based on just |(n), L, J〉 up to |6S1/2〉 is
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Figure 9: Selection rules application onto the 85Rb spontaneous transition matrix.
The rules are successively applied such that a previous ruled out element stays
untouched. The first acting, most general, selection rule for each entry is colored in.

given as an example with the following matrix

0 5P1/2 → 5S1/2 5P3/2 → 5S1/2 4D3/2 → 5S1/2 4D5/2 → 5S1/2 6S1/2 → 5S1/2

0 0 5P3/2 → 5P1/2 4D3/2 → 5P1/2 4D5/2 → 5P1/2 6S1/2 → 5P1/2

0 0 0 4D3/2 → 5P3/2 4D5/2 → 5P3/2 6S1/2 → 5P3/2

0 0 0 0 4D5/2 → 4D3/2 6S1/2 → 4D3/2

0 0 0 0 0 6S1/2 → 4D5/2

0 0 0 0 0 0


.

(26)

The main diagonal and lower triangular is zero because this denotes transitions

with zero or negative energies. While this holds for all the spontaneous emission

elements, they can acquire non zero values in later steps. There, the laser excitation

will pump energy into the system as well as the requirement of entries which encode

the spontaneous absorption without having an impact on the energy budget.

2. Application of selection rules: The next step is to delete all entries with transi-

tions not satisfying dipole selection rules. This iterative selection process with all

the rules written out in the previous subsection is seen in the matrix plot Fig. 9.

3. & 4. Angular momentum coupling and transitions rates: The angular momentum

coupling is introduced for every non vanishing entry. It is calculated via the square
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2.1 Theoretic considerations

of the Clebsch-Gordan coefficients given in (18). The transition rates Aij based on

the fine structure splitting are then multiplied onto their transition block.

5. Sum of the absorption elements: At last, the spontaneous emission must result

in an absorption of the lower targeted orbitals. This can be done by summing up

the negative of all contributing emission elements above it. Therefore, the diagonal

of the matrix will be written by

(F )ii = −
∑
k<i

(F )ki . (27)

2.1.2.1 Simulation ODE matrix solutions

From here on, the ODE system could be evaluated by just plugging it into a suitable

ODE solver. However, the matrix was implemented in a time independent fashion

(which is not a necessity) and can be determined for a semi-analytic solution. Having

an analytic expression allows for easier analyzing of the time evolution and will be

beneficial for steady state computation as will be shown below. The foundation of

the semi-analytical solution is the Cayley-Hamilton theorem, such that the problem

can be written in terms of an Eigenvalue problem of the system matrix [69]: Given

a Matrix M and a solution vector w which describe an ODE system in time.

d w(t)

d t
= Mw(t) (28)

A solution can then be written in the form of

w(t) =
∑
i

cie
λitvi , (29)

where vi is the i-th eigenvector corresponding to the λi eigenvalue. Additionally, ci is

a free constant depending on the initial condition w0 = w(0). Thus these constants

can be determined by setting t = 0 which then poses as the solution vector C in a

linear equation system of the form

w0 = V TC (30)

whereas V is the matrix of the eigenvectors column wise. Applying this to the ODE

problem yields the evolution in time of the population of the different states in an

analytic solution.

One of the benefits of an analytic solution comes into play when calculating the

steady state for two or more laser excitations. Usually one would set dw(t)
d t

= 0

and solve for the null-space of the matrix followed by trying to find a vector for the

initial conditions. For the solution derived in (29) however, taking the limit of the
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2 RUBIDIUM 6P MANIFOLD

Figure 10: System matrix of a simulated 85Rb MOT experiment with lin-
ear polarized cooling and repump beam at |5S1/2, F = 3〉 → |6P3/2, F = 4〉 and
|5S1/2, F = 2〉 → |6P3/2, F = 3〉, respectively. In Fig. 40 in the appendix is a
small excerpt of all 5P1/2 → 5S1/2 transition elements of this matrix in detail.

system evolving over time onto infinity is equivalent to

lim
t→∞

w(t) =
∑
i

civi lim
t→∞

eλit . (31)

This is caused by the stability criterion of the matrix which imposes ∀i : Re{λi} ≤ 0.

Further, it enforces a converging function and also allows pulling the limit into the

sum. Additionally, ci and vi are constants in time as long as the matrix is time

independent so the limit only acts on the time exponential. Taking the stability

condition into account allows to evaluate the limit to be zero except when λi ≡ 0

the result is one. Therefore, the solution can compactly be written as a conditional.

w(t→∞) =
∑
i

civi Re{λi} = 0

0
(32)

2.1.2.2 Simulation results

Blue MOT simulation: The most straightforward simulation is calculating the time

evolution of a simple setup for a magneto optical trap with a cooling and repump
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Figure 11: Simulation of a blue MOT with power ratio of 10:1 for cooling to
repump light. The legend above also shows the steady state population density.
The colors are slightly altered for one fine structured orbital because the graphs are
given with all F hyperfine states. Intermediate orbitals are all below a significant
amount of population and grouped together in the bottom. An example simulation
on the D2 line can be seen in Fig. 41 in the appendix.

laser. This is in turn how a first trial of a blue MOT would be conceptualized. Anal-

ogous to the D2 cooling schemes, we introduce two laser excitations. The cooling

laser is directed at the 85Rb : |5S1/2, F = 3〉 → |6P3/2, F = 4〉 transition while the

repump light is set to the transition of 85Rb : |5S1/2, F = 2〉 → |6P3/2, F = 3〉 in

an arbitrary power ratio of 10:1 [40]. The transition matrix is therefore fully filled

on the diagonal and also introduces some elements in the lower triangular part for

the stimulated absorption. The resulting color coded matrix can be seen in Fig.

10. While this is a closed cooling cycle in the D2 scheme, it is not anymore in this

approach even though the selection rules might make it seem as if it was a closed

cooling cycle. This is caused by the ability of an excited state to be able to decay

into a non ground state orbital as discussed earlier. Solving for the time evolution

is done according to (29) as well as the steady state calculations in (32). The initial

state was assumed to be equally distributed in the whole |5S1/2〉 orbital down to all

mF states. Results of the population development as a function of time are shown

in Fig. 11. It is clearly visible, that the reaction to the laser light follows nearly

immediately in the low microsecond regime. Afterwards the population tends to

stabilize over time in a redistribution of excited states until it runs into an equi-

librium. The majority of atoms is still in the ground state which is explained by

the lower laser power which cannot pump more than half of the population into the
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2 RUBIDIUM 6P MANIFOLD

Table 4: Decay table of |6P3/2, F,mF = 0〉 into all ground state hyperfine states.
The unit is given in percent of decayed atoms. The symmetry of the angular mo-
mentum coupling is clearly visible.

|5S1/2, F = 2〉 |5S1/2, F = 3〉
mF -2 -1 0 1 2 -3 -2 -1 0 1 2 3
F
1 4.9 22.0 27.8 22.0 4.9 0.9 2.6 3.6 4.0 3.6 2.6 0.9
2 4.1 25.6 6.9 25.6 4.1 1.3 2.9 7.7 9.9 7.7 2.9 1.3
3 2.4 9.7 19.5 9.7 2.4 0.8 3.9 20.0 7.0 20.0 3.9 0.8
4 0.8 3.6 4.3 3.6 0.8 0.4 4.0 19.4 39.4 19.4 4.0 0.4

exited state and thus prevents the ground state from being depopulated below 50 %.

Hyperfine structure laser: Looking at the steady state population density in Fig.

11 reveals a population inversion between the |4D5/2〉 and |5P3/2〉 orbital. Judging

from their respective transition rates [22, 60] it is feasible to implement a laser

transition as an effective 4-level scheme. The implementation of a hyperfine struc-

ture laser only needs a few additional optical elements around the gas cell like two

specially coated mirrors for a resonator. However, there are certain factors which

suggest difficulties. Firstly, even though the transition rates are theoretically usable,

they are in the same order of magnitude which would raise the threshold power. Sec-

ondly, the theoretical available energy efficiency from the standpoint of the 420 nm

pump light would be in the regime of about 1%. Lastly, the laser wavelength would

be at around λl ≈ 1.5µm. This is the telecommunication wavelength at which the

attenuation in silicon oxide based fibers is the lowest of all available wavelengths.

Lasers with such a wavelength range are plenty available with narrow linewidth as

low as ∆ν ≤ 15 kHz and quantum efficiencies as high as approximately η ≈ 80%

[70, 71]. Thus, it is a lot less efficient to produce the laser inside the rubidium

vapor but still possible.

Branching calculations: For future MOT experiments it is also beneficial to know

how the branching affects a certain number of atoms over time and where they

will end up in the decay chain. To examine the branching, the simulation can be

started with different initial conditions N0 and run to calculate the steady state

solution. An example calculation for that is shown in Tab. 4. This can also help

in estimating repump to cooling light ratios in an experiment.

Further use: The simulation can be further extended up to the ionization limit if

necessary. However, the literature values for the transitions rates would be necessary

for that. A future application lies in making the same calculation for possible two-

photon standards in rubidium from the 5S1/2 → 5D5/2 transition as well as 5S1/2 →
7S1/2 as discussed earlier.
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2.2 Results of previous 6P based experiments

The 6P manifold was already extensively studied in the past. In the following a

few chosen publications with supporting information, results and measurements are

presented.

The first reliable measurements are given in the 1982 publication from Verolǎinen,

Nikolaisch, et al. [27]. They collected previous lifetime measurements with different

experiments of all alkali atoms, the copper group and hydrogen. While a lot of

methods were compared, only the level-crossing measurements yielded usable data

(see Tab. 5). Also a theoretical value was given which however did not take spin-

orbit coupling into account and is therefore around 10% smaller than the measured

values. Taking the average of the listed values returns the lifetimes with

τ(6P3/2) = (110.2± 2.3) ns

τ(6P1/2) = (123± 7) ns

along their corresponding linewidth Γ.

Γ(6P3/2) = 2π × (1.445± 0.030) MHz

Γ(6P1/2) = 2π × (1.30± 0.07) MHz

A different noticeable publication comes from Vernier et al. and describes the cre-

ation of 420.3 nm light in a nonlinear up-conversion process [29]. The essence of the

experiment is given by shining two phase matched lasers with the wavelengths of

λ1 = 780.241 nm (D2) and λ2 = 775.987 nm (|5P3/2〉 → |5D5/2〉) into a hot rubidium

vapor cell. The cell was heated up to 120 °C to increase the rubidium vapor pressure

and therefore the interactions with the light. When the phase matching conditions

are met, a decay path through the strong dipole interaction of |5D5/2〉 → |6P3/2〉
will coherently form and emit a beam of the 420.3 nm light (and 5.2µm light in

the first dipole path). With optimization of vapor pressure, pump intensity and

polarization a coherent beam of about I = 1.1 mW was able to be formed. Further,

a Doppler broadened spectrum of the |6P3/2〉 state was obtained and verified the

measurements.

Next to be mentioned are Zhang et al. with two publications of a 420 nm extended

cavity diode laser in Littrow design [79] and the direct optical spectroscopy of the

|6P3/2〉 state to establish a frequency reference [30]. The laser was characterized and

performed with a linewidth in the order of O(Γ) ≈ 101 kHz although this is a rather

unclear result when judged from the beat result of two lasers which seems to neglect

a large Gaussian contribution. In the same work a long term beat in a modulation

transfer spectroscopy approach against a vapor reference cell later showed the laser
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Table 5: The meaningful collected values from Verolǎinen, Nikolaisch, et al. [27] for
the lifetimes of the 6P manifold in rubidium. It was not distinguished between the
different isotopes but measurements were made for the natural abundance mixture.

State lifetime τ [ns] Source
6P3/2 114(6) [72]
6P3/2 118(4) [73]
6P3/2 109(7) [74]
6P3/2 111(3) [75]
6P3/2 112(8) [76]
6P3/2 97(3) [77]
6P1/2 131(5) [74]
6P1/2 114(13) [76]

Theoretic: 6P 99.3 [78]

to be in the 10−13 fractional stability region after 10 seconds averaging time and went

down to 10−14 after 1000 s. It was not shown how the laser performs after 10000 s

but a slight upward trend is anticipated by the data. In the latter publication a

Pound-Drever-Hall pre locking system was implemented and improved the claimed

fractional stability to about 2× 10−15 after 80 s deduced from the error signal which

would be comparable to slightly more complex Iodine systems [48, 80]. Likewise,

the performance against the cell temperature was measured and showed an optimal

value at 160 °C. The pump and probe beam power as well as the modulation fre-

quency were also investigated and could be of interest for future systems.

In the process of this thesis the publication of Glaser et al. was released [28]. It fea-

tures the same objectives this thesis had and serves as a comparison for the results

given here. The results reported in their publication and also personal communica-

tion are usually more precise than the values acquired in this work, this is mainly

due to the use of a frequency comb instead of a wavemeter used in this thesis. A

closer look and evaluation about those results from Glaser et el. is conducted in this

thesis in section 3.2.4

A different publication to mention is a spectroscopy of the dipole forbidden transi-

tion of |5P3/2〉 → |6P1/2〉 from Ponciano-Ojeda et al. [81]. Hereby the approach

was approximately the same as in the paper of Vernier et al. without the phase

matching part. The atomic ensemble in a heated vapor cell was prepared into a

specific F state of the D2 line with λ1 = 780.242 nm light. Simultaneously a titan

sapphire laser with a wavelength of λ2 = 917.540 nm excited the prepared atoms

into the targeted |6P1/2〉 state. A photo multiplier tube registered the decay of

the excited state into the ground state with a wavelength of about 421 nm. They

were able to spectroscopically observe the state in both rubidium isotopes and as-

sign their frequency splitting as well as confirm their relative transition strengths

through theoretical calculations similar to equation (17) and (18).
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Silvije Vdović et al. [82] and similar publications [83, 84] show how to apply the

blue transition in Rubidium for electromagnetically induced transparency. Hereby

a usually opaque system of resonant atoms are induced for transparency with cou-

pling to another resonant light field. Application for such phenomenon are in slow

light generation [85], enhancements of nonlinear wave-mixing [85, 86], quantum

information storage [87], optical switches [88] and especially lasing without inver-

sion [89, 90]. In the given paper, EIT in a V-type system in the 6P3/2; 5P3/2; 5S1/2

states is demonstrated. V-type in this case means that there is no allowed transition

between the highest (6P3/2) and middle state (5P3/2). They were able to show that

blue 420.3 nm probe light can be induced transparent with a coupling of D2 light

at 780.2 nm. An attenuation of around 67 % of absorption reduction was reached.

Furthermore, this can lead to improvements for lasing at the blue line together

with different typed EIT systems [91]. Another recently published paper by J.E.

Navarro-Navarrete et al. [92] describes a Doppler free spectroscopy technique very

similar to the one used in this thesis. Their approach also uses two counterpropa-

gating 420.3 nm laser beams in a vapor cell to produce a Doppler free signal. But

instead of reading out the probe beam intensity, the 780.2 nm fluorescence signal is

registered by means of a photomultiplier tube. This is very efficient since, assum-

ing only dipole decays, all atoms which do not decay directly into the ground state

from the 6P3/2, are going through a decay chain which will force them into either

5P3/2 or 5P1/2. By using a similar but not as sophisticated rate equations approach

as laid out in this thesis in section 2.1.2, a back calculation is possible to obtain

the original frequency differences in the excited state which allowed to obtain the

hyperfine structure dipole and quadrupole constants.

Section summary The previous section first started with describing the basic

form of the 6P manifold and advantages it inhibits. Foremost, the lower Doppler

temperatures and better frequency stability due to narrower linewidths were men-

tioned. Transition rules and strengths through angular momentum coupling were

discussed and a theoretic model based on the full incoherent rate equation approach

was made. This model was subsequently solved and a demonstration of a violet

MOT simulation was shown. Lastly, a summary of previous work on the 6P mani-

fold was given and central aspects of the individual experiments compared.
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3 Direct optical spectroscopy of the 6P manifold

For the first validation of the 6P states and wavelengths given by NIST [22] a

Doppler free absorption spectroscopy setup [36, 93] was chosen. In this setup

the laser beam is send through a hot rubidium vapor cell and retro-reflected, so

that two counter-propagating beams interact with the atoms. The laser frequency

is scanned over several GHz by either applying a slowly varying voltage offset in

form of a triangular function to the piezo of an ECDL, or in the case of a DFB

diode, as a triangular modulation of the laser current. As both beams come from

the same source, they have the same frequency at any point in time. Due to the

Doppler shift of the atoms and the opposite direction of the two beams, each beam

addresses a different velocity class of atoms which they are resonant with. This

gives an inhomogeneous Doppler broadening. But if the laser frequency is exactly

on resonance with the transition, at the relative velocity class vrel ≈ 0, then both

beams interact with the same atoms. Thus, leading to a stronger depopulation of the

ground state. As a result, the absorption decreases as long as both are resonant with

the zero velocity class. This effect can further be amplified if the non reflected beam,

called the pump beam, is stronger than the second beam, the probe beam, which

is detected by a photodiode. Whenever the laser frequency matches the transition

frequency of the vrel ≈ 0 atoms, the probe beam absorption will decrease which

leads to the formation of narrow lamb dips within the Doppler background. This

method allows to resolve hyperfine structures that would otherwise be disguised by

the Doppler broadening, e.g. if only a single beam is used. Another effect is the

occurrence of so called crossover peaks. Those peaks happen when the beams are

talking to non-direct resonant velocity classes vrel = ±vCO where the laser frequency

lies exactly between two transition frequencies. The Doppler shift allows atoms from

both velocity classes to absorb light from both beams, as each atom can be excited

to either the higher state or the lower state. Since their occurrence is tied to exactly

matching two states in between their Doppler shift, the peaks are always between

two real transitions which makes it easy to identify them. Both, ground state as

well as excited state crossover were observed in the experiment.

3.1 Experimental setup

The implementation for the Doppler free absorption spectroscopy was made with

a simpler design. Instead of splitting the laser to create probe and pump beam, a

more compact one beam solution was chosen. As seen in Fig. 12 the beam reaches

PBS2 in which its polarization is set in a way such that a certain fraction of power

is directed into the shielded and heated gas cell. After it leaves the cell, it passes
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Figure 12: Setup of the Doppler free saturation spectroscopy.
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3.1 Experimental setup

through a quarter wave plate, gets reflected and passes the same wave plate again.

This then acts as an effective half wave plate. Afterwards, the beam enters the cell

again as the probe beam. After the following exit, it now passes the beam splitter

since the polarization was rotated by the effective half wave plate and is then sent

through an aperture to be detected by an amplified photodiode. This is a compact

implementation of the Doppler free absorption spectroscopy scheme which can be

realized in less than 20 cm× 5 cm in length and width.

In front of this design, two adjustable mirrors are set to steer the beam in 4 degrees

of freedom. The beam itself is coupled from the ECDL laser (see section 3.1.3) into

a fiber and is sent to the fiber coupler which collimates it to propagate as a free

beam afterwards. Before it enters into the spectroscopy part of the setup it passes

another aperture and a polarization cleaning which consists of a half wave plate, a

polarizing beam splitter and a beam dump. The apertures were installed to suppress

spurious reflections because certain optical elements are not perfectly suited for the

short wavelength light of λ ≈ 420.3 nm.

The last part of the setup is the outgoing fiber coupling with another beam dump

adjustable in strength by setting the polarization axes. The coupling is again per-

formed with two mirrors. An additional feature is another gas cell in the beam dump

path. This was initially planned as a visual indicator of resonance to see fluorescence

with the bare eyes. Although we were able to observe fluorescence, it turned out to

not be required as the spectrum was clear to identify on the photodiode. Observing

the fluorescence with the bare eye was also not easy. The expected fluorescence

signal intensity is around 90 times lower than that of the D2 line [22].

3.1.1 Detection and data capturing

To actually measure the spectra, an elaborate measurement scheme was used. The

photodiode signal was captured by a lock box and transmitted via TCP onto a laptop

with a Python control program. Meanwhile a fraction of the laser light was directed

into a wavemeter and recorded for the duration of 100 to 200 computer controlled,

consecutive measurements. Using the control computer the laser was controlled

by applying a triangular scan of the laser current and grating piezo voltage (feed-

forward). The acquired frequency of the wavemeter also showed the triangular shape

with the same frequency as the laser scan. These were typically several thousand

measurement points which were then fitted by a function of the form

ν(t) = νs · Λ(f t+ φ) + η t+ νabs . (33)

Here f was the frequency of the scan which acted as a known control parameter,

φ an arbitrary random phase which depends on the measurement start and νs the
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Figure 13: Excerpt of a triangular wave fit of a laser frequency scan of the whole
Doppler broadened spectrum of both isotopes. The drift was statistical insignificant
(p ≈ 0.88).

scan amplitude. The additional parameters η and νabs were introduced to represent

and compensate drifts in the absolute frequency. The function Λ(t) is known as the

continuous triangular wave function. With that the scan can be concluded to be

between ±νs and gave the frequency axis.

For the signal, all n measurements were first normalized to be between 0 and 1.

Although the information on photodiode voltage gets lost in there, it is not of

great interest. After this, all spectra get oversampled with linear interpolation.

Usually a factor of 10 was chosen. To get a better signal for analysis, many spectra

were averaged. Drifts and their associated blurring were avoided by aligning the

signals first. An automated alignment algorithm was implemented, which uses cross-

correlation to find matching alignments and shifts the recorded spectra with respect

to a reference spectrum. Usually, the first spectrum of the measurement was defined

as reference. This correlation was determined in two different ways depending on

the program version: first a plain calculation based in executing every sum and

later also a fast determination through Fourier transforms. All sets were padded

with their first and last value to prevent an overfitting in the last noise samples.

The Fourier approach used a FFT and yielded the cross-correlation in the Fourier

space were the discrete convolution is just a multiplication simply by

corr(α1, α2) ∝ F−1 {F(a1) · F(a2)∗} . (34)

As a last step all now aligned spectra are averaged and their uncertainty is de-

termined via the confidence interval of each individual point. This minimized the

statistical uncertainty to a level which is often so low that the signal to noise ratio

usually exceeds 100 dB by far.
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(a) Photo of the gas cell.
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(b) Schematic of the gas cell.

Figure 14: Photo and schematic of the heated and shielded gas cell. The heating
devices and NTC in the schematic are colored in orange and blue, respectively.

3.1.2 Gas cell design

To keep the setup simple, a borosilicate cell with a natural abundance mixture of

rubidium inside was chosen. For observing a significant signal from the spectroscopy

setup, the vapor cell has to be heated. This increases the optical density of the vapor

and therefore the number of atoms to interact with. However, it comes with the

challenges of a thermal shielding design. For applications where the SWaP budget

may become critical, an efficient shielding design to reduce heat loss and thus power

consumption is very important. To increase accuracy (especially in the context

of future mobile applications) magnetic shielding of the atoms against the Earth

magnetic field as well as the shielding against produced magnetic fields of nearby

electronics is necessary. This especially concerns the heating mechanisms which are

close to the cell. The glass cell itself was surrounded by three distinct layers. The

first, inner level consists of several millimeters of aluminum foil and Kapton to build

a thermally isolating layer. Also the temperature sensors are embedded in there.

They were chosen to be 10k NTC sensors which are easily available and simple to

read out. For a future cell design its also planned to exchange them with PTC

sensors, which could have better longtime stability and adhere them with a silver

infused glue. This would improve the thermal conductivity between the cell walls

and the sensors. In total two NTCs were added. One onto the long wall relatively

near the heating wires, where thermal stress is high and one on the facets of the cell.

This allows for a reliable judgement of the temperature and thermal distribution

for every time step. The second layer is an aluminum cylinder with a screw able

lid and two openings for the laser beams. It was created directly for this purpose

and serves mainly as an isolation, even heat distribution as well as a protection for

the sensitive glass cell which also mounts the heating appliances. For the facets two

commercial ceramic heaters with inner copper foil were used while on the outer core
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Figure 15: Rubidium vapor pressure with respect to the cell temperature. The
phase change is denoted by the black line. Important temperatures (80 °, 120 ° and
160 °C respectively) of previous or current experiments are shown in gray dashed
lines.

eight rounds of 6 m heating wire were wrapped counterpropagating (to cancel the

magnetic field) around. The heating wire rounds were soldered together in parallel.

Further, the two ceramic heater were also soldered in parallel.

The outermost layer is a wrapping with a special glass fiber based isolating mate-

rial which can withstand everything from very low to extremely high temperatures

(T < 750 °C) from the inside while maintaining an outer temperature which allows

touching it. Additionally, the structure was held by another aluminum framework

which was mounted on a standard optical holder shown in Fig. 14.

The heating current and control of it was provided by a TEC2 with two channels

and the capability of delivering up to 4 A with 24 V each which is a total of 192 W

of heating power. This easily heated the cell to 160 °C in a matter of a few min-

utes and could hold those temperatures stable with residual fluctuations far below

0.005 K. However, with everything factored in and a stable cell temperature, the

total power spent on heating and supplying the controller was only about 12 W at

normal operating temperature. With our measurements, we have found that heating

the cell to 80 °C was sufficient to obtain absorption spectra. One flaw however, was

the design choice on exactly opposite, straight openings for the laser beam resulting

in interference of spurious reflections. This proved difficult to handle especially at

the low wavelength with a not AR coated glass. For future heated cell designs, it

should be designed with angled input and output ports to attenuate or divert spu-

rious reflections. Higher temperatures increase the vapor pressure inside the cell.

2Designed and assembled by meerstetter engineering
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This can actually be modeled by a master equation [94]

log10 pV = A+
B

T
+ C log10 T +DT · 10−3 . (35)

Here, the parameters C and D, which model extreme temperature behaviors, can be

neglected because of the narrow working region. Literature values for A and B can

be found in [95–97]. With the melting point of rubidium being at Tmelt ≈ 39.30 °C

the pressure regions can be divided and split into two equations

log10 pV =

4.857− 4215 · T−1 T < Tmelt

4.312− 4040 · T−1 T > Tmelt
, (36)

where the vapor pressure pV is given in atmospheres. Now the pressures can be

directly calculated and are shown in Fig. 15. In this figure, different working

regions of literature values are highlighted with the 160 °C from the paper of Zhang

et al. [30], the 120 °C from Vernier et al. [29] and the operating temperature

T ≈ 80 °C this thesis found to be sufficient. It is easy to see that all those regimes are

approximately one order of magnitude apart in units of mbar starting with the 80 °C

being three to four orders of magnitude above the pressure at room temperature.

3.1.3 ECDL laser qualification

The spectroscopy laser was chosen to be a commercially available external-cavity

diode laser from TOPTICA Photonics [25, 98]. The laser houses a Galliumnitride

semiconductor laser diode and an optical feedback grating mounted on a piezo con-

troller in a Littrow design. Followed by an optical isolator with 30 dB of isolation

and a fiber coupler with around 65 % efficiency. The system was controlled by an

electronic lockbox which could monitor all laser parameters, set and read them out

via TCP and was able to measure the pre amplified spectroscopy photodiode.

After installation the laser was tested with the free beam first but after the fiber

dock was connected, it was operated exclusively with the fiber output. A measure-

ment of the slope efficiency and lasing threshold can be seen in Fig. 16. All other

important parameters and properties as given in the manufacturers data sheet are

shown in Tab. 9 in the appendix with their measured counterpart. With a max-

imum output power of around 60 mW, the laser produced much more light than

necessary for spectroscopy since it is far above the saturation intensity at the cho-

sen beam diameters and would also yield power broadening. For future applications,

this light could be split and be used for several applications, like laser cooling for

example. In the process of qualifying the laser, some mode measurements were also

performed. Here, the laser current was broadly tuned over a broad frequency range
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Figure 16: Slope efficiency measurements of the free laser beam as well as the
fiber coupled power. The lasing threshold was also determined to be Ithrs =
(25.98± 0.08) mA.

to see all available modes in the region of 420.3 nm (see Fig. 36 in appendix).

Equally spaced modes with a frequency range of typically around νspacing ≈ 6.3 GHz

between mode-hops were found. Using the built-in feed forward mode, the mode-

hop free tuning range could be greatly enhanced. Here, diode current and grating

voltage are antiproportionally changed, the mode hop free tuning was way above

30 GHz which is more than enough to resolve the complete manifold of the 6P3/2 and

6P1/2 states. The laser does require some warm up time and will run multi-mode

after initial setup. This behavior changes after resetting the laser current once. For

coarse tuning the grating can be manually rotated with a key which can change the

feedback and thus the laser wavelength up to several nanometers. Finer adjustments

were then made with the piezo voltage.

For the duration of the spectroscopy measurements, the laser was mounted directly

onto the optical table.

3.2 Doppler free saturation spectroscopy results

3.2.1 Spectrum identification and evaluation

As described in section 3.1, the spectra were measured in a Doppler free absorption

spectroscopy scheme with a scanning laser. The scan was made using a triangular

signal and its frequency and amplitude were chosen for the respective transition.

Usually a frequency f between 1 Hz to 5 Hz was used to minimize any high fre-

quency deviations present in the signal. An additional, adjustable low pass filter

was also added to improve this effect. This in turn leads to stronger drifts which can

be better handled afterwards in the data evaluation. The ECDL laser can handle
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scanning amplitudes from multiple orders of O (101) GHz down to few O (102) kHz.

This enables capturing the whole Doppler broadened spectrum from both isotopes

down to the Lamb dips which are fully resolvable. All hyperfine structure transitions

could be observed.

The detailed identification of the peaks was supported by creating a theoretical ex-

pectation spectrum from our calculations. It was assumed to be the sum of Lorentz

distributed peaks with the width of Γ/2 scaled by the angular momentum coupling

elements given from equation (18) with the three J-symbol summed over all contri-

butions of mF and m′F .

gF ′(ν) ∝
∑
F

2

πΓ
(

1 + 4 (ν−vF )2

Γ2

)c2
F ′,F (37)

+
∑
F

∑
F̃<F

2

πΓ

(
1 + 4

[ν−(vF +vF̃ )/2]
2

Γ2

) (c2
F ′,F + c2

F ′,F̃

)
· G(νF , νF̃ )

Here G(νF , νF̃ ) denotes the overlap integral derived in the appendix equation (57).

The first sum of the equation are the transition terms whereas the second dou-

ble sum accounts for the crossover transitions. Usually other terms, describing the

background trend, were added too. In turn those equations were used to fit the

measurement result. The approach is reasoned by the fact that the electric suscepti-

bility of an alkali-metal atomic vapor χi(νi,Γ) is given by the direct proportionality

[99, 100]

χi(νi,Γ) ∝ 〈d〉
2Ni
ε0~

gi(νi,Γ) , (38)

where Ni is the atomic number density. Thus scaling equation (37) by an arbitrary

constant is sufficient to model the response of the system. Later this constant was

chosen by using a least squares minimization procedure to match the constant to

the observations.

Whole spectrum The Doppler free absorption spectrum of 6P3/2 and 6P1/2 is

shown in Fig. 17a and Fig. 17b respectively. It includes all isotopes with both

ground state hyperfine structure transitions. The measurement was made at 80 °C

which explains the strong Doppler broadening but also the strong lamb dips which

are partly superimposed onto each other at this scanning frequency and amplitude.

The identification was made by recognizing the ground state splittings of rubidium

being approximately 6.8 GHz from the first to the last and 3.0 GHz of the second

and third which coincides with the expected splittings [3].

This spectrum can be used to verify the abundance of isotopes in the gas cell.

39



3 DIRECT OPTICAL SPECTROSCOPY OF THE 6P MANIFOLD

-4 -2 0 2 4
0.0

0.2

0.4

0.6

0.8

1.0

relative frequency ν / GHz

no
rm
al
iz
ed
ph
ot
od
io
de
si
gn
al
[a
.u
.]

87Rb |F=2⟶6P32〉

85Rb |F=3⟶6P32〉
85Rb |F=2⟶6P32〉

87Rb |F=1⟶6P32〉

(a2)
(a1)

(a4)

(a3)

(a) Doppler free absorption spectrum of 6P3/2.

-4 -2 0 2 4
0.0

0.2

0.4

0.6

0.8

1.0

relative frequency ν / GHz

no
rm
al
iz
ed
ph
ot
od
io
de
si
gn
al
[a
.u
.]

87Rb |F=2⟶6P12〉

85Rb |F=3⟶6P12〉
85Rb |F=2⟶6P12〉

87Rb |F=1⟶6P12〉

(b2) (b1)

(b4)

(b3)

(b) Doppler free absorption spectrum of 6P1/2.

Energy

87Rb: 5S1/2

85Rb: 5S1/2

87Rb: 6P1/2

85Rb: 6P1/2

87Rb: 6P3/2

85Rb: 6P3/2

(a1)
(a2)

(b1)
(b2)

(a3)
(a4)

(b3)
(b4)

(c) Schematic of the visible transitions depicted in (a) and (b).

Figure 17: Doppler free absorption spectroscopy signals (red) of 6P3/2 (top) and
6P1/2 (bottom) of both isotopes. Four distinct peaks are visible with the first two
strongly interleaving. All Lamb dips are easily seen and approximately in the middle
of the Doppler broadenings. A Gaussian fit (gray) was laid over the signals with
an estimated linear background. The error interval (light gray) is given within a
margin of ±5σ.The lower graph depicts schematically all visible transitions.
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It holds that the abundance scales linear with the absorbed intensity I for each

Doppler broadened peak. Since the intensity scales linear with the amplitude A of

the Gaussian, it can be written that

η(87) =
I(87)

Iges
=

I(87)

I(87) + I(85)
=

A1 + A4

A1 + A2 + A3 + A4

(39)

for the 87Rb isotope. The literature value is given by D. R. Lide [101] with η(87) =

27.83(2)%. We can calculate the abundance two times for the J = 1/2 and J = 3/2

spectrum which yields the values of

η
(87)
6P1/2

= (28.487± 0.011) %

η
(87)
6P3/2

= (29.635± 0.009) %

The insignificant uncertainties indicate a neglected systematic uncertainty and also

the fact that the smaller Lamb dips in the 6P1/2 impose a smaller perturbation

onto the amplitude. Averaging these values anyway returns the final value of

η(87) = 29.061(7)% which is just one percent off the reference and verifies those

measurements.

Rubidium 87 Fig. 18 from (a) to (d) shows both 87Rb spectra. Each graph

includes measured data, Lorentz fits, the theoretical function and uncertainty in-

tervals. Subfigures (a) and (b) show the |5S1/2;F = 1, 2〉 → |6P3/2〉 transitions

up from both hyperfine structure ground states. Similarly (b) and (c) are the

transitions from the ground states |5S1/2;F = 1, 2〉 to the excited |6P1/2〉 states.

Due to the selection rule ∆F = 0,±1, the |6P3/2;F = 3〉 and |6P3/2;F = 0〉 state

are not visible in the first and second figure respectively. Peak identification was

made by assuming the rightmost Lorentz has the highest F quantum number and

then in order match two nearly distant equal peaks as the crossover and opposite

transition. This method could also be started from the lower end and was used

to affirm the first made classification. This worked well and always agreed with

the literature values. The Lorentz fits given from equation (37) are accompanied

with preliminary pseudo Voigt profile [102] fits. Those Voigt profiles were made to

confirm that no significant inhomogeneous broadening is present. For every peak a

statistical significance for the Gauss parameter σ of p ≈ 1 was found and was there-

fore subsequently neglected leaving only a Lorentz contribution. The theoretical

curve was derived with equation (37) and the numerous literature sources already

mentioned for linewidth and frequencies. The background was usually modeled as

a polynomial with a maximum degree of 4 depending on the data. An interesting

observation which is not fully explained until now is the non-significant contribu-

41



3 DIRECT OPTICAL SPECTROSCOPY OF THE 6P MANIFOLD

-60 -40 -20 0 20 40

0.0

0.2

0.4

0.6

0.8

1.0

relative frequency ν / GHz

no
rm
al
iz
ed
ph
ot
od
io
de
si
gn
al
[a
.u
.]

|F=0〉

|F={0,1}〉

|F=1〉

|F={0,2}〉

|F={1,2}〉

|F=2〉

(a) Doppler free absorption spectrum for
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(c) Doppler free absorption spectrum for
|F = 1〉 → 6P1/2.

-200 -100 0 100 200

0.0

0.2

0.4

0.6

0.8

1.0

relative frequency ν / GHz

no
rm
al
iz
ed
ph
ot
od
io
de
si
gn
al
[a
.u
.]

|F=1〉 |F={1,2}〉

|F=2〉

(d) Doppler free absorption spectrum for
|F = 2〉 → 6P1/2.
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(e) Schematic of the visible transitions depicted in (a) to (d).

Figure 18: Doppler free absorption spectroscopy signals (red) of 87Rb with Lorentz
fits (gray) and theoretical spectrum (blue). The error interval (light gray) is given
within a margin of±5σ. The lower graph depicts schematically all visible transitions.
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tion of the |5S1/2;F = 1〉 → |6P3/2;F = 0〉 transition. The calculated peak does

neither fit the literature value nor does it significantly minimize the residuals com-

pared to the other peaks. With that, it remains to be directly observed although

its effects are visible. There are additional measurements, explicitly made to see

this state, which give a slightly better minimization of the residuals. However, in

the main measurements given above, this is not the case. Similar observations were

also made in other publications [28, 92]. It is not entirely clear why this state is

so hard to measure despite having a good theoretical transitional probability but

parameters like light intensity, polarization, and gas cell temperature/pressure seem

not to have a measureable impact on this result.

Rubidium 85 For 85Rb the same evaluation procedure as described for 87Rb was

used. With that Fig. 19 shows the |5S1/2;F = 2〉 → |6P3/2〉, |5S1/2;F = 3〉 →
|6P3/2〉, |5S1/2;F = 2〉 → |6P1/2〉, |5S1/2;F = 3〉 → |6P1/2〉 in (a), (b), (c) and

(d) respectively. One anomaly can again be found in (a) where the |6P3/2;F = 1〉
state is not clearly visible and also seems to be further apart in frequency from its

literature value as usual. For this inconsistency there are other measurements which

prove unequivocally the existence of this state and its position in frequency. It may

be that for the precision measurements made for this graphs, that the quarter wave

plate was a little bit misplaced and caused a surge in ∆F = ±1 transitions which

could also explain the slightly stronger discrepancy from the second graph to its

theoretical curve.

3.2.2 Rubidium 85 ground state crossover

A predicted but previously never before seen transition in the 6P spectrum was

found in the data as well. The peaks were found between the two hyperfine ground

state transition manifold of 85Rb. This was intentionally scanned since there where

assumptions that the high cell temperatures could lead to a ground state crossover.

In this case, the Doppler broadening of the two ground states, which are about 3 GHz

apart from another, are overlapping enough such that a fast enough atom would be

1.5 GHz red or blue shifted to excite into two the 6P manifold. The overlap integral,

which is the main limiting factor in the signal intensity, is at 100 °C at about

G(F = 2, F = 3) = (0.01± 0.03) % .

This is about four to six orders of magnitude weaker than the usual transitions with

G ≈ 1. For 87Rb this is impossible to observe because the overlap shrinks to non

detectable levels of about O (G(F = 1, F = 2)) = 10−11. With strong heating up to

130 °C however the overlap can be increased to about G ≈ 0.1 % which is enough
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(a) Doppler free absorption spectrum for
|F = 2〉 → 6P3/2.

-40 -20 0 20 40

0.0

0.2

0.4

0.6

0.8

1.0

relative frequency ν / GHz

no
rm
al
iz
ed
ph
ot
od
io
de
si
gn
al
[a
.u
.]

|F=2〉

|F={2,3}〉

|F=3〉

|F={2,4}〉

|F={3,4}〉

|F=4〉

(b) Doppler free absorption spectrum for
|F = 3〉 → 6P3/2.
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(c) Doppler free absorption spectrum for
|F = 2〉 → 6P1/2.
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(d) Doppler free absorption spectrum for
|F = 3〉 → 6P1/2.
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(e) Schematic of the visible transitions depicted in (a) to (d).

Figure 19: Doppler free absorption spectroscopy signals (red) of 85Rb with Lorentz
fits (gray) and theoretical spectrum (blue). The error interval (light gray) is given
within a margin of±5σ. The lower graph depicts schematically all visible transitions.
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Figure 20: Doppler free absorption spectroscopy signal (red) of the 85Rb ground
state crossover transition. The gray area denotes the uncertainty intervals. The
dashed line marks the usual course of the Doppler broadened background.

for a signal to noise ratio of O (SNR) = 100 in single measurements. From 200

measured spectra only about ten spectra on average did not suffer from too much

laser noise to be cross correlated. A cross correlated capture is shown in Fig. 20.

Since the atoms are excited from the ground state levels |5S1/2;F = 2〉 as well as

|5S1/2;F = 3〉, every possible substate in the |6P3/2;F ′〉 can effectively be accessed.

This explains the four dips in the figure. Although every substate can be seen which

in itself is an interesting occurrence, no viable information can be extracted out of

those curves since the noise level is plainly too big for a comparable evaluation at the

currently set cell temperatures. It shows however a potential for a new spectroscopic

measurement strategy. Seeing all states at once, not just all three dipole allowed

ones, enables an efficient and highly precise determination of hyperfine structure

constants. This comes with the huge benefit of removing all directed and frequency

dependent systematic uncertainties. For determining such a working condition, we

can solve equation (57) for the broadening in frequency for a fraction of signal 1/p:

σ =
1

2

√
(µ1 − µ2)2

log p
(40)

and with the results obtained in Fig. 26 we can estimate a necessary temperature

T (p). To compare to the usual amplitudes, one can also estimate a p = 2p′ instead,

taking into account, that two fine structure levels are contributing. Reaching an

acceptable amount of 1/5 of the usual signal strength would therefore yield a tem-

perature of T = (300± 40) °C. This is not accessible with the current cell design

but could be considered in the future. It has to be kept in mind, that such a high
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Table 6: Comparison of hyperfine structure constants for 6P3/2 with the literature
and values calculated in this work. All numbers are in units of cm−1. Values for the
octupole are given in Tab. 14 in the appendix.

Isotope Const. [22] *[28] [92] this work
85Rb Ahfs 0.0002723(2) 0.00027242(31) 0.000274(7) 0.000267(4)
85Rb Bhfs 0.0002732(9) 0.0002710(18) 0.000274(20) 0.000267(7)
87Rb Ahfs 0.0009240(7) 0.0009243(5) 0.00091(4) 0.000915(4)
87Rb Bhfs 0.000132 0.0001344(14) 0.000123(30) 0.000124(7)

temperature would also imply a non neglectable pressure broadening. Driving the

current cell design to its maximum specified levels, can produce an overlap of around

0.6 %. Though, it should be noted, that it is not entirely known where the actual

limits of the cell are.

3.2.3 Hyperfine structure calculations

The captured spectra were used to calculate the hyperfine splitting constants. For

the |6P1/2〉 state, the dipole constant Ahfs is sufficient while for the |6P3/2〉 state, a

calculation up to the octupole constant Chfs was conducted. The equations are given

by (6) and (8) for the single dipole and multipole moments respectively. Usually,

the literature values are given up to the quadrupole Bhfs. It will be shown that this

will be sufficient here too.

The determination of the constants are made with a least square minimization. Since

no absolute frequency information is available and neither is an analytic expression,

a relative calculation is used. Doing this, the relative frequency differences of the

multiple F -states are used. Crossover transitions can be handled in two ways. First,

by a projection of one transition frequency fj over the crossover position fij by the

simple identity

fi = fj + 2 (fij − fj) . (41)

This can create two new points for the minimization. Secondly, the base functions

can be adapted to directly handle the crossover energies. It is realized by assigning

each state two new quantum numbers F1 and F2. For a plain state, it holds that

F = F1 = F2. However, for a crossover the two contributing states are assigning

their F quantum number into it. The energy of a state can then be written as the

mean value of those single energies. The base function for the minimization is then

given by the subtraction of the lower state energy E12 and the higher state E ′12.

∆E =
(E1 + E2)− (E ′1 + E ′2)

2
(42)
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Table 7: Comparison of hyperfine structure constants for 6P1/2 with the literature
and values calculated in this work. All numbers are in units of cm−1.

Isotope Const. [22] *[28] this work
85Rb Ahfs 0.001305(1) 0.0013166(11) 0.001269(6)
87Rb Ahfs 0.0044217(10) 0.004444(9) 0.004323(21)

Each energy is then given by Ei = Efs+Ehfs
i where Efs is the state energy up to the

fines structure splitting and cancels out in the given formula. Dividing by Plancks

constant h, yields the base functions in frequency for the minimization procedure

by using equation (8) with the assigned quantum numbers F1, F2 for the lower and

F ′1, F
′
2 for the higher energy state. For a single dipole the equation reads

FA =
1

X
(1)
A

[
F1(1 + F1)− F ′1(1 + F ′1) + F2(1 + F2)− F ′2(1 + F ′2)

]
(43)

whereas for the quadrupole it increases in complexity to

FB =
1

X
(1)
B

[
F1(1 + F1)(F 2

1 + F1 −X(2)
B )− F ′1(1 + F ′1)(F ′1

2
+ F ′1 −X

(2)
B )+ (44)

F2(1 + F2)(F 2
2 + F2 −X(2)

B )− F ′2(1 + F ′2)(F ′2
2

+ F ′2 −X
(2)
B )

]
.

The respective octupole equation is skipped here for the sake of brevity but given

in equation (58) in the appendix. The constants denoted with X(i) are indexed in

i and just numbers which depend on the isotope. Actual values for both 85Rb and
87Rb are listed in Tab. 11 in the appendix.

It can be observed that the minimization functions derived here are independent

of their respective constants and therefore linear in their solution. This allows for

finding the global minimum deterministically such that no iterative procedure is nec-

essary. Data points for the fitting are calculated through the estimated frequency

positions of all the spectrum fitted Lorentz distributions which are subtracted from

one another under fully correlated error propagation. The correlations also lift the

redundancy of considering every possible frequency difference. Subsequently deter-

mined uncertainties were used as instrumental weights in the calculation whereby

positive correlations are favored. The uncertainties of the results were approxi-

mated with the estimated variance times the inverse of the Hessian matrix of the

least square equation. As mentioned above the |F = 0〉 for 87Rb and |F = 1〉 for
85Rb were hard to measure and have not sufficient significance to be associated to

be lamb dips of their states. Therefore, both were left out of the evaluation process.

However, their crossovers still participated in the result. The results for |6P3/2〉 are

listed in Tab. 6 and for |6P1/2〉 in Tab. 7 along with literature values from NIST
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0.00088 0.00090 0.00092 0.00094

Hyperfine dipole constant A / cm-1

Sansonetti, J. E. et al.

Old evaluation; Glaser et al.

M.S. Safrona et al.
Navarro-Navarrete, J. et al.

New evaluation; Glaser et al. & this thesis

New evaluation; ocutpole; Glaser et al. & this thesis

This thesis

(a) 87Rb hyperfine dipole constant Ahfs comparison in units of cm−1.

0.00009 0.00010 0.00011 0.00012 0.00013 0.00014 0.00015 0.00016

Hyperfine quadrupole constant B / cm-1

Sansonetti, J. E. et al. (No uncertainty given)

Old evaluation; Glaser et al.

M.S. Safrona et al.
Navarro-Navarrete, J. et al.

New evaluation; Glaser et al. & this thesis

New evaluation; ocutpole; Glaser et al. & this thesis

This thesis

(b) 87Rb hyperfine quadrupole constant Bhfs comparison in units of cm−1.

Figure 21: 87Rb hyperfine dipole and quadrupole constants comparison in units of
cm−1. Sources: [22, 28, 92, 103] and own calculations of the raw data from Glaser
et al. [28]. The figures for 85Rb are in Fig. 39 in the appendix.

[22], Glaser et al. [28] and Navarro-Navarrete et al. [92] where applicable. The

results from Glaser et al. [28] are denoted with an asterisk as old values. These

results were calculated with a simpler procedure. The new treatment of those mea-

surements is shown in section 3.2.4. A comparison of the best known literature

values can be seen in Fig. 21 for 87Rb and Fig. 39 for 85Rb in the appendix. For

the results of this thesis, it can be seen that although the precision is quite high

compared to [92], the accuracy is slightly worse. The values are usually shifted

a bit down. Most of that is probably attributed to a too low estimated frequency

range from the wavemeter fits due to systematic errors. An improvement here would

certainly be given by utilizing a frequency comb. However, all values are inside the

literature within 2.3σ maximum for the |6P3/2〉. Contrary to that, the |6P1/2〉 are in

over 5σ deviation. It can be concluded that the values, although perturbed by a sys-

tematic uncertainty, agree with the given literature. Better values could be acquired
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3.2 Doppler free saturation spectroscopy results

by having measured the F = 0 and F = 1 for 87Rb and 85Rb respectively. Also the

strong crossover transitions which are too correlated in frequency with plain tran-

sitions which induces uncertainty, could be removed with certain techniques [104].

Both would probably increase the accuracy by more than an order of magnitude.

3.2.4 Tübingen based experiment

In the time frame of this thesis, a preprint manuscript from Glaser et al. appeared

[28] with the same objectives and comparable results to this work. A collaboration

and data/-knowledge transfer3 lead to an improvement of their results which were

acquired with a frequency comb rather than a wavemeter.

The experiment is based at the Eberhard Karls University Tübingen. The aim is to

assess the 6P based transitions for an excitation scheme to produce Rydberg atoms

for sensing. Usually, Rydberg atoms are prepared in a substate via a laser excita-

tion wherein an overlaid second frequency pulls them up to the target states. Most

setups use an 5S1/2 → 5P3/2 → nS1/2 or 5S1/2 → 5P3/2 → nD approach. The first

transition is therefore always based on the well known D2 line and can be accessed

through the means of GaAs diodes. The second step however, is at around 480 nm

and has to be implemented with second harmonics generation in a nonlinear crystal

(SHG), pumped by a 960 nm solid state laser. This severely limits the laser power

available [105]. Additionally, the 5P3/2 state has a comparably broad linewidth and

therefore smaller lifetime. Since the 6P3/2 state has a six times larger lifetime which

reduces dephasing during excitation and increases coherence, it is better suitable

for the intermediate state in the Rydberg excitation ladder [106, 107]. Further,

the second transition in the form of 6P3/2 → nS1/2 is then given by a wavelength

of around 1016 nm which can directly be provided with high power from solid state

lasers and allows for high Rabi frequencies to Rydberg states. While this is benefi-

cial, no absolute measurements with a precision below 500 MHz of the 6P manifold

were conducted so far.

Absolute frequency measurements in the optical regime typically require frequency

combs. This setup features a phase-locked optical frequency comb to a solid state

1550 nm laser which provided a linewidth of below 2 kHz. The repetition frequency

was locked on a GPS 10 MHz frequency reference with a fractional stability of ap-

proximately σy = 10−10. The excitation laser is the same model as used in this thesis

here and build in an modulation transfer spectroscopy setup depicted in Fig. 22. A

modulation frequency of 50 kHz with an 80 MHz AOM is imprinted onto the pump

beam path. The light is controlled and monitored in optical power via a photodiode

and set with the half-wave plates and associated polarizing beam splitter. A power

3Which later resulted in a co-authorship on a manuscript in preparation.
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Figure 22: Schematic of the optical setup from the modulation transfer spec-
troscopy experiment in Tübingen.

ratio of around 10 : 1 from probe to pump beam was found to be optimal in its

signal to noise ratio. The gas cell was heated to around 48 °C with direct current

and isolated with glass fiber and an outer mu-metal shield.

For the 6P3/2 measurements, the laser was locked onto the frequency comb which

allowed for precisely determining the absolute optical frequency. In this scheme, the

laser has a residual deviation of just 11.6 kHz/h on absolute accuracy. For the 6P1/2

states, the comb did not have a beat window anymore such that the setup resorted

to a wavemeter based scan of the frequency. Thus, its precision is way worse with

an average of 0.5 MHz of deviation. With this laser locking the absolute frequencies

as well as the spectra could be acquired. Since the spectra could only be detected

within the range of tunability of a comb mode (between 2 and 38 MHz), some gaps

are appearing in the data. However, all peaks were able to be seen and to be ex-

pressed in a nonlinear regression of linear combination of pseudo Voigt profiles.

New data evaluation In the course of the collaboration, it became clear that the

evaluation for the hyperfine structure constants can be improved to yield more ac-

curate and precise values. To reach this, the evaluation procedure laid out in section

3.2.3 was applied on the gathered data by the optical frequency comb. In Fig. 24
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Absolute measurements

Sansonetti, J. E. et al.

M.S. Safrona et al.

This work

0.0009235 0.0009240 0.0009245 0.0009250 0.0009255

87Rb hyperfine structure constant A / cm-1

Absolute measurements

Sansonetti, J. E. et al. (No uncert.)

M.S. Safrona et al.

This work

0.000132 0.000134 0.000136 0.000138 0.000140 0.000142 0.000144

87Rb hyperfine structure constant B / cm-1

(a) Comparison of new calculated values to the literature values for 87Rb.

Absolute measurements

Sansonetti, J. E. et al.

E. Arimondo et al.

This work

0.0002725 0.0002730 0.0002735

85Rb hyperfine structure constant A / cm-1

Absolute measurements

Sansonetti, J. E. et al.

E. Arimondo et al.

This work

0.000264 0.000266 0.000268 0.000270 0.000272 0.000274

85Rb hyperfine structure constant B / cm-1

(b) Comparison of new calculated values to the literature values for 85Rb.

Figure 23: Comparison for both rubidium isotopes of their hyperfine structure
dipole Ahfs and quadrupole Bhfs constants against literature values for the relative
and absolute measurements. Literature values from [22, 28, 62, 92, 103].

and Fig. 25 are the spectra with their respective fit result and expected theoretic

curves according to (37). The weighting was chosen to be the instrumental weight

of the correlated frequency difference uncertainty. The covariances and uncertainties

were extracted from the fit covariance matrix. Another difference is the choice of

the fit model. As the paper used a linear combination of Voigt profiles before, a test

of statistical significance was able to rule out the Gaussian part in every case. Thus,

the final model is a linear combination of Lorentz profiles. Finally, the hyperfine

structure constants can be determined through a linear fit with the two base func-

tions given in (43) and (44). This yields the new values which are now written down

in the manuscript and are going to be published. A subsequent comparison with the
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Figure 24: Normalized Doppler free absorption spectra (red) for both rubidium
isotopes (85Rb top, 87Rb bottom) of the 6P3/2 transitions from the Tübingen ex-
periment. A nonlinear fit of a linear combination of Lorentz profiles (gray) and the
theoretic expected spectra (blue) are shown. Left and right denote different ground
state total atomic angular momentum quantum numbers F . Courtesy of Glaser et
al. [28].
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Figure 25: Normalized Doppler free absorption spectra (red) for both rubidium
isotopes (85Rb top, 87Rb bottom) of the 6P1/2 transitions from the Tübingen ex-
periment. A nonlinear fit of a linear combination of Lorentz profiles (gray) and the
theoretic expected spectra (blue) are shown. Left and right denote different ground
state total atomic angular momentum quantum numbers F . Courtesy of Glaser et
al. [28].
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best state of the art constants is again shown in Fig. 23. In there, a calculation

base on the absolute frequency measurements was also performed. It clearly shows

a systematic uncertainty as in the data for this thesis too although mostly in the

opposite direction.

Future collaborations will be aimed at determining systematic uncertainties and

deviations as will be shown in the next section.

3.2.5 Systematics and uncertainties

All measurements are subject to a variety of different systematics which need to be

taken into consideration when evaluating the data. Foremost visible in Fig. 17a

and Fig. 17b is a strong inhomogeneous broadening. It is orders of magnitudes

stronger than the homogeneous ones. The main contributor is the Doppler broad-

ening wherein the ensemble of atoms, while having an average temperature, are

Maxwell distributed in velocity and are therefore subject to different Doppler shifts

of the incident light. The expression for that is well known to be [36]

σdb = ν0

√
kB T

mc2
(45)

in standard deviation of the Gaussian shape. Hereby ν0 is the transition frequency

for the stationary atom, T the absolute temperature and mc2 is the rest energy. A

measurement of the inhomogeneous broadening for every isotope and both ground

states yields Fig. 26. The data points at 90 °C and 95 °C are omitted in the

evaluation for the linear fit since an effect, caused by saturation and a nonlinear

absorption in the vapor, which quenches the spectrum gets dominant. This pre-

vents the approximation of the trend in a linear fashion. It can also be observed

that the theoretic achievable Doppler effect from equation (45) does not fully ex-

plain the observed broadening. Multiple other contributing factors like magnetic

fields of the heating coils, the spectrum quenching and other perturbing factors

come into play here. For the Doppler background it can be calculated that for 87Rb

and 85Rb the total effect is in the order of ∆σν(T )(87) = (1.48± 0.11) MHz/K and

∆σν(T )(85) = (1.87± 0.16) MHz/K respectively.

For the more precise spectra of a single 6P3/2 manifold, the regions for best signal

to noise ratio can be determined. Two of those are the temperature and power de-

pendency. It is already known from above, that temperatures above or equal 90 °C

lead to an unwanted deforming of the spectra and are thus not favorable. Measuring

the SNR against temperature is then shown in Fig. 27. Its clearly being found

that there is an optimal range of signal beginning from around 70 °C up above the

quenching temperature. However, this measurement was made without the knowl-

edge of the inherent hysteresis of the thermal system which is usually in the order
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Figure 26: Inhomogeneous broadening of both isotopes and ground state in respect
to the temperature compared to the Doppler broadening contribution.

of tens of minutes. Assuming that, the acceptable range of temperatures is in the

range of [60, 80] °C.

The power dependence of the incident light did not reach an upper limit, however

the lower bound seems to begin at around 3 mW as seen in Fig. 38 in the appendix.

Nevertheless, each increase in optical power as part of this measurement, brought a

significant increase of the SNR of the spectrum. This holds down to P = 0.25 mW.

Usually, the spectroscopy beam nearly fills the full diameter of the cell opening with

4 mm and is in the order magnitude of the saturation intensity. Anything below

that was hard to actually set because the power control was made with a single half

wave plate and polarizing beam splitter. Since these cubes inhibit a bit of leaking,

nothing below Isat could effectively be set. In the future, an experiment taking both

parameters simultaneously into account for the SNR could be beneficial especially

in terms of frequency stability.

As already discussed the spectra were fitted with a pseudo Voigt [102] first to as-

sure, that no inhomogeneous broadening was present. While always being the case,

it could be argued that a slight Gaussian contribution is still left. In particular,

the approximation done of a pseudo Voigt compared to a real Voigt profile could

miss this. The Lorentz probability density functions still performed reasonably well

which neglects the inhomogeneous broadenings. The natural linewidth is hard to

evaluate through those spectra caused by the mathematical perturbations of nearby

peaks in the fit process. But the experimental evaluation of the Lorentz peaks sug-

gest that the linewidths in the range of Γ ≈ 2π × 1.44 MHz are in the observed

regime. An improvement could be made with a crossover free spectroscopy tech-

nique [104]. Also beneficial for that is reducing the incident light power to suppress
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Figure 27: Signal to noise ratio with respect to the gas cell temperature. The
effect of the spectrum quenching can be seen by a diminishing SNR above 100 °C.

any power broadenings happening and lessen the gas cell temperature to decrease

pressure broadening/collisional broadening [36].

In total, eight systematics can be listed and characterized as impactful on the sys-

tematics and uncertainties of the experiments.

1. Doppler broadening The Doppler broadening has no immediate effect on

the frequency stability and is already measured in this thesis along with other

inhomogeneous broadenings. Nevertheless, it is valuable as a future tool to

calculate pressures in a system as mentioned before. An additional transversal

Doppler effect can also be expected but seems not to be present in the gathered

data at a statistical significant amount so far.

2. Pressure broadening Pressure broadening/shift is tightly bound to the

Doppler broadening. But instead it is an homogeneous process and acts di-

rectly on the observed FWHM of the Doppler free spectroscopy peaks. It

stems from collisions imparted by direct Rb-Rb interactions, residual/buffer

gas interactions or collisions with the cell walls. The latter contribution is not

effective inside of reasonably sized cells that are used here. As the pressure

rises, the rate of collisions increase too and thus the effect is directly dependent

on the temperature up until a saturation parameter. An analytical descrip-

tion is given in the frame of Fermis pseudo potential model [108, 109] further

developed by J. Kielkopf and others [110] which can be approximated to

∆Γ = ρ v σb (46)

∆νb = ρ v σs (47)
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with ρ being the perturber (colliding atoms) number density, v the average

particle velocity and ∆Γ the pressure broadening, ∆νb the pressure shift with

σb, σs the associated cross sections respectively. The cross sections itself are

given by two integrals which are omitted for the sake of brevity here but are

written down in full form in Zameroski et al. [111]. A measurement itself can

be done through the means of spectra measurements of the hyperfine transi-

tions at different temperatures. The value for about 50 °C is claimed [28] to

be Γpressure < 1 kHz but could be significantly higher for higher temperatures

as used here.

3. Zeeman effect The Zeeman effect can be assessed by applying a homoge-

neous magnetic field through the vapor cell. While the homogeneity can be

challenging, no deviations from the theory are expected. Measurements can

easily be conducted with a pair of Helmholtz coils, a current driver and a hall

sensor. A measurement run might also be conducted while briefly turning of

the heating mechanisms. The splitting in the Earth magnetic field is expected,

from hydrogen based calculations, to be far lower than the natural linewidth

and the heating coil in its equilibrium state produces a negligible amount of

magnetic field (although that might not be the case for being in a heating pro-

cedure where the current through the coil is multiple times that of normal).

Nevertheless, a mu-Metal shield could still be beneficial for future applications

and is implemented in the Tübingen based apparatus.

4. AC-Stark effect The AC stark effect is a perturbation mainly imparted by

the changing electric field of the laser light. An analytical expression of the

shift can be written by [112]

∆νa = − I(r, z)

cε0h 3(2J + 1)

∑
J ′

νJ,J ′

ν2
J,J ′ − ν2 + Γ

|〈J |d|J ′〉|2 , (48)

where I(r, z) is the laser intensity in cylindrical coordinates. However, this

shift is applied uniformly over one hyperfine manifold and is therefore only

of indirect interest. The broadening can be measured in just changing the

incident laser light and record a transition to evaluate the broadening as a

function of optical power.

5. Black-body radiation shift The black-body radiation shifts stems from

black-body radiation created by heated materials. These impart a changing

electromagnetic field onto the atom and therefore induce an AC-Stark effect.

The radiation field can be approximated with Plancks radiation law. How-

ever, this effect is small (regime of a few Hz [113] for comparable transitions)
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compared to the direct AC-Stark effect or the pressure broadening for example.

6. DC-Stark effect The DC-Stark is a dependency on external static or slowly

changing electric fields. Since those fields are pretty negligible in a vapor cell,

they are ignored for first in the systematics consideration.

7. Alignment shift Slight changes or vibrations in the setup can lead to a chang-

ing alignment in the vapor cell of the counterpropagating laser beams. This

translates directly into intensity fluctuations and especially to changing inter-

action regions of the lasers. Such a change could result in changing stabilities

over time which would be visible in stability evaluations and are needed to

be kept minimal. It also affects the time of flight broadening. This especially

concerns applications in space where setups have to withstand great forces and

strong vibrations during liftoff.

8. Time of flight broadening The time of flight broadening is described by

the following equation [36]

Γtof =
0.44

d

√
8

π

kB T

m
(49)

with m being the atom mass and d the beam diameter. It can thus be neglected

since we can approximate the parameters to acquire an estimate of O (Γtof ) =

30 kHz.

These uncertainties/deviations are especially important for future ventures, where

the transitions are planned to be utilized as frequency references. Thus, future

measurements aim to clear up the respective contributions of each.

3.3 Autonomous laser control

For a possible application as a mobile frequency reference which acts without human

intervention or even for applications in space, an autonomous control of the laser

and spectra is necessary. This is especially important for a turn-key ready system

which should be able to work on its own without the need for human intervention.

A simple control program was written to provide a proof of principle for such a

system. The communication was established via standard TCP protocols over the

local intranet. A freely available development kit for the laser hardware is also

given from TOPTICA with a direct Python implementation. When the program

starts, it sets default parameters for the laser currents, piezo voltages and begins

the scanning mode with a given frequency, offset and amplitude. Since the ECDL

laser is very stable and reliable, a constant value set provides a good enough starting
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point. These default values always enable the whole rubidium spectrum to be visible.

Exploiting this, the program can then try to center the spectrum such that the

individual transitions are at known offsets. This is not strictly necessary but greatly

improves the exact reproducibility. An algorithm which handles this task can be

easily explained in four steps [114]:

1. Measure scanned spectrum and rescale amplitudes to the known range of [0, 1].

2. Calculate an alignment frequency by means of cross-correlation with the ref-

erence spectrum (as detailed below).

3. Correct the shift via applying a diode-current and piezo-voltage offset directly

proportional to the alignment to counteract it.

4. Repeat if necessary.

While the scan and measurement is readily available through the communication

to the control electronics, the shift is calculated via a cross-correlation. Hereby the

measured data d is cross correlated with a previously captured and filtered spectrum

dref . The cross-correlation is evaluated with repeatedly calculating the correlation

ci in respect to a shift of the reference by i

ci(d, dref ) =
1

n− 1

n∑
j=0

1

σ(d)σ(dref )

x̃i+j · xi i+ j < n

x̃i+j−n · xi i+ j ≥ n
, (50)

where x = d − d and x̃ = dref − dref with the overlined quantities being the mean

value and σ being the standard deviation. Usually the division by the standard

deviations is not carried out therefore it is a cross-covariance. This is, because the

alignment m is calculated by

m(d, dref ) = m+ arg max
p

[cp(d, dref )] (51)

and therefore fully invariant under scaling. For the final value however the full

correlation is given as a validation factor. An offset is only then corrected, if the

correlation is cmax ≥ 1σ. The voltage offset can easily be acquired by applying

Unew =
Uold + Ucorrected

2
= Uold +

ξ m

2
, (52)

where ξ is the conversion factor from offset m to voltage. Thus the spectrum is

on its theoretical correct position. Usually two to three passes are needed due to

a bit of over shooting and nonlinear tuning behavior. This can be shortened with

higher frequency scans down to about 50 ms if necessary, limited by the computer

to control-electronics communication bandwidth.
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Figure 28: FMS signal of the lock-in module with a modulation of 15 kHz.
The recorded signal is the 87Rb : |5S1/2;F = 2〉 → |6P3/2〉 transitions. The fre-
quency axis was calibrated by the |F = 3〉 − |F = 2〉 difference known to be around
87.06(7) MHz.

3.4 Laser stabilization

The setup as shown so far is capable of doing frequency modulation spectroscopy

(FMS). The laser controller has a built-in modulation and demodulation module.

Thus the whole measurements could be done digitally and were recorded by a com-

puter. The modulation was imprinted directly onto the diode current. Unfortu-

nately, the module was only capable of doing up to 30 kHz of modulation. Since

the transitions are in the order of magnitude of multiple MHz, a better signal to

noise ratio could be achieved in the future by increasing the modulation frequency

as well as in employing a modulation transfer spectroscopy scheme using an external

modulation device such as an electro-optical modulator (EOM).

Fig. 28 shows the FMS signal created by a modulation frequency of 15 kHz of

the |5S1/2;F = 2〉 → |6P3/2〉 transitions. All peaks, except the |6P3/2;F = 1〉 are

clearly visible and produce a distinct error signal with zero crossing at the maximal

absorption. It allows for a preliminary laser stabilization to hold the frequency in

place for one of the hyperfine transitions. This will be used for future applications

of the system which will be described in the upcoming sections.
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3 DIRECT OPTICAL SPECTROSCOPY OF THE 6P MANIFOLD

Section summary The section started with an explanation of Doppler free satu-

ration spectroscopy and quickly reviewed how this is implemented in the experiment

setup which was described afterwards. Central components in it were discussed and

detection methods plus data capturing were explained. This included the triangular

fitting of the laser scan and the cross correlation matching to gather clear noise free

spectra. The gas cell design was shown and the theoretic pressure over temperature

model inside the cell was presented. Followed by the implementation of the ECDL

laser and a theoretic description of the upcoming spectra. The measured spectra

were gathered, identified and evaluated with a fit and match to their theoretic coun-

terparts. This allowed for validating the results by checking the abundance values.

An additional ground state crossover was found and subsequently characterized in

temperature and amplitude. Next, the hyperfine constants evaluation scheme was

laid out which directly incorporates crossovers and used to determine the constants

for the 6P3/2 and 6P1/2 states. Followed, by a comparison to the state of the

art literature values which revealed a systematic uncertainty in the wavemeter mea-

surements. Further, a similar setup by the Eberhard Karls University Tübingen was

presented along with the gathered data which were matched against the evaluation

methods of this thesis. This allowed for a more precise hyperfine structure constants

determination and is inserted in the updated manuscript. Afterwards, systematic

uncertainties were discussed. Results for the Doppler broadening, and influence of

optical power and temperature in the signal to noise ratio was shown. The section

ended with a demonstration of an autonomous laser control program as well as a

successful laser stabilization by the means of frequency modulation spectroscopy.
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4 Further use of the 6P manifold and future ex-

periments

Although the 6P manifold was extensively studied before, relatively few experiments

conducted a direct laser excitation. The ability to do so enables some future propos-

als to try and explore the potential for these transitions even further. Four potential

future prospects are shown here and discussed in their requirements and goals.

4.1 Cold atom beam spectroscopy

Until now, the only direct optical measurement of the 6P manifold was made with

Doppler free saturation absorption spectroscopy techniques with distinct ways of

how to scan the laser frequency (direct scan, FMS, MTS). All approaches so far also

used a heated vapor cell to increase optical density. One way to change that is to

utilize the already existing facilities for rubidium D2 cooling appliances. Nearly all

experiments with incorporated D2 cooling come with structures for pre cooling a

collimated rubidium atom beam in two dimensions. Those called 2D MOTs produce

an atom beam with greater density than the surrounding background vapor from

heated dispensers. The velocity distribution perpendicular to the direction of the

atomic beam and following the Doppler broadening is dictated by the 2D temper-

ature of the beam which is usually in the regime of O(T ) = 100µK and below.

Based on the previous performed calculations of the inhomogeneous broadening in

section 3.2.5 we can deduce an expected effective inhomogeneous broadening of the

lines of around O(σinh.) = 0.2 MHz. This is far below the natural linewidth plus the

homogeneous broadening processes and renders a Doppler free spectroscopy scheme

irrelevant but dependent on the beam angle. Additionally, a direct laser beam go-

ing through the 2D chamber will experience no crossover transitions which would

later decrease the precision in evaluating the spectra. An unclear point however is

the impact of the heated background vapor which would impart a strong Doppler

broadening onto the signal. It is expected however, that the density difference of

the atom beam to the background vapor will render this spurious signal to be a

neglectable background. With the theoretic spectra functions derived in equation

(37) this relation can be calculated and is shown as an example for 85Rb in Fig.

29. The offset of the perturbing Doppler background as well as the lack of crossover

transitions is recognizable and the latter would allow for a much more precise deter-

mination of the frequency positions and with that the calculation of the hyperfine

structure constants. Additionally, the slightly broadening peaks, modeled as a Voigt

profile with a small Doppler Gaussian part, are not directly evident but present in

the graph. A possible implementation of such an experiment was proposed on the
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Figure 29: Theoretic 2D atom beam absorption spectroscopy signals for 85Rb.
Yellow lines denote the 2D spectroscopy signal while the blue lines are the reference
of the Doppler free absorption spectroscopy. The quotient of 2D beam absorption
and background interaction was arbitrarily chosen to be 4 : 1. Amplitude ratios
were made equally normalized to one to provide a good comparison between the
lines. The lack of crossover peaks in the yellow lines is shown which reduces the
function to the three dips of the direct transitions.

BeBEC apparatus [115]. Hereby the out coupled light from the setup is brought to

the 2D MOT chamber and pointed through the windows as shown in Fig. 30. The

2D MOT is then created by the means of D2 cooling schemes. The blue laser is set

into scanning mode monitored by the usual Doppler free absorption spectroscopy.

A photodiode behind the vacuum chamber then registers changes in the absorption

of the light. When the assumptions above hold, a Doppler and crossover free signal

should be measured. If the Doppler background is clear enough, a rough estimation

of the background vapor pressure as a function of dispenser current according to

equation (36) could be calculated which is still unknown. Further, a direct spec-

troscopy through the 3D MOT was proposed. This is expected to be very challenging

due to the fact that the 3D chamber windows are AR coated and made in a material

such that a lot of the blue light is absorbed. In fact, recent tests hinted at a trans-

mission of just 7 % leading to an effective 50µW of detectable optical power on peak

performance. It is unclear, if such a minuscule amount of power is enough to pro-

duce reliable data. This can nevertheless be tried in the near future without much

complications and would probably yield even smaller Doppler broadenings on the

signal. Both methods however, would be given under strong magnetic fields which

will induce the Zeeman effect. This has to be taken into account for those ventures.

In summary, the 2D beam spectroscopy could yield unprecedented accuracy in the

determination of the frequency splittings in the 6P manifold and can be realized

with existing equipment. It could as well find currently unknown parameters like

the chamber pressure of the background vapor and of the 2D atom beam.
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4.2 Cold atom experiments

3D chamber

spectroscopy
beam collimator

420.3 nm beam

2D chamber

photodiode

780.2 nm beams

Figure 30: Rendering of the BeBEC apparatus. The near infrared cooling and
repump laser at 780.2 nm as well as the violet 420.3 nm spectroscopy laser through
the 2D chamber are depicted. (Courtesy of Oliver Anton)

4.2 Cold atom experiments

As already discussed in section 1.3, cold atoms are a planned possibility for the blue

light transition in rubidium. The smaller linewidth leads automatically to smaller

Doppler limit temperatures in the regime of optical molasses stages and therefore

eliminates the need for them. A probable pumping scheme is shown in Fig. 31

with cooling light and repump light. Also worth investigating is a two color MOT

between the blue 420.3 nm and infrared 780.2 nm light. The blue light provides the

cooling of the atomic ensemble and improves the Doppler temperature whereas the

red light repumps the atoms faster than what the blue light can produce. This is

due to the fact, that the red repump light only needs one decay to be possibly in

a bright state again whereas a blue repump can need multiple decays depending

on the decay path. One could estimate the repump performance with using the

simulation described in section 2.1.2. A simulation of a single and 100 consecutive,

linearly repumped decays is shown in Tab. 12 in the appendix. It is evident that
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Figure 31: MOT cooling scheme in the 6P3/2 state of cooling and repump light in
85Rb.

after a few cycles the atoms are about in 4 : 1 distributions in cycling bright states

and dark states respectively. Assuming additional losses due to higher order decays

and collisional relaxations and other effects suggest repump light at a rate of about

18.8 %. Simulating a CO-MOT with blue cooling, and repump on the |5P3/2;F = 3〉
state yields a slightly higher needed repump ratio of 19.1 %. However, this is assumed

to be beneficial since the faster decaying repumped atoms are contributing faster to

the cooling cycle again which would dramatically improve loading rates. If and how

well performing a blue MOT on the 6P transitions really is, needs to be measured in

the end. It can not be said for certain how it will perform since too many factors are

at play here. It will be tested however in the upcoming QChip project in a grating

MOT so the assumptions laid out in this thesis can be put to the test.

Further, atom interferometer experiments which utilize cold atom clouds, work by

emitting a detection pulse in the end after the interferometric sequence. Those

pulses inhibit an intrinsic detection noise. This term is known to be proportional to

σd ∝
1

C keff T 2
, (53)

where C is the contrast, keff the effective wavenumber given by just π/λ and T

the separation time. While T is an experiment dependent quantity, the other two

could be improved. C is usually limited by the detection device and could in the-

ory benefit from using silicon photo multiplier chips (SiPM). Thus, an increase of

detection decreases the detection noise. For keff it follows that σd ∝ λ and therefore

a more narrow wavelength improves the noise directly proportional. Summarized,

the detection could in principle also benefit from utilizing the violet 6P transitions.
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4.3 Evaluation of the frequency stability of an optical frequency reference
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Figure 32: Rendering of the ECDL laser design. (Courtesy of Martin Jutisz and
Vladimir Schkolnik)

4.3 Evaluation of the frequency stability of an optical fre-

quency reference

To assess the frequency stability of the transitions, a second 420.3 nm laser could

be used. Such a laser, which gets stabilized onto a different 6P transition, could

provide a beat measurement. Thus, the frequency instability in form of an Allan

deviation of the beat against its transition frequency can be made. Assuming that

both lasers inhibit the same fractional stability, the Allan deviation would be related

to the single stability with a factor of
√

2.

The second laser itself is not planned to be a commercial one due to cost reasons,

but rather a self-build Littrow design as shown in Fig. 32. Such a design could be

built with a diode, an optical feedback grating, a lens and an enclosure with mounts.

The design is already available and tested in various setups [116].

To further analyze the qualification as a frequency reference, the evaluation of sys-

tematics is important. Impactful contributions were identified and assessed in their

magnitude in section 3.2.5. A collaboration with the Eberhard Karls University

Tübingen was established to provide for two testbeds to measure all those perturba-

tions as well as beat measurements and characterize them in a reproducible fashion.

Those measurements would provide the second frequency reference implementation

beside Zhang et a. [30] and the first characterization of contributing deviations.
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4.4 Satellite Galileo backup clock

The European GNSS network, called Galileo, operates with a set number of satel-

lites in orbit. These are carrying highly precise clocks based on microwave frequency

references. In the future, they will be slowly replaced by newer generation satellites.

Onboard are currently two passive hydrogen maser and two backup rubidium mi-

crowave clocks. A new version of satellites will benefit from improved clocks and

deliver an even better positioning accuracy. The current rubidium backups provide

a fractional stability of σ = 4 × 10−14 at 104 s [45]. A carefully designed and as-

sembled 6P3/2 laser spectroscopy system with an interfaced, space ready frequency

comb is projected [30] to exceed those stability results while having a comparable

but slightly greater SWaP. The simple design of such a system also benefits the sta-

bility and space readiness as well as know-how of other spectroscopy space missions

[117, 118] would aid the design process. Although possible, it would still be a long

process and is not explicitly planned currently but nevertheless possible.

OG2G The OG2G (Optical Clock for Galileo 2nd Generation) study4, compares

optical clock technologies for the next generation Galileo satellites. It mainly com-

pares multiple options in their performance, SWaP budgets, space- and technology

readiness. There are multiple requirements each experiment has to strictly fulfill.

Mainly a fractional stability of σy(1 s) ≤ 3 × 10−12 and σy(100000 s) ≤ 9.5 × 10−15

as well as a weight below 15 kg, volume of below 30 l and a power consumption in

steady state of equal or below 60 W are given. In total, seven technologies were

proposed and compared to each other.

1. Calcium based atomic beam standard

2. Strontium based atomic beam standard

3. Iodine Doppler free spectroscopy

4. Rubidium 6P3/2 Doppler free spectroscopy

5. Rubidium 5D5/2 two-photon spectroscopy

6. Strontium lattice clock

7. Single ion clocks

To assess the performance, four trade off criteria were chosen. Frequency sta-

bility rated on a scale of one (assumed to fulfill stability requirements with large

4Schuldt T., Herrmann S., Krutzik M., Voss K., Kluge J., Fartmann O., Lee T., Braxmaier C.
OG2G-TN1: Trade-Off Optical Clock Technologies Universität Bremen: (2019)
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4.4 Satellite Galileo backup clock

Table 8: Assessments of all OG2G proposed technologies which each category rated
on a scale of 1 to 5 (higher is better). Best values are highlighted in bold whereas
missed requirements are marked in red.

Technology Stability SWap Complexity Maturity score
Ca beam 3 2 2 3 10
Sr beam 2 2 2 3 9

I spectroscopy 5 4 4 4 17
Rb 6P3/2 spectroscopy 3 4 5 3 15

Rb 2γ spectroscopy 3 4 4 3 14
Sr lattice clock 5 1 1 2 9
Single ion clock 5 1 1 2 9

effort) to five (demonstrated to fulfill all stability requirements in all integration

times), SWaP budgets rated on a scale of 1 (exceeds budget by far) to 5 (require-

ments already fulfilled), Complexity and robustness rated with a grade given by

the number of needed lasers/wavelengths/active components/passive components/

specific technologies (like vacuum systems or cavities) and lastly Technology ma-

turity rated on a scale of 1 (only static laboratory setup) to 5 (fully space qualified).

Following assessments were made up to the time of this thesis and given in Tab.

8. As visible, the 6P3/2 rubidium spectroscopy comes in close second on the over-

all score behind iodine spectroscopy. Even though, it has a weaker stability, it is

ahead in complexity. Further, it could be argued, with the necessary qualification

to reach a certain maturity, it could tie the iodine references. This thesis and the

upcoming ventures will probably improve in this direction so the rubidium 6P3/2

transition becomes a viable option for the next Galileo GNSS based optical clocks

in conjunction with a frequency comb.

ROSC project ROSC (Rubidium Optical Space Clocks) is a project5 aiming to

develop two-photon rubidium frequency references for space applications. ROSC

will first build a ground based test setup to try reaching the highest stability pos-

sible with current state of the art technology in the 5S1/2 → 5D5/2 two-photon

transitions. Later, miniaturization of the implemented setups will be employed with

special interest in miniaturized gas cell designs to lower the SWaP even further. The

goal is to design and assemble a mobile and compact rubidium two-photon frequency

reference based on micro integrated ECDL laser, interfaced onto a frequency comb

with a minimal stability in the order of σy = 10−15.

It is planned that this technology will be qualified in future by in-orbit demonstra-

tions within platforms like Bartolomeo (see Fig. 33) aboard the ISS.

5Krutzik M., Döringshoff K., Rubidium Optical Space Clocks ROSC Joint Lab Integrated Quan-
tum Sensors: Humboldt-Universität zu Berlin: (2019)
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Columbus Module

Payloads

Bartolomeo

Figure 33: Bartolomeo platform rendering on the ISS, with annotations showing
the individual payloads, the platform and the module it is attached to. Source:
[119] and project proposals.
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5 Conclusions

Developing optical frequency references in the 6P manifold of rubidium promised

improvements due to the lower linewidth and higher frequency for compact ap-

plications. In this thesis, central aspects like state of the art hyperfine constants,

relative and absolute frequency measurements as well as contributing systematic un-

certainties were determined and theoretical models for the contributing transitions

got verified. Following, the acquired results, appeal for further research in different

directions like a direct and compact optical frequency reference and application in

sensing and laser cooling experiments.

5.1 Summary of results

Theoretical work For this work a numerical simulation was developed and im-

plemented. It enables for calculating the population density as a function of time of

a multilevel alkali atom system. The system is allowed to be precisely determined

down to the hyperfine structure projections mF of any contributing orbital. It em-

ploys the full incoherent rate equation approach and only uses dipole contributions

and selection rules throughout the manifold. Some preliminary simulation scenarios

yielded insight into different application topics. This includes the observation of

a possible λ ≈ 1.5µm laser based on a hyperfine structure state inversion of the

4D5/2 to 5P3/2 orbitals as well as some decay chain distribution numbers applicable

for atom cooling schemes. The latter one was also adapted to show how a possible

tandem cooling approach of 420.3 nm cooling and 780.2 nm repump light is possible

and perhaps even beneficial in terms of loading rates and atom numbers.

Furthermore, the formalism used to describe the mF hyperfine transitions in the

simulation was utilized to create theoretic models of the absorption spectroscopy

spectra. These functions also incorporated a simple model of crossover transitions

based on the summed contributions multiplied with an overlap integral which was

derived subsequently.

Experimental 6P spectroscopy In the framework of this thesis, a functional

setup of a Doppler free absorption spectroscopy setup was built up. It successfully

conducted experiments for excitations and explorations of the full 6P manifold. The

absorption was extensively measured and characterized with a photodiode. For the

measurements a GaN laser was utilized and performed with over 30 GHz of mode

hop free tuning range in a feed-forward mode. For this laser, an autonomous control

program was written which is capable of steering the laser frequency and scanning

parameters precisely to the spectrum. Literature values were extensively checked
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against own measurements as well as the wavelength and order of magnitude of the

linewidth. Both fine structure orbitals 6P1/2 and 6P3/2 were explored and every

possible transition was directly seen or measured through their effects on crossover

transitions. The Doppler peaks were also used to confirm the approximate isotope

abundance in the cell. For more precise analysis purposes, an evaluation program

was written. It utilizes cross correlation of hundreds of automatically captured

spectra with additional statistical uncertainty calculations. Such gathered spectra

inhibited a signal to noise ratio of 100 dB and more. Unfortunately, a systematic

error in the scanning approach, much attributed to the piezo hysteresis, prevented an

absolute precise determination of the frequency scanning range. Other uncertainties

in this approach were able to be minimized by the triangular fitting method. It can

also remove drifts which would be compensated for in the correlated and shifted

spectra data. Transposing both data streams to a single spectra allowed for further

analysis. The previously derived theoretic functions matched these experimental

spectra and the crossover amplitude model was shown to provide a good agreement in

most cases. Although the cases where it overestimates are still subject of additional

research and modeling of possible effects which could weaken the captured peaks.

Further, the hyperfine structure constants were determined from the given data

and are in agreement with the literature values of other measurement methods in

the frame of their uncertainty intervals. The main deviations are caused by the

systematic errors in the frequency determination.

An interesting side result was reached with observing a previously never before seen

transition in 85Rb. It is a ground state crossover and was made possible by the

strong heating capabilities of the gas cell. Even though the signal to noise ratio

was not able to break the order of magnitude mark of O(SNR) > 100 even after

multiple averages, some estimations about it could be made in the frame of the

overlap integral. It showed that the value for G, which was about 0.01(3) % in the

measurements, could be improved to a fifth of the usual SNR with heating up to

around (300± 40) °C. However, it is believed to have little scientific value to it.

Various parameters were explored and measured in their effect on the spectrum.

This includes the optimal temperatures and optical powers for the signal to noise

ratio. The inhomogeneous broadenings were measured, characterized and compared

to the expected Doppler broadening. Pressure and time of flight broadenings were

estimated to be well below the influence of the laser linewidth. Finally, the laser

was demonstrated to be able to stabilize onto hyperfine transitions of the spectrum.

A collaboration with the Eberhard Karls University Tübingen reached an improved

determination of the hyperfine structure constants and a comparison for the data

and match for reproducibility. This resulted in a pending publication in preparation

to be released in the comming months.
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5.2 Outlook

5.2 Outlook

Investigation of the 6P manifold extended the current knowledge needed for future

ventures. Further research, however, is required for a better understanding of the

systematics behind it. This incorporates pressure shift/broadening, Zeeman effect,

AC / DC Stark effect, Black-body radiation influences and laser alignment varia-

tions. Additionally a determination of a laser linewidth via a beat note between two

lasers would be beneficial. These measurements are planned to take place within a

cooperation with the Eberhard Karls university Tübingen and would allow for in-

dependently reproduced results. For that, a new gas cell will be build. The current

cell serves as a base design for the next iteration. It will feature slanted facets or

an anti-reflective coating for the 420 nm light as well as better thermal isolation and

a weaker heating mechanism which will reduce any stray magnetic fields produced

by the wires. Another testbed will be given by the BeBEC apparatus which will

enable the 2D cold atom beam spectroscopy. With such measurements the hyper-

fine structure constants determination can be improved by a great margin since the

perturbing crossover transitions are eliminated while Doppler broadenings are re-

duced far below the natural linewidth. As a side effect, it could serve as a density

measurement of the currently not known background pressure and the 2D beam in

the chamber.

Further, the blue light will be tested in the QChip project on its ability to laser cool

atoms. Either in plain blue approaches or in combined tandem mode with the D2

lines. As already laid out, it would improve the cooling temperatures from around

146µK down to 35µK but some issues of repumping and dark decay channels could

lower the expected loading rates in a MOT. Nevertheless, the given numerical sim-

ulations can help to develop efficient cooling steps necessary to improve this.

The 6P3/2 transition could also be verified and again tested as a frequency reference.

The low linewidth and high frequency serve as an improvement to the fractional sta-

bility and it can be built in an easy and compact design. If current claimed values

are valid, it could represent a replacement for the microwave rubidium clocks in

the next generation Galileo GNSS satellites for example. With rising technology

maturity (from ROSC) it could become a top contender as well as the rubidium

two-photon transitions to provide the next generation compact, robust and mobile

optical frequency references.

All in all, the 6P manifold promises for interesting opportunities in the future. With

increasingly better GaN diodes and eventual optical amplifiers for such a wavelength,

it could provide for a lot of new experiments with rubidium in the upcoming years

and yield promising new and improved results.
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7 Appendix

Equations

Overlap integrals We begin by writing down the probability distribution func-

tions of two Doppler broadened normal distributed transitions. This assumes the

Lorentz contribution to be small. It is also assumed that the broadening is shared

between the two so they have the same standard deviation σ.

g(|6P3/2, F 〉) · g(|6P3/2, F
′〉) = NF (µ1, σ

2) · NF ′(µ1, σ
2) (54)

=
1

2πσ2
exp

(
−2x2 − 2x(µ1 + µ2) + µ2

1 + µ2
2

2σ2

)
(55)

This result has to be normalized to one so the integral can be calculated over the

whole definition interval for both distributions. This is done with perfectly overlap-

ping distributions which implies µ1 = µ2 = µ and then use the Gauss integral.

1

2πσ2

∫ ∞
−∞

dx exp

(
−(x− µ)2

σ2

)
=

1

2σ
√
π

(56)

We can finally combine equation (55) and (56) to integrate from minus infinity to

plus infinity with applying the generalized Gauss integral which yields our overlap

integral strength.

G(µ1, µ2) =
1

σ
√
π

∫ ∞
−∞

dx exp

(
−2x2 − 2x(µ1 + µ2) + µ2

1 + µ2
2

2σ2

)
(57)

= exp

(
−(µ1 − µ2)2

4σ2

)

Octupole hyperfine structure constant base function

FC =
1

X
(1)
C

[
F1(F1 + 1)

(
5F1(F1 + 1)

(
2F1(F1 + 1)−X(3)

C

)
+X

(2)
C

)
− (58)

F ′1(F ′1 + 1)
(

5F ′1(F ′1 + 1)
(

2F ′1(F ′1 + 1)−X(3)
C

)
+X

(2)
C

)
+

F2(F2 + 1)
(

5F2(F2 + 1)
(

2F2(F2 + 1)−X(3)
C

)
+X

(2)
C

)
−

F ′2(F ′2 + 1)
(

5F ′2(F ′2 + 1)
(

2F ′2(F ′2 + 1)−X(3)
C

)
+X

(2)
C

)]
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Figure 34: Hyperfine transition strengths as calculated by equation (18) for q = 1.
The values are evaluated for 85Rb and the orbitals 5S1/2 → 6P1/2.
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Figure 35: Hyperfine transition strengths as calculated by equation (18) for q =
−1. The values are evaluated for 85Rb and the orbitals 5S1/2 → 6P1/2.

81



0 50 100 150 200

420.24

420.26

420.28

420.30

420.32

Time t / s

W
av
el
en
gt
h
λ
/
nm

Figure 36: Laser mode hopping due to excessive scanning of the laser diode current
without feed forward. It is slightly visible that the laser first scans over a mode before
it jumps to the next one.
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Figure 37: Full rubidium 85 level manifold down to the hyperfine F levels from
the ground state 5S1/2 up to the 5D5/2 state. The equivalent niveau scheme of 87Rb
can be viewed at Fig. 1.
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Figure 38: Signal to noise ratio with respect to the incident light power. A drop
near 2 mW can be seen, which is believed to be an outlier. This can also be reasoned
because the points below this power are converging at a certain non zero SNR.
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Figure 39: 85Rb hyperfine dipole and quadrupole constants comparison in units of
cm−1. Sources: [22, 28, 62, 92] and own calculations of the raw data from Glaser
et al. [28]. The figures for 87Rb are in Fig. 21.
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Figure 41: Simulation of a D2 line MOT with power ratio of 10:1 for cooling to
repump light. With less optical power than the blue light simulation. The legend
above shows the steady state population density. The colors are slightly altered for
one fine structured orbital. The simulation for the 6P cooling scheme is given in
Fig. 11.
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Tables

Table 9: ECDL laser properties as given by the data sheet and measured in the
laboratory.

Property Datasheet Measured
Optical power free beam 76.1 mW 78.8(3) mW
Optical power post fiber 52.3 mW 51.8(3) mW

Lasing threshold 27 mA 25.98(8) mA
Slope efficiency (free) 1.26 W/A 1.283(4) W/A

Mode hop free tuning range 21 GHz ≥ 30 GHz
Coarse tuning min 418.4 nm ≤ 419 nm
Coarse tuning max 422.4 nm ≥ 421.7 nm

Linewidth ≈ 150 kHz -

Table 10: Number of states and transitions in 85Rb up to the 5D5/2 orbital con-
sidering all selection rules.

Splitting QN # States # Transitions
L 6 8
J 10 20
F 36 152

mF 216 2336

Table 11: Hyperfine base function constants reference table.

X
(1)
A X

(1)
B X

(2)
B X

(1)
C X

(2)
C X

(3)
C

85Rb 4 160 24 360 3024 67
87Rb 4 48 14 36 834 37

Table 12: Single (top) and 100 multiple (bottom) decays of an excited state
|6P3/2;F = 4,mF = [−3, 3]〉 with linear polarized light into the ground state 5S1/2

in percentage of population. The distribution is shared between both hyperfine
structure states F = 2, 3 and their projections mF .

mF −3 −2 −1 0 1 2 3
|5S1/2;F = 2〉 − 1.9 3.0 3.4 3.0 1.9 −
|5S1/2;F = 3〉 5.0 14.7 15.7 16.0 15.7 14.7 5.0

mF −3 −2 −1 0 1 2 3
|5S1/2;F = 2〉 − 1.8 4.7 5.8 4.7 1.8 −
|5S1/2;F = 3〉 2.1 9.2 18.1 22.5 18.1 9.2 2.1
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Table 14: Comparison of hyperfine structure constants for 6P3/2 with the litera-
ture from Glaser et al. and values calculated in this work. Additionally, statistical
significance p values are given for the caluclated parameters. It can be seen, that
none of the octupole contributions are significant for the results in the given mea-
sured data and accuracy. Comparison with other sources up to the quadrupole are
shown in Tab. 6.

Isotope Constant Glaser et al.[28] [cm−1] p this work [cm−1] p
85Rb Ahfs 0.00027234(31) 0 0.0002662(11) 0
85Rb Bhfs 0.0002712(17) 0 0.000269(6) 0
85Rb Chfs −0.00000017(11) 0.12 −0.0000005(4) 0.32
87Rb Ahfs 0.0009243(5) 0 0.0009156(21) 0
87Rb Bhfs 0.0001347(15) 0 0.000123(7) 0
87Rb Chfs −0.00000005(8) 0.5 0.0000003(4) 0.38
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