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Zusammenfassung

Gegenstand der vorliegenden Arbeit ist die experimentelle und theoretische Untersuchung
der Zweiphotonen Frequenzkamm-Spektroskopie (DFCS) an atomaren zwei-Niveau Sys-
temen.

Diese Methode stellt ein auflerst vielversprechendes Werkzeug zur Spektroskopie bei
kurzen Wellenlangen dar, die mit cw Lasern nur begrenzt oder gar nicht erreichbar
sind. Die hohen Spitzenintensitaten eines Frequenzkamms erméglichen eine effiziente
nichtlineare Konversion in bisher unerschlossene Frequenzbereiche, beispielsweise durch
Erzeugung von hohen Harmonischen (HHG). Grundlage der DFCS sind theoretische
Arbeiten aus den 1970er Jahren, die gezeigt haben, dass der Pulszug eines modengekop-
pelten Lasers einen Zweiphotonen Ubergang ebenso effizient treibt wie ein cw Laser
der gleichen mittleren Leistung. Dabei ist die effektive Linienbreite gegeben durch die
schmale Breite einer einzelnen Kammmode und nicht durch die spektrale Breite eines
Einzelpulses. Damit vereint ein Frequenzkamm die spektrale Reinheit eines cw Lasers
mit den hohen Spitzenintensitiaten eines gepulsten Lasers.

Zur Demonstration der Eignung nichtlinear konvertierter Frequenzkidmme fiir die
Spektroskopie wurde in einem ersten Experiment die Absolutfrequenz einer Zweipho-
tonen Resonanz in ?*Mg bei 431 nm vermessen, wobei Literaturwerte um mehr als zwei
Groflenordnungen verbessert werden konnten.

Des Weiteren wurden zwei in diesem Zusammenhang wichtige Effekte, die sich auf
Ubergangsraten auswirken, erstmalig quantitativ untersucht: der Einfluss eines linearen
Chirp und eines nicht-zentrierten Laserspektrums auf die Spektroskopie. Die Pulse eines
nichtlinear konvertierten Frequenzkamms sind im Allgemeinen nicht Bandbreiten lim-
itiert, was zu einer teilweise destruktiven paarweisen Addition der Moden fiihrt. Zur
Beschreibung des Einflusses eines linearen Chirp wurde ein Modell entwickelt und mit-
tels Zweiphotonen Spektroskopie an Césium experimentell verifiziert. Uberdies haben
Theorie und Experiment einen Gauflschen Abfall der Anregungsrate mit zunehmender
Dezentrierung des Laserspektrums gezeigt.

SchlieBlich werden Fortschritte in Richtung einer Spektroskopie des 15—3S Ubergangs
in Wasserstoff vorgestellt. Dabei handelt es sich um einen viel versprechenden Kandi-
daten um die Quantenelektrodynamik gebundener Zustiande zu testen. Die Ubergangs-
wellenlange von 205nm ist mit cw Lasern nur schwer zu erzeugen, daher bietet sich das
System fiir die DFCS an. Neben einer Beschreibung der experimentellen Fortschritte
werden Erkenntnisse, die in der Spektroskopie an Cs und Mg gewonnen wurden, und
deren Konsequenzen fiir die Wasserstoffspektrosopie diskutiert.

Im Rahmen dieser Arbeit wurde ein frequenzvervierfachtes Lasersystem erweitert und
verbessert, das ps Frequenzkamme hoher Leistung mit gutem Strahlprofil bei 820 nm,
410 nm und 205 nm erzeugt. Insgesamt stehen nun max. 100 mW bei 205 nm zur
Verfiigung, die bisher hochste mittels SHG erzeugte Leistung. Dartiber hinaus wurde
fiir die H-Spektroskopie ein neues Spektrometer entworfen und gebaut.



Abstract

This thesis reports on theoretical and experimental examination of two-photon direct
frequency comb spectroscopy (DFCS) using atomic two-level systems.

This method is a very promising tool to extend optical spectroscopy into the short
wavelength region where only few cw laser sources exist. The high peak intensities of
pulsed lasers facilitate efficient nonlinear conversion into frequency regions which are
so far unexplored, for example by high harmonic generation (HHG). DFCS is based on
theoretical work in the 1970s which showed that a pulse train of a mode-locked laser
drives a two-photon transition as efficient as a cw laser of same average power. Thereby
the effective line width is determined by the narrow width of a single comb mode rather
than by the spectral width of a single pulse. In this way a frequency comb combines the
spectral purity of a cw laser with the high peak intensity of a pulsed laser.

To demonstrate the capability of a nonlinearly converted frequency comb for DFCS,
the absolute frequency of a two-photon transition in ?*Mg at 431 nm was measured in
a first experiment. The accuracies of the values could be improved by more than two
orders of magnitude with respect to previously reported values.

Furthermore two crucial effects which affect the transition rates were analyzed quanti-
tatively for the first time: the impact of a linear chirp and non-centered spectral envelope
on the spectroscopy. In general the pulses of a nonlinear converted frequency comb are
not bandwidth limited leading to a partially destructive pairwise addition of modes. To
describe the impact of a linear chirp a theoretical model was developed and verified
experimentally using two-photon spectroscopy on cesium. Moreover, theory and experi-
ment have shown a Gaussian decrease in the transition rate with increasing detuning of
the laser spectrum.

Finally the progress of 15 — 35 spectroscopy in hydrogen is presented. This transition
is a promising candidate for a test of bound state quantum electrodynamics. Using cw
lasers the required wavelength of 205 nm is hard to generate, making this transition
to an eligible system for DFCS. Beside the experimental achievements also the lessons
learned from Cs and Mg spectroscopy and their consequences for the H spectroscopy are
discussed.

In the scope of this work a frequency quadrupled laser system was extended and
improved, providing ps frequency combs of high average power and good beam profile
at 820 nm, 410 nm and 205 nm. An overall output power of max. 100 mW is now
available at 205 nm, the up to date highest power generated by SHG. Moreover for H
spectroscopy a new spectrometer was designed and built.
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1. Introduction

Physics aims to describe natural phenomena quantitatively by using preferably few sim-
ple, universal laws. To test and improve the developed theories simple systems are used,
which can be calculated with high accuracies and are accessible for high precision ex-
periments. Laser spectroscopy on simple atomic systems is a powerful tool for testing
theories. Hydrogen and hydrogen like ions, for example, are the most simple systems
and can be calculated within 107!, while spectroscopy allows for experimental results
with unprecedented uncertainty of 1071,

In 1947, for example, W. E. Lamb and R. C. Retherford observed a small difference
in energy levels in hydrogen to the well established model. This experimentally found
Lamb shift led to a paradigm shift and in its course to a development of quantum
electrodynamics which is the best tested theory at present. Since a theory can never
be proved right but one experiment is enough to disprove it, physicists keep measuring
atomic transitions with ultra high accuracies.

So far, most of the known transitions lie in the visible (VIS) and near infrared (NIR),
where stable continuous wave (cw) lasers are available. However, many interesting but
so far unexploited transitions are located in the deep ultra-violet (DUV) and at even
shorter wavelengths. Just to name some examples there are two-photon transitions in
hydrogen from the ground to higher S and D states which require wavelengths at 243 nm
and below and in hydrogen like He™ at around 61 nm. While 243 nm (H 15 — 25) can
still be generated with sufficient laser power using a cw laser, cw radiation at 205 nm (H
1S — 3S5) can only be generated with very low powers (= 1 mW) and lower wavelengths
are completely inaccessible to cw lasers. In contrast, using a mode-locked laser allows
to drive nonlinear processes as second harmonic, sum frequency and high harmonic
generation very efficient, which can be used to convert visible and IR lasers into the
DUV wavelength region.

Direct frequency comb spectroscopy (DFCS), using a mode-locked laser, is a very
promising tool to extend spectroscopy into the so far barely tapped DUV wavelength
region. It was first proposed by Ye. V. Baklanov and V. P. Chebotayev in 1970s [1,[2].
In their theoretical work they showed that a pulse train of a mode-locked laser drives a
two-photon transition as efficient as a cw laser of same average intensity. At the same
time the effective line width is determined by the width of a single comb mode rather
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than by the spectral width of a pulse. Hence a frequency comb combines the high peak
intensity of a mode-locked laser with the spectral purity of a cw laser.

Shortly after the suggestion of the method, first experimental realization of DFCS was
demonstrated by T. W. Hénsch et al. [3,14]. Narrow spectral lines could be observed by
exciting the 35 —5S5 transition in sodium using nanosecond pulses inside a passive optical
resonator. Using the 3S — 4D transition in sodium the feasibility of high-resolution two-
photon DFCS with picosecond mode-locked lasers was established.

This thesis presents a thorough experimental and theoretical investigation of two-
photon DFCS, both at the fundamental and with a non-linearly converted comb. More
specifically, two important systematic effects, which affect the transition rates, were
studied quantitatively for the first time using a two-photon resonance in Cs at 822 nm:
the influence of a linear chirp and of a non-centered spectral envelope.

In general, ultrashort pulses are not necessarily Fourier limited. Upon propagation
through a medium, e.g. a nonlinear crystal, they may acquire a nonlinear spectral and/or
temporal phase. In a three-level system with a resonant or nearly resonant intermediate
state such a nonlinear phase may enhance the transition rate [5-9]. In contrast, in real
two-photon absorption in a two-level system this phase leads to a destructive interference
of the comb modes, reducing the performance. A simple theoretical model is developed
to describe the influence of a linear chirp on the DFCS and its validity is verified using
a two-photon resonance in ¥3Cs at 822 nm. An important result is that although the
transition amplitude is reduced by the linear chirp, the line width as well as its position
is not affected by the chirp.

Another crucial systematic effect comes along with a detuning of the spectral envelope
with respect to the transition frequency. Only if the carrier frequency corresponds to the
half of the transition frequency every comb mode on the red side has a counterpart on
the blue side and vice versa and the signal is maximized. Theoretical and experimental
examination of this effect revealed a Gaussian signal decrease upon shifting the spectral
envelope. At the same time a shift of the line center is observed with increasing detuning.

As a proof of principle study of two-photon DFCS with nonlinear converted combs
the absolute frequency of a two-photon resonance in 2*Mg near 431 nm and the isotope
shift between Mg and ?*Mg are measured. Using this technique the uncertainties of
the measured frequencies could be reduced by more than two orders of magnitude with
respect to previously reported values. These measurements also serve as test of the laser
system and pave the way for H spectroscopy at 205 nm.

In the second part of this thesis prospects to measure the 1.5—3S5 two-photon transition
in hydrogen at 205 nm are summarized. High precision spectroscopy on simple atomic
systems as hydrogen and hydrogen like ions serves as an excellent test of bound-state
quantum electrodynamics (QED), which is the best tested theory at present. Narrow
two-photon transitions can be measured with an unprecedented accuracy. One of the
currently most precise measurements is the first order Doppler-free 1.5 — 25 two-photon



resonance in hydrogen with an uncertainty of around 10~'* which has a long tradition
in our group. However theoretical predictions do not reflect this accuracy. One of the
parameters entering into theoretical calculations, the proton charge radius, is only known
within 2 % and limits theoretical predictions. Recently R. Pohl et al. |10] succeeded in
measuring the Lamb shift in muonic hydrogen providing a proton charge radius with
a greatly reduced uncertainty but 5 standard deviations away from the recommended
value by CODATA. This discrepancy brings up new questions and for their clarification
further high precision measurements are necessary.

Combining at least two narrow two-photon resonances in H and utilizing the 1/n?
scaling law for the Lamb shifts, leading QED contributions containing the proton charge
radius cancel out. This allows an experimental determination of the values for the
Rydberg constant and the ground state Lamb shift with an improved accuracy limited
by the uncertainty of the frequency intervals rather than by the rms proton charge
radius. Transitions from the ground state are experimentally easier accessible and are
less sensitive to electric fields, allowing for higher accuracies than could be achieved
in, say, 25 — 85/D and 2S — 12D measurements. Therefore, 15 — 35 is a promising
candidate for this purpose and in our group as well as in the group around F. Biraben
an experiment to measure this transition was set up.

The group in Paris probes this transition with a cw laser, whereby the required UV
light at 205 nm wavelength is generated by frequency quadrupling a Ti:sapphire laser at
820 nm in two subsequent resonant second harmonic generation (SHG) stages providing
up to 1 mW output power. While the first SHG stage works very well, the second one is
operated close to the cut-off of phase matchable wavelength. Additionally two limiting
effects could be observed: photochemical reactions on the crystal faces and the photo
refractive effect |11]. After servo locking the cavity the intra cavity power at 410 nm
as well as the generated 205 nm wavelength catalyze photochemical reactions on the
faces of the crystal, resulting in permanent damage within several minutes. This can
partly be suppressed by flushing the crystal faces with oxygen. On a longer time scale
a counter propagating beam at 410 nm appears in the ring cavity. Finally both beams
are of equal intensity and the second harmonic power is reduced by a factor four. This
behavior can be attributed to the photo refractive effect. To improve the performance of
this conversion step the cavity is operated in a quasi-continuous regime, i.e. the cavity
is over modulated at 15 kHz such that it is resonant twice per modulation period.
In this way 6 us long pulses at a repetition rate of 30 kHz are generated. Due to this
modulation an additional Doppler shift is introduced to the resonance line. Furthermore
the spectroscopy is carried out on a thermal atomic beam (v = 2500 m/s) resulting in a
strong velocity dependent line shift and broadening.

Due to these drawbacks this system is an ideal candidate for DFCS. Our approach
is to drive the transition with a mode-locked laser. By frequency quadrupling a ps
Ti:sapphire laser at 820 nm in two successive resonant SHG stages, 2 ps long pulses



4 1. Introduction

at 82 MHz repetition frequency are generated with 100 mW maximum average power.
Resonant conversion allows to use a shorter nonlinear crystal to maintain a good spatial
beam profile without losing second harmonic power.

This thesis is organized as follows: In the second chapter theoretical concepts of
DFCS are summarized for later reference. The third chapter describes in detail the
laser system generating frequency combs at 820, 410 and 205 nm and its performance.
A demonstration of the method using a two-photon resonance in Cs and investigation
of crucial systematic effects are described in chapter four. In chapter five spectroscopy
in Mg is described, which demonstrates the feasibility of two-photon DFCS with non-
linearly converted combs. Finally, chapter six summarizes the progress to measure the
15 — 35 two-photon resonance in H.



2. Direct frequency comb
spectroscopy

Optical frequency combs, honored by the Nobel prize in 2005, have revolutionized spec-
troscopy. Their main field of application was so far calibration of a spectroscopy laser,
which was usually a cw laser. However, as was proposed by Ye. V. Baklanov and
V. P. Chebotayev [1,2] and demonstrated by T. W. Hénsch et al. [3,4], a frequency
comb can be utilized for spectroscopy directly. Some of the current applications of
DFCS are reviewed by M. C. Stowe et al. in ref. [12].

In contrast to one-photon frequency comb spectroscopy, where only one comb mode
is used, in two-photon DFCS the combined power of all modes is used to probe the
transition. In this way a pulse train drives a two-photon transition as efficient as a cw
laser of same average power. At the same time the effective line width is limited by the
spectral width of a single mode rather than by the bandwidth of a pulse. Furthermore
the high peak intensity of a pulsed laser facilitates efficient non-linear conversion into
DUV and XUV wavelength regions e.g. by high harmonic generation (HHG). Hence a
frequency comb combines the spectral purity of a cw laser with the high peak intensity
of a pulsed laser. Therefore DFCS promises to make previously inaccessible wavelengths
accessible.

In an experiment several systematic effects can broaden and shift the spectral lines.
In gaseous samples the major broadening mechanism results from the motion of the
gas particles (Doppler effect). Utilizing a Doppler-free arrangement, where two counter
propagating pulses drive the transition, the Doppler effect cancels in first order. This
allows for high resolution spectroscopy of ultra narrow spectral lines. However, also
two photons propagating in the same direction can be absorbed providing a Doppler-
broadened background signal. The actual signal is a narrow spectral line superimposed
on a Doppler pedestal.

In this chapter the theoretical aspects of DFCS are presented. In the first part the
basic idea of the method is described. In the second part optical Bloch equations for
two-photon spectroscopy are derived and solved first for cw excitation and then for the
more general case of DFCS. In the latter case transform limited pulses are assumed, but
in general short pulses easily acquire a chirp. Therefore DFCS with chirped pulses is
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treated in the third part. In the last part, finally, it is shown that the transition rate
is maximized for a perfectly centered spectral pulse envelope. A relation is provided to
describe the signal decrease with increasing spectral detuning.

2.1. Method of DFCS

In this section the basic idea of the method of DFCS is presented. Before describing the
method a short review of the frequency comb basics is given. In the end an expression
for the contrast between the Doppler-free signal and the Doppler pedestal is derived.

2.1.1. Comb basics

Consider a periodic sequence of light pulses emitted by a mode-locked laser with a
repetition rate w,. The electric field of the pulses E(t) = £(t)sin(wpt) oscillates at a
carrier frequency wy with a real pulse envelope function £(¢). In frequency domain such
a pulse train corresponds to regularly spaced narrow frequency modes centered around
the carrier wy. The spacing of the modes corresponds to the pulse repetition rate w,
(figure . Looking closely one finds that the comb modes are not simply integer
multiples of the pulse repetition rate, but are rather shifted by an offset frequency we.

Fourier
transform

Dy
>

w

Figure 2.1.: Temporal and spectral representation of a mode-locked laser. Upper
part: Pulse train containing three subsequent pulses. While propagating through a
resonator the pulses acquire a pulse to pulse phase shift Ap. Lower part: Spectrum
of an infinitely long pulse train centered around the carrier frequency wg. The comb
modes are separated by the pulse repetition rate w, and are shifted by the carrier-offset
frequency wee = Apw, /2T (inset).
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(see inset in figure . This frequency shift can be attributed to a pulse to pulse phase
shift Ay between the carrier and the envelope function [13| and is thus referred to as
carrier-envelope frequency (CE-frequency).

The mode structure, described above, is the so-called frequency comb and the fre-
quency of the n-th mode is given by w,, = we + nw,. Setting now the carrier frequency
Wy = Wee + Now, and reenumerate the comb modes such that they are counted with
respect to wy (n = ng + m), the frequencies of the comb modes can be written in the
form

W = Wo + Mwy . (2.1)

2.1.2. Interaction of a comb with a two-level system

With the expression for the frequencies of the comb modes (equation (2.1))) the interac-
tion of a frequency comb with a two-level system can now be described.

Consider an atomic two-level system with a ground state |g) and an excited state |e)
interacting with the electric field of two counter propagating pulse trains. After being
excited the atom decays back into the ground state with a decay rate . Provided
that v is much smaller than the mode spacing of the comb (7 < w,) the comb modes
appear as narrow cw lasers which probe the transition. Tuning the comb on resonance
(Aw = Wey/2 —wp = 0, we, is the frequency interval between the ground and the excited
state), every mode on the red side of the pulse has a counterpart on the blue side and
vice versa and all modes can add up pairwise, as shown in figure 2.2} If the comb modes
are all properly phased, this addition is totally constructive.

() 1/2 W,,
\

~

Aw

)]
«

Figure 2.2.: Left: spectral envelope centered around wg with a detuning Aw =
(1/2)weg — wo. Right: on resonance (Aw = 0) a pairwise addition of properly phased
modes provides an efficient excitation of the atoms.

In general the atoms are not at rest but rather move with velocity v. Due to the
Doppler-effect the moving atoms see a laser frequency shifted by —k - v, where k is a
wave vector. To drive the two-photon transition the following condition must be fulfilled

Weg = 2wy + (m+m')w, — (K, + kpy) - v, (2.2)
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where k,, and k,, are wave vectors of mode m and m’. When the atoms absorb two
counter propagating photons of equal frequency (k,, = —k,) the velocity dependent
term in equation ([2.2)) vanishes. This gives rise to a narrow in first order Doppler-free
spectral line. Detuning the frequency comb (Aw # 0), the signal repeats itself with w,./2
appearing at the points

Weg n Wr

5 (m+m') 5 (2.3)
The atoms may also absorb two photons coming from the same direction. In this case
the velocity dependent term in equation does not cancel and an integration over
all velocities yields a Doppler-broadened background signal. Hence the actual signal
obtained in an experiment shows a narrow Doppler-free resonance line of natural line
width superimposed on a Doppler-broadened pedestal (see figure . Using circularly
polarized light the Doppler background can be suppressed.

Wy =

10004

1000 1004 / \
3 104

w

§ ] 14 Figure 2.3.: Sample curves of a two-

S 100 01 00 o1 photon signal for a linearly polarized

) 3

s ] cw laser (black curve) and a mode-

3 10_:/\ locked laser (red curve). The curves

%_ show the 1st-order Doppler-free signal

% ] superimposed on a Doppler-broadened
1’ pedestal. The inset shows a blow-up

of the narrow resonance.

-4 -2 0 2 4
laser detuning (GH2)

2.1.3. Contrast between the Doppler-free signal and the
background

Using linearly polarized light for two-photon spectroscopy, the atoms can absorb either
two photons propagating in the same direction or two counter propagating photons, as
described above. The resulting signal is a superposition of a narrow Lorentzian spectral
line with amplitude Ry, = 4|Q|*/(y7) and a Doppler-broadened Gaussian pedestal with
amplitude Re = |Q|?/(kv,/7) (see figure 2.3), where Q is a two-photon Rabi frequency
defined as [14]

Q = 2(27Beq)(0c) Ex (1) Ea(t), (2.4)

with the dielectric constant €y, ¢ the speed of light, ., the transition matrix element
and E(t), F(t) the forth and back propagating electric field. The narrow spectral line



2.1 Method of DFCS 9

depends on the decay rate v of the excited state while the Doppler-broadened background
depends on the most probable velocity v, = /2kg T'/M and the wave number k = 2wy /c,
where kg is the Boltzman constant, 7' the gas temperature and M the atomic mass.
Probing the transition with a cw laser, the electric fields Ey = /27, /(eoc) and Ey =
V21, /(goc), with intensities Z; and Ty, are constant and Q = 4(27f5.,) vZ1Zo. One can
now define a contrast C, as a ratio between the Lorentzian and Gaussian amplitude [15]

SRL o 4k Up
Rae VT
Driving the transition with a frequency comb the electric field of a single comb mode
m can be approximated by E,, v = \/2Z;2/(cocN) where Z; 5 is the average intensity
in the first and second beam and N the total number of modes. As described in the

previous section, in two-photon spectroscopy all modes with m = —m/’ contribute to
drive the transition, so the Rabi frequency can be written as

Oy = (2.5)

N
Q=" 2(21fey)(e0) En, = 4(27Beg) V1T . (2.6)
m=1

This is exactly the same Rabi frequency as obtained for the cw case above and is valid
for the Doppler-free spectral line and for the amplitude of a Doppler-broadened line
resulting from one velocity component. In contrast to the cw case, not only one but
rather all velocity components within the Maxwell distribution which are covered by the
FWHM bandwidth Awy, of the laser contribute to the Doppler background. Hence the
background is enhanced by the number of velocity components which are addressed by
the laser. For a Doppler width wp = 2 4/In(2) kv, narrower than the laser bandwidth
(wp < Awy), the increase of the background can be approximated by 2wp /w, reducing

the contrast to
dkv, w, Wy

C1com = - .
" /T 2wp v/7In (2)

This contrast may be further reduced if several spectral lines, as e.g. hyperfine com-
ponents and transitions to lower or higher levels, are addressed by the laser. While the
Doppler-free component splits into a corresponding amount of lines with the respec-
tive relative amplitudes, the background is formed by a superposition of the Doppler-
broadened signals of all the addressed lines. Furthermore the narrow spectrum originates
only from the pulse collision volume, where two counter-propagating photons can be ab-
sorbed, whereas the Doppler-broadened signal is generated all along the laser beam
including the pulse collision volume. The approximation in equation applies only
for the pulse collision volume. In the experiment the imaged volume may exceed this
region, downgrading the contrast.

(2.7)



10 2. Direct frequency comb spectroscopy

2.2. Optical Bloch equations

After the general description of the method in the previous section, in this section
the interaction dynamics are treated resulting in a set of optical Bloch equations. These
equations are solved first for a cw laser and then for the more general case of a frequency
comb. In the last part an overview of the two-photon absorption selection rules is given.

A semi classical model is used to describe the interaction between a laser field and a
two-level atomic system. The electric field E(t), traveling along the z-axis, is treated
classically and the atom quantum mechanically by a wave function . The unperturbed
atom is described by a time independent Hamiltonian H, with the eigenstates |n) and
the eigenvalues &, = hw, (h is the Planck constant over 27), which correspond to the
Bohr energy levels. Switching on the laser field introduces a time dependent perturbation
V (t), which induces transitions between the eigenstates of the unperturbed system. The
time-dependent Schredinger equation

ih 2 (o)) = H() ) = (Ho+ V(D) [0, (23)

with the time dependent Hamiltonian H(t) and states [¢(t)) describes the time evolution
of the system, but does not contain damping due to spontaneous decay of the excited
state and ionization. Switching over to the density matrix formalism, damping terms
can easily be included in form of a matrix I'(p). All virtual intermediate states are off-
resonant with respect to one-photon absorption, thus their relaxation can be neglected
and only the spontaneous decay of the excited state will be considered here. The time

evolution of the density matrix p with the matrix elements p,.,(t) = (n|p(t)|m) =
cn(t)ct (), obeys the Liouville equation:
ihp = [H(t), p] + ih'(p) . (2.9)

In this thesis we are only interested in two-photon transitions in an effective two-level
system. Hence, keeping only the terms which reflect the two-photon nature of the
transition, the optical Bloch equations can be written in the form [2]:

(1) = —ifing + AW pug (1) — hv () (2.10a)
pog(t) = [ i(weg + AwlC) — 5] peslt) = 7 Z Vi (£) g (2 (2.10b)
plt) = il + 8 1)+ ;.Lv* (t)ey(1) (2.10c)
peclt) = =Vpec(t) + & Z 8)pen(t) = Ven ()95 ()] 4 (2.10d)

where w;; = (w; —w,) is the frequency interval between the states ¢ and j (i,j = e, g,n),
Aw® = wac(i) —wac(j) is the total AC-Stark shift of the transition, V;;(t) = (i|V/(t)|5)
are the interaction matrix elements, and v = 27v, is the decay rate of the excited state.
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2.2.1. Transition rate — continuous wave excitation

The optical Bloch equations (2.10)) can be solved using time-dependent perturbation
theory. With the initial condition that for ¢ < 0 all atoms are in the ground state
(pgg = 1 and png = peg = Pen = pee = 0) the solutions read

. t
png<t> _efi(wnngAwAc)t ;:L / Vng(t/) ei(wnngAwAC)t’ dt/’ (211&)
Peg(t) = —e et A2 / ZVen )il BRI o (¢ At (2.11b)

pen(t) — e—i(wen—i-Aw?nC)t E/ V* ( ) i(Wen+AWAO peg(t) dt,, (2110)
0

Pee(t) = =y : / Z Gw Pen(t’) = Ven(t') e pe,(t)| dt’. (2.11d)

In dipole approximation the interaction potential is given by the dipole moment operator
p times the electric field, V(¢t) = —p - E(t). Assuming a Doppler-free arrangement the
total electric field E(t) is a superposition of two counter propagating electric fields with
frequencies w; = wor + k1 - v and wy = wpo + ko - v, polarizations €; and €; and constant
field amplitudes Ey; and Eyo:

B() = 5 (Ba(t) + B} (1)) + 5 (Balt) + E3(1)

1
: (2.12)
2

& (Hne ™ + Bye') + 2 e (Eppe s 4 By )
Using this total electric field the integrals in equations can be solved successively.
For two laser fields of equal frequency (wp; = wpa = wp) and equal polarization (e; =
€; = €) propagating in the z direction (k -v = kv,) and with the matrix elements
Pen, = (ele - pln) and p,, = (n|e - plg) the resulting excited state population can be
written

1
16 A4

Pen png

- Wng — Wo

2
4 |Eo1 Ega?
Pee (t) = { (

Weg — 2Wp)% +72/4
25 . B3
(Weg — 2wo — 2kv,)2 +92/4  (Weg — 2wo + 2kv,)? +~2/4

. (2.13)

which corresponds to the two-photon transition probability from the ground to the
excited state. The first term in the square bracket gives the Doppler-free resonance
generated by absorption of two counter-propagating photons and the last two terms give
the Doppler shifted resonances, caused by absorption of two photons propagating in
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the same direction. Assuming a thermal velocity distribution along the z direction and
averaging over all velocities results in a superposition of two Doppler-broadened lines,
which forms the Doppler background. In high precision spectroscopy only the narrow
Doppler-free component is of interest, thus the Doppler-background is omitted in further
considerations. The resulting Doppler-free two-photon transition rate can be written in
the form
A421Beg)*TiLyy v|Q?/4

Weg — 2w0)2 +72/4  (Weg — 2wo)2 +72/4 "

with the two-photon Rabi frequency 2 as given in equation (2.4 and the transition
matrix element [, defined by [14]

Rge = YPee(t) = ( (2.14)

1
- 2hhec

Pen png

- Wng — Wo

Beg (2.15)

2.2.2. Transition rate — pulsed excitation

Based on the solutions found in the previous section the transition rate for DFCS is
calculated in this section. Therefore the temporal profile of the laser beams is assumed
to be Gaussia and the field amplitudes of the counter propagating beams become time
dependent. Assuming linearly polarized light, the total electric field of two counter
propagating pulse trains at any axial position z can be written as

E(t,z) == (En E(t+ z/c) e~iwitthz) L B, E(t — 2/c) e’i(”t’kz)) +cec., (2.16)

1
2
with a time dependent envelope function (¢ + z/c). The transverse spatial dependence
of the electric field is neglected here, but can be included by simply multiplying the field
by a factor exp [—r?/w?] where r? = 2% + y* and wy is the beam waist radius. Assuming
transform limited pulses, the temporal and spectral envelope functions of the electric
field can be written as

E(t+ 2/c) = \% \/g exp [— (t i:/cﬂ | (2.172)

E(w) = \/iz% exp {—i(rwﬁ + %} | (2.17h)

which are normalized such that the pulse energy is independent of the pulse duration 7.
The intensity full widths at half maximum (FWHM) of the envelopes in equations ([2.17))

Although the pulses may have a different pulse shape, a Gaussian is a good approximation in most
cases.
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are At = 74/21In(2) and Av = /21In(2) /(77), so the time bandwidth product (TBP),

indicating transform limited pulses, is given by

21n (2)
—
The spectral envelope in equation (2.17b)) may be used to model the electric field of

a frequency comb. Substituting w — mw, in equation (2.17b|) with the mode number

m = {0,4+1,£2, ..., } and assuming a pulse train with a monochromatic carrier which

spectral envelope is a Delta-function, the renormalized electric field of the frequency
comb propagating in the z direction can be written in the form

El’g(t, Z) = E()LOQ ZE'(mwT) G_iwlt_ikmz 3 (219)

At Ay =

(2.18)

where &'(mw,) = /w,€(mw,) is the renormalized envelope function. For two counter-
propagating fields with frequencies wy = w,, = wy + Mmw, and ws = W,y = wo + M'w, the
Doppler-free two-photon transition rate can be written in the form

gp comb _ l(cﬁ ) 2\ Z E Ege&' (mw,)E' (m'w,. ) e wntwm)t=km—k,)z
ge 47" \2hhesy ) |4 i(Aweg + (m +m')w;) + /2

’
,m

Pen Png + Pen Png
Wpg — Wo — MWy Wpg — W — MW,

. (2.20)

n

where Aw,, = 2wy — wey is the detuning. The mode numbers m and m' count the
comb modes with respect to the carrier frequency wy = wey/2, thus only the modes
with m’ = —m are resonant, all the other modes are off-resonant and can be neglected.
Furthermore the spectral half width at half maximum of the laser pulses amounts to
around 70 GHz while the laser frequency is 1.5 x 10 Hz, thus wy + mw, ~ wy is a good
approximation in equation . Substituting the electric fields in equation by
equation , setting m’ = —m and approximating wy + mw, by wy results in

T,y (Tw,)? ’

AwZ +~2/4 2w

R = 42 ey )

. (221

1
Z exp [—5 (Tmw,)? + i2mw7€]

Assuming a sufficient number of modes the sum over m in equation (2.21)) may be
approximated by an integral resulting finally in

R = 427y T Ty gy € 2.2
ge (27 Beg) 12Aw§g+72/46 ( )

This solution shows that the transition rate R, is proportional to the product of the
average intensities Z; and Z, rather than to the peak intensities in the two counter
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propagating beams. The exponential decrease of the transition rate with 22 in equa-
tion ([2.22)) is just due to a fall off of the laser intensity away from the pulse collision
point. A comparison of equation ([2.22)) with shows that probing a two-photon
transition with a mode-locked laser yields the same transition rate as with a cw laser of
same average laser power (z = 0). The Doppler-free resonance shows a Lorentzian line
profile with a FWHM determined by the decay rate v of the excited state.

2.2.3. Two-photon absorption selection rules

The selection rules for two-photon absorption are obtained by analyzing the matrix
elements f4, given by equation (2.15). Applying the Wigner-Eckart theorem f,, can be
expressed in terms of a 35 symbol and a reduced matrix element

9 1

e = Tr27233 (=17 It man) (e[| D| | Jun) (n.Ju]| D] ] g)
g 4h2h2026(2) Z

n,myj,
1 /
% Z |:€l,—,u €2,—v (_J, 1 Jn) <_Jn 1 J)
— L Wng — W2 my pomg, my, v my
purv=—1
2
_y €] — | n n 1
L 61,M<J, J><J J)H (2.23)
Wng — W1 —my; vV my, —my, KW My

This relation is nonzero if the Wigner 3j symbols (7 /2 73 ) satisfy the following con-
ditions:

1. triangle relation:
Ji—Jy < Js, Jo—J3 < Jy, J3—J1 < Jo

2. magnetic quantum numbers sum to zero:
mi + Mo + M3 = 0

3. J1 + Jo + J3 = integer

The 3j symbols can be calculated using the Racah formula [16] providing the selection
rules for the two-photon absorption summarized in table [17]. The selection rules
for hyperfine transitions are obtained by substituting J and m; in equation and
table 2.1 by F' and mp respectively.

2.3. Chirp investigation

In section the pulses were assumed to be bandwidth limited. In general, however,
short pulses can acquire a temporal and spectral phase resulting in a spectral and tempo-
ral broadening. Figure [2.4] shows the electric field of a linearly up-chirped pulse, i.e. the
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Table 2.1.: Two-photon selection rules for the total angular momentum J. Tran-
sitions which satisfy the general selection rule are allowed, excluding the forbidden
transitions for particular polarizations. For a forbidden transition the condition for
AJ as well as for Amjy must be satisfied simultaneously.

general selection rules

AJ =0, £1, £2 same parity J' + J: integer
particular polarization rules

polarization
w1 Wo forbidden transitions
ot o Amy #0
ot s AJ: 0—0 Amy # —1
o~ s AJ:0—0 Amy # 1
s o AJ:0—0 Amy # £1
™ T AJ: 01 Amy # 0
ot ot AJ: 0+ 1,0 0,1/21/2 Amy# -2
o o AJ: 01,04 0,1/241/2 Amy # 2

additional rules for photons of equal frequency

J: 0—>1
AJ = +1,

my o 0—0 } forbidden for all polarizations

instantaneous frequency rises linearly with time. The temporal chirp broadens the spec-
trum of the pulse. Group velocity dispersion (GVD) leads to a spectral phase and thus
a temporal broadening of the pulses. A GVD of e.g. 35 fs?/mm of fused silica at 800 nm
doubles the initial pulse length of 10 fs after around 2 mm of material. However, to
double the pulse duration of initially 1 ps long pulses, around 18 m of fused silica is
necessary.

Defining an additional temporal and spectral phase with the chirp parameters p; and
po the complex temporal and spectral pulse envelopes can be written in the form

Et) = (%)1/4 % exp [—(p1 + ips) (ti—z/cq , (2.24a)

N Py 14 T p1(wr)? ipp(wr)? iwz
E(w) = (—> Ey/—— exp {— + + : (2.24b)
2m V 1+ ips Alpi+p3) Al +p3)
The envelopes are normalized such that the pulse energy is independent of 7 and the

chirp parameters p; and p,. Setting p; = 1 and ps = 0 Fourier limited pulses with a
TBP given by equation (2.18) are obtained. The phase factor (p; + ip2) accounts for
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0.4
0.2

0.0 Figure 2.4.: Electric field of an up-

_0.2_. chirped pulse. The instantaneous fre-
quency increases with time.

electricfield (arb. units)

-0.4

time (arb. units)

both the temporal and spectral broadening effects so the intensity FWHM in the time
and frequency domain for chirped pulses can be written:

21In(2 1 2
Af — -, [20(2) . Av=— \/2 In(2)p; (1 + p_g) : (2.25)
h T pi
2
Atay = 22 (’2) . (2.26)
™ p1

It can be seen in equation that pure spectral broadening occurs for p; = 1, whereas
for pure temporal broadening p3 = py(1 — p;) must hold. Substituting the electric fields
in equation by Fi(t, 2) = Fovo Vor Do E(mw,) exp [—i(wo + mw,)t], with the
field amplitude of mode m as defined in equation (w = mw;), keeping only the
resonant terms and approximating the sum over the mode number m by an integral
yields the two-photon transition rate with chirped pulses

| 2l (2) 1 42?
Ch]rp _ 4 2 2I I fy — . 2-2
SRge (27 Beg)"Th 2Aw§g +92/4 w™ AtAv P (c7)? (227

A comparison of this result with equation shows that a chirp leads to an extra
factor that depends on the TBP and cause the transition rate to decay with (At Av)~L.
For unchirped pulses this factor reduces to 1 yielding the maximum two-photon transi-
tion rate given by equation . A further important feature is that within this model
neither the line shape nor the line position is affected by the chirp. In addition the AC
Stark shift, which is calculated by analyzing the matrix element, does not change upon
spectroscopy with chirped pulses.



2.4 Detuning of spectral envelope 17

2.4. Detuning of spectral envelope

So far it was explicitly assumed that the spectral pulse envelope is centered around w,,/2
(see upper plot in figure [2.5). In this case two photons from the central mode excite

1w 1/2 (‘Oeg
centered
¢ . >
W w Figure 2.5.: Demonstration of a cen-
tered (upper plot) and a non-centered
1wy V2w, non- (lower plot) spectral envelope.
centered
t . >
o, w

the transition. The mode number m and m’ count the comb modes with respect to the
carrier so only the modes with m = —m/ are resonant and add up pairwise as described
in section In general, however, the central comb mode wy may be shifted with
respect to the half of the transition frequency (lower plot in figure . In this case two
photons from the mth mode excite the transition and the mode sum m +m’' = u # 0,
in contrast to a perfectly centered comb. Substituting m’ = u — m in equation ,
rearranging the terms and approximating the sum over m by an integral results in

1
R =R X exp {_5(7’“‘”)2] , (2.28)

with m;;mb as given by equation . This result shows that a detuning of the
spectral envelope introduces an additional factor which cause the transition rate to
decrease exponentially with p?. For zero detuning (¢ = 0) the maximum transition rate
is obtained.






3. Experimental setup and test of
the laser system

This chapter provides a detailed description of the design and performance of the laser
system used for the experiments presented in this thesis. It is capable of generating fre-
quency combs at around 820, 410 and 205 nm wavelength. The latter can be used to drive
the 1.5 — 35 two-photon transition in hydrogen. The discussion includes requirements
on the laser system, design and characteristics of the laser system and UV-degradation
of mirrors and the crystal in the final conversion stage.

3.1. Requirements on the laser system

A straightforward way to build up a laser source in the DUV wavelength region is
by frequency quadrupling e.g. the output of a mode-locked Ti:sapphire laser in two
SHG stages. In contrast to e.g. sum frequency generation where two waves at different
frequencies are mixed to generate a third wave, in SHG two photons of same frequency
are converted to one photon at the SH. Therefore, to increase the efficiency of the
conversion process an enhancement resonator at the fundamental wavelength can easily
be implemented for resonant SHG. Utilizing resonant SHG, a shorter nonlinear crystal
(e.g. 5 mm instead of a 10 mm long crystal) can be used with no or a small loss of
output power, in contrast to the longer crystal, but a greatly improved beam profile due
to reduced spatial walk-off. Using a short crystal also the temporal walk-off is reduced
providing a broader acceptance bandwidth. The limit of nonlinear mixing is set by the
phase matching condition and transparency range of nonlinear crystals. The shortest
wavelength reachable by SHG in a BBO crystal is around 204.7 nm.
The actual design of the laser setup should meet the following conditions:

e Output power. Two-photon spectroscopy requires in general rather high average
intensity compared to dipole allowed transitions. Unfavorable effects as e.g. resid-
ual chirp and non-centered spectral pulse envelope can further reduce the signal.
Monte Carlo simulations, presented later in this thesis, show that power levels
exceeding 10 mW are necessary to achieve an appreciable rate.



20 3. Experimental setup and test of the laser system

e Repetition rate. High resolution DFCS is only possible provided that the repetition
frequency exceeds the natural linewidth of the excited state, w, > 7. Transitions
with several MHz natural line widths require thus high repetition laser systems.

e Pulse length. Nonlinear conversion requires high peak intensity of the laser to
drive the process efficiently. The peak intensity of a pulsed laser is by orders of
magnitude higher than its average intensity. Hence short pulses make the nonlinear
conversion appreciable efficient. However, for frequency conversion of fs pulses and
below group velocity mismatch limits the effective interaction length and thus the
conversion efficiency.

e Transform limited pulses. Short pulses easily acquire a chirp while propagating
through a medium. As discussed in section [2.3] in DFCS with chirped pulses the
transition rate decreases according to equation (2.27) with increasing TBP.

e Beam profile. Enhancement resonators are used for the UV light generation and
spectroscopy. To achieve a high coupling efficiency into these resonators an ade-
quate beam profile is necessary.

e Stabilization. For absolute frequency determination the laser must be carefully
stabilized. The natural linewidth of the transition and experimental conditions, as
e.g. the interaction volume, set an upper limit on the width of a comb mode.

3.2. Design of the system

The laser system shown in figure may be divided into three parts: stabilized and
referenced fundamental laser, first resonant SHG stage and second resonant SHG stage.
The fundamental laser is a commercial actively mode-locked ps Ti:sapphire laser (Spectra
Physics, Tsunami) which is pumped by a frequency doubled, diode-pumped Nd:vanadate
laser (Coherent, Verdi V10/V18). The resonant SHG cavities are both 6-mirror ring
resonators, whose free spectral range is matched to the pulse repetition rate. In the
following the three parts are described in detail.

3.2.1. Titanium:sapphire laser

The tunable Ti:sapphire laser is adjusted to emit ps pulses at 820 nm with a repetition
frequency of around 82 MHz. To analyze, stabilize and reference the laser a small
amount of the output power (10 %) is branched off. An optical spectrum analyzer
(OSA) monitors the spectral envelope and is used for its alignment with respect to
the transition frequency while an autocorrelator (AC) provides a measure for the pulse
duration.
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-

Ti:sapphire laser

1.3 ps, 82 MHz
Py P
L4 o)

OSA

Figure 3.1.: Experimental setup for deep UV frequency comb generation. DPD: dif-
ference photo diode; EOM: electro optic modulator; AOM: acousto optic modulator;
ULE: ultra-low-expansion glass; PI: proportional-integral controller; TLO: Transfer
laser oscillator; LO: local oscillator; PBS: polarizing beam splitter; OSA: optical spec-
trum analyzer; AC: autocorrelator.

In order to stabilize the laser, both the carrier wy and the repetition rate w, must
be locked. This can be done by controlling the length and the dispersion of the laser
cavity [18]. The Tsunami was modified with a linear translation stage for coarse length
tuning and a piezo actuator for fast control while the built-in Gires-Tournois interfer-
ometer (GTI) was used for dispersion control.

The repetition frequency was measured with a fast photo diode and stabilized to a
synthesizer. For this purpose the signal of the photo diode was mixed with a radio
frequency from the synthesizer, which was referenced to a 10 MHz signal coming from
a hydrogen maser. The generated error signal was fed back to the built-in GTI in the
Ti:sapphire laser.

To stabilize the carrier, the modes of the Ti:sapphire laser were servo locked to
an external reference cavity which is well isolated from acoustics and temperature
variations [19]. The required error signal was generated with the Pound-Drever-Hall
method and fed back on the piezo driven folding mirror of the laser. The free spec-
tral range of the reference cavity is matched to the pulse repetition rate such that it is
an integer ratio of 1:10, i.e. every 10th mode of the incoming spectrum is transmitted
by the reference cavity, reducing its finesse by a factor of 10 to F ~ 300. This moderate
finesse of the reference resonator allows to stabilize the repetition frequency without
impairing the lock of the Ti:sapphire laser to the reference resonator.
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An acousto-optic modulator (AOM) in double pass configuration in front of the ref-
erence resonator (s. figure allows to tune the laser in frequency while it is locked.

For absolute frequency determination the frequency of a single comb mode is measured
using a reference fs frequency comb. For this purpose a cw transfer laser oscillator
(TLO), which is a laser diode running at around 820 nm, is phase-locked to a mode of
the Ti:sapphire laser and the heterodyne signal between the TLO and a mode of the
reference fs comb is continuously measured. Based on this measurement the frequencies
of all the other comb modes of the Ti:sapphire laser can be calculated with high precision.

3.2.2. Conversion efficiency calculation

For a proper choice of nonlinear crystals and characterization of the resonant SHG stages
in the subsequent sections, relations to calculate SHG conversion efficiencies are derived
in this section. By resonant SHG generation with short pulses pump depletion is easily
achieved. Therefore the final result provides expressions for the conversion efficiency
in the non-depleted and depleted pump regime. These expressions also account for
temporal and spatial walk-off as well as for focusing effects.

Interactions between electro magnetic fields and materials are described by the Maxwell
equations. Based on these equations a reduced wave equation for a linearly polarized
electric field propagating as a plane wave in the z-direction can be written:

9%  n? o 1 02
— — —— | E(t,2) = ——==Pn1(t, 2), 3.1
(022 c? ot? (t.2) c2eq Ot? well2) (3:1)
with a refractive index n and nonlinear polarization Py (¢, z). The crucial parameter for
nonlinear mixing is the nonzero source term on the right hand side which is responsible
for the generation of new frequencies. The second order nonlinear polarization Ppy(t, 2)

can be written as [21]

Pnp(t, z) = 50X(2)E(t, 2)2 ,

where Y is the second order dipole susceptibility tensor. If the polarization of the
incident and generated field is known y(® can be treated as a scalar and is twice the
effective nonlinearity x> = 2d.z. Restricting the following calculations to SHG the
electric field of the optical waves propagating in the z-direction inside a nonlinear crystal
can be written as a superposition of the incident Fi(t,z) and generated Fs(t,z) beam
E(t,z) = Ei(t,z) + Ex(t,z). Inserting this total field in equation (3.1), equating the
coefficients and applying the slowly varying envelope approximation (SVEA) results in
two coupled partial differential equations for the envelope functions &; (¢, z) and &s(t, 2).
For a pulsed electric field substitute nyo/c = 1/v12 = (m2/¢) + (w12/c)(dny o/dw; 2),
where n; and ny are the refractive indices of the material for the fundamental (F) and
second harmonic (SH) beam and vy, vg, wy and wy the group velocities and the angular
frequencies of the F and SH wave respectively.
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For small conversion efficiencies the fundamental pulses travel without loss in a frame
moving with the group velocity v; and their envelope at any position z is given by
& (t — z/vy) resulting in a SH envelope function

L xPw? [* z 1 1 A
Slt—-=2L)=—i2-2] e(t-Z4(=-= —idkzg 3.2
2 ( 1)27 ) ’ 462]{72 /0 ! (%) + (%) U1 “)e . ( )

where L is the crystal length and Ak = 2k; — ks the phase mismatch. Transformation
into the frequency domain and integration with respect to the propagation direction
yields the second harmonic spectral intensity (eq. (3.107) in ref. [21])

Ty, L) = 2™ (X(z)“’%L)z sinc? { [(l - l) W — Ak} g} X T2(W). (3.3)

ceonz \ 4c?ky vy U

Here I;(w’) is the spectral intensity of the fundamental wave with the detuning w’ from
the carrier frequency, for which proper phase matching (i.e. Ak = 0) can be assumed.
The term (vy ' — v;')z in equation describes a separation of the fundamental and
SH pulses (temporal walk-off) upon propagation due to the group velocity mismatch
(GVM). After traveling the characteristic length Lgyy defined as

1 1\!
Lovm = Aty (— - —) ; (3.4)

V2 U1

with At; the FWHM of the fundamental pulse, the F and SH pulses are completely
separated. In the frequency domain this corresponds to a spectral filtering that limits the
phase matching bandwidth. The temporal walk-off causes a broadening of the SH pulses
accompanied by a spectral narrowing such that the TBP is not affected by GVM for
Fourier limited fundamental pulses. For a crystal length shorter than the characteristic
length L << Lgyy and Ak = 0 the temporal walk-off can be neglected and the temporal
pulse envelope is simply squared, giving rise to a pulse narrowing by v/2 for Gaussian
and by a factor of 1.45 for sech? pulses. If L >> Ly, the spectral bandwidth of the
incident pulses exceeds the acceptance bandwidth and the spectrum is filtered by the
sinc?-function. In this case the second harmonic pulse duration is determined by the
GVM and approaches the value L - [v; ' — v

In this simple approach only GVM and phase mismatch are included, which is sufficient
in some cases. To give more accurate predictions for the conversion efficiency and output
beam profile, focusing effects, that depend on the confocal parameter b, and spatial walk-
off, depending on the walk-off angle § and the beam waist radius wgy, must be included in
the calculations. To estimate their significance, let’s define the characteristic lengths [22]

b
2 7
Ls = /7 % . (3.6)

L;= (3.5)
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A detailed theoretical description of SHG including these effects in the low conversion
efficiency regime was developed by G. D. Boyd and D. A. Kleinman [22]. Their approach
was extended by H. Wang and A. M. Weiner for pulsed laser sources, where temporal
walk-off is a serious limiting effect, providing an expression for the conversion efficiency
in the non-depleted pump regime 7,4 including spatial and temporal walk-off as well as
focusing effects [23]

_ (L)
Thd = Wl( )

exp |13 ARD(E] — £2> W) (] — &5)?
A ! !
MA B = // =g +i) dérdée,

2In (2) 4wid?e L
nnyc 80)\1At1

= Wi (0)H(L) = Wy (0) h(A, B,¢§), (3.7)

where W, and W, are the F and SH pulse energies, ¢ = L/b the focusing parameter,
parameters A = L/Lqyy and B = 6k L /2 represent the temporal and spatial walk-off
respectively and &), = (2212/b) — §. In Figure function h(A, B,§) is plotted for
Ak=0and A=1, B=1,2,4,8 (left plot) and A =6, B =1,2,4,8 (right plot).
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Figure 3.2.: h(A, B,§) plotted as a function of the focusing parameter & for Ak =0
and A=1, B=1,2,4,8 (left plot) and A =6, B =1,2,4,8 (right plot).

Based on this result an approximate expression for the conversion efficiency including
fundamental wave depletion can be derived. Sub-dividing the nonlinear crystal in small
segments the second harmonic and fundamental energy change in such a segment can
be written as

dg:Q = W2H!(2), (3.8a)
N (3.8b)

dz dz
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Solving this set of differential equations finally results in the conversion efficiency 74
including pump depletion [23]

1
1 + Thd .

The validity of this approximation was checked using a numerical model provided by the
SNLO software (Sandia National Laboratories, v51), which is based upon integration of
the Maxwell equations using a split-step FFT method [24]. This model is able to simulate
single pass short pulse mixing of Gaussian beams including all the limiting effects and
accounting for the boundary conditions of every slab dz. As will be shown in the next
sections, equation overestimates the efficiency compared to the numerical model.
That may be explained by reshaping effects which are not included in the calculations
above. Due to the nonlinear nature of the second harmonic generation process the central
part of a pulse with higher intensity will be depleted stronger than the less intense pulse
wings. This results in a spatial and temporal beam reshaping of the fundamental and
SH pulses. The beam reshaping at the boundaries is much slower for lower effective
nonlinearity of the crystal providing more accurate results in this case even at higher
intensities of the fundamental beam.

For the actual experimental parameters equation provides a good approximation
for the conversion efficiencies.

Na = 1-— (39)

3.2.3. First resonant second harmonic generation stage

For SHG of the mode-locked ps Ti:sapphire laser described in section [3.2.1] its output
is mode matched into an enhancement cavity. In order to achieve a high conversion
efficiency while maintaining an acceptable beam profile of the SH beam, an appropriate
nonlinear crystal is chosen. In this section first the choice of the nonlinear crystal is
discussed followed by a description of the resonant SHG cavity.

Chrystal choice

Resonant SHG of a tunable cw as well as a mode-locked Ti:sapphire laser around 820 nm
using lithium triborate LiB3O; (LBO) [25H27] and lithium iodate LilOj [28,29] was
already reported in the early 90s. A third nonlinear crystal suitable for this process is
S-barium borate BaB,O4 (BBO) [30]. An overview of some parameters for the crystals
is given in table 3.1 All three of them have good transparency down into the UV
wavelength region and high damage threshold compared to the estimated 3 mJ/cm?
pulse energy inside the enhancement resonator. While LilO3 has the highest nonlinear
coefficient, 1.7 times higher than BBO and 4.5 times higher than LBO, LBO shows the
lowest walk-off angle and dispersion, promising a much better output beam profile.
Accounting for spatial and temporal walk-off and pump depletion the SHG process
might be optimized with respect to the waist radius wy for a given crystal length L. In
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Table 3.1.: Overview of the parameters for LBO, BBO and LilOs, suitable for type
I SHG around 820 nm [31]. Also listed are the corresponding calculated characteristic
lengths and single pass conversion efficiencies for L = 10 mm.

820 nm (o) + 820 nm (o) = 410 nm (e)

LBO BBO LilOg

refractive index n 1.610 1.660 1.866
group velocity index ny; / ngo  1.631 / 1.665  1.683 / 1.737 1.911 / 2.067
walk-off 6 [mrad] 15.59 66.78 86.54
phase matching angle [deg] 29.5 28.5 41.1
deg [pm/V] 0.763 2.0 3.46
transparency range [nm)] 160 — 2600 185 — 2600 300 — 6000
damage threshold [J/cm?]
for 10 ns pulses @ 1064 nm ~ 25 ~ 13 ~ 1

characteristic lengths and conversion efficiency as defined in section m
Ly [mm]™® 11.5 7.2 2.5
Ls [mm]® 3.1 0.75 0.57
n®) 35 % 47 % 60 %
nsnro'? 34 % 44 % 54 %

(1) calculated using equation (3.4) with At; = At, = 1.3 ps
() calculated using equation (3.6) with w = 28 pm

() calculated using equation (3.9) with wo = 28 pm, Ak = 0 and P = 1.6 W average power in
front of the resonator

@ nento = W /Wi, calculated using SNLO software, same parameters as in &)

figure the single pass conversion efficiencies calculated using equation and, as a
validity check, simulated using the SNLO software are plotted as functions of the waist
radius for 10 mm long nonlinear crystals listed in table[3.1] As discussed in the previous
section the theoretical model in equation overestimates the conversion efficiency.
The deviation between the theoretical model and numerical calculation becomes stronger
for high pulse energies and effective nonlinearity [23], consequently it is smaller for LBO
and stronger for LilO3, due to the higher nonlinearity of the latter. Indeed figure (3.3
reflects this behavior. For LilO3 the deviation amounts to 11 % while for LBO it is only
~ 3 % so equation (3.9) provides a good approximation for the conversion efficiency
here.

Despite its lower nonlinearity and expected conversion efficiency, LBO is chosen for
SHG of 820 nm because of its lower temporal and spatial walk-off. While GVM merely
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Figure 3.3.: Cualculated single pass

0'60'. conversion efficiency as a function of
0.55- / I : the waist radius wo in a 10 mm long
> e " | LilO; I LBO (black), BBO (red) and LilOs
§ 0'50-. . - (blue) crystal respectively. The solid
= 045 /A . - lines show the conversion efficiency
E" 040_' K 4 | BBO A calculated using equation (3.9) and
.g ] R the data represented by the symbols
E) 0.35- L e e o are obtained by the numerical model
S 030l { LBO ~_ provided by the SNLO software. In
° 1l o * both approaches birefringence, focus-
0B 4+——————T—————— ing and pump depletion are included
10 15 20 25 30 35 40 . . .

and absorption, group velocity disper-
waist radius (pm) ston, chirp and Fresnel losses are ne-

glected.

broadens the pulses, a strong spatial walk-off causes an elliptical output beam profile
which can only be partially compensated.

Resonant SHG cavity

A Brewster cut LBO crystal with § = 90° and ¢ = 29.6° for type I phase matching is
used in the first conversion stage for SHG at 410 nm. G. D. Boyd and D. A. Kleinman
found an optimum ratio between the crystal length L and the confocal parameter b which
is £ = L/b = 2.84 [22]. However this optimum applies only for negligible temporal and
spatial walk-off (A = B = 0). For actual experimental parameters, however, A =1 and
B = 2 resulting in an optimum focusing parameter of £ = 1.6 (see left plot in figure[3.2).
For a given confocal parameter of e.g. b = 6 mm (wy = 28 pm) the optimum crystal
length is around 10 mm. This exceeds the characteristic length for spatial walk-off Ls
(see table and will result in an elliptical output beam profile. The effect of GVM,
however, will be very small. Using a shorter crystal, e.g. 5 mm, will greatly improve the
output beam profile but the SH power will drop due to a reduced conversion efficiency.
To compensate for the lower efficiency the crystal is placed in an enhancement cavity
for resonant SHG. In this way conversion efficiencies of more than 50 % can be achieved
with short crystals while maintaining a good output beam profile.

A LBO crystal is placed in an astigmatism compensated ring enhancement cavity [32]
for resonant second harmonic generation (figure . To protect the crystal from mois-
ture it is held in an aluminum mount which is temperature stabilized at 45(1)°C and
allows to purge the crystal with dry oxygen.

The ring design allows for an easy separation of the incoming and the reflected beam.
The latter is used to generate an error signal following the polarization method [33] for
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electronic feedback on a piezo-mounted folding mirror in order to stabilize the cavity
length. The resonators round trip length needs to be set properly to match the pulse
repetition rate of 82 MHz of the Ti:sapphire laser corresponding to a resonator length
of 3.66 m. Two focusing mirrors with 200 mm radius of curvature generate an almost
spherical focus of 28 ym waist radius at the center of the crystal. The focusing mirrors are
coated to be high reflective (HR, R > 99.9 %) at the fundamental and high transmissive
(HT, T > 90 %) at the second harmonic wavelength. The plane folding mirrors (HR,
R > 99.9 %), used to match the cavity length to the pulse repetition rate, are arranged
to allow full folding angles of ¢ = 16° on the focusing mirrors for compensation of the
astigmatism caused by the Brewster cut nonlinear crystal [32]. For proper impedance
matching the reflectivity of the input coupler (IC) Ric has to be chosen such that it
compensates the round trip losses (1 — V) of the resonator. These losses arise from
absorption, transmission, and scattering of the high reflective mirrors, absorption by the
medium inside the cavity, and conversion into the second harmonic, while the latter is
the desired process. The efficiency of SHG is power dependent so the conversion losses
are power dependent and therefore depend on the enhancement U given by

1 — Ric
(1—VVRic)?’

which itself depends on V and is maximum for Rjc = V. Neglecting other than con-
version losses, what is a good approximation for our power levels, we can set 1 —V =
1 — Ric = 14 where 1, is defined by equation ([3.9). Substituting 7,4 in equation
by (1 —Ric) '1na, to take the enhancement dependence of the conversion efficiency into
account, yields finally

U:

(3.10)

1

Ric b = Ric ™
where 7,4 is the single pass conversion efficiency in the non depleted pump regime given
by equation (3.7). With an average input power of P; = 1.6 W in front of the cavity
an optimal input coupler reflectivity is calculated to be Ric = 49 %. For a perfectly
impedance matched resonator 7y = Py /(UP;) = 1 — Ric amounts to 51 % and therefore
the resonant conversion efficiency defined by n = Py/P; = 14/(1 — Ric) is equal 1, as
expected for a perfectly impedance matched cavity with no losses other than conversion
losses.

In these calculations scattering and absorption of the mirrors as well as Fresnel losses
at the input and output surfaces and linear and nonlinear absorption of the crystal are
not included. Measuring the single pass conversion efficiency provides a more reliable
value of 16 % for given experimental parameters. The resulting optimum input coupler
is calculated to have 67 % reflectivity. For an input coupler at hand with Ric = 75 %
the theoretical resonant conversion efficiency is calculated to be n = 98 %. To optimize
the impedance matching and for more flexible operation the input coupler is replaced

(3.11)
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by a recently bought gradient input coupler (GOC) with a reflectivity of 75+10 %. The
reflectivity of such a mirror is maximum (85 %) on one edge and decreases across the
substrate to 65 % on the other edge.

3.2.4. Second resonant second harmonic generation stage

In this section the final conversion stage capable of generating a frequency comb at
205 nm is presented. The discussions include the crystal choice and design of the res-
onator.

Crystal choice

There are three nonlinear crystals reported that are suitable for SHG at 205 nm, BBO,
KBeyBOsF, (KBBF) [34] and SraBesB2O7 (SBBO) [35]. All three of them are transpar-
ent down to 190 nm and have comparable effective nonlinearities for SHG at 205 nm.
While the phase matching angle for SHG at 205 nm in BBO (6 = 86.4°) is unfavorably
close to the SHG cut off (90°), KBBF and SBBO seem promising because of their lower
cut off wavelength for this process.

Due to its layered structure along the phase matching direction the KBBF crystal is
rather fragile and the growth of a bulk crystal is very difficult [34]. The thin plate-like
crystals cannot be cut along the phase matching direction and have to be tilted for
proper phase matching. As a consequence of this technique the phase matching cut off
is inaccessible and the tilt gives rise to high Fresnel losses at the crystal faces. Using
a prism-coupling technique phase matching close to the cut-off wavelength becomes
possible while the Fresnel losses are reduced [34,136], but absorption losses inside the
prisms reduce the performance. However, SHG at a wavelength as low as 177.3 nm
was demonstrated experimentally using a KBBF crystal in combination with a prism-
coupling technique.

The SBBO crystal was developed to solve the problem with the layered structure of
KBBF but maintains its advantages. However, it is so far unexplored concerning the
phase matching angles and nonlinear coefficients, so no data is available for this crystal.
In addition SBBO is currently not commercially available. In table some of the
parameters of BBO and KBBF are listed, including the relevant calculated characteristic
lengths and the theoretical conversion efficiencies. Although the phase matching angle
for SHG at 205 nm is much higher for BBO than for KBBF, the effective nonlinearity of
them is very similar and the 5.6 times smaller spatial walk-off in BBO provides a much
better beam profile than with KBBF. One drawback of BBO is the three times smaller
characteristic length for the group velocity mismatch than the one for KBBF. However,
GVM only reduces the conversion efficiency and broadens the pulses but maintains the
spatial beam profile, which is important for further beam shaping. The theoretical
single pass conversion efficiency as a function of the waist radius is calculated using
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Table 3.2.: Overview of the parameters for BBO and KBBF, suitable for type I SHG
of 410 nm [31|]. Also listed are the corresponding calculated characteristic lengths and
the single pass conversion efficiencies for L =5 mm.

410 nm (o) + 410 nm (o) = 205 nm (e)

BBO @ —10° C KBBF
refractive index n 1.691 1.491
group velocity index ny / ng 1.776 / 2.165 1.529 / 1.654
walk-off 0 [mrad] 14.09 65.83
phase matching angle [deg] 85.7 50.8
det [pm/V] 0.343 0.354
transparency range [nm)] 185 - 2600 157 - 3500

characteristic lengths and conversion efficiency

Ly [mm]™® 0.8 2.6
Ls [mm]® 2.1 0.5
n®) 8.7 % 5.8 %
nsnLo'™® 8.6 % 5.8 %

(1 calculated using equation (3.4) with At; = Ato, = 1.1 ps
(2) calculated using equation 1

() calculated using equation (3.9) with wo = 17 um, Ak = 0 and P = 0.6 W average power in
front of the cavity

6) with wg = 17 pym

@) NsNLOo = Wa /Wi, calculated using SNLO software, same parameters as in (39)

equation and the numerical model (s. figure . In spite of the comparable
nonlinearity of the two crystals and the strong GVM in BBO the maximal single pass
conversion efficiency in BBO is two times higher than for KBBF. Additionally the KBBF
crystal is currently not commercially available and least of all with 5 mm crystal length,
leaving BBO as the only present option for the type I SHG at 205 nm.

Resonant SHG

A Brewster cut BBO crystal with § = 85.7° for type I phase matching is used in the
second conversion stage for SHG at 205 nm. The phase matching angle of 85.7° is
unfavorably close to the cut-off of phase matchable wavelength (90°). Approaching the
cut-off the effective nonlinearity drops rapidly, hence, despite the high peak intensities
of ps pulses in single pass only several percent of the power at 410 nm can be converted
into the UV using a BBO crystal (see figure and table . By cooling the crystal,
however, this edge can be pushed to shorter wavelengths, as was demonstrated for SFG
and SHG in BBO [37,138]. At room temperature the nonlinearity of BBO for SHG
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at 205 nm is deg = 0.31 pm/V. Cooling the crystal to 7" = —10°C shifts the phase
matching angle by about 1° resulting in a small increase of the effective nonlinearity
to deg = 0.35 pm/V and enhances the transparency of the BBO crystal in the DUV
wavelength range. That leads to around two times higher output power at 205 nm
compared to SHG in a BBO crystal at room temperature.

For SHG in BBO at 205 nm, A = 6 and B = 2 giving an optimum focusing parameter
of £ ~ 2.5 (right plot in figure[3.2)). With a confocal parameter of b = 4 mm (wy = 17 pum)
the optimum crystal length is then L = 10 mm and exceeds the characteristic lengths
listed in table . As discussed above a shorter crystal (e.g. 5 mm long BBO) may
be used in combination with an enhancement cavity for resonant SHG providing high
output powers at the SH and maintaining a good beam profile.

The input beam at 410 nm wavelength is mode matched by two cylindrical lenses to
fit the mode of the second SHG cavity. In this way the astigmatism may be removed,
but beam distortions due to the spatial walk-off in the first SHG stage can only be
partially compensated. The total coupling efficiency, including mode and impedance
matching, amounts to only 40 — 50 %, reducing the power entering the cavity. The
second SHG stage houses a BBO crystal, cooled to —10°C, for SHG at 205 nm. To
prevent condensation and convection, 32 mm long tubes oriented along the laser are
used, that are purged with a steady flow of dry oxygen away from the crystal housing.
Additionally, the oxygen prevents the crystal surfaces from being degraded by the intense
UV light [11]. This UV degradation will be discussed in section

Focusing mirrors with 175 mm radius of curvature generate a 17 yum beam waist in
the crystal. All mirrors apart from the input coupler are high reflective (R > 99 %) at
410 nm and arranged to give a full folding angle of 12 deg for astigmatism compensation
caused by the Brewster cut crystal. Assuming that the cavity losses are dominated by
the conversion process, the input coupler reflectivity for proper impedance matching is
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calculated using equation to be 78 % for 0.6 W average incident power. However
limiting effects, as e.g. one and two-photon absorption at the fundamental as well as at
the SH wavelength, are not taken into account in the above calculations. This effects
further reduces the single pass conversion efficiency. The optimum input coupler with
92 % reflectivity is found experimentally by measuring the second harmonic power at
205 nm as a function of input coupler reflectivity. The results are plotted in figure

3.3. Results

In this section results and characteristics of the laser system, which is described in the
previous section, are summarized. The discussions include the overall achieved output
powers, resonant conversion efficiencies and pulse characteristics. The characterization
of the laser system is carried out in the original configuration of the Ti:sapphire laser
and using Brewster cut nonlinear crystals. At this time the parts required for the
improvement of the laser system were not at hand. After the characterization, the
system was step by step modified in order to improve its output powers and beam profiles
at different stages. The paragraphs in this section are organized as follows: First the
original configuration of the respective stage is described. Then the modifications which
lead to higher output powers are presented. Finally the characterization results of the
respective stage are discussed.

Fundamental wavelength

Pumped by 9 W from a Verdi V10 the Ti:sapphire laser emits 1.8 W at 820 nm with a
repetition rate of 8 MHz. Around 10 % of this output is branched off for stabilization,
referencing and characterization of the laser. The remaining power of 1.6 W is used for
the first SHG stage. To increase the output power of the Ti:sapphire laser the pump
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laser, V10, is replaced by a V18 allowing to pump with 13.5 W. To keep the circulating
intra cavity power at an acceptable level, to avoid changing the balance of GVD and
SPM required for mode-locking, the original output coupler with 85 % reflectivity is
replaced by one with 70 %. The resulting output power in this configuration amounts
to around 2.3 W at 820 nm.

The characterization of the laser has been carried out in its original configuration
(9 W pump, R = 0.85). The duration of the fundamental pulses at 820 nm is measured
with a background-free autocorrelator (Femtoscope, MC2) to At, = 1.3 ps assuming a
sech? pulse shape. The spectral intensity profile is obtained using an optical spectrum
analyzer (Ando, AQ-6315A) and is best described by a sech? function giving a bandwidth
of Ay, = 0.24 THz. For transform limited pulses there is a minimum time bandwidth
product At, Av, > cg. In case of sech? pulses the constant is cg = 0.315 and for
Gaussian shaped pulses it is cg = 0.441. With the experimental parameters for the
pulses at 820 nm a time bandwidth product of 0.24 THz x 1.3 ps = 0.31 is obtained.

SH wavelength

Pumped with P, = 1.6 W at 820 nm in front of the enhancement cavity an output
power of Py, = 600 mW at 410 nm could be achieved with a 10 mm long crystal giving
a conversion efficiency of n = Py, /P, = 0.6 W/1.6 W = 37 %. The LBO crystal
is Brewster cut for the p-polarized fundamental beam at 820 nm thus the s-polarized
second harmonic beam experiences 20 % Fresnel loss at the output surface. Accounting
for this loss and the 90 % transmissivity of the output coupler for 410 nm the second
harmonic power inside the crystal amounts to 830 mW resulting in a conversion efficiency
of 52 % inside the crystal.

Replacing the Brewster cut LBO by a 90° cut, AR coated one and the focusing mirrors
by spherical lenses (to avoid astigmatism), a conversion efficiency of 61 % (P, = 1.3 W,
Pa, = 820 mW) could be achieved. The lower incident power at 820 nm is due to
transmission losses in an optical isolator. The isolator avoids back reflected light from
the crystal facets that will compromise the mode-locking of the Ti:sapphire laser. With
increasing single pass conversion efficiency the reflectivity of the input coupler must be
decreased for proper impedance matching. The input coupler with 75 % reflectivity
under couples the enhancement resonator limiting the output power at the SH.

The 10 mm long LBO crystal exceeds the characteristic length for the spatial walk-
off Ls by a factor 3 resulting in a reduced conversion efficiency and an elliptic second
harmonic beam profile. Using a 5 mm long crystal instead improves the output beam
profile while the conversion efficiency of 58 % remains almost the same providing 780 mW
at 410 nm. Since the second harmonic beam is used for the next resonant conversion
step, a good beam profile is favorable to improve the coupling efficiency.

With the modified Ti:sapphire laser around 1.9 W at 820 nm (measured after the
optical isolator) are coupled into the SHG cavity. The SH power at 410 nm is measured
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to be 1 W with a 5 mm long 90° cut, AR coated LBO, giving a conversion efficiency
of 52 %. At this point a gradient input coupler became available and the cavity was
optimized with respect to impedance matching.

In an ideal case, when all broadening effects are negligible a pulse narrowing upon
SHG, according to equation , by a factor of 1.45 for sech? pulses is expected resulting
in SH pulse duration of Aty, = 1.3 ps/1.45 = 0.89 ps. The phase matching bandwidth
Avpy = Ake/(2m) of a L = 10 mm LBO crystal, defined at the points where L Ak
varies between 47, amounts to 0.88 THz corresponding to a temporal walk-off of 1.1 ps.
From the time bandwidth product Atgynm Avpy = 0.315 for a sech? pulse envelope
the temporal broadening caused by GVM is given by Atgym = 0.315/0.88 THz =
0.35 ps and therefore the expected SH pulse duration including GVM calculates to
((0.89 ps)? + (0.35 ps)P)/? = 1 ps with p = 1.615 [39]. The temporal pulse broadening
goes along with a corresponding spectral narrowing maintaining Fourier limited pulses.
To verify this expectation the SH pulse duration as well as the spectral envelope are
measured. This measurements are carried out at the lower power, where the Ti:sapphire
laser is in its original configuration and a Brewster cut LBO is used for SHG. The pulse
duration is measured by cross correlating the SH with fundamental pulses from the
Ti:sapphire laser by difference frequency generation (410 nm (e) - 820 nm (o) = 820 nm
(0)) in a 2.5 mm long BBO crystal with the crossing angle limiting the interaction length
to slightly shorter distances. Due to the temporal walk-off of 0.45 ps inside this crystal,
the cross correlation curve is broadened by 0.315 x 0.45 ps = 0.14 ps, assuming that the
sech? pulse shape is maintained. The FWHM of the cross correlation curve is measured
to be Atpr = 1.9 ps and using relation (At?, + Ath + (0.14 ps)?)(1/P) = 1.9 ps the
duration of the second harmonic pulses is calculated to be Ats, = 1.1 ps which matches
the estimated one quite well.

The spectrum at 410 nm is recorded using an optical spectrum analyzer and is found
to posses a nearly sech? shape with a width of Ay, = 0.32 THz giving a time bandwidth
product of 0.35. This value is somewhat higher than the Fourier limit of 0.315 but may
be explained by alignment dependent small chirp of the laser pulses.

FH wavelength

For the fourth harmonic generation around 600 mW at 410 nm are mode-matched into
the second SHG cavity containing a 5 mm long Brewster cut BBO crystal. Despite of
the Fresnel losses of 23 % for the 205 nm wavelength at the back surface of the crystal
up to 70 mW of average power at 205 nm can be extracted through one of the focusing
mirrors. This results in a conversion efficiency of n = 70 mW /600 mW = 11.7 %. The
high output power of 70 mW is only available for less than a minute. After this time the
power drops to one tenth of the maximum due to heating effects after locking the cavity.
A part of the intra cavity power is dissipated inside the crystal increasing the temperature
and changing the phase matching condition. This can be compensated by lowering the
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temperature of the crystal or tilting the crystal to align the phase matching angle. For
several reasons, which will be discussed in the following section, this realignment does
not restore the maximum power. The UV power settles at a level of 25 to 30 mW. At
this level it remains stable for more than one hour.

As shown in figure 3.4 the conversion efficiency as a function of waist radius reaches its
maximum at around 10 pm (using a BBO crystal) and decreases with increasing waist
radius. However going to a weaker radius inside the crystal (e.g. 55 pm waist radius)
improves the overall stability of the output beam, but a corresponding power decrease
can not be observed in the experiment. This indicates some sort of saturation effect for
tighter focusing. Small variations in the output power could be observed for different
crystals from different manufacturers. These can be attributed to different degrees of
purity which affect the transparency range and the phase matching cut-off.

Replacing the Brewster-cut BBO by a 90° cut, AR coated one does not show the
same increase as described in the previous paragraph for the first resonant SHG. Also
the power increase to 900 mW at 410 nm does not lead to a corresponding power increase
at 205 nm for almost all crystals in our lab (Brewster and 90° cut). Starting with a
rather high average power at 205 nm it always settles at a level of 25 to 30 mW.

However one of the crystals (BBO, 5 x 5 x 5 mm?, § = 86.3°, AR at 410 nm and P
at 205 nm, manufactured by the Institute of Geology and Mineralogy SB RAS) behaves
differently. The maximum observed power is measured to ~ 100 mW (with the weaker
focus of 55 pm waist radius and 90° cut BBO crystal) and after the fast drop the power
level settles at around 60 mW for more than 30 minutes. The reason for this behavior
may probably be a higher purity of the crystal, but further investigations are required.

In the second resonant SHG stage a strong group velocity mismatch in BBO causes
a temporal walk-off of 6.5 ps between the 205 nm and 410 nm pulses after traveling the
crystal length L = 5 mm. This walk-off corresponds to a phase matching bandwidth of
0.15 THz at 410 nm, so a pulse broadening by 0.315 x 6.5 ps = 2.1 ps (for sech? pulse
envelope) is expected. The fourth harmonic pulse length is calculated to be Aty, =
((1.1 ps/1.45)P + (2.1 ps)?)/P) = 2.3 ps. The actual pulse duration is determined by
cross correlating the 205 nm pulses with those at 820 nm in a 0.1 mm thin BBO crystal,
so that the temporal walk-off can be neglected. With the cross correlation width of
Atpr = 2.9 ps the pulse width at 205 nm is obtained using the relation (At} + At2)'/P,
resulting in Aty, = 2.4 ps. The spectral bandwidth at 205 nm is measured with a
monochromator (Jobin Yvon, HR640) to Avy, = 0.14 THz (figure giving rise to a
time bandwidth product of 0.34. That is close enough to the Fourier limit so it seems
safe to assume chirp free pulses at 205 nm as well as at 410 nm.

With the conversion efficiencies of 52 % (5 mm LBO) in the first and 11.1 % (5 mm
BBO) in the second stage respectively using 90° cut, AR coated nonlinear crystals, an
overall efficiency of ~ 6 % is achieved providing an average output power of 100 mW
at 205 nm for only a couple of minutes and 60 mW for longer than 30 minutes. Mea-
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surements of the auto and cross correlation curves and spectral envelopes (shown in
figure 3.6 revealed close to Fourier limited pules at the fundamental, second and fourth
harmonic. The characteristics of the all-solid state laser system, as described above, are
summarized in table 3.3
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Figure 3.6.: Power spectra and correlation measurements for the fundamental, sec-
ond harmonic and fourth harmonic pulses.(a) Power spectrum and (b) auto correla-
tion trace of the fundamental pulses at 820 nm. (c) Power spectrum and (d) cross
correlation trace of the second harmonic pulses at 410 nm. (e) Power spectrum and
(f) cross correlation trace of the fourth harmonic pulses.
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Table 3.3.: Overview about the characteristics of the laser system.

A Av NL output acceptance pulse
[nm]  [THz| crystal power bandwidth GVM duration = TBP
820.58 0.24 2.1 W 1.3 ps 0.31

410.29 0.32 LBO 1w 0.88 THz 1.1ps 1.1ps 0.35
205.15 0.14 BBO 60 mW®? 0.15THz 6.5ps 2.4 ps 0.34
(1) This high powers were achieved with the modified Ti:sapphire laser (13.5 W
pump, R = 0.75).

(2) The measured maximum UV power amounts to around 100 mW (for expla-
nations see text).

3.4. UV degradation

During the operation of the laser system a power decrease of the UV light could be
observed on different time scales. A fast power drop occurred within less than 1 second
and is due to thermal effects as discussed above. After realignment the power settled at
an intermediate level. After 30 to 60 minutes a slower power decrease could be observed.
This can be attributed to a degradation of the BBO crystal as reported in [11,40]. There
are some suggestions for the origin of this degradation: photo chemical reactions at the
crystals surfaces, distortion of spontaneous polarization of the BBO or increased crystal
defects upon interaction with UV radiation. These effects can be slowed down in a very
clean and oil free environment of the crystal, by purging the dust and out-gas from the
mechanical components of the cavity with nitrogen [40]. Photochemical reactions on the
crystal surfaces can be prevented by flushing the surfaces with oxygen [11].

As demonstrated in [40] the degradation rate is proportional to the strength of the
UV optical electric field. Generating a weaker focus inside the crystal reduces the UV
intensity at the surfaces and the degradation rate. This could be verified by varying the
waist radius inside the crystal and measuring the output power over around 60 minutes.

A similar degradation was observed in operating the enhancement cavity at 205 nm
in vacuum. Here the high reflective mirrors degrade upon UV radiation observable
as a decrease in the finesse of the cavity. This degradation may be attributed to the
deposition of carbon atoms onto the dielectric surface [41]. These carbon atoms are
generated by cracking residual hydrocarbons from e.g. the pumps or sealings. Because
of the higher intensity most radicals are generated in and close to the focus leading to
a faster degradation of nearby mirrors. The quality of the mirrors may be restored by
treating them with oxygen plasma followed by thermal annealing (180 min at 230°C) [41].
In our case it turned out to be sufficient to fill the vacuum chamber with oxygen to at
least 1 mbar pressure or to expose the mirrors to air. After this procedure the cavity
finesse is restored.






4. Spectroscopy at the laser
fundamental: Cs 65 — 8S

This chapter reports on experimental investigations of two crucial effects in DFCS: the
impact of chirped pulses and a non-centered pulse spectrum on the spectroscopy. These
effects are only sparsely explored in DFCS of two-photon transitions with no resonant
intermediate states. They result in a significant decrease of the excitation rate and thus
may present a significant challenge in DFCS with short pulses which are required for
efficient nonlinear conversion as e.g. HHG.

4.1. Motivation

The transition rates of a two-photon transition are usually orders of magnitude lower
than for dipole allowed transitions. Thus, for efficient excitation high intensities and
long interaction times are required. For a number of technical reasons the available
laser power drops rapidly at shorter wavelengths so the detected signal is expected to
be small. Known systematic effects, chirped pulses and non-centered spectrum, may
further reduce this already weak signal and may thus be a serious challenge. Indeed,
short pulses easily acquire a phase shift upon propagation through any kind of medium.
Longer pulses, however, (e.g. ps or ns pulses) are less sensitive to chirp. Here meters of
material are necessary to chirp such long pulses. But on the other hand they provide
lower peak intensities and the nonlinear conversion precesses are less efficient.

Spectroscopy with pulses possessing a symmetric phase shift relative to the atomic
transition will result in a partially destructive interference of frequency modes, reducing
the transition rate. For an antisymmetric phase shift this is not the case, because it
cancels in the pairwise addition of modes.

Furthermore for a maximized transition amplitude the pulse spectrum should be cen-
tered with respect to the transition frequency, otherwise not all of the comb modes
contribute to drive the transition. These two effects were discussed theoretically in sec-
tion and and will be analyzed experimentally in this chapter using the 625/ —
8251 /2 two-photon interval in '¥3Cs.
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4.2. Setup

The experiments are performed using the stabilized ps Ti:sapphire laser described in
section [3.2.1] To match the two-photon transition frequency the laser is tuned to 822 nm
wavelength. At this point we are only interested in the signal amplitude so the reference
fs frequency comb is not used. The spectroscopy takes place in a 10 cm long cesium
gas-cell at room temperature with a vapor pressure of 1.33 x 107¢ mbar. A level diagram
for Cs with its relevant states and transitions is shown in figure 4.1}

=4
88, _ X R -3
4.2
Hm Figure 4.1.: Cesium level diagram with
822 nm 794 nm %z relevant states and transitions. The two-
photon transition is accessible by two pho-
6L~ 456 tons at 822 nm. The exited state decays
852 nm 56 nm via the TP or 6P state back into the ground
822 nm - .
state emitting two successive photons.
=4
65y, ¥ 7 ¥ i3

4.2.1. Non-centered spectrum

A schematic drawing of the setup for the investigation of a non-centered frequency comb
is shown in figure [4.2, The pulses at 822 nm are coupled through a Cs gas-cell. Two

stabilized Ti:sapphire laser PMT
1.3 ps, 82 MHz, 822 nm

>

Figure 4.2.: Schematic of the setup for investigation of the non-centered frequency
comb. The Ti:sapphire laser (see section m is focused into the center of a Cs-
cell. An adjustable plane mirror behind the cell retro-reflects the pulses such that
two counter propagating pulses overlap at the center of the cell. An optical isolator
(OI) avoids back-reflections into the laser. Inset: A photograph of the Cs-cell. The
somewhat brighter spot in the center shows the pulse collision volume which s the
origin of the Doppler-free signal.

Cs-cell
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focusing lenses around this cell (f = 150 mm) generate a 56 pm waist diameter at
the center of the Cs-cell. A plane mirror mounted on a linear translation stage retro-
reflects the laser beam. It is placed 1.83 m behind the Cs-cell to ensure that two counter
propagating pulses overlap at the center of the cell. An optical isolator avoids back-
reflections into the laser which could otherwise disturb the mode-locking.

Along the entire length of the cell the atoms can absorb two photons coming from
the same direction generating the Doppler-broadened background. At the pulse collision
volume additional absorption of two counter propagating photons takes place providing
the narrow Doppler-free signal. This region appears as a somewhat brighter spot in
the inset in figure . The excited 825, /2 state decays via the 7P state emitting two
successive photons, one in the IR at 4.2 ym and one in the visible wavelength range at
456 nm. The latter one is detected using a PMT (Hamamatsu, R6358) by imaging the
pulse collision volume onto its photo cathode. An interference filter with 450 nm central
wavelength and 15 nm bandwidth suppresses background coming from the laser and
the environment. With a PMT quantum efficiency of 17(2) %, a filter transmittance of
62(1) % at 456 nm and a solid angle of 5(1) % the overall detection efficiency amounts
to 0.5(1) %.

4.2.2. Chirp investigation

The characterization of the fundamental pulses at 820 nm in section [3.3| revealed trans-
form limited pulses. However, depending on the alignment of the laser, the output pulses
may exhibit a small chirp. In order to investigate its impact on the excitation rate, a
controllable amount of chirp is introduced by e.g. sending the comb through optical fibers
of variable length. The two main mechanisms responsible for a chirp of short pulses are
group velocity dispersion (GVD) and self phase modulation (SPM). While GVD causes
a temporal broadening of the pulses, SPM broadens the spectrum. The characteristic
lengths Lp for GVD and Ly, for SPM are defined as [42]

At?
= —— 4.1
D= I m(2) & (4.1a)
1
Lng, = . 4.1b
= (4.1b)

The dispersive length depends on the initial FWHM pulse duration At and is the dis-
tance after which GVD broadens the pulse duration by /2. The non-linear length is
proportional to the inverse peak power P, and nonlinear coefficient x = nswy/cAes,
which is a function of the second order nonlinear refractive index n,, carrier frequency
wo and effective core area A.g. After traveling this length the maximum spectral phase
shift through SPM amounts to ¢ = 7/2. For 1 W average power and 1.3 ps pulses prop-
agating in a fused silica (k" = 3.44 x 10726 s?/m and n? = 2.6 x 107% cm?/W) of 15 ym
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diameter the characteristic lengths for GVD and SPM are calculated to be Lp ~ 18 m
and Ly;, = 0.1 m. With these numbers one possibility to seriously chirp ps pulses is by
launching them into an optical fiber.

For chirp investigation the setup as described in the previous paragraph is extend by

an optical fiber (s. figure [4.3).

stabilized Ti:sapphire laser Q PMT

1.3 ps, 82 MHz, 822 nm \
0)|

A | \ /é/ -

VNDF

optical

fiber PBS
a2 L
/7

Figure 4.3.: Schematic drawing of the experimental setup for chirp investigation.
For chirping the pulses they are coupled through an optical fiber. To vary the amount
of chirp either the power coupled through the fiber is adjusted by a variable neutral
density filter (VNDF) or the fiber length is varied by successive shortening. A fraction
of power is branched off for measuring the spectral and temporal widths using an
optical spectrum analyzer (OSA) and an autocorralator (AC) respectively.

In order to generate a wide range of chirp parameters the power level coupled through
the fiber as well as the length of the fiber can be changed. By changing the power level,
using a variable neutral density filter (VNDF), the strength of SPM is varied. To analyze
the impact of temporally broadened pulses the fiber is successively shortened while the
power level is kept constant. In order to maintain the alignment through the Cs gas-cell,
the fiber is always shortened at the input coupling side. Behind the fiber an adjustable
fraction of power is branched off to feed an autocorrelator for determination of the pulse
duration At and an optical spectrum analyzer which measures the spectral width Aw.

4.3. Results

The only stable isotope '3Cs exhibits a nuclear spin I = 7/2 which cause the ground
and the excited state to split into hyperfine doublets with total atomic angular momenta
F=1|I—-J =3and F =1+ J = 4. Following the two-photon selection rules (see
section only transitions with AF = 0 and Amp = 0 are allowed resulting in two
observable hyperfine transitions separated by 4.2 GHz. A typical spectrum is shown in
figure [£.4] Using linearly polarized light a narrow Doppler-free signal superimposed on
the Doppler-broadened background is obtained. This background is a superposition of
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the two Doppler-broadened hyperfine components. This doublet is of approximately the
same intensity so the background is enhanced by around a factor 2 reducing the contrast
as defined by equation by the same factor. Furthermore the around 0.7 mm long
interaction region is imaged through an aperture of around 3 mm further reducing the
contrast which finally results in Copp, & 4.

For every set of parameters up to 20 successive scans are recorded. Two Lorentzians
are fitted to the hyperfine doublet accounting for Poissonian statistics only. The reduced
x? ranges between 1 and 2.4. The extracted signal strength is normalized to the squared
average power, measured with 5 % uncertainty and smallest TBP. The results are then
plotted as a function of the measured time bandwidth product.

4.3.1. Detuning of spectral envelope

To analyze the impact of a non-centered pulse spectrum the signal strength of the
hyperfine doublet is measured as a function of detuning with respect to the transition
frequency. To make the particular runs comparable the signal strengths are normalized
to the squared incident intensity. The envelope shift is measured by an optical spectrum
analyzer, which was calibrated using a cw laser diode running at around 820 nm. The
results are shown in the left plot in figure [4.5] A Gaussian according to equation
is fitted to the experimental data represented by the symbols revealing good agreement
between theory and experiment.

Although the intermediate 6 Py states are off resonant, they are close enough to cause a
strong AC Stark shift of around -10 MHz at 1 W laser power. While tuning the spectral
envelope with respect to the transition frequency the effective laser power used for the
spectroscopy decreases exponentially with (7,uw,)?/2 where 7, = At,/+1/21n(2). This
intensity decrease results in a reduced AC-Stark effect shifting the line center, as shown
in the right plot in figure
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Figure 4.5.: Left: Normalized signal plotted as a function of spectral detuming in
units of the spectral FWHM Auv,, (symbols). An exponential function as defined in
equation is fitted to the data (solid line). Right: Shift of the line positions as
a function of the envelope detuning.

4.3.2. Chirp investigation

In order to investigate the impact of chirped pulses on the transition rates, a chirp is
introduces by sending the pulses through an optical fiber. The amount of chirp may
be variated either by sending the pulses through fibers of variable length while leaving
the laser power level constant (analyzing GVD) or by changing the power level coupled
through a fiber of constant length (analyzing SPM). In the following the results of the
measurements are presented.

PCF: 5 m

In a first set of measurements the pulses are chirped using a 5 m long photonic crystal
fiber (PCF) (CrystalFiber, LMA-20, 15 pm mode field diameter). In order to vary the
amount of chirp, different power levels are coupled through the fiber. For present exper-
imental parameters, GVD is negligible and SPM dominates. To characterize the chirped
pulses, their pulse durations and spectral widths are measured for every power setting
and the time bandwidth products are calculated. The normalized signal amplitudes of
the two hyperfine components as functions of the TBP are plotted in the bottom plot
in figure Variating the power level coupled through the fiber between 7 mW and
355 mW allows the TBP to vary over one order of magnitude. The top-left and top right
plots show the corresponding autocorrelation curves and spectral envelopes respectively.
While the autocorralation traces indicate a constant pulse duration the spectra show,
as expected, a significant broadening with increasing average power.

For comparison of the experimental data with the theoretical model derived in sec-
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Figure 4.6.: Top-left: autocorrelation traces, top-right: pulse spectra measured after
chirping the pulses in a 5 m long PCF (curves are off-set for clarity). Bottom: Nor-
malized transition rate as a function of the TBP. The solid line shows the theoretical
model according to equation , normalized to the transition rate with unchirped
pulses.

tion equation is integrated with respect to the propagation direction z. The
resulting expression is independent of the excitation volume and for zero detuning
(Aw,, = 0) simplifies to

G
At Av’

This expression is fitted to the experimental data in figure 4.6 with G as the only varying
parameter showing good agreement with theory.

iRge = (42)

PSM: 1 m

To reach even larger time bandwidth products, in a second set of measurements the
pulses are chirped using a 1 m long polarization maintaining single mode fiber (PSM)
(Newport, F-SPF, 4.2 ym mode field diameter). Due to its smaller mode field diameter
compared to the PCF fiber the SPM contribution is enhanced and the TBP can vary
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Figure 4.7.: Top-left: autocorrelation traces, top-right: pulse spectra measured after
chirping the pulses in a 1 m long PSM (curves are off-set for clarity). Bottom: Nor-
malized transition rate as a function of the TBP. The solid line shows the theoretical
model according to equation , normalized to the transition rate with unchirped
pulses.

by two orders of magnitude for power levels ranging between 10 mW and 530 mW. The
results for the 1 m long PSM fiber are shown in figure [£.71 The top-left and top-right
plots show the autocorrelation and spectral envelope curves for power levels ranging
between 10 mW and 530 mW. In this case not only the spectrum but also the temporal
pulse profile becomes broader with increasing power levels. Fitting equation to the
experimental data shows good agreement with theory.

PCF: constant intensity

To analyze the influence of GVD the average power coupled through the PCF is kept
approximately constant (81...115 mW) while the fiber length is varied between 10 m and
0.3 m. At this power levels the nonlinear length Ly, varies between 1.24 m and 0.87 m.
The normalized transition rates and the corresponding autocorrelation traces and pulse
spectra are shown in figure 4.8, Here the strong temporal broadening indicates an
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Figure 4.8.: Top-left: autocorrelation traces, top-right: pulse spectra, both measured
after chirping the pulses in a PCF fiber of different length (curves off-set for clarity)
at constant average power. Bottom: Normalized transition rate as a function of
the time bandwidth product. The solid line shows the theoretical model according
equation , normalized to the transition rate with unchirped pulses.

increased GVD contribution, but it is accompanied by a moderate spectral broadening,
i.e. SPM is still present.

The theoretical model to describe the decay of the transition rate in DFCS with
chirped pulses was developed assuming pulses with a Gaussian envelope. However, mea-
suring the temporal and spectral profile of the initial, unchirped pulses reveals that they
are best described by a sech? function. After chirping the pulses the spectral envelopes
as well as the autocorrelation curves show significant deviations from a Gaussian shape
under some of the experimental conditions investigated. Nevertheless the decrease of
the transition rate with respect to the TBP is well described by the model developed in
section For pulse shapes that largely differ from a Gaussian the simple theory will
not hold. Even though the transition rate decay with the chirp parameter is similar, it
may not increase the time bandwidth product accordingly [43].






5. Spectroscopy at the second
harmonic: Mg 35S — 3D

In this chapter the suitability of a frequency doubled comb for DFCS is demonstrated by
measuring the absolute frequency of the 'Sy(3s?) — 'Dy(3s3d) two-photon transition in
24Mg and the isotope shift between Mg and *Mg. The measurements serve as a proof
of principle and test of the laser system. These measurements reduce the uncertainties
of the frequencies in Mg by more than two orders of magnitude.

5.1. Motivation

In the previous section direct two-photon frequency comb spectroscopy using a mode-
locked ps Ti:sapphire laser was demonstrated. The method was examined with respect
to spectral envelope alignment and impact of chirped pulses on the transition rate. Most
of the envisioned applications invoke spectroscopy with nonlinear converted combs. The
application of a nonlinearly converted mode-locked laser for spectroscopy in the DUV
was demonstrated by S. Witte on a two-photon transition at 212 nm in krypton [44]
and by R. Th. Zinkstok on a transition in xenon at 125 nm [45] using a Ramsey-type
quantum interference scheme. In their approach the transition is probed by a train of
multiple pulses, which strictly speaking do not form a frequency comb.

The experiments presented in this thesis, therefore, demonstrate for the first time
the capability of a nonlinear converted comb for DFCS. A frequency doubled comb at
431 nm is used to probe the 1Sy(3s?) — Dy(3s3d) two-photon interval in **Mg. The
features of this transition are:

e The laser system described in chapter [3| is designed to generate i.a. a frequency
comb at 410 nm. The two-photon transition wavelength in Mg of 431 nm is close
enough to 410 nm, so it can be generated using the same setup with only small
modifications.

e The transition takes place from the ground state of the neutral atom where the
state population is very high.
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e An atomic beam is easily generated using a Mg-oven. By adjusting the oven
temperature the particle density can be varied.

e The laser pulses cross the atomic beam perpendicularly, so the excitation geometry
is very similar to hydrogen spectroscopy in the DUV wavelength region, which will
be discussed in the next chapter.

The 1S5(3s%) — 'Dy(3s3d) two-photon interval in Mg is thus an excellent candidate
to test the laser setup after resonant SHG and to prove its suitability for Doppler-free
two-photon DFCS. Its natural line width amounts to 2 MHz.

5.2. Setup

The measurements are carried out using the Ti:sapphire laser (s. section tuned
to 862 nm to match the transition frequency and its output is frequency doubled in the
resonant SHG cavity described in section [3.2.3, A schematic drawing of the setup is
shown in figure [5.1. The spectroscopy takes place in an enhancement resonator for the

turbomolecular pump

stabilized Ti:sapphire laser pumping speed 67 I/s

1.3 ps, 82 MHz,
1.3 W @ 862 nm

I §7PMT

D = =
RS @}Mg\m/: *

+ -

Figure 5.1.: Schematic drawing of the setup for Mg spectroscopy. The Ti:sapphire
laser and the resonant SHG cavity are described in section |3.2.1] and |53.2.5. Spec-
troscopy is carried out in an enhancement resonator for 431 nm built around the
spectrometer. The length of the resonator ensures a pulse collision volume at the
center of the spectrometer. I1C: input coupler.

generated 431 nm pulses built around a small vacuum chamber containing the Mg-oven.
A level diagram for Mg with its relevant states and transitions is shown in figure [5.2]
The emitted fluorescence is detected by a PMT placed outside the chamber through a
CaFy detection window. In the following the modifications of the laser system to drive
the transition, the reference fs comb and the spectrometer will be described in more
detail.
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lD2

881 nm Figure 5.2.: Magnesium level diagram with
] relevant states and transitions. The two-
431 nm Py photon interval is accessible by two photons at
431 nm and the excited state decays via the 'Py
3p state back into the ground state emitting two
285 nm subsequent fluorescence photons. The natural
431 nm line width amounts to 2 MHz. Transitions to
the 3P state are forbidden by intersystem cross-

150 ing and do not contribute to the spectrum.

5.2.1. Laser system

The wide tuning range of a Ti:sapphire laser allows to set the output wavelength to
862 nm. The angle of the built-in birefringent filter (BiFi) for wavelength selection is
adjusted for maximum output power at 862 nm providing 1.3 W usable for SHG. The
laser is stabilized and referenced as described in section [3.2.1] and its output is mode-
matched into a SHG cavity resonating at 862 nm. The HR mirrors of the resonator
described in section [3.2.3| provide an adequate high reflectivity at this wavelength and
the conversion still exceeds all other losses. For proper phase matching for SHG at
431 nm the LBO crystal is tilted by = 4° with respect to the original position for SHG
at 410 nm to # = 25.6° providing an effective nonlinearity of dogz = 0.785 pm/V. This
crystal tilt gives rise to total Fresnel losses of 11 % at the fundamental wavelength on
the crystals surfaces. Accounting for these Fresnel losses the theoretical single pass
conversion efficiency is calculated using the SNLO software to be 17 %. Setting now
1 -V =mny+0.11, equation modifies to

1 1

o = L .
Rio— 011 TT-Ry M

resulting in Ric = 73 %. With an input coupler of 75 % reflectivity the enhancement
resonator is not exactly impedance matched in case of SHG at 431 nm, however a
conversion efficiency of 33 % is achieved experimentally, providing 430 mW output power
at 431 nm while pumped by 1.3 W at 862 nm.

Due to its dimensions the SHG resonators are subject to fluctuations and perturbations
arising e.g. from beam pointing, air turbulences or acoustics which cannot completely
be suppressed by the feedback control of the stabilization. The sensitivity of resonators
to such fluctuations gets worse for shorter wavelengths. While the first SHG cavity is
still robust, small perturbations are enough to drop the following resonators out of lock.
For this reason it is favorable to shorten their lengths. With an e.g. doubled FSR the
resonator acts as a filter cavity with every other pulse resonantly coupled into the cavity
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(or in the frequency domain picture every other mode). That reduces the power inside
the resonator and thus the conversion efficiency. Indeed, after shortening the first SHG
cavity the effective conversion efficiency dropped to 17 % providing around 230 mW
output power at 431 nm.

For Mg-spectroscopy the 431 nm beam is mode-matched into a linear resonator built
around the spectrometer. AR coated windows allow the laser to pass the chamber.
Two f = 750 mm lenses generate a rather weak focus of wy = 132 pum at the center
of the vacuum chamber, to reduce time of flight broadening. The transmitted power
through the lenses and windows is measured to be 7 = 87 % and with a HR mirror
reflectivity of R = 99.2 % at 431 nm the round trip losses amount to 1 —V = 71.6 %.
The most adequate input coupler at hand (Ric = 88 % at 431 nm) yields a theoretical
enhancement of 2.8 and experimentally an enhancement of 2 is achieved. The free
spectral range FSR = 1,,,/2 of the spectroscopy resonator ensures that two counter
propagating pulses overlap at its center.

In order to lock the linear resonator, an error signal is generated by modulating a piezo
mounted mirror. The transmitted light is detected by a photo diode and its output is
sent to a lock-in amplifier.

5.2.2. Spectrometer

The spectrometer housing the Mg-oven is evacuated to around 10~ mbar. The atomic
beam is created by heating a Mg-oven consisting of a 2 mm diameter tantalum tube by
applying an electrical current to a single winding of tantalum wire. The oven is loaded
with a 1.6 mm in diameter and 5 to 7 mm long magnesium wire of 99.9 % purity and
natural isotopic composition.

The highly reactive magnesium forms an oxide layer (MgO) which has a much higher
boiling temperature (3600°C) than magnesium (1091°C) at atmospheric pressure. By
heating the oven the inner part might melt while held together by the oxide layer and
at some point this layer breaks up and the magnesium bursts out of the oven. Treating
the magnesium rod with citric acid replaces the oxide layer by a magnesium citrate layer
(C¢HgO7Mg) whose boiling temperature is far below the one of magnesium. So while
heating the oven first the magnesium citrate evaporates and then by further increasing
the temperature a magnesium atomic beam is created. The atom emission distribution
in front of the oven can be approximated by a cosine function, so the atoms leave the
oven in an solid angle of 2. A shield with an aperture of 4 mm in diameter and 5 mm
distance reduces the beam spread and prevents coating the laser- and detection-windows.
Each of the two laser-windows is glued (using Torr Seal) to a 10 cm long metal tube of
8 mm inner diameter for further protection against coating (see figure .

The fluorescence signal emitted upon decay of the 'P; state to the ground state at
285 nm is monitored by imaging the pulse collision volume onto the photo cathode of
a photomultiplier tube (Hamamatsu, R6358) located outside the vacuum chamber. A
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f =100 mm lens with 22 mm clear aperture collects the fluorescence light coming from
the excitation volume, 80 mm below the detection window, which is then focused through
an aperture of 3 mm in diameter to reject Doppler-broadened background light. Light
coming e.g. from the laser is suppressed by a combination of a color glass filter (Schott,
UGL1, T = 6545 %) and an interference filter (Asahi Spectra, MC28J3, T = 19+1 %).
With 12+1 % total transmissivity of the filter combination, 23 +2 % quantum efficiency
of the PMT at 285 nm and a solid angle of 0.04 4 0.005 of 47 the detection efficiency
amounts to ~ 1074,

5.2.3. Reference fs frequency comb

The ps laser system as described above provides not the whole information for an ab-
solute frequency measurement. Only the repetition rate can directly be measured and
referenced to a radio-frequency Cs clock. The spectrum of ps pulses cannot be extended
to an octave, so the well established f — 2f interferometer is not applicable here for the
determination of the CE-frequency. For its measurement a reference fs frequency comb
is used. In order to reference the ps laser a cw transfer laser oscillator (TLO), which is
a cw diode laser running at around 862 nm, is phase locked to a mode of this laser while
the heterodyne signal between the fs comb and the TLO is continuously measured.

The fs comb used for this purpose was described by R. Holzwarth [46]. The main
part of the laser is a Kerr lens mode-locked Ti:sapphire laser emitting a pulse train
at 800 MHz repetition frequency. The output of the laser is coupled into a nonlinear
photonic crystal fiber to extend the spectral bandwidth to an octave. The infrared part
of the spectrum is split by a dichroic mirror, frequency doubled and recombined with the
blue one on a photodiode for heterodyne detection. This f —2f interferometer measures
the carrier-envelope-offset frequency. A fused silica wedge at Brewster’s angle inside
the laser resonator is used to preset the carrier-envelope-offset frequency which is then
fine tuned and stabilized via an acousto-optic modulator (AOM) by adjusting the pump
power.

5.3. Results

Natural magnesium consists of a mixture of three stable isotopes Mg, Mg and Mg
with their natural abundances of 79 % : 10 % : 11 %. Due to the high spectral bandwidth
of the pulses (several hundred GHz) all three isotopes are addressed by the laser while
scanning its offset frequency. A sample spectrum is shown in figure [5.3] The two lines
correspond to Mg (right strong peak) and 2Mg (left small peak). In contrast to these
two isotopes Mg exhibits a nuclear spin I = 5/2 which causes the excited state to
split into 5 hyperfine states. All five components with their relative amplitudes of 1/3,
4/15, 1/5, 2/15 and 1/15 with respect to the unsplit F'S transition are compatible with
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the two-photon selection rules (section . Accounting the low natural abundance of
25Mg these hyperfine components fall below the detection limit and thus do not appear
in the spectrum.

For the spectroscopy the laser frequency was scanned over the Mg 1Sy(3s?) — 'Dy(3s3d)
resonance by tuning the frequency of the double pass AOM between the laser and the
reference resonator. At every frequency detuning the detected count rate was integrated
over 1s. Up to 43 such successive scans over the Mg resonance constitute a measurement
run with a total acquisition time of up to 1 hour. Between the runs the laser system
was maintained and the Mg oven was refilled.

Prior to analyzing the data, all scans where the laser or the spectroscopy cavity
dropped out of lock were discarded. Furthermore during the operation fluctuations in
the atomic flux could be observed in form of bursts and drops in the recorded spectrum,
which did not average out within the limited amount of scans and distorted the spectral
lines. Scans containing the largest of these fluctuations were also excluded from the
analysis. The remaining scans in one run were concatenated and Lorentzian functions
with uniform weights were fitted to the spectrum.

5.3.1. Isotope shift 2Mg - 2¢Mg

For this measurement the FSR of the SHG cavity was set to twice the lasers repetition
frequency. In this way the laser stability could be improved, as discussed above. To
determine the isotope shift the frequency interval between Mg and 2*Mg is expressed
in terms of experimental parameters

L26\jg—24Mg — (N%Mg - ,U/24Mg) 2Vrep +38 (VAOM,QGMg - VAOM,24Mg) ) (51)
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where fi26ng, fi2epg are the mode sums for the respective isotopes. The factor 8 in front
of the AOM frequencies is a consequence of the double pass configuration of the AOM,
SHG and two-photon absorption (each of them gives a factor 2). The difference of the
mode sums Ay = piasygg — pl24png can be determined either by using a theoretical or exper-
imental reference value, which is known to better than 1., or by measuring the isotope
shift with different repetition rates. The latter provides an independent measurement
and is applied here. In order to use the locking system described in section the
repetition frequency of the ps laser should be close to a commensurate value of the FSR
of the reference resonator vpsr. For this reason the isotope shift was measured with the
repetition frequencies viy, = 81.023 MHz, v}, = 81.834 MHz and v}, = 82.660 MHz,
corresponding to vpsr /10.1, vpsr /10 and vpsg /9.9 respectively. The mode sum difference
Ap was found by minimizing the difference of the calculated isotope shifts at different
repetitions rates

AI/26Mg_24Mg = V26Mg—24Mg(Vrep1) — V%Mg—24Mg(Vrep2) . (5.2)

The results of the isotope shift measurements are shown in figure 5.4 Every data
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Figure 5.4.: Isotope shifts between Mg and **Mg for the individual runs (symbols)
and wighted average with its confidence interval (striated area).

point represents a run containing the accepted scans, as described above. Calculating
a weighted average (full square in figure yields a statistical uncertainty of 70 kHz
with a reduced x? per degree of freedom of 1.3. Systematic effects like the AC Stark
and Zeeman shift affect both lines in the same way and thus cancel in the difference
frequency measurement. The final result for the isotope shift between Mg and *Mg is

AV26Mgf24Mg = 391513(7) MHz .

This is the first reported measurement of the isotope shift of the 1S5(3s?) — 'Dy(3s3d)
two-photon interval in Mg. The resulting value is in agreement with the calculated
theoretical value of 3.96(3) GHz as reported in [47,48].
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5.3.2. Mg absolute frequency

For the absolute frequency determination of the 1Sy(3s%) — 'Dy(3s3d) two photon transi-
tion in 2*Mg the FSR of the SHG cavity was set to match the laser repetition frequency.
The offset frequency of the spectroscopy laser was measured using the fs reference comb,
as discussed above. Expressed in experimental parameters, with the mode numbers n
and m of the spectroscopy and reference comb respectively, the CE-frequency reads

S fs fs S
+ ero =N Vg + Voo £ VTLO—fs — M Vf’ep — VUTLO—ps - (5-3)

With the offset frequency given by equation ((5.3)) the two-photon transition frequency
reads
vy = - v £ 4UE 4+ 8vaom - (5.4)

rep ceo

Analogous to Ap in section the mode sum g in equation was determined
by measuring at different repetition frequencies. The measurements were carried out
in several runs containing a number of scans and the accepted scans are selected, as
described above.

The spectroscopy laser was locked to the stable reference cavity but limited thermal
stability may have caused this cavity to drift. On the time scale of one run (up to 1 h)
this drift could be approximated by a linear function in time which was then used for
absolute frequency determination. Using redundant frequency counters to monitor beat
note signals, as described in [49], cycle slip events were detected and removed. For an
adequate cavity drift measurement at least 50 valid reference points distributed over the
whole run should be recorded. Runs which were below this threshold were discarded for
absolute frequency determination.

The results for absolute frequency measurement of 2*Mg are summarized in figure
where every data point represents a run containing the accepted scans. The error bars
are derived from the residuals of the Lorentzian functions fitted to the spectra. The
scattering of the data points exceeds the statistical uncertainty obtained by calculating
a weighted average (y2/dof = 3.8), what may be attributed to residual fluctuations of
the Mg oven. Although the scans with the largest spikes and dips are manually rejected,
some smaller ones are still present and may distort the spectral lines. This behavior
changes after reloading the oven and cannot be easily quantified.

Systematic effects

A variety of effects can shift and broaden the spectral lines. While analyzing the transi-
tion line shapes these effects have to be taken into account. In the following the relevant
systematics for the absolute frequency determination in Mg are discussed.

Zeeman effect In a small external magnetic field B the degeneracy with respect to
the magnetic quantum number my is lifted resulting in a splitting of the state into 2.J+1
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Figure 5.5.: Absolute frequencies of the 1S(3s%) —! Do (3s3d) two-photon transition
in 2Mg (full circles) and wighted average value (fullsquare).

equidistant levels. For a field along the z-axis the frequency shift of the Zeeman levels
can be written

Av =myupgs;B/h, (5.5)

where pp is the Bohr magnetron and g; the Landé g-factor.

In contrast to the ground state the exited state with J = 2 is degenerate in m.
In an external magnetic field the degeneracy is broken resulting in five Zeeman states
corresponding to the quantum number m; = —2, —1,0, 1, 2 which appear symmetrically
with respect to the non shifted line with m; = 0. Setting ug = 9.3 x 10724 J/T and
g = 1 the Zeeman shift calculates to £14 MHz/mT for |m| = 1 and £28 MHz/mT for
|m| = 2. The left plot in figure [5.6] shows the **Mg and Mg peaks split into two lines
respectively shifted by around £2 MHz. This shift corresponds to a magnetic field of
71 uT for my = 2.

In the experiment there are at least two known sources for stray fields: earth’s mag-
netic field with approximately 48 y'T and the heating wire around the magnesium oven
which can be approximated to 4 u'T by a magnetic field of a conductor loop in 10 mm
distance. The latter is by one order of magnitude smaller than earth’s magnetic field.
To get an accurate value for the stray fields at the excitation volume including sources
beyond the two mentioned above, they are measured using a fluxgate magnetometer to
~ 65 uT in the atomic beam direction and ~ 20 uT in the perpendicular directions
respectively. Pairs of coils are installed outside the vacuum chamber to compensate the
magnetic field in all three directions. By applying a current to the coils the fields can
be compensated to better than 20 p'T, so an upper limit for the residual Zeeman shift
can be given by +560 kHz.
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Figure 5.6.: Magnesium spectrum before (left) and after (right) magnetic field com-
pensation.

Asymmetry of the spectra In general the reflectivity of mirrors is wavelength depen-
dent. Over the small laser bandwidth of 0.2 nm the reflectivity can be approximated by
a linear function. After being reflected the spectral intensity peak of the frequency comb
is shifted and its intensity profile becomes asymmetric. While the asymmetry results in
an asymmetric transition line, the shift of the peak of the spectral intensity profile leads
to a shift of the transition line by at most the same amount.

The wavelength dependent reflectivity function can be written in the form (1 — 3 X
1071 x w)5. The power of 5 results from five reflections on the HR mirrors before the
back propagating pulse overlaps with the forth propagating one. The slope of the linear
function is extracted from the reflectivity curve of the used HR mirrors. Multiplying the
intensity profile by this linear function yields a spectral intensity profile which maximum
is shifted by around —500 kHz. The two-photon transition line is shifted by the same
amount.

AC Stark shift The electric field of the laser which is used to probe the atomic transi-
tion is also responsible for a shift of the energy levels hw;. If all intermediate levels are
off resonant with respect to a one-photon transition, the AC Stark shift can be treated
in the frame of time-dependent perturbation theory and the frequency shift of a level
can be expressed as [14]

Awnac(i) = 21Bac(i) (Ti(t) + La(t)) (5.6)

where fac(i) is the dynamic Stark shift coefficient. The AC Stark shift is directly pro-
portional to the sum of the laser intensities and cannot be suppressed in the experiment.
Using the off-resonant intermediate 'P; state and with two laser beams of equal intensity
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driving the transition the AC stark shift can be approximated by
62a8 (p(lSO _ 1P1)2 p(lpl _ 1D2)2) o7

AVAC = (57)

8mh?ceq or Ay 21 Av

With the matrix elements p(’So— 'P;) = 4.03(2) a.u. and p('P,— 'Dy) = 4.62(5) a.u. [50],
a laser detuning Av = v, — vy, = 355 THz and a laser power of 860 mW per direction
inside the resonator focused to 264 pum waist diameter the AC Stark shift amounts to
51 kHz. Transitions to the 3P, state involve intersystem crossings and the corresponding
matrix elements are by two orders of magnitude smaller providing a contribution of less
than 1Hz to the shift.

Time of flight broadening In DFCS the interaction region is limited by the pulse
collision volume, i.e. by the pulse length and waist diameter. Depending on the velocity
of the atoms and the dimensions of this volume the interaction time of the atoms with
the laser field may be short resulting in the so called time of flight broadening. This
effect can be approximated by the relation [15]

4y

Wiot = /21 (2) — (5.8)

with d being the interaction length. In a weak focusing regime when the confocal param-
eter b is longer than the pulse length [, = 4c¢ /2 In(2)/Aw (for Fourier limited pulses),
the excitation volume can be approximated by a cylinder of diameter 2w, and length .

For collinear excitation geometry the interaction length is given by the pulse length
l,. Setting Aw = Ak c results in a time-of-flight width wios = Ak v,, which is equal to
the residual first order Doppler effect.

In perpendicular excitation geometry, however, the interaction length is given by the
waist diameter and the time-of-flight width reads wior = /81n(2) v, /wy (for atoms
flying in the z-direction). In the Mg measurements, with a weak focus of 264 pm
waist diameter, the interaction time amounts to 0.36 ps. This causes a time of flight
broadening of 2 MHz which is of same order as the natural line width.

First and second order Doppler effect During the interaction of laser radiation with
the target atoms momentum and energy conservation laws must be fulfilled. Expanding
the relativistic energy conservation equation to second order in Ak = (k;, — ko) and

v, results in
02

— (5.9)

Wi+ Wa R Weg £ AkV, — ey

The first term corresponds to the transition frequency w. — w, for an atom at rest and
the last two terms describe the first and second order Doppler-effect respectively, while
higher order contributions are neglected.
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Using two counter-propagating photons of equal frequency (k; . = ko .) to drive the
transition, the first order Doppler shift cancels exactly. However, in frequency comb
spectroscopy two photons of somewhat different frequency add up to drive the transition
with Ky, # kg . resulting in a residual first order Doppler effect. Integrated over all
velocities this results in a pure line broadening provided the left and right propagating
combs spectra are identical. This Doppler broadening can be approximated by w!, =
Ak v,. To generate an atomic beam, the Mg oven is heated to around 600 K by running
6 A through the tantalum wire. Assuming a Maxwellian velocity distribution a mean
velocity of v = /8kgT/(mM) = 725 m/s can be attributed to the atoms. Due to
the beam spread, the velocity in the z direction can be estimated by v sin @ sin ¢ where
6 = 31° is the maximum spread angle allowed by the aperture in front of the oven (s.
figure and ¢ = 90°. With the laser bandwidth of 0.32 THz the residual first order
Doppler broadening amounts to 63 kHz.

The second order Doppler effect is independent of the direction of the motion and shifts
the line center by ws ; = we, v?/(2¢*). With a mean velocity v = 725 m/s the second
order Doppler shift calculates to 4 kHz. It does not cancel in two-photon spectroscopy
but is proportional to v? and vanishes for an atom at rest.

Modulation shift In order to stabilize the spectroscopy cavity, a modulation is applied
to a piezo mounted mirror. The error signal is generated by analyzing the transmitted
signal in a lock-in-amplifier allowing for a small modulation amplitude. Applying a
sinusoidal modulation with of 96 kHz frequency and a maximum displacement of the
mirror of 0.35 nm the Doppler shift amounts to 2 kHz.

Final result

For given experimental conditions systematic effects discussed in the previous paragraphs
exceed the statistical uncertainty from the average calculation by far yielding an overall
uncertainty of & 0.59 MHz. That is by three orders of magnitude smaller than previous
measurements [51]. After correcting the value for the AC Stark shift and the asymmetry
shift the final result for the absolute frequency of the 1Sy — Dy two-photon transition
in Mg is

vig, s 1p, = 1391128606.50(59) MHz .

This value is in excellent agreement with the one from ref. [51] of 1391128.9(6) GHz,
but 1000 times more accurate.



6. Prospects for spectroscopy at the
fourth harmonic: H 15 — 3S

This chapter reports on the prospects to measure the 1.5 — 3S two-photon interval in H
at 205 nm. This measurement will extend Doppler-free DFCS into the DUV wavelength
region and pave the way for spectroscopy in the XUV.

The 1.5 — 3S interval in combination with the well known 15 — 2S5 frequency is a
promising candidate for tests of bound state QED. Furthermore using this combination
a value for the proton charge radius can be extracted. As will be discussed below, recent
measurements of the Lamb shift in muonic hydrogen [10] led to a value for the proton
charge radius which is 10 times more accurate but 5 standard deviations away from the
recommended value by CODATA. The origin of this deviation is not clear yet and further
investigations are needed. DFCS of the 1.5 — 35 two-photon transition in hydrogen may
contribute to the clarification of the discrepancy in the proton charge radius.

6.1. The hydrogen atom and the Rydberg constant

Hydrogen has a particular significance in testing and improving fundamental theories.
Due to its simplicity elaborate calculations can be carried out providing very precise pre-
dictions while its experimental accessibility allows for measurements with very high ac-
curacies. Accurate measurements in hydrogen carried out by W. E. Lamb and R. Rether-
ford, for example, revealed a small deviation between theory and experiment, which is
today known as the Lamb shift. This finding led to a paradigm shift in the physics and
in its course to a development of the today well established quantum electrodynamics
(QED), which is one of the best tested theories at present.

Since a theory can never be proven to be right, but one experiment is enough to
disprove it, experiments with even higher accuracies are required. Since decades the
narrow 15 — 25 resonance in hydrogen is analyzed in our group. Its value has been
measured with an astounding accuracy of 1.4 parts in 10* [52] allowing to test QED at
a very high level.
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6.1.1. Energy levels

One of the simplest approaches to calculate the energy levels is the non relativistic
Schrodinger equation for an electron in a Coulomb potential of an infinitely heavy nu-
cleus. For hydrogen and hydrogen-like atoms this equation can be solved exactly giving

the eigenvalues
2

Z
Es(n) = Roohcﬁ : (6.1)

This energy spectrum scales with the Rydberg constant R, = m.e?/(8e2h3c), where
m, is the electron mass, e the elementary charge, and Z = 1 (for H) the nuclear charge
and the inverse principal quantum number n. Precise experimental results soon revealed
deviations from the simple theoretical model in equation in form of level shifts and
splittings. The Dirac theory was able to explain the fine structure (FS) splitting which
is due to the relativistic nature of electrons and the spin-orbit interactions providing
the Dirac energies €pg. After the proposal of the existence of a small nuclear magnetic
moment also the hyperfine structure (HFS) could be explained providing a correction
term €gpg to the Dirac energies. Finally, with the development of QED the previously
observed Lamb shifts &g could be explained and calculated. With this findings the
energy levels of an atom can be written as a sum of three terms:

€ = Epr(n,J) + Curs(n, 1, j) + Ers(n, 1, j) . (6.2)

In figure the energy levels for hydrogen according to the simple Bohr model (as given
by equation ([6.1)), the Dirac theory, including the Lamb shift and HFS, are shown.

In the following the several energy components in equation (6.2) will be discussed in
more detail.

Dirac-Coulomb energies

The fully relativistic Dirac wave equation for particles with spin 1/2 in the approximation
of a particle in the field of an infinitely heavy Coulomb center is given by

2 4 2 2 2
P P I} (QdV dV> h 1d—VL'S}w:Q32/1, (6.3)

r dr dr?

2m.  8m3c? 8m2c? 2m2c? r dr

where V = Ze?/r and L, S the angular momentum and the spin operator respectively.
This Dirac equation can be solved exactly providing an energy spectrum for hydrogen
and hydrogen-like atoms including the fine structure splitting [53]

QE(”?]) = mec2 [f(naj) - 1] ) (64)
(Za)

—-1/2
L ] |
(n—=J—1/2)+/(+1/2)? = (Za)?)

f(n,j) =
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Figure 6.1.: Hydrogen level diagram for states n < 3 according to Bohr and Dirac
theory, including Lamb shift and hyperfine structure. For the sake of clarity the Lamb
shift is only plotted for states with j = 1/2 and HFS only for S states. The energy
states are drawn not to scale.

where « is the fine structure constant. Due to the dependence of the energies on the
total angular momentum j, the levels with the same principal quantum number n but
different j split into n components, corresponding to the fine structure splitting.

To take the finite mass my of the nucleus and its motion into account, the Schrédinger
theory can be modified by simply substituting the electron mass by the reduced mass
m, = mempy/(me + my). In the Dirac theory a closed solution with correct mass
dependence cannot be given, but can be approximated. Based on the Breit equation for
two spin 1/2 particles of different mass and charge the Hamiltonian can be written in
the form [53]

(Ho+ Hy+ Hy+ Hs + Hy+ Hs) ) = €, (6.5)

where Hj is the ordinary non relativistic Hamiltonian, H; is the relativistic correction
to the kinetic energy, H is the correction to the interaction between the particles, Hj is
the spin-orbit interaction term, H, is the so-called Darwin term and Hy comprises the
spin of the nucleus. Expanding the Hamiltonian in equation to first order of the
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small parameter m./my results in the simplified Hamiltonian [53]

(Ho+ Hy+ Ho) Y = € (6.6)
with
2 4 2 2 2
D D h 2dV AV R 1dV
H, = _ _ v “2 s,
2m, v 8mic?  8m2c? <7’ dr  dr? 2m2c? r o dr 51
1 3p* 2+ p? h? 2dv d*V
H, — [ e RV 2dv. dWVA L
myc? | 8m? 2m. 8m2c? \r dr  dr?

o ZeR |:8_’7T(Sl 8,60 (r) — 1 <31 Sy — 3(81 - r)(Ss .r))}

 memyc? | 3 r3
n Ze?
_mze g

memyc: 13

where S; and S5 are the spin operators of the two particles, separated by the distance
r, p is the momentum and §®)(r) is the three-dimensional Dirac delta function. H, is
exactly the same as in equation but with the reduced mass instead of the electron
mass. Hy is a correction term to the non relativistic energies and acts only on n but
not on [ or 5 and hence shifts only the energy levels but does not contribute to the fine
structure splitting. H. contains all the terms which involve the nuclear spin. It explains
the hyperfine splitting of the energy levels and will be treated in the next paragraph.
The expectation value of the Hamiltonian , while setting H. = 0, corresponds to
the Dirac energies of the hydrogen and hydrogen like atoms that approximately take
into account the finite mass of the nucleus

eDRm,j):RmZ—Z{%c(ﬂn,j)—l)— e )(f<n,j>—1)2] (6.7)

. 2m, (me +my

Hyperfine structure

The degeneracy of the energy states with respect to the direction of the total angular
momentum j, which is present in the Dirac theory, is lifted for an atom in an external
field or if the nucleus exhibits a magnetic moment g, and indeed many nuclei do have
a non-zero magnetic moment. Because of its inverse mass dependence g o my', the
nuclear magnetic moment is roughly three orders of magnitude smaller than the magnetic
moment of the electron, consequently the hyperfine splitting is by the same order of
magnitude smaller than the fine structure and can be treated as a small perturbation.
The splitting of the ground state for example amounts to 1.42 GHz, corresponding to
the well known 21 cm line which is important for radio astronomy.
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To calculate the splitting of the energy levels due to the nuclear magnetic moment
the expectation values of the Hamiltonian in equation are calculated. These values
provide the zero order contributions to the HF'S

Curs(n.1,j) = R Z3a%gc me F(F+1)—I(I+1)—j(j+1)
y Uy 0 n3 my j(j+1)(2l+1) )

(6.8)

and depend on the orbital [ and total angular momentum j, nuclear spin I, the total
atomic angular momentum F' = {(j + 1), ..., |j — I|} and the Landé factor ¢g. Higher
order QED correction terms to equation can be included in form of a multiplying
factor (1 4+ Qqep). For the ground state the QED correction terms Qqrp can be found
e.g. in ref. [H4].

Lamb shift

Contributions to the atomic energy levels beyond the Dirac energy and hyperfine split-
ting belong to the Lamb shift. They can be classified into basically three categories,
radiative, recoil, and nuclear size and structure correction terms which can be expressed
as power series expansions in the three small parameters o, Za (Z < 1/a) and m./my.

Radiative corrections Radiative correction terms yield by far the largest contribution
to the Lamb shift and scale with the parameters a and Za. They are made up of
the electron self-energy, describing the effect of emission and re-absorption of virtual
photons, and vacuum polarization, describing a creation and annihilation of a virtual
electron-positron pair by the background electromagnetic field. Considering up to three-
loop corrections the energy shift for the S states reads [55]

A€ e = 20 e (@)3 {(9) Fi(Za) + (£) H(Za)
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The coefficients A,,/V,,, By, and Cy, stand for one-, two- and three-loop corrections
respectively, where the index z gives the order of the parameter (Za) and y the order of
L. The functions Gsg(Za), Gi,lg,(Z a) and GS?(Z «) comprise higher order contributions
and are listed in [55]. For the ground state (15) the radiative corrections sum up to an
energy shift of ~ 8169.2 MHz.

Recoil corrections In the framework of the effective Dirac equation an approxi-
mative solution for the energies with exact mass dependence was given by means of the
reduced mass factor. Additional contributions which cannot be expressed with the help
of the reduced mass are the so called recoil corrections and scale with the parameters
Za and m./my. Recoil corrections of order (Za)* resulting from the effective Dirac
equation and omitted in the solution provide an energy shift for [ # 0 states

(Za)tm3c? 1 1
am3m3, \j+1/2 1+1/2 (1 =) (6.10)

Higher order corrections for the S states reflect the truly relativistic two-body nature of
the system and sum up to [56]

md  (Za)’c |1 8 1
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The total energy shift of the ground state due to recoil effects amount to ~ 2.4 MHz
and is by three orders of magnitude smaller than the radiative correction term.

Nuclear size and structure corrections Effects of weak and strong interactions are
subsumed in the nuclear size and structure correction terms that depends on the proton
charge radius. The corresponding energy shift is [55]
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where 7, is the root-mean-square (rms) proton charge radius and the values for the
constants C, and Cy for hydrogen are C;, = 1.7(1) and Cy = 0.47(4). The corresponding
shift amounts to ~ 1.2 MHz. The uncertainty of this correction limits the comparison
between experiment and theory to about 1072,

6.1.2. Determination of fundamental constants

The energies given by the Dirac theory in equation and the HFS splitting given by
equation scale with the Rydberg constant R.,. The value for this constant can be
obtained experimentally by high resolution spectroscopy in hydrogen and hydrogen like
atoms. The most precise spectroscopic measurement is carried out on the 15 — 2S5 two-
photon transition in hydrogen. This dipole forbidden transition with a natural line width
of 1.3 Hz has been measured with an accuracy of 1.4 parts in 10 [57]. To extract the
value for the Rydberg constant from this measurement, equation can be rewritten

in the form
¢ (2,1/2,04,@) p (1,1/2,04,@)
me me

where e(n, j, a, my/me) is the Dirac term, scaling with R, and v15_sg is the centroid
frequency, so the HFS is included here. Using calculated values for the 15 and 2S5 Lamb
shifts, € s(1S) = 8172.816(10)(32) MHz [58] and € 5(2S5) = 1045.005(1)(4) MHz re-
spectively, the accuracy of the Rydberg constant is limited by the uncertainties of the
computed Lamb shifts rather than by the 34 Hz uncertainty of the 1.5 — 25 transition.
Using a combination of different frequency intervals in hydrogen and deuterium and
utilizing the 1/n3 scaling law for the n.S Lamb shifts the value for the Rydberg constant
and the ground state Lamb shift can be calculated. With all available measured frequen-
cies summarized by the CODATA (Committee on Data for Science and Technology) the
value for the Rydberg constant and the ground state Lamb shift calculate to [55,59):

Vis—2s = R + @Ls(QS) — QELS<1S) , (613)

Rs = 10973 731.568 527(73) m™*,
Crs(1S)/h = 8172.837(26) MHz

The largest contributions to the nuclear size and structure corrections of S states which
depend on the rms proton charge radius scale with 1/n®. Utilizing this law the rms
proton charge radius cancels and the difference A, = n® €rg(nS) — E15(15) can be
calculated with a high precision. The accuracy of the values for the Rydberg constant
and the ground state Lamb shift are thus limited by the complementary measurements
whose relative uncertainties are of order 1071,

From the measured Lamb shift, finally, the rms proton charge radius can be calculated
to r, = 0.8765(80) fm [59] with a relative uncertainty of 1 %. Figure shows an
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Figure 6.2.: Qverview of the proton charge radii extracted from different measured
frequency intervals in hydrogen (blue data points). The red line indicates the proton
charge radius extracted from Lamb shift measurements in muonic hydrogen. Courtesy
of F. Biraben [60].

overview of proton charge radii extracted from different measured frequency intervals
in hydrogen. The red line indicates the proton charge radius obtained from Lamb shift
measurements in muonic hydrogen r, = 0.84184(67) fm [10], while the width of the
line reflects the uncertainty of the value. This value is 10 times more precise than the
recommended value by CODATA (r, = 0.8768(69) fm) but 5 standard deviations smaller
and the origin of this discrepancy is not clarified yet. The CODATA value is obtained
from adjustment calculations taking all measured frequency intervals in hydrogen and
deuterium into account and is basically an averaged value. This procedure assumes,
however, that the uncertainties of the measured values are statistical and no systematic
errors are present. All frequency intervals from the 25 state to higher S, P and D
states and the 15 — 35 interval are measured by the same group using basically the
same apparatus. Thus unknown systematic uncertainties may be present throughout in
all this measurements and may probably explain the discrepancy in the proton charge
radius.

To clarify the discrepancy, independent high precision measurements in hydrogen are
required. Transitions from the ground state, as e.g. the 1.5 — 3S interval, benefit from
the high particle density and lower systematic effects compared to transitions from the
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Table 6.1.: Quantities for the least squares calculation of the values for the Rydberg
constant and the ground state Lamb shift considering only the 1S — 2S5 and 1S — 35
intervals in hydrogen.

constant value

speed of light ¢ (m/s) [55] 299792458

fine-structure constant a [55] 7.297 352537 6(50) x 1073
proton-electron mass ratio my/m, [55] 1836.15267247(80)
frequency interval value

Vis_as (Hz) [57] 2 466 061 413 187 074(34)
s-3s (Hz) [62] 2922743278678 000
Lamb shift relations value

Ay = 8 €15(29)/h — E15(1S)/h (Hz) [63]  187225700(50)
Az =27 €5(25)/h — €15(15)/h (Hz) [63] 235070 900(70)
¢15(25 — 2P) (kHz) [58] 1057 842(4)

¢15(2P) (kHz) [64] —12835990(80)

metastable 2S5 state. Thus H 1.5 — 35 emerges to be a good candidate for this purpose
and for further test of bound state QED.

To calculate the impact of a H 1.5 — 35S measurement in combination with the 15 — 25
value on the accuracy of the Rydberg constant and the ground state Lamb shift, the
method of least-squares [61] is used. For reasons discussed above, all other measured
transitions to higher states are omitted. This calculation provides the actually required
accuracy of the 15 — 35 transition frequency for a significant improvement in the values
of the Rydberg constant and the ground state Lamb-shift with respect to the accuracies
obtained accounting for all measured frequency intervals in H and D. In table the
relevant quantities for the adjustment are summarized. The transition frequencies are
given as centroid frequencies so the HF'S is accounted for. While the values of the 1.5—-25
and 1S — 35 interval are measured ones, the Lamb shifts € g(25 — 2P), €.s(2P) and
differences As, Az are all calculated values.

Starting with a set of linear equations written in the form A x X = B with

-1 1 0 e2,1/2,a,mn/m.) —e(1,1/2,a,mn/m,)

-1 0 1 e3,1/2,a,mn/m.) —e(1,1/2,a,mn/m,)
A=]-18 0 0 ,

-1 0 27 0

0 1 0 0
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e19 i
| €s(29) B -
X = €1s(39) and B = 22 ;
Ry 5

¢15(25 — 2P) + €15(29)

the values for the Rydberg constant and the 15, 25 and 35 Lamb shifts are obtained
by solving the normal equations

Dl'xgGg=X.

The components of D and G are defined by d;;; = >, a;;a,/0; and g; = ). a;;bi/0;
with ¢ = {1,...,5} and j,5° = {1,...,4}, where a;; and b; are the components of A
and B respectively and o; are the uncertainties of b;. The uncertainties of the calculated
values of Ry, €rs(15), €Ls(25) and €15(35) are given by the square root of the diagonal
elements of matrix D!,

To explore the influence of the 1.5 — 35S measurement, the uncertainties of the ad-
justed values are calculated as functions of Avjg_39. Figure shows the results for
the ground state Lamb shift (left plot) and the Rydberg constant (right plot). The
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Figure 6.3.: Solid lines: Impact of a 15 — 35 measurement on the accuracy of
the values for € s(1S) (left plot) and R (right plot). Calculations are carried out
accounting only for the 15 —25 and 15 —3S two-photon intervals in H. Dashed lines:
Current uncertainties in the 1S Lamb shift [59] and the Rydberg constant value [55]
accounting for all measured frequency intervals in H and D. Dotted line: Uncertainty
of the Rydberg constant value calculated using the more accurate proton charge radius
obtained from the Lamb shift measurements in muonic hydrogen [10].

uncertainty for Ry, of 0.73 x 107% em™! [55], and for €;5(15) of 26 kHz, obtained
from an adjustment calculation accounting for all available measured frequency inter-
vals in hydrogen and deuterium, are indicated by dashed lines. The dotted line indicates
the uncertainty of 0.16 x 107% cm™! of the Rydberg constant values calculated using
rp, = 0.84184(67) fm [10]. From figure [6.3|it appears that for a significant improvement
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in the accuracy of at least the ground state Lamb shift the 1.5 — 35 two-photon interval
must be measured within 1 kHz or better. This means that the line center must be mea-
sured at least with an accuracy of 0.1 % of the natural line width of 1 MHz. This is a very
ambitious goal and demands an excellent understanding of the line shape. Up to now the
best reported value for this frequency interval is 115 35 = 2922743 278.678(13) MHz [62]
but the achieved accuracy is not sufficient for this purpose.

A successful measurement of the 1.5 — 35 interval in hydrogen will provide an inde-
pendent high precision measurement which, in combination with the 1.5 — 2.5 transition
frequency, will probably shed light on the origin of the discrepancy in the proton charge
radius.

6.2. Design of the apparatus

DFCS on H 15 — 3§ is carried out using the laser system described in chapter [3] The
fourth harmonic of the stabilized Ti:sapphire laser is directed into a spectrometer shown
in figure (6.4, The vacuum chamber consists of three parts connected via tubes, which

pump speed: 680 I/s

compression ratio: > 4x10% stabilized laser
system @ 205 nm
pump speed: 48 /s pump speed: 48 /s
compression ratio: 1.4x10° compression ratio: 1.4x103
[T 71 / £\ \ [T 71

— —

rf-cavity Lyman-a PMT

X-y-z-translation
stage

H, molecules .
continuous flow

liquid He cryostat

Figure 6.4.: Spectrometer for hydrogen 1S — 3S spectroscopy. It contains the en-
hancement resonator for 205 nm wavelength, the atomic hydrogen gas feed through,
the copper nozzle attached to a cryostat to form a cold atomic hydrogen beam and
to direct the atoms through the excitation volume perpendicular to the laser propa-
gation direction, and the detection scheme. The compression ratios are given for Hy
molecules.

allow to attach two additional small pumps for differential pumping and is evacuated
to 107% mbar during operation. All three chambers have a breadboard inside to hold
the linear enhancement resonator for the spectroscopy. These breadboards are directly
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connected to the optical table and via bellows to the surrounding vacuum chamber to
attenuate vibrations coming e.g. from the pumps. The central chamber features a gas
feed through to supply the hydrogen atoms to the interaction volume, a cryostat holding
a copper nozzle to form a cold atomic beam, and the detection optics for the Lyman-
and Balmer-a fluorescence photons (see figure [6.4). In the following the spectroscopy
cavity, cold atomic hydrogen beam and detection apparatus are described in detail.

6.2.1. Linear spectroscopy cavity

For spectroscopy a linear enhancement resonator is built around the hydrogen beam
inside the spectrometer. Its free spectral range FSR = 14,/2 ensures that two counter-
propagating photons overlap at the center of the cavity. Two focusing mirrors with
900 mm radius of curvature generate an almost spherical 91 pym focus. The maximum
possible enhancement is limited by the best available mirrors with 98.5 % reflectivity
and the 1 % absorption and scattering losses of the input coupler. Figure shows

Figure 6.5.: Enhancement of the lin-

[EnY
N
1 1

ear spectroscopy cavity at 205 nm as

10_- a function of the input coupler reflec-

2 ] tiwity.  (Solid line): theoretical en-
o 8 hancement for a resonator in vacuum
% 6. (Tvac = 1); (dotted blue line): the-
o ] oretical enhancement of a resonator
% 44 in air (Tair = 0.89); (symbols) mea-

sured enhancement of the resonator
i air for the particular input cou-

— : : : : pler; (dashed red line): fit to measured
070 075 08 08 09 09 100 data according equation provid-

input coupler reflectivity R ing Tair = 91 %.

the calculated and measured enhancement as a function of the input coupler reflectivity.
For a resonator in vacuum (solid black line) the maximum theoretical enhancement is
U = 12 with an input coupler reflectivity of 91 %.

In air the 205 nm light experiences additional losses caused by absorption of the
UV light by oxygen and water vapor. With the absorption coefficients a(O2) = 3.2 X
107* em™ and a(H,0) = 5 x 107* em™! [65] and a fractional amount of 21 % and
1.3 % of oxygen and water vapor respectively, the maximum enhancement is reduced
to U = 5.5 with an input coupler reflectivity of 84 % (dotted blue line in figure .
By measuring the enhancement for three particular input couplers (plotted as symbols
in figure the air transmissivity is determined experimentally to be 7, = 91(1) %
which is in good agreement with the theoretical value. The optimum input coupler
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for the resonator in vacuum is found to have ~ 92 % reflectivity. Since the resonator
at 205 nm is pre-aligned in air, one has to keep in mind that absorption reduces the
enhancement of the cavity. Evacuating the chamber provide the right conditions for an
optimal impedance matched cavity maximizing its enhancement.

While operating the spectroscopy resonator under vacuum conditions a degradation of
the mirrors could be observed as described in section 3.4l As a result the enhancement
and thus the intra cavity power decreased over time. This effect is much stronger for
a tight focus and high intensity on the mirrors. Using for example focusing mirrors
with 200 mm radius of curvature (wy = 28 pm) which are placed inside the central
chamber close to the focus, the laser intensity on the mirrors is increased. In this case
the resonator could be operated only for around 20 min before the power dropped by a
factor of 2. In the current configuration the mirrors are placed in the small side chambers
and are around 60 cm away from the rather weak focus of 91 pm waist radius. Due to the
larger beam size on the mirrors, compared to tighter focusing, the intensity is reduced
allowing to operate the cavity for around one hour with an enhancement decrease of less
than 10 %.

6.2.2. Cold atomic hydrogen beam

At standard temperature and pressure hydrogen is a diatomic gas. To obtain atomic
hydrogen it is dissociated in a rf discharge. Before dissociation it is purified using a
palladium membrane hydrogen purifier (Johnson Matthey, HP-2). The pure gas is guided
by stainless steel tubes to a glass tube of 6 mm inner diameter. A 1 mm constriction in
the glass tube causes the hydrogen to accumulate. Around this region a radio frequency
(rf) cavity is built up. After starting the discharge by a spark from a Tesla coil, it
operates stable and self-contained if the rf power, temperature, and hydrogen pressure
in front of the rf cavity are set properly. To reduce thermal stress in the glass tube,
the cavity is operated with 10 to 20 W rf power allowing a gas pressure around 1 mbar.
Increasing the gas pressure would require higher rf power to drive the discharge. For
stable operation the heat is dissipated by water cooling of the glass tube in front of and
behind the rf cavity and by a constant nitrogen gas flow inside the cavity. Operating the
gas discharge in this way a dissociation degree of 80 to 90 % could be measured behind
the glas tube using a mass spectrometer.

During dissociation highly excited hydrogen atoms are generated which decay into the
ground state while emitting a cascade of photons. Figure shows the visible part of
the emitted spectrum which causes the typical pink color of the discharge. The strong
lines in the spectrum correspond to the Balmer transitions revealing the appearance of
atomic hydrogen while the pedestal is formed by the background light, gas impurities,
and molecular hydrogen. The color and the brightness of the discharge is used as a
rough indicator for the dissociation efficiency.

A PTFE tube is an excellent material to guide the hydrogen atoms from the gas feed
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Figure 6.6.: Typical spectrum of the gas discharge transmitted by the glass tube.
The narrow peaks in the spectrum correspond to the Balmer lines in atomic hydrogen.
Black line: spectrum obtained with 3 ms integration time. Red line: spectrum obtained
with 500 ms integration time.

through to a cold copper nozzle inside the vacuum chamber. Because of its chemical
inertness recombination rates of hydrogen atoms to Hy molecules are low. Nevertheless
the PTFE guiding tubes should be kept short.

The nozzle is attached to a continuous flow cryostat operated with liquid helium and
is cooled to around 5.8 K. At lower temperatures the nozzle freezes up within a couple
of minutes. Inside the copper nozzle the hydrogen atoms thermalize by collisions with
the walls and are then directed to the excitation volume. Inside the copper nozzle
the recombination rate of atomic hydrogen may be enhanced. An overall fraction of
dissociated Hy molecules coming out of the nozzle is measured to be around 40 %.

The cryostat is mounted to a x-y-z translation stage allowing to adjust the nozzle
position with respect to the interaction volume.

6.2.3. Detection apparatus

The excited hydrogen atoms decay via the 2P state emitting two subsequent fluorescence
photons, a Balmer H-a at 656.3 nm and a Lyman Ly-a at 121.6 nm, which can be
detected by a PMT.

A disadvantage of detecting the Balmer-a photons is the sensitivity of the PMT in the
visible wavelength region. It must be carefully shielded against background light coming
e.g. from the scattered laser light, gas discharge and environment. The environment
and the scattered laser light can be strongly suppressed by using an apropriate narrow
bandwidth and colored glas filters. However, Balmer-a photons generated in the gas
discharge are efficiently guided by the PTFE tube and leak into the vacuum chamber.
Hence the Balmer-a PMT shows a larger background. Despite careful shielding of the
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gas discharge a background of around 200 cps is detected by the PMT. Using a Balmer-«
PMT (Hamamatsu, R6358) with a quantum efficiency of 10(2) %, a filter combination
(colored glass filter with 7 = 91(1) % and interference filter with 7 = 94(1) %) with
a total transmission of 86(1) % at 656.3 nm and a detected solid angle of 4(2) % the
overall detection efficiency amounts to 0.3(2) %.

The Lyman-a PMT (Hamamatsu, R7511) is a ”solar blind” detector and insensitive
above 200 nm, so the environmental light is not an issue here. Also the Lyman-« photons
generated in the gas discharge get absorbed as soon as they hit any surface and do not
reach the vacuum chamber. The scattered laser light is the only relevant background here
which can partly be suppressed by a narrow bandwidth Lyman-« filter. The detected
background here amounts to around 30 cps. To avoid additional Fresnel and absorption
losses by the imaging optics, they are omitted and the PMT is mounted as close as
possible to the interaction region giving a detected solid angle of 0.13(7) of 4w. With
a quantum efficiency of 26(2) % and a filter transmissivity of 20(1) % at 121.6 nm the
overall detection efficiency amounts to 0.05(3) %.

6.2.4. Simulated spectrum

Using a mode-locked laser for two-photon DFCS all allowed transitions within the lasers
bandwidth are addressed. For atomic hydrogen this means that beside the 1.5 — 35 dou-
blet four allowed transitions to the 3D state shown in figure|[6.7| are excited. A spectrum

3Ds, (F=3)
2522;2 Figure 6.7.: Transition lines ad-
3D, (F=1) dressed by the laser with a spectral
3S,, (F=1) bandwidth of 140 GHz.  According
35, (F=0) to the two-photon transition selec-
tion rules for linear polarized light
in section siz transitions are
18, (F=1) excited by the laser. Their rela-
z tive line strengths with respect to the
1Sy )o(F = 1) = 3D55(F = 3) transi-
tion are given at the bottom.
18, (F=0)

12 w4 (@9 (@3 (WY (1)

containing six lines folded into half of the repetition rate seems to be complicated. How-
ever, the additional spectral lines provide additional information. The detected count
rate is a function of the repetition rate of the laser and the laser detuning providing a
3D structure which can easily be modeled. Hence analyzing spectra at different settings
for w, allows to extract an accurate value for the 1.5 — 35 transition frequency.
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Figure shows simulated Doppler-free hydrogen spectra for four different repetition
rates as functions of detuning. The Doppler-broadened pedestal is omitted. The single
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Figure 6.8.: Ezpected spectra for different repetition rates. Top left and right and
bottom left show six lines folded into a frequency range of trep/2 (linear polarization),
the Doppler-background is omited. By changing the repetition frequency the siz lines
may appear at the same laser detuning (top right) or be pulled apart (bottom left).
For circularly polarized light only three transitions are allowed (bottom left).

lines may overlap such that they are hardly resolved, as e.g. in the upper two plots
in figure [6.8] This feature can be used while searching for the signal. Choosing the
repetition rate such that all the lines appear at almost the same detuning (upper right
plot in ﬁgure and add up to basically one single line in the spectrum, provides a much
stronger signal. This enhanced signal can be used to optimize the system with respect
to the envelope position, gas discharge, alignment of the atomic beam with respect to
the pulse collision point and the imaging system. Increasing the free spectral range by
a factor 2 (lower left plot in figure pulls the spectral lines apart. In this regime
small variations in the repetition rate change the structure of the spectrum which may
be analyzed by fitting simulated curves to the spectrum.

Large variations of the FSR cannot be done arbitrarily. In order to use the stabilization
scheme described in Sectionthe lasers repetition frequency v, should be close to an
commensurate value of the free spectral range of the reference resonator vpsgr. Changing
the FSR of the SHG or the spectroscopy cavity is only possible by a factor of n or
(2n — 1)/2 respectively, where n is an integer. The latter factor is a consequence of
the condition, that two counter propagating pulses must overlap at the center of the
resonator. Increasing the FSR goes along with a decrease of the available laser power
for the spectroscopy because only every nth mode is resonantly coupled into the cavity.
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Using circularly polarized light excludes all transitions with AF > 0, according to the
two-photon selection rules, leaving three allowed transitions. In this case the relative
amplitudes of the 1.5 —3S HFS components remain the same as shown in figure[6.7], while
the relative amplitude of the only allowed 3D component amounts to 14/25 with respect
to the 1.512(F = 1) —3Dj5,o(F = 3) transition with linearly polarized light. Hence, using
circular polarization the maximum count rate will fall by around a factor two. A sample
spectrum showing the three allowed transition lines is plotted in figure|6.8| (bottom right).
In this case the spectrum may be analyzed also at lower repetition rates. Additionally
using circular polarization, the Doppler-background is suppressed improving the signal
to background ratio.

6.3. Feasibility and lessons learned from Cs and Mg

In order to analyze the feasibility of 1.5 — 35S two-photon spectroscopy in hydrogen
the expected transition rates are calculated using Monte Carlo simulations. Similar
simulations are carried out for cesium and magnesium, where the results can be compared
with experimental values. In the end the simulation results and their consequences for
H spectroscopy are discussed.

6.3.1. Monte-Carlo simulation

The experimental parameters described in the previous section provide the input for the
calculation of the expected count rate by solving the optical Bloch equations . For
constant light intensity this equations of motion can be solved analytically. A solution
including decay terms (spontaneous decay and ionization) can be found in e.g. M. Haas
et al. [14].

For the 15 — 35S two-photon transition in hydrogen there are two possible decay
channels: ionization from the excited state into the continuum (7 = 272.02241 x
107°(Zy(t) + Zo(t)) s7'), which is negligible for the intensities available in the exper-
iment, and spontaneous decay back to the ground state via the real intermediate 2P
state (v, = 6.32 x 10% s71) [14]. The spontaneous two-photon decay to the ground state
is negligible. The transition is probed by a mode-locked laser, so the laser intensity is
time dependent. In this case an analytic solution for the Bloch equations is very difficult
or impossible to find, but they can be integrated numerically for given experimental
parameters using, for example, Runge-Kutta methods. In Doppler-free DFCS the two-
photon interval is probed by two counter propagating pulse trains. Their temporal and
spatial intensity profile can be written in the form
2)3/2 Pay 2(x2+ %) (t£z/c—n/ire)?

Lz, y, zt) == — % exp|— — ,
e,y ) (7r Aty lrepw(2)? P w(z)? A3

(6.14)
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where P, is the average laser power in one direction, 14, the pulse repetition frequency,

Aty,, the FH pulse duration, w(z) = wg+/1+ (22)2/(kw?)? the laser beam radius with
the waist wy and wavenumber k£ and m the pulse number.

Figure shows a sample curve for the 3S population p.. as a function of the atom
position with respect to the laser axis for a given velocity and zero detuning. The

1.0
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spontaneous decay dominates.

transverse laser intensity profile is indicated by the dashed line. As the atom enters the
laser beam two-photon transitions can take place during the light period. Between the
pulses the intensity is zero and the excited state decays via the 2P state. This pulse-
wise excitation appears as a sawtooth structure in the 35 population. Depending on
the interaction time the atoms can interact with several tens of pulses while crossing the
excitation region. On the trailing edge of the intensity profile the excitation probability
decreases and at some point the spontaneous decay dominates the interaction dynamics.

The number of emitted photons per atom is calculated by integrating the transition
rate over time. The result strongly depends on the velocity of the atoms and their
trajectory through the interaction volume. An arbitrary trajectory of an atoms is defined
by a; o+ vit (i = x,y, z) with the starting point (a0, ay 0, a.0) located at the exit of the
nozzle. While a,9 = —d is the distance of the nozzle from the interaction region, a, g
and a, o satisfy the condition (aio + aio) < Thogle, With 70,,1c the radius of the nozzle.
The atoms are assumed to be uniformly distributed across the cross sectional area of the
nozzle and the emission pattern outside the nozzle follows a cos (f) distribution. The
velocity v = /v2 + vZ 4+ v2 of the atoms is supposed to be Maxwellian distributed and
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its components are calculated as follows:

v, = vcos (0),
Uy = v sin (9> COS (¢) )

v, = vsin (#) sin (¢) ,

where 6 varies between 0 and 7/2 and ¢ varies between 0 and 27. The velocity vector
v = (Uy, Uy, v;) defines the propagation direction of the atoms.

Only atoms passing the interaction region can contribute to the signal. For a pulse
length shorter than the confocal parameter (I, < b) this region corresponds to an ellipsoid
which principal axes are given by the pulse length (in 2 direction) and the waist diameter
(in z and y direction). To get a representative average value per atom leaving the nozzle,
R:Y/atom, the transition rate is averaged over a sufficient number of randomly chosen

e
trajectories and velocities.

6.3.2. Simulation results for H, Cs and Mg

Monte Carlo simulations as described above are carried out for hydrogen as well as for
cesium and magnesium. For the latter two the results are compared with the experi-
mental values, which gives information about the feasibility of hydrogen spectroscopy.
The relevant parameters entering the simulations and the simulation results for Cs, Mg
and H are summarized in table [6.21

The expected count rate is calculated by multiplying the number of photons per atom
by the atom flow rate out of the nozzle and the detection efficiency. The atom flow rate
and the detection efficiency are determined from actual experimental parameters.

For H the atom flow rate is determined from the Hy flow rate and degree of dissociation.
The molecular flow rate is measured by monitoring the pressure change in a reservoir
of known volume placed between the purifier and the discharge tube, while the pressure
inside the discharge tube is set to 0.8 mbar. Due to the large spread angle of the atomic
beam leaving the nozzle and the distance of the nozzle to the laser axis, only around
1 % of the hydrogen atoms pass the interaction volume. This is accounted for in the
simulations by averaging over a large number (50 000) of random trajectories.

The spectral lines in H and Cs split into two hyperfine components with reduced
amplitudes. This splitting is not taken into account in the Monte Carlo simulations.
The relative amplitudes of the two hyperfine components in H amount to 3/4 and 1/4
respectively. The count rate of the strongest of the hyperfine components 952 (HFS) is
listed in table 6.2

The excitation geometry in Mg spectroscopy is very similar to the geometry in H
spectroscopy. Hence definition of trajectories of the atoms is the same as described
above. An atomic beam is generated using a Mg-oven described in section Heated
to around 600 K the vapor pressure inside the oven amounts to 1.6(7) x 1072 Pa. At
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Table 6.2.: Comparison between Cs, Mg and H. Listed are the relevant parameters
entering the MC simulation and the simulation results. The count rates for cesium
and hydrogen are given for the strongest hyperfine component respectively.

133Cs 65 —8S  *Mg 1Sy —' D, H15 -39

Bye (Hz (W/m?)1) 099 x 1072 M 162 x 1072 #  1.00333 x 107> &)
Bac(g) (Hz (W/m?)™1) 1.73x 10720 —0.7x1072 @ -3.02104 x 107> @)
Bac(e) (Hz (W/m?)~1) —0.61x1072 M  —0.93x 1073 @ 9.80847 x 107>
Bioni (Hz (W/m?)~1) 2.64 x 107 ¥ 1.2 x 1073 () 2.02241 x 107° )
vs (571 27 x 1.53 MHz 27 x 2 MHz 27 x 1 MHz
/\L (nm) 822.46 430.87 205.14

At (ps) 1.3 1.1 2.4
Pay (W) 0.1 0.43 0.1

wp (pm) 26 132 91
Iav (MW /m?) A7 7.9 3.8
T (K) 295 600 5.8
nozzle radius r (mm) vapor cell 1 1
photons per atom 3.5x 1073 2.8 x107° 3.5 x 107
atom flow rate (1/s) 9.7(1) x 10" 4(2) x 10*° 8(1) x 1016
detection efficiency (%) 0.5(1) 0.009(1) 0.05(3)
PR (cps) 17(3) x 107 1.0(4) x 10° 1.4(9) x 10°
RS- (HF'S / isotope) (cps) 10(2) x 107 8(3) x 10° 1.1(7) x 10°
RIS (cps) 1.1 x 10* 2 x 10°

(1) calculated using dipole matrix elements tabulated by Sieradzan et al. [66]
() calculated using dipole matrix elements tabulated by Porsev et al. [50]

() tabulated by Haas et al. [14]

() calculated using the ionization cross section given by Lahiri et al. [67]

®) calculated using the ionization cross section given by Uitenbroek et al. [68]

this temperature the atoms move with a mean velocity of 725 m/s. Here the oven is
around 10 mm away from the laser axis, so only 0.4 % of the atoms leaving the oven
pass the interaction region. The calculated count rate 5™ (isotope) for **Mg, which
has the highest natural abundance of 79 % of the three stable Mg isotopes, is listed in
table [6.21

Cs spectroscopy is carried out in a gas-cell. For the simulations the interaction volume,
which is actually an ellipsoid, is approximated by a sphere which radius is given by the
semi-major axis of the ellipsoid (r = 2cAt,//21In(2 Two random points which
define a trajectory of an atom are chosen on the surface of the sphere. The flow rate
of Cs atoms through the cross sectional area A = 7 (2cAt,/+/21n(2))? is calculated
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from the vapor pressure in the cell at room temperature of 1.33 x 10~ Pa and the mean
velocity of the atoms. Averaging over 50000 random trajectories through this sphere
provides the average transition rate per atom passing the sphere around the excitation
volume. The relative amplitudes of the HFS components in Cs amount to 9/16 and
7/16, the strongest of these components is listed in .

6.3.3. Comparison of simulation with experiment

A comparison of the count rates for Cs and Mg reveals a difference of up to four orders
of magnitude between the experiment and the simulation. The reason for this difference
may be attributed to over estimated experimental parameters entering the calculations
and systematic effects which are not taken into account, but reduce the count rate.
Possible effects are discussed in the following.

Excitation geometry and alignment

Misalignments in the pulse overlap in form of phase front tilting result in destructive
interference of the back and forth propagating electric fields. To get an expression for the
associated signal decrease consider the two-photon transition rate which is proportional
to the squared absolute value of the product of the forth and back propagating electric
field

Rye o |E1(t, 1) Ea(t,T)|? (6.15)

Assuming two plane waves of same frequency and amplitude but with different phases
©1(r) and po(r), E12(t,1) = E(t) exp [—ip12(r)], equation (6.15) can be rewritten to

Rye o< I2(t) cos? <M) : (6.16)

where Z(t) = (1/2)eocE(t) is the time dependent intensity in one beam and ¢; 5(r) =
k1 or is a real spatial phase. The wave vectors may be written in spherical coordinates

ki = (k1 sin(6y) cos(¢1), k1 sin(6y) sin(¢y), ki cos(6y))
ko = (—kosin(6y) cos(pa), —ko sin(f) sin(¢s), —ks cos(6y)) .

and r = (z,y,z). Assume a by an angle 0, tilted back propagating wave (¢ = 0)
while the forth propagating beam travels along the z direction (#; = ¢; = 0). On laser
axis (z = y = 0) the total phase amounts to ¢1(r) + p2(r) = —kz(1 — cos(f)) setting
z = ¢/ (2v,) yields

T

21/74)\%(1 — COS (92))) (6.17)

According to this relation a small angle detuning of 0.5 mrad results in a signal decrease
by two orders of magnitude. Furthermore a misalignment in the position of the pulse

Rye oc T2(t) cos? (—
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overlap with respect to the focus position results in a reduced laser intensity due to larger
beam diameter. This will further reduce the count rate. These effects may partially
explain the strong deviation between the simulation and the experiment in table [6.2]

Using a symmetrical spectroscopy resonator of appropriate length, as is the case in
Mg and H spectroscopy, the counter propagating pulses overlap at the center of the
cavity. However, while propagating in the cavity the two laser beams acquire a spatial
phase. The corresponding maximum tilt angle of the laser beam can be approximated
bY Omax = Aowm/(2wF) where 2w is the beam diameter assuming a collimated beam and
F is the cavity finesse which can be approximated by F = 27U with U the enhancement
of the cavity. With a measured enhancement of U = 2 the maximum tilt angle amounts
t0 Omax = 0.1 mrad resulting in a signal decrease according to equation by only
1 %.

Number of atoms

Uncertainties in the calculation of the number of atoms interacting with the laser also
affect the calculated count rates. Magnesium, for example, is heated in an oven to gen-
erate an atomic beam (see chapter [5)), so only the temperature of the oven is accessible
here, while the actual temperature of the Mg atoms might be somewhat different. De-
pending on the quality of the contacts different temperatures are measured while the
heating current is the same. Here variations in the temperature by only 1.6 % result in
particle density variations by around 60 %.

For hydrogen a big uncertainty arises from fluctuations in the degree of dissociation
which strongly depend on the treatment of the copper nozzle and the PTFE tube.
Imperceptive differences in the handling have big impact on the recombination rate.
But once cleaned properly the parts can be used for weeks of measurements until they
are exposed to air for a longer time.

Envelope position and fluctuations

As discussed in section [2.4] and the count rate is maximized for a centered spectral
pulse envelope. Detuning the spectrum with respect to the transition frequency results
in an exponential decrease of the signal with squared detuning. Using an OSA the
spectral envelope at the fundamental wavelength can be adjusted within 0.003 nm. This
small uncertainty results in a signal decrease by less than 1 % at the fundamental as
well as at the second and fourth harmonic and thus can be neglected.

By monitoring the position of the spectral pulse envelope at 820 nm small jumps and
drifts of the envelope could be observed from time to time during the operation. These
effects may probably be attributed to atmospheric turbulences and convections inside
the laser resonator. Albeit one can manually compensate for the drift, the jumps cannot
be compensated and could cause additional statistical fluctuations in the signal.
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Another serious problem comes along with the SHG in the BBO crystal. Due to
the high GVM of 6.5 ps in a 5 mm long crystal only a part of the incident spectrum
at 410 nm can be frequency doubled. Approaching the phase matching cut-off of the
nonlinear crystal, which is at 204.7 nm for BBO, the nonlinear coefficient decreases
rapidly. Thus, while maximizing the output power of the UV pulses by adjusting the
phase matching angle of the crystal their spectrum might be shifted to somewhat higher
wavelengths. This effect can be avoided by using a UV spectrometer while aligning the
resonator.

Residual chirp

As discussed in section and the signal strength drops with the inverse time
bandwidth product if the pulses posses a symmetric phase shift around the two-photon
transition frequency. A characterization of the fundamental, SH and FH pulses in sec-
tion revealed close to transform limited pulses. A residual chirp of the SH and FH
pulses may be approximated by an upper limit for the TBP of 0.34 resulting in a signal
decrease by around 8 % for Mg and H.

Fresnel losses

The detection efficiency given in table[6.2] accounts only for the quantum efficiency, trans-
missivity of the filters and detected solid angle while Fresnel, scattering and absorption
losses of the imaging optics, the gas cell and the detection windows are neglected. In
Cs and Mg spectroscopy the interaction region is focused onto the cathode of the PMT
using two AR coated focusing lenses. Due to the AR coating the Fresnel reflections at
their surfaces are below 0.5% resulting in a maximum loss of around 2 %.

A much higher contribution is expected to come from the vapor-cell / detection window
of the spectrometer. Cs spectroscopy is carried out in a gas-cell at room temperature.
Cs depositions can be observed at the inner surface of the cell which reduce the transmis-
sivity of the cell for the fluorescence light at 456 nm. In Mg spectroscopy the emitted
fluorescence light is detected through a CaFs window in the vacuum chamber. After
some time a thin Mg layer appears on this window reducing continuously its transmis-
sivity during a measurement run. Between the runs this window is cleaned. In contrast,
in H spectroscopy the PMT’s are placed inside the vacuum chamber and the imaging
optics are omitted to avoid additional losses.

In Cs and Mg spectroscopy the laser beam suffers losses through focusing lenses and
laser windows of the vapor-cell and the vacuum chamber. Due to these losses the back
and forth reflected beams are of unequal intensity. To avoid these losses the 15 — 35
spectroscopy resonator is built inside the vacuum chamber and only reflective optics are
used.
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6.3.4. Conclusion for H spectroscopy

While Cs spectroscopy is carried out in a cell without a resonator, in magnesium and
hydrogen spectroscopy an enhancement cavity is built around an atomic beam which
crosses the interaction volume perpendicular to the laser axis. Thus the comparison of
simulation and experiment for Mg seems more applicable to H. However the detection
and the laser windows of the Mg spectrometer may be coated by a thin layer of Mg
reducing their transmission. This easily can reduce the theoretical count rate by one
order of magnitude. In hydrogen spectroscopy, systematic effects as the envelope shift
and residual chirp, which do not affect Mg spectroscopy that much, reduce the signal
by at least 10 %. In total we can assume that the expected count rate in 1S — 35
spectroscopy in H amounts to around 1000 cps.

On the other hand, due to its high bandwidth (0.14 THz) also two-photon transitions
to the 3D state are addressed by the laser (see section . According to the transition
matrix elements listed in |14] 1S — 35 is 6 times weaker than the 1.5 — 3D transition.
This interval splits into two FS components which then further split up into two HFS
components respectively. Following the two-photon selection rules four allowed transi-
tions to the 3D are addressed by the laser. Calculating the matrix elements for these
HE'S components reveals that fBgc(1S,2(F = 1) —3Ds5/(F = 3)) is still 5 times stronger
than [, (1S — 35). With the lasers repetition rate of around 82 MHz the six spectral
lines will partly overlap providing a stronger signal (see figure [6.8).

The Doppler-free spectrum (see simulated curves in figure originates only from
the pulse collision volume. Due to coarse misalignments of this interaction region with
respect to the atomic beam or of the detector position the spectroscopy may fail. How-
ever as soon as the atoms cross the laser beam at least the Doppler-background should
appear for linearly polarized light. In H spectroscopy the Doppler pedestal is a super-
position of six Doppler broadened lines and is thus strongly enhanced. Calculating the
contrast between the strong 1.5 — 35 hyperfine component and the Doppler background
according to equation while taking the FS and HFS components in H into account
which are addressed by the laser (see figure results in a contrast of 0.39. That means
that the Doppler pedestal is expected to be 2.6 times higher than the narrow 1S — 35
signal. The appearance of this pedestal will be an indicator for the interaction of H
atoms with the laser field and will serve as a starting point for the search of the narrow
Doppler-free signal. In the next step circularly polarized light will be used to suppress
this Doppler background and to analyze the 15 — 3S doublet.

As discussed above, the expected count rate amounts to around 103 cps while the back-
ground originating from scattered light could be reduced to around 200 cps and 30 cps
for Balmer-a and Lyman-a PMT respectively. To rate the detectability of the expected
signal in table the calculated count rate, the detection efficiency, the background
count rate and the signal to background ratios S/B are listed for different detection
schemes. For all three detection schemes the signal is well above the detection limit of 1.
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Table 6.3.: Signal to background ratios for detection of Balmer-a and Lyman-a
photons and for coincidence measurements.

signal detection  background S/B ratio

(Hz) efficiency (Hz)
Balmer-a detector 6.3 x 103 3 x 1073 200 4.2 x 103
Lyman-a detector 1.1 x 10> 5 x 1074 30 4.7 x 103
coincidence 3.2 1.5x107%  6x 1071  5.2x 102

However, the actual count rates may be well below the calculated ones and fall below the
detection limit. The much higher signal to background ratio of the coincidence method
allows to detect very small signals but that requires longer integration times. Addition-
ally, statistical fluctuations need some times to average out and thus a good laser and
atomic beam stability over this time. Due to the UV degradation effects (see section
the long-term stability of the laser is poor. The operation time over which the power
decrease is less than 10 % ranges between 30 and 60 minutes. The operation time is also
limited by the time it takes the nozzle to freeze up. The speed of this process depends
on the purity of the hydrogen gas, the vacuum chamber pressure and the nozzle design.
During the operation the particle flow may continuously decrease due to an appearing
restriction.

The amount of atoms leaving the nozzle strongly depends on the treatment of the
copper nozzle and the PTFE tube. Under some conditions the recombination rate is
almost 100 % and only molecular hydrogen leaves the nozzle. The design of the nozzle
gives a limit on the time it takes until the nozzle freezes up. An analysis of our nozzle
using a mass spectrometer showed that it froze up within a couple of minutes and
during the measurements no hydrogen was present at the interaction volume. Also after
switching to a nozzle which was tested in the 1S — 25 experiment no signal could be
detected yet.

6.4. Future directions

Despite all improvements achieved and experience during this thesis it was not possible
to detect any signal from hydrogen. Possible reasons for that were discussed in the
previous section. Possible solutions for the problems encountered during my work are
discussed in the following.
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Laser stability

The stability of the laser system can be further improved by increasing the FSR of the
enhancement and spectroscopy resonators making them less sensitive to perturbations.
Starting right at the beginning with a laser emitting pulses at a higher repetition rate
means a new fundamental laser or at least substantial replacements and probably a new
reference cavity for laser stabilization. Increasing the repetition rate of the laser while
the average output power remains the same will reduce the pulse peak power and thus
make the nonlinear conversion less efficient. Tuning the Ti:sapphire laser for higher
output power (see section and using one of the SHG cavities as a filter cavity the
FSR can be increased with only a small power loss. The first conversion stage is quite
efficient and provides a stable output power of up to 1 W at 410 nm (with a 5 mm long
plane AR coated LBO crystal and modified Ti:sapphire laser), whereas the second one
is operated at the edge of the phase matching which reduces the efficiency. As described
in section only an output power of 50 to 60 mW can be generated stable for around
30 min, but the transmission fringes, while scanning the cavity, indicate a higher possible
power. From this can be concluded that the SHG process in the BBO is running in a
saturated regime. So setting this cavity up as a filter cavity with a free spectral range
of FSR = 21, (i.e. every second comb mode is coupled into the resonator) the coupled
power into the resonator will drop by a factor 2 but the output power will probably
remain the same or drop only by a small amount. In this way the short and long-term
stability of the laser can be improved.

UV degradation (see section and absorption in BBO and its unfavorable close cut-
off angle limit the maximum output power at 205 nm. These effects are also responsible
for the power loss over time during the SHG process. Cooling the crystal to lower
temperatures shifts the cut-off angle to shorter wavelengths increasing the nonlinearity.
Currently the crystal is cooled to —10°C. Going to lower temperatures using e.g. a
cryostat may increase its nonlinearity even further providing a higher output power at
205 nm.

Using another NLO crystal for SHG at 205 nm some of the limiting effects may be
reduced or removed. KBBF is a suitable nonlinear crystal for SHG at 205 nm (see sec-
tion . Although it has a comparable nonlinearity a lower output power is expected
with the same pump intensity. However, due to the much lower cut-off wavelength an
appreciably better long-term stability of the SHG power is expected.

Envelope position

As described above shifting the spectral envelope with respect to the transition frequency
leads to an exponential signal decrease with squared detuning. There are two major
sources for such a shift: jumps of the spectral envelope at the fundamental wavelength
and GVM in the BBO crystal. The first of them may probably be reduced by purging
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the laser with a dry gas. To reduce the effect of GVM a shorter BBO crystal can be
used but that goes at the expense of the output power. Another possibility would be
to monitor the spectral envelope using e.g. a monochromator and align the spectral
envelope at 205 nm rather than at 820 nm.

Detection efficiency

To improve the efficiency a large-solid-angle-detector can be used. Such a detector
consists of a sphere or simply a box with the inner side coated with a suitable material
and a channeltron to detect the photoelectrons. The work function Ew of this material
should be below the energy of the detected photons. To detect Lyman-a photons,
with a photon energy of 10.2 eV, emitted upon decay of the 2P state, e.g. graphite
(Ew = 5 eV) or potassium bromide (KBr, &w ~ 8.2 ¢V) can be used as coating material.
Such a detector coated with graphite was recently build and successfully tested by our
colleagues working on the 15 — 25 spectroscopy in hydrogen.

Using graphite the detector can easily be spray coated and the coating is very robust
against atmospheric conditions. However its work function is below the photon energy
of 6 eV of our laser, so the scattered laser light will also be efficiently detected, causing
a high background. KBr instead has a work function which is above the photon energy
of our laser but at atmospheric conditions it must be kept at low humidity and it is
deposited by evaporation [69].

Longer interaction time

An improved laser stability will only facilitate the detection of the low signal, but increas-
ing the signal itself would be more helpful. A possibility to do that would be to increase
the interaction length and the average laser intensity. Blowing up the waist radius by
a factor 2, in transverse excitation arrangement, will require a power enhancement of
at least a factor 4 to maintain the intensity, but in longitudinal excitation arrangement
the interaction length can be increased by working with longer pulses. However start-
ing with longer pulses at the fundamental wavelength while leaving the average output
power the same, means lower peak intensities for the SHGs and thus lower output power
at 205 nm. But driving the nonlinear mixing processes with short pulses and lengthen
them after the FHG will maintain high conversion efficiencies while providing a longer
interaction length. This can be achieved by reducing the spectral bandwidth, as occurs
in the BBO during the SHG, or by lengthening the pulses by chirping. As pointed out
in section only a symmetric phase shift will reduce the transition rate, while an
antisymmetric phase shift will leave the signal unaffected.
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Flux of atomic hydrogen

Another possibility to raise the count rate is to increase the flux of atomic hydrogen.
By improving e.g. the parameters of the gas discharge and using different material than
a glass tube for the discharge the degree of dissociation can be enhanced. Using differ-
ent tubing and nozzle materials may reduce the recombination rate while guiding the
hydrogen atoms to the interaction region.

Optimizing the nozzle geometry a more directional emission pattern may be generated,
rather than the cos(6) distribution, resulting in a higher flux of atomic hydrogen through
the interaction volume.

Hydrogen beam detector

There are several possibilities to prove and monitor the presence of hydrogen atoms, the
most common of them are a mass spectrometer and a calorimeter. A mass spectrometer
would provide directly the particle flow and degree of dissociation as was demonstrated
e.g. by J. T. M. Walraven and I. F. Silvera [70], but would require a complex vacuum
chamber with differential pumping, allowing a higher pressure region around the gas
feed through and providing an ultra high vacuum (UHV) region for the quadrupole. To
obtain reliable results, the UHV region should be evacuated to around 10~ mbar. A
calorimeter instead measures the energy upon recombination of hydrogen atoms. As a
detector a 5 pm thin gold plated tungsten/rhenium wire can be used as described by
V. A. Trofimov et al. [71]. The recombination heat on the surface of the wire cause its
resistance to increase which can be detected by applying a small current and measuring
the voltage. The advantage of this method is that the detector can be placed right in
front of the nozzle without impairing the hydrogen flow and it does not have such tight
requirements on the vacuum conditions as is the case for a mass spectrometer. But this
detection scheme only provides a relative measure for the atomic hydrogen. However
such a thin wire detector will be installed in the spectrometer as an indicator for atomic
hydrogen.

Different approaches

All the findings add up to the fact, that a much higher average power at 205 nm will
be essential. Using SHG in a BBO crystal to generate the UV light seems to be associ-
ated with some fundamental difficulties, which cannot be easily circumvented. Another
approach would be sum frequency generation in a CLBO or a BBO crystal. By mix-
ing the output of an optical parametric oscillator (OPO) at 942 nm (400 mW) with
the fourth harmonic of a mode-locked Nd:YLF laser at 262 nm (600 mW) in a CLBO
crystal (deg = 1.04 pm/V), an output power as high as 225 mW can be generated, as
demonstrated by K. F. Wall et al. [72]. But therefore a completely different laser system
would be necessary. However using SFG a tunable laser system capable of generating
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194.5 nm wavelength and below will be suitable for spectroscopy of the 15 — 4S5 and
higher S levels in hydrogen. This will allow a more precise determination of the ground
state Lamb shift.
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Abstract: By frequency quadrupling a picosecond pulse train from a
Ti:sapphire laser at 820 nm we generate a frequency comb at 205 nm with
nearly bandwidth-limited pulses. The nonlinear frequency conversion is
accomplished by two successive frequency doubling stages that take place
in resonant cavities that are matched to the pulse repetition rate of 82 MHz.
This allows for an overall efficiency of 4.5 % and produces an output power
of up to 70 mW for a few minutes and 25 mW with continuous operation
for hours. Such a deep UV frequency comb may be employed for direct
frequency comb spectroscopy in cases whereit is less efficient to convert to
these short wavelengths with continuous wave lasers.
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1. Introduction

Frequency conversion in nonlinear crystals has been used for along time to convert laser radia-
tion to shorter wavelengths that is difficult, or impossible to generate directly with existing laser
systems. In fact the shortest wavel engths of continuous wave (cw) radiation are generated in this
way. The limit for this method is set by the phase matching and transparency range of available
nonlinear crystals. Among the known crystals 3-barium borate BaB,0O,4 (BBO) is transparent
down to 185 nm while it can be phase matched for frequency doubling (SHG) to about 205 nm.
Other crystalslike lithium triborate LiB3Os (LBO) are transparent to even shorter wavelengths
(160 nm) but the phase matching cut-off for SHG occurs at alonger wavelength than for BBO.
Sum frequency generation can be used for both crystalsto reach the transparency cut-off. While
previous authors have used this strategy with ps[1, 2, 3] and fs[4, 5] pulses, the required tem-
poral and spatial overlap of two different color pulses adds further complications that may
compromise performance, particularly when one desires the enhancement provided by a reso-
nant optical cavity. This seemsto be unnecessary if one is interested in wavelengths above the
shortest phase matchable for SHG, which is 205 nm in BBO. Thisisthe subject of this work.

A pulsed laser system at thiswavelength will be useful for 2-photon excitation of the 1S— 3S
transition in atomic hydrogen [6, 7]. An improved value of this transition frequency can be
used to further test quantum electrodynamics and to reduce the uncertainty of the Rydberg con-
stant [8]. So far the use of cw lasers for spectroscopy of this transition has been plagued by un-
wanted nonlinearities, such as photo refractivity, that setsin preferably at shorter wavelengths.
A cw laser system for 205 nm that has been used by G. Hagel and co-workers [9], developed
a strong counter propagating wave at 410 nm within the last doubling cavity in a very short
time after locking. Unfortunately this effect has thus far limited the operation to a scanning or
pulsed mode of operation. The resulting 4 s pulses are subject to periodic Doppler shiftsaris-
ing from the forward and backward motion of the cavity mirror, which yields a double-peaked
1S— 3Sline shape. Dueto nonlinear frequency chirps caused by an intensity dependence of the
refractive index of BBO (thermal and Kerr-effect), the average of the two apparent lines does
not necessarily agree with the unshifted transition frequency.
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While there are other schemes to generate cw 205 nm light that avoid UV enhancement
cavities [10], a mode locked pulsed laser might also provide a solution to this problem. Typ-
icaly nonlinear frequency conversions are very efficient in the ps regime because large peak
intensities can be exploited while phase matching bandwidth limitations are not a serious is-
sue. This relaxes the requirements on the enhancement cavity quality. In addition, nonlinear
frequency chirps are stationary in a stationary pulse train and should not shift the observed
transition frequency in subsequent spectroscopy, although they may reduce the excitation rate.
In the frequency domain such a pulse train is described by a frequency comb [11] and a fre-
quency chirp imposed on the pulses is expressed by a phase change of the modes rather than
by afrequency change of these modes. Strictly speaking, the non-linear process discussed here
is mostly sum frequency generation among the laser modes explaining why the repetition rate
is not doubled along with the carrier frequency. Nevertheless we are referring to it as second
harmonic generation (SHG).

Using a frequency comb for high resolution 2-photon spectroscopy the modes add pair wise
to the energy difference between the ground and excited levels as pointed out by E.V. Baklanov
and co-workers along time ago [12]. Ideally the full set of modes contribute to the excitation
rate while the width of an individual mode sets the laser line width. Thus, for 2-photon spec-
troscopy, a frequency comb can therefore be entirely equivalent to cw excitation [13, 14, 15].

2. Experimental set up

Our frequency quadrupling system startswith 1.6 W of 820 nm from amode-locked Ti:sapphire
laser (SpectraPhysics, Tsunami) with arepetition rate of 82 MHz that is pumped by afrequency
doubled Nd:vanadate laser (Coherent, Verdi VV10). Its pulse duration was determined with a
background-free auto correlation (Femtoscope, MC2) to 7, = 1.3 ps. Using an optical spectrum
analyzer (Ando, AQ-6315A) wefind that the spectrum is best described by asech? function with
a bandwidth of Av,, = 0.24 THz indicating a time bandwidth product at the Fourier limited of
0.315.

As shown in Fig. 1 we stabilize this laser to an external reference cavity that is well iso-
lated from acoustics and temperature variations. The required error signa is generated with
the Pound-Drever-Hall method [16] while feeding back on a piezo driven folding mirror of the
laser. The spectral width of the laser is sufficiently narrow to operate this servo system exactly
as in the cw case when the free spectral range of the reference cavity and the pulse repetition
rate are at a (small) integer ratio (1:10 in our case). An acousto-optic modulator allows for tun-
ing the laser relative to the reference cavity. Its moderate finesse (=~ 300) allows to additionally
lock the repetition rate of the laser to a precise radio frequency reference without impairing
the first lock. The built in Gires-Tournois interferometer, which is used to adjust the round trip
group delay, can be utilized for this purpose. In this way this laser is frequency stabilized for
high resolution spectroscopy [14].

For the first frequency doubling stage (820 nm — 410 nm), both LBO and BBO are suitable
asthey have good transparency and resistance to damage at high average power. While BBO has
a2.6-timeslarger nonlinear coefficient, we instead choose LBO because of its lower dispersion
and smaller walk-off angle (8 so = 15.6 mrad versus dgso = 66.8 mrad). This provides a
longer interaction length for better spatial mode profile of the second harmonic. The 10 mm
long crystal is Brewster cut with 6 = 90° and ¢ = 29.6° for type | phase matching. It is placed
in an auminum mount which is attached to a Peltier element to heat the crystal to 45°C. Even
though the temperature of the aluminum mount is measured (sensor AD590) and controlled
within 0.1°C we don’'t have access to the temperature profile inside the crystal.
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Fig. 1. Experimental setup for deep UV frequency comb generation. A 82 MHz ps mode
locked Ti:sapphire laser is stabilized to an external reference cavity and frequency dou-
bled twice with the help of resonant enhancement cavities. The first cavity houses an LBO
(820 nm — 410 nm) and the second one a BBO crystal (410 nm — 205 nm), both of
them are Brewster cut. L1: spherical mode matching lens (f = 2000 mm); Z1, Z2: cylin-
drical mode matching lenses (f1 = 150 mm and f2 = 230 mm focusing horizontally and
vertically respectively); PD: photo diode; DPD: difference photo diode; EOM: electro-
optic modulator; AOM: acousto-optic modulator; ULE: ultra-low-expansion glass; PID:
proportional -integral -derivative controller; PLL: phase locked loop, LO: local oszillator.

Asshownin Fig. 1 thecrystal isplaced in a6 mirror cavity that isarranged to allow full folding
angles of @ = 16° on the curved mirrors in order to compensate astigmatism [17]. The two
focusing mirrors have aradius of curvature of r=200 mm, so that an almost spherical beam waist
radius of wp = 28 um isobtained. Thisis somewhat below the optimum focusing condition [18]
but helps to limit unwanted nonlinearities. In any case, the single pass conversion efficiency is
large enough that the processis conversion loss dominated. In this case, the overall efficiency is
independent of the single pass conversion efficiency, provided the proper impedance matching
isworked out by picking the correct input coupler transmission. Experimentally we find that a
75 % reflectivity at 820 nm is close to optimum at the given power level of the driving laser,
which means that the single pass conversion is around 25%. The remaining mirrors are high
reflective at 820 nm (R > 99.9 %). The cavity is locked to resonate with the modes of the
laser by using the polarization method [19] and feeding back on a piezo-mounted plane folding
mirror. Despite Fresnel losses of 20 % for the s-polarized 2nd harmonic at the crystals end facet
we obtain 600 mW average power (38 % conversion efficiency) at 410 nm through one of the
curved mirrors (T > 90 %) uninterrupted for hours.

We are aware of three nonlinear crystals that can be used for the second doubling stage:
BBO, KBe;BOsF, (KBBF) [20] and SroBe;B,0O7 (SBBO) [21]. The nonlinear coefficient
for KBBF is det(KBBF) = 0.36 pm/V [22] and is comparable to the coefficient of BBO
derf (BBO) = 0.35 pm/V. SBBO should have a comparable or even larger nonlinear coefficient
than KBBF [21]. However both KBBF and SBBO are not commercially available, which leaves
BBO (Typel: 410 nm (0) — 205 nm (e)) asthe only present option for us. The phase matching
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angle for SHG at 205 nm in BBO of 6gg0 = 86.4° is unfavorably close to the cut off. We cool
the crystal down to -10°C which shifts the phase matching angle by about 1° and increases the
effective nonlinearity to dg;(BBO) = 0.35 pm/V as compared to dgt(BBO) = 0.31 pm/V
at room temperature. Even lower temperatures have been used to further enhance the effi-
ciency [23].

In our set up the BBO crystal is held in a copper mount which is attached to a thermoelectric
cooler to servo control its temperature in the same way as the LBO crystal. To prevent con-
densation and convection we use 32 mm tubes oriented along the laser that are purged with a
steady flow of dry oxygen away from the crystal housing.

The 410 nm enhancement cavity is very similar to the first doubling cavity except that the
curved mirrors have aradius of curvature of r = 175 mm arranged such that they givea17 um
beam waist in the crystal. We find the optimum configuration for the 205 nm light employs an
input coupler with 93 % reflectivity, al the other mirrors highly reflective at 410 nm (R > 99 %)
and a5 mm long Brewster-cut BBO crystal. Fresnel losses at the crystals end face amount to
23 %. Nevertheless we extract up to 70 mW of average power at 205 nm through one of the
focusing mirrors (T > 95%) albeit for a short period of time only (see below).

3. Resultsand discussions

There are severa effects that can change the pulse duration upon second harmonic generation.
For perfect phase matching of all wavelength components and a small input signal, the tem-
poral pulse envelope is simply squared which gives rise to a temporal pulse narrowing by /2
for Gaussian pulses and by a factor of 1.45 for sech? pulses, without introducing a frequency
chirp. However in areal crystal, phase matching can not be achieved for all wavelengths simul-
taneously so that the second harmonic spectrum 12(Q) is modified. In the plane wave limit we
have [24]:
) . 1 1 L .,
12(Q,L) ~ L smcz{K—f—)Q+Ak} f}xll(Q). 6
Vo Vg 2

Here the spectrum of the fundamental wave is given by I1(Q) with the detuning from the carrier
frequency Q for which we can always adjust for proper phase matching, i.e. Ak = 0. The differ-
ent frequency dependencies of the refractive indices expressed through the group velocities vi
and v, are limiting the phase matching bandwidth by spectral filtering with the sinc?-function.
In the time domain the fundamental and SHG pul ses separate upon propagation causing a pulse
broadening of the latter. Interestingly this pulse broadening does not affect the time bandwidth
product in the case of Fourier limited fundamental pulses.

Another pulse broadening effect shows up for larger conversion efficiencies that go beyond
the quadratic approximation of Eq. (1). In this case the second harmonic saturates during the
peak of the incoming pulse[24]. With no intensity dependent phases these effects do not intro-
duce a chirp. Obtaining essentially chirp free pulses isimportant for the two photon excitation
rate as discussed above.

At the first doubling stage the temporal walk-off of the 820 nm and 410 nm pulses in
our 10 mm LBO crystal amounts to 1.1 ps corresponding to a phase matching bandwidth of
0.88 THz defined at the points where the argument of the sinc function in Eq. 1 varies between
+7. In addition, due to the large single pass conversion efficiency, some saturation broadening
is expected. To verify that these effects go along with a corresponding spectral narrowing, the
spectrum at 410 nm was measured with an optical spectrum analyzer and found to posses a
nearly sech? shape with a width of Ava, = 0.32 THz. The pulse duration was then measured
by cross correlating the 410 nm pulses with the pulses from the laser by difference frequency
generation in a 2.5 mm BBO crystal. Within this crystal the temporal walk-off between the
820 nm and the 410 nm pulses amounts to 0.45 ps with the crossing angle limiting the in-
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teraction length to dlightly shorter distances. This corresponds to a temporal broadening of
the observed cross correlation by 0.315 x 0.45 ps = 0.14 ps assuming the sech? pulse shape
is maintained. The duration of the cross correlation can then be calculated from the relation
ToF =~ (1 + T4, + (0.14 ps)P)(Y/P) = 1.9 ps, with p = 1.615 [25] t0 7, = 1.1 ps. The gen-
erated 410 nm pulses are somewhat shorter than the seed pulses albeit not by a factor of 1.45
as expected for a perfect frequency doubler with infinite phase matching bandwidth. The small
deviation of the time bandwidth product from the Fourier limit (0.35 rather than 0.315) may
be attributed to alignment dependent properties of the laser pulses that causes the initial pulse
duration to vary.

In the second doubling cavity the temporal walk-off between the 410 nm and 205 nm pulses
is much larger. After the crystal length of L =5 mm they separate by 6.5 ps, so we expect
a pulse broadening by approximately 0.315 x 6.5 ps= 2.1 ps if al pulse shapes are again
assumed to maintain their sech? envelope. This GVM corresponds to a phase matching band-
width of 0.15 THz at 410 nm. The resulting spectral bandwidth at 205 nm is determined with a
monochromator (Jobin Yvon, HR640) to §va, = 0.14 THz resulting in a Fourier limited pulse
duration of 2.2 ps. The actual pulse duration is determined by cross correlating the 205 nm
pulses with those at 820 nm. In this case however an even thinner BBO crystal of 0.1 mm thick-
ness was used so that temporal walk-off in the cross correlation can be neglected. Assuming
Ty < T4 We determine the pulse duration to be 14, = 2.4 ps giving rise to a time bandwidth
product of 0.34. Thisis close enough to the Fourier limit that it seems safe to assume un-chirped
pulses at 205 nm. Figure 2 displaysthe cross correl ations and spectrawhile Table 1 summarizes
the average powers, pulse durations and spectral widths and time bandwidth products (TBP) for
all three wavelengths.

Table 1. Overview about the characteristics of the laser system

A Av NL output  acceptance GVM pulse  TBP
[nm]  [THz] crystal power  bandwidth duration
820.58 0.24 16W 13ps 031

41029 032 LBO 600mW 088THz 11lps 1llps 0.35
20515 014 BBO 25mwW 015THz 65ps 24ps 034

As mentioned above, the maximum power in the deep UV was 70 mW achieved with a
5 mm long BBO crystal. Stability wise we observe several phenomena that prevents the use
of the full power for alonger time: Within seconds after locking the second doubling cavity
the power drops to about 10 %. Lowering the temperature and/or adjusting the angle of the
crystal this output power can be restored. This behavior suggests that heating of the crystal
after locking causes a phase mismatch [6]. In addition, after this readjustment a further slower
decrease of the power takes place within about 20 minutes settling at around 25 mW. Shifting
the crystal transversely regains the power which then drops again within several minutes. The
power decrease on the longer time scale might be attributed to the photo chemical reactions at
the surface of the crystal that may be reduced under an oxygen atmosphere [6] as described
above. Besides we could not observe a counter propagating wave in the cavity, which would
indicate photo refractivity. The observed time scales for the power decrease strongly depend on
the crystal dimensions. For short crystals of 1 mm and 2 mm length and aperture of 5 x 5 mm?2
cooling is less efficient resulting in reduced stability.

Our Monte Carlo simulations show that a tightly focused beam at 205 nm of 25 mW should
generate a 1S— 3S excitation rate of 102 per atom in a thermal beam of 6K. However high
resolution would require to work with alarger focus in order to reduce time of flight broaden-
ing. For this reason we are planning to use a third enhancement cavity at 205 nm which should
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Fig. 2. Power spectraand correlation measurements for the fundamental, second harmonic
and fourth harmonic pulses.(a) Power spectrum and (b) auto correlation trace of the funda-
mental pulses at 820 nm. (c) Power spectrum and (d) cross correlation trace of the second
harmonic pulses at 410 nm. (€) Power spectrum and (f) cross correlation trace of the fourth
harmonic pulses.

produce a detectable signal. In the future we might optimize the crystal dimensions for lengths
and improved thermal contact in order to gain higher UV power with better long term stability.
In addition longer pulses might be more efficient for our application, since direct comb spec-
troscopy is largely independent of pulse duration. Using longer pulses the whole spectrum can
be frequency doubled without restrictions due to the phase matching bandwidth, asit isthe case
for the 1.1 ps pulses at 410 nm.
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4. Conclusion

In summary we demonstrated an all solid state deep-UV laser operating at 205 nm suitable
for driving the 1S— 3S 2-photon resonance in atomic hydrogen. Starting with an 82 MHz ps
laser with 1.6 W at 820 nm a maximum output power of 70 mW at 205 nm is achieved by
two resonant second harmonic generation stages with an overall efficiency of 4.5 %. Cross
correlation measurements revealed temporal pulse broadening but the corresponding spectral
narrowing suggests that essentially un-chirped 2.4 ps pulses at 205 nm are generated.

Acknowledgements

This research was partially supported by the DFG cluster of excellence “Munich Center for
Advanced Photonics”.

#108584 - $15.00 USD Received 10 Mar 2009; revised 22 Apr 2009; accepted 22 Apr 2009; published 15 May 2009
(C) 2009 OSA 25May 2009/ Vol. 17, No. 11/ OPTICS EXPRESS 9190

99



A. Resulting publications

PHYSICAL REVIEW A 81, 033427 (2010)

Two-photon direct frequency comb spectroscopy with chirped pulses
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Thanks to the high peak intensities of ultrashort pulse trains that make up an optical frequency comb, conversion
to much shorter wavelengths is readily available. Therefore direct frequency comb spectroscopy may offer the
possibility of extending high-resolution spectroscopy to spectral regions that are unexplored so far. In this work,
we investigate the impact of a chirp, i.e., a varying frequency across the pulses, on the excitation rate obtainable
with two-photon direct frequency comb spectroscopy. Using the cesium 6 2, 12-8 %, /2 two-photon transition at
822 nm, we show that destructive interference of various quantum paths reduces the excitation rate with the
inverse of the time bandwidth product of the exciting pulses.

DOI: 10.1103/PhysRevA.81.033427

I. INTRODUCTION

Since the introduction of optical frequency combs [1],
several applications have emerged in various fields such
as optical frequency measurements, optical atomic clocks
[2], attosecond pulse generation [3], and uses in precision
astronomy [4]. Yet another possibility is to use them for direct
frequency comb spectroscopy (see [5] and references therein).
This approach seems to have no real advantage for metrology
at wavelength regions where continuous-wave lasers exists.
However, thanks to the high peak power of short laser pulses,
it might allow us to push high-resolution spectroscopy to thus
far inaccessible regions such as the extreme ultraviolet (XUV).
Many transitions of fundamental interest occur there such as
the 15-2S transition in He™, which may be exited with two
photons at 61 nm [6]. This wavelength would be available
as the 13th harmonic of a femtosecond Ti:sapphire mode
locked laser, for example. As the available XUV powers are
currently at the brink of allowing useful transition rates [7],
any reduction, for example, by possible frequency chirps
of the pulses, is important. Such a chirp may be due to
the frequency conversion process, the source laser, or beam
handling. The purpose of this paper is to investigate its impact
on the metrologically relevant two-level two-photon transition
rate. We derive a compact expression that is valid for most
laboratory situations and relates the achievable transition rate
to the time bandwidth product of the exciting pulses. We then
compare this result with experimentally determined transition
rates in the infrared and find good agreement with a large set
of different frequency chirps.

The practical cutoff for up conversion using nonlinear
crystals is set by phase matching and transparency require-
ments. Currently the shortest wavelengths that can be phase
matched for second harmonic generation with commercially
available crystals such as B-barium borate (BBO) is around
205 nm, while other crystals such as lithium triborate (LBO)
transmit down to 160 nm. Much shorter wavelengths can be
generated in a spatially localized gas jet by the process of
high harmonic generation (see [8], for example). In this case,
pulsed lasers are required as a driver to provide the high peak
intensity that is necessary. When using a coherent pulse train
for that purpose, individual continuous-wave modes of the
resulting comb structure might be used as narrow-band laser
sources [7,9,10].
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Direct frequency comb spectroscopy had already been
proposed in 1977 by Y. V. Baklanov and V. P. Chebotayev [11]
to solve a very similar problem. Lacking suitable crystals at
that time, only pulsed generation of 243 nm laser radiation re-
quired for the 15-2S two-photon transition in atomic hydrogen
seemed possible. The invention of suitable nonlinear crystals
like BBO has made that effort unnecessary. Nevertheless,
the first direct frequency comb spectroscopy was performed
shortly thereafter on the sodium 328, 24 2D transitions and
obtained close to natural line width of 4 MHz with a 1 GHz
wide frequency comb [12].

Much broader frequency combs generated by femtosecond
pulses have been used by Meshulach and Silberberg [13]
and by Stowe and co-workers [14,15]. By using a spatial
light modulator, they investigated the influence on various
spectral phases on the Cs 6 251/2-8 2S1/2 and Rb 5 2S1/2-5 2D3/2
excitation rates. Two cases have to be distinguished when
investigating these transition rates. Because of the large
spectral width of ultrashort pulses, intermediate levels may
be involved in a competing stepwise single-photon excitation.
In this case, the behavior is more complex and permits pulse
chirping to enhance the transition rate relative to the excitation
with transform-limited pulses [16,17]. In contrast to this,
chirping of a pulse can only reduce the transition rate from
the maximum transform-limited value when dealing with a
two-photon transition where stepwise single-photon excitation
via intermediate levels can be neglected.

II. DIRECT FREQUENCY COMB SPECTROSCOPY

A frequency comb is represented by a regular array of
optical modes w, that are separated by the pulse repetition rate
w, of the mode locked laser that generates them: w,, = nw, +
wp. The integer n numbers the modes as n = 0, £1, £2, ...,
while the combs center mode is defined to belong ton = 0 and
is related to the carrier envelope offset frequency [1]. In the
time domain, the pulse train that generates such a comb can
reach peak powers that exceed the time-averaged power by
the number of active modes. With further amplification [3] or
enhancement in a matched optical cavity [18,19], high-order
harmonics may be generated in a gas target. Soft x-rays
have been produced this way albeit with a rather low repetition
rate of 1 kHz [20]. In fact, the high-order harmonics are
expected to be subject to frequency chirping which may be

©2010 The American Physical Society
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FIG. 1. (Color online) Left: direct two-photon frequency comb
spectroscopy. If one of the modes (wy) is tuned on resonance (Aw =
%w(,g — wy = 0), all other modes combine pairwise to deliver the
transition energy fiw,,. Right: for constructive interference of all
excitation paths, the modes of the frequency comb must be properly

phased.

precompensated by a suitable chirp of the fundamental laser
pulses [21].

As sketched in Fig. 1, a narrow-band two-photon transition
can be excited effectively by the combined action of all modes
[22]. By tuning any of the modes w, to half the transition
energy, all mode pairs m with w,4,, + ®,_,, can contribute to
the transition rate [11]. The same pairwise addition of photon
energies takes place if the comb is tuned such that the two-
photon transition occurs exactly between two comb modes.
According to Parseval’s theorem, the combined power of all
modes is identical to the time-averaged power of the pulse
train. It can be shown that the ac Stark shift derives from the
time-averaged intensity rather than from the peak intensity of
ultrashort pulses [23]. In the ideal case, driving a two-photon
transition with a frequency comb is therefore equivalent to the
excitation with a continuous-wave laser of the same average
intensity. It should be noted, however, that this type of pulsed
excitation takes place only in a small volume, which may lead
to significant time-of-flight broadening unless trapped ions or
cold atoms are used.

The coherent addition of the quantum paths m as shown
at the right-hand side of Fig. 1 leading from the ground state
to the excited state is entirely constructive if all modes of the
comb are in phase. This could be the case for a Fourier-limited
pulse train. Deviations from this condition in terms of a spectral
phase, which is symmetric relative to the atomic transition, will
lead to a partial destructive interference. Hence the excitation
rate is reduced. On the other hand, any antisymmetric phase
perturbation does not reduce the transition rate as it cancels
in the pairwise addition of modes. For applications in high-
resolution spectroscopy, it is important to note that such a chirp
does not lead to systematic shift of the observed transition
frequencies as long as these phase shifts are constant in
time.

As a model system, we use the cesium 6251/2—8 251/2
two-photon transition excited with a frequency comb which is
generated by a picosecond Ti:sapphire mode locked laser tuned
to 822 nm [23]. Under these conditions, no intermediate levels
are addressed by the laser. Spectroscopy is performed by two
counter-propagating pulse trains with the pulse collision point
located in the center of a cesium gas cell. This arrangement
allows the thermal cesium atoms to absorb two photons from
opposing directions such that the Doppler effect cancels in first
order. The Doppler-free signal sits on a Doppler-broadened
background that is due to the absorption of both photons
from either side [24]. The pulse collision point is imaged onto

PHYSICAL REVIEW A 81, 033427 (2010)

w,-control
S w,-control

A/4 AOM N&%
A = ps Ti:sapphire
U = mode locked laser

__|[{referencef! ’
jresonator|| EOM PMT
optical Cs coll {
fiber s ce

l_\E > autocorrelator &
A spectrum analyzer

FIG. 2. (Color online) Top: Experimental setup. Two counter-
propagating beams from a stabilized ps mode locked Ti:sapphire
laser are superimposed in a 10 cm Cs vapor cell at room temperature.
The pulses are chirped with a set of optical fibers (FI = Faraday
isolator, AOM = acousto optic modulator, EOM = electro optic
modulator, PMT = photomultiplier tube). Bottom: Image of the
excitation volume with fluorescence at 456 nm from the decaying
825, 2 via the 72P levels. The pulse collision volume, where the
Doppler-free excitation takes place, appears as a bright spot in the
center. Doppler-broadened excitation takes place all along the laser
beam.

the cathode of a photomultiplier tube collecting the 456 nm
photons emitted upon decay via the 7P states (see Fig. 2); a
typical spectrum is shown in Fig. 3.

The only stable isotope of Cs possesses a nuclear spin of
7/2 so that both the excited and the ground state are split into
two hyperfine states with total angular momentum F = 3 and
F = 4. The selection rules for two-photon transitions [25]
allow only AF =0 for identical linear polarizations used
here. As the frequency comb is scanned, this doublet repeats
itself with half the repetition rate so that the separation of
the hyperfine components of ~4.2 GHz appears modulo the
repetition rate.

III. THEORETICAL MODEL

For practical purposes, there are two main mechanisms
that usually chirp short pulses: Propagation through a medium
with self phase modulation (SPM) via an intensity dependence
of the refractive index and/or dispersive media with group
velocity dispersion (GVD). While pure SPM causes the pulses
to broaden in the frequency domain, GVD broadens the pulses
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FIG. 3. Example of the Doppler-free signal (count rate up to
several kHz) from the pulse collision point shows two allowed
hyperfine components (F =3 — F =3 and F =4 — F =4) of
the 625;,,-8 %5}, transition.

in the time domain without corresponding spectral broadening.
In both cases, the time bandwidth product is larger than the
Fourier limit. Often both SPM and GVD are contributing, for
example, when launching a pulse train into an optical fiber.
We restrict our analysis to these common chirp mechanisms
and ignore more exotic spectral phases that can be generated
with a spatial light modulator [13].

We model the electric field of a single pulse at the pulse
collision point z =0 as E(t) = EqA(t)exp(—iwpt) with a
complex envelope function A(¢) and A(w) in the time and
frequency domains, respectively. The field at any other axial
position will be obtained by replacing t — ¢ &+ z/c with the
sign defining the propagation direction. The pulse chirp is
measured with a complex chirp parameter a + ib:

9 1/4 ) ‘
Al = (2a/m) ef(aﬂb)(tiz/()z/rz’ (1

JT

- a \ /4 T @)
A — <7) 7mizwz/0. 2
(@) 2 Va+ib ¢ @

While a =1 and b = 0 correspond to the unchirped pulse
of duration 74/21n(2), the normalization is chosen such that
the pulse energy [ |E(t)|?dt is independent of the chirp. In
general the chirp parameter will be time dependent, causing
frequency chirps that are nonlinear in time. In a medium with
pure SPM, i.e., with an intensity-depending refractive index
n(l) = ng + na1(t), the chirp will be proportional to the time
derivative of the temporal pulse envelope, i.e., « |A@))?/0t1.
In the vicinity of the peak, the chirp may be approximated
by a linear function. Only even-order dispersion leads to the
reduction of the transition rate that is of interest here. Our
choice of the chirp parameter excludes spectral phases that
are antisymmetric with respect to the spectral envelope. This
includes SPM by pulse envelopes that are symmetric in time,
and GVD up to the third order and assumes that the atomic
transition frequency is in the vicinity of the spectral center
of the comb. The linear antisymmetric phase +iwz/c does
not reduce the excitation rate through destructive quantum
interference. We show experimentally that these assumptions
lead to reasonable agreement with observations for various
chirp parameters and allow us to predict the transition rate for
given experimental conditions.
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With a constant chirp parameter, the Fourier transform
pair (1) and (2) yield the time domain and frequency domain
intensity full widths at half maximum as At = 74/21n(2)/a

and Av = /2In(2)(a + b?/a)/mt, so the time bandwidth
product (TBW) is given by

21n(2) b\?

AvAt = I+1-). 3
b4 a

Pure time domain broadening means that b =a(l —a),

whereas a = 1 must hold for pure frequency domain broaden-

ing.
The time domain description of the pulse train is given by

[o¢]
E(t)oc Y Anaw,)e oo, )
n=—00
where we assumed that the spectral envelope is centered at wy.
Using standard second-order perturbation theory as in [26] for
the amplitude of the excited state ¢, of an atom at rest, we
derive
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e |2 F rer + tn ) £ 772

n,m

2
1 at?

o
Aw? +y?/4 a% + b?
o 1
Aw? + y2/4 AvAt

2
(nwrty : .
e~ Nagipy T2inwyz/c

_ 8232

k- 5)

where Aw is the detuning of wy from the two-photon reso-
nance. Off-resonance terms with n # —m have been ignored,
and the sum has been approximated by an integral assuming a
sufficient number of modes (25000 in our case). The transition
probability reduces as (AvAt)~! for any position z and any
detuning. The reduction with z is merely due to a fall off
of the laser power away from the pulse collision point. Very
important for metrological applications is the fact that the
chirp has no influence on the line shape of the transition,
at least within this model. It should also be noted that the
transition rate reduction may be stronger for more exotic pulse
shapes such as pulses with a rectangular spectrum [27]. In
this case, even a Fourier-limited pulse with a sinc temporal
envelope has a nonconstant spectral phase, and a strong chirp
has very little impact on the time bandwidth product but
reduces the transition rate accordingly. A similar theoretical
analysis that applies for single pulse excitation of multiphoton
transitions in molecules has been presented earlier by Cao and
co-workers [28].

IV. EXPERIMENTAL SETUP AND RESULTS

To verify this finding experimentally, we use the setup
sketched in Fig. 2. Our mode locked laser (Tsunami, Spectra
Physics) is pumped with 9 W at 532 nm (Verdi V-10, Coherent)
and produces close to Fourier-limited Sech? pulses of 1.3 ps
duration with a spectral width of 0.24 THz (TBW =0.31)
with a pulse repetition rate of w, =27 x 82 MHz. In the
following, we assume that these pulses can be approximated
to be Gaussian. Out of its 1.8 W of output power, 0.2 W
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is used for stabilization and wavelength determination. We
lock the pulse repetition frequency to a signal derived from
a synthesizer by controlling the laser cavity length with a
piezo-mounted mirror. At the same time, the combs center
frequency is stabilized to reference cavity with the usual
Pound-Drever-Hall method [29] that also works for pulsed
lasers. The cavity’s free spectral range and w, are at an integer
ratio (10 in our case). An electro-optic modulator (EOM) in
front of the cavity generates the required sidebands, while
an acousto-optic modulator (AOM) is used to scan the comb
across the Cs transition.

To impose a chirp on the pulses, two different optical
fibers, a polarization-maintaining single-mode fiber (PSM)
(F-SPF, Newport) and a photonic crystal fiber (PCF) (LMA-20,
CrystalFiber) were used. The PCF has a larger mode field
diameter (15 pm) than the PSM (4.2 um) so that the SPM is
reduced. To characterize the SPM and GVD of the fibers, two
length scales, the nonlinear and dispersive lengths z,; and z,;,
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have been introduced [30]:

Ar? T

__ar T 6
Ak T 2kmalo ©)

Zd

where k”, the second derivative of the wave vector versus
optical frequency, measures the GVD, and I the pulse peak
intensity. The dispersive length is the travel distance where
the GVD broadens the pulse duration by /2. Similarly, after
traveling the nonlinear length, the maximum spectral phase
shift through SPM amounts to ¢ = 7 /2. For a given fiber
length L, two propagation regimes have to be distinguished:
L Kz, but L ~z; and L < z4 but L ~ z,;. In the first
case, SPM is negligible; while in the latter case, GVD can
be neglected. With the fibers at hand, z, is around 15 m and
zu has been varied between 0.01 m (for the PSM fiber at 1 W)
to 10 m (for the PCF fiber at 10 mW) by successive shortening.
In all cases, SPM is the larger effect.
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FIG. 4. Left: Normalized Doppler-free line strength versus time bandwidth product of the exciting pulses (F' = 4: A and F = 3: v). The
solid line shows the theoretical line reduction according to Eq. (5) normalized to the unchirped transition rate. Right: The corresponding
autocorrelation traces and pulse spectra after chirping with various chirp parameters (curves of-set for clarity). Top: Laser pulses are chirped
by a single-mode polarization-maintaining fiber (PSM) of 1 m length. Center: The chirp is generated with a large-mode field diameter photonic
crystal fiber (PCF) of 5 m length. Bottom: Same as center but for different fiber lengths and similar power levels: 0.3 m (84 mW), 1 m

(81 mW), 2 m (86 mW), 5 m (95 mW), and 10 m (115 mW).
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After the fiber, an adjustable fraction of the power is
branched off to feed an autocorrelator (MC2, Femtoscope) in
order to determine the pulse length Ar of the chirped pulses.
In addition, an optical spectrum analyzer is used to determine
the spectral width Av. The waist diameter in the cell is around
50 pum. To detect the fluorescence at 456 nm, a photomultiplier
tube (R6358, Hamamatsu) with an imaging system is used. An
interference filter with a central wavelength of 450 nm and a
width of 15 nm reduces the background from the laser and
other light sources. The transmission through the filter is 63%,
and the overall detection efficiency is around 0.5%.

By varying the fiber lengths and power levels coupled
through the fibers, we can generate a large set of different
chirp parameters. Measuring the spectral and temporal width
as well as the transition rate, we can then verify Eq. (5). With
the PCF fiber of 5 m length, the TBW could be varied over
one order of magnitude (see center of Fig. 4).

To reach even larger TBWs, the same measurement was
carried out with a single-mode polarization maintaining (PSM)
fiber that possesses a smaller mode field diameter. In this
case, the SPM contribution is much larger, and the TBW can
vary by two orders of magnitude with only 1 m of fiber. The
agreement between the measured line strength and expectation
is acceptable. The observed transition rates shown in Fig. 4 are
normalized to the square of the laser power measured with an
accuracy =5 % in the beam traversing the cell. We tried to

PHYSICAL REVIEW A 81, 033427 (2010)

maintain the same focusing conditions cutting the incoupling
end of the fiber, not touching the output facet. The transition
rates are also normalized to the smallest TBW measured after
the fiber. The excitation volume that varies with the pulse
duration has also been divided out by multiplying Eq. (5) with
the temporal pulse width.

V. DISCUSSION

As can be seen from the autocorrelation traces and spectra,
the deviation from a linear chirp, i.e., Gaussian pulse shape
and spectrum, are significant under some of the conditions
investigated. Nevertheless the observed reduction of the
excitation rate follows nicely the predictions of the simple
theory developed here allowing us to estimate the reduction
by the readily available time bandwidth product. For pulse
shapes that largely differ from a Gaussian, the simple theory
will not hold. Even though the transition rate reduction with
the the chirp parameter is similar, it may not increase the time
bandwidth product accordingly [27].
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