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1. How to do XUV precision spectroscopy
- XUV-light and how to make it: Harmonic generation
- Frequency chirping in lasers and harmonics

2. Frequency metrology with frequency comb lasers
- Concepts of frequency combs
- Use iIn calibration
- Direct frequency comb excitation

3. Precision spectroscopy of hydrogen
- Laboratory spectroscopy
- Spectroscopic observations of quasars
- Detecting a variation of the proton-electron mass ratio

Wim Ulkachs




Lasers at very short wavelengths ?
competiton with spontaneous emission: A/B ~ ®®
no media for tunability

Transparancy of the atmosphere
vacuum ultraviolet : A <200 nm

No window materials
LiF cutoff : A ~ 105 nm; MgF at 118 nm; CaF at ~130 nm
No optics for beam manilupation - focusing
No nonlinear crystals

Harmonic conversion only in gases
Gases have inversion symmetry; so third order
Re-absorption still important in some cases - differentail pumping
Optical breakdown and plasma formation
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Graphical: Nonlinear response of a medium
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Nonlinear Optics and Maxwell’s equations
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In centrosymmetric media, such as gases, y® =0:
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Nonperturbative
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Theory: Corkums 3-step model

(classical)

Lewenstein: Quantum-Mech. model
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Substitute left side:
use. E4(Z,t)= E4(Z)exp(ia)4t—ik42)
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Variation of the amplitude of the distance of
a wavelength is small
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For plane waves in a medium;
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right side of wave equation;
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Conservation of energy; @4 =@ + @, + a3

. ck
This does not hold for the wave vectors, because; ®; = K __ %
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Hence; Ak =ky—lg —ky—ky

reabsorption
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Input field intensities
High power;

Susceptibility Focused laser beams
of the medium:

material property

Phases of input fields;
Geometry of setup




gijk terms \gi * “’xa’gi +

- One photon
- Two-photon

ey 5 i)k )

Za)Xa)gk + 3(0)

Resonances possible at the

- Three photon levels (reabsorption)

Advantage at two-photon-level

Dy 5 SNk e

ik terms

(a)g,- + a)Xa)gj — 20— iFXa)gk + 3a))

is favorable:

Two-photon excitation resonance relative
resonance energy wavelength efficiency?
(cm-1) (nm)
5p - ép' [3/2}, 89162.9 2243 40
[1/2] 89860.5 222.6 187
7p [5/2]; 88352.2 226.4 4
Xe (3/2], 88687.0 2255 9
[1/2]p 88842.8 225.1 26
8p [5/2), 92221.9 216.9 9
[3/2], 92371.4 2165 5
[1/2], 92555.7 216.1 119
4p - 5p [5/2], 92308.2 216.7 167
Kr (3/2], 93124 .1 214.8 56
[1/2}y 94093.7 212.6 1000

2 Fundamental power is 20 kW.




EXUV =2E1+E2

EVUV = Zlgl — iéz k2

Experimental realization

slit
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Opt. Lett. 20 (2005) 1494
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e —K 22| expl=(b/2)ak(E=¢)] .
p{ lﬂ R

Phases get into the integral: wave front + dispersion

Field E4(rfo be calculated, integration jZﬂR‘EAf(R)(ZdR R=+/x%+y?
over x and y, and z to z=L. 0
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Process THG - evaluation of integral for b<<L:

F;(bAk,0,0.5.1)=

<—b>

L

Process THG - evaluation of integral for b>>L:

THG only possible,
in the tight-focusing limit if

0 — AE>0 So: only if the medium has

NEGATIVE DISPERSION !

Plane wave limit

The known sinc-function

Ak <0




Real example: Negative and positive dispersion in the Kr and Xe

Shaded areas - "anomalous dispersion in the medium”
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THG In Xe; experiment
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Calculation of
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Density effect on THG In Xe

Wave vector mismatch
Related to dispersion

ae= ey = 27 ra)

Phase mismatch is macroscopic
(like the refractive index):
dependent on gas density

RELATIVE POWER OQUTPUT AT |iB2 A

Xe

PRESSURE (Torr)}




Polarization (orientation of the E-vector)

no energy/angular momentum

¥ o 3D (elria){drly ) rfe {lrls) exchange with the medium
gijk terms (a)gi - a)xa)gi - Za)xwgk - 3(0)

Involves a sequence of four coherent photon interactions (no relaxation)

R IR T L

(lrli) = <J Mt Jl-> (Wigner-Eckhart)

Hence in four-wave mixing:
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Production of Polarized XUV

> Well defined quantum level;
o ﬂT_ R o 4_\A o Real intermediate level
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OXUV gm0 Jp=2




Can be done in “forbidden region™.
Efficiency remains low; but not zero.
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Features of the quantum
mechnical level structure
visible, via resonance
enhancement

Practical:
XUV production possible
at all wavelengths
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Phenomena of frequency chirp and precision metrology

Bandwidths: \/ﬁ X Aw f for Gaussian beam profile

n X Aw f for Lorentzian beam profile

For non-FT-limited pulses, with possible chirp: 1 do(z,t)
1(t) = 27 Ot

Phase variations possibly due to index modulation qb(z t) _
¥

Example: 5th harmonics (atom as a ruler)

shift 400 MHz

2 Ne(t)

2

8m2meeqr




Frequency chirp in precision metrology of pulsed lasers

Verification of chirp effect in pulsed systems
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Chirp detection scheme
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Chirp detection and chirp analysis
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