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Outline 

Part 1 

•  Why make an extreme ultraviolet frequency comb? 

•  Why is this hard? 

•  Basic physics of  high-order harmonic generation. 

Part 2 

•  High resolution spectroscopy with short pulses. 

•  The “Ramsey-Comb” Approach  

•  Cavity-Enhanced high-order harmonic generation 

•  Important results and future developments 

   



The Extreme Ultraviolet (XUV) 

•  Atoms and molecules contain the bulk of  their oscillator strength in the XUV 

•  All materials are strongly absorbing  Optics are challenging. 

•  But… a lot of  rich physics in this regime where the light-matter interaction is strong. 
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•  VUV and XUV spectroscopy has told us much of  what we know about 
atoms, molecules, and quantum mechanics (e.g. Spectroscopy of  
Hydrogen, Helium, Simple molecules) 
 

Extreme Ultraviolet Spectroscopy 

•  Most of  the Oscillator strength of  atoms, molecules, or solids lies in the 
VUV and XUV, in Rydberg excitations and the photoionization continuum. 

Photoabsorption Photoelectrons 

Photoionization spectroscopy now quite sophisticated! (e.g. COLTRIMS, VMI) 
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•  Time resolved photoionization 
reveals molecular dynamics. 

T. K. Allison et al., Opt. Lett. 35, 3664 (2010) 
H. Tao, T. K. Allison et al., J. Chem Phys. 134, 244306 (2011) 
T. K. Allison et al., J. Chem. Phys. 136, 124317 (2012)  

VUV/XUV Time Domain Studies 
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• The absorption or emission of  XUV light is associated with free 
electrons with Angstrom-scale de Broglie wavelengths.  

• This can be used to probe molecular structure and dynamics. 

D. Akoury et al., Science (2007) 

Photoelectron Imaging 

Molecular frame photoelectron angular distributions: 

•  Adiabatic and field-free laser alignment techniques 

•  COLTRIMS coincidence measurements, “post-partum” alignment. 



• Angle Resolved Photoemission (ARPES) 
o  Studying electron motion and 
coordination in condensed matter. 
  

Damascelli et al. Rev. Mod. Phys. (2003) 

Coherent diffraction imaging with 32 nm light. 
A Ravasio et al., Phys. Rev. Lett. (2008) 

• Nano-scale physics 
o  Nano-scale imaging. 
o  Nano-scale heat transport. 
o  Magnetic domain dynamics  

 

More XUV Applications 

• EUV Lithography 
o  Pattern much smaller features. 
o  Major comercial efforts (e.g. Intel, IBM) 

 



Dispersive Spectrometer 
•  Measure wavelength 
•  Resolution 10-6 

ca. 1670 
I. Newton 

 

Frequency 
comb 

Laser spectroscopy 
•  Measure frequency 
•  Resolution < 10-15 

ca. 1960 
C. Townes 

 

Laser 

Nobel Prize 
Hall, Hänsch 2005 

 

Frequency/Wavelength Metrology? 



VUV/XUV Wavelength Metrology 

10 m  focal length monochromator at NBS (1968) 
Autoionizing states in He 

Rowland, Lyman, Schuman, Muliken… 
 
Madden, Codling, Ederer, Sampson… 



Visible XUV 
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In the Mössbauer effect, a nuclear decay emits a photon without recoil, 
resulting in exceptionally narrow x-ray  and -ray lines.  

• Can be a sensitive probe of  chemical 
environment, innermost electron orbitals. 

• Linewidths and shifts are resolved by 
introducing a doppler shift to the emitter 
or source, but absolute position is known 
to much lower accuracy. 

• Linewidths can be  MHz to kHz  
• (e.g. 181Ta with  = 6.2 keV, f  = 37 
kHz, Q ~ 4!1013)   

Mössbauer Spectroscopy 



Constraining the Evolution of the Fundamental Constants
with a Solid-State Optical Frequency Reference Based on the 229Th Nucleus

Wade G. Rellergert,1 D. DeMille,2 R. R. Greco,3 M. P. Hehlen,3 J. R. Torgerson,3 and Eric R. Hudson1

1Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
2Department of Physics, Yale University, New Haven, Connecticut 06511, USA

3Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 4 June 2009; published 20 May 2010)

We describe a novel approach to directly measure the energy of the narrow, low-lying isomeric state in
229Th. Since nuclear transitions are far less sensitive to environmental conditions than atomic transitions,

we argue that the 229Th optical nuclear transition may be driven inside a host crystal with a high transition

Q. This technique might also allow for the construction of a solid-state optical frequency reference that

surpasses the short-term stability of current optical clocks, as well as improved limits on the variability of

fundamental constants. Based on analysis of the crystal lattice environment, we argue that a precision

(short-term stability) of 3! 10"17 <!f=f < 1! 10"15 after 1 s of photon collection may be achieved

with a systematic-limited accuracy (long-term stability) of !f=f# 2! 10"16. Improvement by 102 "
103 of the constraints on the variability of several important fundamental constants also appears possible.

DOI: 10.1103/PhysRevLett.104.200802 PACS numbers: 06.30.Ft, 23.20.Lv

The enormous effort towards building next-generation
atomic clocks based on optical transitions [1–4] testifies to
the impact a more accurate time reference will have.
Already, atomic clock experiments have provided some
of the most stringent tests of General Relativity [5] and
produced the tightest constraints on present day variation
of many of the fundamental constants [6]. Despite their
successes, traditional clock experiments are cumbersome:
the high-quality (Q) oscillator is an atomic transition,
which is sensitive to its environment. To mitigate environ-
mental influences, modern clock experimenters routinely
employ complicated interrogation schemes, e.g., atomic
fountains or 3-dimensional optical lattice confinement.
An interesting shift in paradigm is to consider an optical
clock based on a nuclear transition. Just as in atomic
clocks, the high-Q oscillator, i.e., the nuclear transition,
can be addressed by laser spectroscopic techniques—as
long as the transition energy is accessible with current laser
technology—with the added benefit, due to screening by
the atomic electrons, of reduced sensitivity to the environ-
ment. The low-lying isomeric state in 229Th provides such
a transition.

The existence of a low-lying state in 229Th, with an
estimated natural linewidth, "n, in the range 0:1 &
"n=2! & 10 mHz [7,8], was indirectly established over
3 decades ago through measurements of "-ray energies
resulting from # decay of 233U [9]. Subsequent indirect
measurements determined the isomeric state (I ¼ 3=2þ) to
be 3.5 eVabove the ground state (I ¼ 5=2þ) [10]; however,
direct searches for UV emission from this M1 transition
were unsuccessful [7]. Recently, a new indirect measure-
ment has established that the transition energy is instead
7:6& 0:5 eV [11]. Although well into the vacuum ultra-
violet (VUV) region, this energy is amenable to study by
laser spectroscopy.

We propose a novel approach to directly measure the
transition energy to higher precision by interrogating 229Th
that has been doped into a VUV transparent crystal [12,13].
This approach has several advantages. First, in contrast to
current proposals [14,15] using laser-cooled ions that can
address densities of at most 108 229Th nuclei=cm3, this
method uses samples containing densities as high as
1019 229Th nuclei=cm3 ('100 $Ci=cm3). The ability to
address such large numbers of absorbers leads to fluores-
cence rates sufficient for the use of a synchrotron light
source to directly measure the transition energy. Given that
the transition energy is only known with#25 nm accuracy
and is in the VUV region, this is a dramatic experimental
simplification. Second, as is known from Mössbauer spec-
troscopy, nuclear transitions are far less sensitive to their
surroundings than atomic transitions. Thus, a sample of
229Th atoms doped into a suitable host crystal retains a
narrow transition linewidth, potentially allowing for the
construction of a solid-state optical frequency reference
with a better short-term stability than current optical
clocks. Third, 229Th atoms in a crystal lattice are con-
fined to the Lamb-Dicke regime [16]—that is, the recoil
energy is much less than the energy required to create a
phonon in the lattice; i.e., the internal and external degrees
of freedom are decoupled. As a result, the transition energy
will not be sensitive to recoil or first order Doppler effects.
Nonetheless, there is still a variety of small effects that
must be considered. In what follows, we will show that as
long as each nucleus experiences the same crystal lattice
environment, many of these effects lead to constant, iden-
tical shifts rather than broadenings of the transition fre-
quency. As a result, they should not affect the short-term
stability of a clock based on this transition.
In the absence of external fields, the Hamiltonian

for a 229Th nucleus in a crystal can be written as

PRL 104, 200802 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
21 MAY 2010
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Strong force Electrostatic Force 

Despite low energy excitation, 
MeV scale physics is at play 
 

 Big “lever arm” for seeing for 
seeing changes in fundamental 
constants.  
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Can be partially spatially coherent, but still essentially  
a temporally incoherent “light bulb” 

Undulator Radiation 

Z. Huang and K. Kim, PRSTAB (2007) 

XUV and X-ray Free electron lasers? 
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Fourier Transform Spectroscopy? 

•  In Principle, yes! 

•  In Practice, very difficult because optics are hard and wavelength is short. 

•  Resolution  1/path length difference  Can only go but so far. 



High-resolution broad-bandwidth Fourier-transform
absorption spectroscopy in the VUV range
down to 40 nm
Nelson de Oliveira1*, Mourad Roudjane1†, Denis Joyeux1,2, Daniel Phalippou2, Jean-Claude Rodier2

and Laurent Nahon1

LETTERS
PUBLISHED ONLINE: 23 JANUARY 2011 | DOI: 10.1038/NPHOTON.2010.314
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Spatially and Temporally coherent. 

Time Domain: Complete control over 
ultrashort pulses with ~100 THz bandwidth. 

•  Femtochemistry 

•  Coherent control 

•  Extreme nonlinear optics 

 

Frequency domain: Stable, precise, and 
tunable optical frequencies. 

•  High-resolution spectroscopy 

•  Laser cooling et al. 

•  Precision Measurement  
  ~ 1 part in 1015 accuracy! 
 

Lasers 

Ye Group (2011) 

Z. Cheng et al. Opt. Lett. (1999) 
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Directly relate optical frequencies to RF 
  Optical clocks. 
  Precision measurement. 

 
Also essential for attosecond physics 
through carrier envelope phase control. 

Comb tooth linewidth 
determined by coherence time 
of pulse train, not the pulse 
duration! 

Frequency Combs 



In the XUV, lasers are hindered by: 

•  Poor optics performance (R < 50%)  Single pass only. 

•  No transparent materials  Only gas/plasma gain media.  

•  If  this weren’t difficult enough, Ppump -4 – -5 necessitates pulsed operation. 

 Not a precision instrument in the way we 
normally think of  lasers. 

XUV Lasers? 



Nonlinear Optics 

P = ! (1)E + ! (2)E2 + ! (3)E 3 + ...
Linear optics: absorption,  
refraction, scattering 

(2) processes: frequency doubling, 
sum and difference frequency generation, 
optical rectification. 

(3) processes: Four wave 
mixing, self  focusing, self  
phase modulation. 

 

E = E0 cos(!t)" P(2) = # (2)E0
2 cos2(!t)

                                  =
1
2
# (2)E0

2 1+ cos(2!t)[ ]

The second harmonic! 
Just turn up the power? 
•  Perturbation description fails when 
   E0 ~ 1 V/Å, I ~ 1013-1014 W/cm2 

•   Need to consider field ionization:         
   “Extreme Nonlinear Optics” 



J. Phys. B: At. Mol. Opt. Phys. 21 (1988) L31-L35. Printed in the U K  

LEITER TO THE EDITOR 

Multiple-harmonic conversion of 1064 nm radiation 
in rare gases 

M Ferray, A L'Huillier, X F Li, L A Lomprk, G Mainfray and C Manus 
Service de Physique des Atomes et des Surfaces, 91191 Gif sur Yvette, Cidex, France 

Received 2 November 1987 

Abstract. We report the observation of very-high-order odd harmonics of Nd:  YAG laser 
radiation in rare gases at an intensity of about I O L 3  W cm-'. Harmonic light as high as 
the 33rd harmonic in the xuv range (32.2 nm) is generated i n  argon. The key point is that 
the harmonic intensity falls slowly beyond the fifth harmonic as the order increases. Finally, 
a uv continuum, beginning at 350 nm and extending down towards the short wavelength 
region is apparent in xenon. 

The non-linear interaction of an intense laser pulse with many-electron atoms leads 
to new interesting physical processes. Multiphoton ionisation of rare-gas atoms 
removes various numbers of electrons from the outer shell and produces multiply 
charged ions. Electron energy distributions (Lomprt et a1 1985, Johann et a1 1986, 
Bucksbaum et a1 1987, Petite et a1 1987) and the production of multiply charged ions 
(L'Huillier et a1 1982, 1983, Luk et a1 1985) have previously been investigated in a 
collisionless environment at atomic densities of 10"- lo'* atoms/cm3. 

In order to provide a basis for understanding the physical processes involved, it is 
of interest to make further measurements, detecting the vuv and xuv radiation that 
may occur through fluorescence from excited multiply charged ions or through stimu- 
lated emission. Spectral analysis of the radiation generated is generally carried out 
using a spectrograph or a monochromator; the solid angle subtended by the aperture 
of such an instrument is small. As the overall collection efficiency is poor, it is necessary 
to increase the atomic density up to 10'7-1018 atoms/cm3 in order to measure a 
significant radiation signal. Because of the high atomic density, the laser light no 
longer interacts with independent atoms but with a collective assembly of atoms 
characterised by a strong polarisability. Additional processes also occur, namely 
recombination processes, harmonic generation and, more generally, various parametric 
processes. 

The purpose of the present letter is to describe harmonic generation in xenon, 
krypton and argon induced by the fundamental frequency of a N ~ : Y A G  laser at 
1064 nm. With the exception of a recent experiment on harmonic generation employing 
iodine-laser radiation (Wildenauer 1987) at 1315 nm, most of the experiments on rare 
gases reported in the literature use short primary-laser wavelengths: 266 nm (Reintjes 
et a1 1978), 248 nm (Bokor et a1 1983, McPherson et a1 1987), 355 nm+(Kung 1983) 
and 292-307 nm (Mariner0 et a1 1983), in order to obtain the shortest wavelengths 
through harmonic generation. Therefore, very little is known about harmonic gener- 
ation from infrared radiation at 1064 nm at a laser intensity of 1013-10'4 W cm-2 for 
which multiphoton ionisation of Xe, Kr and Ar is known to generate a fully ionised 
medium (L'Huillier et a1 1983). 

0953-4075/88/030031+ 05$02.50 @ 1988 IOP Publishing Ltd L3 1 

596 J. Opt. Soc. Am. B/Vol. 4, No. 4/April 1987

Radiation Detection System

SPHERICAL
GOLD COATED
GRATING
600 I/mm

ENTRANCE
SUIT 

SINGIE STAGE o1 00m PULSED
MCPI PHOSPHOR VALVE D'
DETECTOR Mounted 248 ran
Tangentially to 3-10 mJ
Rowland Circle I -1 psec

-6 x 1- 7Torr I 106 Torr 10'Torr
I

Fig. 1. Schematic of pulsed-gas jet and spectrometer-detector as-
sembly used in studies of emitted radiation. The laser was operated
to produce 3-10 mJ of energy with a pulse width of -1 psec. Typi-
cal background pressures are indicated.

Table 1. Summary of Harmonic Production and
Maximum Charge States Observed in the Rare Gases

with 248-nm Radiation at an Intensity of -1015-016
W/cm 2 and a Pulse Length of -1 psec

Energy Coupling
Maximum Maximum Associated with
Harmonic Charge Charge State

Material Order Observed State Observed (eV)

He 13 (19.1 nm) 2 79
Ne 17 (14.6 nm) 4 224
Ar 7 (35.5 nm) 8 627
Kr 7 (35.5 nm) 8 544
Xe 9 (27.6 nm) 9 630

Table 2. Estimated Values of Several Harmonic
Scattering Cross Sections N for the Rare Gases

Observed with 248-nm Radiation at an Intensity of
-1015-10116 W/cm 2 and a Pulse Length of -1 psec

Harmonic Scattering Cross Sections CrN (cm2 )
Material U5 U9 cF13 c17

He 1 X 10-25 -1 X 10-27 -1 X 10-29 -
Ne -2 X 10-25 -6 X 10-28 -6 X 10-29 3 X 10-29
Ar -5 X 10-2 7 -
Kr -3 X 10-26 -
Xe -8 X 10-2 6 -6 X 10-29

lighter materials He and Ne. Furthermore, it was found
that the signal strength fell rather slowly as the harmonic
order increased. For example, in our experiments in He and
Ne with 248-nm pulses of -1-psec duration, the decrease in
intensity of adjacent orders was approximately a factor of 20
or less, a finding that contrasts with the earlier work'3 per-
formed in He at an intensity of -1015 W/cm2 that exhibited a
decrement of several hundred between adjacent orders. Ta-
ble 1 summarizes the maximum harmonic orders and corre-
sponding wavelengths observed in the rare gases and, for
comparison, the corresponding maximum charge state ob-
served in the ion-charge-state experiments and the mini-
mum energy transfer needed to produce this charge state.

On the basis of the observed harmonic intensities, it is
possible to estimate the effective scattering cross sections orN

for the production of radiation corresponding to reaction (2).
Table 2 contains the specific values for the rare gases. As an
example, the coupling strength shown for the thirteenth
harmonic in Ne represents an efficiency of energy conver-
sion of approximately 2 X 10-11.

Interestingly, the data contained in Tables 1 and 2 indi-
cate that a significant change in the harmonic scattering
properties occurs between Ne and Ar, the same point at
which, in earlier studies,6 the observed energy-transfer rates
for ionization appeared to change appreciably in magnitude.
Basically, He and Ne, materials with relatively low rates for
energy transfer and ionization, generate harmonics copious-
ly, whereas the opposite relationship holds for the heavier
atoms Ar, Kr, and Xe.

An additional property of the mechanism of harmonic
production is revealed by a plot of the energy-conversion
efficiency in Ne, the data for which are shown in Fig. 2. A
clear break in the curve is evident between the ninth and the
eleventh harmonics, a feature that cannot be accounted for
by systematic effects in the wavelength response of the spec-
trometer-detector system. However, it is just in this energy
region,14 -45.5 eV, that excitation of the 2s orbital becomes
possible. This finding invites the interpretation that the
harmonic production in Ne, under the conditions of irradia-
tion studied, is governed for N < 9 mainly by the 2p elec-
trons, while the higher harmonics observed (11 < N S 17)
are produced by motions induced in the 2s subshell. Fur-
thermore, since the atomic potential in which the 2s elec-
trons move tends to be both stronger and of shorter range
than that corresponding to the 2p electrons, a flatter har-
monic spectrum such as that illustrated on Fig. 2 is expected.

B. Fluorescence
Electronically excited ions can be produced directly by pro-
cess (1). Collision-free photoelectron spectra 4 of Xe have

10°

11.0 13.0 15.0
155) 155 1751

Harmonic Order N (eV)

Fig. 2. A plot of the relative energy-conversion efficiency for har-
monic generation in Ne shows a sharp change in slope between the
ninth and eleventh harmonics. The arrow indicates the energy at
which a 2s electron in the neutral becomes excited. For the seventh
harmonic, the typical error bar is shown. The efficiency of the
thirteenth harmonic is -2 X 10-11.
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Studies of multiphoton production of vacuum-ultraviolet
radiation in the rare gases

A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. McIntyre, K. Boyer, and C. K. Rhodes

Department of Physics, University of Illinois at Chicago, P.O. Box 4348, Chicago, Illinois 60680

Received November 1, 1986; accepted December 18, 1986
Measurements of the vacuum-ultraviolet (<80-nm) radiation produced by intense ultraviolet (248-nm) irradiation
(101'-1016 W/cm 2 ) of rare gases have revealed the copious presence of both harmonic radiation and fluorescence
from excited levels. The highest harmonic observed was the seventeenth (14.6 nm) in Ne, the shortest wavelength
ever produced by that means. Strong fluorescence was seen from ions of Ar, Kr, and Xe, with the shortest
wavelengths observed being below 12 nm. Furthermore, radiation from inner-shell excited configurations in Xe,
specifically the 4d95s5p - 4d'05s manifold of Xe7+ at -17.7 nm, was detected. These experimental findings, in
alliance with other studies concerning multielectron processes, give evidence for a role of electron correlations in a
direct nonlinear process of inner-shell excitation.

1. INTRODUCTION

The nonlinear response of matter to an intense radiation
field is an active area of study. The basic process under
examination is the reaction

My+ X _Xq+ + qe +,' (1)
in which multiply charged ions Xq+, photoelectrons qe-, and
photons y' are produced. In order to provide a basis for
understanding the physical mechanism of coupling in-
volved, the properties of ion-charge-state distributionsl-3

and electron energy spectra 4 were previously examined in a
collision-free environment. Recently, harmonic radiations
and fluorescence 6'7 produced in a gas jet by irradiation of
atoms with intense ultraviolet radiation were also investigat-
ed. Information on the earlier studies concerning the ion
and electron distributions, conducted at several different
wavelengths, is thoroughly documented in Refs. 1-6 and
associated citations. In this discussion, further results on
the generation of short-wavelength radiation arising from
the nonlinear interaction will be emphasized.

2. EXPERIMENTAL APPROACH
The experimental arrangement used to conduct the studies8

of the radiation produced is illustrated in Fig. 1. The source
used for irradiation of the target gas was KrF* (248-
nm) laser system9 that produces pulses having a maximum
energy of -20 mJ and a minimum pulse durations of -350
fsec. A 23-cm (10) focal-length lens focuses the 248-nm
laser radiation into a gaseous target produced by a modified
Lasertechnics pulsed gas jet. With this optical system, the
intensity in the focal region is estimated to be in the range of
-1015-1016 W/cm 2. The gas jet is mounted 11.5 cm in front
of the entrance slit of a 2.2-m grazing-incidence spectrome-
ter (McPherson Model 247) equipped with a 600-line/mm
gold-coated spherical grating blazed at 120 nm. A single-
stage microchannel plate with a phosphored fiber-optic
anode serves as the detector. Mounting of the detector
tangentially to the Rowland circle of the spectrometer allows

the observation of radiation between 7.5 and 80 nm. The
FWHM resolution and accuracy of the spectrometer-detec-
tor system are typically 0.1 nm. The pulsed-gas valve,
which was modified to allow a backing pressure up to 5.17 X
104 Torr (1000 psi), was typically operated in the range of
1.03 X 104 to 3.10 X 104 Torr (200-600 psi) with a pulse
repetition rate of 2 Hz. Background pressures in various
parts of the apparatus are indicated in Fig. 1. The laser was
focused to a position a few hundred micrometers above the
nozzle tip that has a diameter of 0.5 mm and a throat depth
of 1 mm. The estimated gas density in the interaction
region was -1018 cm- 3.

3. EXPERIMENTAL FINDINGS
The nonlinear coupling represented by reaction (1) can lead
to the generation of radiation. In our experiments, we ob-
serve the presence of two nonlinear mechanisms leading to
the production of radiation in the vacuum-ultraviolet range.
They are (a) harmonic generation, a parametric scattering
process, and (b) fluorescence arising from excited ionic
states.
A. Harmonic Radiation
The general scattering mechanism"

Ny(w) + X y'(Nw) + X, (2)

arising from the nonlinear nature of the atomic susceptibil-
ity at high field strengths for frequency a, leads to the gener-
ation of harmonic radiation'2 of frequency NM. For our
studies, the system X could represent either a neutral atom
or an ion. In the electric-dipole approximation for a spatial-
ly homogeneous medium, it is well known that the harmonic
order N is restricted to odd integers. For these initial stud-
ies, all the rare gases have been used as target materials.

Previously, with radiation at 248 nm in pulses of -15-psec
duration, 35.5-nm radiation was produced as the seventh
harmonic'3 in He. In the present experiment, conducted
with intensities ranging from 1015 to 1016 W/cm 2, harmonic
generation was observed at considerably higher orders in the

0740-3224/87/040595-07$2.00 © 1987 Optical Society of America
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McPherson et al.

L32 Letter to the Editor 

The laser used in the present experiment is a commercial picosecond Nd : YAG laser 
(Quantel). The bandwidth limited 30 ps pulse is amplified up to 1 GW at a 10 Hz 
repetition rate. The laser pulse is then focused by a 200 mm focal length lens onto a 
gaseous target in a vacuum chamber pumped down to lo-* Torr. The focused intensity 
distribution is determined from photometric measurements as in previous experiments 
(L'Huillier er al 1983, LomprC et a /  1982). The gaseous target is generated by a pulsed 
gas jet from a 1 mm diameter nozzle whose valve opens only during a submillisecond 
interval synchronised with the incident 10 Hz Nd : YAG laser. The infrared laser pulse, 
directed perpendicularly onto the gas jet, is focused at 0.2 mm from the nozzle, where 
the high gas density region is narrowest and most sharply defined. An effective gas 
pressure of about 10 Torr is obtained at the focal point for a 150 Torr backing pressure. 
The calibration method based on determining the gas density at the focus of the laser 
has been described in detail elsewhere (LomprC e ta l  1988). The gas jet is projected 
directly onto the throat of an 800 1 s-' turbomolecular pump in order to maintain the 
background pressure at below lo-' Torr during the entire duration of the experiment. 
The well confined gas beam geometry should substantially reduce reabsorption of the 
XIJV radiation generated by the medium outside the interaction region. The xuv light 
generated at the focal point is analysed along the laser axis using a grazing incidence 
275 line/" gold-coated toroidal holographic grating blazed at 100 nm capable of 
analysing vuv radiation down to 50 nm. A second grating blazed at 15 nm is used to 
analyse xuv radiation below 50 nm. An EM1 solar blind photomultiplier is used as a 
detector for the 115-355 nm range, while a windowless electron multiplier with CuBe 
dynodes is used for the 30-150 nm range. 

Figure 1 shows a typical harmonic spectrum obtained for Xe in the 50-130nm 
range with a windowless electron multiplier detector. This is a low-resolution scan 
and the harmonic line widths are solely dependent on the monochromator optics. All 
the odd harmonics between 9 and 21 are observed. The 17th, 19th and 21st harmonics 
also appear in the second order. The continuous background that appears in figure 1 
is not an artifact, it disappears at lower pressure. It originates from a broad continuum 

Figure 1. Harmonic spectrum obtained using a Xe gas jet showing all odd harmonics 
between 9 and 21. The peaks at 101, 112 and 125 nm are the second diffracted orders of 
the 21st, 19th and 17th harmonics respectively. The laser intensity was approximately 
3 x 10'' W cm-* and the Xe pressure at the focal point was about 10 Torr. 
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High-Order Harmonic Generation from Atoms and Ions in the High Intensity Regime
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We present calculated optical harmonic spectra for atoms and ions in the high intensity regime

relevant to current short-pulse experiments. We find that ions can produce harmonics comparable in
strength to those obtained from neutrals, and that the emission extends to much higher order. Simple
scaling laws for the strength of the harmonic emission and the maximum observable harmonic are sug-
gested. These results imply that the photoemission observed in recent experiments in helium and neon
contains contributions from ions as well as neutrals.

PACS numbers: 42.50.Hz, 32.80.Rm, 42.65.Ky

When an atom is exposed to an intense laser field, it
develops a time-dependent dipole moment and radiates at
odd multiples (harmonics) of the incident laser frequen-
cy. This process, known as optical harmonic generation
(OHG), has been thoroughly studied at low to moderate
laser intensities (e.g., 10' to 10' W/cm at 1 pm) with
pulse widths of 10-40 ps [1]. However, current laser sys-
tems can produce intensities in excess of 10' W/cm~,
with pulse widths of 0.1 to 1.0 ps. Recent short-pulse ex-
periments by several groups have observed high-order
harmonic generation in the rare gases at intensities well
beyond the saturation intensity for the atom and several
of its ionization stages. Since ionized electrons cannot
contribute to harmonic production unless their motion be-
comes relativistic, these experiments are probing the lim-
its of OHG, certainly for neutrals, and possibly for ions
as well. L'Huillier et al. [2] have observed the 53rd har-
monic of 1053 nm in neon, Miyazaki and Sakai [3] have
detected the 41st harmonic of 616 nm in He, and Crane
et al. [4] have observed the 45th harmonic of 527 nm in
He, as well as recombination lines indicating the presence
of He+ and He++. The shortest harmonic wavelengths
reported to date are 7.2 nm (the 109th harmonic of 806
nm) in Ne [5] and 9.9 nm (the 25th harmonic of 248 nm)
in He [6].
These experiments raise several fundamental questions.

One concerns the wavelength dependence of OHG.
While several different wavelengths have been used to
generate harmonics, no systematic study exists to show
whether one wavelength is better than another at produc-
ing high-energy photons. Another question concerns the
role of ions. The intensities developed by short-pulse
lasers are sufficient to multiply ionize an atom, so it is
natural to ask whether the resultant ions contribute to
harmonic production. The expectations for harmonic
emission from ions are unclear. Theory and experiment
at lower intensity have demonstrated that an atom with a
higher ionization potential (Iq) generates higher-order
harmonics than an atom with a lower I~ [7]. Because the
I~ of an ion is much higher than that of the neutral, ions
are potentially a source for very short-wavelength har-
monics. However, the ion has a lower polarizability and
a correspondingly lower conversion efficiency. But the

ion can experience much higher intensities before ionizing
further, so the harmonic emission rates might be
significant. At high intensities ionization occurs via tun-
neling, which means that the bound electrons make a
transition directly into the continuum by tunneling
through or flowing over the suppressed Coulomb barrier.
Atomic resonances play little or no role in electronic exci-
tation. Therefore, one might expect that these conditions
would be unfavorable for QHG, because photoemission
requires a transition from the continuum back to the
ground state, which can occur only near the nucleus [8].
To answer these questions we have calculated optical

harmonic spectra from several atoms and ions at intensi-
ties up to the saturation intensities, I„&, attainable with
0.1-1.0 ps lasers. I„.& is defined for each charge state,
and corresponds to the maximum intensity that a reason-
able number of atoms or ions (say, 20%) experience be-
fore ionizing. This results in a peak ionization rate of a
few times the inverse pulse width. Our goal is to examine
the limits of harmonic emission that can be attained from
a single atom or ion interacting with a short-pulse laser.
The harmonic intensities that can be observed in experi-
ments are obviously limited by the single-atom response.
One of the main results of this work is the development of
a simple formula that depends only on the wavelength of
the driving field, the saturation intensity, and the I~ of
the emitting species. This formula enables us to estimate
the maximum observable harmonic photon for a specified
set of experimental conditions. It also allows us to pre-
dict the harmonic order at which the contribution from
ions becomes stronger than that from neutrals. We
confirm for the first time that ions can emit very high-
order harmonics with a magnitude comparable to that ob-
tainable from neutrals. In addition, we show that the
emission from ions will extend to much higher order than
that from neutrals. Based on these results we conclude
that most of the available experimental data can be ex-
plained by assuming harmonic emission exclusively from
neutrals. However, we believe that recent experiments in
helium and neon have in fact observed harmonic emission
from ions.
The results presented in this work were obtained using

methods described previously [8]. For one-electron sys-

1992 The American Physical Society 3535

hνcutoff = 3.17Up + Ip



The Pondermotive Potential 
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�F = m�a = −e �E(t) = −e �E0 cos(ωt)

At 800 nm, 1 ! 1014 W/cm2   UP = 6 eV, E = 2 V/Å  



Quantum theory can also explain cutoff  harmonics, phases, “atto-chirp” 



•  Wavelength scaling as Ppump  1/  (cf. 1/ 4 for an XUV laser) 

•  No particle accelerator. 

•  Definite phase relationship between XUV light and IR driving laser. 

•  Continues to surprise after > 20 years of  research. 

High-Order Harmonic Generation (HHG) 
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Attosecond Synchronization of
High-Harmonic Soft X-rays
Y. Mairesse,1 A. de Bohan,1 L. J. Frasinski,2 H. Merdji,1

L. C. Dinu,3 P. Monchicourt,1 P. Breger,1 M. Kovačev,1 R. Taı̈eb,4

B. Carré,1 H. G. Muller,3 P. Agostini,1 P. Salières1

Subfemtosecond light pulses can be obtained by superposing several high
harmonics of an intense laser pulse. Provided that the harmonics are emitted
simultaneously, increasing their number should result in shorter pulses. How-
ever, we found that the high harmonics were not synchronized on an attosecond
time scale, thus setting a lower limit to the achievable x-ray pulse duration. We
showed that the synchronization could be improved considerably by controlling
the underlying ultrafast electron dynamics, to provide pulses of 130 attosec-
onds in duration. We discuss the possibility of achieving even shorter pulses,
which would allow us to track fast electron processes in matter.

The generation of soft x-ray, subfemtosecond
light pulses is providing new opportunities
for time-resolved spectroscopy (1). With the
recent production of pulses as short as 650
attoseconds (as) (2) and trains of 250-as puls-
es (3), the time-resolved dynamics of parti-
cles in the attosecond (10!18 s) regime is
becoming a reality. The key method of syn-

thesizing attosecond pulses (4, 5) is the gen-
eration, in rare gases, of high harmonics of an
infrared femtosecond laser pulse (6, 7 ). Such
coherent harmonics can be generated to high
orders (300 or more) (8, 9), covering a spec-
tral bandwidth of hundreds of electron volts.
The physical origin of the harmonic emission
can be described by a semi-classical three-

step model (10, 11). First, at some initial time
ti, close to the peak of the laser electric field,
an electron wavepacket tunnels through the
potential barrier formed by the combined
Coulomb and laser fields; next, it oscillates
almost freely in the laser field, gaining kinetic
energy; finally, this energy is converted into a
high-energy photon through recombination
with the parent ion at time tr. An infrared
pulse lasting a few cycles allows the produc-
tion of a single x-ray burst with a continuous
spectrum (12, 13). Using a multicycle (50-fs)
laser pulse, this sequence is repeated every
half cycle of the laser optical field, leading to
periodic emission of light bursts with a dis-
crete spectrum (14, 15) containing only odd
multiples of the laser frequency: "q # q"0

1Commissariat à l’Energie Atomique, DRECAM/SPAM,
Centre d’Etudes de Saclay, 91191 Gif-sur-Yvette,
France. 2The University of Reading, J. J. Thomson
Physical Laboratory, Whiteknights, Post Office Box
220, Reading RG6 6AF, UK. 3FOM-Institute for Atomic
and Molecular Physics, Kruislaan 407, 1098 SJ Am-
sterdam, Netherlands. 4Laboratoire de Chimie Phy-
sique-Matière et Rayonnement, Université Pierre et
Marie Curie, 11 Rue Pierre et Marie Curie, 75231 Paris
Cedex 05, France.

Fig. 1. Intensity de-
pendence of the time
shift. (A) Calculated
emission time as a
function of harmonic
order for IIR # 1.2 $
1014 W/cm2 (blue
dashed line) and IIR #
3.8 $ 1014 W/cm2
(red dotted line). The
laser field, whose pe-
riod is 2667 as, is
maximum at t # 0.
The time shifts are
given by the slopes of
the tangents to the
curves (black solid
lines). (B) Time shift
as a function of the
laser intensity. Single-atom predictions (black line) and experimental values using different generating gases [xenon (red triangles), argon (green
squares), and neon (blue stars)] are shown.
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(where !0 is the fundamental laser angular
frequency, and q is the harmonic order). The
temporal profile I(t) of the intensity of the
emitted pulses can be determined from
knowledge of the spectral amplitudes (Aq)
and phases ["(!q)] of the N contributing
harmonic fields through the expression

I(t) # !"
N

Aq exp[$i!qt % i"(!q)]!2

The spectral phase "(!q), which is sam-
pled only at the harmonic frequencies, re-
flects their synchronization during the emis-
sion process. A linear relationship, "(!q) #
q!0te, with te (harmonic emission time) inde-
pendent of q, results in so-called Fourier-
limited pulses of duration &FL ' 1/N, which is
the shortest duration allowed by the band-
width. In that situation, all harmonics are

emitted at the same time, te #
("
(! #

)"
2!0

()" is the spectral phase difference between
two consecutive harmonics). Because of the

uncertainty principle, one cannot define an
instant associated with a single energy: The
emission time of harmonic q applies to a
group of harmonics centred on !q; that is, the
group delay. The first spectral phase
measurements of five consecutive harmonics
generated in argon revealed a near-linear
phase relationship, corresponding to a train of
250- as pulses (3). The synthesis of much
shorter bursts demands that this linearity hold
for a much wider spectral range.

The generation of attosecond pulses is best
understood in terms of the quantum-mechanical
theory developed in the Feynman’s path inte-
gral formalism (16, 17), which recovers the
semiclassical picture: The emission of a given
harmonic is associated with at least two quan-
tum orbits that are complex electron trajectories
labeled in terms of their short or long return
times, tr – ti. We find that the real part of their
recombination times determines the values for
te (18). The semiclassical calculations reveal

that over a large spectral range, te varies quasi-
linearly with !q (linear chirp), with a positive
slope for the branch corresponding to the short
trajectories (that is, the higher harmonics are
emitted after the lower ones) and a negative
slope for the long trajectory branch (Fig. 1A).
This lack of synchronization is a direct conse-
quence of the temporal broadening of the elec-
tron wavepacket, and can be quantified by the
time shift between emissions of two consecu-
tive harmonics, q and q % 2: )te(!q%1) #
te(!q%2) – te(!q). This temporal drift in har-
monic emission has dramatic effects on the
duration of the emitted attosecond pulses: Se-
lecting the entire available spectral range no
longer provides the shortest possible pulses.
The value of this time shift determines the
minimum pulse duration &opt. Assuming Gauss-
ian pulses with linear chirp, it can be shown
analytically (and numerical calculations with a
discrete harmonic spectrum confirm this) that
&opt ' #)te at the optimum number of
harmonics Nopt ' 1/#)te. Our calculations also

show that )te ' !0/Up, where Up #
IIR

4!0
2

is the

ponderomotive energy in atomic units (IIR is
laser intensity) and could thus be minimized
through the generating conditions. One would
expect the generation of (at least) two bursts per
half laser period because of the short and long
trajectories (19). However, in some harmonic
generating conditions, the macroscopic re-
sponse is predicted to contain only the short-
trajectory contributions, resulting in regular
harmonic phases (19, 20).

The measurement of the relative harmonic
phases can be performed through two-photon
two-color ionization (3, 21). Photoelectron
spectra obtained by superposing the harmonic
pulse and a weak infrared field consist of
peaks corresponding to the harmonic energies
and of sidebands located in between. When
the delay between harmonic and infrared
fields varies, the sideband amplitudes oscil-

Fig. 2. Experimental setup. The 50-mJ, 50-fs, 800-nm Ti:sapphire laser beam is spatially separated
into two parts: The outer annular part generates the high harmonics, whereas the small inner part,
the dressing beam, contributes to the generation of the sidebands. Their delay is controlled by a
piezoelectric translator with 10-nm accuracy. This setup allows independent control of the
diameter, intensity, polarization, and even spectral phase of each beam. The beams are focused
before the 1-mm diameter, 50-torr, pulsed gas jet using a lens with a focal length of 1 m. The
harmonics emitted on the axis and the dressing beam are refocused in a detecting jet by a
Pt-coated toroidal mirror with broadband reflectivity, whereas the annular beam is blocked by a
diaphragm. Photoelectrons are detected with a magnetic bottle time-of-flight spectrometer.

Fig. 3. Measurement
of the emission time
in argon at IIR #
1.2 * 1014 W/cm2.
(A) Photoelectron spec-
trum as a function of
delay. Each spectrum
is an average over
100 laser shots. For
clarity, the spectra
have been normal-
ized. The color scale is
nonlinear, and the ap-
parent spectral widths
are therefore not sig-
nificant. The thick
white line guides the
eye to the location of
the sideband maxima; the thin line is vertical. (B) Harmonic emission time: measurements (blue crosses with error bars) and single-atom predictions
(red dots). Linear fits (blue and red lines) give the time-shift values )te

exp# 106+ 8 as and )te
th# 81+ 3 as. The black line represents the measured

harmonic intensity. arb., arbitrary.
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late. The phase of this oscillation directly
provides the phase difference between two
consecutive harmonics and thus the harmonic
emission time: !SB("q#1) $ %("q#2) –
%("q) – &%q#1

at ' 2"0te("q#1), because
&%q#1

at (the atomic phase term) is only a
small correction (18).

Our experimental setup allows a broad-
band harmonic analysis and fine-tuning of the
measurement parameters (Fig. 2). The photo-
electron spectra obtained by using argon as a
generating and detecting gas are displayed as
a function of delay for IIR $ 1.2 ( 1014

W/cm2 (Fig. 3A). Macroscopic selection of
the short trajectory contributions (19, 20) was
achieved through phase matching by focusing
the laser beam ahead of the gas jet (22, 23).
The dephasing of the sideband oscillations as
a function of order is a direct indication of the
lack of synchronization in the harmonic emis-
sion, which is confirmed by the plot of the
emission time (Fig. 3B). A linear dependence
is obtained, corresponding to a time shift
&te

exp $ 106 ) 8 as.
We carried out a thorough study of the

time shift as a function of laser intensity
and generating gas (Fig. 1B). In all cases,
the synchronization improves when the la-
ser intensity is increased up to the ioniza-
tion intensity of the generating medium.
Agreement with the predictions of our the-
oretical analysis is good over a large range
of intensity, despite a slight upshift of the
experimental data. In good phase-matching
conditions, the macroscopic response is
indeed predicted to be very close to the
single-atom one restricted to the selected

trajectories, and we checked that our time
shift calculations agree quantitatively with
the linear chirp resulting from a full mac-
roscopic study (20). The single-atom re-
sponse provides a limit that can be experi-
mentally approached by optimizing the
generating conditions, but never reached.
The experimental curves deviate from the
1/IIR dependence close to the saturation
intensity of each gas: When the medium
becomes ionized, we observe strongly per-
turbed phase relationships, because propa-
gation effects (in particular phase mis-
match) become dominant.

The minimum time shift is obtained by
using neon as the generating gas. Its spectrum
extends to much higher orders, allowing a
broadband study of the harmonic synchroni-
zation with helium as the detecting gas (its
ionization cross-section is flatter). The emis-
sion times measured at IIR $ 3.8 ( 1014

W/cm2 indicate a good linearity from H25 to
H55, with &te

exp $ 33 ) 3 as, close to the
single-atom prediction &te

th $ 26.1 ) 0.2 as
(Fig. 4A). The temporal profile of harmonic
emission, as well as its timing with respect to
the generating laser field, can be reconstruct-
ed from the measured spectral amplitudes and
phases (Fig. 4B) (3, 24 ). When the temporal
profile of groups of five consecutive harmon-
ics is plotted, their different emission times
are clearly evidenced: The time separating
two groups is 5&te ' 150 as. Low harmonics
are emitted close to the peak of the laser field,
with the highest harmonics being emitted
close to zero field. This temporal drift results
in a strong distortion of the pulse correspond-

ing to the full spectral bandwidth (H25 to
H69), and in a temporal broadening to 150 as,
which is three times the Fourier limit. The
minimum pulse duration imposed by &te is
obtained by selecting Nopt $ 11 harmonics,
resulting in close–to–Fourier-limited pulses
of duration *opt $ 130 as.

This measurement constitutes a direct ob-
servation of the electron return times with a
temporal resolution of 50 as, set by the avail-
able spectral width. In that respect, it can be
considered as an unambiguous validation of
the three-step model. Moreover, deconvolu-
tion from the recombination probability pro-
vides a characterization of the temporal shape
of the recombining high-energy electron
wavepacket, which is crucial for its direct use
as an attosecond probe of molecular dynam-
ics (25, 26 ). It opens up new avenues for
generating even shorter pulses. Increasing the
saturation intensity by using ultrashort laser
pulses and helium as the generating gas
should help to improve the harmonic syn-
chronization. Another possibility is to in-
crease the laser wavelength using currently
developed mid-infrared lasers (27 ), because
the time shift varies as "0

3. Finally, ultrashort
pulse durations could be obtained by optical
compression techniques: The temporal drift
can be compensated by propagation in a me-
dium or optical system where the high fre-
quencies travel faster than the low ones. From
that perspective, our accurate knowledge of
the phase relationship is essential. One could,
for instance, use a “plasma compressor,” be-
cause free electrons induce a negative group
velocity dispersion. In the case presented in

Fig. 4. Broadband mea-
surements in neon at
IIR $ 3.8 ( 1014
W/cm2. (A) Harmonic
emission time: mea-
surements (blue crosses
with error bars) and sin-
gle-atom predictions
(red dots). Linear fits
(blue and red lines) give
the time-shift values
&t e
exp$ 33) 3 as and

&t e
th $ 26.1 ) 0.2 as.

The black line repre-
sents themeasured har-
monic intensity. (B)
Temporal profile of har-
monic emission corre-
sponding to H25 to H69 (yellow filled curve), H25 to H33 (red line), H35 to H43 (green line), H45 to
H53 (blue line), and H55 to H63 (purple line). Black dots represent the absolute value of the laser
electric field. (C) Compensation of the temporal drift for H25 to H55: measured uncompensated
train (black line) and calculated train after propagation in 5mmof ionized gas with electron density
ne $ 9.7 ( 1019 cm+3 (yellow filled curve).
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momentum boost imparted to the free electron by the laser field
from the time of its release t until the pulse has passed. In the
classical description of the freed electrons’motion in the strong laser
field, the final momentum spectrum can be viewed as a projection
of n e(p i, t) along the lines where p ¼ p i þ eAL(t) is constant (see
Fig. 1); p i is the initial kinetic momentum of the electron.
By delaying the laser field with respect to the excitation that
triggers electron emission, a set of tomographic records is
obtained, from which the initial time–momentum distribution
n e(p i, t) can be uniquely reconstructed if the emission terminates
within T0/2 ¼ p/qL. The method is closely related to frequency-
resolved optical gating8,9 with the oscillating laser field (rather than
its envelope) being employed as a gate. In the simplest cases one or

two streaked spectra are sufficient for retrieving n e(p i, t), as
discussed in Fig. 2.
For our experiments the XUV excitation pulses have been

generated from neon atoms ionized by an intense linearly polarized
few-cycle laser pulse (full-width at intensity half-maximum
(FWHM): t L ¼ 5 fs, carrier wavelength: l L ¼ 750 nm,
T0 ¼ 2.5 fs) with controlled waveform5 by a process that leads to
the emission of high-order harmonics for multi-cycle drivers10,11.
Proper adjustment of the laser peak intensity yielded highest-energy
(cutoff) XUV emission in the high-reflectivity band of our Mo/Si
multilayer mirror, which was used for focusing the XUV as well as
laser pulses into another neon gas jet for recording atomic transi-
ents. Both an intuitive model12,13 and extensive numerical simu-
lations14–18 predict the cutoff emission to be confined to the vicinity
of zero transition(s) of the laser electric field after the most intense
half-cycle(s) in a few-cycle driver.
Figure 3 summarizes representative streaked neon photoelectron

spectra recorded with the XUV and laser pulse impinging with a
fixed relative timing set in the XUV generation process. For a cosine
driver waveform (J ¼ 0), cutoff radiation (filtered by the Mo/Si
multilayer) is predicted to be emitted in a single bunch at the zero
transition of EL(t) following the pulse peak. The photoelectrons
knocked off in the direction of the peak electric field at this instant
should gain the maximum increase of their momentum and energy.
Figure 3d corroborates this prediction. The clear upshift is consist-
ent with the XUV burst coinciding with the zero transition of the
laser electric field (see Fig. 2). Possible satellites would appear at the
adjacent zero transitions of EL(t) and suffer an energy downshift.
The absence of a downshifted spectral peak of substantial intensity
indicates a clean single sub-fs pulse generation. With the phase

Figure 3 Streaked photoelectron spectra recorded at a fixed delay of probe laser light.
Energy distribution of photoelectrons emitted from neon atoms excited by a sub-fs XUV

pulse carried at a photon energy of !hqxuv < 93.5 eV (selected by the Mo/Si mirror). The

photoelectron spectrum peaks at W 0 ¼ !hqXUV 2 W b < 72 eV in the absence of E L(t ),

whereW b ¼ 21.5 V is the binding energy of the most weakly bound valence electrons in

Ne. The spectrally filtered cutoff XUV bursts and the 5-fs, 750-nm driver laser pulses are

depicted by blue and red lines, respectively. a, b, Streaked spectra obtained with
respectively ‘cosine’ and ‘–cosine’ laser pulses of a normalized duration of t L /T 0 ¼ 2.8

and of a peak electric field of E0 ¼ 140MV cm21. The green lines on the right-hand side

depict spectra computed with an XUV burst derived from the measured asymmetric XUV

radiation filtered by the mirror (see Fig. 5a) under the assumption of zero spectral phase.

The satellite pulse is not modelled in this way, because the corresponding modulation of

the spectrum was not considered in the calculation. The difference in broadening of the

up- and down-shifted spectral features appears to be a consequence of the quadratic

temporal frequency sweep resulting from the asymmetric spectral distribution of the XUV

burst (see Fig. 5a). c, d, Streaked spectra obtained with respectively ‘sine’ and ‘cosine’
laser pulses characterized by t L /T 0 ¼ 2 and E 0 ¼ 75 MV cm21.

Figure 4 ATR measurement: a series of tomographic projections (streaked kinetic energy
spectra) of the initial time–momentum distribution of photoelectrons knocked out by a

single sub-fs XUV pulse (in false-colour representation). A few-cycle laser pulse with a

cosine waveform and a normalized duration of t L /T 0 ¼ 2 was used for both generating

the single 93-eV sub-fs excitation pulse and for probing photoelectron emission in the

atomic transient recorder. Black line, A L(t ) of the probing field evaluated from the peak

shift of the streaked spectra (see scale on the right hand side). From A L(t ) the electric field

of the light wave can also be determined by using the relationship E L(t ) ¼ 2dA L /dt. The

electric field vector points towards the electron detector for E L . 0. Inset, streaked

spectra obtained under the same experimental conditions except for the carrier-envelope

phase of the few-cycle pulse, which was left unstabilized.
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momentum boost imparted to the free electron by the laser field
from the time of its release t until the pulse has passed. In the
classical description of the freed electrons’motion in the strong laser
field, the final momentum spectrum can be viewed as a projection
of n e(p i, t) along the lines where p ¼ p i þ eAL(t) is constant (see
Fig. 1); p i is the initial kinetic momentum of the electron.
By delaying the laser field with respect to the excitation that
triggers electron emission, a set of tomographic records is
obtained, from which the initial time–momentum distribution
n e(p i, t) can be uniquely reconstructed if the emission terminates
within T0/2 ¼ p/qL. The method is closely related to frequency-
resolved optical gating8,9 with the oscillating laser field (rather than
its envelope) being employed as a gate. In the simplest cases one or

two streaked spectra are sufficient for retrieving n e(p i, t), as
discussed in Fig. 2.
For our experiments the XUV excitation pulses have been

generated from neon atoms ionized by an intense linearly polarized
few-cycle laser pulse (full-width at intensity half-maximum
(FWHM): t L ¼ 5 fs, carrier wavelength: l L ¼ 750 nm,
T0 ¼ 2.5 fs) with controlled waveform5 by a process that leads to
the emission of high-order harmonics for multi-cycle drivers10,11.
Proper adjustment of the laser peak intensity yielded highest-energy
(cutoff) XUV emission in the high-reflectivity band of our Mo/Si
multilayer mirror, which was used for focusing the XUV as well as
laser pulses into another neon gas jet for recording atomic transi-
ents. Both an intuitive model12,13 and extensive numerical simu-
lations14–18 predict the cutoff emission to be confined to the vicinity
of zero transition(s) of the laser electric field after the most intense
half-cycle(s) in a few-cycle driver.
Figure 3 summarizes representative streaked neon photoelectron

spectra recorded with the XUV and laser pulse impinging with a
fixed relative timing set in the XUV generation process. For a cosine
driver waveform (J ¼ 0), cutoff radiation (filtered by the Mo/Si
multilayer) is predicted to be emitted in a single bunch at the zero
transition of EL(t) following the pulse peak. The photoelectrons
knocked off in the direction of the peak electric field at this instant
should gain the maximum increase of their momentum and energy.
Figure 3d corroborates this prediction. The clear upshift is consist-
ent with the XUV burst coinciding with the zero transition of the
laser electric field (see Fig. 2). Possible satellites would appear at the
adjacent zero transitions of EL(t) and suffer an energy downshift.
The absence of a downshifted spectral peak of substantial intensity
indicates a clean single sub-fs pulse generation. With the phase
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depict spectra computed with an XUV burst derived from the measured asymmetric XUV
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the spectrum was not considered in the calculation. The difference in broadening of the

up- and down-shifted spectral features appears to be a consequence of the quadratic
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the single 93-eV sub-fs excitation pulse and for probing photoelectron emission in the

atomic transient recorder. Black line, A L(t ) of the probing field evaluated from the peak

shift of the streaked spectra (see scale on the right hand side). From A L(t ) the electric field

of the light wave can also be determined by using the relationship E L(t ) ¼ 2dA L /dt. The

electric field vector points towards the electron detector for E L . 0. Inset, streaked

spectra obtained under the same experimental conditions except for the carrier-envelope

phase of the few-cycle pulse, which was left unstabilized.
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Strömgren sphere radii for the observed SDSS quasars. This is in
contrast to the simplified monolithic model of quasar formation16,1,
for which the H II region has zero volume at the time when the
quasar turns on [R(t age ¼ 0) ¼ 0] and the distribution extends
down to Rp ¼ 0.

To constrain the neutral fraction, we have computed the like-
lihood of observing Robs ¼ 4.5Mpc around SDSS J1030þ0524 and
Robs ¼ 4.7Mpc around SDSS J1148þ5251 as a function of xHI and
f lt. The results are plotted in Fig. 2. Figure 2a shows the locus ofmost
likely values (thick line) as well as likelihood contours at 0.1 of the
peak value (dashed lines). The fiducial lifetime (f lt) favours xHI < 1,
while with f lt ,, 1 the distributions for Rp lie substantially below
the observed value of 4.5Mpc, making smaller values of xHI more
likely. Extrapolation of the most likely contour for the Elvis et al.19

template yields f lt < 2xHI. This implies that xHI < 1023 would
require a lifetime as short as 2 £ 104 years, which is ruled out by the
variability properties of quasars in SDSS26. The a posteriori prob-
ability distributions for xHI given f lt are plotted in Fig. 2b and
robustly yield the constraint xHi * 0:01: For f lt * 0:3;we find xHi *
0:1 and xHi * 0:4 at the 90% level for the Elvis et al.19 and Telfer
et al.18 spectra, respectively. The fiducial model with f lt ¼ 1 yields
corresponding constraints of xHi * 0:3 and xHi * 0:6:

The inference of a large neutral fraction at z < 6.3 presents a
challenge to theories of cosmological reionization when combined
with the large optical depth3 to electron scattering after cosmo-
logical recombination, t es ¼ 0.17 ^ 0.04. Consider a toy model in
which the Universe was partially reionized at a high redshift z reion,I,
leaving a neutral fraction xHI until complete reionization
was reached at z reion,II < 6.25. The optical depth is then
t es ¼ 0.04 þ 0.002(1 2 xHI) [(1 þ z reion,I)

3/2 – 19.5]. If the IGM
ionization fraction increased monotonically, then given t es . 0.13,
the Universe needed to be reionized earlier than z reion,I < 18 or
z reion,I < 24, assuming the Elvis et al.19 and Telfer et al.18 spectra,
respectively. If t es ¼ 0.17 and xHI . 0.7, as implied by the Telfer
et al.18 spectrum, then a monotonic reionization history requires
significant reionization at an implausibly high redshift (z $ 30). In
this case, a more plausible alternative is a non-monotonic history
with an early reionization peak, possibly due to the formation of
massive population-III stars27,28. A
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In Bohr’s model of the hydrogen atom, the electron takes about
150 attoseconds (1 as 5 10218 s) to orbit around the proton,
defining the characteristic timescale for dynamics in the elec-
tronic shell of atoms. Recording atomic transients in real time
requires excitation and probing on this scale. The recent obser-
vation of single sub-femtosecond (1 fs 5 10215 s) extreme ultra-
violet (XUV) light pulses1 has stimulated the extension of
techniques of femtochemistry2 into the attosecond regime3,4.
Here we demonstrate the generation and measurement of single
250-attosecond XUV pulses. We use these pulses to excite atoms,
which in turn emit electrons. An intense, waveform-controlled,
few cycle laser pulse5 obtains ‘tomographic images’ of the
time-momentum distribution of the ejected electrons. Tomo-
graphic images of primary (photo)electrons yield accurate
information of the duration and frequency sweep of the
excitation pulse, whereas the same measurements on second-
ary (Auger) electrons will provide insight into the relaxation
dynamics of the electronic shell following excitation. With the
current ,750-nm laser probe and ,100-eV excitation, our
transient recorder is capable of resolving atomic electron
dynamics within the Bohr orbit time.
In electron-optical chronoscopy the rapid deflection of a bunch
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Many variants of  this, e.g.  FROG-CRAB etc. 



Bellini et. al. Phys. Rev. Lett. 81 297 (1998) 

Early work established that High Harmonics are 
temporally coherent with a definite phase 
relation to the driver pulse, with longer 
coherence time for the short trajectories. 

High-Order Harmonic Generation (HHG) 



... ... 
 

!" = 1
#$ c

% •  A narrow linewidth light source must be on for a long time. 

•  State of  the art CW lasers can have !" < 40 mHz (#c ~ 10 s) 

Why not just do HHG with a very stable CW laser? 

•  Depletion of  the medium through ionization. 

•  GigaWatt average drive laser power. 

 HHG intrinsically needs ultrashort pulses. 

Continous HHG? 



 

! IR = nfrep + f0
!XUV = mfrep + qf0

XUV Frequency Comb 



•  Resonance occurs when one 
of  the comb lines coincides 
with the atomic transition 
frequency. 
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Direct Frequency Comb Spectroscopy 



 
Since the first step in High Order Harmonic 
Generation is field ionization, high 
intensities (~1014 W/cm2) are required. 
 

 Difficult at High Repetition Rate 

Amplified Systems? 



Focus Tighter? 

•  Single atom response is weak, so you must coherently add the 
signals from many atoms in order to get a strong signal, i.e. 
phase matching. 
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Figure 1.9: Effects of Phase Mismatch. The high order harmonic intensity |Eq(L)|2 as
a function of normalized medium length L/Labs. For ∆k = 0, the harmonic yield reaches a
limit where the rates of harmonic emisison and absorption are equal. The attainable yield
rapdily drops as ∆k becomes non-zero.

As ωq increases into the soft x-ray, n(ωq) tends towards one, while the index of refraction at
the optical drive wavelength, n(ω0), remains fixed. For a finite index of refraction difference,
the phase slip then increases linearly with q. This explains why phase matching becomes
increasingly more difficult as the harmonic order increases. Driving a single atom dipole
d(ω) that extends out into the soft x-ray is not difficult, simultaneously achieving phase
matching is.

1.3.3 Absorption Limited HHG

Even for perfect phase matching, the harmonic yield in figure 1.9 is observed to plateau. This
is due to absorption. The absorption rate of photons from the harmonic field by gas atoms
scales as the number of photons in the field, whereas the harmonic emission rate does not.
As the driving pulse propagates and the harmonic field grows, the harmonic absorption rate
approaches the harmonic emission rate and the harmonic intensity approaches a maximum.

∆k = qk1 − kq

Due to… 

•  Gouy phase 

•  Neutral dispersion 

•  Plasma 

•  Intensity depend phase 

1D Phase Matching model with absorption 



Gouy Phase 

φ(z) = − tan−1

�
z

zR

�

zR for the harmonics is much larger than the fundamental… 
 

 Phase mismatch in very tight focusing. Should have medium 
substantially smaller than the Rayleigh range 



•  Resonance occurs when one 
of  the comb lines coincides 
with the atomic transition 
frequency. 

• Compare comb linewidth to 
atomic linewidth. 
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Direct Frequency Comb Spectroscopy 



The Challenge 

Doing HHG with high enough repetition rate, and in an 
extremely controlled way, to be a useful XUV Comb. 
 
Solutions? 
 
Wait till Part 2 


