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•  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) 



 

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

XUV Frequency Comb 



Two Approaches 

1. Cavity-Enhanced HHG 

2. Two-Pulse “Ramsey-Comb” 



He experiment: comb amplification + HHG 

A physical delay line in the pump laser provided the required two pump pulses 
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wavelengths shorter than 100 nm), a frequency region previously not accessible to these devices. A

frequency comb at XUV wavelengths near 51 nm is generated by amplification and coherent up-

conversion of a pair of pulses originating from a near-infrared femtosecond FC laser. The phase coherence

of the source in the XUV is demonstrated using helium atoms as a ruler and phase detector. Signals in the

form of stable Ramsey-like fringes with high contrast are observed when the FC laser is scanned over P
states of helium, from which the absolute transition frequency in the XUV can be extracted. This

procedure yields a 4He ionization energy at h! 5 945 204 212ð6Þ MHz, improved by nearly an order of

magnitude in accuracy, thus challenging QED calculations of this two-electron system.
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Mode-locked frequency-comb (FC) lasers [1,2] have
revolutionized the field of precision laser spectroscopy.
Optical atomic clocks using frequency combs are about
to redefine the fundamental standard of frequency and time
[3]. FC lasers have also vastly contributed to attosecond
science by providing a way to synthesize electric fields at
optical frequencies [4], made long distance absolute length
measurements possible [5], and have recently been em-
ployed to produce ultracold molecules [6]. FC based pre-
cision spectroscopy on simple atomic systems has
provided one of the most stringent tests of bound state
quantum electrodynamics (QED) as well as upper bounds
on the drift of fundamental constants [7]. Extending these
methods into the extreme ultraviolet (XUV, wavelengths
below 100 nm) spectral region is highly desirable since this
would, for example, allow novel precision QED tests [8].

Currently the wavelength range below 120 nm is essen-
tially inaccessible to precision frequency metrology appli-
cations due to a lack of power of single frequency lasers
and media for frequency up-conversion. Spectroscopic
studies on neutral helium using amplified nanosecond laser
pulses [9,10] are notoriously plagued by frequency chirp-
ing during amplification and harmonic conversion which
limits the accuracy. These kind of transient effects can be
avoided if a continuous train of high power laser pulses
(produced by a FC) can be coherently up-converted. This
would transfer the FC modes, at frequencies fn ¼ fCEO þ
nfrep, where fCEO is the carrier-envelope offset frequency,
frep is the repetition frequency of the pulses, and n an
integer mode number, to the XUV. Similar to what was
shown in the visible [11,12], the up-converted pulse train
could be used to directly excite a transition, with each of
the up-converted modes acting like a single frequency
laser.

By amplification of a few pulses from the train, and
producing low harmonics in crystals and gasses, sufficient
coherence has been demonstrated down to 125 nm to
perform spectroscopic experiments [13,14]. To reach

wavelengths below 120 nm in the extreme ultraviolet or
even x rays, high harmonic generation (HHG) has to be
employed requiring nonlinear interaction at much higher
intensities in the nonperturbative regime [15]. That HHG
can be phase coherent to some degree is known [15–17],
and recently XUV light has been generated based on up-
conversion of all pulses of a comb laser at full repetition
rate [18–21]. However, no comb structure in the harmonics
has been demonstrated in the XUV, nor had these sources
enough power to perform a spectroscopic experiment.
In this Letter we show that these limitations can be

overcome, leading to the first absolute frequency measure-
ment in the XUV. Instead of converting a continuous train
of FC pulses, we amplify a pair of subsequent pulses from
an IR frequency-comb laser with a double-pulse paramet-
ric amplifier (OPA) [22] to the milli-joule level. These
pulses with time separation T ¼ 1=frep can be easily up-
converted into the XUV with high efficiency using HHG in
a dilute gaseous medium, and used to directly excite a
transition in atoms or molecules [see Figs. 1(a) and 1(c)].
This form of excitation with two pulses resembles an
optical (XUV) variant of Ramsey spectroscopy [13,23].
Excitation of an isolated (atomic or molecular) reso-
nance with two (nearly) identical pulses produces a
signal which is cosine-modulated according to
cosð2!ðftrTÞ & !"ðftrÞÞ, where ftr is the transition fre-
quency and !"ðftrÞ is the spectral phase difference be-
tween the two pulses at the transition frequency. Ideally,
this spectral phase difference is just !"ðfÞ ¼ q!"CE ¼
2q!fCEO=frep, where q is the harmonic order under con-
sideration and !"CE the carrier-envelope offset phase slip
between subsequent pulses of the FC. In this case the
cosine-modulated spectroscopy signal has a maximum
whenever one of the modes of an up-converted frequency
comb would be resonant. This statement remains true even
if the amplification and harmonic up-conversion signifi-
cantly distorts the electric field of the individual pulses as
long as these distortions are common mode for each of
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Phase Shifts 

•  Differential Phase shifts between are the main problem…Not in “steady 
state” 

•  Generally easier to measure frequency than phase. 
•  Power per “comb mode” decreases as resolution increases. 
•  But it is easily tunable, and could work well for two-photon spectroscopy 



First Demonstrations: 
 Garching: C. Gohle et al. Nature 436, 237 (2005) 
 JILA: R. J. Jones et al. Phys. Rev. Lett. 94, 193201 (2005) 

 
Since then, we have improved the power x106! 

 JILA:   T. K. Allison et al. Phys. Rev. Lett. 107, 183903 (2011) 
      A. Cingöz et al. Nature 482, 68 (2012) 
             D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 

        U. of  Arizona:    D. R. Carlson et al., Opt. Lett. 36, 2991 (2011) 
    J. Lee et al., Opt. Exp. 19, 23315 (2011) 

        UBC:   Hammond et al. Opt. Exp. 19, 24871 (2011) 
        MPQ Garching: I. Pupeza et al. Nat. Phot. 7, 608 (2013) 

     I. Pupeza et al. Phys. Rev. Lett. 112, 103902 (2014) 
 

    

} 

>100 !W/harmonic 

~100 pW/harmonic 

Recent Review: A. K. Mills et al., J. Phys. B. 45, 142001 (2012)  



Frequency comb 

Cavity modes 
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Finesses of  > 1000 with 
cavity enhancements of  
several hundred are possible 
with bandwidth ~ 30 nm   

 10s of Watts can give kW intracavity power! 
Signals from repetitive experiments can be added coherently! 

Coherent Accumulation in Buildup Cavity 



EOM Laser 

LF 

Pound-Drever-Hall Locking 



Frequency comb 
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Finesses of  > 1000 with 
cavity enhancements of  
several hundred are possible 
with bandwidth ~ 30 nm   

 10s of Watts can give kW intracavity power! 
Signals from repetitive experiments can be added coherently! 

Intracavity Dispersion 



multi-kW average power. 
 Severe constraints on optics: High finesse, low dispersion, 

low nonlinearity, and high damage threshold 

Plasma density is highest on axis and lower on the edges of  
the focus  plasma lensing, beam defocusing. 
 

Index of  refraction decreases during the pulse as the plasma 
density grows  Self  phase modulation and blueshifting. 

Plasma does not clear from focal region within one cavity 
round trip. Large steady-state plasma shifts the cavity 
resonance  Optical bistabillity. 

Need to get the harmonics out the cavity. No transparent 
materials in the XUV.  

Challenges for Intracavity HHG 
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•  1070 nm central wavelength 

•  154 MHz repetition rate 

•  120 fs pulses 

•  80 W average power  
  (0.5 µJ/pulse) 

•  Very stable fceo  
   < 15 kHz free running linewidth 
   Very slow drift 
 

Collaboration with IMRA America:  
Axel Ruehl, Ingmar Hartl and Martin Fermann 

Hartl et al., Opt. Lett. 32 2870 (2007) 
Schibli et al., Nat. Phot. 2 355 (2008) 
Ruehl et al., Opt. Lett. 35 3015 (2010) 

Yb:Fiber Lasers 



Stony Brook High Power Yb:Fiber 
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Phys. Grad. 



Pulse Duration 
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Raw FROG trace •  Pulses compressed to very near 
the transform limit. 

•  FROG trace is roughly 
independent of  power! 

X. L. Li et al. In Preparation 



 Output Coupler 

But, dispersion, nonlinearity, 
thermal lensing…. 



Shallow Diffraction 
Grating ion beam etched 
into a grazing incidence 
high reflector 

 No self  phase modulation  

 Roughly 10% output coupling  

Very low intracavity loss and dispersion. 

 

 

Buildup ~200 

Diffracted Harmonics 

Xenon jet 

HHG 

70 degree  
Incidence 

D. C. Yost, T. R. Schibli, and Jun Ye, Opt. Lett 33, 1099 (2008) 

 Output Coupler 

R = 10 cm 

R = 15 cm 



Geometric XUV Output Coupling 

XU
V 

Pierced mirror: Esser et al., Opt. Express 21 (26797) 2013  



Plasma decay is fast compared to the characterstic time scale 
of  the intracavity light (F/!frep  ~ 800 ns)  Steady-state 
plasma effectively tracks the intracavity power. 
 

 An intensity dependent phase shift 

Optical Bistability 



Scanning the cavity length across the 
resonance condition, the plasma 
compensates the detuning, and the 
system “self-locks” 

T. K. Allison et al., Phys. Rev. Lett. 107, 183903 (2011) 
D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 

Self  Locking 
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T. K. Allison et al., Phys. Rev. Lett. 107, 183903 (2011) 
D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 



• Stable solution shows significant self  
phase modulation and a reduction in 
power. 

• Very similar results if  loss terms in 
calculation are omitted. 
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Self  Phase Modulation 

T. K. Allison et al., Phys. Rev. Lett. 107, 183903 (2011) 
D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 



Power clamping due to SPM is 
strongly dependent on finesse. 

Self  Phase Modulation 

With Gas 

No Gas 

With Gas 

No Gas 

T. K. Allison et al., Phys. Rev. Lett. 107, 183903 (2011) 
D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 



• Plasma has higher spatial frequency content than the TEM00 mode of  the cavity 
and can couple power into higher order modes  Multimode operation. 

• Higher order modes have slightly different resonant frequencies  
 mode beating. 

 
• Usually occurs at gas flows and intracavity powers beyond those optimal for HHG 

Higher Order Mode Excitation 

T. K. Allison et al., Phys. Rev. Lett. 107, 183903 (2011) 
D. C. Yost et al., Opt. Exp. 19, 23483 (2011) 
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Power Comparison 

Among the highest average power 
HHG sources demonstrated to date. 



Is it a Comb? 

Yost et. al., Nat. Phys. 5, 815 (2009) 

•  Only the 7th harmonic 
(below threshold). 

•  Establishes that the 
coherence time is longer 
than the rep rate. 

•  Poor contrast in the 
interferogram makes 
interpretation difficult.  

Pulse to Pulse Coherence 



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

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

• Compare comb linewidth to 
atomic linewidth. 
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Wide open slit, ~ 40 MHz doppler 
width. Scan 1.5 FSR. 

•  Narrow slit, ~ 10 MHz doppler 
width. 

 Comb Linewidth < 10 MHz 

Cingöz, et al. Accepted to Nature 

Argon Spectroscopy Results 



• Absolute comb tooth number of  23,801,529 

• Final transition frequency  3,655,454,073±3 MHz  
 
• 103 more accurate than ‘wavelength’ spectroscopy 

Comb Tooth Determination 

13th Harmonic of  I2 

stabilized comb mode  



 

cos !1t +"1(t)[ ] + cos !2t +"2 (t)[ ]
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!f0 

Heterodyne Beat 

•  6 months after the invention of  the MASER, 
Townes and Gordon built a second MASER to 
make a heterodyne beat measurement and 
characterize its performance. 

•  This is the standard method for characterizing 
optical phase noise. 



XUV Interferometer 

In Phase Out of  Phase 

•  Beams are combined on a mirror with a pyramidal hole in it. 

•  A circular finge patter develops in the far field. Central portion 
filtered out with second aperture. 

•  The size of  the central maximum/minumum scales only as 1/2. 
This allows the interferomter to work reasonably well over a broad 
range of  wavelengths.  

Examples with HeNe 



Heterodyne Beat 

Benko et al., Nature Photonics 8, 530 (2014)  
  



Heterodyne Beat 

Benko et al., Nature Photonics 8, 530 (2014)  
  



Heterodyne Beat 
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 Harmonic linewidths scale 
quadratically with harmonic order, as 
in noiseless classical frequency 
multiplication. 

Benko et al., Nature Photonics 8, 530 (2014)  
  



Sub-Hertz Linewidths 

Apply feedback here 

Measure IR light here 

 Intracavity HHG faithfully transfers 
coherence of  IR light into the XUV. 
 

 Can support precision measurement 
in the XUV and X-ray regime. 

Benko et al., Nature Photonics 8, 530 (2014)  
  



High Harmonic Phases 

Gray region =  Hostetter PRA  82, 023401 (2010) 
Purple region = Standard Semi-Classical Model  

Benko et al., Nature Photonics, In press. arXiv:1404.3779
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HHG Spectroscopy 
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Cavity-Enhanced Field-Free Molecular Alignment at a High Repetition Rate

Craig Benko,1,* Linqiang Hua,1,2 Thomas K. Allison,3 François Labaye,1 and Jun Ye1,†
1JILA, NIST and the University of Colorado, 440 UCB, Boulder, Colorado 80309-0440, USA

2State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and Mathematics,
Chinese Academy of Sciences, Wuhan 430071, China

3Departments of Chemistry and Physics, Stony Brook University, Stony Brook, New York 11794-3400, USA
(Received 7 January 2015; published 14 April 2015)

Extreme ultraviolet frequency combs are a versatile tool with applications including precision
measurement, strong-field physics, and solid-state physics. Here we report on an application of extreme
ultraviolet frequency combs and their driving lasers for studying strong-field effects in molecular systems.
We perform field-free molecular alignment and high-order harmonic generation with aligned molecules in
a gas jet at a repetition rate of 154 MHz using a high-powered optical frequency comb inside a femtosecond
enhancement cavity. The cavity-enhanced system provides a means to reach suitable intensities to study
field-free molecular alignment and enhance the observable effects of the molecule-field interaction. We
observe modulations of the driving field, arising from the nature of impulsive stimulated Raman scattering
responsible for coherent molecular rotations. We foresee the impact of this work on the study of molecule-
based strong-field physics, with improved precision and a more fundamental understanding of the
interaction effects on both the field and molecules.

DOI: 10.1103/PhysRevLett.114.153001 PACS numbers: 33.80.-b, 42.65.Dr, 42.65.Ky

Extreme ultraviolet (XUV) frequency combs are capable
of having spatial and temporal coherence properties that
rival visible light [1] and are among the brightest sources of
XUV radiation originating from high-order harmonic gen-
eration (HHG), now approaching the average brightness of
synchrotrons [2–4]. Since their initial development [5,6],
XUV frequency combs have found several applications
including precision spectroscopy [7], strong-field physics
[1,8], and solid-state physics [9]. Recently, their spectral
extent reached wavelengths as short as 10 nm [10]. The
main tool for generating XUV frequency combs has been
the combination of optical frequency combs and passive
enhancement cavities that are capable of supporting femto-
second pulse bandwidths, the so-called femtosecond
enhancement cavities (FECs) [11].
Reaching intensities suitable for HHG at a high repeti-

tion rate also opens the door to study a variety of other
nonlinear optical phenomena. Ultrashort laser pulses are
capable of aligning molecules by an impulsive stimulated
Raman scattering (ISRS) process. In the impulsive limit,
when the excitation pulse duration is shorter than the
characteristic rotational period, coherent rotations persist
long after the excitation pulse has passed through the
molecular sample. The resulting revival structure can be
exploited for performing experiments on molecules
aligned in the lab frame in the absence of control
fields, or so-called field-free molecular alignment
(FFMA)[12,13]. This has been exploited in pioneering
experiments performing dynamic imaging of molecular
structure [14,15]. Of particular interest to strong-field
physics is the interaction of molecules with intense laser

fields [12,16] and performing HHG with aligned molecules
[14,17–20].
XUV comb systems potentially offer large factors of

improvement in the fidelity of these studies due to their
high signal-to-noise [8] and coherence properties [1]. In
this Letter, we study molecular alignment and HHG from
aligned molecules at a repetition rate of 154 MHz using a
FEC system. This represents an increase of nearly 5 orders
of magnitude in the repetition rate compared to typical
experiments performing FFMA-based strong-field studies
[14,18,21]. With the molecular sample rotationally excited
inside our enhancement cavity, we investigate the effects of
ISRS on the driving laser field by analyzing the cavity-
transmitted light of a second, time-delayed pulse. We also
perform HHG with the aligned molecules using the second
pulse. The FFMA-based HHG at high repetition rate will
facilitate heterodyne interferometry of the HHG signal in
the extreme ultraviolet, permitting precise access to both
amplitude and phase information of the XUV light [1] as a
function of molecular alignment.
The impulsive nature of ISRS can have important effects

on the driving laser [22–24]. The laser pulse experiences a
self-phase modulationlike process, which leads to a red-
shifting of the original optical spectrum. The process
occurs without an intensity threshold. These features are
distinct from stimulated Raman scattering in the adiabatic
regime [22–24]. Impulsive FFMA can also have important
consequences for precision studies of strong-field physics
[12,14,16–20] in aligned molecules since the HHG-driving
laser pulse will experience spectral and phase shifts related
to ISRS during the HHG process. Despite FFMA being a
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well-understood phenomenon [12,16], the effects on the
driving laser originating from ISRS are often ignored in
HHG and FFMA experiments because of their small effects
when thin, freely expanding gas targets are used at
low densities. However, in the cavity-enhanced approach
described in this work, we are more sensitive to the effects
of ISRS on the driving laser because the cavity effectively
increases the interaction length of our sample by a factor
proportional to the cavity finesse. Indeed, we can now
provide a clean measurement of the effects of ISRS
with our enhancement cavity approach while maintaining
experimental conditions otherwise similar to conventional
molecular HHG experiments. Our measurements indicate
that modulations (amplitude and phase) of the driving laser
cannot be ignored in future experiments utilizing FECs
and must be characterized to properly describe the XUV
frequency comb spectral amplitude and phase.
In our experiment, we use an 80 W, 120 fs, 154 MHz

repetition rate Yb:fiber frequency comb centered at
1070 nm to drive a FEC [25]. The resonance modes of
the cavity are locked to the corresponding lines of the
incident optical frequency comb. A piezoelectric transducer
on a cavity mirror actuates on error signals derived from
radio-frequency sidebands on the frequency comb [26].
The cavity can operate with a power enhancement factor
ranging from 200–400 and can achieve up to 10 kW of
average power. For this experiment, 10 kWof average power
corresponds to a pulse peak intensity of 1 × 1014Wcm−2 at
the focus of the cavity at the full repetition rate. Accurate
intensity calibration is achieved by the well-defined optical
mode inside the enhancement cavity and measurement of the
enhancement cavity parameters [4,11]. The intracavity pulse
duration was verified with second-harmonic generation
intensity autocorrelation. The intracavity spectrum is mea-
sured with an optical spectrum analyzer using the light
transmitted through a cavity high-reflecting mirror.
The apparatus is schematically shown in Fig. 1.

Performing HHG with aligned molecules requires two
successive pulses, the first to rotationally excite the
molecules and the second to drive HHG (henceforth, pump
and probe, respectively). To accomplish this goal, we use a
mirror combination similar to a Gires-Tournois interfer-
ometer (GTI) to convert the original laser pulse train into
two with a tunable timing delay, schematically shown in
Fig. 1(b). The combination of a partial reflector (R ≈ 0.1)
and a high reflector (R ≈ 1) along with a quarter (λ=4) wave
plate and a polarizing beam splitter cube generates the dual-
pulse train. This combination of optics also generates
weaker pulses after the probe pulse, but these do not affect
the rotational dynamics generated by the pump and
observed by the much larger probe. Additionally, the GTI
combination of optics is more efficient in generating the
pulse train than a more traditional Michelson-type inter-
ferometer that relies on polarization optics. By tuning the
value of the partial reflector, the relative heights of the

pump and probe can be adjusted. By simply changing the
distance between the partial and high reflector, the timing
delay between the pulses can be tuned. The pulse train after
the GTI combination was analyzed with second-harmonic
intensity autocorrelation to ensure the pulse separation and
ultrashort pulse durations were maintained. For our experi-
ment, the intensity ratio of alignment pulse (pump) to
HHG-driving pulse (probe) is 1∶8; however, this value can
be varied from 1∶3 to 1∶30 only limited by the available PR
mirrors. The pulse train is coherently coupled into the FEC,
and at the cavity focus we inject N2O gas through a quartz
nozzle with a ∼120 μm diameter with up to ∼3 atm of
constant backing pressure. XUV light produced with HHG
is outcoupled from the cavity using a 250-μm-thick sap-
phire plate placed at Brewster’s angle for the fundamental
driving laser.
The theory of FFMA of linear molecules is well

established and we refer to Ref. [12,13] for a detailed
discussion. To summarize, the molecules receive an impul-
sive kick from the laser pulse, and many rotational states
are coupled owing to the large bandwidth associated
with the ultrashort pulse. After the pulse has passed, the
molecular wave function then evolves freely. At the rota-
tional period Tr and its integer multiples, the molecules
will exhibit strong alignment and antialignment (revivals)
along the polarization axis of the laser. Depending on the
molecule under investigation, revivals also occur at frac-
tions of Tr. The degree of alignment is quantified by the
thermally averaged expectation value hhcos2θii.
Our work begins with investigating the effects of a single

pulse propagating and interacting with a N2O gas jet inside
the FEC. N2O was chosen because of the relatively large
anisotropic polarizability to facilitate alignment, the small
rotational constant to create a large delay between revivals,
and the low ionization potential to facilitate observation of

XUV

IR
1/154 MHz = 6.5 ns

~ 10 ps

~ 120 fs

HR

PR

QWP

PBS

(a)

(b)

FIG. 1 (color online). (a) Schematic of the experiment. A high-
repetition-rate train of dual pulses, one for alignment and the
second for HHG, are coherently coupled into a high-finesse,
femtosecond enhancement cavity. At the focus of the cavity, the
molecules are aligned by the first pulse and high-order harmonic
generation is performed by the second pulse. The XUV light can
be extracted from the cavity using a sapphire plate placed at
Brewster’s angle for the driving laser. (b) The dual pulse feature
of the femotsecond pulse train is produced from a Gires-Tournois
interferometer, with a tunable delay between the two pulses. HR,
high reflector. PR, partial reflector. QWP, quarter wave plate.
PBS, polarizing beam splitter.
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above-threshold harmonics. We estimate the rotational
temperature of the N2O gas to be 30–60 K [27]. The pulse
has a peak intensity of 0.7 × 1014 Wcm−2 in the absence of
molecules. We monitor both the intracavity spectrum and
power as a function of the applied pressure to the gas
nozzle. As shown in Fig. 2, we observe a clear redshift of
the spectrum, accompanied with a systematic decrease of
the power. The power decrease results from spectral red-
shifting decreasing the enhancement of the cavity and not
from light scattering out of the cavity. The redshift is
contrary to what is usually observed—spectral blue shift—
when a femtosecond pulse propagates through ionizing
media [4]. This demonstrates that ISRS has a more
dominant effect on the pulse when interacting with N2O
at these intensities and densities. The redshift is a mani-
festation of energy transfer from the field to the molecular
rotations.
We proceed to inject two pulse trains into the FEC.

The first pulse (pump) excites a rotational wave packet.
The second pulse (probe) is of greater intensity and
generates high-order harmonics. We observe two important
features as a function of delay between the two pulses.
First, the HHG yield of the probe pulse is modulated at
the revivals of N2O (more on this later). Second, thanks to
the cavity-based measurement and the multipass effect,
we observe clear effects of the pump pulse on the probe
pulse that occur at the rotational revivals of N2O. These
effects are monitored through the intracavity spectrum and
power. The intracavity spectrum is dominated by the much
more intense probe pulse and the delay-dependent effect
can only affect the probe. The effects on the probe pulse
persist even if the probe intensity is too weak for appreci-
able HHG (< 0.2 × 1014 Wcm−2).
The effects on intracavity power are presented in Fig. 3.

At ∼20 ps and ∼40 ps of delay between the pump and

probe, the half and full revival of N2O alignment, respec-
tively, modulate the intracavity power, as shown in
Figs. 3(a) and 3(b). The intensity uncertainty is ∼1%.
This power modulation is related to spectral shifts of the
intracavity spectrum, shown in Figs. 4(a) and 4(b) as a
function of pump-probe delay for the half-and full revival,
respectively. The dominant contribution to the modulations
in the power arises from the reduced overlap between
the intracavity comb and the exciting laser. The center of
the intracavity spectrum shifts as the delay is scanned along
with the corresponding intracavity power, as shown in
Figs. 4(a) and 4(b) on the left vertical axis. The conditions
for the half-revival and full-revival data were the same as
Figs. 3(a) and 3(b) at 2 atm of nozzle backing pressure.
The increase in intracavity power occurs with a slight
blueshift in the spectrum and the decrease with a slight
redshift. When the laser spectrum shifts to the blue, the
spectrum becomes closer to the empty cavity case. The
improved overlap leads to an increase of the intracavity
power. Conversely, a redshift reduces the spectral overlap
further and the intracavity power decreases. It is important
to note that in the single-pulse case (e.g.,Fig. 2), only
redshift of the spectrum is observed. However, with the
combination of pump and probe pulses, the molecular
alignment or coherent rotation can transfer energy back
and forth between the molecule and the field, depending on
the pump-probe delay time [22].
To provide a systematic investigation of the intracavity

response, we have measured its dependence on a number of

FIG. 2 (color online). (a) Pressure dependence of the buildup
power when a single pulse is interacting with molecules inside the
cavity at frep ¼ 154 MHz. As the N2O pressure is increased, a
decrease in the intracavity power is observed due to loss of power
enhancement in the cavity. A trend line is shown with the data.
(b) The intracavity spectrum exhibits a clear shift to the red
when gas is present, a signature of impulsive stimulated Raman
scattering. The redshift is dominant even in the presence of
ionization, which would shift the spectrum to the blue. The
redshifted spectrum corresponds to the data in (a) at 1.7 atm of
applied pressure.

FIG. 3 (color online). (a),(b) The effects of the half-revival
(a) and full-revival (b) on the probe pulse as a function of
pressure on the intracavity power. The signal is normalized to
the baseline (∼16 ps and ∼36 ps, respectively) and offset
vertically for clarity. The pressure reflects what is applied
to the 120-μm-diameter quartz nozzle. (c),(d) The size of the
half (c) and full (d) revival signals, determined with
jmaxðsignalÞ- minðsignalÞj of the revival structure. The depend-
ence of the signal size on sample density is fit to a linear
function.
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important parameters including the target gas density and
pump or probe intensities. As the molecular density is
increased, we observe a linear increase in the size of
the revival effect on the intracavity power [measured by
jmaxðsignalÞ- minðsignalÞj of the revival structure], as
shown in Figs. 3(c) and 3(d). This dependence is consistent
with ISRS [22]. We also see a linearly increasing response
as either the pump or probe is increased independently.
This effect is also consistent with ISRS and the degree of
alignment hhcos2θii increasing linearly in the small inten-
sity limit. These observations have been verified by
numerically simulating the alignment process.
To complete our investigation of the field-molecule

interaction, we use the observed spectral shifts to estimate
the effects of ISRS on the phase of the probe pulses. We
determine the phase shifts by analyzing the measured
central wavelength of the intracavity spectrum as a function
of pump-probe delay. The delay-dependent spectral shifts
are smaller than the redshift observed when the gas is
introduced [see Fig. 2(b)]. The spectral shifts and their
corresponding intracavity power are shown in Figs. 4(a)
and 4(b) for the half and full revival, respectively. Using the
relation ωðtÞ ¼ ω0 þ dϕ=dt, we extract the phase depend-
ence as a function of delay [28]. The phase-shift results are
shown in Figs. 4(c) and 4(d) for half and full revival,
respectively. Large phase shifts are introduced to the
driving laser. This will be important to understand and
control for experiments with HHG because small phase
shifts on the pump will be transferred to the harmonic light
and scale with harmonic order [1].

With this clear determination of the molecular alignment
effect on the pulse that is used to drive HHG, we now
turn our attention to the measurement of the HHG yield
as a function of molecular alignment. A pump pulse of
7.5 × 1012 Wcm−2 is used to prepare a rotational wave
packet before a probe pulse of 0.6 × 1014 Wcm−2 is used
to perform HHG. The total yield of harmonics 15–19 is
detected simultaneously with an electron multiplier as the
delay between the pump and probe pulses is scanned. These
harmonics were isolated with an aluminum filter and the
bandwidth of our B4C optics. The data are documented in
Fig. 5. The XUV yield is normalized to the baseline at
t ∼ 5 ps. The delay was scanned continuously at a rate of at
1 ps/s and no averaging of the data was performed besides
low-pass filtering at 300 Hz. Further averaging could be
performed to improve signal to noise and is not presented
here. In Fig. 5(b), we report the observation of a nearly
50% modulation in the XUV yield. The XUV yield is
shown with the hhcos2θii expectation value for reference.
The similarity between the data and hhcos2θii is expected
when the harmonics are far from an interference region
[29,30]. This XUV yield does not mimic the effect on the
driving laser, meaning that the modulations in the XUV
yield are not driven by modulations in the driving probe
power. With our FEC apparatus, we are easily able to
achieve probe intensities of 1 × 1014 Wcm−2 and we have
also performed HHG experiments with molecules of higher
ionization threshold such as CO2 or harder-to-ionize
molecules like O2 and we have observed similar modu-
lations in the HHG yield arising from rotational revivals.
In conclusion, we have demonstrated FFMA and

molecular HHG at a high repetition rate. We have made
precise investigations of the interaction between the laser
and molecules by generating alignment and observing
the effect of ISRS on both the driving laser field and the
molecules, thus providing a complete picture of the
interaction. Observing HHG from aligned molecules at
high repetition rates opens exciting avenues for probing

FIG. 4 (color online). (a),(b) The intracavity central wavelength
and the intracavity power are shown as a function of pump-probe
delay for the half revival (a) and full revival (b) of N2O. (c),
(d) The phase as a function of delay for the half revival (c) and
full revival (d) of N2O, respectively, using the relation ωðtÞ ¼
ω0 þ dϕ=dt. The conditions for the data were the same as
Figs. 3(a) and 3(b) with 2 atm of pressure for the half-revival
and full-revival data.

FIG. 5 (color online). (a) High harmonic signal generated from
aligned N2O molecules. Harmonics 15–19 are measured as a
function of pump-probe delay. The half and full revival of N2O is
shown at ∼19 and ∼39 ps of delay, respectively. Revival signals
on the harmonic yield are observed out to ∼80 ps without a large
decay of signal. (b) The amplitude modulation on the XUV yield
is shown in detail. The hhcos2θii expectation value is shown for
reference.
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The Enhancer Crew in Garching 



Geometric XUV Output Coupling 

!  Geometric output coupling: infinitely broadband! 

-  Collinear harmonics, no reflection on the way out 

-  Effect on EC: only amplitude losses ! EC remains flexible (pol. gating, lighthouse 
etc.) 

 
 

XU
V 

Pierced mirror: Esser et al., Opt. Express 21 (26797) 2013  



!  Nonlinearly compressed (PCF + chirped mirrors) Yb:fiber pulses ! 57 fs, 3.4 kW 

 

!  At 78 MHz: lcutoff = 11 nm 

!  Shorter pulses: higher intensities, higher conversion efficiency 

 
 

Intensity Clamping, Generated 
Harmonics 

I. Pupeza et al., Nature Photonics 7, 608 (2013) 



Intracavity Nonlinearities 

49

Characterize interaction by measuring: 

•  relative spectral phase 

•  spectra, power, pulse duration,... (! intensity) 

S. Holzberger et al., PRL 115, 023902 (2015) 
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Beyond standard-approach ECs 

50

•  Exploit intracavity blue-shift ! pump the cavity only in the red! 
! mitigate clamping  

- Average power enhancement:  100 vs. 10 
- Peak power enhancement:   450 vs. 10 
- Calculated at 8"1013 W/cm# in Xe for phase-matched HHG 
 

S. Holzberger et al., PRL 115, 023902 (2015) 



ECs for 0-Offset-Frequency Combs 
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"  Bandwidth !"##$%&  

"  Damage threshold  !"#$%&'!"' !"#(""'()*!
&(+' 

"  Included CEP properties in mirror 
optimization algorithm. 

"  Two designs with otherwise the 
same dispertion properties: type A 
for type B 

S. Holzberger et al., Opt. Lett. 40, 2165-2168 (2015) 



Intracavity HHG Applications 

•  High average power femtosecond XUV light source. 
o  Current conversion efficiency only 4 " 10-8  
(cf. ~ 10-5 – 10-6 for amplified systems). 
 

 Still a lot of  room to improve! 
 
 

•  Precision measurement in the XUV 
o  Atoms: He, He+, Li+ ... (Lamb Shift Z4) 
o  Nucleii: 229Th (7.6 eV), 235U (~75 eV) 

•  High repitition rate applications. 
o  Coincidence measurements (e.g. COLTRIMS) 
o  Time Resolved ARPES without space charge limitations 
o  HHG “heterodyne spectroscopy” 



 

! " !u

2# 2

XUV Sources 

  

•  1 mJ – 100 J per shot! 
•  Femtosecond pulses! 
•  Only one expt. at a time. 
•  Low rep rate.  

  



Surface Photoelectron Spectroscopy 

sary! of both electron energy analyzers makes these systems
highly preferable for photoemission experiments performed
with low repetition light sources.

To accurately measure the total 2PPE current from the
sample surface, which is required to determine the average
number of electrons emitted by a single laser pulse, the total
photoemission current has been measured using a commer-
cial picoamperemeter "Keithley model 485!.

The Cu"111! crystal was cleaned by repeated sputtering
"10 min, 500 V! and annealing cycles "15 min, 500 °C!.
Prior to measurement, the surface quality was checked by
low energy electron diffraction "LEED!, Auger spectroscopy,
and the photoemission characteristics of the Shockley sur-
face state of the Cu"111! surface.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To quantify the effects of space charging, we performed
2PPE on the occupied Shockley surface state of a Cu"111!
surface. The existence of this particular state has been pro-
posed by Shockley14 as the result of the termination of bulk
material by its surface. Experimentally, this state was con-
firmed by Gartland and Slagsvold.15 For Cu"111! at 300 K,
the Shockley surface state is located in the L2!-L1 gap of the
Cu"111! crystal at a binding energy of 390 meV #see Fig.
1"b!$.16 As a model system to study many-body effects such
as electron-electron and electron-phonon interactions, the
spectral characteristics of these states have been the focus of
numerous photoemission and scanning tunneling microscopy
experiments in the past "see Ref. 17 and references therein!.
A 2PPE map of the Cu"111! crystal recorded with the 2D-
hemispherical analyzer using the second harmonic "3.1 eV!
of the high repetition laser system "oscillator! is shown in
Fig. 2"a!. Clearly visible as a white line is the photoemission
from the surface state exhibiting its characteristic dispersion
with emission angle !. The laser pulse fluence incident onto
the sample surface is 11"10−3 mJ/cm2 "spot diameter at the
surface: 150 #m!. The integral photoemission yield is about
3 e/pulse. For the Shockley surface state, we measure with
these experimental conditions a linewidth of 86 meV. This
value contains the homogeneous linewidth of the surface
state as well as inhomogeneous contributions, such as spec-
trometer resolution "20 meV!, laser bandwidth "25 meV!,
and broadening effects due to imperfections of the surface.
We exclude, however, significant contributions due to space
charge broadening at these low electron yields "per pulse!.
This assumption is supported by our calculations based on an
analytical model as described in Ref. 12 and introduced later
in this paper. At these conditions, the model predicts a space
charge broadening of $3 meV. The measured angular dis-
persion in this reference experiment corresponds to an effec-
tive mass of the Shockley surface state of m* /m=0.42"2!.
The measured binding energy, linewidth, and effective mass
are in good agreement with reference literature values at
room temperature.16 In the following discussion, the line-
width value of 86 meV will be referred to as the “intrinsic”
linewidth of the surface state and will be used as a reference
for the subsequent experiments using the high intensity, low
repetition laser system.

2PPE experiments using the second harmonic of the
1 kHz amplifier system have been performed under almost
identical conditions. However, the spot diameter at the sur-
face had to be expanded for these experiments to about
1 mm to avoid damage of the sample at the highest intensity
levels used. Figure 2"b! shows a 2PPE map recorded at an
incident pulse fluence of 0.65 mJ/cm2. Clearly visible is a
drastic distortion of the spectral distribution in comparison to
Fig. 2"a!. The integral photoemission yield in this experiment
was about 80 000 e/pulse. After taking into account the in-
crease in the source diameter, this number corresponds to an

FIG. 2. "a! 2PPE E"!! map of the Cu"111! surface recorded using the
second harmonic of the 80 MHz laser system. The main signal is due to the
dispersing Shockley surface state. "b! Equivalent 2PPE map recorded with
the second harmonic of the 1 kHz laser system. A total of about
80 000 e/incident laser pulse is emitted from the surface in this experiment.
"c! Comparing the 2PPE spectra for normal emission taken from "a! and "b!
highlights the strong distortions of the spectral distribution due to space
charging.

024912-3 Passlack et al. J. Appl. Phys. 100, 024912 !2006"
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XUV Beam 

Solid Surface 

e- 

Photoelectron Energy 
Analyzer 80 MHz 

3 e-/0.07 mm2  

1 kHz 
80k e-/3 mm2 

S. Passlack et al., J. Appl. Phys. 100, 024912 (2006) 

 Surface experiments should be 
conducted at as high a repetition rate as 
possible to avoid space charge effects. 



Allison Lab @Stony Brook 

•  Optical frequency waveform synthesizer. 
•  Fiber lasers enable high power.  
•  Pulses can be coherently added and stored in a 

passive optical resonator. 
•  Can convert to Mid-IR, XUV, Soft X-ray… 

Frequency Comb Lasers 

Ultrafast Vibrational Dynamics Ultrafast Electronic Dynamics 

free 

bound 

•  How are vibrational motions 
coupled in H-bond networks: can we 
learn from clusters?  

e.g. (H2O)3 

•  How does electronic excitation 
efficiently drive a chemical reaction? 

Figure 8: Time Resolved Photoelectron Spectroscopy of Acetone Photooxidation on TiO2

(a) initial excitation of the surface using UV pump pulse; (b) XUV probe pulse at short delay times ejects
photoelectrons and fragment ions as the molecule undergoes fragmentation; (c) XUV probe pulse at long delay
times ejects photoelectrons from the surface which now contains surface-bound products of the photoreaction.

processes are linear (one-photon). Lower pump power avoids effects nonlinear in the excitation
fluence (e.g. multiple oxidation or three-body recombination of e−/h+ pairs) and small XUV pulse
energy avoids surface charging which degrades the photoelectron energy resolution (see figure 2).
High pump/probe UV pulse energies can also induce O-vacancy diffusion and work function shifts
on TiO2 surfaces [90, 91]. The high XUV photon flux allows the use of conventional hemispherical
(electrostatic) photoelectron analyzers with multichannel detectors which are optimized for surface
photoemission. The only other photoemission technique with comparable repetition rates and time
resolution is two-photon photoemission (2PPE) using UV light from other solid-state mode-locked
lasers, e.g., Ti:Sapphire oscillators (80 MHz); however, the molecularly-derived levels lie too far
below the vacuum level (TiO2 work function ≈ 4.2-5.2 eV) to be reached by UV light typically
generated by such laser systems (hν ≤ 6 eV) [92].

A schematic diagram illustrating the proposed time-resolved photoelectron spectroscopy (TR-
PES) measurements is shown in figure 8. At time zero (figure 8a), the UV pump pulse excites
electron-hole pairs in the TiO2 substrate which undergo a combination of relaxation phenomena,
i.e., recombination, thermalization and trapping at surface sites, which on TiO2 are expected to
occur on a time scale of 200 fs-1ps [93, 94]. At very short time delays, the XUV pulse will generate
photoelectrons from the substrate, as well as the initial molecular adsorbate, e.g., the η

2-acetone
diolate, prior to electron transfer. As electron transfer events occur at intermediate delay times
(Figure 4b), photoemission from the XUV pulse will capture the excited intermediate undergoing
internal conversion and fragmentation to form a methyl radical. The methyl radical can be ionized
close to the surface and detected by photoemission or by the ion mass spectrometer. The lifetime of
the cation transition state is unknown, but in the gas-phase, the UV photodisociation of acetone to
generate methyl radicals is relatively slow (∼100 ps), due to inefficient coupling (intersystem cross-
ing) between the initially prepared excited S1 singlet state and the T1 triplet state which leads to
dissociation [95–97]. The fact that the final state distributions of the methyl products resulting
from acetone photooxidation are markedly different from gas-phase photodissociation, suggests that
the time-dependent dynamics will also be very different for the surface photoreaction. Dissipative
energy loss to the surface degrees-of-freedom could also strongly modify the dynamics and shorten
the lifetime of the transition state. The overall time-evolution of the fragmentation products, e.g.,
methyl radicals, is expected to be a convolution of the hole trapping time and the unimolecular
decay of the excited intermediate. This is expected to be from one to several hundred picoseconds.
At long delay times (Figure 8c), the photoactive species will have been completely reacted away
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Time-Resolved Photocatalysis 

4 Photodissociation Dynamics on TiO2

4.1 Photooxidation of Organic Molecules on TiO2

As illustrated in figure 1 of the introduction, molecular decomposition following band gap excitation
of TiO2 is initiated by resonant electron transfer from occupied levels (e.g., HOMO) of the adsorbed
molecule to a photohole at the surface. The resulting excited molecular intermediate then undergoes
competing fragmentation and internal conversion processes, which ultimately determine the yields
and final state properties of the gas-phase products. Based on velocity distribution measurements
for methyl products resulting from the UV photooxidation of a number of different simple ketones,
the White group has recently suggested that the fragmentation process is analogous to dissociative
ionization of an internally excited molecular cation [83–85]. This mechanism is shown schematically
in figure 6 for the photooxidation of acetone on the TiO2 (110) surface. We note that the first step
involves activation of the acetone molecule by co-adsorbed oxygen, since adsorbed acetone by itself
is photo-inactive. Recent studies using thermal desorption [83, 86, 87], vibrational spectroscopy [86]
and STM imaging [88] suggest that the photoactive species is a thermally activated acetone-oxygen
complex, shown in figure 6 as an η

2-acetone diolate species suggested by Henderson [86]. It is this
acetone diolate that interacts with photoholes at the surface to form a short-lived intermediate,
e.g., a cation, which then fragments by the ejection of a methyl group into the gas-phase. The
resulting surface-bound η

2-acetate fragment is found to be resistant to further loss of methyl and
remains on the surface as the final product. Detection of acetate is accomplished by heating the
surface above 550 K and using a mass spectrometer to monitor the decomposition of surface acetate
to gas-phase ketene [83, 84, 86].

A key aspect of this model is the energetic alignment of the hole and the valence orbitals
(HOMO) of the adsorbed molecule (Figure 1). Specifically, the ability to photooxidize an adsorbed
organic such as acetone depends on the relative energy position of the HOMO level with respect
to the VBM of TiO2 (110). This assumes that the photoholes generated by UV excitation are
rapidly thermalized to energies close to the VBM prior to interaction at the surface. The latter
assumption is based in part on a previous study of acetone photooxidation, where changes in pump
photon energy did not lead to any discernable changes in the final state properties of the ejected
methyl radical [83]. Consequently, the adsorbate HOMO level must have electron density near
the VBM in order for resonant electron transfer to occur. This has important consequences for
what surface species can be photooxidized. For the example of acetone shown in figure 6, only
the acetone-oxygen complex is photoactive whereas the initial chemisorbed acetone and the acetate
fragment formed after UV exposure are not.

One possible explanation of these observations is that the HOMO levels of η1-bound acetone
and the η

2-acetate lie too far below the VBM of TiO2 (110) to allow resonant electron transfer.

Figure 6: Photooxidation of Acetone on TiO2 Schematic diagram of showing the mechanism for UV
photooxidation of acetone on a reduced TiO2 surface.
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be a practical technology. We came to the conclusion that it
is fundamentally inadequate to utilize TiO2 photocatalysis
for either energy acquisition or the treatment of huge
amounts of water and/or air, because light energy density is
primarily low, and in addition, TiO2 can utilize only the
small amount of UV light contained in solar light. Based on
such understanding, we conceived the idea of applying
photocatalysis targeting only the substances adsorbed orig-
inally on surfaces. In other words, we could take the
substances existing on two-dimensional surfaces as the
object of decomposition instead of those in three-dimen-
sional spaces such as water or air. In this case, the absolute
amounts of the substances decrease, and thus, the rather
weak UV light existing in an ordinary environment could be
a sufficient light source for maintaining the TiO2 surface
clean. We thus obtained the novel concept of light-cleaning
materials, which would be coated with TiO2 film photo-
catalysts.20,21)

4.1 Photocatalytic cleaning effect of TiO2-coated materi-
als

There exists typically several hundred mW/cm2 of UV
light even in outdoor shade in the daytime. This is low from
the viewpoint of energy density, but corresponds to about
1015 of photons/cm2 per second, which is a huge amount
compared to the number of molecules adsorbed on the
surface. Let us consider, for example, a highly packed
organic molecule monolayer. Figure 4 shows the atomic
force micrograph (AFM) images of monolayer stearic acid
prepared on a TiO2 rutile (110) single crystal by the
Langmuir–Blodgett method.22,23) The thickness of the
organic substance was about 2 nm, and the number of
stearic molecules was roughly estimated to be 1016–1017/
cm2. When this was exposed to UV light of about 2.5mW/
cm2, surface morphological changes were clearly observed,
i.e., the inhomogeneous pitting of the film was very distinct.
Further irradiation merged the pits, producing a mosaic that
eventually disappeared with the progress of the reaction.
After 20min, the island structure of the LB film was no
longer discernible, suggesting the complete decomposition
of stearic acid to CO2.

This observation suggests a potential utilization of the
photocatalysis of TiO2-coated materials, i.e., the surface
coated with TiO2 could be kept clean. We first reported this
type of photocatalytic cleaning material with a ceramic tile
in 1992.24) Heller et al. also conceived a similar idea
independently.25) One of the first commercialized products
using this effect was the self-cleaning cover glass for tunnel
light. In most tunnels in Japan, sodium lamps emitting
yellow light are used for lighting, and the decrease in light
intensity due to filming with exhaust compounds is one of

the most serious problems. A high pressure sodium lamp
also emits UV light of about 3mW/cm2 at a position of its
cover glass. This UV light had not been considered in the
original purpose of the lighting, but is sufficient to keep the
surface clean when the cover glass is coated with the TiO2

photocatalyst (Fig. 5).26) This light cleaning based on the
photocatalytic decomposition effect is used now in other
various commercial products such as window blinds.
However, it is important to note that this function is
effective only when the number of incident photons is much
greater than that of filming molecules arriving on the surface
per unit time. In other words, the function is not effective
when the flux of photons is insufficient compared to that of
the organic substances, even though the TiO2 photocatalyst
is a very efficient one.

4.2 Photocatalytic antibacterial effect of copper- and/or
silver-deposited TiO2 film

A photocatalytic decomposition reaction can be applica-
ble to microorganisms. In fact, Escherichia coli (E. coli)
cells can completely disappear on TiO2 after about one week
under a UV irradiation of 1mW/cm2. The cell deactivation
can be achieved in a much shorter irradiation time, but still it
takes nearly 1 h under outdoor UV light intensity.27)

In contrast, the typical indoor UV light intensity is about
several hundred nW/cm2, which is almost about three orders
of magnitude weaker than the outdoor one. Therefore, the
photocatalytic deactivation of microorganism requires a
much longer time under indoor conditions than under
outdoor ones; thus, it cannot become a real practical
technology. However, the anti-bacterial function of a TiO2

photocatalyst is markedly enhanced even with weak UV

Fig. 4. AFM images of monolayer of stearic acid on rutile (100) surface (1mW/cm2).

Fig. 5. Glass covers on highway tunnel lighting fixtures darkened by
automobile exhaust without TiO2 and maintained clean with TiO2.
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Figure 8: Time Resolved Photoelectron Spectroscopy of Acetone Photooxidation on TiO2

(a) initial excitation of the surface using UV pump pulse; (b) XUV probe pulse at short delay times ejects
photoelectrons and fragment ions as the molecule undergoes fragmentation; (c) XUV probe pulse at long delay
times ejects photoelectrons from the surface which now contains surface-bound products of the photoreaction.

processes are linear (one-photon). Lower pump power avoids effects nonlinear in the excitation
fluence (e.g. multiple oxidation or three-body recombination of e−/h+ pairs) and small XUV pulse
energy avoids surface charging which degrades the photoelectron energy resolution (see figure 2).
High pump/probe UV pulse energies can also induce O-vacancy diffusion and work function shifts
on TiO2 surfaces [90, 91]. The high XUV photon flux allows the use of conventional hemispherical
(electrostatic) photoelectron analyzers with multichannel detectors which are optimized for surface
photoemission. The only other photoemission technique with comparable repetition rates and time
resolution is two-photon photoemission (2PPE) using UV light from other solid-state mode-locked
lasers, e.g., Ti:Sapphire oscillators (80 MHz); however, the molecularly-derived levels lie too far
below the vacuum level (TiO2 work function ≈ 4.2-5.2 eV) to be reached by UV light typically
generated by such laser systems (hν ≤ 6 eV) [92].

A schematic diagram illustrating the proposed time-resolved photoelectron spectroscopy (TR-
PES) measurements is shown in figure 8. At time zero (figure 8a), the UV pump pulse excites
electron-hole pairs in the TiO2 substrate which undergo a combination of relaxation phenomena,
i.e., recombination, thermalization and trapping at surface sites, which on TiO2 are expected to
occur on a time scale of 200 fs-1ps [93, 94]. At very short time delays, the XUV pulse will generate
photoelectrons from the substrate, as well as the initial molecular adsorbate, e.g., the η

2-acetone
diolate, prior to electron transfer. As electron transfer events occur at intermediate delay times
(Figure 4b), photoemission from the XUV pulse will capture the excited intermediate undergoing
internal conversion and fragmentation to form a methyl radical. The methyl radical can be ionized
close to the surface and detected by photoemission or by the ion mass spectrometer. The lifetime of
the cation transition state is unknown, but in the gas-phase, the UV photodisociation of acetone to
generate methyl radicals is relatively slow (∼100 ps), due to inefficient coupling (intersystem cross-
ing) between the initially prepared excited S1 singlet state and the T1 triplet state which leads to
dissociation [95–97]. The fact that the final state distributions of the methyl products resulting
from acetone photooxidation are markedly different from gas-phase photodissociation, suggests that
the time-dependent dynamics will also be very different for the surface photoreaction. Dissipative
energy loss to the surface degrees-of-freedom could also strongly modify the dynamics and shorten
the lifetime of the transition state. The overall time-evolution of the fragmentation products, e.g.,
methyl radicals, is expected to be a convolution of the hole trapping time and the unimolecular
decay of the excited intermediate. This is expected to be from one to several hundred picoseconds.
At long delay times (Figure 8c), the photoactive species will have been completely reacted away
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electric field emitted by the sample, E(3)(t) is thus the 3rd-order
system response, Rn(t1, t2, t3), (which contains the desired
structural information) convoluted with the electric fields of
the pulse train via

Eð3ÞðtÞ¼ i

h

! "3Z
dt3

Z
dt2

Z
dt1

X

n

Rnðt1;t2;t3ÞE3ðt$t3Þe$ioðt$t3Þ

%E2ðt$t3$t2Þe$ioðt$t3$t2ÞE&
1ðt$t3$t2$t1Þeioðt$t3$t2$t1Þ

%eiðþk3þk2$k1Þe$iðþf3þf2$f1Þ

ð1Þ

where En are the envelopes, fn are the phases, and kn are the
wavevectors (directions) of the n-th laser pulse and the summa-
tion is over all the possible signals arising from the Feynman
pathways, such as the rephasing and nonrephasing signals.31,32

Note that the complex conjugates on E as well as the signs of f
and k in eqn (1) are chosen for the rephasing signal. Other
signals, like those that arise from non-rephasing and two-
quantum processes (which are discussed below), change the
complex conjugates and signs of En, fn and kn accordingly.
Phase sensitive detection is also necessary, which is achieved by
heterodyning E(3)(t) with a fourth laser pulse with the same
wavevector as the emitted field, which we refer to as the local
oscillator, e.g.33

S(t, T, t) =
R
dt47E(3)(t, T, t4) + E4(t $ t4)72 (2)

While absolute times are often used in the derivation of E(3)(t),
relative times are more intuitive when discussing pulse
sequences, which is why eqn (2) uses the variables t = t1,
T = t1 + t2 and t = t1 + t2 + t3. Relative times (e.g. pulse
delays) are defined graphically in Fig. 3 for the various pulse
sequences discussed in this article. In 2D spectroscopy, the system
response is correlated along two of the dependent variables in
the system response. The correlation is most often between t and
t and the results displayed in the frequency domain. The
difference in the three experimental approaches for collecting
2D IR spectra lies in how this correlation is performed.

In hole-burning, a pump–probe beam geometry is used where
the pump serves as both the E1 and E2 pulses and the probe is
both the E3 and E4 pulses (Fig. 3a) (thus, t = t= 0).19 The
system response along t is measured in the frequency domain
using a spectrometer to give the frequency axis oprobe. The
response along t is also measured in the frequency domain by
scanning the center frequency of the pump beam to give opump.
To achieve spectral selectivity in the hole burning approach, the
bandwidth of the pump beam must be narrowed to less than
the homogeneous linewidth of the sample, which is typically
accomplished with an etalon, resulting in a picosecond pump

beam.34 The probe beam is a femtosecond pulse so that the
bandwidth covers the spectral region of interest. Thus, the hole
burning approach to collecting 2D IR spectra operates solely in
the frequency domain.
In contrast to hole burning, the pulsed four wave mixing

method for collecting 2D IR spectra solely containing femto-
second pulses, operates either wholly or partly in the time
domain, and uses a beam geometry where the wavevectors of
all four pulses differ (Fig. 3b).35 The response along oprobe can
be measured directly in the frequency domain like the hole
burning analog, or in the time domain by scanning t and then
numerically Fourier transforming the data. The opump axis is
generated by Fourier transforming the signal as a function of
t. Since the oprobe axis can be collected all at once using a
spectrometer and a multichannel detector, data collection is
much faster when the Fourier transform is done optically.36

We refer to this method as four wave mixing to emphasize the
non-collinear beam geometry, but of course hole-burning is a
four wave mixing technique as well.
The strengths and weakness of the two techniques above

have become apparent over the past few years. The hole
burning approach is the easiest to experimentally implement
since it only requires two laser beams, while the four wave
mixing approach requires spatially and temporally over-
lapping three laser beams in the sample and a fourth on top
of the emitted response. The additional pulses in the four wave
mixing setup makes it a much more difficult technique to
implement, since mid-IR frequencies are invisible to the
human eye and can only be measured with bulky detectors.
2D spectra collected using hole burning are also easier to
collect and require little post processing of the data, which is a
result of the pump–probe beam geometry. Another difference
between the hole burning and four wave mixing approaches is
that the hole burning technique results in absorptive 2D IR
spectra. Absorptive 2D IR spectra are desirable because they
have the narrowest linewidths and are not distorted by phase
twist. To understand this difference, we must describe the
signals that are measured by a 3rd-order response.
The 3rd-order molecular response is the sum of three

signals, which we refer to as the rephasing, non-rephasing,
and two-quantum signals

Rn (t1, t2, t3) = Rn
rephase (t1, t2, t3) + Rn

nonrephase (t1, t2, t3)

+ Rn
two-quantum (t1, t2, t3) (3)

where each term in the summation corresponds to a different
Feynman pathway that creates a peak in the 2D IR spectrum.
These terms contain processes that are commonly referred to
as ground state bleaching, stimulated emission, and excited
state absorption. The highest frequency resolution is obtained

Fig. 3 Schematic layouts of 2D IR experiments: (a) hole-burning method; (b) pulsed four-wave mixing method; and (b) partly collinear method

using a pulse shaper.
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