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Abstract
Weconvert optical frequencies to the extreme ultraviolet (XUV) via high harmonic generation.We
compare the high harmonic conversion efficiency from three different drivingwavelengths of 267, 400
and 800 nm,finding that the efficiency scales as 2.9l- whereλ is the driving laser wavelength.We find
that the higher conversion efficiency and the increased free spectral range between harmonic orders
are benefits of a shorter drivingwavelength as anXUV source.We use these XUV sources tomeasure
the photoelectron spectra of several atomic andmolecular species.

1. Introduction

High harmonic generation (HHG) is a nonlinear process that converts an optical laser field to the extreme
ultraviolet (XUV). Inmost cases, the XUV spectrum is a series of odd harmonics of the fundamental frequency.
The harmonic spacing is twice the frequency of the fundamental. This coherent XUV source has been used in
femtochemistry [1], attosecond science [2], precision frequency-comb spectroscopy [3] and diffractive imaging
[4]. Themaximumgenerated harmonic energy is determined by theHHG scaling law of I U3.17c p pw = + ,

where Ip is the ionization potential of the generatingmedium, andU Ip
2lµ is the ponderomotive energy,

related to the laser intensity and central wavelength.However, this increase inmaximumgenerated photon
energy comes at the cost of XUVflux. It was shown theoretically [5] and experimentally [6] that the conversion
efficiency to the XUV scales as 6h lµ - for driving laserwavelengths of 0.8–2μm.Therefore it would appear
that using a shorter drivingwavelengthwill result in higher conversion efficiency [7]. Somework has been done
on the high harmonic yield [8, 9] and the ellipticity dependence [10] of 400 nmharmonics frommillimeter-
thick gas targets.Wewill experimentallymeasure the conversion efficiency for shorter wavelengths of 800, 400
and 267 nm from a 100μmthick pulsed gas jet.

Wewill also show that using shorter driving laser wavelengths forHHGgives an excellent source of
narrowbandXUV frequencies, suitable for applications such as photoelectron spectroscopy of atoms and
molecules. The premier source of such radiation is from synchrotron facilities, which provide bright sources of
tunable radiation. Synchrotrons are large facilities, and they offer only limited time resolution.HHG sources
have the advantage of being tabletop devices, and offer femtosecond time resolution in pump-probe
configurations.

Current time-resolved photoelectron spectroscopy experiments [11] involve a visible orUVpumppulse to
excite themolecule, followed by a delayedUVpulse to photoionize the system. The photoelectron kinetic energy
spectrum as a function of pump-probe delay gives insight into themolecular dynamics. The probemust have
sufficient photon energy to ionize themolecule. As typical nonlinear optical crystals absorb light below 200 nm,
it is often necessary to usemultiphoton ionization for probing. Thismeans that intermediate resonances can
influence themeasurement [11]. HHG sources have been used as the photoionizing probe [1], but the harmonic
orders are only separated by 3.1eV for 800 nm lasers, leading to overlap of features in the photoelectron
spectrum. To solve this problem, time-compensatedmonochromators [12, 13] can be used to isolate a single
harmonic out of a comb of 800 nmodd harmonics.Wewill show thatHHGdriven by aUV laser gives bright
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harmonic lines that arewidely separated (by 9.3 eV for 267 nm laser wavelength), removing the requirement for
amonochromator.

2. Experimental setup

Laser pulses from a commercial Ti:sapphire laser system (50 fs, 4mJ, 800 nm, 100Hz)were sent into aHHG
chamber. In afirst experiment, the 800 nmpulses were focused by a 60cm focal length concavemirror into the
gas jet emanating from the 0.10 mmdiameter nozzle of a pulsed gas valve loadedwith 4 bar backing pressure of
argon. In a second experiment, a 0.5 mm thickβ-BBOwas used to generate 400 nmpulses. Dichroicmirrors
were employed to remove the fundamental light. The second harmonic pulses were then focused by a 40cm
focal length concavemirror on the same gas target. In a third experiment, a 0.75mm thick calcite plate was used
as a time compensator after a 0.5 mm thickβ-BBO crystal. A half-wave plate at 800 nm (zero-wave at 400 nm)
was used tomake the polarizations of the fundamental and of the second harmonic parallel before sum-
frequency generation inside a 0.15 mm thickβ-BBO crystal. The third harmonic pulse (267 nm)was focused
into the gas jet by a 20cm focal length aluminum-coated concavemirror. The polarization of the fundamental
was adjusted to obtain horizontally-polarized harmonics in each case. XUV light generated in the gas jet was
then sent through a differential pumping tube into a second chamber where the driving laser light was removed
by a 200 nm thick aluminum foil. The transmitted XUV radiationwas then focused by a gold-coated toroidal
mirror at 85° incidence into either a velocitymap imaging (VMI) electron spectrometer [16] or afield-free time-
of-flight electron spectrometer.

In each case, the input laser intensity wasfine-tuned by adjusting an iris before the inputwindow. The gas jet
positionwas also adjusted in three dimensions to optimize the conversion efficiency. The pulse energywas
recorded at the optimal harmonic yield conditions. These conditions are as follow: 2.0mJ at 800nm, 1.0mJ at
400nmand 0.097mJ at 267nm.

3. Results and discussion

3.1. Photoelectron spectroscopy
Wefirst demonstrate qualitatively howphotoelectron spectroscopy benefits from short-wavelength driven
harmonics. The harmonics were focused at the input of a time-of-flight electron spectrometer. The
photoelectrons emitted in a narrow cone along the polarization direction passed through a skimmer into the
50cmdrift region. Theywere detected by amicro-channel plate equippedwith a conical anode detector. The
time-of-flight signal was digitized by counting electronics with 10 GHz resolution. All results are plotted in
figure 1. The photoelectron spectrum is best resolvedwith thefifth harmonic of 267 nm (figure 1(c))where
labels are indicating the ground state (X g

2S+) and thefirst two excited states (A u
2P , B u

2S+) of N2
+. A few

comments are in order. First, the free spectral range between adjacent odd harmonics is equal to twice the
driving laser frequency. Hence, the separation between adjacent harmonic orders is 3.1 eV in the 800 nmcase,
6.2 eV in the 400 nmcase and 9.3 eV in the 267 nmcase. The different electronic states are better separated in the
photoelectron spectrumwith 400 and 267 nmdriving pulses where the greater free spectral range is clearly an
advantage formolecular spectroscopy. Second, since this spectrometer has a fairly good energy resolution
( 3.4instrD = meV at 5 eV, 9.6instrD = meV at 10 eV), we can extract individual harmonic bandwidth from
these spectra. The vibrational progression of the A u

2P state offers the best opportunity for a fit. Each peak is
spaced by 0.236 eV [14], the peaks from v=0 to v=2 have comparable amplitudes, and in the case of 800 nm
driving laser, the A u

2P state does not suffer from spectral overlap between adjacent odd harmonics orders
(unlike B u

2S+ and X g
2S+). The intrinsic vibrational linewidth, broadened by spin–orbit coupling and rotational

branching, is about 17meV (FWHM) at room temperature [15]. AssumingGaussian linewidth for all source of
broadenings as a fair approximation, the deconvoluted harmonic linewidth is

laser fit
2

instr
2

lineshape
2   D = D - D - D( ). Results are reported in table 1.However, note that we did optimize

laser parameters for high harmonic yield and not for spectral narrowness. Simply put, the individual harmonic
bandwidth depends on the chirp of the driving laser pulse, but also on essentially all laser parameters, on the
choice of the gas target and on the sub-femtosecond ionization (plasma)dynamics during harmonic generation.
Pulse durations estimates were derived taking into account the Fourier-transform limited spectrumof the
driving laser and dispersion in the input chamber window. Anecdotally, we achieved a 0.07 eV (FWHM)
bandwidth for the seventh harmonic of 400 nmwhen generating harmonics inN2, butwith a lower photon flux.

Photoelectron spectra of several gas species were also taken under similar conditions using theVMI detector.
A few spectra are presented in figure 2. For systemswith simple photoelectronic spectra such as argon and neon,
the singly-ionized atoms are left in the ground state of the ionwhich are Ar+: [Ne]3s23p5 2P0 J 3 2= and
J 1 2= andNe+: [He]2s22p5 2P0 J 3 2= and J 1 2= . The two spin–orbit states are not resolved. In these
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cases, 800 nmharmonics provide nicelymultiplexed andnon-overlapping spectra fromwhich useful
information can be extracted such as relative cross-sections and laboratory-frame photoelectron angular
distributions.

In the case ofmolecules such asN2 andCO2, the photoelectron spectra aremore complex as they typically
present several electronic states, plus vibrational and rotational progressions (not resolved here). In the nitrogen
spectrum, N2

+ is left in one of the three states X g
2S+, A u

2P and B u
2S+. In carbon dioxide, CO2

+ is left in either

X g
2P , A u

2P , B u
2S+ or C g

2S+. Accidental overlap between different states from adjacent harmonics of 800 nm
presents a problem. The large free spectral range for 400 and 267 nm solves this problem. In addition, the
brighter XUV speeds up data acquisition.

Figure 1.Time-of-flight photoelectron spectra ofN2 produced byHHG sources using driving laser wavelengths of (a) 800nm; (b)
400nm; (c) 267nm. Three electronic states of the cationwith vibrational progressions are labeled in (c).With an 800 nmdriving laser
wavelength, the harmonic orders are separated by only 3.1eV,meaning that different photoelectrons associatedwith different
electronic states overlap and cannot be distinguished.With shorter wavelength drivers, the free spectral range of the photoelectron
spectra permits the separation of the electronic states. Some artifact from incomplete filtering of 800 nm (H15,H21) or possibly some
non phase-matched 267 nm (H5,H7) shows up in the 400 nmdata.

Table 1.Retrieved bandwidth from time-of-flight spectra of
figure 1.

0l t a
FTLt b H. order  laserD c

nm fs fs eV eV

267 70 39 H5 23.3 0.10

H7 32.6 0.16

400 60 39 H7 21.7 0.18

H9 27.9 0.16

H11 34.1 0.16

800 50 37 H17 26.4 0.19

H21 32.6 0.18

a Estimated duration (FWHM) of the driving laser pulses,
assumingGaussian temporal shape.
b Transform-limited duration (FWHM) of the driving laser
pulses, based onmeasured driving laser spectrum.
c Individual harmonic bandwidth (FWHM), assumingGaussian

lineshape, obtained by fitting themeasured vibrationalmanifold

A u
2P infigure 1.
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EachVMI image shown infigure 2wasAbel-inverted by the pBaseX algorithm [17]. At each photoelectron
energy of the grid, the photoelectron angular distribution is given by a truncated sumof even Legendre
polynomials: I I P cosn

n
n n0 0

3
2 2q b q= å =

=( ) ( ). Here θ is the angle with respect to the XUVpolarization direction.

3.2.High harmonic efficiencymeasurement
Wenow estimate the efficiency of conversion ofHHGgenerated in argon fromdriving laser energy intoXUV
energy. The energy content of each harmonic peak per unit of driving laser pulse energy, derived from theVMI
measurements offigure 2, is reported infigure 3(a), and the corresponding 2b parameters can be found in
figure 3(b). Assuming constant gas target density in theVMI interaction region and knowing the
photoionization cross sections for argon and neon [19], thesemeasurements can be compared directly. Small
corrections for the aluminum filter transmission [20]were alsomade assuming a chemical composition of
170 nmof pure aluminumand 30 nmofAl2O3.Harmonics up to order 7, 9 and 33 could be observed at 267 nm,
400 nmand 800 nm, respectively. TheXUV energy per pulsewas integrated over the photon energy band
19–37 eV. There are six odd harmonics of 800 nm (H13–H21), three odd harmonics of 400 nm (but onlyH7 and
H9 could bemeasured above noise level) and two odd harmonics of 267 nm (H5–H7).

The results of the integration are presented infigure 4.We found that high harmonic conversion efficiency
scales as xl- with x 2.9 0.7

1.5= -
+ for the 19–37eV range taken as awhole. In terms of conversion efficiency per

harmonic order averaged in the same range, the exponent is x 3.9 0.7
1.5= -

+ . This slope is smaller than the single
atom response of x 6.4 1.2=  reported by Shiner et al [6]. The lower exponent that we observe ismore
consistent with [9]where an exponent x 4.7 1.0=  per harmonic orderwasmeasured at 32eV using driving
wavelengths of 529–800nm. This discrepancy can be explained by the fact that at 267 nm, there is no plateau in
the harmonic spectrum, and the three-stepmodel ofHHG [21] does not apply. As our experimental conditions
such as beam size, intensity, ionization of themedium and gas jet position are not as wellmaintained as Shiner
et al [6], we do not claim to bemeasuring the single atom response.We are rathermeasuring a relative
conversion efficiency for the practical case where a thin gas jet is used to generate harmonics.

Infigure 4we also show the predicted single-atomwavelength scaling from aTDSE calculation for a constant
laser intensity. The parameters were: ionization potential of 15.4eV, peak intensity of 6 1013´ Wcm–2, pulse
duration 40fs, energy integrated over 19–37eV. The single-atom, single-intensity scaling of conversion
efficiency is xl- with x 1.7 0.1

0.3= -
+ . The discrepancy between the calculation and the experiment is due to not

controlling the intensity and pulse duration in the experiment.

Figure 2.Photoelectron spectra of gaseous argon, neon, nitrogen and carbon dioxide takenwith high harmonics driven at 267, 400
and 800 nm, and recordedwith the velocitymap imaging (VMI) spectrometer. Ionization energies are 15.76 eV for Ar, 21.56 eV for
Ne, 15.58 eV forN2 and 13.78 eV forCO2 [18]. The laser polarization is parallel to the plane of themicro-channel plate. For the rare
gas atoms, there is only onefinal electronic state of the ion, and the rings are clearly resolved. For themolecules, themultiple final
electronic states overlapwith the 800nm laser source.
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4. Conclusions

Wehave shown that there are clear advantages to using short wavelength lasers to create vacuumultraviolet light
radiation viaHHG. The addition of one or twononlinear crystals is relatively easy to implement experimentally.
The advantageous scaling of the conversion efficiency, 2.9l- (integrated over all harmonic orders in the range
19–37 eV) or 3.9l- (per harmonic order in the range 19–37 eV)more thanmakes up for the additional effort. The
high brightness and greater free spectral range of the resulting harmonic comb and its short durationmake an
ideal workhorse to perform time-resolved photoelectron spectroscopy.

Figure 3.Measurement of the conversion efficiency fromdriving laser energy to energy in each high-order harmonic peak. (a)
Harmonic emission per driving laser energy extracted from the photoelectron spectrum from figure 2 in argon and neon. Although
there are fewer harmonic orders, the shorter wavelengths generate brighter harmonic emission comparedwith 800 nm. (b) 2b
parameters extracted from theAbel inversion of theVMI data.

Figure 4.Experimental (black squares) high harmonic conversion efficiency in the 19–37eV range as a function of the driving laser
wavelength. Single-atomTDSE calculations (red stars) for a constant laser intensity for all wavelengths are shown for comparison. In
both cases only a relative conversion efficiency ismeasured, and so the black or the red points can bemoved up or down relative to
each other. Power-lawfits to the experimental data (solid black line)with 2.85h lµ - and to the single-atom calculations (red dashed
line)with 1.72h lµ - are also shown.
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