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Abstract 

A laser-based, table-top instrument is constructed to perform femtosecond soft x-ray 

transient absorption spectroscopy. Ultrashort soft x-ray pulses produced via high-order 

harmonic generation of the amplified output of a femtosecond Ti:sapphire laser system 

are used to probe atomic core-level transient absorptions in atoms and molecules. The 

results provide chemically specific, time-resolved dynamics with sub-50-fs time 

resolution. In this setup, high-order harmonics generated in a Ne-filled capillary 

waveguide are refocused by a gold-coated toroidal mirror into the sample gas cell, where 

the soft x-ray light intersects with an optical pump pulse. The transmitted high-order 

harmonics are spectrally dispersed with a home-built soft x-ray spectrometer, which 

consists of a gold-coated toroidal mirror, a uniform-line spaced plane grating, and a soft 

x-ray CCD camera. The optical layout of the instrument, design of the soft x-ray 

spectrometer, and spatial and temporal characterization of the high-order harmonics are 

described. Examples of static and time-resolved photoabsorption spectra collected on this 

apparatus are presented.  

                                                 
† Present address: Department of Chemistry, University of Washington, Box 351700, Seattle, WA 98195 
* Corresponding author. Electronic mail: srl@berkeley.edu 
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I. INTRODUCTION 

Recent advances in ultrashort-pulsed x-ray source development have enabled the 

study of ultrafast phenomena in the x-ray domain.1–4 Ultrafast x-ray absorption 

measurements performed at third-generation synchrotron light sources elucidate both 

atomic displacements and changes in electronic structure accompanying photoexcitation 

of solvated molecules5,6 and solid state materials.7 By employing a pulse-slicing scheme,8 

synchrotron pulses of sub-picosecond temporal duration can be applied to ultrafast x-ray 

absorption9 and diffraction10 experiments. Femtosecond x-ray pulses produced at free-

electron laser (FEL)-based facilities enable the direct visualization of atomic motion in 

ultrafast photoinduced phase transitions.11,12 In addition, the intense x-ray pulses 

produced at FELs13 also hold great promise for x-ray-initiated pump-probe experiments.  

In the realm of table-top experiments, femtosecond hard x-ray pulses from laser-

produced plasmas are used to investigate the gas-phase photodissociation dynamics of 

small molecules,14 as well as to observe the structural rearrangement in solids15–17 and to 

probe solvated molecules18 upon laser excitation. Ultrashort soft x-ray pulses produced 

by high-order harmonic generation19,20 (HHG) are used as single-photon ionization 

probes of molecular dynamics in the gas phase21,22 and on surfaces,23–25 thereby 

circumventing multiple resonant interactions that occur with multiphoton ionization 

probing. The use of few-cycle near-infrared pulses for HHG have led to the generation of 

isolated attosecond pulses,26 which allow the investigation of electron dynamics with 

unprecedented time resolution.27–29 

 While the set of discrete peaks in HHG-produced soft x-ray radiation presents an 

attractive application in kinetic energy-resolved photoelectron spectroscopy, a spectral 
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continuum required for absorption spectroscopy has to-date been discussed primarily in 

the HHG cut-off region with few-cycle driver pulses. Hence it is not surprising that 

spectroscopy with high-order harmonics has been largely limited to photoelectron 

probing, and photoabsorption spectroscopy has not been demonstrated until recently.30–35  

In core-level photoabsorption spectroscopy, an incident x-ray photon promotes an 

electron residing in a core level to an unoccupied valence orbital. In a spectroscopic 

picture, the x-ray photon promotes the atom/molecule from an initial state with 

completely-filled core levels to a core hole-excited final state. (Note that the initial state 

does not necessarily have to be the electronic ground state, since valence excitations can 

also exist.) Core-level photoabsorption spectroscopy therefore combines the elemental 

specificity of core-level probing with the sensitivity to changes in the valence electronic 

structure, i.e. chemical environment, of the atom/molecule induced by photophysical or 

photochemical transformations. The resonant transitions measured in transient absorption 

spectroscopy make the application of ultrashort broadband probe pulses compatible with 

this technique. On the other hand, the bound-free transitions measured in photoelectron 

spectroscopy limit the spectral bandwidth that can be used in the probe pulse and still 

achieve adequate spectral resolution. Moreover, spectral dispersion in transient 

absorption spectroscopy can be performed after the sample, thereby circumventing the 

need for a time-delay-compensated monochromator,36,37 which is used to select a single 

harmonic for photoelectron spectroscopy. 

An early application of high-order harmonics to absorption spectroscopy involves the 

collection of static absorption spectra at the M2/3-edge of first-row transition metal thin 

films.30 The spectra are obtained by recording the changes in the transmission at the peak 
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of the individual harmonics when the sample is introduced. More recently, the application 

of high-order harmonics with photon energies up to 3.5 keV allowed interatomic 

distances in metal and semi-metal thin foils to be retrieved31 from their static extended x-

ray absorption fine structure (EXAFS) spectra.38 In the realm of time-resolved 

measurements, femtosecond soft x-ray transient absorption spectroscopy using high-order 

harmonics was recently demonstrated and applied by our group to investigate laser-

atom/molecule interactions in the nonperturbative, strong-field regime.32–34 In a separate 

effort by Spielmann and co-workers, real-time atomic displacements following optical 

excitation of a Si thin foil were observed by femtosecond time-resolved EXAFS 

spectroscopy employing high-order harmonics.35 While such experiments have only been 

performed with soft x-rays in the range of 50 eV – 100 eV to date, these studies 

demonstrate the applicability of high-order harmonics and their complementarity to other 

pulsed x-ray sources for use as a probe in ultrafast x-ray absorption spectroscopy. 

 Here we present a detailed description of a table-top, laser-based instrument for high-

order harmonic transient absorption spectroscopy. The remainder of the paper is 

organized as follows. The laser system, optical layout of the experiment, and the HHG 

setup are described in Sections IIA, IIB, and IIC, respectively. The vacuum apparatus, 

design of the home-built soft x-ray spectrometer and the data acquisition procedures are 

given in Sections IID, IIE, and IIF, respectively. The high-order harmonic spectra are 

shown in Section IIIA, followed by a discussion of the wavelength-tunability of high-

order harmonics in Section IIIB. Results obtained from photon flux and spatial beam 

profile measurements are given in Sections IIIC and IIID, respectively. Examples of 

nonresonant and resonant static photoabsorption spectra collected on the apparatus are 
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presented in Section IIIE. The transient absorption spectrum of Xe2+ produced by optical 

strong-field ionization of Xe atoms is presented in Section IIIF, along with results from 

the temporal characterization of the high-order harmonics via pump-probe cross-

correlation. 

 

II. EXPERIMENTAL SETUP 

 An overview of the experimental apparatus is illustrated in Fig. 1. The main 

components are an amplified Ti:sapphire femtosecond laser system, a capillary 

waveguide in which the high-order harmonics are produced, an interaction region where 

the optical pump and soft x-ray probe beams intersect at the sample, and a home-built 

soft x-ray spectrometer. A detailed description of each of these components, along with 

the data acquisition procedures, will be provided in this section.  

 

A. FEMTOSECOND LASER SYSTEM AND PULSE DIAGNOSTICS 

Femtosecond pulses employed in the experiment are produced by a commercial 

amplified Ti:sapphire laser system. The average output power is 2.6 W at 1 kHz 

repetition rate, the spectral bandwidth is 31 nm FWHM with a center wavelength of 800 

nm, and the pulse duration is <45 fs (FWHM). The beam waist w0 is measured using the 

scanning knife-edge method and is found to be 5.1 mm. The temporal profile of the 

amplified pulse is characterized using either single-shot autocorrelation or spectral-phase 

interferometry for direct electric field reconstruction (SPIDER).39 The former is used as a 

daily diagnostic for the amplifier, whereas the latter is used when knowledge of the 

accurate temporal profile is critical, for instance, when characterizing the pump pulse 
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used in strong-field ionization experiments. In addition, the intensity stability of the 

amplifier output is monitored by sending the beam through a 200 μm thick Type I BBO 

crystal (θ = 29.2 deg) and measuring the power of the frequency-doubled output on a 

power meter. Over the course of one hour and with a sampling interval of 1 s, the root 

mean squared (RMS) fluctuation is typically <0.2% with a typical average power of >0.8 

W for the frequency-doubled light. The intensity stability of the amplifier output is also 

monitored on a pulse-to-pulse basis by sending the 800 nm leakage through the first 

turning mirror after the amplifier into another BBO crystal and detecting the second 

harmonic output with a fast photodiode. Over a period of 1 s, the pulse-to-pulse RMS 

fluctuation is typically <2%. 

 

B. OPTICAL LAYOUT 

The output from the Ti:sapphire laser system is sent to a 20:80 beamsplitter 

(Newport, 20RQ00UB.2) to produce the optical pump and HHG driver beams, 

respectively. The relative timing between the optical pump and HHG driver pulses is 

varied by means of a computer-controlled motorized translation stage (Aerotech, ALS-

130) positioned in the pump beam path. A zero-order half-waveplate (CVI, QWPO-800-

08-2-R10) in the path of the pump beam is used to vary the relative polarization between 

the pump and probe beams. In addition, an iris diaphragm can be used to control the 

energy of the 800 nm light used for excitation. In strong-field ionization experiments, a 

UV fused silica lens with a 45 cm focal length (CVI, PLCX-25.4-206.0-UV-800) is used 

to focus the 800 nm pump beam before it enters the sample chamber. The input window 

consists of a 1 mm thick UV fused silica substrate with broadband anti-reflection coating 
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for 670 nm – 1064 nm on both optical surfaces (CVI, W2-PW-0706-UV-670-1064-0). A 

pick-off mirror (Newport, 10B20UF.25) positioned 10 cm before the interaction region 

allows the optical pump beam to intersect with the soft x-ray probe beam at the sample 

with a 2o crossing angle (Fig. 2). The focal spot size at the interaction region is 

determined via relay imaging to a CCD beam profiler; typical beam waists along the 

horizontal and vertical directions are 30 μm and 32 μm, respectively. The confocal 

parameters of the 800 nm pump beam in the horizontal and vertical directions are 

measured to be 6.4 cm and 6.8 cm, respectively.  

The 800 nm beam to drive HHG is focused by a 68 cm focal length UV fused silica 

lens (CVI, PLCX-25.4-309.1-UV-800) into the capillary waveguide in which the high-

order harmonics are produced. A pair of 0.2 μm thick Al foils (Lebow Company) 

mounted on a push-pull and positioned 60 cm after the capillary exit is used to remove 

the residual HHG driver pulse that co-propagates with the soft x-ray light from the exit of 

the capillary waveguide. Alternatively, a broadband 800 nm high reflector mounted on a 

push-pull (Newport, 10B20UF.25) can be used to direct the residual 800 nm beam from 

the capillary output through an output window towards a beam profiler (Spiricon, LBW-

FW-SCOR20), thereby enabling the spatial mode of the coupled HHG beam to be 

monitored and optimized while the entire apparatus is under vacuum. A spectrometer 

(Ocean Optics, HR2000CG-UV-NIR) can be positioned in place of the beam profiler to 

measure the spectrum of the HHG driver pulse emerging from the capillary waveguide.  

The high-order harmonics, which diverge as they emerge from the exit of the 

capillary waveguide, are transmitted by the Al foils and refocused by a gold-coated 

toroidal mirror (Jobin Yvon) into the sample gas cell. The toroidal mirror is mounted on a 
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motorized kinematic mount to enable its alignment while the apparatus is under vacuum. 

The mirror is used at an incidence angle of 85o and has a clear aperture of 7 cm (h) × 1 

cm (v). Its reflectivity is expected to vary between 81% and 85% over a photon energy 

range of 30 eV – 100 eV.40 The radii of curvature are 749.910 cm (h) and 5.7138 cm (v), 

giving effective source-to-mirror and mirror-to-image distances of 72 cm and 60 cm, 

respectively, in addition to a displacement of 0.4 cm between the horizontal and vertical 

foci at the image. Ray tracing yields estimated confocal parameters of 2.0 cm and 2.2 cm 

for the horizontal and vertical axes, respectively. These values are significantly larger 

than the foci displacement; as such, the displacement of the horizontal and vertical foci is 

not expected to have a significant effect on the performance of the instrument.  

The sample gas cell is mounted on a motorized xyz translation stage, which allows the 

beam entrance and exit pinholes of the gas cell to be aligned to the optical pump and soft 

x-ray probe beams under vacuum. With the Al foils moved out of the HHG beam path so 

that the residual 800 nm light is incident on the sample gas cell, spatial and temporal 

overlap of the pump and probe beams can be found by translating, into the beam path, a 

100 μm thick Type I BBO crystal (θ = 29.2 deg) positioned beside the sample gas cell. 

The motorized linear stage along this translation axis is equipped with linear encoding 

(Physik Instrumente, M-665.2PM), which enables the sample gas cell to be moved into 

and out of the beams with high bidirectional repeatability. To prevent laser-induced 

damage to the crystal by the intense 800 nm beams while finding temporal overlap, an 

OD2 reflective neutral density filter is inserted into the beam path before the 20:80 

beamsplitter. The spatial and temporal overlap of the pump and probe beams can be 

further optimized by monitoring the absorbance of the Xe+ ion at 55.4 eV. On a daily 



 9

basis, the temporal overlap between the two pulses varies by <5 fs. After transmitting 

through the sample, the high-order harmonics are detected by a home-built soft x-ray 

spectrometer. A 0.2 μm thick Al foil is mounted at the entrance of the spectrometer to 

prevent the 800 nm pump beam from entering the spectrometer. 

 

C. HIGH-ORDER HARMONIC GENERATION 

 High-order harmonics in the soft x-ray region are generated by focusing 80% of the 

output from the Ti:sapphire amplifier into a UV fused silica capillary waveguide 

(Wilmad-LabGlass) filled with argon or neon. Capillary waveguides allow phase-

matched HHG over an extended interaction length, leading to an enhanced photon flux 

and excellent spatial mode quality for the output beam.41,42 The capillaries used in 

experiments have an internal diameter of 150 μm and a length of 8 cm. The capillary 

inner diameter is significantly larger than the 800 nm wavelength of the HHG driver 

light, which implies that waveguiding occurs by multiple grazing incidence reflections 

against the inner wall of the capillary.43 Careful mode-matching is necessary to ensure 

optimal coupling of the HHG beam into the lowest EH11 mode of the capillary 

waveguide; for an evacuated capillary, the HHG beam needs to be focused to a beam 

waist of aw 6435.00 = , where a is the internal radius of the capillary.44 In our case, it is 

found that a UV fused silica lens with a focal length of 68 cm allows focusing of the 800 

nm HHG driver beam to a beam waist of 47 μm, which is very close to the optimal w0 

value of 48 μm. The capillary waveguide has a typical throughput at 800 nm of 70% 

under vacuum; when filled with gas, the typical throughput reduces to 40 – 60%. Laser-

drilled holes located in the sidewalls at 5 mm from each end of the capillary serves as the 
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gas inlets.45 The 5 mm segments on each end of the capillary enables a high gas pressure 

to be maintained in the central segment, while keeping a relatively low gas density at the 

front and rear ends of the capillary. A Baratron pressure transducer (MKS, Micro 890) 

located ~0.5 m upstream of the capillary is used to measure the inlet pressure of the noble 

gas used for HHG. 

The amount of energy used for HHG can be varied by means of an iris diaphragm 

positioned 43 cm before the entrance of the capillary waveguide. Varying the amount of 

input energy and therefore the plasma density in the capillary waveguide allows the 

photon energy of the HHG output to be tuned (see Section IIIB). Moreover, it is found 

that irising down the HHG driver beam often leads to a two- to five-fold increase in the 

photon flux at the peak of a harmonic. This enhancement could originate from spatial 

filtering of the input beam that results in better coupling into the capillary waveguide.46 

For Ar and Ne, the optimal input energies vary from 0.8 mJ – 1.4 mJ and 1.5 mJ – 1.8 

mJ, respectively. The intensities of the HHG driver pulse therefore range from 5 × 1014 

W/cm2 to 1 × 1015 W/cm2.  

The wavelength-integrated soft x-ray photon flux is measured using a calibrated soft 

x-ray photodiode (IRD, AXUV100AL3). Alternatively, the photon flux of an individual 

harmonic can be estimated from the total number of counts detected within a certain 

energy bandwidth on the spectrometer CCD camera. Scanning knife edge measurements 

are used to measure the beam waist of the individual harmonics at the sample focus. 

Finally, the wavelength-integrated far-field spatial mode of the soft x-ray beam can be 

directly visualized by positioning a soft x-ray CCD camera 30 cm after the sample focus. 
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D. VACUUM APPARATUS AND SAMPLE GAS CELL 

The experimental apparatus comprises three vacuum chambers (Fig. 1). The first 

chamber is pumped by a 550 L/s turbomolecular pump (Varian, V550) and houses the 

toroidal mirror used to refocus the soft x-ray light into the interaction region. The same 

turbomolecular pump evacuates the rear end of the capillary waveguide. The chamber 

pressure remains below 1 × 10–4 Torr (1.3 × 10–2 Pa) during HHG. The second chamber 

is pumped by a 1000 L/s turbomolecular pump (Varian, V1001) and contains the sample 

gas cell. Finally, the spectrometer chamber is pumped by a 70 L/s turbomolecular pump 

(Varian, V70). The 550 L/s and 70 L/s turbomolecular pumps are backed by a common 

scroll pump (Varian, TriScroll300). The same scroll pump also evacuates the front end of 

the capillary waveguide. The 1000 L/s turbomolecular pump is backed by its own scroll 

pump (Varian, TriScroll300). Each of the chambers is equipped with an inverted 

magnetron pressure gauge (Varian, IMG-100). The base pressures of the toroidal mirror, 

sample, and spectrometer chambers are 2 × 10–8 Torr (2.7 × 10–6 Pa), 7 × 10–9 Torr (9.3 × 

10–7 Pa), and 1 × 10–8 Torr (1.3 × 10–6 Pa), respectively.  

The cylindrically shaped gas cell, machined from polytetrafluoroethylene (PTFE), has 

an internal diameter of 2 mm and its axis is aligned perpendicularly to the beam 

propagation axis (Fig. 3). The nominal sample path length of the gas cell is therefore 2 

mm. The vanishing transmission of soft x-ray light with photon energies in the range of 

10 eV – 100 eV through optically transparent materials prevents the use of entrance and 

exit windows for the sample gas cell. Instead, beam entrance and exit pinholes as small as 

150 μm in diameter (typically 200 μm diameter) are drilled into the wall of the gas cell to 

allow the pump and probe beams to enter and exit the cell. With a wall thickness of 1 
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mm, the gas cell allows a sample pressure as high as 100 Torr to be achieved while the 

chamber pressure remains below 1 × 10–3 Torr (0.13 Pa). For example, for a He sample 

pressure of 100 Torr and beam entrance and exit pinholes of 150 μm diameter, 

conductance calculations give an estimated gas pressure of 8.3 × 10–4 Torr (0.11 Pa) in 

the immediate vicinity of the gas cell. From the dimensions of the sample chamber, the 

estimated contribution from the gas density outside the gas cell to the total absorption 

signal is <1% and can therefore be neglected. While the absorption due to the gas density 

outside the flowing gas cell is negligible, however, the pressure gradient present along 

the beam propagation axis in such a (quasi-static) flowing gas cell needs to be taken into 

account. Consideration of this pressure gradient results in a modification of the exponent 

in the Beer-Lambert law, such that the transmission T of the soft x-ray probe through the 

sample gas cell is now given by ( ) Lndzzn effeeT σσ −− =∫= , where n(z) is a function 

representing the sample gas density along the beam propagation axis, neff is the effective 

sample gas density, and L is the nominal sample path length. The sample gas densities 

reported below correspond to neff, which is the effective sample density for a nominal 

sample path length of L. It is important to note that the above modification to the Beer-

Lambert law has no effect on the measured absorption cross-section; the absorption 

cross-sections obtained from this instrument can be compared directly to values reported 

in the literature.  

Finally, a stream of Ar gas incident on the pick-off mirror used to overlap the pump 

and probe beams at the interaction region is introduced via a 100 μm diameter nozzle 

positioned 5 mm before the optic; this arrangement prevents condensation and 

subsequent laser-induced decomposition of the molecular sample on the turning mirror, 
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since peak intensities as high as 5 × 1011 W/cm2 at the optic can be reached in the case of 

strong-field ionization experiments with 800 nm light.  

 

E. SOFT X-RAY SPECTROMETER 

 The home-built soft x-ray spectrometer is designed to achieve a spectral resolution of 

0.2 eV FWHM in the photon energy range of 25 eV – 70 eV, giving a resolving power of 

E/ΔE = 300 at 60 eV. A higher spectral resolution can be achieved, for instance, by 

increasing the dispersion power of the grating or by increasing the distance between the 

grating and the CCD detector plane. For the purposes of investigating ultrafast molecular 

dynamics, however, a spectral resolution of 0.2 eV is adequate.  

The home-built soft x-ray spectrometer consists of a gold-coated toroidal mirror, a 

uniform-line spaced grating, and a soft x-ray CCD camera. Note that the focal point in 

the sample cell serves as the entrance slit to the spectrometer, and that the spectrometer 

resolution is therefore partially determined by the focal spot size of the soft x-ray beam at 

the sample position. The gold-coated toroidal mirror (Jobin Yvon) is positioned 32 cm 

after the sample focus and is used to refocus the soft x-ray light transmitted by the sample 

onto the CCD camera, which is positioned 30 cm after the toroidal mirror. The toroidal 

mirror is mounted at an incidence angle of 85o and has a clear aperture of 1 cm (h) × 4 cm 

(v). Its radii of curvature are 239.710 cm (h) and 2.6580 cm (v).  

At the expense of not achieving a flat-field focus at the detector, a uniform-line 

spaced gold-coated grating with a groove density of 600 lines/mm and a blaze angle of 

2.6o (Zolo Tech) is used to spectrally disperse the soft x-ray light onto the CCD camera. 

The grating, positioned 10 cm after the toroidal mirror, is mounted on a motorized 
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rotation stage (Physik Instrumente, M035.D01), which allows the optimal spectral 

resolution to be achieved by adjusting the angle of incidence. Ray tracing suggests that 

the incidence angle needs to be varied from 83.5o – 85.2o for a photon energy range of 25 

eV – 70 eV. The foci for the various photon energies are shown in Fig. 4; the straight line 

drawn through the foci represents the plane of the CCD array. The deviation of the foci 

from the plane of the CCD array for the various photon energies is shown in the inset of 

Fig. 4. Even though a flat-field focus is not achieved, the maximum deviation of the foci 

from the plane of the CCD array remains less than 230 μm. This deviation is negligible 

(~0.1%) compared to the grating-to-CCD plane distance; as such, the degradation in 

spectral resolution is expected to be insignificant (<1%). 

The spectrally dispersed soft x-ray light is detected by a back-illuminated soft x-ray 

CCD camera (Princeton Instruments, PI-SX). The CCD array is thermoelectrically cooled 

to –60 oC and consists of 1340 × 100 pixels, with an individual pixel size of 20 μm × 20 

μm. A pair of 0.2 μm thick Al foils of dimensions 30 mm × 3 mm is placed directly in 

front of the mounting plate of the CCD array to minimize stray light incident on the 

detector and to prevent condensation of the molecular sample onto the cooled CCD array. 

Because the toroidal mirror refocuses the soft x-ray light onto the CCD array, all the light 

can be concentrated onto less than five pixel rows in the sagittal plane (this is the plane 

orthogonal to the spectral dispersion plane), yielding a large count rate over a relatively 

small region of the CCD array. Over a photon energy range of 30 eV – 100 eV, the 

quantum efficiency of the CCD camera according to the manufacturer specification 

remains approximately constant at ~40%. Note that knowledge of the absolute quantum 
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efficiency as a function of photon energy is not necessary in our case, since the quantity 

of interest is the transmission and not the absolute photon flux. 

Wavelength calibration of the spectrometer is performed by locating the pixel 

positions of the Al foil high-energy cut-off at 72.64 eV (Al L3-edge) in the first four 

diffraction orders47 and the Xe+ 2P3/2 → 2D5/2 peak at 55.4 eV in the first two diffraction 

orders48 and employing a fitting function based on the diffraction grating equation. This 

procedure yields a calibration error of ≤0.05 eV. A typical calibration curve is shown in 

Fig. 5.  

Finally, it is important to note that the spectrometer directly measures the 

transmission as a function of photon energy, and any measured absorption lineshape 

therefore corresponds to a convolution of the transmission function with the Gaussian 

spectrometer resolution function. Hence the measured optical density (absorbance) is 

given by 
 

( ) ( )( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ

−
Δ

∗−= 2

2

2meas
2ln4Exp2ln4-ExplogOD ELEnE eff π

σ , 

 

 

(1)

where neff is the effective number density, ( )Eσ  is the absorption cross-section at photon 

energy E, L is the sample pathlength, and Δ is the FWHM value of the spectral 

broadening that characterizes the spectrometer resolution. The above expression does not 

account for the pixelation of the CCD array detector explicitly, but instead factors it into 

the Gaussian spectral broadening function. 
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F. DATA ACQUISITION PROCEDURES 

 Static photoabsorption spectra are collected by introducing the sample into the gas 

cell and measuring the transmission of the soft x-ray light. The optical density 

(absorbance) at photon energy E is given by ( ) ( ) ( )[ ]EIEIE 0logOD −= , where ( )EI  is 

the spectral intensity after the sample, and ( )EI0  is the spectral intensity without the 

sample. The CCD camera integration time is typically set to 5 s for each high-order 

harmonic spectrum collected. The gas cell is then alternately translated into and out of the 

soft x-ray beam to record ( )EI  and ( )EI0 , respectively, with each pair of ( )EI  and 

( )EI0  spectra constituting one data set. Compared to alternately filling and evacuating 

the gas cell, translating the gas cell into and out of the beam provides a more efficient 

way of collecting the static absorption spectrum. Depending on the optical density of the 

sample, up to 32 sets of high-order harmonic spectra with and without the sample are 

acquired. These spectra are then averaged to yield the static absorption spectrum, with 

accompanying error bars computed at the 95% confidence interval.  

Two types of static photoabsorption spectra can be collected. The nonresonant static 

absorption spectrum arises from the photoionization of valence electrons by the soft x-ray 

light and is featureless. As such, it can be collected by measuring the change in 

transmission at the peak of each individual high-order harmonic, resulting in a spectrum 

with a sampling interval of ~3 eV. On the other hand, resonant absorption features in 

atomic species have a typical linewidth of ~0.1 eV. Rather than sampling only at the peak 

of each high-order harmonic, it becomes necessary to measure the transmission by 

sampling all the data points within that spectral region. The sampling interval is then 

dictated by the energy spacing between adjacent pixels in the tangential plane of the CCD 
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camera, which is 0.1 eV for the home-built spectrometer. In addition, for narrow atomic 

resonances, the peak of an individual high-order harmonic is wavelength-tuned to 

coincide with the absorption maximum of the resonant transition. The higher photon flux 

available at the harmonic peak enables a resonant absorption spectrum to be obtained by 

averaging typically four sets of spectra. For broader absorption features, such as those of 

molecules, absorption spectra can be collected by employing the weak continuum that is 

present below and between the discrete harmonics. Due to the considerably lower photon 

flux in the continuum, however, averaging over a larger data set becomes necessary. 

 Transient absorption spectra are typically obtained by collecting the probe spectrum 

with the pump beam incident on the sample (“pump-on”) and another probe spectrum 

with the pump beam blocked (“pump-off”). The transient absorption spectrum at photon 

energy E and time delay Δt is subsequently given by 

( ) ( ) ( )[ ]tEItEItE OFFON ΔΔ−=ΔΔ ,,log,OD , where ( )tEION Δ,  and ( )tEIOFF Δ,  are the 

spectral intensities of the probe with and without the pump beam, respectively. In our 

experiment, the presence of stray pump light incident on the detector results in a constant 

background offset. For a time- and energy-independent background offset of bI , the 

measured transient absorption signal ( )tE ΔΔ ,ODmeas , up to first order in ( )tEII ONb Δ, , 

is given by 
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where ( )tE ΔΔ ,OD0  is the transient absorption signal in the absence of the background 

offset. From Eq. (2), it can be inferred that a background of order ( ) 1.0~, tEII ONb Δ  is 

sufficiently large to yield an error that is comparable to a relatively weak transient 

absorption signal of ΔOD ~ 0.05. The background offset therefore precludes the use of 

( )tEIOFF Δ,  as the reference spectrum; therefore harmonic spectra collected at Δt = –500 

fs are used as reference instead. The transient absorption signal is then given by 

( ) ( ) ( )[ ]fs500,,log,OD −Δ−=ΔΔ EItEItE ONON . Note that a negative time delay implies 

that the probe pulse arrives at the sample before the pump pulse.  

Transient absorption spectra at a fixed time delay Δt are obtained by collecting the 

high-order harmonic spectra with the delay stage alternating between –500 fs and Δt; 

each pair of harmonic spectra collected in this manner would yield one transient 

absorption spectrum at Δt. This procedure minimizes the effect of long-term drift of the 

high-order harmonics. The CCD integration time is set to 2 s for the acquisition of each 

harmonic spectrum, corresponding to an acquisition of 2000 individual laser pulses. 

Synchronization between the computer-controlled delay stage and the CCD camera is 

achieved by triggering the CCD camera with a TTL output from a multifunction data 

acquisition card (National Instruments, PCI-6221) after the delay stage moves to its 

preset position (time delay). Transient absorption spectra are typically obtained by 

averaging 128 individual spectra.  

Pump-probe time traces are obtained by collecting the high-order harmonic spectrum 

over a CCD integration time of 2 s at each time delay as the delay stage is scanned from 

negative ( )0<Δt  to positive ( )0>Δt  time. The ΔOD at each time delay is then 

computed by integrating the number of counts over a typical spectral bandwidth of 0.1 
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eV, and using the corresponding value obtained at –500 fs time delay as reference. 

Typically eight sets of such time traces are then averaged to yield the pump-probe time 

traces. Reported error bars for both transient absorption spectra and pump-probe time 

traces correspond to 95% confidence interval limits. 

 

III. RESULTS AND DISCUSSION 

 Keeping the goal in mind of employing high-order harmonics in transient absorption 

spectroscopy, results from the characterization of the high-order harmonics are presented 

in this section. Characterization includes determining the wavelength-tunability of the 

high-order harmonics, as well as measuring the photon flux and the spatial beam profile 

of the soft x-ray light. In addition, examples of both static and transient photoabsorption 

spectra obtained with the apparatus are provided. 

 

A. HIGH-ORDER HARMONIC SPECTRA 

Typical high-order harmonic spectra obtained with Ar and Ne as the medium are 

shown in Figs. 6a and 6b, respectively. Note that the peaks below 37 eV in Fig. 6b arise 

from the second-order diffraction of the grating. Due to plasma-induced blueshifting of 

the fundamental light49 in the capillary waveguide (see below), both Ar and Ne 

harmonics exhibit peak spacings that are greater than the 3.1 eV spacing that is expected 

from use of a 800 nm HHG driver pulse. The Ar harmonics show peak spacings of 3.24 

eV (black line) and 3.40 eV (grey line), whereas the Ne harmonics show a peak spacing 

of 3.26 eV.  
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Two sets of high-order harmonic spectra are shown for Ar. The spectrum with its 

peak at 39.5 eV (25th harmonic, black line) is generated with an Ar inlet pressure of 50 

Torr and a NIR input pulse energy of 1.0 mJ, whereas the spectrum with its peak at 43.5 

eV (27th harmonic, grey line) is generated at the same inlet pressure, but with 1.4 mJ of 

input pulse energy. The latter exhibits peaks with bandwidths of 1.0 eV FWHM, whereas 

the bandwidth of the individual harmonics in the former spectrum is 0.4 eV. Since both 

spectra are collected under identical spectral resolution and spatial beam quality 

conditions, the large bandwidth observed for the Ar harmonics produced with 1.4 mJ of 

input pulse energy and an inlet pressure of 50 Torr is not an artifact.  

Inspecting the spectrum of the NIR driving pulse collected after the exit of the 

capillary waveguide provides a possible explanation for the origin of the large bandwidth 

observed. When Ar is introduced, blueshifting of the fundamental light occurs due to 

laser-induced plasma formation49 in the capillary waveguide (see below). This is 

evidenced from the spectra of the residual HHG driver pulse obtained by translating the 

broadband 800 nm high reflector (mounted on the push-pull) into the beam path after the 

exit of the capillary waveguide (Fig. 7). An increase in the plasma density at higher input 

pulse energies leads to a larger degree of spectral blueshifting. The blueshifting of the 

fundamental light is accompanied by a dramatic increase in its spectral bandwidth, 

thereby resulting in large spectral bandwidths for the individual high-order harmonics 

generated under such conditions. Note that plasma-induced blueshifting of the NIR driver 

pulse also explains the 0.8 eV shift between the two harmonic spectra. 

Finally, the high-order harmonics generated with a Ne inlet pressure of 80 Torr and 

an input pulse energy of 1.8 mJ are observed to extend to the Al L3-edge cut-off. The 
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bandwidth of each individual harmonic is 0.7 eV. It is interesting to note that a 

continuum component is visible underneath the set of discrete harmonic peaks. The ratio 

of harmonic peak amplitude to the continuum amplitude is ~20 : 1. This weak continuum 

underlying the discrete harmonic peaks allows, in principle, acquisition of the entire 

absorption spectrum without the need to tune the harmonic photon energies. However, 

from signal-to-noise considerations, it is desirable for the peak of a harmonic to coincide 

with the (static or transient) absorption maximum of a particular atom/molecule, 

especially when a narrow atomic transition is being probed. This requires the peak of the 

individual harmonics to be wavelength-tunable, which is discussed in the following 

section. 

 

B. WAVELENGTH-TUNING BY PLASMA-INDUCED BLUESHIFTING 

Wahlström et al. first demonstrated the wavelength-tuning of high-order harmonics 

by varying the peak intensity of the NIR driving pulse or the number density in an Ar or 

Xe gas jet.49 A recent study showed that wavelength-tuning of high-order harmonics 

generated in an Ar-filled capillary waveguide can be induced by varying the chirp of the 

NIR driving pulse.50 In both cases, wavelength-tuning is due to blueshifting of the 

fundamental driver pulse in a plasma medium, given by49 
 

L
dt
df

Ecm
NhE e

fe
f

1
2

2

π
δ = , 

 

 

(3)

where h is Planck’s constant, N is the number density (proportional to gas pressure), me is 

the free electron mass, c is the speed of light in vacuum, Ef is the photon energy of the 
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fundamental, dtdfe  is the rate of increase of the ionization fraction, and L is the 

pathlength. The corresponding blueshift of the qth harmonic is therefore given by 

fq EqE δδ = . Here we demonstrate that plasma blueshifting of the fundamental in a Ne-

filled capillary waveguide can conveniently be used to tune the photon energies of high-

order harmonics output, even though the ionization potential of Ne (21.56 eV), which 

affects dtdfe , is considerably higher than that of Ar (15.76 eV) or Xe (12.13 eV), 

resulting in a substantially lower plasma density being created. Fig. 8a shows the linear 

increase in photon energy for the various harmonics as a function of the capillary inlet 

pressure, as expected from the linear relationship between δEq and N in Eq. (3). 

Furthermore, the degree of plasma blueshifting per unit pressure should be linearly 

proportional to the harmonic order q. This linear relationship is observed in Fig. 8b, 

which verifies that the observed wavelength-tuning is indeed due to plasma blueshifting 

of the fundamental light. Note that aside from the plasma-induced blueshifting of the 

fundamental light in the capillary yielding the blueshifted high-order harmonics, the high-

order harmonics themselves can also undergo plasma-induced blueshifting. In the case of 

the latter, however, the extent of blueshifting per unit pressure as a function of harmonic 

order would exhibit a q1 -dependence (since fqq qEEE 11 =∝δ ). 

 

C. PHOTON FLUX MEASUREMENTS 

 By employing a calibrated soft x-ray photodiode, the wavelength-integrated photon 

flux of the Ar harmonics at an inlet pressure of 40 Torr and a HHG driver pulse energy of 

1 mJ is found to be 1 × 109 photons/pulse at the source. This corresponds to a conversion 

efficiency of 2 × 10–7 from the fundamental light. At an average photon energy of 40 eV 



 23

and a repetition rate of 1 kHz, the estimated HHG pulse energy is 6 nJ and the average 

output power is 6 μW. This photon flux is comparable to the previously reported 

wavelength-integrated photon flux of 4 × 108 photons/pulse for the harmonics centered 

around 31 eV.51 At a slightly lower harmonic order, a photon flux of 1.4 × 109 

photons/pulse was measured for the 15th harmonic generated in an Ar-filled capillary 

waveguide.52 

 In addition to using the soft x-ray photodiode, an independent estimate of the photon 

flux can be obtained from the number of counts registered within a preset spectral 

bandwidth by the soft x-ray CCD camera. This procedure requires knowledge of the 

transmittance and the reflectance of the individual optical components in the beam path. 

The reflectivity curve of the gold-coated toroidal mirrors is obtained from the Center for 

X-Ray Optics (Lawrence Berkeley National Laboratory) website.40 The transmission 

curve of the Al foil is obtained from a measurement performed at BL 6.3.2 of the 

Advanced Light Source. An efficiency of 5% is assumed for the diffraction grating. The 

quantum efficiency of the soft x-ray CCD camera remains approximately constant at 

~40% over the wavelength range of 30 – 100 eV. With these parameters, the photon flux 

is calculated for the harmonic with the highest amplitude in each spectrum shown in Figs. 

6a and 6b. The results are summarized in Table 1. The three-orders of magnitude 

decrease in photon flux for the Ne harmonic compared to the Ar harmonic is significantly 

larger than the typical two orders of magnitude decrease observed in previous studies in 

which phase-matched HHG was achieved.53,54 The origin of the observed discrepancy is 

unclear. One possibility to consider is that the most intense Ne harmonic is produced at a 

photon energy beyond the L3-edge cut-off of the Al filters. Finally, it is important to note 
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that the available photon flux of ~103 photons/pulse (over a spectral bandwidth of 2 eV) 

in the continuum of the Ne harmonics is already sufficient for performing both static and 

transient absorption spectroscopy (see below).  

 

D. SPATIAL BEAM PROFILE MEASUREMENTS  

 The focal spot sizes of the different high-order harmonics at the interaction region are 

measured for different Ar and Ne inlet pressures using the scanning knife-edge method. 

Typical knife-edge scan traces are shown in Figs. 9a and 9b. The high spatial beam 

quality obtained from the 8 cm long capillary waveguide agrees with previous results 

obtained from fringe visibility measurements, which show that capillary waveguides with 

lengths greater than 6 cm yield soft x-ray beams with full spatial coherence.55  

 In addition to the focal spot size, the wavelength-integrated beam profile of the high-

order harmonics in the far-field is recorded by positioning a soft x-ray CCD camera 30 

cm after the sample focus. Typical beam profiles for the Ar and Ne harmonics are shown 

in Figs. 10a and 10b, respectively; these images are collected with 50 Torr of Ar at 1.0 

mJ of input pulse energy and 40 Torr of Ne at 1.8 mJ of input pulse energy. The 

estimated half-angle divergences for the Ar harmonics are 1.3 mrad and 1.5 mrad in the 

horizontal and vertical direction, respectively. The spatial profile of the Ne harmonics 

exhibit a broad background, which upon subtraction, yields estimated half-angle 

divergences of 0.6 mrad and 0.7 mrad in the horizontal and vertical directions, 

respectively.  
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E. STATIC PHOTOABSORPTION SPECTROSCOPY 

 High-order harmonic spectra recorded with and without Xe gas in the sample gas cell 

are shown in Fig. 11a. The resultant absorption spectrum, obtained by evaluating the 

optical density at the peak of each individual harmonic, is shown in Fig. 11b. Due to the 

~3 eV sampling interval, the spectrum reveals only the nonresonant absorption 

component. The low energy side of the spectrum rises to the valence photoionization 

region, whereas the increase in absorption cross-section at higher photon energies is due 

to the 4d → εf shape resonance that peaks at ~100 eV.56 Comparison of the measured 

optical densities to the absorption cross-sections reported in the literature57 enables the 

sample gas pressure to be inferred, since ( ) ( )LEEneff σ10lnODmeas= , where neff is the 

effective number density (see Section IID), ( )EmeasOD  is the measured optical density, 

( )Eσ  is the absorption cross-section, and L is the nominal sample path length. For this 

set of data, the number density corresponds to a sample pressure 51 ± 1 Torr.  

 In addition to the nonresonant absorption, close inspection of Fig. 11a shows the 

presence of dips at 65.1 eV and 68.3 eV in the high-order harmonic spectrum collected in 

the presence of Xe. These dips are indicative of resonant absorption features. The 

corresponding absorption spectra in the range of 64.6 eV – 65.6 eV and 67.8 eV – 68.8 

eV are shown in Figs. 11c and 11d, respectively. The absorption feature at 65.1 eV 

corresponds to the 0
1S  → ( ) ( )23

2
25

21 64 PpDd −  transition, whereas that at 68.3 eV 

corresponds to the 0
1S  → ( ) ( )21

2
23

21 74 PpDd −  transition. The absorption cross-section 

for these transitions can be decomposed into resonant and nonresonant absorption 

components 
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In the above expression, the resonant absorption feature is a Lorentzian centered at E0 

with a peak absorption cross-section of Rσ  and Γ is the natural linewidth. The 

nonresonant absorption cross-section is ( )ENRσ . Note that, in principle, the interference 

between the direct photoionization and autoionization channels accompanying these 

atomic core-level transitions requires the resonant absorption feature to be fit to a Fano-

Beutler lineshape,58 given by 
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+−+
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qq

RFB , 

 

 

(5)

where ( ) Γ−= 02 EEε  is the reduced energy variable, ad ΨΨ=ρ  is the overlap 

between the continuum states produced by direct photoionization and autoionization, and 

q is the Fano lineshape parameter.59 For the resonant 4d photoabsorption of Xe, however, 

the direct transition yields singly excited Xe+ ions, whereas autoionization of the core-

excited state yields doubly excited Xe+ ions.58 Due to poor overlap between these states, 

ρ → 0 and the Fano-Beutler lineshape can be approximated by a Lorentzian lineshape. 

The large lifetime broadening of these core-level transitions allows the neglect of other 

line broadening mechanisms such as power broadening, transit broadening, pressure 

broadening, and Doppler broadening. 

From the fits to the resonant absorption lineshapes (Figs. 11c and 11d), the location of 

the transition maxima are determined to be 65.06 ± 0.01 eV and 68.30 ± 0.01 eV. For the 

65.1 eV transition, the resonant absorption cross-section is (14.0 ± 1.2) × 10–18 cm2 and 

the nonresonant absorption cross-section is (1.8 ± 0.1) × 10–18 cm2. By fixing the natural 
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linewidth to the literature value of 109.8 meV,60 the FWHM value that characterizes the 

spectrometer resolution is found to be Δ = 0.20 ± 0.01 eV, in accord with the design 

specification. The absorption maximum and resonant absorption cross-section are in good 

agreement with the literature value of E0 = 65.11 eV and σR = (13.6 ± 0.8) × 10–18 

cm2.61,62 The nonresonant absorption cross-section is significantly larger than the 

literature value of (1.04 ± 0.06) × 10–18 cm2,62 but in good agreement with the value of 

1.7 × 10–18 cm2 obtained from linear interpolation of inner-shell electron energy loss 

spectral data.57 Note that the variation in σNR over the spectral range shown in Fig. 11c is 

not easily discernible, thereby allowing σNR to be fit to a constant value in the fitting 

routine. On the other hand, the significant variation in σNR with photon energy for the 

68.3 eV transition can be attributed to the broad 4d → εf shape resonance present beneath 

the resonant absorption feature. For this transition, the resonant absorption cross-section 

is (1.5 ± 0.2) × 10–18 cm2, the nonresonant absorption cross-section is (2.9 ± 0.4) × 10–18 

cm2 (at 68.3 eV), and the slope of the nonresonant absorption cross-section is (0.30 ± 

0.07) × 10–18 cm2/eV. The absorption maximum and nonresonant absorption cross-

section are both in good agreement with literature values of E0 = 68.34 eV and σNR = 2.6 

× 10–18 cm2.61,57 The latter is obtained from linear interpolation of inner-shell electron 

energy loss data, which also yields a nonresonant absorption cross-section slope of 0.22 × 

10–18 cm2/eV. The ratio of the peak areas after subtraction of the nonresonant background 

is ( ) ( )21
1
2323

1
25 74:64 pdApdA −−  = 6.1 ± 2.2, in good agreement with the ratio of oscillator 

strengths ( ) ( )21
1
2323

1
25 74:64 pdfpdf −−  = 5.5 ± 2.4 reported in the literature.61 These 

results demonstrate the ability to use high-order harmonics to perform quantitative 

photoabsorption spectroscopy. 
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 Aside from observing narrow atomic transitions, the experimental apparatus can also 

be used to measure the photoabsorption spectra of species that exhibit broad spectral 

features. For broad transitions, the continuum component beneath the discrete harmonic 

peaks can be utilized to measure the absorption spectrum. Fig. 12a shows the high-order 

harmonic spectra obtained with an evacuated gas cell and when the gas cell is filled with 

17 ± 1 Torr of CH2Br2. Comparison of the two spectra suggests the presence of a 

resonant absorption feature in the continuum region at 70.5 eV in addition to the 

nonresonant absorption present across the entire measured energy range. The resultant 

absorption spectrum, obtained by averaging over 32 sets of spectra, is shown in Fig. 12b. 

The broad absorption peak has a FWHM of ~2 eV, which can be fit to a superposition of 

two Gaussian peaks centered at 70.5 eV and 71.5 eV. In this energy region, the observed 

transitions correspond to the promotion of an electron in the Br 3d core-level to a σ*(C–

Br) anti-bonding orbital. The dissociative nature of the core hole-excited state gives rise 

to a broad absorption resonance.63,64 The 1 eV spacing between the two peaks is 

consistent with the spin-orbit splitting of the Br 3d core level.65 The lower energy 

component is broader (1.5 eV FWHM) than the higher energy component (1.1 eV 

FWHM), in accord with the effect of ligand-field splitting on the Br 3d core levels.64 

 

F. TRANSIENT ABSORPTION SPECTROSCOPY 

 This instrument has already been used to investigate the interaction of an intense laser 

pulse with atoms and molecules in the strong-field regime. In the strong-field regime, the 

electric field of the laser pulse induces a significant distortion of the atomic potential as 

the field becomes comparable to the effective potential experienced by a valence electron 
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due to the ion core and other electrons.19,66 The onset of this regime typically occurs at 

electric field strengths of ~1 × 108 V/cm, corresponding to laser peak intensities of ~1 × 

1013 W/cm2. Here the sequential ionization of Xe atoms to form Xe2+ is used to 

demonstrate the ability of this apparatus to achieve sub-15-fs time resolution when used 

in strong-field ionization studies. Fig. 13 shows the time-evolution of the high-order 

harmonic centered at 57.0 eV as the Xe sample gas target (15 ± 1 Torr) is irradiated by an 

800 nm laser pulse with a peak intensity of 6.2 × 1014 W/cm2. Each spectrum is obtained 

from the average of 8 individual high-order harmonic spectra. A decrease in the spectral 

intensity at 57.0 eV as the delay stage is scanned from negative to positive time delay is 

indicative of a transient absorption feature at that photon energy. The transient absorption 

spectrum shown in Fig. 14 is obtained from the average of 8 sets of individual transient 

absorption spectra collected between 100 fs – 500 fs; since a total of 12 time points are 

sampled over this time delay range, the spectrum is obtained from the average of 96 

individual transient absorption spectra. In addition to the Xe+ 2P3/2 (5p–1) → 2D5/2 (4d–1) 

and 2P1/2 (5p–1) → 2D3/2 (4d–1) transitions located at 55.4 eV and 56.1 eV, respectively,48 

a prominent absorption feature is observed at 57.0 eV. This absorption line actually 

consists of two unresolved Xe2+ absorption peaks — the 3P2 (5p–2) → 1D2 (4d–15p–1) 

transition at 56.94 eV and the 3P2 (5p–2) → 3D3 (4d–15p–1) transition at 57.11 eV.48 

Furthermore, it is interesting to note that the two Xe+ transient absorption peaks are 

visible even though the high-order harmonic light in that spectral region consists of only 

the weak continuum.  

Finally, the time trace obtained from monitoring the spectral intensity at 57.0 eV as a 

function of time delay is shown in Fig. 15. This trace is obtained from the average of 8 



 30

individual time traces. The step-like growth of the signal originates from the cross-

correlation of the high-order harmonic pulse duration with the increase in Xe2+ yield 

within the 800 nm pump pulse envelope, which can be fit to a convolution of a step 

function with a Gaussian function. The FWHM value of the Gaussian function is 13 ± 3 

fs. Note that this value sets the upper-bound for the pulse duration of the soft x-ray light. 

As such, the achievable time resolution for an experiment employing a single-photon 

excitation pump step is currently limited by the ~45 fs pulse duration of the 800 nm light. 

The use of a sub-10-fs optical pump pulse, such as those produced by a noncollinear 

optical parametric amplifier67 or its frequency-upconverted output,68 should enable access 

to the study of ultrafast molecular dynamics occurring on the 10 fs time scale. 

Nevertheless, the experimental apparatus in its current configuration can already be used 

to address strong-field ionization phenomena, such as strong-field dissociative 

photoionization,69–71 with sub-15-fs time resolution. 

 

IV. SUMMARY 

 A detailed description of a table-top, laser-based instrument for performing 

femtosecond time-resolved soft x-ray transient absorption spectroscopy is provided in 

this paper. The instrument is based on an amplified femtosecond Ti:sapphire laser system 

and produces ultrashort soft x-ray pulses by high-order harmonic generation. By 

employing a capillary waveguide filled with Ne, high-order harmonics up to the Al L3-

edge (72.64 eV) are produced, which enables access to the probing of core levels. 

Wavelength-tuning of the Ne harmonics by means of plasma-induced blueshifting of the 

fundamental light is observed. The photon flux of the Ne harmonics is approximately 
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three orders of magnitude lower than that of the Ar harmonics, although their spatial 

beam qualities are comparable. Static photoabsorption measurements that probe the 4d 

core level of Xe yield nonresonant and resonant absorption cross-sections that are in 

reasonably good agreement with those reported in the literature. Finally, transient 

absorption measurements on the sequential double ionization of Xe to produce Xe2+ give 

an estimated time resolution of 13 ± 3 fs for this instrument. This table-top instrument 

should therefore enable the core-level absorption probing of ultrafast dynamics 

accompanying strong-field ionization with sub-15-fs time resolution.  
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TABLE 1. Photon flux at the source for the most intense high-order harmonics shown in 

Figs. 6a and 6b, obtained by integrating the number of counts on the CCD camera over a 

bandwidth of 2 eV centered about the harmonic.  

 

Photon energy 

(eV) 

HHG 

medium 

Inlet pressure 

(Torr) 

HHG driver pulse 

energy (mJ) 

Output photons 

per pulse 

39.5 Ar 50 1.0 1 × 108 

43.6 Ar 50 1.4 2 × 108 

69.9 Ne 80 1.8 6 × 104 
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FIGURE CAPTIONS 

 

FIG. 1 (COLOR ONLINE). Overview of the experimental apparatus, which consists of 

an amplified Ti:sapphire laser system, a capillary waveguide in which high-order 

harmonics are produced, and a vacuum system that houses a toroidal mirror, a sample gas 

cell in the interaction region, and a home-built soft x-ray spectrometer. BS: beamsplitter, 

FL: focal length, λ/2: zero-order half-waveplate, GV: gate valve, TMP: turbomolecular 

pump. The two arrows pointing toward the HHG capillary denote the positions of the gas 

inlets, whereas the remaining arrow pointing away from the HHG capillary denotes the 

connection to a scroll pump that is used to evacuate the front end of the capillary. The 

inset shows the layout for the soft x-ray optics. The first toroidal mirror (TM1) and 

second toroidal mirror (TM2, located in the soft x-ray spectrometer) are used to refocus 

the divergent high-order harmonics into the sample gas cell and onto the detector plane, 

respectively. Spectral dispersion onto the CCD camera is achieved by means of a uniform 

line-spaced reflection grating (G). 

 

FIG. 2 (COLOR ONLINE). Close-up view of the optical arrangement used to achieve 

spatial overlap between the optical pump and soft x-ray probe beams at the interaction 

region with a 2o crossing angle. The pick-off mirror consists of a dielectric-coated mirror 

with a 1 mm diameter hole drilled through the optic to allow passage of the soft x-ray 

probe beam, while the optical pump beam is reflected by the front surface. The 

interaction region is defined by the position of the sample gas cell. A collinear pump-
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probe overlap geometry can also be implemented with the pick-off mirror, at the expense 

of decreasing the available pump pulse energy. 

 

FIG. 3. Schematic illustration of the sample gas cell. The gas cell consists of a PTFE 

cylindrical top and a stainless steel base. The PTFE top has 150 μm or 200 μm diameter 

holes drilled through it along the beam propagation axis to allow the pump and probe 

beams to pass through the cell. A Swagelok tube fitting welded to the stainless steel base 

enables the gas cell to be connected to the external sample gas manifold via a fluid 

feedthrough. 

 

FIG. 4. Foci positions for various photon energies after spectral dispersion by the grating. 

The coordinates are referenced to the point of incidence on the grating by the soft x-ray 

beam. The line drawn through the points corresponds to the position of the CCD array 

plane. The inset shows the deviation of the foci position from the detector plane as a 

function of photon energy. 

 

FIG. 5. Typical calibration curve for the home-built soft x-ray spectrometer, along with 

the marked positions of the Al L3-edge cut-off in the first four diffraction orders (○) and 

the Xe+ 2P3/2 → 2D5/2 transition in the first two diffraction orders (■). 

 

FIG. 6. (a) High-order harmonic spectra obtained with 50 Torr of Ar as the HHG 

medium. The spectrum in the solid line is obtained with an input pulse energy of 1.0 mJ 

and exhibits relatively narrow individual peaks, whereas the spectrum in the dashed line 
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is obtained with an input pulse energy of 1.4 mJ and shows broadband high-order 

harmonics. (b) High-order harmonic spectra obtained with 80 Torr of Ne as the HHG 

medium and an input pulse energy of 1.8 mJ. The Al L3-edge cut-off at 72.64 eV is 

apparent and substantiates the presence of a continuum underlying the discrete harmonic 

peaks. 

 

FIG. 7. Spectra of the NIR driving pulse after propagation through the capillary 

waveguide. The spectrum in grey is obtained with an evacuated capillary. The dashed 

line corresponds to the spectrum taken with an Ar inlet pressure of 50 Torr and an input 

energy of 1.0 mJ, whereas the solid black line is obtained with the same Ar inlet pressure, 

but with a higher input pulse energy of 1.4 mJ. The former yields narrow individual 

peaks in the high-order harmonic spectrum, whereas the latter leads to broadband 

harmonic spectra. 

 

FIG. 8. (a) Wavelength-tuning of high-order harmonics by increasing the Ne inlet 

pressure. An increase in inlet pressure leads to an observed linear increase in photon 

energy at the peak of the individual harmonics, as would be expected from the NEq ∝δ  

relation delineated by Eq. (3). (b) The sensitivity of blueshifting with respect to inlet 

pressure shows a linear increase with harmonic order, i.e., qNEq ∝δ . This trend 

verifies that blueshifting of the fundamental light in the capillary waveguide is the 

dominant mechanism that enables wavelength-tuning of the high-order harmonics. 
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FIG. 9. Knife-edge scan traces for (a) the 25th harmonic produced with 50 Torr of Ar 

and 1.4 mJ of input pulse energy and (b) the 45th harmonic produced with 60 Torr of Ne 

and 1.8 mJ of input pulse energy. The measured beam waists are 24 ± 1 μm and 20 ± 1 

μm for the 25th and 45th harmonic, respectively.  

 

FIG. 10 (COLOR ONLINE). Wavelength-integrated spatial beam profiles of the high-

order harmonics produced in (a) Ar and (b) Ne, recorded by a soft x-ray CCD camera 

positioned 30 cm after the sample focus. The area of the image is 2.0 mm × 2.0 mm. 

Intensity variations along the horizontal and vertical sections are shown below and to the 

left of each image, respectively. 

 

FIG. 11. (a) High-order harmonic spectrum taken with an evacuated gas cell (dashed 

line) and with the gas cell filled with 51 ± 1 Torr of Xe (solid line). (b) Nonresonant 

absorption spectrum of Xe obtained from calculating the transmission at the peak of each 

high-order harmonic. Absorption cross-sections obtained from ref. [57] are also shown 

for comparison. (c) Resonant absorption lineshape due to the Xe 0
1S  → 

( ) ( )23
2

25
21 64 PpDd −  transition. (d) Resonant absorption lineshape due to the Xe 0

1S  → 

( ) ( )21
2

23
21 74 PpDd −  transition.  

 

FIG. 12. (a) High-order harmonic spectra taken with an evacuated gas cell (dashed line) 

and with the gas cell filled with 17 ± 1 Torr of CH2Br2 (solid line). Note that use of a 

logarithmic scale. (b) Resonant absorption spectrum of CH2Br2 showing two broad 

transitions separated by the Br 3d spin-orbit splitting of 1 eV.  



 44

 

FIG. 13. Time-evolution of the 57.0 eV harmonic from -80 fs to +80 fs, in steps of 10 fs. 

The circle on each spectrum is located at 57.0 eV. The decrease in spectral intensity on 

going from 0 fs to +10 fs is indicative of the onset of transient absorption due to 

formation of Xe2+ by sequential strong-field ionization of Xe atoms with an 800 nm 

pump pulse. 

 

FIG. 14. Transient absorption spectrum showing both Xe+ and Xe2+ produced by optical 

strong-field ionization of Xe atoms. The peak intensity of the pump pulse is 6.2 × 1014 

W/cm2. The Xe+ absorption features observed at 55.4 eV (2P3/2 → 2D5/2) and 56.1 eV 

(2P1/2 → 2D3/2) are collected by employing the weak continuum present in the high-order 

harmonic spectrum. The Xe2+ absorption at 57.0 eV consists of two unresolved 

transitions at 56.94 eV (3P2 → 1D2) and 57.11 eV (3P2 → 3D3). 

 

FIG. 15. Time trace showing the transient absorption at 57.0 eV as a function of pump-

probe time delay. The data is fit to a convolution of a step function with a Gaussian of 13 

± 3 fs FWHM. This value sets the upper bound for the duration of the soft x-ray pulse. 
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FIGURE 1 (COLOR ONLINE) 
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FIGURE 2 (COLOR ONLINE) 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 

 



 50

FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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FIGURE 9 
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FIGURE 10 (COLOR ONLINE) 
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FIGURE 11 
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FIGURE 12 
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FIGURE 13 
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FIGURE 14 
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FIGURE 15 
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