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We present a new experimental setup for measuring ultrafast nuclear and electron

dynamics of molecules after photo-excitation and ionization. We combine a high flux

femtosecond vacuum ultraviolet (VUV) and extreme ultraviolet (XUV) source with a

cold molecular beam and a 3D-momentum imaging particle spectrometer to measure

electrons and ions in coincidence. We describe a variety of tools developed to per-

form pump-probe studies in the VUV-XUV spectrum and to modify and characterize

the photon beam. First benchmark experiments are presented to demonstrate the

capabilities of the system.

PACS numbers: 33.80.-b,42.65.Ky,82.53.Kp
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I. INTRODUCTION

Over the past decades, molecular spectroscopy using light sources has yielded rich in-

formation about molecular structure, electronic states, and electronic transitions in photo

excited systems. Synchrotron rings are excellent sources for such studies due to their large

photon energy range, good spectral selectivity, high brightness, and high repetition rate.

However, the pulse length of synchrotron sources (∼ 50 to 100 ps) does not allow for study-

ing the ultrafast transient dynamics in molecular systems such as geometrical changes or

electron dynamics in molecules in the time domain. Nuclear dynamic evolves on femtosecond

timescales and is of great importance in nature as it allows for an efficient energy transfer

from electrons to the underlying molecular structure. This is evident especially in triatomic

and even more complex molecules without compromising their stability. Examples have

been found in a variety of systems such as in the photosynthesis of plants1, in vision2, or in

the photo-protection of the skin3. In order to study nuclear dynamics in real-time, involving

non-Born-Oppenheimer processes that couple electronic and nuclear motion, light sources

providing ultrashort pulses of femtosecond duration are required.

Light sources producing coherent ultrashort pulses of 10s of femtoseconds have been

developed over the past 30 years enabling time-resolved measurements with pump-probe

schemes. Crystals, such as Ti:Sapphire, that emit in the infrared spectrum are commonly

used to obtain the bandwidth needed to support a pulse in the femtosecond time domain.

However, the ionization potential of molecules is on the order of several eV, hence, the

absorption of multiple infrared photons is required for ionization. This can be achieved by

exposing the molecule to a strong laser field (> 1012W/cm2). Such laser induced fields

are comparable to the electric field between nuclei and electrons in the molecule and can

therefore distort or “dress” the electronic states. Hence, this spectroscopy method does not

allow for observing a molecule in its natural unperturbed regime but instead in a dressed

state, imposed by the strong laser field. In order to observe highly excited electronic states

of the unperturbed molecule, photons of sufficient energy are needed.

High Harmonic Generation (HHG) and Free Electron Lasers (FELs) are the prominent

techniques producing ultrafast pulses of coherent photons beyond the vacuum-ultraviolet

spectrum that are required for accessing the majority of (highly) exited neutral and singly

ionized states of molecules. In FELs, compressed electron bunches are sent through a series
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of undulators stimulating coherent emission of photons. Very high flux photon beams at

photon energies up to several keV can be obtained4–6. However, the pulse length is limited

by space charge effects of the electron bunches, and only few facilities use laser seeding

to ensure stable photon beam conditions. This complicates the combination of FELs with

lasers systems necessary for studying VUV excitation as well as two color measurements.

High Harmonic Generation, on the other hand, is a well-established technique to produce

ultrashort pulses in a laboratory setting7,8. In the most common scheme, a strong linearly

polarized laser field tunnel ionizes the atoms in a noble gas and drives the electrons according

to the sinusoidal electromagnetic field of the laser beam. If an electron returns to the vicinity

of the parent ion, the electron can recombine with the ion. This results in the emission of a

photon with an energy equivalent to the kinetic energy of the electron gained in the driving

laser field plus the ionization potential. The photon energies generated in this process are

in the vacuum ultraviolet (VUV) and extreme ultraviolet (XUV) and are well suited for the

investigation of molecular dynamics in a wide range of systems. For a single color driving

field and a symmetric generation medium, the 3-step process of ionization, field driven

propagation, and recombination/ photo-emission repeats every half cycle9. This creates an

attosecond pulse train in the time domain that corresponds to a discrete frequency spectrum

of odd harmonics of the fundamental frequency of the driving field up to an energy limit

defined by the driving field and the medium7,10. Using gating techniques, single attosecond

pulses can be generated11,12.

While the pulse properties are ideal for the investigation of nuclear and even electron

dynamics, the conversion efficiency of the HHG in a gas is extremely low (usually ∼ 10−5 −

10−6). This makes it very difficult to obtain a sufficiently intense beam to achieve two-

photon absorption in a pump-probe study. As a result, only very few HHG sources produce

sufficient flux for multi-photon absorption in the VUV-XUV spectrum. Due to the already

challenging laser requirements, these setups usually do not employ complex multi-differential

experimental spectroscopy techniques13,14.

COLd Target Recoil Ion Momentum Spectroscopy (COLTRIMS), also known as “Re-

action Microscopy”15 is a spectroscopy technique that delivers rich information about the

electronic states and molecular fragmentation pathways in photoionization reactions. The

coincidence measurement of the positions and time-of-flights of the fragment ions and elec-

trons allows for the reconstruction of the 3D-momentum vectors of the particles at the time
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of ionization. Detecting the momentum vectors of correlated particles from an ionization

event (e.g. electron-ion, ion-ion pairs) is a very powerful method to gain insight into the

energetics, ionization mechanisms, and dynamics of the target at hand. Highly differen-

tial measurements and even kinematically complete experiments are possible. Coincident

particle detection enables the computation of relative quantities, i.e. measurements in the

target frame. This gives access to energy correlation maps, e.g. the electron kinetic energy

as a function of the kinetic energy release of the recoiling ions, which essentially probes the

potential energy surfaces of the target. Measuring the energy of one electron as a function of

the energy of a second electron reveals the energy sharing that is characteristic of the ioniza-

tion mechanism. Moreover, the emission patterns of electrons with respect to the molecular

structure can be gained and visualized in so called Molecular Frame Photoelectron Angular

Distributions (MFPADs) as long as the axial recoil approximation is valid (the ion emission

direction represents the molecular axis at the time of ionization).

Existing experimental setups combining HHG with complex multi-fragment imaging de-

tection schemes usually require the combination of the XUV radiation with a strong field

for either the pump or the probe step of the experiment16–18. In this work, we present

an experimental apparatus that enables coincidence 3D-momentum imaging spectroscopy

of atomic and molecular targets in femtosecond time-resolved measurements using pairs of

multi-color VUV, XUV and IR pulses. A high flux high harmonics source is combined with a

3D-momentum imaging setup that can record electron and ion 3D-momenta in coincidence.

The various components of the XUV beamline as well as the experimental end-station are

described in the following section. In Section III, two measurements are shown that showcase

the capabilities of our methods. In the last section we will summarize and discuss future

developments.

II. EXPERIMENTAL SETUP

Figure 1 shows an overview of the experimental setup built at the Lawrence Berkeley

National Laboratory in Berkeley, California. It consists of a high power laser system that

generates a high flux of VUV and XUV photons using a gas phase High Harmonics Genera-

tion (HHG). The laser system and the technique applied for high flux harmonic generation

are described in Section II A. An in-vacuum Split-Mirror Interferometer (SMI) splits the

4



8 7
6

1

2
3

45

Laser

808 nm, 30 mJ, 
45 fs, 50 Hz

FIG. 1. (color online) Overview of the high harmonics beamline and end-station. The amplified

and compressed laser beam (laser system not shown) is loosely focused by using a mirror (f = 6

m) (1) into a 10 cm gas cell (2) filled with a noble gas for High Harmonic Generation (HHG).

Also shown are the (3) gas filter cell (see Figure 2), (4) silicon mirror at Brewster’s angle (15◦

grazing anlge), (5) solid filters and diode, (6) Split-Mirror Interferometer (SMI) (see Figure 6), (7)

XUV-spectrometer (see Figure 5), and (8) COLTRIMS end-station (see Figure 8).

photon beam into pump and probe arms with both attosecond precision and picosecond

delay range (see Section II D). Using a range of gas, glass, and metal filters as well as multi-

layer coated mirrors, the beam energy of both the pump and the probe pulses can be selected

individually to suit a particular experiment (see Section II B). A custom built compact XUV

spectrometer characterizes the photon beam delivered to the target (see Section II C). In

Section II E, the COLTRIMS type 3D-momentum imaging end-station is presented.

A. Laser System and High Harmonic Generation

In order to obtain a high XUV photon flux, we use a high power infrared (λ = 808 nm)

laser system delivering pulses of 30 mJ energy with a temporal width of 45 fs at 50 Hz

repetition rate.

At high intensities, the harmonic up-conversion is limited by the ionization of the gen-

eration medium. Therefore, we distribute the pulse energy by loosely focusing the beam

with a curved mirror (f = 6 m) into a 10 cm long gas cell while maintaining the intensity

at an optimum level of about 2 − 4 × 1014 W/cm2. The resulting large focus maximizes

the number of active atoms for High Harmonic Generation (for details see19,20). The phase

matching of harmonics generated over the extended focal region is extremely important for
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an efficient production of VUV and XUV photons. The gas pressure, the focal position, as

well as the compression of the pulses are therefore routinely adjusted to achieve a flux of

about 109 to 1010 photons/ harmonic/ shot). The absolute flux is measured using calibrated

photodiodes.

The laser system is based on a KM-Labs Dragon oscillator kit with Ti-Sapphire crystal to

create a spectrally broad laser beam centered at 808 nm. The beam is amplified to 60 mJ per

pulse at 50 Hz by means of a regenerative amplifier (Coherent Evo 15 pump laser) followed

by a homemade 6-pass amplifier (Continuum Powerlite pump laser) and compressed with a

matched grating pair. In air, the high pulse energy causes self-phase modulation and other

non-linear effects. In a vacuum, the high peak intensity, as well as average power have been

observed to damage mirrors and gratings. Therefore, we compress the beam in a helium

filled vacuum chamber at 100 Torr pressure which facilitates significant heat exchange by

collisions between the room temperature gas and optical surfaces. The beam leaves the

helium environment through a thin window (UV fused silica 250 µm) that separates the

compression and beam folding chambers from the vacuum beamline containing the gas cell

for High Harmonic Generation.

B. Photon Energy Selection

Selecting specific photon energies in order to excite a particular electronic transition can

be key for understanding complex molecular dynamics. Moreover, the ability to manipulate

the spectral content of the harmonics is crucial for controlling the coupled electron nuclear

dynamics triggered by coherent ultrashort pulses. Monochromators based on dispersive

gratings can be used to isolate a specific part of the spectrum. However, the use of ultrashort

pulses imposes additional challenges as dispersion will stretch the pulse significantly in the

time domain. Time-compensated monochromators where the pulses are recompressed with

a second grating pair have been developed but come at the cost of a significantly reduced

transmission (∼ 10 %) due to the additional optics21. Here, we have employed a variety

of other methods for spectral selection that are described in the following section. In this

setup, we use thin metal filters, glass windows, as well as multilayer coated mirrors to

choose a particular subset of the high harmonic spectrum. All filters and foils are mounted

on in-vacuum motorized stages for a quick selection of the photon spectrum delivered to

6



Filter gas 
1-5 Torr

Scroll pump 
10-3 mbar

Valve

Laser drilled  
pinholes

Laser

Filter cell section Laser drilled  
pinholes

Vac. 
gauge

FIG. 2. (color online) Gas filter cell built as a part of the Conflat vacuum beamline (See 3 in

Figure 1).

the experiment. D-shaped filters allow for different energies for the pump and probe arms.

Additionally, an inline gas cell, shown in Figure 2, was developed for using gases for filtering

the harmonic spectrum. The setup consists of CF vacuum tubing that is separated into

a 80 cm long cell that can be filled with various filter gases and differentially pumped

regions before and after the cell. Before the HHG or gas cell are filled with gas the intense

fundamental photons of the laser are employed to drill transmission apertures throughout

the assembly

Figure 3 shows an overview of the transmitted spectra measured after the applica-

tion of various filter materials. The spectra were recorded using the custom build XUV-

spectrometer described in Section II C. Gases, shown on the top (a), exhibit good trans-

mission but provide only a course energy selection. Solid filter materials (b) exhibit better

selectivity but can significantly reduce the transmission.

Common foil materials are tin, aluminum, and indium. At thicknesses of 0.1 to 0.15 µm,

these foils are extremely delicate and oxidization can reduce the transmission significantly,

as can be seen in the measured spectra (Figure 3). Windows made of MgF2 and CaF2 are

good materials for selecting the 3rd and the 5th harmonic of the fundamental frequency while

MgF2 also transmits a small fraction of the 7th harmonic. Dispersion in the material delays

the pulse going through the glass and separates different harmonic orders several hundred

fs in time. By adjusting the position of the delay stage, time overlap of pump and probe

pulses for a specific harmonic can be selected. Meanwhile, the other frequency components

are preceding or are delayed sufficiently in time to avoid influence on the experiment. This

effect is demonstrated in Figure 4. Here, the high harmonics beam was split into two
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FIG. 3. (color online) XUV spectra of the HHG beam measured after transmission through different

gaseous (a) and solid (b) filter materials using the XUV spectrometer.

arms using the Split-Mirror Interferometer (see Section II D) and overlapped spatially into

a C2H4 gas target in the end-station. A MgF2 window was inserted into one arm, delaying

and separating the harmonics temporally. The signal of C2H4
+ ions was recorded using

a boxcar integrator with respect to the temporal delay between the two arms. The delay

positions corresponding to the time-overlap of the 5th harmonic (and other orders) with the

separated IR, 3rd , and 5th harmonics are marked in the figure. Depending on the window

thickness and the initial pulse length, dispersion in the window can be used to compensate

for the negative chirp intrinsic to the high harmonic generation process resulting in a shorter

pulse. The application of such filters is described in detail elsewhere22.

The most stringent energy selection without high photon losses (as in monochromators)

can usually be achieved by exploiting multilayer coatings on a mirror substrate. The materi-

als of the coating layers, thicknesses, and separations are tailored to the desired wavelength23.
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FIG. 4. (color online) C2H4
+ signal from multi-photon ionization using low order harmonics.

Inserting a MgF2 window into one photon beam arm separates the orders temporally causing

selective overlap of the pump and probe pulses depending on the harmonic order and the position

of the time delay stage between the two light beams.

We have used a B4C broadband coating24 on our final back focusing mirror for the initial

experiments. In order to obtain different colors for the pump and probe beams, one can

choose to coat each half of the back focusing mirror individually.

C. XUV-Spectrometer

Characterizing the spectral content of the HHG beam is crucial for understanding the

complex processes initiated by excitation and ionization using XUV photons. This is par-

ticularly challenging when filters and mirrors have to be used instead of monochromators

which deliver well defined energies. Thus, we have developed a compact XUV-spectrometer

to characterize the photon beam delivered to the target after passing through all filters and

reflecting off the back focusing mirror. Our spectrometer is based on a design from Kornilov

et al.25 with a modified geometry.

The XUV spectrometer is depicted in Figure 5. All components are mounted on a 7.0

x 3.6 inch aluminum breadboard that is attached to a custom DN160 CF cluster flange.

The incoming high harmonics laser beam exits a differential pumping section through an

alignment iris (F) and passes through the XUV-spectrometer unperturbed. After back-

reflection off the focusing mirror in the end-station, the strongly diverging beam is refocused

by a broadband mirror at a shallow angle (UV fused silica with broadband gold coating,

9



f = 10 cm). The mirror is mounted on a custom tip-tilt mount with minimal height in

order to avoid interference with the incoming beam path. Tip and tilt of the mirror can be

controlled manually using rotational feedthroughs that connect to the mount with flexible

coupling wires. The focusing mirror is necessary to capture a sufficient amount of photons

for a high quality spectrum. No slit was used in this geometry.

A transmission nano grating consisting of a Ta structure on a SiC membrane (200 nm

pitch, 1.2 x 1.2 mm area, NTT AT) diffracts the harmonics onto a commercial multi-channel

plate (MCP) photon detector mounted on a custom holder. A one inch diameter tube

prevents stray light from illuminating the grating.

The photon detector (� = 40 mm, Beam Imaging Solutions) consists of two resistance-

matched micro-channel plates (MCPs) in a chevron configuration with an aluminum coated

back stacked with a phosphor coated glass plate. The XUV photons generate an electron

cloud in the channels of the MCPs that causes fluorescence of the phosphor screen. The

diffraction pattern of the high harmonic light visible on the back side of the phosphor

screen is imaged through a DN63 viewport behind the detector using a standard c-mount

USB camera with a zoom lens. The strong zero-order laser beam transmitted through the

grating is captured by a metal spiral that traps the photons and avoids illumination and

damage of the MCPs. Furthermore, in order to reduce the amount of stray and background

light falling on the imaging detector, the breadboard is enclosed inside a metal housing (not

shown in the figure).

When the spectrometer is not in use, a copper plate blocks the back-reflected beam from

entering the XUV-spectrometer. The plate prevents damage to the transmission grating as

there is a sufficient amount of energy in the refocused infrared beam to destroy the grating.

This is especially important when an intense infrared beam is used in the pump-probe

experiment. The plate is rotated into the beam path using a feedthrough on the bottom

of the chamber. It can also be used for a relative measurement of the high harmonics laser

beam intensity by integrating the electric charge generated upon photon impact on the plate

(read out via a Charge and Time Sensitive Amplifier CATSA, main amplifier, linear gate

and stretcher, and pulse height to time converter).

The entire assembly is inserted vertically into a DN160 CF cross that is attached to the

upstream entrance of the experimental end-station. The bottom flange holds the rotational

feedthroughs for the mirror control and the beam block. Facing the spectrometer board, a

10



XUV in

XUV back
G XUV back

Focus. mirror

Digital 
camera

Transm. 
grating

Phosphor
-MCP 

Detector

DN 150 
CF flange

A

B

C

E

D
F

178”

91”

FIG. 5. (color online) Rendering of the compact XUV-spectrometer (left) and schematic view

(right). (A) Re-focusing mirror, (B) nano-grating, (C) Phosphor-MCP detector, (D) Zero-order

catcher, (E) manipulator for a non-magnetic alignment iris (F), flex couplings for manipulation of

the focusing mirror.

large DN160 viewport allows observation of all components including the alignment iris.

Figure 3 shows a comparison of the XUV spectra of the harmonics beam recorded with this

spectrometer after passing through a variety of solid and gas filters. The spatial expansion

of the dispersed beam limits the spectral range to the harmonic orders 7 to 23. The relative

intensity of different orders shows a rapid decrease in intensity above the 15th harmonic. This

corresponds to the photon energy dependent reflectivity of the B4C multilayer coating used

on the back-focusing mirror. However, the relative intensity is also affected by the different

divergence of individual harmonics intrinsic to the HHG process. Low orders expand to

beam sizes larger than the size of the collection mirror of the spectrometer which leads to a

reduced signal intensity. Moreover, the varying detection efficiency of the MCP detector as

a function of the light wavelength, as well as the angle dependent grating efficiency modify

the spectrum to a certain degree. Further information can be found in25.

D. Pump-Probe Interferometer

Most interferometers for time resolved studies introduce the pump-probe delay with a

translation stage in the infrared arm outside of the vacuum environment. However, if pump

and probe pulses are both in the VUV/XUV wavelength regime, an in-vacuum delay stage

is required. Stability and ease of alignment were major concerns in the current design as

coincidence studies at low repetition rates require long acquisition times. We therefore chose
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FIG. 6. (color online) Spit-Mirror Interferometer (SMI): (A) vertical translation stage, (B) rota-

tional stage, (C) delay stage, (D) Tip-Tilt control of top mirror, (E) electrically actuated beam

stops

a design where the Split-Mirror Interferometer (SMI) and the focusing optic are independent

from each other. The interferometer is located upstream, while the focusing optic is placed

inside the target chamber (see Fig 1). Using flat mirrors made of silicon at Brewster’s angle

for 800 nm (15◦ grazing angle) the intensity of the fundamental wavelength of the laser beam

is reduced while maintaining relatively high reflectivity (∼ 50 %) for the high harmonic XUV

radiation.

Figure 6 shows renderings of the SMI and its position in a vibrationally isolated chamber.

This design has several benefits in comparison to the alternative of a split back-focusing

mirror geometry with translation of one of the mirrors as used elsewhere (e.g. see20,26).

a) The shallow angle of the SMI mirrors with respect to the incident HHG beam converts

the smallest delay stage step of 100 nm to a 170 as delay, a four times increased precision

compared to a setup where the back-focusing mirror is translated. b) Pump and probe beams

are focused by one solid mirror downstream from the SMI with both beams at roughly normal

incidence. The overlap of both arms in the target is therefore inherent to the geometry and

pointing instabilities do not affect the intensity significantly. c) The pump-probe overlap in

time and space does not depend on the delay when using one solid mirror for back focusing.

d) The ratio of the pump and the probe can be adjusted translating both mirrors together

without moving the focus. Additionally, two metal plates can be moved quickly in and out

of the beam using motorized arms in order to block each arm individually; this is very useful

for setting up and tuning the experiment. The delay stage for introducing the delay on the

bottom mirror (Micos active feedback) has a travel of about ±8.5 ps (±5 mm). At large

delays, however, the focal quality is expected to degrade due to mirror astigmatism.
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FIG. 7. (color online) (a) Pump-probe delay dependent yield of O2
+ ions at 400 as step size from

overlap of two infrared pulses. (b) Fourier transform spectrum corresponding to (a). (c) Ar+ ion

yield at 200 as step size.

Figure 7 shows the ionization yield from single ionization in oxygen (a) and argon (c)

gas with respect to the pump-probe delay. Both measurements clearly show an oscillation

corresponding to one optical cycle (2.67 fs) of the fundamental laser beam which is caused

by interference of the IR field in the pump and the probe arms. The clear observation of

this interference structure demonstrates the precision (200 as) and interferometric stability

over a large range of delays of the Split-Mirror Interferometer.
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E. COLTRIMS end-station

The COLTRIMS end-station consists of a versatile spectrometer for measuring the 3D-

momenta of multiple particles in coincidence as well as a supersonic gas jet to provide an

internally cold and spatially well-defined target. Figure 8 shows a schematic of the interior

of the end-station with the spectrometer, the gas jet and the back-focusing mirror. A set

of Helmholtz coils, which generate a static magnetic field, and a stack of copper electrodes,

which establish several regions of electric fields, guide electrons and ions onto time and

position sensitive detectors on both ends of the spectrometer. The spectrometer axis is

parallel to the polarization direction of the high harmonics photon beam and perpendicular

to the propagation direction of the gas jet as well as the polarization of the fundamental

IR beam. The spectrometer is enclosed in an ultra-high vacuum chamber that is capable

of pressures down to 6 · 10−11 mbar. No magnetic materials were used in order to avoid

distortion of the magnetic fields.

We use a curved mirror (f = 15 cm) to refocus the harmonic beam into the reaction

zone. A shorter focal length which would yield higher intensity is not possible due to the

size of the COLTRIMS spectrometer. For the 15th harmonic we estimate a focus diameter

of < 10 µm. A precise calculation is difficult due to the unknown spatial profile of the HHG

beam obtained after passing the various optics used in the beamline. The back-focusing

mirror manipulator is mounted in line with the laser beam, preventing the XUV beam to

be imaged directly. For alignment purposes, we have mounted two additional mirrors at 45◦

that can direct the infrared part of the beam through a viewport onto a camera. It should

be noted, that the fundamental and harmonic orders can have a varying spatial profile due

to different divergences.

1. Supersonic Gas Jet

The momentum uncertainty introduced by the thermal energy of the molecules at room

temperature limits the energy and momentum resolution of particles from warm gas targets.

Atomic and molecular beams, on the other hand, deliver much colder targets by converting

the relative kinetic energy of atoms and molecules into a common directed motion via an

adiabatic supersonic expansion27. We employ a two stage expansion scheme using a nozzle
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FIG. 8. (color online) Target zone inside the COLTRIMS end-station. The XUV-beam is back-

focused into the gas jet inside the COLTRIMS spectrometer. Electrons and ions are collected by

time and position sensitive detectors on opposite sides on a shot-by-shot basis.

with 30 µm orifice. The first skimmer extends into the region of the supersonic expansion

also known as the “zone of silence” where particles have fully converted their relative ki-

netic energy into a directed propagation direction. The extent of this zone is defined by

an equilibrium of the jet driving pressure and the local background pressure around it. At

driving pressures of 50 - 200 psi with a turbo molecular pump (TMP) of 2000 l/s we choose

distances of 7 to 12 mm between nozzle and skimmer (0.3 mm diameter) for maximal jet

density. The second skimmer (0.5 mm diameter) limits the momentum uncertainty orthog-

onal to the propagation direction (∼ 0.13 a.u.) and reduces the spatial target extension in

this direction (∼ 1.9 mm diameter in the reaction zone). However, the interaction region of

the crossed laser beam and the gas target is usually defined by the laser focus for typical laser

focus sizes of a few microns and Rayleigh ranges of less than 1 mm. The second expansion

stage (670 l/s TMP speed) reduces the flow of background gas into the reaction chamber

which is usually the most critical contribution to the background as it cannot be separated

easily by gating on the time-of-flight. The jet passes through the interaction zone inside the

spectrometer and leaves the main chamber through two differentially pumped stages. For

an H2 jet at 100 psi driving pressure we observe a pressure of 1.9× 10−3 mbar in the source

chamber, 3.5 × 10−6 mbar in the second jet stage and a pressure rise of 1.3 × 10−7 mbar

in the jet dump. The contribution from the flow of warm background gas into the reaction

chamber is on the order of 2 × 10−10 mbar. We estimate a target density of about 9 × 1010
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molecules/cm2 for these gas jet conditions.

2. Spectrometer and Detectors

The 3D-momenta of electrons and ions can be retrieved by measuring the position of

impact on the detectors and the time-of-flight of each particle. The spectrometer is built

from an evenly spaced stack of thin copper plates that are connected with a chain of re-

sistors. Applying a DC voltage creates a homogeneous electric field which drives ions and

electrons onto the position sensitive detectors on the opposite sides of the spectrometer. Our

momentum imaging spectrometer was designed to allow for a variety of experiments with

different electron and ion energies. Ions and electrons can be measured on either detector

side by adjusting spectrometer and detector voltages accordingly. We chose a geometry

where the spectrometer is divided into one short side with a single acceleration region of 7.1

mm and one long side with a 6.8 mm and a 23.4 mm section. The resistor chain and the

potential of several plates of the spectrometer can be adjusted via electrical feedthroughs to

allow for pulsing specific plates or implementing electrostatic lenses. The plates around the

interaction region have openings for the gas jet as well as the laser beam. The short side

of the spectrometer is equipped with a 120 mm multi-channel plate detector (MCP) with

dual-layer delay lines for time and position readout while the longer side has an 80 mm three

layer (Hex) MCP delay line detector mounted. For more information on the resolution and

capabilities of the large multi-hit capable time and position sensitive detectors see RoentDek

GmbH28.

III. BENCHMARK MEASUREMENTS

A. Argon Electron-Ion Coincidences

In order to demonstrate the coincidence detection capabilities of the setup, we have used

the 11th, 13th and 15th harmonic (selected using a tin filter) to ionize argon gas. Ions

and electrons were measured in coincidence on their two respective detectors. Figure 9

(a) shows the z-component (time-of-flight direction) of the sum vs the difference of the

electron and ion momenta. With no additional particle or momentum exchange involved,

the momenta of the photo-electron and the ion from a single ionization are equal opposite due
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to momentum conservation, equivalent to a constant sum momentum. Hence, electron-ion

coincidences appear as a vertical line in the spectrum. By selecting only events with near zero

momentum sum, an efficient data sorting filter is created to separate coincidence events from

the background. The photoelectron energy spectrum (b) shows peaks corresponding to the

ionization of the 1S0 ground state of the Ar+ ion (15.76 eV) using the three selected photon

energies 17.1, 20.2 and 23.3 eV. Figures 9 (c) and (d) show slices through the 3D-momentum

sphere in the detector plane (x-y) and the time-of-flight direction (z) vs the jet-direction (y).

The three discrete electron energies form rings in momentum space that are distinct along

the z-direction, which is equivalent to the polarization axis of the electric field of the XUV

beam, hence, they reflect the dipole character of the absorbed photon beam. The spectra

are selected using the described coincidence condition and the yield (linear color scale) is

normalized according to the available solid angle of the different momenta (pi/p < cond.

where p is the total momentum).
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FIG. 9. (color online) Electron-ion coincidences from the ionization of argon using the 11th, 13th,

and 15th harmonic. (a) Z-components of ion versus electron momenta. The dashed line repre-

sents the boundaries for the coincidence software gate. (b) Electron energy spectrum. (c) x-y

slice through the measured 3D-momentum sphere of the electron and (d) the corresponding z-y

components (yield, i.e. linear color scale, is normalized according to the solid angle). The three

photon energies appear as distinct rings in the electron momenta as the ionization occurs from a

single electronic state (compare with (b)).
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B. High Resolution Ion Momenta from Oxygen Dissociation

The advantages of a full 3D-momentum measurement as well as the extraordinary reso-

lution of this setup are demonstrated in a measurement of molecular oxygen dissociation.

A diagram of the potential energy curves of the O2
+ cation is shown in Figure 10. The

13th and the 15th harmonic (20.2 and 23.3 eV) were used to excite oxygen to several excited

states of the O2
+ ion above the first dissociation limit (L1) at 18.73 eV that are known to

dissociate through non-adiabatic coupling29.
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FIG. 10. (color online) Potential energy diagram of the relevant states of the O2
+ cation (data

taken from Lu et al.30). The length of the vertical arrows mark the photon energies of the high

harmonic laser pulses.

Figure 11 (a) shows the measured ion time-of-flight (TOF) spectrum. Due to the intense

photon beam(s) and the moderate vacuum conditions of 8× 10−9 mbar, many peaks appear

that are caused by the ionization and fragmentation of the oxygen molecule and many other

residual gas contributions present in the chamber (i.e. hydrogen, water, nitrogen etc.). The

TOF vs position spectrum in Figure (b) demonstrates how the complete 3D-measurement

can be used to clearly distinguish even overlapping contributions of different fragments to

the measured signals and hence demonstrates the power of differential measurements for
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analysis and interpretation of the data generated by very intense photon sources such as

HHG and FEL.
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FIG. 11. (color online) (a) Ion time-of-flight (TOF) spectrum with a variety of peaks corresponding

to the ionization of the O2 target and residual gases in the chamber. (b) In the position vs. TOF

spectrum the origin of the various ionization processes can be clearly distinguished between the

target and background gas.

Figure 12 shows the reconstructed momenta of O+ ions along pz vs pxy =
√
p2x + p2y

direction (positive momenta only, mirrored at pz = 0 to eliminate the contributions from

overlapping OH+ ions as seen in Fig.11 (b). The corresponding ion energy distribution is

shown below (b). The kinetic ion energy integrated for all events is shown as a black line,

the energy for ions emitted along the z-direction, i.e. the TOF direction which has the best

resolution in our setup, is shown in blue. The series of sharp peaks can be attributed to the

dissociation of metastable states of the O2
+ cation: Photons from the 13th laser harmonic

create wave packets in the b 4Σ−g state. Starting at v′ = 4, the excited O2
+ can dissociate

by coupling to the f 4Πg and 4Σ+
g states that dissociate into the limit L1 forming the peak

series starting at 0.060 eV (labelled with 1)31. Similarly, the series of peaks starting at ion

energies of 0.780 eV (3) result from the population of vibrational states of the B 2Σ−g state

of the O2
+ cation that dissociates through the f 4Πg and d 4Σ+

g states. The two isolated

peaks around 2 eV (4) result from the ionization of the first and second vibrational level of

the c 4Σ−u state followed by the dissociation to limit L2 at 20.70 eV29,32. Dissociation to L1

and L5 (23.75 eV, not shown) has also been observed before31 and likely contributes to the

spectrum at 2.9 (5) and 0.4 eV respectively. As this state can only be populated at photon

energies above 24.4 eV, we attribute this contribution to leakage of the 17th and higher order

harmonics through the filter. A broader peak around 0.5 eV (2) can result from the direct

ionization and dissociation of the 2 4Πg state to limit L2.
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FIG. 12. (color online) Dissociative ionization of oxygen molecules using 17.1, 20.2 and 23.2 eV

photons. (a) O+ momentum parallel (pz) vs perpendicular to the polarization direction of the

high harmonics of the laser beam (symmetrized to pz = 0). (b) Ion energy spectrum of the O+

ions recorded. The sequences of sharp peaks around 0.1 and 0.8 eV correspond to the dissociation

of metastable states of the O2
+ cation (see text).

Figure 12 displays a very high kinetic energy resolution, exceeding similar previous ex-

periments (see i.e. Siu et al.33). Based on a comparison with high resolution electron spec-

troscopy data from Baltzer et al.29, we estimate an energy resolution of 43 meV (1.53×10−3

a.u.) at 0.8 eV ion energy. This can be explained by two aspects. Firstly, the laser focus of

only a few microns creates a well-defined reaction source in the time-of-flight direction (z)

and the jet-direction (y). Secondly, the thermal momentum uncertainty of the molecular

gas jet perpendicular to its propagation direction (x) is minimal due to the use of the two

skimmers (see Section II E 1). In the z-direction, both conditions apply combined with high

detection resolution at an electric extraction field of 20.3 V/cm resulting in the observed

spectral resolution. This is, to the best of our knowledge, the first apparatus that combines

ultrafast XUV sources and advanced electron/ion 3D-momentum imaging with such a high

energy and temporal resolution.
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IV. CONCLUSION AND OUTLOOK

In this work we have presented a coincidence 3D-momentum imaging setup for time-

resolved studies of molecular dynamics with a tabletop high energy photon source. Key

features of the high harmonic beamline are independently energy- and time-selected pump

and probe arms for time-resolved studies with photon energies entirely in the VUV and

XUV regime enabled by a novel split-mirror interferometer.

Our HHG source delivers 10-20 fs long attosecond pulse trains in a spectral range from

∼ 5 − 50 eV . The pulse pairs can be delayed with a precision of 170 as and over a range

of several picoseconds. Multiple gas, metal, and glas filters allow for an individual selection

of the photon energy in each arm to form multi-color pulse pairs. The resulting spec-

trum can be analyzed using an ultra-compact XUV-spectrometer. Our COLTRIMS type

3D-Momentum imaging spectrometer in combination with a supersonic molecular gas jet

provides high energy resolution and enables electron and ion coincidence measurements.

These unique capabilities of a COLTRIMS type reaction microscope in combination with a

coherent VUX/XUV light source were demonstrated in Argon electron-ion coincidence and

oxygen high resolution ion measurements.

The apparatus presented here illustrates that table top XUV sources based on High Har-

monic Generation in combination with 3D-momentum imaging spectroscopy can be used as

an important tool for the time-resolved investigation of molecular dynamics on femtosec-

ond time-scales. New developments of HHG sources and advances in laser technology could

further improve the presented technique. A HHG source with a higher source photon flux

would permit the implementation of a time compensated monochromator that enables a

precise selection of the photon energy while retaining a pulse width of tens of femtosec-

onds, despite the significant photon losses in such devices. High power laser systems at kHz

repetition rates have become available recently. Their future implementation with setups

such as presented in this work will expand time-resolved 3D-imaging spectroscopy of molec-

ular targets to highly differential VUV-XUV pump probe experiments and enable complex

multi-fragment imaging studies that are presently inhibited by low laser repetition rates.

21



ACKNOWLEDGMENTS

We acknowledge many fruitful discussions and advice from R. Dörner, M. S. Schöffler and
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V. Gruson, A. Huetz, N. Lin, Y. J. Picard, T. Ruchon, P. Salières, and B. Carré, Review
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