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A BSTRACT: A novel design for a velocity-map imaging (VMI) spectrometer with high resolution
over a wide energy range surpassing a standard VMI design is reported. The main difference to
a standard three-electrode VMI is the spatial extension of the applied field using 11 electrodes
forming a thick-lens. This permits measurements of charged particles with higher energies while
achieving excellent resolving power over a wide range of energies. Using SIMION simulations,
the thick-lens VMI is compared to a standard design for up to 360 eV electrons. The simulations
also show that the new spectrometer design is suited for charged-particle detection with up to
1 keV using a repeller-electrode voltage of -30 kV. The experimental performance is tested by laserinduced ionization of rare gases producing electrons up to about 70 eV. The thick-lens VMI is useful
for a wide variety of studies on atoms, molecules and nanoparticles in intense laser fields and highphoton-energy fields from high-harmonic-generation or free-electron lasers.
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Introduction

With the increasing ability to approach shorter and shorter wavelength regimes with ultrashort,
intense table-top laser sources or free-electron lasers (FEL), arises a need for the development of
spectrometers that are capable of imaging charged particles with up to keV kinetic energies. In particular, two recent advances in laser technology have pushed studies within this particular energy
range: (1) femtosecond mid-infrared intense laser pulses which can produce high-energy electrons
by ponderomotive acceleration and produce keV soft x-ray pulses upon their recollision with the
target by high-harmonic-generation, and (2) free-electron lasers, such as the Linac Coherent Light
Source (LCLS) at Stanford University, which create x-rays with up to a few keV in photon energy. The irradiation of targets with such high-energy photons from table-top attosecond sources
or free-electron lasers can create keV energy photoelectrons, whose momentum distributions are
important observables in experiments. For example, mid-infrared driving lasers permit the use of
laser-induced high-energy re-scattered electrons for imaging molecular structure [1].
Traditional spectrometers for the detection of charged particles with keV kinetic energies are
time-of-flight (TOF) based techniques, such as the Wiley-McLaren TOF spectrometer [2]. Here,
increased energy resolution at high kinetic energies can be reached by deceleration, which, however, limits the angular acceptance of the spectrometer. Magnetic-bottle spectrometers may have
larger acceptance angles, but do not provide angular distributions [3]. In order to obtain angular
information, the angle between a target-frame coordinate (given, e.g., by the laser polarization axis)
and the TOF spectrometer can be varied (e.g., by rotating the laser polarization axis) to obtain the
full momentum distribution. An example is a recent study by Blaga et al. [1], where back-scattered
electrons from the interaction of N2 molecules with intense mid-infrared laser pulses were recorded.
The laser-target interaction created electrons with momenta of up to 8.5 a.u. (∼980 eV). In order
to measure their angular distribution, a series of measurements was performed by rotating the laser
polarization axis with respect to the TOF spectrometer axis using a half-wave plate. Although an
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energy resolution (∆E/E) of 1.4% was attained with the spectrometer [1], this scanning approach
requires long data acquisition times and is thus limited by instabilities of experimental parameters
that drift during the measurement. Using multiple TOF spectrometers can accelerate the measurement and improve the signal-to-noise ratio, however the number of TOF spectrometers used
simultaneously might be limited by space considerations. Other reasons may lead to the use of
more than one TOF spectrometer, for example, two opposing spectrometers used in Doppler Free
measurements [4] or in carrier-envelope phase meters [5, 6].
Velocity-map imaging (VMI) spectrometers [7–9] provide a two-dimensional (2D) projection
of the three-dimensional momentum distribution of charged particles. In conventional VMI spectrometers [8], a static electric field is formed by open extractor and repeller electrodes (i.e. without
a mesh) that directs ions or electrons to an imaging detector, depending on the sign of the voltages
applied to these electrodes. These two electrodes combined with a grounded exit electrode form
an electrostatic lens. The lens focuses charged particles with the same velocity vector within the
interaction region onto the same position on the detector. The detector can be a microchannel-plate
(MCP) with phosphor-screen or a delay-line anode. For the former case, a camera records the light
flashes on the phosphor screen. From the 2D images the three-dimensional distribution may be obtained by Abel inversion methods [10–12]. Alternatively, when VMI is combined with slice imaging [13], event counting methods [14, 15], or tomographic imaging [16–18], the three-dimensional
momentum distribution can be obtained without the strict cylindrical symmetry requirement of the
Abel transform. Coincidence techniques may be utilized as demonstrated by coincident imaging
of photoelectrons and ions on a single detector [19].
The VMI technique provides a 4π collection angle with high efficiency (which is typically
only limited by the detector efficiency) and a tunable maximum detectable energy by the voltages
applied to the spectrometer electrodes. A typical VMI has a distance of about 400 mm between
the locations where the charged particles are created and detected. With an 80 mm diameter MCP
stack, and -10 kV on the repeller, electrons up to about 100 eV can be detected [20, 21]. To increase
the maximum detectable energy, one can shorten the projection (TOF) axis or increase the detector
diameter, and thus measure the expanding cloud of charged particles before it exceeds the detection
solid angle. Since imaging quality 80 mm MCP stacks are already expensive, it is undesirable to
increase the diameter of the detector further. Increasing the voltages on the electrodes, on the other
hand, simply scales the maximum detectable energy without any detrimental effects. However, to
apply a voltage beyond 30 kV on the electrodes is difficult in practice due to necessary electrical
insulation between the electrodes and parts of the spectrometer and vacuum chamber that are at
ground potential. It thus becomes necessary to shorten the spectrometer to reach kinetic energies in
the keV range. In the standard design, this, however, results in a strong curvature of the VMI focal
plane and thus significant loss in energy resolution if a large range of energies needs to be imaged.
To overcome this problem, Garcia et al. [22] introduced a VMI design that combines the standard
three electrodes with additional einzel lenses to image high-energy charged particles. While the
einzel lenses permit imaging charged particles up to a few hundred eV, they complicate the operation of the spectrometer and require manual tuning of individual electrode voltages especially for
the imaging of high-energy particles [22]. In parallel to the development of the thick-lens approach,
Skruszewicz et al. introduced a different approach, where the curvature of the VMI focal plane in
a short spectrometer may be reduced by using an additional lens with opposite polarity [23].

2

Thick lens VMI design and operation

The 11 electrodes of the TL-VMI spectrometer are made out of 1 mm thick non-magnetic stainless
steel and include a repeller, extractor, focusing electrode (Vfocus ), and the ground electrode, as
depicted in figures 1(a) and (b). The repeller is an 80 mm diameter disk with a small centered orifice
(50 µm diameter) through which the target gas flows into the interaction region. The following
10 electrodes are flat rings with 80 mm outer diameter and an inner diameter increasing in 2 mm
increments, starting from 40 mm for the extractor. These 10 electrodes are stacked along the TOF
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Here we present a new design for a VMI with an extended energy range and higher resolution
as compared to a standard design. The thick-lens (TL) VMI, consisting of 11 electrodes, is suited
for measurements of high-energy charged particles (up to 1 keV) with full angular information.
The instrument was tested with classical trajectory simulations and its performance demonstrated
in a few experiments.
Before detailing the design of this TL-VMI, it is worth noting that many-electrode spectrometers have been applied in “cold target recoil ion momentum spectroscopy” (COLTRIMS) — often
referred to as “reaction microscopy” (REMI) [24, 25]. Specifically, a non-uniform electric field was
incorporated in a COLTRIMS spectrometer, which is made of many equally spaced electrodes, to
focus ions originating from different locations within the interaction volume onto the detector —
this focusing was done both in space and in time [24, 26]. In VMI, however, the charged particles
are focused in momentum, resulting in a direct relation between the initial velocity and the position
on the detector.
It is also worth mentioning that in the COLTRIMS technique a few ions and electrons originating from the same target can be detected in coincidence on opposing detectors, and as a result
the study of their correlated momentum with high resolution is possible. To achieve the superior
momentum resolution, weak electric fields are typically used in COLTRIMS. As a result, an axial
magnetic field is needed to confine high-energy electrons (typically up to about 100 eV [24]) to
achieve the desired 4π collection angle. The VMI method has a few advantages over COLTRIMS,
such as a much faster acquisition time of a complete 3D momentum image. In fact, it was recently demonstrated that VMI is fast enough to be implemented as feedback in a learning algorithm
coherent-control scheme including the conversion from the raw 2D momentum images to the 3D
momentum slices [27]. There are many other differences and advantages of COLTRIMS and VMI,
as detailed for example, in ref. [21], which make the two methods complementary.
A significant difference between COLTRIMS and VMI of consequence to our goal, which is
extending momentum imaging to higher electron energies, is the fact that VMI can achieve the
desired 4π collection angle without the use of magnetic fields. The completely electrostatic design
in VMI is easier to scale up in energy and typically also easier to operate. Steps along the path
of extending the VMI energy range, while maintaining good energy resolution or improving it by
introducing additional electrodes, were taken by Garcia et al. [22] and Skruszewicz et al. [23].
The TL-VMI provides a different approach as compared to these spectrometers and provides highresolution at high energies with an energy range for electrons up to 330 eV with -10 kV on the
repeller and a 80 mm diameter detector. The TL-VMI is a user-friendly device that can be operated
by adjusting a single electrode voltage.

axis, spaced 6 mm from each other by ceramic or polyether-ether-ketone spacers. All insulators
and power connections are rated to hold the voltages needed to run this TL-VMI with a repeller
voltage as high as 30 kV, as verified by a voltage-load test up to 27 kV.
For the momentum imaging of charged particles, a voltage gradient is applied across the electrodes of the TL-VMI. We have designed the TL-VMI such that after choosing a particular repeller
voltage (which sets the energy range for the detected particles), adjustment of one electrode voltage, the focusing electrode, VFocus , is sufficient to optimize the resolving power of the spectrometer.
The first four electrodes are, however, connected to power supplies to permit additional flexibility
in tuning the spectrometer (and compensate for small manufacturing errors that could influence the
field profile). Electrodes 4-11 are connected by high-power resistors dividing the voltages between
those electrodes. A larger spatial separation of 12 mm between the repeller and extractor provides
a path for the laser beam that is focused into the gas jet between these two electrodes as shown in
figure 1(a). Moreover, this wide gap helps accommodate the gas jet and additional target beams
(such as a beam of C60 molecules [28]). The length of the field-free region, between the grounded
electrode and the MCP detector, is 55 mm. A grounded µ-metal sheet (1 mm thick) surrounds the
entire flight path to shield from any magnetic fields. The detector is a stack of two 80 mm diameter MCPs in chevron configuration with a phosphor-screen anode (Hamamatsu, F2226-22P). A
peltier-cooled charged-coupled device (CCD) camera (PCO Sensicam) is used to record the light
flashes on the phosphor screen.

3

Simulations

To find the optimum voltages for the spectrometer and determine its expected energy range and
resolution, we performed trajectory simulations of charged particles using SIMION (version 8,
Scientific Instrument Services) [29, 30]. Specifically, electrons were used to demonstrate the mo-
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Figure 1. (Color online) (a) Schematic of the TL-VMI setup. The laser enters the VMI between the repeller
and extractor and is back-focused into the effusive jet by a focusing mirror (FM). Charged particles produced
in the interaction region are projected onto the detector (MCP stack with phosphor screen) and resulting light
flashes are recorded by a camera. (b) Photo of the experimental TL-VMI apparatus at POSTECH.
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Figure 2. (Color online) (a) The TL-VMI geometry used in the SIMION simulations along with equipotential lines showing the lens used for velocity-map imaging. The total distance from the repeller to the detector
is 133.6 mm. (b) Distribution of voltages along the electrodes of the TL-VMI for a repeller and focusing
voltage of -10 kV and -8.05 kV, respectively. Gray lines mark the locations of repeller, extractor, focusing
electrode and exit ring (at ground potential). (c) Starting positions within the interaction region for 7 electron trajectories with identical initial momentum vectors. The central position is at x = 0 mm, y = 0 mm, and
z = 6 mm.

mentum imaging properties of the TL-VMI below. As stated earlier, inverting the voltage settings
on the spectrometer will permit momentum imaging of ions in a similar way as described in ref. [8]
for a standard VMI. The spectrometer geometry used in the simulations is shown in figure 2(a).
The simulations are performed in 3D using the geometry shown in figure 2(a), which shows a slice
of the cylindrically symmetric spectrometer at x = 0. The electrons are emitted with initial momentum along the y-axis (laser polarization axis), which is sufficient to obtain the properties for
the central slice (pz = 0) of the 3D momentum distribution due to the cylindrical symmetry of the
VMI spectrometer.
The voltage distribution along the electrodes of the TL-VMI, shown in figure 2(b), for a repeller voltage of -10 kV, generates a thick focusing lens as can be seen from the equipotential lines
in figure 2(a). This is in contrast to the standard design [8], which constitutes a thin lens. The
lens is designed to focus charged particles with the same initial velocity onto the same position
on the detector, despite the particles being generated at different locations within the interaction
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region [8]. The focus strength of the TL-VMI lens is adjustable by tuning the focusing voltage,
VFocus , and the energy range of the charged particles scales with the repeller voltage. It is therefore
convenient to define a scaled focusing voltage as the ratio of VFocus and the repeller voltage.
As stated earlier, the spectrometer has a larger separation between the repeller and extractor
as compared to the other electrodes, which results in a larger voltage drop between the repeller and
extractor. The exit ring of the spectrometer together with a µ-metal tube surrounding the flight path
and the front of the MCP stack are set at ground potential and comprise a field-free region (visible
in figure 2(a)).
Through our simulations, we have found suitable values for the distances between the electrodes and the scaled focusing voltage to achieve high resolving power for the TL-VMI. We simulated groups of electrons with the same initial velocity released from different positions within the
interaction region. Here, for each energy, we chose a group consisting of 7 electrons that are distributed in a cross-like pattern with its center at x = 0 mm, y = 0 mm, and z = 6 mm (in the center
between the repeller and extractor), as shown in figure 2(c). Our simulations show that running
more than 7 trajectories gives similar results. The starting positions of the electron trajectories intentionally span a fairly large interaction volume (2 mm long with a 2 mm diameter) to account for
the use of the spectrometer with various radiation sources. In an experiment, electrons are emitted
with a distribution of initial angles. For the simulations, however, only one emission angle is purposefully chosen in order to demonstrate the capabilities of the TL-VMI. We chose an ‘elevation
angle’ of 90◦ with respect to the spectrometer axis, which represents the central slice of an inverted
VMI image, thereby omitting the need to invert the resulting simulation images. Within figure 2(a)
we have color-coded the trajectories by their initial kinetic energy. Here, as an example, electrons
with 40 eV (green), 100 eV (red), 200 eV (blue), and 300 eV (black) are shown for repeller and focusing voltages of -10 kV and -8.05 kV, respectively. The trajectories of the 7 electrons for a given
energy group converge towards each other as they get closer to the detector due to the focusing
effect of the electrostatic lens.
A key property of velocity map imaging is the linear relationship between the momentum of
the particle being measured and the radius of its impact on the detector, R. Another way to examine this relationship is by looking at the energy of the particle versus the square of the radius,
R2 . A simple relationship (ideally linear relationship) will permit straightforward calibration of the
momentum or energy axis. Figures 3(a) and (c) show R2 versus electron energy for the TL-VMI
design optimized for low- and high-energy electron imaging. A linear fit to the simulated data provides a good representation of the trend, i.e. E ∝ R2 , as confirmed by the small residuals plotted in
figures 3(b) and (d), respectively, for the two energy ranges. Using a second order polynomial, however, although slightly more cumbersome for converting the measured radius to momentum or energy, gives an improved fit for all energies considered, as illustrated by the smaller residual values.
Another important property of VMI is the momentum (or energy) resolution. The resolution
of the TL-VMI was determined by evaluating the radius, R, of the hits on the detector surface
associated with the 7 simulated trajectories and the associated error ∆R, which was evaluated as
the difference between the largest and smallest radii within the energy group. The relative error
(i.e. energy resolution) is then calculated as ∆E/E∼
=2∆R/R based on the E ∝ R2 relationship. The
results are shown in figures 4(a) and (b) for electron energies ranging from 0 to 360 eV for various
scaled focusing voltages. As the scaled focusing voltage is decreased, the electron energy with the

Figure 4. (Color online) (a) Relative energy resolution of the TL-VMI for different scaled focusing voltages
for -10 kV on the repeller. (b) Comparison of the resolutions of the TL-VMI and a standard-VMI with
three electrodes and the same detectable energy range for a repeller voltage of -10 kV. Note that for 125 eV
electrons, the TL-VMI resolution is a factor of about 2.3 better than the standard VMI operating under
similar conditions.

best resolution shifts to higher values (see figure 4(a)). In most cases, when imaging of an entire
range of energies is desired, the energy with the best resolution should be close to the middle of
the energy range of interest. For example, using a scaled focusing voltage between 82% and 83%
provides the best resolution around the middle of the 0–360 eV energy range.
To illustrate the difference between the TL-VMI and a standard VMI having the same detectable energy range, simulations were also carried out for a shortened version of the original
design by Eppink and Parker [8] with an 83 mm flight length from the interaction region to the
detector. In both cases the momentum imaging was optimized for 125 eV electrons given a repeller
voltage of -10 kV (corresponding to -7.65 kV on the extractor for the standard design and -8.3 kV
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Figure 3. (Color online) (a) Simulation of R2 vs. initial electron energy for -4 kV repeller voltage and a
scaled focusing voltage of 80% (black filled squares). A linear and a 2nd order polynomial fit to the data
are shown as a solid blue line and a dashed pink line, respectively. (b) The residuals of the linear (open blue
circles) and polynomial fits (filled pink circles). Plots (c) and (d) are the same as for (a) and (b), respectively,
but for -10 kV on the repeller and a scaled focusing voltage of 80%, for which one might expect larger
deviations from the fitted curves.

on the focusing electrode for the TL-VMI). The simulated energy resolutions for the two designs
are compared in figure 4(b). The result of the comparison is that the measurement of high-energy
electrons with sufficient resolution requires a spectrometer design that goes beyond simply shortening the length of a standard VMI. The resolution achieved with the TL-VMI is flatter over the
energy range, and the resolution is improved by about a factor of 2.3 over the standard design (for
125 eV electrons).

4

Experimental implementation

4.1

Ionization of Xe and Ne by intense near-infrared pulses

Xenon and neon atoms were photoionized by linearly polarized 40 fs near-infrared (NIR) pulses,
centered near 800 nm, obtained from the Kansas-Light-Source at JRML, a 1 kHz Ti:sapphire laser
system. The NIR light was focused onto an effusive jet of Xe or Ne gas by a back-focusing spherical
mirror of 7.5 cm focal length. The intensity is estimated from the 10 U p cutoff of the ATI spectrum
as (1.2±0.1)×1014 W/cm2 for Xe and (1.1±0.1)×1014 W/cm2 for Ne.
The resulting photoelectrons were measured using the TL-VMI with a voltage profile similar
to that shown in figure 2(b). Raw images (left side) and slices through the momentum distribution
about pz = 0 after inversion (right side) are shown in panels (a) and (d) of figure 5 for Xe and Ne, respectively. To enhance the visibility of the ATI fringes, we show only one quadrant of the plots. The
corresponding energy spectra, integrated over a range of ±25◦ around the laser polarization axis,
are shown in panels (b) and (e). For these data sets, the repeller voltage was set at -4 kV. A scaled
focusing voltage of 80% was used to image the photoelectrons with energies up to about 70 eV.
In order to determine the resolving power of the instrument with these data sets, each ATI peak
was fit by a Gaussian. The center of the peak, the width (standard deviation), and the offset were
variables in the fit. The width from the fit was used as ∆E, and the error in the width fitting is shown
as the error bar. The resulting distributions for ∆E/E are shown in panels (c) and (f) of figure 5.
Between 45 and 59 eV, the resolution is better than 1.5% for the Xe data. For Ne, the resolution is
better than 2% above 35 eV.
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In order to experimentally test the capabilities of the TL-VMI design, we have performed
photoelectron-imaging experiments at the J.R. Macdonald Laboratory (JRML) on (1) abovethreshold ionization (ATI) of Xe and Ne by femtosecond near-infrared laser pulses, and (2) ionization of Ar by extreme-ultraviolet (EUV) attosecond-pulse trains obtained via high-harmonicgeneration. The former example (section 4.1) provides a direct comparison between the
experimentally-achievable resolution and simulations at high electron energies. The latter (section 4.2) shows the effect of an extended interaction volume on the energy resolution. In order to
test whether the voltage profile in figure 2 for the 11 electrode configuration can be further improved, and demonstrate the robustness of the design, we have manually tuned the voltage profile
at POSTECH and compared the results to the one implemented at JRML and discussed above (see
section 4.3). The POSTECH VMI is tested by measurements of ATI of Xe by picosecond laser
pulses. All measurements reported below are directly compared with our SIMION simulations to
examine the measured energy resolution and illustrate the wide-scale applicability of the TL-VMI
for electron imaging.

The black solid lines in panels (c) and (f) of figure 5 show that the resolution is not limited by
the bandwidth alone. A transform limited pulse with 40 fs duration at 800 nm, has a bandwidth of
0.046 eV. This bandwidth still provides a resolution much better than one percent. To determine
the achievable resolution in the experiments, we carried out SIMION simulations.
We estimate the interaction volume to be roughly 0.8 mm × 20 µm × 20 µm, where the first
dimension is given by twice the Rayleigh range, zR = 0.39 mm, of the focused laser. The other two
dimensions are given by the laser focal diameter. For a nonlinear process, the effective interaction
volume will depend on the laser intensity profile and on the order of the process. In ATI, the order
of the photoemission process and therefore the required intensity of the laser is increasing with
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Figure 5. (Color online) Above threshold ionization of xenon (panels a–c) and neon (panels d–f) by 800 nm,
40 fs laser pulses. (a, d) Raw 2D-momentum distribution of electrons is shown on the left and a slice about
pz = 0 of the 3D momentum distribution after inversion is shown on the right. (b, e) Photoelectron kinetic
energy spectrum obtained by integration of the momentum distribution within a ±25◦ cone around the laser
polarization axis. (c, f) Resolution, ∆E/E, determined by fitting a Gaussian to each ATI peak and using the
width (standard deviation) of the fit as ∆E, the resolution expected from the bandwidth of the laser pulse,
and simulations with different interaction volumes, as indicated. Note that the y and z dimensions were both
20 µm for all three simulations.

photoelectron energy. The resolution is most sensitive to the x dimension, which is orders of magnitude larger than the other two dimensions. We therefore performed the simulations for different
∆x and compare them with the experimental data in figure 5(c,f). As expected, the effective interaction volume is smaller for higher photoelectron energies, since here electrons are only produced by
the highest intensities within the laser focal volume. Likewise electrons with lower energies originate from a larger volume. The observed dependence of the resolution on the interaction volume
suggests that reducing the width of the gas target (and therefore the effective x range) can improve
the resolving power of the instrument.
Ionization of Ar by extreme-ultraviolet pulses

In this experiment, photoelectrons were produced from argon by absorption of an attosecond-pulse
train (APT) of EUV light. A 2 mJ, 40 fs, 800 nm Ti:sapphire laser (Coherent, Legend) was used
to generate the APT via high harmonic generation. The linearly polarized 800 nm beam was focused by a lens with 50 cm focal length into a 2 mm window-less gas cell filled with Ar at pressures of a few Torr. The APT is composed of odd-order harmonics of the fundamental driving
field and was filtered by a 2 mm diameter aperture covered with a thin Al film (200 µm thick)
that removes harmonics below the 11th order. The APT was then focused by a toroidal mirror
onto an effusive Ar jet within the TL-VMI. The interaction volume was estimated to be about
2.4 mm × 200 µm × 200 µm, where the x−dimension is limited by the effusive jet and y- and
z-dimensions are limited by the laser focus profile. Note that the interaction volume is larger than
in the ATI experiments described in section 4.1, as the EUV beam is not tightly focused. Moreover,
the photoelectrons in this experiment come from single photon absorption such that the range in
propagation direction (x) is significantly larger and only limited by the size of the effusive target.
Photoelectrons with energies up to 25 eV were projected on the detector by applying −800 V
on the repeller and a scaled focusing voltage of 80%. The left and right halves of figure 6(a) show
the measured raw and inverted (slice about pz = 0) momentum images. The resulting photoelectron
spectrum, shown in figure 6(b), was integrated over all angles. Using the same fitting procedure as
described in section 4.1, the width of each peak was determined to provide the ∆E values shown in
figure 6(c). SIMION simulations were carried out and the results are shown in figure 6(c). Here, the
resolution, while sufficient to separate each peak clearly, is somewhat lower at the highest energies
as compared to the data taken with the intense NIR pulses. We attribute this mainly to the much
larger interaction length. When using the TL-VMI with synchrotron or table-top EUV sources, the
size of the effusive jet is likely the main determining factor for how good of a resolution one can
achieve. The size of the gas jet can be reduced by applying a shaped repeller [20, 31] or skimmed
supersonic jet as commonly used in COLTRIMS [25].
At lower energies, the resolution appears to be limited by the bandwidth, which we estimate
to be 0.1 eV for the APT based on ref. [32]. At higher electron energies, the resolution is consistent
with SIMION simulations for an interaction volume given as 2.4 mm in the laser propagation direction (x) and 200 µm in y and z directions (given by the laser-beam diameter). The good agreement
between SIMION simulations and experimental data for the higher energy range is consistent with
a single photon process. This is in contrast to the multiphoton example shown in section 4.1, where
different energy electrons come from different focal volumes.
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4.2

4.3

Robustness of the TL-VMI design to the applied voltage profile

The robustness of the TL-VMI design was tested at POSTECH by applying a manually tuned
voltage profile, shown in figure 7(b). The resulting equipotential surfaces are shown in figure 7(a)
together with simulated trajectories for 100–900 eV electrons, for a repeller voltage of -24 kV.
To compare the simulations for the “constant voltage drop” (used in sections 4.1, 4.2) and
the “manually tuned” voltage profiles, a repeller voltage of -30 kV was selected, for which the
detectable energy range is expected to extend to about 1 keV. The resulting plots for the resolution
of the two voltage profiles is shown in figure 8. Overall the manually tuned voltage profile provides
a slightly better resolving power. More importantly, this comparison attests to the robust nature of
the TL-VMI design and provides some assurance that inaccuracy of resistor values or electrode
spacings, for example, does not detrimentally affect the performance of the TL-VMI.
To test the TL-VMI at POSTECH, a 10 Hz picosecond laser (Leopard SS) providing 70 mJ,
120 ps linearly polarized pulses was used to induce ATI of Xe at 532 nm. The pulses were focused
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Figure 6. (Color online) (a) Raw 2D-momentum distribution of photoelectrons ejected from Ar by an
attosecond-pulse train in the extreme ultraviolet (left half) and slice about pz = 0 of the 3D-momentum
distribution after inversion (right half). (b) Photoelectron kinetic-energy distribution obtained by angular
integration of the complete 3D distribution. (c) Fitted ∆E plotted as a relative error, ∆E/E, versus E for each
peak in (b). The simulation was performed for an interaction volume of 2.4 mm × 200 µm × 200 µm.

Figure 8. Resolution of the TL-VMI for the two different voltage profiles using −30 kV on the repeller and a scaled focusing voltage of 84.7% for the constant drop and 65% for the manually tuned
versions. For this comparison, 1000 electron trajectories were simulated, with an interaction volume of
500 µm×100 µm ×100 µm, and the full width at half maximum was used as ∆E.

by an f = 45 cm lens into an effusive Xe gas target. The estimated peak intensity in the experiments
was 2×1012 W/cm2 . The low energy photoelectrons were projected onto the detector by applying
−1 kV on the repeller and a voltage profile as in figure 7(b) for the remaining electrodes. The left
half of figure 9(a) shows the resulting raw 2D momentum image after subtraction of a background
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Figure 7. (Color online) (a) TL-VMI geometry with manually tuned voltage profile as implemented at
POSTECH, showing the simulated trajectories for 100 eV (green), 300 eV (red), 500 eV (blue), and 900 eV
(black) electron groups. (b) Distribution of voltages along the electrodes of the POSTECH TL-VMI.
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Figure 9. (Color online) (a) Raw (left half) and inverted (right half) 2D momentum distribution of photoelectrons emitted from Xe with 532 nm, 120 ps laser pulses. (b) Photoelectron kinetic energy spectrum obtained
by full angular integration. (c) Comparison of the experimentally achieved resolution of the TL-VMI at
POSTECH with SIMION simulations.

image. The laser polarization axis is along py . A slice through the 3D momentum distribution
about pz = 0 is reconstructed by an iterative inversion method [11], and shown in the right half
of figure 9(a).
The energy spectrum, integrated over a range of ±25◦ around the laser polarization axis, is
shown in figure 9(b). The four photoelectron peaks correspond to six-photon (first two peaks) and
seven-photon (last two peaks) absorption by Xe [33, 34]. The fact that two peaks are observed for
each number of photons absorbed is due to ionization of the 2p3/2 and 2p1/2 states of Xe, which are
separated by 1.3 eV. The peaks were again fitted by Gaussian functions as described in section 4.1
to determine the resolution.
Using this data set, we also made a quantitative comparison between the experiment and the simulations. For this comparison, the interaction volume was modeled as
600 µm × 100 µm × 100 µm based on estimates of width of the effusive gas jet and the laser focal
diameter. For these parameters, the measured and simulated data agree well, see figure 9(c). An
additional simulation was carried out for an interaction volume of 350 µm×100 µm ×100 µm to
further illustrate that a smaller interaction volume will improve the resolution.
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[21] F. Süßmann et al., Single-shot velocity-map imaging of attosecond light-field control at kilohertz rate,
Rev. Sci. Instrum. 82 (2011) 093109.
[22] G.A. Garcia, L. Nahon, C.J. Harding, E.A. Mikajlo and I. Powis, A refocusing modified velocity map
imaging electron/ion spectrometer adapted to synchrotron radiation studies, Rev. Sci. Instrum. 76
(2005) 053302.
[23] S. Skruszewicz et al., A new design for imaging of fast energetic electrons, Int. J. Mass. Spectr., in
print.

– 15 –

2014 JINST 9 P05005

[9] B.J. Whitaker eds., Imaging in molecular dynamics, Cambridge University Press, Cambridge U.K.
(2003).

[24] R. Dörner et al., Cold Target Recoil Ion Momentum Spectroscopy: a ‘momentum microscope’ to view
atomic collision dynamics, Phys. Rept. 330 (2000) 95.
[25] J. Ullrich et al., Recoil-ion and electron momentum spectroscopy: reaction-microscopes, Rep. Prog.
Phys. 66 (2003) 1463.
[26] V. Mergel, Dynamische Elektronenkorrelationen in Helium, Ph.D. Thesis, University of Frankfurt,
Frankfurt Germany (1996).
[27] E. Wells et al., Adaptive strong-field control of chemical dynamics guided by three-dimensional
momentum imaging, Nature Commun. 4 (2013) 2895.

[29] D.A. Dahl, J.E. Delmore and A.D. Appelhans, Simion PC/PS2 electrostatic lens design program, Rev.
Sci. Instrum. 61 (1990) 607.
[30] SIMION, Simion, version 8.0, industry standard charged particle optics simulation software.
[31] M. Chini et al., Delay control in attosecond pump-probe experiments, Opt. Exp. 17 (2009) 21459.
[32] P. Ranitovic et al., IR-assisted ionization of helium by attosecond extreme ultraviolet radiation, New
J. Phys. 12 (2010) 013008.
[33] F. Fabre, G. Petite, P. Agostini and M. Clement, Multiphoton above-threshold ionization of xenon at
0.53 and 1.06 µm, J. Phys. B 15 (1982) 1353.
[34] T.J. Mcllrath, P.H. Bucksbaum, R.R. Freeman and M. Bashkansky, Above-threshold ionization
processes in xenon and krypton, Phys. Rev. A 35 (1987) 4611.
[35] G. Laurent et al., Attosecond control of orbital parity mix interferences and the relative phase of even
and odd harmonics in an attosecond pulse train, Phys. Rev. Lett. 109 (2012) 083001.
[36] G. Laurent, W. Cao, I. Ben-Itzhak and C.L. Cocke, Attosecond pulse characterization, Opt. Exp. 21
(2013) 16914.
[37] S. De et al., Following dynamic nuclear wave packets in N2 , O2 and CO with few-cycle infrared
pulses, Phys. Rev. A 84 (2011) 043410.
[38] I. Znakovskaya et al., Transition between mechanisms of laser-induced field-free molecular
orientation, Phys. Rev. Lett. 112 (2014) 113005.

– 16 –

2014 JINST 9 P05005

[28] H. Li, Study on molecular photoionization in femtosecond laser field, MSc Thesis, Kansas State
University, Manhattan U.S.A. (2013).

