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We present the design of a VMI spectrometer optimized for attosecond spectroscopy in the 0-40 eV energy range. It
is based on a compact 3-electrode configuration where the lens shape, size and material have been optimized using
numerical simulations to improve the spectral resolution by a factor ~35 relative to the initial design' while keeping
a flat spectral response in the 10-40 eV range. The experimental performance is tested using an attosecond source
based on high-order harmonic generation. A good agreement is observed between the measured and simulated spectral
resolution. At low kinetic energy, the electrostatic lens remains the limiting factor, while the high energy range is
mostly affected by the resolution of the camera objective.

I. INTRODUCTION

During the last decades, the development of attosecond
light pulses in the extreme ultraviolet (XUV) range using the
process of high-order harmonic generation (HHG), and more
recently using X-ray free electron lasers, has allowed the in-
vestigation of ultrafast dynamics in matter on the attosecond
timescale. Of particular significance are the measurements of
photoemission time delays, related to the so-called Eisenbud-
Wigner-Smith scattering delays>™®, in a large variety of
systems, from atoms>®, molecules’® and nanopaurticles9 to
liquids'® and solids!'. These studies were made possible by
combining attosecond spectroscopic techniques, based on the
reconstruction of attosecond beating by interference of two-
photon transitions (RABBIT)!? and attosecond streaking!3!4
methods, with advanced detection schemes for the emitted
electrons. Concerning the latter, the large spectral band-
width (10’s of eV) of the XUV pulses requires spectrome-
ters with a large detection range. Furthermore, the presence
of structured continua around, e.g., autoionizing or shape res-
onances calls for high resolution in order to access the full
ionization dynamics in these spectral regions!>'?. The re-
quired spectral range and resolution were initially obtained
using time-of-flight electron spectrometers, in particular mag-
netic bottle electron spectrometers (MBES), thereby solely
accessing the energy of the emitted particle, while only few
studies focused on the photoemission direction’*?!. How-
ever, a strong interest recently developed onto moving to
angularly-resolved measurements. Extensive work performed
both theoretically?>>* and experimentally>>—2% showed that
the attosecond dynamics under study may present strong vari-
ations with the electron emission angle in rare gases>%* or in

molecules?!32. Besides, the angular resolution could provide
new detection schemes®3-3¢ accessing to new types of infor-
mation.
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Spectrometers measuring photoelectron angular distribu-
tions (PAD) can be grouped in two families.  First,
the COLd Target Recoil Ion Momentum Spectrometers
(COLTRIMS)?7-38 access the complete 3D momentum vectors
of ionic fragments and electrons. To that end, the electrons
and ions are guided towards time and position-sensitive de-
tectors by using a combination of electric and magnetic fields.
By recording them in coincidence and using vector correla-
tions, so-called complete experiments can be performed for
rapid dissociation channels®*.

Second, the Velocity-Map Imaging Spectrometers (VMIS)
measure a 2D projection of the electron or ion momentum
distribution through the use of an electrostatic lens combined
with a position-sensitive detector. The detector can be backed
by either a delay-line anode or a phosphor screen. With a
delay-line anode, the 3D momentum can be retrieved as in
COLTRIMS, the number of events is then limited to a few per
laser shot. The phosphor screen is the most standard approach
and is used in combination with a camera to capture the light
flashes. According to the repetition rate of the ionizing source
and the shutter time of the camera, coincidence/covariance
measurements can also be achieved*!*>. There are several ap-
proaches to retrieve the 3D momentum in the case of a VMIS
backed with a phosphor screen®?. First, this can be achieved
in the measurement itself, e.g., using slice-imaging**, or by
tomographic imaging®. In fact, for fast phosphor screens
(dead time < 100 ns), the development of new sensors*6+’
now permits to retrieve the time information that is usually
lacking with standard cameras. The time resolution for these
sensors is now sufficient to access the 3D momentum of ions
but is still too poor for photoelectrons compared to delay-line
detectors. The major challenge comes from the difficulty to
precisely assess the velocity component of the photoelectron
along the detector axis. The main approach to solve this is-
sue is to change the spectrometer length to stretch the photo-
electron signal sufficiently to be resolved with time-to-digital
converter. This development has been pioneered by Li*® and
has now been applied successfully onto multiple experimental
setups*349-51

Second, the most standard method to access the 3D mo-
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mentum is to use Abel inversion methods>>~>. This approach
imposes specific geometrical constraint between the polariza-
tion of the light and the axis of the detector as it relies on a
cylindrical symmetry in the probing process. We also note the
development of novel arrangements which permits to obtain
images directly in the polarization plane of the laser pulse®®>7.
Concerning standard VMIS configurations, various strategies
were used to further improve the imaging resolution of the
initial design proposed by Eppink and Parker': addition of
deflectors®, increasing number of electrodes>®%0, double lens
configuration®!-? or electrode shape optimization®>%*, which
can sometimes be at the expense of compacity and simplicity
of operation.

Here we present a recently developed VMIS designed for
attosecond photoelectron spectroscopy in the 0-40 eV spectral
range. The VMIS design was elaborated to retain a compacity
and simplicity of use with only 3 electrodes while maintain-
ing a high resolution over a large spectral range. This article is
structured as follows: First, we present the SIMION simula-
tions that determine the spectrometer layout and its expected
resolution. Second, we introduce the compact design of the
VMIS with its different components. Third, we compare the
predicted spectral resolution with experimental measurements
performed using an attosecond pulse train previously charac-
terized in a magnetic bottle electron spectrometer.

Il. SIMULATIONS

As introduced, the design is based on an electrostatic lens
composed of three electrodes: repeller, extractor and ground
such that for a fixed repeller voltage, only the extractor voltage
has to be tuned to optimize the electron beam focusing. To im-
prove the performance of the lens, the shapes and sizes of the
electrodes have been optimized using numerical simulations
of electron trajectories with the SIMION software®. The idea
of changing the geometry of the electrodes is inspired by pre-
vious work®»%* on ion imaging. It consists here in giving a
cylindrical shape to the repeller and a conical shape to the ex-
tractor and to the ground electrode.

The influence of the different geometric parameters of the
electrostatic lens has been studied by varying each parameter
to minimize the spread of zero-kinetic energy electrons. This
was done “by hand” to identify which parameters were most
critical in determining the overall behavior of the lens. It was
found that the extractor profile was particularly important, es-
pecially its minimum diameter and its conical shape (modeled
initially as a triangular section then later modified to a thinned
conical shape to ease the fabrication in mu-metal, see below).
To a lesser extent, the profile of the repeller as well as the ex-
tractor/ground distance had a notable influence on the quality
of the focus. Finally, the conical shape of the ground had a
weak impact on the final results.

The final design of the electrostatic lens is presented in
Figure 1 as a SIMON view. It shows a cut through the
cylindrically-symmetric lens annotated with the relevant dis-
tances between the different composing elements. With a
flight length of 250 mm, a detector of 75 mm diameter and
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FIG. 1. SIMION view of the electrostatic lens, with equipotential

lines plotted in red. R, E, G, D stand for Repeller, Extractor, Ground
and Detector, respectively. All numbers are given in mm. The dis-
tance between the interaction region and the detector is 250 mm.
As an illustration, 21 electrons with a fixed kinetic energy of 20 eV
along z were flown with a starting z position ranging from -1.5 mm to
1.5 mm. Their trajectories are shown in black lines for Vgep = -5 kV
and Vgx = -4 kV.

a repeller voltage of -5 kV, the maximum electron energy that
can be detected is estimated to be 44 eV. Note that the electro-
static optics assembly may handle a repeller voltage of at least
-10 kV without arcing, giving the ability to detect electrons up
to ~88 eV (cf. next section for details).

Regarding the spectral resolution, a key element is the size
of the ionization region in a typical experiment. Actually, sim-
ulations show that it is not the absolute size but rather the size
relative to the lens dimension that matters. A first strategy is
then to reduce the size of the interaction region for a given
lens size. Generally, it corresponds to the intersection of the
focused light beam with the atomic/molecular beam and has
a cylindrical shape. In a typical experiment, the diameter of
this cylinder is smaller than its length (typically, a few hun-
dred microns diameter and a few millimeters long). In the
simulations, we consider electrons starting over an extended
spatial region consisting of a cylinder of p = 100 um radius
and / = 3 mm length along the y direction (laser propagation
direction). Experimentally, the length of this cylinder, which
is generally the largest dimension and consequently the res-
olution limiting factor, can be reduced by moving the gas jet
away from the skimmer, and thus from the light beam, but
this is at the expense of gas density. A second strategy con-
sists in enlarging the lens size to make the interaction region
appear comparatively smaller. For this reason, the whole lens
dimension has been scaled up so that the inner diameters of the
electrodes range between 88 mm and 124 mm, which is twice
to four times larger than dimensions usually chosen'%%3. To
keep the external dimensions of the spectrometer while in-
creasing the lens size, the idea has been to fabricate the elec-
trodes directly in mu-metal to avoid the need of a shielding
tube, see next Section.

To compare the performance of the electrostatic lens with
the original design!, we first simulate the trajectories of zero
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FIG. 2. Zero-energy electron distributions recorded in the detection
plane with a cylindrical initial distribution in space (p = 100 pm,
I'=3 mm) and VRep = -5 kV for a) a standard VMI configuration
(Vexyr =-3.569 kV), b) the design presented here (Vi = -4.019 kV),
sketched in each panel. Notice the factor of ten between the two
scales.

kinetic energy electrons. Figure 2 shows the results of such
simulations when comparing to a standard lens design with
three flat electrodes spaced by 15 mm and with a diameter of
66 mm; the extractor and ground electrodes have an open area
of 20 mm diameter. For these simulations, 900 electrons are
flown with an initial position generated randomly within the
ionization region. The electron positions recorded in the de-
tection plane (yz plane) are plotted in Figure 2. For a repeller
voltage fixed at -5 kV, the optimum extractor voltage has been
found by minimizing the recorded spatial distribution exten-
sion. After this minimization process, the focal spot is around
ten times smaller for our lens configuration than for the stan-
dard case.

In order to quantify the spectral resolution of the electro-
static lens over the energy range, we then run simulations con-
sisting in flying bunches of 10° electrons in the following con-
ditions: 1) All electrons start with the same non-zero initial
energy; 2) Their initial emission direction is set randomly, but
in the detection plane only (yz in Figure 1). This last condition
creates a ring-shaped distribution on the detector that exempts
us from Abel-inverting the recorded distributions. This tech-
nique, that could be called numerical slicing, was compared
with the case of using a full isotropic initial distribution, the
result of which was subsequently Abel-inverted. Since the
recovered spatial widths of the electron peaks were compara-
ble, the first method is used for all the simulations presented

here. The energy resolution is then estimated by looking at
the spatial spread of the resulting distribution on the detector.
The electron positions on the detector are recorded and binned
on a 4096 <4096 grid. The thickness AR and radius R of the
ring are then evaluated and converted to absolute and relative
energy resolutions (AE and AE /E respectively) thanks to the
relation:

=2

AE
= M

AR
R

which is the direct consequence of the E o R? relationship
between radius and energy'.

To estimate the energy resolution over the whole spectral
range of the spectrometer, simulations are performed for ini-
tial electron energies varying from 1 to 44 eV by steps of
~5 eV. For a fixed value of the repeller voltage, the extrac-
tor voltage can be tuned to get the best velocity focusing con-
ditions at a specific energy. Thus, the simulations are per-
formed for different extractor voltages corresponding to the
optimum focusing at different electron energies. Figure 3(a)
shows the predicted relative energy resolutions for a standard
VMLI, black curve, and for the new design, green curve, for an
optimum focusing at 20 eV. The simulations foresee a better
resolution for the latter for all energies, with up to a factor 5
improvement in the 20 eV region and values below 1% in the
10-40 eV range.

This improvement has two main origins. First, by doubling
the lens dimensions, the resolution is improved by a factor of
2, all other parameters kept identical, as confirmed by simu-
lations. Second, the original design for the electrode shapes
accounts for the remaining improvement factor.

Figure 3(b) extends the range of interest for different ex-
tractor voltages, each voltage has been chosen to optimize the
resolution for a specific electron kinetic energy displayed in
the legend. Optimized energy resolution can reach values be-
low 1% over a broad range, demonstrating the potential of
this design. The question that one may ask is then whether
such resolution can indeed be achieved in real conditions. It is
important to note that the values displayed on Figure 3(b) de-
pend on the size / of the interaction region. In the simulations,
a close-to-linear relationship between [ and the resolution is
found, enabling a potential homothetic rescaling of the simu-
lated values if the experimental value of / had to be different.

Putting aside the limitations introduced by the spatial exten-
sion of the interaction region that could in principle be taken
into account in the simulations, the remaining limiting factor
is probably the spatial resolution of the detector. Each element
that composes it has to be considered: micro-channel plates
(MCPs), phosphor screen, camera, and camera lens. Let us
consider again the case of 20 eV electrons. The spatial reso-
lution given by the simulations above is around 20 pm. How-
ever, the MCPs with a large surface, as the ones used in VMI
systems, hardly reach this resolution and have then to be cho-
sen carefully not to deteriorate the electrostatic lens resolution
too much. An important parameter is then the number of am-
plification stages. For instance, given a channel size of 10 pum,
the spatial resolution of a single stage of amplification lies be-
tween 50 and 100 um while it reaches 150 pum for the double
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FIG. 3. Relative energy resolution for different designs of the VMIS and for different scaled focusing voltages with Vge, = —5 kV, obtained
from SIMION simulations. The extractor voltages are chosen to optimize the velocity focusing conditions for a specific photoelectron kinetic
energy shown in the legend. The other parameters are the same as in Figure 2. (a) Comparison between a standard VMIS lens (black square
curve) and the one presented here (green triangle curve), the extractor voltages were -3.535 kV and -3.986 kV respectively. (b) Relative energy
resolution of the spectrometer in Figure 1 for different scaled focusing voltages. The percentage values in legend refer to the ratio of potentials
used, VExir/VRep- The orange and green surfaces correspond to the estimated resolution of chevron MCPs and single MCP respectively.

amplification stage in chevron MCPs®. Thus, in first approx-
imation, there is a factor 2 between the spatial resolutions of
chevron MCPs and single MCP. These two spatial resolutions
are converted into energy resolution and plotted as orange and
green surfaces on Figure 3(a) to determine where the MCP
becomes the limiting factor. In the case of a chevron configu-
ration, the resolution of the electrostatic lens is almost all the
time located within the orange area, where the MCPs contri-
bution is the limiting factor, whereas with a single configura-
tion (green area), it is only limiting for photoelectron energies
below 5 eV. This motivated our choice of a single MCP for the
detection system, at the expense of signal amplification.

Il. VMIS DESIGN

A picture of the electrostatic lens with the labeled relevant
components is shown on Fig. 4. The electrodes are assembled
using Polytetrafluoroethylene (PTFE) rings and maintained
with eight Nylon rods, placed outside of the focusing region
of the electrostatic lens, then allowing a complete cylindrical
symmetry to its inner region. The ring between the repeller
and extractor is drilled to let the laser beam enter and exit as
well as to inject gas.

Gas injection is performed with a continuous jet mounted
on a three-axis manipulator (Vinci Technologies MT3Z 100)
to be aligned with a molecular beam skimmer (Beam Dynam-
ics, Model 1, 0.5 mm or 1.0 mm orifice diameter). The en-
semble can be installed at two locations to be able to inject
gas along the electrostatic lens axis or perpendicular to it. The
reason is as follows: when gas is injected perpendicular to
the electrostatic lens direction, it is possible to measure the
temperature of the supersonic jet by looking at the ion speed
distribution. However, it forces the jet to be quite far from the

interaction region, then imposing a low gas density at its lo-
cation, meaning a potentially low level of signal. To be able
to work at higher densities was added the possibility to inject
gas directly through the repeller, thus reducing the distance to
the interaction region.

The large dimension of the electrostatic lens presents space
issues. In VMI systems, it is usually surrounded by a mu-
metal sheet to shield from external magnetic fields -especially
when detecting electrons- and the ensemble has to fit into a
vacuum chamber. In order to shield the electrostatic lens in
the most compact way, the idea was to manufacture the elec-
trodes in mu-metal directly. This idea seemed reasonable as
it was noted that the outer shape of the electrostatic lens was
very similar to a cylinder, as can be seen on Figs.1 and 4. With
the space saved, the electostatic lens could then fit into a cus-
tomized NW250ISO-K six way cross. In the region beyond
the ground electrode, a mu-metal cylinder (1.5 mm thick) is
added to extend the shielding up to the detector. Its diame-
ter is the same as the outer diameter of the electrodes and is
modeled as a prolongation of the ground electrode as can be
seen on Figure 1. It is additionally drilled with several holes
to help for the pumping of the detection region.

The detector consists in a single micro-channel plate
backed by a P43 phosphor screen mounted on a vacuum flange
(Photonis APD 1 PS 75/12/10/8 1 60:1 NR). A sCMOS cam-
era (PCO Edge 4.2 USB) is used to record the light emitted
from the phosphor screen. To fully capture the detector area,
a Xenon 0.95/25 (Schneider-Kreuznach) objective is mounted
onto the camera. Additionally a green filter is placed in front
of the objective to remove scattered infrared light. A ~300 ns
voltage gate is applied to the MCP to filter out secondary elec-
trons that may hit the detector. The distance between the inter-
action region and the detector is 250 mm. The source and de-
tector chamber are pumped with turbomolecular pumps (Ley-
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FIG. 4. Picture of the electrostatic lens assembly. R, E and G stand
for Repeller, Extractor, Ground. See text for details.

bold Turbovac Mag W 2200iP and Pfeiffer ATH500M respec-
tively).

IV. EXPERIMENTAL IMPLEMENTATION AND
CALIBRATION

To measure the effective resolution of this new VMIS de-
sign over the 0-40 eV range, we have used the frequency comb
obtained by high-harmonic generation, that corresponds in the
time domain to a train of attosecond pulses!?. The effec-
tive resolution is defined here as the peak broadening due to
convolution with the spectrometer response (assumed Gaus-
sian). In order to measure it, an XUV beamline in a two-foci
conﬁgurationﬁ&69 is used, where the harmonic source is first
characterized at the first focus and then used to calibrate the
VMIS at the second focus. In the rest of the text, we will refer
to the peak width as the standard deviation extracted from the
Gaussian fit of the peak.

1. XUV source characterization

The high-order harmonics are generated by focusing a 25-
fs 800-nm 4-mJ Titanium:Sapphire beam on a 2-cm cell filled
with neon, reaching a ~7x10'* W/cm? intensity. The out-
going beam goes through a holey mirror that removes most
of the fundamental beam while letting through the more col-
limated harmonic emission. The harmonic beam is then fo-
cused by a f = 0.5 m toroidal mirror in a 2f-2f configura-
tion into a Magnetic Bottle Electron Spectrometer (MBES) in
which neon is injected. This first electron spectrometer, which
spectral resolution is approximated as Rygs = 0.7 = 0.25%
over the 0-40 eV range (see Appendix B), is used to charac-
terize the harmonic widths. The beam is then refocused by a
second f = 0.5 m toroidal mirror into the VMIS and detected
in neon. Assuming that the harmonic profiles and the spectral
response of the MBES can be modeled by Gaussian functions,
the effective harmonic width can be written as:

AEy, = \/ AE}pes — (Eny X Rvges)? 2

where AEMpEs and Eg,, are the measured photoelectron peak
width and peak energy corresponding to harmonic N.

2. Detection in the VMIS

Electron images are obtained by photo-ionizing neon by the
previously described harmonics. The repeller and extractor
voltages are set to -4.889 and -3.885 kV, respectively. This
choice is motivated by the accessible energy range (44 eV)
and the voltage ratio (0.795) that is optimal for electrons in
the 20-30 eV energy range according to Figure 3. Figure 5(a)
shows the experimental 2D-photoelectron momentum image
and its Abel inversion. In this case, the low kinetic energy
electrons (image center around O a.u.) are not well focused as
predicted by the simulations (green triangle in Figure 3(b)). A
slight broadening of the distributions can be observed on the
upper left of the image and is attributed to a residual magnetic
field. Moreover a background signal is also present and is
ascribed to the residual gas in the interaction chamber.

Figure 5(b) shows the angularly-integrated signal after Abel
inversion of the raw 2D image with the DAVIS algorithm’°.
The images have been first circularized to correct for angular
distortion in the detection (see Appendix D). The harmonic
peaks corresponding to odd orders 15-33 are well resolved
and can be identified easily up to 30 eV. From the position
of each peak, we calculate the mapping between radius and
energy. The results are discussed in Appendix A.

The Abel inversion procedure gives the different contribu-
tions in terms of Legendre polynomials from which we can
extract the anisotropy parameters over each peak. The results
are displayed in Figure 5(c). For energies below 25 eV, a rel-
atively good agreement for 3 is obtained with respect to syn-
chrotron measurements®’. For energies above 25 eV, there
is an increasing mismatch. We rationalize this behavior by
observing that the contribution of B4 grows rapidly over this
region. This may indicate that we are no longer in a single-
photon absorption scheme. We believe that residual infrared
light from the fundamental laser was still present in this mea-
surement, possibly inducing two-photon XUV+IR transitions.
Since the probability of the latter increases with photoelectron
kinetic energy’!, this would lead to a distortion of the 3, con-
tribution and the appearance of a non-zero B4 contribution at
high energy. The decreasing contrast of the harmonic peaks
with energy in the spectrum of Figure 5(b) may be the con-
sequence of the appearance of so-called sidebands in between
the main peaks due to XUV+IR transitions. Note that spatial
distortions induced by the VMI electrostatic lens are another
possible reason for the observed beahavior.

To quantify the spectrometer resolution in this regime, we
evaluate the width of each harmonic peak, by fitting a Gaus-
sian over each peak and extracting its standard deviation
AEvMvis. An equivalent of Equation 2 for the VMIS is then
used to estimate the relative VMIS resolution AEyys/E. It is
plotted on Figure 6 and compared to:

¢ the resolution limit of the MCP (here single) determined
as previously;

¢ the resolution limit of the camera, determined by mea-
suring the average spreading of isolated electrons over
the camera field (see Appendix E);
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synchrotron measurements®’ (black circles).
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FIG. 6. Relative energy resolution measured for the VMIS (red
square) as compared to the MCP resolution (grey area), the camera
resolution (blue stars) and the electrostatic lens performance (black
circles).

* the expected performance for the electrostatic lens de-
termined by simulations with SIMION. These simula-
tions differ from Figure 3 only by the length of the in-
teraction zone that was tuned to be 7.5 mm instead of
3 mm. Experimentally, this long interaction length can
be understood by a non-sufficiently efficient gas pump-
ing leading to residual gas extending the ionization re-
gion. This was verified by imaging the photoelectrons
in position imaging mode.

The measured VMIS resolution is around 2% over a wide
range, from 15 to 35 eV. It degrades strongly at lower energies
and less drastically at high energies. The comparison with the
predictive curves shows that this resolution is limited by the
electrostatic lens performance at energies below 15 eV and by

;ef obtained from

the camera resolution above 15 eV (the latter is an improve-
ment target for further studies).

Lastly, we compare these results with that obtained with
the thick-lens design proposed by Kling et al.’° in Figure 7.
The latter is based on a spatial extension of the applied field
using 11 electrodes that allows measurements up to 360 eV
energies with -10 kV repeller voltage, while keeping a high
resolving power over a wide range of energies. The exper-
imental performance was tested using photoelectrons origi-
nating from laser-induced Above-Threshold-Ionization (ATT)
or from XUV-induced ionization by a HHG source. In both
cases, the intrinsic spectral widths of the photoelectron peaks
were not measured and supposed not to be the limiting fac-
tor. The operation voltages were optimized to achieve a good
resolution up to 60 eV (black circles) or up to 20 eV (blue
circles). The comparison with the modified 3-electrode de-
sign (red squares) shows similar performances over the O-
40 eV range. As also stressed in Kling et al.>°, the resolution
strongly depends on the effective interaction length that vary
according to the performed experiment, and possibly within a
given experiment according to the photoelectron energy.

V. CONCLUSION

A new VMI design was presented, implemented and char-
acterized, aiming at attosecond spectroscopy over bandwidths
of 10’s of eV. It is based on a 3-electrode configuration as ini-
tially proposed by Eppink and Parker!, but with cylindrical
and conical shapes for the electrodes. The shapes and sizes
of the latter have been optimized using SIMION simulations,
and they were fabricated with mu-metal to shield from mag-
netic fields. This VMIS can image photoelectrons up to 44 eV
using -5 kV repeller voltage and up to 88 eV -without any
change on the design- using -10 kV. Simulations predict a res-
olution below 1% over a broad range (10-40 eV) for a 3-mm
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FIG. 7. Comparison of the relative energy resolution of the designed
VMI (red square) with that of a thick-lens design®. The optimized
spectral range and electron signal used to estimate the resolution are
given in the legend (black diamond and blue circle).

interaction length, which represents an improvement by a fac-
tor of five with respect to the original layout. This is both
due to the larger electrostatic lens dimensions and to the opti-
mized electrode shapes. Experimentally, we used a calibrated
HHG source to measure the resolution in the 0-44 eV region.
A relatively constant value of 2% is obtained in the 15-35 eV
range. The difference with the simulations was explained, at
low energy, by a larger interaction region than initially sim-
ulated and, at high energy, by the resolution of the imaging
camera that becomes the limiting factor above 15 eV. This
VMIS has been successfully applied to perform attosecond
photoionization spectroscopy, namely, the study of the reso-
nant two-photon XUV+IR photoionization of helium through
the intermediate 1s3p and 1s4p states’. The high spectral
resolution and angular sensitivity have allowed the 3D recon-
struction of the attosecond movie of this photoemission event.

Various lines of improvement can be identified for this
VMIS. First, an expansion chamber for the gas injection
would allow strongly reducing the residual gas pressure, con-
fining the interaction region to that defined by the skimmer.
The electrostatic lens resolution would then be significantly
increased (for a given value of extractor/repeller voltage), in
particular at low photoelectron energy. Second, the imaging
of the phosphor screen on the camera should be improved
to minimize all sources of aberrations. This would allow an
important gain in resolution at high energy. Finally, a flight
tube extension is currently being developed and should allow
increasing the mass resolution for future applications in ion
imaging.
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Appendix A: Energy mapping of the VMI

The mapping between radius and energy is shown in Fig-
ure 8 for the expected harmonic peak energy positions. We fit
the experimental points by considering either the standard ap-
proach with a dependence of the form E o ar? or by adding
an additional dependence in 3. We observe that the latter
gives a better agreement to correctly map the peak energy po-
sitions over most radius values with a slight mismatch for the
zero kinetic energy. This mismatch can also be compensated
by adding a r term in the fitting. In all the manuscript, we
keep the second expression (green curve) to express the en-

ergy axis.
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FIG. 8. Mapping between radius and energy extracted from the ex-
pected peak energy values (blue circles). Orange and green curves
show the best fits considering either a pure 2 dependence or includ-
ing a > term.
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FIG. 9. (a) Xenon Auger Peak 9 width (standard deviation) as a func-
tion of the electron final kinetic energy. (b) MBES relative resolution
over the 0-30 eV energy range deduced from the peak broadening.

Appendix B: Characterization of the MBES for the HHG
source calibration

The reference MBES spectrometer was characterized using
secondary electrons associated to the xenon Auger N4 sOO
line. The interest of using Auger lines is that their spec-
tral width is intrinsic to the ionized target and thus indepen-
dent from the ionizing source. This procedure could not be
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FIG. 10. Photoelectron peak width (standard deviation) measured in

the VMIS (green) compared to the width measured in the MBES

(blue) and to the harmonic effective width determined using the

MBES resolution (orange).

achieved directly in the VMIS as the Auger signal was too
weak in this case. High harmonics are generated in a neon
gas cell and filtered using a 200-nm zirconium foil that trans-
mits only the XUV radiation above 60 eV. The latter is used
to ionize Xenon atoms in their 4d shell leading to inner-shell
vacancies that are filled through Auger decay, resulting in sec-
ondary electron lines with well-defined energies and spectral
widths. In particular, the width (standard deviation) of the
N4500 singlet line at 29.967 eV energy (noted peak 9 in’?)
was measured to be 67 meV. In their experiment, the abso-
lute resolution was 16 meV which corresponds to an absolute
width of 65 meV for peak 9. By using a retarding potential ap-
plied between the interaction zone and the time-of-flight tube,
we can follow the evolution of the measured peak width for
different kinetic energies and thus extract the MBES response
function. The results are displayed in Figure 9. From these
measurements, we evaluate the effective resolution over the
0-30 eV energy range to be ~ 0.7% and extrapolate this value
to 40 eV to cover the full range.

Appendix C: Comparison of harmonic peak widths

The comparison of the harmonic peak widths measured in
the MBES and the VMIS is shown in Figure 10 : the MBES
spectral resolution is better than the VMIS hence a smaller
peak broadening. The settings for the VMIS are the same as in
Section IV, respectively -4.889 and -3.885 kV for the repeller
and the extractor.

Appendix D: Image circularization

Central symmetry defects in photoelectron images can lead
to an artificial broadening of the peaks extracted with Abel
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inversion. It additionally translates into a wrong estimation
of the anisotropy coefficients. In practice, this sensitivity is
the highest for the largest radius (highest kinetic energy elec-
trons). These defects may originate from some imperfections
in the magnetic shielding or from a slight asymmetry in the
electrodes shape/installation. In our case, we observe a slight
angular dependency along the detector radius; electrons with
a similar kinetic energy will hit a slightly different detector ra-
dius according to their emission direction. For this reason, we
apply a circularization procedure on the raw image before ap-
plying the Abel inversion transformation. The circularization
is based on the mapping of the radius R of the detector onto
a corrected radius to include an angular dependency. The for-
mula used is:

Reire(0) =R(1+ acos ) (D1)

with o a constant term on the order of 1% and 6 the polar
angle with respect to the laser polarization axis.

Appendix E: Camera resolution

In contrast to delay-line detectors, imaging of a phosphor
screen relies on a camera lens objective that may lead to
aberrations and uneven radial resolution along the phosphor
screen. To estimate the resolution of the imaging apparatus,
we looked at isolated photoelectron signal obtained by ion-
izing krypton with the harmonic beam generated in Ne and
filtered by a 200 nm Zr foil transmitting only the harmonic
orders above 60 eV. In that case, we tuned the signal to be suf-
ficiently low such that each island can be considered as origi-
nating from an isolated event. By characterizing the mean size
of the islands as a function of the radius, we are able to extract
the spectral resolution of the camera as a function of energy.
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