
A co-axial velocity map imaging spectrometer for electrons

A co-axial velocity map imaging spectrometer for electrons
S. Li,1, 2, a) E. G. Champenois,3 R. Co�ee,3, 4 Z. Guo,5 K. Hegazy,1, 3 A. Kamalov,1, 3 A. Natan,3 J. O’Neal,1, 3 T.
Osipov,4 M. Owens III,2 D. Ray,4 D. Rich,2 P. Walter,4 A. Marinelli,2 and J. P. Cryan3, 4, b)

1)Department of Physics, Stanford University, Stanford, California, 94305, USA
2)SLAC National Accelerator Laboratory, Menlo Park, California, 94025, USA
3)Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California, 94025,
USA
4)Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, California, 94025,
USA
5)Department of Applied Physics, Stanford University, Stanford, California, 94305,
USA

(Dated: 23 October 2018)

We present the design of an electron velocity map imaging (VMI) spectrometer where the
ionizing laser source propagates along the symmetry axis of the spectrometer. The co-axial
geometry is useful in a variety of experiments, because it provides a unique 2-dimensional
projection of the 3-dimensional electron momentum distribution. Initial simulations show
that this co-axial VMI can work with both high energy (more than 100 eV) and low energy
(tens of eV) electrons. We demonstrate the performance of this co-axial VMI spectrometer
at the Linac Coherent Light Source X-ray Free Electron Laser facility.
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I. INTRODUCTION

Charged particle spectrometers that measure angle-
and kinetic energy-resolved distributions of photoelec-
trons or photoions have become a popular tool for study-
ing photoionization and photodetachment. This is a di-
rect consequence of the valuable information the three-
dimensional (3D) photoelectron or photoion momentum
distribution can reveal about the underlying molecu-
lar reaction. Energy and angle-resolving spectrometers
have found use in a number of applications including
attosecond science1–4, gas phase excited state molecu-
lar dynamics5–8, and strong-�eld driven processes9–14.
One of the most prominent experimental geometries for
charged particle detection is the velocity map imag-
ing (VMI) spectrometer, shown in Fig. 1. The origi-
nal VMI design features an open electrode design, and
a two-dimensional charged particle detector15. Proper
tuning of the voltages of the electro-static lens assem-
bly can lead to a situation in which the position where
the ions/electrons impinge on the detector plane is de-
termined by the initial velocity of the particle and inde-
pendent of the initial position of the particle. This inter-
esting property leads to the velocity map imaging termi-
nology for this technique. In addition to capturing the
3D momentum distribution of photoionization products,
spectrometers with open electrode designs typically have
high collection e�ciency. The VMI spectrometer pro-
vides a 4� collection angle, meaning that the instrument
collection e�ciency is typically dictated by the charge
particle detector e�ciency.

In contrast to other momentum imaging techniques,
such as a reaction microscope16, the VMI geometry em-
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FIG. 1. Top: Conventional velocity map imaging (VMI) ge-
ometry, where both the propagation direction and polariza-
tion of the ionizing source are oriented perpendicular to the
spectrometer symmetry axis. Bottom: Co-axial VMI geome-
try, where the ionizing source propagates along the spectrom-
eter symmetry axis.

ploys rather intense extraction �elds. In such a case, the
longitudinal momentum of the charged particle at the
detector plane is dominated by the momentum gained
from the spectrometer �elds, and thus what is recorded
is a 2D projection of the 3D velocity distribution, or
the Abel transform of the original momentum distribu-
tion. Mathematical inversions, such as pBasex17 or polar
onion peeling18, exploit the cylindrical symmetry to ana-
lytically invert the 2D measurement and reconstruct the
photoelectrons 3D momentum distribution.

Using the traditional three-electrode design of Eppink
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FIG. 2. Simulated photoelectron momentum distribution generated by a 1.08 fs (full-width at half maximum) ionizing x-ray
pulse co-propagating with a 1.3 �m streaking laser pulse. The kinetic energy of the unstreaked electrons is 25 eV, and the
ponderomotive potential of the streaking laser is Up = 4 eV . The distributions are projected along x, y, z-axes (from top to
bottom). The �rst column shows the projected distribution for a cos2 dipole transition matrix, when the streaking laser �eld
is not present. The remaining columns show the projected distribution with di�erent directions of the streaking laser vector
potential. Speci�cally, the relative phase between ionizing x-ray pulse and the streaking laser is at �=2, 0, and ��=2 (indicated
by the red arrow in the bottom row). Intensity is scaled between 0 and 1 as indicated by the colorbar on the right.

and Parker15, moderate resolution (�E=E � 1%) kinetic
energy spectra can be e�ciently collected at high count
rates. Subsequent instruments have made improvements
on this original design. Rolles et al. have added addi-
tional electrodes to extend the momentum imaging re-
gion19, which is useful with extended ionization sources.
O�erhaus et al. have incorporated an Einzel lens in the
drift region for improved imaging of low energy elec-
trons20. Ghafur et al. have integrated a capillary for
target gas injection into the repeller electrode21. Kling et
al. have developed a thick-lens design for measurement
of charged particles with higher energies while achieving
excellent resolving power over a wide range of energies22.

Here we present a novel design for imaging high en-
ergy electrons, similar to the design of Kling et al., with
one notable exception: our design incorporates an ioniz-
ing source that propagates along the electron extraction
direction. The conventional VMI geometry is designed
to extract electrons along the axis perpendicular to the
ionizing source propagation direction (Fig. 1 top). Our
co-axial VMI (c{VMI) projects the original 3D momen-
tum distribution along the axis parallel to the ionizing

source propagation direction (Fig. 1 bottom).
There are a variety of experiments where a co-axial

geometry becomes convenient; typically when there is an
angular shift in the photoelectron momentum distribu-
tion. This unique projection direction enables fast di-
agnosis and simple operation in real experiments. More
speci�cally, this new co-axial geometry VMI is an in-
valuable tool for applications in attosecond experiments.
To illustrate this point, Figure 2 shows various projec-
tions of the calculated photoelectron momentum distri-
butions resulting from two-color ionization by a sub-cycle
duration extreme ultraviolet (XUV) laser pulse and a co-
propagating, circularly polarizied, infrared pulse. Such
an experimental protocol has recently been demonstrated
as a method for reconstructing the attosecond time-
energy structure of x-ray pulses generated at free elec-
tron laser (FEL) facilities23,24. This particular method
has been dubbed angular streaking and is closely related
to the more common attosecond streak camera method25.

Our calculations are done in the strong-�eld approx-
imation26, and the details have been demonstrated in
another publication24 with the simulation code posted
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online27. The top two rows of Fig. 2 show the photo-
electron momentum distribution expected from a conven-
tional VMI geometry (Fig. 1 top). As can be seen from
these simulations, conventional VMI projections lead to
degenerate momentum distributions. For example, it is
impossible to distinguish between the distributions dis-
played for a streaking laser phase of �=2 and ��=2 in the
middle row of Fig. 2. However, the bottom row of Fig. 2,
which shows the momentum distribution projected along
the beam propagation direction, demonstrates unique
di�erences in the momentum distribution across the en-
tire range of phase of the streaking laser �eld. Beyond
this simple degeneracy problem, the traditional VMI pro-
jection directions result in the lose of intricate structures
in the momentum distribution, such as the di�erent an-
gular smearing e�ect along di�erent streaking directions,
which is critical for reconstructing the incident pulse am-
plitude and phase24. The calculations presented in Fig. 2
clearly illustrates the advantage of the co-axial geometry
for attosecond angular streaking experiments.

The co-axial geometry also proves useful for mea-
surements using the closely-related atto-clock technique
for measuring the dynamics during strong-�eld ioniza-
tion28. Originally performed with a coincidence imag-
ing spectrometer, it was recently demonstrated that the
atto-clock technique could be adopted for a VMI spec-
trometer29. This work considered the use of a con-
ventional VMI projection, and required a sequence of
measurements recorded with di�erent laser polarizations
to recover the information that can be recorded in a
single measurement using the co-axial design shown in
Fig. 1 bottom.

In addition to applications in angular streaking ap-
plications, the co-axial geometry is useful in experi-
ments with cross-polarized laser pulses in RABBIT-like
experiments30, extreme ultra-violet pulses from high-
harmonic generation with polarization perpendicular to
alignment laser axis in photoelectron angular distribution
measurements31, and circularly polarized laser strong-
�eld ionizations32,33. Overall, the c{VMI design bene�ts
experiments that involve circularly polarized light �elds
with angle-resolved electron detection.

The understanding that the co-axial projection o�ers
a unique viewpoint in molecular physics is not distinct
to our demonstration in this report. A similar geome-
try was employed by Lorenz et al., where the probe laser
pulse was directed along the spectrometer axis, giving di-
rect access to the non-cylindrically symmetric distribu-
tions of rotating molecules induced by the ionizing pump
laser34. In contrast to the experimental geometry con-
sidered here, Lorenz et al. considered a crossed-beam
setup, where the ionizing pump laser propagated in a di-
rection perpendicular to the spectrometer axis. Such a
setup is convenient for removing unwanted \background"
electron or ion counts, produced by the ionizing probe
pulse propagating through the detector, but this geom-
etry is incompatible with attosecond techniques due to
the time-smearing e�ect introduced by the crossed pump
and probe beams.

The challenge for the current co-axial geometry is to
image the electrons from an interaction region that has a
�nite volume extensively along the central axis of the c{
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FIG. 3. SIMION simulation of the c{VMI design. Top: side
view of the c{VMI design drawn from SIMION. The pink
lines are the equipotential lines of the electrostatic �eld. The
di�erent colors of the electron trajectories indicate di�erent
kinetic energies, ranging from 100 eV to 500 eV in 50 eV
steps. Bottom: voltage setting as a function of position along
the longitudinal axis.

VMI. In this paper we show that we are able to satisfy the
VMI imaging criterion with su�ciently high resolution.

II. INSTRUMENT DESIGN

Throughout the paper, we denote the symmetry axis
of the VMI as the z�axis, and the horizontal and ver-
tical axes to be x{ and y{axes, thus the 2D momentum
distribution recorded with our spectrometer is the Abel
transform of the 3D momentum distribution along the
z-axis.

The critical requirement for proper momentum imag-
ing of charged particles is that particles with the same
initial momentum are mapped to the same position on
the detector plane, independent of the initial particle po-
sition. This is achieved by tuning the electrode voltages
to create the appropriate curvature of the electro-static
�eld inside the spectrometer. The goal of the current
instrument design is to image electrons with kinetic en-
ergies in the range of 100{500 eV, with a resolution better
than 1%. This goal is beyond what can be expected from
a traditional three-electrode spectrometer15. However,
the thick-lens design of Kling et al.22 has demonstrated
this type of operation. In what follows, we detail the de-
sign parameters of a thick-lens VMI apparatus designed
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particle energies 

FIG. 4. SIMION simulations for high energy photoelectrons (top row) and low energy photoelectrons (bottom row). Left:
resolution scan as a function of electron energies. Extractor plate potential is kept at 80% of the repeller voltage (-5 kV for
high energy and -500 V for low energy), and each curve scans the �rst lens potential in the lens stack. Each curve represents
a voltage value for the �rst lens in the lens stack while maintaining a linear drop towards the last lens in the lens stack. The
ratio of the �rst lens potential to the repeller potential is illustrated in percentage in the legend box. Right: resolving power
scan with the legend denoting the increasing separation in central energies of the two particle groups. The top row uses the
voltages shown in Fig. 3 (bottom) for 500 eV electrons. For the bottom row, we consider 25 eV electrons and scale the electrode
voltages to 10% of the top row.

for a co-axial experimental geometry.

The physical assembly of the c{VMI is shown in
Fig. 6. The spectrometer design consists of fourteen
120 � 120 mm2, 0:5 mm thick, non-magnetic, stainless
steel electrodes, with a variable circular aperture size as
shown in Fig. 3 (top). The electrodes are stacked to-
gether with 4:5 mm thick polyether-ether-ketone (PEEK)
spacers for isolation. Each isolated electrode is connected
to a high voltage feed-through to provide independent
voltage control. An 80 mm microchannel plate (MCP)
assembly with P47 phosphor screen (Photonis APD 2 PS
75/12/10/8 D 60:1 NR 6CH P47) is mounted on the lens
stack using an 8 mm thick PEEK spacer. The MCP and
phosphor screen have a 6 mm diameter hole in the center
to facilitate the incoming laser beam. The total length
of the spectrometer (lens stack and charged particle de-
tector) is 140 mm, and is compact enough to be mounted
on a standard 10 in. diameter vacuum 
ange.

The repeller and extractor electrodes with a 35 mm
and 40 mm diameter circular aperture, respectively, sur-
round the interaction region where the ionizing laser
pulse is focused. The three electrodes to the left of the
repeller in Fig. 3 (top) have a smaller aperture with 4 mm
diameter and are used to 
atten the extraction �eld. To
the right of the extractor electrode in Fig. 3 (top) is a
lens stack, which forms a 
ight tube that linearizes the
photoelectron trajectories. The electrode apertures in-
crease in diameter in steps of 5 mm starting from 35 mm
at the repeller to 75 mm at the 12th electrode. The 13th
and 14th electrodes have a 75 mm diameter aperture.

In order to optimize the voltage for the various elec-
trodes, we use an ion-tracking program, SIMION-8.0, to
simulate electron motions in the spectrometer. We begin
the optimization procedure by setting the voltage on the
repeller electrode to be -5 kV.The voltage of the �eld 
at-
tening electrodes, to the left of the repeller, is set slightly
below the potential of the interaction region to reduce
contamination in the measured signal due to electrons
created from an area left of the repeller. The thick lens
design of Kling et al. suggests an additional constraint,
namely that the voltage drop across the lens stack is lin-
early distributed22. This leaves two degrees of freedom,
the extractor electrode potential and the potential of the
�rst lens electrode in the lens stack. We scan the ex-
tractor electrode potential to control the spread of the
photoelectrons 
ight trajectories in order to maximize
the separation of particle groups with di�erent energies
and make optimal use of the detector area. For each
extractor potential, we then scan the potential of the
�rst focusing lens electrode in the lens stack to optimize
the energy resolution. The optimal voltages for focusing
500 eV electrons are shown in the bottom panel of Fig. 3.

To characterize the energy resolution of the spectrom-
eter, we use the relation E / r2, where E is the photo-
electron energy and r is the radial position where the par-
ticle trajectory intersects the detector plane, measured
from the symmetry axis of the detector. This leads to
the relation ∆E=E = 2∆r=r, which gives a measure of the
energy resolution in terms of the radial spread of the im-
aged electrons. For the resolution scan, we create particle
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groups with di�erent energies, which are emitted from a
cylindrical region of 20 �m diameter and 2 mm length,
centered between the extractor and the repeller. Every
particle is assumed to have an initial momentum perpen-
dicular to the symmetry axis of the spectrometer. Fig-
ure 4 plots ∆E=E in percentage, as a function of the par-
ticle energy of each monoenergetic particle group. These
results show that we can achieve the desired < 1% resolu-
tion for most of the spectrometer operation range. More-
over, the simulations predict almost an order of magni-
tude better resolution for a small range of electron kinetic
energies, which can be adjusted by tuning the potential
of the �rst lens in the lens stack. However, we have not
been able to verify this behavior in the current experi-
ment.

In addition to the resolution considerations described
above, we also study the resolving power of spectrome-
ter using SIMION simulations. The resolving power of
the spectrometer is determined by simulating trajecto-
ries of two groups of charged particles with increasingly
di�erent central energies emitted in the transverse plane
(x�y) of the spectrometer. We �x the energy of one par-
ticle group and gradually change the central energy of the
other particle group. For each particle group, we assume
a Gaussian distribution of electron energies. For the low
energy scan, we use a standard deviation of 0.3 eV, and
for the high energy scan, we use a standard deviation of
3 eV. Then we sum up the momentum distributions of the
two particle groups and look at the radial distribution.
The radial distribution is obtained by integrating over
the polar angle around c{VMI central axis. We de�ne
the resolving power as the smallest relative energy dif-
ference between the two particle groups where the peaks
are separated by 3�. From Fig. 4 we �nd that our design
can clearly resolve the two distinct peaks in the summed
radial distributions when the relative energy separation
is � 3%.

A consequence of having the ionizing laser beam prop-
agate along the spectrometer symmetry axis is that elec-
trons can be created along the entire time-of-
ight axis
of the spectrometer. We have used simulation to un-
derstand the e�ect of these background electrons on the
measured electron momentum distribution. We simulate
two groups of electrons. The �rst group, signal electrons,
is localized to the same 2 mm by 20 �m cylinder used
in the resolution scan. A second group of background
electrons is distributed within a 2 mm diameter cylin-
der, along the spectrometer axis from the extractor to
the MCP detector. We simulate 50,000 electrons in each
group with a random initial direction. The distinct di�er-
ence in density between the signal and background elec-
tron groups is intended to account for the fact that a
skimmed molecular beam source will be used for the test
experiments, and thus the ionization target density in the
interaction region is orders of magnitude higher than the
chamber background. Figure 5 shows the simulated de-
tector images for 500 eV electrons in both the signal and
background groups. To accommodate such high energy
electrons, we use the voltages shown in Fig. 3 multiplied
by a factor of 1.2. In the bottom row of Fig. 5 we show
the composite detector image for high energy (500 eV)
and lower energy (25 eV) electrons. Although some back-

FIG. 5. SIMION simulations for signal and background elec-
trons emitted in all directions. The top row is 500 eV signal
(left) and background (right) electrons, with the electrode
voltages shown in Fig. 3 multiplied by a factor of 1.2. The
bottom row is the summed distribution of 500 eV and 25 eV
electrons (VMI voltage set to be 10% of the 500 eV case).
The black curves indicate the edge of the detector and the
hole at MCP center. Note that the detector plane is divided
into a 256�256 grid for the sake of better color contrast.

ground electrons spread over the entire surface of the de-
tector surface, these electrons have little e�ect on the
reconstruction of the signal electron distribution. This is
shown in the pBasex inverted images of the signal only
and composite distributions in Appendix A. The primary
e�ect of the background electrons is to add an artifact at
low electron momenta. Depending on the experimental
details, this artifact could be removed with proper back-
ground subtraction.

III. EXPERIMENTAL DESIGN AND IMAGING
PERFORMANCE

To test the operation of our c{VMI spectrometer de-
sign, we conducted photoelectron imaging experiments
at the Atomic, Molecular, and Optical physics (AMO)
beamline of the Linac Coherent Light Source (LCLS).
Using soft X-ray pulses provided by the LCLS X-ray
free electron laser (XFEL), we studied near-edge core-
level ionization of molecular CO2 near 560 eV. The AMO
beamline also features an 800 nm Ti:Saph laser system,
which we used to study above-threshold ionization (ATI)
in molecular CO2. Both experiments employed the same
experimental setup as detailed in the top panel of Fig. 6.

The entire assembly of the c{VMI was mounted on
a 10 in. diameter con
at 
ange and installed in a
10 in.�10 in. cube chamber. The experimental chamber
also featured a skimmed molecular beam source propa-
gating along the y (vertical)-axis. The molecular beam
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FIG. 6. Experimental setup of our c{VMI spectrometer used
at LCLS (Top). Linearly polarized X-rays pass through a
2 mm hole in a silver coated mirror before coming to a focus
in the interaction region of the c{VMI spectrometer. Pho-
toelectrons are extracted in the negative z-direction by the
electro-static �eld of the spectrometer. The phosphor screen
of the charged particle detector is imaged via the holey sil-
ver mirror, through a dichroic mirror used to introduce an IR
laser pulse. The polarization of the IR pulse is controlled via a
quarter wave-plate upstream of the dichroic mirror. The bot-
tom panel shows a photo of c{VMI assembly used at LCLS.

source features a 2 mm diameter skimmer (Beam Dynam-
ics, Model 2), placed 120 mm from the interaction region,
and a pulsed supersonic gas nozzle (Even-Lavie). The
skimmed molecular beam intersects the X-ray (or optical
beam) in the interaction region between the repeller and
extractor electrodes. For our initial demonstration ex-
periments, we used a skimmed CO2 beam, with a nozzle
backing pressure of 10 bar.

As shown in Fig. 6, X-ray pulses from the FEL polar-
ized along the horizontal (x-) axis propagate along the
z-axis, through a 2 mm hole in a silver coated mirror,
and come to a � 20 �m diameter (FWHM) focal spot in
the interaction region. The extraction �eld of the spec-
trometer is oriented such that emitted photoelectrons are
extracted opposite to the X-ray propagation direction.
This geometry is used to minimize any signal from scat-
tered X-ray photons. The phosphor screen of the charge
particle detector is imaged onto high-speed CCD cam-
era (Opal1k) via the 2 mm holey mirror.

In addition to the XFEL beam, a variable polarization,
50 fs, 800 nm, laser pulse can be introduced via a dichroic
mirror as shown in Fig. 6. The IR laser is focused by a
f = 750 mm focusing lens outside of the vacuum cham-
ber. The polarization of the IR laser pulse lies in the x-y
plane, and is controlled by a quarter waveplate placed
before the dichroic mirror. The 3 in. diameter dichroic

Px 

P
y 

FIG. 7. Top row shows two examples of the recorded pho-
toelectron momentum distribution with 562 eV (left) and
564 eV (right) central photon energies. The bottom row shows
the corresponding pBasex inverted images. The intensity is
scaled to 0{1 in color. The di�erence in the photon energy
can be seen in the broadening of the photo-line circle. The
concentration of low energy electrons are due to shake-up and
shake-down electrons.

mirror (R800/T400) is optimized for transmission at the
peak of the P47 phosphor screen emission spectrum.

A. Core-Level Ionization of CO2 with Soft X-ray FEL
Pulses

Molecular CO2 was photoionizied by � 560 eV soft
X-ray photons from the LCLS XFEL. The resulting �
20 eV photoelectrons were collected in the c{VMI using
voltages scaled to roughly 10% of what is shown in the
lower panel of Fig. 3.

We recorded single-shot detector images using our
high-speed camera, allowing individual particles to be
observed and their centroids recorded using a hit �nding
algorithm35. Each recorded detector image contained on
average 200 signal electrons. The natural energy jitter
of the FEL performs a random scan over the incoming
photon energy. We subsequently sort the recorded c{
VMI images based on the central photon energy of the
X-ray pulse. The shots are sorted with a bin size of
0.31 eV. To analyze the detector images, we �rst accu-
mulate the single-shot images within each photon energy
bin to produce examples shown in Fig. 7. For each ac-
cumulated image in a photon energy bin, we apply the
pBasex17,36 reconstruction algorithm to obtain the 3D
radial momentum distribution of the photoelectrons (see
Fig. 7 bottom for a sliced distribution of the two exam-
ples). The photon-energy-binned photoelectron kinetic
energy distribution is shown in Fig. 8. Without exact
knowledge of the bandwidth of the X-ray pulse, we are
unable to calculate the absolute energy resolution, but
Fig. 8 clearly shows the linear relation between photo-
electron kinetic energy and incoming photon energy. By
�tting a Gaussian function to each of the photoelectron
spectra, we estimate the width of the recorded photoline
is 1.32 eV � 0.15 eV. As a qualitative comparison, at this
photon energy, the typical bandwidth of the LCLS X-ray
laser pulse is 1{2 eV, which agrees with our measurement.

To estimate the resolving power of this spectrometer,
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FIG. 8. Left: Radial distribution of the c{VMI data with dif-
ferent photon energies. The bright line is the location of the
photoline corresponding to each photon energy. Right: from
the left �gure, we take the radial distribution of the largest
photon energy (last row) and add to it each of the other ra-
dial distributions from the other energy bins (preceding rows
starting from the top). The color goes from light blue to dark
pink for decreasing photon energy di�erence. The color bar
axis indicates the photon energy di�erence in eV. The bold
dotted curve represents the denoted resolving power where
one can distinguish two peaks corresponding to di�erent pho-
ton energies.

we sum the photoelectron energy spectrum of the highest
photon energy bin with the spectra from each of the other
photon energy bins. The results are shown on the right
side of Fig. 8. We determine the resolving power by the
minimum energy di�erence between the photon energy
bins needed to observe peaks separated by 3�. Based
on this analysis we �nd our spectrometer has a resolving
power of 4.2 eV in photon energy. We emphasize again
that due to the lack of FEL bandwidth measurement, we
cannot make fair comparison between the experimental
data with SIMION simulations.

B. Above Threshold Ionization (ATI) in CO2 with IR
Laser Pulse

The focused 800 nm laser pulse creates a sequence of
peaks in the photoelectron energy spectrum. Each peak
represents the absorption of an additional 800 nm pho-
ton in the strong-�eld ionization process, typically re-
ferred to as above-threshold ionization (ATI). By tuning
an 800 nm quarter waveplate (QWP), we are able to con-
trol the polarization of the IR pulse. Figure 9 presents
the ATI spectrum measured in molecular CO2 for di�er-
ent settings of the QWP, where the laser polarization lies
in the x-y plane. These spectra were collected with volt-
ages settings approximately 5% of the voltages shown in
Fig. 3. The novel co-axial geometry of this spectrome-
ter makes it possible to directly obtain information on
elliptical and circular polarizations from the raw mea-
surements, as shown in the angular distribution of pho-
toelectrons in the lower panel of Fig. 9.

IV. CONCLUSIONS

In this paper, we demonstrated a novel co-axial veloc-
ity map imaging (c{VMI) spectrometer design. Unlike
conventional VMIs spectrometers, our c{VMI spectrom-
eter allows the ionizing laser beam to propagate along the

linear elliptical nearly circular 

FIG. 9. Above-threshold ionization recorded by c{VMI with
only IR pulse present. The radial distribution of the pBasex
inverted c{VMI images for linear, elliptical and nearly circular
polarizations. The lower panel shows the recorded c{VMI
images corresponding to each polarization with intensity in
logarithmic scale (before inversion).

symmetry axis of the spectrometer. The co-axial imag-
ing technique has been demonstrated in experiments at
the Linac Coherent Light Source with both soft X-ray
and infrared laser pulses. We apply the pBasex inver-
sion algorithm to the recorded two-dimensional momen-
tum distribution to demonstrate the operation of our new
spectrometer design. Our design can be used 
exibly in
a variety of experimental setups to provide complemen-
tary information to a conventional perpendicular VMI
geometry.
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FIG. 10. pBasex inverted images of the 500 eV signal elec-
trons only (left), signal and background electrons (right) from
�gure 5.

Appendix A: Inverted images of background and signal
electron simulations

We apply pBasex17 to the simulations shown in Fig. 5
and obtain Fig. 10. The background electrons predomi-
nately impinge on the detector at lower radius, and there-
fore have little e�ect on the reconstructed data. While
the distribution of background electrons could vary from
application to application, for the case considered here,
they have negligible e�ect on the reconstruction of the
signal electron distribution.
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