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Abstract

The velocity map imaging (VMI) technique was first introduced by Eppink and Parker in 1997, as an
improvement to the original ion imaging method by Houston and Chandler in 1987. The method has
gained huge popularity over the past two decades and has become a standard tool for measuring high-
resolution translational energy and angular distributions of ions and electrons. VMI has evolved gradually
from 2D momentum measurements to 3D measurements with various implementations and
configurations. The most recent advancement has brought unprecedented 3D performance to the
technique in terms of resolutions (both spatial and temporal), multi-hit capability as well as acquisition
speed while maintaining many attractive attributes afforded by conventional VMI such as being simple,
cost-effective, visually appealing and versatile. In this tutorial we will discuss many technical aspects of
the recent advancement and its application in probing correlated chemical dynamics.
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1. Introduction

The complete kinematic information of a physical or chemical process, in which particles
(ions/neutrals/electrons) are released, is critically important and revealing for studying its detailed
dynamics. This is because the energetics of these particles as well as their angular distributions reflect the
intimate details of the potential energy surfaces, on which these dynamics take place. These processes
include chemical reactions initiated by collisions (between photons and molecules or between molecules),
high energy particle collisions and surface dynamics induced by photon/particle impact. The resulting
fragments in these collision processes scatter in various directions and expand as a series of concentric
spheres or hemispheres (from a surface). These spheres are known as Newton spheres, and each can have
its own chemical and quantum state identity. Fully characterizing these spheres in momentum space and
the correlation among different spheres provide a powerful tool to understand the dynamics that produce
them. Considering the universality of the phenomena, it is not surprising that quite a few scientific
communities have been actively developing 3D momentum imaging techniques. To name a few: high
energy physics, atomic, molecular, and optical (AMO) physics, chemical dynamics and material/surface
dynamics. VMI’s origin sat squarely within the chemical dynamics community and its need for an easier
implementation of the more primitive methods such as photofragment translational spectroscopy
(PTS)[1-4] and laser based Doppler techniques[5-7], which essentially recorded one-dimensional
projection of the 3D Newton spheres. Over the two decades from 1970s to 1990s these techniques
dominated the photodissociation studies until the groundbreaking work of Chandler and Houston in
1987[8], in which a 2D imaging detector was employed to record a 2D projection of the Newton sphere
for the first time. Eppink and Parker[9] developed VMI in 1997 by replacing a homogenous electric field
for accelerating ions/electrons with an inhomogeneous electric field that can focus particle trajectories
according to their momenta. It is interesting to note, around the same time, the AMO physics community
started developing the so-called cold target recoil ion momentum spectroscopy (COLTRIMS) by combining



a homogenous extraction field and an advanced 3D imaging detector based on delay-line techniques[10].
In the past two decades, VMI has kept evolving. In 2001, pulsed slice ion imaging was developed by
Kitsopoulos and co-workers to extract center slices of Newton spheres[11]. In 2003, direct current (DC)
slice ion imaging was developed by Suits and co-workers[12] and Liu and co-workers[13]. In 2000, delay-
line detectors were introduced into a VMI spectrometer to achieve direct 3D momentum measurements
by Eland and co-workers[14]. During this period, VMI started gaining popularity in the AMO physics
community and many different spectrometer designs have been explored. In 2014, our group at WSU
developed a new version of 3D-VMI which utilized a conventional VMI setup with just a few additional
parts[15-17]. This setup achieved direct 3D measurements of both electrons and ions with a simple
implementation of a position- and time- sensitive detector. Since then, the performance of the system
has improved significantly and now it has rivaled or surpassed those of a delay-line detector. This tutorial
will focus mainly on this new detection system and its application in probing chemical dynamics as well as
providing a brief review of relevant prior techniques.

2. Capturing the Newton sphere - from crush, slice to 3D

In its conventional form (Fig. 1), the velocity map imaging spectrometer projects the three-dimensional
Newton sphere onto a two-dimensional imaging detector to form a projection or “crushed” image
sometime referred to as a Newton pancake. The size of the 2D-image is a direct reflection of the speed of
fragments while its shape represents the angular distribution. There are a few numerical methods that
can be used to recover the underlying 3D velocity distribution from this 2D crushed image (Fig. 2). The
most-commonly used methods are based on the inverse Abel transform[18, 19] and this requires the
original system to be cylindrically symmetric with the symmetry axis lying along the detector plane. Most
of the systems that are used in photodissociation studies in VMI under linearly polarized light produce a
cylindrically symmetric fragment scattering distribution along the polarization axis and from direct
mapping, the 3D distribution is recovered by Abel inversion. However, the inverse Abel transform can
introduce noise along the symmetry axis and become unstable. Numerous approaches have been
developed to address these issues and to improve the accuracy of reconstruction of the 3D distribution.
Among these methods, the iterative reconstruction method[20], back projection onion peeling
method[21], and the Basis Set Expansion or BASEX[22] method are proven to be efficient and produce
noise free reconstruction and the BASEX method has been popular due to its efficiency and accuracy[23].
An variant of BASEX known as pBASEX was introduced by Powis and co-workers[24] that depends on fewer
number of parameters to improve the signal to noise ratio. Several other approaches[25-27] with
excellent performance have emerged over the years, some of which can retrieve 3D distributions from 2D
images even without a cylindrical symmetry[28].
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Fig. 1 A typical 2D-VMI setup. The repeller, the extractor, the ground electrodes and the flight tube form
a spectrometer while the imaging detector and the camera make the detection system.

Although the image reconstruction methods discussed above offer an efficient analytical reconstruction,
they cannot be considered as completely noise free methods. In some cases, apart from noise they could
introduce artifacts into the reconstructed images making some regions unworkable. These methods work
only on the systems with cylindrical symmetry and for the systems that produce the photofragment
distribution without the cylindrical symmetry or investigating into the low velocity distributed regions, a
different method is required. For this purpose, a few techniques have been introduced to either capture
the full three-dimensional Newton sphere or a finite slice without the use of image reconstruction
methods.

Slice imaging is such a technique that directly captures a finite slice of the Newton sphere along the time-
of-flight axis, circumventing the need for an image reconstruction. This was first introduced by Kitsopoulos
and co-workers[11] in 2001 using delayed extraction fields. In 2003 Townsend et al.[12] and Lin et al. [13]
developed a new approach with an increased resolution known as DC sliced imaging which has become
the most popular among the slice imaging methods[29-31]. In all slice imaging approaches, Newton
spheres are not “pancaked” as much as in conventional VMI and are allowed to stretch along the TOF axis
so that the detector can be gated (a few tens of nanoseconds) to capture the center slice. Due to a finite
and flat time slice (partial slicing), residual blurring and a non-uniform collection efficiency of fragments
with different kinetic energies[32] pose some issues when quantitatively extracting data. Suits and co-
workers developed numerical methods (FinA) to address these issues and achieved outstanding
results[33, 34].

Slice imaging, though it captures the three-dimensional distribution without the need of image
reconstruction, cannot be considered as a suitable technique for coincidence imaging where the complete
measurement of all three-dimensional momenta of the product fragments is required to determine the
complete kinematic picture of the event. It feasible to measure the complete three-dimensional
distribution by shifting detector gate along the time-of-flight distributions to record a series of slices
through the Newton sphere. However, this is a slow and tedious process and significant distortions in the
measured three-dimensional distributions can be introduced because of the experimental drifts over the
time[35].
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Fig. 2 An illustration of Crush, Slice, and 3D imaging

As a more direct method to capture the complete 3D momentum distributions, simultaneous
measurement of the position and time of fragments with a fast detector can be used. For this purpose, a
microchannel plate (MCP) stack and anode based readout devices such as a delay line[36] or a camera-
based system utilizing the fast decay characteristics of a phosphor screen[37] were employed. More
commonly, such 3D detectors have been applied with spectrometer designs featuring a homogenous
electric field[38, 39]. These setups usually achieve inferior energy resolution compared to a 2D VMI setup.

3. 3D detectors— technical considerations and prior implementations

In a TOF-based momentum imaging system, the two essential components are the spectrometer and the
detector. The spectrometers provide various electrostatic potentials to accelerate charged particles out
of interaction region toward the detectors, which register the position coordinates and/or time of flight.
In the past three decades, there have been significant amount of work dedicated to designing suitable
spectrometers to use in different applications. The readers are referred to a few excellent comprehensive
reviews on the topic[40, 41]. In this tutorial, all work employed a standard DC slice imaging spectrometer
featuring 4 or 5 electrodes to provide a velocity focusing electric fields while allowing enough TOF



separation to achieve 3D measurements. Below, we will briefly review various relevant detection schemes
before moving on to the more recent development.

A typical detector assembly is composed of a gain amplification stage and a readout anode. The most
common amplification device is a microchannel plate (MCP) even though in-vacuum pixel detectors based
on Medipix and Timepix[42] has been recently demonstrated without MCPs[43-45]. The introduction of
MCPs in early 1970s can be considered as the real beginning of imaging techniques[46]. An MCP is a flat
lead glass disc with a typical thickness of 1-2 mm and the maximum outer diameter of about 150 mm. In
an MCP there are millions of thin channels that have the pore size of a few tens of um or 2 um in highest
resolution MCPs. Low spacing (3- 32 um) between the channels provides a high spatial resolution. They
also feature high time resolution that depends on the pore size (smaller pore size produces better time
resolution) and high gain (~ 10* for a single plate). For a higher gain, an assembly of MCPs is made from
several stacked MCPs and the most common assemblies are Chevron dual plate assembly and Z-stack
triple plate assembly. These assemblies provide higher gain and can be operated at higher voltages
(Chevron: 2000 V typical, 10° - 107 gain and Z- configuration 3000 V typical, 107 -108 gain). The channel
pores on MCPs are positioned with a small bias angle to prevent the ion feedback and this also reduces
penetration of particles deeply into the channels when they fly parallel to the axes of the channels which
reduces the production of secondary electrons and in turn reducing the total gain[46].

After the MCP, many types of readout devices have been used to detect the electron avalanche resulting
from the impact of ions and electrons. In mass spectrometry where position information is not required
a single metal anode is used for detection and counting particles. The requirement changes when it comes
to imaging where a time and position sensitive detector is required. There are many read-out schemes
that can capture the spatial and temporal information coming from the electric output signal of MCPs.
These readout techniques were initially developed and have been used in space-and nuclear based
applications such as photon counting[44, 47] and later they were adopted into chemical imaging and led
to the 3D momentum imaging techniques. The read-out techniques mainly used in chemical imaging can
generally be divided into two types: that are based on combined MCP- electronic readouts and that are
based on MCP- scintillator coupled with pixelated silicon sensors (or optical readouts).

For the first type, there are a few major schemes that have been extensively used in chemical imaging. As
a result of developing a photon detection technique, the wedge and strip anode systems provide an
effective and simple two-dimensional position sensitive detection method[48, 49]. Generally, it is
composed of three or four independent electrodes and can be used in different arrangements[50]. One
of the commonly used anodes consists of three coplanar anodes called wedge, strip, and meander
according to their shape. The detector is placed behind the MCPs and when an electron cloud from the
back of MCP hits the anode the charge is distributed over the three electrodes. The point of detection can
be measured by measuring the charge on each anode independently. They offer a very good position
resolution but fails when it comes to detection of multi-hits. Another approach which offers a good
temporal resolution is the crossed wire detectors[51, 52]. They consist of two independent insulated wire
sets along x and y axes. The wires are positioned equally spaced and perpendicular to each other and the
signal from each wire is processed independently when an electron cloud hits a crossing of two wires and
thus the position and the time of the event are determined. This technique also fails to detect multiple
particles simultaneously and the position resolution is largely limited by the need of readout electronics
for the number of anodes, and the spacing of wires in the detector. Technically realized in early 1990s by
Eland[53, 54], the delay line detectors (DLDs) have been a more popular MCP-anode readout technique
in 3D and coincidence imaging due to their high spatial and temporal resolution, and short dead time[39,



55-58]. The technique has been widely used as a part of the COLTRIM technique or 3D ion imaging. DLDs
in their simplest form are composed of two individual wound anodes orthogonal to each other. When the
electron cloud from the MCPs hits a delay line wire pair, the electric signal induced in the wires propagates
to the ends where it is amplified by a differential amplifier and recorded. Combination with fast time to
digital converters (TDCs) enables DLDs to be used in large-frequency applications with highly accurate
temporal and spatial information[59, 60]. Although the original form is very restrictive in multi-hit
detection, the hexanode versions in which three delay lines are wound in a hexagonal geometry have
achieved good multi-hit capability with a deadtime around 5 ns[61].

The second type of readout is based on luminescence detection from a scintillator screen and has a good
multi-hit capability. These phosphor screens are generally coupled with pixelated silicon devices
(cameras). Numerous phosphor screen and camera-based imaging systems have been developed over the
past few decades and the detection efficiency and multi-hit capability have been improved greatly.
Chandler and Houston’s work can be considered as the beginning of this concept, today known as the
photofragment imaging technique. They employed a combination of time of flight mass spectrometry and
microchannel plates for charged particle detection and the addition of a fluorescent screen to see the
fragments from photolysis of methyl iodide[62]. In their first experiment, the phosphor screen was
captured by a polaroid camera film as the image was clearly visible to the naked eye and the image was
then digitized. Later the system was improved by employing a charge coupled device (CCD) camera. While
majority of these experiment collect 2D positional information, there were some prior attempt of 3D
imaging using phosphor screens and CCD cameras. Neumark and co-workers[63, 64] incorporated a multi-
anode photo-multiplier tube (PMT) along with a CCD camera behind a phosphor screen where a spot is
produced by each event based on a scheme employed by Zajfman et al.[58]. The spatial information is
captured by the CCD camera while the temporal information and rough positional information are
obtained from the PMT. The other concept introduced by Zajfman and co-workers, incorporates two CCD
cameras focusing on the phosphor screen[65]. Here one camera runs continuously while the other camera
is time gated in order to capture the light over a finite time. Using the light intensities from both cameras
the time of flight can be retrieved and the multi-hit detection of ions on phosphor is achieved at the same
time. There was a limitation in this concept as the time resolution was dependent on the phosphor decay.
There was another 3D scheme developed by combining a phosphor screen with a DLD and a CCD camera
to allow additional spatial information while the DLD is used to extract precise measurements[59, 66, 67].
Finally, it has now become possible to achieve 3D imaging with specialized cameras based on hybrid pixel
detectors. Among these, the Timepix sensor family was originally developed at CERN for applications in
detecting both the position and arrival time of high energy particles[42, 68]. It has been adopted in a few
visible photon cameras such as PImMS and Timepix3cam [69] [70].

4. A new 3D imaging system: the need for speed

An important feature of 3D momentum imaging techniques is the capability of collecting coincident
events. This is somewhat related to the multi-hit capability of the detector. However, multi-hit capability
alone is not sufficient. This is because coincidence detection requires a very low event rate (far less than
1 event/laser shot) and thus a high repetition rate is desired in order to accumulate enough statistics in a
finite acquisition time. The CCD+PMT method by Zajfman and co-workers was limited by the frame rate
of a CCD camera, which was typically less than 100 Hz. Such a setup was not ideal for coincidence
measurement.



In 2014, a new approach was developed for fast 3D imaging of ions and electrons by Li and co-workers
[15], motivated by the need for speed in coincidence 3D imaging. In comparison to Zajfman’s method, this
simple design utilizes a high frame rate CMOS camera and a single anode PMT (later MCP pick-off directly)
coupled to a high-speed digitizer, which work together with a conventional 2D MCP/phosphor screen
imaging detector. The multi-hit capability is achieved by correlating the brightness of electron/ion spots
from the camera and the heights of the TOF peaks from the digitizer (Fig. 3). The system is simple,
versatile, and high performing in both resolution (spatial and temporal) and multi-hit capability. A similar
scheme but with a different hardware implementation was later demonstrated by Urbain et al.[71]. Here
we will describe some technical considerations of each essential component of this system in detail.
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Fig. 3 WSU coincidence ion imaging apparatus. A coincidence event of two ions being detected on the
PMT and the CMOS camera is shown. (Reproduced from [15] with the permission from of AIP Publishing)

4.1 High-speed cameras

One of the enabling techniques for the setup is a high-performing CMOS camera. Most of the
commercially available CMOS cameras are designed for industrial applications/machine vision. These
cameras usually have a high readout noise (higher than 50 electrons/pixel). A rough estimate suggests in
a typical VMI setup (with a dual-MCP imaging detector), each pixel in the camera will only see a few
hundred of photons. Considering the quantum efficiency of a camera pixel (~*50%), this put a stringent
requirement on camera’s low light performance and renders most of the CMOS cameras on the market
unsuitable, even though they can reach a quite high frame rate. With an image intensifier, it might be
possible boost the photon budget to allow the usage of these cameras[72]. But this will add cost and



complexity to the system. In 2013, commercial CMOS cameras achieved technical breakthroughs in terms
of noise reduction (a few electrons/pixel) while still being able to reach a high frame rate (>1000 frame/s).
This improvement has allowed CMOS cameras to directly compete in image quality and eventually edged
out CCD cameras in almost all applications. In the past few years, fast and sensitive CMOS cameras have
become quite affordable with ever-increasing resolutions. Table 1 lists a few camera models that are
suitable in the camera-based 3D VMI setup. It should be noted that these cameras use standard USB3
Vison or GigE Vision interfaces, which are both based on GenlCAM (generic interfaces for cameras)
software interface. This means that the image acquisition software only needs to be written once and will
be compatible with other cameras even from different manufacturers. This has greatly simplified the
development of the software package and allow the 3D VMI system to exploit the rapidly evolving
technical advancement in machine vision industry.

Table 1. a few CMOS cameras with typical performance parameters

Native resolution Resolution at 1K frames/s Readout noise
Manufacturer/model L o .
(pixel®) (pixel®) (e/pixel)
FLIR/ GS3-U3-2356M-C* 1920%x1200 128x128 7
Basler/ acA640-750um? 640x480 460x460 9
Basler/acA720-520um? 720x540 260x260 4
Emergent Vision/HB-500-S 812x620 812x620 (frame rate ~1600) 3P

*These cameras have been tested in the Li group.

®This number was not directly available in public domain but was estimated from a different SONY CMOS
senor (IMX430) manufactured with the same technology.

These CMOS cameras are capable of a few thousand of frames per seconds, which is sufficient to use in
coincidence measurement. Exploiting the low event rate of coincidence experiments, it is possible to run
the overall repetition rate of the system (limited by the laser) at a much higher rate than the camera frame
rate. We demonstrated this using a 2000 frames/s camera with a 10 kHz laser, which boosted the data
acquisition speed significantly[73].

To reach an even higher acquisition speed, simply increasing the camera frame rate quickly becomes
impractical for two reasons: (1) the cost of such cameras is prohibitively high. (2) the huge amount of data
produced at such a high frame rate cannot be streamed continuously to a host computer for processing.
Instead, the data can only be stored in internal memory modules, which have limited capacity. This limits
the acquisition time to just a few minutes, which is not ideal.

Recently, a solution has been provided for achieving an event rate approaching one million hits per second
with the camera-based 3D VMI. The setup featured a new type of event driven cameras (Tpx3cam), that
do not record frames but output only non-zero-pixel events with accurate time stamps. This event rate is
close to that of a delay-line detector[74].

4.2 PMT or MCP pick-off of timing signals

Initially, the timing information of the ion hits was picked off using a photomultiplier tube pointing at the
phosphor screen. We call this an all-optical method (camera+PMT). A PMT with a few nanoseconds rise
time was selected to achieve a good time resolution for ion imaging. Because the rise time of the phosphor
(P47) is around 4-6 ns, there is no need for even faster PMTs. An RCA 931B PMT was used in our first



demonstration while many more PMT were suitable. Because P47 phosphor has slow decay (100ns), the
full waveform does not help achieve a good time resolution. Instead, only the rising edge was used. The
dynamic range of the PMT was increased by modifying the resistor chain voltage divider. This helped
counteract the space charge saturation effect with the increased voltage of the last three dynodes.

Later on, in order to achieve a very high time resolution for measuring electron TOFs, electric signals from
MCPs were picked off directly and sent to the digitizer to extract the TOF of the hits. This was done using
a simple capacitive decoupling circuitry. A typical MCP signal has a rise time of 3 ns and a FWHM of 5 ns.
In this case, the full waveform can be used to extract TOF and has achieved a remarkable TOF resolution
of ~30ps (standard deviation). It should be noted because of the impedance mismatch, the MCP
waveforms come with significant ringing. It is very difficult to suppress them completely, unlike in a typical
mass spectrometry setup (only TOF) in which a cone-shaped metal anode can be used to match the
impedance. A typical optimization is to move the first ringing away from the main signal, so it won’t
interfere with the main pulse shape.

To completely avoid the ringing issue while still achieving a good TOF resolution, we recently returned to
the all-optical approach for electron 3D momentum imaging. However, a dye-based fast scintillator has
to be used. A fast silicon photomultiplier (Si-PM) was also adopted. The achieved time resolution was
similar to that of MCP pick-off but deadtime was further reduced to an unprecedented 0.48 ns[75].

4.3 High-speed digitizer

The full PMT/MCP waveforms were acquired after each laser shot using a digitizer to extract TOFs.
Previously, the most popular approach was to use a time-to-digital converter (TDC) after the signal was
first processed by constant fraction discriminators (CFD). CFD was critical for suppressing the timing walk-
off issue due to the stochastic nature of the MCP signal. In this configuration, only the leading edge of the
signal was utilized, and the achieved resolution was largely dependent on the resolution of a TDC and
system jitters. Furthermore, the pulse width should not be too narrow and TDC has a significant deadtime
issue (10 ns). We opted to use a high-speed waveform digitizer to avoid these issues and achieved
unprecedented performance. Under the oversampling condition, as long as the trigger jitter is suppressed,
it has been shown that the digitizer approach can achieve >10x better time resolution than the sampling
period of the digitizer. Two different methods can be used to suppress trigger jitters: 1) Using built-in
trigger time interpolator. 2) Digitizing simultaneously the trigger and TOF signal waveforms using two
channels on the digitizer or using one channel by combining both signals. The first method is preferred
because itis simpler. There are few manufacturers that provide trigger time interpolation with an accuracy
of a few picoseconds. These include National Instruments and Acqiris. Another important consideration
when selecting a digitizer is its ability to simultaneous acquire and stream waveform data. This is to avoid
any gap in data acquisition that the digitizer has to incur to download the data from on-board memory. In
the Li lab, a few digitizers have been tested in the past few years. These include PXle 5162, PXle5183, PXle
5114 from National Instruments, ATS9373 from AlazarTech and 1070A from Acqiris. Many other digitizers
are certainly suitable and will be tested in the future, if budget allows.

4.4 Data acquisition program

One of the most important components of the camera-based 3D imaging system is a computer program
that integrate and synchronize the image and TOF acquisitions. This program processes camera images
and extracts TOF information from MCP signals in real time. It is critical that these are done in real time



because the data rate is very high, especially for camera data. For a typical image acquisition at 460 pixels
by 460 pixels and 1000 frames/s, the data rate can amount to more than 200 megabytes (MB) per second.
It is impractical to save all these data for post-analysis. This requires the program to have time-efficient
routines to analyze each image and extract the positions of each event. The Li group developed such a
routine based on an advanced centroiding event counting program[76], which calculates the center of
mass of clusters of non-zero pixels in each camera frame on-the-fly. The center-of-mass calculation can
achieve a sub-pixel spatial resolution. Modifications were added to compute the intensity of each cluster
for the purpose of associating multi-hit events. The routine has been tested to run at more than 1000
frames/s for images at 1000 pixels by 1000 pixels and can run much faster at a lower resolution.
Furthermore, the acquisition program distributes the data acquisition and data processing to different
central processing units (CPUs) cores using a parallel computing algorithm in a multicore CPU desktop. A
gueue data structure isimplemented in Labview as a data buffer. This isolates the data acquisition process
from any potential slowdowns in data analysis. This is important because operating systems such as
Windows are not real-time systems and unpredictable latency could lead to frame skipping and thus data
loss, if not handled properly.

On the TOF side, the program acquires live traces of TOF signals (PMT or MCP) from the digitizer and
performs a peak detection algorithm to extract the TOF of each hit in real-time. The peak height can be
easily obtained from the waveform to associate multi-hit events. For electrons, because the TOF spread
is usually small (less than ten nanoseconds), it is possible to save every waveform in storage devices for
post-analysis. With these waveforms, a more advanced and time-consuming nonlinear fitting algorithm
can be applied to retrieve more accurate TOFs and to achieve the shortest deadtime when detecting two
electrons.

The flowcharts of both acquisition and analysis programs are reproduced below for reference (Fig. 4).
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Fig. 4 The flow chart of the 3D-VMI Data Acquisition and Analysis Algorithms. (Reproduced from [15] with
the permission from of AIP Publishing)

The synchronization between the camera and the digitizer is done at both hardware and software level
(Fig. 5). The laser trigger picked off by a photodiode is used to trigger the digitizer. Once the digitizer
receives the trigger and starts acquiring data, it sends out a trigger onto one of its output ports. This signal
is sent to trigger a multi-channel delay generator, which then outputs TTL signals to start one or multiple
cameras. Because of the insertion delay of both the delay generator and the cameras, a camera trigger
delay has to be set on the delay generator to synchronize with the next pulse. This pulse shift can be
corrected easily during data processing. On the software side, due to latency and indeterministic nature
of the Windows operating system, a tight synchronization at the millisecond level cannot be achieved.
Our solution is to initialize the camera first and set it on waiting for triggers. In this case, as long as the
trigger from the digitizer chain arrives after the camera is ready, the synchronization between camera and
digitizer can be achieved. This scheme has worked well and eliminated the need for costly real-time
hardware and software systems. Other synchronization schemes are certainly possible: we had to employ
another method utilizing the time stamps of a camera and a digitizer for synchronization when the laser
repetition rate was quite high at 80 megahertz (MHz). In this case, neither the digitizer nor the camera
can trigger that fast.
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Fig. 5 A diagram illustrating the 3D VMI trigger and synchronization scheme.

4.5 System calibration

Once the (x, y, t) coordinates of each event have been measured, it is time to retrieve the 3D momentum
vectors. With a uniform electric field such as that employed in a COLTRIMS spectrometer, this is
straightforward and momentum vectors can be calculated with analytical equations, provided that the
dimensions of the spectrometer are known accurately. With a VMI spectrometer, this situation is more
complex depending on different designs. However, the linearity between hit positions on the detector
(x,y) and velocity vectors (vxand vy) as well as that between time of flight (t) and velocity vector (v,) are
well maintained (Fig. 6). This makes the retrieval of py, pyand p, reasonably easy. The required slopes and
intercepts of the two lines can be obtained using systems with known kinetic energies. In the Li lab,
photoelectrons arising from strong field above threshold ionization (ATI) in noble gases are used to
calibrate electron momentum retrieval. This is because neighboring ATI rings are separated by an energy
spacing of one photon. For ions, dissociative double ionization of methyl iodide is often employed to
achieve calibration. We should note, with the SIMION software, it is possible to reconstruct the
spectrometer accurately enough to achieve direct transformation between (x,y,t) and (px, py, p2)-.
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Fig. 6 In a typical VMI spectrometer, the linear relationship between: (a) TOF and p, momentum; and (b)
y position and py momentum are well preserved and this facilitates the conversion between (x, y, t) and
(px py, P2). The data were obtained from SIMION simulations using a slicing VMI setup and N, with kinetic
energy up to 6 eV.

5. System performance characterization and method validation

The new 3D-VMI system and method were thoroughly validated and characterized. These include both
single hit and multi-hit detection of both electrons and ions.

5.1 Single-hit performance

When only one event is captured on the camera frame and one peak is detected from the digitizer trace,
the situation is relatively easy. However, due to the different detection efficiencies of the camera and the
TOF systems (MCP or PMT), one system might fail in detecting the event (Fig. 7a). These events account
for ~ 5% of the total counts after peak detection algorithm optimization. This is the first validation of the
approach. The second validation is obtained from the correlation of digitizer peak amplitude and the
camera spot intensity (Fig. 7b). These show that the position and time information are indeed from
measuring the same event and that the employed cameras are indeed sensitive enough to capture the
events.

After establishing the correlation between the digitizer and the camera the spatial and temporal
resolution can be characterized. The spatial resolution of the system is determined by the camera pixel
resolution and the lens magnification. The best native spatial resolution is 0.12 mm (with a camera
resolution of 620x620 and an effective detector diameter of 75mm). The spatial resolution can be further
improved by employing the center-of-mass centroiding algorithm and interpolation to achieve a sub-pixel
resolution[76]. However, in most of the cases, other factors dominate the overall spatial resolution so
that such an interpolation is not always needed.
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Fig. 7 (a) lon counts registered by camera and PMT for each laser shot in data acquisition, two cases are
shown where the ion counts are mismatched. These events are discarded. (b) The correlation between
PMT peak amplitude and the ion spot intensity on camera. Linear fitting is shown by the red line. (c) The
correlation between peak amplitude and camera intensity in three events with more than five ions. The
inset shows a good R? distribution of linear fittings for all multi-hit (more than two) events within the
same laser shot. (Reproduced from[15] with the permission from of AIP Publishing)

For ion imaging applications, a TOF resolution of one nanosecond is adequate and this can be easily
achieved with the setup. However, the electron TOF spread is much smaller (often less than 10 ns), the
P47+PMT scheme is not accurate enough to provide good temporal resolution. Instead, the timing signal
from the grounded MCP front plate is picked off with a capacitive decoupling scheme. We achieved a good
timing signal from the MCP with a rise time of 1.5 ns and a full width half maximum of 3 ns, enabling good
TOF measurement accuracy. After aforementioned oversampling and trigger jitter suppression, we
showed it is possible to achieve a TOF resolution of ~30 ps. The capabilities of the system were
demonstrated in a study of above threshold ionization (ATI) of Xenon under strong field ionization
conditions. Fig. 8 shows it is possible now to slice the electron Newton sphere with the achieved time
resolution.
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Fig. 8 Time slicing images at different electron time-of-flights — The temporal evolution of the electron (8
time slices of 32 ps) (Reproduced from [16] with the permission from of AIP Publishing)

As mentioned earlier the 3D imaging technique eliminates the need of image reconstruction methods and
the necessity to have a cylindrically symmetrical electron Newton sphere. With this technique, we were
able to measure complete 3D velocity distributions in a single measurement (Fig. 9).
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Fig. 9 Time and space slicing of the electron Newton Sphere from above threshold ionization of xenon.
(Reproduced from[16] with the permission from of AIP Publishing)

5.2 Multi-hit performance

The capability of the system has been extended to achieve multi-hit detection. This capability is a direct
result of the peak amplitude and the camera intensity correlation. The experimental observations showed
a strong intensity correlation among tens of ions. The inset of Fig. 7c shows the R? distribution for three
or more hits. lon-ion coincidence 3D momentum imaging on strong field double ionization of methyl
iodide was used showcase the multi-hit capability (Fig. 10). With the implementation of the intensity
correlation algorithm and applying the momentum conservation constraint, 100% of the true coincidence
events can be recovered.
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Fig. 10 (a) (Top) lon momentum images of masses: 15: CHsz" and 127: I*. (Bottom) 2D ion TOF spectrum of
all two-hit events. The inset is the enlargement of 2D TOF around methyl cation and iodine cation. (b)
Dissociative double ionization events of methyl iodide. (c) 2D velocity image of methyl cation and iodine
cation resulting from dissociative double ionization. (Reproduced from[15] with the permission from of
AIP Publishing)

With multi-hit electron detection, the system was further optimized to achieve an unprecedented
deadtime reduction. As shown in Fig. 11, when two electrons come within a very short time separation
the two pulses overlap or merge to form a single pulse. For such events, an advanced global fitting
algorithm can be used. As the camera does not have a dead-time, it can capture two electrons within a
short time provided that the electrons produce two spatially separated pixel clusters. If that situation is
satisfied, the global fitting algorithm will be initiated to extract the time-of-flight information of the
electrons from the waveform. The fitting procedure is as follows: (1) A standard single waveform is formed
by averaging all the single hit waveforms. (2) Using the nonlinear Levenberg-Marquardt algorithm, the
single hit waveform is fitted with a sum of two Gaussian functions to construct the basis function. (3) To
obtain the positions and amplitudes from a registered double hit event from the camera, the waveform
is fitted with a sum of the two basis functions. (4) Finally, by correlating the camera spot intensity with
the amplitude the position and timing information for the two electron hits are obtained. In comparison
to a simple peak detection algorithm, this timing analysis algorithm resulted a fourfold increase in two
electron counts under normal experimental conditions. The shortest dead-time of 0.64 ns was observed
by applying this algorithm. Another important feature of the detection system is the zero dead-time
detection ability. This occurs in a situation where the camera captures a two-electron event, and the
algorithm cannot successfully resolve them to single TOF events. In such cases a single TOF is assigned by



the fitting procedure. This results an uncertainty of ~ 0.7 ns in TOF while having accurate positional
information.
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Fig. 11 (a) A pulse waveform from MCP showing two electrons arriving within 3 ns time interval (b) A pulse
waveform from MCP showing two electrons arriving within 1 ns time interval. The fitted basis functions
are shown in green and blue curves. (Reproduced from[17] with the permission from of AIP Publishing)

Further reduction of the deadtime was achieved recently by adopting a dye-based fast scintillator and a
fast silicon photomultiplier (siPMT)[75] (Fig. 12). In this case, the siPMT provided ringing-free waveforms
with a rise time of 1.2 ns and a FWHM of 2.7 ns. The timing analysis algorithm resulted the shortest
resolvable time difference of 0.48 ns, the best deadtime achieved so far. A good correlation between the
digitizer peak amplitude from Si-PM and the camera spot brightness facilitated the assignment of
positional and temporal information for the detected electrons in a multi-hit event. The events on the
diagonal line (Fig. 10a) represents the TOFs of two electron events that are not fully resolvable in TOF
spectra due to an extremely short time difference between them (<0.48 ns). These events are not lost,
and the same time-of-flight is assigned, achieving the zero-deadtime ability.
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Fig. 12 The performance of two electron detection using the all-optical detection method (a) the 2D
electron TOF showing the zero-deadtime detection (b) The correlation of camera spot intensity and the
digitizer peak amplitude from the Si-PM for two electron events. (Adapted with permission from [75].
Copyright 2021 American Chemical Society.)

6. Specific instrumentation showcase

Based on the new 3D imaging system, the Li group has developed a variety of instrumentations to study
chemical and surface dynamics in the past few years. These instrumentations demonstrate the versatile
nature and high performance of the 3D imaging system. Here we showcase two of such implementations.

6.1 Assingle detector approach to ion-electron coincidence imaging

Atypical photoelectron-photoion coincidence imaging apparatus can be considered as a double-sided VMI
setup where the electrons and the ions are accelerated towards the detectors at the opposite ends[10,
77-79]. Compared to a conventional VMI setup, the added costs and complexities of such a design is the
additional imaging detector and the electrostatic lenses. Since a conventional VMI setup is unidirectional,
a way to implement both the ion and electron coincidence detection is through rapid switching of the
electric field direction. This drives the electrons and ions towards the imaging detector at different time
intervals due to the differences in their span of TOF and make the detection possible. This was first
introduced by Lehmann and co-workers using a detector based on a DLD[80]. Zhao and co-workers further
modified this design by replacing the DLD with a MCP/phosphor and a fast CMOS camera[81]. In their
setup, only the 2D positional information of electrons was captured by a single camera by closing the
shutter immediately after the electron arrival. Using a single camera to capture the positional information
of ions and electrons and associating with the respective TOFs in such a situation is tricky as the same
camera frame contains the flashes produced by both ions and electrons on the phosphor and could lead
to mis-assignments. This was solved by adding an additional camera to the set-up[82].
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Fig. 13 The two camera VMI setup for ion and electron 3D coincidence momentum imaging. (Reproduced
from[82] with the permission from of AIP Publishing)



In this setup, we adopted a special triggering scheme for the cameras exploiting the TOF differences
between ions (> 1 ps) and electrons (< 100 ns) (Fig. 13). One camera is triggered to capture only the
electron flashes on the screen by exposing the first 1 us after the laser pulse and the other camera to
expose after the first 1 ps to capture only the ions. As long as the camera trigger jitter is small (~1 us), the
scheme will work nicely. In this way, the mis-assignment of the positional and time information for the
charged fragments can be avoided and the process becomes quite simple. Since ions and electrons are
captured in separate camera frames, the multi-hit events of electrons or ions can also be resolved using
the correlation between camera brightness and TOF peak heights. The 3D coincidence imaging capabilities
of the new system were demonstrated in studying PENNA (2-phenylethyl-N, N-dimethylamine)
dissociative double ionization.
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Fig. 14 The PIPICO map of the dissociative double ionization of PENNA the inset shows the dimethylamine
monocation ((N(CHs),CH,"), and benzyl monocation dissociation channel. (Reproduced from[82] with the
permission from of AIP Publishing)

The photoion-photoion coincidence (PIPICO) map shows a dissociation channel producing dimethylamine
monocation ((N(CHs),CH,*), mass 58) and benzyl monocation (C¢Hs-CH>*, mass 91) (Fig. 14) while Fig. 15
shows the retrieved momentum distributions of both cations and coincident electrons, demonstrating the
multi-hit 3D imaging capability of the single detector system.
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Fig. 15 XY momentum distributions of coincidence ion pairs of the (a) dimethylamine monocation
(N(CH3)2CH3" and (b) benzyl monocation (C¢Hs—CH,* and (c) Yt momentum distribution of photoelectrons
in coincidence with the ion pairs. (Reproduced from[82] with the permission from of AIP Publishing)

6.2 Towards one million hits per second with the camera-based 3D VMI system

One of the challenges in coincidence measurements is the false coincidence. To minimize this, the count
rate has to be kept at a lower level. This, in turn results a long data acquisition times that are needed to
achieve a data set with a reasonable statistics[83]. Therefore, coincidence experiment typically needs a
system running at a high repetition rate. The camera-based 3D imaging system is capable of a few
thousand events per second, which is sufficient to carry out a coincidence experiment. But it is far from
being optimal. We note a delay-line detector is capable of acquiring 1 Mhits/s. We also note detector
speed is not the only concern when performing coincidence measurements. A suitable laser system
capable of MHz is usually the bigger hurdle than a detector. Nonetheless, is it possible to achieve 1 Mhits/s
with the camera-based system, considering its superior multi-hit capability.

In an effort of achieving higher frame rates, the CMOS camera in the 3D momentum imaging system[84,
85] was replaced with a Tpx3Cam optical imager. This novel time stamping optical imager with the
Timepix3 chip was a successor to the Timepix chip that was introduced in 2013. It has an improved time
resolution of ~ 1.5 ns together with simultaneous measurement of time of arrival (TOA)/time above
threshold (TOT) and reduced dead time of 0.5us[86]. This was first used by Weinacht and co-workers in a
coincidence velocity map imaging experiment[87]. One of the main advantages of the Tpx3Cam over the
conventional cameras is the amount of data it generates. A conventional camera outputs a fixed number
of pixels in a frame, even with zero-valued pixels. This is the reason for the huge amount of data at a high
frame rate. The event-driven approach in Timepix3 sensor only captures the data of interest by recording
the time when a certain predefined signal intensity is exceeded in an individual pixel, and this reduces the
amount of data generated and supports a continuous readout up to 80 MHits/s[88, 89]. Our 3D imaging
system can readily incorporate such a camera to replace the CMOS camera to achieve a much higher event
rate (Fig. 16).

Computerl Computer2

MCP/
Phosphor

—

Laser beam

Tpx3Cam Camera

Digitizer Amplifier Graphene/Quartz
Signal decoupler

Signal combiner
Photodiode



Fig. 16 The ultrafast 3D momentum imaging setup with a Tpx3Cam. (Reproduced from [74] with the
permission from of AIP Publishing)

The capabilities of the new system were demonstrated using a high repetition laser system at a rate of 80
MHz to detect the photo-induced thermionic emission from graphene. The experimental scheme
composed of a high-speed digitizer (AlazarTech ATS9373) which was employed to acquire the MCP signal
for electron hits at a rate of up to one million waveforms per second and the Tpx3Cam camera operated
to register the position coordinates of the events with time stamps. Because it is not possible to trigger
the camera and the digitizer at such high rate, the timestamps of events from the camera and that from
the digitizer were used to synchronize the spatial and temporal information of an event. The 3D electron
Newton hemisphere constructed from the acquired 3D measurements were consistent with previous
measurement and confirmed the observation of delayed electron emission at a lower event rate[90]. This
shows that such a system is able to achieve accurate TOF measurements of~ 30 ps while achieving an
event rate approaching 1 Mhits/s.

7. Applications of electron-ion coincidence 3D VMI - disentangling strong-field multielectron
dynamics with angular streaking

In this final section, we will discuss one of the interesting studies performed using the novel 3D
coincidence VMI system. One of the formidable challenges in spectroscopy is to resolve complex coupled
electronic and nuclear dynamics in the presence of strong laser fields. Molecular frame photoelectron
angular distributions (MFPAD)[91], offer a robust method of revealing the structures of the ionizing
orbitals. Furthermore, being a highly sensitive probe for electron dynamics, direct measurements of
MFPADs of double ionization is highly desirable for polyatomic molecules. MFPAD measurements can be
obtained by employing the angular streaking technique[92-94] and have been demonstrated in laser-
oriented molecules[95] and randomly oriented molecules[96]. When it comes to MFPAD measurements
in correlated multielectron dynamics, there are technical difficulties (detection deadtime) limiting the
coincidence detection of two electrons. As we have shown earlier, the hybrid 3D photoelectron-photoion
coincidence apparatus can be used in such situations to detect two coincident electrons efficiently.

In this study we employed the 3D two-electron angular streaking (3D-2eAS) method implemented with
the 3D ion-electron coincidence technique to measure the recoil-frame photoelectron angular
distributions (RFPAD) of dissociative single- and double-ionization of methyl iodide. After acquiring the 3D
momenta of electrons and ions in coincidence, the photoelectron angular distribution (PAD) was plotted.
The recoil-frame electron momentum distribution shown in Fig. 16a was produced from the single
ionization process of methyl iodide with respect to the fixed I ion momentum direction in the plane of
polarization.
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Fig. 17 (a) Recoil-frame electron momentum distribution obtained by coincidence measurements of
electrons and I" for the dissociative single ionization of CHsl. The I* recoil momentum is pointed up,
indicated by the white arrow and the helicity of the circularly polarized light is shown by the yellow curved
arrow. (b) RFPADs for dissociative single ionization (blue line with open square points) and dissociative
double ionization measured with quadruple coincidence (green line with closed square points, el + e2 +
fragment 1 + fragment 2) and double coincidence (red line with closed circle points, e + fragment),
respectively. The angle 8 is defined as the relative angle between the recoil direction of the iodine ion and
the ejected electron (the angle increases anticlockwise). The gray and purple shaded areas correspond to
the distributions of electrons escaping from the CHs and | sides, respectively. Note that the two curves
were normalized to their own maxima. (Reprinted with permission from [97]. Copyright 2018 American
Chemical Society.)

Since the helicity of the polarized light is known, the site of ionization (CHs" or I*) can be identified by
implementing the angular streaking technique. As the instantaneous electric field vector potential is
perpendicular to the electric field at the moment of ionization, the final momentum of the electrons that
are released along the C-I bond will be rotated about 90 degrees away from the recoil ion momentum.
The black narrow and broad island like features in the right and left sides of the Fig. 17a represent the
electrons ejected from CH; and | sides, respectively. There is a slight deviation of the electron momentum
from 90 degrees that results from the attractive forces between the ionic core and the ejected electron.
Figure 17b shows the angular dependent ionization for the single ionization (blue line with open squares)
obtained from the radial integration of the electron momentum distribution shown in Fig. 17a.

Angular dependent ionization yields as obtained from RFPAD reflects characteristics of different orbitals.
This can be exploited to resolve contributions of different orbitals to the total ionization. For single
ionization, TDCI-CAP calculations[98-100] were able to reproduce the experimental angular dependent
ionization yield and showed the relative contribution from HOMO (a doubly degenerate m orbitals from
the lone pair on the | atom) and that from HOMO-1 (o type orbital responsible for C-1 bond to be around
1:3 (Fig. 18).
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Fig. 18 (a) Electron density plots of the degenerate highest occupied molecular orbitals (HOMO) and
HOMO-1 of CHsl. (b) Contributions from different orbitals: n-type HOMO (purple), and o-type HOMO-1
(green) to the calculated angular-dependent ionization yields for static electric fields of 0.055 au (1.06 x
10 W/cm?). The I* recoil direction indicates the C-I bond orientation. (c) Comparison between
experimental (blue open squares) and calculated angular-dependent ionization yield, showing the
contribution from HOMO and HOMO-1 orbitals. (Reprinted with permission from [97]. Copyright 2018
American Chemical Society.)

For double ionization events, when measuring the double coincidence events between one iodine ion and
one electron with a specified total ion kinetic energy value of ~ 4.5 eV, the results (red line with closed
circles in Fig. 17b) showed a good agreement with that of quadruple coincidence by detecting the two
fragment ions (CHs* and I*) and two electrons (green line with closed squares in Fig. 17b). This is a
validation of the efficient electron-electron coincidence measurements that can used for the correlated
electron dynamics studies. There is a clear difference between the double ionization and the single
ionization (Fig. 17b) as the electrons from the double ionization primarily comes from the | side. This
suggests significant contribution from the II orbital.

Theoretically, only sequential double ionization is considered as the recollision is suppressed under
circular polarization. The angular dependent ionization yields were calculated for the lowest energy
pathways for producing dications involving the ionization of HOMO(]| |), HOMO(L), and HOMO-1 in
neutral molecule followed by a second ionization of corresponding cations, namely II;, II,, and X~
cations, respectively. The HOMO(| |) and HOMO() orbitals are the two degenerate orbitals lying parallel
and perpendicular to the plane of polarization (Fig. 18a).
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Fig. 19 (a) Calculated angular-dependent ionization yields for M1(red), M, (blue), and X (green) cations at a
field strength of 0.065 au (1.48 x 10'* W/cm?). (b) The angular-dependent double ionization yield for three
different pathways with M;(red), M (blue) and X (green) cations as the intermediate states. (c) Comparison
between experimental (solid square from quadruple coincidence measurement, empty square from
double coincidence measurement) and calculated angular-dependent ionization yield (purple line) for
dissociative double ionization. (Reprinted with permission from [97]. Copyright 2018 American Chemical
Society.)

From the theoretical investigation, it is possible to find out the orbital contributions for the angular
dependent ionization yields. Three ionization processes were considered, (1) HOMO(| |) = MN; cation -
dication (om;'r;?), (2) HOMO(L) = My cation = dication (o%m'n,t) and (3) HOMO-1 - 3 cation—> dication
(o'mi'm,?). The results from the calculations (Fig. 19b) show a significantly different angular dependent
ionizations yields for the first and third process despite having the similar electron configuration in the
final dication: both losing one electron each from HOMO and HOMO-1 orbitals. This suggests the
significance of orbital relaxation and reorganization that occur between the first and second ionization,
and the order of losing electrons in the process. The theoretical angular dependent ionization obtained
by a weighted sum of three dissociation pathways with a ratio of 0.68:0.20:0.11, shows a good agreement
with the experimental result (Fig. 19c).

With the high electron-electron coincidence detection capability of the imaging system, the multielectron
dynamics involved in the dissociative double ionization process can be studied. For this, a 2D
photoionization spectrum can be constructed (Fig. 20a). This is plotted with the angular dependent
ionization yields of the first and the second electrons.
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Fig. 20 (a) 2D photoionization spectrum showing the 2D electron—electron angular correlation in the recoil
frame of the dissociative double ionization of CHsl. The angle 8 is defined as the relative angle between
the recoil direction of the iodine ion (8 = 0°) and the ejected electron. The white dashed ovals indicate the
two diagonal peaks. (b) Angular-dependent ionization yields of the second electron in the recoil frame.
The top panel corresponds to the case when the first electron is released from the CHs; side, and the
bottom panel corresponds to the case when the first electron is released from the peak in the | side.
(Reprinted with permission from [97]. Copyright 2018 American Chemical Society.)

The diagonal peaks in the plot represent the instance of ionization of both electrons from the same site
and the off-diagonal peaks represent the sequential ionization from two different sites. Even though there
are two diagonal peaks (Fig. 20a), the intensities are quite different. The weakest diagonal peak at (290°,
290°) suggests double ionization from CHjs site is not favored. This can be understood by taking the ionizing
orbitals on the CHs site into account. These are the low-lying orbitals, HOMO-1 and HOMO-2 which ionize
to produce highly excited dications, therefore have a lower ionization probability. In contrast the
ionization is highly favored on the | site showing the strongest diagonal feature at (120°, 120°). Figure 20b
shows an enhancement of second ionization on CHs site if the first ionization occurs on the | site.
Theoretical calculations reveal that this preference of ionization is not the result of ionizing the same
HOMO orbital to produce the dication. Instead the ionization follows the dominant ionization channel
HOMO(| |) = Ny cation = dication (o'm;'m,?) where both of the ionization steps dominated by ionizing the
electron on | site.

The example clearly showcased the power of highly differential measurements such as quadruple
coincidence achieved with 3D-VMI. Together with theory, it can provide unprecedented details on
complex ionization/dissociation dynamics in polyatomics. The same technique (3D-2eAS) was also used
to resolve attosecond electron correlation dynamics in large molecules such as benzene[101].

Conclusion and Outlook

The 3D momentum imaging system demonstrated in this tutorial utilizes affordable state-of-the-art CMOS
technology, delicate synchronization schemes and advanced acquisition and analysis algorithms to
achieve unprecedented performance. The system is highly versatile and extremely re-configurable, as
shown by many different instrumentations employing the imaging system. Even though the technique
was born out of a conventional 2D-VMI setup, its full 3D imaging capability and fast acquisition speed
allows the system to be used in many applications such as coincidence imaging, slice imaging[16] and
angular resolved photoemission spectroscopy (ARPES)[90]. The unique capability of a zero deadtime



detection of electrons has made direct measurement of electron momentum correlation possible[101,
102]. This is particularly exciting for attosecond science because electron dynamics/correlation is one of
its main foci. However, even in a conventional VMI setup, adding 3D capability to the system costs
minimum effort but gains huge performance and capability boost[103]. To facilitate the adoption of 3D-
VMI in broader scientific communities, we are preparing to release a free version of the image
acquisition/analysis program package to the community in the near future.
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