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Abstract

:

The velocity map imaging (VMI) technique is used to acquire the momentum distribution of charged particles. Here, we introduce two additional operation modes for our recently built velocity map imaging (VMI) spectrometer: the spatial mapping mode that magnifies the image of zero energy ions with different scales and the high-resolution momentum mapping mode that acquires the electron momentum distribution at the kinetic energy of about 100 eV. In simulations, the ion image is magnified with a factor of up to 7.6, and a relative resolution of 0.15% at 150 eV electron kinetic energy is predicted. Switching between these two modes helps reduce the alignment error to below 0.2 mm. In the test using the above-threshold ionization (ATI) of argon (Ar), the Ar+ ion image is magnified by a factor of up to 6.7, and a relative resolution of 1.3% at 44.6 eV electron kinetic energy is achieved.
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1. Introduction


The velocity map imaging (VMI) technique aims to acquire the momentum distribution of charged particles. In 1987, Chandler and Houston introduced the ion imaging technique to project the 3D momentum distribution of   CH 3 +   onto a 2D image detector [1]. A 2D image detector typically consists of a microchannel plate (MCP) pair followed by either a phosphor screen with a camera or alternatively a delay line anode with electronic system. Ten years later, Eppink and Parker improved momentum resolution with a focusing lens [2]. With this lens, the charged particles with the same initial radial momentum will arrive at the detector at almost the same radius, insensitive to their initial positions. So, the blur on the image due to the source volume is significantly reduced and the momentum resolution is greatly improved. The maximum detectable energy is set by the voltages applied to the spectrometer electrodes. The VMI technique provides a 4 π  solid collection angle, and the high efficiency is typically only limited by the detector. Based on the kinetic energy spectrum and angular distribution, the ionization and dissociation processes of atoms, molecules, and clusters can be explored. As a result, the VMI spectrometers have been widely used in the photoionization and photodissociation experiments over the past several decades [3,4,5,6,7,8]. Since achieving a higher imaging resolution and magnification capabilities is always desired, many lenses have been developed to improve the relative energy resolution at low kinetic energy [9] and extend the electron energy limit up to keV [10,11].



In the experiment, it is important to put the laser focus as close as possible to the VMI reaction center to improve the resolution. Moreover, the pump-probe technique has been employed for the real-time monitoring of reactions [12,13,14,15,16,17,18]. The difficulty of alignment is further increased because one needs to find the spatial–temporal overlap between the pump and probe pulse. Thus, it would be advantageous to view the focus points of two laser pulses directly from the detector as precisely as possible, especially during the very limited beamtime at a large research facility [19]. Even when a single laser pulse is used, the reaction rate can be sensitive to the intensity variation in the source region. Thus, a source-position resolved measurement will be more precise than a source-position integrated one [20,21]. In such cases, spatial map imaging mode is developed and detailed [22]. It would be beneficial to establish both velocity and spatial mapping of the ionization within the same spectrometer [23].



In the previous paper [11], we achieved a 1.5% relative electron energy resolution at 500 eV. To explore its performance at a lower but much more widely used kinetic energy, i.e., 100 eV, we develop two additional working modes for the velocity map imaging (VMI) spectrometer: the spatial mapping mode and high-resolution momentum mapping mode.




2. Apparatus


Since the spectrometer was detailed in ref. [11], we provide only a summary here. Figure 1 shows a diagram of the spectrometer. It consists of five chambers: (i) the source chamber, (ii) the first differential chamber, (iii) the second differential chamber, (iv) the main chamber, and (v) the jet dump chamber. A piezo valve (Amsterdam Cantilever ACPV2, Amsterdam, The Netherlands) [24] with a pinhole of 100 μm diameter is installed to produce a supersonic molecular beam in the source chamber. The piezo valve backing pressure is set at 1.0 bar. After passing the 1st and the 2nd differential chambers equipped with 1 mm diameter holes, the molecular beam enters the main chamber of the VMI spectrometer, where it encounters either the X-ray photon or femtosecond laser. The diameter of the gas jet is estimated as 1.2 mm according to the mechanical structure. A double-layered  μ -metal shield is installed to reduce the residual magnetic field at the interaction region to 8 mGs. Particles from the interaction region are focused by the lens system onto the two vacuum imaging detectors (VID275) from Photek, East Sussex, UK.



Each detector consists of two multi-channel plates (MCPs) with an active diameter of 75 mm and a P46 phosphor screen. Two Andor Zyla 4.2 Plus cameras from Oxford Instruments, Oxford, UK (2048 × 2048) are used to capture images of ions and electrons, respectively.



The lens system consists of 27 electrodes with voltages that can be adjusted individually from outside the vacuum chamber. A work fixture is used to assemble all electrodes into a whole set so that the possible misalignment is below 0.1 mm. The detailed geometry of the lens system can be found in Ding et al. [11]. By adjusting electrode voltages individually, we can add more working modes without changing the VMI lens structure, and different working modes can be easily switched back and forth using a computer-controlled high-voltage supply. Unfortunately, because the center the ion detector is worn out, we have to use the electron arm to demonstrate all the operation modes. As shown in Figure 2, the electron arm consists of 15 electrodes. Although it is already known that meshes can degrade the (   p x  ,  p y   ) image due to the microlensing effect [2], we installed two ultrafine stainless-steel meshes at the repeller electrode and the ninth extractor electrode for three reasons: keep an effusive gas jet using a hollow needle, focus three-dimensional (   p x  ,  p y  ,  p z   ) for the future upgrade, and run both the electron arm and the ion arm simultaneously. The mesh has a density of 180 lines per inch and a transparency of 80% to effectively alleviate the microlensing effect.




3. Simulation


We performed simulations using SIMION software (version 8.2) [25] to magnify the ion image and optimize the electron resolution, respectively.



3.1. Spatial Mapping Mode


The spatial mapping mode is implemented to magnify the image of the zero kinetic energy ions with different scale factors. The interaction region is defined as a   3 × 9   point array in a   1 × 3   mm2 region, which is larger than the interaction region defined by the laser beam waist of 68 μm and the gas jet diameter of 1.2 mm. For a scaled factor, several hundred thousand iterations are needed to reach the linearly zoomed image. So, the simplified source definition is preferred rather than the various complicated distributions predefined in SIMION. Multiple simulations are conducted to achieve magnification factors of 2.2, 2.8, 5.9, and 7.6. The distance of the electrodes to the reaction region, the thicknesses and the inner diameter of each electrode, and the values of electrode voltages are summarized in Table 1. For larger scale factors, ions are decelerated more between electrodes 9 and 10, which may result in a larger microlens effect [26]. Figure 2 shows the simulated ion flight trajectory at the magnification factor of 7.6.



In order to check the linearity in the magnification, we plot the final position   X f   against the initial position   X i   in Figure 3 for all the magnification factors. Then, we fit each data set with a function:


   X f  =  k 1   X i  +  k 2   X i 3  .  



(1)




where   k 1   and   k 2   are the coefficients. The even-order terms are excluded due to the rotational symmetry. The fitting results are (   k 1  ,  k 2   ) = (  2.18 , 1.03 ×  10  − 3    ), (  2.84 , 1.53 ×  10  − 3    ), (  5.93 , 1.15 ×  10  − 2    ) and (  7.58 , 1.54 ×  10  − 2    ), respectively, which indicates excellent linearity in the magnification. The linear magnification in the spatial mapping mode guarantees low distortion in the acquired image.




3.2. High-Resolution Momentum Mapping Mode


The optimization in the previous paper [11] was for 1000 eV electrons, which is called high-energy mode. However, VMI is mainly used for measuring electrons within tens of eV kinetic energy. So, we add the working mode for the electrons with kinetic energy up to 150 eV, which is called the middle-energy mode. The resolution is sacrificed in high-energy mode due to the upper limit of the applicable high voltage. This sacrifice is unnecessary in the middle-energy mode, so we expect a better resolution. With the electron kinetic energy upper limit decreases, we can reduce all voltages proportionally.



Figure 4 illustrates the simulated electron-flying trajectory. The source region is defined by a   3 × 3   point array in a   1 × 3   mm2 region. The kinetic energy of electrons is 150 eV. The emission angle ranges from 0 to 180° with an interval of 30°. We calculate the spread of each electron cloud on the detector for every emission angle. The goal is set as the sum of them, and then we reduce this goal as much as possible in the optimization.



Figure 5a summarizes the simulation from Figure 4. The radius is plotted as a function of TOF for electrons with different kinetic energies. To obtain the simulated relative resolution, we calculated the average radius R and the maximum radius difference   Δ R   of the nine particles on the detector’s surface at an emittance angle of 90°. Then, the relative energy resolution is calculated as   Δ E / E ≅ 2 Δ R / R  . Figure 5b demonstrates the relative energy resolution at electron energies ranging from 0 to 150 eV in high-resolution momentum mapping mode. All the electrons at different kinetic energies and emission angles are nicely focused.   Δ E   depends weakly on the electron energy. The best relative energy resolution of 0.15% is predicted at 150 eV, which is the highest kinetic energy.





4. Experiment


We test the VMI spectrometer with above-threshold ionization (ATI) of argon (Ar). The supersonic Ar gas beam is ionized with a linearly polarized, 35 fs, 800 nm, 1 kHz Ti:Sapphire laser. The laser is focused to a peak intensity of 1.4 × 1014 W/cm2 through an optical lens with a focal length of 400 mm.



The supersonic jet, the reaction center of the VMI lens, and the laser focus may be misaligned from each other. This misalignment needs to be corrected at the beginning of the experiment. First, we put the laser focus on the reaction center of the VMI lens. The position of the laser focus and that of the reaction center of VMI lens are determined by checking the parent ion images of the residual gas in the uniform field mode and the focusing mode, respectively. Here, the residual gas molecules are preferred because they move isotropically. If the laser focus is misaligned from the reaction center, the center of the ion image will shift by switching the VMI lens between the uniform field mode and the focusing mode. Because the supersonic molecular beam possesses a specific mean velocity, it is not a suitable target for this alignment. By moving either the optical lens or the whole spectrometer, the distance between the laser focus and the reaction center can be reduced to below 0.5 mm, and then we believe the alignment quality is acceptable. Finally, by monitoring the ion counts, we switch on the supersonic molecular beam and move it to reach the maximum overlap with the laser focus. In the end, the laser and supersonic molecular beam intersect at the reaction center of the VMI spectrometer.



In order to further improve the resolution during the experiment, we set the exposure time of a single image to 50 ms, which can avoid the severe overlapping of fluorescence spots on the P46 screen. We enhance the contrast of each image using morphology [27]. Each energy spectrum generally needs to accumulate 20,000 images.



4.1. Spatial Mapping Mode


It is necessary to find the overlap between two laser focuses in a pump-probe experiment. This procedure could be pretty tedious if we do it in a vacuum chamber. Previously, the preliminary spatial overlap was found by either the optical mapping method [28] or the spatial mapping mode of VMI [19]. Here, we try to add magnification in the spatial mapping mode.



We capture spatial mode ion images, as shown in Figure 6. The absolute size is determined with reference to the 80 mm diameter of the phosphor screen. As indicated by the inserted diagram in Figure 6a, the supersonic molecular beam propagates up while the laser propagates to the right side. Through the adiabatic expansion, the supersonic molecular beam is cooled down to about 10 K with a mean speed higher than the room-temperature thermo-speed. In comparison, the residual gas is at room temperature. The laser is focused with a Rayleigh length of 4 mm and a beam waist of 68 μm. The diameter of the Ar jet is 1.2 mm. Upon interaction between the laser and Ar jet, the produced Ar+ ions are characterized by narrow velocity distribution and compact shape in the acquired image, shifting from a more dispersed image from the residual gas. So, the spot or narrower stripe with higher intensity in each subplot is attributed to Ar+, while the weaker and broader stripe is attributed to the ions from residual gas. It should be noted that since the ions from residual gas move isotropically, their image represents the reaction center better than the ion image from the jet does.



Figure 6a–e show the ion images with the simulated magnification factors: 1.0, 2.2, 2.8, 5.9 and 7.6, respectively. The actual magnification factors in the measurement are 1.0, 1.5, 1.8, 5.2 and 6.4, respectively. The jet image shifts more upward as the magnification factor increases. In the voltage setting of the higher magnification factor, the ions are retarded more, which leads to a longer ion time of flight and a larger jet image offset.



Spatial mapping mode is helpful for preliminarily overlapping two laser pulses in the Z-X plane in a pump-probe experiment. We compare the performance of spatial imaging of different spectrometers in Table 2. The best performance was achieved by Tsatrafyllis [21] using an ion microscope. Although we did not provide a high magnification factor, the magnified images help us to find good alignment. By monitoring the shift of ion image when switching the VMI lens between the spatial mapping mode and focusing mode, the alignment of the laser focus can be improved further to below 0.2 mm.



In Figure 6, the observed grids are from the metal mesh on the ninth electrode, where the microlens effect from the mesh cell can distort the ion images. This distortion is more severe at a larger magnification factor, which leads to a clearer grid pattern. Although Figure 6e is acquired at the simulated magnification factor of 7.6, the experimental magnification factor is 6.4. We speculate this is also due to the microlens effect beyond our simulation.




4.2. High-Resolution Momentum Mapping Mode


To evaluate the performance of the high-resolution momentum mapping mode of the VMI spectrometer, we measured the ATI image on Ar [29]. By scaling proportionally the VMI lens setting, the photoelectrons with an energy of up to 50 eV were covered. The measured 2D momentum spectrum is shown on the left side of Figure 7a and the reconstructed 2D-momentum distribution using polar-onion-peeling (POP) inversion [30,31] on the right side, respectively. The POP method was chosen here because it is very robust against low statistics and does not accumulate noise on the axis of the spectrum. Then, in order to show a high-energy structure, the electron energy spectrum was obtained by angular integrating the reconstructed image between the 0° and 12° with respect to the polarization axis and shown in Figure 7b.



To obtain the instrument’s resolution, we fit ATI peaks between 40.7 and 47.9 eV with Gaussian functions, as depicted by the black line in the inset of Figure 7b. As shown by Nandor et al. [32], the width of peaks at the plateau region may change. So, the fitting parameters are the peak width and height. A narrow ATI peak near 44.6 eV is chosen, and its full width half maximum (FWHM) is determined as 0.66 eV in the least square fitting. This width is contributed by the intrinsic width of the ATI peak and the instrument resolution. According to theoretical calculations [32], the intrinsic width of this ATI peak is about 0.3 eV. So, the energy resolution of the spectrometer is estimated as   (   0 .  66 2  − 0 .  3 2    ) = 0.59   eV, corresponding to 1.3% at 44.6 eV electron kinetic energy.



In Table 3, we have listed the performance of several VMI spectrometers designed for low, middle, and high kinetic energy, respectively. The results indicate that our VMI spectrometer works excellently in measuring both high-energy and middle-energy electrons.



There are several mechanisms that can deteriorate the energy resolution. Electric field distortions near the wire mesh can change the direction of passing charged particle [26]. The velocity change   Δ  v x    in the x direction reaches a maximum at the wire, which is estimated as


  Δ  v x  =   q Δ E d   4 m  v y    .  



(2)




Here,   Δ E   is the electric field difference between the two sides of the mesh, d is the mesh cell size, and   v y   is the particle velocity in the y direction. In the spatial mapping mode with the magnification factor of 6.4,   Δ  v x    is estimated as   4.1 ×  10  − 5     mm/ns. After the remaining time of flight of 5000 ns, the image distortion is about 0.2 mm. In the momentum mapping mode,   Δ  v x    is estimated as 0.005 mm/ns. After the remaining time of flight of 10 ns, the image distortion is about 0.05 mm, which corresponds to a relative energy resolution of 0.33%. The estimated image distortions agree reasonably with the observed images in Figure 6 and Figure 7. In the original VMI paper by Eppink [2] that showed the microlens effect, two homogenous electric field regions are separated by a mesh. So, there is no focusing and the measured ion image is by far much worse than the one measured in VMI mode. After that, a mesh is often ascribed to be the principal killer of the resolution. However, the comparison was made between the ion image measured with the fine mesh grid with homogenous fields and that with imaging focusing lens. The destruction power of the mesh on the resolution may be overestimated.



Another factor that influence the resolution is the magnetic field, which is very difficult to estimate. The residual magnetic field strength in the main chamber was measured using a magnetometer. It varies from 6 mGs at the interaction region where the electron kinetic energy is several tens of eV to 50 mGs near the detector where the electron kinetic energy is about 800 eV. The distribution of the magnetic field is irregular due to the openings on the u-metal shield. So, we empirically simplify the current situation as a 300 eV electron flying for 140 mm in an 8 mGs magnetic field. As a result, the distortion is about 0.13 mm, corresponding to a relative energy resolution of 0.87%. If the electron kinetic energy is increased by a factor of 10, the magnetic distortion will be decreased by a factor of   10  .



With simulated relative resolution and the distortions by the mesh and the residual magnetic field into account, the total relative energy resolution is estimated as 0.94%, which reasonably agrees with the measurement. It is always striking to observe the shadow of the mesh on the measured images, while the effect from the residual magnetic field is not readily visible. Here, we believe that, in order to further improve the energy resolution of our spectrometer, the first priority is to reduce the residual magnetic field.





5. Summary


In this paper, we present a thorough demonstration of the performance of the velocity map imaging (VMI) spectrometer under different operation modes. We have confirmed that the spatial mapping mode of the VMI spectrometer can magnify the image of ions. The spatial mode with a larger magnification factor can help us to put the laser focus closer to the spectrometer axis. At the free electron laser facility, it will facillitate finding the spatial overlap between the fs laser pulse and free electron laser pulse. At 44.6 eV electron kinetic energy, we can achieve a relative resolution of 1.3%. Monochromatic X-ray radiation from synchrotron radiation would be necessary for a more quantitative estimation of the energy resolution.



Streaking [38] or RABBIT [39] methods prevail in attosecond experiments. The experiments were mainly conducted using an electron time-of-flight spectrometer due to the required resolution of 1% or better. In comparison, the use of VMI in this research is less active [40]. We expect to explore the angular dependence in the attosecond experiment by a further improved VMI spectrometer in the future.
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Figure 1. The overall structure of the velocity map imaging spectrometer. The supersonic molecular beam is generated in the source chamber, passes the first and second differential chambers, interacts with the photon beam in the main chamber, and finally is pumped out in the dump chamber. The generated electrons and ions are guided to the detectors on each end by the VMI lens in the main chamber. 
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Figure 2. Simulation of the spatial mapping mode with a scale factor of 7.6. The source region is defined as 1 × 3 mm2. The black lines represent the trajectories of the ion and the red lines represent the equipotential curves of the electric field. 
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Figure 3. The simulated linearity of the spatial mapping mode. 
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Figure 4. Simulation of the high-resolution momentum mapping mode. The source region is defined as   3 × 3   points from a rectangular region of dimensions   1 × 3   mm2. The kinetic energy of electrons is 150 eV. The colors represent the different emission angles of the electrons. The emission angle ranges from 0 to 180° with an interval of 30°. 
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Figure 5. Summary of the simulation results in the high-resolution momentum mapping mode. using SIMION 8.2 from Scientific Instrument Services, Palmer, MA, USA (a) Electron kinetic energies from outside to inside are 150, 75, 50, and 25 eV, respectively. (b) Simulated electron kinetic energy resolution  Δ E/E and  Δ E as a function of electron kinetic energy. The resolution of the high-resolution momentum mapping mode is around 0.22 eV (red line), and we can reach a relative resolution of 0.15% (black line) at 150 eV. 
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Figure 6. Spatial mode ion images in spatial mapping mode with different magnification factors. The intensities are given in log scale to make the contribution from the residual gas visible. The simulated magnification factors are (a) 1.0, (b) 2.2, (c) 2.8, (d) 6.0 and (e) 7.6, respectively, while the measured magnification factors are (a) 1.0, (b) 1.5, (c) 1.8, (d) 5.2 and (e) 6.4, respectively. 
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Figure 7. ATI measurement on Ar. (a) Raw 2D-momentum distribution of electrons is shown on the left side, and the 2D-momentum distribution reconstructed by the polar onion peeling method is shown on the right side. The intensity in the interaction region is 1.4 × 1014 W/cm2. (b) Photoelectron spectra of Ar ionized by 800 nm linearly polarized laser pulses. The photoelectron kinetic energy spectrum was obtained by integration of the momentum distribution within 0° to 12° with resect to the laser polarization axis. The red squares represent the photoelectron spectrum, and the peak at 44.6 eV is selected to represent the resolution, as shown by the blue line in the enlarged inserted picture. 
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Table 1. The geometric configurations of the electron arm and the voltages (V) on the electrodes in spatial mapping mode and high-resolution momentum mapping mode. The voltages in the momentum mapping mode is scaled to the electron kinetic energy.
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Geometry (mm)

	
Voltages (V)






	

	
DIST

	
TH

	
ID

	

	

	
Ion

	

	

	
Electron




	

	
×1.0

	
×2.2

	
×2.8

	
×5.9

	
×7.6

	
150 eV




	
1

	
−9

	
5

	
32

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
2

	
9

	
1

	
39

	
−145.00

	
−557.84

	
−609.25

	
−924.02

	
−1026.46

	
710.86




	
3

	
16

	
1

	
45

	
−215.00

	
−630.63

	
−655.37

	
−806.86

	
−856.11

	
1167.22




	
4

	
23

	
1

	
50

	
−285.00

	
−713.68

	
−717.52

	
−741.05

	
−748.71

	
1690.25




	
5

	
27

	
1

	
54

	
−325.00

	
−725.84

	
−725.75

	
−725.23

	
−725.05

	
1393.81




	
6

	
31

	
1

	
58

	
−365.00

	
−856.60

	
−856.23

	
−853.94

	
−853.19

	
1749.89




	
7

	
35

	
1

	
60

	
−405.00

	
−1010.42

	
−1010.02

	
−1007.51

	
−1006.70

	
2177.87




	
8

	
39

	
1

	
62

	
−445.00

	
−1102.81

	
−1102.72

	
−1102.10

	
−1101.91

	
2725.96




	
9

	
43

	
1

	
64

	
−485.00

	
−1032.90

	
−1147.87

	
−1147.70

	
−1147.65

	
3096.81




	
10

	
47

	
13

	
66

	
−620.00

	
−1147.79

	
−1163.66

	
−948.53

	
−878.58

	
3583.11




	
11

	
63

	
1

	
68

	
−685.00

	
−1393.94

	
−1394.95

	
−1401.18

	
−1403.20

	
3309.72




	
12

	
67

	
1

	
71

	
−725.00

	
−1499.74

	
−1500.63

	
−1506.08

	
−1507.85

	
2819.75




	
13

	
71

	
48

	
74

	
−1000.00

	
−1610.91

	
−1614.94

	
−1639.63

	
−1647.65

	
2282.31




	
14

	
122

	
1

	
75

	
−1275.00

	
−1636.33

	
−1636.31

	
−1636.18

	
−1636.14

	
1654.07




	
15

	
126

	
41

	
76

	
−1525.00

	
−1715.00

	
−1710.33

	
−1692.93

	
−1687.27

	
2000.00








DIST = the distance of the electrodes to the interaction region, TH = thicknesses, ID = inner diameter.













 





Table 2. List of the performance of spatial imaging measured in spectrometers.
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	Author
	Magnification Factor
	Type





	Tsatrafyllis [21]
	80.0
	Ion microscope



	Stei [22]
	−14.6
	Ion microscope



	Benis [20]
	6.8
	Ion microscope



	Johnsson [19]
	−6.0
	Two-mode VMI



	This work
	1.0, 1.5, 1.8, 5.2, 6.4
	Two-mode VMI










 





Table 3. List of the performance of the measured relative energy resolution in VMI spectrometers.
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	Author
	KE [eV]
	ΔE/E
	Mesh
	Year





	Cavanagh [9]
	0.87
	0.38%
	NO
	2007



	León [33]
	3
	0.53%
	NO
	2014



	Kling [10]
	60
	1.5%
	NO
	2014



	Schomas [34]
	65
	3.0%
	NO
	2017



	Ghafur [35]
	100
	1.8%
	NO
	2009



	Ablikim [36]
	100
	3.8%
	NO
	2019



	Skruszweicz [37]
	300
	4.0%
	NO
	2014



	Ding [11]
	500
	1.5%
	YES
	2021



	This work
	44.6
	1.3%
	YES
	2023
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