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We  propose  a new  method  to improve  the  energy  resolution  of photoions  with  an  aplanatic  velocity  map
imaging  spectrometer.  Building  on the  traditional  VMI  spectrometer  with  three  aperture  electrodes,  we
apply  a  stepped  voltage  on the  extractor  electrode  of the  spectrometer  to reduce  the  spherical  aber-
ration  effect  of the  electrostatic  lens.  This  stepped  voltage  acts as a  diverging  electrostatic  lens  in ion

optics.  A  combination  of the  converging  electrostatic  lens  and  the  subsequent  diverging  electrostatic
lens  constitutes  an  aplanatic  electrostatic  lens.  With  precisely  controlling  the  moment  of  the voltage,  we
suppress  the  spherical  aberration  effect  induced  by  the converging  electrostatic  lens  in the traditional
VMI  spectrometer.  Both  simulated  and  experimental  results  demonstrate  that  the  energy  resolution  is
significantly  improved  using  this  aplanatic-lens  VMI  spectrometer.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Atoms and molecules exposed to strong laser fields will lead to
any interesting strong-field phenomena such as above-threshold

onization [1], tunnel ionization [2,3], sequential or nonsequen-
ial double ionization [4–6], high-order harmonic generation [7,8]
nd molecular dissociation [9,10]. All of those phenomena can be
sed to retrieve the atomic and molecular information and dynam-

cs [11,12]. Velocity map  imaging (VMI) technique [13], developed
y Eppink and Parker in 1997, is powerful in investigating the
nderlying dynamics of the dissociation, ionization and molecu-

ar collisions [14–16]. Experimentally, the VMI  technique has been
idely used in photoelectron holography [17–19], electron wave-
acket interference [20,21], molecular orbital imaging [22,23], etc.

n a typical velocity map  imaging setup, the products resulting from
he dissociation or the ionization processes are focused onto a two
imensional detector with an electrostatic lens configuration. In
eneral, the detector consists of dual micro-channel plates, a phos-
hor screen, and a CCD camera. A 2D image is recorded on the

etector, where the radial of the image is proportional to parti-
le velocity and the intensity distribution around the azimuth is
ndicative of the angular distribution. In a linearly polarized laser

∗ Corresponding authors.
E-mail addresses: mli@hust.edu.cn (M.  Li), pengfeilan@hust.edu.cn (P. Lan).

ttp://dx.doi.org/10.1016/j.ijms.2016.06.006
387-3806/© 2016 Elsevier B.V. All rights reserved.
field, the 3D initial velocity distribution of the generated particles
is cylindrically symmetric. With some retrieval algorithms [24–26],
the 3D initial velocity distribution can be reconstructed from the
2D raw image.

The energy resolution of the VMI  setup stands as a cru-
cial parameter for accurately imaging the atomic and molecular
dynamics. A high kinetic energy (KE) resolution will provide an
unambiguous image for strong-field atomic and molecular process,
which is especially vital for some fine structures in the energy spec-
trum. For instance, the multiphoton ionization of some atoms and
molecules shows some resonant peaks which are very close to each
other in the photoelectron KE spectra [27–29]. In addition, Stark
splitting also induces some fine structures in the photoelectron KE
spectra [30,31].

In VMI  spectrometers, with the electrostatic lens, the ions or
electrons which origin from different positions with the same ini-
tial velocity vector are mapped to the same point in the focal plane.
Thus the resolution of the ion imaging technique was  dramatically
enhanced. Since the use of the VMI, many works has been reported
with high resolution [34–36]. A KE resolution as good as 0.38% has
been reported by Maurice H. M.  Janssen et al. in 2005 [35]. How-
ever, the aberration effect of the electrode lens in VMI  has a crucial

effect on the resolution of the image [37]. This effect is also found in
imaging techniques using ion/electron optics, such as the spherical
aberration effect in transmission electron microscopy (TEM) [32]
and ultracold ion source [33]. The spherical aberration effect in VMI

dx.doi.org/10.1016/j.ijms.2016.06.006
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Fig. 1. Cross-sections of the traditional VMI spectrometer and the AL-VMI spectrometer. Blue lines are the trajectory of the ions. The red spots are the intersection points
of  the particles’ trajectories with the detector. The green points are focuses of the ions, noting that the focuses (green points) in the bottom drawing are not shown for
overlapping with the detector. In the two imaging spectrometers, the distances between the detector and the repeller electrode are identical. The two right panels show the
enlarged view of the spots on the detectors. The electrodes’ setups, which can be found in the figure, of the two imaging spectrometers are same as each other. R = repeller,
E ctrom
a ctrom
i

m
f
e
t
w

r
d
i
t
a
f
m
r
V
t
T
w
e
c
i
o
t
t
s
c
t
c
s
t
l
s
t
c

2

e

 = extractor and G = grounded electrode. (a) Cross-section of the traditional VMI  spe
pplied on the extractor and its timing match with the laser pulse in the AL-VMI spe
s  referred to the web version of this article.).

anifests itself as the particles with different KE reaching a velocity
ocus at different positions along the time-of-flight direction. This
ffect leads to a “v” shaped dispersion [38] of the KE resolution, i.e.,
he resolution for ions with low KE and high KE is worse than that
ith the medium KE.

In recent years, several methods are proposed to improve the
esolution of the spectrometer [39–41]. S. Skruszewicz et al. have
esigned a high energy VMI, in which two electrodes are added

nto the traditional VMI  spectrometer [39]. The two additional elec-
rodes act as another two concave electrostatic lenses. With the two
dditional electrostatic lenses, the ions/electrons can be squeezed
urther to the spectrometer axis thus increasing the KE measure-

ent range of the spectrometer. This design could also improve the
esolution of the photoelectrons. Another design called thick-lens
MI was proposed by N.G. Kling et al., who extends the applied elec-

ric field using 11 electrodes to form a thick electrostatic lens [41].
his permits measurements of the charged particles with higher KE
hile achieving a good resolution over a wide range of KE. How-

ver, this spectrometer consists by up to 11 electrodes, which is
omplicated for construction and adjustment. In this article, we
ntroduce a much simpler method to improve the KE resolution
f the ion images. On the basis of the configuration of the tradi-
ional VMI, we apply a stepped voltage on the extractor electrode
o avoid the spherical aberration effect of the electrostatic lens. This
tepped voltage acts as a diverging electrostatic lens. The intrinsic
onverging electrostatic lens and the subsequent diverging elec-
rostatic lens constitute an aplanatic electrostatic lens. Through
areful modelling and measurements of the ion images, we  demon-
trate the energy resolution can be significantly improved using
his aplanatic lens VMI  (AL-VMI). This paper is organized as fol-
ows. In Section 2, we investigate the performance of the AL-VMI
pectrometer by simulation. The experimental implementation of
he AL-VMI spectrometer is shown in Section 3. The discussion and
onclusion of this paper are given in Section 4.
. Simulations

We  first show a typical VMI  setup in Fig. 1(a). The spectrom-
ter of the VMI  consists of three plates with aperture electrodes.
eter. (b) Cross-section of the AL-VMI spectrometer. The inset is the voltage that we
eter. (For interpretation of the references to colour in this figure legend, the reader

The distance between the repeller (R) electrode and the extractor
(E) electrode is 14 mm,  between the extractor electrode and the
ground (G) electrode is 18 mm,  and between the repeller electrode
and the detector plane is 120 mm.  The interaction region of the
“laser” and the “molecular beam” is located in the middle of the
electrodes R and E. The “laser” is linearly polarized along the z-axis
and propagates along the y-axis. The ions’ trajectories in the VMI
spectrometer can be simulated using SIMION v. 8.0 [42]. The blue
curves in Fig. 1(a) are the ions’ trajectories with different KE. Here
we have assumed that the size of the interaction region along the
y-axis is 1.0 mm,  and the size along the x-axis, which corresponds
to the minimum beam waist of the “laser”, is 10.0 �m.  The initial KE
ranges from 0.5 eV to 10.5 eV with an interval of 1 eV. This KE range
of the ions is common in a typical VMI  experiment. The initial veloc-
ity of the ions is along the z axis. A voltage of +740.5 V is applied
on the repeller electrode and a voltage of +565 V on the extractor
electrode. The focuses of the ion beams for different energies are
labeled with green spots in Fig. 1(a). From Fig. 1(a), it can be clearly
seen that the ions with high KE are focused earlier than that with
low KE. In fact, this phenomenon is induced by the spherical aber-
ration effect of the electrostatic lens. In the VMI spectrometer, ions
with high KE fly through the edge of the electrostatic lens, while
ions with low KE fly through the center of the electrostatic lens.
Due to the spherical aberration effect, the ions with high KE flying
away from the central line will be focused earlier than that with
low KE flying near the central line. Generally, the detector plane is
placed near the focus point of ions with the medium KE. Thus, on
the detector plane, one can see that the width of the mapped ion
distribution (labeled with red spots in Fig. 1) is minimum for ions
with medium KE and it becomes very large for ions with low KE
or high KE, i.e., the resolution for ions with low KE and high KE is
worse than that with the medium KE. In short, the KE resolution of
the VMI  spectrometer decreases because of the spherical aberration
effect.

To reduce the influence of the spherical aberration, we apply a

stepped voltage on the extractor electrode instead of constant volt-
age for the traditional VMI. A similar method has been successfully
used in transmission electron microscopy (TEM) [43] and ultra-
cold ion source [33] to reduce the spherical aberration effect. Using
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Fig. 2. Simulation results: the 2D cuts of the 3D images reconstr

his stepped voltage, the spherical aberration can be well compen-
ated, and the ions which fly near the central line or away from
he central line of the electrode lens can be focused at the same
lane perpendicular to the time-of-flight axis. Thus the KE reso-

ution of the spectrometer can be improved. The VMI  technique
sing this aplanatic method is dubbed aplanatic lens VMI  (AL-VMI)

n this paper. We  simulate the ions’ trajectories with the AL-VMI in
ig. 1(b) with the same conditions as the traditional VMI  shown in
ig. 1(a). Vr is set to be +1000 V and Ve is primarily set to +890.5 V
hen it is switched to +682 V at 77.5 ns after the “ionization”. The
uration of the switch process is assumed to be 7 ns. The voltage of
he repeller and extractor electrodes are set to keep the maximum
mpinge position on the detector is nearly the same for Fig. 1(a) and
b). From Fig. 1(b), due to the use of the stepped voltage, the ion
eams (blue) of the whole KE range focus on nearly the same plane
erpendicular to the x axis. Furthermore, the sizes of the spots on
he detector plane are very small and keep nearly unchanged with
he increase of the KE, as compared with the traditional VMI  shown
n Fig. 1(a). Because of the fast step of the lens potential at a specific
ime, the ions are accelerated and therefore slightly diverged. Ions
ith off-axis trajectories are deflected more by the change in poten-

ial and subsequently reach a focus further away, thus it acts as a
iverging electrostatic lens. The intrinsic converging electrostatic
ens and the subsequent diverging electrostatic lens constitute an
planatic electrostatic lens. Thus, the spherical aberration is well
ompensated in the AL-VMI spectrometer.

ig. 3. The enlarged views of the low and high KE parts of Fig. 2. (a) the low KE part of the 

MI.  (d) the high KE part of AL-VMI.
by BASEX method of (a) the traditional VMI and (b) the AL-VMI.

We further investigate the performance of the AL-VMI by adopt-
ing a 3D cylindrically distribution as the initial velocity distribution
in the simulation. Generally, the driving laser field is linearly polar-
ized. The interaction of the linearly polarized laser field and a
molecular beam produces a 3D initial velocity distribution, and the
distribution is cylindrically symmetric around the polarization axis
of the laser field. Using SIMION, we simulate the flight trajecto-
ries with an ensemble of 3.0 × 106 ions. The mass of the ions in
the simulation is 1.008 amu., which is the relative atom mass of
H+. The input KE of the ions ranges from 0.5 eV to 9.5 eV with an
interval of 1 eV and is set to be the same for the two  VMI  spectrom-
eters. After “ionization”, the ions were projected to the detector by
the ion optics, and their positions recorded to generate the sim-
ulated velocity-map image. With the basis set expansion (BASEX)
Abel inversion method [25], we reconstruct the initial 3D velocity
distribution from the 2D raw image. The 2D cuts of the 3D distri-
butions are shown in Fig. 2(a) and (b) with the traditional VMI  and
AL-VMI, respectively. From Fig. 2, one can clearly see many sharp
rings, corresponding to the ions with different KE. Because the AL-
VMI  mainly improves the KE resolution for the low KE and the high
KE parts, we show in Fig. 3 the enlarged views of the low and high
KE parts of Fig. 2. One can find that the rings reconstructed from
AL-VMI [shown in Fig. 3(b) and (d)] are sharper than those from

the traditional VMI  [shown in Fig. 3(a) and (c)]. In other words, the
KE rings reconstructed from AL-VMI are easier to be distinguished.
In Fig. 4(a)–(c), we  compare the KE distribution retrieved by the

traditional VMI. (b) the low KE part of AL-VMI. (c) the high KE part of the traditional
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Fig. 4. Simulation results: (a)–(c) The KE distribution of the traditional VMI (blue)
and  AL-VMI (red) at 0.5 eV, 6.5 eV and 9.5 eV respectively. (d) the KE resolution of
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Fig. 5. The timing match of the stepped voltage and its TTL control signal with
the laser pulse. T0 = 0, which is the time origin, at which the ionization/dissociation
occur. �Tcycle is the interval of two adjacent laser pulses, which is determined by
the laser pulse repetition frequency. We define T1, which is the midpoint of the step
duration, as the time of the step of the voltage. �T1 is the duration of the falling
he traditional VMI  (blue) and the AL-VMI (red) at different KE. (For interpretation
f  the references to colour in this figure legend, the reader is referred to the web
ersion of this article.).

raditional VMI  and AL-VMI at 0.5 eV, 6.5 eV, and 9.5 eV, which cor-
espond to the low KE, the medium KE and the high KE parts of
ig. 2, respectively. At 6.5 eV, the peaks of both spectrometers are
harp, and the peak width of the AL-VMI is a little narrower than
hat of the traditional VMI. At 0.5 eV and 9.5 eV, it can be found that
he peaks of the traditional VMI  are very broad, and the peaks of
he AL-VMI are narrower and higher than those of the traditional
MI. To quantitatively figure out the KE resolutions of the two VMI
pectrometers, we use the definitions of the resolution [41],

E/E = 2(�r/r) × 100% (1)

here �r  is the width of the rings in the image, and r is the radius of
he rings. Fig. 4(d) shows a comparison of the KE resolution between
he two VMI  spectrometers. For the traditional VMI, the “v” shaped
ispersion can be clearly found, i.e., the resolution of the medium
E is better and the resolution of the low and high KE is worse [38].
his is because only the ions with the medium KE are focused on
he detector plane. For the AL-VMI spectrometer, the ions of the
hole KE range are focused on the detector plane. Therefore, from

he resolution curve of the AL-VMI in Fig. 4(d), one can find that
he resolution keep nearly unchanged with the increase of the KE.

 Comparison between the traditional VMI  and the AL-VMI shows
hat the resolution is obviously improved for the low and high KE
sing the AL-VMI spectrometer. Based on the above simulation, one
an see that the KE resolution of the AL-VMI can be improved up
y 9% at the energy of 0.5 eV in Fig. 4(d).

. Experiments

In the AL-VMI, a stepped voltage is needed to apply on the
xtractor electrode to compensate the spherical aberration of the
lectrostatic lens. To perform this stepped voltage, we used a fast

igh voltage Transistor Switch (HTS) made by BEHLKE, and a home-
uilt additional circuit. The circuit used in our experiment is given

n Supplementary material [44] published with this paper. To con-
rol the turn on-off of the HTS, we used a TTL signal produced by
edge of the voltage and �T2 is the duration of V3. �T1 + �T2 should be greater than
the time of flight of the ions.

a digital pulse generator (DG535, made by Stanford Research Sys-
tems). The HTS is turned on at the rising edges of the TTL signal,
and turned off at the falling edges. By tuning the starting time of
the rising edge, we can tune the starting time of the step of the
voltage.

Fig. 5 shows the stepped voltage and the timing match of the TTL
control signal with the laser pulse signal. T0 is the time when the
ionization occurs. Hence, we assume that T0 is the time origin and
T1, the midpoint of the falling edge, is the time of the voltage step.
�T1 is the duration of the step process of the voltage and �T2 is
the duration of the voltage after the step process. �T1 + �T2 should
be greater than the time of flight of the ions. �Tcycle, which is the
cycle of the voltage pulse, is decided by the laser pulse repetition
frequency. In our experiment, the repetition frequency is 1 kHz and
�Tcycle = 1 ms.

To demonstrate the feasibility of the AL-VMI, we have measured
the momentum distributions of H+ produced by the fragmentations
of H2. Briefly, the experimental setups are described as follows. The
laser pulses we used were delivered from a Ti: sapphire laser system
at a repetition rate of 1 kHz. The pulses are centered at 800 nm and
have a pulse width (FWHM) of ∼35 fs. The pulses are focused into
the interaction region of the VMI  spectrometers by a convex lens
(f = 40 cm). The laser intensity is estimated to be 2 × 1014 W/cm2.
The H2 molecules first expand through a pulse valve (made by
Parker) with an orifice of 0.5 mm.  The pulse valve was operated with
an opening time of 1 ms  at 70 Hz repetition rate. Then, the molecular
beam was  collimated by a 0.5 mm diameter skimmer. After pass-
ing through the skimmer, the molecules spread and go through the
hole of the repeller electrode to interact with the laser beam. H+

ions are produced by the laser interaction with the H2 molecules.
The ions are subsequently focused by the electric field onto a dual
multichannel plate (MCP, Tectra), followed by a phosphor screen
and a CCD camera (Hamamatsu, ORCA-FLASH4.0 LT). The voltage
we applied on the MCP  is 1.3 kV and on the phosphor screen is
4.7 kV. The channel density of the MCP  is about 7 × 105/cm2 and
the pixel density of the CCD camera is about 2.37 × 107/cm2. The
setup of the spectrometer is identical with that in our simulations.
The voltage we applied on the repeller electrode is 500 V which is
half of the repeller’s voltage in the simulation. This is because that
the KE release of the H+ in our experiment is less than 5 eV which
is about half of the maximum KE in the simulation. Therefore, to
obtain a higher resolution, we  applied a small voltage of 500 V on
the repeller electrode.

To compare the KE resolution of the traditional VMI with the
AL-VMI, we apply a constant voltage and a stepped voltage on the

extractor electrode, respectively. For the traditional VMI, the volt-
age applied on the Extractor is 440 V. For the AL-VMI, the voltage
applied on the extractor is a stepped voltage, i.e., the voltage is ini-
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Fig. 6. Experimental results: the images after reconstruction detected by the AL

ially 500 V and is switched to 400 V at a specific time T1. In the
xperiment, we have shortened the duration of the falling edge of
he voltage (�T1) by adjusting the resistances and the capacitances
f the circuit. The shortest duration of this voltage is 150 ns. Even
hough the duration is relatively longer compared with that we
sed in the simulation, the spherical-aberration can still be largely
ompensated by adjusting the time of the step of the voltage (T1). In
act the step duration can be as short as 20 ns with a HTS [45]. In our
xperiment, the large �T1 comes from the fact that the operation
oltage of the HTS in our experiment is very small (∼500 V).

We investigate the performance of AL-VMI by measuring the
ragments of H2 with the spectrometer. The images after recon-
truction are shown in Fig. 6. Fig. 6(a)–(h) show the inverted images
y the AL-VMI with T1 of 24 ns, 44 ns, 64 ns, 84 ns, 94 ns, 104 ns,
14 ns and 124 ns respectively. In all plots, three-ring structures can
e clearly seen. The outmost ring is from the Coulomb-explosion
hannel H+ + H+ + 2e−and the inner two rings are from the dis-
ociative ionization channel H + H+ + e− [11]. The central position
f the rings is shifted because the field is changed, which has little
ffect on our discussion. We  are more interested in the thickness

f the rings, which is directly related to the energy resolution. By
omparing the thickness (�r) of the rings in Fig. 6, one can find
hat the resolution first gets better and then gets worse as the
1 is increased. When T1 is within 60–90 ns, the KE resolution is

ig. 7. Experimental results: the images after reconstruction detected by (a) the traditi
econd  ring with different T1.
ith T1 of 24 ns, 44 ns, 64 ns, 84 ns, 94 ns, 104 ns, 114 ns and 124 ns respectively.

highly improved. Fig. 7(a) and (b) show a comparison of the images
detected by the traditional VMI  and AL-VMI (T1 = 84 ns). One can
find that the rings are sharper in the image detected by the AL-VMI
than that by the traditional VMI, which indicates that the resolu-
tion is obviously improved with the AL-VMI. Then we investigate
the influence of T1 on the resolution. Fig. 7(c) shows the resolution
of the second ring with different value of T1. In Fig. 7(c), the KE res-
olution first gets better and then gets worse as the increase of T1.
When T1 is within 60–90 ns, we get the best resolution. In addition,
the KE resolution of the second ring of the traditional VMI  is also
shown in Fig. 7(c). Comparing with the traditional VMI, the KE res-
olution of the AL-VMI is much better. Thus the KE resolution can
be improved obviously with the AL-VMI method. Experimentally,
the resolution of the AL-VMI has been improved by 6% as compared
with the traditional VMI  at T1 = 64 ns in Fig. 7(c).

From Figs. 6 and 7, one can find that the resolution of the AL-VMI
is greatly influenced by the instant of the voltage. The resolution is
the best when T1 is within 60–90 ns. With a simulation in SIMION,
we find that the H+ ions just crossed the extractor electrode at
this moment. This is because the stepped voltage is applied on the

extractor electrode. Only when the ions cross the extractor elec-
trode, the stepped voltage has a large influence on the trajectories
of the ions. Thus the spherical aberration effect can be corrected
and the KE resolution can be improved.

onal VMI and detected by (b) the AL-VMI with T1 = 84 ns. (c) the resolution of the
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. Discussion and conclusion

We  find that the improvement of the KE resolution in experi-
ent is not as large as that in the simulation. The large step duration

n experiments is mainly responsible for this difference. To get a
etter KE resolution, the step duration should not be very large. This

s because the slope of the voltage during the step process is inverse
roportional to the duration of the stepped voltage. In principle,

 large slope is necessary for good compensation of the spherical
berration effect. In our experiments, the step duration of 150 ns is
elatively large, thus the slope of the stepped voltage is relatively
mall. To increase the slope in the experiments, we  have enlarged
he voltage difference of the step process. However, the voltage on
he extractor electrode should not be larger than the voltage on the
epeller electrode. Therefore, a shorter step duration is still needed
o further increase the slope of the stepped voltage. As far as we
nown, the rise or decay time of the voltage as short as 10 ns can be
btained by a high voltage pulser [46]. With a shorter step duration,
he performance of the AL-VMI will be better. In addition, the jitter
f the voltage during the step process in the experiments might also
ffect the performance of the AL-VMI. The voltage jitter comes from
he oscillation noise of the circuit which is used to control the on/off
f the HTS. Moreover, the actual focus position in experiments is
ot as perfect as that in the simulation. This may  also lead to the
ifferent performance of the AL-VMI between the experiment and
he simulation. In fact, the optimum timing of the stepped voltage
hould be adjusted for different masses of ions because their time-
f-flight is different. However, the optimum timing of the falling
dge of the stepped voltage is determined by the time when the ions
y through the extractor electrode. This conclusion is independent
n the mass of the ion.

This method still has a limitation for the photoelectrons. Due to
he small mass of the electrons, they would be accelerated to a high
elocity in a very short time by the voltage on the repeller electrode.
o significantly change the focus of these high-speed electrons,
he step of the voltage should be completed in a quite short time
∼1 ns). Otherwise, the electrons would be hardly influenced by the
tepped field when the electrons fly through the extractor plate. It
s quite difficult to have such a short stepped voltage of 1 ns. As a
esult, our method has a minor effect on the photoelectrons. Our
ethod is indeed very simple and effective for the ions, compared
ith the other designs [39–41].

In summary, we have developed a simple method to improve
he kinetic energy resolution using the AL-VMI. By applying a
tepped voltage on the extractor electrode, the spherical aberra-
ion can be suppressed and the KE resolution can be obviously
mproved. Both the numerical simulations and the experimental
esults demonstrate that the performance of the AL-VMI is feasi-
le. The “v”-shaped dispersion of the KE resolution in the traditional
MI  can be well compensated by this method. In addition, we find

hat the performance of the AL-VMI is influenced by the time of the
tepped voltage. The KE resolution of the AL-VMI is much improved
hen the falling edge of the stepped voltage is at the instant when

he ions travel across the extractor electrode.
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