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ABSTRACT
A time-of-flight microscope imaging mass spectrometer incorporating a reflectron was used to image mass-resolved ions generated from a
270 μm diameter surface. Mass and spatial resolutions of 8100 ± 700 m/Δm and 18 μm ± 6 μm, respectively, were obtained simultaneously
by using pulsed extraction differential acceleration ion optical focusing to create a pseudo-source plane for a single-stage gridless reflectron.
The obtainable mass resolution was limited only by the response time of the position-sensitive detector and, according to simulations, could
potentially reach 30 200 ± 2900 m/Δm. The spatial resolution can be further improved at the expense of the mass resolution to at least
6 μm by increasing the applied extraction field. An event-triggered fast imaging sensor was additionally used to record ion images for each
time-of-flight peak resolved during an experimental cycle, demonstrating the high-throughput capability of the instrument.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142271., s

I. INTRODUCTION

Ion microscope mass spectrometry imaging (MSI) enables
high-throughput recording of mass-resolved chemical distributions.
This method uses defocused laser or primary ion pulses to simul-
taneously ionize a sample, creating an object plane of ions that
is separated by time-of-flight and electrostatically magnified onto
the image plane of a position-sensitive detector.1–5 Microscope
MSI, therefore, allows mass-resolved ion images to be sequen-
tially recorded and, when paired with multi-mass imaging sensors,
offers an efficient alternative to conventional microprobe imaging
techniques, which instead create images pixel by pixel.6–14 Despite
this advantage, electrostatic focusing precludes ion trapping, low-
ering its attainable mass resolution relative to microprobe MSI.
To address this, we present and characterize a microscope imag-
ing mass spectrometer that incorporates a reflectron capable of
obtaining ion images with simultaneously high mass and spatial
resolutions.

Focusing ion images through non-linear trajectories can
be accomplished with minimal time-of-flight distortion. Schueler

demonstrated a secondary ion microscope that employed three 90○

electrostatic analyzers to resolve images to 8000 m/Δm and 1 μm
over an essentially limitless mass range, and without first-order
chromatic aberrations.4,15 Follow-on designs employing matrix-
assisted laser desorption/ionization have provided comparable
results.5,7,10–12 Hazama and co-workers later characterized a multi-
turn ion microscope that used four electrostatic analyzers to cycle
ions a set number of turns before detection, significantly separat-
ing their times-of-flight.16–18 With this instrument, a mass resolu-
tion of 130 000 m/Δm over a window of 8 Da was reported after
500 cycles for the angiotensin II ion. However, images recorded
in this way required sensitive alignment of the ion optics, and
aberrations were noted after one cycle, contrary to simulations
that demonstrate this optical arrangement provides third-order
focusing.

Reflectrons combine the advantages of the above techniques
by offering the potential to record mass- and spatially resolved ion
images over wide mass ranges. They routinely achieve mass res-
olutions in the 105–106 m/Δm range depending on whether they
are in single- or multi-reflecting configurations and correct for the
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time-of-flight dependence observed when ions with the same mass-
to-charge ratio (m/z) are created with different kinetic energies.19–24

For example, single- and dual-stage reflectrons provide first- and
second-order energy focusing, respectively. Reflectrons also show
particular promise for ion imaging. Leskiw and co-workers recorded
velocity-mapped ion images through a reflectron, indicating that
the initial spatial distribution of ions can be similarly preserved
using different ion optical potentials.25 Yavor and co-workers addi-
tionally noted that multi-reflecting time-of-flight instruments can
satisfy the stigmatic imaging condition.24 Collectively, these devel-
opments open the possibility of performing microscope imaging at
mass resolutions comparable to those achieved by ion traps.

This report experimentally establishes a proof of concept
for stigmatic imaging with a reflectron by coupling one with a
time-of-flight microscope imaging mass spectrometer. The instru-
ment can be considered as a two-stage time-of-flight arrangement
where the image plane of the linear ion microscope doubles as a
pseudo-source for the reflectron. This plane is created using the
post-extraction differential acceleration (PEDA) technique, which

immediately extracts surface ions following ionization to retain their
spatial information and which corrects for their initial velocity dis-
tributions by raising the potential of the extraction electrode after
they pass by.26,27 In this way, ions of a particular m/z with slower ini-
tial velocities gain more kinetic energy from the raised potential than
faster ions, creating a temporal focal plane with high mass resolution
beyond the ion microscope. This plane is then deflected through a
single-stage reflectron sector that is configured to satisfy its energy-
focusing condition23 and projected onto a position-sensitive detec-
tor. As will be demonstrated below, this focusing arrangement
provides simultaneously high mass and spatial resolutions over a
∼300 Da window.

II. EXPERIMENTAL SECTION
A single-stage gridless reflectron was joined to a home-built

time-of-flight microscope imaging mass spectrometer to increase its
resolution beyond 3000 m/Δm.27,28 Figure 1(a) illustrates how the
resulting instrument focuses ions generated from a sample surface

FIG. 1. (a) A schematic of the microscope imaging mass spectrometer. The red trace represents a typical ion trajectory that originates following laser-induced ionization of
a sample. The ions are focused by an ion microscope, deflected through a single-stage gridless reflectron, and projected onto a position-sensitive detector. Ion images and
mass spectra are recorded using an event-triggered imaging sensor or using a photomultiplier tube (PMT) and CCD camera. The adjustable instrument parameters include
the ion microscope potentials (URe, UEx, and UEi), the applied PEDA potential (UP), the deflector and reflectron potentials (UD and UR), and the reflectron and detector angles
[θR (blue shaded angles) and θD]. Additional details are provided in the text. (b) The ion microscope electrode dimensions, in millimeters. The highlighted area represents
the sample. (c) A diagram illustrating stigmatic imaging of ions deflected through a reflectron. The green and purple traces represent isobaric ions with high and low initial
kinetic energies, respectively. For simplicity, the PEDA pseudo-source plane is omitted. To achieve a spatial focus, these ions must travel the same distance perpendicular to
the reflectron axis. As detailed in the text, this can be controlled using the angle between the deflected ion beam and the reflectron (α + θR).33 When focused correctly, each
ion will travel a perpendicular distance s1 + s2 + Δs2.
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through an ion microscope and drift space (red trace). The ions are
deflected into the reflectron and turned toward a detector at the end
of a second field-free region. Ions impacting the detector are ampli-
fied using dual-stack microchannel plates and converted to photons
by an Exalite 404 screen. The response time of this arrangement
is 3.7 ns.29 Flashes of light corresponding to individual ion events
are then recorded simultaneously using an intensified CCD camera
and a photomultiplier tube (PMT) or with an event-triggered fast
imaging sensor.30–32

The ion optical assembly comprises five cylindrical electrodes: a
repeller, an extractor, and an einzel lens. Their dimensions are pro-
vided in Fig. 1(b). The repeller has four recesses, in which 25 mm
× 25 mm × 1.2 mm conductive plates can be placed, and can be
rotated to align the center of each plate perpendicular to the time-
of-flight axis. In the experiments reported here, ions were laser des-
orbed from indium tin oxide surfaces coated with commercial dyes
using a 10 Hz 355 nm Nd:YAG laser (Continuum Powerlight 8010)
defocused to cover approximately 10 mm × 10 mm of the sample.
The ions were then immediately extracted to retain their initial spa-
tial information and focused into an acceleration region bounded by
the extractor and einzel lens entrance.

The extractor potential is set using the single-field PEDA tech-
nique; a baseline potential extracts ions from the surface following
ionization and is raised after a set delay using a high voltage switch
(Behlke HTS 121) once a desired m/z packet has entered the acceler-
ation region.26 For a particular m/z, slower ions penetrate a shorter
distance beyond the extractor at the PEDA pulse time than faster
ions and experience a greater increase in kinetic energy from the
potential rise on the extractor. This difference corrects for the ini-
tial velocity distribution of the ions and creates a temporal focus
plane that is used as the pseudo-source for the reflectron. The PEDA
pulse is timed to focus the chosen m/z, and the effective mass range
of the instrument is centered around this focal point. Many-field
or electrodynamic PEDA variants can extend this range but were
not needed to characterize the mass resolution of the instrument
presented here.27

After exiting the einzel lens, the ions travel 721 mm before
being deflected into the reflectron by a pair of 30 mm long parallel
plate electrodes. The axial distance between the end of the ion optics
assembly and the entrance of the reflectron is 1436 mm. The reflec-
tron itself comprises 65 cylindrical electrodes separated by 10 mm
ceramic spacers for a total length of 569 mm. The first eight plates
in the reflectron assembly are grounded, and the remaining elec-
trodes are connected to a printed circuit board containing a resistor
chain that creates a linearly decreasing potential gradient. The elec-
trodes in the reflectron have linearly decreasing irides, starting at
90 mm and finishing as a solid plate where the reflectron potential is
applied.

The angle between the reflectron axis and deflected ion beam
is crucial for stigmatic imaging.33 Figure 1(c) illustrates that isobaric
ions with distinct kinetic energies enter the reflectron at angles that
depend on their flight times through the deflector. For a constant
deflection field ED with axial length x1, the deflection angle α is shal-
lower for faster ions, meaning that, relative to the reflectron axis,
they enter the ion mirror at a smaller distance from the initial (unde-
flected) time-of-flight axis than slower ions. As these faster ions also
penetrate deeper into the reflectron, they sweep a larger distance
perpendicular to its axis during the time tR they remain in its field

ER, and vice versa. To achieve a stigmatic image, the total length s
perpendicular to the reflectron axis must be constant with respect
to the initial kinetic energy U of each ion in the packet. This can be
carried out to the first order when ds/dU = 0, where s can be defined
geometrically using Fig. 1(c) as s1 + s2 + Δs2 or33

s = x2 tanα
cos θR

+ vtR sin(α + θR). (1)

In Eq. (1), x2, θR, and v represent the axial drift distance between the
deflector and reflectron entrance, the angle between these axes, and
the instantaneous velocity of an ion entering the reflectron, respec-
tively. The flight time spent in a single-stage reflectron has previously
been established as23

tR = 2
ER

√
2mU
z

. (2)

By defining β = π
2 − α − θR and noting that α(U, ED, x1), Eq. (2) can

be used to express s as s(U, ED, ER, x1, x2, θR),33

s = x1x2

2U cos θR
ED + (4U2 + x2

1E
2
D

UER
) sinβ cosβ. (3)

Stigmatic images can, therefore, be focused by carefully adjusting s
using the mass spectrometer configuration (x1, x2, θR) or the relevant
electrode potentials (U, ED, ER).

Ions exiting the reflectron travel through a 673 mm field free
region and impact the 25 mm diameter microchannel plate/Exalite
404 assembly described above. The externally controllable detector
angle θD is set to be perpendicular to the impinging ion trajectories.
The resulting flashes of light are recorded either with a photomulti-
plier tube and an intensified CCD camera (Photonic Science) or with
an event-triggered Pixel Imaging Mass Spectrometry (PImMS) cam-
era installed with the PImMS1 sensor.30 The latter is a time-stamping
device that allows the position of a detected event to be assigned with
a time-of-flight. The PImMS camera can record continuously for
50 μs with a timing precision of 12.5 ns, allowing multi-mass imag-
ing during a single experiment. This provides an advantage over
the CCD camera, which can only produce an integrated image of
a single mass range.14,34 Each PImMS pixel contains four memory
registers, reducing the likelihood of any non-linear response arising
from multiple ions being simultaneously detected at the same posi-
tion. Combining microscope MSI with a fast imaging sensor allows
multi-mass ion images to be recorded within minutes, creating a
high-throughput alternative to microprobe imaging experiments,
which, at identical laser repetition rates, would require the same time
to sample one pixel.5,9

The mass spectrometer was modeled using SIMION 8.1 to deter-
mine the electrode potentials required to attain its optimal mass and
spatial resolutions.35 A genetic algorithm was used to determine each
parameter.36 This approach constrained the potential of the elec-
trodes to their maximum available voltages and randomized their
values to generate an initial population of variables. Combinations
that resulted in improved mass or spatial resolutions were then given
a higher probability of breeding subsequent populations. This pro-
cess was repeated until no further improvements were observed and
revealed that, over the voltage range used, it is possible to individu-
ally optimize parameters to increase the mass or spatial resolution of
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the instrument. As expected intuitively, the spatial resolution is pri-
marily controlled by the ion microscope (i.e., the extractor and einzel
lens potentials), whereas the mass resolution is affected mainly by
the reflectron potential and PEDA pulse.

III. RESULTS AND DISCUSSION
Seven commercial dyes spanning 200–700 Da (Auramine O,

Coumarin 450, Exalite 404, Rhodamine B, Rhodamine 6G chloride,
Rhodamine 560 chloride, and Rhodamine 640 perchlorate) were
individually electrosprayed through a nickel mesh onto conductive
ITO plates, producing grid patterned samples with approximately
40 μm widths and 63 μm pitches. Time-of-flight spectra and ion
images were then recorded for each sample to determine the mass
and spatial resolution, respectively, of the instrument as a function
of m/z.

A. Mass resolution
The ion microscope focuses a particular m/z and centers the

effective mass range of the instrument around this point. The
focused m/z can be changed by adjusting the potentials applied to
each electrode using the ratio (m/z)2/(m/z)1, where (m/z)1 is the ini-
tially optimized ion and (m/z)2 is the ion to be focused.37 Higher
potentials, therefore, focus ions with larger m/z, and vice versa.
Figure 2(a) presents the laser desorption ionization mass spectrum
of Rhodamine B, optimized for its most intense peak at 343 Da and
averaged over 2000 laser shots. The inset of Fig. 2(a) demonstrates
that the mass resolution of this peak, determined from the full width
at half maximum (FWHM) of a fitted Gaussian function, is 8100
± 700 m/Δm. To achieve this resolution, the repeller, extractor,
and central einzel lens potentials were set to URe = 5.000 kV,
UEx = 4.680 kV, and UEi = 1.715 kV, respectively. The applied PEDA
potential was UP = 5.300 kV, and the deflector and reflectron volt-
ages were held at UD = ±55 V and UR = 8.750 kV. The PEDA pulse
was delayed 2.85 μs relative to the laser pulse. These parameters only
differ by approximately 2% from those predicted by SIMION 8.1.

Figure 2(b) illustrates how the instrument mass resolution
changes with m/z while optimized for 343 Da. SIMION predicts that
the maximum resolution is 30 200 ± 2900 m/Δm at this point and
that it halves within ±25 Da (solid gray line). However, convolv-
ing the simulation with the 3.7 ns response time of the detector
(dashed gray line) indicates that the expected measurable resolu-
tion can at best only be ∼8000 m/Δm, matching the experimentally
determined value. This effect may also explain why three of the four
m/z peaks observed in Fig. 2(a) have comparable mass resolutions
(red circles). By contrast, peaks observed under identical conditions
for the remaining six dyes lie outside the effective mass range and
demonstrate better agreement with the predicted behavior.

The results presented in Fig. 2 were acquired using reflectron
and PEDA step potentials of UR = 8.750 kV and UP = 5.300 kV.
To confirm these were the optimal conditions, the attainable mass
resolutions for 64 combinations of the reflectron and PEDA step
potentials were simulated and recorded experimentally in 0.250 kV
steps over UR = 8.000–9.750 kV and 0.050 kV steps over UP = 5.100–
5.450 kV. The results are illustrated in Figs. 3(a) and 3(b). Both data
sets peak at UR = 8.750 kV and only vary in UP by one step. A com-
parison of the experimental data in Fig. 3(a) (blue and green circles)
with the convoluted simulations (red circles) demonstrates excellent
agreement for the change in PEDA voltage. However, the reflectron
potential exhibits a flatter profile, illustrating the resolution limit
imposed by the detector.

The green and blue traces intersecting the maxima in Figs. 3(a)
and 3(b) demonstrate that these points represent the measured and
simulated conditions under which the reflectron successfully focuses
the PEDA pseudo-source plane onto the detector. The blue trace
depicts how the mass resolution depends on the reflectron potential
and illustrates the voltage at which the first-order energy-focusing
condition is satisfied.23 By contrast, the green curve demonstrates
the expected result that changing the PEDA step potential moves the
location of the PEDA temporal focal plane. As the reflectron is an
ion mirror, this plane will have a corresponding focal plane after the
reflectron exit, which should be tuned to overlap with the detector.

FIG. 2. (a) The Rhodamine B mass spectrum (blue), averaged over 2000 laser shots and optimized for 343 Da using the optimized potentials in Fig. 3. Fitting this peak with
a Gaussian function (black) returns a mass resolution of 8100 ± 700 m/Δm. (b) The mass resolution dependence on m/z when focused for 343 Da, categorized using seven
dyes spanning a 500 Da range (cyan = Coumarin 450, purple = Rhodamine 560 chloride, black = Auromine O, red = Rhodamine B, green = Rhodamine 6G chloride, yellow
= Rhodamine 640 perchlorate, and blue = Exalite 404). The measured resolution is limited by the 3.7 ns response time of the detector (dashed gray line), as demonstrated
by convolving this constraint with the mass resolution dependence simulated using SIMION 8.1 (solid gray line). The mass resolved window can be tuned to focus different m/z
by applying a linear scaling parameter to each electrode in the ion microscope.37
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FIG. 3. The measured (a) and simulated (b) mass resolutions as functions of the applied PEDA (UP) and reflectron potentials (UR), when focused for 343 Da. The global
maxima represent the measured (8100 ± 700 m/Δm) and simulated (30 200 ± 2900 m/Δm) points at which the PEDA pseudo-source plane is focused onto the detector
by the reflectron. The blue and green traces crossing these maxima illustrate how the instrument depends on each parameter, as detailed in the text. Projections of each
trace (blue and green circles) demonstrate the mass resolution dependence on UR and UP. The experimental results are comparable to the simulated data when the latter is
convolved with the 3.7 ns response time of the detector (red circles).

For a fixed reflectron potential, increasing the PEDA voltage results
in faster ions and a longer distance between the first temporal focus
and reflectron entrance. This moves the corresponding focal plane
nearer to the reflectron exit, and vice versa.

Figures 3(a) and 3(b) additionally reveal an inverse relationship
between the applied reflectron and PEDA step potentials. This can
again be understood in terms of the first-order energy-focusing con-
dition of a single-stage reflectron. As noted above, increasing the
applied PEDA potential raises the average kinetic energy U of the
focused m/z packet. This lengthens the field-free drift distance L1
between the PEDA temporal focal plane and the detector, as shown
in Table I. L1 can, therefore, be thought of as L1(U). The PEDA time-
of-flight equations can similarly be used to show that a small increase
in U leads to a greater proportional increase in L1(U).26,27 As this
distance, the length L2 between the detector and reflectron exit, and
the reflectron length dR are fixed during a particular experiment [see
Fig. 1(c)], a lower electric field strength ER is needed to satisfy the
reflectron focusing condition,23

ER = UR

dR
= 4U
L1(U) + L2

. (4)

TABLE I. The simulated mass resolution dependence on the applied reflectron and
PEDA step potentials.

UP (kV)a UR (kV) L1 (mm) m/Δm

5.150 9.000 373 7 100
5.200 8.750 541 18 000
5.250 8.500 672 30 200
5.300 8.250 759 17 700
5.350 8.000 825 8 900

aU ≃ UP .

The above trend appears in both the simulated and experimental
data, although the latter is again obscured by the 3.7 ns response
time of the detector.

Table I demonstrates that the attainable mass resolution
reaches a maximum value along the trend line described in Fig. 3(b).
This at first appears to contradict the first-order energy-focusing
condition of the reflectron, which allows the total drift distance L1
+ L2 to be distributed without any conditions so long as Eq. (4)
is satisfied. However, this discrepancy can be attributed to the
fact that, for practical purposes, the deflector potential, reflectron
angle, and detector angle were fixed in the experiments and sim-
ulations presented in Fig. 3. Adjusting these parameters can elim-
inate this effect. One consideration is that increasing the applied
PEDA step potential results in faster ions that are deflected at shal-
lower angles by the deflector. These emerge from the reflectron along
a different axis, necessitating a change in the reflectron or detec-
tor angles to measure the optimal mass resolution. For example,
SIMION predicts that modifying the detector position L2 and angle
θD by ∼2% each allows the maximum simulated mass resolution
to be matched within its standard deviation at UR = 8.250 kV and
UP = 5.300 kV, significantly increasing the value of 17 700 m/Δm
quoted in Table I.

B. Spatial resolution
The instrument spatial resolution, subject to the potentials

described above, was determined from gridded dye images acquired
by gating the 768 × 568 pixel CCD camera over the relevant time-
of-flight ranges.7,9 The integrated ion image of the four Rhodamine
B peaks shown in Fig. 2 demonstrates this process. First, the raw
data were centroided during the image acquisition [Fig. 4(a)] so
that one flash of light on the scintillator corresponded to one pixel
event. A Fourier transform was then applied to remove electronic
noise introduced by the camera [Fig. 4(b)]. Finally, intensity pro-
files running perpendicular to the wire silhouettes in the images were
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extracted and fit with rectangular functions to match the grid pattern
[Fig. 4(d)]. These functions were each convolved with a Gaussian
function and with a linear function that accounts for the ∼20○ inci-
dence angle of the laser pulse with respect to the sample surface, and

FIG. 4. The centroided CCD image of Rhodamine B (a), gated on the four peaks
shown in Fig. 2(a), is processed to determine the instrument spatial resolution.
Applying a Fourier transform to the image removes unwanted artifacts (b). Adjust-
ing the image contrast demonstrates the clarity of the resulting grid pattern (c).
The spatial resolution is determined from the 20%–80% intensity rises observed
along profiles running perpendicular to the wire silhouettes in (b). Each profile is fit
using a Gaussian function convolved with a rectangular function representing the
grid and a linear function that accounts for the 20○ incidence angle of the laser (d).
Increasing the applied extraction field improves the spatial resolution [(e) and (f)].
The stigmatic image focus additionally depends on the reflectron angle relative to
the initial time-of-flight axis (θR). This angle is 0.72○ in (a)–(f); slightly adjusting
this to −0.30○ (g) or 2.08○ (h) distorts the image.

the latter causes shadowing and hence decreasing intensity across
each grid.27

The spatial resolution Rs was then determined by averaging the
20%–80% intensity rise of each dye grid and dividing the result by
the image magnification M such that38

Rs = 1.68σ
M

, (5)

where σ is the Gaussian standard deviation. The image magnification
was measured by comparing the pitch of the imaged grid pattern
with the 63 μm pitch of the nickel mesh. In Fig. 4, the ion images
were magnified by a factor of ∼93, which corresponds to a ∼270 μm
diameter field of view. The calculated Rs is likely a conservative
upper bound, as Eq. (5) represents a limiting case where the grid
pattern width is at least six times larger than σ. In these experiments,
the ratio is closer to 3.3, suggesting that the spatial resolution could
be up to 10% better than reported.39

The spatial resolution determined from the fitted peak in
Fig. 4(d) is 11.95 μm ± 0.25 μm. This can be further improved at the
expense of the mass resolution by strengthening the applied extrac-
tion field. Figures 4(e) and 4(f) demonstrate that increasing the field
from 22.1 V mm−1 to 25.9 V mm−1 improves the resolution to
6.44 μm ± 0.14 μm. In this example, the instrument parameters
were set to URe = 6.295 kV, UEx = 5.920 kV, UEi = 2.000 kV, and
UD = ±61 V following an initial SIMION optimization. The PEDA
potential was also increased to UP = 6.730 kV, and its delay relative
to the laser pulse was shortened to 2.65 μs. The reflection poten-
tial was increased to UR = 9.800 kV. Better spatial resolution can,
in principle, be achieved by continuing to increase the extraction
field in this manner. Figure 4 also demonstrates how the reflectron
angle θR controls the stigmatic imaging ability of the instrument.
Figure 4(b) was acquired at θR = 0.72○. By contrast, Figs. 4(g)
and 4(h) were imaged with reflectron angles of −0.30○ and 2.08○,
respectively, demonstrating that when all other parameters are held
constant, a small change in this angle distorts the recorded image.

CCD images of each major ToF peak belonging to the seven
dyes were additionally used to determine the instrument spatial res-
olution as a function of m/z. Figure 5 illustrates this dependence over
a 200–700 Da range when optimized for 343 Da using the same con-
ditions as in Fig. 2. Similar to the mass resolution, the focused ion
can be easily adjusted by applying a scaling parameter (m/z)2/(m/z)1
to each electrode in the microscope.37 Between 300 Da and 600 Da,
the average spatial resolution is 18 ± 6 μm. Comparing this with
Fig. 2 demonstrates that this mass window is approximately six times
wider than the 50 Da range over which the mass resolution is at least
half of its maximum value. This mass-resolved range can, in princi-
ple, be extended to contain ∼40% of the spatially resolved window
using the double-field PEDA technique or to cover it completely
using electrodynamic PEDA.27,33 Incorporating these methods is
beyond the scope of the current work, but it is worth noting that
the latter only requires an adjustment to the circuit providing the
PEDA pulse potential; no instrument modifications are needed.

C. Multi-mass imaging
CCD cameras are typically limited to imaging a single time-of-

flight range during an experiment. As a consequence, images can
only be acquired for a single m/z or integrated over a range of m/z as
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FIG. 5. The spatial resolution dependence on m/z when focused for 343 Da using
the same conditions as in Fig. 2, categorized using seven dyes (cyan = Coumarin
450, purple = Rhodamine 560 chloride, black = Auromine O, red = Rhodamine
B, green = Rhodamine 6G chloride, yellow = Rhodamine 640 perchlorate, and
blue = Exalite 404), and compared with simulated data from SIMION 8.1. The spatial
resolution is 18 μm ± 6 μm between 300 Da and 600 Da. The spatially focused
window can easily be shifted to lower or higher m/z ranges by applying a linear
scaling parameter to each electrode in the ion microscope.37

is demonstrated in Fig. 4 for Rhodamine B. In that example, a CCD
camera was used because its large pixel array allowed the instrument
spatial resolution to be more accurately characterized. However, for
practical experiments, it is more desirable to perform multi-mass
imaging. This can be achieved using event-triggered fast imaging
sensors that simultaneously log the positions (x, y) and arrival times
(t) of detected events.30–32 Integrating the (x, y, t) data over the
time-of-flight ranges of interest yields the corresponding images of
different m/z.

FIG. 6. Multi-mass imaging data acquired using the PImMS1 sensor for Rho-
damine B under the same conditions as Fig. 2. Integrating over position (x, y)
returns the mass spectrum, while integrating over the shaded time-of-flight peaks
creates individual ion images for each m/z [(a)–(d)]. The 12.5 ns precision of
PImMS1 provides a mass resolution of 1600 m/Δm at 343 Da.

Figure 6 shows the mass spectrum of Rhodamine B recorded
using a PImMS fast imaging camera installed with the 72 × 72 pixel
PImMS1 sensor. The 12.5 ns timing precision of PImMS1 limits
the achievable mass resolution in this case to ∼1600 m/Δm but is
more than sufficient to resolve ion images for each observed peak.
Integrating the (x, y, t) data over the shaded time-of-flight ranges
produces the ion images in Figs. 6(a)–6(d). These are consistent
with the dependency of spatial resolution on m/z shown in Fig. 5;
Fig. 6(b) is centered on the focused m/z of 343 Da and is the best
resolved.

Developments in fast imaging sensors have increased their
achievable timing precision to 1.5 ns.40 This corresponds to a mass
resolution of ∼24 000 m/Δm in vacuum over the mass range of Rho-
damine B and would allow the achievable mass resolution of the
reflectron to be fully exploited, paving the way toward ion imaging
of complex mass spectra.

IV. CONCLUSION
A time-of-flight mass spectrometer incorporating an ion

microscope and reflectron was used to sequentially image the mass-
resolved ion laser desorbed from a ∼270 μm diameter surface. The
pulsed extraction differential acceleration technique was employed
to correct for the initial velocity distribution of the desorbed ions and
to create a temporally focused pseudo-source plane for the reflec-
tron. Ion kinetic energies were then additionally focused to the first-
order using the reflectron, resulting in measured mass and spatial
resolutions of 8100 ± 700 m/Δm and 18 μm ± 6 μm, respectively. The
former is limited only by the 3.7 ns response time of the microchan-
nel plate/scintillator array used for ion detection. Developments in
fast imaging sensors that can be placed in vacuum will remove the
need for such detectors, and SIMION suggests that deconvoluting
their effect from the measured mass spectra could allow mass res-
olutions greater than 30 000 m/Δm to be achieved.41,42 The spatial
resolution can also be improved to about 6 μm by strengthening
the extraction field from 22.1 V mm−1 to 25.9 V mm−1, and SIMION

predicts that this can be further improved to 500 nm by increas-
ing the field to approximately 157 V mm−1. This would necessarily
reduce the achievable mass resolution (to about 2000 m/Δm at 343
Da) but would enable more sharply focused images to be rapidly
recorded.

The event-triggered PImMS1 sensor was additionally used to
demonstrate multi-mass imaging of Rhodamine B peaks over an
approximately 100 Da window. In these experiments, the mass-
resolved window over which the instrument reached half of its
focused value was approximately 50 Da, as compared to the 300
Da range that could be spatially focused to ∼20 μm. This mass-
resolved window is primarily defined by the PEDA technique and
could be expanded to cover the entire spatially resolved window
using a many-field or electrodynamic PEDA method.27,33 Fast imag-
ing sensors such as PImMS, therefore, have the capability to simul-
taneously image every peak resolved by the reflectron and ion
microscope in a single experiment, illustrating the potential of
microscope MSI as a high-throughput technique that, when com-
bined with single- or multi-reflecting time-of-flight instruments,
could be applied to extract greater information from time-sensitive
or irreplaceable samples.
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