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Abstract. A zoom–time-of-flight mass spectrometer has been coupled to an induc-
tively coupled plasma (ICP) ionization source. Zoom–time-of-flight mass spectrome-
try (zoom-TOFMS) combines two complementary types of velocity-based mass
separation. Specifically, zoom-TOFMS alternates between conventional, constant-
energy acceleration (CEA) TOFMS and energy-focused, constant-momentum accel-
eration (CMA) (zoom) TOFMS. TheCMAmode provides amass-resolution enhance-
ment of 1.5-1.7× over CEA-TOFMS in the current, 35-cm ICP-zoom-TOFMS instru-
ment geometry. The maximum resolving power (full-width at half-maximum) for the
ICP-zoom-TOFMS instrument is 1200 for CEA-TOFMS and 1900 for CMA-TOFMS.
The CMA mode yields detection limits of between 0.02 and 0.8 ppt, depending upon

the repetition rate and integration time—compared with single ppt detection limits for CEA-TOFMS. Isotope-ratio
precision is shot-noise limited at approximately 0.2% relative-standard deviation (RSD) for both CEA- and CMA-
TOFMS at a 10 kHz repetition rate and an integration time of 3–5 min. When the repetition rate is increased to
43.5 kHz for CMA, the shot-noise limited, zoom-mode isotope-ratio precision is improved to 0.09% RSD for the
same integration time.
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Introduction

The inductively coupled plasma (ICP) has become the most
widely used ion source for elemental mass spectrometry

and has found application in fields as diverse as geology and
pharmaceuticals [1]. When coupled with mass spectrometry,
the ICP offers low (sub-ppt) detection limits, broad dynamic
range, and both qualitative and quantitative analysis of ultra-
low sample volumes [1, 2]; it has been used to determine metal
content in single cells [3]. For instance, the emerging field of
mass cytometry utilizes the high sensitivity of ICP-MS to
determine cellular makeup by use of isotopically distinct metal
tags [3–5]. The analytical performance of an ICP-MS system
is, however, strongly dependent on the type of mass analyzer
employed [6].

Recent advances in TOFMS have focused on enhancing
mass resolution. In the last 15 years, multi-turn and multi-
pass instruments have reported mass resolution in the high
tens-of-thousands, approaching the lower end of resolution
for Fourier-transform systems [7–12]. Yet, single-reflectron
TOFMS instruments are the most common because they are
useful for the study of transient events such as are produced by
laser ablation [13–16], chromatography [17–19], and electro-
thermal (furnace) vaporization [20, 21]. Zoom-TOFMS is an
alternative approach for mass-resolution enhancement in
existing or purpose-made single-reflectron TOFMS systems
and provides an even higher duty factor than conventional
single-reflectron TOFMS [22].

The zoom-TOFMS concept is simple—two complementary
types of TOFMS [conventional, constant-energy acceleration
(CEA) and energy-focusing, constant-momentum acceleration
(CMA)] are utilized in separate operating modes on a single
instrument [22]. The CEA-TOFMS mode delivers all the ben-
efits of conventional TOFMS, including a theoretically unlim-
ited (but practically limited) mass range, excellent detection
limits, and a dynamic range of 104–105 [12, 23]. The CMA-
TOFMS (zoom) mode is an attractive complement to CEA-
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TOFMS because CMA-TOFMS can enhance mass resolution
by 1.5 to 1.7 times and improve speed, duty factor, and there-
fore sensitivity, albeit over a limited, selectable mass range
[22].

The CEA- and CMA-TOFMS operational modes make use
of different focusing mechanisms. In particular, the conven-
tional, CEA-TOFMS mode makes use of space-focusing prin-
ciples whereas the zoom CMA-TOFMS mode focuses ions
based on their energies. The concept of space-focusing in
CEA-TOFMS is well established as is the use of a reflectron
to mirror the space focus and to partially compensate for ion-
energy disparities [23]. The concept of energy-focused CMA
was introduced in 2007 [24] and has been applied to both
distance-of-flight MS (DOFMS) [25–31] and TOFMS [22,
32, 33].

The CMA mode of zoom-TOFMS enhances resolution
at a specific energy-focus time (tef). At tef, all ions, re-
gardless of their m/z, are energetically focused at m/z-
dependent locations along the mass-separation axis [24].
The specifics of the energy focus achieved at tef are
detailed elsewhere [24, 32, 33]. At tef, initial ion veloci-
ties are focused while initial spatial distributions are main-
tained, which means that ion turnaround times in the
acceleration region do not compromise resolution. Also,
in CMA mode m/z and flight time are directly related (as
opposed to quadratically related in CEA-TOFMS). There-
fore, for those ions detected at (or near) tef, mass resolu-
tion is improved over CEA-TOFMS operation [22]. More-
over, since any desired narrow mass range can be selected
with CMA-TOFMS, it is also possible to improve instru-
ment sensitivity through mass-range isolation and use of a
higher repetition rate (demonstrated up to 100 kHz) [22].

In the current study, analytical performance of an ICP-
zoom-TOFMS instrument is evaluated. Enhanced mass reso-
lution in CMA zoom mode is verified with a multi-element
standard solution and achievable resolution for both CEA and
CMA operating modes is determined for several atomic mass
windows. Isotope-ratio precision in both operating modes is
also evaluated and compared with that of other state-of-the-art
ICP-MS technologies. Sensitivities, detection limits, and dy-
namic range are also evaluated for both operating modes of
zoom-TOFMS.

Experimental
The zoom-TOFMS instrument was previously used for
distance-of-flight mass spectrometry (DOFMS) [26–31, 33,
34] and is described here for the first time as a TOFMS system.
Very few instrument modifications were required for conver-
sion to zoom-TOFMS. Specifically, a microchannel plate
(MCP) detection system and a retarding potential analyzer
(RPA, also known as energy-discrimination system) were
added to the existing instrument platform. A schematic of the
ICP-zoom-TOFMS instrument is shown in Figure 1.

Sample Preparation, Introduction, and Ionization

The 40.68 MHz ICP ionization source (crystal-controlled,
model HF 2000F; PlasmaTherm Inc., Kresson, NJ, USA)
used in this study has been previously described in detail
[29, 30]. Commercially available analytical reagent grade
1000 ppm stock solutions or analytical reagent grade ni-
trate salts (from several different manufacturers) were used
to prepare all sample and standard solutions. Specific-
resistance deionized water (18.2 MΩ) with HNO3 from
an in-house, sub-boiling polytetrafluoroethylene distilla-
tion unit was used to prepare 0.1 M HNO3 for dissolution
(or dilution) of salts and standards. For all experiments,
samples were introduced into the ICP by means of a 0.6–
0.8 L/min argon flow (>99% purity; Airgas, Inc., Radner,
PA, USA) from an ultrasonic nebulizer with a membrane
desolvator unit (Cetac U-6000 AT+; Cetac Technologies,
Omaha, NE, USA). Sample solutions were introduced into
the ultrasonic nebulizer at 1 mL/min by a peristaltic pump
(Minipuls 2; Gilson Inc., Middleton, WI, USA). Once
nebulized, the sample solutions entered the ICP as an
aerosol, where they were atomized and ionized, and the
resulting species entered the three-stage differentially
pumped vacuum interface. The vacuum interface has been
described elsewhere [26, 29]. The pressures were approx-
imately 0.7 Torr, 0.5 mTorr, and 0.7 μTorr in each of the
three vacuum stages, respectively. A recirculating chiller
(Neslab model CFT-75; Thermo Scientific, Ashville, NC,
USA) was used to cool the first and second vacuum stages
to 10°C.

Figure 1. Schematic of the orthogonal-acceleration and
mass-separation regions of the ICP-zoom-TOFMS instrument
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Ion Optics and Mass Analyzer

After passing through the vacuum interface, the ion beam is
shaped by a set of DC quadrupole doublet ion optics followed
by a slit optic [26]. The slit optic narrowly confines the ion
beam as it passes into the orthogonal-acceleration region.
There, ions are accelerated either to a constant energy or a
constant momentum, depending upon the desired operational
mode. A square-shaped, high-voltage (1 kV) pulse with a
rise/fall time of less than 25 ns was generated by a high-
voltage pulser (DEI PVX-4150; Directed Energy, Inc., Boul-
der, CO) and a high-voltage power supply (210-01R, Bertan
Associates, Inc., Hicksville, NY, USA) for ion acceleration. To
achieve constant-energy acceleration (CEA), ions experience
the orthogonal-acceleration pulse over the entire 10-cm accel-
eration region. In the case of CMA, the acceleration pulse is
terminated before ions within the target mass range exits the
acceleration region.

The repetition rate of the orthogonal-acceleration pulse in
both operational modes was set to 10 kHz unless otherwise
specified. Since only a narrow target mass region is detected
with CMA-TOFMS, and ions have m/z-dependent energies, it
is possible simply to mass-select that target region [22]. Mass-
range selection was performed in this study by means of ion-
energy filtering. Specifically, the reflectron and the RPA were
used here to filter out m/z values below and above the target
mass region, respectively. Once the target mass window was
selected, the repetition rate was increased to 43.5 kHz to
improve instrumental duty factor. Ion-energy filtering for
energy-focused CMA-TOFMS has been described previously
[22].

Once accelerated, ions enter a 12-cm long field-free mass-
separation region, are turned around in a 13-cm deep linear-
field reflectron, and travel through a second, 23-cm long field-
free region (cf. Figure 1). At 35 cm along the flight path a RPA
was installed. The RPA setup consists of three stainless-steel
electrodes with nickel-mesh grids oriented parallel to each
other and perpendicular to the mass-separation axis, and sepa-
rated by 0.25-cm ceramic spacers. The RPA was used to create
a potential barrier along the flight path to filter out low energy
ions before detection. A similar RPA system has been used in
CMA-TOFMS to efficiently remove ions with m/z-values
greater than the target mass region [22]. After the RPA, ions
travel an additional 0.64 cm before striking the matched pair of
40-mm extended-dynamic-range microchannel plates (MCPs)
(Photonis USA, Inc., Sturbridge, MA, USA). The total field-
free mass-separation region length in the ICP-zoom-TOFMS
instrument is 35 cm.

Mass Spectral Acquisition

Ion signal from the MCPs was recorded either by ion counting
or analog ion-current averaging. For ion counting, an Ortec
9308 picosecond time analyzer (Oak Ridge, TN, USA) with a
Tennelec TC454 four-channel constant-fraction discriminator
(Oak Ridge, TN, USA) was employed to record ion arrival
times. The Ortec 9308 has a 50 ns dead time after each

detection event, during which no additional ions can be detect-
ed. A non-inverting fast preamplifier (VT120A; Ortec, Inc.)
was used to amplify the output current from the MCPs in
analog detection mode before the signal was recorded and
digitized by a 2.5-GHz digital phosphor oscilloscope (TDS
7254; Tektronix, Inc., Richardson, TX, USA). Ion counting
was employed for mass-spectral acquisition when the sample
concentration was ≤10 ppb and analog detection was used for
concentrations above 10 ppb. Mass spectra were analyzed by a
combination of LabVIEW® 2010 (National Instruments, Aus-
tin, TX, USA), OriginPro (2015 version; OriginLab Corp,
Northampton, MA, USA), and Microsoft Excel 2010.

Results and Discussion
Sample analysis with zoom-TOFMS is straightforward and
consists of a full-spectrum acquisition in CEA (conventional)
TOFMS mode followed by one or more targeted mass-spectral
collections in CMA (zoom) TOFMS mode. The initial CEA-
TOFMS analysis provides both qualitative and quantitative
information about all sample constituents, whereas the subse-
quent CMA-TOFMS analyses provide more detailed, targeted
spectral information [22]. In order to alternate between CEA-
and CMA-TOFMS operations, several instrument parameters
need adjustment. These parameters include the acceleration
pulse, the reflectron voltage, and the ion-optic potentials. The
acceleration pulse parameters (duration and potential) and the
reflectron potential are adjusted to ensure proper space and/or
energy focusing in each operational mode and for selecting the
target mass range(s) during zoom operation [22, 32, 33]. The
ion-optic potentials must be switched between CEA- and
CMA-TOFMS because the optimal pre-acceleration ion-beam
shape is different [32, 33]. These changes are currently per-
formed manually, but could easily be automated.

A multi-element solution was analyzed by ICP-zoom-
TOFMS to assess operation with a high peak-density mass
spectrum. The multi-element solution contained 19 elements
ranging from nickel (m/z 58–64) to uranium (m/z = 234–238),
all at 1 ppm concentration. Figure 2 shows the resultant mass
spectra in both a single CEA-TOFMS spectrum (black trace at
top) and in CMA-TOFMS mode as 11 stitched-together mass
spectra (multicolored at bottom). The focus of this analysis was
to produce the strongest ion signal at eachm/z in both operating
modes. Even so, the resulting resolving power (full-width at
half-maximum, RPFWHM) for CMA-TOFMS peaks was on
average 1.7 times better than for CEA-TOFMS peaks.

All peaks in the 11 CMA-TOFMS (zoom-mode) spectra
exhibit higher mass resolution than those in the CEA-
TOFMS spectrum. Of course, the optimal RPFWHM is
observed for m/z values detected at or near tef. The m/z
range within this optimal focus window has been discussed
in detail previously [32] and is between two and 18 mass
units for singly charged atomic species. In practice, even
the edges of the m/z target window in zoom mode offer
better RPFWHM than that seen with CEA-TOFMS. The
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degradation of RPFWHM away from tef is why 11 separate
mass spectra are needed to cover the m/z 58–238 range of
the multi-element solution. Detection at a single tef also
leads to peak heights that are distorted compared with
those expected from natural isotopic abundances [32];
however, the relative peak areas represent the expected
isotopic distributions.

Sensitivities for both the 11 CMA-TOFMS spectra and the
single CEA-TOFMS spectrum in Figure 2 are compiled in
Supplementary Table S-1. On average, the sensitivity [in
counts per second per ppm (cps/ppm)] for the most abundant
peak in each CMA-TOFMS spectrum was 5.1 × 107 cps/ppm,
and for the corresponding peak in the CEA-TOFMS spectrum
the sensitivity was 1.7 × 106 cps/ppm. The sensitivity differ-
ence between CEA- and CMA-TOFMS is likely a result of ion-
focusing conditions. In CMA-TOFMS, the input ion beam
need not be perfectly collimated (in fact, a focused beam is
better [22]) for optimal operation, which means the focusing
conditions are more forgiving to outliers. Also, it is probable
that more ions pass through the slit optic into the acceleration
region for the focused ion beam in CMA-TOFMS. Further,
because of the nature of CMA-TOFMS, fewer argon ions are
detected per acquisition as many are not turned around in the
reflectron and are neutralized on the back plate of the flight
tube. As a result, there is almost no detector recovery from
argon detection in CMA-TOFMS, whereas detector recovery is
pronounced in CEA-TOFMS.

Zoom-TOFMS Mass Resolution

As Figure 2 shows, operation in zoom mode leads to improved
mass resolution even in a routine scan optimized for maximum
signal. However, even better resolution is possible if the instru-
ment is optimized for that purpose. The maximum RPFWHM for
both the conventional CEA-TOFMS mode and the zoom
CMA-TOFMS mode were evaluated for each of four atomic
mass ranges, represented by isotopes of zirconium, europium,
gadolinium, and lead (cf. Table 1). Lead yielded the largest
RPFWHM enhancement between modes (1.7×); the mass spectra
for Pb by CEA- and CMA-TOFMS are shown in Figure 3.

The results in Table 1 and Figure 3 are consistent with a
previous study on a 43-cm zoom-TOFMS instrument outfitted
with a reduced-pressure, direct-current glow-discharge ion
source [22]. The improvement in RPFWHM reported for the
43-cm system was ≤1.6 times between CEA- and CMA-
TOFMS and the maximum RPFWHM was 1610 and 2550,
respectively [22]. If we assume that RPFWHM scales linearly
with flight distance, the predicted maximum RPFWHM for the
current 35-cm ICP-zoom-TOFMS instrument would be 1300
for CEA-TOFMS ad 2000 for CMA-TOFMS. Not surprising-
ly, the experimental values in Table 1 of 1100–1200 for CEA-
TOFMS and 1700–1900 for CMA-TOFMS are slightly lower
than these predictions. The ICP is a considerably hotter source
than the glow discharge and produces ions with a wider range
of energies [1, 35] and, consequently, somewhat broader mass-
spectral peaks. For this reason, resolution would likely be
improved with the use of a molecular (non-plasma) ionization
source that produces a cooler ion beam for zoom-TOFMS.
However, the 1.5–1.7× RPFWHM improvement between oper-
ating modes is likely to remain regardless of the ion beam
characteristics. Future investigations will evaluate zoom-
TOFMS with molecular ionization sources.

Commercial single-reflectron ICP-TOFMS systems rou-
tinely produce mass resolution on the order of 1000–2500 for
up to 1-m flight paths [36, 37]. The current 35-cm geometry
ICP-zoom-TOFMS system performs well within that resolu-
tion range for both operational modes. If we extrapolate the
average 1800 RPFWHM in Table 2 for zoom mode to 1 m of
flight distance, the predicted RPFWHM is approximately 5000.
Unfortunately, a nominal resolving power of 7500 is needed to
separate the notorious interference of ArCl+ frommonoisotopic

Figure 2. Demonstration of zoom-TOFMS for a multi-element
standard solution containing 1 ppm of Ni, Cu, Zn, Se, Mo, Cd,
Cs, Ba, Sm, Eu, Gd, Er, Lu, Ta, Ir, Au, Pb, Bi, and U. The trace
shown in black at the top is an average of five individual CEA-
TOFMS mass spectra. Ion signals have been normalized to the
uranium peak at m/z 238 and the baseline is offset by 1.75 for
ease of comparisonwithCMA-TOFMS. Themulticolored traces
at the bottom represent individual CMA-TOFMS spectra taken
for different energy-focus (selected mass-range) conditions.
Each of the CMA-TOFMS spectra represents an average of five
individual mass spectra and is normalized to the most intense
mass-spectral feature

Table 1. Highest RPFWHM for Both the CEA- and CMA-TOFMS Operational
Modes of Zoom-TOFMS for Four Mass Ranges Along with the Temporal
Peak Width for Each Element. The Improvement in RPFWHM Between CEA-
and CMA-TOFMS is Also Reported

Element CEA-TOFMS CMA-TOFMS RPFWHM

improvement
Peak width
(ns)

RPFWHM Peak width
(ns)

RPFWHM

Zr 10.6 1070 6.8 1710 1.6
Eu 11.8 1230 8.6 1720 1.4
Gd 12.3 1210 8.8 1720 1.4
Pb 14.8 1140 9.1 1930 1.7
Average 12.4 1160 8.3 1770 1.5
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As+ when the concentrations are equivalent, but often a resolv-
ing power of 10,000 is needed due to much higher concentra-
tions of ArCl+. However, it is likely that with further instru-
mental improvements, particularly to the ion optics and flight
length, resolution for ICP-zoom-TOFMS would be able to
conquer this and other spectral overlaps.

Isotope-Ratio Precision

The ICP-zoom-TOFMS instrument was used to determine
isotope-ratio precision with a 10 ppb europium solution. The
% RSD of the 151/153 europium isotope ratio over a range of
integration times is shown for both CEA- and CMA-TOFMS
modes at a 10 kHz repetition rate (cf. Supplementary Figure S-
1a and S-1b, respectively). The precision for the 151Eu/153Eu
ratio was also evaluated for CMA-TOFMS at a 43.5 kHz
repetition rate (cf. Figure 4). In order to obtain a 43.5 kHz
repetition rate, the reflectron and RPA were used as energy

filters to remove all ions outside the target mass window. With
this higher repetition rate, two ion packets were undergoing
mass separation at any given time.

All three plots for ICP-zoom-TOFMS precision (cf. Supple-
mentary Figure S-1 and Figure 4) yield 0.08%–0.25% RSD for
≤10 min of integration time. The two-times lower (0.085%)
RSD for the 43.5 kHz CMA-TOFMS experiment is expected
compared to the 10 kHz case; at roughly four times the input
pulse rate, the noise should be reduced by a factor of two. The
slope of all three log-log plots (cf. Supplementary Figure S-1
and Figure 4) is approximately –0.5, indicating that the isotope-
ratio precision is shot-noise limited. Overall, these results are
consistent with previous studies of ICP-TOFMS instruments
[38, 39] and with a DOFMS study on the same instrument
platform with the same ICP source [29].

Dynamic Range and Detection Limits

The dynamic range of the ICP-zoom-TOFMS instrument was
evaluated in both operating modes. First, the linear dynamic
range (LDR) for CEA-TOFMS was determined for samples of
iridium. Supplementary Figure S-2 shows the LDR for 191Ir+

analyzed by CEA-TOFMS at a 10 kHz repetition rate to be at
least six orders of magnitude. The calculated detection limit (by

Figure 3. (a) CEA- and (b) CMA-TOFMSmass spectra for lead
that correspond to the data in Table 1. The baseline fluctuations
in both traces are due to an impedance mismatch in the detec-
tion system that causes ringing

Table 2. Single-Point Detection Limits (3σ) for CEA- and CMA-TOFMS
Operational Modes of Zoom-TOFMS. All Solution Concentrations were
100 ppt, 60-s Integration Times were used for Data Collection, and All LODs
were Calculated Based on Peak Areas

Element CEA-TOFMS LOD (ppt) CMA-TOFMS LOD (ppt)

10 kHz 10 kHz 20 kHz 43.5 kHz

In 1.2 0.80 0.26 n/a
Eu 3.2 0.21 0.11 0.084
Gd 1.8 0.16 0.23 0.024
Average 2.1 0.39 0.20 0.054

Figure 4. Effect of integration time on% RSD for the 151/153Eu
ratio with a 10-ppb europium solution analyzed with CMA-
TOFMS at 43.5 kHz
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the 3σ definition) for 191Ir+ from Supplementary Figure S-2 is
3.4 ppt and the limit of quantitation (10σ) was calculated to be
11 ppt. These results are consistent with previous ICP-TOFMS
studies that show detection limits of approximately 1 ppt and at
least four orders of magnitude LDR [36, 37, 39]. However,
when the zoom-TOFMS instrument is operated in the CMA
zoom mode at a 43.5 kHz repetition rate, the LDR of the
instrument is expanded. The LDR for 155Gd+ detected with
CMA-TOFMS at a 43.5 kHz repetition rate in Figure 5 is at
least eight orders of magnitude. This expanded concentration
range is due to a lower detection limit of 0.033 ppt (LOQ of
0.11 ppt) as the saturation point occurs for the nominally 10 ppm
solution in both Supplementary Figure S-2 and Figure 5.

Detection limits for several elements in both zoom-TOFMS
modes are compared in Table 2. On average, LODs for CMA-
TOFMS were better than for CEA-TOFMS, even at the same
repetition rate.

A detection limit is not reported in Table 2 for indium at
43.5 kHz in CMA zoom mode because the detection window
for indium isotopes occurs at approximately 27 μs. Accelera-
tion pulses for a 43.5-kHz repetition rate are separated by 23 μs
and are 4.8 μs in duration for indium. As a result, the indium
detection and acceleration pulse windows overlap and noise
from the acceleration pulse in the detection electronics corrupts
the indium signal. Of course, noise from the acceleration pulse
arises in the current detection setup regardless of operational
mode. This noise limits the available range of frequencies for
ion acceleration.

Two additional factors limit the repetition rate of the accel-
eration pulse in zoom-TOFMS, namely the fill-time of the
acceleration region and the settling time of the acceleration
pulse potential after a pulse has occurred. Fill time of the
orthogonal-acceleration region was determined in a previous

zoom-TOFMS study to be 5 μs for tin ions from a reduced-
pressure, direct-current glow discharge [22]. Since ions pro-
duced in a hotter ICP source, are moving more quickly, and
with a wider range of velocities into the acceleration region, the
fill time here is less than 5 μs. Unfortunately, the exact fill time
could not be determined as it is not limiting—the settling time
of the acceleration region is limiting in this system. For the
current instrument geometry, the acceleration potential is ap-
plied to the repeller plate and across a series of electrodes
(connected by resistors and capacitors in series) that total
10 cm in length. If the time between applied acceleration pulses
is less than 21 μs, the ion signal in successive detection win-
dows is reduced and the ion focus distorted. Consequently, a
maximum repetition rate of 43.5 kHz, which corresponds to
23 μs pulse spacing, was used for CMA-TOFMS in this study.

The tens of parts-per-quadrillion (ppq) detection limits in
Table 2 for Eu and Gd with 43.5 kHz CMA-TOFMS are
considerably better than earlier results for ICP-TOFMS, which
are typically in the high hundreds of ppq range [37, 39]. Of
course, the background mass spectra from these interleaved
CMA-TOFMS experiments have distinct, broad, low-intensity
mass-spectral features because of defocused ions from other
acceleration pulses. The detection limits reported are from a
mass-spectral region where these features are absent. The low-
est (best) detection limit reported in Table 2 is 0.024 ppt (24
ppq) for gadolinium with 60 s of integration time. Supplemen-
tary Figure S-3 shows that the detection limit of Gd for
43.5 kHz CMA-TOFMS improves from 0.18 ppt at 1 s inte-
gration time to 0.024 ppt at 60 s integration. The –0.55 slope of
the log–log plot in Supplementary Figure S-3 suggests that the
detection limit is shot-noise limited. Also, at 1 s of integration
time in CMA-TOFMS, the detection limit was found to be an
order of magnitude better than the detection limit from CEA-
TOFMS with 60 s of integration time.

To understand why CMA, zoom-mode detection limits are
consistently lower than those obtained with conventional CEA-
TOFMS (even at the same repetition rate), mass spectra that
correspond to the results in Table 2 were analyzed for sensitiv-
ity and noise characteristics. On average, the sensitivities (cps/
ppm) were an order of magnitude lower for CEA-TOFMS (2.0
× 105 cps/ppm) than for CMA-TOFMS at every repetition rate
(10 kHz: 2.3 × 106 cps/ppm, 20 kHz: 5.2 × 106 cps/ppm, and
43.5 kHz: 4.9 × 106 cps/ppm). Probable reasons for the sensi-
tivity difference between CEA- and CMA-TOFMS are
discussed above. The sensitivities corresponding to each of
the reported detection limits in Table 2 are given in Supple-
mentary Table S-2.

The additional gain in detection limits for higher repetition
rates in CMA zoom mode is due to noise reduction. On
average, the background mass-spectral noise [in cps per 10 ns
of flight time (cps/10 ns)] dropped nearly an order of magni-
tude between the 20 kHz (6.3 cps/10 ns) and the 43.5 kHz (0.80
cps/10 ns) CMA-TOFMS detection limits. However, the noise
was roughly the same between CEA- and CMA-TOFMS
modes at 10 kHz (16 and 10 cps/10 ns, respectively). Specific
background noise values for all reported detection limits in

Figure 5. Linear dynamic range of the zoom-TOFMS system.
Total ion signal for 60-s integration window for 155Gd+ (14.7%
natural abundance) is shown for CMA-TOFMS at 43.5 kHz. The
3σ limit-of-detection (LOD, green) and the 10σ limit-of-
quantitation (LOQ, blue) are indicated
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Table 2 can be found in Supplementary Table S-3. The exact
cause of noise reduction at higher repetition rates is unknown,
but several possibilities exist. First, in all CMA-TOFMS ex-
periments, energy filtering with the RPA and reflectron reduces
the number of ions present in the flight tube at non-target
masses, so background produced by scattered ions is reduced.
In addition, a larger portion of the input ion beam is extracted at
higher repetition rates, so fewer leakage ions enter the field-free
region between acceleration pulses. These possibilities will be
explored further in future studies.

Conclusions
The ICP-zoom-TOFMS instrument is an intriguing alternative
for the future of TOFMS. Ordinarily, enhanced resolution in
TOFMS comes at the cost of lowered sensitivity and duty
factor—this is not the case for zoom-TOFMS. In the zoom
mode both mass resolution and sensitivity are improved for a
narrow m/z range while background noise is reduced. More-
over, zoom-TOFMS is straightforward to incorporate into
existing single-reflectron TOFMS instruments. In essence, all
that is needed to retrofit an existing system for zoom-TOFMS
operation is an acceleration region suited for the quick CMA
pulses, a linear-field reflectron, and an RPA system to filter the
ion beam. Zoom-TOFMS represents a relatively simple com-
plementary function that is compatible with existing TOF
instrumentation and is, therefore, an easily accessible
technology.
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