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We report a new technique to enhance detection duty cycle of an orthogonal-acceleration
time-of-flight mass spectrometer (0aTOF) over a broad mass range. To this end, we used an
axially-resonant-excitation linear ion trap, which ejects ions axially and mass selectively into a
non-mass-selective linear ion trap in front of the TOF pusher. A delay between the ejection
timing of the non-mass-selective LIT and the push timing of the 0aTOF was swept mass-
synchronously with the axially-resonant-excitation linear ion trap, so that ions are detected
with duty cycle larger than 60% over a wide mass range from m/z 174.1 to 1922.0, which is 3

to 10 times better than conventional oaTOF.
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n orthogonal-acceleration time-of-flight mass
Aspectrometer (hereafter 0aTOF) is now a pow-

erful tool for proteome, metabolite analyses,
and other application fields where high-throughput
and high mass-accuracy is required [1-3]. In addition,
many hybrid 0aTOF designs for tandem mass spec-
trometry, incorporating either a quadrupole filter or an
MS"-capable ion trap, have been developed and re-
ported [2-7]. An important performance of these stand-
alone 0aTOFs and hybrid 0aTOFs is the sensitivity,
because poor sensitivity would degrade the throughput
of the spectrum acquisition; poor sensitivity requires
long acquisition time for obtaining good S/N spectrum.
The sensitivity of these 0aTOFs strongly depends on the
“duty cycle”, which is defined by the ratio of the ions
accelerated by a TOF pusher to the ions introduced to
the pusher. It is typically 5 to 20% [4, 7] because most of
the ions are lost, going through the pusher without
being accelerated during the period between the accel-
eration pulses of the pusher. Therefore, improvement of
this low duty cycle of 0aTOFs is very important for
enhancing the quality and the throughput of spectral
acquisition.

It is well known that an ion trap whose ejection pulse
is synchronized with an 0aTOF can enhance the duty
cycle in a limited m/z range, which is often called
“pulsing” technique; e.g., over 40% efficiency can be
achieved between m/z 300 and 480 while compromising
efficiency above m/z 700 to virtually nil [4]. In this
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technique, since the ions within such a limited m/z
range travel at nearly uniform speed, one can select an
optimum delay time between the trap ejection and the
TOF acceleration, so that nearly all the ions within the
m/z range enter the TOF pusher region simultaneously
and are accelerated by a single push acceleration, re-
sulting in a high duty cycle for the limited m/z range.
With this method, however, the mass range of duty
cycle enhancement is narrow, which is unsuitable for
molecular profiling applications, such as proteome
analysis.

We previously reported that an axially-resonant ex-
citation linear ion trap, which we hereafter call AREX
LIT, can mass-selectively eject the trapped ions with
high efficiency of over 60% [8]. In addition, AREX LIT
ejects the ions with low-energy dispersion because an
axial harmonic potential is formed not by RF potential
but a DC potential.

In this paper, we report that duty cycle of 0aTOFs can
be improved significantly by coupling an AREX LIT to an
0aTOF, where high efficiency and low-energy dispersion
of AREX ejection are used to mass-selectively transport
ions into the 0aTOF efficiently. For each m/z of axial
ejection from the AREX trap, the ions are then trapped
in a non-mass-selective linear ion trap (LIT) in front of
the 0aTOF. There is a predetermined delay time be-
tween the ejection from the non-mass-selective LIT and
the TOF acceleration, so that ions are detected with
duty cycle of over 60%. The delay time is scanned
synchronously with the m/z scan of AREX ejection, so
that high duty cycle of TOF detection is maintained
over the whole mass range of ions trapped in the AREX
trap, which is 3 to 10 times better than a conventional
0aTOF with a similar broad m/z range.
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Experimental

The experimental setup is depicted in Figure 1. This
instrument was modified from the linear ion trap/TOF
mass spectrometer described previously [7]. Samples
were ionized using a gas-assisted electrospray ion
source at a sample flow rate of 5 ul/min. Ions were
introduced from the ESI source through high-pressure
multipole rods into a first linear ion trap (hereafter
pre-LIT). After accumulating ions for about 50 ms, the
ions are ejected out of the pre-LIT into an AREX LIT. In
all measurement modes described below, trap/ejection
operation of the pre-trap was repeated at 20 Hz fre-
quency. The detail of the AREX LIT dimension was
described in reference [8]. Two phases of the trapping
RF voltage (£600 V (0-peak), 820 kHz) were applied to
the rod pairs, which form a radial trapping potential.
The vane potential (D,), which is a DC potential of the
vane lenses relative to a quadrupole-rods DC offset,
makes a potential that is approximately harmonic along
the central axis of the quadrupole field. A supplemental
AC voltage (< *1.5 V (0-peak), 627 kHz) was applied
between the front and rear vanes to oscillate ions
resonantly in an axial direction. The oscillated ions were
ejected into a non-mass-selective collisional damping
LIT (hereafter CD LIT), where ions can be thermalized
and collimated effectively by collisional damping [7].
The DC offset voltages of the rod electrodes for the
pre-LIT, the AREX LIT, and the CD LIT were 22.0, 10.0,
and 7.5 V, respectively. The entrance lenses of each LIT
were kept at DC potential between +3 and +10 V
relative to the DC offset voltages of the rods. To trap in
the LITs, exit lenses of each LIT were kept at DC
potential between of +3 and +15 V relative to the DC
offset voltages of the rods. To release ions from the
LITs, the exit lenses were kept at DC potential between

Schematic of an AREX LIT/0aTOF.

—2 and —10 V relative to the DC offset voltages of the
rods. Ion signal was acquired by an analog-to-digital
signal averager (FAST FLIGHT-2, ORTEC, Oakridge,
TN) to avoid counting loss by saturation of detection
electronics. Acceleration frequency of the pusher was 8
kHz; the interval of acceleration was 125 us, which is
independent of the LIT operation. Helium is introduced
into the pre-LIT and the AREX LIT as a bath gas of 2
and 5 mTorr, respectively. Nitrogen is introduced into
the CD LIT as a bath gas of 10 mTorr. Mass resolving
power of the TOF was 5000 FWHM, which did not
change significantly in all the measurement modes,
which suggests the CD LIT could effectively focus the
ion beam both spatially and energetically.

To investigate duty cycle performance, we examined
the following three different modes of experimental
configurations.

1. Through mode: Ions inside the pre-LIT are trans-
ferred through the AREX LIT and the CD LIT
without being trapped.

2. Axially resonant ejection (AREX) mode without
mass-synchronous delay (hereafter AREX mode):
ions inside the pre-LIT are transferred to and
trapped in the AREX LIT, from which they are
mass-selectively ejected by application of axial sup-
plemental AC. Ejected ions go through the CD LIT
without being trapped.

3. AREX mode with mass-synchronous delay, [hereaf-
ter called throughput enhancement by synchronized
traps (TESTs) mode]: ions inside the pre-LIT are
transferred to and trapped in the AREX LIT, from
which they are mass-selectively ejected by applica-
tion of axial supplemental AC. Ejected ions are
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Figure 2. Measurement sequence of an AREX LIT/0aTOF. (a)
time sequence of AREX LIT in AREX mode and TESTs mode, (b)
the frequency of the supplemental AC applied to the vane lens
during scan period in AREX mode and TESTs mode, and (c)
“open” duration (T;) of the end lens and the delay (T,) between
the “close” time and that of the TOF acceleration during scan
period in TESTs mode.
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trapped in the non-mass-selective CD LIT and
ejected mass-synchronously with AREX LIT.

The time sequences of the AREX mode and the TESTs
mode are shown in Figure 2a. The time sequence
consists of three periods for accumulation, scan, and
emptying of the AREX trap. During an accumulation
period of 5 ms, the ions from the pre-LIT are accumu-
lated inside the AREX LIT, where the vane potential of
10 V relative to the rod offset makes an axial trapping
field, and quadrupole rods make a radial trapping field
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inside the trap. During the scan period of 30 ms, a
supplemental AC frequency is swept from a higher
frequency to a lower one as shown in Figure 2b. A start
frequency of 27 kHz and a stop frequency of 6 kHz
correspond to m/z 150 and 3000, respectively. This
achieves sequential ejection into the CD LIT from low
m/z ions to high m/z ions. In the TESTs mode, the timing
of the CD LIT’s trap and ejection was controlled with
the time durations as shown in Figure 2c. To enhance
the ion intensity introduced into the 0aTOF pusher, the
time durations were controlled mass-synchronously
with ejection m/z of AREX, so that ions with a wide m/z
range between m/z 150 and 3000 can be detected with
high efficiency by the 0aTOF. The optimization of
duration T, and delay T, is described in the Results and
Discussion section below. During an emptying period,
the main AREX RF voltage was turned off, ejecting all
the remaining ions out of the AREX trap.

Results and Discussion
lon Separation by the AREX LIT

Figure 3 shows a mass spectrum, obtained in the AREX
mode, of a mixture sample of a methanol solution of 200
ppb reserpine, 1 uM glu-fibrinopeptide B and 10 ppm
ultramark 1621, which gives a wide m/z range ions be-
tween m/z 1741 and 1922.0. Since high voltage was
applied to the inlet orifice for in-source CID, fragment ions
such as m/z 174.1,195.1, 365.2, 397.2, 448.2, and 673.4 were
observed in the spectrum. The acquisition period of this
spectrum was 5 s. The maximum intensity scale of 10*
ADC counts in the figure corresponds to about 400 ion
counts per second per spectral bin, where a typical reser-
pine ion peak at m/z 609.3 has a TOF FWHM of five bins,
with one bin corresponding to 1 nano-second.

We investigated temporal characteristics of the
AREX mode. Figure 4 shows temporal profile of ions
detected by the 0aTOF during the AREX mode, where
time zero corresponds to the ejection timing of AREX,
and the data were accumulated for 30 s. Figure 4 plots
the data every 500 us, where spectra of four TOF pulses
were summed for each data point.
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Figure 3. A mass spectrum for mixture solution of 200 ppb reserpine, 1 uM glu-fibrinopeptide B and

10 ppm ultramark 1621, using AREX mode. Spectrum acquisition period: 5 s.
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Figure 4. Mass-dependent temporal profile of ions detected by the 0aTOF in the AREX mode. Start
frequency 27 kHz, stop frequency 6 kHz, scan period 30 ms, data acquisition period 30 s. Numbers
above the peaks correspond to the m/z of the ions detected by TOF.

We adjusted the data acquisition parameters of Fig-
ure 4, so that the time profiles are not saturated, as
explained in the following. For 30 ms scan time from
m/z 174.1 to 1922.0, FWHM width of each species is
about 1 ms, resulting in a peak capacity of about 30 after
passing through the CD LIT. Because time dispersions
ejected from the AREX LIT are estimated to be between
150 and 500 ws [8], we estimate that measured time
widths originate mainly from collisional damping in the
CD LIT. Since this AREX ejection sequence was re-
peated at a frequency of 20 Hz, for every 1 s of data
acquisition, 20 ms was used as an effective detection-
duration of each ion species. Within this time duration
of 20 ms, there are 160 0aTOF pushes. Because the
response of the ion detection system, comprising the
MCP and the ADC, was linear up to about 30 ions per
single acceleration pulse of the 0aTOF, the detection
electronics can detect ions of each species linearly up to
4800 ions per second. Thus, the maximum intensity
scale in Figure 3 is less than 1/10 of the limit of the
linear range. Because all signal intensities were also far
below the saturation level in all the experiments, count-
ing loss due to saturation was negligible.

Duty Cycle of the TESTs Mode

To operate the apparatus in the TESTs mode, we
optimized the trapping and ejection timings T, and T,
of the CD LIT using temporal profiles of Figure 4, so
that maximum detection efficiency is achieved for each
m/z ejection of AREX; i.e., the lower the mass of the ions,
the faster they move and, hence, the shorter are the
optimum T, and T, as shown in Figure 2c. In this TESTs
mode, the ion intensities of the mass peaks in Figure 4
were considerably enhanced. Figure 5 shows the en-
hancement factor of the TESTs mode compared with the

I TESTs

AREX mode, , or compared to the Through mode,

AREX

I TESTs

, where Ipoen larex, and Ippsr are the ion

I Through
intengities observed in the Through mode, the AREX

mode, and the TESTs mode, respectively.

In a wide mass range between 174.1 and 1922.0, the
ion intensities of TESTs mode are enhanced by factors
between 3 and 10, either relative to the AREX or relative
to the Through mode. In a higher m/z range of more
than m/z 1000, the enhancement factors relative to the
Through mode were higher than relative to the AREX
mode. We suppose that this is due to the difference in
the transmission efficiency between the Through mode
and the AREX mode, where the low mass cut-off was
m/z 140 for both modes. That is, in the AREX mode,
where the trapped ions were cooled sufficiently by the
buffer gas, the transmission of high n1/z ions was better
than in the Through mode, where the ions were not
trapped within AREX.
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Figure 5. Enhancement factors of the TESTs mode relative to the
AREX mode and the Through mode. Circles: factor relative to
AREX mode. Squares: factor relative to Through mode.
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Figure 6. Comparison of duty cycles of the 0aTOF for experimental TESTs data, theoretical non-trap
modes, and theoretical conventional pulsing modes. Circles: experimental TESTs results obtained by
eq 2. Others: theoretical simulation results where each time designation indicates the time point, or the
delay from the start of AREX ejection. 0 ms: Ty, = 11.7 ps, T, = 13.4 us. 10 ms: T; = 16.1 ps, T, = 22.2
us. 20 ms: Ty = 23.4 ps, T, = 36.7 ps. 30 ms: T} = 353 s, T, = 60.6 us. Long T,: T, = 32.1 us, T, =
22.2 ws. Non-trap: T} = 125.0 us, T, = 0.0 us. K = 46 mm L = 23 mm, ion kinetic energy 6.0 eV.

Using the enhancement factor data shown in Figure
5, the duty cycle of the TESTs mode, (DC) rrsr,, Was
estimated by

M

where (DC) srex is a theoretical duty cycle for the AREX
mode, which is calculated under following two assump-
tions:

1. During the ejection duration from the CD LIT, the
ion flux that is injected into the TOF acceleration
region is uniform.
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Scheme 1. Ion distribution patterns of an 0aTOF.

2. Jons that are injected into the TOF acceleration
region have uniform energy.

We used the enhancement factor relative to the AREX
mode, instead of relative to the Through mode, because
of the reduced transmission for high m/z in the Through
mode.

To calculate the theoretical duty cycles, we considered
six patterns of ion distributions in the TOF acceleration
region, as shown in Scheme 1, for each of which the duty
cycle equation is shown as well. K is the distance between
the CD LIT and the entrance of the pusher, L is the length
of the effective acceleration region, and v is the velocity of
ions, which depends on the 11/z and kinetic energy. In our
case, K and L are 46 mm and 23 mm, where the ion kinetic
energy was 6.0 eV.

The theoretical duty cycle of the AREX mode (or
equally the Through mode), where the CD LIT does not
trap ions and a continuous ion beam enters the TOF
pusher, was calculated from the equation of the Scheme
1 (D), which is 7 to 24% for m/z 174 to 1922 and shown
in Figure 6.

Figure 6 also shows the duty cycle of TESTs mode,
which is obtained from the experimental enhancement
factor and the theoretical duty cycle for the AREX mode
together with eq 1. High duty cycles of 60 to 90% are
obtained by TESTs mode in a wide mass range between
m/z 174.1 and 1922.0.

Next, we compared these experimentally-obtained
TESTs duty cycle with theoretically expected duty cycle
for the TESTs mode, which was calculated as follows.

During an AREX scan time of 30 ms, four time
points, which correspond to delays of 0, 10, 20, and 30
ms after start of AREX ejection, are selected for theoret-
ical calculation, for each of which optimized T, and T,
are chosen as shown in Figure 2c. Then we can deter-
mine, for each m/z, which of the six equations in the
Scheme 1 (A)—(F) is applicable for each time point. The
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theoretical duty cycle thus calculated with the chosen
equations is shown in Figure 6. For all time points, the
peak duty cycle is more than 70%, but with narrow m/z
range. The m/z range with high duty cycle increases
synchronously with the AREX ejection scan. The overall
envelope of the duty cycle peaks agrees reasonably well
with the experimental duty cycle curve for TESTs
within experimental errors.

In a conventional pulsing method [4, 9], an option
exists for a compromise for increasing the m/z range at
the expense of reduced peak duty cycle by selecting a
longer T1, an example of which is shown in Figure 6. In
this “long T1 mode”, T; was twice as much as the time
point at 10 ms of Figure 6 with the same T,. Longer
duration T, achieves larger mass window by a factor of
2, although the maximum duty cycle decreases by about
2/3. The m/z range is still narrow compared with
TESTs.

Conclusions

We developed a new technique to enhance detection duty
cycle of an orthogonal-acceleration time-of-flight mass
spectrometer (0aTOF) over a broad mass range. With this
new 0aTOF, we obtained ion detection duty cycle of over
60% within a wide mass range from m/z 174.1 to 1922.0
simultaneously, which is 3 to 10 times better than conven-
tional 0aTOFs. To this end, we used an axially-resonant-
excitation linear ion trap, which ejects ions axially and
mass-selectively into a non-mass-selective linear ion trap
in front of the TOF pusher. The delay between the ejection
timing of the non-mass-selective LIT and the push timing
of the 0aTOF was swept mass-synchronously with the
axially-resonant-excitation linear ion trap, so that ions are
detected efficiently over a wide mass range. This high

J Am Soc Mass Spectrom 2006, 17, 1669-1674

duty cycle should be advantageous for enhancing the
quality and throughput of an orthogonal-acceleration TOF
mass spectrometer in a broad range of molecular profiling
applications.
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