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Hadamard transform time-of-flight mass spectrometry (HT-TOFMS) is based on the pseudo-
random gating of ion packets into a time-of-flight mass-to-charge analyzer. In its typical
implementation, the technique is able to monitor continuous ion sources with a 50% duty
cycle, independent of all other figures of merit. Recently, we have demonstrated that the duty
cycle can be extended to 100% using patterned, two-channel detection. Two-channel HT-
TOFMS involves the simultaneous optimization of paired one-channel experiments and
imposes more stringent conditions to achieve high-quality spectra. An ion modulation device,
known as Bradbury-Nielson Gate (BNG), is central to HT-TOFMS. It is an ideal deflection
plate, capable of transmitting or deflecting an ion beam according to a known binary sequence
without changing the times-of-flight of the ions. Analytical equations are derived that
accurately describe the ion modulation process of the BNG as confirmed by good agreement
with SimIon simulations and ion beam imaging experiments. From these expressions, the duty
cycle and ion modulation efficiency were calculated for various BNG parameters, ion beam
characteristics, and detector dimensions, which permit the optimum conditions to be chosen
for the two-channel experiment. We conclude that the outer detector should be three times the
maximum deflection angle to detect all deflected ions (100% duty cycle) and that the difference
between the modulated ion counts in the sequence elements 0 and 1 should be maximized to
achieve high modulation efficiency. This condition is best achieved by tight focusing of the ion
beam in the center of the inner detector. When both channels are optimized, the two-channel
advantage can be exploited to achieve a further improvement over a single-channel
experiment. (J Am Soc Mass Spectrom 2005, 16, 1888–1901) © 2005 American Society for
Mass Spectrometry
Hadamard transform time-of-flight mass spec-
trometry (HT-TOFMS) [1] is based on modula-
tion of a continuous ion beam according to a

pseudorandom binary sequence, and it has a constant
duty cycle of 50% independent of all other figures of
merit. Recently, we have demonstrated that the duty
cycle can be extended to 100% using patterned, two-
channel (2C) detection [2]. From the high duty cycle, the
technique has the advantages of high efficiency, in-
creased sensitivity, and/or rapid acquisition of mass
spectra when monitoring continuous ion sources com-
pared with conventional on-axis TOFMS. Orthogonal
extraction TOFMS [3, 4] is the more widely used
method of achieving high duty cycle, but some trade-off
must be accepted between mass range covered and
duty cycle achieved. Often these trade-offs are accept-
able, but some situations might benefit from the ap-
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proach described here. The 2C-HT-TOFMS involves the
simultaneous optimization of paired one-channel (1C)
experiments. Detecting high-quality spectra on both
channels requires that the ion modulation be well-
defined, but the effects of ion modulation on perfor-
mance have not been discussed in detail.

The principles of HT-TOFMS have been presented in
previous publications [1, 2, 5]. The most important
component of the HT-TOFMS instrument is an ion
modulation device, called the Bradbury-Nielson Gate
(BNG) [6, 7]. The BNG is an ideal deflection plate,
capable of transmitting or deflecting an ion beam ac-
cording to a known binary sequence without changing
the flight times of the ions. It consists of two finely
spaced, interleaved sets of wire electrodes that are
electrically isolated from one another and that lie in a
plane perpendicular to the trajectory of the ion beam
(Figure 1c). When both wire sets are at relative ground
(sequence element 1), all ions are transmitted. When the
voltage of one wire set is raised to a positive bias as the
voltage of the other is lowered to a negative bias of
equal magnitude (sequence element 0), all ions are

deflected off-axis into two branches. The deflection
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causes the ions introduced into the drift region during
sequence element 0 to miss the inner detector.

The schematic of the instrument is in Figure 1a. A
continuous, accelerated ion beam is modulated on and
off the axis of detection following a Hadamard se-
quence that is applied at a rate of 10 MHz. In 1C-HT-
TOFMS, deflected ion branches are blocked and only
the transmitted ions are detected by the multichannel
plate (MCP) detector. The detected signal from the
thousands of ion packets is mathematically deconvo-
luted to recover the time-of-flight mass spectrum. The
binary Hadamard sequence employed in this technique
is called the maximal length pseudo random sequence
(MLPRS) [8]. The sequence has a length of N � 2n � 1,
where n is typically 11 (N � 2047), and consists of half
1s and half 0s, which gives the technique its 50% duty
cycle. In 2C-HT-TOFMS, a dual-anode detector is used
[2]. The transmitted ions are detected by the inner
anode and the deflected ion branches are detected by
the outer anode. Each channel has 50% duty cycle, thus
allowing a 100% duty cycle to be achieved.

The ion beam is modulated at the BNG according to
a Hadamard sequence. If the ion current were mea-
sured at the BNG, the signal would be the Hadamard
sequence scaled by the average intensity. Let’s denote
the sequence as a length-N column vector s0 (Figure 1b).
After modulation, the ions will drift toward the detector
in the flight chamber with flight times that depend on
the mass of the ions. For a single species with a time
delay n�t, where �t is the time width of each data
acquisition element, the signal at the detector will be the

Figure 1. Schematic of (a) the HT-TOFMS, (b) the timing of the
BNG and detector signals, and (c) the BNG. The BNG consists of
two finely spaced, interleaved sets of wire electrodes, where the
wire spacing d and the radius of the wires R are typically 100 and
10 �m, respectively. A continuous ion beam is modulated by the
BNG according to the Hadamard sequence from a sequence
generator. The transmitted ion beam is detected by the MCP
detector, and the signal is deconvoluted in a personal computer
(PC) to obtain the mass spectra. In 2C-HT-TOFMS, the deflected
beam is also detected by the outer anode of the MCP detector. The
signal at the detector will be the Hadamard sequence with a time
delay that depends on the mass of the ion species.
sequence with a time delay n�t. This can be denoted as
sn, which is the sequence vector s0 that has been
cyclically shifted by n places. For multiple ion species
with different time delays, the detected signal y is the
sum of all sequences that have different time delays

y � �
i�0

N�1

xisi � [s0 s1 � sN�1]�
x0

�
xN�1

�� Sx (1)

where xi is the intensity of the ith ion species. Thus, y
can be represented as a convolution of the ion modula-
tion matrix S and the intensity vector x. The matrix S is
an N � N right-circulant matrix [8], where the first
column is the sequence s0, and the other columns are
the cyclically shifted vectors s1 through sN�1.

The deconvolution matrix R is given by

R ��
w0

w1

�
wN�1

��
N � 1

2
S�1 (2)

where wi is a length-N row vector derived from the
transpose of si by changing all 0s to �1s. The matrix R
is the inverse of the matrix S scaled by (N � 1)/2. This
factor is necessary because all ion counts in the detected
signal y result from real ions and the peak intensities
after deconvolution should represent the actual number
of measured ions. Thus, in the absence of noise, the
deconvoluted mass spectrum vector z is

z � Ry ��N � 1

2
S�1�(Sx) �

N � 1

2
x (3)

which shows the expected N/2 increase in signal inten-
sity.

In the current setup of HT-TOFMS, which uses an
electrospray ion source, the ion current is dominated by
shot noise, which depends on the signal intensity.
Under shot-noise conditions, we have shown recently
[5] that the multiplexing advantage of HT-TOFMS in
peak height precision (PHP) compared to what we call
on-axis TOF is given by

PHPHT

PHPTOF �� fHT

fTOF

Fi ��N

2
Fi (4)

where Fi is the relative ion population of the peak of
interest, and fHT and fTOF are the duty cycles of HT-
TOFMS and on-axis TOFMS, respectively (fHT � (N �
1)/2N � 50%, fTOF � 1/N). The PHP is defined as the
peak height divided by its standard deviation. This
figure of merit is different from the signal-to-noise ratio
(SNR), which is defined as the peak height divided by
the standard deviation of the baseline. In HT-TOFMS,

the baseline noise comes from the shot noise of all ion
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species; thus, both PHP and SNR are equal, whereas in
on-axis TOF, the SNR can become infinite in the absence
of detector noise. Therefore, PHP is a better figure of
merit for comparing HT-TOF to on-axis TOF. As shown
in Ref. 5, this ratio normally exceeds unity and thus
represents an enhancement except for ions that are a
very small fraction (typically less than 0.001) of the total
ion signal. We have also shown [5] that the peak height
and the variance are given by

�zi	 
 (1 � �)FifHT�1
S (5)

Var(zi) 
 fHT�1
S (6)

where �1
S is the total ion counts during the spectral

acquisition time when the BNG is fixed in the transmis-
sion mode (sequence element 1), and � is the proportion
of unmodulated ions arising from incomplete deflection
of the BNG.

It is important to note that the performance of
HT-TOFMS depends on the duty cycle and the ion
modulation efficiency (1 � �). Both are determined by
the ion beam size, the detector dimensions, and the
BNG parameters that control ion deflection. To study
the effects of ion modulation on the performance,
simple analytical equations, which accurately describe
the ion deflection by the BNG, have been derived and
compared with SimIon simulations and beam imaging
experiments. These expressions can be used to model
the dynamics of the ion beam deflection as the BNG is
switched on and off. Ion currents in both channels of the
2C-HT-TOFMS, in response to BNG switching, can be
calculated by integrating over the ion beam distribution
and detector dimensions for various BNG parameters,
ion beam characteristics, and detector dimensions. This
study provides us with a deeper understanding of the
ion modulation process and its effects on HT-TOFMS,
and it also allows us to determine for a given set of
parameters the optimum condition for HT-TOFMS.

Experimental

Reagents

All experiments were done with reserpine (Sigma
Chemical, St. Louis, MO, Mw � 608.7 g mol�1). The
reserpine concentrations were 1 mM in a 50:50 vol/vol
mixture of high-purity water (18 M� cm�1) and methyl
alcohol (Aldrich Chemical, Milwaukee, WI). Analytes
were used as received without further purification.

Electrospray Ionization HT-TOFMS

Figure 2a presents a schematic diagram of the HT-TOF
mass spectrometer used in this work. A full description
can be found elsewhere [5]. Analyte solutions were
driven through 75-micron i.d. fused-silica capillaries
(Polymicro Technologies, Phoenix, AZ) at flow rates

between 0.1 and 1 �L/min by application of a backpres-
sure and were electrosprayed from the exit, which was
sharpened and gold-coated [9]. The electrospray tip was
held at voltages between 2500 and 3500 V and posi-
tioned roughly 5 mm from the grounded entrance
orifice. The electrosprayed ions are collimated in an
rf-only hexapole (2.9 MHz, 200 to 2500 V, ABB Inc,
Pittsburgh, PA), which is maintained at a pressure of 1
� 10�4 torr, before being accelerated to 1500 eV be-
tween the exit lens of the hexapole and the first element
of the Einzel lens that follows the hexapole.

Encoding sequences are applied to the Bradbury-
Nielson gate, which is mounted just past the Einzel lens.
The wires of the gate (20-�m diameter gold-plated
tungsten, 100-�m spacing) float at the acceleration
voltage of the instrument and are aligned such that
beam deflection is along the vertical axis. High voltage
and deflection bias voltages are supplied to the gate by
a HT-TOFMS control system that was engineered in

Figure 2. (a) Schematic of HT-TOFMS instrumentation. Electro-
sprayed ions are collimated by an rf-only hexapole ion guide (1 �
10�4 torr) and then accelerated to 1500 eV between the exit lens of
the hexapole and the first element of the Einzel lens. The Had-
amard voltage sequence from the sequence generator is applied on
the two wire sets of the BNG, which modulates the ion beam. The
steering plates are used to scan the ion beam on the plane of the
detector. The ions that are not blocked by the mask are detected by
a dual-anode MCP detector. A multichannel scaler records the
signals from both anodes. (b) Ion beam images at BNG voltages of
	13, 15, 17, 19, 21, and 23 V. Beam images were collected by fixing
the BNG voltage and recording the total ion counts while stepping
the horizontal and vertical voltage offsets of the steering plates.
The images at the inner anode clearly show the ion beam deflec-
tion by the BNG. The images at the outer anode show four
branches caused by the two openings on the MCP mask.
partnership with Predicant Biosciences (South San
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Francisco, CA). This PC-controlled system consists of a
central control box that generates variable-length, vari-
able-rate pseudorandom sequences and vacuum-
mounted driver circuitry that applies the acceleration
voltage and the time-varying bias voltages to the BNG.
For any applied encoding sequence, the temporal width
of the encoding elements is the reciprocal of the se-
quence generator’s clocking frequency. The total dura-
tion of one acquisition pass, which determines the mass
range investigated, is the product of the element width
and the sequence length. The time zero of an ion’s flight
time is defined as the moment it crosses the plane of the
BNG wires.

The 25-mm dual-anode multichannel plate detector
(MCP; Quantar Technology Inc., Santa Cruz, CA) was
placed in a linear geometry. The total flight path past
the BNG is 1.2 m. Steering plates consisting of four
plates (30 mm � 40 mm) were used to position the ion
beam at the detector. The inner anode of the MCP
detector has a dimension of 4 mm � 21 mm and the
outer anode has a diameter of 25 mm with a rectangular
hole of 5 mm � 22 mm. A mask having three openings
(8 mm wide, 4 mm high) that are spaced vertically by 9
mm is mounted directly in front of the MCP detector for
ion beam imaging experiments. The inner anode detects
ions entering the central opening, whereas the outer
anode detects the ions entering the outer openings.
Other ions are blocked by the mask and do not reach the
detector. Note that the purpose of the MCP mask is to
study the ion modulation process. Under normal mode
of operation, the mask should be removed. The MCP
signals from the two anodes are amplified and fed into
two multichannel scalers (Turbo MCS, EG and G Ortec,
Oak Ridge, TN) for preparing histograms of the ion
counts. Synchronization of the data acquisition with the
modulation electronics is achieved by triggering the
start pulse of the data acquisition from the sequence
generator at the beginning of the first sequence element.
The digitized waveform acquired by the multichannel
scaler is transferred to a computer. All data processing
is performed with a program written in Python pro-
gramming language.

Beam Imaging

The ion counts at both MCP anodes were monitored
while scanning the voltages applied on the steering
plates to acquire the ion beam images in Figure 2b.
Changing the voltage difference of the horizontal and
vertical plates deflects the ion beam horizontally and
vertically. The BNG voltage was fixed at 	13 V, and the
two voltage offsets of the steering plates were increased
in 5-V steps after summing the total ion count for 5 s
from �70 to 70 V. The scanning was repeated for BNG
voltages of 15, 17, 19, 21, and 23 V. The ion beam images
are a convolution of the ion beam shape and the MCP
mask shape (three openings that are 8 mm wide and 4
mm high). The images from the inner anode show the

two ion beam branches deflected by the BNG. The outer
anode has two mask openings that are separated by 18
mm. Thus, the images from the outer anode have four
branches.

Theory

Ion Trajectory on the BNG Potential Energy
Surface

An analytical expression for the potential energy sur-
face of the BNG was first derived in 1929 by Bethe [10].
It also appears in the thesis of Yang [11], who used
conformal mapping. It is possible to re-express their
results as

U(x, y) �
kVp

�
ln�cosh��x

d �� sin��y

d �
cosh��x

d �� sin��y

d �� (7)

where U(x,y) is the potential energy surface of the BNG,
and the constant k is defined as

k �
�

2ln�cot��R

2d �
(8)

Here, the BNG is on the y-z plane (Figure 1c), and d and
R are the distance between the wires and the radius of
the wires, respectively. In eq 7, positive ions are de-
flected in a positive direction.

The trajectory of an ion can be calculated by solving
the Newton’s equation on the BNG potential energy
surface. The ion is assumed to be traveling in the
positive x-axis direction.

ẍ � �
ze

M
U′ ÿ � �

ze

M

�U

�y
. (9)

Here, a dot refers to a time derivative and a prime refers
to differentiation with respect to x. Also, z, e, and M are
the number of charges on the ion, the charge of an
electron, and the mass of the ion, respectively. From
conservation of energy, the kinetic energy zeV(x,y) is
related to the BNG potential by

zeV(x, y) �
1

2
M(ẋ2 � ẏ2) � zeV0 � zeU(x, y) (10)

where zeV0 is the kinetic energy when U(x,y) � 0. Using
eq 10 and through change of variables in eq 9, a
differential equation for the ion trajectory can be ob-
tained:

y′′ �
1 � y′2

2V �V′y′ �
�V

�y�� 0 (11)
Note that the kinetic energy V is used instead of U to be
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more consistent with the paraxial equation for electron
motion under cylindrical potential energy surface [12].
Eq 11 can be greatly simplified if the kinetic energy of
the ion is much greater than the voltage applied on the
BNG �V0 

 U�. In this case, we can assume the follow-
ing.

V′ 
 0 y′2 �� 1 (12)

The kinetic energy of the ion zeV0 is 1500 eV, and the
voltage applied on the BNG is around 13 V, which is
less than 1% of the ion kinetic energy. Thus, using eq 7,
eq 11 can be simplified to

y′′ �
1

2V0

�V

�y
�

kVp

dV0

cosh(�x ⁄ d)cos(�y ⁄ d)

cosh2(�x ⁄ d) � sin2(�y ⁄ d)
(13)

This equation expresses the deflection power of the
BNG. The tangent of the deflection angle tan	 can be
calculated by integrating this equation. Let us imagine
that the voltages on the wires of the BNG are at 	Vp,
and that an ion with a kinetic energy zeV0 approaches
the BNG from (��,y0). If the voltages of the BNG are
suddenly turned on when the ion is at position (x0, y0)
and turned off at (x1, y0), then, the deflection angle is

tan 	(x0, x1;y0) � �x0

x1
y � dx

�
kVp

dV0
�x0

x1 cosh(�x ⁄ d)cos(�y ⁄ d)

cosh2(�x ⁄ d) � sin2(�y0 ⁄ d)
dx

� k
Vp

V0

[
�x1, y0� � 
�x0, y0�] (14)

where 	(x0,x1;y0) is the deflection angle and the normal-
ized deflection 
�x,y� is defined as


(x, y) �
1

�
�arctan�e�x⁄d � sin(�y ⁄ d)

cos(�y ⁄ d) �
� arctan�e�x⁄d � sin(�y ⁄ d)

cos(�y ⁄ d) � (15)

The maximum deflection is given by

tan	max � tan	(��, �;y0) � k
Vp

V0

(16)

where according to eq 8, k depends only on the ratio
R/d. Eq 14 is a central result of our analysis. Later, we
shall present an expression obtained by averaging over
all possible values of y0.

Comparison with SimIon Simulations

To check the accuracy of the analytical equations, ion
trajectories through the BNG were simulated using

SimIon 3D v7.0 [13]. In all the simulations, the BNG was
along the y-axis (Figure 1c) and 50 ions were placed on
the x-axis spaced by 10 or 20 �m. The wire radius R was
5, 10, or 20 �m, and the wire spacing d was 100, 200, or
300 �m. The ions had a kinetic energy of 1000 eV flying
in the positive x-axis direction. The alternate wires had
the voltages Vp of 	10, 30, 50, or 100 V. Figure 3
presents the deflection angle at x � 1000 mm plotted

Figure 3. Plots of BNG deflection angle versus starting position.
All markers are from SimIon simulations and lines are predictions
from eq 14. (a) tan 	 for wire spacings of d � 100 (open diamond),
200 (open square), and 300 �m (open triangle). Other parameters
are M � 10 kDa, Vp � 10 V, V0 � 1000 V, and R � 10 �m. (b) tan
	 at deflection voltages of Vp � 10 (open triangle), 30 (open circle),
50 (open square), and 100 V (open diamond). Other parameters
are M � 10 kDa, R � 10 �m, d � 100 �m, and V0 � 1000 V. (c) tan
	 for a wire radius R of 5 (open triangle), 10 (open square), and 20
�m (open diamond). Other parameters are M � 10 kDa, Vp � 10
V, V0 � 1000 V, and d � 100 �m. (d) tan 	 at different initial y
position of y0 � 0 (open triangle), 20 (open circle), 30 (open
square), and 39 �m (open diamond). Other parameters are M � 10
kDa, R � 10 �m, d � 100 �m, Vp � 10 V, and V0 � 1000 V.
against the starting x-position. The starting position x0
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is the x-position of the ions relative to the BNG when
the voltages are suddenly applied to the BNG wires.

tan	(x0, �;y0) � k
Vp

V0

[1 � 
(x0, y0)] (17)

When the BNG is switched from on to off or from off
to on, ions that are close to the BNG will be partially
deflected leading to a blurring of the deflection,
whereas those ions far away are unaffected. This behav-
ior is shown in Figure 3a, where the deflection angle is
plotted for three different wire spacings d. The markers
refer to the SimIon simulations and the solid lines are
from eq 17. Smaller spacing causes larger deflection
angles and less blurring. The ions that are away from
the BNG by more than the wire spacing are either
deflected fully or not deflected. The ions that are within
a distance of the wire spacing from the BNG are
partially deflected. In Figure 3b and 3c, the voltage Vp

and the wire radius R are varied, respectively and in
Figure 3d, the initial y-position y0 is varied from the
center of the wire spacing. The wire spacing d deter-
mines the extent of blurring, whereas the wire voltage
Vp and the ratio of the wire radius R to the wire spacing
d are responsible for the deflection angle. The deflection
angle is fairly constant near the center of the wires and
deviates only when y0 is close to the wires. In all cases,
the accuracy of the analytical equation is seen by the
good fit with the SimIon simulations.

Average Deflection Angle

The ion beam is wider than the wire spacing of the BNG
and will span several wires. Thus, it is more convenient
to use the average of the deflection angles over all y0

between the wires and remove the y0 dependence.
Figure 4a shows the averages of deflection angles over
y0 for different starting x-positions. Each marker corre-
sponds to the average of the SimIon simulation from
799 ions, which were placed at a fixed x-position with y
ranging from �39.9 to 39.9 �m. This simulation was
repeated for 13 different starting x-positions. On the
right side of the plot is the histogram of the 799 ions.
The gray bars are the SimIon simulations and the black
lines are the predicted histograms from eq 14. These
histograms display a very good fit between the simula-
tions and the theory. To find the analytical expression
for the average deflection angle, eq 14 has to be inte-
grated over y0. Instead, this equation was fit to a form
almost identical to eq 14 with y0 � 0 and the wire
spacing d replaced by an effective wire spacing deff.

tan	av(x0, x1) 
 k
Vp

V0

[
(x1, 0;deff) � 
(x0, 0;deff)]

� k
VP

V0
�2

�
arctan�e�x1⁄deff� �

2

�
arctan�e�x0⁄deff� (18)
The best fit is achieved when deff is given by
deff � dcos��(d � 2R)

4d � (19)

The solid line in Figure 4a is the prediction from eqs 18
and 19 and show a very good fit with the SimIon
simulations. These equations can accurately describe
the average dynamic behavior of ions as they are

Figure 4. (a) Comparison of SimIon simulations and theory for
the average deflection angle over y0. Each marker on the left
corresponds to the average deflection angle from a SimIon simu-
lation of 799 ions starting at a position (x0,y0), where x0 is fixed and
y0 ranges from �39.9 to 39.9 �m. The solid curve on the left is
calculated from eq 18. The histogram of SimIon’s simulated
deflection angles is shown on the right in gray. The predicted
histogram calculated using eq 14 is shown as a black solid line on
the right side of the plot. Some of the parameters were M � 10
kDa, R � 10 �m, d � 100 �m, Vp � 13 V, and V0 � 1500 V. (b)
Comparison of experiment and theory for the maximum deflec-
tion angle. The black dots representing the vertical positions were
calculated from the beam images in Figure 2b. The voltage
difference of the outer two branches of the outer-anode image was
assumed to be the sum of the BNG beam deflection and the
distance between two MCP mask openings (18 mm). The two
branches in the inner-anode image are due to BNG deflection only.
Thus, the difference of the inner and outer images was used to
convert voltage to physical distance on the plane of the detector.
The error bars are from the widths of the ion beam branches. The
solid straight lines are from eq 16.
deflected by the BNG. This equation can be extended to
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other geometry ion modulation gates by changing ap-
propriately k and deff. We consider these two equations
to be a major result of this analysis. In the following
sections, eqs 18 and 19 are used for all discussions.

Beam Imaging Experiments

Although the SimIon simulations are sufficient to vali-
date the analytical expressions for the deflection angle
given by eqs 14 and 18, two-dimensional images of ion
beam deflection by the BNG were collected to compare
with theory. As explained in the Experimental section,
the images were acquired by scanning the steering
plates and detecting with a masked dual anode mul-
tichannel plate detector (Figure 2b). The images are
convolutions of the ion beam shape and the shape of the
mask openings. The inner anode shows the two
branches of the ion beam deflected by the BNG,
whereas the outer anode shows four branches coming
from the two outer openings on the mask.

To convert the voltage offsets of the steering plates
into physical distance at the plane of the detector, the
distance between the mask openings (18 mm) was used.
The voltage difference between the outer two branches
in the outer anode image was assumed to a sum of the
ion beam deflection and the mask opening distance. The
voltage difference between the two branches in the
inner anode is only from the BNG deflection. Thus, the
difference between the inner and the outer should
correspond to a distance of 18 mm. All ion beam
branches were summed along the horizontal voltage
offsets, and the centroid and the width of the ion beam
branches along the vertical voltage offsets were calcu-
lated by fitting to a Gaussian function. Figure 4b shows
the average positions of the deflected ion beams for
several BNG voltages (black dots). The error bars are
from the width of the Gaussian fits that are corrected for
the width of the mask openings. The solid lines are from
eq 18 and are within the experimental error. SimIon
simulations of the steering plates show that the steering
plates cause some distortion of the beam images caused
by the coupling of the horizontal and vertical plates.
These distortions are probably the main cause of the
slight deviations.

Results and Discussion

Two-Channel Detection

Common figures of merit that describe the performance
of TOFMS are the signal-to-noise ratio (SNR), sensitiv-
ity, and mass resolution. In the current implementation
of 2C-HT-TOFMS, the mass resolution is determined by
the time width of the data acquisition bin �t and is not
affected significantly by the ion deflection. In contrast,
the SNR and sensitivity are directly related to the duty
cycle and the ion modulation efficiency, and these
depend strongly on the ion modulation process. Eqs 18

and 19, derived in the Theory section, accurately de-
scribe the average deflection angle of an ion under the
assumption that the kinetic energy of the ion is larger
than the applied voltage. Here, we describe the effects
of ion deflection on two-channel detection when a
single voltage pulse is applied. This treatment will be
expanded to the Hadamard sequence in the next sec-
tion.

If a voltage pulse with time duration �t is applied on
the BNG, the deflection angle as a function of time t (t
� x0/v0 � �t/2) can be easily derived from eq 18

tan	av(t;�t) � k
Vp

V0
�2

�
arctan(e�v0(t��t⁄2)⁄deff)

�
2

�
arctan(e�v0(t��t⁄2)⁄deff)

� k
Vp

V0

2

�
arctan�sinh��v0�t

2deff
�� cosh��v0t

deff
��

(20)

where v0 ��2zeV0

M
is the velocity of the ion. The time

zero has been chosen to be the center of the pulse.
In 2C-HT-TOFMS, the ions are detected by a dual-

anode MCP detector positioned at x � L (Figure 2a).
The two-channel detection will be determined by the
y-position of the ions at the plane of the detector yDet,
and it can be calculated from

yDet � y0  Ltan	(t;�t) (21)

where L is the distance between the BNG and the
detector and y0 is the initial position in the plane of the
BNG. Note that y0 refers to the y-position within an ion
beam distribution and ignores the microstructure of the
BNG. During the sequence state 1, the BNG wires are at
relative ground, and tan	 � 0. During state 0, the BNG
deflects the ion beam into two branches; thus, two yDet

values are given. If the sizes of the inner and outer
anodes are 2l1 and 2(l2 � l1), respectively (Figure 2a), the
inner channel will detect the ions that reach the inner
anode ��yDet� � l1� and the outer channel will detect those
that arrive at the outer anodes �l1 � �yDet� � l2�. In
1C-HT-TOFMS, only the inner channel is used.

An ion beam has a finite size and y0 will have a
distribution. If the distribution is larger than the detec-
tor, the performance is degraded. Let us assume that the
ion beam has a probability distribution of a hyperbolic
secant

f(y0) �
1

��y
sech�y0 � ym

�y � (22)

where ym is the center and 2�y is the width at e�1 of the
maximum height. This distribution was chosen because

it is analytically integrable and qualitatively similar to a
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Gaussian distribution. Thus, the requirements for the
ion beam to strike either the inner channel or the outer
channel detector are given by

�l1 � Ltan	av � y0 � l1 � Ltan	av (23)

and

�l2 � Ltan	av � y0 � �l1 � Ltan	av,

l1 � Ltan	av � y0 � l2 � Ltan	av (24)

respectively. The ion counts from the positive and
negative branches at the inner channel are given by

Iin
(t;�t) �

I0

2
�

�l1�Ltan	av(t;�t)

l1�Ltan	av(t;�t) 1

��y
sech�y0 � ym

�y �dy0

�
I0

2

2

�
�arctan(e(l1�ym�Ltan	av(t;�t))⁄�y)

� arctan(e(�l1�ym�Ltan	av(t;�t))⁄�y)�

�
I0

�
arctan�sinh� l1

�y��
cosh�ym � Ltan	av(t;�t)

�y �� (25)

where I0 is the maximum number of ion counts. The
total ion counts at the inner channel is the sum of both
branches

Iin(t;�t) � Iin
�(t;�t) � Iin

�(t;�t) (26)

The ion counts at the outer channel can be calculated by
replacing l1 with l2 and then subtracting the ion counts
at the inner channel.

Iout
 (t;�t)

�
I0

�
arctan�sinh� l2

�y�� cosh�ym � Ltan	av(t;�t)

�y ��
� Iin

(t;�t) (27)

The total ion counts at the outer detector is

Iout(t;�t) � Iout
� (t;�t) � Iout

� (t;�t) (28)

Duty Cycle and Ion Modulation Efficiency

The Hadamard sequence consists of multiple voltage
pulses of various lengths and the dynamic behavior at
every rising and falling edge affects the performance of
HT-TOFMS. For a sequence of length N � 2n � 1, it

contains (N � 1)/2 1s and (N � 1)/2 0s. The BNG wires
are at relative ground for the sequence element 1, and
the wires are at voltages of 	Vp for the sequence
element 0. If the time width of the modulation element
is �t, there are 2n�3 voltage pulses of length, �t, 2n�4

pulses of length 2�t, etc.
HT-TOFMS is an ion counting technique, which uses

a voltage-discriminated multichannel scaler (MCS) to
digitize the output of the MCP detector. The data
acquisition bin time is usually chosen to be the same as
the minimum voltage pulse width from the sequence
generator. Ideally, the ion counts for the sequence
element 0 should be low, but the modulation edges and
large beam size cause blurring of the ion counts. The ion
counts in each bin for a single voltage pulse of length �t
can be calculated by integrating Iin(t;�t) and Iout(t;�t)
from eqs 26 and 28. The sequence element 1 corre-

sponds to
�t

2
� |t| � �t and the element 0 corresponds

to |t| �
�t

2
. Thus, the number of ion counts in the bin

for elements 1 and 0 for a pulse of duration �t are

�1
�t � �

��t

��t⁄2

I(t;�t)dt � �
�t⁄2

�t

I(t;�t)dt � 2�
�t⁄2

�t

I(t;�t)dt (29)

�0
�t � �

��t⁄2

�t⁄2

I(t;�t)dt � 2�
0

�t⁄2

I(t;�t)dt (30)

These are defined for both Iin(t;�t) and Iout(t;�t).
Let us define �1 and �0 as the total ion counts from

all bins corresponding to sequence elements 1s and 0s,
respectively, when a Hadamard sequence is applied on
the BNG wires. They are the sums of all ion counts from
different length pulses.

�1 � �2n�3�1
�t � 2n�4�1

2�t � · · · � �1
(n�2)�t� � �1

n�t

� �1
n�t ��

k�1

n�2

2n�2�k�1
k�t (31)

�0 � �2n�3�0
�t � 2n�4�0

2�t � · · · � �0
(n�2)�t� � �0

(n�1)�t

� �0
(n�1)�t ��

k�1

n�2

2n�2�k�0
k�t (32)

The sum �1 � �0 is the total ion counts of a mass
spectrum. We also need to define �1,static and �0,static,
which are the total ion counts during the acquisition
time (N�t) when the state of the BNG is fixed in the
states 1 or 0, respectively. The values of �1,static and
�0,static can be measured experimentally by fixing the
BNG voltage and recording the ion counts. They can
also be calculated analytically from Iin(t) and Iout(t) by
replacing tan	av(t;�t) with 0 or tan	max for the states 1
and 0, respectively.

The duty cycle is defined as the ratio between the
detected ion counts (�1 � �0) and the total ion counts
that enter the mass analyzer (�Tot). Thus, the duty

cycles for the inner and outer channels are
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fHT �
�1 � �0

�Tot

(33)

Note that the sample utilization efficiency is lower than
the duty cycle by the transmission of the BNG grid,
which is typically 80 to 90% (if R � 10 �m and d � 100
�m, the transmission is 80%). The duty cycle can be
factored into a product of two terms.

fHT �
�1 � �0

�Tot

���1 � �0

�1,Static
���1,Static

�Tot
� (34)

The second term represents the ion beam clipping,
which should equal 1 if the ion beam size is smaller
than the detector. If the ion beam is larger than the
detector, the tails of the ion beam are clipped off the
detector and are not detected. The first term is the actual
duty cycle of the modulation. Because it is easier to
measure �1,static and the ion beam is smaller than the
detector size under optimal conditions, the first term
usually can be used as an approximation to the true
duty cycle. In an ideal situation where �0 is negligible
and there is minimal blurring of deflection angle at the
voltage pulse edges, �1 � �0 � [(N � 1)/2N]�1,static �
(50%)�1,static and therefore, fHT is ideally 50% for the
one-channel experiment.

The modulation efficiency is defined as the percent-
age of ions that are actually modulated and contribute
to the peak intensities. The ion counts that are in the
state 0 only increase the baseline noise. The modulation
efficiencies for the inner and outer channels are, thus,
defined as

� �
��1 � �0�

�1 � �0

(35)

The absolute value of the difference should be used
because the outer channel detects the deflected
branches of the ion beam, and the states 1 and 0 have
opposite roles. In the limit of minimal blurring at the
edges, the modulation efficiency will approach the
static modulation efficiency defined as

�Static �
��1,Static � �0,Static�

�1,Static � �0,Static

(36)

Because it is easy to measure �1,Static and �0,Static

experimentally, the static modulation efficiency �State is
sometimes used as an approximation to the dynamic
modulation efficiency �. However, �Static only considers
the effects from large beam size and do not take into
account the dynamic behavior of the deflection.

In 2C-HT-TOFMS, the dominant source of noise is
the shot noise and it is evenly spread throughout the
mass spectrum during the deconvolution [5]. As shown
in eq 6, the variance of the ion counts in the ith
acquisition bin for each channel is given by
Var(zi) � �1 � �0 �
�1 � �0

�Tot

�Tot � fHT�Tot (37)

The variance is independent of the relative ion abun-
dance and is the total ion counts in the mass spectrum.
Therefore, the noise level is determined by the duty
cycle fHT.

From eq 5, the peak heights of the ith acquisition bin
in the inner and outer detection channels are given by

�zi	 � Fi��1 � �0�
� Fi

��1 � �0�
�1 � �0

�1 � �0

�Tot

�Tot

� Fi�fHT�Tot (38)

where Fi is the relative abundance of the ith ion species
[5]. The peak height is, therefore, determined by the
relative abundance Fi, the modulation efficiency �, and
the duty cycle fHT.

The SNR is the ratio of the peak intensity to the
baseline noise. A better figure of merit for HT-TOFMS
in the shot-noise limit is the peak height precision
(PHP) defined as the ratio between the peak intensity
and its standard deviation [5]. Thus, the PHPs for both
channels are

PHPi �
�zi	

�Var(zi)
�

Fi�fHT�Tot

�fHT�Tot

� Fi��fHT�Tot (39)

The duty cycle fHT appears in the expressions for the
peak height, the baseline noise, and the peak height
precision. Thus, higher duty cycle leads to increased
peak height and also to larger baseline noise. The duty
cycle can be expressed as a sum of two components

fHT � �fHT � (1 � �)fHT (40)

The first component appears in eq 38 and contributes to
both the peak height and the baseline noise, whereas
the second component only increases the baseline noise.
Thus, a high duty cycle must be accompanied by a high
modulation efficiency to capture the multiplexing ad-
vantage. Therefore, the best experimental conditions for
HT-TOFMS are those that yield both high modulation
efficiency and high duty cycle.

Understanding and Optimizing 2C-HT-TOFMS

The ion counts at both channels calculated using eqs 26
and 28 illustrate qualitatively the effects of edge blur-
ring caused by various experimental parameters. Thus,
the analytical expressions are very powerful tools for
understanding the ion modulation process in 2C-HT-
TOFMS and for finding optimum experimental condi-
tions.

Using eqs 26 and 28, the duty cycles and modulation

efficiencies were calculated at various conditions re-
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lated to the BNG (Figure 5), the ion characteristics
(Figure 6), the ion beam size (Figure 7), and the detector
dimensions (Figure 8). In Figures 5 through 8, the black
and gray lines correspond to the inner and outer
channels, respectively. Normalized ion counts of both
channels in response to a 100-ns voltage pulse are
displayed at the top of all figures under various exper-
imental conditions. Time period between �50 and 50 ns
corresponds to the sequence element 0 and the other
time period corresponds to the element 1. Nonzero

Figure 5. The effect of BNG parameters on the ion counts I(t), the
duty cycle, and the modulation efficiency. Black and gray lines are
for the inner and outer channels, respectively. Other parameters
are tan	max � 2l1, �y � 0.4l1, M � 10,000 u, and V0 � 1500 eV. (a)
The ion counts I(t), duty cycle (dotted lines), and modulation
efficiency (solid lines) versus BNG wire spacing d. The black and
gray lines correspond to inner and outer detector, respectively.
R/d was fixed at 0.1 for constant tan	max and Vp � 13 V. (b)
Similar to Figure 5a except that the variable is the BNG wire
voltage Vp. The dark and light gray lines are for two different
outer detector sizes of l2 � 5l1 and l2 � 2l1, respectively.
baselines arise from the large ion beam size chosen for
the calculations, and blurred edges are derived from the
ion modulation processes. Below the ion count plots,
modulation efficiencies and duty cycles are displayed.
The solid lines and the dotted lines are the modulation
efficiencies and duty cycles, respectively.

Figure 5 shows the dependence of the ion counts,
duty cycle, and modulation efficiency on the BNG
parameters. First parameter is the BNG wire spacing d
(Figure 5a). The ratio of the wire radius R and the wire
spacing d is fixed so that the maximum deflection
tan	max is constant. At small d, I(t) is close to a square
pulse, but as d is increased, blurring of the rising and
falling edges become more significant. The duty cycles
for both channels are constant because edge blurring
simply shifts ion counts from sequence element 1 to

Figure 6. The effect of ion properties on the ion counts I(t), the
duty cycle (dotted lines), and the modulation efficiency (solid
lines). Black and gray lines are for the inner and outer channels,
respectively. Other parameters are tan	max � 2l1, �y � 0.4l1, d �
100 �m, R � 10 �m, and Vp � 13 V. (a) Mass dependence when
eV � 1500 eV. (b) Dependence on the kinetic energy of the ion
0

eV0 when M � 200 kDa.
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element 0, but this blurring reduces the modulation
efficiencies as the wire spacing is increased. The second
parameter is the BNG wire voltage Vp (Figure 5b). Here,
dark and light gray lines are for large and small outer
channel sizes, respectively. At very low Vp, the ions are
not sufficiently deflected and the ion beam stays in the
inner channel. Thus, the duty cycle is very high for the
inner channel, but the modulation efficiency is very
low. The opposite is observed for the outer channel
with high modulation efficiency and low duty cycle. As
Vp is increased, the ion counts in sequence element 0
(�0) decreases and the efficiency reaches the maximum.
The duty cycles of both channels approach 50%. When
Vp is above 20 V, ion deflection is excessive for a small

Figure 7. The effect of ion beam size on the ion counts I(t), the
duty cycle (dotted lines), and the modulation efficiency (solid
lines). Black and gray lines are for the inner and outer channels
respectively. Other parameters are M � 10,000 u, d � 100 �m, R �
10 �m, Vp � 13 V, V0 � 1500 V, tan	max � 2l1, and l2 � 5l1. (a)
Dependence on the ion beam size 2�y. (b) Dependence on the
position of the center of the ion beam ym.
outer channel such that the ion beam is deflected past
the outer detector, causing the efficiency and the duty
cycle to decrease. This sweeping appears as two sepa-
rated peaks in I(t). When combined with data acquisi-
tion oversampling, this mode of operation, known as
differential impulse sweep mode, can be used to in-
crease the mass resolution by sacrificing sensitivity [14].
Thus, in normal mode of operation, Vp must be above a
threshold voltage, but too much voltage causes reduc-
tion in the modulation efficiency for the outer channel.

The ion properties such as mass and kinetic energy
also influence the ion modulation. Figure 6a shows the
mass dependence. As the mass of the ion species
increases, the ions travel at a lower velocity spending
more time passing the BNG. The edge blurring becomes
more pronounced, and the modulation efficiency is

Figure 8. The effect of the detector dimensions on the ion counts
I(t), the duty cycle (dotted lines), and the modulation efficiency
(solid lines). Black and gray lines are for the inner and outer
channels respectively. Other parameters are 2�y � 0.4L tan	max,
ym � 0, d � 10 �m, R � 10 �m, Vp � 13 V, and V0 � 1500 V. (a)
Dependence on the inner channel detector size 2l . (b) Depen-
1

dence on the outer channel detector size 2l2.
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reduced for both channels. The duty cycles are constant
because the ion beam size is assumed to be equal and
the ion counts are simply shifted from element 1 to 0.
Thus, there is a mass cutoff, above which the modula-
tion efficiency is significantly reduced. This mass cutoff
has been reported previously [14], and sets an upper
limit on the mass that can be analyzed using HT-
TOFMS. The mass cutoff Mcutoff is given by the expres-
sion [15]

Mcutoff �
eV0�t2

2deff
2 (41)

Under typical experimental conditions (eV0 � 1500 eV,
d � 100 �m, �t � 100 ns), theoretical Mcutoff is 100 kDa.
One method of reducing the mass dependence is to
increase the kinetic energy eV0. This dependence is
plotted in Figure 6b for M � 200 kDa. Here, the
maximum deflection was fixed by keeping the ratio of
Vp to V0 constant. As V0 is increased, the modulation
efficiency approaches the maximum value.

Figure 7a shows the effects of the ion beam size on
the modulation. The ion counts are almost perfect
square pulses for very small ion beam sizes (2�y). As
the beam size is increased, the baseline increases and
the edges are blurred. When the beam size is larger than
half the size of the inner detector �0.5�2l1�, the trans-
mitted (state 1) and the fully deflected (state 0) ion beam
begin to overlap and the modulation efficiency de-
creases appreciably. Thus, the ion beam deflection
should be larger than twice the beam size. The ion beam
center relative to the position of the detector is also very
important as shown in Figure 7b. There is a sharp drop
in the modulation efficiency when ym is above 0.3�2l1.
Therefore, the center of the ion beam should coincide
with the center of the inner detector.

The detector dimensions are critical in 2C-HT-
TOFMS. Figure 8a shows the dependence of the inner
channel detector size �2l1�. At small 2l1, the modulation
efficiency of the inner channel is high whereas that of
the outer channel is low. This is because the ion counts
of the inner channel in the sequence state 0 are almost
zero, whereas the ion counts of the outer channel in the
sequence state 1 are very large. However, the duty cycle
is very low for the inner channel and very high for the
outer channel as only a small fraction of the ion beam is
sampled by the inner channel. The opposite behavior
occurs at large 2l1 where the modulation efficiency is
high for the outer channel. The optimum is when the
detector size is slightly larger than the maximum de-
flection. For 1C-HT-TOFMS, only the inner channel is
used and, thus, smaller detector is preferred. In Figures
8b, the variable is the outer channel detector size �2l2�,
which does not affect the ion counts in the inner
channel. If the outer detector is too small, the ion beam
is swept past the detector, and both the duty cycle and
the modulation efficiency are low. The sum of duty

cycles reaches the maximum of 100% when the outer
channel detector is at least three times larger than the
maximum deflection to detect all deflected ions.

These analyses demonstrate the importance of
matching the dimensions of the detector size, ion beam
size, and the ion beam deflection angle. The BNG
voltage should be chosen such that the maximum
deflection by the BNG is larger than the size of the inner
detector and smaller than half the size of the outer
detector such that all ions are detected. If the outer
detector is large enough to detect all deflected ions,
100% duty cycle is always achieved. But, the modula-
tion efficiency needs to be maximized by reducing the
inner-anode ion counts in the sequence element 0 and
the outer-anode ion counts in the element 1. Tightly
focusing the ion beam to be less than half the size of the
inner detector and parking the beam in the center of the
inner detector help achieve conditions of highest mod-
ulation efficiency. Smaller wire spacing for the BNG can
also improve the modulation efficiency.

The main purpose of the analytical expressions for
the ion modulation process is the qualitative under-
standing of 2C-HT-TOFMS. Many experimental fac-
tors were not considered in this paper such as kinetic
energy and angular distribution, instrumental mis-
alignment, and mechanical imperfections. Some of
these distributions can be included by using larger
ion beam size. By assuming different deflection volt-
ages for the two ion beam branches deflected by the
BNG, the expressions detailed in this paper can be
used to approximate BNG or detector misalignment.
This is demonstrated in Figure 9, where these analyt-
ical expressions were used to calculate the peak
heights and baseline noises from experimental mass
spectra from both channels, which were acquired as
the vertical offset of the steering plates was scanned.
Figure 9a shows the experimental mass spectra of
reserpine in both channels. When the vertical offset is
close to zero, the inner channel has the highest
intensity. As the ion beam is moved off the center of
the detector by the steering plates, the ion counts in
sequence element 0 become larger than those in
element 1, thus the peak height becomes negative.
This indicates a negative modulation or a lack of
modulated ion species relative to the high ion counts
in state 0. For the outer channel, the roles of state 1
and 0 are reversed such that the intensities are
opposite those of the inner detector. Instrumental
misalignment is evident from the different peak
heights at vertical offsets of 	20 V. In Figure 9b, the
absolute values of the peak heights and the variances
of the baseline noise are plotted as black and gray
dots for the inner and outer channels, respectively.
The theoretical peak heights and variances were
calculated from eq 37 and 38 using experimental
parameters. The BNG voltages for the two ion beam
branches were assumed to be different, and the two
voltages (10 and 24 V) and the total ion counts (�Tor

� 1.1 � 106) were varied to give the best fit. The

theoretical peak heights and variances for the inner
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and outer channels are shown as black and gray solid
lines, respectively. The theoretical expressions agree
qualitatively with the experiments and show the
necessary features including the positive and nega-
tive peak heights, and misaligned side peaks.

Comparison of One-Channel to Two-Channel
HT-TOFMS

In 2C-HT-TOFMS, the final mass spectrum is the sum of
the spectra from both channels. The peak height and the
variance of the noise for two-channel mass spectra are
given by

�zi
2C	 � Fi(�

infHT
in � �outfHT

out)�Tot (42)

Var�zi
2C� � (fHT

in � fHT
out)�Tot (43)

Thus, the PHP is given by

Figure 10. Two-channel advantage of peak height precision. The
experimental peak heights and variances from Figure 9 were used
to calculate the PHPs of the inner (black dotted line) and outer
(gray dotted line) channels. The two spectra were summed to get
the two-channel mass spectra. The PHP values of the summed
peaks are also plotted (black solid line). On the top of the plot are
the ratios of the two-channel PHP to the PHPs of the inner (black
Figure 9. Mass spectra of reserpine versus the vertical offset of
the steering plates. (a) Two-channel mass spectra of reserpine (m/z
� 609). They were collected with 1023-element sequences, 100-ns
acquisition bins (10 MHz), and summed for 10 s per spectrum. The
vertical offset voltage of the steering plates was changed from �30
V to 30 V in steps of 2 V. The MCP mask had three openings (8 mm
wide and 4 mm high) that are spaced by 9 mm. (b) The experi-
mental peak area and the variance of the baseline noise are plotted
for the inner (black dots) and the outer (gray dots) channels. Eqs
33 and 35 were used to calculate the duty cycles and modulation
efficiencies. These were used to predict the peak heights and the
variances from eqs 37 and 38. The total ion counts (�Tot) and the
BNG voltages of the two deflected branches were used as param-
eters to fit the theory with experiments. The parameters were 2�y
line) and the outer (gray line) channels.
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PHPi
2C �

Fi(�
infHT

in � �outfHT
out)�Tot

�(fHT
in � fHT

out)�Tot


 Fi��(fHT
in � fHT

out)�Tot (44)

The second approximation holds when �in and �out are
equal. The ratio of PHPs for two-channel to one-channel
is

PHPi
2C

PHPi
in ��1 �

�out

�in

fHT
out

fHT
in ���1 �

fHT
out

fHT
in 
�fHT

in � fHT
out

fHT
in

(45)

This two-channel advantage mainly derives from the
increased duty cycle if the modulation efficiencies of
both channels are similar (�in � �out), and it becomes

�2 if the duty cycles are also equal �fHT
in � fHT

out�.
However, if �out is smaller than �in, this advantage is
degraded and, conversely, if �out is greater than �in, this
advantage will exceed the ratio of duty cycles.

Figure 10 shows the peak height precision of the
inner anode (black dotted line), the outer anode (gray
dotted line), and the sum of the two (black solid line) for
the experiments in Figure 9. At the top, the two-channel
advantage is plotted for both channels. The two-chan-
nel PHP follows the maximum of the two one-channel
PHPs. When PHPin is much smaller than PHPout, two-
channel advantage of the inner channel is huge. How-
ever, when PHPin is much larger than PHPout, the
two-channel advantage can be smaller than 1. When
both single-channel PHPs are high, the two-channel
advantage is approximately �2. Therefore, the duty
cycles and modulation efficiencies of both channels
should be maximized to achieve the best peak height
precision.

To summarize, we have derived analytical expres-
sions that accurately describe the ion deflection by the
BNG. From these expressions and by integration over
the ion beam distribution, ion counts of the two chan-
nels were calculated analytically. The calculated ion
counts reflect the dynamic behavior by the BNG, ion
beam distribution, and the detector sizes. The duty
cycle and modulation efficiency contribute to the peak
height and are good figures of merit for probing the
performance of HT-TOFMS. The duty cycle and the ion
modulation efficiency can be calculated from the theo-
retical ion counts and can be utilized for understanding
and finding the optimum conditions of 2C-HT-TOFMS.
Therefore, the modulation efficiency needs to be maxi-

mized by carefully matching the ion beam dimension,
ion beam deflection, and the detector dimensions to
exploit the 100% duty cycle and to achieve the best
performance of the 2C-HT-TOFMS instrument.
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