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Hadamard transform (HT) time-of-flight mass spectrometry (TOFMS) is a multiplexing
technique that offers high duty cycle for the mass analysis of continuous ion sources. The
multiplexing advantage is maximized when spectral noise is independent of signal intensity.
For conditions in which shot noise predominates, the variance in each peak is a function of the
population of all measured species. We develop expressions for the performance of a HT-TOF
mass spectrometer based on Poissonian statistics for the arrival times of ions at the detector.
These expressions and complementary probabilistic simulations are used to estimate the
magnitude of the baseline noise as a function of mass spectral features and acquisition
conditions. Experiment validates the predictions that noise depends on the total number of
ions in the acquired spectrum, and the achieved signal-to-noise ratio for a given species
depends on its relative population. We find that for HT-TOFMS experiments encoded with an
n-order binary off-on sequence that contains N = 2" — 1 elements, the peak height precision,
which is the peak intensity divided by its standard deviation, is greater than that of an

equivalent conventional TOF experiment by a factor of \/ N2 times the square root of the
fractional abundance of the peak of interest. Thus, HT-TOFMS is superior to conventional TOF
for all species whose fractional abundance F; exceeds 2/N, which for a typical N value of 2047
corresponds to F; > 0.001. HT-TOF mass spectra collected at 2500 per second demonstrates the
method’s capability of monitoring transient processes not possible by conventional

means.
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adamard transform time-of-flight mass spec-
Htrometry (HT-TOEMS) [1, 2] is based on the

pseudorandom gating of ion packets into a
time-of-flight analyzer. In its typical implementation,
the technique is able to monitor continuous ion sources
with a 50% duty cycle, by which we mean the sample
utilization efficiency, 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 [3]. While a conventional TOFMS
experiment releases a single packet of ions and makes
independent measurements of all species, an HT-
TOFMS experiment releases thousands of packets and
measures the intensities of species as linear sums. For a
fixed acquisition time, this procedure leads to linear
increases in signal intensities and a root mean square
reduction in the relative magnitude of signal-indepen-
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dent noise. Signal-dependent noise is known to affect
the achieved performance of HT-TOFMS [4], but these
processes have not been carefully studied.

The principles of HT-TOFMS have been presented in
previous publications [1-3]. Briefly, a continuous, accel-
erated ion beam is modulated on and off the axis of
detection following a binary, pseudorandom encoding
sequence that is applied at MHz rates. Because the
produced ion packets have nanosecond widths, and
typical flight times are on the order of tens or hundreds
of microseconds, thousands of ion packets drift through
the flight chamber at any given moment (compared to
one packet in conventional TOFMS). Ions from these
packets interpenetrate one another as they fly. Conse-
quently, the detected signal corresponds to the sum of
the time-shifted spectra of the individual packets. With
knowledge of the applied encoding sequence, the ac-
quired data set is mathematically deconvoluted to re-
cover the time-of-flight mass spectrum.

A Bradbury-Nielson gate (BNG) [5] modulates the
ion beam at the entrance of the field-free drift region of
the mass spectrometer. The BNG consists of two finely
spaced, interleaved sets of wire electrodes that are
electrically isolated from one another and lie in a plane
perpendicular to the trajectory of the ion beam. Encod-
ing sequences are applied to the ion beam by alternat-
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ing the voltage of the electrodes between two states: a
sequence element 1 fixes the gate electrodes at relative
ground and allows ions to pass undeflected, whereas a
sequence element 0 shifts the gate electrodes to a
deflecting state in which 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. The
deflection causes the ions to miss the detector at the
plane of the detector.

Ion beam encoding in HT-TOFMS follows simplex-
type sequences [6], with length based on the range of
flight times being monitored and the temporal width of
the applied on-off encoding elements. Typical se-
quences for HT-TOFMS have 1023, 2047, or 4095 ele-
ments with widths between 50 and 200 ns. Because all
sequences of this type contain an approximately equal
number of ones and zeros (i.e., transmission and deflec-
tion elements), the duty cycle of any one-channel HT-
TOFMS experiment is 50%.

For conditions where the noise is independent of
signal intensity, simplex encoding reduces the relative
time-independent noise by a factor that depends on the
number of encoding elements in the applied sequence.
If a TOF spectrum consisting of N acquisition elements
is measured by using an N-element simplex sequence,
the predicted signal-to-noise ratio improvement over
the equivalent conventional TOF experiment, termed
the multiplexing or Felgett advantage, is given by [6]:

SNR™ /N

SNR'™" 2 @
where SNR is the ratio of signal intensity to the stan-
dard deviation of the baseline. For such conditions, the
multiplexed TOFMS scheme should always increase
sensitivity and speed for the analysis of continuous
beams of ions.

Simplex-type multiplexing strategies have also been
used to increase the sensitivity of spectroscopic exper-
iments [7-10]. It has been shown that the achieved SNR
improvement in these experiments depends strongly on
the nature of spectral noise. For systems where error is
dominated by intensity-dependent noise, such as shot
noise or source fluctuations, the multiplexing advan-
tage decreases as the number of bright features in-
creases.

The noise observed in HT-TOF mass spectra has both
random and discrete components. Discrete noise, which
results from time-invariant inaccuracies in the applied
encoding sequence, appears as positive and negative
spikes with intensities that are proportional to the
magnitude of the encoding error and the intensity of the
true peak from which it originates [4]. These effects are
minimized by ensuring that applied encoding se-
quences have a square shape and modulate the beam
between two discrete states. In what follows, we as-
sume that discrete noise is negligible.

Random baseline noise in deconvoluted HT-TOF
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mass spectra also appears with positive and negative
intensity. In previous work [11], we demonstrated that
the root mean square of this baseline varies linearly
with the square root of the intensity of all ions in the
spectrum. It was suggested that this baseline likely
originated from fluctuations in the recorded signal
intensities. This signal-dependent behavior implies that
SNR"" will deviate from that predicted by eq 1 in a
fashion similar to that observed in HT spectroscopy.
Thus, in the worst case scenario, the multiplexing
scheme may actually produce a poorer SNR than con-
ventional TOFMS. We explore when this condition
might occur and when advantages in the SNR of the
HT-TOFMS do exist.

HT-TOEMS is an ion counting technique, which uses
a voltage-discriminated multichannel scaler (MCS) to
digitize the output of the multichannel plate (MCP)
detector. Based on observations of the recorded signal
with no ion current present, uncorrelated detector noise
(e.g., thermal noise or dark counts) is considered to be
negligible. The pulses from the MCP in response to
incident ions have a distribution of heights. Within each
acquisition time bin, the MCS registers any pulse ex-
ceeding the discriminator threshold as a single ion
count. Thus, mass spectra are insensitive to the pulse
height distribution. Likewise, any signals with intensity
less than the discriminator threshold are ignored so that
MCP ringing presents no contribution. Therefore, the
primary cause of the observed baseline variation in
HT-TOF mass spectra is fluctuations in the current of
the ion beam on the timescale of the acquisition process.

This threshold detection strategy relies on low ion
currents so that the frequency of simultaneous ion
arrivals is inconsequential. Unlike analog detection sys-
tems, where the height or integral of detector response
yields information about the abundance of species, the
relative peak intensities of the various species within a
spectrum collected by ion counting arise from the
summing of multiple measurements of each species. In
conventional TOFMS, this task is accomplished by
averaging multiple passes. In HT-TOEMS, a single pass
records N/2 measurements of each ion species, and
therefore fewer passes should be required to obtain
precise peak heights.

Modulation of the ion beam produces the N-element
column vector y, which represents the recorded data.
Mathematically, this physical convolution is equivalent to

y=Sx+e 2)

where S is the N X N simplex matrix, x is the N-element
column vector with values representing the true popu-
lation of ion species that would arrive at the detector
during each element of y without encoding of the ion
beam, and & is an N-element column vector composed
of signal-independent noise. Recall that under standard
conditions, € = 0. To recover the time-of-flight spec-
trum z, the acquired data set y is deconvoluted with the
inverse of S, i.e.,
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z=S"y ®3)

At first, it might be thought from eqs 2 and 3 that the
HT-TOEMS technique recovers exactly the time-of-
flight mass spectrum when £ = 0. In reality, ion
generation from ion sources is stochastic and, therefore,
x varies on the time scale of the acquisition. Thus, each
acquisition element of y with time index t (correspond-
ing to the time tAt, where At is the temporal width of
the acquisition bin) records a unique population given
by:

Yi=8X T & (4)

where s, is the row f of S and x, is the population of ions
that would arrive during y, in the absence of encoding.
Fluctuations in x produce a variance in the recorded
values of y,. Deconvolution spreads this variance over
all bins and causes signal-dependent noise to appear in all
channels of the time-of-flight spectrum.

To understand the nature of this noise and to deter-
mine its significance, we have compared HT-TOFMS
experimental data to probabilistic simulations and
theory. These results provide an estimate of signal-
dependent baseline noise as a function of mass spectral
features and acquisition parameters, and set the condi-
tions for which Hadamard-multiplexed ion-counting
TOEFMS experiments are advantageous.

Experiment and Simulation
Reagents

The samples used for HT-TOFMS experiments were
tetrabutylammonium acetate (TBA, Sigma Chemical, St.
Louis, MO, Mw =3015¢g molfl), tetraethylammonium
chloride (TEA, Sigma Chemical, St. Louis, MO, Mw =
165.7 g mol '), and polypropylene glycol (PPG, narrow
molecular-weight distribution centered about 450 g
mol " %; Scientific Polymer Products, Ontario, NY). All
solutions were 100 uM in a 50:50 vol/vol mixture of
high-purity water (18 MQ cm™") and methyl alcohol
(Aldrich Chemical, Milwaukee, WI). Analytes were
used as received without further purification.

Electrospray lonization HI-TOFMS

Analyte solutions were driven through 50-micron
i.d. fused-silica capillaries (Polymicro Technologies,
Phoenix, AZ) at flow rates between 0.1 and 1 wL/min
by application of a backpressure and were electro-
sprayed from the exit, which was sharpened and gold-
coated [12]. The electrospray tip was held at voltages
between 2500 and 3500 V and positioned roughly 5 mm
from the grounded entrance orifice.

Figure 1 presents a schematic diagram of the HT-TOF
mass spectrometer used in this work. A full description of
this instrument can be found elsewhere [13]. Electro-
sprayed ions are collimated in an rf-only hexapole (2.9
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Figure 1. (a) Schematic of the HT-TOFMS experimental setup. A)
Electrospray ion source, B) heated glass capillary, C) skimmer, D)
focusing lens, E) hexapole, F) conductance limiting exit lens, G)
Einzel lens, H) Bradbury-Nielson gate, I) X,y steering plates, J)
masked MCP detector, and K) reflectron. (b) Schematic of the
system for beam encoding and data acquisition. The shift-register
pseudorandom sequence generator drives the two wires sets of
the BNG with simplex-type encoding sequences with equal mag-
nitude, opposite polarity bias voltages. The sequence generator
sends start pulses to the MCS for synchronization. Recorded data
are deconvoluted in the computer to obtain mass spectra.

MHz, 200 to 2500 V, ABB Inc, Pittsburgh, PA) held at a
pressure of 1 X 10™* torr before being accelerated to 1500
eV between the exit 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-um gold-plated tungsten, 100-um 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 engi-
neered in partnership with Predicant Biosciences (South
San 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 sequence
generator’s clocking frequency. The total duration of one
acquisition pass, which determines the mass range inves-
tigated, is the product of the element width and the
sequence length.

Time zero of an ion’s flight time is defined as the
moment it crosses the plane of the BNG wires. The total
flight path past the BNG is 2.2 m. Ions are energy
focused by a two-stage reflectron, which directs them
toward the 40-mm multichannel plate detector (chevron
configuration, Quantar Technology, Inc., Santa Cruz,
CA). A mask having a horizontal opening (8 mm wide,
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4 mm high) is mounted directly in front of the MCP.
Focused ions are transmitted through this slit, while
deflected ions are blocked by the mask and do not reach
the detector.

The MCP output is amplified (10X, EG & G Ortec
model VT120, Oak Ridge, TN) and fed into a multi-
channel scaler (EG & G Ortec Turbo MCS) for ion
counting. The MCS is synchronized with the sequence
by a TTL start pulse that is output at the start of every
sequence. An acquisition pass has a total duration equal
to that of the acquisition element multiplied by the
length of the applied sequence. Data of successive
passes are summed to improve SNR. In standard mode,
ion counts are binned in acquisition elements with
duration equal to that of the encoding elements. Exper-
iments in this work utilized 50-, 100-, 200-, or 400-ns
elements. The maximum ion count per acquisition ele-
ment in each pass is determined by the input register
size of the MCS and the acquisition rate. For 50-ns
acquisition, the MCS can record up to 15 ion arrivals per
element. At all other values it can record up to 10° ion
arrivals per acquisition element. Real-time deconvolu-
tion and data processing are performed with a program
written in Delphi, which utilizes direct multiplication
by the inverse-simplex matrix.

Probabilistic Simulations

The simulation routine, written in MATLAB (Math-
Works, Natick, MA), constructs conventional TOF
and HT-TOF mass spectra for conditions where the
ion flux at the detector is varying during acquisition
as a result of the stochastic nature of the ion beam.
For each acquisition pass, m, the recorded data vec-
tor, y”, of length N, is built one element at a time
based on probabilistic ion arrivals.

For species i constituting the fraction F; of a beam
with total ion counts per second TIC, the probability of
an ion arrival within any acquisition bin of duration At
is calculated as:

pi = (TIC)(A)(F)) ©)

Arrival events in this ion counting experiment are
assumed to follow Poissonian statistics [14], and p; is
input to the MATLAB Poisson random number gener-
ator (poissrnd) in order to produce the integer x};, which
represents the instantaneous population of species i at
time index ¢ of pass m. Ions are only recorded at time
index f if they are both present x;; > 0 and allowed by
the encoding sequence (s, for HT spectra and i, for
conventional TOF spectra, which is the row f of S and I,
respectively). The simulation algorithm is optimized for
speed such that multiplication steps involving the ele-
ments of species with p; = 0 are skipped. Dark counts
and detector noise are assumed to be negligible, so the
acquired data vector, y", contains only ion counts.

In order to construct the vector y”, this process, from
the generation of x{' to the determination of yi", is
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repeated for t = 1 through N; and, y” from successive
passes are summed to produce the final acquisition
vectors, y'°F and y"™". y"'" is multiplied by the decoding
matrix, R, which is the inverse matrix S~ scaled by
(N + 1)/2 in order to remove the normalization factor of
2/(N + 1). This scaling is necessary because all ion
counts in the raw data y"'" result from real ions and the
peak intensities after deconvolution should represent
the actual number of measured ions.

Insufficient bias deflection voltages applied to the
electrodes of the BNG and/or non-idealities in the
shape of the applied electronic encoding sequence may
produce incomplete deflection of the ion beam [3]. In
this event, a fraction & of the total ion current reaches
the detector in both “1” and “0” states, and the encoded
information is lost. This effect is simulated by using the
same Poisson number generator with a reduced proba-
bility of 8p; for sequence element 0. As in experiment,
deconvolution always assumes 6 = 0. In practice, § can
be measured by comparing total ion counts with the
sequence running, with the BNG fixed in its transmis-
sion state, and with the BNG fixed in its deflection state.

Mass spectra of TEA, TBA, and PPG were simulated
using inputs (TIC, peak position, and relative peak
intensities) derived from parallel HT-TOFMS experi-
ments. Values of p; for all species were experimentally
varied by adjusting the width of the acquisition bins
(At) and by adjusting source conditions in order to raise
or lower total ion counts (TIC). All spectra were simu-
lated for two values of §, one with the experimentally
determined & value and the other assuming perfect
deflection (6 = 0). The TEA and TBA spectra were
simulated with exact peak shapes constituting several
acquisition elements. To reduce computing time, each
peak in the PPG spectrum was simulated as a single
acquisition bin with intensity equal to the area of the
corresponding experimental peak. All data are pre-
sented along the time-of-flight axis in order to demon-
strate the equal distribution of baseline noise.

Theory

Several assumptions are made for calculating the inten-
sity and the variance of HT-TOF and conventional TOF
mass spectra. Detailed derivations for the key equations
presented in this section can be found in the Appendix;
only the results of the theoretical analysis are presented
here.

Assumptions

1. The ion current is low, such that saturation effects
from simultaneous arrivals of ions at the detector are
negligible. Each data acquisition bin (y}") can record
multiple ion arrivals and the maximum count allowed
by hardware is effectively unlimited.

2. In order to record a spectrum, multiple acquisition
passes are summed. All passes are independent of each
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other, and as a result, the means and the variances of
multiple passes are additive.

3. If signal-independent dark current noise is
present, its mean and variance are given by

(M =ps (")) —(eV =03 (6)

where p, is the probability of observing dark current
ions in an acquisition bin, .

4. Discrete noise that originates from imperfections
in the encoding (overshoot, ringing, etc) is negligible.

5. The number of ions detected in a single acquisition
bin follows Poissonian statistics. By definition, the mean
and the variance of the element x;; for all m and t are
thus:

Gy =py () — ) = ok = pi= () @)

6. Encoding having incomplete deflection can be
described as a sum of encoded and uncorrelated com-
ponents. The uncorrelated component has a reduced
mean and variance

(8xy=8p,  ((8x1h)*) — (8xy)* = 0%, = Bp, = (8x7) (8)

where 8 is the fraction of unmodulated ions (0 =
5 < 1).

Signal Intensities in HT-TOF and Conventional
TOF Mass Spectra

For an acquisition pass with index m, in a standard
HT-TOEMS experiment having a total number of acqui-
sition bins equal to the length of the encoding sequence,
N, the data recorded at the detector is represented by
y" = [y vy y¥]". The encoding process that
produces this vector is represented by:

yr=sex+ (j—s,) - o + el )

where 3 is the fraction of the total ion current that is
unaffected by encoding, s, is the t-th row of S, and j
is a row vector of length N with all elements equal to
1. The total data y™", which is the sum of y” for M
passes, is deconvoluted by software using the decod-
ing matrix, R, to obtain the mass spectrum,

2 =1z, z zy]".

N+1 M
ZHT — RyHT — ( 5 Sl)z ym (10)

m=1

The expectation value for the peak intensity of an ion
species i is given by

N+1 N
(@My=(1- 8)— —Mpi+ 6; Mpy+ Mp, 1)

The HT-TOF signal intensity contains three terms:
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N+1
(ZMe=(1- 8)——Mp 12)
(21Ty, = 8; Mpy (13)
(2T = Mp, (14)

They correspond to the signal intensity for the ith peak
(S), the intensity from unmodulated ions (0), and the
dark current noise counts (N), respectively.

In the equivalent conventional TOFMS experiment,
single packets of duration At are released into the mass
analyzer with a period of NAt. Thus, the duty cycle is
1/N. Here, S is replaced by the identity matrix, I, and
the encoding is represented by:

yr=ix+ (- i) X + &) (15)

The TOF mass spectrum, z™°F s exactly equal to the
recorded data, y"°F:

M
zTOF — yTOF — E ym (16)

=1

The expectation value for the peak intensity of ion
species i, having a flight time tAt corresponding to the
element with time index ¢, is given by:

N
(2% = (1 — 8)Mp; + 6; Mp;+ Mp, (17)

The expected intensity in conventional TOFMS has
three terms with the same definitions as those of
HT-TOFMS:

<ZiTOF>S =(1- 8)MPi (18)
(21 = 6; Mp, (19)
<ZiTOF>N = Mp, (20)

The intensity from unmodulated ions and the dark
current noise are the same for both techniques. How-
ever, signal intensity for the ith peak in an HT-TOF
mass spectrum is larger by a factor of (N + 1)/2, owing
to the fact that approximately half of the elements in the
N-element simplex-type encoding sequence transmit
ions.

The Variance for HT-TOF and Conventional TOF

Whereas conventional TOFMS measures ions species
independently, any given acquisition bin, ¥, in an
HT-TOFMS experiment represents the simultaneous
measurement of (N + 1)/2 ion species, with allowed
identities defined by the encoding sequence. The inten-
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sity and the uncertainty of ;" derive from the signals of
all allowed species. The variance of any measurement is
described by:

Var(y'") = k}‘, (S), Mp; + kE (1-(S),)Mdp, + Ma3
- ! (21)

The decoding matrix R rearranges all recorded ion
counts according to their identity, producing the vector
2", Just as the intensity of any element z;''depends on
the recorded values of all yfIT, the variance of each z/'" is
the sum of the variances of all y;"". That is, all elements
of the deconvoluted spectrum have the same variance,
which is the sum of the variances of all acquisition bins:

Var(l") = 3] Var(/™ @)

Substituting yields the expanded expression for the
variance of z/'™:

N+1 X N
Var(z]"") = (1 - 8) —— X Mp,+ 8N X Mp;
2 k=1 k=1
+ NMo? (23)
which has three terms, originating from the signal

intensity fluctuation (S), unmodulated ions (0), and
dark current noise (N), respectively.

N+1Q
Var(z)s = (1-8) —— > Mp, (24)
k=1

N

Var(zI™), = 8N >, Mp; (25)
k=1

Var(zi'")y = NMd? (26)

For the conventional case, only ions of species 7 are
allowed to arrive within /" and the variance of the
value of any species is no longer dependent on the

signals of other species.
N
Var(z/") = (1 — 8)Mp; + & >, Mp, + Mo (27)
k=1

Again, this expression can be decomposed into three
components:

Var(z/%")s = (1 — §)Mp; (28)

Var(z/%), = 8 i Mp; (29)
=

Var(z/%%)y = Mo (30)

All three components have smaller magnitude than the
corresponding Hadamard expressions.
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Total Ions in a Spectrum

For comparison with experimental data, it is convenient
to relate these equations with spectral quantities that
can be measured experimentally. ¥; and ¥, are the
total numbers of ion counts during the spectral acqui-
sition time (NMAt) when the BNG is fixed at states 1
and 0, respectively. They are given by:

N
W, =N Mp, (31)
i=1
N
W, =8N Mp, (32)
i=1

Thus, the proportion of unmodulated ions, 8, can be
estimated experimentally by their ratio, ¥,/ V.

The total number of ions in an HT mass spectrum,
W, can be expressed as:

V= i 2T = f(W, — W) + Vo= (1 + )V, (33)

where fg represents the 50% duty cycle of the simplex
encoding sequences used in HT-TOFMS.

N+1
fS:WQQS (34)

The subscript S indicates the encoding following the N
X N simplex matrix S. Likewise, Wy is the total number
of ions that would be recorded in an equivalent amount
of time with conventional, identity-type encoding.

N
v, = 21 2 = f(W, — W) + ¥, = P, (35)

where f; describes the duty cycle of the identity-type
encoding in conventional TOFMS.

1

h=5 (36)
Experimentally, ¥ and W, are each obtained by sum-
ming the counts in all bins of the mass spectrum,
whereas ¥; and ¥, must be measured separately. Thus,
Wg and W are more convenient quantities to relate to
the peak intensity and the variance.

For ions arriving with Poissonian statistics, eqs 23
and 27 for the variance of a bin, z;, in HT-TOF and
conventional TOF mass spectra can be expressed in
terms of ¥, duty cycles, and the fractional abundance
of species i, F;.

Var(zi) = [(1 = §)fs + 8] ¥, = (1 + 8)fs W, = Vs (37)
Var(z/) =[(1 - 8)F, + 8] ¥, = F ¥, = F¥, (38)

The variance of all bins in an HT-TOF mass spectrum is
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constant and depends only on ¥;. A plot of the variance
of any bin versus fsWg should give a line with a slope of
1 + 8. In contrast, the variance of species i in a
conventional TOF mass spectrum depends on only its
abundance and is independent of all other species.
Thus, the variance for the peak-free regions of the
baseline should be almost zero.

From an examination of eq 11 for the peak intensity
in HT-TOFMS, it is evident that the factor (N + 1)/2
causes the first term to dominate. Substituting ¥, and
F,, the intensity of peak i in an HT-TOF mass spectrum
can be reduced to:

(a)
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1-6
(@~ (1-8)FfsV¥, ~ mF;"I’s (39)

and eq 17 for conventional TOFMS can be simplified to
give:

'y =[(1 - 8)F, + 8]fi¥, =~ (1 — ¥, (40)

For both, the height of any peak is proportional to the
total ions in the spectrum and the fractional abundance
of the species it represents. But, the HT-TOFMS peak is
larger by the ratio of duty cycles (fs/f;), which equals
(N + 1)/2. A plot of HT-TOF mass spectral peak
intensity as a function of fsW, should give a line having
a slope proportional to (1 — §).

Results and Discussion
Origin of Noise

For conditions where spectral noise is dominated by
stochastic ion flux obeying Poissonian statistics, the
variance of the recorded value of any bin in an HT-TOF
mass spectrum will equal the total number of ions in the
spectrum Wg. To test the validity of the expressions in
the previous section and the assumptions about ion
statistics, HT-TOF mass spectra of the salt tetraethyl-
ammonium chloride were collected and simulated at
different ion currents, acquisition rates, and numbers of
summed passes. Figure 2a displays examples of exper-
imental and simulated spectra, which demonstrate gen-
eral agreement in appearance.

Figure 2b plots experimental tetraethylammonium
ion (TEA™) peak heights. ¥g was varied by adjusting
source conditions to limit current and by varying the
numbers of passes summed. Data are plotted with
corresponding results from simulations and lines pre-
dicted by theory (eq 39), for conditions where encoding
is ideal (6 = 0) and for the experimentally determined
value 6 = 0.20. To study more clearly the effects of

Figure 2. Experimental and simulated HT-TOF mass spectra of
tetraethylammonium (TEA™) chloride. (a) TEA™ spectra, which were
collected with approximate TIC of 1 X 10° ions/s, 511-element
sequences, and 200-ns acquisition bins (5 MHz) and summed for
1X10° passes. (b) Peak height versus total ions in spectrum (fsV;). ¥,
was varied by adjusting source conditions to limit current and by
varying the numbers of passes summed. TEA" spectra were col-
lected and simulated for approximate TICs of 7.0 X 10* and 1.1 X 10°
ions/s encoding with a sequence containing 511 200-ns bins. Exper-
iments and simulations were repeated 16 times at 500, 1000, 5000, 1 X
10*, 5 X 10* and 100 X 10° passes. The simulated peak shape was
based on experiment. Data points represent the intensity of the most
intense bin in the spectrum (F; = 0.43), with error bars corresponding
to 1 standard deviation. All simulations were run for the ideal
deflection, 8 = 0, and the experimentally achieved, 6= 0.2. Theoret-
ical lines are based on eq 39. (c) Variance of TEA™ spectra. Values
were calculated as the variance of the bins in the peak-free region
between 0 and 10 us. All simulations were run for = 0 and & = 0.2.
Theoretical lines are based on eq 37.
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unmodulated ions, experimental conditions were cho-
sen to have a higher 8 value than its typical value,
which is less than 0.10. The slopes of all three data sets
at 8 = 0.20 are identical within error bars. There are
slight differences between the recorded values for sim-
ulations and experiment along the total ions in spec-
trum (fgW,) axis, which becomes evident at high values.
This behavior is likely caused by discrepancies in the
input values of TIC and the F; value of the most intense
bin of the TEA™ peak.

Figure 2c plots the variance for these data, which was
calculated as the variance of the values of elements in a
peak-free portion of the spectra. Because the HT
method spreads random noise evenly throughout spec-
tra, this value represents the variances in the values of
all elements. For the simulated case where deflection is
ideal, the baseline elements have intensities that inte-
grate to 0 and the area of the TEA™ peak equals Wg.
Incomplete deflection yields uncorrelated ion counts
that are evenly spread across the entire spectrum and
reduces the peak height by a factor of (1 — §) (see eq 39).
This effect raises the recorded variance (see eq 37).

Agreement between simulation and experiment for
the variance is always within error bars, but experiment
displays positive deviations that grow more signifi-
cantly at high W,. This behavior is believed to be the
manifestation of slow fluctuations in the electrospray
current that do not follow Poissonian statistics. Work in
Hadamard optical spectroscopy has shown that the
observed variance can depend on both photon shot
noise, which is Poissonian, and 1/f type source fluctu-
ations [9, 15]. Standard deviation of the latter grows
linearly with intensity. Spectral analysis of time traces
of total ion current from our electrospray source shows
1/f noise below 30 Hz [16], which is consistent with the
low-frequency pulsation reported by Wei et al. [17]. The
resultant deviation from Poissonian statistics only be-
comes appreciable when an unusually high number of
passes are summed. Thus, 1/f noise is not significant for
typical HT-TOFMS acquisition rates.

The same dependences of peak height and variance
on Vg are demonstrated in Figure 3, for the spectrum of
polypropylene glycol (PPG) containing six primary
peaks (shown in Figure 3a). Simulations and theory are
shown for & equal to 0 and 0.15.

Figure 3b plots the area of the peak at 87.2 us having
F; of 0.36; Figure 3c plots the variance as calculated in
the region between 0 and 10 us. Again, we see devia-
tions in the variance at high ¥, but these data strongly
suggest that the variance of all bins is a function of the
W, and can be estimated assuming Poissonian ion
statistics (eq 37).

Peak Height Precision

Multiplexing has the advantage of increasing the inten-
sity of recorded peak heights per unit time. For exper-
iments with signal-dependent variance, all peaks are
measured above a baseline noise having a magnitude
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Figure 3. Experimental and simulated HT-TOFMS data for
polypropyleneglycol (PPG). (a) Example of an HT-TOF mass spec-
trum of PPG collected using a 4095-element, 20-MHz encoding
sequence. TIC in this experiment was 1.1 X 10° ions/s. The six
dominant peaks were included in the simulations. (b) PPG peak area
vs. total ions in spectrum (fgW;). Spectra were collected with acqui-
sition length/rate of 511/2.5, 1023/5.0, 2047/10, and 4095 ele-
ment/20 MHz, and approximate TIC of 1.2 X 10°,3.3 X 10% 4.3 X 10%,
and 1.1 X 10° ions/s, respectively. Data were summed for 100, 500,
1000, 5000, 1 X 10% and 2 X 10* passes. Simulations were run with
each of the six peaks represented by a single bin with intensity equal
to the area of the peak. Data points correspond to the area of the most
intense peak at 87.2 us (F; = 0.36). All simulations were run for the
ideal deflection, 8 = 0, and the experimentally achieved, 6 = 0.15.
Theoretical lines are based on eq 39. (c) Variance of baseline noise as
a function of fsWg under the same conditions as in Figure 3b.
Theoretical lines are based on eq 37.

that depends on the populations of all spectral compo-
nents. This behavior is illustrated in Figure 4, where the
PPG spectrum has been simulated with ion species
removed in order of intensity. Each spectrum contains
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Figure 4. Simulated PPG spectra with dominant peaks removed.
4095-element, 20-MHz HT-TOF mass spectra of PPG were
summed for 5 X 10* passes. The first spectrum contains all six
peaks and has TIC of 1.1 X 10° ion/s. Peaks and their ions counts
were sequentially removed, beginning with the most intense. The
inset in each spectrum shows the smallest peak with F; = 0.035,
0.055, 0.085, 0.182, 0.398, and 1, from top to bottom.

an inset showing the smallest peak (at 101.1 us) and the
surrounding baseline. While the intensity of this peak
never changes, its fractional population (F; =
pi/> i) increases from 0.035 to 1 because other peaks
have been removed. The simultaneous reduction in Vg
causes the standard deviation of the noise\/ Var(z!"") to
be reduced by a factor of 0.18.

We define SNR as the ratio of signal intensity to the
standard deviation of the baseline,

SNR, = (z)s (41)

\/Var(z,,)S + Var(zb)N

where the index i refers to the acquisition element
containing the peak of interest and the index b is any
acquisition element that does not correspond to any ion
species present in the beam. Under conditions where
the baseline noise is dominated by detector noise, SNRs
for both experiments are given by:

N\;i\/—l’r 42)

<Zz‘HT>s

\/ Var(z'")

SNRIT =
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< Zi OF)S

Var( TOF

\/_ i 43)

SNR/F =

These equations lead to the often-stated multiplexing
advantage of \/KVZ (eq 1), but this conclusion is not
appropriate for HT- TOFMS in conditions for which the
detector noise is negligible and the ion shot noise is the
dominant contributor to the baseline. When & equals 0
and there are no dark counts, the baseline of the
conventional experiment will have no appreciable in-
tensity, and eq 43 would imply a nearly infinite value
for SNRTF. Therefore, a more suitable measure of
performance is peak height precision (PHP), which is
the mean recorded peak height divided by the uncer-
tainty in its measurement. For conditions dominated by
Poissonian shot noise:

ZT N+1
PHPH" = @) _ ——\/FMp,
Var(z}""), 2
fsW (44)
and
PHP!F = =\/Mp;=\/Ff¥, (45)

\/ Var(zTOF

Thus, the ratio of the peak height precision for HT-
TOEFMS to that of an equivalent conventional TOFMS
measurement is given by:

= Sim TOF of 1 peak
+ Sim HT of 1 peak
—Theory TOF of 1 peak
---Theory HT of 1 peak
Theory HT of 100 peaks

Normalized Peak Intensity Error

e

1 10 100 1000 10000 100000

Passes

Figure 5. Normalized peak intensity error for simulated conven-
tional TOF and HT-TOF mass spectra. 2047-Element, 10-MHz
spectra containing a peak in a single bin were simulated by
summing varied numbers of passes for conventional and HT-
TOFMS conditions. All simulations were run nine times. Data
points represent the standard deviation of the peak height divided
by the mean recorded value (1/PHP). Theoretical lines are shown
for spectra containing the single peak and 100 equal peaks,
collected under identical acquisition conditions.
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Figure 6. Simulated conventional TOF and HT-TOF mass spectra of tetrabutylammonium (TBA™)
acetate at fast acquisition rates. All simulations were run with a 10-MHz, 2047-element encoding
sequence and a TIC of 9.25 X 10° ions/s. The TBA™ peak constitutes three adjacent elements with F;
of 0.25, 0.5, and 025, respectively. (a) 10 passes, 500 spectra/s; (b) 100 passes, 50 spectra/s; (c) 500

passes, 10 spectra/s.
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Figure 7. Experimental and simulated HT-TOF mass spectra of
TBA™ at an acquisition rate of 2500 spectra/s. Experimental condi-
tions were identical to those described in Figure 6. These spectra were
collected by summing 2 passes, corresponding to a spectral acquisi-
tion rate of 2500 spectra/s. At this acquisition rate, the equivalent
conventional experiment would be expected to record an average
0.185 ions/spectrum. In this spectrum, the HT-TOF instrument has
recorded 168 ions.

PHP N fs

il A 46
PHP!F 2 f (#6)

We regard eq 46 as the key result of this work. This
treatment, which includes the effects of duty cycle and
signal-dependent noise, can be extended to compare
HT-TOF with other TOF experiments beyond those
using identity-type encoding. This is accomplished by
replacing f; in eq 46 with the experimental duty cycle for
species i. Likewise, eq 46 can be used to describe
two-channel HT-TOFMS [3] by replacing the one-
channel duty cycle fg with the sum of the duty cycles of
the two detection channels.

For the simple case of a spectrum containing only
one peak, F; is unity, and HT multiplexing improves
peak precision by a factor of\/ N2, independent of its
intensity. This behavior is demonstrated in Figure 5,
which plots the inverse of PHP™T and PHP™®* for mass
spectra having one peak and N = 2047. This inverse
value represents the normalized error in the reported
peak height. Data points are the results of simulation,
and the lines are the values predicted by eqs 44 and 45.
Figure 5 also contains the calculated result for an
HT-TOF mass spectrum containing 100 identical peaks
(F; = 0.01), which begins to approach the conventional
precision. According to eq 46, multiplexing will be
disadvantageous for any peak with F; less than 2/N,
where N is typically 2'' — 1 = 2047. Thus, HT-TOFMS
is advantageous compared to conventional TOF when-
ever it is required to measure the peak heights of
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species present in the ion beam at percentages greater
than 0.1%. Conversely, species present in percentages
less than 0.1% are not determined with advantage using
HT-TOEMS. Clearly, this result suggests that mixtures
having species of interest that vary in concentration by
more than a factor of 1000 are not well suited to
determination by this technique. To maximize the ad-
vantage of HT-TOFMS, the method should be com-
bined with separations schemes so that the abundance
of the ion of interest is not diluted by the presence of
other unwanted ions. Further, because fg is constant
whereas f; depends on the mass range and/or mass
resolution, the technique should achieve higher sensi-
tivity in experiments where the duty cycle of other TOF
experiments are low. Although ion storing techniques
can achieve almost 100% duty cycle, they do not have
real-time detection capability. A promising alternative
is orthogonal acceleration time-of-flight mass spectrom-
etry [18], but some trade-off must be accepted between
mass range covered and sample utilization efficiency.

Acquisition Rate

When is it possible to exploit the peak height precision
advantage of HT-TOFMS? One answer is when record-
ing transient species, as is shown in what follows. For
typical ion beam currents, very small numbers of ions
will be released per TOF start pulse. Conventional ion
counting experiments, which release only one pulse per
pass, must sum multiple passes in order to determine
precise peak heights and relative species populations.
HT-TOFMS, on the other hand, releases and records
thousands of sampling start pulses per pass. Figure 6
displays simulated HT-TOF and conventional TOF
mass spectra at acquisition rates of 500, 100, and 10
spectra per second for a tetrabutylammonium (TBA™)
acetate peak that is three bins wide. The peak heights in
HT-TOF mass spectra are, on average, three orders of
magnitude greater than those of the conventional TOF.
Further, Hadamard multiplexing allows true peak
shapes (relative peak heights) to be recorded at rates
where the conventional experiment detects only a few
ions. This advantage of HT-TOFMS becomes more
pronounced as the acquisition rate increases.

As a demonstration of these capabilities, Figure 7
shows experimental and simulated mass spectra of TBA™
under the same conditions as Figure 6 but collected at 2500
spectra per second (two 2047-element, 10-MHz passes).
The experiment recorded 168 ions in 400 us, while the
equivalent conventional experiment with these ion cur-
rents and periodic pulsing would detect an average of
0.185 ions in the same time. This great difference suggests
that HT-TOFMS is capable of monitoring transient pro-
cesses on timescales where precision limits the use of
equivalent conventional methods.

We conclude that under favorable conditions, the
HT-TOEMS technique can be employed with a remark-
able gain in the precision of the recorded peak heights
of species appearing in the mass spectrum. This advan-
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tage becomes accentuated when the total ion current is
low. This conclusion is a general one but requires that
the species of interest be present at levels typically
greater than 0.1% of the total ion beam current.
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Appendix

We present here the derivations of the key equations
used in the text.

A. Properties of a Simplex Matrix

The simplex matrix S, used in HT-TOFMS, is a right-
circulant matrix where the first column is the encoding
sequence and the consecutive columns are copies of the
first column shifted down cyclically. Therefore, S con-
tains values of 0 and 1 only.

An N X N simplex matrix, S, has the following
properties [6].

N+1
S'S=85"=— —(1+]) (A1)

N+1
SJ:JS:T] (A2)
- —m(ZS—J) (A3)
= 2 A4
N+ D (Ad)

Here, ST refers to the transpose of S, S~ ! is the inverse
of S, Iis the N X N identity matrix, and J is an N XN
matrix where all elements are equal to 1.

B. Equations for the Signal Intensity

(a) HT-TOF (eq 11). In an HT-TOFMS experiment, ions
that arrive at the detector are counted and summed for
multiple passes by the multi-channel scaler (MCS). For
a single acquisition pass with pass index m, the number
of ions detected in an acquisition bin at time index ¢, y'
is related to the encoding process by:

vl =sx; + (] — st) -ox;" + &} (A5)

where § is the fraction of the total ion current that is not
modulated, s, is the t-th row of S, and j is a row vector
of length N with all elements equal to 1. The expectation
value of y/" is given by:
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N N
<y7‘> = ; (S)tk<x:tlk> + ; (1 - (S)tk)<8xg’k> + (")

= (1= 82 ()i + 82 pet pu (A6)

Here (S),, refers to the row t, column k element of S,
which is also equal to the k-th element of s,. The
probabilities p, and p, are defined in the Theory
section. The MCS outputs the total data vector y™"
which is the sum of all single-pass data for M passes.
This vector is deconvoluted by software with the

decoding matrix, R, to obtain the mass spectrum,
HT
z .

N+ 1 M
HT _ RyHT < )2 ym (A7)

m

The expectation value of the intensity for an ion species
i is given by:

<ZlHT> - _E E ( )zt<y;’

2
<[ 93 (8)pt 5Xpt i)
(B PICRNCON S

(S ignen]

=1
N+1Q

SN [(1— i3

2 w=1

(pe]

N+1)

N+1 N
=(1- 5)TMp,- + 68, Mp, + Mp, (A8)
k=1

(b) Conventional TOF (eq 17). For conventional TOF
where a periodic pulsing scheme is used, I replaces S as
the encoding matrix and the recorded data at time index
t for pass m is given by:

yr=ix+ (- i) X + &) (A9)

No deconvolution step is required because the ion
counts for an ion species i, /", are equal to y;*, where
the ion species i has a flight time corresponding to tAt.
Thus, the expectation value of z/°" is
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= 3
= E (1_8)2( )kpk+8;pk+pd

m=

=(1-8)Mp,+ 52 Mp;+ Mp, (A10)
=1

C. Equations for the Variance

(a) HI-TOF (eq 23). The variance of the deconvoluted
spectrum z depends on the variance of the recorded
data vector y. The difference between y;" and its expec-
tation value is given by:

)= 3 (), ~ )

+ 2 (1= (8),) (oxy — ¢oxi)
+ (&} — (& )

k

(Al1)

And, after an M-pass acquisition,

~(S)w)

(A12)

T>_E E(S )ik xtk_<x;7k>)+;(l

X (8xts — (dxyi)) + (8 — (&)

The variance of y,"" is calculated as the expectation
value of the square of this difference.

<(y <yr )2>

1=1Lj

>

Mz

>, (8),(8) & = (KD = (xk)))
2 1( = (8),)1=(8),)
(8 — (8xyy) (3t — (8x1)))

+E (S),, (&) — (&) (x — (xI))

>

+

X

20 (1= (8), (e = (e (@ — (ox) )

+{(e" = (&) (A13)

This equation can be simplified by calculating the
expectation value noting that (x}, — () = (&' —
(ef")) = 0.If x{" and x}’ are independent (i.e., j # k), then

(ot = () (el — i)

= oy — Caga — (¥ =0 (A14)
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and if j = k,
(e = o) (et = i)y = (et = (1)) (A15)
This treatment also applies to &}".
(" = (e"N(xik — x3))
= (&' — (&) (xik —xii)) =0 (Al6)

Using these relations, the equation for the variance
simplifies to:

=> [E (S)2{ (i — (1))
+> (1= (S)w)*( (8x —

k=1

(82 V)
(e <s;">)2>]

M=

(S)z Mp, + ,2 (1—(S)x)* Mp, + Mo
(A17)

-
[l

1

Here, pk and o3 were substituted for the variances of x/}
and &}", respectively. Because (S); can only be 0 or 1, this

equation reduces further by noting that (S)j = (S),. We
obtain
N
Var(yi™) = 2 (S)Mps
N
+ > (1= (8),)Mép, + Mo’ (A18)

-
Il
-

In the deconvoluted spectrum, the difference between
the intensity of the i-th species z}'" and its expectation
value is represented by:

N+1
iz = T; (87, = ™) (A19)

The variance of z}''is given by the square of the above
equation.

Var(z]™) = ((z}"

<N+ )i NG

— @M

— M) (A20)

=1

Because the elements of (S7'); are +2 / (N + 1),

(A21)

N
Var(z') = > Var(y}'™)
=1

Substituting for Var(y;'"), the variance of z;"" becomes
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N

Var(z]") = 21

+ 3 (1= (5),)Mape + Mt

- (1-9)3 (3 6), v,

N
+ > Mép; + NMd?
k=1

Z

(S)tkM k

P
-

N+1 N
= {(1 =) — + 8N}2Mpk + NMdo?
k=1
(A22)
(b) Conventional TOFMS (eq 27). In conventional

TOFMS, the variance of the ion counts in an acquisition
bin is independent of the counts in all other bins

v =y = mEzl ; (1), (xfi = (xfiy) + ; (1
— (1)) X (8t — (8x]) + (&' — (&}"))

(A23)

The variance is calculated by taking the expectation
value of the square of the above equation.

Var( TOF) _ <(yTOF (yt OF>) >

I PIURCEEEDS

k

—_

25 (1= (1),)7¢ (8x — (@)
+ (e = (e)? >}
=3 (1), Mp.+ 31 (1),)Map, + M3

N N
=(1-19) ; (1), Mp, + & ;Mpk + Mo?
(A24)

Deconvolution is not necessary as the acquisition bin ¢
correspond to species i with flight time tAt. Hence,

N
Var(z/°") = (1 — §Mp; + 8 >, Mp;, + Mo’ (A25)
k=1
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