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Abstract. Ion traps and guides are integral parts of current commercial mass
spectrometers. They are currently operated with sinusoidal waveform tech-
nology that has been developed over many years. Recently, digital waveform
technology has begun to emerge and promises to supplant its older cousin
because it presents new capabilities that result from the ability to instanta-
neously switch the frequency and duty cycle of the waveforms. This manu-
script examines these capabilities and reveals their uses and effects on
instrumentation.
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Introduction

The concept of using rectangular waveforms and duty cycle
(δ) to operate a mass filter was first introduced by Richards

et al. in 1973 [1].Much later, in 2001, Ding at al. [2] introduced
the 3D digital ion trap that operated by scanning the frequency
of the phase locked square wave trapping and auxiliary wave-
form potentials for mass analysis. Sadly, during the last 16 y,
digitally driven traps and guides were never made into a
commercial product.

The lack of interest in digital operation of guides and
traps over this period likely resulted from the similarities
between sinusoidal and square wave driven devices. The
equations that define mass stability only differ by a con-
stant and a change in variable. Digital waveform technol-
ogy (DWT) scans the frequency, whereas sinusoidal wave-
form technology (SWT) scans the voltage [3–5]. The sta-
bility diagrams are so similar that they will superimpose if
the Mathieu parameter q is rescaled by a factor of 4/π [6,
7]. Both waveform technologies yield comparable resolu-
tion and sensitivity [3, 8]. Initially, the only perceived
difference between the two is that frequency variable
square wave systems will operate in any mass range,
whereas sinusoidal systems have a limited and fixed mass
range because they operate at a fixed frequency. On the
other hand, sinusoidally driven traps and guides are well
developed and had proven technology. Consequently, the

general consensus of the community was that developing
DWT was not a priority.

This position was near-sighted. Many practitioners fa-
miliar with SWT did not recognize the advantages that
DWT provides. DWT is more than just square waves. It
provides three specific advantages that set it apart from
SWT. These fundamental differences may be leveraged
for analytical advantage over existing SWT that complete-
ly change the game with ion traps and guides. These
advantages are:

(1) DWT can be coupled with direct digital synthesis (DDS) to
provide up to 48-bit frequency resolution. It can step the
frequency by 1 μHz across the frequency spectrum. In the
MHz range, that is one part per trillion frequency resolu-
tion. This is vastly superior to the voltage resolution pro-
vided by SWT.

(2) DWT provides agility by permitting the digital wave-
forms to be switched instantaneously from one wave-
form to another. More importantly, the new wave-
form can be applied for as little as one cycle and
then instantaneously switched to another. This agility
allows the operator to take advantage of the different
rates of excitation of ions that can occur with a
sudden change in waveform. Sinusoidal waveforms
cannot be switched this fast.

(3) DWT can change the duty cycle, δ, of the applied
waveforms. This allows the ion stability to be changed
on demand with the same agili ty. SinusoidalCorrespondence to: Peter Reilly; e-mail: pete.reilly@wsu.edu
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waveforms have no temporal variability. It is the ability
to rapidly manipulate the waveforms that make DWT
so unique.

Waveform Comparison
To help understand the difference between SWT and DWT, the
different types of waveforms have been characterized. In a
linear ion guide driven by SWT, high voltage sine waves are
applied to the rod pairs with the phase 180 degrees apart (see
Figure 1a). The quadrupole potential contours are depicted on
the right in xy cross-section at the center and in yz cross-section
near the end cap. The contours are lines of equal potential with
the forces exerted on the ions normal to the contour lines.
Consequently, the device exerts a collimating force on the ions
toward the center and a dispersive force that can be used to
recollimate the ions as they pass through the fringe fields and
out of the device [9]. Operation of a linear quadrupole as an ion
guide can be accomplished with square waves in the same
manner with the equal potential line contours identical to the
sine wave driven devices (see Figure 1b). Given the similarity
of the applied fields, it should not be surprising that ion behav-
ior in sine and square wave driven devices is essentially
identical.

The real difference between SWT andDWT results from the
manipulation of the waveform δ that is defined for rectangular
waveforms by the fraction of the waveform represented by the
high voltage state, V+ (see Figure 1). The δ of the applied
waveforms can be changed to affect the axial or radial stability
of the ions. Brancia et al. were one of the first to use waveform
duty cycle to affect the radial stability of ions in an effort to
isolate the charge states of cytochrome c [10]. The radial
stability is affected when there is a difference between the δ
values of the applied waveforms (see Figure 1c) [6]. Creating
waveforms with the relationship δ1 + δ2 = 1 changes only the
radial stability. It creates a high mass boundary when δ1 ≠ δ2,
where the subscripts 1 and 2 reference each of the two wave-
forms applied to the electrodes of the linear trap. The larger the
difference between δ1 and δ2, the closer the high mass and low
mass boundaries are together. Changing the δ values in this
manner creates a mass window, the width of which asymptot-
ically approaches zero as δ1 approaches 0.612099 while δ2
approaches 1–0.612099 = 0.387901 [7]. To create a mass filter
through δ manipulation alone requires great control over the δ.
For example, a δ1 of 0.61124 will yield a resolving power q/Δq
of approximately 100. Consequently, δ control in the 10 ppm
range is required to create a credible mass filter with good
controllable resolution. This degree of δ control and resolution
has not yet been accomplished; however, a way of creating
these high δ resolution waveforms has been discussed in the
literature [11], while another is currently being developed in
our laboratory.

Axial stability can also be affected by δmanipulation. These
waveforms can be produced without creating an upper mass
limit with rectangular waveforms of the same δ value. In this

case, the waveforms are phase shifted so that for a fraction of
the cycle both rod sets are at the same potential. Examples of
these waveforms are depicted in Figure 1d and e. Figure 1d
illustrates a waveform pair that sets both rod pairs to a positive
potential by applying the same greater than 50% δ to each rod
pair and shifting the phase. By creating a period where both rod
sets have the same positive potential, a field is created between
the rods and the end cap electrodes that pushes positive ions in
the vicinity of the ends and out of the device out. The equal
potential contours during that period where both sets are at the
same potential are shown to the far right in Figure 1d. Note that,
for this period, there are no equal potential lines within the
quadrupole at the center of the device. Accordingly, there are
no radial fields or forces on the ions during this period. How-
ever, there are equal potential lines at the ends of the rods in the
vicinity of the end cap electrodes. These contours create lines
of force that push the positive ions towards the central axis and
out of the device (see the fringe contours in Figure 1d). The
opposite effect can be achieved using less than 50% δ values
and shifting the phase as the example in Figure 1e shows. This
creates a fraction of the waveform where both rod sets are all at
the same negative potential, V–. Relative to grounded end cap
electrodes, this potential creates forces that push positive ions
towards the center of the device and creates a barrier that will
keep the ions axially trapped. The applied waveforms can be
switched from trapping (Figure 1e) to ejection (Figure 1d) on
demand. This allows the ions to be collected and concentrated
inside the device and then ejected on demand into a waiting
analyzer or another device. The process of trapping, concen-
trating, and axially ejecting ions from linear ion guides shows
that they can be ejected in a short duration plug that is well
collimated [9]. Work in our lab shows that more than 1 million
charges from electrospray generated ions can be ejected from a
quadrupole in a 10 V beam through a time-of-flight pusher into
a Faraday detector with a 200 μs baseline duration [12].

The Effect of Duty Cycle on Stability
The ability to change ion stability with δ is likely DWT’s
greatest asset; however, it is also one of its greatest liabilities.
Every time the δ changes, so does the stability diagram. Con-
sequently, a facile way of defining the stability diagrams as a
function of δwas needed. It also had to be universally available
if DWTwas to become mainstream. Fortunately, calculation of
stability diagrams for rectangular waveforms is a relatively
simple process using the matrix solution to the Hill equation
as first developed by Pipes [13] in 1953 and later used by others
[1, 14]. Our group mainstreamed these calculations using a
universally available spreadsheet program (Excel, Microsoft,
Redmond, WA, USA) and by making it available for free
download from our group website: https://reilly.chem.wsu.
edu/digital-waveform-stability-diagrams-2/ [6, 7, 15]. The
calculation of the pseudopotential well depth at any value of
a and q at any duty cycle was also developed by our group in
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reference [15]. It was derived from the matrix elements that
yield the stability diagrams.

This spreadsheet program was used to create the matrix of
Mathieu parameter (a, q) stability diagrams in Figure 2 that
reveal the progression of increasing the axial fraction of the
waveform across the Figure 2a, b, and c and as a function of
changing only the radial stability down, Figure 2a, d, and g. The
matrix shows that the effect of creating axial trappingwaveforms
on the radial stability of the ions is underwhelming because the
overall shape of the diagram does not change. Figure 2a through
c illustrate this progression where the axial trapping fraction of
the waveform increases from 0, 0.2 to 0.4 with 50/50, 40/40, and
30/30 δ waveforms, respectively. The last two would be axial
trapping waveforms. The corresponding axial ejection wave-
form progression, 50/50, 60/60, and 70/70 have identical radial
stability diagrams. The act of creating the axial field nulls the
radial field for the fraction of the waveform where all the rods
have the same potential. This acts to stretch the stability region
along the q axis without any effect to the symmetry about the a =
0 axis [6]. Greater axial trapping or ejection fractions yield
greater stretching of the stability region along q.

Figure 2a, d, and g show the progression of increasing the
difference between the δ of the two applied waveforms from 0 to
0.2 to 0.4with 50/50, 60/40, and 70/30waveforms (2a, d, and g),
respectively. This δ progression shows the effect of altering the
radial stability without an axial component (i.e., when the δ of
the applied, waveforms are related to each other by δ2 = 1-δ1).
Increasing the difference between δ1 and δ2 disrupts the sym-
metry about the a = 0 axis and pushes the stability region down
and twists it up. For the sake of simplicity, digital ion traps and
guides are generally operated at a = 0, without an applied static
DC potential between the rod pairs. The narrowing of the mass
window for a linear guide or trap is defined by the overlap of the
stability diagram with the a = 0 axis. As δ1 increases from
0.500000 to 0.612099, the overlap becomes smaller and smaller
and the mass window narrows. Beyond δ1 = 0.612099 the only
overlap with the a = 0 axis occurs at q = 0 and consequently no
ions are stable at a = 0. This progression also illustrates the δ
control required to make a credible mass filter [7]. Our analysis
indicates that δ control in the 10 ppm range is required to make a
good mass filter without the use of an applied static potential
between the rods. A direct and comprehensive comparison of the

Figure 1. (a) Sinusoidal waveforms applied to the rod pairs of a linear quadrupole ion guide and the equipotential contour plots at
the center and ends of the guide. (b)Squarewaveforms applied to the rod pairs of a linear quadrupole ion guide and the equipotential
contour plots at the center and ends of the guide. (c)Rectangular isolation waveforms applied to the rod pairs of a linear quadrupole
ion guide and the equipotential contour plots at the center and ends of the guide. (d)Rectangular axial ejection waveforms applied to
the rod pairs of a linear quadrupole ion guide and the equipotential contour plots at the center and ends of the guide. For a portion of
the waveform, all four rods are at the same positive potential relative to the end cap electrodes, thereby nulling the quadrupole field
on x-y plane in the center while creating potential contours along central z axis at the end of the rods that focus the ion toward the
central axis while pushing them out. (e) Rectangular axial collection waveforms applied to the rod pairs of a linear quadrupole ion
guide and the equipotential contour plots at the center and ends of the guide. For a portion of the waveform, all four rods are at the
same negative potential relative to the end cap electrodes, thereby nulling the quadrupole field on x-y plane in the center while
creating potential contours along central z axis at the end of the rods that push the ions along the central axis and keep the axially
trapped
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operatingmodes of digital and sinusoidal quadrupoles is given in
reference [7].

Figure 2e, f, h, and i illustrate that radial and axial compo-
nents can be incorporated into the applied waveforms simulta-
neously and their stability diagrams can be just as easily calcu-
lated, so that the ions can be axially trapped while δ based mass
filtering is occurring. They also show that adding axial trapping
or ejection can exacerbate the effects of the radial components.

The work here shows how the stability changes that occur
with changing δ can be easily calculated; therefore, changes in
stability are readily predictable and useable. The ability to
control the stability of ions axially and radially turns an ordi-
nary linear quadrupole ion guide into a sophisticated linear ion
trap that can be used to manipulate, isolate, and concentrate
ions for subsequent mass analysis [16].

The Effect of Agility
Agility is defined here by the speed of waveform change. This
is different from the waveform switching speed. In DWT the
switching speed defines the time for transformation from one
waveform to the next. It is essentially instantaneous and hap-
pens at the rising edge of a reference clock pulse. Although the
switch is instantaneous, the setup for the switch is not. In order
to set up the switching of a waveform in DDS, a new frequency
tuning word (and phase word if necessary) has to be
downloaded to the synthesizer before it is switched again. That
process takes time. Our definition of agility includes the setup
time after initial switching of the waveform occurs. The com-
mon frequency operation range is generally less than 500 kHz;
therefore, a waveform can be applied for as little as one cycle

Figure 2. A matrix of Mathieu parameter stability diagrams to reveal the effects of changing axial and radial components of the
waveforms; (a) a square wave base ion trap with a 50/50 δwaveform; (b) 40/40 δwaveformwith a 20%axial component; (c) 30/30 δ
waveform with a 40% axial component; (d) 60/40 percent duty cycle waveform with a 0% axial component; (e) 50/30 δ waveform
with a 20% axial component; (f) 40/20 δ waveform with a 40% axial component; (g) 70/30 δ waveform with a 0% axial component;
(h) 60/20 δ waveform with a 20% axial component; (i) 50/10 δ waveform with a 40% axial component. The blue shaded region
indicates radial stability only along the x axis. The yellow shaded region indicates radial stability only along the y axis. The green
region where there is overlap indicates radial stability along both axes
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before it is switched again. The agility cannot be any faster than
the application of one waveform because changing faster than
that would be applying a glitch, not a waveform. SWT cannot
match this agility.

Agility provides new capabilities that are not available to
SWT. These capabilities arise because ions can be made to react
to sudden changes in waveforms at different rates. Figure 3
illustrates these concepts. SIMION (Scientific Instruments Ser-
vices, Ringoes, NJ, USA) was used to simulate ion trajectories
inside a linear quadrupole with slanted wire electrodes [9, 16].

These wire electrodes produce a small electric field along the
symmetry axis. The quadrupole was simulated at a frequency of
170.6 kHz 45/45 δ waveform with a 10% trapping duty cycle
and no δ induced upper mass limit. Three color-coded ions, red
m/z 1260, black m/z 1180, and green m/z 1100, were injected
into the quadrupole along the symmetry axis. For reference, an
m/z versus frequency stability diagram for the trapping wave-
form is shown in Figure 3d. This represents the stability at a = 0
in terms of the experimentally useful variables m/z and frequen-
cy. It is easier to use than the (a, q) Mathieu stability diagrams. A
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Figure 3. SIMION simulations of ion trajectories in the cross-section of a digitally operated ion guide with slanted wires between the
rods to create a field along the z axis with (a) singlem/z 1100 (green trajectory), 1180 (black trajectory), and 1260 (red trajectory) ions
injected along the z axis with a 45/45 δ waveform after settling. (b) Trajectories change immediately after switching to a 60.5/39 δ
waveform. The unstable ions are immediately ejected, but the trajectory of the ion that remains in the stable region is unchanged. (c)
Simulation is continued and slowly the trajectory of the ion that remained in the stable region begins to excite due to the change in
well depth. (d) m/z versus F stability diagram for a 45/45 δ trapping waveform. (e) m/z versus F stability diagram for a 60.5/39 δ
isolation waveform. (f)Close-up ofm/z versus F stability diagram for a 60.5/39 δ isolation waveform in the vicinity of the trapped ions.
(g) Mass filter isolation spectrum using the 60.5/39 δ isolation waveform at only one frequency for each isolation. (h) Mass filter
isolation spectrum using the 60.5/39 δ isolation waveform at two separate frequencies for each isolation. (i)Plot of the integrated ion
signal as a function of the number of 10 ms isolations of the z = +9 charge state of cytochrome c
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complete discussion of these diagrams can be found in reference
[6]. Their stability color scheme is the same. The secular motion
of the three ions dampens and settles onto the symmetry axis
through collisions with 5 mTorr of nitrogen buffer gas in re-
sponse to the broadband trapping waveform.

The simulation was then halted and the waveform was
changed to a 60.5/39 δ isolation and 0.5% axial trapping wave-
form and the simulation was resumed. The stability diagram for
this new waveform is shown in Figure 3e and f. Figure 3f is a
close-up of the stability diagram in the vicinity of the three ions.
The transition from a trapping to an isolation waveform repre-
sents a sudden shift in stability for the three ions. They shift from
an approximately 35 V trapping well to completely unstable for
m/z 1260 and m/z 1100 (red and green ions, respectively) and to
a still stable 2.5 V well for the m/z 1180 black ion [7, 15]. The
transition lands the m/z 1260 ion into the blue region of the
stability diagram that is stable along the x-axis but unstable along
y. It quickly undergoes a couple of secular oscillations and then
impacts the rods on the y-axis (red trajectory Figure 3b). Them/z
1100 ion lands in the yellow region of the stability diagram and
is stable along the y axis but unstable along the x-axis. It then
undergoes a single secular oscillation and impacts the rods on the
x-axis (green trajectory Figure 3b). The m/z 1180 ion landed in
the green stability region but its secular oscillations did not
significantly excite on the timescale of ion loss for ions jumped
into unstable regions as evidenced by the lack of expansion of
the black xy trajectory map in moving from Figure 3a to b.
However, if the simulation is allowed to continue, the secular
oscillation of the m/z 1180 ion begins to expand the trajectory
map due to the sudden change in well depth (compare Figure 3b
and c). The rates of excitation are very different and that can be
used to advantage.

A case in point is ion isolation. Ion traps operate as a function
of m/z. This suggests that ion isolation depends only on m/z. If
completely true, the isolation efficiency for the 1+ charge state of
bradykinin (m/z 1061), the 12+ charge state of cytochrome c
(m/z 1033), and the 200+ charge state of myosin (MW = 205
kDa) at m/z 1026 within a 4 mass unit window should be the
same, whereas, in reality for SWT, the isolation efficiency in a 4
mass unit window of bradykinin would be good, while the
remaining cytochrome c population after passing through the 4
mass unit wide window would be greatly reduced, and for
myosin, the population would be essentially zero after this
narrow mass window isolation. This is true for any of the
methods of ion isolation that are currently available in commer-
cial instruments. It occurs because ion size (or cross-section)
matters during isolation. Isolation necessarily reduces the trap-
ping well depth of the ions in the vicinity of ions that are
destabilized and ejected [7]. The bandwidth of secular frequen-
cies that is accessible by the ions when the trapping well depth is
suddenly changed increases with increasing ion mass or cross-
section [17]. If the ions can access secular frequencies that are
unstable, they are ejected. Fortunately, the bandwidth broaden-
ing and excitation processes of ions that remain in the stable
region of the stability diagram during isolation take more time
than ejection of unstable ions as shown in Figure 3b and c.

The proof can be seen in the mass spectra in Figure 3g and h.
Each point in the spectra in 3g and h is the result of an individual
separation after broadband trapping of all ions that are generated
by the electrospray process. The spectrum in Figure 3g results
from the application of the isolation waveform to the broadband
of trapped ions at a single frequency. The mass window created
by the isolation waveform stability at a frequency F1 is illustrated
in Figure 3f. This mass window is approximately 32 units wide.
The width of the applied isolation window was limited by the δ
resolution of the waveform generation system used at the time.
The frequency of this single mass window was stepped to create
the mass spectrum in Figure 3g. The baseline peak width corre-
lates well with the mass window shown in Figure 3f.

The isolation process was applied twice at two different
frequencies, F1 and then F2, to obtain a narrower range of m/z
selected than available by only the δ resolution of the current
waveform generator. The two separate frequencies yield two
separate mass windows (see Figure 3f). The overlap of the two
mass windows defines the range of values ofm/z left in the trap.
The intensity of the ion signal depended not only on the
spacing of the two frequencies but also on the duration of the
isolation waveform application. If the isolation waveform was
applied for too long, the ion signal was lost. The duration and
frequency separation were optimized to yield the spectrum
shown in Figure 3h. The obtained resolving power (RP) of this
isolation technique was approximately 400 (RP = m/Δm). It
was achieved without significant loss of stable ions from the
mass window. The duration of isolation was optimized at
approximately 1 ms. When the duration was extended to 100
ms, all of the ions in the stable window were lost just as they
would with SWT methods. Agility matters. The rates of exci-
tation of stable and unstable ions are very different for any ion
mass during the isolation process; DWT is capable of taking
advantage of these different rates, SWT is not.

An additional advantage of DWT is the ability to isolate low
population proteins or charge states in the small window created
with a resolving power of 400 and then selectively populating
the quadrupole to saturation. To demonstrate, the +9 charge state
of cytochrome c was subjected to the same trapping isolation
process repeatedly before the ions were axially ejected into the
detector. The signal intensity was then plotted as a function of
the number of iterations of a 10 ms broadband trap and 400 RP
isolation process (see Figure 3i). The quadrupole reached charge
saturation after approximately 40 iterations of the process (~400
ms). Subsequent Faraday detection determined that saturation
occurred at approximately 10 million charges. DWT provides a
method of populating to saturation small ion concentrations out
of large backgrounds. The process and mechanism of ion isola-
tion using DWT has been previously described in greater detail
in reference [17].

Another example of the application of agility is demonstrated
by a new excitation process that is only accessible with DWT.
This new excitation process is covered in detail in reference [18].
Complete discussions of the determining well depth and its
changes during isolation are provided in references [15] and
[7], respectively. In this example, reserpine ions were trapped
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with a broadband waveform as represented by the stability
diagram (see Figure 4a). The δwas switched so that the reserpine
ions were in the unstable region for five cycles of the trapping
waveform before being switched back. The short sojourn into
the unstable region kinetically excites the ions, but the duration is
too short to eject the ions out of the trap. Subsequent translational
cooling while in the deep well supplied by the broadband
trapping waveform allows the translational energy to be convert-
ed into internal energy. Repeating the excitation/cooling process
allows the internal energy to build and the ions to fragment (see
Figure 4c and d).

Alternatively, the δ can be switched to create a high mass
boundary just beyond the stable reserpine ions. Leaving the ions
just inside the boundary for an extended period (100 ms in this

case) allows the secular oscillation amplitude to build while
colliding with buffer gas and causing the internal energy to build
up although the reserpine ions remain trapped. This boundary-
induced excitation provides a gentle yet efficient method of
excitation as evidenced in Figure 4g by the mass spectra that
show complete fragmentation of the parent ions and the presence
of an additional fragment peak that shows the loss of CH3OH at
577 that is not typically present by the other method [18].

The Effect of Frequency Resolution
DWT also brings unprecedented frequency resolution to the
table. A DDS that has 48 bit tuning word resolution delivers 1
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μHz of frequency resolution at any frequency. At 1 MHz, this
ability allows the frequency to be changed by 1 part per trillion.
To put that into perspective for mass spectrometrists, a 1 cm
radius 3D ion trap operating nearm/z 500 with a voltage of 250
V0-p, a difference in mass of 0.00038 units is less than 0.1 Hz at
approximately 275 kHz. That would permit 100,000 frequency
steps over that 0.00038 unit interval. An ion trap could not
possibly utilize this much frequency resolution because the
applied waveforms and voltages just do not have the precision
to take advantage of this incredible frequency resolution, but it
is there and it could be better utilized.

Better utilizing of the available frequency resolution is
possible, but there is a lot of engineering to be done before this
is feasible. Theoretically, mass resolution is primarily limited
by the precision of the applied waveforms both in time and
amplitude. For any ion trap, m/z is related to the waveform
amplitude V and the period of the applied waveform T by:

m

z
¼ cVT2 ð1Þ

where c is a constant. The precision in amplitude is defined by
the ripple in the DC high voltage power supplies, ΔV. The
precision in time is limited by waveform jitter, ΔT. For each of
these contributing factors, the precision of the waveform can be
determined as a function of m/z and then related to the wave-
form precision, Δm/m. By differentiation of Equation (1), it can
be shown that:

Δm
m

¼ 2
ΔT
T

þ ΔV
V

ð2Þ

The temporal jitter, ΔT, and the DC power supply ripple,
ΔV, are constants. In this case, the resolving power, m/Δm,
varies with mass when the dominant restrictor of resolution is
ΔT and becomes constant when ΔV dominates. A sample log–
log plot of resolving power as a function of mass that assumes a
jitter of 200 ps and power supply ripple of 10 ppm (2 mV on
200 V) is shown in Figure 5 (blue line). These values of jitter
and power supply ripple are currently achievable and the plot
correlates well with the results of Ding et al. [3] who achieved
19,000 resolving power at m/z 1500. There are two features to
note about this line that characterizes the resolving power of a
DIT.

First, the resolving power increases with m/z. This is the
only mass analyzer that does this. Theoretically, ICR resolving
power, shown as the green line in Figure 4, decreases as 1/m
[19] and the Orbitrap resolving power (orange line) decreases
as 1/

ffiffiffiffi

m
p

[20]. A Q-TOF’s resolving power is theoretically
constant with mass. It is depicted as a red line in Figure 5 with
a resolving power of 80,000, although higher RPs have been
achieved with spiral TOFs. These functions are idealized and in
reality RP decreases faster than the straight lines indicate with
increasing mass due to increasing rates of gas collisions that
occur with increasing collision cross-section. An increasing
collision rate is not an issue for ion traps. They actually work

better in the presence of a buffer gas that is optimally added.
Consequently, the ion trap and more specifically the digital ion
trap are the ideal analyzers for the high mass range.

Second, the jitter and the ripple could be improved. Theo-
retically, the jitter of the DDS generated waveforms are defined
and limited by the jitter of the reference clock that drives them.
That can be on the order of 1 ps. To give you an idea of how
that theoretically affects the resolving power versus m/z plot, a
plot based on 20 ps jitter is shown in Figure 5 as the purple line.
Note that the RP limit in the high mass range remains the same
as does the initial slope of the line; however, the line has been
shifted up by one decade. Theoretically the sloped portion of
the line can be shifted up another decade if the jitter can be
dropped to ~2 ps. Additional improvement could also be
achieved if DC power supply ripple could be further reduced.
Improving the ripple to 1 ppm would move the RP in the high
mass limit up to one million. In truth, the actual limits of the
resolving power of DWT based ion traps is not expected to be
so profound, but they should be improvable and it will be
interesting to see where and why they top out after judicious
engineering. Whatever the final achievement in this regard, the
result will be due to the awesome frequency resolution avail-
able by DDS.

Digital Waveform Generation
Perhaps one of the greatest advantages of transitioning to DWT
is the simplicity, cost of the hardware, and the ease of imple-
mentation. Digital waveforms are first produced at low voltage
TTL levels using some form of DDS [3, 11]. Generally, the
DDS creates a variable master clock with frequency fvc that is
used as a clock input to a counter (see Figure 6). The counter
output is then fed to three separate comparators. Two compar-
ators are used to develop the δ of the waveform. The third
comparator serves to reset the counter at the completion of the
waveform period. The phase is shifted between the two coun-
ters by shifting the initial number in one of the counters. This
methodology provides stellar frequency resolution, but limited
albeit precise δ values because m and n are defined from a
limited range of integers. This current limitation of δ resolution
has required the development of ion isolation that utilizes the
ability to precisely jump the frequency to provide high resolu-
tion isolation and preconcentration [17]. Other methods of
producing high resolution δ waveforms are currently under
development in our laboratory with the ultimate goal of creat-
ing a purely δ controlled mass filter. These methods utilize
inexpensive field programmable gate arrays (FPGAs) and
Arduino microcontrollers to control or create DDS. Low volt-
age waveform generators to run multiple guides, traps, or ion
funnels can be built for less than $300.

The low voltage TTL waveforms are converted to high
voltage waveforms using high voltage metal-oxide-
semiconductor field-effect transistor (MOSFET)-based pulsers.
Commercial pulsers are available for this purpose (http://
ixyscolorado.com/ and http://www.behlke.com/); however,
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inexpensive versions of pulser circuits have been created in our
laboratory that can be operated up to 1 MHz continuously [21]
and at 400 Vp-p. These pulser circuits are also inexpensive and
adequate for the task—extremely high voltages (thousands of
volts) are not necessary because the value of the Mathieu
parameter q can be continuously adjusted with the frequency
for any range of ions. The components for the pulser circuits

are less than $100. That means that the most expensive
components for creating high voltage digital waveforms are
the high voltage DC power supplies. One pair of high voltage
power supplies can be purchased to run all the ion funnels [21],
quadrupole guides, and traps in the entire instrument because
the ions can be moved from one component to another purely
by digital waveform manipulation. These power supplies have
to provide sufficient current to power all the devices
simultaneously, but the ability to operate the instrument with
a single pair represents a substantial savings as do the low and
high voltage waveform generation circuits.

The Effect of Switching to DWT
DWT is game changing. It makes mass spectrometers much
more versatile and sensitive and provides the following
advantages:

1. DWT increases the mass range so that small and massive
ions (e.g., protein complexes) can be analyzed with the same
instrument [22].

2. DWT provides the ability to trap millions of ions at essen-
tially any value of m/z [12] at the end of a linear quadrupole
and subsequently eject them in a spatially collimated plug
with a short temporal width into an awaiting mass analyzer
or detector.

3. DWT permits mass analysis of the entire range of singly
charged intact proteins with excellent signal-to-noise ratio
[22, 23] and thereby allows complex distributions to be
analyzed easily [24].

Figure 5. Log–log plot of idealized resolving power as a function ofm/z for digital ion trapwith 200 ps jitter (blue), and 10 ppmpower
supply ripple, digital ion trap with 20 ps jitter and 10 ppmpower supply ripple (purple). The sloped line depends on the jitter at the low
mass end and then is defined by the power supply ripple at the high mass end. Idealized resolving power plots for the Orbitrap
(orange), FT-ICR (green), and Q-TOF (red) are also shown for comparison
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A Comparator
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A Waveform Out

B Waveform Out
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B

Figure 6. Current method of arbitrary waveform generation
using a FPGA that consists of a rising edge counter and three
comparators. Edges from the variable master clock are count-
ed; until the condition of counts > m is met, the A waveform is
low. When the condition of count > n is reached, the B wave-
form goes low. When the condition of count = m+n is met, the
edge counter resets
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4. DWT yields better S/N in a TOF because with the capability
of pushing ~1 million ions into the flight tube, the coherent
TOF signals overwhelm the one ion scattering events that
randomly strike the detector. Under these conditions using
an 8 bit digitizer, the single ion scatter events do not register
even at the 1 bit level—no ion noise registers at the detector,
only coherent ion signal [22].

5. DWT yields mass-independent resolving power because the
axially ejected ion plug spatial distribution does not have to
change with mass. The evidence for this point is that the
same resolving power (8000) was observed for doubly
charged carbonic anhydrase (m/z 14.5 kDa) and for singly
charged myosin (m/z 205 kDa) [19, 21]. Ideally, TOF ana-
lyzers perform at constant resolving power with increasing
m/z.

6. DWT vastly increases the sensitivity of Q-TOFs because the
ability to trap ions in a gas-filled guide allows the TOF duty
cycle to be increased to nearly unity.

7. DWT also allows preconcentration of a small population of
ions from a large population to saturate the ion trap (~10
million charges) [17].

8. DWT minimizes necessary hardware. Ions can be trapped,
isolated, fragmented, and transferred by manipulating only
the applied high voltage waveforms. Power supplies that
operate the end caps and axial quadrupole voltages are not
needed nor is their controlling hardware [9].

9. DWT allows efficient charge state isolation of massive
proteins in small mass windows with great efficiency [17].
This will extend the range of proteins that can be analyzed
by FTMS methods.

Simply put, DWT converts a simple ion guide into a sophis-
ticated and versatile ion trap that can do more than any SWT-
driven trap or guide. It does all of these things while reducing
the complexity and cost of the hardware. The tradeoff is that the
software has become more sophisticated because it has to do
more; however, that is not really an issue with modern
computing.

Conclusions
Digital waveform technology has developed far beyond its
initial debut with square waves. This publication demonstrates
that the ability to change the duty cycle and frequency essen-
tially instantaneously brings to the table new capabilities that
reach far beyond the current sinusoidal technology. It reveals
that digital waveformmanipulation processes can turn relative-
ly mundane devices such as ion guides into versatile ion traps
that completely change and enhance the operation of current
mass analyzers. The good news is that this versatility and
increase in capabilities comes at a relatively low price with
the most expensive components being two high voltage power
supplies to operate the entire system. While the increase in
capabilities that we have shown thus far are enticing, it is our
opinion that even greater capabilities will be revealed as this

technology develops; DWT represents a paradigm shift in
instrumentation that is just beginning to emerge.
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