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a  b  s  t  r  a  c  t

Here,  we  present  the  Predator  data  station,  a control  system  for FT-ICR  mass  spectrometers  that  cham-
pions  speed  and  experimental  flexibility  while  simultaneously  providing  stability,  ease  of  use,  and  the
ability  to integrate  more  advanced  hardware  as  it becomes  available.  The  Predator  is the  first  FT-ICR  MS
data station  comprised  solely  of fast  PCI,  PXI,  and  yet  faster  PXI Express-based  commercial  data  acquisi-
tion  hardware.  Increased  data  transfer  speed  is  required  because  recorded  transient  data  count  increases
linearly  at higher  magnetic  field  (higher  measured  frequency)  with  extended  transient  duration  for  FT-ICR
MS instruments.  The  application  of new  cell  designs  with  additional  compensation  voltages,  experimen-
tal techniques  to  increase  resolution,  and  experimental  techniques  that  minimize/reject  variations  in  ion
abundance  exemplify  the  scope  of recent  Predator  data  station  implementations.  When  the  above  tech-
niques  are  applied  simultaneously,  the  results  give  rise  to sub-30  ppb  rms  mass  error  for  5250  assigned
peaks  in  a  petroleum  FT-ICR  mass  spectrum.

The Predator  data  station  is  designed  for facile  implementation  with  any  FT-ICR  MS instrument.
The  Predator  hardware  provides  17  analog  voltage  outputs  and  18  digital  TTL  outputs  synchronized
to  a single  timing  source.  SWIFT,  chirp,  and  single  frequency  excitation  waveforms  are  generated  by  a
100  MSample/s  arbitrary  waveform  generator  with  a minimum  32  MB  of  onboard  memory  and  the  poten-
tial of  terabytes  of  virtual  memory  via  first  in-first  out  (FIFO)  buffering.  Transient  detection  is  facilitated
by  a  2-channel,  100  MSample/s  digitizer  with  a minimum  of 32  MB  of  onboard  memory  per  channel.  FIFO

buffering  implementation  allows  TB  transient  collection  as  well.  Commercial  hardware,  royalty-free  soft-
ware  solutions,  and  commercially  produced  custom  printed  circuit  boards  (PCB)  for  the  cell  controller
ensure  open  availability.  The  present  data  complement  numerous  extant  publications:  the  Predator  data
station  has  been  the  sole  data  station  for the  National  High  Magnetic  Field  Laboratory  (NHMFL)  9.4  T
FT-ICR MS  instrument  since  July 2004,  and  several  additional  Predator  data  stations  are  in operation

elsewhere.

. Introduction

Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
rometry requires dedicated hardware and software for optimized
ontrol of multiple electrode voltages during complex event

equences, synthesis and output of arbitrary ion excitation and
solation waveforms, precisely timed data acquisition, and effi-
ient data analysis. Commercial data stations typically offer robust
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oi:10.1016/j.ijms.2011.03.009
© 2011 Elsevier B.V. All rights reserved.

performance for routine experiments but are often unable to
accommodate hardware modifications or new experiment event
sequences, thus inspiring development of custom FT-ICR data sta-
tions in academic labs [1–4]. Continuous improvement in data
station performance has generally followed from availability of
improved analog input (AI) and output (AO) cards (increased chan-
nel number, input/output rate, and memory depth and higher level
software control) and increased computer bus speed. Early work
[1] made use of the General Purpose Interface Bus (GPIB) and later
the Industry Standard Architecture (ISA) bus that were available at
that time, but data station utility was limited by (poor) software
timing and slow PC bus speed, simple available event sequences,
and low AI/AO memory depth.
The modular ICR data station (MIDAS) was  based on LabWin-
dows/CVI (C for Virtual Instrumentation, National Instruments
(NI), Austin, TX) software and distributed hardware [2,4] that
separated data station performance from the bottleneck created

dx.doi.org/10.1016/j.ijms.2011.03.009
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:hendrick@magnet.fsu.edu
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y the PC system bus. Versa module europa eXtension for Instru-
entation (VXI) hardware allowed the VXI hardware to operate

ndependently from the data station PC during the experimental
vent sequence. After the experiment was completed, recorded
ata was transferred back to the host PC before the next experi-
ental sequence was loaded. Complex event looping and precise

ardware timing improved data station capability, but slow data
ransfer rate between the distributed hardware and the home
C limited the cycle time and compromised support of on-line
hromatography experiments.

The Heeren group designed and constructed a custom VXI data
tation that increased the amount of onboard memory compared
o commercially available hardware (192 MByte), thereby increas-
ng excitation and detection memory depth and limiting the need
or communication via the bottleneck at the VXI–PC interconnect.
he current version of that data station includes a mixture of VXI
nd PXI based hardware, in which the PXI components improve
on optics resolution, provide readback functionality, and increase
nalog and digital channel count [3].

Here, we describe an FT-ICR data station based on Peripheral
omponent Interconnect (PCI)/compact PCI eXtension for Instru-
entation (PXI)/compact PCI Express eXtensions for Instrumen-

ation (PXIe) hardware (http://www.pxisa.org/Specifications.html)
hat takes advantage of improved PC bus speed to transfer data
o/from the PC in real time, to facilitate data-dependent spectral
veraging and LC–MS/MS. The hardware controls numerous volt-
ges and triggers that support a complete external source, hybrid
T-ICR instrument with associated peripherals (e.g., LC, autosam-
ler, laser(s), electron emitter), and custom software supports
omplex and versatile experimental event sequences. Finally, cus-
om analysis software offers enhanced data interpretation before
imilar programs are available commercially. Most of our FT-ICR
S publications for the past six years have been based on Predator

ata systems, and Predator data systems are in use in several other
aboratories. One example of the latter is the recent Dearden group
ublication from their Predator-controlled FT-ICR MS  [5].

. Experimental methods

.1. Hardware

The Predator data station comprises five commercially avail-
ble hardware cards, a personal computer, an in-house designed
nstrument interface, and custom software written in LabWin-
ows/CVI version 9.0 (NI). Commercial hardware allows the data
tation to quickly integrate new technologies as they become avail-
ble. The cards that make up the current Predator data station are:

 PCI timing card model PB24-100-32k (SpinCore Technologies,
ainesville, FL), two PXI analog output cards model 6733 (NI), an
rbitrary waveform generator (PXI model 5421/PXIe model 5442)
NI), and a PXI/PXIe digitizer model 5122 (NI). A PXI chassis (NI

odel 1042Q or similar) or a PXIe chassis (NI Model 1062Q or sim-
lar) is connected to the host pc by a remote controller (for PXI
I Model PXI-PCIe8361/for PXIe NI Model PXIe-PCIe8371). The PXI
igitizer yields a ∼3-fold speed improvement over a VXI digitizer

f both cards operate near the theoretical limit (38 MBytes/s versus
10 MBytes/s) of the respective buses. However, we find that the
XI digitizer transfers 1 MSample in ∼50 ms,  whereas the VXI digi-
izer transfers the same data in ∼1 s (sampled as the average of 100

 MSample acquisitions performed in triplicate). The twenty-fold
peed improvement removes the PC communication bottleneck,

llows data-dependent experiments, and provides complete data
apture (i.e., data need not be reduced prior to transfer and stor-
ge). Moreover, the PXIe digitizer allows transfers in real time
200 MByte/s per channel), offering the opportunity to use FIFO
Fig. 1. Schematic diagram of the external source 9.4 T FT-ICR mass spectrometer.
Electrodes controlled dynamically by the Predator data station are highlighted in
red.

buffering to remove the digitizer overhead completely from typical
ICR experiments.

The PCI timing card provides a 10 ns resolution timing signal,
8 levels of nested looping, 10 TTL outputs, a 12-bit analog output,
and 16,000 individual events. Each of two PXI analog output (AO)
cards has 8 channels of 16-bit vertical resolution ±10 V to yield a
minimum voltage step of ∼0.3 mV.  Combined, the two  analog cards
provide 16 analog outputs and eight TTL outputs. Because the cards
are buffered from system memory, the maximum data throughput
rate to the two AO cards of 500 KSample/s determines the minimum
time period of 2 �s for each event. Although the minimum timing
period is determined by the data throughput rate to the AO cards, it
is the 10 ns resolution (±100 ppm stability) of the timing card that
defines the precision and accuracy for each of the 17 analog and 18
digital channels.

Transient acquisition is provided by a PXI or PXIe card capable
of 100 MSample/s simultaneous sampling at 14-bit vertical reso-
lution on each of two channels (400 MB/s maximum). The typical
Predator data station has 32 MByte per channel, but alternate con-
figurations of the 5122 digitizer are available with up to 512 MByte
of onboard memory. The PXIe version of the digitizer can transfer
the data to the PC at the full 400 MB/s to allow real time acquisi-
tion of both channels directly to the PC hard drive [6,7]. The use
of a PXIe digitizer eliminates the need for large memory depth on
the card. The arbitrary waveform generator (AWG) has a single out-
put channel that has 16-bit vertical resolution, 32 MByte of memory
(typical), and can output 100 MSample/s. Comparably high onboard
memory (512 MByte) and the use of PXIe facilitate high throughput
operation for the AWG  as well. All data were acquired with a 9.4 T
FT-ICR mass spectrometer described elsewhere [8,9]. Predator pro-
vides the dynamically controlled electrode voltages shown in red
in Fig. 1. The polarity (positive/negative) of each of the remaining
“static” voltages is also controlled by a Predator TTL. The modu-
lar nature of the Predator allows the straight-forward expansion to
25 voltage outputs by addition of an AO card, appropriate software
development, and a modified cell controller. The recent implemen-
tation of a compensated open cylindrical cell for the NHMFL 9.4 T
FT-ICR MS  [9–11] required additional “reserve” analog outputs at
the ICR cell.)

2.2. Cell controller
The primary purpose of the Predator cell controller is to provide
isolation/buffering to protect the commercial instrument cards. FT-
ICR instruments often incorporate radiofrequency and high voltage
components that could damage the timing and AO controller cards;

http://www.pxisa.org/Specifications.html
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he cell controller is designed to shunt such harmful signals. In
he event that the cell controller is damaged by such an event, the
esign of the cell controller relies heavily on relatively large dual

n-line package (DIP) components to facilitate repair of the affected
CB components. A second protection afforded to the commercial
nstrument cards by the cell controller is the physical strain relief
nherent to the use of industry standard bulkhead Bayonet Neill
oncelman (BNC) connectors. In addition, a separate power sup-
ly within the cell controller provides improved voltage slew rate
ompared with the commercial cards/PXI chassis.

The Predator cell controller also includes features to facilitate
nitial construction and installation, communication with external
evices, and application of custom experiments. The cell controller
outes and conditions the timing signal from the PC to the PXI
hassis. BNC connections allow external triggering of the Predator
ia TTL HI, TTL LO, or contact closure. Separate Predator status con-
ectors provide TTL HI to LO and TTL LO to HI transitions at the end
f each experiment. 17 potentiometers (one for each AO) control
he default output voltage for each channel (the potentiometers
re active when no experiments are active). Similarly, all digital
ines can be set via a front panel switch or they may  be latched
xperimentally with the latching circuit incorporated into the cell
ontroller. An LCD voltmeter combined with a 17-position switch
rovides direct voltage monitoring for any selected AO channel.
he state of each DO is represented by an LED indicator at all times.

.3. Timing, excitation and detection synchronization

Synchronization between ion excitation and detection is the
ingle most critical timing event in an ICR experiment because
ransient averaging for improved S/N requires precise ion phase
eproducibility (i.e., reproducible timing less than 1/100 of one
ycle of the fastest measured cyclotron frequency). The Predator
ata station makes use of internal clocks on the SpinCore tim-

ng card, the digitizer, and the AWG. The Spincore card provides
 hardware method to reduce an ICR experiment to a series of
lectronic events in which each event includes a variable dura-
ion counter as well as the AO and DO information. In a traditional
iming scheme, each event has a fixed duration (equal to one tick
f the master clock) and the duration of the tick defines both the
esolution and duration of the event. For a typical ICR experiment
n which most events last thousands of master clock cycles, that
pproach would result in thousands of updates per experimen-
al event in which all of the output data would be identical. If the
vent length is separated from the master clock tick, the required
ata throughput on the system bus is reduced without any sac-
ifice to the timing characteristics of the master clock. Onboard
ested looping of timing events further reduces the data through-
ut for repetitive sequences (defined as loops or major loops within
redator). Given the timing scheme of the Spincore card, the jit-
er for each event in the experiment is related to the master clock
10 ns ± 100 ppm) and the magnitude of the counter for the individ-
al event. In a typical case, the expected jitter is less than 100 ps,
ut no jitter measurement has been attempted, largely because jit-
er of that magnitude is important only between excitation and
etection, which is handled separately as described later in this
ection.

The SpinCore clock signal controls its own DO and AO as well
s the AO cards and manages all dynamic (i.e., changing) electrode
oltages (for, e.g., ion accumulation, quadrupole ion isolation, ion
ransfer, gated trapping), triggers amplifiers and lasers, and triggers
he various waveforms for ion isolation and excitation in the ICR

ell. The clocks of both the digitizer and AWG  are phase-locked to a
0 MHz  reference clock on the PXI backplane (or 100 MHz  for PXIe
igitizer and AWG). The phase-locking of the digitizer and the AWG
oes not apply to the SpinCore card.
ass Spectrometry 306 (2011) 246– 252

Although phase-locking the sample clocks will minimize clock
jitter, simple phase-locking does not account for the typical case
in which the chosen sample rates of the two cards (digitizer and
AWG) are set to independent integer fractions of the reference mas-
ter clock. For example, in a typical experiment, the AWG  sample
rate might be set to 20 MSample/s whereas the digitizer is user
selectable from 10 MSample/s to 500 KSample/s. The higher output
rate of the AWG  assures that the waveform is sufficiently over-
sampled to produce accurate amplitude data above the Nyquist
limit required for frequency determination. Because the excitation
period for most ICR experiments is short relative to the detection
period, it is convenient to use a generic output rate for the AWG
(that is sufficiently oversampled for the useful effective mass range)
for a given ICR mass spectrometer. The optimal sampling rate and
recorded transient length for ICR detection will however vary for
a number of experimental conditions that include range of analyte
masses, sample composition, space charge effects, and collisional
damping.

For the simplest case involving “mixed” clock dividers, we inves-
tigate an experiment with a 20 MSample/s AWG  output rate and a
10 MSample/s ADC sampling rate. In that case, even if the master
clocks are aligned, the detected signal for any two subsequent tran-
sient acquisitions can be exactly in-phase or shifted by 50 ns (one
dwell period of the faster clock). In such a scenario, any averaged
spectrum would not increase in S/N by the theoretical square root
of number of acquisitions but rather by a decreased ratio that is
frequency/mass-dependent. In the worst case scenario for mass-
to-charge ratio corresponding to the Nyquist limit of 5 MHz,  there
would be no improvement in the S/N. A similar argument applies
for any other ratio of integer dividers.

Additional hardware and software developed by National
Instruments dubbed “Trigger clock or Tclk” [7,12–14] make it pos-
sible to remove ambiguity in the synchronization. Essentially, the
Tclk software considers the chosen clock rates of all registered
hardware and determines a “reduced” trigger clock rate that will
precisely synchronize the acquisition. The Tclk is implemented by
NI as a synchronized square waveform phase locked to the PXI
backplane on the field-programmable gate array (FPGA) onboard
the digitizer and AWG. The FPGA intercepts the external trigger
from the Predator cell controller and awaits the next trigger tran-
sition of the Tclk to trigger the AWG. The digitizer is triggered by
the AWG  via the PXI/PXIe backplane. The digitizer initiates data
collection following the programmed delay described in the FT-
ICR MS  experiment. In our hands, the use of Tclk synchronization
makes it possible to realize the expected theoretical improvement
under numerous experimental conditions for synthetic data. We
are also confident that averaged, real data realizes the expected
gain–subject to inherent experimental variability such as electro-
spray instability. Typical timing error (jitter) between two cards
under Tclk control is stated by the manufacturer to range from 200
to 500 ps with a maximum of 1 ns.

2.4. Complex experimental event sequences

An FT-ICR experiment consists of an event sequence and an
event sequence replicate count. An event is the smallest temporal
interval in such a sequence. An event sequence is a series of events
that can also be arranged in tables and major loops. Each event
is in turn defined by simultaneous state changes to a chosen set
of voltages and/or triggers, and may  include ion excitation and/or
detection. Events with ion excitation waveforms must be separated
by at least 20 ms, but each waveform may  be looped within an event

up to 32,768 times. Each event sequence contains a single detection
event.

A table is a user-defined group of events that can be repeated
multiple (up to 1,048,575 hardware limit) times, to facilitate
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exible control of ion accumulation, ion excitation, and pulsed
aser irradiation events. Major loops repeat user-defined groups
f tables, but we are currently unaware of any experiment that
equires such capability.

Given the flexible nature of the Predator event sequences, the
reation of non-standard event sequences is relatively straightfor-
ard. Some examples include continuous ion accumulation and

imultaneous excitation and detection (SED). Continuous ion accu-
ulation experiments allow the duty cycle of the FT-ICR MS  to

pproach 100%. Ions are accumulated throughout the experiment
xcept for the approximate 1 ms  during which the ions are trans-
orted to the ICR cell. The primary application for continuous

on accumulation is HPLC FT-ICR MS.  Simultaneous excitation and
etection (SED) allows accumulation of ion signal throughout ion
xcitation and subsequent ion decay. Capacitive matching of the
etection circuitry minimizes or removes the effect of saturation
f the detection preamplifier. SED experiments provide the ability
o accurately calculate absorption-mode spectra [15].

.5. Triggering

Predator data acquisition can be initiated in three different
odes: software trigger, single external trigger, or multiple exter-

al triggers. In each mode, Predator clears any previous triggers,
ownloads the event sequence, and activates the acquisition hard-
are. The timing card then waits for a trigger. A software trigger is

imply a run command sent to the timing card. An external trigger
TTL or contact closure) is typically generated by an autosampler or
PLC system, in which case the user may  choose to require a single

rigger for the entire experiment or choose to require a new trigger
or each mass spectrum. A single trigger is often used for HPLC runs,
ecause the acquisition is triggered by the sample injection, and
ubsequent mass spectra are collected at regular intervals through-
ut the HPLC gradient. Multiple triggers would allow a laser-based
on source to change spot position prior to each acquisition. An
dditional status TTL from the Predator at the end of each experi-
ent signals the autosampler to switch to the next sample.

. Results and discussion

.1. Data-dependent acquisition

Predator methods generally acquire data in one of two  ways:
veraged or time-resolved (i.e., each acquisition is stored sep-
rately). Time-domain data are averaged to increase S/N ratio,
henever the collected ion population remains constant with time.

ach data set is stored to the hard drive separately whenever the
on population (i.e., mass spectrum) is expected to change sig-
ificantly over the course of the experiment (e.g., during an LC
eparation), allowing complete (and repeatable) analysis off-line.
ach file is time-stamped as the file is written to disk, allowing
ccurate determination of retention time for each mass spectrum.
ime-resolved acquisition requires a large hard drive space for
ach set of experiments, but data can be rapidly reduced off-line if
ecessary.

Predator supports conditional data acquisition, whereby
cquired data is evaluated in real time and user-defined condi-
ion(s) must be met  before data is averaged or stored to disk: a
apability primarily used to eliminate low quality data that would
therwise decrease S/N or increase mass error in averaged data sets
r waste disk space for time-resolved data. HPLC FT-ICR experi-

ents often result in collection of many mass spectra (before and

fter analyte elution) that hold no useful information. Conditional
ata storage discards “empty” mass spectra and minimizes the
omputer memory required to store the data.
ass Spectrometry 306 (2011) 246– 252 249

Conditionally averaged data require the user to define a min-
imal acceptable signal magnitude for each spectrum, calculated
by use of user-defined peak selection parameters (e.g., m/z  range
and abundance threshold). The summed abundance is compared
with the user defined minimum limit to gauge the quality of the
spectrum. The user may  also define a maximum acceptable sig-
nal magnitude, to require the total ion abundance to fit within
the user-defined abundance range and minimize frequency shifts
due to varying space charge. Data-dependent tuning of the ion
accumulation period can correct for drift in ion source conditions.
Data-dependent conditional acquisition developed from manual
implementation (combined with a compensated ICR cell, absorp-
tion mode processing, and “walking” 3-term mass calibration)
combine to yield to sub 30 ppb accuracy for 5250 assigned peaks in a
recent petroleum FT-ICR mass spectrum [16]. Data-dependent con-
ditionally averaged data collection has become the routine method
for petroleum acquisition at NHMFL. A simplified decision tree
for conditional data averaging is provided in Supplementary Fig.
S1. Our post-acquisition method of limiting the ion source abun-
dance variation should not be confused with commercial automatic
gain control (AGC), in which an abbreviated preview detection
event serves to proactively tune the accumulation duration. Com-
mercial AGC is best suited for LC–MS applications. Combined
AGC/conditional co-addition should produce the highest mass
accuracy for infused samples.

Specific m/z range(s) for further analysis (e.g., MS/MS) can be
chosen automatically by real time spectral analysis of an acquired
mass spectrum (i.e., a “survey spectrum”). The user defines data
conditions that, if met, trigger predefined changes to the subse-
quent event sequence. Parameter manipulation is defined by use
of an “Excel”-type phrase whereby the parameter may  be set to a
fixed value, tuned relative to its current setting, or tuned based on
m/z, abundance, or charge state of a selected set of spectral peaks
observed in each survey spectrum. Targets for further analysis may
be identified by use of an inclusion list, dynamic or static exclu-
sion lists, and signal magnitude. The user must specify a maximum
number of allowed targets generated from each survey spectrum.

3.2. Tcl scripting

Predator uses Tool command language (Tcl) scripting to perform
data-independent, systematic adjustment of acquisition parame-
ters for one or more samples. Tcl scripting has been described in
the previous generation MIDAS data station [17] and its use has
been expanded in the Predator data station. All 17 Predator volt-
ages and 18 triggers are under full Tcl control, and many of the
excitation, detection, and structure commands are Tcl-enabled.
Each of the described Predator data collection modes is Tcl con-
trollable. A Tcl script allows experiment control to be switched
between Predator and (say) an autosampler by use a combination
of Predator status TTLs and external triggering. The combination of
Tcl scripting and single external triggering has been demonstrated
previously with an Advion robot [18] and a CTC PAL autosampler
[19].

We demonstrate Predator experimental flexibility with a series
of experiments performed with the NHMFL 9.4 T FT-ICR MS  [8,11].
FT-ICR mass spectra for Agilent ESI tuning mix  and Ultramark® are
shown in Fig. 2. The two  standards were electrosprayed consecu-
tively by use of a dual needle electrospray source [20,21]. Predator
software controlled the duration that each needle was positioned at
the entrance of the mass spectrometer. A series of ion accumulation
loops was  implemented so that each component in each standard

was  m/z-selected by the quadrupole mass filter and accumulated
in the octopole ion trap (Fig. 1). Equal accumulation periods for
each analyte result in the spectrum shown in Fig. 2 (top). Ana-
lyte peak magnitudes differ by a factor of 1000 due to differences
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Fig. 2. Dual electrospray FT-ICR mass spectra of Agilent tuning mix  (sprayer 1) plus
U ®
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Fig. 4. Experimental event sequences for a survey mass spectrum (top), quadrupole
isolation of a peak selected in real time (middle), and combined quadrupole plus
SWIFT isolation of a peak selected in real time (bottom). The event durations are
given in seconds and are depicted by alternating color segments (segment lengths
ltramark (sprayer 2). Equal ionization periods result in unequal peak heights
top). Separate quadrupole-isolated ion accumulation events created by event loop-
ng allow tuning to yield approximately equal peak heights for all analytes (bottom).

n analyte concentration and ionization efficiency. Predator opti-
ization of each analyte peak height is shown in Fig. 2 (bottom).
nalyte abundances were varied by use of ten separate accumula-

ion tables. Each table performed quadrupole isolation of a single
nalyte, and variation in the number of loops and the duration of
ach loop allowed accumulation of near-equal abundance of each
nalyte (final variation is roughly a factor of 2).

Data-dependent ion isolation is demonstrated in Fig. 3. A broad-
and survey spectrum of Ultramark® is shown in Fig. 3 (top).
ach of the three most abundant oligomers was identified and iso-
ated by two separate methods. Fig. 3 (middle) shows ion isolation

y quadrupole mass selection prior to external accumulation and
ubsequent transfer to the ICR cell for detection. Fig. 3 (bottom)
hows enhanced isolation by quadrupole mass selection and exter-

ig. 3. FT-ICR mass spectra of Ultramark® , electrosprayed continuously to simu-
ate  a chromatography run. Each starred peak was  dynamically isolated and then
ynamically excluded from further selection for 10 subsequent acquisitions. Note
hat  the quadrupole isolation was set to low resolution to allow maximum trans-

ission of the selected ions. Each 4 MWord SWIFT isolation excluded all ions from
/z  200 to 2000 except for a 0.7 m/z window centered at the data-dependent m/z.
are  not to scale). Data-dependent changes to the experimental script are labeled in
red.

nal ion accumulation followed by further SWIFT [22] isolation in
the ICR cell. The most appropriate SWIFT waveform was  chosen
from a database of 18,000 4 MSample files stored in a local redun-
dant arrays of inexpensive disks (RAID) array [6].  Each waveform
isolated ions spanning an m/z  range of 0.7, in m/z  increments of
0.1 from m/z 200 to 2000 for a total of 18,000 waveforms in the
database. Each type of spectrum (survey, quadrupole isolation, and
quadrupole + SWIFT isolation) was repeated 100 times; the aver-
age computer overhead varied from 300 to 450 ms (Fig. 4), with
longer period required to load a SWIFT waveform. The overhead
is calculated as the difference between the expected experiment
period and the actual period measured between consecutively
stored files. Activities that occur during overhead include data
transfer from the digitizer, data storage, data processing, and
evaluation of each mass spectrum, selection of data-dependent
analytes, updates to exclusion list, and data transfer of exper-
imental changes to the data acquisition cards, upon transition
from survey spectrum to quadrupole isolation, quadrupole iso-
lation to combined isolation, or combined isolation to survey
spectrum.

Application of an ultrahigh resolution, user-generated SWIFT
waveform is shown in Fig. 5. A tryptic digest of eight stan-
dard proteins was infused directly into the mass spectrometer to
yield the broadband mass spectrum shown in Fig. 5 (top). Visual
analysis reveals a closely spaced mass triplet at m/z ≈ 821. Com-
bined quadrupole isolation/amplification and a 3.3 s, 16 MB  SWIFT
waveform isolated the middle peak, which required resolving
power > 20,000. Given the Fourier-limited resolving power for the
SWIFT waveform of ∼840,000, the observed resolution is a func-
tion of the instrumental imperfections including magnetic field
inhomogeneities, trapping field imperfections, and space charge
effects.

Use of multiple SWIFT waveforms to achieve arbitrary ion iso-
lation is demonstrated in Fig. 6. The 13+ charge state of horse heart
cytochrome c was  isolated in the resolving quadrupole (Fig. 6, top).
A 2 MSample SWIFT waveform further isolated the protein mul-
tiplet from nearby adducts (Fig. 6, middle). Finally, a 4 MSample,

narrowband, multi-notch SWIFT isolated every alternate member
of the 13+ charge state isotopic distribution (Fig. 6, bottom), demon-
strating the ability to eliminate interfering peaks that often arise
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Fig. 5. Isolation of the lowest abundance middle peak from a mass triplet separated
by  m/z ∼ 0.150, from a tryptic digest of 8 standard proteins directly infused into
the  9.4 T FT-ICR mass spectrometer. Quadrupole isolation isolates the mass triplet
and increases signal magnitude because the external octopole trap can be selec-
tively filled with just those ions, and the subsequent 16 Mword 3.3 s SWIFT almost
completely eliminates the flanking signals above and below the target m/z.

Fig. 6. Electrospray FT-ICR mass spectra of the 13+ charge state of horse heart
cytochrome c isolated by use of the quadrupole (top); the quadrupole and a
2  MSample SWIFT waveform (middle); and the quadrupole, a 2 MSample SWIFT
waveform, and a 4 MSample SWIFT “comb” waveform tailored to isolate every other
peak  in the isotopic distribution (bottom). The excitation magnitude spectrum of the
2
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 MSample SWIFT waveform is shown in blue (middle), and the excitation magni-
ude spectrum of the 4 MSample SWIFT “comb” waveform is shown in red (bottom).
he  achieved isolation resolving power in the bottom spectrum is ∼12,000.

n actual samples. Again, the achieved SWIFT resolving power of
12,000 is below the Fourier-limited resolving power of ∼52,000.

. Conclusions

The Predator data station provides a robust platform to perform
tate-of-the-art hybrid quadrupole FT-ICR MS  experiments. Seven-
een voltages, eighteen triggers, large memory depth analog in/out,
nd complex event sequences support current and future needs

f the National Science Foundation High Field FT-ICR MS  Facil-
ty. Experiments not currently possible with the Predator will be
ddressed as new hardware becomes available and as improved
ata collection strategies are discovered and implemented. For

[

ass Spectrometry 306 (2011) 246– 252 251

example, the increased data throughput afforded by PXIe cards
facilitates more advanced data-dependent algorithms to improve
the selectivity of data-dependent experiments. The native 64-bit
code in the Predator acquisition and analysis will also more effec-
tively leverage the processing power and expanded memory space
of the newest computers.
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