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Abstract

Ions of the same m/z must remain in phase with each other during the detection time period used for FTICR-MS signal acquisition for optimal
performance. The loss of coherence of the ion cloud during detection leads to faster rates of signal decay which results in a decrease in the
achievable resolution and mass measurement accuracy with FTICR-MS technology. As the ions spin on their excited cyclotron orbit, many factors
contribute to de-phasing of ion motion, such as the presence of radial electric fields and the Coulombic interaction of ion clouds of different
mass-to-charge ratios. With the application of Electron Promoted Ion Coherence or EPIC, signal duration can be increased. Since FTICR-MS
achieves high performance through measurement of frequency, the ability to observe ions over a longer time period increases the performance of
FTICR-MS. Radial electric fields are an unavoidable consequence of applied trapping potentials to confine ion motion parallel to the magnetic field
in the ICR cell; however, the presence of radial electric fields also induces magnetron motion. With EPIC it is possible to control the shape of the
radial electric fields that the ions experience by changing the number of electrons that are sent through the center of the ICR cell. Furthermore, the
electric field shape produced with EPIC can be altered to decrease space charge contributions by increasing the length of the ion oscillation path
along the axis of the ICR cell and decrease radial electric field effects, which alter detected ion cyclotron frequencies. Here we report theoretical

and experimental results to evaluate and describe the impact of EPIC on the performance of FTICR-MS.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fourier transform ion cyclotron resonance mass spectrom-
etry FTICR-MS [1] has become an important analytical tool,
especially in the analysis of complex mixtures. The capabil-
ity to provide high resolution, mass measurement accuracy, and
sensitivity is important in the area of proteomics [2]. The basis
for which FTICR mass spectrometers can offer such high per-
formance is their ability to detect ions for an extended period
of time. The mass-to-charge ratio (m/z) of an ion is determined
by measuring the frequency of its excited cyclotron motion in
the ICR cell. The longer that the frequency is detected the more
accurately the frequency can be determined and the higher the
performance of the instrument. The ions are trapped in the detec-
tion cell by the Lorentz force (x—y dimension) and by an electric
potential applied to trapping electrodes (z dimension). The appli-
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cation of an electrostatic field retains ions in the homogenous
region of the magnetic field. However, this electrostatic field
also induces magnetron motion and leads to deviations in the
observed cyclotron frequency. Magnetron motion changes the
observed ion frequency, limits the critical mass that can be stored
[3], and causes ion loss and reduced sensitivity. Ideally, the appli-
cation of trapping potentials will create a three-dimensional axial
quadrupolar electrostatic potential, which will result in ion fre-
quency being independent of ion position inside the ICR cell
[4].

The stability of an excited ion cloud is critical for detection
of image current for an extended period of time [5]. There are
many factors which contribute to ion cloud coherence such asion
cloud density [6] and applied trapping potentials [7]. Control of
the total ion population trapped in the ICR cell is very critical for
the performance of the instrument [8,9]. A trapped population
with too few ions leads to a reduction in the signal-to-noise ratio
and less stable ion clouds. However, if too many ions are trapped
the Coulombic interaction of ion clouds with different mass-
to-charge ratios disrupts ion cloud stability, causes ion cloud
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coalescence for closely spaced m/z species [10], and induces
space charge effects. An increase in space charge conditions
effectively reduces the observed cyclotron frequency. Due to the
presence of quadrupolar trapping fields parallel to the magnetic
field, the space charge in the ICR cell is not constant throughout
an experiment and results in observed frequency shifts with time
[11,12]. Tons which are excited to a large cyclotron orbit can
travel a longer distance in the z-dimension than if they were
located close to the central axis of the cell. As ions traverse their
excited cyclotron orbit, they encounter collisions with residual
gas molecules, and damp back toward the center of the ICR cell
(collisional damping). This causes the ion cyclotron radius to
decrease and the ions are funneled back toward the central axis of
the ICR cell, where the ions also have a shorter path length in the
z-dimension. Furthermore, the radial spatial distribution of the
ions is decreased with decreased cyclotron radius. The increase
in space charge causes the observed cyclotron frequency to shift
to lower frequency with time as the ions damp back toward the
center of the ICR cell, which causes the m/z value of the ions to
increase to a larger value with time [12].

There has been considerable attention devoted to ICR cell
design to improve the performance of FTICR mass spectrom-
eters [13—-16]. There are three different types of electrical field
shapes that are critical for optimal ICR analysis, including uni-
form RF electric field for excitation, azimuthal quadrupolar RF
electric field for ion axialization, and three-dimensional axial
quadrupolar electric field for ion axial confinement [17]. There
is usually a compromise between these different electrical field
shapes for most ICR cell designs. Solouki et al. [18] suspended
a copper wire through the center of the ICR to form electric
field potentials that simulate a Kingdon trap [19] which was
later described by Gillig et al. [20]. Electrons sent through the
center of the ICR cell have previously been used for electron
impact ionization, to trap ions in the cell [21], and to perform
electron capture dissociation (ECD) [22,23]. The application of
an electron beam through the center of the ICR cell during detec-
tion has brought interesting results. Easterling and Amster [24]
reported that with the presence of a low energy electron beam
during detection the transient signals lasted much longer. How-
ever, they also reported a current dependent mass shift which
in extreme cases approached 10—12 m/z units. An earlier paper
from our group demonstrated that proper tuning of a low energy
electron beam, which we call Electron Promoted Ion Coherence
or EPIC [25], not only enhanced the time of signal duration but
could eliminate frequency shifts and allow acquisition of higher
quality spectra. Nikolaev et al. have produced the most accurate
computer simulations of ICR motion to date [26], has modeled
the effect of an electron beam through the center of the ICR cell,
and has shown an increase in ICR signal duration is possible
with this configuration [27].

This paper aims to further describe the unique characteris-
tics of EPIC and the basis for an improvement in instrument
performance. Here we report that EPIC is a method capable of
reducing both radial electric fields from the applied trapping
potentials and axial space charge conditions. We present a com-
parison between theoretical predictions and experimental results
of how EPIC affects the electric field shape in the ICR cell.

We investigate how the numbers of electrons affect the trapping
electric field shape. We also determine how perturbations in the
trapping fields affect the mass measurement accuracy.

2. Experimental

Electrospray was used as the ionization method. Electrospray
solutions consisted of 49/49/2 by volume of water/methanol/
acetic acid. All samples (substance p, bradykinin, melittin, and
BSA digest) of 10 uM were infused by direct injection with a
syringe pump at a rate of 0.4 wL/min. All standard proteins and
peptides were purchased from Sigma (St. Louis, MO) and used
without further purification. Sequencing grade modified trypsin
was purchased from Promega (Madison, WI). A Bruker Dal-
tonics 7T Apex-Q FTICR mass spectrometer (Billerica, MA)
was used to acquire the mass spectral data using Xmass version
7.0.6 as the data acquisition software program. Ion accumula-
tion took place in the hexapole ion guide that is external to the
magnetic field prior to injection into the ICR cell. Typically the
ion accumulation time was set between 0.5 and 1.0's, but was
held constant for all EPIC and non-EPIC comparison spectra.
Ions were trapped in an infinity cell [28] using the sidekick tech-
nique [29]. The conventional detection technique was modified
to perform EPIC experiments. After the ions had been excited
to a large cyclotron orbit using a broadband frequency sweep
excitation waveform, the electron beam was initiated allowing
electrons to traverse the cell. The electron beam was produced
with a hollow heated cathode, 3.5 mmi.d., 7.6 mm o.d. The outer
diameter of the electron beam entering the ICR cell was deter-
mined by a lens which has an i.d. of 6 mm placed between the
heated cathode and the back trap plate. The cathode was heated
with approximately 1.50 A, the lens was held at ground, and a
voltage bias of 0.0 to —1.5 V was placed on the heated cathode
to produce an electron beam through the central axis of the ICR
cell. At all other times when the cathode was heated there was
an applied voltage bias of +10 V. The numbers of electrons that
are emitted is determined by the heating current and the applied
bias potential. The number of electrons entering the ICR cell is
controlled by changing the bias potential since a change in the
heating current takes a much longer time to stabilize.

ICR signals were analyzed with ICR-2LS [30]. The time-
dependence of the detected frequency was obtained with the
sweep [11] module within ICR-2LS, which Fourier transforms
consecutive segments of the transient signals. Each segment of
the transient signal was Welch apodized, zero-filled three times,
and Fourier transformed to obtain a frequency-domain spec-
trum and allows determination of ion frequency at various points
along the transient signal. The number of data points in each seg-
ment of the recorded time-domain signal was dependent upon the
total data set size; typically parameters for a 128k data set con-
sisted of a segment size of 16,384 points with an advancement
of 8192 points.

The resolution and mass accuracy for the broadband exper-
iments were limited by the size of the data sets that could
be recorded with the conventional Bruker hardware and soft-
ware. For extended broadband signal acquisition experiments,
the broadband spectra of BSA digest were digitized with a PCI-
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6111 National Instruments board (Austin, TX) and recorded on
a PC with 512 MB of RAM. The data sets collected were 4 MB
at a sample rate of 600,000 Hz. BSA digest spectra were col-
lected after a pulsed gas event to cool the ions followed by a 7 s
delay to allow time for the cooling gas to be pumped away.

Simion 7.0 software (SIMION 7.0 3D, version 7.0, D.A.
Dahl, Idaho National Engineering Laboratory, Idaho Falls, ID)
was used to produce the equipotential field lines, to provide an
approximation of the shape of the electric field and the effects
of an electron beam through the center of the ICR cell. Elec-
tron current was measured on the lens with a current amplifier
(Keithley, model 428, Cleveland, OH), with the cathode heated
with 1.5 A and various applied voltages.

3. Results and discussion

The unperturbed cyclotron frequency is dependent only on
the m/z of the ion and the strength of the magnetic field. How-
ever, the application of trapping potentials to trap ions in the
z-axis induces deviations in the observed cyclotron frequency.
The magnitude of these deviations depends on the magnitude
of the applied trapping potential. The application of an electron
beam through the center of the ICR cell during detection has
been shown to increase the resolution and the signal-to-noise
ratio of FTICR-MS [25]. However, if experimental conditions
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such as total ion abundance, trap plate potentials, and number
of electrons are not carefully controlled, an increase in perfor-
mance is not observed and can result in large observed frequency
shifts. The presence of an electron beam through the center of
the ICR cell results in a negative charge along the central axis.
This negative charge dramatically alters the shape of the electric
field used to confine the ions to a finite space, thus altering the
space charge conditions within the cell. Therefore, changes in the
measured frequency should be expected. The electric field lines
produced within a closed cylindrical cell are shown in Fig. 1a.
The segmented trapping electrodes in the infinity cell are used
to flatten out the excite potential across the entire cell. Each
trapping electrode has the same applied trapping potential with
varying RF amplitude applied during the excite. Thus, the shape
of the electric field lines produced from the segmented trapping
electrodes will be very similar to those generated with a solid
trapping electrode. The exact modeling of an electron beam and
the affect it will have on the shape of the electric field is not
easily solved. However, the presence of electrons will produce
a negative potential along the axis of cell. For simplification of
modeling efforts, a solid electrode that was biased at a negative
potential was used to represent the electron beam. Therefore,
the electrode represents a first approximation of the negative
potential produced by the electrons and the resulting change in
field shape, which is shown in Fig. 1b. The electrons produced

Fig. 1. Simion plot of equipotential contour lines of a closed cylindrical cell with 1.0V placed on the trapping electrodes. (a) Equipotential contours of 0.8, 0.6,
0.4, 0.2V are shown, (b) equipotential contours of 0.8, 0.6, 0.4, 0.2V are shown; an electrode with a —0.5 V potential is placed through the center of the closed
cylindrical cell to approximate the affect the electron beam will have on the shape of the trapping potentials, and (c) an overlay of the 0.2V equipotential contour
lines for potentials of —0.01, —0.10, —0.30, and —0.50 V applied to the central electrode.
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in the magnetic field will follow the magnetic field lines, thus
electrons created on the axis of the ICR cell will remain in a
beam on axis through the cell. Any electrons that do scatter in
the cell will hit the positive trapping electrodes, thus the negative
charge will be kept localized along the z-axis of the cell. For the
ICR cell with an electron beam through the center, the equipo-
tential contour lines for a given potential do not penetrate as far
into the middle of the cell as the unmodified cell (cell with no
electron beam). Therefore, ions with the same cyclotron radius
and z-axis kinetic energy should exhibit a larger range of z-axis
motion. Fig. 1c shows how the electric field lines are affected
by an increase in the number of electrons through the center of
the ICR cell. As the potential applied to the central electrode
becomes more negative, the electric field lines become closer to
the trap plates and the inflection point (point at which radial elec-
tric field changes from inward- to outward-directed) is located
further from the central axis.

With no electron beam, the electric fields in the cylindrical
cell should approximate a three-dimensional axial quadrupo-
lar electrostatic potential. This is important since in this case,
cyclotron frequency is independent of cyclotron radius. How-
ever, Fig. 2a illustrates the measured cyclotron frequency at
different applied excitation voltages and shows that there is a
very strong dependence of observed frequency with cyclotron
radius. The observed change in frequency can be attributed to
alterations in space charge effects at different excited cyclotron
radii. Cyclotron radius can affect space charge conditions in
two different ways. First, since the trapping potentials approx-
imate a quadrupolar electric field, the z-axis oscillation path
length decreases as the cyclotron radius gets smaller. Therefore,
at smaller cyclotron radii the ions are confined closer axially.
Second, at large cyclotron radii, ions with different mass-to-
charge ratios will have a greater spatial distribution in the plane
perpendicular to the magnetic field. These two effects are detri-
mental to high performance measurements which require long
acquisition time periods, since the measured frequency will
change with time. As the ions damp back toward the center
of the ICR cell (i.e., exhibit smaller cyclotron radii) the ions
become confined to a smaller space increasing the ion density,
and thus space charge conditions. This time-based frequency
shift behavior may not be observed in all ICR applications,
because either the acquisition time period is not long enough or
the ions do not stay in a cohesive cloud for a sufficient period of
time.

The simulated shape of the electric field lines within the
ICR cell with EPIC will no longer form a three-dimensional
quadrupolar potential. Therefore, the magnetron frequency of an
ion is no longer independent of its radial position in the ICR cell.
The observed cyclotron frequency will be dependent upon the
radial force exerted by the electric field and thus, the cyclotron
radius that the ions exhibit as well as any changes in space charge
conditions. This is demonstrated in Fig. 2a which illustrates the
observed cyclotron frequency of melittin (M + 4H)** at different
RF excitation voltages with different cathode bias potentials. The
observed cyclotron frequencies for different excitation voltages
converge at larger cyclotron radii. This indicates that at larger
cyclotron radii, the effect from the electron beam is diminished
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Fig. 2. (a) The measured cyclotron frequency of melittin (M + 4H)** is plotted at
different RF excitation voltages. Experiments were done with different voltage
biases applied on the cathode carried out to demonstrate the affect of the number
of electrons have on the measured frequency. Each collected spectrum was an
average of 10 signal acquisitions and the data set size was 128k. (b) The total
ion population in the ICR cell was varied to determine the cyclotron frequency
with reduced space charge conditions. (c) The time-domain signal acquired after
excitation with voltage of 200V},, is shown for different bias voltages applied
to the cathode.
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under the beam conditions used for these experiments. However,
as the initial cyclotron radius decreases, the ions become closer
to the electron beam and the observed differences in cyclotron
frequencies increase. This observation can be explained by the
electric field shapes in Fig. 1. At greater distances from the cen-
tral axis, the deviations between the equipotential contour lines
in Fig. 1aand b are small and the observed frequencies should be
similar. As the distance from the central axis becomes smaller
there is a larger deviation in contour lines, which should result
in larger differences in observed cyclotron frequencies, and is in
agreement with experimentally observed results.

Fig. 2b illustrates the measured cyclotron frequency for
different numbers of trapped ions in the cell for the same exper-
imental conditions as in Fig. 2a with no electron beam. This
is done to extrapolate the cyclotron frequency that would be
observed with no space charge effects. This was determined
to be ~151,659 Hz. Any change in the observed cyclotron fre-
quency would then be attributed to a change in the magnetron
frequency as shown in Eq. (1) where w, is the unperturbed
cyclotron frequency, w, the reduced cyclotron frequency, and
w_ is the magnetron frequency.

Wy =W — - (1)

The magnetron frequency is subtracted from the unperturbed
cyclotron frequency because the outward direction of the radial
fields opposes the force induced by the magnetic field, resulting
in a decrease in the observed cyclotron frequency. The space
charge-induced frequency shift can be accounted for by intro-
ducing an addition term to Eq. (1). Mclver and coworkers [31]
developed the following equation to account for space charge
effect:

gB 24V gpG;
Wobs = —— — 55 —
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The first term in the equation describes the unperturbed cyclotron
frequency, the second term describes the magnetron frequency
in a perfectly quadrupolar static trapping field. While the third
term represents the space charge component of the observed
frequency, where ¢ is the elementary charge, p the ion density,
G; the ion cloud geometry, and g¢ the permittivity of free space.

The number of electrons that are in the center of the ICR cell
is controlled by the bias applied to the heated cathode. The more
negative the bias potential the greater the electron current and the
larger the negative potential through the center of the ICR cell.
Increasing the bias potential will affect the electric field lines
similar to what is shown in Fig. 1c. In Fig. 2a, the plot of the
data acquired with a cathode bias potential of —0.55 and —0.60 V
shows there is an increase in frequency at low excitation voltage,
but at higher excitation voltages the frequencies remain constant
over a range of excited cyclotron radii. The change in spatial
ion distribution perpendicular to the magnetic field is depen-
dent only upon the excitation voltage; therefore, ions should
have the same spatial distribution regardless of applied cathode
bias. This would lead to an increase in space charge at smaller
cyclotron radii which should result in a reduction in observed
frequency. However, the reduction in the outward-directed radial
field encountered when the electron beam is present in the cell

leads to an increase in observed frequency. The two contribu-
tions offset each other and result in a frequency that appears
more constant at various cyclotron radii. At smaller cyclotron
radii the observed frequency increases indicating a larger shift
in the magnetron frequency.

The ions excited and detected with the applied cathode bias
potential <—0.45 exhibit an increase in frequency for all applied
excite potentials, relative to non-EPIC measurements. This is
likely because the ions are not excited beyond the inflection
point in the equipotential contour lines shown in the SIMION
calculations shown in Fig. 1b and c. As the cathode bias potential
increases, there is an increase in observed cyclotron frequency
for a given excite potential. As the number of electrons increases,
the electric field lines are pulled closer to the trap plate which
expands the ion path length along the z-axis of the ICR cell
and decreases the space charge conditions. Therefore, the same
ion at a given excite potential within the same ion population
will have a different measured cyclotron frequency at different
cathode bias potential. As seen in Fig. lc this change will be
more dramatic at lower excite potentials which is also observed
experimentally.

In the example shown in Fig. 1b the electric field lines become
flat at about half the cell radius, which may not be exact for
the applied electron beam. However, with a negative potential
through the center of the cell, the positive electric field lines
will be drawn toward the center of the trapping electrode result-
ing in an inflection in the electric field shape. At this inflection
point there is no outward-directed radial force to drive mag-
netron motion. At smaller radii the ion would be located on the
interior of the inflection point and there would be an inward-
directed radial force. The greater the number of electrons, the
greater the negative potential through the center of the cell, and
the further from the central axis the inflection point becomes. In
comparing —0.55 and —0.60 V bias data in Fig. 2a, both curves
reach a minimum frequency as cyclotron radius is increased;
however, —0.60 V bias curve reaches a minimum frequency at a
larger cyclotron radius, since its expected inflection point is fur-
ther from the central axis of the cell, as is shown in Fig. lc. The
observed minimum frequency is slightly greater at —0.60 V than
the minimum observed frequency for the —0.55V bias likely
due to differences in space charge conditions. There will be a
greater axial distribution of the ions at larger bias potentials and
greater spatial distribution at larger cyclotron radii. It should be
noted that the observed frequencies at a bias potential of —0.50 V
should not remain constant over a range of excite potentials
because the change in spatial distribution of the ions at different
excite amplitudes will alter the space charge conditions.

There are a number of advantages to exciting ions to larger
cyclotron radii; there is less space charge contribution, the ions
are closer to the detection plates resulting in increased signal.
Fig. 2c shows the time-domain signals acquired with the same
excitation voltage at different cathode bias potentials. With-
out any applied bias potential the signal damps quickly and
as the cathode bias potential increases the time-domain signal
improves. This results in a 1.6-fold increase in the signal-to-
noise ratio following comparison of spectra acquired with no
electron beam to those acquired with a cathode bias of —0.60 V.
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For this example, the improvement in signal-to-noise ratio was
limited by the size of the data set acquired, since the signal
amplitude is dependent upon the magnitude of the image cur-
rent and how long it is detected. However, if the post-excitation
radius of the ions exceeds ~70% of the cell radius, image current
interactions increase and result in a decrease in mass mea-
surement accuracy and detected ion abundances [32-34]. The
post-excitation voltage can be approximated by Eq. (3):

Vo—pBdip~/1/sweep rate
2dBy

where rexcite iS the post-excitation radius (m), Vp, the ampli-
tude of the RF voltage, Bqip the dipolar constant (0.9 for infinity
cell), the sweep rate was 3.48 x 108 Hz/s, By the magnetic field
strength (7 T), and d is the ICR cell diameter (m). Therefore, RF
excite voltage of 300 V corresponds to ~57% of the cell radius.
However, it should be noted that since the ions are trapped using
the sidekick method, the ions are not located directly on the axis
of the ICR cell at the beginning of the excite. Therefore, the
exact post-excitation radius is not known, although 50-60% of
the cell radius is a reasonable approximation.

With the application of EPIC, the radial field can be made
flatter at larger radii. Radial electric fields are plotted in Fig. 3
at different ICR cell radii with and without the electron beam.
The radial electric fields for a closed cylindrical ICR cell
were calculated with SIMION 7.0. The radial electric fields
induce magnetron motion. The negative values have an outward-
directed value from the central axis of the ICR cell, while the
positive values have an inward directing value. Fig. 3 shows that
magnetron motion should not be constant as an ion oscillates
along the z-axis. Generally, the larger the cyclotron radius that
an ion exhibits, the larger the deviation in the radial field the
ion will experience as the ions oscillate over the same distance
along the z-axis. These deviations in radial electric field produce
deviations in magnetron motion and may lead to de-phasing of
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the ion cloud. This is especially true of ion populations with a
wide distribution of z-axis kinetic energies. With the application
of the electron beam, it is possible to flatten out the radial field
over a set radius, as is shown in the SIMION results. Therefore,
as the ion oscillates along the z-axis the magnitude of the radial
field remains constant.

As the ions spin on their excited cyclotron orbits they
encounter collisions with residual neutral molecules in the cell.
These collisions cause the cyclotron orbit to decrease with time.
Since the frequency of the ion is dependent upon its radial loca-
tion in the ICR cell, as the ion damps back toward the center
of the ICR cell it should experience a shift in frequency. This
frequency shift is based on continually decreasing radius with
time and should follow the same trend in frequency change as
if the ions were excited to different cyclotron radii as shown in
Fig. 2a. Fig. 4 illustrates the frequency of bradykinin (M + 2H)>*
over time for different excitation voltages with the same volt-
age bias applied to the cathode. At larger excitation voltages
there is an initial decrease in frequency with time indicting that
the ions are being excited beyond the inflection point and there
is an outward directed radial force (similar to as if no elec-
tron beam had been applied). With time, the ions cyclotron radii
decrease and they begin to experience change in their magnetron
motion at which point the observed cyclotron frequency levels
off. As the ions continue to encounter collisions they may pass
through the inflection point at which point they begin to feel an
inward directing force from the radial fields, where the mag-
netron motion reverses direction and the observed frequency
increases. The frequencies level out at an earlier time point in
the detected signals as the excitation voltage decreases, indi-
cating that their initial excited cyclotron radii are closer to the
inflection point.

To further demonstrate how the radial fields are affected by
the application of EPIC, the frequency of bradykinin (M + 2H)**
is monitored over the acquisition time period at different bias

© 33% cell radius
e 50% cell radius
x u 33% cell radius EPIC
* 50% cell radius EP1C

* 42% cell radius EPIC

-35.0 -25.0 -15.0 -5.0 5.0

15.0 25.0 35.0

Z-Axis Position (mm)

Fig. 3. Radial electric fields are shown at set radii across the z-axis of the ICR cell; 1V applied to the trapping electrodes. The EPIC radial electric fields were

constructed with —0.2 V on the central electrode.
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Fig. 4. Segments of time-domain signals of bradykinin (M + 2H)** collected in heterodyne mode were sampled to monitor the frequency with time while maintaining
the same voltage bias to the cathode. Application of various excitation voltages illustrated that the ions pass through the inflection point at different time points
based on the initial excited cyclotron radius. The frequencies were normalized to the detected initial frequency from each acquisition to better illustrate the detected

frequency shift with time.

potentials to the cathode with the same excitation voltage. The
results are shown in Fig. 5. The bias potential applied to the
cathode controls the number of electrons that are sent through the
center of the ICR cell, and thus the negative charge. This shows
the typical effect that the electron beam has on the observed
frequency over time. With insufficient electron density at the
center of the cell, the frequency will decrease with time in the
same manner as if no electron beam was applied. This results
from the inflection point in the radial fields being too close to
the central axis. If there are too many electrons the frequency
increases with time, as the ions are located at a radius which
has inward directing radial fields. An important point to note is
the general trend that occurs in Fig. 5; the time point at which
the observed cyclotron frequency reaches a minimum occurs at
an earlier time point with increasing voltage bias. By observing
the change in frequency of the ions resultant from the direction
and magnitude of the radial force acting on the ions, we can

206299

observe the rate the ions are damping back toward the center of
the cell. Ideally, the electric fields would be modified to obtain
long time-domain signals at larger cyclotron radius where space
charge effects are minimal. This can be done by changing the
number of electrons and thus, the inversion point of the radial
fields and by changing the excitation voltage.

High mass measurement accuracy is a prime attribute of
ICR mass spectrometers [35]. The ability to obtain accurate
mass measurements is dependent on the ability to detect sta-
ble image current for an extended period of time. If the detected
frequency is changing with time, it will lead to peak broaden-
ing and decrease sensitivity, resolution, and mass measurement
accuracy. With the observed frequency shifts that occur with the
application of EPIC, we attempted to determine if the mass mea-
surement accuracy is affected by alterations to the radial trapping
fields. The mass accuracy was tested with BSA digest peptides
which would provide a wide m/z range of ions to help determine
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Fig. 5. Segmented FFT analysis of time-domain signals of bradykinin (M + 2H)** ions. Various cathode bias potentials were applied to demonstrate how the detected
frequency changes with time while maintaining the same excited cyclotron radius. At low applied bias potentials the frequency decreases with time. At higher applied

bias potentials the frequency increases with time.
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Fig. 6. Broadband spectrum of BSA tryptic digest peptides from a recorded
7s ICR signal acquisition. The resultant time-domain of a single acquisition
period was truncated at time intervals of 0.25, 0.50, 1.0, 2.0, 3.5, 7.0s. The
spectrum was calibrated with five peptides after each truncation. The average
mass measurement error of eight other peptides in the spectrum is plotted with
time. The error bars show =+ one standard deviation.

if there was an m/z dependence on observed frequency shift.
Since the spectra collected in broadband were limited by the
data set size available in the conventional Bruker data acquisition
hardware, the time-domain signal was simultaneously collected
and digitized on a separate computer during signal acquisition.
This allowed us to collect much larger data sets to determine
if the frequencies of different peptides would change at differ-
ent rates, thus limiting the improvement of mass measurement
accuracy with EPIC. The time-domain signals were truncated
at time points of 0.25, 0.50, 1.0, 2.0, 3.5, 7.0 s to observe if the
mass measurement accuracy would deviate after extended time
periods; no further post-processing was done following trunca-
tion. Internal calibration was performed on the same five peptide
peaks at each time interval and the mass errors for eight other
peptides were calculated. The results of the calibration at each
time point are shown in Fig. 6. There is a large increase in mass
measurement accuracy within the first second, after which the
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mass measurement accuracy remains relatively constant. The
average absolute mass measurement error for the eight pep-
tides measured was 0.28 ppm after 7.0 s. Therefore, these results
show that with proper calibration, EPIC can provide high mass
measurement accuracy for a diverse population of different m/z
ions.

De-phasing of the excited ion cloud leads to a loss of ion
signal. It is important that the stability of the ion cloud is not
compromised with the application of the electron beam due to
changes in the shape of the electrostatic trapping field and the
radial force acting on the ions. Since the electron beam is turned
on after the ions are excited, the ions will experience changes
in their frequencies that may disrupt coherent motion of the ion
cloud. One way of testing the stability of the ion cloud was to
turn the electron beam on-off-on to see if the ion cloud stays
together. Fig. 7 shows a graph of the frequencies of substance
p (M+2H)** at various time points for this experiment. The
electron beam was turned on initially with —0.43 V bias imme-
diately after excitation, after ~5 s the electron beam was turned
off by changing the bias to 0.00 V, then at ~8 s the bias to the
cathode was switched to —0.50 V. The frequency with time from
the switched voltage bias experiment is compared with the fre-
quency with time at constant bias potentials of 0.00, —0.43,
and —0.50 V. The frequency in the switched voltage bias exper-
iment matches well with the constant bias potentials. The bias
potential of —0.38 V likely resulted in an inflection point in
the electric field at a cell radius that is smaller than the post-
excitation cyclotron radius. This results in a continual decrease
of the observed frequency with time. At —0.50 V bias the fre-
quency is relatively flat with time meaning that the ion cloud is
probably close to the inflection point in the electric field lines.
In comparing the switched voltage bias to the constant —0.38 V
bias we observe a slight deviation in their frequencies. This could
be due to the instability of the electron beam, as we discuss
below. However, the important point of Fig. 7 is that the stabil-
ity of the ion cloud is not compromised by turning on and off
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Fig. 7. The effect observed by altering the applied cathode potential during ICR signal acquisition. The frequency of substance p ions was measured throughout the
transient signals by segmented FFT analysis. The detected frequency was observed to change abruptly as the electron beam was turned on and off. The detected

frequencies obtained at static bias potentials are also shown for comparison.
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the electron beam during a single detection event. This illustrates
that the number of electrons in the ICR cell can be modulated
during the course of a single acquisition without deleterious
effects on ion coherence.

One note worth further consideration is the stability of the
electron beam. Since the outer diameter of the cathode is larger
than the hole in the lens, it is possible to measure a percentage
of the electrons emitted from the cathode which hit the lens.
There is a slight drift in the electron current over the course of
an experiment (1-10s) which may cause deviations in the fre-
quency of the ion. Fig. 8a shows the electron current which is
collected on the lens during typical EPIC experiments at dif-
ferent bias potentials to the cathode. Fig. 8a demonstrates the
electron current is not entirely stable with time. Fig. 8b shows
the electron current for a single signal acquisition period taken
after a number of consecutive signal acquisition periods and the
electron current for a single acquisition period after a 5 min delay
between experiments. During the delay the cathode was held
at +10 V. Both current measurements were taken under identi-
cal conditions. The electron current is much higher after some
delay period, the exact mechanism for this phenomenon is not
currently known. However, the current fluctuations are mostly
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Fig. 8. Time-dependence of electron beam current collected on the lens. (a) The
measured electron current resultant from application of various voltage biases to
the cathode. The electron current follows the same general drift in current with
time. (b) The upper electron current trace was recorded taken after the cathode
remained idle for 5 min. The lower current trace was detected immediately after
20 previous signal acquisition periods.

likely caused by fluctuations in the heating current. However, if
multiple spectra are taken after a delay period, the current slowly
decreases with each spectrum. The current typically measured
on the lens at 1.5 A of heating current and —0.50 V bias on the
cathode is ~3 pA. The electron current drift may limit the ability
of high performance measurements since slight changes in the
frequency will result in broadening of the peak and less precise
determination of the exact cyclotron frequency. The variation
in electron current will also make it difficult to signal average
a number of high resolution spectra. It would be easier to pro-
duce a more accurate and defined negative potential along the
central axis of the ICR cell with a solid electrode. The flow of
electrons through the cell and unintended changes in electron
flow will produce inhomogeneities in the radial electric field.
However, the main advantage of the use of the electron beam is
that charge is only present in the ICR cell during the detection
event.

The frequency of an ion is determined by its radial location
in the ICR cell as a result of the electron beam. This suggests
that modulation of the electron beam could be used to eliminate
frequency drift by applying a feedback loop through the bias
potential to the cathode. All ions would be excited to the flat
part of the electric field at larger cyclotron radii to minimize
space charge effects, and the potential to the cathode could be
modulated to match the flat part of the electric field with the ions
radial position as their cyclotron radius damps back toward the
center of the ICR cell.

4. Conclusions

The electric field shape can be modulated with the number of
electrons present in the center of the ICR cell. Careful control of
the number of electrons is needed to increase instrument perfor-
mance. The application of EPIC forms an inversion point in the
equipotential contours which can be determined by monitoring
the frequency as a function of excited cyclotron radius. The best
performance with EPIC comes when the ions are excited to a
cyclotron radius close the inflection point in the radial fields.
The cyclotron frequency of an ion can change with time, based
on the shape of the electric field and the number of ions present
within the ICR cell. The shape of the electric field potentials can
be modified to reduce the time based frequency shift, and thus
obtain high resolution spectra. The number of electrons being
present in the ICR cell is dependent upon the heating current
and the applied voltage bias; however, the number of electrons
may not be constant from spectrum to spectrum and will limit
the performance of this technique if not controlled.
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