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Trapped-Ion Cell with Improved DC Potential
Harmonicity for FT-ICR MS
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The trapped-ion cell is a key component critical for optimal performance in Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry (MS). To extend the performance of
FT-ICR MS, we have developed a new cell design that is capable of generating a DC trapping
potential which closely approaches that of an ideal Penning trap, i.e., a 3D axial quadrupolar
potential distribution. The new cell design was built upon an open cylindrical geometry,
supplemented with two pairs of cylindrical compensation segments. Electric potential calcu-
lations for trial cell geometries were aimed at minimizing spatial variations of the radial
electric field divided by radius. The resulting cell proportions and compensation voltages
delivered practically constant effective ion cyclotron frequency that was independent of ion
radial and axial positions. Our customized 12 tesla FT-ICR instrument was upgraded with the
new cell, and the performance was characterized for a range of ion excitation power and ion
populations. Operating the compensated cell at increased postexcitation radii, �0.7 of the cell
inner radius, resulted in improved mass measurement accuracy together with increased signal
intensity. Under these same operating conditions the noncompensated open cell configuration
exhibited peak splitting and reduced signal life time. Mass accuracy tests using 11 calibrants
covering a wide m/z range reproducibly produced under 0.05 ppm RMS precision of the
internal calibration for reduced ion populations and the optimal excitation radius. Conditions
of increased ion population resulted in a twofold improvement in mass accuracy compared
with the noncompensated cell, due to the larger achievable excitation radii and correspond-
ingly lower space charge related perturbations of the calibration law. (J Am Soc Mass
Spectrom 2008, 19, 586–597) © 2008 American Society for Mass Spectrometry
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Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry (MS) is an advanced
mass analyzer technology, which has been at the

leading edge in terms of mass resolving power and
mass measurement accuracy since the early years of its
inception [1]. A number of reviews describe the general
features of FT-ICR MS and the milestones of its histor-
ical evolution, as well as the current rapid expansion of
its use in biomolecule analysis and, in particular, pro-
teomics [2–8]. Although the main components of FT-
ICR MS are well established, the growing complexity of
modern applications creates a driving force for further
optimizations. Fine-tuning acquisition time, excitation
power (i.e., excitation radius), trapping voltage, and the
type of excitation waveform can significantly improve
both mass measurement accuracy and quantitation ac-
curacy of FT-ICR measurements [9, 10].

A key component of the FT-ICR mass analyzer is the
trapped-ion cell (ICR cell, ICR trap, Penning trap)
where measurement of the mass-to-charge ratio (m/z) of
an ion takes place. Within the trapped-ion cell, each
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measurement cycle requires ion injection, excitation,
and acquisition of the induced ion signal (i.e., ion
transient detection). Historically, closed orthorhombic
cells, predominant in early FT-ICR mass spectrometers,
were replaced by cylindrical cells with either capacitive
coupling open configuration or so-called infinity cell
layout, i.e., a closed cell with trapping plates that have
excitation circuitry that emulates axially-infinite distri-
bution of the excitation field [11–14].

It is well recognized that deviations from the ideal
quadrupolar DC potential, which is characteristic for
such cell geometries, impose deleterious effects on
FT-ICR measurements and various approaches to the
cell anharmonicity problem have been explored [14–27].
A thorough study [14] considered various FT-ICR cell
designs optimizing the three cell functions, ion trap-
ping, excitation and detection, and suggested as a
possible solution the matrix-shimmed cell. Such a cell
was build in a form of a cubic cell with each of the six
sides split into a matrix of 5 � 5 electrodes, 150
electrodes total, and tested experimentally [22]. This
previous study reported elimination of harmonic peaks
and suggested cell performance could be significantly
improved with an idealized 3D trapping potential. The

cyclotron frequency variation with excitation radius
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was suppressed and no peak splitting was evident at
increased excitation radii where the cubic cell produced
a significant peak splitting [22].

An alternative solution was proposed in a form of
open cylindrical cell having 32 poles for ion excitation
and detection and 15 cylindrical ring electrodes to
generate trapping potential wells [24]. It was demon-
strated that ions can be successfully trapped and de-
tected with the 32-pole cell, and performance was
characterized for different trapping well shapes. Al-
though both cell designs have been successfully tested
experimentally, neither is currently in use in the field of
FT-ICR bio-molecular applications, and additional studies
are needed to determine if these radically changed cell
layouts can be suited for practical implementation.

We have revisited the problem of the DC potential
harmonicity of the ICR cell in the context of MS proteom-
ics studies, where common attributes of FT-ICR measure-
ments, such as high resolving power, mass measurement
accuracy, precision, dynamic range, and sensitivity, all
should be realized reliably and reproducibly under con-
ditions of high-throughput. We recently reported a study
of mass accuracy trends, showing the necessity to simul-
taneously account for several factors that influence mass
measurements due to the highly variable conditions in
high-throughput LC FT-ICR MS, which led to the imple-
mentation of multidimensional recalibration for such
datasets [28, 29]. Results of this earlier work indicated that
along with total ion current (TIC) variations, the variabil-
ity of the ion abundance across the mass spectrum was
detrimental to mass measurement accuracy.

Current high-throughput methods often employ exter-
nal accumulation of ions followed by gas-free injection
and trapping in the ICR cell. Such approaches eliminate
the cell pump-down delays, which improve duty cycle.
However, as a side effect, accurate mass measurements in
FT-ICR become more sensitive to the “local” ion abun-
dance variability. The variations of the axial kinetic energy
of ions ejected from the external RF multipole [30–32]
results in a variable and mass-dependent axial distribution
of ions during FT-ICR excitation and detection. This
variation in axial kinetic energy and axial density distri-
bution of ions results in varied cyclotron frequency shifts
due to the nonuniform radial electric fields present in all
cell geometries [33]. The mass measurement accuracy is
also influenced by other conditions such as excitation
power (i.e., postexcitation radius) and trapping voltage [9,
10, 32, 34–36]. A cylindrical cell with grids as excitation
electrodes that extend past the region in which the ions
are trapped was recently reported by Wieghaus et al.
[36]. Their study demonstrated increased ion excitation
radii were achievable with the new cell design, result-
ing in improved ion signal intensity and mass measure-
ment accuracy. The grid cell was chosen as the new
standard cell for ThermoFinnigan LTQ-FT Ultra hybrid
FTICR instrument [36].

Generally, finding a stable and sample-independent
optimum for automated high-throughput FT-ICR MS

operation represents a significant challenge. Minimiz-
ing the spatial variability of the radial electric field
should significantly improve the stability of optimal
operating conditions, which will improve mass mea-
surement accuracy achievable in LC FT-ICR MS.

The open cylindrical cell design is currently widely
used in FT-ICR MS and has a long history of successful
applications. Here, we report correcting the open cell trap-
ping potential to make it closer to the three-dimensional
(3D) axial quadrupolar electrostatic potential distri-
bution. Using numerical potential calculations, we
searched for a configuration that does not excessively
complicate the cell design while providing significant,
at least an order of magnitude, improvement of the cell
harmonicity. We adopted an open cylindrical configu-
ration with added compensation electrodes, based on
the pioneering work by Gabrielse et al. [17]. Their study
demonstrated that by adding the compensation elec-
trodes to the open cylindrical cell, anharmonicities of
the trapping potential could be tuned out, thus enabling
the high precision measurements [17]. A similar ap-
proach was later implemented in the screened open cell
design [20], which used a pair of cylindrical compensa-
tion segments to minimize magnetron frequency at the
cell center midplane (i.e., for ions that have negligible
axial kinetic energy). The cell operation regime of
interest for us involved ions having distributed axial
positions that correspond to a range of kinetic energies
typical for gas-free ion injection (�1 eV). Proportions of
the cell segments were determined based on minimiza-
tion of the spatial variations of the radial electric field
divided by radius, the quantity that determines the ion
magnetron frequency [3]. An acceptable configuration
was found in a form of the cell with two pairs of
compensation segments having certain geometrical pro-
portions and specific compensation voltages. We report
a description of the new cell configuration and proper-
ties of its trapping potential and then provide experi-
mental characterization results.

Methods

Cell Design

An extensive and detailed treatment of the electric field
configurations and corresponding ICR cell designs has
been previously reported [14]. Below we provide a
concise consideration focused on the cell harmonicity
optimization employed in the present work.

The ideal 3D quadrupolar DC potential can be ex-
pressed as follows [14–17]:

V(r, z) � V0 (z2 ⁄ a2 � r2 ⁄ 2a2) � C (1)

Here, the cylindrical coordinate system (r, z) is assumed
with radius r � (x2 � y2)0.5, axial coordinate z, measure
of the trap size a, and constant C. Such an ideal
quadrupolar potential can be realized in a Penning trap.
The electrodes of such a trap are shaped according to

equipotential surfaces of the ideal potential distribution
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V(r, z), Figure 1a. The equipotential surfaces are defined
by the following equations:

V(r, z) � Vtrap for end caps (2a)

V(r, z) � Vring for ring electrodes (2b)

The cell geometry, i.e., radius (r0) and distance from cell
center to the end of the cell (z0), determine how V0, C,
and a values in eq 1 are related to Vtrap and Vring of eq 2.

The resulting ion motion in the ideal potential (eq 1),
assuming a homogeneous magnetic field (B0) directed
along the z-axis and negligible space charge effects, is a
rotation with reduced cyclotron frequency �� and with
the guiding center drifting at the magnetron frequency
��. The frequency shift (d�) due to the trapping radial
electric field (Er) is equal to the magnetron frequency ��.
It is convenient to apply first-order approximation to
obtain simple relationships for ��, d�, and �� [37, 38]:

�� � d� � Er ⁄ r B0 (3)

�� � �c � d� (4)

Practically, the frequency shift d� is much smaller than
the observed cyclotron frequency �� and the first-order
relationships eqs 3 and 4 are quite accurate. The unper-
turbed cyclotron frequency can be expressed via the m/z
value commonly used in mass spectrometry:

�c �
eB0

mu m ⁄ z
(5)

Here SI units are assumed for B0, elementary charge e
equals 1.60217733 � 10�19 C and unit mass mu is
1.66053873 � 10�27 kg.

The ratio of the radial field Er to radius r can be
obtained by taking a derivative of potential (eq 1) over
radius:

Er ⁄ r � V0 ⁄ a2 (6)

and using eq 3 to obtain:

d� �
V0

a2 B0

(7)

It follows that the frequency shift due to the radial
electric field Er is constant, independent of the radial or

Figure 1. (a) An ideal Penning trap configuration corresponding
to equipotential contours of the ideal 3D quadrupolar DC poten-
tial, eq 1. The compensated cell configuration with (b) the central
cylindrical segment and two trapping segments supplemented by
four compensation electrodes and (c) each segment split into four

sectors, two for excitation and two for detection.
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axial position, which is a well known property of the
ideal quadrupolar potential. This potential distribution
is ideal for FT-ICR mass measurements because the
effective ion cyclotron frequencies are stable and inde-
pendent of radial and axial coordinates. The two clas-
sical FT-ICR calibration functions are very accurate in
the case of the ideal harmonic potential [38]:

m ⁄ z � AL ⁄ f � BL ⁄ f 2 (8a)

m ⁄ z � AF ⁄ (f � BF) (8b)

Here f � ��/2� is the experimentally observed effec-
tive ion cyclotron frequency. Ledford’s calibration func-
tion, eq 8a, has calibration coefficients AL, BL, and
Franc’s calibration function, eq 8b, has calibration coef-
ficients AF, BF [37–39].

While the Penning trap geometry was explored
using ion cyclotron resonance in physics experiments
[40, 41], the ideal geometry was not utilized in FT-ICR
MS, due to the inefficiency of the Penning trap in terms
of using the magnet bore volume compared with other
geometries, including cylindrical cells (i.e., small ion
capacity), unfavorable ion excitation configuration, etc.
[14]. While the cylindrical cell efficiently utilizes the
magnet bore volume, there is significant variability in
the radial electric field per radius (Er/r) in both radial
and axial dimensions. These deviations from the ideal
cell potential can be minimized with compensation
(“shim” or “guard”) electrodes and optimization of cell
proportions [14–27]. A possible approach for finding
dimensions and potentials of the compensation elec-
trodes is to create a system of equations that define
ideal conditions in a number of spatial locations, as-
sumed to be important for the cell operation. Alterna-
tive approaches can be based on power series expan-
sions of the potential or ion motion characteristics.
Some formal approaches we explored had a tendency to
produce impractical dimensions or potentials of the
compensation electrodes and unstable electric field be-
havior, e.g., at locations other than those used for
optimization.

Under the present cell optimization approach, we
relied on the property of the Laplace equation to
smooth, in a diffusion-like fashion, small perturbations
of the boundary conditions. This smoothing property
results in the potential distribution of a small region
around the center of a noncompensated cell to closely
approach the ideal behavior. Here, we aimed to extend
such a paraxial region by using a system of compensation
electrodes added to the open cylindrical cell geometry.

We have considered a number of trial configurations,
using potential calculations to evaluate the spatial non-
uniformity of the radial electric field per radius, Er/r,
which is responsible for the cyclotron frequency shift
(eq 3). A selected configuration (Figure 1b and c) was
found to provide an acceptable combination of im-
proved potential harmonicity and a reasonably simple

physical geometry. This configuration had a central
segment and a trapping segment at either end, as in
typical open cylindrical cells. A pair of short compen-
sation segments was added between the central and
each trapping segment. All segments had the same
internal diameter (D) of 60 mm and the lengths (z-axis)
chosen for the 7 cylindrical segments were 1, 0.2, 0.2,
0.5, 0.2, 0.2, 1, in units of the cell internal diameter, D.
Potential calculations for such cell proportions pro-
duced the following DC offsets that delivered close to
harmonic potential distribution: 1, 0.3167, 0.1333, 0,
0.1333, 0.3167, 1 (in relative units). Each cylindrical
segment was split into four sectors, two for detection
and two for excitation, and capacitive coupling was
applied to the excitation sectors of all segments. Ion
transient detection was acquired at the two detection
sectors of the central segment. (Detection on compen-
sation electrodes could also be realized, but will not be
reported here.) Setting the DC offsets of the compensa-
tion electrodes closest to the central segment to 0 V and
those closest to the trapping segments to the trapping
potential of the cell (Figure 2a) resulted in a potential
distribution typical of the open cylindrical cell. The cell
aspect ratio was 0.9 for this configuration, similar to the
aspect ratio of the Bruker Infinity cell; Bruker Daltonics,
Billerica, MA. From symmetry considerations, the po-
tential distribution inside a closed cylindrical cell ap-
proaches the potential near the center of an open cell of
the same aspect ratio when the trapping voltage of the
closed cell is half that of the open cell. This consider-
ation implies that the potential distribution inside the
open cell should approach the potential distribution
inside the Bruker Infinity cell with 2� lower trapping

V

z

a. Open cell

b. Compensated cell

V

z

Figure 2. The potentials applied to the cell segments correspond
to two configurations used for the experimental characterization:
(a) the typical open cell configuration with the DC offsets of the
compensation electrodes set to 0 for the inner pair and to the
trapping potential for the outer pair, and (b) the compensated cell
configuration with the compensation segment potentials set to
optimum values to minimize deviations from the potential distri-
bution of the ideal Penning trap.
voltage.
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Typically, the compensation segment potentials
would be set to the optimized values that minimize
deviations from the ideal potential distribution (Figure
2b). Here, we switched between the two cell voltage con-
figurations to demonstrate the effectiveness of the com-
pensation electrodes; “open cell” refers to the voltage
configuration closest to that of a typical cylindrical cell
(Figure 2a) while “compensated cell” refers to the
voltage configuration closest to the ideal potential dis-
tribution (Figure 2b).

Figure 3 shows potential (V) calculations for the two
cell voltage configurations that are plotted with units of
length equal to the cell radius (r0). The different lines
represent potential calculations at different radial dis-
tances from the cell axis. The potential profiles for the
open cell in Figure 3a appear similar to profiles for the
compensated cell in Figure 3c. The effect of compensa-
tion was more pronounced in the profiles of the radial
electric field divided by radius (Er/r), where the Er/r
deviations of the open cell (Figure 3b) were significantly

Figure 3. Potential calculation plots for the two
to the cell radius r0: (a) potential distribution fo
divided by radius, calculated for the open cell
configuration; and (d) radial electric field divide
larger than those of the compensated cell (Figure 3d). The
improved spatial uniformity of Er/r for the compensated
cell was the target of cell configuration optimization.

The following simple calculations demonstrate how
variability of Er/r translates into variations of the ob-
served cyclotron frequency. Assume a cell trapping
voltage of 1 V for two values of the post-excitation
radius (Rexc), 0.5 and 0.75 of the cell radius, and an ion
axial kinetic energy (Kz) distributed in the range 0 to 0.1
eV. In the case of the open cell, Kz of 0.1 eV corresponds
to an amplitude of axial oscillations (dz) �0.5, as can be
seen from the depth of potential wells for an Rexc of 0.5
and 0.75 in Figure 3a. The corresponding Er/r profiles in
Figure 3b show variations from 0.4 (z at 0) to 0.5 (z at
0.5) for Rexc of 0.5, and from 0.34 (z at 0) to 0.64 (z at 0.5)
for Rexc of 0.75. Using eq 3 and the cell radius (r0) of 3
cm, the magnetron frequency shift (df) in the axial range
from a z of 0 to 0.5 r0 (or 0 to 1.5 cm) is 1.5 Hz at Rexc of
0.5 and 4.4 Hz at Rexc of 0.75. These variations can be
compared to the cyclotron frequency using eq 5; assum-
ing an m/z of 1000 and magnetic field (B0) of 12 tesla, the

oltage configurations with units of length equal
open cell configuration; (b) radial electric field

potential distribution for the compensated cell
radius, calculated for the compensated cell.
cell v
r the
; (c)
unperturbed cyclotron frequency (fc) is 184 kHz (note
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fc � �c/2�). The frequency variations for the open cell
would be 8 ppm for Rexc of 0.5 and 24 ppm for Rexc of
0.75. For the compensated cell potential (Figure 3c), a Kz

of 0.1 eV corresponds to z-oscillations with dz of 0.6 r0

(or 1.8 cm). The corresponding radial field variations
(�Er/r) are 0.001 for Rexc of 0.5 and 0.055 for Rexc of 0.75
(Figure 3d) and the corresponding frequency shifts are
0.08 and 4.4 ppm, a significant improvement over the
open cell configuration.

The effect of Er/r inhomogeneity is reduced some-
what by motional averaging [33], and in practice the
frequency deviations are in the �1 to 10 ppm range.
While motional averaging reduces the anharmonicity
effect, ion frequencies still depend upon the spatial or
kinetic energy distribution of ions. The previous esti-
mations demonstrate that cell anharmonicity causes
cyclotron frequency shifts and that the compensated
cell provides up to an order of magnitude improvement
in Er/r variations. The extent of the improvement de-
pends on the postexcitation radius and axial range of
ion motion. Importantly, the cell potential anharmonic-
ity effects become more pronounced with increased or
variable ion axial kinetic energy before excitation and
during detection, which is often the case under the
high-throughput LC FT-ICR operation. To demonstrate
the practical significance of improved cell potential
harmonicity, we present extensive data acquired for
both the compensated and the open (i.e., noncompen-
sated) cell configurations.

Instrumentation

The compensated cell was constructed from 28 gold-
plated copper electrode sectors mounted to a titanium
support tube with o.d. 75 mm and length of 278 mm.
The cell was constructed to fit inside the 100 mm bore of
the superconducting magnet and all electrode segments
had i.d. 60 mm. The widths of the trapping, compensa-
tion, and central segments were 59, 10, 28, and 28 mm.
A PEEK isolation plate was placed between each copper
sector and the titanium support tube. A 2 mm gap was
placed between electrodes to insure electrical isolation
and the total length of the cell was 198 mm. The circuit
delivering DC offsets and capacitive coupling to the cell
segments was similar to one described previously [42,
43] with 150 k� resistors and 330 pF capacitors, with
independently controlled DC offsets of the additional
compensation electrodes. All excitation sectors of the
electrode segments were capacitively coupled to the
excitation RF. This configuration insured the same excita-
tion phase on the electrode sectors on the same side of
the cell. The DC offsets of the trapping and compensa-
tion electrode segments were wired so that the potential
applied to the electrodes could be independently con-
trolled outside of the vacuum chamber, which allowed
for rapid conversion between the open and compen-
sated cell electrode voltage configurations. The cell
wiring scheme was extensively tested before installa-

tion of the cell in the vacuum chamber of the modified
Bruker 12 T FT-ICR mass spectrometer [44] to insure the
proper DC potentials and RF excitation waveforms
were applied to each electrode. LC-MS measurements
were conducted using 100 min separation with 150 �m
i.d. LC column, using the mixture of 12 standard
proteins digested with trypsin and 23 peptides. This
solution has been previously used for quality control
(QC) analyses [29] and has a total peptide concentration
of 0.004 mg/mL. Each LC-MS dataset contained �3000
mass spectra, 2 s per spec. The corresponding accurate
mass and time (AMT) tag database consisted of 4208
mass tags.

Data Acquisition

Mass spectra with up to 11 calibrant ions were acquired
on a modified Bruker 12 tesla FT-ICR mass spectrome-
ter [44], using electrospray ionization of an aqueous
solution of a peptide mixture. The solution consisted of
0.1% acetic acid, 0.025% trifluro-acetic acid, and 0.5
�g/mL of each of the following peptides acquired from
Sigma-Aldrich (St. Louis, MO) and used as received:
renin inhibitor, bradykinin, neurotensin, angiotensin,
substance P, fibrinopeptide A, and G endorphin.

Mass spectra of this solution were acquired over a
range of excitation powers, external accumulation
times, and cell trapping voltages in automated fashion
using Xmass (Bruker) scripts. Typically, excitation at-
tenuation ranged from 0 to 20 dB, external accumula-
tion times were 0.05, 0.1, and 0.2 s and cell trapping
voltages were 1 to 4 V. External accumulation was
performed in the standard Bruker hexapole with a short
pulse of gas to increase trapping efficiency. Collections
of spectra were processed using in-house developed
software to characterize instrument performance. Each
transient was zero-filled twice, Fourier-transformed,
and converted to the m/z domain. The mass measure-
ment accuracy of the internal calibration was calcu-
lated as RMS of relative mass errors (column dmr in
Table 1) from internal calibration of peptide ions that
had ion abundances within a relative dynamic range
of 10 (typically 8 to 9 calibrants). Alternative mass
accuracy tests excluded a number of calibrants from
internal calibration to be used as virtual unknown
masses or “external calibration standards.” Such tests
produced on average similar mass error values, and
the mass accuracy profiles versus the excitation
power showed the same trends as for the first ap-
proach, which is more robust when large ranges of
ion populations and excitation powers are surveyed,
and varying number of calibrants detected.

The characteristic exponential life-time of the ion
transients, te, was evaluated by fitting experimental
transients to the exponential decay profile. The fit was
approximate and the result depended upon the
method of transient segmentation. The initial 0.5 M
interval of the transient signal (1 M data points total)
was split into eight 64 k segments. The data points in

each transient segment were first Fourier-transformed
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to obtain the signal intensity from each transient seg-
ment and then the intensities were fit to the exponential
decay profile.

Results and Discussion

Characterization of the compensated cell used an exper-
imental approach similar to that used to investigate the
effect of global and local space charge on mass mea-
surement accuracy across a range of excitation powers
and ion populations [32, 45]. Mass spectra were ac-
quired for peptide ions generated by electrospray ion-
ization from the peptide mixture described above. A
custom Tk/Tcl script automatically acquired mass spec-
tra with excitation attenuation ranging from 0 to 20 dB
in increments of 0.5 dB. This sequence was repeated
consecutively for external accumulation times of 0.05,
0.1 and 0.2 s, effectively covering the useful range of in
cell ion populations. This procedure allowed for the
two-dimensional (2D) characterization of the instru-
ment in terms of excitation power and ion population in
a relatively short time (30 min). Custom data processing
software then produced profiles of total ion current,
mass measurement accuracy, transient lifetime, S/N,
resolution, and other characteristics.

The profiles of the TIC, transient life-time (te), and
the internal calibration mass accuracy are shown in
Figure 4 for a range of the ion excitation power atten-
uation in decibels (dB). Both the open and compensated
cells were operated using 4 V trapping voltage during
excitation and detection, and the Bruker excitation
parameter of 160 �s (lower dB values correspond to
lower attenuation and result in higher excitation
power). Mass spectra were acquired for external accu-
mulation times (Tacc) of 0.05, 0.1, and 0.2 s to observe the
effects of changing the ion population. The TIC profiles
show a maximum at 7 dB for the open cell (Figure 4a)
and 3 dB for the compensated cell (Figure 4d). The
compensated cell demonstrated significant improve-

Table 1. Internal calibration results using the 7-peptide calibrati

Calibrant Theor. m/z Measured m/z d

Renin inhibitor 2� 513.28199475 513.28199425 �
Bradykinin 2� 530.78797558 530.78798253
Neurotensin 3� 558.64495321 558.64494542 �
Angiotensin 2� 648.84602178 648.84602304
Substance P 2� 674.37134946 674.37134945 �
Substance P-O 2� 682.36880677 682.36880069 �
Fibrinopeptide A 2� 768.84988365 768.84988116 �
Neurotensin 2� 837.46379159 837.46379617
G-endorphin 2� 930.46807927 930.46805741 �
G-endorphin-O 2� 938.46553658 938.46557525
Renin inhibitor 1� 1025.55671305 1025.55669977 �

Calibrant ions (including oxidized forms (�O) and multiple charge state
internal calibration results obtained for a single transient, 512 k data
attenuation, and low external accumulation time, Tacc of 0.05 s. Interna
Da, or in relative terms, dmr � 0.05 ppm. Conditions of increased ion p
column dm (2). Relative ion abundances Ai and signal-to-noise ratios, S
using entire 1 M data points of the same ion transient, acquisition tim
ment in TIC over the open cell for excitation power
range from 7 to 2 dB. Both cell configurations used the
same capacitively coupled excitation circuitry and were
equivalent in terms of the ion excitation radius. The
differences among the TIC profiles resulted from im-
proved performance of the compensated cell at larger
ion excitation radii.

The improved TIC profile at larger excitation radii
was due to improved coherence of the ion cyclotron
motion as demonstrated by the longer ion transient
lifetimes (te) in the compensated cell (Figure 4e) relative
to the open cell (Figure 4b). At an excitation power of 3
dB, the open cell ion transient life-time (te) was 0.3 s,
while te was �1 s for the compensated cell.

The mass measurement accuracy of the compensated
cell (Figure 4f) was improved relative to the open cell
(Figure 4c), with the most significant improvement
achieved for low ion populations, Tacc � 0.05 s. Mini-
mum mass errors of 0.014 ppm were obtained for the
compensated cell at an excitation power of 3 dB
versus 0.18 ppm mass errors obtained for the open
cell at 8.5 dB. The mass error obtained for both cell
configurations increased with longer external accu-
mulation times (Tacc) that corresponded to increased
ion populations; however the compensated cell
showed reduced space-charge related mass errors for
excitation power attenuation below the open cell
optimum of 7 dB.

A close comparison of selected TIC and mass accu-
racy profiles for the open and compensated cells reveals
systematic differences in the range of increased ion
excitation powers, dB � 6 (Figure 4g and h). Ion
transients acquired for the two cell configurations for
such conditions provide an insight on how the ion
cyclotron motion is influenced by the different electric
potential distributions.

At 3 dB attenuation, the ion transients for the open
cell (Figure 5a) had a pattern (i.e., beats) typical for a
mixture of components with slightly different frequen-
cies, and the corresponding mass spectrum revealed

ixture

Da dmr, ppm dm(2), mDa Ai SNR R, x1000

50 �0.00097 �0.00343 0.639 165.3 344.4
95 0.01309 0.01557 1.000 258.5 346.6
79 �0.01395 0.09173 0.403 139.2 300.8
26 0.00193 0.00262 0.648 318.6 296.0
01 �0.00002 0.07386 0.941 462.9 284.1
08 �0.00891 �0.07713 0.295 145.3 277.0
49 �0.00324 0.18179 0.901 479.3 253.1
58 0.00547 �0.36193 0.278 147.9 231.5
86 �0.02349 �0.03498 0.067 35.6 206.6
67 0.04121 �0.03616 0.214 114.0 206.1
28 �0.01294 0.16887 0.027 17.4 182.9

ained from the 7-peptide mixture used for cell characterization. Sample
s, corresponding to 0.68 s ion transient duration, 3 dB excite power
ration mass measurement errors, column dm, do not exceed 0.00004
tion, Tacc of 0.1 s, produce mass measurement errors up to 0.36 mDa,
rrespond to Tacc of 0.05 s. Mass resolving power, R, has been obtained
s.
on m

m, m

0.000
0.006
0.007
0.001
0.000
0.006
0.002
0.004
0.021
0.038
0.013

s) obt
point
l calib
opula
peak splitting, as demonstrated by a sample mass peak
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Figure 4. Experimental profiles versus excitation power attenuation, dB, obtained for the two cell
potential configurations. Experimental parameters were: direct ESI infusion of the peptide calibration
mixture with three external ion accumulation times (Tacc) of 0.05, 0.1 and 0.2 s; cell trapping voltages
during excitation and detection of 4 V; and a Bruker excitation time of 160 �s. Open cell results:
(a) total ion current (TIC), (b) characteristic lifetime of the ion transient, te, and (c) mass accuracy of
the internal calibration. Compensated cell results: (d) total ion current (TIC), (e) characteristic lifetime
of the ion transient te, and (f) mass accuracy of the internal calibration. Comparison of excitation
profiles for the two cell configurations: (g) total ion current (TIC) with T of 0.1s, and (h) mass
acc

measurement accuracy of the internal calibration from (c) and (f), for Tacc of 0.05 s.
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in Figure 5b. The transient obtained with the compen-
sated cell (Figure 5c) had a uniform decay profile, and
the corresponding transformed peak (Figure 5d) had no
apparent splitting. This result reproduces an observa-
tion reported for the first experimentally tested harmo-
nized ICR cell, where the peak splitting observed with
the cubic cell at the excitation radius �0.75 of the
maximum radius was not visible with the matrix
shimmed cell with mass resolution �8000 at m/z 186,
tentatively attributed to Coulomb repulsions resulting
from too many ions in the trap [22]. The mass resolving
power obtained in our measurements approached the-
oretical limit for low-pressure line shape, �400,000 at
m/z 530 (see below).

The compensation design used in this work does
not provide linearization of the dipolar excitation and
detection and, thus, additional harmonic peaks were
not suppressed, as it was demonstrated with the
matrix shimmed cell [22]. Experiments confirmed
slightly increased harmonic peaks when working at
increased excitation radii, e.g., at 3 dB attenuation the
intensity of harmonic peaks was �50% higher com-
pared with 6 dB conditions. The presence of harmon-

Figure 5. Ion transients and peak shapes ob
corresponds to TIC and mass accuracy optimum
the open cell configuration, (b) sample peak
configuration, (c) sample ion transient for the co
Fourier-transformed data for the compensated c
ics did not create a problem since the peaks were
automatically rejected by the deisotoping processing.
Generally, the location of harmonic peaks can be accu-
rately predicted and the peaks can be removed in a
post-processing step, with minor or no interference to
identification of useful peaks, thanks to the high spec-
tral resolution.

A comparison of TIC (Figure 4g) and mass accuracy
(Figure 4h) versus excitation power for the open and
compensated cell configurations produced similar re-
sults for excitation attenuation above 7 dB, which
indicates good stability and reproducibility of the mea-
surements. At higher excitation powers of 7 to 3 dB, the
compensated cell produced gradually increasing signal
intensity and improved mass measurement accuracy,
while TIC and mass accuracy decreased for the open
cell. Similar trends were observed for trapping voltages
from 0.5 to 16 V and for the Bruker excitation time
parameter from 80 to 320 �s.

The different responses of the open and compen-
sated cells to excitation power can be interpreted in
terms of magnetron frequency shifts (as considered in
the Cell Design section). The excitation dB values are
related to the postexcitation cyclotron radius via the

d using an excitation power of 3 dB, which
e compensated cell: (a) sample ion transient for

Fourier-transformed data for the open cell
nsated cell configuration, (d) sample peak from
nfiguration.
taine
for th
from

mpe
following relationship:
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Rexcite (dB) � Rmax 10�dB0 � dB� ⁄20 (9)

Here Rmax represents the maximum excitation radius
that corresponds to the loss of ions on the cell electrode;
the excitation power corresponding to Rmax, was dB0 	
0.5 dB, according to TIC profiles in Figure 4g. As an
approximation, one can assume Rmax equal to the cell
radius r0, and neglect contributions from the magnetron
radius and ion cloud radial size. The use of eq 3 and 3
dB (i.e., the optimal excitation power for the compen-
sated cell) resulted in a calculated ion excitation radius
of 0.75 r0.

The radial potential plot at a distance of 0.75 from the
cell axis showed pronounced nonuniformity of the
radial field for the open cell configuration (Figure 3b),
which leads to variations of the effective cyclotron
frequency of about 20 ppm, as estimated above. This
estimation is roughly consistent with the peak splitting
observed in the open cell at 3 dB excitation power
(Figure 5b). The compensated cell had 10� lower devi-
ations from the ideal potential, which resulted in a more
uniform radial field profile (Figure 3d), and the corre-
sponding frequency variations were not visible in the
experimental peak shape (Figure 5d). The smaller axial
variations of the magnetron frequency resulted in co-
herent ion cyclotron motion for a longer time scale of
�1 s, which explains the difference in ion transients for
the open and compensated cell configurations (Figure
5a and c).

Reduced excitation power (i.e., attenuation 
 7 dB)
corresponded to excitation radii less than 0.5 r0, where
the open cell anharmonicity was reduced, as seen from
the Er/r profile for 0.5 r0 (Figure 3b), and thus the similar
TIC profiles for open and compensated cells (Figure 4g).
When only a short initial interval of the ion transient �t
� 0.1 s was used for the TIC calculation, the open cell
TIC continued to increase up to 3 dB, similar to the
compensated cell behavior, which confirmed that
shorter transients rather than smaller initial signal in-
tensity was the factor behind TIC decline for the open
cell at excitation radii above 0.5 r0.

The mass measurement errors increased for reduced
excitation powers (i.e., attenuation above 7 dB) for both
the open and compensated cells, which is consistent
with increased space charge effects due to a more
compact configuration of rotating ion clouds. A reduc-
tion in attenuation to below 6 dB leads to a gradual
improvement of the mass accuracy for the compensated
cell below 0.1 ppm in the range of 3 to 5 dB for small ion
population with Tacc of 0.05 s (Figure 4h). The open cell
configuration exhibited the opposite trend; mass errors
increased to 0.6 � 0.1 ppm in the range 4 to 7 dB, which
is consistent with increased magnetron frequency shifts
that caused deviations from the calibration law.

The relatively low ion population corresponding to
Tacc of 0.05 s lead to minimal space charge related
frequency perturbations, which explained the very
good mass accuracy achievable for optimal excitation

conditions (Figure 4h). The compensated cell main-
tained coherent ion motion at increased postexcitation
radii, which further reduced space charge effects. The
mass accuracy improvement was reproducibly ob-
served for excitation powers that corresponded to exci-
tation radii near 0.7 of the cell radius. Table 1 lists the
internal calibration details from mass spectra with an
excitation power of 3 dB and external accumulation
times of 0.05 and 0.1 s, using 11 calibrants that cover a
m/z range from 513 to 1026 and a dynamic range from
17 to 479 (units of signal-to-noise ratio, SNR column).
The mass measurement errors with an external accu-
mulation time of 0.05 s were below 0.00004 Da, or in
terms of relative deviation (dmr) below 0.05 ppm, and
the RMS mass error for all 11 calibrants was 0.016 ppm.
Remarkably, the accurate mass measurements were
obtained in the high-throughput mode, using single
transients, 0.68 s acquisition time, and no elaborate
procedures such as multistage ion cooling or trapping
potential manipulations.

The mass resolving power (last column of Table 1)
closely approaches the theoretical maximum for FT-ICR
line shape in the low-pressure limit [46], with a resolu-
tion of 390,000 at m/z 530.8 and an acquisition time of
1.36 s. The resolution did not depend noticeably on the
external accumulation time, indicating negligible Cou-
lomb repulsions, or space charge effects. This observa-
tion confirms that the compensated cell maintained near
ideal coherent ion motion at excitation radii �0.7 r0.

Increased ion populations with Tacc of 0.1 and 0.2 s
lead to increased mass measurement errors (Figure 4c
and f), which is consistent with the general trend
observed in FT-ICR MS. A sample single transient from
the compensated cell with Tacc of 0.1 s resulted in a �2
increase in ion signal and correspondingly, an increased
base peak dynamic range �1000 in SNR units. Individ-
ual errors [column dm (2) in Table 1] were within 0.0004
Da, and RMS of all 11 mass measurement errors in-
creased to 0.17 ppm. Importantly, the conditions of
increased ion populations resulted in a twofold im-
provement in mass accuracy in the compensated cell
compared with the open cell, due to the larger achiev-
able excitation radii and correspondingly lower space
charge related perturbations of the calibration law.

To further characterize the utility of the new cell for
high-throughput proteomics measurements, we have
conducted LC-MS measurements with a standard mix-
ture of proteins digested with trypsin. The mass accu-
racy and coverage of each analysis can be characterized
by a mass accuracy histogram, Figure 6 [29]. The
infinity cell data were acquired with the same front end
configuration, just before replacing the infinity cell with
the new cell. It should be noted that the current front
end configuration is not optimized for the tryptic pep-
tide LC-MS measurements and uses no gain control, so
the mass accuracy obtained from such measurements is
determined by the ion population. For comparison, we
are using conditions for each of the configurations,
including the external accumulation time (0.1 s) and

sample concentration (0.044 mg/mL), which produced
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the optimal number of identifications, �400 peptide
mass tags. The compensated cell produced similar or
better mass tag coverage, with better mass measure-
ment precision, below 1 ppm at FWHM of the histo-
gram peak. The baseline mass accuracy improved from
6–8 ppm for the infinity cell and the open cell to 2 ppm
for the compensated cell. The baseline mass accuracy
determines the optimal mass accuracy tolerance for
bioapplications and is critical for improving the identi-
fication confidence [29]. This initial test showed a better
FWHM mass precision, 0.9 ppm, than reported in the
recent study on mass measurement accuracy of our
proteomics data production FTICR instruments, e.g.,
�3 ppm FWHM for 11 tesla FT-ICR before recalibration
[29]. LC-MS data for 10� diluted solution produced 164
hits with 0.7 ppm FWHM and 1.3 ppm baseline accu-
racy, indicating that space charge effects produced a
major contribution to observed mass errors and optimi-
zation of the front end should produce further mass
accuracy improvement.

Conclusion

We developed a new FT-ICR trapped ion cell with a DC
trapping potential closely approaching that of an ideal
Penning trap, i.e., 3D axial quadrupolar potential dis-
tribution. The new cell builds on the now common open
cylindrical geometry, supplemented with two pairs of
cylindrical compensation segments, making the total
number of segments equal to 7. Each segment was split
into four sectors, and all 28 sectors were involved in the
capacitively coupled excite/detect circuit, similar to the

Figure 6. Mass accuracy histograms obtained for LC-MS separa-
tion of the standard mixture of proteins digested with trypsin,
number of matched elution features per mass residual bin of 0.5
ppm, see text. Open cell, compensation is not applied, gray curve:
3.6 ppm FWHM, 7.6 ppm baseline, 356 hits. Infinity cell, dotted
curve: 2.2 ppm FWHM, 5.8 ppm baseline, 446 hits. Compensated
cell, black curve: 0.9 ppm FWHM, 2.1 ppm baseline, 465 hits (bin
reduced to 0.2 ppm, with y-scale adjusted �2.5 to compensate for
the different bin size).
regular capacitively coupled open cylindrical cell. Nu-
merical calculations, aimed at minimization of spatial
variations of the radial electric field divided by radius,
produced dimensions and compensation voltages that
deliver an order-of-magnitude suppression of these
variations, ensuring practically constant effective ion
cyclotron frequency for ions occupying various radial
and axial positions. The new cell can be easily installed
in place of a standard ICR cell and is less involved, both
mechanically and electrically, than harmonized cells
reported previously, the matrix shimmed cubic cell
having 150 elements [22], and the 32 pole cell having 32
poles plus 15 cylindrical segments [24].

Experimental study of the new cell aimed at its
utility for proteomics applications that require high
mass measurement accuracy and coverage in a robust
high throughput LC-FT-ICR platform. The capability of
the shimmed cell to produce mass spectra without peak
splitting at increased ion cyclotron radii, 0.7 of the cell
radius, first reported for the matrix shimmed cell [22],
was reproduced in the present study, now with the
mass resolving power not compromised by the space
charge effects.

Performance optimization covering a range of exci-
tation powers and external accumulation times con-
firmed advantages of the new cell both in improved
mass measurement accuracy and in higher achievable
ion signals. Mass accuracy tests using 11 calibrant ions
covering a wide m/z range, 513 to 1025, showed 0.01
ppm level deviations from the calibration law, repro-
ducibly obtained for low ion populations and optimally
high excitation radii. The accurate mass measurements
were obtained in the high-throughput mode, using
single 0.68 s transients without additional time-consuming
procedures, such as multistage ion cooling or trapping
potential manipulations.
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