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Abstract. Resolving power of about 12,000 000 at m/z 675 has been achieved on
low field homogeneity 4.7 T magnet using a dynamically harmonized Fourier
transform ion cyclotron resonance (FT ICR) cell. Mass spectra of the fine structure
of the isotopic distribution of a peptide were obtained and strong discrimination of
small intensity peaks was observed in case of resonance excitation of the ions of
the whole isotopic cluster to the same cyclotron radius. The absence of some
peaks from the mass spectra of the fine structure was explained basing on results
of computer simulations showing strong ion cloud interactions, which cause the
coalescence of peaks with m/z close to that of the highest magnitude peak. The
way to prevent peak discrimination is to excite ion clouds of different m/z to

different cyclotron radii, which was demonstrated and investigated both experimentally and by computer
simulations.
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Introduction

Fourier transform ion cyclotron resonance (FT ICR) mass
spectrometry is widely used for identification of

multiatomic molecules of different origin and for complex
mixture analyses. It provides the highest mass accuracy and
resolving power [1, 2]. In order to raise the resolution in FT
ICR mass spectrometry higher than one million
superconducting magnets with magnetic fields over 7 T are
used [3–8]. It was recently demonstrated that an FT ICR cell
with specially segmented and shaped excitation and detec-
tion electrodes provides harmonization of ion motion [9] and
makes it possible to reach resolving power over 10 million
on moderate 7 T magnetic field solenoids [5–7]. This allows
resolving the fine structure of the isotopic peak distributions
of molecules with masses of up to 5 kDa (insulin) using

magnets with very high magnetic field homogeneity [10].
However, magnets with magnetic fields above 7 T are
expensive to produce and to support their operation. These
requirements limit the accessibility of FT ICR mass
spectrometry. The high performance FTI CR mass spec-
trometry in peptide investigations is demonstrated using an
unshielded 4.7 T magnet of very low magnetic field
homogeneity and a laboratory prototype of dynamically
harmonized ICR cell.

Further improvement of mass accuracy, sensitivity,
dynamic range, and rate of spectra acquisition require deeper
understanding of ion motion dynamics in ion formation,
transfer, accumulation, and analyses devices. The most
challenging problem is to take into account ion–ion
interactions and their interactions with the electrodes via
image charges. This problem becomes more pronounced by
transition to high dynamic range mass spectrometry, when
10,000–50,000 components are identified in a single
spectrum [11–13], and the number of ions in the FT ICRCorrespondence to: Eugene N. Nikolaev; e-mail: ennikolaev@rambler.ru



cell approaches 10 million. In this case, the electric field
created by the ion ensemble is comparable to the electro-
static field created by the trapping electrodes [14]. Computer
simulations [15–20] can be used to study the effects caused
by ion–ion interactions: shifting of the measured frequency
as a function of the number of ions in the clouds,
coalescence[16], dephasing of ion cloud motion caused by
cloud–cloud collisions [19], and ion cloud stabilization
(condensation) [15, 16, 19]. Most of these effects depend
on magnetic field strength and become more pronounced at
lower fields. In this work, we provide experimental results
accompanied by computer simulations on the destruction of
smaller ion clouds by bigger ion clouds, which leads to the
disappearance of some peaks in the spectrum of low Tesla
FT ICR instruments, and the influence of the cyclotron
frequency excitation modes on this effect.

Recently, it has been demonstrated by Marshall et al. on a
9.4 T FT-ICR instrument that excitation of different m/z ion
clouds to different cyclotron radii results in a 3-fold increase in
the dynamic range in case of complex mixture analyses [13]. In
this work, we show an improvement in the dynamic range
(more peaks in the fine structure mass-spectra of peptides),
when we use off-resonance single frequency excitation, which
excites different m/z ions to different orbits.

Experimental
FT ICR Instruments

FT ICR mass spectra were acquired using a Bruker Apex Qe
mass spectrometer (Bruker Daltonics, Billerica, MA, USA)
equipped with an unshielded 4.7 T Bruker BZH 200/150
magnet (Oxford Instruments, Abingdon, UK) and a Bruker
Apollo API ion source (Bruker Daltonics, Billerica, MA, USA).
Shimming of the magnet was unbalanced. The magnetic field
homogeneity was evaluated experimentally bymoving themass
spectrometer with the ICR cell along the magnet axis and
measuring the detected signals – reduced cyclotron frequency of
the selected ions, v+. These signals were measured for the
isotopes of the doubly charged ion of the angiotensin I peptide
produced by electrospray ionization in the “high resolution”
mode. Figure 1 shows the axial and radial field inhomogeneities
of the magnet. The magnetic field axial inhomogeneity was
about 800 ppm along 8 cm for the 1 cm radius cylinder
(excitation to 1 cm cyclotron radius). The radial inhomogeneity
in the range of cell radii ΔR = 0.02 ÷ 2.2 cmwas measured. The
cyclotron frequency varied in the range Δv+ = ± 0.4Hz for post
excitation radii of ΔRexc = 0.2 ÷ 2.2 cm, so the radial
inhomogeneity was less than 2 ppm along 2 cm. The significant
decrease of the cyclotron frequency at the small radius R =
0.02 cm occurred because of the influence of ion–ion
interactions [21].

The ions were accumulated in the source hexapole and
then ejected with a 1.5 V offset voltage into the FT ICR cell
through an analytical quadrupole and through the ion
transfer optics system. The analytical quadrupole was

employed in the isolation mode with a 2 ÷ 4 Da isolation
window. The optimal ion transfer time between the source
hexapole and the ICR cell for the ions in the m/z range
from 400 to 700 was about 2 ms. Measurements were
carried out without preliminary cooling of the ion
translational motion in the collision cell or directly in
the ICR cell. FT ICR signals were acquired using single-
frequency excitation (“shot” mode) of the ion cyclotron
motion followed by heterodyne detection in the 0.5 ÷
1.0 Da mass range and magnitude mode Fourier transform
without apodization. It was found that summing of several
scans leads to the decrease in resolving power because of
the frequency drift between scans. Thus, all of the
presented mass spectra were obtained for single data
acquisition periods.

A laboratory prototype of the dynamically harmonized
ICR cell (cylindrical, 56-mm i.d. and 150 mm long) was
used [5–7, 9]. The selected ions were confined in the cell
during excitation/detection events by the static trapping
potentials: Vtrap = 4.10 V on the entrance plate and Vtrap =
3.00 V on the back plate. The distinction between the
trapping potentials (with accuracy of 0.01 V) was crucial to
achieve high FT ICR performance as will be explained
below.

In order to improve the dynamic range of the harmonized
cell off-resonance excitation was used. Equation 1 (taken
from [1]), shows that a long single-frequency excitation with
low excitation amplitude can excite ions with close
cyclotron frequencies to different cyclotron radii:

Rexc ¼
βdipolar
2dB

⋅
U 0⋅sin 2π vexc−vþð Þ⋅Texcð Þ

2π vexc−vþð Þ ð1Þ

where βdipolar is the scaling factor, d is the diameter of the
trap, B is the magnetic field magnitude. Figure 2 shows off-
resonance single-frequency excitation variations examined
in this work for doubly protonated Substance P ions. For
example, in the case (1) of Figure 2, ions whose reduced
cyclotron frequencies are in the range Δv+ = ±500 Hz
[~(670–680) m/z for 4.7 T], relative to the excitation
frequency, would be excited to nearly the same post-
excitation radii, and in case (3), the ions even from the
range Δv+ = ±3 Hz would be excited to significantly
different post-excitation radii.

Simulation Method

In the present computer simulations we have used a
previously developed computer code based on the
Particle-in-Cell algorithm for calculating the electric
forces acting on an individual ion from other ions in
the cloud, from the field on the electrodes, and from
image charges of these electrodes [7, 15–20]. Briefly, the
whole space occupied by the cell was subdivided by a
mesh. The ion density distribution was determined at
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every node of the mesh by dividing the total charge
extrapolated to that particular node by the number of
ions in the volume of each elementary cube of the mesh.
By using the direct fast Fourier transform (FFT) Poisson
solver with the trap’s boundary conditions, corresponding
to DC and rf potentials on the trap electrodes, the charge
density on each grid point was converted into the
potentials at those points, and the electric field was

determined from the spatial derivatives of the potentials.
The electric field at an individual ion position was
calculated by interpolating the electric fields from the
nearest grid points based on the same weighting
algorithm as for the charge projections to each grid
point. The mathematical description of the whole
procedure for solving the Poisson equation by the FFT
method is described in [15, 22]. The particle positions

Figure 1. Axial and radial magnetic field distribution for Bruker BZH 200/150 magnet. The measured cyclotron frequency as a
function of the relative distance between the ICR cell and the solenoid center in the –8 to +6 cm region. For the radial
homogeneity estimation, the FT ICR signal was measured at the different radii of ion cyclotron motion

Figure 2. Dependence of the post-excitation cyclotron radius of the isotope cluster fine structure of Substance P ions on the
excitation frequency offset, for different dipolar excitation parameters (left): (1) U0 = 12 V, Texc = 0.14 ms; (2) U0 = 1.8 V, Texc =
1.5 ms; (3) U0 = 0.4 V, Texc = 12.0 ms. Selected ions of the fine structure of the isotope cluster were excited to different radii
(right) for U0 = 0.4 V, Texc = 12.0 ms
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and velocities for the next time-step were calculated with
the Boris integrator [22]. For the traps that have a non-
cubic geometry, the electric field created by the elec-
trodes was calculated by solving the Laplace equation
using the relaxation method in the SIMION program
[23]. The electric field from the ions has been deter-
mined by solving the Poisson equation using the particle-
in-cell (PIC) method with zero voltages on the electrodes
of a cubic trap. Then, in accordance with the superpo-
sition principle these two fields were summed together to
obtain the total electric field. This was done because the
PIC method does not work well for non-cubic cells. For
the simulation we used 64 × 64 × 64 PIC grids for a
50.8 × 50.8 × 50.8 mm cell with a hyperbolic potential.
For the cell with dynamic harmonization a 150 × 150 ×
350 SIMION mesh was used, which corresponds to a
75 mm × 75 mm × 175 mm simulation region (trap
length 152 mm, trap diameter 60 mm). The number of
time steps in the minimal cyclotron period was 100 for
all simulations. The number of stored snapshots per
simulation was determined from the snapshot repetition
rate, namely, after every 100,000 steps. The CUDA
programming interface was used to implement part of the

simulation on the GPU. Simulations were performed on a
homebuilt PC with 24 GB ram and two GTX 580 GPU.

Results and Discussion
A time-domain transient detection signal of about 180 s in
duration and resolution – 12,000,000 at m/z 675 were
experimentally achieved for the doubly protonated Substance
P peptide (Figure 3a), using an FT ICR instrument described
above. We are measuring the resolving power as full width at
half maximum (FWHM) of individual peak. The theoretical
resolution corresponding to a 180 s duration of an undamped
ICR signal is about 18,000,000 in accordance with the
expression for FT CR resolution as a function of the
observation period. The difference between the theoretical
and measured resolution values for the current signal is
explained by the drift of the cyclotron frequency during the
detection sequence due to ion-ion interactions at the relatively
small post excitation radius Rexc = 0.4 cm. The magnitude of
the frequency drift during detection was about Δv+ =
+0.0085 Hz and corresponds to the measured resolution value
at the current cyclotron frequency of 104.2 kHz.

Figure 3. (a) Experimental time-domain (left) signal and magnitude-mode Fourier transform (right) mass spectrum for doubly
protonated Substance P isotope cluster 13C2 . Selected ions were excited to nearly the same-post excitation cyclotron radii Rexc =
0.4 cm. Detection mass range 0.5 Da; (b) and (c) signals obtained by computer simulation and x-y projection of ion clouds: (b) - no
compensation, (c) - with compensated Z1Z2 components of the inhomogeneous magnetic field [10]. Data for the inhomogeneous
magnetic field was taken for Spectrospin AGmagnet description [25], B = 4.7 T, the axial inhomogeneity - 10 ppm along 1 cm,m/z =
500 Da, Z = 1 e
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For ideal time domain signal in FT ICRMS resolving power
is proportional to the duration of ions’ synchronous motion,
which depends on ion trap geometry and magnetic field
homogeneity. It is well known that during excitation and
detection, ions oscillate axially in the direction parallel to the
magnetic field and the cyclotron and magnetron frequencies in
an FT ICR cell without harmonization depend significantly on
the axial oscillation amplitude and magnetic field magnitude.
Synchronous ion motion should be rapidly dephased in highly
axialy inhomogenic magnetic field and the ICR signal should
be lost [7, 15, 16, 19]. This does not happen at relatively large
numbers of ions in the cell because of the so-called “phase
locking.” As we know from realistic supercomputer modelling
[7, 19, 24], we should distinguish two mechanisms of phase
locking. The first one is the so-called “condensation” mecha-
nism (a magnetic field-independent phenomenon), when ions
of the same m/z become phase locked by equalizing their axial
oscillation amplitudes and by this their magnetron frequencies.
The second one is coallescence (a magnetic field-dependent
phenomenon), when ions stick to each other via magnetron
type rotation around each other caused by Coulomb
interections between them. The first phenomenon prevents
comet formation in ion clouds of the same m/z and allows long
signal durationss even in non-ideal electric trapping fields (that
is why we see an FT ICR signal at all in conventional cubic or
cylindrical cells). The peak coalescence phenomenon is easy to
observe experimentaly. It manifests itself through merging of
close m/z peaks into one narrow peak. This phenomenon that
leads to the coalescence of peaks with different m/z ratios also
exists for ions with the same m/z. This results in more
pronounces phase locking and long signal durations up to
10–100 s even in cells with a non-ideal electric trapping fields.
So, when the number of ions in a cell reaches coalescence
conditions, we can get a very long time-domain signal and
narrow individual peaks in the spectra, formaly giving us the
resolving power of over one million, but with such resolution
we are not resolving close peaks, we are killing them by
merging close m/z ion clouds or by destroying the phase
synchronization of ions in these clouds. Results of the
simulations show that ion cloud dephasing and “comet”
structure formation at small amount of ions in the cell can be
prevented by compensating the magnetic field’s Z1Z2 compo-
nents [10] and increasing the number of ions in the ion cloud
participating in the detection event (Figure 3b, c). It was
mentioned above that ions were confined by unequal trapping
potentials. Fine adjustment of the difference beetween the
traping potentials compensated the axial magnetic field
inhomogeneity. It allowed us to obtain long time domain ICR
signals, over 100 s, using the dynamically harmonized cell
even for lowly homogenic magnetic field. The amount of ions
participating in detection was also crucial for experimental long
time domain signals achievement.

It is clear that the optimal compensation voltage for
magnetic induction inhomogeneity is mass-dependent [10].
However, because of ion cloud condensation phenomenon
compensation of magnetic field inhomogenity operates in a T
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rather broad m/z window (when optimum m/z for compen-
sation is set to be 500 Da at 5 Tesla, compensation window
is covering 400–900 Da window) [24].

Long time domain signals were obtained by other groups
using conventional cylindrical cells and so-called compensated
cells, in which a hyperbolic-like or flat potential is formed by
inserting additional segments to the trapping [26] or detection-
excitation electrodes of a regular cylindrical cell [27, 28]. Results
obtained by these groups are summarized in Table 1. The
resolving power claimed by these groups was measured like in
our case as FWHM and individual peaks were used for its
determination. FWHM definition does not give us the real
resolving power in case of FT ICR MS because of the above-
mentioned reason that we could have coalescence (see Table 1
lines 6 and 7) of close peaks as has been noted by Marshall’s
group [32]. So, the resolving power of 1 million on an isolated
peak will not guarantee that we can resolve a doublet separated
by a Δm of one millionth part of m. The correct way to measure
resolving power in FT ICR MS is to use not a single peak but a
doublet or a multiplet. For this reason, it is difficult to compare
the results of different groups (except for Marshall’s group)
because they do not present close doublets or even fine
structures. It is very likely that long signal duration is the result
of coalescence. As was pointed out in [33] “…phase locking of
an ion cloud that contains ions of the same m/z results in
artificially lower peak widths. In the limit, where all ions with
the same m/z have the same frequency regardless of mode
amplitude, one cannot distinguish between an ion cloud that is
phase locked and one that is not…”

The possibility to resolve close doublets is critical for
investigation of complex mixtures [11, 13] and for
conducting isotopic exchange experiments [35, 36].

It should be noted that a significant number of peaks were
absent from the mass spectrum of the fine structure of the
isotopic distribution of Substance P in case of nearly same
radii of ion cyclotron motion [Figure 3a (right)]. The
disappearance of peaks from the fine structure is caused by
the interactions of ion clouds [7, 19]. Ion clouds of different
(though close) m/z pass through each other during their
cyclotron motion, and ion clouds that contain small numbers
of ions get scattered by the clouds with high numbers of ions
or the become stuck to them (coalescence) [15, 16]. The last
phenomenon is more essential for the closest peaks in the
fine structure: for example, absence of peak 675.3747 from
the fine structure of 7 T FT-ICR mass-spectra of Substance P
(M + 2H)+2 could be explained by coalescence [19]. Such
ion cloud dissipation effect (and hence the disappearance of
peaks from the mass spectra) is significant for the long
duration FT ICR signals, as the number of ion cloud
passages through each other increases with the detection

Figure 4. (a) Experimental mass-spectra and time domain signals of Substance P 13C2 and 13C3 isotopes fine structure of
doubly charged molecular ions for detection time 106 s; (1 - theoretical, 2–5 - experimental). Signals (2–5) were measured for
27 s “time-windows” (different parts of the full signal). Selected ions were excited to nearly the same post-excitation cyclotron
radii Rexc = 0.4 cm. The detection mass range of 1 Da covers both isotopic distributions. (b) PIC-simulation results for ion clouds
excited to equal radii (left) and different radii (right): (x,y) projectionss; 675.36925m/z, 1000 ions = red cloud; 675.37470m/z,
10,000 ions = blue cloud; B = 4.7 T

Table 2. PIC Computer Simulation Data (Calculated using [34])

Substance P (third cluster)+2 Angiotensin I (third cluster)+3

m/z, Da Ion abundance,
pcs.

m/z, Da Ion abundance, pcs.

1 675.36838 20 433.5644226 54
2 675.36925 330 433.5665283 1272
3 675.37154 330 433.5674744 24
4 675.37272 40 433.5678101 840
5 675.37347 190 433.568634 7017
6 675.37470 1680 433.5689087 117
7 675.37514 25 433.5695801 276
8 675.37617 50 − −
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time increment. In order to study this phenomenon, we have
carried out a series of FT ICR experiments and computer
simulations. The experimental FT ICR signal, 106 s in
duration with a 1 Da detection mass range, which covered
the 13C2 and 13C3 isotopes of the +2 charge state of
Substance P, was cropped to 27 s time segments at different
points; the most informative of them in proper sequence are
represented on Figure 4a. The selected ions were excited to
nearly the same post-excitation radii using the off-resonance
dipolar excitation [(1) on Figure 2] described in the
Experimental section. The results of the FT ICR experiments
have shown that the peaks, which correspond to ion clouds
with the smallest number of ions dissapear earlier—already
at the beginning of the detection period [Figure 4a (2), (3)],
whereas peaks corresponding to clouds containing a bit more
of ions disappear little bit later [Figure 4a (4)]. The results of
the simulation show that after an ion cloud that contains
1000 elementary charges passes by an ion cloud with the
number of charges on the order of 10,000, the initially close
phases of cyclotron motion of ions in the first cloud get

significantly distorted (Figure 4b). Thus, the considered
phenomenon is caused by ion–ion interactions, which leads
to limitations in resolving power and dynamic range [7, 24].

The phenomenon of small ion cloud destruction by bigger
ones with close m/z ratios could be prevented by exciting ions
with different m/z to different radii of cyclotron motion
(Figure 4b). In order to prove this hypothesis, a series of FT
ICR experiments and computer simulations have been carried
out. Experimental and simulated fine structure distributions of
Substance P and angiotensin I obtained by exciting ions to the
same and different radii were compared. Ions of the +2 charge
state of Substance P were excited to different radii by using
dipolar amplitude excitation, U0 = 0.4 V, for a period of Texc =
12 ms, and a frequency offset, vexc−v+ = 20Hz, relative to the
measured reduced cyclotron frequency of the selected ions (3
Figure 2b). For the same measurements with angiotensin I, the
following excitation parameters were applied:U0 = 0.2 V, Texc =
25 ms, vexc−v+ = 3 Hz. Table 2 shows the number of ions of
Substance P and angiotensin I used to implement the PIC
simulations.

Figure 5. (a) Fine structure of the (M + 2H)2+ of Substance P (C63H98N18O13S1 + 2H) at 4.7 T; second 13C isotopic cluster:
(top, red) - theoretical for Tdet = 100 s; (middle, blue) - experimental, Tdet = 40s; (bottom, green) - PIC simulations, Tdet = 30s;
(left) ion clouds on equal orbits; (right) ion clouds on different orbits; (b) x-y projections of ion clouds dynamic-excited to equal
radii; (c) x-y projections of the ion clouds excited to different radii
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The experimental and computer simulations results
(Figures 5 and 6) demonstrate the appearance of the
corresponding peaks in the mass spectra (which were present
in the theoretical spectra) in the case if different m/z ions
have different cyclotron radii during the detection event. It
can be noted that experimental and simulated results are in
good agreement with each other.

However, some peaks in the mass spectra correspond-
ing to ion clouds with the smallest ion abundances were
still not observed because of their dissipation by bigger
ion clouds. A possible way to resolve more peaks in the
mass spectra was to increase the difference between ions
motion radii. However, this just led to a significant
discrimination of peaks corresponding to ion clouds
rotating at smaller cyclotron radii while additional peaks
did not appear, since the FT ICR signal magnitude
depends on cyclotron ion motion radius linearly [1].
Other possible ways to resolve more peaks are to reduce
the ion abundance and to improve the magnetic field
homogeneity. It has been demonstrated that the use of
high magnetic field 7 T of very high homogeneity allows

resolving more peaks of the isotopic fine structure of
Substance P [7, 24].

Conclusions
An 180 s time transient detection signal and resolving
power (HWHM, of isolated peak) of 12,000,000 were
experimentally achieved for the doubly protonated Sub-
stance P peptide (in conditions of observation fine
structure in its mass spectrum) using an FT ICR
instrument equipped with an unshielded 4.7 T
superconducting magnet with a very high axial inhomo-
geneity. The resolving power for these measurements
was limited by cyclotron frequency drift during the
detection event. Compensation of the magnetic field’s
Z1Z2 components by fine-tuning the trapping potential
for each end plate separately enables generation of
highly resolved ICR signals even for a low homogeniety
magnetic field. Some of the peaks present in the
theoretical spectrum were not observed in the mass
spectra obtained experimentally and by PIC simulation

Figure 6. (a) Fine structure of the (M + 3H)+3 of angiotensin I (C62H89N17O14 + 3H) mass-spectra at 4.7 T, third 13C isotopic
cluster: (top, red) - theoretical, Tdet = 60 s; (middle, blue) - experimental, Tdet = 40 s; (bottom, green) - PIC simulation, Tdet =
60 s; (left) ion clouds on equal orbits; (right) ion clouds on different orbits; (b) x-y projections of the ion clouds excited to equal
radii; (c) x-y projections of the ion clouds excited to different radii
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on occasion of equal ion rotation radii. The ion cloud
dissipation effect and, hence, the disappearance of peaks
from the mass spectra is caused by ion–ion interactions,
which leads to certain limitations in resolving power and
dynamic range. Excitation of ions with different m/z to
different radii of cyclotron motion using off-resonance
single frequency excitation allows avoiding the phenom-
enon of small ion cloud destruction by bigger clouds
with close m/z ratios.
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