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a b s t r a c t

We recently described a new electrically compensated trap in FT ion cyclotron resonance mass spectrom-
etry (J. Am. Soc. Mass Spectrom. 19 (2008) 1281–1285) and developed a means of tuning traps of this
general design (J. Am. Soc. Mass Spectrom. 21 (2010) 451–454). Here, we describe a continuation of that
research by comparing the ion transient lifetimes and the resulting mass resolving powers and signal-
eywords:
TICR MS
ompensated trap
ass resolving power

ccurate mass

to-noise (S/N) ratios that are achievable in the compensated versus uncompensated modes of this trap.
Transient lifetimes are 10 times longer under the same conditions of pressure, providing improved mass
resolving power and S/N ratios. The mass resolving power as a function of m/z is linear (log–log plot) and
nearly equal to the theoretical maximum. Importantly, the ion cyclotron frequency as a function of ion
number decreases linearly in accord with theory, unlike its behavior in the uncompensated mode. This
linearity should lead to better control in mass calibration and increased mass accuracy than achievable

ode.
mproved signal-to-noise ratio in the uncompensated m

. Introduction

Ion motion in the Penning trap used in Fourier transform ion
yclotron resonance mass spectrometry (FTICR MS) is confined in
he radial direction by a strong homogeneous magnetic field, and
n the axial direction by a three-dimensional quadrupolar electro-
tatic trapping well. The interaction of the ions with these fields
esults in three modes of motion with characteristic frequencies:
yclotron, axial, and magnetron. The cyclotron frequency, which is
n a plane perpendicular to the magnetic field, is the most depen-
ent on the m/z of the ion, and is, therefore, the most analytically
seful of the three. Axial motion is parallel to the magnetic field
nd results from a centrally directed restoring force created by
he trapping plate electrodes. As a result of the finite dimensions
f the trapping field electrodes, there exists a radial component
o the trapping electric field. The interaction of the ion with the
adial component of the electric and the magnetic fields causes a
low precession of an ion cloud’s guiding center. Ions undergoing
his precession, known as the magnetron mode, have decreased
yclotron frequencies.

A small decrease in the cyclotron frequency is not of concern
iven that the conversion of frequency to mass can be calibrated.

problem arises, however, when the extent of this decrease is dif-

erent for ions that have different mode amplitudes (i.e., cyclotron,
xial, and magnetron). The electrical potential inside of the trap
s only approximately quadrupolar, and therefore, the magnitude
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of the outwardly directed radial electric field varies non-linearly
with mode amplitudes (i.e., ion position in the trap). As a result,
the cyclotron frequency depends on not only its m/z value but also
its mode amplitudes within the trap. This variation in cyclotron
frequency ultimately reduces performance by decreasing resolving
power, signal-to-noise ratio, and mass accuracy.

New electrically compensated trap designs hold significant
promise to improve the performance of FTICR MS [1–24] by reduc-
ing the deleterious effects of the non-linearities in the electrical
field. We reviewed in detail most of the research on trap com-
pensation in a book chapter [25], and we would not repeat this
perspective here. In this paper, we will examine more deeply the
consequences of trap compensation using a strategy we recently
reported [23] on the behavior of ions. In the research, we explored
the increase in transient lifetimes, which are accompanied by an
increase in mass resolving power and signal-to-noise (S/N) ratio,
as well as investigated the relationship between ion number and
observed cyclotron frequency differences observed in an uncom-
pensated and a compensated FTICR trap.

2. Methods

The test compounds used, with the exception of the protein
hTRF2, were obtained from Sigma–Aldrich (St. Louis, MO). The
human telomeric repeat binding factor 2 (hTRF2) was obtained

from S. Akashi at Yokohama City University, Japan, who expressed
it in Escherichia coli. These test compounds were mixed at vari-
ous ratios with 2,5-dihydroxybenzoic acid used as a MALDI matrix.
After mixing, the solutions of matrix and test compound were spot-
ted on a 196-well stainless steel MALDI plate and allowed to dry.

dx.doi.org/10.1016/j.ijms.2010.06.027
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mgross@wustl.edu
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Fig. 1. (a) Transients for [Arg]8-vasopressin acquired in the compensated (red)
and uncompensated modes (blue). The green trace indicates the noise level. The
transients are the inverse Fourier transform of the mass range of interest. (b) The
44 A.M. Brustkern et al. / International Jour

he plate was then introduced into the mass spectrometer, where
he test compounds were ionized and detected.

The mass spectrometer was a 7-T IonSpec (now Varian) ProMA-
DI FTMS (Lake Forest, CA) outfitted with a custom electrically
ompensated cylindrical ICR trap, as described elsewhere [23].
riefly, the compensated trap has the same overall dimensions as
he original unmodified trap, but was constructed with three pairs
f auxiliary ring electrodes to which the compensation voltages
ere applied. The excite/detect region of the compensated trap was

maller than that of the unmodified trap in order to accommodate
he auxiliary ring electrodes without increasing the overall size of
he trap.

Mass spectra were acquired in the compensated mode by apply-
ng independent non-zero voltages, determined by tuning [26], to
ach of the auxiliary rings. Those in the uncompensated mode were
cquired by applying the same zero potential to each of the aux-
liary rings. The trapping plates and inner rings, which supply the
xial trapping well, were held at 1 V during detection in the com-
ensated mode, while they were set at 0 and 1 V, respectively,
or the uncompensated mode. Acquiring the spectra in this way
llowed us to easily make comparisons between the compensated
nd uncompensated modes without having to replace an unmod-
fied trap with a modified one, a process which requires vacuum
ycling and considerable time.

All other operating parameters including excitation amplitude
nd duration, ion cooling conditions, and trapping were the same
or experiments in which the compensated was compared with the
ncompensated trap. The experimental details are available in Refs.
23] and [26].

Once the transient data were acquired, they were exported
o a Fortran program for calculation of the magnitude mode fre-
uency centroid, mass resolving power (full width half height),
nd complex area of each spectrum. The complex area was cho-
en to integrate the peaks because it is a better measure of the
nitial amplitude of the time-domain signal envelope than is the
mplitude of the magnitude mode peak observed in the spectrum
27]. In our opinion, the complex area gives a better measure of the
mount of charge (ions) that is in the trap than does the peak area
unctions of the commercial data system.

. Results

.1. Transient lifetimes and mass resolving power in a
ompensated trap

After excitation in an FTICR mass spectrometer, ions undergo
oherent cyclotron motion until the ions are dephased and signal
s lost. Ultra high vacuum of the detection region assures that the

ean free path of the ion is long, reducing the probability of dephas-
ng by ion-neutral collisions. Other causes for dephasing are the
light differences in the cyclotron frequencies of ions having the
ame m/z [1,28].

Properly implemented, electrical trap compensation has the
bility to reduce the variation in frequency as a function of mode
mplitudes, thereby decreasing dephasing. In the experiments
eported here, the background pressure in the uncompensated
ode is the same as that of the compensated mode; thus, any

ncrease in observed transient lifetime depends only on the ability
f trap compensation to reduce the dephasing caused by varia-
ion in the cyclotron frequency as a function of various ion mode

mplitudes (see Fig. 1(a) for a comparison of transients acquired
or [Arg]8-vasopressin in the compensated and uncompensated

odes).
As a consequence of a longer-lived transient, the compensated

ode provides narrower peak widths and increased mass resolv-
transient envelope for the compensated (red) and uncompensated modes (blue).
The decay constant for the compensated mode was ∼200 s, whereas that of the
uncompensated mode was ∼20 s.

ing power. The relationship between resolving power and transient
lifetime is given by Eq. (1), where f is the cyclotron frequency and t
is the observation time. The factor in the denominator depends on
whether spectral apodization is employed and on the apodization
function that is used. When no apodization is utilized, 1.206 is used
in the denominator. For the two commonly employed apodiza-
tion functions, Blackman and Hann apodizations, the denominators
in the equations are 2.6 and 2, respectively [29]. Eq. (1) reveals
increased mass resolving power can be achieved by increasing the
magnetic field strength and/or by extending the transient observa-
tion time.

RPfwhh = f × t

1.206
(1)

There is always a trade off between observed S/N and mass
resolving power. For FTICR MS, increasing the transient observa-
tion time increases the mass resolving power. Ultimately, however,
longer transients can decrease signal intensity owing to a loss
of phase coherence in the ion cloud or a reduction in cyclotron
orbit size. Loss of phase coherence is caused by slight variations in
cyclotron frequency for ions of the same m/z undergoing the same
number of ion-neutral collisions. Electrical trap compensation
reduces the variation in frequency spread caused by non-linearities
in the trapping electric field but does not completely eliminate it.
Variations in frequency can also be caused by an inhomogeneity in
the magnetic field, but this has not yet been addressed for com-

pensated traps operated over a wide mass range. Given that an ion
of m/z 1000 in a 7-T magnetic field makes 100,000 rev/s about the
center of the trap, even part-per-million variations in the cyclotron
frequency of the ion cloud will lead to dephasing.
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Fig. 2. A log/log plot of mass resolving power versus m/z comparing the uncompen-
sated mode (squares) to the compensated mode (diamonds). The m/z values range
from 1084 ([Arg]8-vasopressing) to ∼12,500 (cytochrome c). Included for reference
is a plot of the theoretical resolving powers calculated for an observation time of
210 s (x’s). As noted in the text, the transient observation time for cytochrome c
A.M. Brustkern et al. / International Journ

The second source of ion cloud dephasing is ion-neutral col-
isions, which are reduced by operating instruments under ultra
igh vacuum. Although the background pressure in most mod-
rn FTICR instruments is approximately 10−10 Torr, ion-neutral
ollisions still occur, especially with long acquisition times. At
pressure of 10−10 Torr, the frequency of ion-neutral collision

s estimated to be 0.003 Hz (∼1 collision every 333 s). Given
hat ion-neutral collisions do not contribute significantly to the
oss of signal intensity with time, the greater contributor to
on-cloud dephasing is the slight variations in cyclotron fre-
uency.

Signal intensity can also diminish owing to a loss of energy from
he cyclotron motion of the ions. This loss arises because the ions are
oing work on the electrons in the detection circuit; consequently,
nergy is removed from the cyclotron mode, and its radius shrinks,
ausing a decrease in the observed signal intensity [28]. This is not
major effect and, under certain circumstances, decreases as m/z

ncreases.
Irrespective of the mechanism by which the signal intensity

ecreases, the optimum observation time that strikes a balance
etween the observed peak intensity and mass resolving power

s approximately three times the decay constant of the tran-
ient envelope, � [30]. At this time, the mass resolving power
as increased to ∼95% of its maximal value, whereas the signal
till retains 30% of its initial amplitude. By fitting the transient
nvelopes in Fig. 1(b) with an exponential decay function, we deter-
ined that � for the compensated mode was >200 s, whereas for

he uncompensated mode � was ∼20 s. Trap compensation affords
n order of magnitude increase in transient lifetime in this exam-
le. Based on the rule that the optimum observation time is 3�,
he observation time for the transient acquired in the compen-
ated mode could have been >600 s. Transient acquisition for this
ime, however, is not only impractically long but also demand-
ng of computational requirements. Nevertheless, we achieved a
ignificant increase in transient lifetime using trap compensation,
ffording to a decrease in the non-linearity of the trapping elec-
ric field; this decrease results in a lower sensitivity to frequency
ariation as a function of ion mode amplitudes (i.e., ion posi-
ion).

As variations in ion cyclotron frequency are reduced, the number
f ions required to form a coherent packet also decreases [31,32].
hase locking of an ion cloud that contains ions of the same m/z
esults in artificially lower peak widths. In the limit, where all
ons of the same m/z have the same frequency regardless of mode
mplitude, one cannot distinguish between an ion cloud that is
hase-locked and one that is not. Along with an increase in mass
esolving power comes an increase in S/N obtained by decreasing
he spread in frequencies of a single m/z at a constant observation
ime. Given that peak area is a measure of ion number, the same
on count at improved mass resolving power gives an increase in
/N [33].

.2. Mass resolving power as a function of m/z

We employed test compounds giving [M+H]+ ions of differ-
nt m/z values, ranging from [Arg]8-vasopressin (m/z 1084) to
ytochrome c (m/z ∼ 12,500), to compare the mass resolving pow-
rs obtained in the compensated mode to those achievable in the
ncompensated mode. A log/log plot of observed mass resolv-

ng power (FWHH) versus m/z (transient observation time of
10 s) (Fig. 2) shows that the compensated mode offers a signif-
cant increase in mass resolving power (by at least a factor of
hree) over that achieved in the uncompensated mode for the

ass range studied. For [Arg]8-vasopressin (m/z 1084), the m/z
here the compensation voltages were tuned, the compensated
ode achieved on average an order of magnitude increase in mass
(log m/z ∼ 4.1) was lower (105 s) than that used for the other ions (210 s), which
accounts for the deviation from the straight-line plot.

resolving power compared to that obtained in the uncompensated
mode. The mass resolving powers obtained in the compensated
mode do not always reach the theoretical maximum for the
observation times employed. One reason is that compensation
voltages, which were tuned at a single m/z, are not optimum for
ions of other m/z values. Variations in the magnetic field also
affect the cyclotron frequency, and these effects are mass depen-
dent.

As the m/z of an ion increases, the full width at half height (mass
resolving power) decreases, if all other factors remain the same,
because the frequency decreases with m/z (Eq. (1)). Cytochrome c
(m/z ∼ 12,500) appears to be an outlier to the trend observed in the
compensated mode (Fig. 2), but the lower resolving power is due
to the shorter transient acquisition time used for the cytochrome
c transient (105 s) versus that used for the other compounds of
lower m/z (210 s). For these evaluations, we looked at those com-
ponents of an isotope cluster that are separated by one m/z but not
those that exist at a single m/z (the high resolution isotopomers)
[23]. An analogous deviation was not observed in the uncom-
pensated mode because the transient signal had decayed before
the data acquisition was complete and, therefore, was not time
limited. As discussed earlier for the data in Fig. 1, the transient
lifetime of an ion cloud in the uncompensated mode is an order
of magnitude lower (∼20 s) than that in the compensated mode
(>200 s). Using these values as estimates of transient lifetimes
at m/z values higher than 1084, we conclude that the transient

observation time was greater than 3� in the uncompensated mode
but approximately equal to � in the compensated mode acquisi-
tions.
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Fig. 3. Comparison of the S/N obtained in the compensated (light grey) and uncom-
pensated (dark grey) modes for insulin-oxidized b-chain and TRF2. The large error
bars for the compensated mode result from the variability that commonly occurs in
MALDI. Only one of the spectra obtained in the uncompensated mode for insulin-
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with increasing ion number in the compensated mode than in the
xidized b-chain had a S/N > 3. In the case of TRF2, none of the spectra obtained
n the uncompensated mode had a S/N > 3, so the result was consider not detected
N.D.) and the average value was set to 3 in the bar graph.

.3. Improved signal-to-noise ratio in compensated mode

We used insulin-oxidized b-chain and hTRF2 to assess the
mprovement in signal-to-noise ratio (S/N) afforded by trap com-
ensation. To accomplish this, we acquired several spectra while
witching between the compensated and uncompensated modes.
he different modes were interdigitated in this way to reduce the
nfluence of shot-to-shot variability commonly found in MALDI.
ompensation results in an increase of at least an order of magni-
ude in S/N when compared to that achieved in the uncompensated
rap under these experimental conditions (Fig. 3). Of the mass
pectra from the uncompensated trap for the insulin-oxidized b-
hain, only one had signal that was greater than three times the
oise level. In the mass spectra of the protein hTRF2, no signal
as detected above the noise. Increasing the laser power to desorb

he sample did not produce signal in the uncompensated mode.
hen the laser power is sufficiently high that it completely ablates

he spotted material over the irradiated area, no additional sig-
al can be gained by further increasing the laser power. Using a
xed laser power, which on average produced a constant num-
er of ions, the experiments demonstrate that the compensated
ode affords a better detection limit than does the uncompensated
ode.

.4. Frequency as a function of ion number

Generally as ion number increases, the observed cyclotron
requency of the ion of interest decreases linearly [34]. Given
his phenomenon, we were initially surprised that the observed
yclotron frequency of [Arg]8-vasopressin (m/z 1084) initially
ncreased with increasing complex area (see Fig. 4(a)) in the uncom-
ensated mode, particularly when we had chosen an orbit radius
hat is ∼40% the trap width. Leach et al. [35] observed the same
ncrease in frequency with increasing ion number both experimen-
ally and in particle-in-cell calculations when using a non-ideal
uadrupolar trapping potential. This initial increase would have
significant impact on mass measurement accuracy because the

alibration equations used in FTICR assume a decreasing linear
elationship between ion frequency and ion number or density.
ccounting for this relationship is necessary for high mass mea-
urement accuracy as it is difficult to fill the trap with exactly
he same number of ions for each experiment. Automatic Gain
ontrolTM [36] on the Thermo Fisher LTQ-FT is one approach to

ombat variation in ion number between experiments. This hybrid
ass spectrometer uses a Paul trap to control the number of ions

hat are injected into the ICR trap for each experiment, minimizing
ariations in ion number.
Fig. 4. The observed cyclotron frequency of [Arg]8-vasopressin as a function of
complex area (ion number) in the (a) uncompensated mode and (b) compensated
mode.

To understand why the frequency initially increases as a
function of ion number (as measured by complex area) in the
uncompensated mode, the acquired transient was segmented prior
to FFT to see how the peaks evolved with time. The window used for
segmenting was 1/4 of the width of the transient (∼50 s), and the
position of the window’s leading edge was varied, so that it would
sample different portions of the transient with each analysis. The
results of the segmented transient analysis (Fig. 5) revealed that
the increase in frequency with increasing ion number (observed
in the uncompensated mode) is due a split peak. The two por-
tions of the split peak interact in such a way that the high mass
resolving power, low-frequency portion of the peak, is increased in
frequency, whereas the opposite applies for the low mass resolving
power, high-frequency portion. This phase locking of the ion cloud
causes an increase in frequency because we typically only observe
the frequency centroid of the low-frequency peak seen at high mass
resolving power in the mass spectrum. These trends in frequency
shift can be seen in (b) and (c) of Fig. 5. As ion number increases, the
likelihood and rate of phase locking also increase [31]. Ultimately,
the ion number in the uncompensated mode became sufficiently
high that one cannot observe the split peak because the ion cloud
is phase-locked prior to the start of the detection event. Any further
increase in ion number beyond this point results in a decrease in
the observed cyclotron frequency, as expected (see Fig. 4(a)).

We showed earlier that electrical trap compensation reduces the
variation in frequency as a function of mode amplitude caused by
non-linearities in the trapping electric field. Because electrical trap
compensation eliminates peak splitting over the range of cyclotron
radii where the trap is compensated, the relationship between fre-
quency and ion number in the compensated mode should be more
ideal. In fact, the ion frequency decreases in a more linear fashion
uncompensated mode (see Fig. 4(b) for the frequency of [Arg]8-
vasopressin (m/z 1084) as a function of complex area (ion number)
in the compensated mode). This being the case, it is reasonable
to assume that improved mass measurement accuracy should
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ig. 5. (a) Segmented transient analysis of [Arg]8-vasopressin obtained by utilizing
f time) of its leading edge. The measured frequency centroids of the high resolving
nalysis window.

ccrue to measurements in a compensated trap because it con-
orms more closely to the theory that underlies the mass calibration
quations.

. Conclusions

Trap compensation improves mass resolving power and S/N of
TICR MS [23] owing to increases in the linearity of the trapping
lectric field and the resultant ion cloud coherence and transient
ifetimes. In fact, transient lifetimes in the compensated mode
ncrease by approximately an order of magnitude when compared
o those in the uncompensated mode. As a result, the mass resolv-
ng power increased over a m/z range of 1084 ([Arg]8-vasopressin)
o ∼12,500 (cytochrome c), a realistic range for most biological

ass spectrometric applications, especially when using electro-
pray ionization. For spectral peaks containing the same number of
ons, S/N increased with increasing mass resolving power, as was
rst described in 1980 [33]. The increase in S/N afforded by trap
ompensation is approximately an order of magnitude.
Reducing the non-linearities of the trapping electric potential
an eliminate peak splitting. As a consequence, the relationship
etween observed cyclotron frequency and ion number is more

inear, and this improved linearity should lead to more control in
ass calibration and increased mass measurement accuracy.
dow that was 1/4 the total acquisition duration and varying the position (in terms
r peak (b) and the low resolving power peak (c) as a function of the location of the
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