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This review offers an introduction to the principles and generic
applications of FT-ICR mass spectrometry, directed to readers
with no prior experience with the technique. We are able to
explain the fundamental FT-ICR phenomena from a simplified
theoretical treatment of ion behavior in idealized magnetic and
eectric fields. The effects of trapping voltage, trap size and
shape, and other nonidealities are manifested mainly as pertur-
bations that preserve the idealized ion behavior modified by
appropriate numerical correction factors. Topics include: effect
of ion mass, charge, magnetic field, and trapping voltage on ion
cyclotron frequency; excitation and detection of ICR signals;
mass calibration; mass resolving power and mass accuracy;
upper mass limit(s); dynamic range; detection limit, strategies
for mass and energy selection for MS"; ion axialization, cooling,
and remeasurement; and means for guiding externally formed
ionsinto the ion trap. The relation of FT-ICR MSto other types
of Fourier transform spectroscopy and to the Paul (quadrupole)
ion trap is described. The article concludes with selected appli-
cations, an appendix listing accurate fundamental constants
needed for ultrahigh-precision analysis, and an annotated list
of selected reviews and primary source publications that de-
scribe in further detail various FT-ICR MS techniques and
applications. © 1998 John Wiley & Sons, Inc., Mass Spec Rev
17, 1-35, 1998

1. INTRODUCTION

Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS or FTMS) is widely practiced (more
than 235 install ations worldwide by 1998). In the 24 years
since itsinception (Comisarow and Marshall, 1974; Comi-
sarow and Marshall, 1974), FT-ICR MS has been the sole
or principal subject of three books, four journa special
issues, and more than 60 review articles (see Appendix
A). However, the various prior descriptions and reviews
are distributed among dozens of primary publications with
different formalism and notation, and those articles are
directed mainly at FT-ICR MS practitioners. Here, we
present an introduction to the principles and generic appli-
cations of FT-ICR MS, at the minimum depth needed
to explain the concepts, directed to those without prior
experience in the field.

Fortunately for beginners, it turns out that many fun-
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damental aspects of FT-ICR can be understood from very
simple idealized models. First, ion cyclotron frequency,
radius, velocity, and energy as a function of ion mass, ion
charge, and magnetic field strength follow directly from
the motion of anion in a spatially uniform static magnetic
field. Second, ion cyclotron motion may be rendered spa-
tially coherent (and thus observable) by the application of
agpatialy uniform rf electric field (excitation) at the same
frequency as (i.e., ‘‘resonant’’ with) the ion cyclotron fre-
guency. The ICR (time-domain) signal results from induc-
tion (detection) of an oscillating ‘‘image’’ charge on two
conductive infinitely extended opposed paralel electrodes.
A frequency-domain spectrum (convertible to a mass-do-
main spectrum) is obtained by Fourier transformation of
the digitized time-domain ICR signal. Third, confinement
of ions by the application of a three-dimensional axial
guadrupolar d.c. electric field shifts the ion cyclotron fre-
guency, whereas excitation and detection remain essen-
tidly linear (i.e., doubling the excitation amplitude dou-
bles the detected ICR signal) but with a reduced propor-
tionality constant. A simple mass calibration rule follows
from this treatment. Thus, FT-ICR MS may be performed
in essentially the same way in ion traps of widely different
shape (e.g., cubic, cylindrical). Fourth, collisions broaden
the ICR signa in a simple way, and actually make it
possible to cool and compress an ion packet for improved
detection (and even multiple remeasurement). Fifth, al-
though FT-ICR MS has been coupled to virtually every
type of ion source, most ion sources work best (or at
least most conveniently) outside the magnet. Thus, several
methods have been developed to guide externally gener-
ated ions into an ion trap inside a high-field magnet. Fi-
nally, the above features may be combined in various ex-
perimental ‘‘ event sequences’ (much like pulse sequences
in FT-NMR spectroscopy) to perform tandem-in-time
mass spectrometry (MS/MS, or MS").

II. ION CYCLOTRON MOTION: ION
CYCLOTRON ORBITAL FREQUENCY,
RADIUS, VELOCITY, AND ENERGY

An ion moving in the presence of a spatially uniform
magnetic field, B = —Byk (i.e, the z-axis is defined as the

direction opposite to B) is subject to a force given (in S.1.
units) by Eg. (1),

Force = mass- acceleration = m%’ =qvxB @

in which m, g, and v are ionic mass, charge, and velocity,
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FIGURE 1. lon cyclotron motion. The path of an ion moving in the
plane of the paper is bent into a circle (see text) by the inward-directed
Lorentz magnetic force produced by a magnetic field directed perpendic-
ular to the plane of the paper. Note that positive and negative ions orbit
in opposite senses. Reproduced with permission from (Marshall and
Grosshans, 1991).

and the vector cross product term means that the direction
of the magnetic component of the Lorentz force is perpen-
dicular to the plane determined by v and B. If the ion
mai ntai ns constant speed (i.e., no collisions), then the mag-
netic field bends the ion path into a circle of radius, r (see
Fig. 1).

Let v, = Vv + v denote the ion velocity in the xy
plane (i.e., the plane perpendicular to B). Because angular
acceleration, |dv/dt| = vi/r, EQ. (1) becomes

mu2
Txy = qvxyBo- (2)

But angular velocity, w (in rad/s), about the z-axis is de-
fined by

W= ®

so that Eq. (2) becomes
mw?r = qBguwr,
or simply

4Bo

We = —
m

(S.1. units) (49)

we _ 1.535611 x 10'B,
Ve ™ 2 m/z

(4b)

v.in Hz; By in tesla; min u;
Zin multiples of elementary charge "

Equation (4) is the celebrated *‘ cyclotron’’ equation,
in which the ‘‘unperturbed’’ ion cyclotron frequency is
denoted as w.. A remarkable feature of Eq. (4) is that all
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ions of a given mass-to-charge ratio, nvVq, have the same
ICR frequency, independent of their velocity. This prop-
erty makes ICR especially useful for mass spectrometry,
because tranglational energy ‘‘focusing’’ is not essential
for the precise determination of nvq.

Several useful conclusions follow directly from Eg.
(4). First, at arepresentative static magnetic field value of
7.0 tedla (at which the corresponding proton NMR Larmor
frequency would be 300 MHz), ICR frequencies for ions
formed from typica molecules range from a few kHz to
a few MHz (see Fig. 2)—a very convenient range for
commercialy available electronics.

Rearrangement of Eq. 2 yields the ion cyclotron or-
bital radius,

_ Moy

= B (S.I. units) (59

1.036427 x 107 (m/z) vy,
r =
By

I in m; v, in m/s; By in tesla; min u;
zin multiples of elementary charge

) . (5b)

of an ion of velocity, vy. For example, the average x—
y trandational energy of an ion in equilibrium with its
surroundings at temperature, T (in K), is given by
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FIGURE 2. ICR orbital frequency, v, = wd/27, in Hz, as a function of
ionic mass-to-chargeratio, m/z, in Daltons per multiple (z) of the elemen-
tary electron charge, at each of five magnetic field strengths: 1.0, 3.0,
4.7, 7.0, and 9.4 tesla. Note that ICR frequencies for ions in the usual
‘*chemica’’ mass-to-charge ratio range (~15 = m/z = 10,000) typically
lie between a few kHz and a few MHz.
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FIGURE 3. ICR orbita radius, r [Eq. (7)], vs. ionic mass-to-charge
ratio, m/z (in u per multiple of elementary electronic charge) at each of
five representative magnetic field strengths: 1.0, 3.0, 4.7, 7.0, and 9.4

tesla at 298 K. Note that even relatively heavy ions are confined to
conveniently small-radius orbits by such magnetic fields.

mve)
T~ kT ©6)

in which k is the Boltzmann constant. Solving Eq. (6) for
vy, and substituting back into Eq. (5), we obtain

P L V2 mkT  (S.I. units) (7a)
gBo
1.336510 x 10°°
= ———— mT
zB,

r in m; By in tesla; min u; T in K;
Zin multiples of elementary charge

) . (7b)

The reader can quickly confirm that at room tempera-
ture, a singly charged ion of m = 100 u in a magnetic
field of 3 teda (i.e.,, 30,000 Gauss) has an ICR orbital
radius of ~0.08 mm. At room temperature, a singly
charged ion of mass, 10,000 u, has an ICR orbital radius
of only ~0.8 mm, whereas a singly charged ion of 50,000
u has an ICR orbital radius of 1 cm. Thus, ions of thermal
energy formed from all but the largest molecules are con-
fined by the magnetic field to conveniently small orbital
radii for ICR excitation and detection (see Fig. 3).

Conversely, we can compute the velocity and transla-
tional energy of an ion excited (by as yet unspecified

means) to a larger-than-thermal orbital radius. From Eq.

(),

(S.I. units) (89)

Uxy

By
m

. 9:64853 X 10°By
v (m'z)

Uy INM/S; 1 inm; By in tesla; min u; (8b)
z in multiples of elementary charge

From Eq. (8), a singly charged ion of 100 u mass
excited to an ICR orbital radius of 1 cm in a magnetic
field of 3 tesla has a trandational velocity, v, = 2.97
X 10* m/s, that corresponds to a translational energy,

2 2R2¢2
Kinetic energy = My _ g8

5 om (S.I. units) (93)

_ 4.824265 X 10722B3r?
m

K.E.

energy in eV; r in m; By in tesla; min u;
Zin multiples of elementary charge

) . (9b)

of 434 eV. Thus, ions can be ‘‘heated’’ to high tranda-
tional energy even in a relatively small container, and
induced to break into smaller fragments by collision with
neutral gas molecules (see below). The dependence of ion
kinetic energy on ICR orbital radius and magnetic field
strength is shown in Fig. 4.
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FIGURE 4. |on trandlationa (kinetic) energy [Eq. (9)] as a function of
ICR orbital radius, at each of five common magnetic field strengths: 1.0,
3.0,4.7, 7.0, and 9.4 tedla, for an ion of m/z = 100. Note that ions may
be accelerated to relatively high energy (=1 keV, asin collision-induced
dissociation experiments) while still confined to relatively small (~1 cm)
orbital radii (compare to previous figure).
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FIGURE 5. Usesfor ion cyclotron excitation. Left: Acceleration of ions
to form a gpatially coherent packet at detectable orbital radius. Middle:
Increase in ion kinetic energy to above the threshold for collision-acti-
vated dissociation or reaction. Right: Ejection of ions of a given mass-
to-charge ratio.

Finally, it isinstructive to note that the excited ion of
100 u of the preceding paragraph travels a distance of
~30 kilometers during a 1-s observation period! That's
basically why ICR offers potentially much higher mass
resolution than even a several-meter-long magnetic-sector
“‘beam’’ instrument.

lll. EXCITATION AND DETECTION OF
AN ICR SIGNAL

A. Azimuthal Dipolar Single-Frequency
Excitation

lon cyclotron motion is not by itself useful. Virtualy all
applications are, therefore, based on excitation produced
by applying a spatially uniform electric field oscillating
(or rotating) at or near the cyclotron frequency of ions of
a particular m/z value. Excitation is used in three ways in
FT-ICR MS (see Fig. 5): (a) to accelerate ions coherently
to a larger (and thus detectable) orbital radius; (b) to in-
crease ion kinetic energy above the threshold for ion disso-
ciation and/or ion—molecul e reaction; and (c) to accelerate
ions to a cyclotron radius larger than the radius of the ion
trap (see below), so that ions are removed (‘‘gjected’’)
from the instrument.

Next let us apply an azimuthal (i.e., in a plane perpen-
dicular to B) spatially uniform electric field, E(t), oscillat-
ing sinusoidally with time along the +/—y-direction.

E(t) = EoCoS wilj (10)

in which i and j denote unit vectors along the x- and y-
axes. For now, we shall suppose that E, is generated by
applying +V, and —V, volts to two opposed infinitely
extended paralel conductive flat plates separated by d
meters, so that

o
I
|
I

2V0 Vp»p
( )
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in which V,, is the peak-to-peak voltage difference be-
tween the two plates (see Fig. 6).

This linearly polarized electric field may be analyzed
into two counter-rotating components, E, (t) and Eg(t),

E(t) = EL(t) + Eg() (114)

in which
Ex(t) = EEO cos wtj + EEO sin witi, (11b)
E(t) = EEO cos wtj — EEO sin wti. (11c)

The radiofrequency electric field component, Eg(t), rotat-
ing in the same sense (namely, counterclockwise in the
xy-plane) and at the same frequency (i.e., ‘‘in resonance
with’’) the ion of interest pushes that ion continuously
forward in its orbit, as shown in the left-hand diagram of
Fig. 7. The electric field component, E, (t), rotating in the
opposite sense as the ion, is off-resonance by 2w and has
virtually no significant net effect after several cycles of
the excitation freguency.

An ion absorbs power, A(t), according to the dot prod-
uct

A(t) = Force- velocity = gE(t) - vy, (12
For a positive (or negative) ion (initialy at rest) subjected
to oscillating resonant excitation [Egs. (10), (11)] for a

period, Tede it is straightforward to show from Eg. (12)
that the post-excitation ion cyclotron radius, r, is given by

Infinite-Electrode Trap

Excitation:  V(y) = ZT"V0

2
Detection: AQ(y) =- -di
Reciprocity: AQ =- Ly)
q Vo

FIGURE 6. Excitation voltage difference and detection-induced charge
differencein FT-ICR MS, demonstrated for two infinitely extended paral -
lel flat electrodes located at y = *+d/2 m away from the zaxis. If a
potential Vo = V,,/2 is applied to the upper electrode and —V, to the
lower electrode, the potential, V(y), anywhere between the electrodes is
2 Voy/d. If apoint charge, g, is located between the same electrodes (in
the absence of any applied voltage), then the difference, AQ(y), between
the charge induced on the upper and lower electrodesis —2 qy/d. It turns
out that the relationship, AQ/q = —V/V,, is true [by the principle of
‘“‘reciprocity,”’ also known as Earnshaw’s theorem (Scott, 1959)] for
opposed electrodes of arbitrary shape.
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FIGURE 7. Incoherent ion cyclotron orbital motion (top left) is con-
verted to coherent (and, therefore, detectable) motion (top right) by the
application of a rotating electric field, which rotates in the same sense
and at the ICR frequency of the ions of a given m/z value. The electronic
circuitry is shown in the bottom diagram.

(Guan and Marshall, 1996; Schweikhard and Marshall,
1993)

r = EOTexcite

134
2B, (133)

or

_ Vp— pTexcite

2B, (S.I. units).

(13b)

A particularly delightful feature of Eq. (13) is that
post-excitation ion cyclotron orbital radiusis independent
of m/z! Thus, all ions of a given n/z-range can be excited
to the same ICR orbital radius, by application of an rf
electric field whose magnitude is constant with fre-
guency—i.e., no mass discrimination results from excita-
tion, in the limit of a perfectly spatially uniform rf electric
excitation field. For example, an ion of arbitrary m/zin a
magnetic field of 7.0 tesla can be excited to a radius of
0.72 cm in 1.0 ms by a constant rf resonant oscillating
voltage of +/—1 volt (2V,,) applied to infinitely extended

parallel flat electrodes 2 cm apart. Thus, ions can be ex-
cited to detectably useful ICR orbital radius (i.e.,, to a
cyclotron radius large compared to the ion initial room-
temperature thermal cyclotron radius) by arelatively small
rf voltage.

From Eqg. (13), the ion kinetic energy immediately
following azimuthal dipolar resonant excitation for a pe-
riod, Tewrn, IS given by (remember that w. = gBy/m)

- mwir? PEY(Texcite)”
K-E-post—excit’n - 2 - 8Sm
qzvgzyp(Te)(cite)z
= —ER =2 (149
8d’m (143
1.20607 X 1022 V2 o(Toxeie)?
K'E'pcs[-excit‘n = d2m (14b)

in which energy isin eV; V,, isin volts; Tecen iSins; d
isin m; misin u; and z is in multiples of elementary
charge. For example, for an ion of 100 u, excited by
+/—1 volt applied for 1 msto infinitely extended paralel
flat electrodes 2 cm apart, the post-excitation ion kinetic
energy is 1.2 keV. Thus, it is relatively easy to generate
high collision energy (see below) in an ion cyclotron.
Equation (14) shows that, for a given excitation electric
field amplitude and duration, post-excitation ion kinetic
energy is independent of magnetic field strength, B,. How-
ever, the post-excitation cyclotron radius [EqQ. (13)] varies
inversely with By, so that, for a given post-excitation ion
cyclotron radius, the post-excitation ion energy increases
as B3 (Marshall and Guan, 1996). Post-excitation ion ki-
netic energy as a function of ion mass is shown in Fig. 8
for either a fixed post-excitation radius at several different
magnetic field values, or a fixed excitation amplitude but
several different excitation periods.

B. Azimuthal Dipolar Single-Frequency
Detection

It is important to recognize that ICR orbital motion does
not by itself generate an observable electrical signa
(namely, a net difference between the charge induced in
two opposed paralel electrodes). At its instant of forma:
tion in (or injection into) the ion trap, the phase of each
ion’s orbital motion is random—i.e., an ion may start its
cyclotron mation at any point around either circle shown
in Fig. 1. Thus, for an ensemble of ions, any charge in-
duced in either of two opposed detector plates will be
balanced, on the average, by an equal charge induced by
an ion whose phase is 180° different (i.e., an ion located
onthe‘‘far’’ side of the same orbit), so that the net differ-
ence in detected charge between the two plates is zero.
Moreover, the cyclotron radius of thermal ionsistoo small
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FIGURE 8. Post-excitation ion kinetic energy as a function of ion mass. Left: Fixed post-excitation
cyclotron radius of 1 cm, for each of five magnetic field strengths: 1.0, 3.0, 4.7, 7.0, and 9.4 tesla. Right:
Fixed excitation electric field = 1 V,,,, applied between electrodes 2 cm apart, for each of five excitation

durations.

to induce a detectable signal, even if al ions of a given
mass-to-charge ratio had the same cyclotron phase. Thus,
resonant excitation, asjust described above, creates spatial
coherence (and thus a detectabl e signal) from an ion packet
whose cyclotron orbits are (say) initially centered on the
z-axis, by increasing the ion cyclotron radius moving the
ion initial packet significantly off-axis (see Fig. 5, left).

The difference, AQ, in ‘‘image’’ charge on two op-
posed infinitely extended parallel flat conductive plates,
induced by an ion of charge, g, between the plates, is
given by (see Fig. 6).

_ 2y

d (15

AQ =

The ICR signal is proportional to the induced current,
dAQ/dt = —2q(dy/dt)/d (Comisarow, 1978; Guan and
Marshall, 1995; Limbach et a., 1993), and is thusindepen-
dent of magnetic field strength. Moreover, because theion
y-velocity component, dy/dt, increases linearly with ion
cyclotron radius[Eq. (5)], the ICR signal increaseslinearly
with ion cyclotron post-excitation radius. Moreover, the
detected signal increases linearly with ion charge, so that
ICR is increasingly more sensitive for multiply charged
ions (as from electrospray ionization). Linearity is espe-
cialy important for two reasons. First, because the ICR
signa varies linearly with ion cyclotron post-excitation
radius (which in turn depends linearly on the excitation

voltage amplitude-duration product), the ICR response at
any frequency is proportional to the excitation spectral
magnitude at that frequency. (We'll use that idea in the
next section to show how frequency-sweep or off-resonant
or SWIFT excitation works.) Second, a Fourier transform
of the time-domain |CR response gives the same ** absorp-
tion’’ spectrum that would otherwise have been obtained
by measuring power absorption while sweeping infinitely
slowly across the m/z range (Marshall and Verdun, 1990).
In addition, the ‘* superposition’” principle implies that the
signals from any number of ions of arbitrary m/z values
simply add at the detector; thus, ions of a wide m/z range
can be detected simultaneously. The previous two state-
ments combine to constitute the **multichannel’’ advan-
tage of pulsed excitation followed by Fourier transforma-
tion to yield a spectrum of N data points in /N the time
it would take to scan the spectrum one channel at a time
(Marshall and Verdun, 1990). We shall next examine
broadband excitation and defer further consideration of
the ICR signal until we have discussed the effect of ion-
neutral collisions.

C. Broadband Excitation

So far, we have examined the response of anionin astatic
spatially homogeneous magnetic field, B = —Bdk, to a
single-frequency resonant (at w.) oscillating electric field,
E(t) = Eqcos wtj. However, the very act of turning the
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FIGURE 9. Time-domain (left) and frequency-domain (right) excitation
waveforms. (@), (b) Rectangular pulses. (c) Frequency-sweep (‘‘chirp’’).
(d), (e) Stored waveform inverse Fourier transform (‘**SWIFT'’) wave-
forms.

excitation on and off generates excitation at other frequen-
cies, as shown in Fig. 9(a). For example, the frequency-
domain spectrum, E(v), of single-frequency excitation at
frequency, w. = 2., applied steadily for Tegrn SECONdS,
is given by (Marshall and Verdun, 1990).

Si n(Zﬂ—VcTacil' n)

Ev) = E 2mv

(16)

Thus, although the applied excitation may be precisely
centered at a frequency, w, which differs from w,, turning
the excitation voltage on at time zero and off at time,
Teirn: €ffectively broadens the spectral range of the exci-
tation (to a bandwidth of ~1/Toqen rad s%). The longer
the time-domain signal duration, the narrower is its corre-
sponding frequency-domain spectral width. Thus, if an off-
resonance excitation at frequency, v, is sufficiently brief
so that (UTewirn) = 27|v — v, it can still excite ions of
cyclotron frequency, w.. This general result defines the
ultimate precision with which ions can be mass-sel ected by
their ICR frequencies. Fortunately, because ion cyclotron
frequencies are so high (typically kHz to MHz), excitation

for as short as one second is still exquisitely mass-selective
(e.g., ~10 ppm for ions of NM/z 1000 at 7.0 teda).

Equation (16) showsthat asingle-frequency excitation
of duration, Tegrn, Can excite ions whose ion cyclotron
frequencies span a range of ~0.1/Tegrn HZ tO near-uni-
form cyclotron radii. (Because ICR signa magnitude is
proportional to post-excitation ICR orbital radius, which
isin turn proportional to excitation magnitude, we seek a
flat excitation magnitude spectrum in order to produce a
mass spectrum whose peak areas accurately reflect the
relative abundances of ions of different nvz) However,
Figure 9(a),(b) shows that doubling the excitation fre-
gquency-domain bandwidth while maintaining the fre-
gquency-domain magnitude requires halving the time-do-
main excitation duration and doubling the time-domain
amplitude. Thus, given that a single-frequency resonant
excitation voltage of +1 volt (between electrodes ~2 cm
apart) is needed to excite ions to a detectable cyclotron
radius of 1 cmin 1.4 ms[based on Eq. (13)], the excitation
of ions anywhere within a bandwidth ~1 MHz to near-
uniform cyclotron radii will require a single-frequency
excitation of ~0.1 us [i.e,, ~1/10 of the width of the
““sinc’” function of Eqg. (10)], which corresponds to
~=+10,000 volt (i.e., inconveniently large) rf excitation
voltage. Therefore, broadband ion cyclotron excitation is
commonly performed by frequency-sweep (*‘ chirp’’) exci-
tation [Fig. 9(c)] (Comisarow and Marshall, 1974; Mar-
shall and Roe, 1980; Marshall and Verdun, 1990), which
achievesthe excitation of arelatively flat magnitude over a
broad frequency range by use of arelatively low excitation
voltage (see Section VII).

The disadvantages of chirp excitation are evident in
Fig. 9(c): nonuniform excitation amplitude (translating to
variation in apparent ion relative abundances) across the
spectrum, and limited mass selectivity at the start and
end frequencies of the sweep. Fortunately, a very general
excitation mode is made possible by the highly linear exci-
tation/response of ICR. The idea is simply to reverse the
process, and begin by defining the desired excitation pro-
file in the mass-domain, converting it to a frequency-do-
main excitation spectrum, and performing an inverse Fou-
rier transform to generate the desired time-domain excita-
tion waveform (Marshall et a., 1988; Marshal et a.,
1985), as shown in Figs. 9(d),(e). In this way, one can
create mass spectral ‘‘windows'’ within which none (or
al) of the ions are excited or gjected, thereby providing
complete broadband mass selectivity for MS/MS or for
enhanced dynamic range (Wang et a., 1986) by selective
gection of highly abundant ions. SWIFT achieves the flat-
test and most frequency-selective excitation magnitude
spectrum theoretically possible for a given time-domain
excitation period. The principles and usesfor SWIFT exci-
tation [for both Penning (ICR) and Paul (quadrupole)] ion




traps have recently been reviewed (Guan and Marshall,
1996).

D. Broadband Detection; Detection Limit

A coherently orbiting ion packet induces a differentia
current between two opposed detection plates and may be
modeled as a current source. The receiver plates and wir-
ing that connect the ion trap to the detection preamplifier
have an inherent resistance and capacitance in parallel
(see Fig. 7) (Comisarow, 1978; Limbach et al., 1993).
Experimentally, at typical ICR frequencies (>10 kHz) the
signal-to-noise ratio is independent of cyclotron fre-
guency. However, at sufficiently low frequency (<10
kHz), the signal varies directly with frequency. Therefore,
throughout most of the frequency range excited by a
broadband chirp or SWIFT waveform in a standard FT-
ICR MS experiment, the detected signal-to-noise ratio re-
flectsthe relative current differential induced on the detec-
tion plates. Furthermore, the detection limit (namely, the
minimum number, N, of ions that may be detected from
an undamped signal in a single 1-s acquisition period to
yielda S/N ratio of 3:1) may be calculated from the follow-
ing equation:

_ CVepp

gA(r) )
in which C is the capacitance of the detection circuit,
Vo IS the peak-to-peak amplitude of the detected voltage
(calibrated for a given spectrometer), and Aq(r) is a coeffi-
cient that is approximately proportional to r and may be
determined graphically (Grosshans and Marshall, 1990).
For example, for typical operating parameters, namely, a
detection circuit capacitance of 50 pF, Vg of 3 X 1077
V, and Ay(r) = 0.5 (i.e, theion is excited to approximately
half of its maximal cyclotron radius), an observed signal-
to-noise ratio of 3:1 corresponds to a detection limit of
~187 ions.

1IV. ION-NEUTRAL COLLISIONS

For ions of a single n/z value, the ICR frequency-domain
response in the absence of collisions looks just like Eq.
(16), and is obtained by Fourier transformation of a digi-
tized time-domain signal to givea‘‘sinc’’ function spec-
trum that looks just like Eq. (9a), except that Tegen IS
replaced by the data acquisition period, Toqn. The simplest
way to treat ion-neutral collisions is to model their effect
as a frictional damping force in the overal ion equation
of motion:

FT-ICR MS: A PRIMER =

Force=m%=qE+quxB—fv. (18)

This model (Beauchamp, 1967; Wobschall et al., 1963)
leads to an exponential damping of the time-domain ICR
signal for N; ions of ICR frequency, v;,

s(t) « Niexp(—t/7;)cos(2rvit), (29

whose Fourier transform yields a Lorentzian frequency-
domain magnitude-mode spectrum.

-
V1 + (w — 27w )22

M(w) o (20)

Thus (see Fig. 10), FT-ICR spectral line shape approaches
the *‘sinc’’ shape in the limit of zero pressure (i.e., 7 >
Tacyens SO that there are essentially no ion-neutral collisions
during data acquisition), and approaches the Lorentzian
shape in the *‘high-pressure’”’ limit (7 < Tyqn) that the
signal has damped nearly to zero during the data acquisi-
tion period. These line shapes define mass resolution and
mass resolving power, as discussed below. = may be de-
fined as follows (Wobschall et al., 1963):

E = M Vcollisions (21)

T rrh)n + rnneulral

in which vison 1S the number of ion—molecule collisions
per second. In order to calculate vegiison, ONE Must first
determine the rate constant for ion—molecule collisions.
At thermal velocity, an ion and a neutral molecule interact
through the ion-induced dipole (‘‘Langevin’’) potentia
(Steinfeld et al., 1989):

r~2

_ a(q .
u(r) = " (S.I. units) (22a)
r~2
u(r) = — O‘Z:j (cgs units), (22b)

inwhich gistheion charge, «’ isthe isotropic polarizabil-
ity of the neutral, r is the distance between the two bodies,
and theion ismodeled as apoint charge. From thisinterac-
tion potentia and the Langevin model, the ion-neutral col-
lision rate constant may be calculated:

r~2
k=_[M9 (sI. unity) (23a)
Eold
2 1~2
k= [T (cos units). (23b)
7

At this juncture, a note about units is in order. k is
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FIGURE 10. Simulated time-domain ICR signals (left) and frequency-domain magnitude spectra (right)
for low-pressure, 7 > Tuqn (tOP), intermediate-pressure, 7 ~ Tuqn (Middle), and high-pressure, 7 < Taggn

(bottom) limits.

almost always reported in cgs units. In cgs units, the ele-
mentary charge, g, is 4.80653 x 10° statcoulombs (el ec-
trostatic units or esu); o’ is in cm® and u (the reduced
mass of the ion and molecule) isin grams. Thus, in order
to obtain the collision frequency for oneion, pressure must
be computed as the number of molecules per cm?®. For
example, suppose that the pressure inside the Penning trap
is1 x 1078 torr, corresponding (PV = nRT) to a neutral
concentration of 3.24 x 10® molecules/cm® at a tempera-
ture of 298.15 K. For an ion of 100 u colliding with
nitrogen (N,) molecules, the neutral polarizability, o',
equals 1.7403 x 10 % cm® (Weast, 1989-1990). From
these values, Eq. (23) yields an ion-neutral collision rate
constant, k = 6.61 X 107'° cm® s™*. If we now multiply
this number by the neutral concentration, then we obtain
Veatison =~ 0.2 collisions per second per ion.

Recently, it has been pointed out that the collisional
model just described derives from a Langevin (ion/in-
duced-dipole) collision model (Langevin, 1905). Although
the Langevin model offers a good description for room-
temperature ions, a hard-sphere collision model is much
more appropriate for the much higher velocities of ions

10

during FT-ICR data acquisition. Equations (17) and (18)
take the form (Guan et a., 1998)

Force = m% =gE + qv xB — fv’ (24)

Instead of an exponential damping of the ion velocity with
time, the ion velocity, v(t), is how represented by

Vo

u(t) = )
1+ vo(rnneutraI/(rWeutral + mon))NJHard Spheret

(25

in which N is the neutral number density, oyad sphere 1S the
hard-sphere collision cross-section, and Myey aNd My, are
the neutral and ion masses, respectively. Although there
is no analytical Fourier transform of Eq. (21), it can be
transformed numerically to yield a frequency-domain line
shape that has a narrow width at half-maximum peak
height, but is very broad at the base. At present, FT-ICR
time-domain signals aretypically weighted (* ‘windowed'’,
‘“‘apodized’’) to suppress the broad base of the ‘‘true’”
hard-sphere line shape; however, the natural line shape
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FIGURE 11. Plot of isopotential surfaces for trapping (left), 2D quadrupolar (middle), and dipolar (right)

potentials.

may prove useful for future quantitation of ion-neutral
collision frequencies (e.g., for comparison to ion mobilit-
ies measured in beam instruments).

V. EFFECTS OF AXIAL CONFINEMENT
OF IONS IN A TRAP OF FINITE SIZE

Up to now, we have considered only idealized ion behavior
in a spatialy uniform B field and an orthogonal spatialy
uniform oscillating E field. Here we show how those re-
sults are modified by the need to perform the experiment
ina‘‘cdl” of finite dimensions. First, a static magnetic
field applied along the z-direction effectively confinesions
in the x- and y-directions, according to the cyclotron mo-
tion described above. However, ions are still free to escape
aong the z-axis (i.e., along or opposed to the magnetic
field direction). In order to prevent such an escape, it is
usual to apply a small (~1 volt) electrostatic potential
(idedlly three-dimensional axia quadrupolar—see below)
to each of two ‘‘end cap’’ electrodes that are positioned
at z= +a/2 from the center of the*‘cell.”” Second, because
the electrodes that generate the electrostatic trapping po-
tential and the excitation (or detection) electric potentials
are necessarily finite in size, the resultant electric field
is nonlinear (and reduced in magnitude) from that from
infinitely extended opposed parallel flat conductive plates.
We next show briefly how these two perturbations affect
the FT-ICR experiment.

A. Axial lon Oscillation Due to a z-
Component of Electrostatic Trapping
Potential

The optimal one-dimensional potentia for axial confine-
ment of ions would be a smple quadratic potential, ®(2)

« (Z/2), because the gradient of that potential yields a
simple harmonic restoring force, so that ions oscillate sinu-
soidally back and forth between the end cap electrodes at
a frequency independent of ion z-position. However, in
three dimensions, Laplace's equation, V2®(x, y, 2) = 0,
requires the addition of termsin x* and y*. Hans Dehmelt
and Wolfgang Paul, in work that laid the basis for their
shared Nobel prize in 1989, exploited the experimentally
convenient (i.e., cylindrically symmetric) three-dimen-
sional axial quadrupolar electrostatic trapping potential of
the form

d(x, Y, 2 = Vtrap<y + P 22 - ¥ — y2)> (264)

or

d(r, 2 = Vtra,,(y + > (27 - r2)> , (26b)

in which r = Vx? + y? is the radial position of the ion in
the x-y plane, a is a measure of trap size, and y and « are
constants that depend on the trap shape (Dehmelt, 1990).
The shape of the potential of Eq. (26) is graphicaly evi-
dent from a plot of its isopotential surfaces (Fig. 11).
Values of y and « for several ICR trap shapes (Fig.
12) in common use are shown in Table 1. The methodol-
ogy for computing v and « for orthorhombic, tetragonal,
and cylindrical traps of arbitrary aspect ratio is available
(Jackson et a., 1997). The dipolar excitation fields for
cubic and cylindrical (unit aspect ratio) traps are essen-
tially identical, if the excitation voltage is ~1.4 times
higher for the cylindrical trap; similarly, the detected sig-
nal from the cylindrical trap is ~0.7 of that for acubic trap
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FIGURE 12. ICR ion trap configurations. E = Excitation; D = Detection; T = End Cap (‘' Trapping’’).
(a) cubic (Comisarow, 1981; Comisarow, 1980); (b) cylindrical (Comisarow and Marshall, 1976; Elkind
et a., 1988; Kofel et a., 1986; Lee et al., 1980); (c) end caps segmented to linearize excitation potential
(“‘infinity’” trap) (Caravatti and Allemann, 1991); (d) and (€) open-ended, without or with capacitive rf
coupling between the three sections (Beu and Laude, 1992; Beu and Laude, 1992; Gabrielse et al., 1989);
(f) dua (Littlejohn and Ghaderi, 1986); and (g) ‘‘matrix-shimmed’’ (Guan and Marshall, 1995).

whose corners just touch the inner walls of the comparable
cylindrical trap. [We have chosen a cubic trap inscribed
(rather than circumscribed) relative to a cylinder, because
both traps each have the largest possible equal diameter,
and thus are equally separated from the inner (cylindrical)
wall of the enveloping vacuum chamber.] The hyperbolic
trap is near-perfect for trapping potential, but is very non-
linear for dipolar excitation. Although capacitive coupling
of the three-cylinder open trap improves its dipolar excita-
tion linearity only slightly for ionsin the z = 0 midplane,
the capacitively coupled design provides near-linear exci-
tation from one end of the trap to the other, and, therefore,
virtually eliminates **z-gjection.”” Also, although Bq. for
the matrix-shimmed trap is not as large as for the cylindri-
cal traps, it closely approximates the *‘ideal’” Squq OF 8/3
(i.e., thelimiting value for an infinitely extended tetragonal
trap). The ‘“infinity’’ trap improves dipolar excitation, but
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not (in the absence of an additional switching network)
dipolar detection, and requires that quadrupolar excitation
be performed with 2-plate rather than 4-plate excitation
(Jackson et a., 1997).

From Eq. (26), it is straightforward to solve the equa-
tion of ion zzmotion

2

Axial Force = mg_tf = —qVo(x, Y, 2 27)

to obtain an ion z-position that oscillates sinusoidally with
time,

2t) = Z0)cos(2rvt) (283)
v, = % /MT‘;;"“ (S.. units) (28b)
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TABLE 1. Trapping [y, « in Eq. (26)], azimuthal dipolar excitation [Sgipoar, EQ. (34)]
and two-dimensional azimuthal quadrupolar excitation [Bqu, EQ. (36)] scale factors

for trap shapes in common use in FT-ICR MS.

Excitation
End cap electrode
Trap shape separation separation Y a Bipolar Boued
| deal NA NA 0.50000 4.00000 1.00000 2.66667
Cube? a d=a 0.33333 2.77373 0.72167 2.77373
Cylinder® a d 0.2787 2.8404 0.80818 3.25522
Infinity a d 0.2787 2.8404 ~0.900° NA¢
Open uncoupled® a d 0.14527 3.86798 0.86738 3.30527
Open coupled® a d 0.14527 3.86798 0.89699 3.34800°
Hyperbolic? a d=12a 0.44403 4.0905 0.66483 2.6469
Matrix-shimmed cube a d 0.50000 3.9254 ~q1n 2.6264

2 (Rempel ¢ al., 1986).
P Unit aspect ratio (Kofel et al., 1986; Mitchell et al., 1994).

¢ Approaches the value of Bgpa for an infinitely long cylindrical trap.

d Cannot perform ‘‘traditional”’ 4-plate quadrupolar excitation without additional circuitry and

switching; however, 2-plate quadrupolar excitation may be used instead.

(Hendrickson et a., 1995).

¢ Three consecutive right circular cylinders, each of unit aspect ratio, capacitively coupled or not. In

this case, a refers to the length of the central cylinder.

" Requires capacitive coupling of the detection electrodes as well as the excitation electrodes.

9 (Knight, 1983; Yin et al., 1992).

"Up to aradius of a/4 (i.e., halfway from the trap central axis to the side of the trap).

Vi
v, = 221088 x 10° || 2=

(yz in Hz; V,,

.p iN VOIts; @in m; Min u;
Zin multiples of elementary charge

). (28¢c)

For example, for Vi, = 1 volt in a cubic trap of side
length, a = 2.54 cm, an ion of M/z = 1000 will oscillate
at a‘‘trapping’’ frequency of 4,580 Hz.

B. Radial lon “Magnetron” Rotation Due to
a Combination of B-Field and r-Component
of Electrostatic Trapping Potential

Thed.c. ‘‘trapping’’ potential of Eq. (26) aso produces a
radia force:

Radial Force = gE(r) = q\/;%ﬂ r. (29)

The radia electric field that acts on the ion produces
an outward-directed electric force that opposes (and, thus,
has opposite sign with respect to) the inward-directed Lo-
rentz magnetic force from the applied magnetic field. We
can now combine Eq. (29) with Eg. (4a) to obtain the
equation for ion motion subject to astatic B = —Bgk field

and athree-dimensional axia quadrupolar electrostatic po-
tential of Eq. (19b):

Virap®t
Force = mw%r = qBowr — q‘—rjpr
a

(30a)

or

w2 _ qBOw + thraZa = 0.

-~ e (30b)

Note that Eq. (30b) is a quadratic equation in w, but that
w is independent of r! That is the great advantage of the
three-dimensional axial quadrupolar d.c. trapping poten-
tial—namely, each resultant ion motional frequency (see
below) isindependent of ion position inside the trap. Solv-
ing Eq. (30b) for w, we obtain two natural rotational fre-
guencies (in rad s™) in place of the original ‘‘unper-
turbed’’ cyclotron frequency that is observed in the ab-
sence of a d.c. trapping potential.

2 2
wy = % + <%°) — % (‘*Reduced’’ cyclotron frequency)
(31a)

13
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FIGURE 13. lon motion in a 2 in. cubic Penning trap in a perfectly homogeneous magnetic field of 3T
for an ion of Mz 2,300, for 10V trapping voltage. The three natural motional frequencies and amplitudes

have relative magnitudes given by: w, = 4.25 w,, w,

= 85w, p. = 4z, = 8p, (Schweikhard et a.,

1995). Note that the field produced by a cubic trap is not perfectly quadrupolar as manifested by the shape
of the magnetron orbit (not a perfect circle) in the xy plane. The magnetic field points in the negative z

direction.

2

wo=2e_ [(2) — %2 (“Magnetron” frequency) (31b)

2 2 2
in which
W, = 2qu;pa

V ma

(“‘Trapping’’ oscillation frequency, in S.I. units)  (31c)
and

_ 9B .. " .
we =" (“*Unperturbed’’ cyclotron frequency, S.I. units).

(49)

The three natural ion motional modes (cyclotron rota-
tion, magnetron rotation, and trapping oscillation) are
shown in Fig. 13, and their relative frequencies as a func-
tion of ion m/z and d.c. trapping potential are shown in
Fig. 14 (Schweikhard et al., 1995). The magnetron and
trapping frequencies are usually much less than the cyclo-
tron frequency, and generally are not detected (except as
small sidebands when the ion trap is misaligned with the
magnet axis and/or the ion motional amplitudes approach
the dimensions of the trap) (Allemann et a., 1981; Mar-
shall and Grosshans, 1991; Mitchell et a., 1989).

14

C. Mass Calibration

Equation (31a) shows that the imposition of a quadrupolar
d.c. trapping potential reduces the ion cyclotron orbital
frequency, because the radially outward-directed magnetic
field effectively reduces the magnetic field strength. In the
absence of electric space charge and trapping potentials,
measurement of the frequency of a single ion of known
mass would serve to calibrate the magnetic field strength,
from which the myz values of all other ions in the mass
spectrum could be computed from Eq. (44). However, the
introduction of atrapping potential changes the ICR mass/
frequency relation to the form shown in Eq. (31a), from
which Eq. (32) can be derived (Ledford et a., 1984). A
and B are constants obtained by fitting a particular set of
ICR mass spectral peak frequencies for ions of at least
two known m/z values to Eq. (32).

m_A,S (32)

vy

Vi

Strictly speaking, Egs. (31) and (32) should be valid
only in the single-ion limit (i.e., no Coulomb interactions
between ions). In practice, however, FT-ICR MS experi-
ments are usually performed with sufficiently few ions so
that the space charge perturbation is small; moreover, the
perturbation affects calibrant and analyteions. That’ s basi-
cally why ICR mass calibration works so well, even when
many ions are present. ‘‘Internal’’ calibration (i.e., cali-
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FIGURE 14. Left: Mass-to-charge ratio (m/z) dependence of the frequency of each of the three ion natural
motions (cyclotron rotation, magnetron rotation, and axial oscillation) in an ICR (Penning) ion trap [see
Eq. (31)]. At m/zvalueswell below the ‘**critical’’ m/z, the reduced cyclotron frequency, v, is approximately
inversely proportional to m/z, whereas axial frequency, v,, is approximately inversely proportional to the
sguare root of m/z, and magnetron frequency is nearly independent of m/z. At the ‘“‘critical’’ m/z value, v,
=v_ = z/z/& = vJ2 [see Eq. (40)]. At or above the ‘‘critical’’ m/z vaue, ions are no longer trapped.
(Reproduced, with permission, from (Guan and Marshall, 1996).) Right: Natural motional frequencies as
afunction of d.c. trapping potential. Note the maximum trapping potential above which ions are not confined

redially.

brant ions are present along with analyte ions in the same
sample) typically improves mass accuracy by a factor of
at least 3 compared to ‘‘external’’ calibration (i.e., calibra-
tion is performed on a separate sample from the analyte).
External calibration works best when calibrant ions are
excited to the same cyclotron radius as analyte ions, and
when the number of ions in the trap is the same for both
experiments.

Vi. QUADRUPOLAR EXCITATION,
AXIALIZATION, AND ION
REMEASUREMENT

So far, we have shown that athree-dimensional axial quad-
rupolar electrostatic potentia (Fig. 11, left) is optimal for
trapping ions for ICR, and that a one-dimensional linear
rf electric potentia (Fig. 11, right), which produces a spa-
tially uniform rf electric field, is optimal for ICR excita-
tion/detection. We now discuss the purpose of a two-di-
mensional azimuthal quadrupolar rf potentia (Fig. 11,
middle). It can be shown (Bollen et al., 1990) that such
a potential (oscillating at the unperturbed ion cyclotron

frequency, w. = qBy/m) periodically interconverts mag-
netron and cyclotron motions. As a matter of fact, it has
been shown that such an experiment isformally anal ogous
to resonant excitation in a two-level spin one-half mag-
netic resonance experiment: conversion from pure mag-
netron to pure cyclotron motion corresponds to population
inversion by a w-pulse (Guan, 1992).

In the presence of collisions, ion magnetron radius
increases slowly with time, whereas ion cyclotron radius
decreases rapidly with time. Thus, if magnetron radius
(i.e., the radia position of the center of an ion cyclotron
orhit) is converted to cyclotron radius (by two-dimensional
azimuthal quadrupolar excitation at frequency, w.), then
collisions will rapidly damp the cyclotron motion to zero,
and ions will relax toward the central axis of the ion trap.
The interconversion frequency is given by (Guan et a.,
1994)

3(2.66667)qV,. .
Winterconvert = w (S.1. units)

2md¥(w, — w_) (333)

or

15
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9.77601 X 10°2Vqyu
md®(v, — v_)

Freguencies in Hz; Vg4 in volts; d inm; min u; (33b)
z in multiples of elementary charge ’

Vinterconvert =

in which £V is the voltage applied to electrodes sepa-
rated by d m, and 2.66667 is an ideal scaling factor that
corresponds to an infinitely extended tetragonal trap (8quad,
see next section), in the configuration shown in Fig. 11
(middle). For example, for ions of m/z 1000, the applica-
tion of two-dimensional azimuthal quadrupolar excitation
of =1 volt amplitude to electrodes separated by 2.54 cm
in the configuration of Fig. 11 (middle), at the unperturbed
ion cyclotron frequency (107,500 Hz at 7.0 teda), will
interconvert magnetron and cyclotron motion at a fre-
quency of ~141 Hz. Thus, if those ions have zero initia
cyclotron radius at time, zero, then their magnetron motion
will be completely converted to cyclotron motion in
(%Vinterconvert)v or ~3.5 ms.

The conversion of magnetron motion to cyclotron mo-
tion, followed by collisional damping of the cyclotron
radius, has come to be known as quadrupolar axialization
(Guan et a., 1994). By ‘‘shrink-wrapping’’ a packet of
ions that was initially distributed widely in radius (e.g.,
asaresult of ion initial formation or injection into the ion
trap), axialization improves virtually every aspect of FT-
ICR performance: mass resolving power and mass accu-
racy; cooling of ion internal energy; mass selectivity for
MS?; collision-induced dissociation efficiency; transfer ef-
ficiency in dua-trap experiments; and ion remeasurement
efficiency. lon remeasurement (Speir et a., 1993; Wil-
liams et al., 1990) is especialy useful for improving the
signal-to-noise ratio (and improving the ICR detection
limit) (Solouki et a., 1995) and for high-resolution MS"
(Solouki et a., 1996). Finally, quadrupolar axialization
combined with nondestructive ICR detection enhances
user-interactive FT-ICR MS (Guan and Marshall, 1997).

VIl. EFFECT OF TRAP SIZE AND SHAPE
ON DIPOLAR AND TWO-DIMENSIONAL
QUADRUPOLAR EXCITATION

Equations (13) and (14) give the ion cyclotron radius,
r, and trandlational energy, K.E., after single-frequency
resonant azimuthal dipolar excitation by a spatially uni-
form rf electric field. To agood approximation, those equa-
tions also apply for similar excitation in a finite-size ion
trap by inclusion of a scaling factor, 5.

— ﬁdi polarEOTexcile
2B,

r (349)
or

16

_ B dipolaer— p Texcite

208, (S.I. units)

(34b)

or, for broadband frequency-sweep dipolar excitation,

1
otar Ve Qween Rafe
ﬁ dipolar ¥ p—p m

r= 208, (34¢)

and

_ ﬁgipolarquS(Texci te)2

K . E-pos»excit’ n — 8m (35a)

— IB gi pol arqzvizrp(Texcite) 2

8d°m (S1)

KE _ 120607 x 107 B3 012 Vi p(Texcire)*
+~+post-excit’n d2m

(35b)

1
1.20607 X 10" Bz’ Vi p e
- ) Baipotar2~ Vp_p Sweep Rate

+~*post-excit’n
d’m

(35¢)

in which energy isin eV; V,, isin volts; Tegen isin s, d
isin m; misin u; and z is in multiples of elementary
charge. For example, for single-frequency resonant excita-
tion at 10 V,, for 400 us in a cubic Penning trap whose
excitation plates are 2 cm apart, in a7 T magnet field, the
post-excitation cyclotron radius is 1.03 cm. Alternatively,
ions having a wide range of mass-to-charge ratios may be
excited to the same radius by frequency-sweep excitation
(spanning the ICR frequencies of interest) of amplitude,
Vop = 123 V, a a sweep rate of 1.00 x 10° Hz/s. It is
worth noting that the magnitude mode spectral peak height
is proportional to 1/vSweep rate.

Values of Bgipoar fOr several ICR trapsin common use
areshownin Table 1. A methodology for computing Baipolar
for orthorhombic, tetragonal, and cylindrical traps of arbi-
trary aspect ratio is available (Jackson et al., 1997).

Similarly, Eq. (33) for the interconversion frequency
for azimuthal two-dimensional quadrupolar excitation is
re-scaled as Eq. (36). Values of By for several ICR traps
in common use are shown in Table 1, and formulas for
computing Squ.q for orthorhombic, tetragonal, and cylindri-
cal traps of arbitrary aspect ratio have been published
(Jackson et d., 1997).
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Ideal scaling factors for all three potentials (dipolar
excitation, quadrupolar excitation, and quadrupolar trap-
ping) are closely approached by the potentials generated
by the ‘‘matrix-shimmed’’ trap (Fig. 12). For example,
B ~ 1 for the ** matrix-shimmed'’ trap. The ** matrix-
shimmed’’ trap consists of a cubic trap in which each side
issegmented into a5 X 5 grid for atotal of 150 electrodes.
A near-perfect potential is created by applying the appro-
priate voltage to each of these electrodes. The **matrix-
shimmed’’ trap is an example of inverse logic and is dis-
cussed in the ion trap review article by Guan (Guan and
Marshall, 1995). Although the matrix-shimmed trap is
near-perfect in trapping, dipolar excitation, and quadrupo-
lar excitation potential shape, its actual construction neces-
sarily adds so much capacitance that its excitation and
detection efficiency are unacceptably low.

VIIl. MASS RESOLVING POWER, MASS
RESOLUTION, AND MASS ACCURACY

From the first derivative of Eq. (4) with respect to m,

d_wc _ —0gBo We

== 37
dm vy m (37)
we obtain the useful relation,
we . m
d_wc = am . (38&)

It isusua in al types of Fourier transform spectros-
copy to define resolution as the full width of a spectral
peak at half-maximum peak height: namely, Awsy, Or
Amgy, for frequency-domain or mass-domain FT-ICR
spectra, because a valley just begins to appear between
two peaks of equal height and shape when they are sepa-
rated by slightly more than Awsg, O Amsg,. Resolving
power is defined as w/Awsy, OF M/ AMgy,, respectively.
Equation (38) shows that frequency resolving power and
mass resolving power in ICR mass spectroscopy are the
same (except for a minus sign).

Because the frequency of an FT-ICR mass spectral

FT-ICR MS: A PRIMER =

peak is approximately gBy/m, experimental mass resolu-
tion in EqQ. (38) can be expressed as

m_ qB,
Amy, MAwsq,

(S.I. units). (38b)

It is useful to evaluate ICR mass resolution for either T
> 7 (high-pressure limit) or T < 7, where T is the time-
domain acquisition period and 7 is the time-domain expo-
nential damping constant [Eq. (19)]. The results are shown
in Table 2. At the low-pressure limit, the time-domain
ICR signal persists, undamped, throughout the acquisition
period, T. At the high-pressure limit, the ICR time-domain
signal damps essentially to zero during the acquisition
period.

In the low-pressure limit, the corresponding FT-ICR
mass spectral peak width is independent of m/z. Thus, as
Mz increases, the peak width remains relatively constant,
but the peaks are closer together, because ICR frequency
varies inversely with m/z. That is why [see Eq. (38) and
Table 2], for a given ion-neutral collision frequency, ICR
mass resolving power (at constant By, for a given Taqn)
varies inversely with m/z, as shown in Fig. 15.

It isworth noting that Fig. 15 applies to other magnet-
based mass separators (notably ‘‘magnetic sector’’ mass
spectrometers). However, in magnetic sector mass spec-
trometry, it is usual to vary the magnetic field strength in
order to bring ions of a given m/z into focus. In that case,
magnetic sector mass resolving power might follow one
of the dashed linesin Fig. 15 (i.e., if FT-ICR and magnetic
sector mass resolving power are the same at m/z 1000,
then the sector resolving power will remain constant
throughout the my/z range, whereas the FT-ICR resolving
power will increase with decreasing nvz). Thus, FT-ICR
M S achieves the highest mass resolution possible for mag-
net-based mass analysis by operating at the maximum
magnetic field strength throughout the mass range. (A
fixed-field magnet also produces a spatially more homoge-
neous field, thereby further increasing mass resolving
power.)

IX. UPPER MASS AND ENERGY LIMIT(S)

A. Trap Dimension Mass Limit

Because an ion trap must contain ‘‘side’”’ electrodes in
order to provide for excitation and/or detection of the ICR
signal, it is clear that the ultimate upper mass limit is the
mass at which the ion cyclotron radius of a thermal ion
reaches the radius of the trap. Equation (7) givesthe cyclo-
tron radius of an ion of average thermal trandational en-
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TABLE 2. FT-ICR mass resolution, Amsy,, and mass resolving power, VA Mgy,
in which Amgy, is the full magnitude-mode FT-ICR mass spectral peak width at
half-maximum peak height (Marshall et al., 1979). Tuqn is time-domain ICR
signal acquisition period, and 7 is the collisional damping constant [Eq. (19)].

Low-pressure (Tagn < 7)

High-pressure (Taqn > 7)

Amg 7.583 m?
" 9 Bo Tagrn
Amg 7.859 x 1078 n?
% Z By Tacgn
m 0.132 q By Tasgn
AMggo m
m 1.274 X 107 2 By T
AMsgy, m

243 (S.1. units)
q BO T
—8
3590 x 10°° (m/zin u per elementary charge)
zZ Bo T
q BO T .
S.I. units)
2Bm )
U
w (m/z in u per elementary charge)

ergy, KT, from which we can solve for the highest mass
ion for which the cyclotron radius is less than the trap
radius, d/2. Rewriting Eq. (7),

O°Bar fx :
Mypper = KT (S.1. units) (39
1 10 100 1000 104
m/z

FIGURE 15. FT/ICR theoretical mass resolving power at 1.0, 3.0, 4.7,
7.0, and 9.4 teda as a function of mass-to-charge ratio, m/z, in u per
elementary charge, in the low-pressure limit (i.e., no ion-neutral colli-
sions during the detection period), for Tyn = 1 msor 1 s, and a fixed
ion-neutral collision frequency. Although mass resolving power de-
creases with increasing m/z, mass resolution can be spectacularly high
if the time-domain acquisition period is long enough. The dashed lines
indicate mass resolving power for magnetic field-swept instruments (e.g.,
magnetic sectors).
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5598 x 10"'22Byr2,,
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r in m; By in tesla; minu; T in K;
Zin multiples of elementary charge

), (39b)

we find that at 7.0 tesla, the upper mass limit for a singly
charged room-temperature ion would be ~5.89 megaDal-
ton in atrap of one-inch cross-sectional radius. Of course,
the actual upper mass limit will be smaller, because ions
must begin with an ICR orbital radius much smaller than
that of the trap to generate a detectable coherent signal by
exciting the ion’s cyclotron orbital maotion to a larger ra-
dius for detection.

B. Trapping Potential Mass Limit

Equation (39) is valid only in the absence of an electric
field (from either the applied electrostatic trapping poten-
tial or Coulomb repulsions between ions). In the presence
of athree-dimensional axial quadrupolar electrostatic trap-
ping potential, Fig. 14 shows the magnetron, reduced cy-
clotron, and trapping oscillation frequencies as a function
of m/z. Analysis of Egs. (31) shows that the magnetron
and reduced cyclotron frequencies converge to a common
value, w, = w_ = wd2 = gBy2m, at the so-called ‘*criti-
ca’’ m/z (Ledford et a., 1984), namely, when

2 2
We w5
>) =5 40
( 2) > (40)
or
22
Muiies = T2 (51 Units) (41a)
AV a0t
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FIGURE 16. Upper mass limit for a singly charged ion in a cubic
Penning trap, for each of five common magnetic field strengths: 1.0, 3.0,
4.7, 7.0, and 9.4T. At V; = 1V, each arrow denotes the highest m/z
for which an ion has a stable orbit, independent of ion initial velocity
(temperature).

1.20607 x 10zBZa?
Vot

trap

critical

ainm; By in T; Min u; V,,, in volts;
Zin multiples of elementary charge

). (41b)

For m/z > Mgica, 10N cyclotron motion is no longer stable,
and the ion spirals outward until it is lost from the trap.
For example, at 7.0 tesla, for Vi, = 1 volt applied to a
cubictrap (o = 2.77373) of a = 2.54 cm, Myijica = 274,000
z. Figure 16 shows the dependence of My ON trapping
voltage, at each of five magnetic field strengths. (The ac-
tual upper mass limit in each case is dightly lower, if we
specify that (say) 99% of thermal ions fit within the one-
inch separation between the detector electrodes.) Figure
16 also shows the desirability of cooling the ions so that
the trapping potential may be lowered, thereby increasing
the upper mass limit.

C. Trapping Potential Energy Limit; Space
Charge and the Peak Coalescence
Mass Limit

Obviously, ions with trandational energy higher than the
potential well depth (which in turn scales linearly with the
trapping potential applied to each end cap electrode) can
escape axially from the trap. That problem may be solved
by increasing the trapping voltage; however, it is aso

FT-ICR MS: A PRIMER =

possible to trap too many ions. In fact, when more than
~10,000 ions are present in the trap, it becomes necessary
to consider the static and dynamic effects of ion—ion repul-
sions. It can be shown that, in a spatially uniform static
electromagnetic field, Coulomb repulsions between ions
do not affect the ICR orbital frequency of the ion packet
(Wineland & Dehmelt, 1975). However, in the spatially
nonuniform electromagnetic field of a typical ion trap,
Coulomb repulsions can shift and broaden FT-ICR mass
spectral peaks by pushing like-charge ions apart into re-
gions of a different applied external electric or magnetic
field.

Peak coalescence (i.e., observation of a single FT-
ICR mass spectral peak whose width is narrower than the
separation between the cyclotron frequencies of ions of
two different m/z) occurs when two ion clouds have suffi-
ciently large ion populations and very similar mass-to-
charge ratios (see Fig. 17). Theoretically, for two very
long cylindrical ion clouds whose single-ion cyclotron (R;)
and ion cloud radii (p.) are initially overlapping, the ion
clouds coalesce if the difference in cyclotron frequency,
w, — wy, between the two clouds is

NG + NoQ

Awe < = )
2m g0l BoRSert

(42)

in which g, is the vacuum permittivity, N;g; or N.q, is the
total charge contained in each cylinder, L is the length of
cylinder, and B, isthe magnetic field induction. s4 =~ 1.04
pc is calculated numerically, based on an initial separation
between the two ion clouds of the order of the ion cloud
radius p. (Mitchell and Smith, 1995). Thus, the tendency
for two ion clouds to coalesce to a single experimentally
observable ion cyclotron frequency varies directly with
the number of ionsin each cloud, and inversely with mag-
netic field strength and ion cyclotron orbital radius.

Furthermore, one can determine the maximum molec-
ular weight at which coalescence first occurs from (Mitch-
ell and Smith, 1996):

Mo ~ 3.2 Bo, [2ERLAM o) ity (439)
Na\/e
My ~ 2.33327 X 10°B, ,m}:\;:in (L, R,, peincm, min u)

(43b)

in which N is N; + No/2 is the average number of ions
in the two clouds. Equation (43) leads to a particularly
useful theoretical prediction, namely, that the highest mass
at which ions whose masses differ by one Da begin to
coalesce is ~10,000 B, Da (Mitchell and Smith, 1996).
Although based on a highly idealized theoretical model
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Partially Deuterated Leucine Enkephalin
Tyr-Gly-Gly-Phe-Leu
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FIGURE 17. Coulomb-mediated peak coalescence. Left: MALDI FT-1CR magnitude-mode mass spectrum
of quasimolecular ions, (M + H)™, of deuterated leucine enkephalin. Although mass resolving power greater
than 550,000 has been achieved (see Experimental peak in right spectrum), the *?C2H/*C'H doublet is not
resolved (see Theoretical doublet computed from two magnitude-mode Lorentzians at a resolving power
of M/Amsy, =~ 550,000 in right panel), due to the Coulomb interaction of ions of two nearly identical
mass-to-charge ratios. (Reproduced, with permission, from Pasa-Talic et a. (Pasa-Tolic et a., 1995)).

(and, therefore, not to be taken too literally), Mitchell’s
result provides good insight into the variables that affect
peak coalescence.

X. ION SOURCES

A. Internal lonization

Successful application of the FT-ICR MS technique re-
quires ionization and trapping of the species of interest.
For volatile compounds, these processes may be achieved
by leaking the corresponding neutral vapor into the volume
of the ion trap (either through a valve or by applying
less volatile substances to a probe surface, positioning the
probe adjacent to the ion trap, and heating to vaporize the
substance) and ionizing in situ (known as internal ioniza-
tion). The most common internal ionization technique is
electron ionization (photoionizationisaso in use). In elec-
tron ionization (El), an electron beam of controllable en-
ergy and current (typically 70 eV and ~1 uA) is directed
through the center of the ion trap for a specified time
period. The interaction between the electrons and neutra
molecules can result in either the gection of a valence
electron to form positive ions or (for very low energy
electrons) electron captureto form negative ions. The elec-
tron beam can also be used to perform chemical ionization
(CI), in which a suitable reagent is ionized by the electron
beam and undergoes proton or electron transfer to form a
chemically ionized analyte. Photoionization (Pl) is typi-
caly performed in the same manner but with a suitable
light source (i.e., laser, arc lamp, etc.) directed along the
central axis of the ion trap (although not required, ions
are amost always formed or injected along the central
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trap axis for optimal FT-ICR performance). These tech-
niques were thefirst to be implemented with FT-ICR mass
analysis, and have provided ions for a voluminous number
of studies that relate to ion—molecule reaction pathways,
ion structure and energetics, kinetics, and compound iden-
tification (Asamoto and Dunbar, 1991; Chiarelli and
Gross, 1988; Eller and Schwarz, 1991; Freiser, 1988;
Freiser, 1996; Nibbering, 1990).

B. External lonization

Although internal ionization methods encompass a wide
range of experiments, it is often desirable to couple FT-
ICR mass analysis with ion sources that form ions outside
the trap, mainly because nonvolatile substances that are
not amenable to heating can be effectively desorbed into
the gas phase and ionized (i.e., metals, peptides, proteins,
oligonucleotides, oligosaccharides, lipids, synthetic poly-
mers, etc.). These external (to the ICR trap) ionization
methods may be divided into two categories. In the first,
the nonvolatile substance is deposited on a probe surface
and the probe is positioned adjacent to the ion trap. A
desorption/ionization event follows and the resulting ions
can be directed toward the trap and captured. Examples
include laser desorption/ionization [or laser desorption of
neutrals followed by electron ionization (Lubman, 1990)]
and matrix-assisted laser desorption/ionization (MALDI)
(Castoro et a., 1992; Hettich and Buchanan, 1991), as
well as many others (Amster et al., 1987; Castro and Rus-
sell, 1984; Hill et a., 1991; Wang et a., 1990; Williams
and McL afferty, 1990). The second class of external ion-
ization techniques operates at such a high pressure (>1
torr) that the ion source must be separated from the ion
trap by several stages of differential pumping in order to




achieve the necessarily low pressure (<1 x 1078 torr)
required for optimal mass analysis. These methodsinclude
electrospray ionization (Henry and McLafferty, 1990;
Henry et al., 1989), cluster sources (Alford et al., 1986),
and high-pressure sources (Hop et al., 1990; Kofel and
McMahon, 1990). The multiple pumping stages usually
require that the source be located outside the solenoidal
ICR magnet [see (Hofstadler and Laude, 1992) for an
exception] so that the ions formed by these methods are
injected through the magnetic fringe field by a suitable
ion guide [electrostatic Einzel lenses (Kofel et al., 1986),
multipole rf ion guides (Mclver et al., 1985), and dc wire
ion guides (Limbach et a., 1993) have been used]. Al-
though more complex, the ion guides have worked well
enough so that many ionization techniques that can be
located inside the magnet have also been implemented
outside the magnet (Marto et a., 1994; Mclver et d.,
1994), usually for conveniencein accessing theion source.

C. Chromatographic Interfaces

FT-ICR MS is capable of powerful mixture analysis due
to its high mass range and ultrahigh mass resolving power.
However, in many cases it is still desirable to couple a
chromatographic interface to the mass spectrometer for
sample purification, preconcentration, and mixture separa-
tion. The first separation technique to be coupled with FT-
ICR was gas chromatography (GC) (Larsen €t al., 1986).
The GC effluent is admitted into the ion trap region of the
vacuum chamber, and ions are formed with an electron
beam. More recent efforts have focused on liquid chroma-
tography (LC) (Senko et a., 1997; Stacey et a., 1994;
Stockton et al., 1991) and capillary electrophoresis (CE)
(Hofstadler et al., 1993); both were coupled to the mass
spectrometer by use of electrospray ionization. These cou-
plings have produced exciting new advances in the analy-
sis of biopolymers that are present in complex biological
matrices (Hofstadler et a., 1996; Senko et al., 1997).

XI. MS/MS AND MS": CAD (SORI, MECA,
VLE), IRMPD, SID, BIRD

Tandem mass spectrometry (MS/MS or MS") consists of
the activation of primary (‘‘precursor’’) ions, dissociation
or reaction, followed by mass anaysis of the resulting
secondary (‘‘product’’) ions. In an FT-ICR instrument,
activation is commonly achieved by collisions of ionswith
neutrals [collision-activated dissociation (CAD) or colli-
sion-induced dissociation (CID)] (Cody et al., 1982) or
surfaces [surface-induced dissociation (SID)] (Castoro et
al., 1992; ljames and Wilkins, 1990; Williamset al., 1990),
ultraviolet photodissociation (UVPD) (Bowers et a.,
1984), multiphoton infrared photodissociation (IRMPD)
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FIGURE 18. Time evolution of ion cyclotron radius (left) and ion xy-
trajectory (right) for each of three ICR techniques for ion multiple activa-
tion based on repeated single-frequency dipolar excitation for collision-
induced dissociation (CID). In sustained off-resonance irradiation (SORI)
(Gauthier et al., 1991), ions of a selected m/z ratio are alternately excited
and de-excited due to the difference between the excitation frequency
and theion cyclotron frequency. In very low energy (VLE) CID (Boering
et al., 1992), ions are aternately excited and de-excited by resonant
excitation whose phase aternates bimodally between 0° and 180°. In
multiple excitation for collisional activation (MECA) (Lee et a., 1993),
ions are resonantly excited and then allowed to relax by collisions. (Re-
produced, with permission, from (Guan and Marshall, 1996).)

(Little et al., 1994; Peiris et al., 1993; Woodlin et a.,
1978), or blackbody infrared dissociation (BIRD) (Dunbar
and McMahon, 1998). For CAD (CID) of macromolecular
ions, the most popular method is sustained off-resonance
irradiation (SORI) (Gauthier et al., 1991), athough very
low-energy (VLE) (Boering et a., 1992) and multiple ex-
citation collisional activation (MECA) (Lee et al., 1993)
are also available. Figure 18 shows that SORI, VLE, and
MECA each provide for periodic excitation of ion cyclo-
tron radius (and thusion translational energy) to an adjust-
able maximum value; SORI tendsto be preferred, probably
because it is the simplest to implement and tune.
Photodissociation of large biomolecules has also
proved effective for biomolecule characterization. Typi-
cally, IR (10.6 um) laser photons are used for ‘‘ slow heat-
ing,”” and fragments similar to those obtained by CAD are
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FIGURE 19. FT-ICR mass spectrometry performance parameters as a function of applied static magnetic
field induction, B,. Left: Parameters that increase linearly with increasing magnetic field. Right: Parameters
that increase quadratically with increasing magnetic field.

produced (Little et a., 1994). One advantage of IRMPD is
that gas pulses are not necessary, so that high-resolution
FT-1CR detection can occur quickly after dissociation (no
pumpdown is required). An aternative to laser photodisso-
ciation takes advantage of the blackbody radiation pro-
duced by a heated vacuum chamber (BIRD) (Price et d.,
1996). lons are confined in the hot ICR trap (10—1000 s),
where ion structure- and temperature-dependent interac-
tion with the blackbody radiation occurs. A unique feature
of BIRD is that the ion cloud assumes a known (i.e.,
Boltzmann) and controllable internal energy distribution.
Thus, information on dissociation energetics and mecha-
nisms can be obtained from the temperature-dependence
of the unimolecular dissociation rate constants (Price et
al., 1996).

Finaly, SID has been investigated as a probe of ion
structure by FT-ICR MS. The advantage of SID is the
potential for high internal energy deposition with a rela
tively narrow distribution. However, results to date indi-
cate that the collection of product ionsis difficult, and that
unique structural information is rarely obtained (Castoro
et a., 1992; Chorush et a., 1995; ljames and Wilkins,
1990; Williams et al., 1990).

XIll. ADVANTAGES OF A HIGH
MAGNETIC FIELD

We noted above that mass resolving power in Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) increases linearly with increasing applied mag-
netic field induction, B, for fixed ion-neutral collision fre-
guency. In fact, eight other FT-ICR primary performance
parameters theoretically also increase linearly (quadrupo-
lar axialization efficiency, data acquisition speed, upper
mass limit for peak coalescence) or quadratically (upper
mass limit due to trapping potential, maximum ion kinetic
energy, maximum number of trapped ions, maximum ion
trapping duration, two-dimensional FT-ICR mass resolv-
ing power) with increasing B (see Fig. 19). [Two-dimen-
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sional FT-ICR MS, like two-dimensiona ‘*NOESY’’ nu-
clear magnetic resonance spectroscopy, provides an auto-
mated method for determining ion—molecule reaction
pathways, kinetics, and equilibria simultaneously for all
primary (‘‘precursor’’) ions in a mixture (Haebel et d.,
1995; Pfandler et al., 1988; Ross et a., 1993)]. The origin
of (and conditions for) the magnetic field dependence of
each of these parameters have been collected and dis-
cussed (Marshall and Guan, 1996; Mitchell and Smith,
1996). These fundamental advantages lead to a corollary
improvement in other FT-ICR performance parameters:
e.g., signal-to-noise ratio, dynamic range, mass accuracy,
ion remeasurement efficiency, and mass selectivity for
MS/MS. Finaly, these various advantages may be ex-
ploited in combination, so as to produce an even higher
enhancement in a particular parameter: e.g., signa-to-
noise ratio can improve by more than a factor of B? if
mass resolving power isfixed at the same value as at lower
magnetic field (Senko et al., 1996).

Xlll. FOURIER TRANSFORM
SPECTROSCOPY ASPECTS

FT-ICR mass spectrometry shares many common con-
ceptual and data reduction features with other types of
FT spectroscopy, as discussed in depth in a recent mono-
graph (Marshall and Verdun, 1990). The homology be-
tween FT-ICR and FT-NMR is deep and virtually com-
plete (Marshall, 1996). The most unique advantage of
FT-ICR as amass analyzer is that the ion mass-to-charge
ratio is experimentally manifested as a frequency. Be-
cause frequency can be measured more accurately than
any other experimental parameter, ICR MS, therefore,
offers an inherently higher resolution (and thus higher
mass accuracy) than any other type of mass measurement.
The introduction of FT techniques to ICR MS (Comi-
sarow and Marshall, 1974; Comisarow and Marshall,
1974) brought not only the Fellgett (multichannel, open-
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FIGURE 20. Low-energy electronimpact ionization 5.6 T FT-1CR mass spectrum, showing ~500 resolved
peaks, for a 1 pL septum injection of raw diesel feedstock. The inset mass window shows resolution of
four ions of different elemental composition at the same nomina mass, each identified with mass accuracy
< 0.3 ppm at a mass resolving power m/Amsy, ~ 100,000. Data kindly provided by R. Rodgers.

ing the exit dlit) advantages of increased speed (factor of
10,000) or increased sensitivity (factor of 100), but also
the advantages of fixed magnetic field rather than swept
field (Comisarow, 1978); namely, increased mass resolu-
tion (factor of 10,000) and increased mass range (factor
of 500). Applications that derive from these advantages
include determination of chemical formulas, particularly
in complex mixtures, detection limit in the attomole
range; and multistage MS".

FT manifestations in ICR include: Nyquist sampling
and foldover (Wang and Marshall, 1988), fast Fourier
transformation, zero-filling (Comisarow and Melka, 1979),
“‘windowing’’ or apodization (Marshal and Verdun,
1990), deconvolution (Marshall, 1979; Marshall and Roe,
1980; Zhang et a., 1997), oversampling (Alber and Mar-
shall, 1990), two-dimensional Hadamard (Williams et d.,
1990) or Fourier (Ross et al., 1993) MS/MS, etc. In addi-
tion, various non-FT methods for obtaining a frequency-
domain (and thus mass-domain) spectrum from a time-
domain ‘‘interferogram’’ ICR signa include: the Hartley
transform (a way of performing a Fourier transform on

real-only data) (Williams and Marshall, 1989; Williams
and Marshadl, 1992), the Bayesian maximum entropy
method (MEM) (Meier and Marshall, 1990; Meier and
Marshall, 1991), and linear prediction (Guan and Marshall,
1997; Loo et al., 1990).

However, several aspects of FT-ICR data reduction
differ from those of FT-interferometry or FT-NMR spec-
troscopy. Notably, the phasing of FT-ICR spectra over a
broad frequency rangeisdifficult (Craig et al., 1987); thus,
spectraare usually reported in magnitude-mode rather than
absorption-mode (Comisarow and Marshall, 1974). As a
result, resolving power is lower than for absorption-mode
by afactor ranging from ~ v3 (Lorentzian peak shape) to
2 (sinc peak shape) (Marshall et ., 1979), and new peak-
fitting algorithms have been devel oped (Serregi and Comi-
sarow, 1987). Apodization of magnitude-mode spectra has
been performed by means of magnitude-mode multiple-
derivative techniques (Kim and Marshall, 1995). More-
over, FT-NMR is conducted exclusively in heterodyne-
mode, whereas FT-ICR MS is often performed by sam-
pling the ICR signal directly without heterodyning. Due
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FIGURE 21. True gradient elution of 5 fmol each of an equimolar mixture of three peptides: Arg?-
vasotocin, methionine enkephalin, and S-casomorphin. Samples were dissolved in artificial cerebrospinal
fluid at 500 attomol/uL each and loaded (10 pL) onto a C18 packed micro-ESI needle. The reconstructed
ion chromatogram is shown below, with ESI FT-ICR mass spectra of individual peptide spectra shown as

insets. Reproduced from (Emmett et al., 1998).

to the need for massively large data sets (several mega
words of time-domain data) to take advantage of poten-
tially ultrahigh mass resolving power over a wide mass
range, data clipping (to as low as 1 bit/word) has been
demonstrated with only modest distortion of the FT spec-
trum (Hsu et al., 1985). Finaly, the ICR time-domain
signal typically exhibits nonexponential damping (Guan
et a., 1998); hence, it is common to apodize the time-
domain signal with a window function (e.g., Blackman—
Harris) that preferentially damps the initia portion of the
time-domain signal prior to Fourier transformation.

XIV. RELATION TO PAUL
(QUADRUPOLE) ION TRAP

The close relation between Penning (ICR) and Paul (quad-
rupole) ion traps is perhaps most evident from the 1989
Nobel Prize, which was shared by Dehmelt and Paul, the
two most famous devel opers of the two techniques. Many
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trapped-ion techniques first introduced in FT-ICR have
since been adapted to the Paul trap: e.g., collision-induced
dissociation of trapped ions (Louris et al., 1990), mass-
selective ion gjection (Goeringer et al., 1992), frequency-
sweep excitation (McLuckey et a., 1991), stored-wave-
form excitation/gjection (Guan and Marshall, 1993; Guan
and Marshall, 1996; Julian and Cooks, 1993; Soni and
Cooks, 1994), Fourier transform detection of an induced
image current (Soni et al., 1996; Syka and Fies, 1988),

and the interfacing of various ion sources to the mass
analyzer.

XV. SELECTED APPLICATIONS
A. Elemental Composition from Accurate
Mass Measurement

A powerful advantage of FT-ICR over other mass ana
lyzers is its accurate mass capability. For singly charged
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FIGURE 22. ES| FT-ICR mass spectra of chondroitinase |. Bottom: Heterodyne data for SWIFT-isolated
ions, 1226 < m/z < 1273, with external ion accumulation (Senko et a., 1997), from 10 co-added time-
domain signals; the peaks at m/z 1240 and 1254 correspond to an unidentified adduct of ~260 Da. Top:
Mass scale-expansion showing unit mass resolution of the isotopic distribution of the z = 91 charge state.

Data kindly provided by N. Kelleher and described in detail elsewhere (Kelleher et al., 1997).

ions of <700 Da, a unique elemental composition can be
assigned directly from the measured massif ~1 ppm mass
accuracy can be achieved (Guan et al., 1996; Zubarev et
a., 1996). An example is shown in Fig. 20, in which
electron ionization FT-ICR mass analysis of raw diesel
fuel feedstock resolves ~500 singly charged ion masses
in the range, 90—300 Da. The ultrahigh resolving power
afforded by FT-ICR MS reveals several different species
at each nomina mass. With proper mass calibration [see
Eg. (32)], the elemental composition of each species can
be assigned unambiguously based on sub-ppm mass accu-
racy. Elemental composition is critical in such analyses,
because it is important to identify and monitor sulfur- and
nitrogen-containing species as they are removed during
the fuel purification process.

B. Detection Limit for Biological Analysis

A fundamental limit of FT-ICR broadband image current
detection is that typically ~100 ions of a given mass-to-

charge ratio are required to induce a measurable signal.
““lon counting’’ (destructive-detection) mass spectrome-
ters are, therefore, inherently more sensitive. However, the
FT-1CR detection limit can still be spectacularly low. With
capillary electrophoresis (CE) coupling, Hofstadler et al.
acquired hemoglobin mass spectrafrom a single red blood
cell that contains ~450 amol of hemoglobin (Hofstadler
et al., 1996). An even lower detection limit has been
achieved in McLafferty’s laboratory, where CE FT-ICR
mass spectra have been observed from sub-attomole pro-
tein samples (Vaaskovic et a., 1996). Further, the same
researchers used a CAD spectrum from 9 amol of carbonic
anhydrase and database searching to unambiguously iden-
tify the protein in spite of N-terminal acetylation. Although
lower detection limits have been obtained with other mass
analyzers, the unigue combination afforded by accurate
mass measurement, ultrahigh resolution, and nondestruc-
tive detection that allow for MS" in combination with a
very low detection limit makes FT-ICR extremely attrac-
tive for biological analysis.
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FIGURE 23. Electrospray ionization Fourier transform ion cyclotron resonance mass spectra (9.4 tesla)
of a mutant (C22A) FK506-binding protein. Top: Natural-abundance isotopic distribution (~98.89% *C;
~99.63% *N). Bottom: Isotopic distribution for the same protein grown on a medium with 99.95% 2C
and 99.99% “N. Insets: Isotopic distributions calculated (same vertical scale) from the chemical formula
for natural-abundance (top) and **C, **N doubly-depleted (bottom) FK506 binding protein. Reproduced,

with permission, from (Marshall et al., 1997).

A key feature common to the impressive results from
Smith and McLafferty is the CE coupling. However, a
major disadvantage of CE sample introduction is the re-
quirement of a fairly concentrated analyte solution. LC
FT-ICR isan attractive alternative for the very dilute solu-
tionsthat are often encountered in biological samples. Fig-
ure 21 shows a selected-ion chromatogram and mass spec-
tra from the LC FT-ICR mass analysis of a three-compo-
nent peptide mixture (Emmett et a., 1998). Each of those
peptides was present at 500 pM concentration in a 100
mM salt aqueous matrix! Sample loading onto a specially
designed nano-L C column/microel ectrospray tip facilitates
sample desalting, preconcentration, and gradient separa-
tion (Emmett and Caprioli, 1994).

C. High Mass

The multiple-charging that is inherent to electrospray ion-
ization (ESI) has revolutionized the mass analysis of large
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molecules (Fenn et al., 1989). Typically, the highest mass
species carry the greatest number of charges, thereby
yielding ions with mass-to-charge ratio (500 < m/z <
2500) especialy favorable for FT-ICR detection even at
very high ion mass. The combination of electrospray ion-
ization with FT-ICR detection has yielded striking results
in the analysis of large ions. Unit mass resolution and
accurate mass analysis are now routine for proteins as
large as 67 kDa (Senko et al., 1996; Speir et a., 1995;
Wood et a., 1995) and have been achieved for two 112
kDaproteins (Kelleher et a., 1997), the highest-mass mol-
ecules for which unit mass resolution has been achieved
(see Fig. 22). In that work, the masses of two chondroitin-
ase enzymes were determined with 3 Da accuracy; that
information helps to obtain FDA approval for use of the
enzymes as drugs. Findly, the trapping and detection of
asingle 100 Megadalton DNA ion with ~30,000 charges
has been achieved (Chen et al., 1995).




D. Isotopic Amplification for Unit Mass
Accuracy of Biomacromolecules

Several related problems arise from the presence of multi-
ple isotopes in biological macromolecular ions. First, a
typical electrospray-ionized protein can take on about 1
proton per kDa, by protonation of available arginine and
lysine residues. Because mass analyzers in general (and
ICR in particular) separate ions based on mass-to-charge
ratio (m/z, in which mision massin u and zis charge in
multiples of the elementary charge), the first problem is
how to determine charge independent from mass. Fortu-
nately, if the isotopic envelope can be resolved to better
than 1 u (asin Fig. 22, top), then adjacent peaks differ by
m/z = 1/z; ergo, the ion charge may be obtained simply
as the reciprocal of the spacing between two adjacent
peaks in the m/z spectrum (McLafferty, 1994). Because
only FT-ICR MS can resolve such multiplets for macro-
molecular ions of more than a few kDa, FT-ICR MS is
the method of choice for mass analysis of such species.

A second (more vexing) problem is that, even if
the m/z for each of the resolved isotopic peaks can be
determined to a ppm accuracy, the molecular weight
can still bein error by awhole Dalton or more, because
(except for the lowest-mass * * monoisotopic’’ species—
namely, the unique elemental composition for which all
carbons are **C, all nitrogens are N, all oxygens are
%0, all sulfurs are *S, etc.), it is necessary to match
the observed isotopic abundance distribution to that pre-
dicted for (e.g.) aprotein of average amino acid compo-
sition (Senko et al., 1995). However, if the relative
abundances are just a bit in error, or if the unknown
protein differs in composition from the average protein
in the database, then the estimated molecular weight can
be in error by 1 or more Da.

A simple solution to the above problem isto express a
protein from aminimal medium that contains **C-depleted
glucose and *N-depleted ammonium sulfate. An example
is shown in Fig. 23. Simulated and experimental e ectro-
spray FT-ICR mass spectra both show that double-deple-
tion of *C and **N effectively narrows and shifts the isoto-
pic distribution to the left, so that the monoisotopic species
is now prominent and easily identified (Marshall et al.,
1997). This technique promises to extend the upper mass
limit for protein mass spectrometry by about an order of
magnitude, and is optimally exploited only by FT-ICR
MS (Marshall et a., 1997). By measuring protein mass
accurately to within 1 Da, it becomes possible to count
the number of disulfide bridges (—S—S— is2 Dalighter
than 2 — SH); identify deamidation (—NH, is 1 Dalighter
than —OH); identify post-translational modifications and
noncovalent adducts; and identify proteome components
directly without prior two-dimensiona gel separation.
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APPENDIX B.

List of physical constants (Cohen and Taylor, 1996)

Elementary charge = q = 1.60217733 x 10~ Coulombs
+ 0.30 ppm = 4.80653 x 10 X stat-
coulombs or esu so that 1 eV =
1.60217733 x 10°%°J

Boltzmann constant = k = 1.380658 x 1072 JK™* + 85
ppm

Molar gas constant = R = 8.314510 Jmol "> K™* + 8.4 ppm

Atomic mass unit = u = Da = 1.6605402 x 107%" kg +
0.59 ppm
Avogadro constant = N, = 6.0221367 X 10* mol~ = 0.59
ppm
Electron mass = 9.1093897 x 10 kg + 0.59 ppm
Speed of light = ¢ = 2.99792458 x 10° m/s
Conversions: 1 eV/c? = 1.782662696 x 10°%* kg =
1.073543836 x 10° u = 0.3 ppm

Pr ecise masses of various common elements (Audi and
Wapstra, 1995)

'H = 1.00782503214 u *= 0.00035 uu (one standard devia-
tion)
2H = 2.01410177799 u = 0.00036 pu
°H = 3.0160492675 u + 0.0011 pu
®He = 3.01602930970 u + 0.00086 uu
“He = 4.0026032497 u = 0.0010 pu
13C = 13.0033548378 u + 0.0010 pu
14C = 14.0032419884 u + 0.0040 pu
1N = 14.00307400524 u * 0.00086 pu
*N = 15.00010889844 u = 0.00092 pu
180 = 15.9949146221 u + 0.0015 pu
0 = 16.999131501 u + 0.22 pu
80 = 17.999160419 u = 0.9 uu
“Ne = 19.9924401759 u + 0.0020 pu
BNa = 22.989769675 u + 0.23 pu
Bg = 27.9769265327 u + 0.0020 pu
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¥p = 30.973761512 u + 0.20 pu
¥S = 31.972070690 u = 0.12 pu
%3 = 33.967866831 u + 0.11 pu
%K = 38.963706861 u + 0.3 uu
OAr = 39.9623831232 u = 0.0030 pu
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Evolution, Innovation, and Applications, ACS Symp. Series,
1987, 359, 205 pp. (book with 11 contributed chapters on FT-
ICR principles and applications).

FT-ICR special journal issues

Pardue, H. L. Analyt. Chim. Acta 178; Special Issue: Fourier
Transform Mass Spectrometry: Fundamental Aspects and An-
alytical Applications; Pardue, H. L., Ed.; 1985, 158 pp.

Comisarow, M. B.; Nibbering, N. M. M. Int. J. Mass Spectrom.
lon Proc. 72, Special Issue; Fourier Transform lon Cyclotron
Resonance Mass Spectrometry; Comisarow, M. B.; Nibbering,
N. M. M., Ed.; 1986, 222 pp.

Wilkins, C. L. Trends in Analyt. Chem. 13, Special Issue: Fou-
rier Transform Mass Spectrometry; Wilkins, C. L., Ed.; 1994,
223-251.

Marshall, A. G. Int. J. Mass Spectrom. lon Processes 137/138:
Soecial Issue: Fourier Transform lon Cyclotron Resonance
Mass Spectrometry; Marshall, A. G., Ed.; 1996, 410 pp.

Complications of FT-ICR literature

Wanczek, K.-P. Int. J. Mass Spectrom. lon Proc. 1984, 60, 11—
60 (comprehensive ICR literature review to that date).

Wilkins, C.L.; Chowdhury, A.K.; Nuwaysir, L. M.; Coates,
M. L. Mass Spectrom. Rev. 1989, 8, 67—92 (inclusive review
of FT-ICR applications from 1986—88).

Dienes, T.; Pastor, S. J.; Schurch, S.; Scott, J. R.; Yao, J.; Cui,
S.; Wilkins, C. L. Mass Spectrom. Rev. 1996, 15, 163—-211
(comprehensive ICR literature review from 1992—mid-96).

Fourier transform techniques

Marshall, A. G.; Verdun, F. R. Fourier Transforms in NMR,
Optical, and Mass Spectrometry: A User’s Handbook; Else-
vier: Amsterdam, 1990 (reasonably comprehensive descrip-
tion of analog and digital FT manipulations as applied to
spectroscopy).

Early history of FT-ICR MS

Comisarow, M. B.; Marshall, A. G. J. Mass Spectrom. 1996, 31,
581-585 (review of the first FT-ICR MS experiments).

Marshall, A. G., Acc. Chem. Res. 1985, 18, 316—322 (historical
review of the early development of FT-ICR mass spectrome-
try).

Gross, M. L.; Rempel, D. L. Science 1984, 226, 261-268 (re-
view of early FT-ICR experiments).

ICR excitation

Schweikhard, L.; Marshall, A. G. J. Am. Soc. Mass Spectrom.
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1993, 4, 433—452 (dipolar/quadrupolar, axial/cyclotron/mag-
netron excitation).

ICR signal generation and detection

Comisarow, M. B. J. Chem. Phys. 1978, 69, 4097—4104 (funda-
mental treatment of ICR signal generation in an infinitely
extended ICR ion trap).

Limbach, P. A.; Grosshans, P. B.; Marshall, A. G. Anal. Chem.
1993, 65, 135—-140 (determination of number of trapped ions
in a cubic trap).

ICR line shape at low, intermediate, and high pressure

Marshall, A. G.; Comisarow, M. B.; Parisod, G. J. Chem. Phys.
1979, 71, 4434—4444 (fundamental relations between relax-
ation and FT-ICR spectral line shape).

SWIFT excitation

Guan, S.; Marshdll, A. G. Int. J. Mass Spectrom. lon Processes
1996, 157/158, 5—37 (comprehensive review).

Penning traps

Brown, L. S.; Gabrielse, G. ‘* Geonium theory. Physics of asin-
gle electron or ion in a penning trap.”’ Rev. Modern Phys.
1986, 58, 233—311 (classic reference for the motions of an
ion in an ideal Penning trap).

Guan, S.; Marshdll, A. G. Int. J. Mass Spectrom. lon Processes
1995, 146/147, 261—296 (comprehensive review).

Vartanian, V. H.; Anderson, J. S.; Laude, D. A. Mass Spectrom.
Rev. 1995, 14, 1-19 (good discussion of open cylindria
traps).

External ion injection

Marshall, A. G.; Schweikhard, L. Int. J. Mass Spectrom. Ion
Processes 1992, 118/119, 37-70 (reviews methods for guid-
ing ions from an externa ion source through the magnetic
fringe field to the ICR Penning trap).

lon-molecule chemistry from FT-ICR MS

Freiser, B. S. Acc. Chem. Res. 1994, 27, 353—360 (review of
selected topicsin organometallic ion chemistry studied by FT-
ICR).

Green, M. K.; Lebrilla, C. B. Mass Spectrom. Rev. 1997, 16,
53-71 (review of ion-molecule reactions as probes of gas-
phase structures of peptides and proteins).

Quadrupolar axialization

Guan, S.; Kim, H. S.; Marshall, A. G.; Wahl, M. C.; Wood,
T. D.; Xiang, X. Chem. Rev. 1994, 8, 2161—2182 (comprehen-
sive review of theory and applications).

Two-dimensional ICR

Haebel, S.; Gaumann, T. Int. J. Mass Spectrom. lon Proc. 1995,
144, 139-166 (reviews Hadamard and Fourier transform
methods for sorting out precursor/product ion connections for
all precursor ions at once).

High Mass FT-ICR MS

Buchanan, M. V.; Hettich, R. L. Anal. Chem. 1993, 65, 245A —
259A (review of FT-ICR mass spectrometry of high-mass
biomolecules).

Holliman, C. L.; Rempel, D. L.; Gross, M. L. Mass Spectrom.
Rev. 1994, 13, 105—-132 (general discussion of problems asso-
ciated with high m/z ions in FT-ICR).

Senko, M. W.; McLafferty, F. W. Annu. Rev. Biophys. Biomoal.
Struct. 1994, 23, 763—785 (review of mass spectrometry of
large biomolecules).




CE FT-ICR MS

Hofstadler, S. A.; Severs, J. C.; Smith, R. D.; Swanek, F. D;
Ewing, A. G. J. High Resol. Chromatogr. 1996, 19, 617—621
(history and ‘* state-of-the-art’’ for CE FT-ICR MS).
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