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A collision algorithm was used with SimIon to evaluate collision-mediated ion ejection
mechanisms in the ICR MS experiment. These mechanisms were characterized based on
kinetic energy, ion mass, applied trapping potential, and collision gas mass. It was found that
there are three collision-based energy regimes for ion loss from a trapped-ion cell. The first
region is characterized by low initial cyclotron kinetic energy, a radial ejection mode, and a
very high collision ratio (�100 collisions per ejection). The second region is characterized by
a medium to high initial cyclotron kinetic energy leading to axial ejection at low collision ratio
(1 to 10 collisions per ejection). The third region is characterized by a high initial cyclotron
kinetic energy, a radial ejection mode, and a collision ratio of unity. It was also determined that
there is a radial cyclotron mode limit, approximately 40% of the cell radius, after which an ion
is ejected after a single collision. This has important consequences on the damping of the
FTICR signal, various cooling techniques, ion activation techniques, and the remeasurement
experiment. (J Am Soc Mass Spectrom 2005, 16, 422–430) © 2004 American Society for Mass
Spectrometry
Throughout the development of Fourier transform
ion cyclotron resonance (FTICR) mass spectrom-
etry, the mechanisms responsible for transient

damping following excitation have been a significant
source of study. There are four general mechanisms for
transient damping. One is ion cloud broadening [1]
resulting from collisions or inhomogeneties in the elec-
tric or magnetic fields [2]. Another mechanism is colli-
sional stabilization of the cyclotron motion in which
ions lose energy with minimal scattering and return to
the center of the cell [3, 4]. A third mechanism is the loss
of signal that accompanies chemical reactions including
charge transfer [5] or ion-molecule reaction. The fourth
mechanism is ion ejection that can occur in either the
axial [6] or radial [7, 8] direction. For many years the
perception in the FTICR community was that the first
two categories are the primary cause of signal damping
of the FTICR transient. It is suggested here that for ions
of moderate to high cyclotron kinetic energy (on the
order of 10 eV or greater in a 3 T magnetic field, for
example) ion ejection is the primary mode of signal
damping.

The first to discuss a mechanism for ion ejection
following cyclotron excitation in a trapped-ion cell were
Sharp et al. [7] who used a random walk model to
describe a multiple collision ejection process. In this
model, ions with relatively low initial cyclotron kinetic
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energy undergo a large number of collisions, decreasing
the cyclotron radius and changing the magnetron ra-
dius with each collision. Eventually, after a very large
number of collisions, the ion is lost radially as a result of
magnetron expansion. A second model suggested by
Riegner and Laude [6] describes ions that achieve
significant initial cyclotron kinetic energy and undergo
relatively few collisions followed by axial ejection.

A collision algorithm [9] was used to investigate ion
ejection mechanisms in FTICR trapped-ion cells. Two
main parameters were studied—the mode of ejection,
either axial or radial ejection, and the number of colli-
sions that occurred prior to ejection. The percent axial
ejection is used to describe the mode of ejection and is
defined as the number of ions ejected axially divided by
the total number of ions ejected. The collision ratio is
used to quantify the number of collisions that occur per
ejection and is defined as the total number of collisions
that occur for each simulation experiment divided by
the number of ions ejected. (All ions in the simulation
are eventually ejected.) Using these two parameters it
was found that there are three collision based energy
regimes for ion ejection from a trapped-ion cell. The
first region is characterized by low initial cyclotron
kinetic energy, a radial ejection mode, and a very high
collision ratio (�100 collisions per ejection). This first
region is consistent with that of the random walk
model. The second region is characterized by a medium
to high initial cyclotron kinetic energy leading to axial
ejection at low collision ratio (1 to 10 collisions per
ejection). This region is similar in behavior to that
described by Reigner and Laude. The third region is

characterized by a high initial cyclotron kinetic energy,
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a radial ejection mode and a collision ratio of unity. To
our knowledge, this is the first description of this ion
ejection mechanism.

Collision Algorithm and Theory

The algorithm described here is similar to the work of
Lock and Dyer [10, 11] and specifically applies a
collision model under FTICR conditions. The algo-
rithm uses very basic concepts from the kinetic theory
of gases. The particles are assumed to be hard spheres
due to the high energies (�10 eV) typically encoun-
tered in the FTICR experiment. The algorithm is
Monte Carlo in nature in that it relies on calculating
the probability of an ion-neutral collision and the
probability of the glancing nature of the collision. The
primary difference between this algorithm and the
Lock and Dyer algorithm is reduced complexity.
There are a variety of capabilities for simulating the
FTICR experiment afforded by the algorithm. These
capabilities include glancing collisions, magnetron
growth beyond cyclotron radius, radial ejection, axial
deflection, axial ejection, and collision with a neutral
of same mass as the ion.

Briefly, as a simulation commences, SimIon will
check to see if a user program exists after each time step
and if so, it will execute the user program. (Although
SimIon was the software package chosen for the simu-
lations, the collision algorithm described here is gener-
alized for use with other software packages.) The colli-
sion algorithm (the user program) will determine if a
collision has occurred. If a collision has occurred, a
subroutine will be entered that will determine the
glancing conditions of the collision. By using two coor-
dinate transformations, a one-dimensional attenuation
of velocity is used to calculate the effect of a hard sphere
collision under the glancing conditions. Two inverse
coordinate transformations are used to return to the
original frame of reference resulting in attenuated (post-
collision) velocities. Thus a new velocity vector is sub-
stituted for pre-collision velocity vector. The collision
algorithm assumes that the neutral is stationary with
respect to the motion of the ion. How the collision
affects the neutral is not calculated.

In more detail, the algorithm first determines the
probability of a collision [12]. Eq 1 is used to calculate
the probability, where � is the mean free path, and L is
the

Probability � 1 � e�
L
�  (1)

distance the ion will travel in the next simulation time
step. The mean free path is given in Eq 2 along with the
ideal gas approximation, which shows the relationship
between pressure, P, molecular diameter [13], d, tem-

perature, T, the
� �
1

�2�d2n�
�

kT

�2�d2P
(2)

Boltzman constant, k � 1.038 �10�5 torr·Å2·m·K�1, and
mean free path. The algorithm then calls for a random
number between 0 and 1 which is compared to the
probability of collision. If the random number is greater
than the probability of collision, nothing is done and the
simulation is continued. If the random number is less
than or equal to the probability for collision, then the
program declares that a collision has occurred and
enters the collision subroutine.

Now that a collision has occurred, the effect on the
ion is calculated. There are two general methods to
calculate the collisional effect. One is to perform a
traditional conservation of momentum calculation with
both the ion and the neutral in three dimensions. Or, a
second is to perform coordinate transformations such
that the vector describing the collision between the ion
and the neutral corresponds to one of the component
velocity vectors. There are two primary benefits if the
second method is chosen. First, only a one-dimensional
velocity attenuation needs to be calculated. Second, in
performing the 1-dimensional velocity calculation, all
calculations associated with the motion of the neutral
may be ignored. (Since the motion of the neutral is not
relevant to investigations of this kind, there is no need
to calculate it.) The algorithm described here uses this
second approach. The flowcharts shown in Figure 1
provide a graphical summary of the algorithm.

The first step is to perform a coordinate transform
from the Cartesian coordinates to the velocity frame of
reference (denoted by the prime superscript), which is

Figure 1. Flowchart of the collision algorithm. (a) Flowchart of
the collision algorithm. (b) Flowchart describing how the post-

collision velocities are calculated.
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given in eqs 3a–e. As can be seen from eqs 3a–e, the
velocity frame of reference is essentially the spherical
coordinate system; however, a different name and no-
tation are used since the values for �y= and �z= will be
non-zero after collision has occurred. The different
name and notation are also used because SimIon data is
in this format and it has an untraditional Cartesian to
spherical transform (see eq 3e). (Note that SimIon
provides the �x=, el, and az data, so this step is not
required when using this simulation package. How-
ever, this step is described so that the algorithm may be
generalized to any simulation package.)

�x
′ � ��x

2 � �y
2 � �z

2 (3a)

�y
′ � 0 (3b)

�z
′ � 0 (3c)

el � Sin�1��y

�x
′� (3d)

az � Tan�1��vz

vx
� (3e)

Next, conversion to the collision frame of reference

Figure 2. (a) Collision cross section and calculation of �—Picto-
rial representation describing the relationship between the first
collision angle, �, the second collision angle, 	, and the collision
vector, �x�. (b) Definition of the parameters involved in a colli-
sion—Diagram of the ion and neutral colliding to form the
collision vector, ��, impact parameter, b � ��, first collision angle,
x z

�, and second collision angle, 	.
must be performed. This step is performed so that the
collision need only affect one vector, the �x� vector. In
order to determine the relationship between the veloc-
ity frame of reference and the collision frame of refer-
ence, the glancing nature of the collision must be
determined. Shown in Figure 2a is a schematic of an ion
approaching several possible neutral positions. The
probability of the angle of the neutral with respect to
ion velocity is determined next. In Figure 2a, all possible
neutral angles are located on an imaginary disk. To
determine the probability, the collision disk is subdi-
vided into infinitesimally small rings of thickness db.
The probability, P(b), that the neutral center has an
impact parameter of b is the ratio of the area, �b · db, of
the infinitesimal ring at b, to the area, �bmax

2 , of the
collision cross-section (eq 4). Thus the probability of a
direct hit in this model is zero and the probability is
greatest for the most glancing (larger collision angle, �)
collision. Also,

P(b)db �
�bdb

�bmax
2 � b (4)

the probability of the collision occurring at a collision
disk radius b is a linear function of b. To perform a
Monte Carlo simulation of this event, a linear random
function generator is required, which can be produced
by taking the square root of a constant probability
(normal) random function generator [14]. As a result,
the first angle of the collision, �, is

� � Sin�1
b

rion � rN

� Sin-1
(rion � rN)�RAND

rion � rN

� Sin�1�RAND (5)

given by eq 5 where rion and rn are the radii of the ion
and neutral, respectively.

This method for calculating the � angle of collision
differs from that commonly used in the literature [10,
15]. To the best of our knowledge, others have used a
technique involving the production of two random
numbers and choosing the larger of the two as the
operand of the inverse sine for eq 5. Both techniques
produce a linear probability function, although the
square root approach was chosen here since it is more
efficient when writing software code.

The secondary angle for the neutral center, 	, is
determined. Since the probability of each angle is equal,
a random number can be generated between zero and
one, which is then multiplied by 2� to determine the
angle of collision. Thus the second angle of the collision

is
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	 � 2�(RAND). (6)

Figure 2b shows the ion neutral collision complex in the
velocity coordinate system. The ion only has velocity
along the x= axis. Upon conversion to the collision
coordinates system, the x� axis will be directed from the
center of the ion to the center of the neutral. This is
accomplished by rotations about � and 	, and therefore
conversion from the velocity frame of reference to the
collision frame of reference (denoted by the double
prime superscript) is given by eqs 7a–c.

�x
′′ � �x

′ cos� cos	 � �y
′ sin� cos	 � �z

′ sin	

� �x
′ cos� cos	 (7a)

�y
′′ � ��x

′ sin� � �y
′ cos� � ��x

′ sin� (7b)

�z
′′ � ��x

′ cos� sin	 � �y
′ sin� sin	 � �z

′ cos	

� ��x
′ cos� sin	 (7c)

Now that the collision conditions have been deter-
mined, the result of the collision needs to be calcu-
lated. The most direct method is to calculate the
velocity component in the direction of the collision
(as was just performed) and then attenuate this value
using the direct hit method using eq 8, where the
initial velocity, �, is multiplied by the collision factor
to give the final velocity, �f. In order to determine the
post-collision

�f ��mion � mn

mion � mn
�� (8)

Figure 3. A collision as it occurs in SimIon. A 2 kDa ion with only
cyclotron motion initially (30% cell radius). Following collision
with helium, the (a) cyclotron radius is reduced, the magnetron
radius is increased as is the (b) axial amplitude. This figure

illustrates the glancing nature of this algorithm.
velocity in the collision system, eqs 9a–c are used. Now
that the velocity has been attenuated, the velocity vector
in the Cartesian frame of reference needs to be deter-
mined.

�x,f
′′ ��mion � mn

mion � mn
��x

′′ ��mion � mn

mion � mn
� · �x

′ cos� cos	 (9a)

�y,f
′′ � �y

′′ � ��x
′ sin� (9b)

�z,f
′′ � �z

′′ � ��x
′ cos� sin	 (9c)

Returning from the collision coordinate system to the
velocity frame of reference is accomplished using eqs
10a–c. The transform from the velocity coordinate sys-
tem to Cartesian coordinates

vx
′ � vx

′′ cos� cos	 � vy
′′ sin� � vz

′′ cos� sin	 (10a)

vy
′ � vx

′′ sin� cos	 � vy
′′ cos� � vz

′′ sin� sin	 (10b)

�z
′ � �x

′′ sin	 � �z
′′ cos	 (10c)

is accomplished using eqs 11a–c.

�x � �x
′ cos(el)cos(az) � �y

′ sin(el) � �z
′ cos(el)sin(az)

(11a)

�y � �x
′ sin(el)cos(az) � �y

′ cos(el) � �z
′ sin(el)sin(az)

(11b)

vz � vx
′ sin(az) � vz

′ cos(az) (11c)

By combining eqs 3, 9, 10, and 11 and simplifying, the
post-collision velocity component vectors in Cartesian
coordinates are given by eqs 12a– c [9].

vx,f � vx
′��cos� cos	cos(el)cos(az)

� sin� cos	sin(el)

� sin	cos(el)sin(az)�Fcos� cos	

� cos(el)cos(az)� (12a)

�y,f � vx
′��sin� cos	 cos	el
 � sin	 sin(el)sin(az)

� cos� cos	 sin(el)cos(az)�F cos� cos	

� sin(el)cos(az)� (12b)

�z,f � vx
′��cos� cos	 sin(az)

� sin	 cos(az)�F cos� cos	 � sin(az)� (12c)
where F � �mion�mn

mion�mn
� � 1. Figure 3 shows a SimIon
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screenshot of the collision algorithm in use, where an
ion has only cyclotron motion initially, but after a
collision, posses all three modes of motion—cyclotron,
magnetron, and axial.

Experimental

All work was performed using SimIon version 6.0 [16]
on a 500 MHz AMD PC computer. A LabVIEW (Na-
tional Instruments, Austin, TX) program was written to
extract and process the data generated by SimIon.

All simulation models were derived from geometry
files for accurate reproduction of the open cylindrical
trapped-ion cell and vacuum chamber under investiga-
tion. The trapped-ion cell had an aspect ratio of 1.8, i.d.
of 102 mm, excite/detect electrode length of 90 mm, an
electrode gap of 4 mm, and trap electrode length of 90
mm. The vacuum chamber had an i.d. of 160 mm and
length of 350 mm.

Unless otherwise stated, all simulation experiments
used ions of unit charge and a neutral collision gas mass
of 4 Da. The diameter of the ions and neutrals was
assumed to be 7.5 Å for mean-free-path calculations.
Typically 100 ions were used in each experiment in an
attempt to approach a statistical number of ions while
still being time efficient. The initial kinetic energy of the
ion was determined such that prior to a collision the ion
would only have cyclotron motion. Unless otherwise
noted, experiments were conducted at high, simulated
pressures (5 � 10�6 torr) to reduce calculation times.
Ten volts were applied to the trapping electrodes and
the excite/detect electrodes were grounded. A homog-
enous magnetic field of 3 tesla was superimposed in the
axial direction of the simulation. Computation times
varied from a few minutes to several hours. The pri-
mary factor that affected computation times was the
energy (or cyclotron radius) of the ion under investiga-
tion.

Results and Discussion

Given sufficient time, any ion will eventually be lost
from a trapped-ion cell. The mechanism investigated
here is collisional ion loss, which is the primary mech-
anism in most FTICR experiments.

Description of the Three Collisional Ejection
Regions

Using SimIon and the collision algorithm, it was indi-
cated that there are three general mechanisms that
characterize collisional ion loss. Presented in Figure 4 is
a graphical representation of ion ejection for a 1 kDa ion
in a 3 T magnetic field. There are two plots: an ion loss
curve and a collision ratio curve. The ion loss curve
gives the route by which an ion is lost from the cell. For
example in Figure 4, for an ensemble of ions with an

initial cyclotron radius of 20%, all of these ions will be
ejected axially and none will be ejected radially. Yet, at
an initial cyclotron radius of 40%, an increase in radial
ejection occurs; 20% are ejected axially and 80% are
ejected radially. The collision ratio curve describes the
average number of collisions an ion has with a neutral
prior to ejection. Furthermore, at an initial radius of
20%, each ion will undergo approximately 2 collisions
prior to ejection. For an initial radius of 40%, each ion
will undergo an average of 1.03 collisions prior to
ejection.

Using these two types of information in tandem, ion
loss can be placed in three categories. The first category
is the well-known random walk mechanism. It is char-
acterized here by a radial ejection mechanism that
occurs at high collision ratio (�100). This category is
labeled as Region 1 of Figure 4.

Region 2 of Figure 4 is characterized by an axial
ejection mechanism and a low collision ratio (1 to 10).
Riegner and Laude [6] initially identified and experi-
mentally observed this collision process. For this mech-
anism, the ion has sufficient radial kinetic energy that
after a few collisions, sufficient kinetic energy has been
transferred to the axial mode of motion such that the ion
may escape the relatively low z-axis trapping potential
depression. The boundary between Regions 1 and 2 is
dependent on several factors including trap potential
and the mass of the collision gas and ion.

A radial ejection mechanism that occurs at a collision
ratio of unity characterizes Region 3 of Figure 4. To our
knowledge, there has never been any discussion on this
ejection process. It is actually an extension of Region 2
in that the ion has sufficient axial kinetic energy to
overcome the trapping potential. The reason that the
ejection mode is radial is that substantial kinetic energy
has also been transferred to the magnetron mode. As a
result, there is a large magnetron radius that permits the
ion to collide with the cell wall. The radial ejection
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Figure 4. Illustration of the three ejection regions. The first, the
random walk region, is characterized by radial ejection and a high
collision ratio. The second region is characterized by axial ejection
and a near unit collision ratio. The third region is characterized by
radial ejection and a unit collision ratio.
mode is more likely than the axial ejection process
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because the cyclotron motion velocity is higher than the
axial ejection velocity, typically by 2 orders of magni-
tude. It must be emphasized that the ejection mecha-
nism for ions in Region 3 occurs after a single collision
and then is ejected in less than one-half of a cyclotron
revolution. The boundary between Regions 2 and 3 is
stable at approximately 40% the cell radius, and inde-
pendent of ion mass, collision gas mass and trap
potential.

The cyclotron radius for the onset of Region 3 onset
has a theoretical minimum of 1/3 rmax. This is because,
if the collision causes the ion to maintain essentially the
same cyclotron radius and the magnetron radius in-
creases to the previous cyclotron radius, then ejection
will occur. This 33% cell radius is a minimum boundary
condition, yet the actual Region 3 boundary will be
higher since not all ion-neutral collisions will be direct,
elastic collisions.

Mass Dependence of Collision Mechanisms

Presented in Figure 5 is a series of ejection plots for ions of
varying mass. The three ejection regions are present for
each mass. The boundary between Regions 1 and 2 is mass
dependent. For increasing mass, the cell radius that de-
fines the boundary increases. The boundaries for 100,
1000, 5000, and 10,000 Da are approximately 3, 8, 17, and
27, respectively. Although the initial cyclotron radius is
different for each of these masses, the initial cyclotron
kinetic energy is constant at approximately 9eV.

A second mass-dependent feature of collision is the
reduction in axial ejection with increasing mass in
Region 2. This is observed directly from the collision
factor in eq 8. With a constant neutral mass, mn, an
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Figure 5. Mass dependence on the collision mechanisms. Ion loss
curves for several different masses under otherwise similar con-
ditions including a collision gas mass of 4 Da, an applied potential
of 10 V, and a magnetic field of 3 T. Each transition between
Regions 1 and 2 occurs at approximately 9 eV and the boundary
between Regions 2 and 3 is approximately 40% of the radius.
increasing ion mass, mion, results in
vf ��mion � mn

mion � mn
�v (8)

a collision factor that approaches unity and a post-
collision velocity, vf, that approaches the pre-collision
velocity, v. When the collision factor approaches unity
much less relative energy is removed per collision, and
consequently high mass ions need more collisions to be
ejected. For each collision, the magnetron radius is
increased, and a mechanism similar to that of Region 1
results. After two or more collisions, the magnetron
radius has increased to the extent such that the cyclo-
tron motion intersects the cell.

It is important to point out that throughout the
literature, it has been the consensus that only low mass
ions (�500 Da) are ejected axially [4, 5]. It was generally
thought that if the collision factor was near unity (Mion

�� Mn) then ions would relax to the center of the cell.
This is contrary to the results shown in Figure 5, which
shows axial ejection up to mass 10 kDa.

0 5 10 15 20 25

0

20

40

60

80

100

 V
T

= 5 Volts

 V
T

= 8 Volts

 V
T

= 10 Volts

 V
T

= 15 Volts

%
 
A

x
i
a
l
 
E

j
e
c
t
i
o
n

Initial Cyclotron Kinetic Energy (eV)

0 10 20 30 40 50 60 70 80

0

20

40

60

80

100

 V
T

= 5 Volts

 V
T

= 8 Volts

 V
T

= 10 Volts

 V
T

= 15 Volts

%
 
A

x
i
a
l
 E

j
e
c
t
io

n

% Radius, R/R
max

a)

b)

Figure 6. Applied trapping potential dependence on ejection
mechanisms. The applied trapping potentials are varied from 5 to
15 V while the ion mass, collision gas mass, and magnetic field are
constant at 1 kDa, 4 Da, and 3T, respectively. (a) The boundary
between Regions 1 and 2 is a function of applied potential, but the
boundary between Regions 2 and 3 is approximately 40% of the
cell radius and is independent of applied potential. (b) A closer
examination of the boundary between Regions 1 and 2 as a
function of axial kinetic energy reveals that on average the

minimum ejection energy is 69% of the applied trapping potential.



428 ARKIN AND LAUDE J Am Soc Mass Spectrom 2005, 16, 422–430
Trap Potential Dependence on Collision
Mechanisms

Presented in Figure 6a are the ion loss curves for a 1
kDa ion with varying potentials applied to the trapping
electrodes. There are two primary features of interest.
First, the boundary between Region 2 and 3 is indepen-
dent of the potential applied to the trapping electrodes.
Second, the boundary between Region 1 and Region 2 is
dependent on the trapping potential. This dependency
can be seen in Figure 6b, which emphasizes the bound-
ary between Regions 1 and 2 from Figure 6a for an
x-axis transformed to initial cyclotron kinetic energy
instead of cyclotron radius. The kinetic energy, KE, was

KE �
q2B2r2

2m
(13)

calculated [17] using the relationship between ion
charge, q, ion mass, m, magnetic field, B, and cyclotron
radius, r, as described by eq 13.

Using SimIon, it was determined that the centerline
well depth of this cell geometry was 0.693 V/Vappl;
therefore when 5 V is applied to the trapping electrodes
an ion would need a minimum of 3.5 eV of axial kinetic
energy to leave the cell. The minimum ejection energy
for 8, 10 and 15 V applied is 5.5, 6.9, and 10.4 eV,
respectively. This corresponds to 68.8, 69.0, and 69.3%
of the potential energy well depth, respectively. On
average, this ejection energy is 69% of the applied
trapping potential, which is consistent with the theoret-
ical minimum of 69.3%.

Collision Gas Mass Dependence on Collision
Mechanisms

The attenuated velocity for a glancing collision is deter-
mined by eq 8. It is the attenuated velocity that deter-
mines the kinetic energy loss from the ion, and thus the
mode of ejection. Since the mass of the collision gas, mn,
is a factor in eq 8, it is expected that collision gas mass
should affect the ejection loss curves. Presented in
Figure 7a are the ejection loss curves for 1 kDa ions
colliding with neutrals of 4, 40, and 131 Da. The
boundary between Regions 1 and 2 are dependent on
the mass of the collision gas and moves to higher ion
radius with increasing collision gas mass. The boundary
between Regions 2 and 3 remains constant at approxi-
mately 40%. Figure 7b displays the collision ratios for
the ejection curves presented in Figure 7a. The collision
ratio curve supports the ejection curve data that the
boundary between Regions 1 and 2 is mass dependent.

Upper Mass Limit on Region 2

Since the boundary between Regions 1 and 2 is mass
dependent, there will be a mass where the boundary
between Regions 1 and 2 equals the boundary between

Regions 2 and 3 (�40%). This mass is the theoretical
upper mass limit for Region 2. This mass can be
calculated from the kinetic energy, KE, of the boundary
between Regions 1 and 2, the cell radius, r, of the
boundary between Regions 2 and 3, and using eq 14,
where B is the magnetic field strength and q is the
charge of the ion. For example in the cell used here, r is
19.38 mm, and with 1 V applied to the trapping elec-
trodes, KE is

mupper ��4.824 
 107
eV · Da

e2 · T2 · m2� q2B2r2

KE
(14)

0.86 eV. With a single charge and a magnetic field of 3
tesla, the upper mass limit is 190 kDa. Under these
conditions, for masses greater than 190 kDa, there is no
mechanism available for axial ejection. When 10 V is
applied to the trapping electrodes, the kinetic energy
for the boundary between Regions 1 and 2 is 8.6 eV
resulting in an upper mass limit of 19 kDa.

Revised Collisional Damping Model for High
Energy Ions

In FTICR mass spectrometry [17], the detected signal
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Figure 7. Collision gas mass dependence on ejection mecha-
nisms. Using collision gas masses of 4, 40, and 131 Da with an ion
of 1 kDa, it is shown that the boundary between Regions 1 and 2
is dependent on the mass of the collision gas, and the boundary
between Regions 2 and 3 is independent. (a) Neutrals of greater
mass shift the first boundary to higher cell radius, while the
second boundary remains constant at approximately 40% of the
cell radius, based on ion loss curves. (b) Collision ratio curves
support the ion loss data.
results in the production of a transient. Such a transient
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is modeled by an exponentially damped sine wave [1].
The damping term is the result of a variety of processes
including collisional damping [3, 4], space charge
dephasing [1], and ion loss. The general consensus is
that when experimental conditions are optimized, the
signal damping is only a result of collisional damping
and dephasing.

From the data presented here, specifically the unit
collision ratio ejection that occurs throughout Region 3,
there is evidence that the line of thought that ions
collisionally relax back to the center of the cell or
dephase is not valid. Figure 5 demonstrates that an ion
up to a mass of 10 kDa colliding with a neutral of 4 Da,
which clearly meets the criterion of Mion �� Mneutral of
the Williams model [4], is ejected from the cell after one
collision with a neutral. Thus, the primary cause for the
damping of the transient at high kinetic energy, Region
3, is ion ejection.

The mechanism of radial ion loss in Region 3 was
discussed above, but the time scale of ion loss can be
calculated from collision theory as well. The mean free
path, �, for a particle is given by eq 2. Assuming a
temperature of 300 K and a molecular diameter of 10 Å,
pressures of 1 � 10�8, 5 � 10�8, 1 � 10�7, and 5 � 10�7

torr result in mean free paths of 702, 140, 70, and 14 m,
respectively. The probability the particle will collide
with another particle is given by eq 15 where L is the
distance the particle travels, � is the mean free path, v is
the velocity of the particle and t is time. The probability

Probability � 1 � exp��
L

�
�� 1 � exp��

v · t

�
� (15)

can also be interpreted to mean the percent of ions to
experience a collision. For example, 63% of all ions
should have a collision after traveling a distance equal
to the mean free path. The velocity is determined using
eq 16 where KE is the kinetic energy and m is mass.

v ��13.891
Da

1
2 · m

eV
1
2 · ms

��KE

m
(16)

For an example, a 1 kDa ion with an initial cyclotron
radius of 48% cell radius, which corresponds to 24.48
mm and 252 eV under the conditions discussed here,
is chosen. Under these conditions, the ion has a
velocity of 6.96 m/ms. With this velocity about 63%
of the ions should have a collision within 100 ms at a
pressure of 1 � 10�8 torr. Because these ions are
Region 3 ions, this means that about 63% of the ions
have been ejected 100 ms after the excitation event.
This time scale may be longer than many transients
for a single scan, but this has serious ramifications for
the remeasurement, activation and other ion manip-
ulation experiments. Using the same conditions but
with a pressure of 1 � 10�7 torr, about 63% of the ions
should be ejected within 10 ms. This detection time

scale is not desirable in FTICR.
Quadrupolar Excitation (QE) Remeasurement

It was demonstrated by Hendrickson and Laude [18]
that when quadrupolar excitation (QE) is used for
remeasurement, near unit remeasurement efficiency
can be achieved for a ion radius ranging up to approx-
imately 45% of the cell radius. Beyond that radius, the
remeasurement efficiency declines to near zero by 80%
cell radius as shown in Figure 8. Since QE relies on
collisional dampening of the cyclotron motion follow-
ing conversion of the magnetron motion to cyclotron
motion, it is important to discuss QE remeasurement in
terms of the three regions of ion ejection developed
here. Since remeasurement occurs over a long time scale
there is ample time for ion loss by all three mechanisms
discussed.

Region 1 is the random walk region where there
are hundreds of collisions and the ions slowly expand
radially. When ions are in this region, QE is effective
because the ions are axialized much faster than they
are ejected since so many collisions are involved for
cooling to occur. Region 2 typically involves two or
more collisions prior to axial ejection under normal
experimental conditions. [During a QE event, the
pressure is elevated to relatively high pressure such
as 1 � 10�5 torr where the mean free path of an ion
with a molecular diameter of 10Å is 70 cm.] At a
cyclotron radius consistent with Region 2, an ion
would have so many collisions prior to axial ejection,
that the ion would have cooled down to become a
Region 1 ion. For these reasons QE works well for
both Regions 1 and 2, or for a cell radius up to
approximately 40% according to the hard sphere
model used here. In contrast, ions in Region 3 will
still be ejected immediately after the first collision

Figure 8. Remeasurement with QE. Even with active ion cooling
there is still a maximum excitation radius near 46% of the cell
radius. Shown here are the experimental remeasurement efficien-
cies for the 	4 charge state of melittin (open circle), the 	5 charge
state of insulin (open square), and the 	15 charge state of horse
heart myoglobin (open triangle) as adapted from reference [18].
This provides experimental validation of the various ejection
mechanisms discussed. [Reproduced with permission from Anal.
Chem. 1995, 67, 1717–1721. Copyright 1995 Am. Chem. Soc.]
even during the QE event. This is the reason that the



430 ARKIN AND LAUDE J Am Soc Mass Spectrom 2005, 16, 422–430
remeasurement efficiency for ions at large excitation
radius is zero. As shown in Figure 8, the remeasure-
ment efficiency does not decline to zero until an
excitation radius of about 80%. A possible reason is
that the ions in the experiment are not hard spheres
and do not undergo elastic scattering.

Conclusions

Using ion simulations with a collision algorithm, three
separate mechanisms of ion loss were described. The
first mechanism, Region 1, involves ions at small initial
cyclotron radius that are ejected radially after being
involved with a large number of collisions. The Region
2 mechanism involves ions of moderate cyclotron ra-
dius. Ions undergoing collisions under these conditions
are ejected axially after undergoing relatively few (one
to ten) collisions. Region 3 involves ions of large cyclo-
tron radius and correspondingly high kinetic energy.
Such ions are ejected radially after only a single colli-
sion. The boundary between Region 1 and 2 is depen-
dent on collision gas mass, ion mass and trapping
potential. The boundary between Regions 2 and 3 is
fixed at approximately 40%. These mechanisms were
used to explain the experimentally observed remea-
surement efficiency.
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