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Abstract

Collisional cooling radio frequency (RF) multipoles are widely used in mass spectrometry, as ion guides and two-dimension
ion traps. Understanding the behavior of ions in these devices is important in choosing a multipole configuration and o
timizing its performance. We have developed a computer model based on ion trajectory calculations in the RF multipol
electric field, taking into account ion—ion and ion—neutral interactions. The two-dimensional model for idealized infinite RF
multipoles gives an accurate description of the ion density distribution. We consider first a basic case of mvsingle
cloud in the two-dimensional RF quadrupole after equilibrium is reached. Approximate theoretical relationships for the iol
cloud configuration in the two-dimensional ion trap are tested based on the simulation results. Next we consider the ca
of an ion cloud consisting of several differentz ion species. The ion relaxation dynamics and the process of establishing
the stratified ion density distribution are observed. Simulations reveal that the ion kinetic energy relaxation dynamics al
dependent on the ion population and bath gas pressure. The equilibrium distribution agrees well with the ion stratificatic
theory, as demonstrated by simulations for RF quadrupole and octopole two-dimensional ion traps. (Int J Mass Spectrom 2
(2003) 155-174)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction energy, a process referred to as collisional codirfjg
Collisionally cooled ions acquire reduced amplitudes
Collisional cooling radio frequency (RF) multipole of radial oscillations in the effective potential well and
ion guides are used in mass spectrometry to trans-occupy a region close to the ion guide axis. The re-
mit ions from an intermediate pressure region of an duced ion kinetic energy spread provides improved
ion source (e.g., electrospray, or other ion source im- ion focusing into the next region of an instrument.
plementing differential pumping stages) into a higher Another, rapidly developing application of the colli-
vacuum region of a mass analyZ#r3]. The effective sional cooling RF multipoles is for accumulation of
potential formed by an inhomogeneous RF figdd ions, e.g., prior to transfer to the analyzer trap in FT
confines ions radially, while collisions with the buffer ICR or other non-continuous mass analyzers, to im-
gas molecules lead to dissipation of initial ion kinetic prove sensitivity and dynamic randfe-17].
To determine optimal parameters for a collisional
* Corresponding author. E-mail: smith@pnl.gov RF multipole, operated as an ion guide or trap, it
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is necessary to understand the ion dynamics in the whereu, q, andm are respectively the ion’s velocity,
device. The ion motion is influenced by the fast charge and mass; the electric field, driving the ion
changing RF field, ion—neutral collisions and ion—ion motion, is calculated as a sum of the DC fidigc,
(space charge) interactions. Theoretical treatments ofthe RF field Err, and the space charge fieKsc.

the radial ion density distribution in the collisional The bold variable, Epc, Err, and Esc designate
RF multipoles have been given in Ref$8-20] and three-dimensional vectors; all of them are functions of
computer simulations of the collisional cooling have thex,y, andzcoordinates and all excefitpc are time
been reported in Ref§1-3,21] Similar approaches dependentEq. (1)is integrated numerically, using a
have been applied for computer modeling of ion mo- standard second order Runge—Kutta algori{Bdi].

tion in three-dimensional ion trag&82—-25] Most of A simulation run is organized as follows. At= 0
the models are single-ion simulations, neglecting the an initial configuration of the ion cloud is created by
space charge interaction of ions. More elaborate simu- generating coordinates of a certain number of ions,
lations taking into account the space charge interaction Nigns, SO as to fill randomly the inner volume of the

and using hard sphere models for ion—molecule colli-
sions have been developed for behavior in ICR cells
[26,27] The collective oscillations of an ion cloud in
three-dimensional traps have been consid¢2&i

In this work we report the computer simulation re-
sults for the radial ion density distribution for infinitely
long RF multipoles, taking into account space charge
and hard sphere ion—molecule interactions. Simula-
tions were performed for a wide range of pressures

multipole. Then the ion motion of the whole ensemble
is simulated; the position of each ion is updated every
time step ¢ taking into account the Coulombic inter-
action with other ions. The evolution of the ion cloud
is followed up until an equilibrium state is reached.
After the equilibrium configuration is established the
simulation continues over a time interval needed to
collect statistics on the ion density distribution.
We have reported the initial results in REf9] that

and linear ion densities, and results were compared toincluded both three- and two-dimensional simulations

theoretical relationships. We also considered a partic-

ularly relevant situation of an ion cloud consisting of
severaln/zspecies. A simplified low-ion energy model
suggests ion density distributions consisting of cylin-
drical layers, each of them having a specifiz, with
higherm/z occupying larger radii29,30] This expec-

of the external accumulation multipoles. The three-
dimensional simulations were necessary to evaluate
the dynamics of ion trapping, relaxation, and extrac-
tion, where the inlet and exit orifice configurations are
of importance. Under the three-dimensional approach
the potential array relaxation technique, similar to one

tation has been examined using direct simulations, and implemented in the SIMION prograf32], is used to

conditions for establishing sual/z-stratified distri-
butions are derived.

2. Methods

The simulation scheme used for this study is similar
to approaches in Reff21-27] A hard sphere elastic
collision model is used to describe the ion—neutral
interactions. During the time between collisions the
vacuum equation of motion is used to calculate ion
trajectories:

du

& )

q
Z(EDC + Err+ Esc)

compute three-dimensional configuration of thgc
and ERrr fields of the multipole. The space charge
interaction was computed as a sum of Coulomb fields
acting on each ion from all other ions. The simulation
time for such algorithm is proportional to the number
of particlesNigns squared, and the practically accessi-
ble number wafNjons ~1000. To simulate ion densi-
ties of practical interest, each particle was considered
as a groupNgroup, Of ions when computing the space
charge field (the so called super-ion approximation).
The three-dimensional simulations have shown that
upon completion of the collisional relaxation the ion
density per unit length inside a multipole is practically
constant and is not sensitive to the three-dimensional
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fringing fields[29]. This behavior was also expected time steps d < 1072/f (the tests were performed
from the approximate analytical treatment in R20]. under conditions of a negligible space charge). The
Thus a more accurate model has been implemented,multiparticle approach for the space charge field com-
that assumes an infinite, two-dimensional multipole. putation was tested by comparison of the radial ion
The model disregards the ion cloud behavior at the density distribution with the theoretical distribution
multipole ends, and concentrates on the ion density derived for the low-ion energy case. Good agree-
distribution in the inner axial region. The DC field ment was achieved for the two-dimensional model,
Epc is neglected under this two-dimensional model, as will be discussed in the following section. The
and the RF field is calculated using analytical relation- three-dimensional model produced a rough approxi-
ships[33]. The space charge field is calculated assum- mation of the radial ion density for practically useful
ing that each simulated particle represents an infinite values of theNgoup and d parameters, however,
line of charges, so instead of the Coulombicinter- characteristic dimensions of the ion cloud still can
action, the I¥ dependence is used fdfsc computa- be calculated under this model with relative accu-
tion. The two-dimensional approach is more efficient racy ~10-2. When the number of simulated particles
than the three-dimensional one and permits accuratewas increased (anlgroup Proportionally decreased),
calculation of the radial ion density distribution. All  the computed radial distribution converged to one
results presented here have been obtained using thisobtained from two-dimensional model, but it took
two-dimensional approach. considerably longer computation times.

To verify the method stability and to estimate com-  An important parameter related to the accuracy of
putational errors due to the coarseness of the time stepthe super-ion space charge simulations is the dimen-
and the super-ion approximation, the equilibrium ion sion of an ion cloud representing the super-Bgoup
distribution was computed for different time steps and |If this parameter is set to 0, the Coulombic interaction
different Ngroup coefficients. Stable and reproducible of two closely positioned super-ions results in overes-
results were obtained for time stepse10~2 of one timating of the Coulombic field. For a long simulation,
RF period and foNgroup coefficients sufficiently small  using? 2 10° time steps{ > 10 ms) this may result
so that the number of super-ions per characteristic ion in increased ion kinetic energy, due to accumulation
cloud dimension iss>1. Typical time for a simulation ~ of computational errors. This artifact is pronounced
run ranges from-1 h to several days using a 600 MHz  for low pressuresp < 10~*Torr, where collisional
Pentium Il PC computer. The following additional relaxation does not mask the energy increase. The
tests of the computational accuracy were used. The problem may be solved by setting a finite super-ion
ion trajectory integration procedure was verified on radiusRgroup SO that for a short distanee < Rgroup
the basis of the low-mass cut-off, or the onset of un- the force between two super-ioEs is calculated un-
stable ion motion in the RF only quadrupole, for a der the assumption that the charge is distibuted uni-

g-parameter exceeding the linj&1]: formly inside each super-ion. Thug; o d for d <
Rgroup SO that close position of two super-ions does
4qVRE group R . .
qm = 2,2 > 0.908 (2) not lead to an overestimation of their interaction. The
maw

value Rgroup is calculated from a condition that the
We use the notatioq,, for the g-parameter, to distin-  volume of all super-ions must approximately cover the
guish it from the ion chargg; Vrr is the RF voltage  total ion cloud volume, thuRgroup o Nig3s for the
amplitude (i.e., O-peak and pole to ground voltage), three-dimensional model anklyroup o N, 5 for the

o = 2nf is the angular frequency, corresponding two-dimensional model. We see that the spatial resolu-
to the RFf, and p is the inscribed radius of the tion of the space charge simulation approach, limited
quadrupole. The model demonstrated exact coinci- by theRgroupVvalue, may be improved by using a larger

dence with the theoretical instability onset for the number of super-ionblipns, and the two-dimensional
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model allows one to reach a better resolution for a
givenNjgns number. In the simulations reported in the
following description, we have useyroup ~ 1072 p

for the two-dimensional model.

A possible alternative to the super-ion approach is
the particle-in-cell method (PIC) (see Ref&6,27]
and references therein). Under the PIC approach
the space charge electric field is calculated not by
summing theNi%ns Coulomb fields, but rather from
a computational grid on which Poisson’s equation
is solved numerically for the potential at each time
step. The PIC’s computational tin#&omp iS propor-
tional toNigns, notNigns, and the number of simulated
particles may be increased up to 31However,
it does not necessarily result in improved spatial
resolution of a simulated ion cloud, because the res-
olution is now defined by the grid step siZ&yq.
The simulation timeTcomp becomes proportional to
a size of computational mesh, thiliggmp o« D2 for

grid
two-dimensional model an@omp o Dgrid for three-
dimensional model. For example the computational
mesh used in the two-dimensional simulatid@s]
had ~100 mesh steps in one-dimensional, which is
roughly equivalent to the resolution &roup ~ 102
o estimated earlier for the super-ion approach used
here. A distinctive feature of a system under consid-
eration here is that very fast RF oscillations of ions
define a small time step;10ns for f > 1 MHz, and
the total time interval needed to be simulated is >0.1s,
so the total number of time steps may be %1@ the
case of the PIC algorithm it means that the Poisson’s
equation must be solved numerically’ttines during
a single simulation. This would result in impractically
long computation time, even for a very rough com-

putation mesh. The super-ion approach used here has

been realized on a regular desktop PC computer us-
ing Windows 98 operating system, and may be run in
background mode on several PCs, to look at several
different configurations at the same time.

The ion—neutral interaction model used in the simu-

lations is based on the classical hard spheres collisions

approach. For the case of relatively large biomolecules
of interest it has been sho84—36]that the hard-core
cross-section dominates the ion-dipole cross-section.
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The so-called diffuse scattering model produced a bet-
ter description of the ion—neutral collisions, although
the specular elastic scattering has not produced much
different results in terms of the cross-section of colli-
sions[35]. We use here the classical elastic hard sphere
model; the diffuse scattering, or inelastic collisions,
may also be incorporated, but are not considered here.
The hard sphere collision algorithm implemented
in our model is based on the Monte—Carlo simulation
of collisions of a hard sphere representing an ion with
hard spheres representing the bath gas molecules. The
velocity of the bath gas moleculasis assumed to
be distributed according to the Maxwell-Boltzmann
distribution:

2
fm() =4r v2(7T vlf-r)(_s/z)exp <_ U_Z
v,
KT
2kT
2
U= —""

e 3)
wherek is the Boltzmann constant, andmy are the
bath gas temperature and molecular mass. The fre-
quency of collisions is calculated from the relative
velocity vre) @Sz = nouve, Wheren is the number
density of the bath gas molecules,is the collision
cross-section. To find an overall probability of colli-
sions taking into account all possible magnitudes and
directions of neutrals, it is convenient to consider first
a simplified velocity distribution, in which all neu-
trals have the same velocityuniformly distributed in

all possible directions. This so-called mono-velocity
model has been described in REE8]. For the ion
velocity u we have the relative velocitye) = (v2 +

u? — 2uv cost) /2, whered is the angle between the
two velocity vectors. Averaging over all possible di-
rectionsd gives an average relative velocity for the
mono-velocity modeb;:

m
va(u, v) =/ \/vz + u2 — 2uv cosh df2
0

2
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where d?2 1/2sin6dé is the element of the

solid angle. Now we can take into account the
Maxwell-Boltzmann distribution, arriving at the fre-
guency of collisions as a function of the ion velocity:

z(u) =novy(u);  vn() = foofm(v)va(u,v)dv
0
)

Herev,,(u) is the relative velocity of collisions aver-
aged over the Maxwell-Boltzmann distribution. The
function z(u) was calculated and stored in a table for
a range of all possible ion velocities Note that for
ion velocities much higher than the thermal velocity,
u > v, the Eq. (4) givesva ~ u andz(u) ~ nou.
Thus, practically the(u) table needs to be calculated
up tou ~ 10uvyt. Having thez(u) tabulated it is easy to
define the probability of collisions on each time step
dt: P = z(u)d:. It was assumed here that the time
step d is small enough so thaf; « 1. At each time
step the program generates a random nurfbemi-
form between 0 and 1; i, > R then the collision
event occurs.

This approach for the collision probability compu-
tation is different from approaches used elsewhere,
where the relative velocity is computed on the ba-
sis of the neutral velocity taken randomly from the
Maxwell-Boltzmann distribution. The advantage of
our approach is that the collision probabiliB for
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fined earlier, and the azimuthal angleHere we take
into account that the probability of collisions is not
the same for eachw(p) pair. Two random numbers,
uniform from O to 1, are generated, to defineand

6 values, according to the Monte—Carlo method of a
projection of a variable, having distributiorf, (x), to

a random numbeR(x), uniform from 0 to 1[37]:

R(x) = /0 Fu(6)de ®)

Consider first the distributiofy, of the neutral's ve-
locity v. Using the same procedure as for deriving the
average relative velocity,, (u) (5), we can obtain the
following distribution:

va(u, v)
U (1)

Sou,v) = fin(v)

)

The distribution for the angle follows from the fre-
quency of collisions as a function @f. After the
neutral’s velocityv is generated we can use the mono-
velocity relationships (4) to define thgedistribution
as:

sin@
fo(0) = ———/v2 4+ u2 — 2uv cosd

2va(u, v) ®)

Thus, applying the Monte—Carlo algorithm (6) first
for f, and then foffy distribution, we can generate the
(v,0) pair for a collision. The azimuthal angle is
randomly distributed from O tos2. After all three pa-

each time step corresponds to the accurate theoreticarameters are generated the collision is defined in the
value, whereas the alternative approach gives an ac-ion’s coordinate system. Then the transition is made
curate result only on average, after statistically large to the lab frame. All three components of the ion
number of time steps, when all possible values from velocity are calculated for the center-of-mass system
the two-dimensional(,0) space are sampled. Our ap- (CMS). The ion velocity after collision is calculated
proach also can be more efficient in terms of com- as the velocity before collision in the CMS, deflected
putation time, because it is not necessary to calculate at a random angle, the same manner as in other im-

the relative velocityrel = (v2+ 12 — 2uv cost) /2 at
each time step.
The collision is simulated by giving a random di-

plementations of the hard sphere algoritf8121,26]
This relatively complicated algorithm can be still
quite efficient because the collision event typically

rection to the ion velocity vector in the center-of-mass occurs after a large number of time steps. To speed up
frame, as described in Reflg,21,26] To define the the computation we have used pre-calculated tables
center-of-mass velocity of an ion all three components for va(u,v) andf,,(v) functions.

of the neutral’s velocityv,, vy, andv;, are needed. Several tests have been made to verify the hard
We obtain the components using a randomly gener- sphere collisions algorithm, to make sure that both the
ated absolute velocity, the scattering anglé de- principal part and the coding are correct. In the case
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when no electric field is applied the distribution of the
velocity of ionu approaches the Maxwell-Boltzmann
distribution, same as (3), but with molecular masgs
replaced by the ion mags. In accordance with the
theory[18], the collisional relaxation from initial ion
velocity to the thermal equilibrium state proceeds ex-
ponentially with characteristic time:

8KT

T,

. 3(m + mg)
"~ dmgnougr’

©)

wherem, is the reduced mass. Another test is based
on the collisional relaxation path, defined as the length
of a linear path of the ion before its initial veloc-

ity is dissipated. The process was simulated using the
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be used on the final stage of the ion relaxation, when
the ion—neutral interactions have mainly a random
thermal origin. Additional complication arises due to
a strong non-uniform RF electric field that causes the
kinetic energy of ions to change from 0 uptd0eV
each RF period. To adequately describe this complex
system one needs a reliable and accurate model for
the ion—neutral interactions. Here we have chosen the
classical hard sphere model that is capable of describ-
ing all the processes of the ion collisional relaxation,
using no additional assumptions.

3. Results and discussion

hard sphere model described here, and showed a close The ion density distribution was found to be cylin-

agreement with a dependence estimated analytically,
as reported in Ref18]. The random walk of an ion
after collisional relaxation may be described by a dif-
fusion coefficientD. The mean-squared displacement
(12y of an ion over a time interval corresponding to a
statistically large number of collisions, was calculated
and compared with the theoretical relatiofi?)
6Dt, and a close agreement was obtained. Finally, the
test of the drift ion motion has been done, under which
an average ion drift velocitygyist, was calculated. An
electric fieldE was chosen so that the drift velocity
is small compared to the thermal velocity of the bath
gas moleculesyqriit < vkr. The result agreed well
with the theoretical relationgsist = K¢ E. The mobil-

ity coefficientKg and the diffusion coefficient values

D were calculated according to the classical theory of
mobility [38]. Here it is convenient to express the two
constants through the velocity relaxation tim¢18]:

KT KT
D = —KE = —7

q m
Thus, all these tests of the new hard sphere collision
algorithm have confirmed that it provides an accu-
rate description of this classical model. The collisional
cooling dynamics simulations reported elsewhere use
simplifying assumptions. The problem is complicated

q

Kg=—r1; (10)
m

first because the drag coefficient approach must be ap-

plied when the ion energy is10 eV[35,36], and sec-
ond, the non-equilibrium statistical description has to

drically symmetric up to the statistical uncertainty of
computations. Thus, the results can be presented as the
ion number density (i.e., the number of particles per
unit volume) vs. radiusn(r). Fig. 1 shows the equi-
librium ion density distribution in the RF collisional
quadrupole, for three different linear charge densities.
The RF parameters are typical for an external accu-
mulation setup:Vrg = 60V (0 to peak), frequency
600kHz. The inscribed radius of the quadrupole is
p = 4mm. Singly charged ions = 1000 are con-
sidered, corresponding to ggparameterg,, = 0.10

Eqg. (2) The bath gas parameters used are: molecu-
lar massmg = 29, pressure of 10mTorr, and cross-
section of the ion—-molecule collisioms= 200 A?.

Fig. 1 shows the ion number density radial profiles
for three different linear charge densities. To under-
stand this behavior, we can use simple relationships
for the basic ion density parameters, obtained previ-
ously. The simplest approach is based on the assump-
tion of zero random energy, or zero temperature of ions
[19,20] From the balance of the space charge force
and the effective RF focusing force one can obtain the
following expression for the maximum possible ion
number density in the RF quadrupole:

VRF

qp? (1)

no = gdmé€o

Thus the ion number density is a constant that is
independent of the radial coordinate and is defined
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Fig. 1. lon number density distribution simulated for RF collisional quadrupole, for three linear ion density valuesd13C/m
(R; = 0.1mm), 25 x 10711 C/m (R, = 1.5mm), and 1x 1071°C/m (R, = 3mm). Estimated thermal radiugqs = 0.5mm. lons are
singly charged = 1000). RF quadrupole parameters are as follgws: 4 mm, Vgg = 60V, frequency 600 kHzg,, = 0.10, and pressure

10 mTorr.

by the RF quadrupole parameters. Under the zero- The radial size approximately agrees whiq. (14)
temperature approximation the number density of ions (R, = 1.5mm for Q) = 2.5 x 10711 C/m andr, =

is always equal to the maximum number densiy

3.0mm forQ| = 1 x 10-19C/m). However, unlike the

no matter how many ions are stored. The linear charge zero-temperature distribution, the simulated distribu-
densityQ, may be expressed via the number density tion posses a wing, extending to radR> This “dif-

as follows:

Q1 = 7 RZqno (12)

When the ion cloud radiuR, reaches the inscribed
quadrupole radiug, the linear charge density reaches
the maximum possible charge capacity:

Omax = 7p%0No = TqmeoVRF (13)

This relationship gives an upper estimate of the RF
quadrupole charge capacif20]. For linear charge
densities lower tha@max the ions form a cylinder
with a constant number density (11), and the radial
dimension

0l

Ry=p|———
7T E€0gm VRF

(14)
This simplified picture roughly agrees with the sim-
ulation results irFig. L The number density, plotted
in N units, tends to 1 for the two higher linear charge
densities, confirming the estimation giventbg. (11)

fusion spread” has been consideredda]:

Ar ~ /16§°kT (15)
q-no
For the values of parameters usedHFig. 1 one can
estimate the diffusion spread usigg. (15) asAr ~
1 mm. This approximately corresponds to the diffu-
sion spread size shown kig. 1L We conclude that the
relationship (15) gives a reasonably good estimation
for the radial spread of the wing of the ion density
distribution. However, it must be emphasized that un-
der certain conditions the random component of the
ion kinetic energy can be significantly higher than the
thermal energ\KT. This can be expected when ions
are “heated” by an intense RF excitation, either by
increased RF fields at large radial positions, or when
the g, parameter approaches the low-mass cut-off,
gm ~ 0.9. Simulations for the increased ion energy for
the latter case have been reported3@]. Under such
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conditions the value given b¥q. (15)underestimates
the actual radial spread. Alternativelyg. (15) may

produce overestimation for low-pressure conditions

considered later.

The ion density distribution corresponding to the
low linear ion density,0; = 10-*3C/m, in Fig. 1,
does not reach the maximum number densigy In
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one may expect reduced ion capacity for ion species
having a long diffusion wing.

Fig. 2 shows the ion number density distributions
having various diffusion spreads. The results of two
separate simulations are shown in each figure, one
for singly charged iong = 1000 and the other for
+17 ions havingn = 17,000.Fig. 2ashows the case

this case the zero-temperature approximation should of a relatively weak RF focusingyrr = 30V. The

be replaced by an approach that assumes a negligi-diffusion spread estimated usirigg. (15)is Ar

~
~

ble space charge and a random ion kinetic energy at2.1 mm for singly charged ions andr ~ 0.5mm

the thermal leve]18]. In this case the equilibrium ion

density distribution takes the form of the Boltzmann
distribution for a thermal particle moving in the po-
tential well formed by the effective potential. For the

for +17 ions. These estimates agree well with the
diffusion spreads seen Fig. 2a

The maximum charge capacity (13) for the condi-
tions inFig. 2ais Omax = 4.2 x 10~11C/m, four times

case of RF quadrupole this corresponds to the Gaus-larger then the value used for the simulations. How-

sian distribution[18—20}

72
n(r) o« exp —R—2
KT

The average-squared radial positieyy is as follows
[18]:

(16)

kT

Ryt =2p
gmAVRF

17)

For the conditions oFig. 1, Rgr = 0.5mm (it can be
seen thatRyt = Ar/2 by definition). We see that the
ion density distribution for the lowest linear charge
density roughly agrees with the thermal approxima-
tion. One can predict the transition to the thermal dis-
tribution, by comparing the estimated valugs (14)
and Ry (17). Here we haveR, = 0.1mm «R;7,

ever, due to the extended diffusion wing we may ex-
pect that the singly charged ions fig. 2aapproach
the maximum capacity limit at a lower value ¢f =
10~ c/m.

Fig. 2bshows density distributions for the case of
increased RF voltagd/rr = 150V. Because of the
increased charge capacity, we have specified an in-
creased linear charge density in order to have the ion
cloud radius comparable to the onehig. 2a Now
the diffusion spread (15) gives 0.41 and 0.1 mm, cor-
respondingly. The diffusion spread is small compared
to the radial size of the ion cloud, and the charge ca-
pacity approaches the zero-temperature limit (13) for
each of the ion species considered.

The results irFig. 2were obtained for the bath gas
pressure of 10 mTorr. At this pressure the mean-free
path for the ion—neutral collisions is smaller than the

meaning that the thermal spread defines the shape ofgquadrupole radial dimensiop. The theoretical rela-

the distribution.
Summarizing the results féfig. 1we conclude that

the simple approximate relationships allow one to pre-

dict the main characteristics of the ion density distri-

tionships (11-17) do not take into account the bath gas
pressure. Thus, it is of interest to model the ion den-
sity distribution for various pressure conditioR$y. 3
shows the ion density distribution simulated for the

bution. The maximum charge capacity estimated using bath gas pressure of 0.1 mTorr, i.e., two orders of mag-

the zero-temperature approximatidfg. (13) seems
to be reasonably good. For the conditionsFag. 1,
Eq. (13)gives Omax = 1.7 x 10-19C/m. However, a

nitude lower pressure compared to one useeigs. 1
and 2 The free path becomes larger than the charac-
teristic radial sizep, so one may expect the ion density

more realistic estimation based upon the simulation in distribution to be different from the higher pressure

Fig. 1 shows that forQ| = 1 x 10-19C/m the diffu-

one. For comparison the 10 mTorr distributions for

sion wing already reaches the quadrupole rods. Thus,ionsm = 1000 ¢1) andm = 17,000 ¢17) are also
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Fig. 2. Diffusion spread of the ion density distribution. The ion cloud consists of a single ion species m&yirdl000. Singly charged
ions ¢ = 1000) and+17 ions ¢ = 17,000) are considered, with ion—neutral collision cross-section 200 and F40@gpectively. (a)
1 x 10711 C/m, Vre = 30V, frequency 600kHzg,, = 0.05, pressure 10 mTorr, anfl, = 1.95mm. (b) 48 x 1071°C/m, Vge = 150V,
frequency 600 kHzg,, = 0.25, pressure 10 mTorr, angl, = 2.7mm.

shown. Instead of the number density, here we show The time needed for the ion density distribution to
the radial density 2rn(r), in order to emphasize the reach equilibrium at the 0.1 mTorr pressurg>ik0 ms.

behavior at larger radii. One can see that the diffusion The results shown ifig. 3are based on the statistics
spread for the lower pressure becomes slightly shorter. collected for simulation times >25ms. The time step
However, the pressure-dependent difference is not asdt for the ion trajectory tracing must be much smaller
significant as the dependence on the ion charge. than the RF period; d~ 20 ns has been used. Thus,
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Fig. 3. The diffusion spread for pressure 10 and 0.1 mTorr for singly charged iors £000). The radial ion density distribution is
shown. For comparison the results 6.7 ions ¢z = 17,000) for 10 mTorr are shown (circles). The linear charge densityi¢@ 1! C/m

(R; = 1.95mm), Vrr = 30V, frequency 600 kHz, ang,, = 0.05.

the simulation for 0.1 mTorr pressure required a long
computation timey~2 days. It takes additional analy-

sis of the possible computation errors to arrive at quan-

External accumulation is thus obtained using a low-
input current and long accumulation time conditions,
to provide preferential accumulation of species having

titative results for this pressure range. The conclusion a shorter diffusion spread. Thus, it should be possible

that can be reached based on the resultSign 3 is
that the approximate relationships can still be roughly
applicable down to pressures 0.1 mTorr.

These results for the diffusion spread allow one
to predict conditions for preferential accumulation of
highly charged ions having a high-molecular mass.

This should take place under a reduced RF potential,

to distinguish between ions having simitafz values,
but different masses.

We now move our attention to a more complicated
case of an ion cloud consisting of severalz ion
species. It has been reported that the space charge
can force the ions of differemtyz to occupy different
radial positions inside the collisional RF multipole.

when smaller ion species can escape radially through The phenomenon was observed in computer simula-

the diffusion wing. One more necessary condition is
that the ion current must be small, so that the time
of filling the quadrupole is much longer than the col-
lisional relaxation timer (9), to ensure a sufficient

collisional relaxation of ions. This external accumula-
tion mode can be of interest when the sensitivity for

tions and confirmed experimentally for collisional RF
quadrupoles used both for the external accumulation
and as ion guidef29]. The theoretical treatment has
also been reported in Ref29,30]. The accurate two-
dimensional computer model used in the present study
has allowed us to obtain additional details on the ion

large ion species needs to be increased, for example,stratification phenomenon.

for measurements for intact proteins. Note that this
approach differs from the usual low-mass cut-off in
RF quadrupoles, when lom/zions haveg-parameters
above the stability limit (2). Here, instead of increas-
ing g, we suggest using a reduced RF voltage-.

The simulations were performed in the same way as
described earlier, but this time the ion cloud consisted
of three ion species, having = 6000 and charge
states+4, +5, and +6. The RF quadrupole para-
meters are as follows: inscribed radigs= 4 mm,
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Fig. 4. Radial ion density distribution for an ion cloud consisting
of three charge states= +4, +5, and+6 of ions (n = 6000)
for bath gas pressure of 1®Torr. The evolution is shown for
cooling times (ay = 0.24ms, (b)r = 0.80ms, and (¢} = 2.5ms.

At + = 0 ions having thermal kinetic energy were distributed

Vre = 100V, and frequency 600 kHz. This system
roughly corresponds to the experimental study on the
external accumulation of insulin ions reported previ-
ously [29]. The collision cross-section used for the
simulations,c = 1200 A2, was estimated using in-
terpolation of experimental cross-section values mea-
sured by others for protein iorj84,35]

Fig. 4 shows the radial ion density distribution as it
evolves with the cooling time Initial conditions were
specified as follows: the thermal kinetic energy ions
were distributed uniformly over a cylinder of 4.2 mm
diameter. The buffer gas was assumed to have molec-
ular massng = 29 (i.e., the weighted average of the
N2> and @ molecular masses) and a number density
corresponding to 1 mTorr pressure. The collisional re-
laxation time for the ion velocity, estimated for these
parameters usingq. (9) is T = 0.8 ms. The radial
density was calculated as the number of macro-ions
per 0.04 mm radial bin. To have sufficient statistics,
this calculation was repeated 100 times over a short
time interval.Fig. 4a and bshow the radial ion den-
sity distribution forr = 0.3t = 0.24ms, andt =
7 = 0.8 ms when the relaxation of ions is still under
way. After the relaxation time 2 t the radial den-
sity takes an equilibrium shape showrfig. 4c This
stationary distribution can be compared with one de-
rived theoretically{29,30] based on assumptions of a
high-space charge and low-ion kinetic energy. The ap-
proximation results in a constant ion number density
np, same as defined byq. (11) Each ion species,
must be located in a separate cylindrical layer, from
Ro; to Ry;, so that the total charge per the quadrupole
length is equal to the stored linear cha@gefor the

distributed uniformly over a cylinder of 4.2mm o.d. The number
of super-ions used for the simulation is 450 (150 for each charge
state) per 4mm of the quadrupole’s length; the charge of each
super-ion corresponds to 416 ion charges. The linear charge den-
sity is 4x 10711, 5x 10711, and 6x 10~ C/m for each charge
state correspondingly. The RF quadrupole parameters are as fol-
lows: p = 4mm, Vgg = 100V, frequency 600 kHzg,, = 0.11,

gm = 0.14, andg,, = 0.17 correspondingly. The radial borders of
the stratified ion structure estimated under the low-ion energy ap-
proximation[29,30] are 0-1.432 mm fo#-6 ions, 1.568-2.124 mm

for +5 ions, and 2.374-2.772 mm fef4 ions.
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i-th ion species: The direct computer model used in our study is ca-
2 2 able of realistic simulation of the ion kinetic energy
Qi = m(Ry; — Roy)ezino (18) zvolution. There is no established formalism describ-
Here z is the charge state of thieth ion species.  ing the collisional cooling dynamics. The drag coeffi-
An additional equation for the unknown radi;, cient approaches reviewed in RE§5] do not account
Ry; can be obtained from the balance of the space for the discrete nature of collisions and other realis-
charge field and effective RF focusing fidl2i0,30] tic details, such as the combination of the collisional

The radial positions estimated using this approach cooling in the axial direction and radial excitation of
are listed in the caption foFig. 4 One can see that ions by the intense multipolar RF electric field.
the simulated equilibrium distribution iRig. 4c pos- The simulation results for the collisional cooling
sesses radial positions close to the estimated valuesdynamics for the bath gas pressure 1 mTorr are pre-
The radial density 2rn(r) for the +6 and+5 charge sented inFigs. 5 and 6The initial ion kinetic energy
states increases proportionally with the radiushich is E; = 10eV per elementary charge, with the ini-
agrees with the expected constant ion number density, tial velocity vector directed along the quadrupole axis.
n(r) = ng. The borders of each layer are diffused, All other parameters for the ion cloud and for the RF
similar to ion density distributions for singl®/z ion guadrupole are the same as used for the simulations
clouds considered earlier. This radial spread accountsin Fig. 4. It is expected from the theoretical study
for the observed reduced ion number density for [18] that the ion velocity will be damped by colli-
+6 ions. sions, with the characteristic exponential time constant
Summarizing results irFig. 4, we conclude that 7, Eqg. (9) until thermal equilibrium is established.
the stratified ion density distribution establishes itself To verify this assumption we have plotted the ion ki-
upon the completion of the collisional relaxation. The netic energy in the units of thermal energy per one
number density and radial positions of the simulated degree of freedomky = kT/2 ~ 1/80¢eV. It is seen
equilibrium distribution agree well with theoretical from the logarithmic plot,(t) in Fig. 5 that the ion

estimates. kinetic energy is reduced 10 times eacth ms. The
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Fig. 5. The collisional relaxation of the ion kinetic energy for a bath gas pressuréTaér. The initial ion velocity is directed along
the quadrupole axis and corresponds to 10eV per elementary charge. The axial contpoiseptotted in units of the thermal energy
Ex = 0.5KT ~ 1/80eV. The RF quadrupole parameters are same af&ifprd The simulation involves 900 macro-ions, each carrying
208 ion charges.
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Fig. 6. The evolution of the radial component of the ion kinetic endtgySame conditions as iRig. 4 are usedE, is expressed in units

of the thermal energyy = 0.5kT ~ 1/80 eV.

characteristic time estimated usimg. (9)for condi-
tions of the simulation is ~ 0.8 ms, meaning that the

practical interest, because it may define efficiency of
the RF quadrupole collisional cells or two-dimensional

kinetic energy must be reduced 10 times over the time ion traps. It is often assumed that the stationary ki-

interval of 0.5 In 10 ~ 1 ms. In fact for higher ion ki-
netic energies the rate of collisional cooling must in-
creasd18,35] Such atrend can be observedHg. 5.
After 3 ms of the collisional relaxation the axial com-

ponent of the kinetic energy reaches a stationary level,
just slightly above the expected thermal energy value.

We can conclude that both the rate of collisional cool-
ing and the equilibrium energy level agree with the es-
timations based on the collisional cooling mechanism.
(Note that in our two-dimensional model we disregard
the axial electric fields arising from the ion—ion in-

netic energy approaches the thermal level, however,
it is difficult to estimate theoretically how the RF ion
motion will influence the thermal equilibrium. In or-
der to distinguish between the energy of RF oscilla-
tions and the random energy of the ion motion, we
have used the instantaneous ion velocities taken for
the RF phase corresponding to zero energy of the RF
oscillations. Thus, the radial kinetic enerfgy consid-
ered here excludes the energy of RF oscillations, and
can be regarded as the energy of an averaged, or sec-
ular ion motion[33]. We also use the term “random

teraction, because each ion is replaced by an infinite energy” because it is randomly distributed overxye
charged cylinder when the space charge interactionscoordinate plane, as a result of relaxation. The same

are calculated. Thus, the contribution of the ion—ion
interaction to kinetic energy relaxation applies here
only for the radial ion kinetic energy.)

Fig. 6 shows the radial component of the average
ion kinetic energy, obtained in the same simulation
as inFig. 5. This time there is no theory available to
treat the simulation results. Transformation of the ax-
ial energy component into the radial one is of great

units of thermal energy are used agHig. 5. The ra-
dial energyE, is calculated as a sum of two energy
componentE, andE,, so the thermal level would be
E, = 2Ey. The simulation has resulted in the follow-
ing stationary radial kinetic energy levels: B for
+4 ions, 1.%,, for +5 ions, and 1.E;; for +6 ions.
Higher than thermal energy for4 ions can be ex-
plained by a higher intensity of RF excitation, due to
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Fig. 7. The equilibrium radial ion density distribution for a bath gas pressuré Tdrr. All other parameters are same asFiigy. 4

higher radial positions for these ions, $&g. 4c En- tent with the pressure-dependent collisional relaxation
ergy levels lower than the expecteH;2, as observed timert, Eq. (9) The equilibrium energy approaches the
for +6 ions, were unexpected. A possible explanation expected thermal leveE, ~ Ey for t > 20ms. The
is presented as follows. radial kinetic energy shows a different cooling rate,
Simulations showed that the sub-thermal ion energy reaching stationary levels ir10 ms;+6 ions reach a
is observed for low-pressure conditiofidg. 7 shows stationary level in a shorter time thatb and+4 ions.
the equilibrium radial ion density distribution for the The simulation has resulted in the following station-
bath gas pressure 16Torr. All other parameters are  ary radial kinetic energy levels: (&3, for +4 ions,
same as irrig. 4. The diffusion spread is reduced rel- 0.4E;, for +5 ions, and 0.8, for +6 ions. All three
ative to the higher pressure caséHig. 4¢ which can ion species have arrived at random radial kinetic en-
be seen in the slightly reduced overlap of the distri- ergy levels considerably lower than the expected ther-
bution peaks. Note that the free path before collisions mal equilibrium level E,. A possible explanation for
is ~1cm, one order of magnitude larger than for the the sub-thermal radial energies is ion—ion cooling: all
1 mTorr pressure simulation, in apparent contradiction ions are incorporated into the space charge defined
with sharp radial borders seenkilg. 7. We have ar- structure, and an excess energy of each ion becomes
rived at the conclusion that the sharper radial struc- eventually distributed over the whole ion ensemble.
ture is due to the lower random kinetic energy of ions The stationary random ion kinetic energy is defined by
observed at lower pressures, as confirmed by the fol- equilibrium between the excitation from ion—neutral
lowing results. collisions and the ion—ion relaxation. At lower pres-
Figs. 8 and Show the average ion kinetic energy sures,~10~*Torr, the ion—neutral collision rate is de-
evolution, simulated for 0.1 mTorr bath gas pressure. creased and the equilibrium shifts to the sub-thermal
The initial kinetic energy of ions i€, = 1 eV per el- level. In other words, in the low-pressure limit the ther-
ementary charge; all other parameters are same as formal equilibrium ion velocity is defined by the effec-

Figs. 5 and 6The characteristic time for 10 times de- tive mass that approaches the total mass of the whole
crease of the axial kinetic energy 1810 ms, consis- ion ensemble.
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Fig. 8. The collisional relaxation of the ion kinetic energy for a bath gas pressurkTa€r. The initial ion velocity is directed along
the quadrupole axis and corresponds to 1eV per elementary charge. The axial conthorepiotted in units of the thermal energy

Ex = 0.5KT ~ 1/80eV. All other parameters are same as Fay. 4.

It must be emphasized that the lower-than-thermal +4 ions oscillating around 2.7 mm radial position, for

energies are obtained for the random part of the ra-

dial component of the ion kinetic energy, which does
not include the kinetic energy of RF oscillations of
ions,WRr. The latter value is equal by definition to the
pseudo-potential of the RF multipolar field at the ion’s
radial position[33]. For the higher ion populations the
ion cloud extends to the higher radii, and the kinetic

parameters irFig. 4, Wrg ~ 20eV per elementary
charge. This results in an ion—neutral collision energy
the same as if 20 ), ions are injected into the col-
lisional cell. The high energy of collisions results in
ion fragmentation, called “multipole storage assisted
dissociation” (MSAD)[7-10,40] The ion population
corresponding to the onset of MSAD has been theo-

energy of RF oscillations increases. For example, for retically estimated if20]. Thus, lower-than-thermal

30
o —o0— 2z =4+
---0---z =5+
PO = N Py Aeee =

w z=06+
>
o
.
o
c
L
0
=
[}
£
X
c
o

Gy
0 mum,,,,,,,,,,,,,5%2{‘,»‘,S522s!s!z%%%zz;sz;;;;;;;z
T T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010
Time, s

Fig. 9. Evolution of the radial component of the ion kinetic eneyyobtained from the same simulation asHiy. 8 E, is expressed in

units of the thermal energgx = 0.5KT ~ 1/80 eV.
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3 mental conditions, when externally accumulated ions
0afy0a_o0ns00a00aa00eTn00n00000 do not_have sufficient time for complete collisional
f relaxation, e.g., due to a low-bath gas pressure. It fol-
lows that reduced accumulation efficiency for higher
m/z ions may be expected under such conditions, al-
2 though not as distinct as for fully relaxed ions.
= T NS To verify the assumption, that the space charge in-
teractions are responsible for sub-thermal secular ion
kinetic energy, we have performed simulations for the
same conditions as iRigs. 8 and 9but with zero lin-
ear charge density. This was done by specifying a zero
charge for each macro-ion for the ion—ion interaction
Fig. 10. The average radius of ions4 (squares)+5 (circles), calculations. The resulting radial ion density distribu-
and-+6 (triangles) obtained from the same simulation aBigs. 8 tion is shown irFig. 11 The simulation results for dif-
and 9 ferent charge states are shown using the same symbols

random energies discussed earlier can be accompaniedS in previous figures. The corresponding curves show
by quite high-collision energies and consequently high the theoretical radial ion density distributions expected
internal ion energies. for the case of a negligible space chaft@,19}

Fig. 10shows an average radial position vs. cool- 2 2
ing time, calculated for each of the three ion species 27rn(r) = N|R—26Xp R2
considered, for 1 eV initial ion energy and Y0Torr KT KT
pressure, i.e., same conditions as Fgs. 8 and 9 The characteristic radial siz&.r is defined by

The average radius arrives at the stationary level in Eqg. (17) Integration of the distributiofq. (19)over

~1ms, much faster than it takes for the energy relax- radius gives the number of ions per unit length of
ation. This observation may be of interest for experi- the quadrupoleN;. The relationship (19) represents
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Fig. 11. The equilibrium radial ion density distribution for a zero space charge conditions. Simulation results (symbols) are plotted together

with the theoretical low-charge ion density distributions, calculated for each charge stateEasifit®) The characteristic radial width
Rer is calculated usindg=q. (17) 0.190mm for+4 ions, 0.152mm for-5 ions, and 0.127 mm fo#-6 ions. The simulation uses 450

super-ions (150 for each charge state); the charge of each super-ion is set to 0 to cancel the ion—ion interaction. The bath gas pressure

10~ Torr. All other parameters are same asFiigs. 4 and 7
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the Boltzmann distribution for thermal particles in a ial ion—ion interactions. We have used an alternative
potential well created by the pseudo-potential of the three-dimensional model (s&ection 2 to estimate
RF quadrupole electric fielil8]. Note that there are  the space charge influence on the ion kinetic energy
no adjustable parameters in (19), and the theoretical relaxation in the axial direction. Preliminary results
curves are plotted irFig. 11 exactly as defined by  have confirmed that the ion—ion interaction results
Egs. (17) and (19)The good agreement between the in a faster ion kinetic energy relaxation at pressures
theoretical distributions and simulated distributions ~0.1mTorr, for both radial and axial components
for each charge state Fig. 11shows that under zero  of ion kinetic energy. Quantitative results using the
space charge conditions ions arrive at thermal equi- three-dimensional approach will require a computa-
librium with the bath gas. The average kinetic energy tion power at least one order of magnitude greater
of the secular ion motion produced by this simulation than in the present study (which used a 1 GHz pro-
is E, = (2+0.2Eyr andE, = (1+ 0.2)E;7, corre- cessor PC).
sponding to the thermal enerdyr per each degree All results shown so far were obtained for an
of freedom. The results support the assumption that RF quadrupole. The computer model used can also
the ion space charge gives a significant contribution simulate RF multipoles of any order. These observa-
to the ion radial kinetic energy relaxation under the tions can be generalized for higher order multipoles,
low-pressure conditions. if corresponding theoretical relationships are used
The infinite two-dimensional space charge ele- [18-20,30] As an example, we show the radial ion
ments used in our model allow for accurate modeling density distribution simulated for an RF octopole,
of radial ion—ion interactions, but disregard the ax- Fig. 12 The collisional relaxation time estimated
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Fig. 12. The equilibrium radial ion density distribution for the RF octopole. The ion cloud consisis=06000 ions having three charge
states; = +4, +5, and+6. The bath gas pressurex410~* Torr. At t = 0 ions having thermal kinetic energy were distributed uniformly
over a cylinder of 4.2mm o.d. The collisional cooling time= 4 ms. The number of super-ions used for the simulation is 450 (150 for

each charge state) per 4mm axial interval; the charge of each super-ion corresponds to 832 ion charges. The linear charge densit
8x 1071, 1x 10719, and 12 x 106-19C/m for each charge state correspondingly. The RF octopole parameters are as follows: inscribed

radius p = 4mm, Vgg = 500Vo_,, frequency 3000 kHz, stability parametgB9] gy1 = 0.202 (+6 ions), gy2 = 0.168 (5 ions), and
gns = 0.135 (+4 ions). The radial borders of the stratified ion structure estimated under the low-ion energy approx{@@itiane
0-2.107 mm for+6 ions, 2.172—-2.403mm fof5 ions, and 2.494-2.626 mm far4 ions.
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for parameters irFig. 12is t = 2ms. The simula-

A.V. Tolmachev et al./International Journal of Mass Spectrometry 222 (2003) 155-174

that ions are far from instability. Thuargg is small,

tion has shown an established stationary ion density «r. The space charge influence on the ion stability is

distribution fort > 4 ms, in agreement with the ex-
pected completion of collisional relaxation. A distinct
stratified structure is produced, with radial positions
consistent with theoretical values, listed in the caption
for Fig. 12

4. Conclusions

A computer model based on the direct calculation
of ion trajectories in RF multipole electric fields, to-
gether with realistic simulations of ion—neutral and
ion—ion interactions, has allowed us to study details of
the ion cloud relaxation dynamics and the equilibrium
ion cloud shape in two-dimensional RF multipole ion
traps. Simulations have confirmed that with increas-
ing the stored ion population the radial size of the
ion cloud increases. The equilibrium distribution pa-

not confirmed by simulations for low, conditions.

In contrast, lowemm/z ions drift to smaller radial po-
sitions, with characteristic times much shorter than
the collisional relaxation timeHig. 10.

The model presented uses the classical hard spheres
approach for ion—neutral collisions. Although ideal-
ized, the approach allows one to observe details of
the ion collisional relaxation process in the context
of the standard model. The ion relaxation dynam-
ics are followed for realistic conditions that include
RF-driven ion motion and ion-ion interactions. Con-
version of the kinetic energy between secular axial
and radial components and the kinetic energy of RF
oscillations is observed. We have estimated character-
istic times for establishing the stratified structure of
the ion density distribution and for relaxation of axial
and radial components of the ion secular kinetic en-
ergy. The ion energy relaxation for zero space charge

rameters, such as ion number density, radial size, andconditions proceeds with a characteristic time given

diffusion spread of the radial border, were found to

by collisional relaxation theory. Faster relaxation

be consistent with theoretical estimates. We conclude rates are observed for conditions of frequent ion—ion

that the simulations confirm theoretical relationships
for the two-dimensional RF multipole ion trap ion ca-
pacity [20]. Taking into account the diffusion “wing”
of the distribution results in a somewhat higher ca-
pacity for sama/z ions with higher ion charge (i.e.,
higher mass).

In the case of an ion cloud consisting of several

interactions. Simulations indicate that ion—ion cool-
ing can result in the faster relaxation and lower than
thermal values of the random radial kinetic energy at
low-bath gas pressures and high ion populations. As a
result, the radial layers of different/z ions acquire a
sharper, more distinct structure under such conditions.
The detailed description of the ion density distri-

m/zion species, simulated using three charge states ofbution obtained allows one to derive basic conditions

m = 6000 ions, the simulations have confirmed that
ions of differentm/z occupy on average different ra-
dial positions, with highemyz ions occupying higher
radii. This stratified structure becomes more distinct
for higher stored ion populations, and for reduced

for efficient, non-discriminative ion accumulation and
storage. Conditions causing full relaxation of the ion
kinetic energy are important, particularly for its radial
component (which defines the radial spread of the
ion density distribution). This can be achieved using

bath gas pressures. The diffusional spread of the ra-a sufficiently high buffer gas pressure and small ini-
dial borders decreases with increasing mass, resultingtial ion kinetic energy. The axial DC potential well

in more distinct stratification for multiply charged

depth should be small enough to minimize the ini-

ions, compared to singly charged ions that have sametial ion kinetic energy, yet still sufficient for trapping

m/z values. An additional smearing of the borders
arises due to ion RF oscillation&rrr = g+ [30],
whereq,, is g-parameterEq. (2) andr is the radial
position. In all cases considered hegg <« 0.91, so

sufficient ion charge, as estimated in Re0]. Exper-
imental resultg7,14,41] indicate that the DC offset
between the accumulation multipole and orifices at
its ends influences observed ion fragmentation and
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mass-discrimination phenomena. It is interesting to
note that the amount of charge trapped in the RF mul-
tipole can be much greater than the ion population
needed for FT ICR mass analysis, e.g.? #lemen-
tary charges per meter féigs. 4—10 These high-ion
populations result in a significant alteration of the
ion-optical properties of the RF multipole, leading to
additional mass-discrimination effects, not only for
the ion cloud in equilibrium, but also for ion trap-

ping, relaxation, and subsequent extraction processes.
One can assume that existing experimental observa-

tions for the high accumulated ion populations also
exhibit a combination of mass-discrimination effects
resulting from ion accumulation, extraction, transport

to the mass analyzer, and the mass analysis itself.

Experiments have shown that restricting the accu-
mulated ion population to below a certain limit can

reduce mass discrimination, e.g., when using reduced

axial DC trapping voltage§41]. In the recently de-
scribed DREAMS approaci7], the ion population

is controlled in a data-dependent fashion, which pre-
vents the accumulation quadrupole from overfilling
and results in further improvement in sensitivity and
dynamic range.
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