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a b s t r a c t

This paper investigates the loss of high mass ions due to their initial thermal energy in ion trap mass
analyzers. It provides an analytical expression for estimating the percentage loss of ions of a given mass
at a particular temperature, in a trap operating under a predetermined set of conditions. The expression
we developed can be used to study the loss of ions due to its initial thermal energy in traps which have
nonlinear fields as well as those which have linear fields.

The expression for the percentage of ions lost is shown to be a function of the temperature of the
ensemble of ions, ion mass and ion escape velocity. An analytical expression for the escape velocity has
also been derived in terms of the trapping field, drive frequency and ion mass.

Because the trapping field is determined by trap design parameters and operating conditions, it has
been possible to study the influence of these parameters on ion loss. The parameters investigated include
scape velocity
F trap design
onlinear ion trap mass analyzer.

ion temperature, magnitude of the initial potential applied to the ring electrode (which determines the
low mass cut-off), trap size, dimensions of apertures in the endcap electrodes and RF drive frequency.

Our studies demonstrate that ion loss due to initial thermal energy increases with increase in mass and
that, in the traps investigated, ion escape occurs in the radial direction. Reduction in the loss of high mass
ions is favoured by lower ion temperatures, increasing low mass cut-off, increasing trap size, and higher
RF drive frequencies. However, dimensions of the apertures in the endcap electrodes do not influence

ertur
ion loss in the range of ap

. Introduction

This paper revisits and extends the discussion on an old
uestion in the mass spectrometry literature related to ion loss
rocesses in ion trap mass spectrometers. It investigates the ion

oss due to initial thermal energy associated with ions. An ana-
ytical expression to compute the percentage of ions lost, for

given trap with a set of operating conditions for ions at a
iven temperature and given mass, has been derived. The the-
ry we developed in this work is applicable to both the axially
ymmetric three-dimensional [1,2] and two-dimensional [3,4] con-

gurations of ion traps, although analytical expressions for ion loss
ave been derived only for axially symmetric three-dimensional
eometries.
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Ion loss, which limits the sensitivity of a mass spectrometer,
is known to occur on account of several factors. Space charge
effects and scattering due to gas phase reactions such as ion–ion
and ion–neutral molecule interactions [5] have been discussed as
important mechanisms for ion loss. The extent of ion loss in these
processes is a function of the density of ions within the trap at a
given pressure [6]. Other ion loss processes that have been dis-
cussed in the literature include nonlinear resonances [7,8] and
unstable trajectories [5], which include trajectories that are math-
ematically or quasi unstable. An issue which has received only
marginal attention in the mass spectrometry literature [5,9,10] is
the loss of ions due to its initial thermal energy.

In ideal traps which have linear fields, an expression for loss of
ions due to its high thermal energy can be derived from the linear
averaged equation of motion [11]. This model enables the computa-
tion of the well depth. All ions having energies larger than the well
depth will escape from the trap. However, when the field within the

trap is not linear, as in the case of the experimental trap [12] and in
traps with newer geometries [2,13,14,4], the expressions derived
using the linear averaged equation can, at best, provide only a qual-
itative insight. For traps that have nonlinear trapping fields, there
is a need to develop an expression for ion loss which has compa-
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along the axial and radial directions, respectively.
In our simulations, the endcaps are grounded and the ring elec-

trode is excited with a potential given by
Fig. 1. Cross-sectional views and geometry parameters of (a) Q

able accuracy to the expression derivable for linear traps. Such an
xpression will enable designers to model achievable sensitivities
n their traps.

The method we adopted to obtain an analytical expression for
he loss of high thermal energy ions is the following: it is known
hat an ensemble of ions of a given mass has a velocity distri-
ution which, for ion densities below the space charge limit, is
etermined by its temperature. For a given mass, the higher the
emperature, higher will be the ion’s root-mean-square velocity
nd the broader its velocity distribution curve. In our study we
ave used the Maxwell velocity distribution [15] to describe the
elocity distribution of the ensemble. On the other hand, ions of a
iven mass have an escape velocity, vesc, which is a function of the
rapping field they experience. Escape velocity of an ion is defined
s the minimum velocity required by an ion situated at the centre
f the trap1, to escape from the trap [16–18]. Escape velocity is not
ependent on the temperature of the ion. By mapping vesc for an ion
f given mass onto its velocity distribution curve at the specified
emperature, it is possible to compute the percentage of ions which
ave velocities larger than vesc. This percentage corresponds to the

ons lost from the trap on account of its initial thermal energy.
As a caveat we point out that because we choose a Maxwell

elocity distribution for ions, our study pertains to only those ions
hat are located at the centre of the trap where the field is zero. Our
tudy therefore ignores other energetic ions throughout the volume
f the trap such as those ions which have picked up high energy due
o RF heating [19,20], high energy ions formed by dissociation [21]
r the ones with high kinetic energy injected into the trap from
n external source [22]. In this sense, the results we present are
nderestimates of the actual number of high energy ions lost from
he trap.

In contrast to our approach, researchers who study evaporative
ooling of ions [23–26] developed a rate constant based expression
or ion loss for specific ion species. In those studies, because the
xpressions are obtained by fitting experimental data, the expres-
ion takes into account thermalization of the ion population and
lso includes loss of all high energy ions, in addition to those located
t the centre of the trap. Our simulation, however, is not concerned

ith the specific ion species, instead it uses only the mass of the

ragment ion. Further, we ignored thermalization and have instead
omputed ion loss using the velocity distribution corresponding to
he initial temperature of the ions. The reason for ignoring thermal-

1 Trap centre refers to the zero field position in the trap. For traps with top-bottom
ymmetry, this position is the same as the geometric centre. In asymmetric traps,
hich do not have top-bottom symmetry, the zero field position is different from

ts geometric centre.
d (b) CIT0. CITopt differs from the CIT0 only in its dimensions.

ization of the ion population and ions away from the trap centre is
on account of the difficulty in modelling them.

The expression we present is a function of field within the trap
and the escape velocity of the ion. On account of this it has been
possible to evaluate the consequences of changing trap parameters
on the loss of ions due to its thermal energy. The parameters we
discuss in the present paper include ion temperature, low mass
cut-off (LMCO), trap size, dimension of the aperture in the endcap
electrodes and RF drive frequency.

In Section 2, geometries used in this paper are discussed.
Numerical techniques used for calculating field distributions and
verification of analytical expressions are outlined in Section 3. Sec-
tion 4 presents the ion loss calculations and an expression for
estimating the escape velocity of the ions has been derived. In the
penultimate section of this paper, Section 5, we present plots for
the verification of the analytical expression for escape velocity, after
which we describe the ion loss curves obtained to understand the
effect of different operating parameters. Section 6 presents a few
concluding remarks.

2. Geometries considered

Three geometries have been considered in this paper. These
include two well studied geometries viz., the quadrupole ion trap,
QIT [1] with hyperboloid shaped electrodes and the cylindrical ion
trap, CIT0 [2], and an arbitrary geometry, CITopt [27].

Fig. 1 presents the cross-sectional views and geometry param-
eters of the QIT and the CIT0. CITopt has the same cross-sectional
view as the CIT0 but has different dimensions. In the figure, the
parameter labelled r0 refers to the radius of the ring electrode and
h0 to the half-distance between the two endcap electrodes. Other
parameters correspond to the dimensions of the apertures in the
endcap electrodes (rh), and the inter-electrode spacing (ds). Trap
dimensions, in mm, used in our simulations are given in Table 1.
For the QIT, the parameters h1 and r1 indicate the truncation used
� = U + V sin(�t + 0). (1)

Table 1
Geometry parameters of the QIT, CIT0 and CITopt. All dimensions are in mm.

Geometry h0 r0 rh ds h1 r1

QIT 3.5355 5 0.5 – 8.3169 11.762
CIT0 5 5 0.5 1.6 – –
CITopt 7.7743 5 0.5 1.6 – –
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ig. 2. Variation of escape velocity as a function of velocity angle in the (a) QIT, (b) C
re indicated on the periphery only on the right half. Angles on the left half are omi

ere U is the DC potential, V is the zero-to-peak amplitude of the
F potential,� is the angular frequency and 0 is the phase angle.

n all our simulations U is kept at 0 V.

. Computational methods

This section describes the numerical methods used for the veri-
cation of our analytical expressions as well as for computing fields
nd multipole expansion coefficient, A2 [28].

.1. Field and multipole computation

The boundary element method (BEM) reported in Tallapragada
t al. [27] has been used to define geometries and specify potential
n the electrode to estimate charge distribution on the electrodes.
his charge distribution in turn is used to evaluate the fields and
he multipole expansion coefficients.

The quadrupole expansion coefficient A2 is used to compute the
odified Mathieu parameter [29,30], q̂, defined by the expression:

ˆ = 4eVA2

mr20�
2
, (2)

here V is the zero-to-peak RF potential applied across the elec-
rode in volts,� is the angular frequency of the RF drive in radians
er second, and r0 is the normalizing length in meters which in our
ase is the radius of the ring electrode. q̂ is the Mathieu parameter
or the linearized equation of motion in ion traps with nonlinear
elds and is used to distinguish it from the Mathieu parameter q
hich is associated with the canonical form of the Mathieu equa-

ion [31,1].

.2. Trajectory and escape velocity computation

The trajectory calculations are carried out using the Runge-Kutta
ourth order integration routine with the forces acting on an ion
due to the field), the initial velocity (adjusted iteratively till ion
scape) and the initial position (set to trap centre) of the ion as
nputs. The trajectory is allowed to evolve over a prespecified large
ime.

This prespecified time allowed for the trajectories to evolve
aries with the q̂ value of the mass. This is because the secular fre-
uency of the ion varies with its q̂, with higher masses having lower
ˆ and lower secular frequencies. Consequently larger number of RF
ycles are required to cover one period of secular oscillation as q̂
ecreases. This results in larger integration times being required
or ions having lower q̂. During these computations, ion oscillation
mplitude is compared with dimension of the trap boundary and
π

d (c) CITopt. The radial distance in this polar plot indicates velocity in m/s. � values
s they are same as those on the right half.

a flag is set whenever the ion oscillation amplitude exceeded the
boundary of the trap. The initial velocity for which the ion ampli-
tude became equal to the dimensions of the trap is recorded as the
escape velocity of the ion of the chosen mass.

For computing the escape velocity of the ion numerically, we
adopt the method outlined in Krishnaveni et al. [18]. Fig. 2 shows
polar plots for escape velocity in the vx–vz plane, for the QIT, the
CIT0 and the CITopt obtained for RF phase angles varying from 0 to
2� in steps of�/6 and velocity angles varying from 0 to�/2 in steps
of�/30. To generate these plots, the ion mass is fixed at 1000 Th, the
RF drive frequency is kept at 1 MHz and the potentials applied to the
ring electrodes are 23.248 V, 31.426 V and 97.463 V for the QIT, CIT0
and CITopt, respectively. The escape velocities are computed only in
the first quadrant, the curves in the other quadrants are generated
using the symmetry of the trap. It may be seen from the figure that
in these three traps, the escape velocity in the radial direction is
lower than in any other direction. In view of this, the radial direction
is chosen for deriving an expression for escape velocity.

Further, following the observation of Krishnaveni et al. [18]
that escape velocity minima occurred at specific combination of
RF phase angle and velocity angle, we investigated if such angles
exists for axially symmetric traps too. During the simulations car-
ried out for generating the polar plots, it is observed that the escape
velocity in any direction occurred at only two RF phase angles, �/2
and 3�/2. It is further observed that in the radial direction (which is
the direction of ion escape with minimum velocity in these traps as
pointed out above) the minimum always occurred at RF phase angle
of �/2. Based on these observations, to save computation time, in
this paper we limited our calculations to four phase angles corre-
sponding to 0, �/2, � and 3�/2 and fixed the velocity angle to �/2.
From this set of 4 values for velocities, the minimum is chosen as
the escape velocity of the ion in the radial direction.

4. Analytical expression for estimating percentage ion loss
versus mass

In the present study the Maxwell velocity distribution func-
tion is used to describe the velocity distribution of an ensemble
of ions associated with a mass m at a given temperature T. The
corresponding probability density function is given by [15]:

(
m
)3/2

(
mv2

)

p(vx, vy, vz) =

2�kT
exp −

2kT
, (3)

where v2 = v2
x + v2

y + v2
z , with vx, vy and vz representing velocities

in the respective directions.
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Table 2
Comparison of ion loss estimated using Eq. (11) with that calculated using Eq. (8),
for a mass of 1000 Th in the QIT, CIT0 and CITopt.

Trap geometry Percentage ion loss

Eq. (8), L Eq. (11), Lcyl
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QIT 66.547 59.7509
CIT0 78.4160 80.9727
CITopt 90.944 87.5551

The ion loss,L, can be formulated by writing Eq. (3) in the spher-
cal coordinate system as

=
(

m

2�kT

)3/2
∫ 2�

0

∫ �

0

∫ ∞

vth(�)

v2 exp

(
−mv2

2kT

)
dv sin � d� d�,

(4)

here vth(�) is the escape velocity of the ion when the ion is
aunched at an angle � with respect to the axial direction.

Since there is no dependence on �, the above integral can be
ritten as

=
(
m

2kT

)3/2 2√
�

∫ �

0

∫ ∞

vth(�)

v2 exp

(
−mv2

2kT

)
dv sin � d�. (5)

ue to the symmetry of the trap we have vth(�) = vth(� − �), this
urther reduces our integral to

=
(
m

2kT

)3/2 4√
�

∫ �/2

0

∫ ∞

vth(�)

v2 exp

(
−mv2

2kT

)
dv sin � d�. (6)

he substitution u = (v/
√

(2kT/m)) into Eq. (6) yields

= 4√
�

∫ �/2

0

∫ ∞

vth(�)√
(2kT/m)

u2 exp(−u2) du sin � d�. (7)

ntegrating by parts the inner integral of Eq. (7) over the given
imits, the final expression for computing ion loss is

=
∫ �

2

0

[
2vth(�)√
(2�kT/m)

exp

(
−mv2

th(�)

2kT

)

+erfc

(
vth(�)√
(2kT/m)

)]
sin � d�. (8)

q. (8), when integrated, provides the fraction of ions which have
elocities greater than vth, along the corresponding initial veloc-
ty direction, for a specified mass and temperature. More detailed
erivation for the ion loss formulation is given in Ganapathy Sub-
amanyan [32].

While Eq. (8) provides an accurate estimate of ion loss, it does
ot lend itself to providing an analytical expression for ion loss since
he escape velocity surfaces for the different ion traps (as seen in
ig. 2) are irregular and do not have an analytical formulation. In
his paper Eq. (8) has been used only when ion loss is estimated
umerically for the purpose of verifying the accuracy of the ana-

ytical approximation that we derive (see Table 2). To obtain an
nalytical expression for ion loss we will need to approximate the
scape velocity surface with a simpler surface.

A clue to what this approximate, but well characterized, surface
ay look like can be obtained by an inspection of the escape veloc-
ty surfaces in Fig. 2. In these plots it is seen that for the most part,
specially for the QIT and CIT0 and to a lesser extent for the CITopt,
he cross section of the escape velocity volume can be approxi-

ated by two straight lines parallel to the vz-axis. When this is
one the volume within which ions are stable can be approximated
Fig. 3. Escape velocity profile for the CIT0 obtained from Fig. 2(b). Surfaces S and C
have been labelled in the figure.

by a cylinder. Further, from the point of view of ease of computa-
tion, in the present paper we have considered the escape velocity
surface to be an infinite cylinder rather than a truncated one. The
cross section of the infinite cylinder has been shown in Fig. 3 as
dashed lines on the escape velocity profile for the CIT0 taken from
Fig. 2(b). Its surface is labelled C. The radius of the cylinder is taken
to be the waist of surface S. Also shown in the figure are parameters
vth(�) and the angle � which are used in Eq. (8) for computing the
percentage of ions lost.

Using the approximation of the infinite cylinder, Eq. (3) is now
rewritten in cylindrical coordinates to obtain the fraction of ions
lost, Lcyl, as

Lcyl =
∫ ∞

−∞

√
m

2�kT
exp

(
−mv2

z

2kT

)
dvz

∫ 2�

0

d�

∫ ∞

vesc

m

2�kT
exp

(
−
mv2

�

2kT

)
v� dv�,

(9)

where v2
� = v2

x + v2
y and � = arctan(vy/vx). Here, the first integral

term evaluates to 1 and the second evaluates to 2�. Substituting
these values into Eq. (9) we get:

Lcyl =
∫ ∞

vesc

m

2kT
v� exp

(
−mv2

�

2kT

)
dv�. (10)

The above integral is simplified by substituting u = (mv2
�/

√
2kT) in

Eq. (10), and it simplifies to the form:

Lcyl =
∫ ∞

mv2
esc

2kT

e−u du = exp

(
−mv2

esc
2kT

)
. (11)

Eq. (11) is the analytical approximation for evaluating ion loss
which we will be using in this paper.

In order to see how well Eq. (11) approximates the results

obtained using Eq. (8), we present in Table 2 the percentage loss
of ions for the three geometries QIT, CIT0 and CITopt. In the com-
putations to obtain the vth values, the ion mass is fixed at 1000 Th,
the RF drive frequency is set to 1 MHz and the endcaps are kept at
ground potential. To set the LMCO as 10 Th, the potentials applied
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ig. 4. (a) Ion trajectories in QIT for different initial velocities; v1=10 m/s, v2=15 m/
he QIT.

o the ring electrodes are 23.248 V, 31.426 V and 97.463 V for the
IT, CIT0 and CITopt, respectively. In all cases, Eq. (8) is integrated
sing the Simpson’s rule [33] and the ion losses are calculated for
n ion temperature of 298.15 K.

From the table, it is seen that the approximation predicts the
raction of ions lost closely to that given by Eq. (8) for all traps.
xcept in case of the CIT0, the ion loss estimated by Eq. (11) gives a
ower bound for the percentage of ions lost. In case of the CIT0, it is
een from the polar plot presented in Fig. 2(b) that, a region in the
olar plot lies outside the cylinder with radius vesc. Due to this, ions
hose escape velocities lie outside the cylinder of approximation,

hough within the region inside polar plot are counted as lost. In
uch cases the loss estimated by the expression provided in Eq. (11)
s slightly higher than that calculated through Eq. (8).

.1. Escape velocity, vesc

In this section an analytical expression for computing the escape
elocity, vesc, for an ion of mass m, in a specified trap geometry for a
et of operating conditions, is developed. When this expression for
esc is inserted into Eq. (11), it will provide the necessary expression
or obtaining the fraction of ions lost for a particular mass, at a given
emperature.
Before deriving an expression for vesc, we briefly digress to dis-
uss two parameters, Resc and Er,peak(Resc), which will appear in the
xpression for vesc. This will be done by (1) tracing ion trajectories
or different initial velocities and (2) plotting radial fields in the ion
raps.
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Radial distance,m

4 m/s and v4= 25.191 m/s. (b) Magnitude of electric field along radial direction for

In this study we consider two traps, the QIT and the CIT0, the
QIT having no apertures in the endcap electrodes and the CIT0
with an aperture dimension of 0.5 mm (corresponding to 10% of
the ring electrode radius) as shown in Table 1. The other geometry
parameters remain the same as mentioned in that table.

For the ion trajectory studies mass is set to 2000 Th, drive fre-
quency is fixed at 1 MHz and the endcaps are kept at ground
potential. The potentials applied to the ring electrodes are 23.248 V
and 31.426 V for QIT and CIT0, respectively, so as to set LMCO to
10 Th in the two traps. For the QIT, the trajectories are traced for
initial ion velocities of 10.0 m/s, 15.0 m/s, 24.0 m/s and 25.191 m/s.
For the CIT0 the trajectories are traced for initial ion velocities of
10.0 m/s, 14.5 m/s, 16.16 m/s and 16.1678 m/s. In all these simu-
lations, the initial position is set as the trap centre. The results of
these simulations are presented in Figs. 4(a) and 5(a) for the QIT
and CIT0, respectively.

For the field studies, the electric field is computed in the two
traps for an applied unit potential to the ring electrodes with the
endcaps grounded. The magnitude of electric fields along the radial
direction inside the QIT and CIT0 are shown in Figs. 4(b) and 5(b),
respectively.

We first investigate the trajectory plots (Fig. 4(a)) obtained for
the QIT. For the QIT, the amplitude of secular oscillations gradually
increases as the initial ion velocity is increased. When the initial

velocity reaches 25.191 m/s the ion oscillation amplitude equals the
trap dimension and ion escape occurs. The distance from the centre
of the trap to the point at which ion escape occurs is designated as
Resc. As seen in this plot for the QIT, since ion escape occurs at the
ring electrode boundary, Resc equals the radius of the ring electrode.
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urther, as can be surmised from Fig. 4(a), at Resc the ion velocity is
ero and, as can be seen in Fig. 4(b), at Resc the field is maximum.
his maximum field is defined as Er,peak(Resc). For the QIT under
tudy, Resc is 0.005 m and Er,peak(Resc) is 200.090 V/m.

Turning to the CIT0 and Fig. 5(a), here too we see that the
mplitude of ion oscillation increases as the initial ion velocity is
ncreased. There is, however, a different mechanism for ion escape
s can be seen for the plot corresponding to the initial ion velocity
f 16.1678 m/s. Unlike the case of the QIT, for the CIT0, after the ion
rajectory plateaus off, the trajectory dramatically changes direc-
ion and the ion gets destabilized. In such traps it is this distance
rom the centre of the trap, where ion destabilization occurs, which
s used to define Resc. Here too the velocity of ion motion is zero at
esc. Also, at Resc the field plot (Fig. 5(b)) reveals that the field is
aximum. In such traps it is this field maximum that is used to

efine Er,peak(Resc). For the CIT0 under discussion, Resc is 0.0042 m
nd Er,peak(Resc) is 94.760 V/m.

We remind that Er,peak(Resc), which refers to the maximum field
n the radial direction is actually the minimum field amongst the
eld maxima that are computed in all directions. It is on account of
his that ion escape occurs in the radial direction with least escape
elocity. An intuition about this can be obtained by inspecting the
scape velocity polar plots shown in Fig. 2 where it can be seen that
he escape velocity is minimum in the radial direction.

As an interesting aside, we draw attention to the trajectory plots
Fig. 4(a) and 5(a)). For the QIT, which has a predominantly lin-
ar field, the zero-crossings of all the trajectories are very close
o each other indicating that the secular frequency changes only
lightly with the oscillation amplitude. On the other hand, for the
IT0, in which the field is more nonlinear compared to the QIT,
here is a noticeable change in secular frequency with amplitude, as
ndicated by the wide separation in the zero-crossings of the trajec-
ories. The secular frequency decreases with increasing oscillation
mplitude.

We now return to derive an analytical expression for the escape
elocity.

In order to derive an analytical expression for vesc, an averaged
quation of motion for an ion of mass m within a trap with a speci-
ed field and specified set of operating conditions is first developed.
rom this averaged equation of motion, we derive an expression for
esc, which, when substituted into the equation for the percentage
f ion loss, provides us the expression we seek. We begin by defin-
ng the field inside the trap at any point along the radial direction
s

r(r) = Er,peak(r) cos(�t), (12)

here Er,peak(r) is the peak value of the electric field expressed as a
unction of r inside the ion trap, and� is the angular frequency of
he RF drive in radians per second. Er,peak(r) for the QIT, for example,
as the form:

r,peak(r) = 2rV

r20 + 2z2
0

(13)

here V is the zero-to-peak RF potential applied across the elec-
rodes. An expression based on multipole expansion coefficients
an also be formulated for other axially symmetric traps. In the
resent study we will not be deriving expressions such as in Eq.
13). Instead, Er,peak(r) will be evaluated numerically.

Using Eq. (12), an equation of motion of the ion within the
rap following the method outlined in Major and Dehmelt [19] is
erived.
Balancing the forces acting on an ion of mass m and charge e
oving in the radial direction, we have

d2r

dt2
= eEr,peak(r) cos(�t). (14)
al Journal of Mass Spectrometry 303 (2011) 31–41

Following Wuerker et al. [11], Major and Dehmelt [19], the radial
motion of an ion is written as the sum of two components, a
displacement �, due to the micromotion resulting from the high
frequency field, superimposed on the much larger amplitude fun-
damental secular motion, R, so that r = R + �. Using the averaging
approach similar to that of Major and Dehmelt [19], we obtain the
equation of the secular motion as

R̈+ 1
2

(
e

m�

)2
Er,peak(R)E′

r,peak(R) = 0. (15)

This can be equivalently rewritten as d
dt [Ṙ

2 +
(1/2)((eEr,peak(R)/m�))2] = 0, or,

Ṙ2 + 1
2

(
eEr,peak(R)
m�

)2

= (constant). (16)

The constant can be evaluated by recalling the discussion at the
start of this section: at R = Resc, the ion velocity, Ṙ, is zero. Applying
these conditions, the constant of Eq. (16) can be calculated to be

1
2

(
eEr,peak(Resc)

m�

)2

,

where Er,peak(Resc) corresponds to the maximum field in the radial
direction. Substituting this value for the constant in Eq. (16), we
obtain:

Ṙ2 + 1
2

(
eEr,peak(R)
m�

)2

= 1
2

(
eEr,peak(Resc)

m�

)2

. (17)

To obtain the escape velocity of the ion, we apply the initial con-
ditions which correspond to the state of the ion when it is in the
vicinity of the centre of the trap i.e., Ṙ = vesc and Er,peak(R) = 0. Sub-
stituting these in Eq. (17), we get the expression for escape velocity
as

vesc = eEr,peak(Resc)√
2m�

, (18)

Er,peak(Resc) is evaluated numerically in all the simulations in this
paper. Substituting this expression for vesc in Eq. (11) we obtain:

Lcyl = exp

(
− (eEr,peak(Resc))2

4�2mkT

)
. (19)

An inspection of Eq. (19) indicates that Lcyl is of the form
exp (− (constant)/m), where m is the mass of the ion, and the con-
stant depends on the trap geometry and operating conditions.

5. Results and discussions

Results of our study on the loss of high mass ions caused by
temperature and other operating parameters of the ion trap are
presented. These studies use Eq. (11) and are carried out on the
CIT0.

Since accuracy of the analytical expression for determining per-
centage of ion loss (Eq. (11)) is dependent on the accuracy of
estimating escape velocity, we begin by validating Eq. (18), which
is used to compute vesc. Before we proceed with our study to verify
Eq. (18), there is a point that needs to be clarified with regards to
the numerical computation of escape velocity. This is with regard
to the time the ions take to get destabilized from the trap.
5.1. Number of RF cycles

In this study we use the CIT0 geometry and calculate the escape
velocities for ions of five masses 500 Th, 2000 Th, 5000 Th, 8000 Th
and 10000 Th, for an applied ring electrode potential of 31.426 V
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Fig. 6. Plot of ion escape velocity times ion mass versus mass of ion with escape velocity
(a) QIT and (b) CIT0.

Table 3
Comparison of time required for accurate estimation of escape velocity for ions in
CIT0.

Mass (in Th) Number of RF cycles Time in ms Escape velocity in m/s

500 330 0.330 64.6750
2000 1472 1.472 16.1678
5000 3534 3.354 6.4672
8000 5021 5.021 4.0425

10000 6376 6.376 3.2339

Table 4
Number of RF cycles for ion destabilization and percentage ion loss for different
initial velocities for mass 2000 Th.

Initial ion
velocity in m/s

Time taken to escape in
terms of RF cycles

Percentage ion
loss

(
v
a
n
m
a
a

o
m
o
l
t
c
C
a
g
i
i
w

T
G

16.1678 1472 64.601
16.20 938 64.536
17.20 490 62.510

so as to set a LMCO of 10 Th) at 1 MHz RF drive frequency. The
alues for escape velocity and time required to obtain these values
re tabulated in Table 3. It may be seen from the table that the
umber of RF cycles required to estimate escape velocity in the
ass range 500–10,000 Th varies from 330 cycles to 6376 cycles;

nd the corresponding time for a 1 MHz drive frequency is 0.330 ms
nd 6.376 ms.

While it is true that associated time for these large number
f RF cycles is greater than the cooling time associated with the
ass spectrometry experiment (either in the mass selective or res-

nance ejection experiments), we point out that for marginally
arger velocities, the number of RF cycles required to destabilize
he ion from the trap drastically reduces. In order to see this, we
arried out simulation on an ion of mass 2000 Th confined in the
IT0 with aperture dimension as 10% of the ring electrode radius, for
n applied potential of 31.426 V to the ring electrode (with endcaps

rounded) at 1 MHz drive frequency. The result of this simulation
s shown in Table 4. It can be seen from the table that for estimat-
ng the escape velocity of 16.1678 m/s, 1472 RF cycles are required,

hereas ion ejection occurs in 938 RF cycles for a marginally higher

able 5
eometry parameters, applied potential and Er,peak(Resc) of the QIT and CIT0. All dimensio

Geometry h0 r0 rh ds h

QIT 3.5355 5 0.0 – 8
CIT0 5 5 0.5 1.6 –
0 2000 4000 6000 8000 10000
Mass, Th

calculated from Eq. (18) (continuous line) and numerical computation (×) for the

initial ion velocity of 16.20 m/s and 490 RF cycles suffices when the
initial ion velocity is 1 m/s higher at 17.20 m/s. The latter two tim-
ings are well within the cooling time used in mass spectrometry
experiment.

5.2. Verification of Eq. (18)

Verification of Eq. (18) is carried out on both, the QIT (with no
apertures in the endcap electrodes) and CIT0 (with dimension of
the aperture in the endcap electrodes being 10% of the ring elec-
trode radius). We assume the RF drive frequency to be 1 MHz in our
simulations. To obtain Er,peak(Resc), peak values of the field obtained
from the plots (refer Figs. 4(b) and 5(b)) with actual applied voltages
on the ring electrode (which fixes the LMCO at 10 Th in these two
traps) are multiplied. These potentials correspond to 23.248 V for
the QIT and 31.426 V for the CIT0. Er,peak(Resc) values are reported
in Table 5 along with the geometry parameters used.

When the drive frequency, �, and the numerically computed
Er,peak(Resc) are inserted into Eq. (18), we can compute vesc for each
mass for a given trap. Fig. 6(a) and (b) presents the product of ion
escape velocity and ion mass versus ion mass for the QIT and the
CIT0, respectively. As Eq. (18) shows, vescm is a constant. This is
borne out by the horizontal lines in these two figures. In order to
check the agreement of Eq. (18) with the numerically obtained val-
ues, we plot with crosses (×), the values computed numerically. It
can be seen that even at masses as low as 100 Th, Eq. (18) is within
5% of the numerical obtained values. At higher masses, however,
the agreement is much better.

In these traps, A2 has been numerically computed as −1.0053
and −0.7387 for QIT and CIT0, respectively. Using these values of
A2, it is seen that 100 Th corresponds to a q̂ close to 0.1 implying
that our expression provides a good estimate of escape velocities
for q̂ values below 0.1, with Eq. (18) making better estimates as q̂
decreases.
5.3. Ion loss curves

The results obtained in our study of the loss of high mass ions
due to the initial thermal energies of the ions are now presented.

ns are in mm.

1 r1 Potential applied on
ring electrode in V

Er,peak(Resc) in V/m

.3169 11.762 23.248 4651.7000
– 31.426 2977.9277
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Fig. 8. Comparison of percentage loss of ions versus mass for CIT0 operated at
different LMCO: 20 Th (◦) and 10 Th (×).

Table 6
Numerically computed Er,peak(Resc) for CIT0 for different LMCO.

LMCO in Th Potential applied on Er,peak(Resc) in V/m

5.3.3. Trap size
The ion loss curves for three sizes of the CIT0 geometry are pre-

sented in Fig. 9. The three sizes considered are the CIT0 whose
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ig. 7. Percentage loss of ions versus mass for CIT0 at different ion temperatures:
98.15 K (◦), 493 K (×) and 700 K (♦).

nfluence of the following parameters in causing loss of high mass
ons are investigated: (1) ion temperature, (2) low mass cut-off, (3)
rap size, (4) endcap aperture size, and (5) RF drive frequency. All
tudies are carried out on the CIT0. To study the effect of temper-
ture, three different ion temperatures, 298.15 K, 493 K and 700 K
re considered; to study the effect of LMCO, two different low mass
ut-off, 10 Th and 20 Th, are considered; to study the effect of trap
ize, three different trap sizes, the one as presented in Table 1, a
econd which is half its size and a third one-tenth its size are con-
idered; to study the effect of endcap aperture size, three different
perture dimensions, 0%, 10% and 30% of the ring electrode radius
re considered; to study the effect of RF drive frequency, three dif-
erent frequencies, 2 MHz, 1 MHz and 500 kHz are considered. The
emperature is fixed at 298.15 K for all except ion temperature stud-
es. In all the plots shown, the ion loss evaluated at discrete masses
using Eq. (11)) are joined by a smooth curve.

As will be seen, the ion loss curves have similar variation with
ass. This is to be expected because, as pointed out earlier, the

on loss Lcyl in Eq. (19), has the form exp (− (constant)/m). While
t would have sufficed to show just one figure with several curves
orresponding to different values of constants, the effect of different
arameters on ion loss would not be easily discernible. It is for this
eason that we have chosen to display the plots corresponding to
ach parameter separately.

.3.1. Ion temperature
The ion loss curves for the CIT0 for three different ion tempera-

ures of 298.15 K, 493 K and 700 K are shown in Fig. 7. For these
omputations, the RF drive frequency is kept at 1 MHz and the
imension of the aperture in the endcap electrodes is set to 10%
f the ring electrode radius of the trap. To set a LMCO of 10 Th,
potential of 31.426 V is applied to the ring electrode (with end-

aps grounded) for a computed A2 value of −0.7387. Er,peak(Resc) for
hese sets of parameters are computed to be 2977.9277 V/m.

It is evident from the figure that the lower ion temperature curve
isplays smaller ion losses compared to the higher ion temperature
urves. The 298.15 K curve reveals that ion loss is about 12% for a
ass of 100 Th. Thereafter the ion loss increases to about 90% at

000 Th. The 493 K curve shows that the loss increases from about
8% at a mass of 100 Th to about 93% at a mass of 2000 Th. The 700 K
urve indicates that at 100 Th, ion loss is close to 41% and the loss

ncreases to about 95% at a mass of 2000 Th.

.3.2. Low mass cut-off, LMCO
Fig. 8 shows the ion loss curves for the CIT0 operated for LMCO

alues of 20 Th and 10 Th. In these computations, the RF drive
ring electrode in V

20 62.852 5955.8555
10 31.426 2977.9277

frequency is kept at 1 MHz, the dimension of the aperture is set
to 10% of the ring electrode radius and the ion temperature is
fixed at 298.15 K. To set LMCO as 20 Th and 10 Th, the poten-
tials applied to the ring electrodes (with endcaps grounded) are
62.852 V and 31.426 V, respectively. The computed A2 value is
−0.7387. Er,peak(Resc) for these sets of parameters are computed to
be 5955.8555 V/m (for LMCO 20 Th) and 2977.9277 V/m (for LMCO
10 Th). These values are tabulated in Table 6.

The curve corresponding to LMCO of 20 Th shows a smaller ion
loss compared to the 10 Th curve. It can be seen that the 20 Th curve
displays negligible ion loss till a mass of 200 Th after which the ion
loss slowly increases to about 66% at 2000 Th. In the case of the
10 Th curve, however, even at 100 Th there is a loss of over 10%.
2000150010005000
0

Mass, Th

Fig. 9. Comparison of percentage loss of ions versus mass for CIT0 for different scaled
geometries: unscaled (◦), scaled by half (×) and scaled by one-tenth (♦).
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Table 7
Numerically computed Er,peak(Resc) for CIT0 for different trap sizes.

Scaling factor Voltage applied on
ring electrode in V

Er,peak(Resc) in V/m

p
o
R
t
a
r
0
r
t
o
(

l
d
t
a
h
r
t
a
f

5

f
0
p
t
t
3
3
e
2
3
c
t

F
e

Table 8
Numerically computed Er,peak(Resc), A2 for CIT0 with different aperture dimensions.

Aperture size Potential applied
on ring electrode in
V

Er,peak(Resc) in V/m Multipole
coefficient A2

0% 31.4 2976.8142 −0.7397
10% 31.426 2977.9277 −0.7387
30% 32.375 3026.3502 −0.7174
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No scaling 31.426 2977.9277
Half 7.856 1488.8691
One-tenth 0.314 297.7928

arameters are given in Table 1 and the other two are half and
ne-tenth the size of the original CIT0. In these computations, the
F drive frequency is fixed at 1 MHz, the endcap aperture is set
o 10% of the ring electrode radius, and the ion temperature is set
t 298.15 K. To set LMCO to 10 Th, the potentials applied to the
ing electrodes (with endcaps grounded) are 31.426 V, 7.856 V and
.314 V for the original geometry, half-size and one-tenth size CIT0,
espectively. The computed A2 value is −0.7387. Er,peak(Resc) for
hese set of parameters are computed to be 2977.9277 V/m (for the
riginal geometry), 1488.8691 V/m (half-size) and 297.7928 V/m
one-tenth size). These values are tabulated in Table 7.

From the ion loss curves shown, it is evident that there is a lower
oss in the case of the full size geometry compared to the scaled
own versions of the same geometry. The curve corresponding to
he full size geometry shows a loss of about 12% for a mass of 100 Th
fter which the loss increases to about 90% at 2000 Th. In the case of
alf-size geometry, lossless trapping is not seen for ions in this mass
ange and the ion loss increases rapidly to about 90% by 500 Th. In
he one-tenth scaled geometry, even at a mass of 100 Th, a loss of
bout 97% is computed, and the loss rises and reaches close to 99.5%
or a mass as low as 500 Th.

.3.4. Endcap aperture size
Curves in Fig. 10 show the ion loss trends for CIT0 for three dif-

erent aperture dimensions in the endcap electrode which include
% (no aperture), 10% and 30% of the trap radius. In these com-
utations, the RF drive frequency is kept at 1 MHz and the ion
emperature is set to 298.15 K. To set LMCO to 10 Th, the poten-
ials applied to the ring electrodes (with endcaps grounded) are
1.4 V, 31.426 V and 32.375 V for aperture dimensions 0%, 10% and
0% of trap radius, respectively. Er,peak(Resc) for these sets of param-
ters are computed to be 2976.8142 V/m (for the no aperture case),

977.9277 V/m (for the 10% aperture) and 3026.3502 V/m (for the
0% aperture). These values are tabulated in Table 8. Numerically
omputed A2 values are −0.7397, −0.7387 and −0.7174, respec-
ively.

2000150010005000
0

10

20

30

40

50

60

70

80

90

100

Mass, Th

P
er

ce
nt

ag
e 

lo
ss

 o
f i

on
s

ig. 10. Comparison of percentage loss of ions versus mass for CIT0 with different
ndcap hole dimensions: 0% (◦), 10% aperture (×) and 30% aperture (♦).
Fig. 11. Comparison of percentage loss of ions versus mass for CIT0 for different RF
drive frequencies: 2 MHz (◦), 1 MHz (×) and 500 kHz (♦).

It is seen from the figure that the ion loss curves corresponding
to these three different cases are overlapping. 0% and the 10% aper-
ture dimension curves shows that the ion loss at a mass of 100 Th
is about 12% and it then increases to about 90% at 2000 Th. The ion
loss curve corresponding to the 30% aperture dimension reveals
that the ion of mass 100 Th is trapped with a loss of about 11% and
then increases to about 90% at 2000 Th.

The overlapping nature of these curves can be understood from
the closeness of Er,peak(Resc) values as seen in Table 8. These trends
indicate that aperture size does not play a significant role in ion
loss, perhaps, because the radial fields are relatively unaffected by
the variation in aperture sizes in the endcap electrodes.

5.3.5. RF drive frequency
The ion loss curves obtained for CIT0 driven at RF drive frequen-

cies of 2 MHz, 1 MHz and 500 kHz are shown in Fig. 11. In these
computations, the aperture dimension is set to 10% of the trap
radius and the ion temperature is set to 298.15 K. To set a LMCO of
10 Th, the potentials applied to the ring electrodes (with endcaps
grounded) are 125.704 V, 31.426 V and 7.856 V for the drive fre-
quencies 2 MHz, 1 MHz and 500 kHz, respectively. All these voltages
are set for a computed A2 of −0.7387. The computed Er,peak(Resc)
for these sets of parameters are 11911.7110 V/m (for a drive fre-

quency of 2 MHz), 2977.9277 V/m (for a drive frequency of 1 MHz)
and 744.4345 V/m (for a drive frequency of 500 kHz). These values
are tabulated in Table 9.

Table 9
Numerically computed Er,peak(Resc) for CIT0 for different RF drive frequencies.

RF drive frequency Potential applied on
ring electrode in V

Er,peak(Resc) in V/m

2 MHz 125.704 11911.7110
1 MHz 31.426 2977.9277
500 kHz 7.856 744.4345
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ig. 12. Comparison of percentage loss of ions versus mass for QIT (◦), CIT0 (×) and
ITopt (♦).

The lower most curve in the figure, which corresponds to the ion
oss in the 2 MHz case, displays a lower ion loss compared to the
ases when 1 MHz and 500 kHz are used as drive frequencies in the
imulations. The 2 MHz curve shows that a near lossless trapping
ccurs till a mass of 200 Th and then it increases to about 66% at
000 Th. In the 1 MHz curve, ion of mass 100 Th is trapped with
bout 12% loss, after which the ion loss increases to about 90% at
000 Th. The 500 kHz curve shows no lossless trapping in this mass
ange, with ion loss rapidly increasing to about 97% for a mass of
000 Th.

.4. Comparison of percentage loss of ions for QIT, CIT0 and CITopt

Finally, for the sake of completeness, we demonstrate that the
heory developed in this paper can also be used to evaluate the
ercentage of ion loss in other axially symmetric geometries.

Two additional trap geometries, viz., the QIT and the CITopt are
onsidered and CIT0 has been included in the plots by way of a ref-
rence. In these simulations (1) the radius of the ring electrodes of
ll traps have the same dimension (as shown in Table 1) and (2) the
MCO is set at 10 Th. The imposition of three traps having the same
MCO will cause the applied potential on the ring electrodes to be
ifferent for each of the traps. This, of course, causes the trapping
onditions in these traps to be different and this may influence the
onclusions that are drawn from the results we obtain.

Shown in Fig. 12 are the ion loss curves obtained for the three
raps. In these computations, the RF drive frequency is kept at
MHz, the aperture dimension is set to 10% of the trap radius and

he ion temperature is set at 298.15 K. To set a LMCO of 10 Th, the
otentials applied to the ring electrodes (with endcaps grounded)
re 23.248 V, 31.426 V and 97.463 V for QIT, CIT0 and CITopt, respec-
ively. Er,peak(Resc) for these sets of parameters are computed to

e 4651.7000 V/m (for the QIT), 2977.9277 V/m (for the CIT0) and
363.0878 V/m (for the CITopt). These values are tabulated in Table
0. Numerically computed A2 values are −1.011, −0.7387 and
0.2385, respectively, for the QIT, CIT0 and CITopt.

able 10
umerically computed Er,peak(Resc), A2 for QIT, CIT0 and CITopt.

Geometry Potential applied on
ring electrode in V

Er,peak(Resc) in V/m Multipole
coefficient A2

QIT 23.248 4651.7000 −1.011
CIT0 31.426 2977.9277 −0.7387
CITopt 97.463 2363.0878 −0.2385
al Journal of Mass Spectrometry 303 (2011) 31–41

From the figure, it is seen that all the curves share a similar trend
exhibiting higher loss at a higher masses. It is evident that the QIT
has a lower ion loss compared to the two other trap geometries.
The ion loss curve corresponding to the QIT reveals that the trap-
ping is almost lossless at a mass of 100 Th and increases slowly
to about 77% loss at 2000 Th. The CIT0 ion loss curve shows no
lossless trapping, mass 100 Th has about 12% loss with the loss
increasing to about 90% at 2000 Th. The ion loss curve correspond-
ing to CITopt indicates that ions are not trapped without loss in
the mass range investigated, and increases to about 93% loss at
2000 Th.

6. Concluding remarks

This paper investigates a mechanism of ion loss in ion traps
caused by the initial thermal energy associated with the ions. An
analytical expression has been developed to estimate the percent-
age of ions lost as a function of its mass, temperature and escape
velocity. We have assumed the velocity distribution of an ensemble
of ions of a specific mass to be of the form of a Maxwell veloc-
ity distribution. An analytical expression for the escape velocity of
an ion has been obtained from the averaged equation of motion.
Escape velocity is seen to be a function of the maximum trapping
field, mass and frequency of the RF drive. Since the trapping field
is determined by both the trap geometry as well as the operating
conditions of the trap, it has been possible to evaluate how trap
geometries and parameters influence ion loss. This study is con-
cerned with only those ions that have high initial thermal energies
located at the trap centre. It ignores other energetic ions which may
be present throughout the volume of the trap.

From the simulations carried out it is seen that ion loss, for all the
parameters studied, increases with increase in mass. To reduce ion
loss and increase sensitivity of the mass analyzer, it is necessary to
have lower ion temperatures, operate with higher LMCO, possess
a larger trap size, and operate at higher RF drive frequency. The
dimension of the aperture in the endcap electrodes do not influence
ion loss in the aperture range considered.

We point out that while the analytical expressions presented
in this paper are for axially symmetric trap geometries, the theory
we have used can be applied for the traps with two-dimensional
geometries [3,4] as well. There are, however, several features of
these traps that will need to be studied before this theory can
be applied. First, in such traps, full three-dimensional simulations
have to be carried out, the two-dimensional approximation being
inadequate on account of the presence of weak axial fields which
prevent escape of ions in the axial direction. Secondly, in these
traps the preferred direction of ejection will need to be investigated.
While on the one hand there is an equal probability of ejection in the
x–y direction, it may turn out that ion escape due to its high ther-
mal energy may occur preferentially in the axial direction because
of weaker fields in that direction. This latter study will guide us in
creating a surface that should be considered in the Maxwell veloc-
ity distribution function. And finally, if the ejection indeed occurs
in the axial direction in a few of the traps, there may be a somewhat
modified expression for escape velocity.

Although the simulations in this study focused only on ions at
the centre of the trap and ignored other high energy ions through-
out the volume of the trap, as noted in Section 1, the results
presented in this paper are important for the following reason: if in
a particular candidate trap there is a high loss of ions from amongst

those ions at the centre of the trap, then that particular structure
will, in most probability, not be a viable option for consideration.
In this sense, this paper provides an insight into the intrinsic limi-
tation of the candidate trap, and would be useful to trap designers
investigating novel trap geometries.
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