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ABSTRACT

RATIONALE: The desire for mass spectrometer portability provides the motivation for simpler,
lighter electronics to deliver switched potentials applied to the electrodes of the linear ion trap
operated in non-scanning mode. Using a novel method of modelling and theoretical analysis, we

simulate the mass analyser performance in these unfavourable operating conditions.

METHODS: The electrical fields are simulated using the Charge Particle Optics software which
employs the boundary element method. The ion trajectories are computed from the ion cage of the
El source to the interior of the trap where the ions are confined. The spatial/temporal ion
distributions during injection are calculated from the individual ion trajectories computed with
constant time-steps. Due to geometric non-linearities, 8, =0 lines close to the apex of the stability
diagram have been computed for different initial positions with zero initial velocities in order to

define the acceptable maximum axial extension.

RESULTS: The DC potential well depth has been estimated at about 15 eV from the axial velocity
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distribution, and the minimum time of ion injection at 120 ps from the temporal ion distribution. To
ensure a mass separation of one unit and the confinement of the whole of the injected ions, buffer
gas cooling is necessary to reduce the trajectory excursion amplitudes to 0.1 and 15 mm in the

radial and axial directions, respectively.

CONCLUSIONS: The portable mass spectrometer is predicted to achieve a mass resolution of
better than one mass unit providing that He buffer gas is used. An additional cooling sequence has

to be added prior to moving the operating point toward the apex.

KEYWORDS

Portable Mass Spectrometer; Linear lon Trap; Non-scanning Operating Mode; Non-linearity

influence on mass-resolution.

INTRODUCTION

There are various configurations of 2D ion traps, or linear ion traps (LIT). The ideal quadrupole
device has a structure with hyperbolic profile electrodes (rods), each rod being cut into three axial
sections™™®, while the simplest structure is obtained with a lens placed at each end of four
hyperbolic rods.® ' The DC potential applied to the front and back sections (hyperbolic electrodes
or lenses) allows the electrostatic confinement of the ions along the z-direction, in addition to the
electrodynamic confinement in the radial plane.

It is often assumed that the expression for the potential in the LIT can be separated into two

parts. This assumption is most accurate when the linear trap is composed of three sets of rod

electrodes. The first potential, @, (x,y,t), is applied to the four rods (as for a Quadrupole Mass
Filter, QMF), and the second @, (x,y,z) is the DC potential applied to both end sections/lenses.

Different potential configurations can be employed to maintain the ions in the radial plane
(Table 1). Configuration No. 1 is the standard confinement potential configuration. The potential
V(t)=U,+V,cosQt (where U, is the DC potential, V, the RF zero-to-peak amplitude and Q the
angular frequency of the RF potential) is applied to the pair of opposite electrodes in the x-direction
and —V (t) is applied to the pair of opposite electrodes in the y-direction.

For a portable device, it would be preferable to use a single RF power supply. In the
configuration No. 3, the potential V (t) is applied to the pair of opposite electrodes in the y-

direction, while the pair of opposite electrodes in the x-direction are grounded. This configuration is



not of interest as the centre of the trap is always at U, and can cause a dispersion of the ions at
injection. In configuration No. 2, the potential V (t) is applied to the pair of opposite electrodes in
the y-direction and the DC potential U, is applied to the pair of opposite electrodes in the x-

direction. Over a period of the RF voltage waveform, the average value of the potential in the centre
of the trap is zero.

In the radial plane, the ion motion equations can be described by a Mathieu equation:

d®u
— +(a, —29,cos27)u=0 1)
dr
using the reduced parameters (for instance, for configuration No. 1):
8zeU,
a=-ay =5
mr; Q2
—-4zeV,
a=--a=— 20 2
X y erZQZ ( )
2t =Qt

with 1, the smallest distance separating the hyperbolic rod electrodes from the central axis of the

LIT, m/z the mass-over-charge ratio of the ion and e the charge of the electron.

The potential induced by the two end-caps is often expressed by:[ !
kU x°+y°
D, (x,y,z):C+Z—2{zz— 2y } (3)
0

where U, is the potential applied to both end-electrodes. In this expression, the resulting potential

is limited to the quadrupole order term and a value different from zero in the centre of the trap is

taken into account. Using @, (x,y,t)+¢DC (x,y,z) as the solution of the Laplace equation, the ion
motion equation leads to a stability diagram different from that of the quadrupole mass filter. The
LIT stability diagram in the plane (a,,q,) is shifted along the a  axis by the negative value
—(4zekU,) /(mz2Q*) for both radial directions, in comparison with the QMF stability diagram.!%
However, this shift is not significant when z, > r,, as it is the case for the LITs used in this study.

Furthermore, strong field non-linearities exist at both ends of the LIT, inducing high-order
coupling terms neglected in Eqn. (3).') For instance, assuming that the potential has a positive
mirror symmetry with respect to the plane z =0, this potential can be approximated at x=y =0

by the following polynomial limited to the even-order terms:
+00 ZZp
Dy (00,2)=) a,, 5 (4)
p=0 Z
where a,, is a constant value in volts. As a consequence, generally in a real trap, the stability
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diagram depends also on the initial conditions of confined ions (for instance, for a 3D quadrupole
trapt?). In other words, each ion has its own stability diagram.

The traps used as mass analyser in portable devices are normally of reduced size with
simplified geometry, e.g. the cylindrical and rectilinear ion traps.”*® In our case, the LIT comprises
four hyperbolic rods and two end-cap lenses. It is coupled to an open EI ion source by means of a
set of lenses to inject the ions axially into the interior of the LIT. The four hyperbolic rods are
fabricated by digital light processing (DLP LIT) using a novel polymer material and electroplating
process. Low outgassing, long electrode lifetime and high voltage stability have been measured.!**

For mass analysis, the LIT uses a Non Scanning Mode (NSM).™®! With NSM, the trap is
operated close to the apex of the stability diagram in order to have mass selectivity. The NSM
sequence refers to a series of the following stages achieved by switching potentials applied to the
electrodes: (1) creation and injection of ions created in the EI source towards the LIT, (2) mass-
selective ion confinement in the LIT at fixed trap operating point and (3) total ejection of the ions
toward the detector. Only three or four ion fragments with different mass-values ranging over few
hundreds are targeted when analysing a single compound. As a consequence, a succession of three
or four NSM sequences (one sequence per ion fragment) reduces analysis time compared to the
mass-scanning mode over a large mass range.!*® However, a set of appropriate values of the pair

(U,,V,) can be chosen in the vicinity of the apex to produce the mass spectral peak associated with

the target ion.

The mass spectrometer portability requirement introduces physical constraints: the electronic
control unit (ECU) must be simple and, ideally, of low weight/cost. It is much easier to switch
on/off quickly the DC voltages than the RF confinement voltage. As a consequence, it was decided
to switch only DC potentials to move the operating point of the LIT during the injection and
confinement stages. Both injection and trapping efficiencies in a LIT can be improved by using a
He buffer gas, the effectiveness of collisional cooling depending on the gas pressure, the ion and
gas masses, the collisional cross section of the ion, and the distance travelled by the ion. [ 1% 1619
The sensitivity enhancement has been recently demonstrated in the experimental device by adding
helium buffer gas. %!

In this work, the performance limitations (i.e. the number of injected and confined ions, and
mass resolution) of the mass analyser must be estimated by simulation in these non-optimal
operating conditions and in the absence of collisions. The maximal trajectory (radial/axial)
excursions of the confined ions have to be determined for a mass-selective operating point, taking

into account the non-linearity of the trap.



SIMULATION and OPERATING CONDITIONS

CPO software

The commercial software Charged Particle Optics (CPO) is used for these simulation studies.?” In
the CPO software, the device design is constructed from either predefined electrode shapes or
equations. Electrical potential/field solving is done using the Boundary Element Method (BEM).[2!
For the BEM, charges are distributed over the electrode surface, according to the potential applied
to the electrodes. Consequently, it requires a segmentation of the electrodes into discrete intervals
for computation of the charge distribution. Adaptive surface meshes become smaller where
accuracy is required. However, for ion trajectory simulations, CPO software is not computationally

efficient for large numbers (e.g. >10°) of ions and simulations are excessively time consuming.

El source/LIT coupling design

The design includes the LIT and a part of an open Electron lonisation ion source with the coupling
lenses. As simulation concerns only ion trajectories, the ion source can be limited to the ion cage

fixed on the ion extraction lens and biased at the same potential U, =U, =3 V (Fig. 1). The other
coupling lenses with the LIT are denoted as the focusing and decelerating lenses, biased at Ug
varying and U, =0 V, respectively. For the same device, an optimised coupling was described

earlier in reference.™ Here, a typical coupling using lenses separated by the same distance (1 mm)

and having same apertures (1 mm in radius) is used.

Figure 1. Design of open Electron lonisation source/LIT coupling. Electrode #1: hyperbolic
rods of x-electrodes; electrode #2: hyperbolic rods of y-electrodes; electrode #3: exit lens; electrode
#4: entrance lens; electrode #5: decelerating lens; electrode #6: focusing lens; electrode #7:
extraction lens; and electrode #8: ion cage.

The LIT is composed of four hyperbolic rods set parallel to each other in the z-direction and
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two lenses denoted as entrance and exit lenses which are biased at DC potentials U, and U,,
respectively. The four hyperbolic rods of the LIT are truncated at 3r, and located at r,=2 mm.
Different LIT lengths are used with 2z, the length of the rods varying from 20 to 60 mm, the LITs
being then denoted as LIT-20 to LIT-60, respectively.

Electrode segmentation

The effect of non-ideal segmentation is shown in Fig. 2. For this, the design comprises only the four
hyperbolic rods and the two end-cap electrodes of the LIT. The four rods are biased at 0 V, while

the two-end cap electrodes are held at 40 V. The potential @, (0,0,z) is computed for different

segmentations (or meshing) of the electrodes.

0.020
0.015 -
. 0.010 -
2 0.005 -
S 0.000 -
=)
_e(_é) -0.005 - dx=0.11 mm; dz=2 mm
dx=0.11 mm; dz=1 mm
-0.010 dx=0.2 mm; dz=1 mm
aots-
-0.020 : : , : ,
-15 -10 -5 0 5 10 15

z (mm)
Figure 2. Potential in the LIT @, (00,z) according to the electrode segmentation, with the

four hyperbolic rods biased at 0 V and the two-end caps held at 40 V.

The expected potential curve has maximal values at both ends and a minimal value in the
centre of the LIT according to the polynomial development of Eqn. (4). The increase of the radial
segmentation (from dx =0.2 to 0.1 mm) does not change the potential curve significantly. The best
fit with the potential computed by CPO is obtained with the electrode segmentation: dx=0.2 and
dz =0.1 mm, for the smallest number of segments in order to reduce the computation time of the

electric field/potential.

Initial ion drawing in the ion cage

It is assumed that an effusion from a gas cylinder forms the beam of neutrals, which is placed just in
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front of the ion cage. As a consequence, the ion positions are uniformly drawn in the volume of the
cylinder defining the ion cage. The ion velocities are mainly distributed along the z-direction
according to a cosine law and depend on the room temperature and mass of the particle. The initial
number of ions is no more than 100 (when confinement is needed) or 500 (for ion injection studies),
due to long trajectory computation times by CPO. Whatever the number of ions, it is ensured that
the uniform drawing sequence used is representative of a mean value issued of some tens of

different drawing sequences.

Potentials applied to the hyperbolic rods

The same instant of creation (t=0) is chosen for all of the ions. To take into account the temporal
variations of the applied potentials, simulations are performed at different initial phases (at t=0) of
the RF confinement field. So, the applied RF potential must be written as: V (t) =V, cos(Qt +¢). Four
different values of the initial phase of the RF voltage are chosen: (j/4)2z with j=0...3. Only two
values are necessary (i.e. j=0 and 1) for the configuration No. 1 with regard to symmetry,
assuming that the drawings are statistically the same in the x- and y-directions, and similar results
are obtained in both x- and y-directions. All the results involving RF potentials are then averaged

over those phase values.

The theoretical potential values Ughic, and Vg2iE for the apex of the principal stability

diagram of QMF are calculated for the confinement potential configurations No. 1 and No. 2 from
the relations:

UOMF _ 0.23717Q° m

0,apex 89 7
22
Ve = 0.707%, €7 X m(configuration No.1) (5)
’ de Z
22
Voo = % « ™ (configuration No.2)
' e z

with Q/27 =1 MHz.

Non-scanning operating mode sequences

In the first simulation work, the ion manipulation was performed by switching only the DC
potentials applied to the entrance and exit lensest*®. During injection, the LIT was operated in the
non-scanning mode with the confinement potentials applied to the rods. This sequence was
implemented for simplicity of manufacture, but it leads to constant DC potentials applied to the
electrodes during the injection stage. In addition, the ions crossing an instability zone between the

lens and the trap are subject to coupling fields between the axial and radial directions, reducing the
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injection efficiency.

The issue at injection is the same as with a mass filter. Typically, the ion source is adapted to a
mass filter by means of an entrance lens having a smaller inner diameter than the inner diameter of
the filter. The transmission efficiency improvement for this case was demonstrated by Brubaker and
Tuul.?? Later, the filter acceptance was examined in term of phase space dynamics by Dawson.!?

21 1In 1968, Brubaker proposed the use of a pre-filter operating in a RF only mode (i.e. with U, =0

) to greatly increase the number of injected ions. 12 %!

The injection efficiency is then reduced when a DC potential is applied to the rods. As a
consequence, in this work another sequence is proposed. In the NSM sequence No. 2, the DC
confinement potential is applied only during the confinement stage and switched to zero during the

injection and ejection stages (RF only mode).

CPO trajectory computation and data treatment

The points of the ion trajectories are computed at a constant time-step of 2x107 s, which is much
lower than the period of the RF confinement voltage.

The points of a single trajectory computed at a constant time-step corresponds to ions created in
the source with the same initial positions and velocities at different instants separated by the
computation time-step. Taking into account different ion trajectories, corresponding to different
initial positions and velocities in the source, the set of computed trajectory points can be
representative of the ion distribution inside the LIT at steady state, i.e. when the number of injected
ions remains constant after an injection time denoted as the minimum injection time. As a
consequence, the number of computed points of all the trajectories is representative to the number
of injected ions. From these points, it is also possible to calculate the ion distributions according to

positions and velocities.

RESULTS AND DISCUSSION

Characterisation of ion beam entering the LIT

The characterisation of the beam of ions entering the LIT is performed with 500 ions (mono-
charged) of m/z 50, 100 and 300, initially created in the ion cage, and by biasing at zero the LIT
electrodes. The number of ions passing through the entrance lens and the maximal radial dispersion

dr.,, of the ion beam measured at the LIT rod entrance at -20 mm are calculated. dr.,, is a reliable

indicator of the divergence of the ion beam as the LIT is a field-free region, so that the ions in the

LIT keep their initial radial and axial velocities at entrance lens aperture (Fig. 3).



The total variation in the fraction of ions passing the entrance lens as a function of U, does not
depend on m/z, while it slightly increases from 70 to 75 % for U, varying from -50 to 110 V. The
radial dispersion at —20 mm does not depend on m/z (Fig. 3). It is equal to the radius of the
entrance lens aperture for Ug =-50 V and diminished until 0.6 mm for U, =-110 V.

The influence of the radial dispersion on the number of confined ions will be tested in the

following sections by using these two values of U, .

1.1
1.0 - $m/250 ........... .................. ........ S i
—— m/z:100 : :
09 Y- miz300 S el I
E z __ z
\%08 P N O I - e L
hE
© 0.7 4o T L
06 L N2 L
0.5
-120 -100 -80 -60 -40

Ug (V)

Figure 3. Maximal radial dispersion of the ion beam at LIT entrance at -20 mm, according to
the potential U, for m/z =50, 100 and 300.

Number of injected ions

100 ions of m/z 100 are injected into the LIT with the RF potentials applied to the hyperbolic

electrodes according to the potential configurations No. 1 and 2, the NSM sequences No. 1 and 2,

and with the DC potentials U, =20 and 40 V and U, =0 V applied to the exit lens and entrance

lens, respectively. The number of injected ions (i.e. the number of ions present in the LIT at steady
state) is computed from the number of points of the ion trajectories inside the LIT (Table 2).

As expected, the potential U3 giving the location of the turn around axial location in the LIT
has a weak influence on the number of injected ions. The potential configuration No. 1 always leads
to the greatest number of injected ions, about 20 %, and throughout. Between U, =—50 and -100

V, a difference of 20-25 % is noticed in favour of the value giving the most collimated ion beam,

i.e. Ug =—110 V. The NSM sequence No. 1 has poor injection efficiency (10 %) in comparison
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with the SIM sequence No. 2. Reducing the value of U, at the half-value increases the fraction of

ions passing the entrance lens to 70 %. With the NSM sequence No. 1, no ions reach the initial

entrance lens.

lon distribution in the radial direction during injection

The radial position and velocity distributions, at steady state of the injection stage, are calculated
from the points of the ions trajectories in the LIT computed at a constant time-step (Fig. 4).

The distribution of ions in the radial plane is not cylindrical: it has a diamond-like shape. The
shape of the radial distributions (in position and velocity) is more stretched around zero than a
Gaussian function. The distribution is wider along the main direction (x- or y-direction) than along

the asymptotic direction of the equipotential lines in the radial plane (X,,). With the potential

asy
configuration No. 1, the radial position distribution is less dispersed with U, =—110 V. In general,

with the potential configuration No. 2, the radial position distribution is larger than with the

potential configuration No. 1.

lon distribution in the axial direction during injection

With the same simulation data and treatment, the distributions in position and velocity of ions in the
axial direction at steady state of the injection stage are plotted in Fig. 4.

The ions are quasi-uniformly distributed in the z-direction except close to the exit lens, where
they decelerate and move back towards the entrance lens after which the number of ions increases.
With the potential configurations No. 2, an ion loss (about 25 %) is observed at the LIT entrance
over a region of 6 mm. As previously shown, the number of injected ions is greater with the

potential configuration No. 1, and also with U, =-110 V.

The potential configuration No. 1 leads to narrow distributions of axial velocities for ions going
towards the exit lens (positive velocity distribution) as well as for ions coming back to the entrance
lens (negative velocity distributions), with the same dispersion and ion quantities when comparing
the areas of these two velocity distributions. With the potential configuration No. 2, the axial
velocity distribution is larger, due to the time-varying potential in the centre of the trap. The mean
value of all the distributions is about 2400 m/s corresponding to the potential energy of the ion cage
biased at 3 V.

The potential applied to the end-caps must be chosen according to the maximal value of the
axial velocity distribution. U, must be greater than 4.7 and 13 V, as 3000 and 5000 m/s are the

maximum axial velocities measured in the case of the confinement potential configuration No. 1

and No. 2, respectively, with the ion cage biased at 3 V.
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Figure 4. lon distributions in LIT-40 at injection stage for potential configuration No. 1 (left

curves) and No. 2 (right curves). The number of ions is normalised so that the maximum of the

distribution equals 1. (a) and (b): Normalised ion distribution versus x-direction; (c) and (d):
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Normalised ion distribution versus asymptotic direction of the equipotential lines in the radial plan
(Xasy ); () and (f): Normalised ion distribution versus x-velocity; (g)-(h) lon distribution versus z-
direction; (i) and (j): Normalised ion distribution versus z-velocity. The other simulation conditions

are: Ug =—50 (full line) and —110 V (grey line) for NSM sequence No. 2, U, =20 V and ions of

m/z 100.

Minimal injection time

The number of injected ions versus the injection time is calculated from a single point of time of
creation in the ion cage. The curves plotted in Fig. 5 represent the mean values of the number of
injected ions calculated for different initial phases of the RF confinement potential. The number of
injected ions diminishes with time, as ion creation occurs at a single point in time. The minimal
injection time is defined when the number of ions is zero, corresponding also to the maximal

number of injected ions when ion creation is continuous.

100
8 Pot conf No.1; NSM seq No.2
Qg0 Pot conf No.2; NSM seq No.2
5 - — — — — PotconfNo.1; NSM seq No.1
— S N iy Pot conf No.1; NSM seq No.1'
2601 \ T
ge} ]
T \
£ 20 - \
(®)
Z \\ e
O T \ _x B S— T T
0.00 002 0.04 006 008 0.10 0.12 0.14

Injection time (mMs)

Figure 5. Normalized ion distribution versus time for a punctual time of creation in the ion

source, according to potential configurations No. 1 and No. 2 and NSM sequences No. 1 and No. 2

—110 V, and ions of m/z 100.

with potentials U, =20 V and U,

With the potential configuration No. 1 and NSM sequence No. 2, two ion losses are observed:
the first decrease corresponds to an effective ion loss during injection when ions go towards exit
lens, while the second one is mainly attributable to the ions reaching the entrance lens at different
times according to their axial velocity. Due to the large axial velocity distribution, a quasi-linear
decrease is observed with the potential configuration No. 2 and NSM sequence No. 2. The minimal
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injection time deduced from the curves of Fig. 5 is almost equal to 120 ps. With the potential
configuration No. 1 and NSM sequence No. 1, the ion loss occurs mainly when the ions go towards
the exit lens. Few ions can go back close to the exit lens, but they experience the strong non-
linearities in this region of the LIT, consequently they are lost very quickly after return. No ions
reach the entrance lens when they turn around. With the potential configuration No. 1, a few
number of ions has been measured (10 %, see Table 2) and the position and velocity distributions of
the cloud at injection will lead to non confinable ions, as the remaining ions are lost as soon as they

experience non-linearities at the exit lens during the injection stage.

Apex value of the principal stability diagram of LIT

The NSM operating mode requires to know accurately the potential values U:"  and VT to be

0,apex 0,apex

applied to the x- and y-electrodes to operate the LIT at the apex of the stability diagram during the
confinement stage.

Let us consider a single ion of m/z 100 confined for different initial conditions in radial and

axial positions, and the initial velocities equal to zero. The confinement potentials are applied to the

rods according to the configuration potential No. 1 and the two end-caps are biased at U, =U, =20

V.V, is chosen equal to V% and U, is varied with steps of 0.1 V for values lower than U . The

0,apex 0,apex "

highest value of U, at which the ion is confined during at least 1 ms is denoted as U . By this

0,apex "
way, the apex of the stability diagram takes into account, not only the stability of the radial motion
in the centre of the trap, but also integrates the non-linear resonances at both ends close to end-cap
lenses: even ions having a stable motion with large excursion can be lost due to energy exchange

between the radial and axial directions that occurs at both ends of the LIT.

LIT
0,apex

The computed values of U are plotted versus z(0) Fig. 6 according to different initial

radial positions and LIT lengths. z(0) can be also considered as an approximation of the maximal

excursion of the ion axial trajectory, as initial axial velocity is zero. The horizontal dashed line

QMF

represents the theoretical QMF apex value of the principal diagram, U apex:

which does not depend

on initial conditions of ion. All the LIT apex values are lower than the QMF apex value. They

remain constant until z(0) < z,,...¢, they then decrease until the maximal excursion reaches the end of

the LIT. z,,,, IS representative of the maximal excursion of the axial trajectory for the ion to be

LIT
0,apex "

confined, if the trap is operated at value of the plateau of U The coupling between the axial

and radial directions can be neglected when the excursion of the axial trajectory remains lower than

Zyeons - 1He value of z,,... decreases with the increase of the initial radial positions. The size of the
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LIT does not significantly modify this value. z,,,, increases with the size of the LIT.
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Figure 6. Apex value (U ) of the LIT principal stability diagram of a single ion of m/z

100 versus z(0) (or maximal axial trajectory excursion): (top curve) according to different initial

radial positions (or radial trajectory excursion) with LIT-40 and (bottom curve) according to LIT
lengths with x(0)=—y(0)=-0.177 mm and U,=U,=20 V. The theoretical value of the

corresponding QMF apex (Uggﬂpix) is represented by the dashed line.

Axial trajectory excursion effects on confinability close to the stability diagram apex

If the trap is operated at the value of the plateau of Ut . two issues must be addressed to

0,apex’
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increase both sensitivity and resolution. On one hand, the ion cloud occupies almost the whole of
the axial positions at injection, so that ions having trajectory excursions larger than z,,,. are lost
during confinement. On the other hand, due to the radial position distribution of the ion cloud at
injection stage, a compromise must be found between mass-selectivity and number of confined

ions. In either case, the initial position distributions of ions must be reduced prior to the

confinement stage.

90

80 -
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60 -

50

40 -

Maximal axial excursion (%)

30

5 10 15 20 25 30 35

Figure 7. Maximal axial excursion of a single ion confined in different LIT lengths: (+)

Zyeont | Zo» When the trap is operated at the plateau of Uy .; (V) Zy, 7 1 Z, when the potential well

depth equals k,T ; and (0) zy 1 /Z, when the potential well depth equals 3k,T , for a single ion of

m/z 100.

The normalised values z,,,../z, (the values founded in bottom curve of Fig. 6) are plotted in
Fig. 7 as a function of z,, the LIT length. For each LIT length, the two crosses indicate the
maximal and minimal limits of z,,,./z,, as the value of U, is varied in steps. The axial extent of

the confined ion cloud occupies 80 % of the axial direction for LIT-60 and only 60 % for LIT-30.

Let us calculate the maximum axial excursion of confined ions for two values of the axial
potential well depth regarding the value of kT , with T the temperature (K) of a He buffer gas,
for instance, and kg the Boltzmann constant (J/K). When the axial potential well depth is equal to

keT and 3k,T, the maximal trajectory excursions z,, r and 2z, ; are deduced from the
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equations @, (0,0,2y, ;) =kgT and @:(0,0,2y5 ) =3kgT , respectively, with potential values
computed from CPO. The normalised values z,, ; /z, and z,,,, . /Z, are then plotted in Fig. 7 as a
function of z,. The required values of z,,.,,, match those of z,, ; and z,,, ;. As a consequence, if

He buffer gas is used [ %171 efficient ion cooling can reduce the axial dimension of the injected

ion cloud so that very few ions are lost in the axial direction, when the trap is operated at the value

LIT
0,apex’

of the plateau of U

Radial trajectory excursion effects on confinability and resolution close to the stability
diagram apex

The plateau of U, =U0L,[,,1Tpex must be determined more accurately according to initial radial positions.
The location of the highest limit of confinement (or the “iso-beta line B, =07) of three mass-over-
charge ratios m/z =99, 100 and 101 is calculated by varying U, with steps of 0.01 V according to
different initial radial positions (Fig. 8). The initial axial position is chosen lower than z,,., ..

With the lowest initial radial position, x(0) =-y(0) =-0.001 mm, the LIT stability diagram
has the greatest area and tends to the QMF stability diagram. For a same value of V, and for the
same initial radial conditions, the iso-beta lines of each m/z are shifted down by the same value of
Uy . For instance, for m/z =100 and initial radial positions x(0) =—y(0) =—-0.0707 mm, the iso-
beta S, =0 line is at U, =4.79 V instead of 4.85 V for the QMF for V, =28.89 V. The iso-beta
line of m/z=100 for x(0)=-y(0)=-0.0707 mm matches the iso-beta line of m/z=101 for
x(0) =—-y(0) =-0.001 mm.

As a consequence, a mass separation of one unit can be then achieved with a cloud of ions

having initial radial positions within a radius of 0.1 mm around the z-direction. However, only 13 %

of the injected ions will be confined (value calculated by a 3D integration of the ion distribution at
injection given in Fig. 3). To increase the number of confined ions, the value of U, can be

diminished but the mass separation is degraded. Therefore, collisional cooling is necessary to

reduce the radial dispersion of the injected ions.
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Figure 8. Principal stability diagram of QMF close to apex for m/z =99, 100 and 101. “Iso-
beta lines 8, =07 of LIT-40 stability diagram for m/z =99 (o), 100 (V') and 101 (o), and different

initial radial positions: (green) x(0) =—y(0) =-0.001 mm; (red) x(0) =-y(0) =-0.0707 mm; (bleu)
X(0)=0 mmand y(0) =-0.1 mm; (purple) x(0)=0 mmand y(0) =-0.15 mm. U;=U,=20 V.

CONCLUSIONS

During the injection stage, it is essential to switch the DC confinement voltage to zero. Even though
the potential configuration No. 1 leads to a greater number of ions (about 20 % greater than with the
potential configuration No. 2), the potential configuration No. 2 has been chosen in the first
prototype, since the potential configuration No. 1 involves two out of phase RF supplies. To operate
the trap close to the apex of the stability diagram (non-scanning operating mode) with a mass-to-
charge resolving power of one unit at least and the greatest number of confined ions, the size of
injected ion cloud must be reduced as much as possible.

Collisional cooling can be used to optimise the efficiency when the trap is operated in an RF
mode. As a consequence, the present sequence of the NSM mode should be modified. A cooling
stage should be added after injection stage with both end-caps biased at a positive DC value for the

axial confinement potential and the DC confinement potential maintained at zero volts for the radial
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confinement potential applied to the four rods. It will be then necessary to determine the optimal
cooling time prior to moving the DC potential from zero towards the apex potential value. This
work will be based on previous ones where the mass-selective isolation of ions stored in a
quadrupole ion trap (3D) has been studied. %!

Investigations of the ion collisional cooling are on-going using two different simulation
approaches. The first one allows us to produce the position and velocity distributions of an ion
cloud at an equilibrium state using the temporal invariance method. This technique has been
recently improved for simulation of a 3D RF ion trap by the use of both a control model associated
to the investigated device and no Gaussian ion distribution functions.?® A control model is being
developed to apply this method to linear ion traps. The second approach is more standard. It
employs the BEM method to compute the potential and the trajectory computations of the ion cloud
including collisional effects. It is faster than CPO, and useful for simulation of a large numbers ion

ensemble.
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TABLES

Table 1. Potential applied to the hyperbolic rod x- and y-electrodes during confinement, the
corresponding expression of the 2D potential inside the LIT, and of the reduced parameters of the

Mathieu equation.

Configuration No. 1 Configuration No. 2 Configuration No. 3
Potential at V(t)=U, +V, cosQt -U, 0
x-electrodes
Potential at ~U, -V, cosQt U, +V, cosQt U, +V, cosQt
y-electrodes
o [—UO—VO coth}{xz—yz} [U0+V0 coth} x2—y2}
X"+ 2 2
Do (Y1) | Uy +V, coth{ Zy } 2 h 2 L
o V, cosQt U, +V, cosQt
21— 0
2 2
Reduced
parameters
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Table 2. Number of injected ions (i.e. the number of ions present in the LIT at steady state of

injection stage) according to confinement potential configurations, NSM sequences and potentials

U and Ug. NSM sequence No. 1 refers to Uy =UME and No. 1’ to Ug =USME /2.

0,apex 0,apex

Potential NSM U, U, No. of ions
configuration sequence
No. No. (V) (V) (%)
1 2 -50 20 81
1 2 -50 40 79
1 2 -110 20 100
1 2 -110 40 97
2 2 -50 20 54
2 2 -50 40 54
2 2 -110 20 79
2 2 -110 40 75
1 1 -110 20 10
1 I -110 20 70
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