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A quadrupole mass filter is generally built by using cylindrical rods whose radius and separation are chosen
to approximate the ideal hyperbolic field. Recently, concave cylindrical as well as planar geometries have
been proposed to replace ordinary cylindrical rods with the aim to reduce the size and weight of the
filter. In this article, the geometry of four configurations (convex, modified convex, planar, and concave)
is investigated by means of calculations based on finite element methods which provide an accurate
modeling of the geometry. For each configuration the optimized geometry which approximates at best
uadrupole mass filter
aplace equation
inite element method
on trajectory simulation

the ideal hyperbolic field is determined. In the literature, results on the convex configuration showed that
the optimized geometry does not lead to the best values for mass resolution and transmission, therefore,
in this study, other geometries around the optimized ones have been investigated. The transmission has
been estimated by performing trajectory simulations for ions injected in the field generated by each
studied geometry. The comparison among the different rod configurations shows that convex rods work
better than concave and planar ones. Therefore, the proper choice for compact and light mass filters is the
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. Introduction

Mass spectrometers are widely used in a variety of fields to
eparate different atomic or molecular species. They exploit the
ifference in mass-to-charge ratio (m/e) to transmit only one of
he selected species. The selection is often made by a quadrupole

ass filter developed in the 1950s by Paul et al. [1–3] which con-
ists of four parallel metal rods arranged symmetrically on a circle
s shown in Fig. 1a. Opposite rods are electrically connected and a
c voltage (U) plus an ac voltage (V cos(ωt), ω = 2�f , f the frequency
f the ac voltage) are applied to the two pairs. The applied voltages
etermine a field between the rods which affects the trajectory of

ons traveling along the filter. For selected dc and ac voltages, only
ons of a specific mass-to-charge ratio are allowed to pass through
he quadrupole filter with high probability and all other ions are in
ome way rejected.
Ideally, the field should be a quadrupolar hyperbolic field
roduced by four parallel rods of hyperbolic cross section [1,4].
ssuming that the charged particles are injected in the field with
elocity v, as schematically shown in Fig. 1b, the particles feel the
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ariable field ˚ = [U + V cos(ωt)]((x/r0)2 − (y/r0)2) where r0 is the
eld radius, i.e., the distance between the axis and the nearest point
n the rod (2r0 is the diameter of the free space between the rods).
ence, the particles are not accelerated along z, i.e., v cos(�) is con-

tant, while perform oscillatory trajectories in the perpendicular x
nd y directions which are described along the two axes by equa-
ions of the type

d2u

d�2
+ (a − 2q cos(2�))u = 0, (1)

.e., the Mathieu equation [5], with u representing x or y,

a = 8eU

mω2r2
0

= ax = −ay,

q = 4eV

mω2r2
0

= qx = −qy,

nd � = ωt/2, t is the time. As well known, the solutions to Eq. (1)
re of two types: stable, where the oscillation amplitude remains
nite, and unstable, where the amplitude diverges with time. Of

ourse, particles must have a stable trajectory along both the x and
directions. The sets of values of a and q where the stability condi-

ions are met determine the stability regions in the (q, a) plane and
he first stability region, close to the origin, has a quasi-triangular
hape with the vertex at q = 0.706 and a = 0.23699 [6].

http://www.sciencedirect.com/science/journal/13873806
mailto:bracco@fisica.unige.it
dx.doi.org/10.1016/j.ijms.2008.08.016


76 G. Bracco / International Journal of Mass Spectrometry 278 (2008) 75–88

Fig. 1. (a) Schematic cross section of a quadrupole mass filter. The four circles (solid
lines) represent the rods. The dashed circle represents the region of radius r0. The
rods are connected in pairs and an ac voltage at angular frequency ω plus a dc
component are applied to the two pairs. The reference system xy used in the field
calculations is also shown. (b) Reference system used in the trajectory calculations:
v is the ion velocity, � is the polar angle between the velocity and the z axis, � is the
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Fig. 2. Comparison between the cross sections corresponding to different rod con-
figurations which have the same radius r0 of the free space between the rods (dashed
circle). The convex configuration (A) is the ordinary geometry used in quadrupole
mass filters (ORs). The modified ordinary rods (MRs) (B), where only a fraction of
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similar to the hyperbolic case, to planar and concave ones is inves-
zimuthal angle between the velocity projection on the xy plane and the x axis. The
haded region in the first quadrant is the injection area employed in the simulations
f the full squared injection region with edge dS ≤ r0.

Hyperbolic rods can be machined [7] but their alignment is dif-
cult; therefore, cylindrical rods are generally used in commercial
evices [8,3]. The field generated by cylindrical rods, which depends
n the rod radius r, should approximate the hyperbolic field at least
n a region around the quadrupole axis. A first empirical investiga-
ion to optimize the geometry was conducted by Dayton et al. [8].
hey measured a ratio r/r0 = 1.148, where r0 has the same mean-
ng as for hyperbolic rods, for obtaining the best approximation to
he hyperbolic field. Later, a calculated value of r/r0 was obtained
umerically by Denison [9] in the case of four cylindrical rods inside
cylindrical housing. He showed that the best approximation is

btained by using a ratio r/r0 = 1.1468. More recent analytical
alculations performed by Reuben et al. [10,11] and based on confor-
al mapping found a slightly different value r/r0 = 1.14511. Thus,

he diameter of the field is less than the diameter of the rods and
he space in the mass filter is almost entirely filled by the rods.
his has a negative effect on the weight of the device and also
n its capacitance which appears in the relationship of the power

eeded to drive the filter. Instead for applications such as space-
ased missions the possibility to reduce the weight and the power
onsumption are of primary importance. Apart attempts based on
icroelectromechanical systems (MEMS) [12,13] which solve only

t
s
i
t

he full rod (dotted line) is used, the planar rod configuration (PRs) (C) and the con-
ave rod configuration (CRs) (D) are lighter and smaller than A. Parameters used in
he calculation are the rod radius r (A, B), the rod width d (C), and the rod angular
xtension A (D).

he problem of a reduced size of the filter, a more efficient use of the
nternal space is solved by changing the geometry of the rods and
ylindrical concave rods have been recently constructed as an alter-
ative to conventional cylindrical rods [14]. In Fig. 2, this rod type

s shown and compared to conventional rods. It is clear the advan-
age of a smaller size which in turn means a reduction in weight and
apacitance. Moreover, also the planar (rectangular) geometry has
een constructed using techniques employed to manipulate semi-
onductor such as the molecular beam epitaxy [15]. The planar rods
resent similar reduction in size and weight and are also shown in
ig. 2.

Investigations on both these unconventional geometries actu-
lly started at the end of the 1960s with the work by Sakudo and
ayashi [16–18]. They calculated the optimized geometries and ver-

fied experimentally the analitical results with the field plotting
ethod. They found that the optimized angular extension for the

oncave cylindrical rods is A = 37◦ (infinite rod thickness) or 44◦

infinitesimal rod thickness) and that the optimized length for pla-
ar rods is d = 0.672r0 (trapezoidal rods) or 0.818r0 (rectangular
ods) of infinite thickness.

In this article the change from convex geometry, which is more
igated since this change should affect the mass selection and the
tability conditions on ion trajectories. Moreover, a fourth geometry
s also included. In fact, in the design of detectors for He scat-
ering apparatuses [19,20] employed for investigating supersonic
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cal calculations does not exceed 10−7 for a density of points similar
to that used in the calculation of �.

As shown in Fig. 2, the free space between opposite rods has
radius r0, while the parameter which is varied depends on the
configuration. For ordinary cylindrical rods (ORs) or modified rods
G. Bracco / International Journal o

eam properties [21,22] and structural properties of crystalline sur-
aces [23,24], my group has tackled the problem of weight and size
eduction of a conventional mass filter and I started to numerically
nvestigate cylindrical modified rods by means of finite element

ethods. Modified rods are convex cylindrical rods whose full cross
ection with radius r is reduced, as shown in Fig. 2, and the convex-
ty is preserved. For this article, the rod thickness is kept constant
t 0.4r0 to maintain the same size of the housing used for planar
nd concave rods. The analysis, therefore, has been performed on
he four rod configurations of Fig. 2.

The first part of the analysis has been devoted to calculate the
eometry which provides a field closer to the hyperbolic one, both
ith the Denison method and with a novel procedure. In the sec-

nd part, ion trajectory simulations has been carried out to estimate
he ion transmission through a mass filter in order to evaluate the
erformance also in the case of unconventional (non-convex) rods.
esults published in literature have shown that perturbations to the
yperbolic field is beneficial to transmission and resolution of the
lter. In particular, the effect of the first two perturbing multipolar
erms of Eq. (2), i.e., the terms with n = 1, 2, and the possibility to
ork with increased n = 1 or n = 2 terms have been investigated

n the case of cylindrical convex rods [25–27]. One of the findings
s that the best performance of the filter is for r/r0 � 1.130. Also
ibson and Taylor [28] investigated the change in r/r0 for cylindri-
al convex rods and found better performance in the range between
.120 and 1.130. Therefore, those results prove that the best approx-
mation to the hyperbolic field alone does not guarantee also the
est performance of the filter. Thus the simulations of the present
rticle have been carried out as a function of the parameters which
escribe the four geometries for a suitable range around the calcu-

ated values determined in the first part. In this way the parameters
or the best performance will be determined for the four configu-
ations and finally their performances will be compared.

. Quadrupolar field calculations

The potential field � inside an infinite quadrupolar structure
gnoring space charge effects is the solution of the Laplace equation

2� = 0. Assuming a cartesian orthogonal system with the origin
n the quadrupole axis and with the x and y axes passing through
he centers of the rods (see Fig. 1a), the field can be expressed by a
eries of multipolar terms as

= (U + V cos(2�f ))
∑

k

Bk(�/r0)k cos(k�)

here � =
√

x2 + y2 and tan(�) = y/x are the polar coordinate
nside the region r0.

Moreover, the arrangement of the 4 rods requires that field must
hange sign when � is changed by �/2, i.e., cos(k�/2) = −1. This
ymmetry requirement imposes restriction on the possible k val-
es and the allowed ones are k = (2(2n + 1)) with n a non-negative

nteger. Therefore, the field with the appropriate symmetry is

= (U + V cos(2�f ))
∑

n

Bn

(
�

r0

)(2(2n+1))
cos(2(2n + 1)�). (2)

he ideal quadrupole field is given by the n = 0 term, instead the
ther higher order multipole terms

=
∑

B (�/r )(2(2n+1)) cos(2(2n + 1)�) (3)

n>0

n 0

ct as a perturbation to the ideal case.
This perturbation affects the ion motion in the filter as can be

asily checked by differentiating Eq. (2) and the equations of motion

F
b
t
d
t
c
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re expressed by

d2x

d�2
= −(a + 2q cos(2�))

∑
n

(2n + 1)Bn

(
x2 + y2

r2
0

)(2n)

× [x cos(2(2n + 1)�) + y sin(2(2n + 1)�)]

d2y

d�2
= −(a + 2q cos(2�))

∑
n

(2n + 1)Bn

(
x2 + y2

r2
0

)(2n)

× [y cos(2(2n + 1)�) − x sin(2(2n + 1)�)]

here a and q are the usual parameters introduced in Eq. (1). The
quations with only the n = 0 term (B0 = 1, Bn = 0) are of course
elated to the Mathieu equation and separately depend on x or y;
herefore, the ion motion evolves independently on the two axes.
nstead the higher order multipole terms couple the motions along
he two axes and may modify the stability condition. In order to
stablish the extent of the perturbation of high order multipole
erms, the potential � has been calculated by using a finite element
pproach. Finite element methods divide the problem of interest
nto a mesh of geometric shapes called finite elements. The poten-
ial within an element is described by a function that depends on its
alues at the element vertices. The code related to the finite element
ethod was written in MATLAB following Ref. [29] and adapting

t to the present geometry. The developed software automatically
enerates the net of points that are used to divide the calculation
egion in triangles. The starting mesh is a uniform distribution of
oints. Then the mesh is optimized following a procedure described

n Ref. [30] which has been suitably modified for the present calcu-
ation. The algorithm ensures that the boundaries are always well
escribed hence the solution accurately satisfies the boundary con-
itions. In each calculation the rods are surrounded by a cylindrical
ase of radius R having a potential � = 0. To increase the accuracy of
he calculations, only half of one quadrant between electrodes has
een considered (see Fig. 3) since the other parts can be obtained
y exploiting the symmetry of the problem, i.e., �(y, x) = −�(x, y),
(−x, y) = �(x, y), and �(x, −y) = �(x, y). Therefore, on the x = y
egment the potential � vanishes while along the non-negative x
xis, apart the crossing of the rod, its normal derivative is zero. The
otential of the rod has been set to � = 1.

The accuracy of the method has been tested for a cylindrical
eometry (cylindrical capacitor) where analytical results are easily
alculated. The relative difference between numerical and analyti-
ig. 3. Circular sector OAB where the potential � has been calculated: it is delimited
y the x = y segment (dashed line OA), the non-negative x axis (dotted line OB) and
he housing (dash-dotted line). The potential � vanishes on x = y and its normal
erivative is zero on the x axis, excluding the crossing of the rod. The potential is set
o � = 1 on the rod while is zero on the housing. The example shows the case for
ylindrical rods but a similar scheme has been adopted for all the rod configurations.
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Fig. 4. Results of the calculations performed on the different rod configurations. In
the upper panel the coefficient B1 is shown while the squared norm of the pertur-
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MRs), it is the rod radius r; for planar rods (PRs) it is the width
of the rods; for concave cylindrical rods (CRs) is the opening

ngle A of the rods. For PRs and CRs the thickness of the rods is
xed at 0.2r0. The housing has radius R = 2r0 for MRs, PRs, and CRs
hile R = 3.54r0 for ORs. After the calculation of �, a fitting pro-

edure is carried out to determine the coefficients Bn of the series
n Eq. (2). The selected points are those which lie within the field
adius r0. Their exact number depends on the configuration: about
.3 × 104 for ORs, more than 4.7 × 104 for MRs, and about 3.3 × 104

or PRs and CRs. A test has also been performed for hyperbolic rods
f finite extent enclosed in a case with R = 5.5r0 and the fitting pro-
edure has shown that � is represented by a series with B0 = 1 and
Bn| < 10−6, n > 0, close to what expected for an ideal hyperbolic
eld.

For ORs, Denison [9] and other authors [11,16–18] searched for
he vanishing of B1 (this procedure will be referred to as VB1) to
etermine the optimized geometry. This is almost correct for ORs
nd MRs because the Bn’s rapidly tends to zero with n but, where
1 is zero, the next higher order term obviously assumes an impor-
ant role [31]. Instead for the unconventional rods, PRs and CRs,
igher order terms have a value similar to B1 and the convergence
f the multipolar series is very slow due to the different convexity
lose to the rods with respect to the hyperbolic field. Therefore, the
anishing of B1 is not the correct way to search for the optimized
eometry and the search for a minimum of the global perturbation
seems the appropriate way. I have considered the squared norm
f P, N2 = ‖P‖2, which can be calculated, taking into account that
osine functions with different n are orthogonal, as the sum of the
quared terms of Eq. (3) integrated on the circle of radius r0. The
arameter value which allows the minimization of N2 (this proce-
ure will be referred to as MN2) provides the optimized geometry.
he number n of terms has been chosen to reproduce the field with
ood accuracy. With n ≤ 15, the maximum difference between the
alculated � and the truncated series is less than 1.5 × 10−6 for ORs,
.2 × 10−6 for MRs, 3 × 10−5 for PRs. Instead for CRs, n has been

ncreased to 50 obtaining a maximum difference < 10−4 within
region corresponding to 99% of the field radius r0. In particular,

he maximum discrepancy for CRs is about 4.6 × 10−3 only for a
ew points located close to the edge of the rod where the field is
xpected to differ most from the hyperbolic one.

In Fig. 4, N2 and B1 are plotted vs. the parameters of the geome-
ries. In the case of ORs, the VB1 method provides a value which
grees with recent determinations [11,31] and very close to that
alculated with the MN2 method as shown in Table 1. Moreover, the
alculated values of Bn differ by less than 10−3with those reported in
ef. [11]. For PRs and CRs, the perturbation and B1 values are greater
han those of ORs, as observed above. The VB1 values are consistent
ith those calculated in Refs. [16–18] taking into account that in the
resent case the rod thickness is finite and the rods are surrounded
y an housing. Moreover, the MN2 and VB1 methods provide dif-

erent results although the N2 curves present a broader minimum
ith respect to that of ORs. In order to quantify this broadening,

he minimum value Ym of each N2 curve has been increased of
%, the intersection of the appropriate constant 1.01Ym with the

able 1
arameters which provide the optimized geometry using the minimum of the per-
urbation N2 (MN2) or the vanishing of B1 (VB1)

eometry Parameter MN2 VB1 B0

Rs r/r0 1.1449 1.1451 1.0028
Rs r/r0 1.1510 1.15067 1.0029

Rs d/r0 0.8484 0.8332 1.036
Rs A (A/45◦) 37.59◦ (0.83542) 38.55◦ (0.85656) 1.060

he last column reports the coefficient B0 of Eq. (2) estimated for MN2.
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ation P is displayed in the lower panel. Convex configurations (ORs and MRs) are
epicted on the right part. Solid (dashed) curves are related to ORs and CRs (MRs
nd PRs). For ORs and MRs, the curves have been multiplied by a factor 20 and 103,
espectively. For CRs, the parameter A/45◦ is shown.

urve gives rise to a semi-interval around the minimum which is
d/r0 = 0.0116 for PRs, �A = 0.6◦ for CRs, �r/r0 = 0.0030 for MRs,

nd �r/r0 = 0.0029 for ORs. This confirms that within a 1% varia-
ion of the minimum, the VB1 method provides the same result as
he MN2 one for ORs and MRs, while, for unconventional rods, the
wo methods yield different results.

. Trajectory simulations

The performances of the four configurations have been tested
y simulating the transmission of ions through a quadrupole mass
lter equipped with the corresponding rods. In the simulation the

ength of the filter has been set to L = 0.15 m, the frequency f =
MHz, the field radius r0 = 3 × 10−3 m.

The results obtained by using both commercial software pack-
ges or user programs [32–35] have shown that the operation of
quadrupole mass filter is accurately described by trajectory sim-
lations. In the present case, for a greater flexibility, a program in
ORTRAN has been developed to resolve the equations of motion
hile the analysis of the results has been carried out by means of
ATLAB procedures. The ions enter the quadrupole field with a

elocity corresponding to a kinetic energy of 2.5 eV. The program
enerates ions in the first quadrant within a square with edges of
ize r0/2 parallel to the positive x or y semiaxes and with a corner on
he quadrupole (z) axis (see Fig. 1b). For symmetry, the same behav-
or is expected for ions generated in similar squares located in the

ther three quadrants. The square is divided in NC equal squared
ubunits (SUs) and, for each SU, Ni ions are randomly generated
ith a uniform distribution in the SU and in the time correspond-

ng to a period of the ac component. Therefore, a total number of
articles N = Ni × NC is injected in the field. The ion traveling time
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as that one of mass filters with PRs or CRs. MRs results are almost
identical to those of ORs, the difference are not significant and can
be ascribed to fluctuations in the calculations. The transmission
for CRs is slightly higher than that of PRs. Decreasing the value of
	 , all the peaks broaden mainly on the low mass side. Moreover,
G. Bracco / International Journal o

s divided into small time intervals and their motion over each inter-
al is computed using the local time-dependent field � (Eq. (2)). The
ifferential equations of motion are solved by using a fourth order
unge–Kutta algorithm. The time step has been decreased until no
hange has been observed on the results. Ions are transmitted only
f their distance from the axis is less than r0 otherwise they are
ost. Ions transmitted through a length L are separately counted for
ach SU, their number is NT

i
. In this way it is possible to correlate

he transmitted percentage of ions with the starting SU position as
function of the selected transmission mass (partial transmission

i = 100NT
i

/Ni). The transmitted ions NT
i

can also be summed on
he NC SUs to obtain the (total) transmission T = 100

∑
NC

(NT
i

/N)
or each mass in order to get the transmission peak, i.e., the peak
hich should be experimentally measured in a mass scan by using

hat mass filter.
For each geometry, I have employed the appropriate series

hich approximates � truncated to 15 terms for ORs, MRs, and PRs
nd truncated to 50 terms for CRs. In this way analytical partial
erivatives of � can be calculated and the number of terms pro-
ides sufficient accuracy. On the other hand, a direct calculation of
he electric field in the simulation determines an increase of com-
uting time with n. Therefore, I have adopted an algorithm which
as originally developed for the simulation of ion trajectories in

ow energy ion scattering spectroscopy [36] and similar to the pro-
edure adopted by Gibson and Taylor [37]. At the beginning of the
imulation, the electric field is calculated over a dense rectangular
rid of points covering the free region of radius r0 in xy plane. Then,
he electric field at the position (x, y, z) of the ion trajectory is cal-
ulated by using a bilinear interpolation of the values at the four
earest grid points of (x, y). Exploiting the symmetry of the field,
nly a single matrix is necessary to store both the x and y electric
eld components.

The transmitted mass scale for the simulation has been defined
y employing the vertex of the first stability zone in the (q, a) plane
6]. In a quadrupole mass filter with field size r0, the frequency of
he ac component is generally kept constant at the resonance fre-
uency of the system, while the mass is scanned by varying the
c amplitude V in a suitable range. The dc amplitude U is obtained
ectifying a fraction of the ac component in order to keep the work-
ng point within the stability zone with a mass resolution setting

hich depends on the ratio 	 = U/V . The vertex of the stability zone
ccurs at q = 0.706 and a = 0.23699 thus the transmitted mass is
xpressed as

= 4e

0.706ω2r2
0

V (4)

hile

= 0.1678	V (5)

nd the numerical coefficient has been chosen such that the sta-
ility zone vertex corresponds to 	 = 1. The mass scale works for
hyperbolic field (B0 = 1) but for the different geometries B0 /= 1

see Table 1) and the mass scale must be modified as

′ = B0 × m (6)

aking into account that the amplitude of the n = 0 (hyperbolic)
erm has a B0-fold increase. For instance, by using the m scale,
his slight shift at low mass has been observed in the compar-
son between calculated hyperbolic and ORs transmission peaks

38,37]. Moreover, this shift at low mass is larger changing from
yperbolic (or ORs) to unconventional rods. This means that
he voltage settings valid for a mass filter with ORs (or MRs)

ust be accordingly changed for the use with unconventional
ods to scan the same mass range. In the following, mass val-

F
r
C
l
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es will be given in atomic mass units (amu) for a singly ionized
article.

.1. Simulations on the optimized geometries which approximate
n hyperbolic field

The first simulation runs were carried out for parameters of
able 1 corresponding to the MN2 method and with Ni = 3000
nd NC = 400, i.e., N = 1.2 × 106 ions, and with an initial veloc-
ty parallel to the z axis (� = 0 in Fig. 1). In Fig. 5 for an ion of mass

i = 28 amu, the ratio between the number of transmitted ions and
he total number of injected ions (transmission T) is shown. The fil-
er with ORs shows a transmission which is almost twice as big
ig. 5. Total transmission T for ion of mass mi = 28 amu. Thick solid [dashed] lines
efers to a mass filter equipped with ORs [MRs], thin solid [dashed] lines to one with
Rs [PRs]. In each panel the value of the mass resolution 	 is shown in the upper

eft part.
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Fig. 7. Contour plots for ions of mass mi = 28 amu injected in the mass filter with
	 = 0.99. The lines represent constant values of Ti , the ratio between transmitted
i
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he transmission of both unconventional rods presents a tail on the
igh mass side which is absent for ORs and MRs. This tail, which

s more pronounced for PRs, reaches m′ = mi + 1 with an intensity
hich is more than 2 order of magnitude less than the peak maxi-
um. On the low mass side, all the rods show a transmission with
tail of weak intensity. For ORs and MRs this tail tends toward

ero and form the initial part of the leading edge of the peak while
or the other geometries the tail shows an almost constant value
own to the mass m′ = mi − 1. Decreasing the mass resolution 	 ,
his tail increases for PRs instead is almost constant or increases
eakly for CRs. Previous studies on the peak shape [39] have shown

hat this tail is negligible in a pure hyperbolic field and the peak is
lmost symmetric, instead for ORs the results are similar to the
he present ones and the tail makes asymmetric the peak of ORs.

oreover, the contribution of a mass mi on the near m′ = mi ± 1
asses can limit the abundance sensitivity which is a figure of merit

hat describes the ability of a mass filter to discriminate between
djacent masses of widely different intensity. Hence, the abun-
ance sensitivity seems limited especially for the unconventional
ods.

The analysis of the starting SUs which contribute to the tails are
hown in Fig. 6 for m′ = 27.2 amu and in Fig. 7 for the high mass side.
he contour plots are obtained by mirror symmetry through the x
nd y axes and show the partial transmission Ti. In Fig. 6 two peaks
entered on the x axis contribute to the tail on the low mass side of
ig. 5. The space with almost zero intensity between the peaks has a
ize dS ∼ 0.2r0 for ORs and MRs, ∼ 0.16r0 for unconventional rods.
his suggests (in agreement with Ref. [39] for ORs) that limiting the
ntrance region of the filter with a collimator whose size does not

xceed the previous values of dS should get rid of the tail on the
ow mass side. In Fig. 7, for unconventional rods, a single peak is
nstead present which is centered on the filter axis. In this case, any
ollimator centered on the axis cannot remove the high mass tail.

ig. 6. Contour plots for ions of mass mi = 28 amu injected in the mass filter with
= 0.99 and m′ = 27.2 amu and with different rod configurations (panel A refers

o ORs, B to MRs, C to PRs, and D to CRs). The lines represent constant values of Ti ,
he ratio between transmitted ion starting in each SU and Ni , with 5% increment
etween lines.
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on starting in each SU and Ni , with 1% increment between lines. The lower panel
efers to a mass filter equipped with PRs at m′ = 28.5 amu while upper panel to one
ith CRs at m′ = 28.4 amu.

.2. Simulations as a function of geometry parameters

As observed in the introduction, the best performance of a mass
lter is obtained for parameters describing the geometries which
re not optimized to produce an hyperbolic field. Therefore, the
ffect of the geometry parameters have been investigated in simu-
ation runs with Ni = 2160 and NC = 400, i.e., N = 8.64 × 105 ions,

ith an initial velocity parallel to the z axis (� = 0 in Fig. 1b), and
ith the same injection region as previous simulations. The results

or different geometry parameters are shown in Fig. 8 for ORs; in
ig 9 for MRs; in Fig. 10 for PRs; in Fig. 11 for CRs. In the panel (a),
he total transmission is shown for 	 = 0.9995 while in the panels
b) and (c) the corresponding mass resolution m/�m (at 50% or
0% of the peak transmission) and the maximum transmission are
epicted for 	 = 0.9995 and 0.995.

In agreement with the results of Ref. [39], the peak for ORs
Fig. 8a) and simulated for 	 = 0.9995 decreases in intensity going
rom r/r0 = 1.100 to 1.160 while its width �m at first decreases
nd then increases again. The mass resolution m/�m (Fig. 8b) is
ot peaked at the parameter values corresponding to optimized
eometry of Table 1 but at smaller values, between 1.120 and
.130 for m/�m at 10% and between 1.125 and 1.130 for that one
t 50%. In these regions also the maximum of the transmission
eak (Fig. 8c) is higher than that one of the optimized geometry.
he comparison with simulations performed for 	 = 0.995 shows
hat, apart an expected increased transmission, the m/�m curve is
lmost flat, i.e., only for enough resolved peak there is a depen-
ence on the parameter values. The low mass tail is absent for

.100 and its intensity increases with the parameter value. More-
ver, it shows a small peak whose m′ position decreases in mass
ncreasing the parameter value. No high mass tail is present. The

ass resolution at 10% displays a sharp drop between 1.130 and
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Fig. 8. (Panel a): total transmission for ions of mass mi = 28 amu injected in a
mass filter equipped with ORs and 	 = 0.9995 for different parameters r/r0: 1.100
(dashed line), 1.125 (solid line), 1.160 (dot-dashed line). (Panel b): mass resolution
m/�m evaluated at 50% or 10% of the mass peak. (Panel c): maximum of the mass
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Fig. 9. (Panel a): total transmission for ions of mass mi = 28 amu injected in a mass
filter equipped with MRs and 	 = 0.9995 for different parameters r/r0: 1.110 (dashed
line), 1.130 (solid line), 1.170 (dot-dashed line). (Panel b): mass resolution m/�m
evaluated at 50% or 10% of the mass peak. (Panel c): maximum of the mass peak. For
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eak. For panels (b) and (c) dashed lines correspond to 	 = 0.995 and solid lines to
= 0.9995. The almost coincident vertical lines mark the parameters of the opti-
ized geometries obtained with the MN2 (solid line) or the VB1 (dash-dotted line)
ethods.

.135 due to the low mass tail which broadens the foot of the
eak.

For MRs (Fig. 9), the trend is very similar to ORs. The differences
re in the m/�mcurve, whose maximum is slight decreased and
xtended to an interval between 1.130 and 1.135 for the curve at
0% (1.125 and 1.135 for that one at 10%), and in the transmission
hich is slightly higher than that of ORs for r/r0 < 1.135.

In Fig. 10 a, the peaks of PRs show a larger variation of the
aximum transmission with respect to ORs. The low mass tail

ncreases with d/r0 and for 1.00 is about 5-fold the value at 0.80.
he peak position depends on the parameter d and the B0 correc-
ion on the mass is not sufficient to block the peak around m′ = 28.
n panel (b) and 	 = 0.9995, the peak width at 50% has a minimum
t d/r = 0.80 very close to the minimum of the transmission: the
0
ass resolution is 2/3 and the transmission values are about 3/4 of

he corresponding values of ORs. The m/�m peak shows a sharp
rop between 0.80 and 0.82 due to the high mass tail. Between
.82 and 0.84 the low mass tail contribution further enlarges the

u
A
w
s

anels (b) and (c) dashed lines correspond to 	 = 0.995 and solid lines to 	 = 0.9995.
he vertical lines mark the parameters of the optimized geometries obtained with
he MN2 (solid line) or the VB1 (dash-dotted line) methods.

eak width below m′ = 26.5, the starting mass of the present sim-
lations; therefore, the resolution has been set to zero. From this
oint on, the transmission structure is formed essentially by the
ails. The resolution m/�m at 10% shows a maximum at d/r0 = 0.78
nd a value which is 1/3 of the corresponding value for ORs. In
his case the sharp drop between 0.78 and 0.80 is due to the low
nd high mass tails. For 	 = 0.995, the mass resolution curves are
ot flat as in the case of ORs, but their variations are reduced with
espect to the curves at higher 	 . Also in the case of PRs, the mass
esolution m/�m (Fig. 10b) is not peaked at the parameter values
orresponding to optimized geometry of Table 1 but at smaller val-
es. Moreover, the low mass tail also presents some small features
hich modulates the average value of the tail.

For CRs (Fig. 11a), the appearance is similar to the previous fig-

re. Also in this case, the peak position depends on the parameter
. There are low and high mass tails, but, in particular when the
idth is close to the minimum, the low mass tail has a transmis-

ion comparable with that of the peak. Moreover, in a more clearly
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Fig. 10. (Panel a): total transmission for ions of mass mi = 28 amu injected in a
mass filter equipped with PRs and 	 = 0.9995 for different parameters d/r0: 0.7
(dashed line), 0.8 (solid line), 1.0 (dot-dashed line). (Panel b): mass resolution m/�m
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Fig. 11. (Panel a): total transmission for ions of mass mi = 28 amu injected in a mass
filter equipped with CRs and 	 = 0.9995 for different parameters A: 32.4◦ (dashed
line), 37.8◦ (solid line), 45.0◦ (dot-dashed line). (Panel b): mass resolution m/�m
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valuated at 50% or 10% of the mass peak. (Panel c): maximum of the mass peak. For
anels (b) and (c) dashed lines correspond to 	 = 0.995 and solid lines to 	 = 0.9995.
he vertical lines mark the parameters of the optimized geometries obtained with
he MN2 (solid line) or the VB1 (dash-dotted line) methods.

ay than the PRs case, the figure shows that the low mass tail is
tructured and presents some features that could be interpreted as
urther peaks in a mass scan. The m/�m curve at 50% has a maxi-

um between the positions corresponding to the values obtained
ith the MN2 and VB1 methods which also correspond to the min-

mum of the transmission. The sharp drop between 38◦ and 39◦ is
ue to the low mass tail which extends below m′ = 26, the starting
ass of the present simulations; therefore, the resolution has been

et to zero. The same happens for the two 10% curves. The mass
esolution is greater than that one of PRs but less than those ones
f MRs and ORs, and for the maximum of the resolution the trans-
ission is lower than that one of PRs and is about 0.6 times those

nes of ORs and MRs.
For a complete analysis of the performances, other simulations

ave also been carried out to investigate the dependence on the
njection angle �. In fact, ions are injected in a mass filter by means
f a lens assembly that determines the focusing of their trajectories

ear the entrance of the filter thus initial particle velocities gen-
rally are not parallel to the filter axis. The geometry of the lens
ssembly and its voltage setting determine the converging shape
f the cone formed by the ion trajectories at filter entrance. To gain
nsights on the behavior of the mass filter in this case, the simu-

t
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T

valuated at 50% or 10% of the mass peak. (Panel c): maximum of the mass peak. For
anels (b) and (c) dashed lines correspond to 	 = 0.995 and solid lines to 	 = 0.9995.
he vertical lines mark the parameters of the optimized geometries obtained with
he MN2 (solid line) or the VB1 (dash-dotted line) methods.

ations have been carried out, for any geometry parameter, at the
asses m′ corresponding to the maximum in the total transmission

nd for different azimuthal direction � between 0◦ (x axis) and 90◦

y axis) in steps of 15◦ and with distances � from the axis in the
ange 0.0125r0 and 0.5r0 in steps of 0.0125r0. For each direction
nd position, the ions have been injected in the field for � in the
ange −15◦ and +15◦ with a 3◦ step. Negative � angles correspond to
rajectories converging toward the quadrupole axis while positive
nes to trajectories diverging from the axis. For each kinematical
ondition (�, �, �),Na = 104 ions have been randomly injected with
uniform distribution in the time corresponding to a period of the
c component and the partial transmission Ta has been calculated
s the ratio between transmitted ions and Na. Within the fluctua-

ions of the calculations, the results for negative angles are equal
o those with positive angles, therefore, only results for positive
ngles will be shown.

An example of the results about Ta is shown in Fig 12 for ORs.
he chosen geometry correspond to that one which provides the
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ig. 12. Partial transmission for ions of mass mi = 28 amu injected along different az
ach curve corresponds to ions injected with different polar angle � in the range fro

est mass resolution as discussed above. As a general trend, all
a curves are decreasing function of �, except for � = 75◦ and 90◦

here maxima away from � = 0 are also present. The transmission
alues along the x axis (� = 0◦) are greater than the ones in the other
zimuthal directions. As expected, increasing �, the transmission
ecreases to zero.

The results for ORs and MRs (not shown) are very similar. Along
= 0◦, the ions are 100% transmitted for � < 0.025r0 up to � =
◦. For greater distances the transmission decreases to zero almost
s �−1. Increasing � to 9◦, the transmission is still 100% for � ≤
.0125r0. Along the other azimuthal directions, the transmission
ver 50% is limited to � ≤ 3◦ and � < 0.025r0. Along � = 90◦, the
ransmission of ions injected at � = 15◦ is higher than 20% around
= 0.05r0.
The results (not shown) for PRs and CRs are similar along � =

◦, but for the other directions the transmission of PRs is higher

han the corresponding one of CRs. The results for PRs also show
hat the 100% transmission along � = 0◦ is possible up to � =
5◦ and � < 0.05r0. At � = 15◦ and 30◦ the transmission is lower
han that one of ORs, but for � ≥ 60◦ the transmission is slightly
igher.

p

s
�
t

al directions � in a mass filter equipped with ORs and 	 = 0.9995 and r/r0 = 1.125.
to 15◦ . Each curve is shifted of a constant amount � = 0.05r0 with increasing �.

In order to easily compare the behavior of the four configura-
ions as a function of the geometry parameters, Ta values for � = 0◦,
◦, and 12◦ at � = 0.0125r0 and along � = 0◦, 45◦, 90◦ have been
epicted in Fig. 13 for ORs; in Fig. 14 for MRs; in Fig. 15 for PRs;
nd in Fig. 16 for CRs. Moreover, also the trend for � = 12◦ and
= 0.05r0 is shown.
In Fig. 13, along � = 0◦ and at � = 0.0125r0, the transmission

s 100% for � = 0◦ and 6◦ while for 12◦ increases from 60% up
o 100% around the parameter values corresponding to the opti-

ized geometry. Along � = 45◦, only for � = 0◦ a 100% transmission
s obtained for r/r0 ≤ 1.125, otherwise the transmission has a
ecreasing trend and the curves for � = 0◦ and 6◦ have a simi-

ar negative slope. Moreover, for � = 6◦, the transmission vanishes
round r/r0 = 1.14 and, for � = 12◦, it vanishes around r/r0 = 1.12.
long � = 90◦, Ta presents a minimum for all the curves at r/r0 =
.15, close to the optimized geometry. The Ta values decrease twice

assing from � = 0◦ to 6◦ and they vanish for � = 12◦.

Analyzing the trend at � = 0.05r0 and � = 12◦, along � = 0◦, Ta

hows a maximum at r/r0 = 1.15 which is less than 40%. Along
= 45◦, Ta is essentially zero. Along � = 90◦, Ta is always greater

han 10% and shows a minimum at r/r0 = 1.15, similarly to the other
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Fig. 13. Partial transmission as a function of r/r0 for ions of mass mi = 28 amu
injected along � = 0◦ , 45◦ , and 90◦ in a mass filter equipped with ORs and 	 = 0.9995.
The solid lines are the results of simulations performed at �/r0 = 0.0125 and polar
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Fig. 14. Partial transmission as a function of r/r0 for ions of mass mi = 28 amu
injected along � = 0◦ , 45◦ , and 90◦ in a mass filter equipped with MRs and 	 =
0.9995. The solid lines are the results of simulations performed at �/r0 = 0.0125
and polar angles � = 0◦ (solid circles) 6◦ (solid triangles), 12◦ (solid squares). The
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ngles � = 0◦ (solid circles) 6◦ (solid triangles), 12◦ (solid squares). The dashed line
ith solid squares corresponds to �/r0 = 0.05 and � = 12◦ . The vertical lines mark

he parameters of the optimized geometries obtained with the MN2 (solid line) or
he VB1 (dash-dotted line) methods.

urves at � = 0.0125r0. This non-zero behavior for � = 90◦ is related
o the peak around � = 0.05r0 observed in the lower panel of Fig. 12,
hich is present for all the range of simulated parameter values.

The transmission curves for MRs (Fig. 14) are very similar to
hose ones of ORs and the values differ for a few percent therefore
he previous description applies also to MRs. The transmission max-
ma and minima are shifted of 0.005r0 which is consistent with the
hift in Table 1 between the parameters for the optimized geome-
ry of ORs and MRs and the shift between the corresponding m/�m
urves.

For PRs (Fig. 15), the transmission along � = 0◦ at � = 0.0125r0
s 100% for � up to 12◦. Along � = 45◦, the curves for � = 0◦ and 6◦

tart at 100% at d/r0 = 0.7 and present a minimum at d/r0 = 0.82
here the curve for � = 6◦ almost vanishes. At d/r0 = 1, the curve

or � = 0◦ recovers the 100% transmission instead the curve for
= 6◦ reaches only a transmission of almost 60%. The curve for
= 12◦ starts at about 80% at d/r0 = 0.7, vanishes at d/r0 = 0.8 and
he transmission remains negligible up to d/r0 = 1. Along � = 90◦,
he behavior is similar to that one along � = 45◦: the curve for
= 0◦ recovers quickly the 100% transmission after the minimum

t 0.82 and the curve for � = 6◦ does not vanish at the minimum
nd for d/r0 > 0.86 reaches an almost constant value around 65%.

t
c
f
A
g

ashed line with solid squares corresponds to �/r0 = 0.05 and � = 12◦ . The verti-
al lines mark the parameters of the optimized geometries obtained with the MN2

solid line) or the VB1 (dash-dotted line) methods.

he curve for � = 12◦ starts at about 50% at d/r0 = 0.7, vanishes
etween d/r0 = 0.76 and 0.82 and then reaches an almost constant
alue around 25%. For this configurations, minima happen at the
arameter value corresponding to the maximum of the mass res-
lution (Fig. 10). Along � = 0◦, the curve at � = 0.05r0 and � = 12◦

scillates around 80% with a maximum at d/r0 = 0.82 and a min-
mum at d/r0 = 0.88. Along � = 45◦ and for d/r0 < 0.8, the curve
ecreases with a smaller transmission values than the curve at the
ame � angle and � = 0.0125r0 but it displays greater values for
/r0 > 0.82, and, at d/r0 = 1, it reaches about 15%. Along � = 90◦,
he curve shows a minimum at 0.82 and then levels off at a constant
alue of about 40%.

For CRs (Fig. 16), the curves show a trend which is similar to that
f PRs. In fact, the transmission along � = 0◦ at � = 0.0125r0 is 100%
or � up to 12◦. Along � = 45◦, the curves for � = 0◦ and 6◦ start at
00% at A = 32◦ and present a minimum at A = 39◦ and 38◦, respec-
ively. There, the curve for � = 6◦ almost vanishes. At A = 45◦, the

urve for � = 0◦ reaches almost 95% transmission instead the curve
or � = 6◦ only 50%. The curve for � = 12◦ starts almost at 90% at
= 32◦, vanishes at A = 37◦ and the transmission remains negli-

ible up to A = 45◦. Along � = 90◦, the behavior is similar to that
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Fig. 15. Partial transmission as a function of d/r0 for ions of mass mi = 28 amu
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Fig. 16. Partial transmission as a function of A for ions of mass mi = 28 amu injected
along � = 0◦ , 45◦ , and 90◦ in a mass filter equipped with CRs and 	 = 0.9995. The
solid lines are the results of simulations performed at �/r0 = 0.0125 and polar angles
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njected along � = 0◦ , 45◦ , and 90◦ in a mass filter equipped with PRs and 	 = 0.9995.
he solid lines are the results of simulations performed at �/r0 = 0.0125 and polar
ngles � = 0◦ (solid circles) 6◦ (solid triangles), 12◦ (solid squares). The dashed line
ith solid squares corresponds to �/r0 = 0.05 and � = 12◦ .

ne along � = 45◦, the difference is the position of the minimum
t A = 38◦ which is common for the curves at � = 0◦ and 6◦. After
he minimum, the curve for � = 0◦ recovers quickly the 100% trans-

ission and the curve for � = 6◦ does not vanish at the minimum
nd for A > 39◦ levels off to an almost constant value around 55%.
he curve for � = 12◦ starts at about 55% at A = 32◦ and vanishes
etween A = 35◦ and 39◦. Then the curve presents a maximum and
anishes again at about A = 43◦. Also in this case, minima happen
t the parameter value corresponding to the maximum of the mass
esolution (Fig. 11) which is close to the parameter for the optimized
eometry with MN2method. Along � = 0◦, the curve at � = 0.05r0
nd � = 12◦ shows the same type of oscillations as that one of PRs
ut around 70% with a maximum at A = 38◦ and a minimum at
= 39◦. Along � = 45◦, the curve has a trend similar to the curve at

he same � angle and � = 0.0125r0 but with a smaller transmission
alues for d/r0 < 37◦. Along � = 90◦, the curve shows a minimum
t A = 38◦ and then reaches almost a constant value around 40%.

.3. Simulations for a restricted injection
The results of the previous sections have shown that the per-
ormances of the filters are affected by low mass tails and, for
nconventional rods PRs and Crs, also by high mass ones. In par-
icular, low mass tails are produced by trajectories which originate

m
p
o
t

= 0◦ (solid circles) 6◦ (solid triangles), 12◦ (solid squares). The dashed line with
olid squares corresponds to �/r0 = 0.05 and � = 12◦ . The vertical lines mark the
arameters of the optimized geometries obtained with the MN2 (solid line) or the
B1 (dash-dotted line) methods.

n two regions symmetrically placed around the quadrupole axis
nd along the x axis (Fig. 6). Also the study of the ion injection
ith initial velocity non-parallel to the quadrupole axis (� /= 0)

ndicates that for � > 0.1r0 the partial transmission Ta is less than
0%. Hence, a restriction of the injection area should be beneficial
or high transmission also for focused trajectories and for better
bundance sensitivity. Therefore, simulations have been performed
njecting Nr = 9.216 × 104 ions with � = 0◦ into an injection area
imited to a square initially with edges dS = 0.2r0 and then, for sake
f comparison, with edges dS = 0.1r0 around the quadrupole axis.
he simulations have also been performed on mass mi = 84 amu to
ompare the performances on two different masses. The results of
hese simulations are shown in Fig. 17 for ORs, in Fig. 18 for MRs,
n Fig. 19 for PRs, and in Fig. 20 for CRs. As expected, the transmis-
ion increases for all the configurations because the collimation
xcludes regions with poor partial transmission. Moreover, the tail
t low mass almost disappears for dS = 0.2r0 and is totally absent
or 0.1r0.
For ORs (Fig. 17 c1) and dS = 0.2r0, the mass resolution at 50% for
= 28 has a trend similar to that one of Fig. 7 while for m = 84 the

eak has an higher value with a maximum at r/r0 = 1.130. On the
ther hand, for dS = 0.1r0 the curves for different masses present
he same behavior with a maximum at 1.125. Therefore, in Fig. 17a
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Fig. 17. Total transmission for ions of mass mi = 28 amu (panel a) and mi = 84 amu
(panel b) injected through a square of edge 0.2r0 [0.1r0] in a mass filter equipped
with ORs, 	 = 0.9995, and r/r0 = 1.125 (thick solid line) [dotted lines]. The thick
lines have been multipled by 2. Total transmission in a filter with r/r0 = 1.120 are
also depicted (dashed lines). (Panel c): mass resolution m/�m evaluated at 50% (c1)
or 10% (c2) of the mass peak. (Panel d): maximum of the mass peak. For panels (c)
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Fig. 18. Total transmission for ions of mass mi = 28 amu (panel a) and mi = 84 amu
(panel b) injected through a square of edge 0.2r0 [0.1r0] in a mass filter equipped
with MRs, 	 = 0.9995, and r/r0 = 1.130 (thick solid line)[dotted lines]. Thick lines
have been multiplied by 2. Total transmission in a filter with r/r0 = 1.125 are also
depicted (dashed lines). (Panel c): mass resolution m/�m evaluated at 50% (c1) or
1
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one of ORs. The mass resolution curves at 50% display maxima
nd (d) solid lines correspond to m = 28 amu and dotted lines to mi = 84 amu, lines
ith [without] symbols (square for m = 28 and circles for m = 84) to simulations

arried out with dS = 0.1r0 [dS = 0.2r0].

nd b the transmissions at r/r0 = 1.125 are shown. The curves for
S = 0.2r0 present a small low mass tail with a maximum around
′ = 27.9 and 83.7 amu, respectively. Decreasing the injection area

o dS = 0.1r0 the peak transmission increases more than a factor 2
etaining the same peak shape and the low mass tail completely
isappears. The mass resolution at 10% (Fig. 17 c2) has a maximum
t r/r0 = 1.120 and in panels a and b the corresponding peaks are

lso reported. The peak width is slightly larger than that one at 1.125
ut there is about 10% more transmission. Decreasing the injection
o 0.1r0 the mass resolution show a more gradual change because
he low mass tail vanishes and the sharp decrease between 1.135

w
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0% (c2) of the mass peak. (Panel d): maximum of the mass peak. For panels (c) and
d) solid lines correspond to m = 28 amu and dotted lines to m = 84 amu, lines with
without] symbols (square for m = 28 and circles for m = 84) to simulations carried
ut with dS = 0.1r0 [dS = 0.2r0].

nd 1.140 disappears. The transmission in panel d doubles from
S = 0.2r0 to 0.1r0. The curve corresponding to m = 28 is on average
bove the one for m = 84. The difference is particularly evident for
/r0 > 1.130 and increases by decreasing dS.

In the case of MRs (Fig. 18), the behavior is very similar to that
hich are shifted to r/r0 = 1.130, instead at 10% the maximum is
round 1.125. For r/r0 < 1.135, the transmission is more than 5%
igher than that of ORs and shows an evident mass dependence for
/r0 > 1.135.
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Fig. 19. Total transmission for ions of mass mi = 28 amu (panel a) and mi = 84 amu
(panel b) injected through a square of edge 0.2r0 [0.1r0] in a mass filter equipped
with PRs, 	 = 0.9995, and d/r0 = 0.805 (thick solid line) [dotted lines]. Thick lines
have been multiplied by 2. Total transmission in a filter with d/r0 = 0.780 are also
depicted (dashed lines divided by 2). (Panel c): mass resolution m/�m evaluated
a
F
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Fig. 20. Total transmission for ions of mass mi = 28 amu (panel a) and mi = 84 amu
(panel b) injected through a square of edge 0.2r0 [0.1r0] in a mass filter equipped
with CRs, 	 = 0.9995, and A = 37.575◦ (thick solid line) [dotted lines]. Thick lines
have been multiplied by 2. Total transmission in a filter with A = 36.225◦ are also
depicted (dashed lines divided by 2). (Panel c): mass resolution m/�m evaluated at
5
a
w
c

m
d
d
w
p
a

t 50% (c1) or 10% (c2) of the mass peak. (Panel d): maximum of the mass peak.
or panels (c) and (d) solid lines correspond to m = 28 amu and dotted lines to m =
4 amu, lines with [without] symbols (square for m = 28 and circles for m = 84) to
imulations carried out with dS = 0.1r0 [dS = 0.2r0].

For PRs (Fig. 19) the mass resolution at 50% has a maximum
t d/r0 = 0.810 (0.815) for dS = 0.2r0 and m = 28 (m = 84) which
hifts at 0.805 (0.810) for dS = 0.1r0 leaving unaltered the leading
dge of the curves. This shift at a lower value can be explained
y considering the total transmission curves at the maximum of
/�m (panels a and b) which show a peak with a tail on the high

′
ass side (which for mi = 84 reaches m = 85) having a transmis-
ion slightly below 50% of the peak transmission. Decreasing dS the
ail acquires a greater relative intensity and crosses the 50% of the
eak transmission determining a sharp decreasing of m/�m with
he shift to the left of the m/�m maximum. Instead the trend of

a
f
a
p
m

0% or 10% of the mass peak. (Panel c): maximun of the mass peak. For panels (c)
nd (d) solid lines correspond to m = 28 amu and dotted lines to m = 84 amu, lines
ith [without] symbols (square for m = 28 and circles for m = 84) to simulations

arried out with dS = 0.1r0 [dS = 0.2r0].

/�m at 10% has a more regular trend and the changes between
S = 0.20 and 0.1r0 are negligible. The maximum is located around
/r0 = 0.780 for m = 28 and around 0.785 for m = 84. The peaks
hich correspond to d/r0 = 0.780 (depicted in panels a and b)
resent a reduced or negligible high mass tail and a better over-
ll shape with respect to the peaks related to the maxima at 50%

nd with about a doubling of the transmission (> 70%). There-
ore, in spite of a larger width, d/r0 in the range between 0.780
nd 0.785 could be the right choice to attain a more definite
eak shape with high transmission. For d/r0 > 0.820, the trans-
ission shows an evident mass dependence and the difference
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etween the two masses increases passing from dS = 0.2r0 to
.1r0.

For CRs (Fig. 20 c1) the mass resolution at 50% has a maximum
t A = 37.575◦ (37.800◦) for dS = 0.2r0 and m = 28 (m = 84). For
S = 0.1r0, the curve does not change for m = 28 while for m = 84
he leading edge of the curve is unaltered and there is a small
hift of the maximum which coincides for both masses around
= 37.575◦. As in the case of PRs, the peaks which correspond

o those maxima (panels a and b) present a tail on the high mass
ide having an intensity slightly below 50% of the peak transmis-
ion. Decreasing dS the tail acquires a greater relative intensity only
or m = 84 determining the shift of the maximum position. With
espect to PRs, the high mass tail covers a more limited mass range,
ut there are small peaks, not present in the case of PRs, also for
′ > mi + 1 with a transmission below 0.01%. The m/�m curves at

0% (panel c2) do not show any significant change between the
wo dS values. The maximum is at A = 36.225◦ for m = 28 and
= 36.675◦ for m = 84. Similarly to PRs, the peaks which corre-

pond to A = 36.225◦ (depicted in panels a and b) present a reduced
r negligible high mass tail and a better overall shape with respect
o the peaks related to the maxima at 50% of the peak transmission
nd with about a doubling of the transmission (> 70%). Therefore,
n spite of a larger width, A in the range between 36.23◦ and 36.68◦

ould be the right choice to attain a more definite peak shape with
igh transmission. For A > 38◦, the transmission shows a smaller
ut evident mass dependence and the difference between the two
asses increases passing from dS = 0.2r0 to 0.1r0.

. Conclusions

In this article the performance of mass filters equipped with
ods of different convexity has been investigated. The optimized
eometries which best approximate the hyperbolic field have been
etermined by calculations based on a finite elements approach.
rajectory simulations have been employed to determine the com-
arative performance of mass filters equipped with these rods. The
estriction of the injection area to dS = 0.1r0 completely eliminates
he low mass tail for all the configurations. High mass tail, which is
ot present for ORs and MRs, determine broader peaks for PRs and
Rs: even restricting the area to dS = 0.1r0, for PRs the tail extends
p to m + 1 and, in the case of CRs, small peaks are present for
′ > m + 1 with a transmission smaller than 0.01%. Those are lim-

ts to the abundance sensitivity of mass filters equipped with PRs or
Rs. The study of small changes around the optimized geometries
ave confirmed also for non-conventional geometries that bet-
er mass resolution and transmission are obtained for parameters
hich are smaller then the optimized ones. Decreasing the geome-

ry parameters with respect to optimized ones, the transmission
ncreases for all the configurations. The trends of mass resolu-
ion curve at 50% and 10% of the transmission peak show maxima
ocated at different positions and there is also a weak dependence
n the ion mass. Considering 50% curve for a restricted injection
S = 0.1r0 of m = 28 ions, the central position of the maximum is
/r0 = 1.125 for ORs, r/r0 = 1.130 for MRs, d/r0 = 0.805 for PRs,
nd A = 37.58◦ for CRs, i.e., −1.8% for ORs and MRs, −3.4% for PRs,
nd −2.5% for CRs with respect the optimized values obtained with

he VB1 method (Table 1). Instead, considering 10% curves, the cen-
ral position of the maximum is r/r0 = 1.120 for ORs, r/r0 = 1.125
or MRs, d/r0 = 0.780 for PRs, and A = 36.23◦ for CRs, i.e., −2.2%
or ORs and MRs, −6.4% for PRs, and −6.0% for CRs with respect the
ptimized values obtained with the VB1 method.
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Curves at 10% are more sensitive to the presence of tails and
he parameters related to their maxima could be a useful guide
or practical constructions to obtain higher transmissions and, for
nconventional rods, a better shape of the transmission peaks. In
pite of higher transmission values (70% for PRs and CR with respect
o 50% for ORs and MRs), only convex configurations, ORs and MRs,

eet the requirements of better mass resolution and abundance
ensitivity. Moreover, when also size and weight are important
arameters, the better choice for compact mass filters is the use
f modified cylindrical rods.
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