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A new, more general type of electrostatic ion trap mass analyzer is described. The potential distribution
of the electrical field in this trap can be expressed as a combination of a quadrupolar and logarithmic-
Cassinian potential. As the field can be described, in part, by the Cassinian equation the trap is called a
Cassinian trap. One mode of the Cassinian trap allows for a one-dimensional trapping motion. This is the
first time a one-dimensional trapping motion has been theorized in combination with a harmonic analysis
motion in an electrostatic trap. The one-dimensional trapping motion allows ions to be introduced and
trapped readily in the Cassinian trap. Theoretically, a mass range of a factor of 50 can be accommodated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Electrostatic orbital ion trapping was first shown by Kingdon [1].
The ideal Kingdon trap consists of a wire along the center-axis of a
long tube. If an electric potential is applied between the wire and
the tube an electric field attracts ions to the wire. If the ions have
the proper kinetic energy perpendicular to the attracting direction
they will orbit around the wire thus the ions will be trapped. If the
tube is infinitely long, the electric potential, ¥(r), between the wire
and the tube can be expressed by the one-dimensional equation:

W(r) = ln;rl/ri)

“Unn + Uggr (1)

where Ry, =In(ro/ri), the wire diameter is 2ri and the inner diam-
eter of the tube is 2ro. Uy corresponds to the voltage applied to
the wire and Uy, + U,y the voltage applied to the tube. Makarov [2]
showed in his paper in 2000 that ions can be trapped in orbits
around the inner electrode while simultaneously conducting an
axial harmonic oscillation. This trap is commonly known as the
Orbitrap. The electric field in an Orbitrap can be expressed as a
combination of a quadrupolar and logarithmic potential and can be
written as a two-dimensional equation:

In(r/ri)
Rln

2.22-r2_¢2

¥(r,z)= R
qua

. Uln + : Uquad + Uoff (2)

Abbreviations: LCP, logarithmic-Cassinian potential; 1D, one-dimensional.
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where Ry, =In(ro/ri), Ryyqq =10? —ri2 and c=ri. The potential in the
Orbitrap will be Uy (the voltage of the inner electrode) at r=ri
(the radius of the inner electrode at z=0). The potential of the outer
electrode Uy, + Uy — Uguqq isreached at r=ro (the radius of the outer
electrode at z=0). The mass analysis of this device is derived from
the harmonic oscillation of ions along the z-axis [3,4]. The frequency
of an ion’s oscillation depends on the ion’s m/z.

However, there are alternative concepts for constructing elec-
trostatic traps that have harmonic ion oscillations along the z-axis.
The potential in one such trap can be described as:

2, 22 2 (x2 _ 2 4y 1i4
W(x,y.7) = In(((x* +y°) —2~Z (x2 —y?) + b*)[ai*) Uy
In
2.22-(2-B)-x2—B.y% 2
+
Aquad

. Uquad + Uojf (3)

where Aj, =In(ao*/ai*), Agyqq =2 (a0? — ai?) and c? =2ai%, and B is a
constant.

The numerator of the quotient inside the logarithm corresponds
to the well known Cassinian equation [5]:

02 +y2) =22 (2 —y?) + b = g (4)

Hence this trap should be named Cassinian trap, where the equa-
tion for the Orbitrap is just a subset wherein r2 =x2 +y2, b=0, ai=ri,
and ro=ao.

This leads to the quite obvious description of a combination of
a general logarithmic potential with a quadrupole potential:

U(x,y,z)=Ar - In(f(x,y)) +Az - (2-22 = (2-B)-x* —=B-y*)  (5)

The quadrupole potential alone satisfies already the Laplace
equation AW(xy,z)=0, that applies also to the logarithmic
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Fig.1. A3D plot of a classical Cassinian trap. The grid represents the outer electrodes

or receiving plates and the smooth mesh the inner electrodes.
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Fig. 2. A 3D plot of a second order Cassinian trap.

potential, which gives a general definition of f(x,y):

fixy) = WG Y)Y + (ddy((x. )
VT @I, y) + R1dy*((x.9)

RS

(6)

The function flx,y)=x2+y% as well as flx,y)=(x2+y%)?—
2b2(x2 —y2)+b* satisfy this requirement and there are probably

more functions.

However, this brings us back to the Cassinian trap. The shape
of the outer and inner electrode which corresponds to an equipo-
tential surface can be derived when Eq. (3) is solved for z. z is then
a function in x and y. If ¥(x,y,z) is replaced by the voltage of the
outer electrode, z corresponds to z-values for the outer electrode
and if ¥(x,y,z) is replaced by the voltage of the inner electrode, z
corresponds to z-values for the inner electrodes. Fig. 1 shows a typ-

(a) (b)
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Fig. 4. Additional trapping motions, e.g., in a second order Cassinian trap. (a)
Cassinian curve and (b) cloverleaf.

ical Cassinian trap with the outer electrode as a grid and the inner
electrodes as a smooth mesh.

The potential distribution of the field can be expressed as a com-
bination of a quadrupolar and logarithmic-Cassinian potential. The
logarithmic-Cassinian potential (LCP) can be turned around the z-
axis and so different LCPs can be combined to give Cassinian traps
of higher order. To address this, in Eq. (3) x and y are replaced by:

&x(X, ¥, Xoffy s Yoffa» On) = (X + Xog, ) - OS(n) + (¥ + Yopr, ) - Sin(etn)
(7.1)

8y(%, Y, Xoffs Yoffn» On) = (¥ + Yofp, ) - €OS(atn) — (X + Xop7, ) - sinoen)
(7.2)

When different LCPs, with different b-, X,q-, ¥o5- and a-values
are combined Eq. (3) converts to:
In(((g2 + 22> —2.b2 . (g2 — g2) + b4)/ai
Wx.y.2) = Z (((gx + &) n- (8 — &) +bn)lain) .
Alnn

n
2.22-(2-B)-x>-B.y>-¢?
+
Aquad

: Uquad + Uoff (8)

E.g., a trap with four inner electrodes (see Fig. 2) which corre-
sponds to an order of n=2.

In the following, the motion along the z-axis will be referred
to as the analytical motion. The motion in the x-y plane will be
referred to as the trapping motion. The motion along the z-axis
is always harmonic. While the trapping motions in the Kingdon
trap or Orbitrap are always orbital can the trapping motions in the
Cassinian trap may be orbital or non-orbital.

An orbital trapping motion around the inner electrodes of a
Cassinian trap is possible (see Fig. 3a). Where the lemniscate
like (see Fig. 3b), nephroidic (see Fig. 3c) and especially the one-
dimensional (1D) motion (see Fig. 3d) are non-orbital. Higher order
traps according to Eq. (8) can exhibit even more trapping motions
(see Fig. 4). This is the first time non-orbital harmonic ion trapping
in an electrostatic ion trap has been theorized.

(c) (d)

e -

Fig. 3. Trapping motions in a classical Cassinian trap. (a) Orbital, (b) nephroidic, (c) lemniscate and (d) 1D.
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Table 1
Cassinian trap parameters used to plot the outer- and inner-electrode surface and ion-trajectories. For Figs. 2 and 4 a second LCP was superimposed to the LCP used for
Fig. 3 or 5.

Xoff (mm) YOff (mm) o (0) ai (mm) ao (mm) b (mm) U]n (V) B Uquad (V) Uouter—electrode (V) Uinner—electrode (V) Uoff (V)
Fig. 1 0 0 0 6.5 19 7 900 1 100 1000 0
Figs. 3 and 5 0 0 0 6.5 19 7 900 1 100 1000 -800
Figs. 2 and 4 0 0 90 6.5 19 7 900
Table 2
Ions’ starting conditions for trajectory calculations.

Fig. 3a Fig. 3b Fig. 3¢ Fig. 3d Fig. 4a Fig. 4b Fig. 5

Motion Orbital Lemniscate Nephroidic 1D Cassinian Coverleaf 2D
Xo (mm 10 0 0 0 10 3 3
Yo (mm) 0 0 0 18 0 -3 18
Zo (mm) 0 0 0 0 0 0 0
Angleyy_plane (°) 90 44 47 0 90 45 0
Angley; piane (°) 0 0 0 0 0 0 0
Ein (eV) 705 293 100 0 318 95 0

Table 1 summarizes the trap parameters, which served as a basis
to describe the electric potential for positive ion trajectory calcu-
lations and to plot the shape of the outer and inner electrode for
Figs. 1-4.

In Table 2 are shown the ion starting conditions leading to tra-
jectories presented in Figs. 3-5.

The stability of the trajectory of trapped ions varies widely
according to the type of trapping motion. For example, the lem-
niscate like (Fig. 3b) and cloverleaf like motions (Fig. 4b) are highly
unstable. Slight changes in the ions’ starting conditions lead rela-
tively quickly to collisions with the inner electrodes. In contrast, the
orbital (Fig. 3a), nephroidic (Fig. 3¢), Cassinian curve (Fig. 4a) and
especially the 1D trapping motion (Fig. 3d) are very stable.

2. Theory

The 1D trapping motion is an especially useful trapping motion,
because ions with almost no initial kinetic energy can be trapped
inside the Cassinian trap. Thus, the remainder of this article will
focus on this 1D trapping motion.

2.1. Ion motion

lons created at an appropriate position within the trap (e.g., by
laser ionization of gas phase aromatic hydrocarbons) will be imme-

-

X

Fig. 5. Trapping motion in a classical Cassinian trap with a distinct starting ampli-
tude in x and y.

diately trapped and begin their harmonic motion along the z-axis.
Exemplary ion trajectories in a Cassinian trap should be considered.
These can be derived by applying the Lagrange-formalism. The force
in the direction d, F;=m a4, where m is the mass and a the accel-
eration towards d is equal to F;=—q E4, where q is the charge and
E,4 the electric field towards d. The derivative of ¥(x,y,z) in all three
spatial directions yields the electrical field:

d? 4.(x>+y*)—-4-b? U
m.--—x=—q- L
de2” — 2 1 y2)2 2 (x2 _ 2 4 A
(X2 +y2)" =2-b2 - (x2 —y?)+b* /ln

U
~2.(2-B). q“”d} X (9.1)
Aquad
d? 4.(x24+y%)+4-b2 U
m-2y=—q-[ (2 +y?) i
dt (X2 +y2)Y* —2.b2 . (x2 —y2) + b4 Am
U
_z.B.Aquad] .y (9.2)
quad
d? Uuad
m-—z=-q-4. -2 ¢ 9.3)
dt2 1 Aquad (

Eq. (9.3) describes a harmonic oscillator. The complete solution
of the differential equation is:

z(t):zO‘cos(2~n~fz‘t)+\/m 2 Aguad sin(2-w-fz-t)

ﬂ o 2. Uquad

(10)

where zj is the starting position and vz is the starting velocity
along the z-axis. The frequency of the ion motion on the z-axis is
given by:

1 / q Uquad
7 =——.4/4. =.
f 2.7 m Aquad

Egs. (9.1) and (9.2) are highly nonlinear and difficult to analyze.
At least Eq. (9.2) can be analytically solved for x=0:

d? 4 Un Uquad
m —y=-qg-|—-——.—-2.B. 1.
dtzy d |:y2 +b% Ap Aquad Y

(11)

(12)
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Fig. 6. An example of dA¥(x,y,z)/dz at x=0 from a SIMION calculation.

Substitution and separation of the variables results in:

Y 1

of the potential AY(Xon.Yion.Zion) ON the trap electrodes. The sum
of the deviations in all three spatial dimensions multiplied by the
ion velocity in x, y and z, and averaged over all ions gives the image
current. The motion in x and y are not harmonic, so the ions will
go out of phase much faster than in the harmonic motion in z. This
means that a short time after ion motion is initiated, Eq. (17) can be
simplified to:

-_q .
0=-3g
where N5 is the total number of ions.

SIMION calculations (see Fig. 6.) show that d A¥(x,y,z)/dz can be
approximated:

3
d x? +y? z2
EAII/(x,y, Z)= ( @ -exp | -D- ey (19)

where C and D are constants. In our special case we consider no
space charge effects, just the 1D trapping motion with amplitudes
in x close to 0 and a motion in y described by Eq. (14). Averaged in
time, an ion stays in x and y close to their reversal points, because

d d
Nions EAlI/(x,y, z)- az (18)

ty) =

(13)

which is dependent on the starting conditions in y. The motion
in y can be approximated as a combination of cosine functions:

> iokyi - cos(ky; -2 7 fy - (¢ — tymax))
> icokyi
where fy=2/(t(ymax)— t(—Ymax)), and the frequency in y, is

dependent in the initial values yo and vyo. The maximum amplitude
in y, ¥max, can iteratively be calculated by solving:

A U 2 1+ b2 m-vy?

quad In Ymax 0 2
max = — . .— . In — +

Ymax \/B : Uquad < { ‘In ( y% + b2 > 2. q Yo

(15)

Y(t) = Ymax - (14)

The motion in x for stable conditions looks like an amplitude
modulated carrier frequency. The modulation frequency is fy and
the carrier frequency fx:

1 yRa +y(t)? S ookxi - cos(kx; 27 fx - t)
X(t) = 2 . ) - X0 - =
Ymax Zi=0kxi

The kx; respectively the ky; values have to be adjusted to fit the
assumed motion in x(t) and y(t) with the simulation. A stable trap-
ping motion with a distinct starting amplitude in x is shown in
Fig. 5.

The matter of ion stability is discussed below in Section 3.

(16)

2.2. lon detection

In an experimental setup, the outer electrode of the Cassinian
trap will be split at z=0. Ions can be detected by measuring the
differentially amplified image current induced on the split outer
electrodes. According to Greens'’s reciprocity theorem [6] and in
assuming the absence of any space charge effects and any residue
gas, the current induced on an electrode is equal to:

I(t) = — Jion
ion
where g;,, corresponds to the charge perion and AU the voltage

applied to the electrode which would generate a potential change
at x, y and z in the absence of any ions. Each ion induces a change

)= -dy
Yo \/(Q/m) . (4 . ln((Y% + b2)/(y2 + bZ)) ' (Uln/Aln) +2-B- (Uquad/Aquad) ' (y2 _y(zj)) + U}’Oz

the velocity there is near 0. So x and y can be replaced by the average
values X = 0.64 - xg and y = 0.64 - yg.

Thus the expected signal for one type of ion is not just a sine wave
but the product of a sine wave with a function which is dependent
on the ion location.

2 +y2\°3 _ P
i : Nions : 0 2y0 . exp _D . (ZO COS(22 7T2fz t))
AU \C 2+

2-mw-fz-z9-5in2-7w-fz-t) (20)

I(t) =

D is a factor dependent on the trap geometry and the precision of
the traps’ construction.

2.3. lon injection

Asanexample of anion optically ideal case, ions of a gaseous aro-
matic compound can be created in a Cassinian trap via a UV-laser
beam. When the ions are formed they are immediately trapped.
The laser beam can be focused at a point with z=0 (equatorial) or
at a point with |z| > 0 (non-equatorial) (e.g., x=0 and |y| > 2-b). In the
equatorial case the laser-beam duration can be very long to accu-
mulate ions. The ions can be formed at x~ 0 and |y| > 2-b so they are
trapped via a 1D trapping motion. Before signal acquisition the ions
have to be excited into motion along the z-axis by applying a short
voltage pulse to one of the outer electrodes. In the non-equatorial
case the laser-beam has to be switched off shortly before half the
period of the oscillation of the smallest m/z ratio to be detected,
because the ions begin their z-axis harmonic motion immediately
when they are created.

Ions created outside the trap can be trapped by continuously
increasing the absolute voltage of the inner electrodes while load-

d d d d d d
AU ' (a Alﬂp(xionvyion’ Zion)' Exion + @AW(Xiom)’iona zion) : ayion + EAW(Xionvyion’ Zion)‘ Ezion) (]7)

ing. The potential difference between the inner and outer electrode
has to be increased by U,;,, the kinetic energy of the ion entering
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the trap, within duration proportional to the oscillation period, Tz.

d Ukin
= T

Tz can be exchanged by 1/fz and within Eq. (11) the mass can
be exchanged by m=2qUj;,(L/t)?, where L is the distance the ions
travel from the ion source to the trap, and t is the ion’s flight time
between the source and the trap. Integrating Eq. (21) with the above
substitution results in:

2
L Usi t
Uel(f)=( UelO"‘M‘\/Mlm(j'ln(t())) (21)
qua

where tj is the flight time of the smallest ion to be trapped
and U,g the potential difference between the inner and outer elec-
trode at the entrance of this ion. In general a Cassinian trap can
hold ions for U, smaller than 1.25 Ugg. This results in a mass range
ratio m/mg:

(21)

zzexp<2'7zlk~(«/l.25—l)‘ 2.A Ue’) (22)
0

uad *
1 Ukin

For example, assuming Agqq=6.375 x 1074 m?, k=2, L=1cm,
Ugin =10V and U9 = 1000V is m/mg~50. So an ion with 50 amu
and an ion with 2500 amu can be trapped simultaneously.

3. Discussion

Because the given differential equations are difficult to analyze
itis also difficult to come up with general stability criteria. However
SIMION calculations show that a combination of parameter b, ai, ao,
B and the ratio of Uy, [Ugyueq can be found to create stable trapping
conditions. It is quite clear that ao > b > ai. For best performance as a
mass analyzer, the analytical frequency, fz, should be as high as prac-
tically possible. From the above discussion, fz is inversely related to
ao? — ai? and is proportional to Uquad- However, for stability rea-
sons Uy /Ugyaq should be approximately 10 or higher. A stable 1D
trapping motion in x and y is given for starting coordinates y > 2b.

Larger starting values in y allows for stable trajectories having a
greater deviation in x, vx or vy. Naturally space charge effects can
have a significant influence on the ion trajectories and therefore
on the measured signal, however, these effects have been left for
future studies. Furthermore is it possible to analyze fragment ions
produced by metastable decay of parent ions, because the decay is
more likely in the area of high probability density. So a high percent-
age (>60%) of the first daughter ion generation can be trapped and
analyzed when injected equatorial and excited in the z-direction.

4. Conclusion

A new, more general type of electrostatic ion trap mass ana-
lyzer is described. The potential distribution of the electric field in
this trap can be expressed as a combination of a quadrupolar and
logarithmic-Cassinian potential. As the field can be described, in
part, by the Cassinian equation the trap is called a Cassinian trap.
One mode of the Cassinian trap allows for a 1D trapping motion. This
is the first time a 1D trapping motion has been theorized in com-
bination with a harmonic analysis motion in an electrostatic trap.
The 1D trapping motion allows ions to be introduced and trapped
readily in the Cassinian trap. Theoretically, a mass range of a factor
of 50 can be accommodated.
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