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a  b  s  t  r  a  c  t

This  paper proposes  a  technique  to  cause  unidirectional  ion  ejection  in a quadrupole  ion  trap  mass
spectrometer  operated  in  the  resonance  ejection  mode.  In this  technique  a modified  auxiliary  dipolar
excitation  signal  is  applied  to  the  endcap  electrodes.  This  modified  signal  is a  linear  combination  of
two  signals.  The  first  signal  is  the  nominal  dipolar  excitation  signal  which  is applied  across  the  endcap
electrodes  and  the  second  signal  is  the  second  harmonic  of  the  first  signal,  the amplitude  of  the  second
harmonic  being  larger  than  that  of  the  fundamental.
uadrupole ion trap
esonance ejection
odified auxiliary dipolar excitation

We  have  investigated  the  effect  of  the  following  parameters  on  achieving  unidirectional  ion  ejection:
primary  signal  amplitude,  ratio  of amplitude  of second  harmonic  to that  of primary  signal  amplitude,
different  operating  points,  different  scan  rates,  different  mass  to  charge  ratios  and  different  damping
constants.

In all  these  simulations  unidirectional  ejection  of destabilized  ions  has  been  successfully  achieved.
©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the purpose of bringing about unidirectional ion ejection
n a quadrupole ion trap mass spectrometer (QIT) [1,2], a technique
as been proposed in this paper. The QIT has a three electrode
eometry mass analyzer consisting of two endcap electrodes and a
entral ring electrode. The electrodes are shaped so as to produce

 linear trapping field within the trap cavity when an oscillatory
.f. potential is applied between the ring and (grounded) endcap
lectrodes.

In resonance ejection experiments [12–18], a dipolar auxil-
ary excitation is applied at a fixed frequency, across the endcap
lectrodes. In these experiments the secular frequency of ions is
ncreased from a value lower than the frequency of the auxiliary

xcitation, by increasing the amplitude of the r.f. excitation applied
etween the ring electrode and endcap electrodes. Ion destabi-

ization occurs when the secular frequency of an ion comes into
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ax: +91 80 2360 0135.
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387-3806/© 2015 Elsevier B.V. All rights reserved.
resonance with the fixed frequency of the auxiliary excitation. The
resonance ejection mode of operation has advantages over mass
selective boundary ejection experiment [13] on account of higher
mass range [20,19] and improved resolution [21].

In resonance ejection experiments ions destabilize in the axial
direction of the mass analyzer. It is expected that destabilization of
ions takes place equally towards the ion source electrode and detec-
tor electrode, and consequently only 50 percent of destabilized
ions will reach the detector. In this paper we propose a technique
that will cause ion ejection, preferentially in one direction, thereby
increasing the sensitivity of the mass analyzer.

Our study is based on a simple premise. Consider two signals
y1 and y2, given by

y1 = V1 cos(2�ft +  )

y2 = V2 cos(2(2�ft +  )),
(1)

where y2 is a harmonic of y1, V1 is the zero-to-peak amplitude of
the signal y1, and f and   are frequency and phase of y1 respec-
tively. V2 is the zero-to-peak amplitude of the signal y2. These two

signals y1 (– · –) and y2 (- - -) are plotted in Fig. 1. For making these
plots V1 = 1, V2 = 1, f = 1/2� and   = 0 are considered. Also plotted
in the figure is the sum of the two signals y1 and y2 (—). As can be
seen this sum has clear biased excursion in one direction compared

dx.doi.org/10.1016/j.ijms.2015.05.011
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijms.2015.05.011&domain=pdf
mailto:appala@ssl.serc.ernet.in
mailto:amohanty@serc.iisc.ernet.in
dx.doi.org/10.1016/j.ijms.2015.05.011
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Fig. 1. Plot of y1, y2 and y1 + y2.

o the other, this direction being determined by the sign of V2/V1.
e point out that for the second harmonic to have an impact in

ringing about unidirectional ejection of ions, its amplitude (V2)
eeds to be somewhat large compared to that of the fundamental
V1) because the fundamental is at the resonant frequency and the
econd harmonic is far removed from it.

The motivation of this study is to see if this summed signal, if
pplied as the auxiliary excitation in resonance ejection experi-
ents, can lead to a biased ejection of ions in one direction. This is

specially important in the context of the scanned mode of oper-
tion in which the duration of the time allowed for resonance to
ccur is limited.

In this paper we propose to apply a modified dipolar signal

dipolar = V1 cos(2�ft +  ) + V2 cos(2(2�ft +  )) (2)

onsisting of a fundamental component and its second harmonic.
he fundamental causes the resonance ejection to occur and second
armonic gives the directionality to ion ejection. This is shown in
ig. 2 which shows the modified dipolar excitation.

We point out that there are earlier experimental studies which
ave used additional frequencies to improve the sensitivity of ion
rap mass analyzers. These include the study of Plomley et al.[5] in
hich dipolar signal was superimposed on the r.f. to improve sen-

itivity of QIT, the studies of Gershman et al. [3,4] in which higher
armonics were superimposed on the r.f. to improve the sensitivity
f Linear Ion Traps (LIT), and the studies of Wang and Marquette
6,7] in which the r.f. signal was applied across the endcap elec-
rodes to improve sensitivity of QIT. In the last study it was also
emonstrated that unidirectional ion ejection was achieved using
his scheme.

Our study differs from these in that we have modified the dipolar
xcitation to include the second harmonic to bring about unidi-
ectional ejection. A notable advantage of our scheme is that low
oltages can be used to achieve this biased ejection.

Our simulations are carried out on the truncated QIT. In Section 2
e present the geometry of the QIT taken up for investigation. In

ection 3, we present computational methods. Section 4 presents
esults and discussion. We  end by presenting some concluding
emarks.
. Geometry considered

The cross-section of the geometry of the QIT is shown in Fig. 2.
lso indicated in the figure are the different geometry parameters.
l of Mass Spectrometry 386 (2015) 15–23

In our simulations the electrodes are thin and there are no holes on
endcap electrodes.

The radius of the QIT ring electrode is r0 = 7 mm and distance
of endcap from centre is z0 = 4.9 mm.  The truncation length of the
QIT in radial direction is r1 = 26.3 mm and in axial direction is
z1 = 18.6 mm.

3. Computational methods

We  present details of computational methods used in this paper
in the following section.

3.1. Boundary element method

The boundary element method (BEM) has been used to calcu-
late charge distribution on surfaces of electrodes of ion trap. In this
method surfaces of electrodes are divided into small elements and
it is assumed that on each of the elements the charge (unknown) is
distributed uniformly. The potential on a particular element due to
all the elements is expressed in terms of their respective charges,
and it has to be the same as the potential applied on the elec-
trode. These expressions will be the system of linear equations with
charges on each of the elements as unknown quantities. Once this
system of linear equations are solved we get the distribution of
charge on the electrodes.

The geometry considered in this paper is axially symmetric,
which means that the geometry can be obtained by rotating appro-
priate curve around a fixed axis. For QIT the curve is a hyperbola
and the fixed axis is the z-axis. In such geometries the surface of
each electrode can be divided into rings. In order to find the charge
distribution we follow the method outlined in Tallapragada et al.
[22].

Once the charge distribution is computed on each of the ring
elements it would be used to find the potential and field at any
point due to the ring element. The potential at a given point due to
the trap is the sum of potentials due to all ring elements. Similarly,
electric field at a given point is the sum of electric fields due to all
the ring elements at that point.

The multipole coefficients can also be found using the charge
distribution and they are computed using the equations described
by Tallapragada et al. [22].

3.2. Equations of motion

The equations of motion of an ion is obtained from Newton’s
second law of motion, which states that the rate of change of
momentum is equal to net force acting on it. The net force acting on
an ion at a point (say its position vector is r) is the sum of damping
force and force due to electric field. The force due to electric field
is given by product of charge and electric field at that point. The
electric field at r is the sum of quadrupolar field (field due to trap
when endcaps are grounded) and dipolar field (field due to trap
when ring is grounded) at r. The equations of motion of the ion in
terms of quadrupolar field (Equad) and dipolar field (Edip) are given
by

m
d2r

dt2
= −c dr

dt
+ Q (Equad + Edip) (3)

where m is mass of the ion and Q is charge on the ion.
c = mmn

m+mn
p
kbT

Q
2ε0

√
˛m+mn
mmn

is the damping constant [18], mn is mass

of the bath gas, p is pressure of the bath gas, kb is Boltzmann con-

stant, T is temperature, ε0 is permittivity of free space, and  ̨ is
polarizability of the bath gas.

It is sufficient to look at the z-direction equation of motion
because the instability of the ion occurs in the z-direction. The



A.N. Kotana, A.K. Mohanty / International Journal of Mass Spectrometry 386 (2015) 15–23 17

erime

e
q
E

m

w

E

a

E

r
b
E

a
d
a
i
w
p
e

m

u

w

E
q

E

a

E

w
p
a
s

c

Fig. 2. Schematic diagram of resonance ejection exp

quation of motion in the z-direction in terms of respective
uadrupolar field component Equad

z and dipolar field component
dip
z is given by

d2z

dt2
= −c dz

dt
+ Q (Equad

z + Edip
z ) (4)

here

quad
z = [Udc + Vrf cos(˝t)]Ẽ

quad
z (5)

nd

dip
z = [V1 cos(2�ft +  ) + V2 cos(2(2�ft +  ))]Ẽdip

z . (6)

In Eq. (5), Udc is DC voltage, Vrf is zero-to-peak amplitude of
.f. potential and  ̋ is angular frequency of r.f. potential applied
etween ring electrode and grounded endcap electrodes of the trap.

˜quad
z is the field along the axis when the ring is at unit potential
nd endcaps are grounded. Eq. (6) is the expression for Ẽdip

z , the field
ue to auxiliary excitation with an extra harmonic. Here V1, f, and  
re zero-to-peak amplitude, frequency and phase respectively, V2

s amplitude of extra harmonic, and Ẽdip
z is the field along the axis

hen the ring is grounded and each of the endcaps are kept at unit
otential but have opposite polarity. In the conventional resonance
jection experiments, V2 = 0.

The potential along the axis of the trap is calculated using the
ethod followed by Tallapragada et al. [22], and is given by

(z) =
n=∞∑
n=0

An

(
z

Ln

)n
, (7)

here An’s are multipole coefficients and Ln is normalizing length.
The z-direction field component is obtained by differentiating

q. (7) with respect to z. The field along the axis of the trap in
uadrupolar mode of operation, Ẽquad

z , is given by

˜quad
z = −1

Ln

n=∞∑
n=1

nAqn

(
z

Ln

)n−1
(8)

nd in dipolar mode of operation Ẽdip
z is given by

˜dip
z = −1

Ln

n=∞∑
n=1

nAdn

(
z

Ln

)n−1
(9)

here Aqn’s are multipole coefficients obtained by setting unit
otential to the ring electrode and endcaps are grounded, and Adn’s

re obtained by keeping the endcaps at unit potential (with oppo-
ite polarity) and ring is grounded.

In our computations multipole coefficients up to A10 have been
onsidered.
nt with modified auxiliary dipolar excitation signal.

3.3. Trajectory calculation

The trajectory of an ion is obtained by solving equations of
motion (Eq. (3)). These equations are nonlinear. Since it is diffi-
cult to obtain closed form solutions for nonlinear equations, we
use a numerical method to compute trajectory. In this paper we
use Runge–Kutta fourth order method [23] to find trajectory of the
ion.

3.4. Computation of ion ejection percentage

The phase,   (Eq. (6)), seen by an ion in the trap when the dipo-
lar excitation is switched on, is in the range zero to 2�. When there
are multiple ions in the trap, the phase seen by each of the ion is
different. In order to calculate the percentage of ions ejecting in one
direction, we consider a single ion but with random initial condi-
tions and different phases ( ). The trajectory of ion is calculated for
100 different phases (each phase is obtained in the range 0 to 2�
in steps of 2�/100), and for each phase 100 random initial condi-
tions (positions and velocities) are considered. Out of these 10,000
(100 phases and 100 random initial conditions) trajectories the
fraction of trajectories is computed for which the ions are ejected in
one direction. We consider 100 times this fraction as the percentage
of ions ejected in that direction.

3.5. Frequency response curve

The frequency response curve is a curve obtained by plotting the
secular frequency on the x-axis and amplitude on the y-axis. In the
curves presented in this paper the secular frequency of the ion has
been replaced with the mass of the ion for ease of visualization.

The frequency response curve is determined by fixing r.f. ampli-
tude (Vrf) and dipolar excitation frequency at a fixed frequency, and
mass is varied. The amplitude of a particular mass is taken as the
maximum value in the z-direction amplitude during ten millisec-
onds duration. In case the maximum value is beyond the dimension
of the trap, amplitude is truncated at z0.

4. Results and discussions

It was  seen in Section 1 that when two  signals were added the
resultant signal had a large excursion in one direction compared to
the other. In this section we will demonstrate first that by applying a
sum of two  signals as the dipolar excitation signal in resonance ejec-
tion experiments we  can indeed cause ejection of ions in a specific

direction. Further we  will go on to seek optimal values of parame-
ters V1, V2, V2/V1, and scan rate which will maximize the ejection
of ions in a chosen direction. In our study we  label this direction
of the detector electrode as the positive z-direction. We  will also
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Table 1
The number of ions reaching detector for the case V1 = 2 V.

V2 V2/V1 % ions reaching detector

−4.0 −2.0 0.0
−1.0 −0.5 13.48
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0.0  0.0 50.0
1.0  0.5 86.52
4.0  2.0 100.0

how that adding a harmonic to the dipolar excitation signal does
ot result in any deleterious effect on the performance of the mass
nalyzer. This will be done by a comparative study of the ampli-
ude response curves obtained in the absence and presence of extra
armonic excitation.

In order to perform the above simulations, we  solve Eq. (4) to
btain axial motion of the ion. The trap we considered for these sim-
lations is a truncated quadrupole ion trap (Section 2) that has ring
lectrode of radius 7 mm.  DC voltage (Udc) is set to zero, radial r.f.
requency (˝) is taken as 6.26 × 106 rad s−1, and mass (m) of the ion
s taken as 78Th. The initial positions are generated randomly such
hat they are distributed uniformly between −z0/5 and z0/5. Initial
elocities are generated randomly using the Maxwell–Boltzmann
istribution [10].

The damping constant is calculated assuming helium as the bath
as at pressure 0.1 Pa and the temperature is fixed at 493 K. These
onditions remain same throughout these computations unless
pecified otherwise.

.1. Unidirectional ejection of ions

In order to confirm the preferential ion ejection in the QIT, aux-
liary excitation with V1 = 2 V is applied across endcap electrodes at
perating point qz = 0.66 (qz is Mathieu parameter [14]). This simu-
ation has been performed with scan rate 180 �s/Th. The results are
hown in Table 1. It can be seen that in the absence of second har-
onic (V2 = 0), there is 50 percent of ion ejection in one direction,
hich is the case in conventional resonance ejection experi-
ents. The introduction of second harmonic with V2 = 1 V results in

6.52 percent ion ejection in one direction, and with V2 = −1 V, it is
3.48 percent ion ejection in that direction. There is 100 percent ion
jection with V2 = 4 V and none of the ions ejecting with V2 = −4 V.

It is evident from these simulations that the additional harmonic
n the auxiliary excitation leads to 100 percent ion ejection in one
irection, the direction being determined by the sign of the ratio
2/V1.

.2. Dependence of unidirectional ion ejection on V1

Having seen that it is possible to get unidirectional ejection of
ons for V1 = 2 V, we next investigate the dependence of ion ejection
n the magnitude of the auxiliary excitation voltage V1. For that we
onsidered V1 = 4 V. This simulation is also carried out at operating
oint qz = 0.66 with scan rate 180 �s/Th with the same conditions

s in Section 4.1. The results are presented in Table 2. It can be seen
rom the data that for V2 = 1 V, that is for V2/V1 = 0.25, the percentage
f ions ejecting in one direction is 80.54 percent. Conversely, this
educes to 19.46 percent when V2/V1 = −0.25.

able 2
he number of ions reaching detector for the case V1 = 4 V.

V2 V2/V1 % ions reaching detector

−4.0 −1.0 1.1
−1.0  −0.25 19.46

0.0 0.0 50.0
1.0  0.25 80.54
4.0  1.0 98.9
l of Mass Spectrometry 386 (2015) 15–23

It is evident from Tables 1 and 2 that it is possible to
achieve unidirectional ejection of ions for both the cases,
V1 = 2 V and V1 = 4 V. However, the ratio of V2/V1 for which
this occurs is different for V1 = 2 V and V1 = 4 V.

4.3. Dependence of unidirectional ion ejection on the ratio V2/V1

In order to get a more comprehensive picture of the behaviour of
percentage of ions ejecting in one direction with the ratio V2/V1, we
plotted the ratio V2/V1 on the x-axis and percentage of ions ejected
in one direction on the y-axis. The plots obtained for V1 = 2 V and
V1 = 4 V are shown in Fig. 3. These plots are obtained at operating
point qz = 0.66 and scan rate 180 � s/Th. These studies have been
carried out for V2/V1 values well beyond the values at which unidi-
rectional ion ejection occurs. This is been done to understand what
happens when the amplitude of the harmonic, V2, is considerably
larger than the amplitude of the fundamental, V1.

The plot shown in Fig. 3(a) corresponds to V1 = 2 V for the ratio
V2/V1 in the range 0 to ±6. It can be seen from this figure that the
percentage of ions ejected in one direction increases to 100 per-
cent when the ratio increase to 1 and remains constant till the
ratio reaches close to 4. After this the ions ejecting in that direc-
tion decreases. As expected, this picture is reversed in the negative
z-direction as can be seen from the plot on the negative values of
V2/V1.

The plot shown in Fig. 3(b) corresponds to V1 = 4 V for the ratio
V2/V1 in the range 0 to ±4. It can be seen from this figure that the
percentage of ions ejected in one direction increases to 100 per-
cent when the ratio increases to 1, and a further increase in the
ratio V2/V1 causes it to decrease the ejected ion percentage in that
direction. Finally around V2/V1 = 4.0 it reaches 50 percent.

For both the cases V1 = 2 V and V1 = 4 V, it can be seen that the
percentage of ions ejecting in one direction increases with respect
to the ratio V2/V1. Finally, when the ratio V2/V1 is around one, the
percentage of ions ejecting in that direction is maximum. Another
thing to be noted is that for the case V1 = 2 V, 100 percent ion ejec-
tion remains constant over greater range of the ratio V2/V1. But for
the case V1 = 4 V the range of the ratio V2/V1 for which 100 per-
cent ion ejection happens is narrower in comparison to the case of
V1 = 2 V.

In order to understand why the curves peak for a specific range
of V2/V1, we  plot Eq. (1) for two  values of V2/V1 corresponding to
V2/V1 = 0.2 and 5. The plots of y1, y2 and y1 + y2 are presented in
Fig. 4. Fig. 4(a) corresponds to V2/V1 = 0.2 (V1 = 1 and V2 = 0.2) and
Fig. 4(b) corresponds to V2/V1 = 5.0 (V1 = 0.2 and V2 = 1). Comparing
these plots to Fig. 1 gives us some insight into what may be hap-
pening. The summed signal in Fig. 4(a) and (b) is seen to have an
almost equal excursion in the positive and negative direction. In
contrast, for the ratio V2/V1 = 1.0 (V1 = 1 and V2 = 1) as seen in Fig. 1,
there is a clear bias in one direction. Clearly, unidirectional ejec-
tion of destabilized ions occurs when the auxiliary excitation has a
biased excursion in one direction. This happens only for a limited
range of the ratio V2/V1.

Turning to the question of what happens for V2/V1 values larger
than that required to cause unidirectional ion ejection, an inspec-
tion of Fig. 3(a) and (b) provides a clue. When V2 is considerably
larger than V1, unidirectionality of the ion ejection is lost and the
ion ejection tends towards occurring equally in both the directions.

4.4. Frequency response curves
In order to demonstrate that performance of the trap is not
affected by the addition of harmonic in the auxiliary excitation fre-
quency, we  compare frequency response curves in the presence
and absence of extra harmonic.
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Fig. 3. The percentage of ions ejecting in one direction for different V1 with respect to V2/V1 operated at qz = 0.66 with scan rate 180 �s/Th, (a) V1 = 2 V and (b) V1 = 4 V.
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Fig. 4. Plots of signals y1, y2 and y1 + y2 given in Eq. (1): (a) V2/V1 = 0.2 and (b) V2/V1 = 5.0.
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Fig. 5. The z-direction amplitude in a 7 mm qudrupole ion trap with V1 = 2 V, (a) V2 = 2 V and (b) V2 = 4 V.
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Fig. 6. The percentage of ions ejecting in one direction for different qz with 

The frequency response curves of the z-direction motion are
hown in Fig. 5. These are obtained at operating point qz = 0.66
ith V1 = 2 V. In these figures mass is shown on the x-axis and their

espective amplitudes are on the y-axis. Fig. 5(a) corresponds to
2/V1 = 1.0 and Fig. 5(b) corresponds to V2/V1 = 2.0.

It can be seen from Fig. 5, that the match between curves is bet-
er with the ratio V2/V1 = 1.0 in comparison to the ratio V2/V1 = 2.0.
owever, the match is good enough to conclude that the ejec-

ion point is unaltered with the introduction of second harmonic.
ence, the sensitivity of the trap can be doubled by introducing

econd harmonic, without causing any deterioration in its perfor-
ance.
It should be noted that Fig. 5 does not indicate the resolution
f the device. It shows the steady state ion oscillation amplitudes
nly. A determination of the resolution of the mass analyzer would
nvolve the study of ion motion in the mass scan mode, which is
ot done here.
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ig. 7. The percentage of ions ejecting in one direction for different V1 with respect to V2
t to V2/V1 at V1 = 2 V with scan rate 180 �s/Th, (a) qz = 0.72 and (b) qz = 0.78.

4.5. Operating point versus V2/V1

In order to understand the dependence of ratio V2/V1 on operat-
ing point qz, the Mathieu parameter [14], we carried out a study at
qz = 0.72, qz = 0.78. The results of the study at qz = 0.66 have already
been reported in Fig. 3. It may  be pointed out that qz = 0.66 and
qz = 0.78 are associated with two well known nonlinear resonances
of the trap [11]. The study at qz = 0.72 was to ensure that the spe-
cific phenomenon we are observing is not on account of any such
non-linear resonance. In this study we  considered V1 = 2 V and scan
rate 180 �s/Th.

Fig. 6(a) corresponds to qz = 0.72. It can be seen from this figure
that the percentage of ions ejecting in one direction increases with

respect to the ratio V2/V1. Finally, there is 100 percent ion ejection
in one direction when the ratio V2/V1 increased to around 1.0, and
remains constant in the range around 1–3. Further increase in the
ratio causes reduction in ion ejection percent.
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/V1 operated at qz = 0.66 with scan rate 140 �s/Th, (a) V1 = 2 V and (b) V1 = 4 V.



A.N. Kotana, A.K. Mohanty / International Journal of Mass Spectrometry 386 (2015) 15–23 21

−4 −3 −2 −1 0 1 2 3 4
0

10

20

30

40

50

60

70

80

90

100

V
2
/V 1

%
 o

f 
io

n
s 

ej
ec

ti
n

g
 in

 p
o

si
ti

ve
 z

−d
ir

ec
ti

o
n

(a)

−4 −3 −2 −1 0 1 2 3 4
0

10

20

30

40

50

60

70

80

90

100

V
2
/V

1

%
 o

f 
io

n
s 

ej
ec

ti
n

g
 in

 p
o

si
ti

ve
 z

−d
ir

ec
ti

o
n

(b)

F ratios 

a

p
a
T

q
d
H
e
p

4

u
p
r

F
a

ig. 8. The percentage of ions ejecting in one direction for different mass to charge 

nd  (b) m/Q = 100Th.

Fig. 6(b) corresponds to qz = 0.78. In this case too the ion ejection
ercentage increases with the ratio V2/V1 and reaches maximum
round V2/V1 = 2.0, and remains constant in the range around 2–3.
his range is smaller in comparison to the case qz = 0.72.

The results of these three studies at qz = 0.66, qz = 0.72, and
z = 0.78 demonstrate that this unidirectional ion ejection is not
ue to nonlinear resonances since it also occurs at qz = 0.72.
owever, the ratio of V2/V1, at which unidirectional ion
jection occurs will be different at the different operating
oints.

.6. Scanning rate versus V2/V1
Investigations with scan rate of 140 �s/Th are carried out to
nderstand the dependence of V2/V1 on scan rate, and are com-
ared with our earlier simulations which are carried out at a scan
ate 180 �s/Th. This study is carried out at operating point qz = 0.66.
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ig. 9. The percentage of ions ejecting in one direction for different pressures with respe
nd  (b) p = 1.0 Pa.
with respect to V2/V1 operated at qz = 0.72 with scan rate 180 �s/Th, (a) m/Q = 40Th

The plots shown in the Fig. 7 are obtained with scan rate
140 �s/Th for V1 = 2 V (shown in Fig. 7(a)) and V1 = 4 V (shown in
Fig. 7(b)). It can be seen from these figures that the percentage of
ions ejecting in one direction increases with respect to the ratio
V2/V1. Finally, there is 100 percent ion ejection in one direction
when the ratio V2/V1 increased to around 1.

It can be noted from Fig. 7 that the range of V2/V1 for which 100
percent ion ejection happens is larger for V1 = 2 V in comparison to
V1 = 4 V.

The plots shown in the Fig. 3 are obtained with scan rate
180 �s/Th and those in Fig. 7 are obtained with scan rate 140 �s/Th.
These figures are similar except there is a little scatter in the plots
for the scan rate 140 �s/Th in comparison to scan rate 180 �s/Th.
It is noteworthy that unidirectional ion ejection can be achieved
by the introduction of second harmonic for different scan rates too.
However the ratio of V2/V1 at which unidirectional ion ejection will
occur may  be different for the different scan rates.
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ct to V2/V1 operated at qz = 0.72 with scan rate 180 �s/Th, (a) p = 0 Pa (no damping)
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.7. Unidirectional ejection for mass to charge ratio 40Th and
00Th

We  have carried out simulation with mass to charge ratio 40Th
nd 100Th to show that unidirectional ion ejection occurs for at
ass to charge ratios other than 78Th. This is shown in Fig. 8. For

lotting this figure V1 = 2 V, scan rate is of 180 �s/Th, and qz = 0.72.
arlier, unidirectional ejection of ions has already been demon-
trated for mass to charge ratio 78Th (Fig. 6(a)).

Fig. 8(a) corresponds to mass to charge ratio 40Th. From this it
an be seen that 100 percent of ion ejection occurs around the ratio
2/V1 = 1.0 and beyond this ratio it starts decreasing with increase of
he ratio V2/V1. Similar observations can be made for mass to charge
atio 100Th, which is shown in Fig. 8(b). Here too 100 ion ejection
ccurs around V2/V1 = 1.0, although the range of unidirectional ion
jection is larger for mass to charge ratio 100Th in comparison to
ass to charge ratio 40Th.

.8. Damping versus V2/V1

In order to see the effect of damping on unidirectional ion ejec-
ion we have carried out simulations with the bath gas pressure

 = 0 Pa (no damping) and p = 1 Pa. These data are in addition to all
ur other simulations which have been carried out at p = 0.1 Pa. The
ata related to p = 0 Pa and p = 1 Pa are shown in Fig. 9. These plots
ave been generated with V1 = 2 V, scan rate of 180 �s/Th and at
z = 0.72.

Fig. 9(a) corresponds to p = 0 Pa, and Fig. 9(b) corresponds to
 = 1 Pa. In both these plots it can be seen that unidirectional ion
jection occurs close to V2/V1 = 1.0, with Fig. 9(b) indicating uni-
irectional ion ejection that occurs for a very wide range V2/V1
ompared to the case when there is no damping.

. Conclusions

This paper proposes a technique for enhancing sensitivity of a
uadrupole ion trap mass spectrometer operated in the resonance
jection mode. In this technique a modified auxiliary dipolar excita-
ion signal is applied to the endcap electrodes, the modified signal is

 linear combination of the usual dipolar excitation, and its second
armonic.

These simulations have been carried out on a truncated QIT with
o apertures on the endcap electrodes. In this sense, this present
tudy has limitations in its scope in view of the fact that earlier
tudies have shown that the apertures on the endcap electrodes
odify the field significantly [8,9].
We have investigated the effect of primary signal amplitude V1,

ifferent ratios V2/V1, different qz values, different scan rates, dif-
erent mass to charge ratios and different values of the damping
onstant, c.

It has been shown that for a given amplitude of primary signal,
1 unidirectional ion ejection can be achieved by choosing appro-
riate amplitude of the second harmonic, V2. The direction of ion
jection is determined by the sign of the ratio V2/V1.

Finally it is shown that unidirectional ion ejection can be
chieved for different qz, scan rates, different mass to charge ratios
nd different values of the damping constant, c. However, the ratio
2/V1 at which this happens is different for different qz, scan rates,
ifferent mass to charge ratios and different values of the damp-

ng constant, c. In all these simulations it has been seen that for

chieving unidirectional ejection the magnitude of V2 needs to be
omewhat greater than the magnitude of V1.

The implementation of the technique presented in this paper
oes not require any modification in the mass analyzer. It requires

[
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some modification in the electronics related to the dipolar excita-
tion.

There are several options available for accurately obtaining this
modified signal. One possible option would be using a divide-
by-two digital counter [24]. A phase locked loop (PLL) [24] with
a divide-by-two counter would be another option to synthesize
required signal. The waveforms obtained from these techniques
may  be passed through a band pass filter to obtain sinusoids
of required amplitudes. Another possible way of obtaining the
required signal is direct digital synthesis (DDS) [25].

Finally, it may  be pointed out that the second harmonic does not
interfere with the performance of the mass spectrometer, since its
frequency falls in the unstable region of the Mathieu plot where no
ions are expected to be stable.
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