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This article considers the effect of initial ion energy and quadrupole rod length on transmission
percentage of ions through the mass filter for a computer simulation of the quadrupole mass
analyzer. It also examines the effect of aperture for the mass filter with sinusoidal rf ac and rf ac
with harmonics. ©1997 American Vacuum Socief{a0734-210(197)03904-3

[. INTRODUCTION (i) lons injected at different values of rf phase which are
unstable and not transmitted through the mass filter
are not all equally unstable. The implication is that
shorter mass filters, smalldr (whereN is the number
of rf voltage cycles applied to the quadruple [gns

Quadrupole mass spectrometé@MSs are widely used
in both industry and research for fast accurate analysis of gas
and vapors. An example of how a QMS may be used is in a
semiconductor fabrication plant as a residual gas analyzer. A

description of the QMS and its operation is available in the may allow ions to be transmitted which for a longer
scientific literaturé? and is not repeated here. The QMS con- filter, largerN, would be outside the stability region
tains basically three element$) ion source (ii) mass filter, [see Eq.(9)].

e ettt ok, A STUed mass specirum of 100 fons wit mass 25
filter y 9 amu, the rf varying between 120 and 124 V in 200 mV

Ma and Taylof provided a Turbo-PASCAL program for increments, for a fixed ratio of direct to alternating voltage,
solving the Mathieu equation in two dimensions for a finite predicts a mass peak at 122 V. There was sharp drop on the

quadrupole mass filter. The program runs under DOS on §i9h mass side of the peak and a long tail on the low mass
PC and is available from the authdr includes error han- Side. This result is repeated experimentally and so cannot be

d||ng and data hand“ng routines. The program can be d|an artefact. Ma and Taylor studied the effect of different
vided into three parts: length mass filters. They found that as the effective length of

the quadrupole increased the resolution of the mass peak
improved and folN > 200[see Eq(9)] the results are indis-
tinguishable from a mass filter wheketends towards infin-

ity.

Each of the three options work independently. The program In this article we investigate more aspects of the program
uses a fourth-order Runge—Kutta numerical approximationjeveloped and look at the dependence of the percentage
to solve the Mathieu equation. The effect of rf magnitudetransmission of ions on initial ion energy and quadrupole rod
and initial phase angle of the alternating voltage on ion transtength. Dawsoficonsidered aperture sizes for the mass filter
mission through the mass filter were studied. The geometrynd examined the dependence of transmission percentage as
of the quadrupole, i.e.x, y, z directions and aperture 5 fynction of initial phase angle. A matrix technique was

angles, are defined in Fig. 1. Calculation of ion transmission,seq to solve the Mathieu equation for an infinitely long
by successive determination of ion trajectories in thand filter. In this article aperture angle will be examined. lons

y directions was examined. The rf phase angle was varied 'Will be considered moving with initial velocities parallel to

one degree steps over the range 0°-360°. The percenta%ee axis of the mass filter. Dawson summed his transmission

transmission in the andy directions, i.e., distance traveled of ions throuah these aperture anales. whereas we shall con-
along the filter in percent for the varying phase was calcu- 9 P gles,

lated using the program. The results show the following: S|der percentage transmission over all posgble phase gngles
for fixed entrance aperture angles. Considered also is the

(i) lon transmission probability depends upon the phaseffect of increasing the harmonic content of the rf wave
of the rf wave form at the time of injection into the form. Harmonics are present in all experimental wave forms.

_ QMS mass filter.  The higher frequency content is of particular interest espe-

(i) Ra_dlo frequency p_hasg has a greater effect upon 'ORjally with square waves for operation of high frequency
trajectory in one direction than in the other. miniature quadrupole mass filter4Jsing Fourier series, the

3 - — ] o program described in Ref. 4 has been modified to allow ion
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YAuthor to whom correspondence should be addressed; Electronic mair‘.rajec_:tory S'mUIfit'on for excitation of th_e mass filter by si-
ee63@liv.ac.uk nusoids of varying frequency and amplitude.

(i) ion trajectory determination,
(i)  generation of a stability diagram, and
(iii) transmission analysis.
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quadrupole rods P=a=—ay= izuz ) (6)
major z axis 2eV
)( : ququz_qyzmwzrg- (7

Equationq3) and(4), with ¢ = wt/2, can be rewritten as the
general form of the Mathieu equation,

d?u

% d—ngr(au—Zqu cos Z)u=0. )
-------- . > X We can see from Eq®8) that the trajectory of the ion de-

pends on the phase angjeat which the ion enters the ana-
aperture radius r lyzer. Solution of Eq.(8), for suitable boundary conditions

exactly determines the path the ion takes through the ideal
inscribed . aperture angle 6 quadrupole. Analytic solutions to E¢B) exist for an infinite
radius f, length mass filter. Solving Eq8) for finite length quadru-

. _ _ Ipole requires a numerical solution.
Fic. 1. This diagram shows the geometry of the ideal quadrupole mass filter. Th ffecti “q th” of th d | | .
The aperture radius and the aperture angle are measured xa-thplane. e efiective “leng 0 € quadrupole analyzer IS

The z axis is the major axis of the mass lens. given by the number of rf cycles experienced by the ion
during its transit through the analyzer. This is given by

fl
N=—

1
Uz

II. BACKGROUND THEORY

The mass filter of the QMS selects ions with certain ] .
charge to mass ratios through the application of direct any/heref is the frequency of the rf voltagé,is the length of
alternating electromagnetic fields to the electrodes of th&he quadrupole rods, and is the initial velocity of the ion
mass spectrometer. For given values of these fields ions will' the z direction. If the ion experiences an obstruction-free
either pass through the filter or will collide with the rods of Path over the defined, it is said to be stable within this
the quadrupole, giving a charge to the mass selection systeh%”gth- Cor_lversely, an ion that is unstable strikes the rods of
for the ions. The electrodes of the quadrupole mass filter arf'® mass filter.
in general assumed to be hyperbolic though in real analyzers
cylindrical rods are often used. The potential distribution in

©)

the ideal mass filter is given by lll. RESULTS: THE EFFECT OF INITIAL ION
2 y? ENERGY AND ANALYZER LENGTH ON
V.Z)= o 1) TRANSMISSION
BXY.2)= o5 M

The effect of initial ion energy on the percentage trans-
wherex andy are the directions defined in Fig. 1 anglis  mjssion of ions was studied through the simulated quadru-
the inscribed radius of the filter. This potential satisfiespo|e analyzer. The effective lenghhappears as a parameter
Laplace’s equation and is invariant in thedirection, the jn the program simulation and, as stated earlier, depends
major axis of the mass filter. upon initial ion velocity, frequency of the rf applied to the

Consider next the motion of an ion, with chargeand  rods, and the quadrupole mass analyzer length. The initial
massm under the influence of a time varying potentidd,  energy of the ion can be varied throutshsince the kinetic

in thex andy directions. For the ideal mass filter operation aenergy has a direct relationship with the velocity of the ion
combination of direct ) and alternating voltagesV is a5 given by Eq(10).

chosen and applied to opposite rods such that The input energy of the ion is given by the nonrelativistic
$o=U—V cog2ft), (2)  form for the kinetic energy,,

wheref is the frequency of the rf voltage. Thus the equations :Emvzzlm fl)? 10

of motion in thex,y, andz directions are 072 "2 27N/
d?x e wherem equals the mass of the ion andis the velocity of
a2 w2 (U-V coswt)x=0, () the ion initially in thez direction. The initial velocity of the
R ion in thex andy directions was taken to be zero.
d%y e The simulation was run for 360 Nions with a phase
W_(m_rg)(u_v coswt)y=0, 4) angle starting at 0° and incrementing by 1° for each cycle.

5 The initial energy was varied througt, the effective num-
E 0 5) ber of rf cycles applied to the rods of the quadrupole. The
' coordinates for the ion were 0.3 mm in tkedirection and
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Fic. 2. The simulated percentage transmission of ions through the mass

filter is shown plotted against initial ion energy measured in electron volts. O

The dc supply to the quadrupole rods was taken to be 20.5 V and the

amplitude of the rf voltage was set at 123.5 V with a frequency of 2 MHz.

The coordinates for the ion injection were 0.3 mm in ¢hdirection and 0.3 F5. 4. This figure illustrates how the aperture anglés measured. The

mm in they direction. The inscribed field radiug, within the mass filter diagram is a cross section of the mass filter. Ztexis of the quadrupole is
rods was taken to be 2.75 mm. perpendicular to the plane of the paper.

0.3 mm in they direction. The inscribed field radius,  gnergies of 1 and 2 eV with the variation of the length of the
within the quadrl_JpoI_e rods was taken to b? 2.75_mm. quadrupole rods. All other parameters in the simulation were
As N was varied it was shown by the simulation resultsy o the same, as for Fig. 2. Figure 3 illustrates that the

that ions with larger initial energy have a higher probability ercentage ion transmission decreases for a longer quadru-
of passing through the mass filter undeflected. Figure %ole rod analyzer length.

shows the percentage of ions traversing the analyzer against p¢qr running the simulation it was found that nitrogen

initial ion energy and illustrates this point. = , gas ions passed through the mass filter only with phase
To vary the length of the quadrupole rods in the SImUIa'angles around 90° and 270°. This is important in the design

tion requires us to again change the valudNofthe number ¢ 3 s In the case of nitrogen ions preferentially injected
of rf cycles applied to the analyzer. Equatih shows how iy the mass filter at phase angles 90° and 270° of the rf

N varies withl, the quadrupole rod length. Figure 3 shows g, this would lead to maximum transmission character-
the transmission percentage of nitrogen ions fdr initial istics of the instrument.

IV. INVESTIGATION OF THE APERTURE ON
TRANSMISSION PROBABILITY

20+ A. Sinusoidal wave forms

(o energy 2ev The variation of aperture on the transmission probability
will be considered for a rf voltage which is sinusoidtte
usual casge The aperture angle is measured from thaxis
as shown in Fig. 4.

N enctgy Tov The voltage conditions and the frequency of the rf poten-
% x tial remained the same. The velocity of the ions in thand
y directions was initially taken to be zerh. was fixed at 38
and the point of injection varied. Cylindrical polar coordi-
llllllllllllllllllll nates ¢, 6,z) were used to parameterize the variation of the
0 0 2 30 40 50 injection position of the ion. In Fig. 5 the plot shows per-
mass filter length (mm) centage transmission of ions against the point of injection,
i.e., aperture radius and aperture anglé. The initial posi-
Fie. 3. The simulated percentage transmission of ions through the maddOn Of the ion on thez axis (the axis of the mass filterwas
filter is shown plotted against quadrupole rod length for ions with initial taken to be zero. As increases from 0.9 to 2.5 mm, percent-
energy of 1 and 2 eV, respectively. The dc supply to the mass filter wagge transmission falls for each aperture angle. For fixe:

taken to be 20.5 V and the amplitude of the rf voltage was set at 123.5 e
with a frequency of 2 MHz, as in Fig. 1. Again the injection points of the percentage transmission was found to be the samé=#0r,

ions was taken to be 0.3 mm in the direction and 0.3 mm in the 45°,135°, 180°, 225°, and 31%group A in Fig. 9. This is
direction. The inscribed field radiug was 2.75 mm. shown as one curve. In addition @=90° and 270°, the

% Transmission
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Fic. 6. The simulated percentage of ions transmitted through the mass filter
Fic. 5. The figure shows the simulated percentage of ions successfully trandS Plotted against the aperture radius. The series of curves shows the varia-
mitted, plotted against aperture radius. The curves are labeled A—F and fdion of transmission percentage with aperture angle.
certain aperture angles, the plots are coincident. Group A represents coinci-
dent curves for the following aperture angles: 0°, 45°, 135°, 180°, 225°, and
315°. Group B represents coincident curves for aperture angles: 90° an
270°. Group C represents an aperture angle of 15°. Group D represents
aperture angle of 30°. Group E repr:esents an aperture angle of 60°. Group F An interesting variation of using sinusoidal voltage is to
represents an aperture angle of 75°. .

use square wave rf on the quadrupole rods. This can be mod-

eled simply by replacing the sine wave component of (2j.

by a Fourier expansion of the rectangular wave form accord-

ing to Eq.(12)

Addition of harmonics

percentage transmission was also the same, for fixed

(group B in Fig. 3. This again is shown as one curve. F(t)= —[sin 2rft+ 3 sin 27(3ft)+ £ sin 2 (5ft)+---].
Injection angles ofg=15°, 30°, 60°, and 75° were also m (11)

investigated, curves C—F in Fig. 5 show the results. The

coincident aperture angle curves reveal symmetries of th&he dc potential is still assumed to be applied to the quad-

system. It is clear that only the first quadrant of the masgupole system. This will naturally add harmonics to the sys-

filter need to be examined for transmission probability. It€M since at some point it will be necessary to truncate the

should be noted that 100% transmission occurs only whefXPression. Expandmg the square wave one notices that only

360 nitrogen ions have passed successfully in the simulatior?.dd number harmonics enter the series. To simulate the mass

Usually the number of ions which is transmitted is less thar] /It W't_h Square wave rf_ we mt_:luded a certain nL_meer _Of
this harmonics entering the differential equation. The differential

To summarize, the results of the entrance aperture cond 2quation can aggin_ be solyed numerically using fourth—order
tions on percentage transmission of ions in the simulatio unge—_KuFta. Itis instructive to.compare the_effect of using
2 armonics in the rf wave form with the pure sine wave. First
shows the following: o .
it is necessary to look at the comparison on the effect of the
(i) lon transmission characteristics are symmetrical abouaperture using the harmonic approximation to the rectangular
thex andy axes. wave form.
(i)  The percentage transmission is larger if the aperture For sine wave with the third harmonic the first key feature
radiusr is small, i.e., closer to the axis, as opposed is that for aperture angles 0°, 15°, and 45° the transmission

to injection coordinates further away from the center.percentage of ions is the same. In Fig. 6 the results for 30°,
(i) At aperture angle 90for 2709, and a radius of 0.1 60°, 75° and 90° are shown along with the coincident curves

mm, 100% of the ions were transmitted through thefor 0°, 15°, and 45°.
simulated mass filter. The curves shown follow approximately an inverse square
law. At 90° maximum transmission is achieved with the
The aperture angles are important to the design of futurgninimum for 0°, 15°, and 45°. For aperture angle 75°, a
QMSs. A lens system might be constructed so that the iongomparison between the various orders of harmonics from
could be injected into the mass filter at certain aperturehird up to seventh inclusive was made. A plot of this is
angles to give maximum transmission characteristics. given in Fig. 7.
The next point that will be considered is the addition of The sensitivity goes down as more harmonics are added
harmonics to the rf component applied to the quadrupoleompared with the sine wau\given in Fig. 8, the decrease
rods in the simulation. This will be examined in Sec. IV B. in sensitivity is quite dramatic. However, a comparison be-
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ture radius for ions injected at aperture angle 30° in curve A with sinusoidal
rf and ions injected at 75° in curve B with approximate square waygné

Fic. 7. Simulated percentage transmission of ions is plotted against aperturgave with the third, fifth, and seventh harmonics

radius for various harmonic inclusions. The curves show the effect of using

increasingly more accurate approximations to the square wave rf voltage

applied to the mass filter rods. Curve B shows the sine wave rf with the third

harmonic. Curve C shows the sine wave rf with the third and fifth harmon-

ics. Curve D shows the sine wave rf with the third, fifth, and seventh har-V- SUMMARY OF THE RESULTS

monics.

The simulation results indicate that ions with larger initial

o i . velocity or energy have a higher probability of passing
tween the percentage transmission against aperture radius fﬁ’{rough the quadrupole. lons which pass through a shorter

approximate square wave excitation of the mass filter at ag,555 filter have a higher percentage transmission as com-
aperture angle of 75° with the sinusoidal rf at 30° shows g,5r6q with a longer quadrupole. Both investigations show
slightly better performance in the sensitivity of the squar€yat the smaller the time the ions spent in the analyzer, the

wave. This is illustrated in Fig. 9. greater the probability of transmission. In the aperture stud-
ies, the closer an ion is injected to the center of the axis of
the electromagnetic field, the greater the probability of the
'; ion passing through the quadrupole. Maximum transmission
i of ions occurred for aperture angles of 90° and 270°. The
addition of harmonics to the rf voltage in the form of a Fou-
— rier expanded square wave gives a reduced sensitivity in the
...... D operation of the simulated mass filter compared with the
usual sinusoidal wave form. For comparisons of certain dif-
ferent aperture angles it has been shown that the mass filter is
more sensitive to square wave excitation than to sine wave rf
voltage. However, it is clearly seen that there is a possibility
of operating the QMS with rectangular wave forms as op-
posed to sine wave rf voltage. This may be particularly ad-
vantageous when high frequency miniature quadrupoles are
used. In this case, the generation of high frequency square
) wave forms using application specific integrated electronics
e in the proximity of the QMS mass filter would be possible
T ) T 1'5' T 5 T '2'5 :I'Vitbh'l'an associated reduction in cost and improvement in re-
iability.

90
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Fic. 8. The curves shown illustrate the difference between the sinusoidal rf

voltage and the square wave approximation on the simulated "ansmiSSiOACKNOWLEDGMENTS
percentage vs aperture radius. The aperture angle was taken to be 75°. Curve

A shows the pure sine wave rf. Curve B shows the sine wave rf with the ;
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