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A method of computation to determine the trajectories of large numbers of ions in quadrupole mass
spectrometers has been developed. The computer program produces simulated mass scans with over
10° ions injected into the quadrupole model at each point on the mass scale. The computation
method has been combined with an improved representation of an ion source to predict the behavior
of complete quadrupole systems; the results obtained are shown to reproduce most features of
experimentally observed mass scans. The calculations show that the shape and height of mass peaks
depend strongly on the properties of the ion source. However, ion source properties have a relatively
small effect on the resolution of the mass spectrometer and an alternative to the common method of
presenting the resolution of a quadrupole is proposed. This alternative better indicates the
performance of the instrument as it is less sensitive to effects of the ion source. Results are also
presented which indicate that peak splitting, closely matching experimental observations, can be
produced by small changes in the exit aperture of the quadrupole20@ American Vacuum

Society [S0734-210(100)00801-0

[. INTRODUCTION written in the C " languagé. In addition to overcoming the

— limitations of the earlier program it includes many additional
Applications of quadrupole mass spectrometers "an9 atures. During development of the new program, it was

Lro:er?]r;atlzs;a?fS?érzglgognas’ler;'())(:u;‘Qi’cvxtgtelﬁ\g’lsri?;u“ﬁin F‘lound that use of regular intervals in either the time or posi-
y . aly P 9 . 9 MIWon of jon entry to the quadrupole sometimes produced
resolution devices. A comprehensive review has been given

) anomalous results. Consequently, the model used to simulate
by Dawsont There have been a number of analytical at- g y

. . e entry of ions into the filter has been refined to signifi-
tempts to predict performance and determine the effect o . . ) .
S . . . : cantly improve the representation of the combined behavior
adjusting various parameters. The first analysis which pre-,".
. . -of ion source and quadrupole system. The program produces
dicted many features of quadrupole behavior was a matrix : X
2 . - . . tesults for a simulated mass scan with betweeharl 16
method? computational facilities available when this was . :
: o . ions traced at every point on the mass scale. A large number
performed restricted the range of situations examined.

The advent of hiah speed. large memory personal com(-)f mass scale points may be selected and the program will
gnh speed, farg yp erate in an acceptable time for most situations of interest.

e 0
puters allows finite length quadrupole mass spectrometers rgp

. . ; . . omputation time varies significantly with the dimensions of
be simulated without high computation service costs. B%\tey,the uadrunole and with the operating conditions: for a tvpi-
Ma and Taylof and Vooet al® showed that some features - - O b P 9 ’ b

of the behavior of the quadrupole, when operated s a maggl medium resolution system results using 200 000 ions at

. . . : . €ach of several hundred mass points can be obtained in about
filter, could be predicted by tracing the motion of ions ; ) i
. . 10 h using a personal computer with an Intel Pentium type
through the filter. These authors suggested that it was suffi:
400 megahertz CPU.

cient to trace the trajectories of a few hundred ions through ~ .. . .
' . . Simulation results are presented and compared with ex-
the quadrupole filter. While this allows some features of

. : . erimental results. They apply for operation when the ion
quadrupole behavior to be identified we have found tharﬁ]ean free path is long compared with the quadrupole dimen-

more de_talled prediction of the behaw(_)r requires that thesions, generally for pressures below f0rorr. It is assumed
trajectories of a much larger number of ions must be exam;, . L .
) o . : ) . that the ion density is low enough to ignore space charge
ined. This is particularly important for instruments operating . ;
. . L effects(usually true for operation of a quadrupole fijter

at high resolution and low sensitivitonly a small propor-
tion of ions pass through the filteand for modern very short
length quadrupole®.The original program of Vooetal. |I. MODEL
could not be adapted to handle significantly larger numberi lon generation
of ions. The computation time to determine each trajectory - 9
was too long and the large data structures necessary for many The revised computer model simulates the generation of
ions could not be created by the compiler. ions in a manner that is a better representation of ion gen-

This article reports results using an entirely new programeration by a hot filament source typically used in residual gas

analysis’ lons are assumed to originate at any point on a

3Electronic mail: jrgjrg@liv.ac.uk circular disk centered on the quadrupole axis and set at right
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angles to the axis. The quadrupole field starts immediatel{Z. Mass scale
when the ions leave the source. The fields between the
source and quadrupole are ignored. lons are detected if th%
pass through a circular disk at the exit of the filter, again
fringe field effects are ignored. The radii of both source an

exit disks may be different and vgrled freely.. . scale while the resolution is set by choice of the rati&Jab

. The program generates e_ach lon at a p_omt in the SOUCG The instrument is operated to produce a mass scan by
disk selected at random with no correlation between th(?/arying bothU and V while keeping the ratio ot to V
points used for successive ions; all positions are equall onstant.
probqble, this _cprrgsponds to ur)iform source illumination. When a quadrupole is constructed, the mass scale is usu-
The '.um.e of origin in the source is also selected randomly‘a”y determined by calibrating the instrument using a known
that is ions enter the quadrupole at random values of thﬁwixture of gases in the source. For the computer model the

phase of the radio frequency voltage, the alternating curreN ale is defined by assuming that the value of the amplitude

(a0 voltage, used to operate the filter. It is common practice ¢ o voltage, corresponds to the peak of the stability

to describe the.quadrup(_)le filter with respect to a set of reCtaiagramZ. The peak occurs whereq=0-706 and a
angular Cartesian axesvith the z axis as the axis of sym- —0.23699 using definitions q=2eVimw?2 and a
metry parallel to the rods;.theandy axes each interseqt the —eU/mw?r2; o is the angular frequency of t?\e ac voltage
centers of a pair of opposIng rods. When generated, IoNS alGheref = wféwz the frequency of the ac voltadall quan-
assumed to have the nominal energy set by the applied Afities are in System International unitefining the mass

;:ell;aratlntg vlolt'ag; m(}h € st.our.c.e antc:] thelrl ve'![ocny IS assu;neg!cale by assuming that the value\b€orresponds to the peak
o be entirely in thez direction; i.e., the velocity components stability diagram gives

Vy, Vy, andv, are
ZeA) 12 @ 2e v @
— m=| ———— | V.
m 0-7060°r3

A quadrupole filter is operated by simultaneously varying
e amplitudes of the direct current and ac voltageandV
espectively, which are applied to the rods. The actual values
f U andV set the operating point on the instrument’'s mass

Vy=Vy=0; v,=

wheree is the ion chargem its mass, and\ the accelerating

voltage. Values ofm are usually given in atomic mass uni@mu

obtained by multiplying the value in Eq2) by 5-9769
X 1076, For computed results the resolution setting is ex-
pressed as th& to V ratio which is represented by; the

B. Computation of ion propagation linear scale fory is defined such that at the stability diagram

lons travel through the filter with constant velocity in the P€aK corresponds toy=1. That is the peak is whea
z direction. This is because the fringe fields have been ig=0-23699; if the mass scale defined as above therl
nored and all the electric fields experienced by ions are ahen
right angles to the direction; therefore there is no compo-
nent of force to change the velocity in thelirection. At any 0-05923v%r3m
time when the magnitude of either tkR@r y coordinate of an U=0-1678/= ———. 3)
ion exceeds the filter radiusy, it is rejected. lons that pass e
through an exit aperture form the received signal.

lons are traced through the filter by determining their mo-
tion in the hyperbolic field. Their travel is divided into small
time intervals and their motion over each small time interval The earlier work® demonstrated that the resolution of a
is computed using the local field they experiefiite field is  quadrupole primarily depends on the number of cycles of the
function of time because the applied voltage includes an aac field experienced by ions during the transit through the
component The motion is approximated using a fourth or- filter (that is the time in the filter multiplied by the fre-
der Runge—Kutta algorithm. The program was tested by inquency. This number of cycles is
creasing the time step from a small value to one correspond- e proportional to the frequency of the ac field
ing to about 0.05 of the period of the applied voltage without < proportional to length of the filter
any significant change in the results being observed. Even e proportional to velocity of ions in the direction; from
larger step sizes caused only minor variations in the result€q. (1) this is proportional to the square root of the acceler-

The fourth order Runge—Kutta algorithm is often selectedating voltage,A, and inversely proportional to the square
to solve equations of motion as it is easily applied to secondoot of the ion massn.
order differential equations. The insensitivity to step size All our results confirm that the behavior depends strongly
suggests an even less complicated algorithm may be suffen the number of cycles. Changing several parameters simul-
ciently accurate to determine ion motion in the mass filter. Iftaneously to obtain results for filters of different physical size
this is correct, implementation would allow the program but in which ions to experience the same number of ac field
speed to be further increased. cycles produces almost identical results.

D. Quadrupole “size”
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Fic. 1. Experimental recordings of the Henass peak for equal steps in the N ) . .
setting of the resolution control. Fic. 2. He" mass peak computed with equal stepsjirthe resolution.

lll. RESULTS The ion sources used for both Figs. 2 and 3 will not be an
A. Simulation of a single mass peak accurate representation of any real ion source. The variation
) _ i _of peak height and shape with relatively minor changes in

Figure 1 shows mass peaks obtained experimentally Withye representation of the ion source suggests that a more

a high resolution quadrupole filter. It has leng28.6 mm,  gjaporate model of the ion source must be devised if a theo-

ro="5.54 mm,f=8 MHz; the ions used are Hewith mass 4 \etical model is to reliably reproduce experimentally ob-

amu, and the ion energy is 2 eV. The ions experience aboWaed peak heights and shapes.

189 cycles of the field when traveling through the filter. In

the figure the peaks were produced by making equal step

changes in the resolution control settiligorresponds to

equal steps iny for the model. a |-

Figure 2 shows computed results with equal stepsg.in g
Amplitudes were computed at equal mass steps 01 @mu 3 L
with 2x 10° ions traced at each mass point. The amplitude =
scale indicates the percentage of ions that leave the source g 30
and reach the detector. Close examination shows small fluc- =
tuations, the curves are not perfectly smooth; the fluctuations S
are consistent with the statistical variations expected when i
the ions are generated at random positions in the source and 20

at times such that entry to the quadrupole is random with
respect to the phase of the ac voltage. There is good agree-
ment between the computed and experimental results for i
resolution over the whole range.

Although they have similar features, the peak shapes of 10~
experiment and model are not identical. However, it was
found that minor changes to the model can cause large -
changes to peak shape and height. Figure 3 shows a second
set of results for the model, resolution remains almost the ol
same but the peak heightihe amplitude scale is expanded ! . . L L ' L
when compared with Fig.)2and shapes have changed. The 30 32 34 36 38 40 42

. . . . mass (amu)

only difference between results in the two calculations is that
different radii were used for the uniformly illuminated ion Fie. 3. He' mass peak computed as in Fig. 2 but with the ion source radius
source; the radius for Fig. 2 i, and for Fig. 3 it is3ry. increased tcr, from 4r, (same total ion current
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Fic. 4. Computed mass spectrum for an ion source producing four types of

. : peak width
ion simultaneously.

Fic. 5. Computed peak widtlAM, as a function of peak height for quad-

. . . rupole filters in which Hé ions experience different numbers of cycles of
B. Simulation of a spectrum containing several mass the ac field.

peaks

Figure 4 shows the results produced by the model for a
mass scan when the ion source produces a mixture of sever@hce between the results and is used to differentiate the sets.
ions. The results are for a medium resolution instrument withAs indicated previously almost identical results are obtained
a length of 127 mmy,=2.768 mm,f=4 MHz and an ion for different situationglength, frequency, mass, and energy
energy of 2 eV. A total of 500 000 ions were injected into combination$ which give the same number of cycles.
the quadrupole at each of 1000 different points on the mass Figure 5 shows the results for peak width as a function of
scale. The mixture of ions is given in Table I; the table alsopeak height; this is the form presented previodslyigures
indicates the number of ac cycles each type of ion experi2 and 3 illustrated that changes in ion source properties may
enced and the number of ions of each type transmitted at thghange both the peak shape and height; however, such
respective peak positions. The total run time to produce thehanges do not significantly alter the peak width at 10% of

figure was about 10 h. the height. Consequently, graphs of the form of Fig. 5, show-
ing peak height as a function of peak width, change when ion
C. Computations of quadrupole resolution source conditions change. However, the ability of the quad-

Ei 5 sh its f K heiaht. ai rupole to resolve adjacent mass peaks does not vary signifi-
lgure S shows results for peak height, given as percen cantly with such changes. A better approach is to shoas
age of ions transmitted, against peak width for a number o

function of peak width; results used for Fig. 5 are shown in
quadrupole systems using Héons. Peak width is an indi- P g

. P d I lution. The definiti f K wid hthis alternative form in Fig. Gthe scale fory is in a reverse
patlon ot quadrupole reso utlon: e definition o peakwi MNsense for comparison purposebhis use ofy as a parameter
is not critical; the one adopted is that the peak width, is

he width at 10% of th K heiaht. Th ber of | ives a representation of quadrupole resolution that is not
the width at 00 t '€ peak helg t € number ot ac cycie trongly affected by variations in ion source conditions. We
seen by transmitted ions is the primary cause of the differ

suggest that the relationship between peak width and
should be used, rather than that between peak width and

TaeLE |. Data for the computed mass spectrum of Fig. 4. height, to describe the resolution of a quadrupole.
Generally, as quadrupole resolution improves, the peak
lon type _ _ width decreases while the peak height decreases. However,
and effective ac cycles seen Total number of ions Percentage of ions . 6 .
mass(amu by ion at each mass point _ transmitted experimental resuﬁé" show some cases Wh_ere the width
stops decreasing as peak height decreases; in some cases the
Ar' 20 1161 25000 245 width increases(resolution becomes worses the peak
('\;3 gg ii;g 1;’2 888 g:é height is further reduc.ed.. Comparison of the 'Fwo forms pf
Art40 1641 300 000 243 presentation of results indicates the cause of this observation.

The effect occurs for filters in which ions experience rela-

(&
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Fic. 7. He" mass peak computed for a moderate resolution quadrupole,
labeled points correspond to those used forabetourmaps of Fig. 8.
1.00
1.02 1 | 1 | 1 | 1 | 1 i . .. .
00 0.02 0.0a 0.06 0.08 detector to be recorded; the record holds starting position in

peak width the source, start time which is equivalent to the phase angle
of the ac voltage when the ion enters the filter, and other
Fic. 6. Computed peak width\M, values of Fig. 5 as a function of the d€fails.
quadrupole resolution setting;, Using this information it is possible to determine the point
of origin in the source for each ion that reaches the detector.
This has been performed for many systems with a range of
tively few cycles of the ac field withy very close ton=1-0; resolution, all produce results leading to similar conclusions.
that is near the peak of the stability diagram. The two formsHowever, illustrations that demonstrate this behavior are
of presentation also indicate that for high resolution filtersmost easily understood if the resolution used is not too high.
(ions experience many cycles in the fitgreak heights be- The system used for the example results presented corre-
come extremely small agincreases towards @). The high-  sponds to ions with a mass of four experiencing approxi-
est value ofz at which any ions could be transmitted de- mately 26 cycles of the ac field, the mass peak obtained is
creased as the number of cycles increased. shown in Fig. 7. Figure 8 shows a sequence obrtour’
Examination of the detailed results of the analysis for amaps that indicate where the ions transmitted by the filter
wide range of quadrupole systems shows that the decreasimgiginated in the ion source. The maps, marked a to f in Fig.
resolution(increasing peak widjhat very high resolutionisa 8, are drawn to correspond to the labeled points in Fig. 7.
function of the exact peak shape. For a system in which théons originate with equal probability at all points in the
ions experience many cycles of the ac field the peaks havesource which is represented by the circle. The solid area
relatively flat top; asz is increased from a relatively low inside the circles shows the area of the source from which
value the shapes of the low and high mass sides of the pedke majority of those ions that reached the detector origi-
stay almost constant and the width of the relatively flat top ofnated. The solid areas were determined by dividing the
the peak decreases. That is, as the resolution improves tlseurce into small areas and finding the number of ions that
two sides of the peak move together but there is no change ireached the detector for each area. The area with peak inten-
the shapes of the sides. Close#e-1.0 the peak top is no sity was found for each map and a smoothed contour drawn
longer flat and the height reduces rapidlyascreases be- through those areas whose count number was 20% of the
cause the two sloping sides continue to move together. Thpeak value. Contour smoothing is necessary because the
exact change in width depends strongly on the precise shapasmber of ions in each source elementary area is relatively
of the two sides. If the system is such that ions only experismall; statistical fluctuations produce random variations that
ence a small number of cycles the peak is never flat toppedre not a function of the system behavior. The contour maps
even at very low values of), and the shape changes in a show that on the low mass side of the pémins trajectories
complicated manner ag increases. are stable in the direction ions originate close to theaxis.
On the high mass sid@rajectories stable in thg direction
ions originate close to thg axis. Results close to the peak
indicate that ions originate with no bias towards proximity to
One version of the new program includes a trace facility.a particular axis in the source plane.
This allows many details of every ion which reaches the Regardless of point of origin, detailed examination of the

D. Investigation of source effects
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Fic. 8. Contourmaps indicating the regions of the ion source where ions
transmitted by the quadrupole originated.
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Fic. 9. Experimental observations of anAr mass peak at two resolution
settings exhibiting peak splitting.

-

When the exit aperture was changed to a circular one of
radiusr y there was little effect but as the aperture radius was
reduced structure was observed in the mass peaks. Such
structure has been observed in practice; Figure 9 shows two
experimental measurements of a mass 20 peak at different
resolutions. Structure is clearly seen, features occur at ap-

results indicates that ions originating close to the filter axigProximately the same points on the mass scale but, because
are more likely to be transmitted than ions originating at athe resolution is different, it is not |mm(_ad|ately apparent that_
distance from the axis. This greater transmission of jondh€ structural features occur at approximately the same posi-
originating close to the axis was indicated in the earlier arion on the mass scale each time.
ticle by Voo et al* but the directional effects can only be ~ An example of structures produced by the computer
observed by using a large number of ions spread uniformiy"odel is given in Fig. 10. The model is set to give approxi-
over the source. mately the conditions used for the lower resolution experi-
These results provide an explanation for the results showf'ental results in Fig. 9. The peaks were obtained using a
in Figs. 2 and 3. lons originating close to the filter axis haveSOurce radius oﬁro_ with the exit apertures increasing from
a much higher probability of reaching the detector than ionéeftltO right in the figure. The first peak is for an exit radius
starting at a distance from the axis. Using uniform source®f 270, the second fofr o, and the third unlimitedas earlier
ilumination and increasing the ion source diameter while® Square of sider2). It appears that the amplitude of the
retaining the same total number of iofonstant ion current  Structure depends on the exit radius. o
but varying ion current densityeduces the number of ions _So far our investigations have not found sufficient corre-
that reach the detector. This is because a larger proportion $tion between changes in specific quadrupole parameters
the ions originates at a large distance from the axis in the low
current density case than in the high current density case.
Additionally the bias towards theor y axis, when not at the
peak, affects the behavior in a complex manner and causes
the peak shape to vary as the source size changes.

.
N}
|

N
=]
I

E. Effects of the exit aperture

lons transmitted (%)

As modifications to the source were found to affect the a b c
performance predicted it was thought that alterations to the 4
exit aperture might also affect the behavior of the filter. For
all results presented so far the only ions rejected were those
considered to strike the rods. This was defined to occur when oL1 Ny A G\ o\
the magnitude of either the or y coordinate of the ion ex- 19.0 200 19.0 20.0 19.0 20.0
ceeded the quadrupole radiug, This is equivalent to the mass (amu)
use of a very large exit aperture or defining the exit aperturg,s 10. computed mass peaks for*Ar with the exit radius of the quad-
to be a square of siderg; this is also the method adopted by rypole increasing from left to rightta) &ro, (b) 2ro, and (c) unlimited,
other authors. equivalent to a square of side 2
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and their effects on peak structure to enable us to predic@dd a spread in the direction in which ions enter the filter
which parameters must be altered to produce a particulalthough, as this removes the assumption #atv, =0, the

experimentally observed structure. program code will require greater changes to implement this.
Further, as these additions add more randomly selected pa-
[V. CONCLUSIONS rameters to the model the number of ions passed through the

Using the improved model of the quadrupole mass filteffilter must be increased to avoid large uncertainties in the
with ion source effects incorporated it has been possible t6eSUlts: o
simulate the behavior of a quadrupole mass filter for a wide 1 ne €effect of the exit radius on the peak structure adds to
range of conditions. The general form of results shows man vidence that the entry and'e>§|t conditions strongly mfluepce
areas in which there is excellent agreement between the corfi¢@drupole performance. Similar effects are caused by fringe
putations and experiment. Many of the effects observed exi€lds between the rod system and the ion source and ion
perimentally are seen and, in most cases, the model provigé§tector. These are knowto have a significant effect and
indications of which parameters of the instrument must b&TOrts are in progress to add these to the model. _
adjusted to cause specific effects. As ion source behavu_)r hgs_ b(_aen shown to strongly |nflg-

With the present model the exact shape and height ofhce que_ldrupo_le operation it is mte.nded to separate _the ion
experimentally obtained mass peaks are not always repr°Urce S|mulat|on_and quadrupolg filter parts _of the simula-
duced. However, it has been shown that relatively smalfion program. It will then be possible to combine results of
changes in the way the ion source and detector are model&§Parately developed ion source simulation programs with
can significantly change peak shape and height. Althougf1® duadrupole simulation.
shape and height change with ion source model the peak1

width does not vary significantly. Consequently, we have P. H.‘Dawson,QuadrupoIe Mass Spectrometry and Its Applications
Y S y d y (Elsevier, New York, 1976

suggestgd that graphs to |IIu§trate quadrupolg resolutionzp "1y pawson, Int. J. Mass Spectrom. lon Phi. 317 (1974.
(peak width should be drawn using the parametginstead 3J. H. Batey, Vacuung7, 659 (1987.
of the peak height. “F. M. Ma and S. Taylor, IEE Proc. Sci. Meas. Techrigl3, 71 (1996,
. . . 5 i
It is recognized that the present version of the model lacks ’fgcéz%\(’f&;;' Ng, J. J. Tunstall, and S. Taylor, J. Vac. Sci. Technol. A
a number of features. It should be relatively simple to in- e Tayioret al, Vacuumsa, 203 (1999.

clude a spread in the ion energy. It should also be possible to’Contact the authors at the address given for copies of the program.
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