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J.H. Leck
University of Liverpod, Liverpod, UK

Abstract

The quadrupde mass pedrometer is now well established as the instrument
used amost universaly for partial presare measurement. This
spedrometer can be cnsidered as a hot-cathode extrador ionisation gauge
with the adition d an eledrostatic massfilter between the ion source and
the ion colledor. This filter consists of a square aray of circular rods
approximately 6 mm diameter and between 100to 150mm long. Positive
ions are injeded paralel to the central axis towards the ion colledor. A
filtering adion is achieved by applying combined radio frequency and
potentials between oppaite pairs of rods. The daraderistics of the filter
can be ontrolled by small changes in the relative values of the radio
frequency and dc voltages and the massrange by changes in the frequency
of the acsignal. Care must always be taken when operating this mass
spedrometer in an anayticd mode becaise of nonlineaities caused by
space harge and dher effeds which are important, particularly in the
injedion region ketween the ion source and filter. Also the filter is subjed
to lossof sensitivity over the longterm, generally caused by contamination
from hydrocarbonimpurities in the vacuum system. Thisis not normally a
problem in dtra-high vacuum operation. Althoughalmost al filters have
been designed to operate with relatively low voltages applied to the rods,
aternative modes are being considered which require distinctly high
voltages or lower frequencies. There ae hopes that these will have
advantages for general operation.

1 INTRODUCTION

There ae a number of different types of mass filter — mass pedrometer — that have been
considered for the analysis of the gases foundin vaauum systems. All are based uponthe hat cathode
ionisation gauge, with the adition d some form of massfilter placed between the ionisation chamber
and the ion colledor. The presaure range to be wnsidered is from approximately 10° mb down to
ultra-highrvacuum. The four instruments that have been resporsible for the major share of the
development are:

» The magnetic defledion mass pedrometer

e The Omegatron

e Thetime-of-flight mass pedrometer

e Thequadrupde massfilter

All have the alvantages and dsadvantages of hot-cahode devices (e.g. poblems due to
filament outgassng) and al operate over rougHy the same presaure range.

Not surprisingly the magnetic defledion mass pedrometer, because of the genera interest in
its performance, was the first instrument to be used. Developments were particularly significant
during the period 1940to 1960. Figure 1 ill ustrates the principles of operation d the 180 defledtion
instrument. The paositive ions generated in the dedron stream are formed into a “ribbonlike” bean
and g eded into the magnetic field througha narrow dlit i n the base of the ionisation chamber. In this
field, wsually generated by a permanent magnet, they are bent in circular paths through 186 towards
the defining dlit in the wlledor plate. The radius of curvature of paths (R) depends upon (i) the
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strength of the magnetic field, (ii) the charge to massratio of the ions and (iii ) the energy o the ions.
For ions of a given charge-to-massratio the radius of curvature is diredly propationa to the square
roct of their kinetic energy and inversely propartional to the magnetic field strength. Asill ustrated in
Fig. 1, some ions will have aradius exadly equal to R, and read the wlledor plate through the
colledor defining dlit. The “heavier” and “lighter” ions have respedively radii greder or lessthan R,
and, rence fail to read the wlledor. The various comporents of theion bean can be scanned aaoss
the olledor defining slit by varying the kinetic energy o the ions (i.e. by controlli ng the bias voltage
V of theion source).
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Fig. 1 180 defledtion magnetic mass pedrometer. Fig. 2 Typicd spedarum for magnetic defledion mass

spedrometer showing iso-butane with asmall i mpurity of
water  vapou andair [1].

Figure 2 depicts a typicd spedrum for this instrument. In this diagram the ion current to the
colledor is plotted as afunction d the source bias voltage (i.e. the kinetic energy of theions). It will
be naticed that this method d scanning results in a nontlinea display; the value of V being very low
for ions of high charge-to-massratio. In fad a useful output is obtained with V kept constant and
scanning effeded by varying the magnetic field strength. Unfortunately the dedro-magnets required
to generate variable magnetic fields tend to be bath buky and unredisticdly expensive for general
vaaum use.

An alternative to the magnetic defledion spedrometer is the Omegatron which, urfortunately
after extensive development showing promise, has not found significant pradicd applicaions. The
eledrodes of this analyser form a small cube with insulated plates at top and bdtom aadosswhich a
radio frequency patential difference can be gplied. Thisisill ustrated in Fig. 3. Positive ions formed
in the cantral eledron beam are forced, by the strong magnetic field paral € to this axis, to travel in
circular paths, asindicaed in Fig. 3. Thetime of revolution T in the magnetic field is given by

T:2n|\/|
eB

with the usual notation. It is ggnificant that this time is dependent uponthe magnetic field strength
and the massof the ions, but not their energy. Thus ions with ore particular masswill resonate with
the field applied aadoss the RF plates and, therefore, gain energy continuowsly. The radius of
curvature of their paths will i ncrease urtil they strike the wlledor. A complete emass pedrum can
be obtained by varying either the magnetic field strength o the frequency of the RF signal.
Unfortunately, althoughthis instrument is snall and easily fitted to a vaauum system, it requires a
very strongmagnetic field for effedive operation. Resolutionisinversely propational to massin the
omegatron; making performance poar at the high end d the spedrum. This does however mean that,
athough no pradicd for general use, it could have gplicdions where interest is confined to “light”
ions; resolutionis certainly excdlent in the range 1-4amu.
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Fig. 3 The Omegatron [2]. Fig. 4 Thetime-of-flight mass pedrometer [3].

The time-of-flight mass pedrometer has the alvantages of a relatively small size and, more
important, does not require any magnetic field for its operation. The principle of operationis smple;
ions are formed as a burch in a pulsed eledron kean (say of lpsec duation). They are dl
acceéerated through the same patential difference (therefore receaving the same kinetic energy) and
are @nstrained to dift in afield-free spaceto an ion colledor, as iown in Fig. 4. Obviously mass
separation will occur becaise light ions, travelling faster, will read the mlledor before the heavy
ions. With a sensitive multiplier and an amplifier with a small time cnstant the arival time of the
various ions can be measured and dsplayed. This instrument gives an intermittent output signal that
limits its value. It aso has the disadvantage of low sensitivity and shoud high performance be
required along dift tube must be used, thus negating the alvantage of small size This has inhibited
its development for general vaauum use.

For pradicd operation it has been established that nore of the &owe instruments, with the
possble exception d the magnetic defledion mass pedrometers, can mourt a serious challenge to
the quadrupde massfilter which is now used almost universally in general vacuum applicaion.

2. THE QUADRUPOLE MASSFILTER

In its smplest form this filter (or analyser) can be @mnsidered as a onventional extrador ionisation
gauge with an eledrostatic massfilter interposed between the ion source and the ion colledor. The
filter takes the form of four paralel rods of circular, or nea circular, crosssedion mourted
symmetricdly abou a ceitral axis. In a typicd instrument for genera vacauum use these rods are
between 5 and 10mm diameter and 50to 150mm long. Predsion in mourting the rods is most
important. Oppdsite rods in the aembly are wnneded together eledricdly, the structure being
shown schematicdly in Fig. 5.1dedly the rods must have the hyperbadlic profiles ill ustrated in Figs.
6a and 6b. Pradicd experience has $hown that the acdual field is sufficiently close to hyperbdlic
when circular rods are substituted for those shown in Fig. 6a, provided the radius r of the rods is
chosen to be such that r = 1.147r r being the inscribed radius $own in Fig. 6b. With a suitable
eledricd patential applied between the two peirs of rods afiltering adion takes placefor ionsinjeded
from the source dongthe central axis of this ymmetricd structure. The dedric field (in the plane &
right anglesto the z xis of Fig. 62) must be hyperbdlicin order to oltain the best filtering adion.

B —

Fig. 5 The quadrupde mass pedrometer.
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Fig. 6 Rodassembly in quedruplefilter. () Showing eledricd conredions. (b) Defining inscribed radius.

In order to oltain the filtering adion an RF voltage superimposed upona dc voltage must be
applied between the two peirs of rods, i.e. avoltage U + V sin at must be gplied between terminals
A andB in Fig. 6a. Theory indicaes that U, V and w can be dhosen such that, whil st the majority of
ions will be unstable in the x or y diredions (or bath), a small fradion may be stable in bah x andy
diredions and therefore travel the full length of the filter (z diredionin Fig. 69) to read the wlledor.
The aiteria for determining stability can be obtained from the diagram presented in Fig. 7. This
maps out the boundxries of stability/instability for what is in effed the (U V) plane. Because the
stability criteria depends uponM, wandr, aswell as U V, Fig. 7is presented in terms of the more
genera co-ordinates a and g which are defined as foll ows:

a= 4eU _ 2eV
ma?ré mw?r?

If a point plotted in Fig. 7 for particular values of a and q lies inside the triang e then the ion
paths are stable; if apoint lies outside the triangle then the paths are unstable. It hasto be pointed out
that the boundxries of the triangle in Fig. 7 are strictly spesing orly corred for very longfilters; as
basic theory only concerns itself with ions that have exposure to virtually an infinite number of cycles
of the RF field. However, Fig. 7isasufficiently goodapproximation provided the ions are subjed to
more than about 100cycles of the RF voltage in thefilter.
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Fig. 7 Thefirst stability zone. Fig. 8 Stability diagram plotted for singly charged ions of
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Fig. 9 Mass pedraobtained at both low and high resolution.
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The significance of the “stability triangle” is illustrated clealy in Fig. 8. In this figure
triangles are drawn in terms of U and V (for fixed values of wandr,) for five different values of ion
massM (singly charged ions with mass4, 18, 27, 2& 29 am.u). These five triangles are mmputed
for an acfrequency of 2 MHz and arod radius of 3.25mm. A family of similar triangles is obtained
with the tips of the triangles al lyingin astraight line that passes throughthe origin. Obviously mass
spedra can be obtained if the goplied vdtage isincreased from zero to a high value, keeping the ratio
of U/V constant. Two such “scan lines” are shown in Fig. 8. Obviously by increasing the slope of
this line an increase in resolution will be obtained. Correspondng experimental results are given in
Figs. 9a and 9b. These two dagrams $ow clealy how the resolutionincreases sgnificantly for only
a 2% change in the slope of the scan line (i.e. an increase in U at mass40 amu from 107 to 108.9.
The aility to contral resolution by a simple ajustment of the dedricd parameters is an important
advantage of the quadrupde over the magnetic defledion instruments. (In the magnetic instruments
resolution can only be changed by physicdly altering the defining slit widths at source and coll edor).
A further advantage — nat immediately obvious — is the requirement of the quadrupde for increased
applied vdtage levels at the highest masses. This means that, urlike the magnetic defledion
spedrometers and the omegatron, the quadrupde is least sensitive to eledrode surface ontamination
at the high massend d the scde. This is a positive alvantage because usudly it is at the highest
masses where the highest predsionisrequired.

There is goodagreament between the experimentally measured performance, as typified bythe
data presented in Fig. 9,and the theoreticd predictions of Figs. 7and 8. Thisistruein spite of the
small, but numerous, approximations in the mathematica model. For example, as aready naed, the
ions are subjed to ony afinite number of cycles of RF field. Also the fad that the ions have to travel
throughfringing fields to enter and exit the filter is completely ignared in the basic theory. It isalso
true that there must be some deviations from atrue hyperbdlic field because (i) the dedrode surfaces
are dmost always circular in sedion rather than hyperbadlic, (ii) there must be some arorsin
mounting the rod assembly and (iii ) there will occasionally be some spurious eledricd charge dueto
insulating layers buil ding up orthe dedrode surfaces.
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From data obtained in experiments of the type depicted in Figs. 9a and 9bfamilies of curves,
such as that shown in Fig. 10, can be built up. These demonstrate how sensitivity and resolution
depend very much uponN, the number of cycles of RF which the ions “experience” in the filter. In
Fig. 10the number of cycles N is indicated on ead curve; thus in this particular filter maximum
resolution attainable increases from abou 50 to 200 when N is increased from 32 to 88 cycles.
Resolution is defined here, and throughou the paper, by the ratio M/dM where M is the pe&k width
at 10% of the pesk height. Thisis conventional.

Figure 11 oliained from many families of curves smilar to those in Fig. 10shows the simple
relationship between maximum resolution and number of cycles N over a range of values of ion
charge to massratio. Althoughthere is considerable scater in the experimental points (beaing in
mindthat thisisalog-log dot), the relationship between Rand N isgiven by R=N "wherenis close
to 2.

3. THEDESIGN OF PRACTICAL QUADRUPOLE FILTERS
The requirements for optimisation d the four important parameters are & foll ows:

I ncr ease Resolution:
1. Increaselength of filter
2. Increase frequency of RF
3. Deaeaeioninjedion energy

Decr ease cost
1. Deaease frequency of RF
2. Deaease length o filter

I ncr ease sensitivity
1. Increasseioninjedion energy
2. Introduce amultiplier at the wlledor
3. Increase dedron current

Increase massrange
1. Reducefrequency
2. Incressethe ac ad cc voltages

Unfortunately there ae serious clashes in the reguirements, which means that compromises are
necessry in virtually all designs. For example adedsion to increase the resolution d a given filter
by increasing either its length o the frequency of the RF suppy incurs a st penadty. The
manufadure of a long filter is obviously more expensive than a short filter (also it can be less
convenient to attach to a vaauum system). An incresse in RF frequency leals to an increased
requirement from the ac ad cc voltages (U and V). This means more expensive and larger power
supdies. Increasing resolution byreducing the speed with which the ions travel throughthe filter in
the z diredion (i.e. by reducing their injedion energy) appeas attradive but, urfortunately, a lower
sensitivity must be acceted. This might be compensated by introducing an eledron multiplier into
the wlledor asembly as snown in Fig. 12. Again thereisa st penalty.

Stability of performance over a long period, a fador of considerable pradicd importance, is
difficult to quantify. It is well established that stability depends sgnificantly uponthe energy with
which the ions are injeded into the filter. Obviously changes in the performance of the instrument
with time depend criticadly uponthe amosphere in the vaauum system. Whilst in utra-high vaauum
systems instability will probably nat be aproblem it can be significant even in relatively clean, bu
unbeked, systems.
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Fig. 12 Channel eledron multiplier conneded to quedrupde it Fig. 13 Observed variationin sensitivity over the
plate H. A, high-voltage; B, grounded mesh; C, ion colledor; D, presaurerange 107 to 10° mbar for aresidual gas
grounckd shield; E, signd lead; F, eledroncolledor; G, output analyser [6].

conredor; |, CEM cone; J, high-voltage cnredion; K, ground
conredion; L, biasresistor; and M, grounced shield, [5].

Since space targe fields, bah negative and paitive, can be more important in the massfilter
than in the ionisation gauge it is important to recognise that (i) becaise of the negative space targe
the sensitivity, i.e. (output current)/(partial presaure) is not necessarily propartional to eledron current
and (ii) because of pasitive space targe, sensitivity is nat necessarily independent of presaure esen
when mean-freepath effeds can be negleded. The magnitude of the nonlineaity depends very
much uponindividual instrument design.

A simple technique for measuring nonlineaity in the output vs pressure dharaderistics is
illustrated in Fig.13. This presents the data obtained from two sets of measurements obtained with a
dynamic cdibration dant where two gases were introduced uncer controlled condtions through
separate inlet valves Ref. [6]. In ore experiment a flow of argon was first introduced so as to
maintain a constant partial presaure of the order of 10° mb then krypton was introduced at a steadily
increasing rate, taking the total pressure in the system from below 10" mb to abou 10 mb. The
variation in the indicated partial presaure for argon dcemonstrates the diange in sensitivity for argon
over this pressure range 10" mb to 10° mb. For completenessthe experiment has been repeaed with
the two gases reversed, i.e. krypton nov bewmming the tracegas. Both sets of results indicae a
significant dip in sensitivity at comparatively low presaures, where dfeds of mean free path can be
negleded. This experiment indicaes the neal for caution in interpreting data from these instruments,
because the instabiliti es in the signals from the tracegas could erroneously be interpreted as afall in
presaure for these gases.

4. THE FOUR OPERATING ZONESFOR THE QUADRUPOLE FILTER

All references to theoreticd analysis and experimental datain the éove sedions refer to the filter in
the “first operating zone”. Extending the analysis from the very brief presentation above shows
clealy the existence of a number of additional stability zones, which may well have pradicd
significance

Meaningful theoretica analysisis based uponasolution d the Mathieu equation which defines
stability in bah the x andy diredions. Analysis anditsinterpretationis smplified becaise motionin
the x, y and z diredions (x, y and z as defined in Fig. 6) is uncouded and, therefore, the ion motionin
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these threediredions including the condtions for stability can be considered independently. Further
the z diredion can be discourted as the dedric field in this diredionis, in theory, always zero. Thus
from the analysis point of view thisfilter presents atwo dmensional problem, with displacements as
afunction d time in the xz and yz planes being the defining fadors. Results of the analysis of the
Mathieu equation show clealy defined stability zones in the ag diagram for motion in the xz and yz
planes. These znes are shown for a relatively large range of a and g for motion in the xz plane
(Fig. 14).

Stability in the yz plane is obtained by reversing the a axis, i.e. +a becoming -a and vice-versa.
Figure 15 presents the stability charaderistics for both the xz and yz planes superimposed in ore
diagram. It shows four regions where motion is gable in bah planes. These ae regions where ions
will be aleto passthroughthe filter. The first stability region (the region depicted in Fig. 7) is the
small triangle nea the central origin, dfficult to distinguish in thislarger scde diagram.

Although ogration in the second and hgher stability zones have been negleded in the past,
thereisnow indicaion d aninterest in developingfiltersfor operationin zore lll of Fig. 15.
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Fig. 14 Stability diagram for the Mathieu equationfor ~ Fig. 15 Stability shown for both xz and yz planes indicaing
either the xz or yz diredions. four regionswhereionsmay passthroughthefilter.
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