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PRESSURE MEASUREMENT WITH IONIZATION GAUGES

Karl Jousten
Physikali sch-Tednische Bundesanstalt, Berlin, Germany

Abstract
A brief history, the design, the use, and the cdibration d ionisation gauges
are described in this article.

1. INTRODUCTION

The presaure p in an enclosed gaseous g/stem is defined as the force dF per areadA exerted bythe gas
in the chamber. In a fundamental manner, forces can be measured for pradicd aress of a few square
centimetres down to abou 1 Pa, for example with elaborated U-tube manometers, fill ed with mercury
or ail. In cgpadtance diaphragm gauges or membrane gauges the forceis used to bend a membrane
dueto adifferential presaure, but the force caana be determined in a fundamental way and the gauge
has to be cdibrated. In the high and dtrahigh vaauum regime, however, it is no more posshble to use
the force on a cetain area & indicaor for pressure and aher physicd properties of the gas like gas
friction, viscosity, thermal condictivity, or particle density are used to indicate presaure.

Inionisation gauges (IG) the particle density n in their gauge volume is measured. Therefore it
isimportant to remember the ided gas law for an enclosed system in equili brium

p =nKT . (1)
It is not sufficient to measure n with an ion gauge, bu aso the temperature T of the gas has to
be known to indicae presaure with an |G.

How is n measured with an IG? As the name implicates, neutral gas moleaules are ionised and
then counted, wsually by measuring a aurrent. The ionisation namally takes placeby eledrons, bu
aso phdons (highintensity lasers) or ions can be used (Fig. 1).
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Fig. 1 The basic measuring principle of ionisation Fig. 2 Eledricd circuits for triode ionisation gauges: (a) Internal
gauges. From James M. Lefferty, Founddions of control type. (b) External cortrol type. From Saul Dushman,
Vacuum Science and Techndogy, John Wiley & james M. Lafferty, Scientific Foundaions of Vacuum Tedhnique,
Sons, New York, 1998 2 edition, JohnWiley & Sons, 1962

2. BRIEF HISTORICAL REVIEW

The history of the IG dates badk to 1909,when Baeyer showed that a triode vacuum tube could be
used as a vaauum gauge. As inventor of the triode gauge, however, is usually named Buckley in 1916,
who later improved the gauge to alowest pressure measurement limit of about 10° Pa.
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Three éedrodes, seded in a glassbulb, were nealed for an |G: The cdhode, as the source of
eledrons, the anode, and the alledor of paositive ions (Fig. 2). It was possble to use the grid asion
colledor as sown in Fig. 2(a), bu to use the anock plate & colledor (b) was customary becaise it
was more sensitive. More ions were @lleded.

A few basic ideas down in Fig. 2 are identicd in
today’s gauges. That is, the ion colledor has to be
negative with resped to the cahode, so as to pick ony 0 /
ions and noeledrons, and the accéeration vdtage for the /
eledrons has to be rougHy 100 Volt. The reason is that YU
the ionisation probability of a neutral gas moleaule by an ‘ !
eledronis energy dependent, and close to 100eV thereis
amaximum for most gases as can be seenin Fig. 3.
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The basic design d the triode gauge remained 10 2030 50 102 1 10!
unchanged for more than 30yeas, athoughthe physicists Hedonenergy (<1
woncered why all vaaua stopped at about 10° Pa. The pumps ~ Fig. 3 Generated ions per cm eledron
improved continuowsly and in the 193035 and 4Gs there was  path length per mbar a 20°C versus
considerable evidence from measurements of the rate of  kinetic energy of incident eledrons for
change of surface properties like the work function and various gases. From A. von Engel,
thermionic emisson that much lower pressures were adually  lonized Gases, AV S Classcs Series.
obtained than were indicated bythe | G.

At the 1st International Vaaium Congessin 1947 ,Nottingham suggested that the limit to the
lowest measurable presaure was not caused by the pumps, bu by an X-ray effed in the IG: He
proposed that soft X-rays, produced by eledrons impinging onthe anode, relessed phdoeledrons
from the ion colledor; this phaocurrent was indistinguishable in the measuring circuit from the
current due to pasitive ions arriving at the ion colledor. This hypahesis was on confirmed by
Bayard and Alpert [1] who reduced the size of the ion colledor from alarge gylinder surroundng the
other eledrodes to a fine wire on the ais of a grid anode. This elegant solution reduced the lowest
measurable presaure by afador of 100andis dill the most common designin today’ s commercial |G:
The Bayard-Alpert gauge or just BA gauge.

The history of the so-cdl ed cold cahodeionisation caugesis briefly outlined in sedion 3.2.
3. THE DESIGN OF TODAY'SMOST COMM ON IONIZATION GAUGES

3.1 Introduction
The design d an |G must reply to four questions:

1. How are the dedrons produced? Mainly, the dedrons can be emitted from a heaed wire or are
being poduced by dscharge in a aossed high eledric and magnetic field. These two types of
eledron poduction lead to two dfferent types of ion gauges. It has become cmmon ndation to
cdl the first one hot-cahoce ionisation gauges (HCIG) and the latter cold-cathode ionisation
gauges (CCIG). However, this distinction is no longer clea, becaise there eist nowadays
cdled ha-cahode ionisation gauges which have afield emitter source that operate & room
temperature. Usually these field emitters are arays manufadured from a sili con chip. The design
of these gauges, however, is the same & in the true HCIG. It seans therefore to be better to
distinguish between ‘emitting cahode gauges' and ‘ crossed-field gauges' or ‘discharge gauges' .
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2. How isthe path of the dedrons daped? There aelong,short and cscill ating peths.

3. How isthe path of theionsis aped? There can be adired path from the ionisation daceto the
colledor, bu aso longer and indired paths, perhaps with an energy o impulse seledion
inbetween.

4. What isthe position andshape of the ion colledor?

3.2 Cold cathode gauges or, better, crossed-field ion gauges

The inventor of this type of gauge was Penning in 1937.He used a high vdtage of up to 2kV to
generate adischarge between cahode and anode. At low presaures (< 1 Paor so) this discharge muld
only be maintained, if a magnetic field crossed the dedricd field. The magnretic field gedly
incressed the path length of an eledron from cathode to anode, so that it could generate ancther
eledron byimpading onagas moleaule to maintain the discharge.

It turned ou that the discharge arrent was amost linealy propartional to the presaure in the
gauge from 1 mPato 0.1Pa. Due to the magnetic field the dedronis prevented from going dredly to
the anode and movesinstead in helicd paths throughthe gauge. Theions, because of their large mass
are virtually unaffeaed by the magnetic field and travel diredly to the cahode. Secondary eledrons
relessed from the cdhode by ion banbardment serve to
build upand maintain the discharge (Fig. 4).

The discharge is generally na stable in crossed-
field gauges. In the ealy designs the discharge becane
erratic below 10° Pa, and was often extinguished
completely at 10° Pa Therefore better designs were X
invented with the dm to increase the adive volume of the
discharge and so reduce discontinuities.

Cathodes

Ring anode
+3 kv

In Fig. 4 can be seen Penning's version d 1949,
where the anode was changed from aring in his original
versionto an open cylinder. This geometry is now widely
used in ion pumps, bu only for rugged and simple
vaauum gauges.

] ) Fig. 4 Eledrode arangement, fields, and
A kind d brea(thrOUgh_ was acomplished by  trgedoriesin the Penning gauge. From James M.
Redhead and Hobson, who invented the so-caled |afferty, Foundaions of Vacuum Science anc

magretron and inverted magnetron cpuge, the latter  Tecindogy, John Wiley & Sons, New York,
ealier designed by Hader in 1955. 1998
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Fig. 5 Schematic diagram of the magnetron gauge. From Fig. 6 Schematic diagram of the inverted magnetron gauge.
ref. [2]. From ref. [3].
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In the magnetron gauge [2] (Fig. 5 the anode is an open cylinder with the cahode on axis and
as endgates, in the inverted magnetron gauge [3] (Fig. 6) the anodeis arod onthe ais of an aimost
closed cylinder as cahoce. In the magnetron gauge, the end dscs of the cahode ae shielded from
high eledric fields by two annuar rings held at cathode potential. Any field emisson that can occur
from the shield eledrodesis not measured bytheion current amplifier.

One of the important feaures in the inverted magnetron gauge (IMG) is the use of guard rings
held at cahode potential to prevent field emisson currents from the cahocde to the anode. The
magnetic field is parall el to the anode ais. This gauge can be operated at upto 6 KV with 0.2Teda.
In these gauges the dedrons are trapped more dficiently than in the original Penning design. Due to
this, the starting condtions are improved, the relations between p, B, V follow reasonably the
theoreticd predictions, and the discharge is dable to much lower presaires. Redhead and Hobson
claimed that their gauges could be used from 10" Paupto 10° Pa.

Almost all available commercial crossed-field gauges are of the Penning design a of the
Redhead and Hobson design as Magnetron a Inverted Magnetron. Normally, at low presaures, the
gauges are operated with constant voltage, measuring the discharge airrent, while & higher presaires
(> 10 mPa) they are operated at constant discharge aurrent with acwrdingly reduced vdtages.
Otherwise, at constant voltage, the discharge aurrent would be so high at higher presaures that heaing
and sputtering d material onthe dedrodes would become aproblem.

In crossed-field gauges, theion current vs. presaure relationship foll ows the equation
I* =K p™, )

where m depends on the type of gauge and varies between m= 1...1.4.However, m also depends on
presaure (Fig. 7) and this makes the situation rather complicated for reliable measurements.
Generally, mis higher for lower presaures than for higher and may read valuesupto 2.If thereforein
gauge ontrollers the relation for higher p is extrapolated to very low presaures (< 10" Pa), the gauge
will i ndicate & these small presaures lower presaires than adually present. At presaures as highas 10
' Pathis error may be a arder of magnitude.

Fig. 7 Discharge arrent on a Penning cauge vs. argon Fig.8 Theorigina design o the Bayard-Alpert gauge. From
presaure. From W.J. Lange, J.H. Singletonand D.P. Eriksen, R.T. Bayard and D. Alpert, Rev. Sci. Instr. 21 (1950, 571
JVST 3(1966), 338

Theoreticd descriptions of charaderistics of crossed-field Townsend dscharges including
eledron space targe, which controls the discharge, have been gven. However, Redheal [4] has
pointed ou that these theories have ignared the dynamics of dense dedron space targe. The long
trapping times of eledrons allow large anplitude rf oscill ations to buld up. These oscill ations modify
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the static charaderistics of the discharge and low frequency instabiliti es that are associated with mode
jumping d the rf oscill ations. Due to interadion d the dedrons with the produced AC fields, excess
energy eledrons are generated which easily crossthe magnetic field and ht the cahodes (Penning
gauge) or the cahode end dates (magnetron a inverted magnetron). They falsify the discharge
current or ion current. Sincethis effed is presaure independent it causes nonlineaities in the airrent
presaure airve. The rf oscill ations may also cause serious measurement errors if unintentionaly
redified in the ion-current amplifier.

In a summary comparison between crossed-field gauges and emitting-cahode gauges we will
came badk to this point.

3.3 Hot-cathodeionisation gauges or, better, emitting-cathode ionisation gauges

In ou brief historicd review we have drealy come to the ealy design d BA gauges and we will
continue from there.

One of the main problems in the beginning d the BA gauge (Fig. 8) was instabiliti es in the
gauge due to the floating pdential of the glass envelope. Therefore the glass was furnished with a
conductive layer which could be grounded or set to a defined pasitive potential. Also, it was on
naticed that ions could be lost throughthe open ends of the ¢ylinder so the grid was closed at its ends
to reduce this effed. The disadvantage of closing the grid seems to be that the presaure versus ion
current ratio becomes nonlinea for higher presaures at abou 1 mPa, while this is only the cae for
the open cylindricd grid at presaures of 10 mPaor more [5].

In order to further reduce the X-ray limit it was tried to reduce the thickness of the clledor
wire. For example Van Oostrom [6] reduced its diameter to about 4 pm. Althoughwith this method
the X-ray limit is reduced, it has the disadvantage that the sensitivity is aso reduced: ions formed
inside the grid experience aradialy inward force Since anguar momentum must be cnserved, an
ionwith initial kinetic energy may nat strike the wlledor wire, but rather go into orbit aroundit and
tendto drift out axially from the dedrode structure.

When the X-ray limit was reduced in this manner, ancther comporent to the badkground
current becane evident. Eledrons hitting the anode may ionise moleaules adsorbed on the surface
causing their relesse. lons generated in this manner canna easily be distingushed from those
generated in the gas phase. Since agrid structure of a BA gauge has a surface @eaof about 10 cm’ the
amourt of adsorbed moleailes can be rather high (10°). Therefore it is important that the grid
structure is very clean. Two measures are usually taken to cure this problem: The grid is cleaned by
eledron banbardment after the gauge has been exposed to high presaures or to atmosphere, and the
eledron current to the anode shodd na be too smal during operation so that the gauge is
continuowsly ‘self-cleaning .

By using the smallest pradicd diameter for the clledor wire and increasing the sensitivity of
the BA gauge by maximising the volume exclosed bythe anode and wsing end caps the residual X-ray
limit can be reduced to the low 10° Paregime.

To measure presaures lower than 10° Pa, diff erent approadhes have been made;
* The X-ray current is measured so that it can be subtraded from the signal.
* Changesin the geometry of the gauge.

* Increasing the sensitivity by several orders of magnitude withou reducing the badground
level.

The first two techniques have been foundto be reliable and relatively easy to use in laboratory
applicdions. The third method, havever, has been dsappdnting, because reliable operation could na
be demonstrated. Thus, there has been nowidespread commercial development.

The first technique evolved when Redheal [ 7] suggested ion-current moduation byintroducing
an extra dedrode into the grid space This could be awire dose to the grid and paralle to the
colledor. When the wire is at grid pdential, there is littl e or no effed on the gauge operation, bu
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when its potential is lowered by 100V it seriously distorts the ion trgjedories. The total ion current
with the moduator at grid pdential is

Il:|r+|g (3

where | is the airrent from the ions and |, the residual current due to the X-ray effed. With the
moduator at lower potential the trueioncurrent | fallstoml

I, =1, +ml, (4)
so that
| =l (5)
9 1-m
and
| :|2_m|1 (6)
' 1-m

where m may be determined at pressures where | can be negleded. Usualy mwas in the range 0.4 to
0.6, bu Watanabe [8] succeeled in buldingamoduator gauge with m= 0.05.

Unfortunately it turned ou that the residual current was moduated to a significant extent,
becaise the dedron trajedories were dso moduated. Hobson [9] estimated that due to this, an error
of 3-10" Pawould be introduced in the measured presaure.

The seaond method d redising lower pressure measurement led, abou 30 yeas ago, to the
development of the so-cdled extrador gauge (Fig. 9. In this approach the ion colledor is removed
from sight of the grid. A simple lens is introduced between the grid and the alledor to remove the
ions to the wlledor. Anion refledor is used to refled the ions onto the lledor tip to increase the
sensitivity in away similar to that of a cnventional BA gauge. In this way pressures from about 10%°
Pa can be measured.

Fig. 9 Design o the extrador gauge manufadured by  Fig. 10 Cutaway drawing d theion spedroscopy gauge by
Leybald. F. Watanabe. From ref. [10].

A very sophisticated ion gauge was invented by Watanabe in 1992[10], which he cdled theion
spedroscopy cauge (Fig. 10. This gauge has © many feaures that only the most important ones can
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be mentioned. The gauge uses the extrador scheme, bu with a hemisphericd defledor so that theion
colledor plate is completely out of sight of the grid. The wlledor is equipped with a suppresser
eledrode to inhibit eledrons that are generated by refleded X-rays leaving the wlledor. With the
hemisphericd defledor where the inner eledrode is at ground pdential, and the outer at a variable
positive patential, it is posgble to separate the ions generated accrding to their energy. lons which
are generated at the anode grid (eledron stimulated desorption effed) have higher energies than ions
creaed in the gas phase due to a potential gradient from the grid to the extrador and die to space
charge dfeds. The gauge uses a sphericd grid in order to increase the space darge of the dedronsin
its centre. By this means ESD ions and gaes ions can be separated (Fig. 11). Those parts of the gauge
close to the hot filament could be outgassed by resistive heaing a eledron banbardment.
Additionally, the housing d the gauge was made of high-thermal-condwctance materials such as
copper or aluminium in order to reduce warming d the gauge, which would stimulate hydrogen
outgassng. Watanabe daimed aresidual measurement limit of 210" Pafor this gauge.

Probably the most well known example for the third method d approadiing lower pressure
limitsis the so-cdled Lafferty gauge [11]. Lafferty adopted the diode magnetron principle by padng
the filament alongthe ais of a gylindricd anode (seeFig. 12. An axial magnetic field provided by a
magnet outside the enclosure forces the dedrons to follow circular paths and increases their path
length by several orders of magnitude. The dedron emisson current had to be very low (10 LA) to
ensure stable operation. An X-ray limit of abou 3-10 Pawas caculated for this gauge.

It is not passble to mention all the gproaches to read lower presaure limits, or al designs of
ionisation gauges, instead the reader is referred to text books or review articles.

Fig. 11 lon current vs. defledor bias voltage in the ion Fig. 12 lonisation gauge designed by Lafferty to increase

spedroscopy cauge dter oxygen exposure & 107 Pa. From  the dedron peth length. From Ref [11].
ref. [10].

3.4 Summary comparison of crossd-field (CFG) and emitting-cathode (ECG) ionisation
gauges

CFGs have the general advantage that they have no X-ray limit and eledron stimulated desorption
effeds are small and cause little aror. Also, because they already have astrong magnetic field, they
are lessaffeded by an ouside magnetic field than an ECG. Where there is a suitable magnetic field,
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for example in bending magnets in accéerators, this field can be used for the gauge. On the other
hand, for example in eledron microscopes, the magnetic field of a CFG may disturb the dedron
optics and must be caefully shielded.

CFGs have threegeneric disadvantages:
* Generdly their output varies nontlinealy with presaure.

e The very dense dedron space targe trapped in these gauges leads to instabiliti es associated
with mode jumping d the high-frequency oscill ations.

* Their pumping spedl is usually ore or two orders of magnitudes higher than in ECGs and
canna be oontrolled.

That an ion gauge has a pumping adion is a dasscd disturbing effed of many measuring
devices, namely that it changes the value of the quantity it is designed to measure. The problems in
CFGs with starting dscharges at low presaures or extinction at low presaures are mostly solved in
today’ s magnetrons or inverted magnetrons. In ECGs the dedron emisson current can be controlled,
stabilised and varied. Mainly for this reason, ECGs are more stable and acarate, when they are
condtioned before measurement.

When measuring presaures in the HV and UHV regions, a dedsion hes to be made whether a
CFG or aECG shoud be bough. For this dedsion, the foll owing pants $ioud be mnsidered:

» Presarerange

» Gauge pumping speed

* Gas pedesto be measured

» Accauracy and stability

e Size amd mechanicd stability

* Interferences with magnetic fields
e Price

The avail able presaure ranges are very much the same for both types of gauges in the sense that
there ae gauges of either type for very low pressures (<10° Pa) and relatively high pesares
(> 10 Pa). However, the acairagy of the ECG is sgnificantly better at very low pressures. But, even
at higher presaures, in al CFGs discontinuities in the pressure-vs-ion-current charaderistic occur and
these discortinuiti es are not reproducible. When a cdibrationis repeaed, they may nat occur.

Hot cathodes are extremely disturbing when other than rare gases or nitrogen, hydogen etc.
have to be measured. For chemicdly adive gases, CFGs houd be used since they can be deaned
more eaily than ECGs. Very important, the price of a CFG is usually lower than for an ECG.

4. PROBLEMSIN USING IONIZATION GAUGES

Suppacse there is a seded-off chamber containing pue hydrogen at room temperature and which is nat
pumped. An ionisation gauge is installed to measure the presaure p, inside it. Now let us immerse the
whole dhamber in liquid nitrogen. The presaure will drop by

&:L:£:0257 (7)

p, T, 300

but the reading d the IG will be unchanged since the gas density is the same @ before. This example
shows how important it is to determine dso the temperature during a measurement. Even gas
temperature variations caused by room temperature variations have to be considered when gauges are
acarately cdibrated [12].
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In ather cases, when a dhamber is continuowsly pumped, the moleaular flow will adjust itself
such that the law of continuity hdds. For example, installing a gauge with a hot cathode in a tube
(Fig. 13 resultsin the so-cdled thermal transpiration effed, where

P, _ L ©)

P> T,

Since the hat cathode heas up its enclosure, the temperature T, will be larger than in the damber
(p,,T,) and the presaure p, will be acordingy higher, bu the reading d the ion gauge will be lower,
becaise n=n(T,/T,)".

Anather disadvantage of installing |G in tubes are problems associated with their pumping
spedad (Fig. 13. All 1Gs do pump, at least the ionised gas moleaules, bu pumping effeds due to
adsorption and dssociation can be much higher. If the condwtance of the tube C to the IG is
comparable to the pumping speed S of the gauge, the presaure in the IG is lower than that at the
entrance of the tube. The advantage of installing a gauge in a tubdation is that the dedricd field
inside the gauge is not atered by dfferent enclosures. Considerable sensitivity changes can be
observed, when gauges are cdibrated in the so-cdled nude onfiguration (Fig. 13 (notubdation, bu
immersed in alarge chamber) or in tubes of various inner diameters. Ancther advantage of tubuated
gaugesisthat they areless ensitive to stray ions from a plasma processor other gauges.

Fig. 13 Effedsof tubuation o agauge. Fig. 14 Example of orientation effeds when measuring ggs
presaures with vaaum gauges. From P.A. Redhea,
JP.Hobson, E.V. Kornelsen, The Physical Basis of
Ultrahigh Vacuum, Chapman and Hall Ltd, London 1968

Other problems when measuring presaure ae due to nonruniform pressure distributions inside
chambers or net fluxes of moleaular flow. Consider the example of Fig. 14,where gas flows from the
right to the left and suppcse the left wall is a ayo surfacewith a sticking probability of 1. The upper
(a) ided gauge (no internal gas urce) will read zeo, while in orientation (b) it will read an
equili brium presaure, which is determined by the diff erences is the rate of influx and the rate of return
flow throughthe tubuation. Neither of these gauges gives the true presaire.

Problems with HIG arise with dssociation and enhanced chemica readions on the hot cathode
surface For example with tungsten filaments, there is always carbon pesent on the surfacethat has
diffused ou of the bulk. Also, oxygen is present on its surface Some readions that can take place
after dissociation d hydrogen are shown in Fig. 15[13].
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Outgasdng and re-emisgon d molealles previously pumped by the gauge ae significant
problemsin IG. A gauge operated at higher presaure will have alongrelaxation time of hours or days,
until astable presaure & very low presaures is achieved. Outgassng rates of HIGs vary typicaly from
10° Pa /s to 10" Pa l/s and are often the main source of gas when very low pressures must be
adhieved.

To oltain areliable and longterm stable gauge realing, the
gauge dedrode surfaces must have astable surface structure and
compasition. Not only the secondary eledron yield onthe wlledor
changes with the surface omposition, bu also the numbers of
semndary eledrons generated by eledrons hitting the anode grid
are dependent on the anodes surface omposition. Higher energy
eledrons (> 20 eV) aso contribute to the number of ions generated
in the gauge, hencethe gauge sensitivity.

The gauge sensitivity depends on the gas gedes. Attempts
to correlate this gas edfic sensitivity acarately with ionisation
cross dadions fail due to ather gas gedfic dfeds like ion cgpture
probability, disociation effeds and secondary eledron generation.  Fig 15 Some demicd readions
Values for relative ionisation sensitivities (normalised for nitrogen  which can accur at the hot tungsten
= 1) presented in tables [14, 19 can be gplied with some filamentsinionizaion gauges[13].
confidence while going from one gas to ancther, bu the level of
acarragy is only 10 to 20%. Where greder predsion is required,
gauges must be cdibrated individually andfor the gasin use.

Asafina example of what can happen in a hat-cahode ionisation gauge (HIG), Fig. 16shows
cdibrations of various HIGs, including BAG, EG, the Wadanabe gauge, and BAG with gdd
eledrodes for H, and D, [16]. Sincethe dedronic structure of H, and D, isidentica for the purpose of
an IG, it could be expeded that the relative sensitivity of H, to D, is exadly 1. As can be seen on
Fig. 16, this is only true in some caes. Moreover, as can be seen onFig. 17the ratio is not even a
constant for a single ion gauge. It varies with the treament and history of the gauge. This is very
surprising, since neither the potentials nor the geometry in the gauge were changed.

Fig. 16 Sensitivity ratio hydogen/deuterium for various Fig. 17 Sensitivity ratio hydogen/deuterium for a single
gauges. From ref. [16]. gauge dter various treaments. From ref. [16].

The reasons for the differencein the sensitivity for H, and D, is that H, due to its snaller mass
and higher velocity in the same dedric field dgves alarger secondary eledron yield at the wlledor
than D,. This higher seaondary eledron yield results in a higher current on the olledor and therefore
a higher sensitivity. The secondary eledron yield onthe wlledor depends drongy on the surface
condition, so explaining why the ratio changes with treaments and history of the gauge.
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If the secondary eledrons are mpletely
repelled to the olledor by applying a negative
patential on a suppressor grid in front of the
colledor, as in the ion spedroscopy cpuge of
Watanabe, the sensitivity ratio for H,/D, equals
indeed 1(Fig. 18.

5. IONIZATION GAUGE CALIBRATION

Most manufadures cdibrate ion gauges in a rough
manner before they leare the fadory. This
cdibration gvestypicdly an acaracy of within 20
to 50% for the cdibration ggs. If better acairacy is
required, the ion gauge has to be cdibrated with a
primary standard o a seoondary standard for
vaauum presaures.

Fig. 18 Sensitivity ratio hydrogen/deuterium for theion
spedroscopy gauge in dependence of suppressor potential in
front of ion colledor plate. From Ref. [16].

The cdibration constant of an emitting cahode ionisation gauge is the so-cdled ionisation
gauge oonstant or, less acarately, bu now widely used, the sensitivity of an ion gauge. This is
defined by

" =1

s= ! “le ©
1" (P~ Pr)

where |" is the @lledor current at presaure p and I”, _ the @lledor current at the residual presaure p,
and | isthe dedron current. Simplified equations such as

| (10)

= ﬁ
shoud na be used, because when p is  low that I is approaching its lower limit I _ (X-ray limit,

eledron stimulated desorption and ougassng d the gauge) the sensitivity goes to infinity, which
makes no sense (A high sensitivity is usually considered as ssmething desirable).

In CFGs the ionising eledron current canna be measured and in this case the sensitivity is
usually defined as[17]

+ * 11
I_m S= —

Y P

where m is a numericad exporent. This equation for a CFG is more simple than the one for ECG

(Eq. (9)), because it is asumed that there is no residual colledor current (field emisson, havever,
may occur or voltage insulation problems may be present).

S=

It iswidely assumed that the wlledor current of the ECG is drictly linea with pressure, hence
that S as defined in Eq. (9) is presaure independent. This is generaly nat true. In cases, where high
predsion current meters are being wsed to determine S typicd relative variations of S of afew % are
found.In cases where lower-quality current meters are used typicd for built-in devices for ion gauge
control units, differences of Sbetween dfferent presaure decales of 10% or more can be found.These
differences are mainly dueto impredseresistors and rarely dueto effedsin the gauge itself.

The reason for the gauge inherent presaure dependencelower than abou 1 mPais unknawvn, bu
several effeds may be resporsible: spacecharge dfed may vary with presaure, secondary eledron
yield onthe mlledor can be presaure dependent and also the dedron emisson dstribution from the
cahode may be presaire dependent. Above dou 10 mPait can be expeded that the sensitivity will
be presaire dependent due to intermoleaular collisions and ion-neutral collisions, but also due to
changesin space darge.
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The acaragy of pressure measurement with cdibrated ionisation gauges is mainly determined
by long term instabiliti es of their sensitivity. Typicdly, high quality BA gauges have longterm
instabiliti es of 2 to .

6. IONIZATION GAUGE CALIBRATION METHODS

Two basic cdibration methods exist for the cdibration o ionisation gauges. cdibration by
comparison with a reference gauge or cdibration ona primary standard for high and dtrahigh
vaauum pressures.

The cdibration by comparison is the less acarrate method, mainly becaise the measurement
uncertainty and the longterm instability of the cdibrated reference gauge has to be taken into
acournt. The cdibration by comparison hes to be caried ou in an apparatus that ensures that the
presaure or gas density is the same & the position d the test gauge and the reference gauge. In a
recant review [18] systems for cdibration by comparisons have been described. If available, it is
recommended that a spinning-rotor gauge is used for the cdibration o an ionisation gauge between
3-10" Pa and 10° Pa. It is much more acarate than the caibration with an ionisation gauge due to the
better stability of the spinning-rotor gauge compared to the ionisation gauge.

The cdibration d an ionisation gauge on a primary standard is the most acarate cdibration
method, kecaise aprimary standard has the highest posgble metrologicd quality and deduces the
presaure unit to the arrespondng Sl-units. Primary standards for high and Jtrahigh vacuum
presaures are normally pressure generators, i.e. well-known pressures with a arrelated urcertainty
are generated in there. The methods of presaure generation have recently been reviewed [18] together
with the procedures for cdibrating ionisation gauges. Primary standards for vacuum presaures are
available in the major National Metrologicd Institutes of the world, among them the Physikali sch-
Tedhnische Bundesanstalt (PTB, Germany), the National Institute of Standards and Tedndogy
(NIST, USA), the National Physicd Laboratory (NPL, England) and the Istituto d Metrologia G.
Coloretti (IMGC, Italy).
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