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Abstract

As ionization gauges are adapted to a wider variety of applications,

including in particular space research, the calibration accuracy becomes

more Lmportant, One of the best standards for calibration 18 the McLeod

jauge. Its use must be betier understood aad better experimental methods

applied for satisfactory results. These details are discussed. The theory

of the ionization gauge itself is often simplified to the point that a gauge

*congtant” Is often determined in terms of a single measurement as

i
CL
K = = {5

Experimenis cescribed show that, In threes typical gauges of the Bayard-

Alpert type, K is not a constant but depends on both p and I_. The best
calibration range in electron current is generally less then 5 x 167% amps.

signilicant changes in XK with pressure take place in calibration range of
107% to 16” mm. Explanations are offered for the results observed in

nitrogen, argon, and helium.



1 DETAILED EXAMINATION OF THE PRINCIPLES

CF ICN GAUGE CALIBRATION

[ntroduction
Ionization gauges serve many purposcs, some of which do not require

accuracy of calibration. Lome gauges are used to observe relative changes

in the vacuurn conditions and give atosa densliies or pressures that are quali-

tative with the error as large as a tenfcld uncertainty. These gauges can be

used with the manufacturers! nominal gauge constant. If it is desired to kuow

the atom densities within 5 per cent or better, many details concerning ion

gauge callbration must be given careful congideration.
It is the purpose of this paper to discuss some aspects of the physics of

lon gauge operation and calibration so that the user who is interesied in accuracy
will be more critical concerning his methods of calibration and gauge operation

than he might have been otherwise,
The standard with which we have the greatest confidence and fam iliarity

ig the mercury-columa Mcleod gauge. Some discussion of its use will be

covered. The ionization gauges examined experimentally were: (1) the M.L T.

modifled Bayard-Alpert gauge designed by Nottingham and reported in the 1954
vacuum symposium’ ’, (2) the N.R.C. modified Bayard~Alpert gauge, very
sirnllar to the M I. T. gauge except that it hag a conductidiy coating on the interior

glass wall instead of a screen grid, and (3) a standard Westinghouse gauge, type

WL-5966. This latter gauge differs from the other two In two important respects

which are, (1) the glass wall Is permitted io take up that potential for which the

net charge to the glass wall Is zero, and (2) there are no enclosing structures

at the ends of the cylindrical, grid-like electron collector as in the other two

cauges. This lack of a grid end structure permits a considerable fraction of

the lone produced within the lonization region to escape out of the ends and

become neutralized at the glass wall, Some discussion will be given concerning

the influences of these design features,

The Mcleod Gauge

Pressure measurements with a Mcleod gauge depend on an application

of Bovle's law for gases. The resulting equation is:

b= v= (b' -b) (ah)

(1). W. PB. Nottingham. Vacuum Symposium Transactions. 1954. n.

ibisadhER — roe Stier nttitun.
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In this equation Ab 'c the difference in the roercury levels in the open and

:losed capillaries. This quantity 13 directly measurable and indicates Lhe

pressure difference between the gas compressed in the closed capillary and

that in the open capillary. The capillaries must be clean and of equsl and

aniform cross gection. The quantity (h' - bh) represents the distance, usually

expressed in millimeters, between the mercury surface and the “effective” top
of the closed capillary. Hefore a McLeod gauge can be used for accurate

measurements, the location of the effective top of the capillary must be deter-

mined experimentally, The area of cross section of the capillaries is denoted
by a, the total volume of gas trapped off by ene capillary and the main bulb of

the McLeod gauge by V+ A consistent system of units is obtained if the area

is expressed in square millimeters, the volume in cubic millimeters, and the

iistance measurements in millimeters. In that case, the pressure will be

&gt;xpressed in millimeters of mercury.

To determine the effective end of the closed capillary, gas pressure is

troduced at some arbitrary and unknown value. The distance h' is measured

from an arbitrary fiducial line near the top of the closed capillary. A convenient

point is the top external surface of the glass that closes this capillary. As the

cas in the closed capillary is compressed, three or more readings of Ah and the

corresponding h' ¥alues can be observed. This set of readings can be related
by the following equation:

pVtoe ba 0 i
al = ht ee oe) 2

which shows a linear relation between the observable quantities b' and (1/4h)

A plet of h' as a function of (1/ah) should yield a straight line with an intercept

at h. For each arbitrarially chosen pressure, the cata should yield the same

value of ho within the limits of experimental error. If systematle differences

occur, the indications sre that the capillary is either dirty or nonuniform.

For accuracy it is {tmpractical to attempt to use a McLeod gauge by

directly viewing the column heights against &amp; slmple ruled scale. The alterna-

live 13 to use a good cathatometer with a good telescope which can be sighted

#ith high accuracy on the top of the mercury miniscus. Even though the

capillaries from which the McLeod gauge was consiructed were presumably of
Jnliorm bore, a necessary preliminary test must be carried out to show that

the mercury rise in the two columns ig precisely the game, thus giving a Ab

&gt;f zero at all polnis along the capillary whea the residual gas pressure is in



the upper vacuum range of the order of 16”% mm or better. Experience shows

hat even with clean mercury and clean capillaries {rictional forces belween

the mercury column and the glass can cause very serious random errors in

the readings. These errors can be minlmized by a very yigorcus tapping of

the capillaries, after which the value of Ah under the high vacuum conditions

will become. zero at all positions or at least follow a systematic pattern of

very small differences. The observer must remember that column differences
mder these conditione of one or two tenths of a miilirneter will introduce

miportant errors in the uae of the McLeod gauge. The determination of h |

with accuracy is not easy. I the capillaries are tapered, a systematic error may

show as a reproducible nonlinearity. Pepeated measurements will give an

indication of the random errors that must be expected,

After h, hag been determined, then the effective length of the gas-filled part
of the closed capillary which in Eq. (1) is (b' - b) may be identified by h and

£g. (1) re-written as

&gt; = = hb (ah) '3}

In actual gauge use, lt is generally advisable to make the observation with h

approximately equal to (ah) but it is not always posgible to stop the in-flow
of mercury with sach accuracy that these two gquaniities are precisely equal
to within a tenth of the millimeter. The norsographic chart illustrated as Fig.

is applicable to a gauge with a value of a/v.) of 2.43 x 1076, The method of

construction involves the choice of tha simple logarithimie scales identified by
"2" and "ah" in the figure. The center scale located haliway between the two

lines has a scaling of two orders of magnitude for the same scale distance

as one order of magnitihe in the h scales. The center scale {3 displaced with

respect to the others so that the straight line that joins the corragponding unit
nolatg will fall at the corresponding pressure point in this case 2.43 x 106

This chart is very helpful in the determination of McLeod gauge pressure from

the observed h and Ah.

Ionization Gauge Theory
In the ldeal ionization gauge the gas is bombarded by an eleciron current

and produces at 8 positive ion current i. as given by the following equation



* 5

—=KEP (4)

In the practical ionization gauge, not all of the electron emlgsion current is

effective in producing ionization and not all of the ions produced are collected.

In order to express these relations arithmeticaily, the following definitions
arg written,

{5)

(6)

In these equations I_ and I, are the observed e.nission and ion currents which

are related to the effective electron currents and the true ion currents by means

of the coefficients a and 3. Note specifically that the practical way of chserving
the total emnigsion current is not to insert a meter in the electron collecting

electrode but to insert the meter in the cathode circuit so as to read the direct

current eleciron emission from the filament. The icon current, observable

as I, is raeasured by inserting the meter in the ion collector circuit. A typical
circuit arrangement is shown in Fig. 2. Here the electron accelerating

voltage is Veg The bias of the filament with respect to the ion collector is Vy
and the bais of the acreened grid, if there ls one, with respect to the ion

collector is Vy Unless otherwise specified this Ve is zero but for special
purposes it could be either plus or minus. Equation (5) indicated that only a

fraction of the total emission current is really effective at producing ions
which are collected. Thus a is expected to be a number equal to or less than

cne, since some of the electrons may either go to the exposed parts of the glass

wall and there neutralize ions or they may go directly to the electron-collecting
screen or they may even go into the ionization region, become attached to

atoms to form negative ions which in turn recombine with positive ions aud

therefore do not register as effective ionizing agents. It is to be anticipatac

then that a is not a consiant but could depend on Loth the pressure and the

electron emission current as well as the presence of a partial pressure of atoms

with a high electron affinity,

LClectrons which leave the filament and are accelerated to the grid produce

scaie {ons which never go to the jon collector but are accelerated alrectly to

the scresn or the conducting glass wall In the cases of the M.I.T. and the N.R.C,.

s2UFEE Or may go directly to the glass wall iicelf as in the Westinghouse gauge.



When the mean~ivee path of the ions 8 long comparea with the dimensions of

Se lonizatlon regiow, then a considerable fraction of the ions produced there

are accelerated out the ends of the lonization region of the Westinghouse gauge

anu become neutralized at the glass walls. Thus {t is to be anticipated that

the 3 of Fg. (6) will be less than one and it will be pressure-dependent and

alectroan-current dependent. lis pressure dependence in the Westinghouse

zauge should be greater than that of the M.I. T. and N.R.C, gauges.

Under low-pressure, low-curreani conditious the idealization expressed

by Eq. {4) nay come near to being realized. In that case, we can recognize

Ke as the product of the average electron path length (La) before the eleciron

{3 collected and the effective ionizatioa efficiency factor F, . Nominally, FP,
13 an experimentally uetermined number dependent only oa the electron energy

for a particular gss. Typical values of this quantity are shown in Fig. 3 which

presents data published by Compion and Van Voorhis. Note that for aitrogea,

the value of By iz 11 at 100 volts. This number means that on the average,

a 10C-volt electron (ravelling through nitregen at 1 millimeter pressure and
at 6°C will produce an ion in a distance of (1/11) cone The concentration of

nitrogen atoms under this standard condition is 3.54 x pole atomns per cc.

An ionization gauge really indicates atom concentration and not pressure

and yet it is calibrated directly in terms of pressure when a Mcleod gauge is

aged as the reference standard. Thus in terms of fundamental data of the type

illustrated in Fig. 3, the effective value of the ionization efficiency wouldbe .

P.(273/T) averaged in some way over the distribution in eleciron energy within |

the ionization space. The gas t=wperatavre ig TK. It would be practically

tropogegible to work out thia averaging quantitatively since within the ionization

space electron energies range from 0 to Veg: Because of the very sharp gradient
of potential in the immediate neighborhood of the ion collector, a very large

fraction of the region is characterized by electrons of nearly full energy and

therefore it is to be anticipated that 7 right very weil: be only 10 or 15 per cent

less than the measured value of P, appropriaie to electrons having the full
energy of about 160 volts which they might receive upon acceleration toward

the electron-collecting grid. Under these idealized conditions, we have

i, = L, % (7)

A the pressure increases to the point that the electron mean-free path {8 com-

parable with the dimensions of the ionization gauge, we must expect the average



electron path L to decrease. A still further complication is that the effective

nization efficiency TF, could increase as the pressure increases since it
would be energetically possible and can be demonstrated experimentally that 2

single electron can produce on the average as many &amp;s 2 or 3 fons before it

is collected.

We may assembie all of the factors that relate icnizaton gauge performance

lo pressure as applicable in the calibration reglon of a McLeod gauge which is
within 2 range of pressure of 1677 to 1071 mm (Torr). Equations 8 and 9 show

thiis assembly. The observable quantities I and I_ combine with the pressure p
as ghown in Eq. 9 to yield the effective gauge "constant K which in turn can

we related to the other factors mentioned.

ar IT ——-

~ 5’- I c
Pa MN¥
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ail of the factorsinEq.9, namely a, 2, L,. P, are dependent on both
he pressure p and tho electron einission current . Thus K, instead of being

x constant of the gauge, is actually a function of these other factors and becomes

21chiervable quantity. Experiments have been undertaken and parulally com-

slotted on the observed variation of K with pressure and electron current. The

Lot section of this report will show the prelitninary results and the {following

~cetion will offer tentative euplanaiions.

+ bevrved DependenceofionElectronCurrent
Celibradons ha. 2 peen carries out using the ihree gases, halium, argon

corrwicrogenn.Ia general, the pressure range used for these sludies vatended

Gres10to16 man. Que of the basic vequiremenis hat snust be uposed

Hor elcurate gauge rocasuremanis 13 thar the ton current should be direcily

cvowwriionaltothe electron current. For two of the gases siudied x anu the

Loren cduges investigated, the electron current range foo which uirect pro-

scrannality exists is surprisiagly low. Under the highest pressure conuidlons.

eetacarityexistsonlyin the current range less than 5 microamperes.

Thi a8 pressure io reduced, the maximum cleciron current Seems Lo

Lvsvardinverselywiththe square root of the pressure. Marked differences

ke } y . . . .

roe oneluan gludies have not yet been completed.



are found between the three gauges in that the Westinghouse gauge shows
good linearity with current over a considerably wider range than that observed

in the NJ. R.C. and the M.I1,T. gauges. Typical curves that show the nonlinearity

for nitrogen are siven in Pilg. 4 and similar observations with argon are given

in Fig. 5.

In the experiments, the time required for each reading.was.only a few

seconds and the electron current was maintained at the indicaied value for

just the time required for reading. Checkpoints were made very frequently
and, in particular, ai the beginning and the end of each run. The changes in

a5 pressure were always found to be less than two per cent. Over the low

current range, it was therefore possible to choose an ion current-eleciron

current ratio which was incependent of the eleciron current itself. An equation

of the form of Eq. 9, applicable specificaily (0 the low-current rance can

He written aa:

i,
{ - T= Tr 5 L yal D| aofs eo “io ( [

If the product of the guaniities given in the square hrackets of Eq. 10 were

independent of the pressure, then K, would be a constant and could properly

Le used as the gauge constant for a parilcular gas. The fact that Kis not

constant is [llustiraies in the nsxt section.

Gauge SensliiviiyUnderLowElectronCurrentOperation
The most neresting way to present these dala is to plot both the pressure

aiid the coserved value of Eon logayviihmoie scales. A very good reason for

preseniing log, KE, rather than value of kK, {isell Is that relative changes and
relative wifferences for the .aricus gauges are wore graphically displayed.

Figure 6 shows data lor the three different gauges with argon as the pas studied.

The experimental daa lor nlrogen and helium are sunimarized by the

urves in Fig. 7. Althou, ks the log scale applicable 10 nitrogen is the same

ac ihat used for argo, note that the log scale for belium, given ai the right

sing of the figure, has been displaced one order of raagnituce, Thus the values

of 5, for nelivin are practically i0 times smallav lan the values for nitrogen,

whereas those for nilrogen are only sligh!ly smaller than these for argon.

These results are in quaniliative agreement with the relative ionization efficiency

wives observed by Compton aud Van Voorhis and {ilustirateg here as Fig, 3.



interpretations
Mest of the main features of the resulis given in Figs. 4 through 7

are not difficult to interpret, at least semi-quantitatively. The nonlinear

verformance with eleciron current follows a pattern except for minor details

that is precisely what one would expect from au increasad rate of recombination

selween ions produced Ww the ion space and electrons. Normally, cireci

recombination between elszcirons and ions has a small probability of occurrence,

[+ is therefore assum=ad that the electrons become atiached elther to the neutral

ras atoins present under siudy or to sume {mpurity atoms or molecules present

in extremely small concentration and yet having a gufficiently high electron

zifinity to capture a very large fraction of the electrons produced in the ionization

orocess. The basle reason why such noticeable differences exist. beiween the
rauges is not eiesr. © - Ta ]

In, all of the curves shown in Fig. 6 and 7, K 18 seen to pass through a
ma&lt;imum,. In the M.I, T. and N.R.C. gauges, this rise as the pressure is

increased may be atiributed to either or both of two effects. One relates to

the Increase in the effective ionization efficiency of a single electron, This is

ihe factor PF. . Under high-pressure conditions, ths lon current has been observed
to be as much as double the electron emission current. This means that, on

the average, individual slectrons produce at least two positive ions belore the

electrons are removed from the ionization region. This mauliiple ionization

shiould begin gradually as the pressure increages and may account for part of

the rise in Eg. A second factor, lees easy to evaluate except by the alieration
en the actual gauge siructure relates to the factor Pa of Eq. (10). A certain

fraction of the lons generated ingide of the electron collecting grid and yet

very clogs to the spaces between the gric wires are accelerated out by the

charged glags wall and the outer grid andthereifore escape detection at the ion

collector. If, as th: pressure is increased, a su.aller fraction of these:ions

egcape, that would correspond to a small increase In Po which would in turn

reflect itself ag a change in Kg, That the location of this maximums on the
pressure scale is sensitive to the collision cross-section is demonstrated

by ihe fact that the maxima for argonandnitrogen occur at approximately the

sate pressure whereas the maximum for helium occurs at a pressure nearly

1C times greater.

The fact that the curves for the Westinghouse gauge in all cases rise with
a steeper slope is taken to be cirect evidence related to the ion loss out of the

va



pen ended grid structure. The extra increase in Fy resulta from a reduction
in the loss of ions cul of the open ends as ihe pressure is increased. The

indications seem to be that under low pressure conditiona nearly 40 per cent

5f the tong are 19st {a thao gauge struciure,

Coaclusions
These studies, preliminary though they are, indicate that for calibration

purposes, ion gauges must generally be operated in the 1 to 10 microampere

range of electron curreat and that the systernatic variation in K, with pressure
ir &lt;he best calibration range, aainely, jp”? up tw ig”? mm must be undersiood

wu order that the most sutfiable value of K, may be used in the very low pressure

range. Finally, the well-known imporiance of the gas composition ig clearly
(ilustrated in that as one achieves betler and betier vacua the fraction of

he residual gas that is heliuro genzrelly increases. Under these circumsisnces,

he apparent vacuum night be congwierably better than the true value. Under

many circumstances this would not be lmporiant but with the increased interest

lb space lechnology, lmproved methods of vacuum ceterroination are of very

great importance.
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Fig. 1 Nomograpaic chart for conversiosy Mcleod gauge mea~uremanis
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w gas pressure for a gauge with (a/v) = 2,43 10

Fig. 2 Circuit vaed with Bayard-Alpert lonization rv --

Fig. * lonization efficiency Fe for various gages as determined Ly
XK. T. Compton and C. C. Van Voorhis, Phys. He 27

7124 (1226).
Ion current as &amp; function of electron current okserved ou three

different gaugce operatea at the same pressure of nitrogen.

lon current as a function of electron current observed on three

differant pauses overated at the same pressure of arpgon,

Fig.
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Caupe "constant Kat very low electron current 8g a

function of pre” = Tom rap

Gauge constant” at very low electron current as a

function of pressure for nitrogen and helium,
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