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Abstract

A8 lonization gauges are adapted to a wider variety of applications,
including in particular space research, the calibration accuracy becomes
more important. One of the best standards for calibration i8 the McLeod
gauge. Its use must be betiter understood aad better experimental methods
applied for satisfactory results. Theae details are discussed. The theory
of the ionization gauge itself s often simplified to the point that a gauge
"constant" is eften determined in terms of a single measuremeni as
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Experiments described show that, In three typical gauges of the Bayard-

Alpert type, K is not 2 constant but depends on both p and I_. 'I’hz best

calibration range in eleciron current s generally less than 5 x 16°° amps.
Significant changes in K with pressure take place in calibration range of
1074 t0 107 mm. Explanations are offerec for the results observed in

nitrogen, argon, and hellum. :




A DETAILED EXAMINATION OF THE PRINCIPLES
OF ION GAUGE CALIBRATION

Introduction

Ionization gauges serve many purposes, some of which do not require
accuracy of calibration. Some gauges are used to observe relative changes
in the vacuurn conditions and give atowm densiiies or pressures that are guali-
tative with the error as large as a tenfold uncertainty. These gauges can be
used with the manufacturers’ nominal gauge constant. If it is desired to know
the atom densities within 5 per cent or better, many details concerning ion
gauge calibration must be given careful congideration.

it is the purpose of this paper to discuss some aspects of the physics of
ion gauge operatlon and calibration so that the user who is interesied in a~curacy
will be more critical concerning hie methods of calibration and gauge operation
than he might have been otherwise.

The standard with which we have the greatest confidence and fam iuartty
ig the mercury-column McLeod gauge. Some discussion of its use will be
covered. The ionization gauges examined experimentally were; (1) the M.L. T.
modified Bayard-Alpert gauge designed by Nottingham and reported in the 1954
vacuum symposium ” (2) the N.R.C. modified Bayard-Alpert gauge, very
simllar to the M L. T. gauge except that it has a conductlchgcbatmg on the interior
glass wall instead of & screen grid, and (3) a standard Weatinghouse gauge, type
WL-5966. This latter gauge differs from the other two in two importani reapeets
which are, (1) the glass wall is permitted to 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 ds in the other two
gauges. This lack of a grid end structure permits a considerable {raction of
the ione produced within the ionization region to escape out of the ends and
become neutralized at the glass wall, Some discussion will be given concerning
the influencee of these design features.

The MeLeod Gauge

Pressure measurements with a Mcleod gauge depend on an application
of Boyle's law for gases., The resulting equation is:

{1). W. B. Nottingham, Vacuum Sympoétm 'I'ra_i:tsact!ohé. 1954, p. 76.




In this equation Ah is the diﬁ_’érence in the mercury levels in the open and
closed capillaries. This quantity ls directly measurable and indicates the
pressure difference between the gas compressed in the closed capillary and
that in the open capillary. The capillaries must be clean and of equal and
uniform cross gection. The quantity (h' - ho) represents the distance, usuaily-
expressed in millimeters, between the mercury surface and the "effective" top
of the closed capillary. Before 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 one cépillary and the main bulb of
the McLeod gauge by Vo. A consistent system of units is obtained if the area
is expressed in gquare millimeters, the volume in cublic millimeters, and the
distance measurements in millimeters. In that case, (he pressure will be
expressed in millimeters of mercury.

To determine the eifective end of the cloged capillary, gas pressure is
introduced 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
gas in the closed capillary is compressed, three or more readings of Ah and the
corregponding h' values can be observed. This set of readings can be related
by the following equation:
TR ot ) 2)

o a 'y _
which shows a linear relation between the observable quantities b' and (1/4h)
4 plot of h' as a function of {1/ah) should yleld a straight line with an intercept
at ho. For each arbitrarially chosen pressure, the data should yield the same
value of h,, within the limits of experimental error. If systematic differences
occur, the indications ere that the capillary is either dirty or nonuniform.

For accuracy it is tmpractical to attempt to use a McLecod gauge by
directly viewing the column heights against 2 simple ruled scale. The alterna-
tive is to use a good cathatometer with a good telescope which can be sighted
with high accuracy on the top of the mercury miniscus. Even though the
capillaries from which the McLeod gauge was consiructed were presumably of
uniform bore, a necessary preliminary test must be carried out to show that
the mercury rise in the two columns is precisely the same, thus giving a Ab
of zero at all poinis along the capillary whea the residual gas pressure is in




the upper vacuum range of the order of 10"% mm or better. Experience shows
that even wilh clean mercury and clean capillaries {rictional forces between
the mercury column and the glass can cause very serious random errors in
the readings, Theee errors can be minlmized by a very yigorous tapping of -
the capillaries, after which the value of Ah under the high vacuum ¢ond£tiona
will become.zero at all positions or at least follow a systematic pattem of
very small differences. The observer must remenmiber that column differences
under these conditione of one or two tenths of a millimeter will introduce

important errors in the use of the McLeod gauge. The determination of h,
with aceuracy is not easy. I the capillaries are tapered, a systematic error may

show as a reproducible nonlinearity. Repeated measurements will give an
indication of the random errors that must be expected,

“.' After h * has been determined, then the effective length of the gas-filled part
of the closed capillary which in Eq. (1) is (h' - ho) may be identified by h and
£q. (1) re~-wpritten as

p o= v::- h {ah) (3)

| In actual gauge use, it 18 generally advisable to make the observation with i
approximately equal to {(ah) but it is not always possible to stop the in-flow
of mercury with such accuracy that these two quaniities are precisely equal
to within a tenth of the millimeter. The nomographic chart illustrated ag Fig. 1
is applicable to & gauge with a value of (a/V_) of 2,43 x 10 6, The method of
construction involves the choice of the simpla logarithmie scales identified by
4" and "Ah" in the figure. The center scale located haliway between the two
lines has a scallng of two orders of magnitude for the same scale distance
as one order of magnitdue in the h scales. The center scale is displaced with
respect to the others so that the straight line that joins the corresponding unit
points will fall at the corresponding pressure point in this case 2.43 x 10 6
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 I
and produces at a positive ion current l as given by the following equntloa
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I—.-K:)p. (‘_).

In the practieal mnizatf.uh gauge, not all of the electron emlssion current is
effective in producing ionization and not all of the ions produced are collected,
In order to express these relations arithmetically, the following definitions
are written,

i_=al_ {5)

iy ™ B (6)

In these equations I_ and I + are the observed emission dnd fon currents which
are related to the effective electron currents and the true ion currents by means
of the coefficients e and 3. Note specifically that the practical \;ray_of cbserving
the total emission current is pot to insert a meter in the electron collecting
electrode but to insert the meter in the cathode cireuit 80 as to read the direct
current electron emission from the filament. The ion current, observable
as I, is measured by inserting the meter in the ion collector circuit. A typiecal
circuit arrangement is shown in Fig. 2. Here the electron accelér‘ating
voltage is Vfg' The bias of the filament with respect to the ion collector is Vf
and the bais of the Screened grid, if there ls one, with respect to the ion
collector is VB. Unless otherwise specified this Vg 18 zero but for special
purposes it could be either plus or minua. Equation (5) indicated that only a
fraction of the total emisslon current is really effective at producing ions
which are collected. Thue a is expected o be a number equal to or less than
one, since some of the electrons may elther 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 and
therefore do not register as effective ionizing agents. It is to be anticipatad
then that a is not a consiant but could depend on both the pressure and the .
electron emiesion current as well as the presence of a partial pressure of atoms
with & high electron affinity, '

Electrons which leave the filament and are accelerated to the grid produce
some ions which never go to the ion collector but are accelerated directly to
the screen or the conducting glass wall in the cases of the M.I.T. and the N.R.C,
gauges or may go directly to the glass wall iiself as in the Westinghouse gauge.




When the mean-iree path of the ions is long compared with the dimeansions of
the ionization region, then a considerable fraction of the ions produced there
are accelerated out the ends of the lonization region of the Westinghouse gauge
and become neutralized at the glass walls. Thus it is to be anticipated that
the 3 of Eq. (6) will be less than one and it will be pressure-dependent and
electron-current dependent. Its pressure dependence in the Westinghouse
gauge should be greater than that of the M.1.T. and N.R.C. gauges.

Under low-pressure, low-curreni conditions the idealization expressed
by E£q. {4) may come near to being realized. In that case, we can recognize
K:: as the product of the average electron path lengih (Le) kefore the electron
is collected and the effective ionization efficiency factor "Fi . Nominsally, P
is an experimentally determined number dependent only on the electron energy
for a particular gas. Typical values of this quantity are shown in Fig. 3 which
presents data published by Compton and Van Voorhis, Note that for nitrogen,
the value of Py is 11 at 100 volts. This number means that on the average,

a 160-volt electron iravelling through nitrogen at 1 millimeter pressure and
at 0°C will produce an ion in a distance of (1/11) cm. The concentration of
nitrogen atoms under this standard condition is 3,54 x 1016 aloms per cc.

An ionizatiton gauge really indicates atom concentration and not pressure
and yet it is calibrated directly in terms of pressure when a McLeod gauge is
used as the reference standard. Thus in terms of {undamental data of the type
illustrated in Fig. 3, the effective value of the ionization efficiency wouldbe .

P, (273/7T) averaged in some way over the dlstributicn in electron energy within -
the ionjzalion space. The gas temperature is T°K. It would be practically
imposgible to work out this averaging quantitatively since within the ionization
apace electron energies range from 0 to Vf g 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 15' ruight very weill be only 10 or 15 per ceat
less than the meaeured value of Pi appropriate to electrons having the full
energy of about 100 volts which they might receive upon acceleration toward
the electron-collecting grid. Under these idealized conditions, we have

Ké = Le Pt {7)

Ag the pressure increases to the point that the electron mean-free path is 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
ionization efficiency 'P" could increase as the pressure increases since it
would he energetically possible and can be demonsirated experimentally that a
single electron can produce on the average as many &s Z or 3 ions before it
is collected. |

We may assemble all of the factors that relate ionizaton gauge performance
to pressure as applicable in the calibration reglon of a McLeod gauge which is
within a range of pressure of 107 to 10°! mm (Torr). Equations & and 9 show
this 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
be related to the other factorg mentioned.

I
"Ii"v' uﬂ_LeP'i p = Kp

LS of o
(y-)5=K= apL P (%)

-

All of the factors-in Eq. 9, namely a, 3, L, Fi are dependent on both
the pressure p and ths electron emission current I_. Thus K, instead of being
a constant of the gauge, is actuaiuy a function of these cther faciors and becomes
an cbhservable quantity. Experiments have been undertaken and partially com-
pleted on the observed variation of K with preasure and electron current. The
next section of this report will show the preliminary results and the following
section will offer tentative explanations.

Cbezerved Dependence of K on Electiron Current
Calibraiions have been carries out using the three gases, helium, argon

and nitrogen. In!gcnexsal, the pressure range used for these studies extended
from 16 to 16" mm. One of the bagic vequiremaenis that must be imoposed
ior accurate gauge measuremenis is that the ion current should be direcily
pioportional to the electron current. For two ol the gases studied s and the
tiiree gauges investigated, the electron current range for which direct pro- ;
poriionality exists {s surprisingly low. Under the highest pressure conditions,
suod linearity exists only in the current range less than 5 microamperes.

3 the gas pressure is reduced, the maximum electiron current seems to

incicase inverssly with the square root of the pressure. Marked differences

¥ The helium studies have not yet been completed.




are found between the three gauges in that the Westinghuuae gauge shows

good linearity with current over a considerably wider range than that observed

in the N.R.C. md the M.I.T. gauges. Typical curves that show the non‘uuearity
for nitrogen are glven in Fig. 4 and similar observationﬂ with argon are given

in Fig. 5. ;

In the experiments. the time required for each m&d@g«mmmly aaiew
seconds and sthe electron current was maintained at the indicated value for
just the time required for reading. Checkpoints were made very frequently
and, in particular, at the beginning and the end of each run. The changas in
485 pressure were always found (¢ be less than two per cent. Over the low
current range, it was therefore possible {o choose an ion current-eleciron
current ratio which was independent of the electron current itself. An equation
of the form of Eq. 9, applicable specificaily to the low-current range can
be written as:

1
(1—) #oPaling Ty ] — (10)

If ihe product of the quaniities given In (he square hrackets of Eq. 10 were

independent of ihe pre:ssure, then ¥ 4 would be a constant and could properly

be used as the gauge consiant for a perilcular gas. The fact that Ko is not
constant is illusirated in the next saction.

Gauge Senslitivity Under Low Electron Current Operation
The most interesting way to present these dala is to plot both the pressure

and the observed value of K, on logariihmic scales. A very good reason for
presenting log, Ko rather than value of K lisell is that relative changes and
relative differences for the “arious gauges are more graphically displayed.
Figure € shows data {or the three different gauges with argon as the gas studied.
The experimiental ¢aia for niirogen and helium are summarized by the
curves in Fig. 7. Although the log scale applicable o nitrogen is the same
as that used fm- argon, note that the log scale for belium, given ai the right
sice of the figure, has been displaged one order@f oagnituce, Thus the values
of Ko for helium are prac:tically L0 timmes smaller than the values for nitrogen,
whereas those for'nitrogen are only slightly emaller than those for argon.
These results are in quantitative agreement with the relative ionization efficiency
curves observed by Compton aud Van Voorhis and {ilusirated here as Fig. 3.




Interpretations

Most of the main features of the resvlts given in Figs. 4 through 7
are not difficult to interpret, at least semi~quantitatively. The nonlinear
performance with eleciron current follows a paltern except for minor details
that is pracisely what one would expect from an increased rate of recombination
Letween ions produced in the ion space and electrons. Normally, direct
recombination between elecirons and ions has a small probability of occurrence,
1t is therefore assumed that the electrons become atiached elther to the neutral
gas atoins present under siudy or to some {mpurity atoms or molecules present
in extremely small concentration and yet having a sufficiently high electron
aifinity to capture a very large fraction of the elecirons produced in the ionization
process. The basle reason why such nottceable diiferenpes exi,ag.._bmwegn the
pauges is not elear . s a0 g Lo c gt o G RAE By i T AE F

}p,&ll of the curveﬂ shown in Fig. 6 and 7, K 8 seen to pass through a
maxzimum,., In the M.I,T. and N.R.C. gauges, thlﬂ 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
the facior Fi.o' Under high-pressure conditions, the ion current has been cbserved
to be as much as double the electron emission current. This means that, on
the average, individual electrons produce at least two positive ions beiore the
electrons are removed from the ionization region. This mauliiple tonizaiion
should begin gradually as the pressure increases and may account for part of
the rise in K_. A gecond factor, lees easy to evaluate except by the alieration
on the actual gauge siructure relates to the factor o of Eq. (10). A ceriain
fraction of the ions generated inside of the electron colleciing grid and yet
very close to the spaces between the grid wires are accelerated out by the

charged glass wall and the outer grid andtherefore escape detection at the ion
collector. I, as the pressure is increased, a suallezfraction ofithesexions '
escape, that would correspond to a small increase In 3 which would in (urn
reflect ltself as a change in K . That the location of this maximum on the

pressure scale is sensitive to the collision crogs-section Is demonstrated
by the fact that the maxima for argon andinitrogen occur at approximately the
same pressure whereas the maximum for helium occurs at a pressure nearly
1C times greater.

The t’act that the curves for the Westi.nghouse gauge in all cases rise with

R T ‘

a steeper nlépe is taken to be airect evidence related (o the ion losg out of the




open ended grid structure. The extra increase in ao results from a reduction
in the loss of iong out of the open ends as ihe pressure is increasged. The
indications seem to be that under low pressure conditions nearly 40 per cent

of the ions are 19t in thai gauge struclure,

Conclusions

. These studies, preliminary though they are, indicate that for calibration
purposes, ion gauges must generally be operaied in the 1 to 10 mtcroampere
range of electron current and that the systematic variation in Ko with pressure
ir ‘he hest calibration range, namely, 10-4 up to 10—3 mm must be understood
u order that the moat suiiable value of K, may be used in the very low pressure
range. Finally, the well-known importance of the gas composition i8 clearly
illustrated in that as one achieves betier and betier vacua the fraction of
the residual gas that is helium generally increases. Uader these circumsiances,
the apparent vacuum might be congiderably betier than the true value. Under
many circumstances this would not be lmportant but with the increased interest
in space technology, improved methods of vacuum determination are of very
greal importance.




Figure Captions
of ' %
Nomographic chart for conversion,McLeod gauge measuremanis
w gas pressure for a gauge with (a/V ) = 2.43 x 10'6.

Circuit used with Bayard-Alpert ionization gauges.

Ionization efficiency P, for various gases as determined by

K. T. Compton anéd C. C. Van Voorhis, Phys. Rev. 27,

724 (1926).

Ion current as a function of electron current observed on three
different gauges operated at the same pressure of nitrogen.

lon current as a funciion of electron current observed on three
differsnt gauges operated at the same pressure of argon.

Cauge "constant” K o &t very low electron current as a
functicn of pressure for argoa.

Gauge "'constant” K at very low electron current as &
function of pressure for nitrogen and helium,
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