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This article describes and recommends various methods for calibration of thermal conductivity
vacuum gauges in the pressure range of the order of 1021 Pa~ 1023 Torr! to an atmosphere and is
one of a series published by the American Vacuum Society. It contains data from many sources and
represents the opinions of a number of experts in the field. The text was developed by a
sub-committee of the Recommended Practice Committee of the American Vacuum Society. The
Thermal Conductivity Gauging Committee is made up of users and manufacturers of vacuum
gauges who have a variety of experience in the practical use of thermal conductivity gauges.
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u
r,
on
ir

f

S

ts
y-

d
m

ity
de

od
t

en

ti
ec
as

e

b
in
es

for
. In
t is,

under
ion.
are

ion

s
al
nd

ra-
tion
rmal
th-
res-
ut.

the

e
e is

on
by
a
loss

dent
rts,
s a

en-
ber
the

dis-
tant
I. COMMITTEE MEMBERS

Recommended Practice Committee for Thermal Cond
tivity Gauging included the following people: D. H. Bake
Teledyne Electronic Technologies, H. M. Brady, Electr
Technology, E. Drubetsky, Televac, R. E. Ellefson, Cha
Leybold Inficon, Inc, A. P. Miiller, National Institute o
Standards and Technology~NIST!, R. N. Peacock, HPS
Division/MKS Instruments, and N. T. Peacock, HP
Division/MKS Instruments.

Other contributors include: R. Clark, MKS Instrumen
H. Gray, Edwards High Vacuum International, R. W. H
land, NIST, and S. C. Hisel, Leybold Inficon, Inc.

II. DISCLAIMER

This Recommended Practice is based on sources an
formation believed to be reliable, but the American Vacuu
Society and the authors disclaim any warranty or liabil
based on or relating to the contents of this Recommen
Practice.

The American Vacuum Society does not endorse pr
ucts, processes, manufacturers, and suppliers. Nothing in
article should be interpreted as implying such endorsem

III. SCOPE

Procedures and apparatus are described for calibra
vacuum gauges of the thermal conductivity type by dir
comparison with a calibrated reference instrument such
capacitance diaphragm gauge~CDG!, quartz Bourdon gauge
~QBG!, or spinning rotor gauge~SRG!. The pressure rang
considered is of the order of 1021 Pa ~1023 Torr!–105 Pa
~760 Torr!. This recommended calibration procedure can
used for lower pressures. However, uncertainties in read
increase significantly for thermal conductivity gaug
~TCGs! operated at very low pressures.

a!Electronic mail: rellefso@inficon.com
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Dry nitrogen gas is commonly used as the test gas
TCG calibration although any dry inert gas may be used
this article we do not address condensable gases, tha
gases whose saturation vapor pressure may be reached
the temperature and pressure conditions of the calibrat
Potentially explosive gas mixtures are not considered and
discouraged from use since TCGs could be an ignit
source.

The text is directed primarily to the calibration of TCG
with their readouts~panel meter display and analog or digit
output!, including thermocouple gauges, Pirani gauges, a
thermistor gauges, with or without convection-mode ope
tion. The procedure may be adapted readily to the calibra
of other vacuum gauges whose operation is based on the
conductivity or on a hybrid of pressure measurement me
ods. For example, there are TCGs that do not include a p
sure display but rather provide a dc analog voltage outp
The calibration of these gauges involves determining
analog output voltage as a function of pressure.

IV. PRINCIPLE OF OPERATION OF THERMAL
CONDUCTIVITY GAUGES

Thermal conductivity gauges1,2 are a class of pressur
measuring instruments in which the measured respons
associated with energy loss from a heated element~usually a
heated wire!. The energy loss is due to thermal conducti
through the surrounding gas and to the wire supports, and
radiation and by convection. The low-pressure limit of
TCG is reached when the pressure dependent energy
becomes significantly less than the pressure indepen
losses due to radiation and conduction to the wire suppo
as shown in Fig. 1. Energy loss by gas conduction ha
linear pressure dependence at low pressures where the
ergy transfer by gas molecules is proportional to the num
density of molecules. As the gas density goes up and
mean free path becomes shorter than the wire-to-wall
tance, gas molecule collisions increasingly become impor
2568Õ18„5…Õ2568Õ10Õ$17.00 ©2000 American Vacuum Society
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2569 R. E. Ellefson and A. P. Miiller: Recommended practice for calibrating vacuum gauges 2569
in energy transport to the wall and eventually at high pr
sures~viscous flow! the energy transfer rate becomes pr
sure independent~excluding convection effects!.1,3 Deviation
from linear response in a wire filament Pirani4,5 and a
miniature6 Pirani is observed to occur at pressures of 10–1
Pa~Fig. 1! where the mean free path is a few to 10 times
wire diameter. The upper pressure limit of a TCG may
extended to approximately 105 Pa by taking advantage of th
~weak! pressure dependence of convection losses. Prac
TCGs measure pressures between 1021 and 103 Pa ~1023

–10 Torr!. Thermal conductivity gauges that utilize conve
tion of the gas within the gauge envelope to extend th
measurement range above 103 Pa to 105 Pa ~the convection
mode of operation! are also commercially available. Occ
sionally TCGs have calibrations that extend below 1021 Pa.
Typical responses of a TCG to different gases are show
Figs. 2 and 3.

There are two principal thermal conductivity gauge typ
the Pirani and the thermocouple. The typical heated-w
temperature for both gauge types is 120–150 °C. Figu
4~a! and 4~b! show basic electrical measurement circuits
the two types of gauges. In a Pirani gauge, the wire temp
ture ~i.e., its resistance! is usually kept constant and the r
quired voltage across the bridge provides a press
dependent signal. In a thermocouple gauge, the wire
usually heated with constant power and the press
dependent wire temperature is measured directly with a t
mocouple. An alternate operating mode for a thermocou
gauge is to maintain the wire at a fixed temperature
measure the pressure-dependent input power require
maintain the constant wire temperature. In both gauge ty
instrument manufacturers convert the pressure-dependen
sponse of the heated wire into a pressure reading for a
cific gas, typically, nitrogen. The manufacturer usually p
vides calibration curves for other gases that are obtained

FIG. 1. Power loss from the heated element of a TCG by gas conduc
(WG! by conduction to the end supports~WC! and by thermal radiation
(WR! as a function of pressure. As the pressure is increased above app
mately 103 Pa the power loss due to gas conduction saturates excep
convection losses, which are weakly pressure dependent~shown qualita-
tively as the heavy dashed curve!.
JVST A - Vacuum, Surfaces, and Films
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multiplying the nitrogen calibration by single gas-speci
correction factors~Fig. 3!. More detailed descriptions of how
TCGs operate are given in Refs. 1 and 2.

V. TERMINOLOGY

The following terms and definitions relate to the calibr
tion of TCGs. Other terms and definitions may be found
the AVS Dictionary of Vacuum Terminology.7

n

xi-
or

FIG. 2. Pirani gauge bridge voltage proportional to power loss for the hea
element as a function of pressure for helium, nitrogen, and argon. The
pressure asymptote is due to conduction loss to the wire end supports
thermal radiation loss. Power loss in the midpressure range is dominate
the thermal conductivity of the gas present. At higher pressures the loss
to gas conduction saturates and the response of the gauge is dominat
convection losses, which are weakly pressure dependent.

FIG. 3. Correction curves for a particular Pirani gauge relating the indica
reading to the actual pressure for common gases. For example, an indi
reading of 103 Pa for He corresponds to an actual He pressure of appr
mately 200 Pa whereas the same indicated pressure for N2 is calibrated to be
equivalent to the actual N2 pressure. For the linear response region, a g
specific factor can be obtained from the correction curves to scale the
cated pressure to give an actual pressure for the gas present.~Used by
permission from Leybold-Heraeus GmbH, Ko¨ln, Germany.!
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2570 R. E. Ellefson and A. P. Miiller: Recommended practice for calibrating vacuum gauges 2570
~1! Primary Standard. An instrument where pressure rea
ings are derived from fundamental units such as len
and mass. This would include measurement of a liq
column height or pressures produced by volume exp
sion.

~2! Transfer Standard. An instrument that has been cal
brated with traceability to a primary standard for the p
pose of being used for a local calibration applicatio
Examples of such transfer standards are calibrated C
and SRGs.

~3! Working Standard. A working standard is a calibrate
instrument used for routine calibrations of other inst
ments. For example, this can be the transfer standard
specific TCG.

FIG. 4. ~a! Pirani gauge with a bridge amplifier for constant temperat
operation. The resistanceR is the Pirani gauge heated element andRS , R1,
andR2 are reference resistors in the bridge. The amplifier senses the
signal of the bridge and adjusts the voltage across the bridge to restor
original operating temperature of the heated element.~b! A basic thermo-
couple gauge circuit. Constant power is applied to the heated wire a-b
the temperature of the wire in the gas is measured at the center spot w
a thermocouple output voltage.
J. Vac. Sci. Technol. A, Vol. 18, No. 5, Sep ÕOct 2000
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~4! Check Standard. A check standard is an instrument th
may or may not be fully calibrated but which is know
to have a stability comparable to or better than the
vice being checked. For example, the check standard
be a specific TCG.

~5! Static Calibration. This refers to producing known pres
sures by introducing a quantity of gas into the volume
which the gauge to be calibrated and the working st
dard are connected.

~6! Dynamic (Continuous Flow) Calibration. This refers to
producing equal pressures at the gauge under test an
working standard by establishing a steady-state gas fl

~7! Units of Pressure. Pressure readings of thermal condu
tivity gauges are commonly displayed with units of pa
cal ~Pa!, Torr, millibar ~mbar! or microns ~mm!. The
relationships among these units are defined as follow

1 standard atmosphere5 760 Torr5 101.325 kPa,
1 Torr5133.322 Pa>1000mm,
1 mbar5100 Pa.

VI. CALIBRATION APPARATUS

The calibration apparatus consists of a pressure stand
the calibration chamber and vacuum system, and a test
admission system. System construction is important. Suita
construction for the calibration apparatus uses stainless s
metal-sealed fittings, and bellows-sealed valves.

A. Pressure standards

The pressure standards include primary, working,
check standards that are suitable for use in the range of p
sures where the TCG is to be calibrated. Table I gives a
of suitable standards. The recommended choices are on
more calibrated capacitance diaphragm gauges8,9 of appro-
priate full-scale range or a combination of gauges that
cludes a spinning rotor gauge.10
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TABLE I. Calibration standards suitable for use in the calibration of TCGs in selected pressure ranges
approximately 1 atm.

Calibration standard Range~Pa! Uncertaintya

Primary Standards:
Liquid Column Manometers
~i! Mercury UIMb 1 – 3.63105 Pa @~ 631023 Pa!21(5.231026P)2] 1/2

~ii ! Oil UIM b 1021– 140 Pa @~331023 Pa!21(3.631025P)2] 1/2

~iii ! McLeod gauge~Hg! 1024– 102 Pa '2%
Transfer Standards:
Quartz Bourdon gauges 10– 105 Pa ;0.01%
Capacitance diaphragm gauges 1021– 1.333105 Pa 0.3%–0.7%
Spinning rotor gauges 1023–10 Pa 1%–2%
Thermal conductivity gauges 1021– 105 Pa 5%–20%

aEstimated total uncertainty~nominally at the two-standard deviation level! arising from systematic effects;P is
the pressure in Pa.

bUltrasonic Interferometer Manometers~UIMs! developed at the National Institute of Standards and Tech
ogy.
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B. Vacuum system

Figure 5 shows a typical calibration apparatus. The f
lowing features are desirable for a TCG calibration appa
tus.

~1! The pumping system should use a liquid-nitroge
trapped diffusion pump or a turbomolecular pump c
pable of handling reasonable gas loads without ba
streaming when comparing gauges in the continu
flow mode. To make possible chamber pressures hig
than allowed pump inlet pressures, a throttling val
V2, is necessary between the chamber and the pum
system. This valve must be continuously adjustable fr
complete closure to full open. An appropriate gauge,
may be required between the valve and pump to ins
that maximum pump inlet pressure is not exceeded.

~2! The test chamber and associated plumbing should ha
volume at least 50 times the total internal volume of t
gauges. This aids in controlling pressure changes du
measurements.

~3! The test chamber ideally should have a shape that m
mizes the internal surface area to volume ratio. Howev
for small systems, a six-way cross conveniently appro
mates this goal. Other shapes with additional test p
that provide symmetry in mounting the TCGs and t
standard~STD! to minimize pressure gradients are a
ceptable.

~4! The system should be clean and leak tight and should
capable of a base pressure less than 1% of the low
pressure at which the gauge is to be calibrated. Alter
tively, the isolated calibration system should have a r
in pressure from leaks and outgassing that is less t
10% of the lowest pressure for calibration during t
time it takes to establish and measure the lowest cali
tion point.

~5! During the calibration, the system should be maintain
at the desired ambient temperature, which is then
corded several times during calibration.Note: If the
gauge is used at a different ambient temperature th

FIG. 5. Vacuum and gas admission systems for the calibration of the
conductivity gauges with noncondensable gases by comparison with a
sure standard: IG—ionization gauge to read base pressure; P1—gau
read inlet pressure of the high vacuum pump; P2—gauge to read b
volume pressure~optional!; valves V5, V6, and V7 are optional.
JVST A - Vacuum, Surfaces, and Films
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that of the calibration, the user should determine t
effect of ambient temperature on the gauge from ven
literature or by measurements on the test gauge over
temperature range of interest.

~6! All gauges involved in the calibration should be operat
long enough to reach a stable temperature before be
ning the calibration. The time required for a TCG
temperature stabilize depends on pressure.
temperature-stabilization times should be given in
TCG Operations Manual as part of the TCG specific
tions.

~7! The gauges being calibrated and the standard shoul
mounted symmetrically with respect to the flow strea
to assure equal pressures even with flowing calibrat
gas.

~8! The system should include a gauge capable of read
the base pressure. A hot or cold cathode ionization ga
~IG! or a spinning rotor gauge is suitable for this and c
be isolated from the test chamber with a valve~V7, op-
tional!. A residual gas analyzer~RGA! could also be
used to provide base pressure, test gas purity, and
easy way to leak check the system at base pressure

C. Test gas admission system

The purpose of the gas admission system is to prov
either conveniently adjustable flows or intermittent adm
sion of the gas to obtain desired pressures. Figure 5 sho
typical gas admission apparatus.

Since TCGs have differing sensitivity for various gase
the system must be capable of calibrating the gauges
different gases. For example, a pressure of less than 103 Pa
~10 Torr! of a high thermal conductivity gas such as hydr
gen, helium, or water vapor will produce the same indicat
as one atmosphere of nitrogen. Thus the gas admission
tem must provide pure test gas with the partial pressure
impurities low enough to avoid errors. This means that

~1! the chamber must be evacuated to at least 1023 Pa~1025

Torr! before starting a calibration;
~2! the gas admission system must be vacuum purged b

to the high-pressure gas cylinder valves as necessar
~3! the cylinder gas should be at least 99.95% pure.Note: A

small mass spectrometer with an appropriate gas sa
pling system can be helpful in ensuring that purity r
quirements are satisfied.

~4! Valve V4, which is used for gas admission, must
capable of fine control. Flow adjustment from 1026 to
103 Pa m3/s ~1025– 104 atm cc/s! is desirable. This
range of flow can be accomplished with a wide-ran
variable leak valve. The goal is to produce a stable fl
rate to establish a constant pressure in the test cham
in the dynamic calibration operating mode.

The following features are desirable for a gas admiss
system.

~1! The gas system should be compatible with the t
modes of calibration:1 dynamic and static. In the dy
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2572 R. E. Ellefson and A. P. Miiller: Recommended practice for calibrating vacuum gauges 2572
namic mode, which is typically used from 1021 Pa
(1023 Torr! to about 100 Pa~1 Torr!, gas flows continu-
ously through the system. This mode is used to prev
small leakage and outgassing rates from affecting
measurements, and makes it easier to set a stable
pressure. The valve~V4! and the throttling valve~V2!
are used to obtain the desired equilibrium pressure w
maintaining an allowed pump inlet pressure within t
manufacturer’s specifications. In the static mode, wh
is used at higher pressures, the throttling valve~V2! is
fully closed, and the valve~V4! is opened to increase th
pressure incrementally, and then closed.

~2! The system should include a pressure relief valve
burst disk to prevent the manifold pressure from rising
dangerous values in the event of gas cylinder regula
failure. If calibrating with toxic gases, an appropria
venting system is required.

~3! The system should include porous metal filter/seals
the metal-sealed fittings between the cylinder press
regulator and the regulator-to-manifold valves~V9, V10!
to prevent particulates from damaging the expens
flow adjustment valves.

~4! An optional buffer volume with pressure gauge, P2,
shown, which is helpful in maintaining stable flow i
those instances where it is desired to work with the c
inder valve closed.

VII. CONDITIONS FOR TESTS

A. Pressure

The gauge to measure base pressure should be calib
to read nitrogen pressure. The transfer standard~s! used to
measure calibration pressures should be calibrated fo
gases used if their response is gas species dependent.
ning rotor gauges are species dependent over their entire
erating range. Capacitance diaphragm gauges are specie
pendent at pressures below 100 Pa~1 Torr! if operated at a
temperature different from that of the calibration system.

B. Temperature

The calibration of a TCG should be at an ambient te
perature of~2363! °C or at a specialized temperature for t
desired application. It is important that the temperature c
ditions during the calibration resemble, as closely as p
sible, those under which the gauge is to be used~see Sec.
X C!.

If there are significant ambient temperature differen
between calibration and use of either the transfer standa~s!
or the TCGs, thermal transpiration effects can become
portant at pressures below 100 Pa~1 Torr!. For example, the
effects of thermal transpiration in capacitance diaphra
gauges9 can be as large as;1% for each 5 °C difference a
discussed by Poulteret al.11 and by Jitschen and Ro¨hl12.
However, in the case of TCGs, the magnitude of the ther
transpiration effect cannot be readily estimated due to
large temperature distribution of gas molecules inside
gauge.
J. Vac. Sci. Technol. A, Vol. 18, No. 5, Sep ÕOct 2000
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VIII. PROCEDURES

A. Assembly

~1! Assemble the calibration apparatus and connect the s
dard ~as well as any check standards! to the calibration
chamber. Check with manufacturer’s recommendatio
for mounting orientation of the standard.

~2! Connect the thermal conductivity gauge~s! to be cali-
brated to the vacuum system. Orientation of a TCG d
ing calibration and use should be the same as that
ommended by the manufacturer; for example, m
convection-enhanced Pirani gauges need to be mou
with the filament in a horizontal position to operate co
rectly above; 10 Torr.Note: Components from severa
TCG measuring systems of the same model may be
terchangeable and be within the manufacturer’s spec
cations. However, it is recommended that elements c
prising a given measurement system, including
ancillary equipment, be calibrated as a unit for the low
est uncertainty.

~3! Complete the electrical connections between the TC
and their controllers~according to manufacturer’s in
structions! using the cable and input connections th
will be used in a subsequent application. Verify ope
tion according to the manufacturer’s recommendation

B. Preparatory operations

~1! TCGs that have an atmospheric pressure reference
justment~ATM ! require exposure to a specific gas or t
application gas for end use. In preparation for calib
tion, TCGs should be exposed to the test gas at 1
and the ATM gauge adjustment made.

~2! Evacuate the test chamber, gauges, and assoc
plumbing. If necessary, bake out the system, apply
heat to the components within their temperature limits
reduce outgassing to an acceptable amount to reach
desired base pressure.

~3! After achieving base pressure, close the valve to
pump ~V2! and the gas supply~V4! to determine the
pressure rate of rise. If a RGA has been installed on
system, most have software packages to determine
pressure rate of rise. It is recommended that the rise
pressure be less than 10% of the lowest calibration p
sure in the time it takes to establish and measure
lowest calibration point. If the rate of rise is too hig
take corrective measures as necessary to eliminate l
and reduce outgassing before proceeding.

~4! Just prior to calibration, with the system at base press
adjust or readjust all gauges on the system to zero
cording to the manufacturer’s recommendations.

~5! Close valve V7 to the base-pressure gauge~or turn off
the gauge if there is no isolation valve!.

C. Gas delivery operation

~1! Isolate the gas supply cylinders from test chamber a
vacuum system by closing appropriate valves. Conn
pressurized gas cylinder~s! to the manifold as needed
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Purge the air trapped when connecting a cylinder to
system by using a general laboratory procedure that
volves a sequence of evacuations of the manifold
purging using the cylinder gas. Three cycles of evac
tion and purge are a common practice. For evacuatio
the manifold, establish a path from the cylinder to t
forepump by closing V1 and V4 and opening V3, V
and V9 or V10 as appropriate~Fig. 5! with the regulator
adjusted to deliver gas. To purge the manifold with c
inder gas, close V9~or V10! and open the gas cylinde
valve. Adjust the regulator to a positive pressure in
range of 15–30 kPa~2–5 psig!. Note: Suitable two stage
regulators are needed for low-pressure delivery. Man
facturers also will supply regulators specially cleane
for pure gas handling. With the manifold under vacuum
and valve V4 fully closed, the manifold is filled with ga
to the regulator pressure by opening V9~or V10!. A
Bourdon or similar pressure gauge, P2, is helpful to
dicate the manifold pressure. Thereafter, gas admis
to the test chamber is controlled by the leak valve, V

~2! Calibration is possible using increasing or decreas
pressure. However, calibration is normally perform
from low to high pressure for convenience and to mi
mize effects of outgassing, wall temperature variatio
gauge zero instabilities, or leaks on low pressure calib
tion points. Calibrations using increasing pressure m
differ from a calibration obtained with decreasing pre
sure if the gauge wall temperature changes significa
due to self-heating.

~3! After a calibration run the chamber pressure is usua
higher than the maximum recommended inlet pressur
the high vacuum pump. Chamber pressure can be
duced by closing V1, V2, and V8 and opening V4 a
bypass valve V3 to a mechanical roughing pump. If
oil forepump is used, avoid backstreaming of oil by clo
ing bypass valve V3 before molecular flow is reached
the foreline13 at about 30 Pa~0.3 Torr!. Use of a suitable
molecular sieve trap in the foreline of an oil forepump
recommended.

D. Calibration

~1! Admit nitrogen or other test gas to the calibration cha
ber as required to establish the pressure desired f
calibration point. The gas may be admitted and the pr
sure adjusted by either of the following two method1

~a! Dynamic method~for pressures below about 100 Pa!.
Close V3 then open V8. Adjust both the inlet valv
V4 and exhaust valve V2 to produce the desired pr
sure in the calibration chamber with a constant flo
of test gas into and out of the calibration chamb
Note: The dynamic method makes adjustment
pressure easier than controlling the introduction
small quantities of gas. However, the gas load m
get too large if the pressure produced for dynam
flow calibration measurements exceeds the maxim
inlet pressure of the high vacuum pump. The sta
method is preferred for establishing higher pre
JVST A - Vacuum, Surfaces, and Films
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~b! Static method~for pressures greater than the max

mum inlet pressure of the high vacuum pump!. Ad-
mit only as much gas as required through valve
~V2, V3 closed! to raise the pressure to the desir
value with the pumps valved off.

~2! Observe the reading on the pressure standard un
stable pressure is achieved. Observe the reading of
TCG until the reading stabilizes to a steady avera
value with a precision that is applicable for the purpo
of the calibration.Note: The precision of all TCGs is
pressure dependent, which is a direct consequence
their nonlinear response to pressure. Successive read
ings should be taken on the TCG and standard until
trend or the same trend in pressure readings is obse
in both gauge and standard. Record the readings
compute the average values for the TCG and standa

~3! Repeat for other test points with a minimum of two d
ferent points per decade of pressure over the comp
pressure range desired. For two points per decade,
@approximate values~1, 3, 10, . . .!# and for three points
per decade use~1, 3, 7, 10, . . .! over the pressure range
This procedure generates a calibration table of press
measured by the pressure standard and by the gau~s!
under test. These are used to generate a calibration re
as described in Appendix C.

IX. ACCURACY AND PRECISION

The precision of readings of the TCG under test is limit
to the least significant stable digit on a digital display
readability/interpolation of an analog display or analog o
put for the decade of pressure being measured. The mea
ment uncertainty of the TCG can be about 5%–20% of in
cated pressure. The use of a single gas-specific factor~Fig. 3!
to scale the calibration with nitrogen to another gas will ge
erally produce uncertainties that are larger than direct c
bration for that gas.

X. GOOD PRACTICES AND USAGE OF TCGS

A. Safety issues

1. Overpressurization protection

Figure 3 indicates that gases with molecular weig
greater than that of nitrogen result in a TCG pressure in
cation that is lower than the true pressure in the convect
mode pressure region (.103 Pa!. For example, the TCG
response to argon saturates at about a 104 Pa ~100 Torr!
reading on a nitrogen calibrated scale as pressure
increased.14,15As the argon pressure is increased to an atm
sphere and above, there is no increase in the TCG readin
this gauge were used for monitoring when bringing a syst
to atmospheric pressure using argon, the potential for o
pressurization exists. Thus a pressure relief device is rec
mended if a TCG with a convection-mode calibration
planned to be used to control process pressure near a
spheric pressure.
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2. Explosive gas mixtures

Heated TCG filament materials include W, Pt, N
Nichrome, and Chromel-Alumel. Platinum and nickel can
sources of ignition if explosive gas mixtures are present e
if the gauge is turned off because the surface can be a
catalytic for some reactions.15 Hot spots or broken wires tha
could generate a spark can also become a source of ign
for any filament material. It is not recommended that TC
be used when potentially explosive gas mixtures are pres
a single-sided CDG with no electrodes present would b
better choice for pressure measurements of potentially ex
sive mixtures.

B. Cleaning of TC gauges

The calibration of TCGs may be affected by changes
the surface of the heated elements, which will affect th
heat transfer characteristics, especially at low pressu
These changes may result from oxidation of the heated
faces or the accumulation of foreign matter. Oil deposits
especially troublesome. If the heated elements operat
temperatures above, say, 300 °C, the oil may decompose
form coatings that are difficult to remove. If the gauge
suspected of being contaminated, consider the conseque
of attaching the unit to the calibration apparatus. Consult
operating manual of the TCG for cleaning instructions,
any. The safest plan to assure reliable pressure readings
replace the gauge head with a new calibrated unit.

C. Ambient temperature effects

The response and calibration of the TCG depend on
gauge wall temperature, which is affected by the ambi
temperature of the gauge. Some TCG manufacturers h
temperature compensation for the wall temperature but
usually high or low ambient temperatures can cause ina
racies in readings. Gauges should be used at an ambient
perature within the range specified by the manufacturer.
applications where the gauge environment is unusually w
or cold, and accurate readings are needed, the calibratio
the gauge should be done with the gauge tube placed
temperature-controlled environment and adjusted to the t
perature of the application environment~see also Appendix
A 3 a!.

APPENDIX A: GENERAL

1. Laboratory safety

Caution: General laboratory safety and the use of haza
ous materials are beyond the scope of this article.

2. Calibration standard

For a device or instrument to qualify as a standard,
measurement performance should be predictable and
oughly understood, and its random and systematic uncer
ties should be well characterized and documented. Onl
the above conditions are met can the comparison of the T
with the standard be called a calibration.
J. Vac. Sci. Technol. A, Vol. 18, No. 5, Sep ÕOct 2000
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3. Environment

a. Temperature considerations.All thermal conductivity
gauges~TCGs! respond to external temperature changes
do the standards against which they are being calibra
Although many TCGs have temperature compensation, t
should be protected from extreme temperatures during b
calibration and subsequent use and also from changes in
perature from local air currents, such as those from air c
ditioning vents and cooling fans. If extreme temperatu
variations are encountered, it may be necessary to acti
control the temperature of the immediate surroundings, e
for TCGs with built-in temperature control or temperatu
compensation. The degree to which lack of temperature
bility is a problem must be inferred from behavior in a pa
ticular environment.

If condensable gases are present in the system, care
be taken to avoid temperature and pressure conditions u
which liquid can form.

b. Cleanliness.Strict attention must be paid to maintainin
cleanliness in order to insure leak-tight joints and low o
gassing rates and to prevent contamination of the instrum
under test and/or the calibration system. It is important
know the history of the TCG to be calibrated before conne
ing it to the calibration chamber to prevent a possible tra
fer of contaminants.

c. Stability of equipment.It is suggested that the transfe
standard and check gauges be kept turned on and evac
when not in use. This keeps them in a relatively stable te
perature environment, clean, and outgassed before the
use. All of these precautions will help prevent shifts in th
calibration and minimize the next start-up time.

4. Personnel

Personnel performing calibrations should be familiar w
the principle of operation and general characteristics of b
TCGs and whatever device is being used as a standard,
all ancillary equipment.

5. Certification of equipment

If applicable, all ancillary equipment~voltmeters, etc.!,
should be within their certification period and have reliab
estimates of their uncertainties that can be factored into
final uncertainty of the instrument being calibrated. Prop
operation of computers and other data gathering dev
should be verified. Be aware that the addition of data-logg
equipment can introduce errors such as noise, nonlinea
and voltage offsets.

APPENDIX B: DOCUMENTATION

Maintenance of documentation relating to calibrations,
cluding procedures and results, is a matter of user pol
The following guidelines are suggested.
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1. Calibration intervals

In principle the required calibration intervals could be e
timated from the TCG manufacturer’s specifications perta
ing to accuracy and calibration stability, if given. Howev
these data may not represent the user’s TGG and un
history is obtained which indicates otherwise, it is pruden
keep the initial calibration intervals for a TCG relative
short. Past calibration history and interim use~or misuse!
should also be accounted for rather than adhering to an
flexible schedule. Comparisons at several pressures aga
check standard~see definition in Sec. V! can be used be
tween regularly scheduled calibrations to determine if gr
changes have occurred, and to determine if a scheduled
calibration is even necessary. Drift of the ZERO or AT
readings may also indicate a calibration problem.

2. Records

Records should be kept for each TCG that is calibrated
well as for any transfer standard used for comparison to
low assessment of their long-term stability with time~which
may not be initially available! and to provide objective evi
dence that calibration schedules are complied with.

a. Retention.Calibration data and ancillary records shou
be retained in sufficient detail to permit repetition of t
calibration, if necessary, and for a sufficient period of time
satisfy all regulatory and contractual requirements.

b. Record content.The records should include TCG ident
fication, calibration history including any unusual observ
tions or circumstances, necessary information required to
cate each TCG in the calibration system~if applicable!, and a
clear indication of when the next calibration should be p
formed on any gauge. Similar information concerning t
primary or transfer standard used in the calibrations sho
also be kept.

c. Traceability documentation.If required, documentation
must state the traceability to national, international, or intr
sic standards of measurement. If traceability to the Natio
Institute of Standards and Technology~NIST! is being
claimed for a transfer standard, be sure that its calibra
certification is current and contains references to the dat
calibration and the NIST calibration test number upon wh
the claim is based. If a primary standard is used for TC
calibration, a suitable program of interlaboratory compa
sons or proficiency testing may satisfy traceability requi
ments.

d. Labeling.Calibration labels should be used when the
curacy of a TCG is critical to the integrity of a measureme
process in order to alert the user to its calibration status.
label, which may be applied to the TCG itself or on the TC
readout, should include information such as an identificat
or control number of last calibration, name or initials of t
calibrator, and the scheduled recalibration date.
JVST A - Vacuum, Surfaces, and Films
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APPENDIX C: THE CALIBRATION REPORT

The calibration report, at a minimum, should prope
identify the TCG and the standard used, the date of calib
tion, the calibration gas, the calibration method, the calib
tor, the critical temperatures in the system such as temp
tures of the standard, the calibration chamber, and the T
and any special circumstances.

The report should include some method for recover
‘‘true’’ pressure from the TCG indicated readings~e.g., see
Fig. 3!. A table containing the indicated readings of the TC
and those of the standard~true pressure! along with the as-
sociated differences~or corrections! is a common method o
presenting data in a report.Note: At the time of use for pres
sure determinations, these data may be entered into a c
puter as a look-up table or a least-squares-fitted equat
giving ‘‘true’’ pressure as a function of TCG indication.

The use of control charts in the calibration report is high
recommended. Examples of control charts are graphs
give the history of past calibrations, which may be used
spot trends or changes in the behavior of either the TCG
the standard. Plots of differences between indicated read
of the TCG and those of the standard as a function of
TCG reading are also useful because they provide an e
method for comparison with previous calibrations. They a
provide a quick method for predicting corrections to the
dicated readings at different pressures.

The report should also contain a statement of the e
mated uncertainty in the calibration test results~see Sec. C 2!
as well as the estimated uncertainty in subsequent us
these results to measure pressure with the calibrated T
~see Sec. C 3!.

Guidelines16 for evaluating and expressing uncertainty
measurement results adopted at NIST are recommended
general approach. The components of uncertainty are c
monly identified either as those arising from random effe
or those arising from systematic effects. These compon
of uncertainty may be classified alternatively according
the method used to estimate their numerical values:~a! those
which can be evaluated by statistical analyses as stan
deviations, termedstandard uncertainties ~type A evalua-
tion!, and ~b! those which are evaluated based on scient
judgment using all relevant information available~type B
evaluation!. In a type B evaluation, the estimated uncertain
is converted to an equivalentstandard uncertainty by di-
viding the estimated uncertainty by a multiplier16 associated
with the model probability distribution~rectangular, triangu-
lar, or normal! that best describes the statistical behavior
the quantity being measured. Thecombined standard un-
certainty of a measurement result can then be obtained
combining the individual standard uncertainties, wheth
arising from a type A evaluation or a type B evaluatio
using the ‘‘root-sum-of-squares’’ method. The current inte
national practice~at NIST as well! is to report the measure o
uncertainty as anexpanded uncertaintyat the two-standard
deviation level, which is obtained by multiplying the sta
dard uncertainty by acoverage factor equal to 2. Thus,
when normal statistical distributions apply, the expanded
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certainty defines an interval having a level of confidence
approximately 95%.

1. Uncertainties associated with the standard

Primary and transfer standards that are suitable for us
the calibration of TCGs are listed in Table I along with
typical value or range of values for their uncertainty due
systematic effects. The systematic effects in the liqu
column manometer primary standards include uncertain
in the density of the liquid, the measurement of liquid c
umn heights, and the local acceleration of gravity. The la
est systematic effect in a transfer standard is often the lo
term instability in its calibration. The uncertainty due
calibration shifts can only be evaluated by repeat calibrati
of the particular transfer standard against a reliable stan
over a period of time.

Systematic effects in different types of calibration sta
dards such as ultrasonic interferometer manometers,17,18 ca-
pacitance diaphragm gauges,9 and spinning rotor gauges10

~also called molecular drag gauges! are described in detail in
the cited references. The references give uncertainties
were representative of a particular instrument or a group
instruments at the time of study. These uncertainties
those in Table I should be used only as a guide in evalua
uncertainty in any selected calibration standard since s
instruments perform better than this, and some worse.

All systematic effects that can contribute to the unc
tainty of the standard used for calibration should be ide
fied and the magnitudes of the associated uncertain
should be estimated at appropriate points within its meas
ment range. The uncertainty of the standard,USTD, can then
be evaluated by taking the root-sum of squares of the c
ponent uncertainties:

USTD5A(
i

~USYS! i
2, ~C1!

where (USYS) i is the uncertainty due to theith systematic
effect ~e.g., zero instabilities of the standard, calibration
stability of the standard, etc.!. The uncertainty due to the
randomness~noise! of the standard is best evaluated at t
time of the calibration test and included as part of the unc
tainty of the calibration results.

2. Uncertainty in the calibration test results

The uncertainty of the calibration results,UCAL , that is,
the uncertainty in the ‘‘true’’ pressures associated with giv
TCG readings, will include uncertainties arising from t
calibration standard, from the calibration method used,
well as from the TCG itself. It may be estimated by comb
ing the component uncertainties by the root-sum-of-squa
method,

UCAL5AUSTD
2 1(

j
~USYS! j

21URDM
2 , ~C2!

whereUSTD is the uncertainty due to systematic effects in t
standard as evaluated in Eq.~1!, (USYS) j is the uncertainty
due to thejth systematic effect associated with the calib
J. Vac. Sci. Technol. A, Vol. 18, No. 5, Sep ÕOct 2000
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tion method, andURDM is the combined contribution due t
random errors of the standard, the TCG under test, plus o
ancillary instruments~if used!. Examples of uncertainties
that are associated with the calibration method may incl
operator bias, inaccuracy of ancillary instruments such a
digital voltmeter used to read outputs from the stand
and/or the TCG, etc.

The random uncertainty of the standard and that of
TCG can be evaluated individually from the standard dev
tion of repeated measurements at a series of stable pres
spanning the range of measurements. The total random
certainty at each pressure is then obtained by taking the r
sum square of the component contributions.

When calibration results are represented by a le
squares fitted equation, the combined random uncerta
arising from the standard and the TCG, as well as from
cillary instruments~if used!, is evaluated from the standar
deviation of the predicted values of the least-squares fit.

3. Uncertainty at the time of TCG use

It is important to note that the test results are validonly at
the time of calibrationand that,at the time of use, additional
random and systematic effects must be taken into acco
The uncertainty in the measured pressure,UP , at the time of
TCG use will include not only the calibration uncertaint
UCAL , but also additional uncertainties that must be co
bined in quadrature:

UP5AUCAL
2 1(

k
~USYS!k

21URDM
2 1ULTS

2 , ~C3!

where (USYS)k is the uncertainty due to thekth systematic
effect in the measurement method~e.g., operator bias, single
factor scaling, etc.! andURDM is the uncertainty due to ran
dom errors in the TCG at the time of use, which can
evaluated from the standard deviation of repeated meas
ments at a stable pressure. The uncertainty due to long-
shifts in the TCG response between calibrations,ULTS , is
often the largest uncertainty and yet the most difficult
evaluate. It can be estimated from historical calibration d
for the particular TCG, if available, and/or from the calibr
tion histories of other similar TCGs. With or without histor
cal data, confidence in the stability of the TCG’s calibrati
can be improved if it is periodically compared with one
more check standards.
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