NOTICE
PORTIONS OF THIS REPORT ARE ILLEGIRLE

it has been reproduced from the best

available copy to parmit the brosdast
possible avaliability.

PARTIAL PRESSURE ANALYSIS OF PLASMAS

H. F. Dylla

O LT T ECEp

Plasima Physics Laboratory, Princeton University

Princeton, NJ 08544 USA

PPPL--2163
DEBS5 0D3B85
« ABSTRACT
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meagurements is reviewed. A comparison is made between the technigues of
plasma flux analysis and partial pressure analysis for mass spectrometry of
I plasmas. Emphasis is given to the application of quadrupole mass
spectrometers (QMS). The interface problems associated with the coupling of a
oMS to a plasma device are discussed including: differential-pumping
requirements, electromagnetic intarferences from the plasma environment, the

detection of surface-active species, ion source interactions, and calibration

! . procedures. Example measurements are presented from process monitoring of

glow discharge plasmas which are useful for cleaning and conditioning vacuum
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I. Introduction
Mass spectrometric analysis is a routine vacuum measurement that has
bucome increasingly useful as a plasma diagnostic¢ technique for both high

1

temperature fusion plasmas' and low temperature (process) plasmas.2 Mass

gpectrometry is the primary diagnostic for optimizing and process monitoring

3 which have heen Qeveloped for

plasma discharge cleaning techniques
conditioning the large vacuum vessels of fusion devices and particle
accelerators. The relative simplicity of the mass spectra of the gaseous
components in a plasma process, in comparison to the optical emission
spectra,4‘5 makes mags spectrometry useful for quantifying plasma composition
and impurity concentrations for the study of gas-phase plasma reactions and
plasma-surface interactions.

One can distinguish two general schemes for mass spectrometric analysis
of plasmas: #£lux analysis and partial pressure analysis. Plux analysis
involves gsampling the plasma directly by coupling the line-of-sight emission
of plasma particles through a swall aperture into the ion optics of the mass
sp~ctrometer, This method is best suited for plasma species and energy
analysis. In comparison, partial pressure analysis allows simpler vacuum
connections between the mass spectrometer and plasma chamber, and generally
less stringent differential pumping requirements. It is the methoa orf choice
for monitoring glow discharge treatments of vacuum vessels or large area
materials processing because the measured signals are representative of the
integrated effects of the relevant plasma-surface interactions.

This paper will focus on the partial pressure analysis method as it is
more widely applied in fusion plasma and process plasma research and
development. Emphasis is glven to the most widely used type of mass

spectrometer for real-time monltoring of plasma conditions, the guadrupole
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mass spectrometer (OMS). A number of important interface problems associated
with the coupling of a QMS to a plasma device will be discussed in this paper,
including: (1) the trade-off of pressure reduction with system dynamic range
when differential-pumping is required; (2) electromagnetic interferences
(ultraviclet, soft X-ray, and magnetic field effects) from the plasma
environment; {3) the difficulty of detection of surface-active species; (4)
the decrease in signal-to-noise due to ion source interactions; and (5) the

need to characterize and standardize calibration procedures.

II. Plasma Flux Analysis

Mass spectrometry has for many years been an important diagnostic teool
for basic gtudies of the atomic and chemical processes that occur in both low
temperature and high temperature (fusion) plasmas. A revisw article by
Drawin’ {1967) discusses the experimental configurations which were used for
mass spectrometric studies of flames, arcs, glow discharges, and the fusion
devices of the 1950-60's. These studies typilcally employed instrumentation
for flux analysis of plasma particles which streamed through a sampling
aperture located at or near the plasma vessel wall. After extraction from the
plasma, the particle Elux was energy and/or mass analyzed. Figure la shows a
schematic diagram of the typical apparatus required for plasma flux
analysiss Of the four stages shown in Fig. 1a, (1) the particle
extraction/cellimation optics, (2) the energy analyzer, (3) the mass analyzer,
and (4) the ion detector, the most complicated component in the gystem in
terms of its design and effect on signal collection and interpretation, is the
extraction optics. The slimplest extraction system employs an aperture which

separates the plasma vessel from a separately pumped chamber containing the



energy and mass spectrometers., The resulting flux of neutral particlea from
the plasma (background atomic and molgcular neutrals and plasma charge-
exchange neutrals) will be collimated by the aperture according to the
kinetic-gas laws appropriate to the neutral pressure in the vicinity of the
aperture. Once collimated by the sampling aperture, the ilux of neutrals can
be ionized to allow energy and mass analysis by electrogtatic and/or magnetic
deflection. For particles with thermal or near thermal energies (0.02 - 10
ev), the ionization is uswally rerformed with an electron bombardment

9 are used for ionizing the higher energy

ionizer,a whereas stripping cells
charge-exchange neutrals (100 eV - 100 keV) that are pregsent in contemporary
fusion devices.'o It is important to notice that these two conventional

ionization techniques leave a gap in the energy spectrum (10-100 eV) which is
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where the peak charge=-exchange fluxes occur in tokamak fusion devices.
bridge this shortcoming, surface ionization detectors have been developed with
time-of-flight analyzers,12 which have extended the detected charge-exchange
energy spectrum down tc 5 eV for H2.13

Flux analysis of plasma ions is not as straightforward as the analysis
of neutrals because of the electrostatics of the interaction of the sampling
aperture with the plasma. The nature of the charged particle flux through the
aperture depends on the plasma condlitions in the wvicinity of the aperture, the
geometry and electrostatic potential of the aperture. This problem is not
solvable in general; however, a few special cases of practical importance are
well treated in the literature, Drawin’ diseusses thrae configurations for
extracting plasma ions from an electrostatic plasma (i.e., glow discharge),

that depend on the relative magnitude of the ion mean=free-paths, A the

if
Debye shielding length, AD‘ and the extraction aperture diameter, D, The

simplest case is c¢ollisionless extraction through a plasma sheath whiech occurs




when Ay >> Dy, AD' In this case, if the extraction aperture is biased
negatively {or is simply an aperture in the cathode if the plasma is a dc glow
discharge), the sampled flux 1s descriced by the ion saturation current, Is+ -~
nicszi/ﬁmi)1/2, derivable by electrostatic probe theory., The case of
collision dominated extraction through a plasma sheath, X; < Ap, D i3 more
complicated. Differing collision processes between plasma particles of
differing mass can lead to the development of an extracted ion flux with a
very different ion population from the unperturbed plasma far from the
vicinity of the aperture. The third configuration described by Drawin is
extraction by ambipolar effusion which results when the extraction aperture is

‘ased at the floating potential, allowing an ambipolar current j ~ Dymb V0 to
effuse through the aperture. In certain cases, such aa the analysis of the
effusive flux from the positive column of glow discharge,14 this method can
lead to a relationship between the extracted and plasma ion flux that is
similar to the ion saturaticn method.

Flux analysis of magnetized plasmas complicates the analysis of the
extraction optics and, in addition, can cause practical problems with the
design of the downstream instrumentation because of the necessity to shield
fringing or stray magnetic fields from the plasma magnetic system. For flux
sampling of neutral emissions from magnetized plasmas, the usual experimental
approack is to move the apparatus a sufficient distance from the plasma vessel
that ensures that the effects of stray magnetic fields on the spectrometer are
negligible or can be minimized by shielding, A concomitant loss in signal
intensity and a more stringent differential-pumping requirement are necessary
with this approach because of the longer neutral flight path. This approach
is impractical for sampling ion fluxes from magnetized plasmas. Because of

the confinement of ions along magnetic field lines, the ion flux effusing



through an aperture will vary with the geometry of the aperture relative to
the magnetic field geometry. If the aperture axis is parallel to the magnetic
field axls, the streaming flux will be sampled; whereas, if the aperture axis
is perpendicular to the magnetic field axis, the cross-field diffusive flux
will be sampled. Both fluxes can be related to the local plasma ion density,
but the analysis is complicated. This problem has been considered in the
design of probes for space plasma research,15 and more recently by staib'® in
the design of a minature ExB mags spectrometer for in situ measurements of ion
fluxes in the edge-plasma of fusion devices. Note that by using in situ
spectrometers that make use of the ambient magnetic fields, the problem of
shielding a high magnetic field from a sengitive instrument is circumvented.
In addition to the references already cited, there are many examples of
plasma flux analysis in the literature.7'17 Much of the early work (as cited
by Drawin7) was concerned with analysis of dc and rf glow discharges. Often-
cited examples are the measurements of the Vanderslice and pavis'® and Houston
and Uhl,19 of the energy distributions of ions accelerated through the
cathode-fall of argon glow discharges. Recently, similar measurements were
made by Mathewson Eiiél:zo for the Ar/02 and H, glow discharge configurations
which are useful for discharge cleaning of accelerator and fusion device
vacuum vegsels. Flux analysis has been applied to plasma sputtering and
atching devices for plasma species analysis. The technique is capable of
identifying ionized and neutral gpecies in the vieinity of the substrate plane
of sputter~deposition devices such that the chemical composition of the
sputter deposited f£ilm can be monitored in real-time.2! The line-of-gight
sampling of plasma flux analysis is useful for analyzing reactive or transient
species in plasma-etching systems.zz'zs and has proved helpful for identifying

reaction mechanisms in such devices.26’27 Similarly, flux analysis has been




used for identifying the ion species in rf28 and high current plasma ion
sources.29'3°

These measurements illustrate the primary advantage of the flux analysis
technique for mass spectrometry of plasmas. With proper dasign of the
gampling aperture and extraction optiecs, plasma ions and neutrals that are
representative of the plasma composition in the vicinity of the aperture, can
be sampled such that the extracted species is unaffected by subsequent gas-
phase and surface collisions. The primary disadvantages of the flux apalysis
techniques are basically practical concerns: (1) the technique requires
careful design of the sampling and extraction optics, which cannot always be
made nonperturbing to the plasma device, (2) The differential-pumping
requirements to,maintain collision-free conditions may be nontrivial
especially for sampling the higher pressure process plasmas. 13) For fusion
device applications, the magnetic shielding requirements for the spectrometers
can be severe in terms of the design trade-off between the level of required

shielding and the loss of signal intensity with remote separation of the

spectrometer from the plasma device.

III. Partial Pressure Analysis

The alternative experimental acheme for mass spec¢trometry of plasmas,
which employs the same or somewhat simpler instrumentation as required for
flux analysis, ia partial pressure analysis. Figure 1b shows a schematic
diagram of the typical experimental arrangement for partial pressure apalysis
in which a guadrupole mass spectrometer {QMS) is indicated for the partial
pregsure measurement. Depending on the operating pressure regime of the

plasma device, there is either a high conductance or low conductance



- connection tube between the plasma device and the QMS chamber, which is
usually differentially pumped.

The choice of a gquadrupole mass spectrometer8 as the commonly uged
instrument for this type of measurement is the result of the following: (1)
lthe OMS is widely available as a commercial instrument; (2) its design and
operation are simple; and (3} the QMS has high sensitivity at reascnable
resolution with moderate mass discrimination over the essentlally small mass
range (0-200 amu) of interest to plasma processes and plasma chemistry.

The instrumentation for partial pregsure analysis can be made simpler
than that for flux apalysis, because the extraction optics and energy
analyzing stages are unnecessary. Usually, plasma particles avre allowed to
thermalize before reaching the QMS chamber by repeated collisions on the
connection tube wall, Thus, for the typical electron-bombardment ionizer of a
OMS the masgs analyzed ion curreﬁt, which is proportional to the local gas
density, can be calibrated in terms of a partial pregsure equilibrated to the
temperature of the QOMS chamber walls.

The primary experimental attribute of partial pressure analysis is the
fact that the technique samples volatile reaction products resulting from the
integral effects of plasma-wall interactions summed over the entire surface
area of the plaama chamber, In contrast, the flux analysis technique samples
anly the reaction products that are representative of plasma-material
interactions in the vicinity of the sampling aperture. This advantage of
partial pressure analysis is particularly useful when mass spectrometry is

26

uged as a diagnostic or monitor of: (1) plasma-etching of large area

3 for large vacuum vessels; (3) plasma-wall

samples; (2} discharge cleaning
interactions®! in fusion devices, such as impurl:y generation from wall
sputtering and hydrogen isotope replacement processss 1n wall materials.

The combination of the latter two applicaticns, and the advantages of
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simpler instrumentation with commercial avallability, have resulted in the
dominance of partlial pressure analysis for mass spectrometric gtudies in
32-34

fusion research of the past decade. Partial pressure analysis has also

been applied widely in the fleld of process plasmas, particularly as a process
monitor and end~point detector for plasma sputtering and etching.2'45'47
However, there are s number of problems concerned with interface of a partial
pressure analyzer to a plasma device which Lave been poorly addressed in the
literature and commercial documentatlion, that can lead to confusing and

erroneocus data interpretation. The following sections will address these

interface problems in detail.

A. Pressure Reduction vs. Dynamic Range

Let us consider the operating specifications of the typical high
performance (MS that would be uged ?or partial pressure analysis., The
operational pressure range with an electron multiplier ion detector is
10"11210™4 Torr. The lower limit is considerably above the minimum partial

~13 Torr), but does

pressures which have been detected with a QMS (< 10
repregent a practical detection limit defined as a signal-to-noise ratio of
approximately unity after integration of the minimal output current
(10-11-10712 a) of a 14 stage CuBe multiplier over a period of 1 sec. The
high pressure limit (1074 Torr) is usually defined as the pressure at which
gas scattering becomes important in the lon source and the signals become non-
linear with total pressure. It is a rare experimental situation in which one
has the luxury of the full factor of 107 in dynami¢ range that such a QMS
affords, because of the preéence of background signals at mass numbers of
practical interest. Backgrounrd levels are almost always a concern when

sampling plasma systems because of the chemically active gages that are
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involved, and the increased chemical reactivity of volatiles caused by
dissociation, exeitation, and ionization in the plasma.

To rescale the operational pressure range of the QMS so that the upper
pressure limlt enconpasses the regime of glow discharge plasmas (10'3-1 Torr),
it 1s necessary to use a pressure reduction stage between the plasma chamber
and QMS chamber. This pressure reduction can be accomplished with a low
conductance connection tube with differential pumping of the QMS chamber as
shown in Fig. tb.

By such means, the upper pressure limit can be scaled arbitrarily, and
the full dynamic range of measurement is available over the rescaled range.
The minimum detectable pressure in the plasma chamber would increase in
proportion to the rescaled upper pressure limit, assuming there were no
increases in background levels. However, in gpractice, the pressure reduction
cannot ke accomplished without an incommensurate increase in background levels
because of the high flow of the primary plasma gas species through the
throttling condactance and the QMS, Figure 2 plots the trade-off between the
predsure reduction factor and the minimum detectable parcilal pressure in the
plasma chamber for a QMS with the specifications given above. BAlso shown is
the decrease in system dynamic range as a function of the background partial
pressure.

A practical example: The application of partial pressure analysis to
hydrogen plasmas illustrates the possible severity in loss of dynamic range
when sampling reactive gas systemgs. When molecular Hy is introduced into the
typical electron-bombardment icnizer, of the order of 0.1-0,5% of the Hz will
be converted to the residual gases Hy0, €O, and CH, because of the formation
of atomic hydrogen on the ionizer filaments, and the subsequent reaction of H,

with ithe electrude surfaces.
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This 'problem has been studied in detail by the author,48

and Fig. 3
shows the results of background measurements as a function of ambient H,
prassure for a commonly used QMS ionizer, Without special conditioning of
this ion source, the backyround levels of H,0, CO, and CH, are such that the
dynamic range is reduced to 107 for H,0, and j04 for «;o/CH4 for measurements
of partial pressures at 18, 29, and 16 amu in H, plasmas. Pressure reduction
would exacerbate this situation because the necessary throttling valve waould
preferentially conduct the lower mass H, in comparison to the higher mass
residual gases, thus decreasing the effective signal=to-background level for
thege gases, This enhanced background problem is not limited to the case
where the primary plasma species 1s a chemically active gas. The effect also
has been documented in the sampling of inert gas (argocn) plasmas.49
Standard UHV practice in the design and handling of the QMS components
can reduce the background problem. In addition, there are several alterpative
schemes to minimize the problam: (1} the iocnizer can be treated to minimize
the offending gas-gsurface 1nteraction$. The interaction of Hy with standard
OMS ionizers was traced to the interaction of atomic hydrogen with iron oxides
on the electrode surfaces. Figure 3 zhows that a factor of five improvemenc
in background generation was obtained when the electrode surfaces were Cr-
plated and then conditioned by exposure tc a H2 glow discharge. (2) For
background problems that can be traced to the presence of a hot filament in
the ionizer, a low temperature emitter can be substituted, or an externally
generated electron beam can be used as the ionization source allowing the

50 A digadvantage of the commcn

removal of the filament from the QPMS chamber.
low temperature emitters (Th/W and LaBs) is that their emission
characterigticg are unstable in active gases; and the primary disadvancage of

the compound ionizer with a separated electron source i3 the considerable
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complication in experimental design over the relatively simple arrangement

; shown schematically in Fig. 1b. (3) A last resort solution to an intolerable

background problem in a partial pregsure measurement is to revert to a flux-

type measurement. By introducing an effusion-aperture on the line-of-sight

between the plasma chamber and OMS, and chopping the effusing beam with a

mechanical chopper, the signal=-to-background ra£io of the QMS can be improved
51

gignificantly using the well=known phase-sensitive detection technigue”' on

the OMS output.

B. System Response

The experimental scheme for partial pressure analysis diagrammed in Fig.
1b} which ghows the (OMS separated from the plasma chamber by a differentially
pumped connection tube, results.in the dynamic response of a preasure change
in the QMS chamker, APQ(t) being different from the pressure change in the
plasma device, APp(t). Flgure 4 shows the experimental scheme of Fig. 1b
redrawvn with the important kinetic factors in the system ldentified: the
plasma chamber with volume Vpr is pumped with speed Sps and may have one or
more gas input sources Q;; the DMS chamber with volume VQ, is pumped with a
separate pump with speed SQ, and is connected t? Vp through a tube with
conductance Cpe The quantities Spe SQ, and cT can be a function of the gas
temperature T, and the pressure P, mass M, and viscosity of the gas depending
on the flow regime and type of vacuum pump.

For proper calibration of a partial pressure analyzer, the relationship
between APD(t) and APQ(t) needs to be evalqated. First, we consider the
simplified case of nonreacting gasges, i.e.; gas-gurface interactions within
the connection tube and the QMS are ignored, so that only the kinetic

relationship between APn(t) and APQ(t) need be considered. For static
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measurements APD and APQ are related simply by a multiplicative throttling
factor, p, which is the same number as the pressure reduction ratio used as a

parameter in Fig. 2:

APD =p (aP.) (1)

p is inversely proportional to the net series conductance (CT) of the
connection tube and any intervening apertures or flow restrictions, and
proportional to the differential pumping speed, SQ.

For dynamic measurements, a differential equation describing the time-

response of the system must be solvedsg:

s v 4afp_(t)} s P
Pit)=(1 +-2) p () + 22— BB (2)
D CT ) CT dt CT

where the last term represents an expliclt background pressure Pp correctien
in the QMS. Equation (2) uswally has to be sclved numerically. Solutions of
interest to partial pressure analysis have been given by Poscheqriederj§i2}:1
and .Banno ia_]._.s2

The KFA gr:ou934 has considered the additional complication to system
time response that resultsiwhen the gas molecule of interest has a non-
ignorable sticking time on the surface of the connection tube in comparisaon to

transit times. They found for the case of the transmission of Hzo through a

stainless steel connection tube that equilibration times between a step



function increase in Py and a_ static value of PQ were greater than an hour for
T = 300 X and this declined to ~ 10 mi;utes for T = 430 X. Thus, absolute
dynamie measurements for PH20 in such a»system would be difficult on time
scales shorter than the equilibration time because of the variable depandence

of the equilibra¥ion rates on the surface conditiona of the connection tube.

Ce Electromagnetic Interferences

Interfacing a QMS to a plasma device requires a significant Jdegree of
effort to shield the 1nstru3entation properly from electromagnetic noise.
spurces generated by the plasma, or by the power sources which support the
plasma. Generally, two types of interference prcoblems are encountered: noise
generated in the CMS ion detector by particles emitted from the rlasma; and
electromagnetic pickup in the QMS ion detector or detector elect:onics from
EMI or RFI generated by plasma power supplies or magnctic systems.

For partial pressure analysis, it is not advisable to pesition the QMS
components, particularly the ion detector, on a line-of-sight view of the
plasma. Ultraviolet and soft-X-ray photons, and high energy neutrals which
;re emitted from the plasma can lonize residual gas in the viclnity of the ion
detector or gencrate secondary electrona on the lon-toc—electron conversion
electrode, Either effect will cause a large increase in background signal
that is mass independent. The practice of leocating the ion detector off-axis,
which is now standard in most commercial QMS instruments, will eliminate this
problem in most process plasma applications. However, for a high brightness
source such as fusion device, more drastic measures have to be taken., Far
example, the author observed that output signal of a QMS installed with a
line~of-aight view of the plasma in the PLT tokamak was completely dominated

by VUV emission during the duration of the plasma discharge. Apparently, the
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reflectivity of VUV on the quadrupole mass filter rods was sufficient to cause
the preblem, even though the ion detector was located off the QMS axls. This
particular prcblem was sclved by adding an additicnal right-angle bend in the
connection tube. An alternative solution would have been the use of a photon-
absorbing coating within the cénnection tube and QMS chamber., This technique
is often used for decreasing photon-induced background levels in charge-
exchange neutral analyzers on fusion devices.53

Tc minimize problems with EMI/RFI, it is important to obey standard
shielding and grounding practice for use of low level instrumentation in nolsy
environwents, such as the single point grounding for the QMS and double

electrostatic shielding of the icn detector-preamplier system. Here again,

the problems are more severe with the interface of a OMS to a'hiqh power

fusion plasma device. The most troublesome interference problem is concerned

with the coupling of magnetic fields from the plésma device magnetic system,
The mechanical problems asscciated with the use of the large, compound,
ferromagnetic shield554'55 which are required for high field areas, usually
dictates the positioning of a QMS in a location where the stray or frianging
fields are ¢ 1 kG. More modest shielding is still required to attenuate the
local fields at the QMS to a level which dees not affect operation.
Typically, the field has to be less than 10 gauss at the ion source,
quadrupole mass filter, and the electron multiplier {for the radial component
of the field). However, nmost electron multipliers are rore tclerant (B < 100

gauss) of axial magnetic fields.

D. Calibration Procedures
A common occurrence in the vacuum sclence literature is the presentation

of partial pressure data in an uncalibrated format, i.e., the signal output of
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a OMS is displayed as raw data (the electron multiplier of Faraday cup output
current), or in arbitrary intensity units. without, as a minimum, a
calibration that encompasses the entire system as described in Sec. III B, the
interpretation of {MS data can be very misleading. Reconsider the simplified
vacuunt system schematic shown in Fig. 4. A system calipration determines the
functional relationship between Pp and PQ for cne or woré gases aver a
pressure range of interest. 1In addition, the relationship between PQ and the
measured output current of the QOMS must be determined.

In certain situations the calibration procedure can be guite
complicated. For example, if the pumping speed of the plasma chamber or QMS
~hamber pump i3 not a well-defined function of gas species and pressure; or Lf
the calibration must span a pressure regime which causes the conductance of
the connection tube to overlap more than one kinetic flow regime; or if the
gas speciea of interest has significant physical or chemical reactions with
the vessel wall materials; then the calibration procedure is not straight
forward,

There are several examples in the literature of experimental
arrangements for partial pressaure analysis that are difficult to calibrate,
qpstable with respect to maintaining a calibration, ~r capable of being
calibrated ;nly over a limited range of parametera. The use of an ion pump
for the differential pump on the QMS chamber®” is a bad choicé because of the
large variation of pumping speed with gas species, and the tendency of the
pumping speed to decrease with time and total throughput. The closed-cycle
cryopunps operating at 20 K have the same disadvantages and also should be
avolded for this application.56
The optimum type of pump for this application is-either a turbo-pump or

a diffusion pump, because the pumping speed for hoth types of pumps can be

|
i
i
i
i
]
i
‘:
i
H
1
i
!

S




{
]
]
]
1
hl
1

17

characterized as function of the mass of the gas and the gas pregsure, and for
all practical purposes, the speed does not vary wit! time or total

throughput. This property creatly simplifies the calibration of a QMS aystem
over a wide range in mass and pressure.

A second common pitfall which complicates calibration procedures is the
use of needle-type throttling valves in the connection tube to accomplish the
prassure reduction. The mechanical hysteresis that is inherent in the desian
of moat valves of this type makes repeatability difficult, A better choice is
the use of a series of well-defined apertures. There exists no aptimal
calibration procedure for the partial pressure analysis scheme shown in Flg.
4, nor have the standards organizations addressed this experimental
sitvation. However, a number of relatively aimple approaches can be taken
which yield satisfactory results. If the process to be monitored is a
static process or otherwise slowly varying with respect to the characteristic
vacuum time constants, then a static calibration will guffice. 1In this case a
predetermined gas mixture can be introduced to-vD, the amount of introduced
gas is quantified either by means of a calibrated leak (Qi) or by comparison
with a calibrated total pressure gauge on the volume V,, and fipally the
rasponse of the QMS as a function of mass is recorded. For dynamic
measurements, single component gases must be introduced individually, and the
systen differential equation, Eg. (2), can be obtained numerically from the
measured pumping transients (Vp/Sp, VQ/SQ) and the form of dPQ(t)/dt.

As a specific example, the calibration procedure that we have adopted
for the partial pressure analysis un the Princeton tokamaks can be
described. Since the details of any calibration procedure are dependent on
the specific hardware involved, it 1s inatructive to describe first the design

of our partial pressure analyzers. Figure 5 shows the most recent version,



which is one of two instruments designed for use on the Tokamak Fusion Test
Reactor (TFTR}.27+°8 mquwo gtages of differential pumping have been inciuded
with different-sized apertures that can be placed in front of each stage. A
pressure reduction ratic of 70, 300, or 2 x 109, at m = 28 amu 1is accomplished
by the system depending on whether the first, second, or both apertures are in
place. For rartial pressure measurements of tokamak-type discharges in TFTR,
no pregsure reduction is required; for sampling the hydrogen glow discharges
that are applied to condition the vacvum vessel, a pressure reduction of 30 -
300 is used, since the glow discharge pressures are in the range 5 - 25

m Torr. {The highest pressure reduction ratio, 1000, was chosen for use when
TFTR begins tritium operation, to minimize the exposure of the QMS electron
maltiplier teo tritium),59 Located in front of each pumping stage, and on the
OMS chamber, are a gas iﬁlet valve for introducing calibration gases, and a
capacitance manometer and ion gauge which serve as secondary vacuum stapdards
for the calibration.ss The calibration of the capacitance manometers is
periodically checked against a spinning rotor gaugeso In a separate vacuum
system. .

The calibration of the TFTR partial pressure analyzer ls performed in
two parts. The firgt part involves measurement of the static pressure
reduction ratios, and the dynamic response to transient pressure rises in the
main plasma vessel for single gases of varying mass (m = 2 - 40 amu). This
part of the calibraticn need be performed only once because it involves fixed
cenductances and pumping speeds. The result for static measurements is the
pressure reductien ratio, p, (Egq. 1) which combines the effects of the
cennection tube and aperture conductances and the differential pumplng

speed, The second part of the calibration yields the relationship between an

absolute partlal pressure and the QMS Butput current for a particular gas
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introduced into the QMS chamber. This calibration is deone weekly for the TFTR
instruments because they are generally in~service full-time, and the QMS
sensitivity is dependent on the ilonization and extraction efficiency of the
ionizer, the transmission of the quadrupole masgs filter, and the electron-
multiplier gain, all of which can change with time or éxposure history.

Figure 6 shows an example of this part of the calibration. Aan equimolar gas

nixture containing six components (82, He, CHy, Ne, and Ar) is introduced into

the unpumped QMS chamber through a leak valve. The calibration curves of Fig.
6 are generated by stepwise increasing the total pressure over the range 2 x

10'5-2 b4 10'4 Tory as measured on capacitance manometers. To increase the

S P S

accuracy of the total presgsure measurement in the low end of this range 2-5 x

10“5 Torr, an ion gauge is used which is scaled with a gauge factor for the
gas mixture determined by comparison with the capacitance manometer over the

range S x 107521 x 1073 Torr, The partial pressure of each component gas is

4

assumed to be equal to one-sixth of the total pressure. This assumption was
checked by comparing calibration curves obtained with the gas mixture to

curves chtained with a single component gas. The possibility of mass
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separation of the gas mixture during the inlet process was checked by

comparing wass spectra of the gas mixture obtained from a fully pressurized

gas bottle to that cbtained from the same source when it was nearly exhausted.
since the calibration is performed under static conditions, best results

are obtained when the QMS and QMS chamber are thoroughly outgassed.

Nevertheless, outgassing corrections are minimized by pumping the system to
base pressure levels (~ 1 x 10'g Torr) between each data point.

The accuracy of this calibration pracedure is essentially limited by the
accuracy of the secondary vacoum standards, The relative error in the

calibration based on the systematic errors in the partial pressure measurement
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are estimated to be +£ 5%. The absolute error is estimated to be t 10% over
the pressure range of 10'5~10’4 Torr. The accuracy of calibration could be
improved by calibrating with individual gases against a spinning rotor

gauge. For our purposes we have sacrificed some acruracy for the expediency
of obtaining a relatively rapid calibration over the masa range of primary
irterast (2 - 40 amu). We attribute the primary cause of long=term drift in
the calibration of a QMS to aging of the electron multiplier. Following the
installation of a new (CuBe) multiplier the gain will fall by a factor of 5
after a short period of operation, but then will stabilize and exhibit a much
slower decrease in gain with time {see Fig. 7).

The data of Fig. 6 were obtained with the Frtranuclear 041-1 ionizer,
which seems to be reasonably linear up to a pressure of 10% rorr.
Alternatives to the use of pressure reduction methods for sampling pressures
higher than 1074 Torr are the use of optimized QMS components for high
pressure operation with minlaturized electrodes, or the incorporation of an

explicit nonlinear calibration at high pressures in the analysis of data.6

E. Glow Discharge Measuremente

It is appropriate to conclude this review with an example application of
partial presaure analysis. BAs previously gtated, the technique is useful for
monitoring the reaction products of plasmas with the plasma vessel wall or
with large area samples in contact with the plasma. Partial pressure analysis
has been the primary technique for monitoring and optimizing the hydrogen
discharge cleaning techniques3 which have been developed over the last decade
to condition the large vacuum veasels of contemporary fusicn devices. Figure
8 shows a recent example of this type of exgperiment: the time evolution of

the primary impurity gases produced during the initial glow discharge cleaning

|
|
!
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B U

7 The

i of the BS m3 stainless ateel vacuum vessel of the TFTR device.3
meagsurements were made with the instrument shown in Fig, 5., Since this
instrument was abaolutely calibrated, the data of Fig. & were used to

calculate the total amount of carbon (0.6 g) and oxygen (1.2 g) that was

removed from the vessel as a result of the discharge cleaning,.
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Figure Captions

(a) Schematic diagram of the typlcal apparatus required for plasma
flux analysis. A sampling aperture (A) separates the plasma
device from » vacuum enclosure housing energy and mass
spectrometers. The aperture may include ion optical alements or
be followed by additional ion lenses (L) for isn extraction, or by
an ionizer (I) for ionizatlon of neutral particles effusing
through the aperture. The ion datector (shown here as an alectron
multiplier) should be poaltioned off the axis of the aperture*to
prevent background problens caused by high energy neutrals (n )
and phetons (v} emitted by the plasma.

(b) sSchematic diagram of the typical apparacus required for
partial pressure analysis of : asma devices. The mass
spectrometer measures the neutral density (n°) in the aralyzer
chamber which can have a high conductance (Vi) or low canductance
{vy) connection to the plaswma device. The indicated mass
spectrometer components: a hot~-filament (F) electron-bombardment
ionizer (1), ion lens (L), quadrupole mass filter, and deflection
electrade (D) for an off-axis (electren multiplier) ion detector
are typlcal for commercially available guadrupole mass
spectrometers.

Trade-off of the pressure reduction ratio (the ratio of static
pressure in the plasma chamber to OMS chamber) versus the minimum
devectable partial pressure in the plasma chamber. The QMS is
assuned to have a minimum detectable rtial pressure of

10~"" worr and a dynamic range of 10’, Alsc shown (with the
dotted lines) is the loss in dynamic range (R) with increasing
background pressure (PB) in the QMS,

Change in partial pressure of the dominant residual gases produced
in the Extranuclear 041 ion source as a function of the H

presgure for the standard ion source {open points), and after Cr
plating and H, glow discharge conditioning (filled poilutsj. (From
Ref. 48).

Simplified vacuum schematic for the partial pressure analyzer
shown in Flg. 1b.

Schematic diagram of one of the two partial pressure analyzers on
the Tokamak Fusion Test Reactor (TFTR). The analyzers are located
on the torus vacuum pumping ducts shown in the inset figure.

Typical calibration curves for a QMS obtained by the procedure
described in the text. These data were obtained with an
Extranuclear 041-1 ionizer operated at 7 mA emission, an
Extranuclear 324-9 gquadrupole mass filter, and a 14 stage CuBs
electron multiplier operated at 2.0 kv.

Ohserved change in OMS gensitivity for N, as a functian of
operating time in a partial pressure analyzer on the PDX
tokamak. The configuration of this QMS was similar to the
degcription given in Fig. 6.
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Figure 8 Observed time dependence of the partial pressures of the
predominant impurity gases produced during the first glow
discharge cleanlng of the TPIR vacuum vegsel (From Ref. 37),
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