D. L. Raimondi
H. F. Winters
P. M. Grant
D. C. Clarke

Automation of a Residual Gas Analyzer
on a Time-shared Computer

,

Abstract: The automationof a quadrupole mass spectrometer- residual gas analyzer (RGA) on a time-shared IBM 1800 Data Acquisition and Control Computer is described. The RGA, which is used to determine the partial pressures of various gases in a vacuum
system, may be operated up to a maximum data rate of about 20,000 pointslsec (pps) in an interleaved manner with multiple slow-scanning (520 pps) instruments. We review in detail the hardware and software considerations regarding the design and subsequent interfacing of the instrument to the computer. Methods for initiating data collection, entering experimental parameters, and analyzing the
experimental data, such as spectrum plotting, smoothing, peak location, mass identification, and calculation of the partial pressures by
using a least-squares approximation to fit mass peaks, are discussed with examples.

Introduction
Residual gas analysis is a form of mass spectrometry
directed toward determining partial pressures of gaseous
speciescontained in a given ambientatmosphere. Because of evolution of gases from materials heated in a
closed system,andalsobecause
of gettering action,
spectral peaks arefrequentlytransient
in nature and
require a means for rapid data collection. In addition,
determining the partial pressuresfromthe mass spectrum is ordinarily tedious and time consuming. Modern
high-speed data acquisition and analysis tools have an
obvious utility for processing such laboratory data. This
paper discusses automation of a Residual Gas Analyzer
(RGA) utilizing an IBM 1800 computer operating in a
time-shared environment. Although otherautomated
mass spectrometric systems are described in the literature[l -41, we believe our effort to be one of the few (if
any) extant applications to residual gas analysis.
The time-sharing system concepts described by Gladney[5] are utilized in the present laboratory automation
a high-scan-rate
monitor[6],permitting thedatafrom
experiment (such as the one reported here) to be interleaved with data from slow-scanning experiments.
We describe in the next section some hardware and
software details pertinenttoourautomationscheme.
The subsequent section outlines the data acquisition and

data reduction phases of our experiment. Details of the
implementationand operation of thesystemarediscussed as they pertain to specific problems inherent in
residual gas analysis. In our concluding remarks we discuss the advantages and the
limitations of the current
automated RGA system.
Automated residual gas analyzer

Time-shared system
The IBM 1800 computer used in this work has a 32K
core storage with an access time of 2 psec per word and
standard process inputloutput equipment. The software
was developed under the Time-shared Executive (TSX)
operating system. For details of the software and hardware configurations, see Ref. 5 . The 1800 is currently
supportingavariety
of laboratory automation applications and, to a lesser extent, process controlstudies. Fifteen laboratory instruments are currently automated on
the1800.Theinstruments
may be classified intotwo
main groups. The first group consists of slow-data-rate
instruments, e.g., scanning spectrometers and chrornatographs, etc., requiring an average data rate
of about 5
points/sec. These instruments are routinely time-shared
on the
1800
using single,
a millisecond-interval
timer.
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peaks and identification of mass numbers by MS2, and
finally the partial-pressure calculation by M S ~ Each
.
data
reduction program returns through the control program
MSLIN to allow entry of programs into the “queue” by
other users. This technique prevents long delays in response to other 1800 users. Details of each part of the
system follow in the subsequent discussion.

Laboratory interface
Switches (digital input)
Lights (digital output)
Typewriter (output only)

GETMS
1

I

Control program
1. Parameter entry
2. Data acquisition
3. Queue MSLIN

Qucue data reduction programs

Plot data

Locate peaks
Mass numbers

Partial pressures
Gas calibration

Figure 1 Block diagram of key features of the automation of
the residual gas analyzer.

The second group comprises fast-scanning instruments
and includes the residual gas analyzer. In this group average data rates are of the order of 5000 pointslsecond
and requirededication of the computer’s analog-to-digital
converter (ADC) for their duration. Since time requirements for these instruments are generally short, the system provides time blocks so that uncontrolled slow-scan
instruments lose no more than four data points. Blocks
of 2-1 5 sec are routinely available to the residual gas
to other fast-scanning instruments.The
analyzeror
fast-scanning and slow-scanning instrumentsarethus
interleaved in a way that minimizes their interaction but
also providesmaximum availability to all users. Data
reduction, plotting and program development work are
time-sharedwith the higherpriority functions of data
acquisition andcontrol.Details
of this techniqueare
described by Grant[6].
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Software overview
The over-all structure for the operation of the RGA is
quite simple. Figure 1 depicts in block form various key
features of this system; a detailed flow chart fora similar
operation is included in Ref. 7. The program GETMS provides over-all control for the various steps required to
operate the R G A and implement final reduction of the
experimental data.Dependingonthe
switchsetting,
various steps of the process may be actuated, such as
parameter entry, acquisition of the mass spectrum, or
queuing of a second control program MSLIN which sets
up the sequence of data reduction programs. These include plotting of therawdata
by M S ~ the
,
location of
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Laboratory interface
The laboratory interface consists primarily of a set of 16
digital contact input switches,a set of 16 lights driven by
the 1800 digital outputfeature,
a contactinterrupt
switch, and anIBM1053printer.
Only fourtypes of
signals are sent to the computer, i.e. a 0 to 5 V sweep
voltage, a 0 to 5 V output signal, a contactinterrupt
switch signal that initiates data logging or analysis, and
16 switches that are readby the computer to obtaincoded information about important parameters or toindicate
desired analysis. General information on the use of the
dataandinterrupt
switches has been described elsewhere[81. The use of these switches in RGA automation
is described in the next section. The 0 to 5 V sweep
voltage is the standard sweep output on the RGA.
A logarithmic amplifier is used to measure the mass
spectrometer response signal. This method allows both
large and small currentsto bemeasuredquickly
and
without the complicated range switching required for a
linear amplifier. It should be noted that small peaks oftenprovide significant information about partialpressures;hence, alogarithmic amplifier with a dynamic
range of at least lo6 is needed. The output of the log
amplifier is fed directly to the computer, where the signal maybe exponentiated to yield the output current.
The mass number range from 0 to 50 can be swept in
about 4 sec. The limiting factor on the sweepis the slow
response time of the log amplifier at low currents. For
example, at
A the time constant is approximately
10 msec.
Communications from the computer areprovided both
by a set of 16 lights driven by a digital contact output
group of the 1800 and an IBM 1053 character printer.
Certaincodes will appear in the lights,indicating the
computer status at various stages of the process. Hard
copyoutput is presentedonthe1053fortheseveral
data acquisition and reduction programs. This printer is
fairly slow (15 characterslsec) and when larger quantities of output are required, the 1800-1443 printer is utilized.
Parameters
In our system, ten parameters may be entered through
the switches in the laboratory. They define runconditions and provide control of the various steps of the automated residual gas analysis.Asimpleeditingpro-
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cedure allows the routine changing of parameters, which
may vary for successive runs. This flexibility proves to
be an important feature of the system. These parameters
are shown in Table 1 and will be described in detail as
each phase of the operation of the automated RGA is
described.

I

Experimental procedure
Data acquisition
A signal from the computer starts themass scan by closing a relay in the laboratory. A typical mass spectrum for
an atmosphere containing CH,, N,, CO, Ar, and some
H, and CO, is shown in Fig. 2. Note the logarithmic relationship between y-voltage and current. Parameter 1 determines the time interval between relay closure and the
start of computer scanning, thus eliminating the storing
of unwanted data at the beginning of the mass scan. Parameter 2 determines the maximum number of points allowed to be taken as the mass range is scanned, usually
about 10,000 points, and parameter 3 determines the
scan time. Typically the mass range 0 to 50 is scanned in
3 to 5 sec.
Figure 2 shows that there are often large portions of
the mass range that do not contain significant data, e.g.,
between mass 8 and mass 10. Therefore, parameter 4 is
used to indicate a threshold current below which points
will not be stored by the computer. Usually out of the
10,000 points sampled, less than 1,700 are retained. The
background current must be subtracted from the total
current in order to obtain the signal due to the ambient
atmosphere. This background can vary greatly, depending on the past history of the electron multiplier. The
background is therefore measured during each scan and
the result used in M S 3 to make the appropriate correction.
The number stored in parameter 5 designates the voltage at which the background is to be measured. In our
experiments, this voltage usually corresponds approximately to mass 9.
When all parameters are initialized, data acquisition
may be initiated under the control of GETMS. A block
diagram of the dataacquisition portion of this program is
shown in Fig. 3. First, parameter validity is checked. If
all parameters are reasonable, the system checks available scanning time against the request and an error message is printed if the time interval is notsufficient. At this
time, the relay which triggers the mass scan is closed,
followed by the presetdelay timespecified in parameter 1.
When this timehaselapsed,
analog scanning begins.
Each point is checked against the threshold before retention. If it is below threshold, the program checks to seeif
the data are in a region where background is to be determined. If it is, the point is added to the background.
When data acquisition is complete, the averagebackground current is computed, a message indicating status
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Table 1 Parameters
used
analyzer.
Number

in the
automated

residual gas

function
Parameter

Type

1

Relay closure
delay

Run control

2

Total points scan
to

Run control

3

Total
scan

Run control

4

Threshold
current

5

Regionmeasure
to

time

Run control
background

Run control

6

RGA sensitivity

Data reduction

7 -8

Mass calibration

Data reduction

9 - 10

Tasksequenceandoptions

Data reduction
control

Figure 2 Mass spectrum for a mixture of Ar, CH,, CO and N,.
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of the run is printed in the laboratory, the data is written
to a disk file and the program exits.
Data reduction
Mass ident8cation and peak height determination
Coded entries are stored in parameters 9 and 10, which
indicate the type and sequence of analysis programs to
be used. For example, MS 1 , M S and
~ M S 3 provide plotting,
peakandmass
identification, andpartial-pressure calculation, respectively. These programs can be used independently or in any sequence, dependingupon the
circumstances (Fig. 1).
The relationshipbetweenmassnumberandsweep
voltage is linear for our quadrupole, i.e.,
309
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Parameters valid?

Error

Enough time?

Error

ed. The data are interpolated to provide equal
spacing
along the mass scale, then smoothed and differentiated.
Peaks are located by zero crossings in the derivative.
Peak heights are computed simply by averaging the five
largest points at the top of each peak. The smoothing
has eliminatedmost of thenoise so thepeak height
could be obtained almost as accuratelyby using only the
largest point. The mass numbers are then computed by
matching thelocated peakpositionsagainst
the mass
calibration determined by Eq. (1). The peak heights and
mass numbersare printedin thelaboratoryandthen
stored on disk in a third data file for subsequent usage
by M S ~ .

I
Start MS scan

Calculation of partial pressures
Data above
threshold?

Data in
background?

a

I
Add to
background

Accept data

Time up?

Too many points?

Type message;
Exit

Residual gas analysis is greatly simplified by thefact
that there are usually only a limited number of low molecular weight gases present. One typically observes H,,
He, CH,, H,O, CO, N,, 0,, Ar, CO,, and to a lesser
extend organic gases such as C,H, and C,H,. The presence of only a small number of gases results in relatively
simple spectra. Nevertheless, obtaining partial pressures
from mass spectra is often quite complicated since several gases produce peaks at the same
mass numbers. For
example, CO,N,, C,H, and CO, produce spectraat mass
28 while CO,, 0,, CO, CH, and H,O appear at mass16.
The relationship between mass spectraand partial
pressures is given by a set of linear equations which are
expressed in matrix form and shown in Eq. (2);
I = AP

Figure 3 Flow chart of data acquisition portion of the control
program, GETMS.

where N is the mass number, V is the sweep voltage, and
a and b areconstantsstoredatparameters
7 and 8,
respectively. Electronic instabilities necessitate periodic
changes in theseparameters.Equation
(1) is used in
M S to
~ assign a mass number to a given peak.
After a mass scan is completed under the control of
information equivalent to that shown in Fig. 2 is
stored ondisk. The procedureused by MS2 for determining the mass numbers follows. Raw data and parameters
are read from thedisk data files and the spectra scanned
to locate “interesting regions”, i.e., regions where there
are points above threshold. For example, in Fig. 2 the
distance between the initial rise at mass 12 and the final
decay at mass 17 wouldbeconsidered an “interesting
region.” Data above threshold but not providing sufficientpoints in a given region tolocatepeaks are discardGETMS,
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where matrix I is a column vector whose elements are
the mass spectrometeroutputcurrents,
matrix P is a
column vectorwhoseelementsarethedesired
partial
pressures, and A is the cracking pattern matrix. In complicated,many-component systems, the elements of A
would be difficult to obtain. However, for residual gas
analysisA is relatively small (%IO X 50) and its elements can be determined in a routine manner by introducing known gases into the vacuum system.
In general, m > n, hence the system of equations is
overspecified. However,onecanchooseto
minimize
some function of the difference between calculated and
observed values of I. We choose the least squares criterion[9].
Thereareseveral
variables, suchas resolutionand
electron emission current, that change RGA sensitivity
(i.e., current/pressure).Changes insensitivitycanbe
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accountedfor in Eq. ( 2 ) by changing appropriate elements in A. In particular, if the sensitivity for all gases is
changed by a constant ratio (e.g., by changing the electron emission), then each element of A is simply multiplied by a constant. This constant is entered through the
~ subseswitches and stored at parameter 6. When M S is
quently called the elementsof A are multiplied by parameter 6. This flexibility is particularly helpful in correcting for changes in multiplier sensitivity. In some cases,
the analysis performed in M S 2 is all that is required. On
the other hand,if partial pressures or concentrations are
needed, then M S is
~ called. This program exponentiates
the peak heights that were the output of M S 2 , thus yielding the currents. The background current is then subtracted from each peak, resulting in a set of current values which aretheelements of matrix I[Eq. (2)]. The
known values of I and A are introduced into a standard
subroutine which uses a least-squares analysis to compute P. The computed values for the elements of P are
then printed in the laboratory.
Table 2 compares known and computed partial pressures for a mixture of CO, N,, Ar and CH, described
in Fig. 2 . The calculated values are the same as actual
pressures within experimental error.
Determination of cracking patterns

The partial-pressurecalculationsdescribed
in the previous section depend quite critically on the accuracy of
A. Hence, it is important to be able to routinely change
the elements of A.
For an atmospherecontaining only one gas, the matrix
P has only one element, i.e., the known pressure (p,) of
the one gas that is present. Now if both sides of Eq. ( 1 )
are divided by p , and if the two matrices on the
right are
multiplied, one obtains:
[i,/p,, i,Ipn. . . i,/p,IT = [a,,, a,,

. . . am,lT,

where T indicates the matrix transpose. Hence, the a
values pertinent to the onegas that is present are known
from the ratios of the i's to pn. The entire matrix A is
easily determined by introducing series of known gases
or mixtures into the vacuum system and doing the appropriate analysis.
Each analysis program can have up to 16 options. If
M S 3 is called with options 0 to 2 , the partial-pressure
analysis described in the previous section is completed.
On the other hand, if options 8, 9, 10 or 11 are called,
elements of A pertinent to N,, CO, CH, or Ar, respectively, are calculated and stored. The appropriate option
is entered through switches from the laboratory.
Concluding remarks

This paper describes the use of an IBM 1800 computer
in the automation of a residual gas analyzer. Theexperi-
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Table 2 Comparison of known and computed partial pressure
for the mixture characterized in Fig. 2.

PAR= 1.43

?

0.05

PAR= 1.39

P,

1.98

?

0.05

P,

PC,, = 2.05

?

PCfTq
= 1.85

?

=

0.04

2.00

?

0.06

O.lSh

Pro = 2.00

?

0.15

0.25"

PCnq= 1.63

?

0.04

=

*Measured pressure is average of four runs
bReversible adsorption causes uncertainty in the CO measurement
=Ion gauge pumping causes uncertainty in the CH, measurement

ments arecharacterized by submillisecond datarates
and by the accumulation of bursts of data in short periods of time. Furthermorethedatarequire
large
a
amount of arithmetic manipulation before useful results
are obtained. Thishas led toanautomationscheme
whereby data from the fast experimentsis obtained during a brief period in whichslower
experimentsare
masked. A more detailed partial
pressure analysis than
could be obtained manually in a reasonable time is performed on-line within minutes. The speed of the operations allows the experimenter to interact closely with the
data and toplan experimental modifications for succeeding measurements.The essential feature of theautomation which makes the whole procedure easily possible
is the direct digitization and input of data into core so
that there is no unnecessary physical handling and conversion of other data media. A significant result is the
ease with which correctionsfor
sensitivitychanges,
cracking patternchanges,etc.canbeindroducedinto
the analysis.
It would be advantageous forobserving transient pressures if repetitive scans of the mass spectrum could be
taken at a rate 10 to 100 times faster than the present
capability allows. The quadrupole RGA can perform at
scan rates of 500 psec/AMU, while we are limited by
the present automation scheme to about 50 msec/AMU,
because of the time constant of the log amplifier.
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