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ABSTRACT

IMPROVING THE EFFICIENCY OF DATA COLLECTION
FOR MASS SPECTROMETRY/MASS SPECTROMETRY

By

Michael Joseph Kristo

The development of triple quadrupole mass spectrometry
(TQMS) has led to the widespread acceptance of mass
spectrometry/mass spectrometry (MS/MS) as a useful
analytical technique. This dissertation explores
inprovénents to the TQMS instrument and new types of TQMS
experiments which improve the efficiency of data collection.
These improvements in TQMS fall into four categories:
improving the speed of computer control, improving the
accuracy and speed of data reduction, improving the accuracy
and dynamic range of ion current measurements, and improving
the detection of collisionally assisted reaction (CAR)
products.

The speed of computer control has been improved with
the development of two control systems, a multi-
microprocessor control system and a system based on a high-
speed FORTH processor. Both systems achieved faster scan
speeds and greater amounts of signal averaging than
conventional control systems.

The task of reducing sequential intensity data to
position/intensity pairs for each peak in the mass spectrum
(peak-finding) is especially difficult in MS/MS, because of

the increased dynamic range, the variable resolution, and



Michael Joseph Kristo
the varied peak shapes. However, several key features were
found to increase the reliability of peak-finding algorithms
for MS/MS. The speed of peak-finding was increased
substantially with the design and implementation of a
programmable electronic peak-finder.

Simultaneous acquisition of analog and ion-counting
data with a dual output continuous dynode ion multiplier was
implemented. This dual mode control system achieves the
full dynamic range available in MS/MS (10°) and provides
absolute ion intensities. This system corrects errors in
ion-counting due to pulse overlap and eliminates the effect
of variations in multiplier gain with ionic species.

A method of trapping ions and varying their average
residence time in the central quadrupole of a TQMS
instrument has beén developed and characterized.

Lengthening the residence time in the collision chamber
increases the yield of stable CAR products and allows the

observation of many products not seen in conventional CAR.
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CHAPTER ONE

A MULTIMICROPROCESSOR CONTROL SYSTEM
FOR A TRIPLE QUADRUPOLE MASS SPECTROMETER

1. Background

The Triple Quadrupole Mass Spectrometer

The development of triple quadrupole mass spectrometry
(TQMS) by Yost and Enke (1-3) has enhanced the widespread
acceptance of tandem mass spectrometry as a useful and
practical method of analysis. Greater concern over
instrument coﬂtrol, intelligent data collection, and
meaningful treatment of collected data has been an
additional consequence, which arises from the nature of TQMS
itself. The TQMS instrument, shown in Figure 1.1, has 5
distinct scan modes, 22 physical devices and 4 software
attributes (Table 1.1) which must be controlled during
scanning. Furthermore, the TQMS instrument can generate
large amounts of data very quickly. All of these qualities
- make TQMS a model problem in instrument control and data

treatment (storage, retrieval, and analysis).
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Table 1.1

TQMS devices and their mnemonic names

NAME DEVICE NAME DEVICE

BV Electron energy Q2 Quad 2 DC offset
REP Repeller Q3 Quad 3 DC offset
BRIV EI ion volume MHV Multiplier voltage
CIvV CI ion volume Ml Mass for quad 1
EXT Extraction Lens DM1 Quad 1 delta mass
L1 Ion source lens 1 RS1 Quad 1 resolution
L2 Ion source lens 2 M2 Mass for quad 2
L3 Ion source lens 3 M3 Mass for quad 3
L4 Interquad lens 1-2 DM3 Quad 3 delta mass
L5 Interquad lens 2-3 RS3 Quad 3 resolution
Ql A Quad 1 DC offset P2 Quad 2 pressure

TQMS Software Attributes

NAME ATTRIBUTE
THR Threshold
RTE Scan Rate
PWD Minimum Peak Width
MWD Maximum Peak Width

A TQMS instrument basically consists of an ion source,
three quadrupole mass filters, and an ion detector, usually
an ion multiplier. The TQMS instrument may also have
several lenses to focus the ion beam. The first and third
quadrupole mass filters can be operated in either the
integral (RF) mode, which passes ions of all mass-to-charge
ratios, or the normal (DC) mode, which passes ions of a
specific mass-to-charge ratio (mass filtering). The
transmission characteristics in the normal mode are further
controlled by the resolution and delta mass controls of the
quadrupole controllers. The central quadrupole, also called
the collision cell, always operates in the integral mode in

TQMS and is used for changing the mass of the ions
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transmitted by the first quadrupole. This mass change can

occur through various methods, including collision of the
incident ions with an inert collision gas (CAD-
colli.{onally—activated dissociation) (1), reaction of the
incident ions with a reactive collision gas (CAR-
collisionally-assisted reaction) (4,5), and absorption of

light (LD- laser dissociation) (6,7).

Scan Modes

The option of operating quadrupoles one and three in
either RF or DC mode during a scan yields the five different
scan modes. Scanning either the first or third quadrupole
in the DC mode, while holding the other quadrupole in the RF
mode, generates a primary mass spectrum, similar to a
conventional mass spectrum. Scanning quadrupole one in this
manner (commonly c#lled a 1SCAN) yields identical
information to scanning quadrupole three (3SCAN).

If both quadrupoles one and three are held in the DC
mode, then three mass spectrometry/mass spectrometry (MS/MS)
scan modes are possible (Figure 1.2). In two of the MS/MS
modes, one quadrupole passes only ions of a specific mass-
to-charge ratio, while the other is scanned. If quadrupole
one is held fixed, a daughter scan (DSCAN) is generated,
which identifies the mass-to-charge ratio of all iomic
species produced from the modification of the ions selected
by quadrupole one. If quadrupole three is held fixed, a

parent scan (PSCAN) is generated, which identifies the mass-
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to-charge ratio of all ions which produce ionic species of
the mass-to-charge ratio selected by quadrupole three upon
modification. In the third mode, quadrupoles one and three
are scanned simultaneously, usually with a fixed mass offset
producing a neutral loss scan (NSCAN). An NSCAN identifies
all parent ions which undergo modification, producing
products which have either gained or lost a specific mass
fragment.

Since one can generate a daughter spectrum for each
selected parent ion, the triple quadrupole mass spectrometer
provides three.dilenlion- of intensity data (parent ion
mass, daughter ion mass, and intensity). This three
dimensional field can be scanned in various 2-dimensional
slices, yielding the MS/MS scan modes described above. 1In
addition, the values of the various physical entities in the
ion path (source voltages and collision gas pressure, for
instance) can change the spectra. This yields a potential
multidimensional data field.

The TQMS instrument provides useful chemical
information in two ways (2). First, the TQMS instrument can
elucidate the structure of unknown compounds, since the
additional fragmentation step can help to identify fragment
ions in the primary mass spectrum, possibly establishing the
existence of certain substructures in the molecule. Second,
the TQMS is useful in direct mixture analysis. If a method
of ionization is chosen which produces predominately ions

characteristic of the intact molecule (the molecular ion or



7

the protonated molecule), then the first quadrupole can
separate the components of the mixture. Fragmentation and
mass analysis in the third quadrupole can produce

identifying structural information on this component.

Prototype TQMS Instrument

All of the developments in multimicroprocessor control
of a triple quadrupole mass spectrometer described in the
rest of this chapter were conducted on the prototype
instrument in our laboratory. This TQMS instrument consists
of: 1) a dual EI/CI Simulscan ion source with an
accompanying Ion Controller/Ion Optics module (8), 2) a
three-element Einzel lens (L1,L2,EXT), 3) three Extrel 3/8-
inch quadrupoles with 150-QC quadrupole controllers (8), 4)
single-element lenses between quadrupoles one and two (L3)
and between quadrupoles two and three (L4), and 5) a Galileo
Channeltron (9) ion multiplier. The three quadrupoles, the
interquad lenses, and the ion multiplier are arranged in a
removable "stack"” configuration. The TQMS vacuum chamber
has three regions, which are differentially-pumped by
turbomolecular pumps. Before completion of the
multimicroprocessor project, this prototype instrument was
refurbished by replacing homebuilt parts (ion source
controller and central quadrupole) with commercially
available ones and upgrading older parts with newer ones
more amenable to computer control (ion source and quadrupole

controllers).



Comparison studies for a single microprocessor control
system were conducted on an Extrel (8) 400/3 TQMS systenm.
This system is identical in configuration to the prototype
instrument, except that the vacuum chamber has only two
differentially-pumped regions: the ion source region is
pumped by a turbomolecular pump and the analyzer region is

pumped by a diffusion pump.

Computer Control of the TQMS Instrument

It was obvious from the start of the TQMS project that
only a computer could maintain tight control over all of the
values for the physical devices during the wide range of
possible experiments. Several benefits accrue from a
computer control system. First, the control system can be
easily programmable by the users of the instrument to meet
changing experimental needs. Second, the control system
offers flexibility in the methods of user control. For
instance, the user can change the voltage on a lens by
entering the new value of the voltage into a tabular menu,
using a computer-controlled knob, or issuing a direct
command. Third, the control system can be helpful in
optimizing and keeping track of instrument parameters. For
instance, in real-time, the computer can display information
on the effect of a particular parameter on the ion current
or display peaks widely separated in mass for more accurate
tuning of the instrument. Fourth, the computer can can

control the instrument and generate data very quickly. This
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speed further allows a large degree of intelligent real-time
control over instrument parameters or experiment selection.

The first computer control system for our TQMS
instrument was based on the SDK-85 microcomputer (10), but
was subsequently replace by an 8085-based microcomputer of
the Newcome-Enke design (1ll). The Newcome-Enke microcomputer
was the initial development in a long-term designm project to
create a modular microcomputer system for scientific
instrumentation (12). The 8085 microcomputer was eventually
replaced with a more powerful 8088 module for the same bus
and, finally, with a distributed processing system
consisting of four 8088 Newcome-Enke type microcomputers,
one master and three slaves (12,13).

The microcomputers themselves were capable of running
many different operating systems or language environments.
Thus, programs wriften in a conventional high-level language
like BASIC or FORTRAN could have controlled the instrument,
but they have several shortcomings which limit their
usefulness as languages for instrument control. First, an
ideal instrument control language should be fast,
approaching the speed of assembled code, maybe even
incorporating an assembler for time-critical operations.
Both compiled BASIC and FORTRAN are generally considered
slow, because of the inefficient code created by
compilation. Interpretive BASIC is even slower, since the
text for the BASIC programs are interpreted at the time of

program execution. Second, an ideal instrument control
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language should have an interpretive nature, so that code

can be easily modified for ease in debugging and trouble
shooting. BASIC can be interpretive, but FORTRAN, being
compiled, is difficult to modify. Third, an ideal
instrument control language should allow the creation of an
application-specific syntax, providing the commands with a
highly mnemonic content specific for the instrument
operations being controlled and appropriate to a user
unfamiliar with programming. Fourth, the ideal control
language should be extensible, that is, the user should have
the ability to create new programs by merely concatenating
predefined commands, allowing him to create sequences and
methods for frequent use. Neither FORTRAN or BASIC is
inherently extensible and the best that can be done for an
application-specific syntax is to give the programs a
mnemonic name.

Instrument control languages can, of course, be
fashipned from assembly-level routines. However, the
assembly-level programming needed to create such an
instrument control language is laborious and time-consuming.
Using a language which has the low-level control features of
an assembler (direct control over registers and memory
locations) with the input/output routines of a higher-level
language allows the programmer to create the instrument
control language much more efficiently. Two common
languages for creating instrument control software are C and

FORTH. C has the advantages of widespread popular support
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and the abilities inherent in a compiled language, e. ¢.,
floating-point support. However, C, being a compiled
language, is not easily modified nor is it inherently
extensible. FORTH meets all of the above criteria for the
ideal instrument control language, but it has several
features uncommon in conventional languages. For instance,
all FORTH operations require postfix notation, that is,
mathematical operators follow their arguments, e. g., 2 3 +
would add two and three. Also, FORTH inherently uses a
push-down stack, an area of memory in which numbers are
stored and re;oved in a last in-first out (LIFO) basis.

Both of these initial microcomputers ran an instrument
control language written by Hugh Gregg called SLOPS
(Symbolic Language Operating System) (14), which was cross-
assembled from a PDP-11 minicomputer (15). SLOPS was a
minimum system which had a kernel of basic subroutines and
relied heavily on the network with the PDP-11. SLOPS was an
attempt to create a FORTH-like environment without the
unusual FORTH features mentioned above.

A decision was eventually made to abandon SLOPS in an
attempt to increase the vitality of the system and the ease
with which the system could be maintained and repaired. The
new software control system was based entirely on the
programming language FORTH (16). The choice of FORTH
created a robust environment with interactive extensibility
for quick and easy modification, inherent modularity, a

compiled nature for creating compact code, and an
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interactive assembler for maximum speed in vital
applications. A flexible software control system for TQMS
was developed for a single microprocessor control system as
the Master’s research of Carl Myerholtz (17). Myerholtz
further modified the basic FORTH kernel to accommodate the
new multimicroprocessor system as part of his Ph. D.
dissertation (13). This author and Adam Schubert adapted
the single microprocessor TQMS software control system to

the existing multimicroprocessor environment.

The Advantages of Multiprocessing

The TQMS instrument is a textbook example of the trend
towards more and more complex instrumentation. These more
complex instruments place greater demands on their control
systems. This demand, in turn, has fueled a search for
greater computing power in the laboratory at reasonable
costs. However, increasing computer power by purchacing a
single, more powerful processor can be prohibitively
expensive. In general, linear increases in computation
speed increase the cost of the processor more than linearly.
Even with the competition present in the electronics
industry today, the fastest microprocessors can cost tens of
thousands of dollars (18) and the fastest computers can cost
several million dollars (19). The data system can easily
become the most expensive part of a computer—controlled
instrument. Besides the cost, the larger and more powerful

computers were designed primarily for multiuser,
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computationally intensive environments and not for real-time
instrument control. Using these types of computers for
instrument control necessitates the design of awkward and
complex interfaces to the instrument itself, further
increasing the cost and possibly lowering the overall
performance of the systenm.

An alternative approach is to use several less-powerful
computers working together in a distributed processing
environment. This type of environment allows separation and
di.triﬁution of tasks among the different processors. 1If
the overall goal of the multiple processor system has
inherent parallelism, that is, subtasks which can be
performed concurrently, then several advantages result
(Table 1.2). These advantages can be generally classified
as faster execution, independent task execution, and
modularity in both hardware and software. These advantages
occur because separate processors are assigned tasks which
can be executed concurrently and are designed with the
appropriate hardware and software to accomplish the task.

In a distributed processing system, as long as additional
parallelism is exploited, computing power increases linearly
with the addition of processors of the same computing power.
Cost also increases linearly with the addition of extra
processors, at least after the purchase of initial
interprocessor hardware, resulting in a linear increase in
cost ﬁith increasing computing power. Again, this only

occurs if additional parallelism is exploited.
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Table 1.2
Advantages of Distributed Processing Systems

Faster Execution
Parallel Execution
Less time spent in "overhead”
Simpler Addition of hardware controllers and
processors
Independent Task Execution
Non-interference of tasks
Elimination of task interleaving programs
Elimination of priority assignment programs
Simpler task program modification
Modularity of Hardware and Software
Consolidation of related tasks
Simpler extension of instrument capability
Simpler debugging and trouble shooting

There are a variety of possible multiple processor
systems. Some systems contain like processors; other
systems contain processors of various types. Some systems
have dynamic load-sharing, which assigns tasks during
program execution; other systems have static load-sharing
with the assignment of tasks occurring in the design of the
system. Multiple processor systems can also be classified by
the manner in which they link their tasks: tightly coupled
if the tasks communicate on the microsecond time scale or
loosely coupled if the tasks communicate on the millisecond
time scale or longer.

Multiple processor systems can also be classified by
their interconnection topology (20). Several system
topologies are shown in Figure 1.3. The fairly simple ring
topology requires only two physical conneétion- for each

processor. Communications can be fairly slow, however,
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since messages between two processors must pass through all
intervening processors on the ring. The star configuration
uses a switch (either another computer or dedicated
hardware) to connect all of the processors in the systen.
Communications for the star configuration can be moderate to
fast, depending on the speed of the switch. Shared memory
is a common interconnection technique in which processors
communicate by placing messages and data in memory that all
processors can access. This is generally a very fast method
of communication and synchronization. In the global bus
confi‘uration; all processors share a common communications
pathway. The global bus is moderately fast; the speed of
communications is limited by the bandwidth of the bus

(21,22).

TQMS Multiprocessor Controller

The multiple processor system designed to control the
TQMS instrument can be classified as a distributed
processing system with equal processors and static load-
sharing. The triple quadrupole multimicroprocessor system
is tightly coupled since much of the synchronization during
scanning occurs through the flipflops and first-in first-out
buffers of a linking and synchronization circuit on the
microsecond time scale. The multimicroprocessor control
system employs the global bus topology, where the four
microcomputers share a common interprocessor bus for

communication. The multimicroprocessor system further
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specifies one of the processors as the master and the other
three as slave processors. The master has the job of
coordinating the activities of all of the slave processors
and of communicating with the user and various intelligent
peripherals, such as printers and disks.

Three methods of interprocessor communications, beyond
the linking and synchronization circuit, are provided in
hardware. Bulk data or program transfer can be performed by
direct memory transfer (DMT). In DMT, the master places the
appropriate slave on hold and directly writes to or reads
from the slave’s memory. Slave memory actually resides in
the upper half of the master’s address space.

Command transfer (CT), the transfer of commands and
data from the master to the slave, occurs through a series
of first-in first-out (FIFO) buffers. The master places the
command or datum into the appropriate slave’s FIFO buffer
and the slave sequentially reads and executes each.co-and
(specified as a program execution address) or reads and
places each datum on its last-in first-out (LIFO) stack.

The FIFO value consists of 24 bits, the high byte of which
specifies the lower two bytes as data or a command.

A final method of communication is the status bus (SB).
Each microcomputer has a hardware status byte and a software
status byte. Each bit in the status bytes is either defined
in hardware or can be defined in software. The
microcomputer can then write into its own status bytes,

informing all other processors of its status. All



18
processors can read all status bytes. Thus certain bits in

the status byte can be used as communication flags, such as
the signal for the end of a scan. The SB is updated every 4
microseconds in hardware, so there is a certain latency in
using the SB as a flag.

The key to the performance of the multimicroprocessor
control system for the TQMS instrument is the separation of
tasks into separate processors to exploit the parallelism
inherent in scanning a mass spectrometer for data
acquilition. The data transform concepts proposed by
Yourdon and Constantine (23) formed the criteria for
assigning tasks to the various processors. They divided
functions into afferent, efferent, and central. Afferent
functions convert data input streams into an internally
usable format. Efferent functions prepare internal data for
output transmission. Central functions perform internal
operations on the data. In scanning a triple quadrupole
mass spectrometer, controlling all of the device values in
the ion path is an efferent function; acquiring and
formatting ion current data is an afferent function; and
data reduction and interpretation is a central function.

Slave 1, also known as the Ion Path Slave, performs the
afferent function of controlling all physical devices. It
plays a central role in optimizing the conditions of an
experiment- "tuning” and in scan generation. Slave 1 is,
therefore, provided with eight 12-bit DAC outputs as well as

digital control lines to the ion source controller. The ion
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source controller maintains the voltages on all of the
regions and lenses of the source. Slave 1 also has access
to remote DAC outputs through a differential transceiver
circuit. The remote DAC outputs control the voltages on the
interquad lenses, as well as all signals to the quad
controllers’ mass command, resolution control, delta mass
control, and quadrupole offset voltage. Slave 1 has 32
Kbytes of memory, enough to permit extensive look-up tables
for tracking devices other than the primary device being
scanned (linked-device scans). In this way, performance of
the instrument can be optimized in software for different
mass regions during the scan itself.

Slave 2, the Reduction Slave, controls the central
function of data reduction and display. It receives device
values for the scanned device from Slave 1 and ion intenmnsity
values from Slave.3, reduces them with a peak-finding
algorithm (24) into peak position/peak intensity pairs, and
stores them in a data buffer. The master can then retrieve
the data with a DMT. Slave 2 can also perform real-time or
offline graphics display. The user can then see the data
that he or she is collecting as it is accumulating, as well
as check up on the peak-finding algorithm by matching
actually acquired data with peak data on the real-time
display. Slave 2 is equipped with a NEC 7220 graphics
controller (25), an Intel 8087 numeric coprocessor (10) for
complex numerical calculations, and 48 Kbytes of memory to

support a large data buffer.
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Slave 3, the Detection Slave, performs the afferent
functions of data acquisition and formatting. It controls
an intelligent data acquisition circuit designed by Dr.
Bruce Newcome (26). This data acquisition circuit converts
a selected analog voltage (the preamplified ion current) to
a 20-bit integer intensity value. The data acquisition
circuit also performs a user-selectable number of
conversions and returns the 20-bit average. Slave 3 has 16
Kbytes of memory, an interface for the data acquisition
circuit, an 8087 numeric coprocessor, and a versatile
counter/timer circuit used in ion counting. Slave 3
performs the vital role in dual mode acquisition which will
be described in Chapter 5.

Figures 1.4 and 1.5 show the timing of the sequence of
functions for two types of scanning and data acquisition in
the multimicroprocessor system: sweeps (Figure 1.4), which
acquire raw intensity data, and scans (Figure 1.5), which
reduce the raw intensity data to--a-- spectral peak
positions/peak intensities (peak-finding). In a sweep,
almost all functions have a predecessor—-successor
relationship and there is little inherent parallelism.
Slave 1 sets the new value for the scanned device, notifies
Slave 3 that it has done so, writes the new value to Slave
2, and waits for a signal from Slave 3 to proceed. When
Slave 3 receives notice that the scanned device has been
stepped, it acquires a new intensity value, notifies Slave 1

that the acquisition is done, writes the new value to Slave
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2, waits for the signal that Slave 2 has received and

processed the new intensity value, and then waits for
notification that there is a new device value. Slave 2
receives device values from Slave 1 and intensities from
Slave 3 and stores them in a data buffer. The progression
for a sweep is: update the scanned device, acquire an
intensity value, and store both in a data buffer. This is
highly linear, so no speed advantage will be gained from a
multiple processor environment (27).

Ii a scan, data reduction or "peak-finding"” is a time-
consuming task, but it can be performed in parallel with the
setting of ion path values or ADC conversion. The only
limitation to its being a wholly parallel function is the
necessity of not overflowing the input buffers of the
linking and synchronization circuit, thus losing data in the
process. Thus, Slave 3 must wait for Slave 2 to acknowledge
receipt of the intensity datum, in order to keep all
processors "in step." The activities of Slave 1 and Slave 3
are the same during a scan as during a sweep, but Slave 2
performs peak-finding and only stores peak data in the data
buffer. Data reduction is still the main limitation to
greater scan speeds, even in a multiple processor systenm.
Since much data reduction can be performed in parallel,
there is a distinct increase in scanning speeds for the
multimicroprocessor control system over the single

microprocessor control system (27).
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2. Completion of the Multimicroprocessor Control System .
The project for this thesis was, in theory, simple: to

take the existing interprocessor software and hardware, as
well as the first-approximation multiple processor triple
quadrupole control system of Adam Schubert, and make them
work. A second goal was to infuse a degree of reliability
into a system made unreliable by its complexity and
thousands of handmade solder connections. Also, with the
increased computing power of the multimicro control systenm,
several new features were made practical, such as complex

linked-device scanning and real-time graphics.

Making the Multiprocessor System Work

At the start of the project, the theory of the TQMS
multiprocessor system had been worked out by Newcome and
Myerholtz. The inferprocessor computer, including many of
the instrument interfaces, was complete, although many of
the modules had fallen into disrepair. The interprocessor
software was also complete. Very little application
software for the multiprocessor system had been written,
although the methods of user control developed for the
single processor control system were merely duplicated in
the multiprocessor environment. Furthermore, much of the
original equipment on the prototype instrument had been
replaced, but not tested. Basically, no module (software,
computer electronics, or instrument hardware) could be

assumed to be working at the start of this project.
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Completion of the multiprocessor system required careful
testing of select modules and then using those modules to
discover and eliminate malfunctions in other parts of the
control system in a repetitive operation.

Several new modules were added to the multiprocessor
computer to complete the control system. A 12-bit DAC
circuit was added to the Ion Path Slave to control a Model
216 Granville-Phillips Pressure Controller (28) for
admitting collision gas into the central quadrupole. An
interface for the intelligent data acquisition circuit
mentioned earlier was designed and replaced the older 12-bit
ADC and formatter circuits on the Detection Slave. This
circuit further improved the scanning speed of the
multiprocessor system. Also, a pulse-counting circuit was
designed to allow the Detection Slave to handle the ion
counting necessary for dual-mode acquisition (Chapter §).

The linking and synchronization circuitry on the
Detection Slave had to be modified from the original plans
in order to allow addition of an 8087 numeric coprocessor.
The original circuit latched the synchronizing strobes from
the . Ion Path and Reduction Slaves and fed them to the
microprocessor’s TEST line. The microprocessor could then
execute a WAIT instruction, halting the processor until the
TEST line went high, indicating that the strobe had been
received. This was the fastest way of waiting for the
strobes, but the 8087 uses the TEST line to synchronize the

two processors. In order to accommodate the 8087, the
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latched strobes are now fed into a parallel input/output
port, which can be read by the processor until the
appropriate bit is high.

Another problem that remained to be resolved was the
protocol for ending a scan (or sweep). The three slave
processors are intricately linked during the scan, but only
the Ion Path Slave has a definite limit to the number of
steps in its scanning loop. The other slaves wait in an
indefinite loop, testing for the end-of-scan signal after
each step in the scan. At first, it was thought that the
Ion Path slave would give a general end-of-scam signal to
all slaves through the status bus after the last step in the
scan. In practice, the Reduction Slave would finish one
step too soon, the last point would be missed, and the
Detection Slave would be left waiting for confirmation of
receipt of the last intensity value. The solution was to
have the Ion Path Slave signal the Detection Slave through
its software status byte and, then, have the Detection Slave
signal the Reduction Slave through its software status byte.
After processing the last datum, the Reduction slave
notifies the Master processor that the scan is finished
through its software status byte.

Another problem which had to be solved was mass
calibration. In mass calibfntion, the control system
determines the DAC value (for the mass command input to the
quadrupole controller) which corresponds the maximum

intensity of a given mass spectral peak. Up to 15 such
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peaks are selected by the user (usually the major peaks
present in the spectrum of a mass calibrant). The resulting
mass calibration table consists of the calibration masses
and their corresponding DAC values. The final DAC value
determined for each mass is the average value obtained from
10 sweeps over the mass spectral peak. Thus, mass
calibration consists of up to 15 sequences of 10 sweeps.
After the calibration sweeps for each peak, the user has the
option of repeating the sequence, accepting the determined
value, or entering a desired value manually. Each mass
sweep is synchronized by the linking and synchronization
circuitry and the end-of-scan sequence discussed above.
Each processor is also in a loop to execute the mass sweep
10 times. Within the loop, each slave is coordinated by the
detection slave which writes the index of the loop (the
number of the current mass sweep, 1-10). Each slave reads
the Detection Slave’s status byte, in order to avoid
starting the next sweep before the other slaves are ready.
After the ten sweeps are finished the Reduction Slave
notifies the Master processor through its software status
byte. The Master then reads the 10 DAC values which
correspond to the point of maximum intensity for the 10
sweeps from the memory of the Reduction Slave, completing
the calibration for one peak.

The final step in the completion of the project was the
determination of the maximum utilization of each slave in

the scanning sequence. First, the number of averages that
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could be performed for a given scan rate were empirically
determined and are shown in Table 1.3. Furthermore, upon
analysis, the Ion Path Slave was found to have extra time in
the scan sequence, allowing the development of the linked-

device sweeps described later.

Improvement in Scanning Speed

The multimicroprocessor control system, together with
the prototype triple quadrupole mass spectrometer,
affectionately known as the U. S. S. Enke, now form a viable
and powerful TQMS system. Only subsequent users will
determine its place in the Enke research program, but the
increase in scanning speed and flexibility in adding new
features is clear. Tables 1.3 and 1.4 show the resulting
increase in scan speed over the existing Extrel 400/3 (8)
Multibus-I control system at equivalent signal acquisition
times (number of averages), as well as the increased
averaging over the Extrel control system for equivalent scan
speeds. For further comparison, Finnigan Corporation’s new
state-of-the-art triple quadrupole mass spectrometer, the
TSQ-70 (29) advertises a scan rate of 4000 AMU/second for 10
digital samples per AMU. Tables 1.3 and 1.4 show that the
multimicroprocessor system can scan 4 times as fast as the
single processor Extrel system and yet provide sixteen times
the averaging (an increase in signal-to-noise ratio of
four). For equivalent amounts of averaging, the

multimicroprocessor system scans 10 (128 or 256 averages) to
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25 (1024 averages) times as fast as the Extrel control

systenm.
Table 1.3
Multimicroprocessor Scanning Functions
Rate Pts/S Amu/S Time/Pt # Averages/Pt
0 10000 1000 100 us 16
1 5000 500 200 32
2 2500 250 400 64
3 1000 100 1 =S 128
4 500 50 2 256
5 250 25 4 1024
6 100 10 10 2048
7 50 5 20 4096
8 25 2.5 40 4096
9 10 1 100 4096
10 5 0.5 200 4096
11 2.5 0.25 400 4096
12 1 0.10 1s 4096
Table 1.4
Multibus-I Scanning Functions
Rate Pts/S Amu/S Time/Pt # Averages/Pt
2 2500 250 400 uS 1
3 1000 . 100 1 =S 4
4 500 50 2 16
5 250 25 4 32
6 100 10 10 128
7 50 5 20 256
8 25 2.5 40 512
9 10 1 100 1024
10 5 0.5 200 2048
11 2.5 0.25 400 4096
12 1 0.10 1s 4096
13 0.5 0.05 2 4096
14 0.25 0.025 4 4096

Direct comparison of the multimicroprocessor control
system to the Extrel system can be misleading. Several
improvements have been added to the multiprocessor system
that are not present on the Extrel single processor system,
namely the intelligent data acquisition circuit. The

Multibus I-based Extrel data system must address its



30

instrument interface through the slow L-Bus (the peripheral
bus for Extrel control systems). Also, some high-level
FORTH routines were rewritten in FORTH 8086/8088 assembler,
in order to regain some of the speed lost in interprocessor
communication. On the other hand, the 5 MHz 8086 Matrox
processor on the Extrel system is faster than the 5 MHz 8088
microcomputers used for the master and reduction processors
and about as fast as the 8 MHz 8088 microcomputers used for
the Ion Path and Detection processors, because it has a 16-
bit external data bus as opposed to the 8-bit external data
bus of the 8088. Thus, communications outside the
microprocessor take place twice as fast with the 8086 as
with the 8088 at equivalent clock speeds. The data in
Tables 1.3 and 1.4 represent scanning speeds imposed by a

rate synchronization circuit- the AMU timer.

Troubleshooting a Multiprocessor System

Liebowitz and Carson (30) define reliability as "the
probability that a system will operate for a specified time
interval. . . . This reliability is determined by its
hardware design, software design, and ease of operation.”
Our experience has also added comnstruction to this list.
Once the software is verified as working, it remains working
and does not add to the unreliability of the system. 1In
point of fact, though, once the aged hardware was brought up
to speed, the initial cause of unreliability was software

bugs. Once these bugs were fixed, hardware malfunctions
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again became the primary contributor to system
unreliability. There are elements needed in a multiple
processor system to improve recovery in the event of
hardware failure: detection, isolation, and correction.
First, a problem must be detected. Unfortunately, for
a scientific control system, the operator must be the
detector for many kinds of instrument and computer failure.
For instance, if the data acquisition circuit continually
returns null intensity values, this could be a legitimate
scan with all zero data or a malfunctioning circuit.
Without furthér information, the computer cannot determine
the legitimacy of the null intensity values, so the operator
must. Most multiple processor systems are run in continual .
operation, which makes self diagnosis more important than in
the case of the scan-and-stop operation of the
multimicroprocessor control system. The master does monitor
the status of all slaves through a variable which the slave
updates with a unique value upon reset. If the slave is not
operating, the value will not be updated. If the slave is
operating, but incorrectly, or if it malfunctions later on,
it will usually overwrite the correct value in the variable
with an incorrect one. Once all slaves are ostensibly
working, the most common mode of failure is the "hanging” of
the system, in which the system does not respond to input
from the keyboard. This could be caused by the occurrence
of an unusual event, such as noise on the bus, that threw

one of the processors out of synchronization. If so,
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resetting the slaves or the entire system should restore
everything to normal. Otherwise, a chronic problem could
exist which must be diagnosed.

Second, the problem should be isolated. A number of
programs have been written to help isolate the problem. In
addition, a manual has been written to help present and
future users to cope with the complexities of detecting and
repairing malfunctions in the multimicroprocessor systenm.
This process should isolate the cause of the problem to a
specific processor and a specific circuit.

Third, the problem must be corrected. The debugging
manual provides hints for this process. Most multiple
processor systems use the correction schemes of redundancy, -
where spare processors assume the duties of the failed
processor, or replacement, where a huge stock of identical
circuits is kept to replace failed ones. These approaches
have the advantage of being fast, but the disadvantage of
being too costly for an academic laboratory. Heplaéing
malfunctioning parts with parts from other Newcome-Enke Bus
computers is a viable method of isolation, but keeping a lot

of spare parts is not practical for our laboratory.

New Features

Two new features are now possible with the
multimicroprocessor control system. The Ion Path Slave
computer was not fully utilized in the usual scanning cycle

and spent a lot of time waiting for the signal from the
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detection slave to proceed. This extra time allows more
complex scanning procedures to be used, such as updating
more than one or two devices, that is, linked-device
scanning. Now, new scan modes allow up to eight devices to
be linked in a scan procedure. Unfortunately, real-time
calculations of these values is not possible. However, all
of the values can be calculated beforehand and stored in a
RAM buffer. The processor then updates the devices by
sequentially accessing the values in the buffer.

The FORTH code for these new scans can be found in
Appendix A. The user controls the algorithm for scanning
selected devices through an offline interface. The user
first selects the number of devices to be linked, then he
specifies the actual devices. Finally, for each device, he
can specify a number of mass-device value pairs, that is,
the value of that device at a particular value of the mass
filter being scanned. The interface then fits these points
to a spline curve and calculates the value of the device at
integral mass-to-charge ratio values (every 64 DAC units).
Specifying the scanning function in this way allows the user
to determine experimentally the optimum value for a
particular device at a particular mass-to-charge ratio value
and use this value to create a complex scanning function
without having to create a complex analytical functiomn for
the experimental phenomenon. This allows the user to
optimize the tune of the instrument for different mass

ranges, rather than compromising between conditions
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favorable for high-mass sensitivity and conditions favorable
for low-mass sensitivity. These tables of calculated device
values are stored on disk and written into the Ion Path
slave’s memory with a DMT. When the user specifies a
linked-device scan or sweep (LSWEEP, L1SCAN, L3SCAN, etc.)
The scanning routines automatically update the selected
device along with the mass filter being scanned.

The second feature is real-time scanning graphics (the
FORTH code for these routines can be found in Appendix B).
During a real-time graphics sweep or scan, all intensity
data are displayed on the graphics monitor as they are
received by the reduction slave. This allows the user to
check on the peak-finding algorithm as well as receive real-
time information on the scan. Real-time sweeps also display
their data in real-time. Unfortunately, displaying this
increased real—tin? visual information takes extra time and
limits scan rates. The real-time scans and sweeps add the
real-time graphics task to the other tasks that the
Reduction Processor must handle during a scan, namely,
receiving device value and intensity data and reducing or
storing that data. Furthermore, graphics display in itself
is a very time-consuming task, even with a graphics

controller.

3. Conclusion
A multimicroprocessor control system has been fully

implemented. It provides a maximum scan speed 1.9 times
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faster than the Extrel 400-3 control system. The

multimicroprocessor has been made reliable and recovery
possible with the implementation of processor self-checking,
debugging routines, and the writing of a debugging manual.
This multiprocessor system has made possible complex linked-
device scanning and real-time scanning graphics, useful
tools for the mass spectrometrist.

This work demonstrates the possibilities inherent in
multimicroprocessor scientific control by exploiting
inherent parallelism in scanning an instrument.
Multimicroprocessor control provides a relatively
inexpensive way of increasing scientific computing power
and, after the initial idea of Newcome, Myerholtz, and Enke,:
many commercial instruments, such as the TSQ-70 now feature
multimicroprocessor control systems. The drawback to
multimicroprocessor computers are their inherent complexity
and increased unreliability compared to single processor
systepl. Nevertheless, multiprocessing is an attractive
solution to the need for faster and more complex control of
scientific instruments. This need will only increase as
scientists devise more complex experiments requiring
computer control, develop instruments capable of providing
data at greater bandwidths, and pursue applications

requiring maximum utilization of the ion signal available.
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CHAPTER TWO

CONTROL OF A TRIPLE QUADRUPOLE MASS SPECTROMETER
WITH A NOVIX FORTH PROCERSSOR

1. Introduction

The choice of FORTH as the language in which to write
the software control system for TQMS provided an unexpected
opportunity for further gains in scanning speed by using the
Novix NC4000 Forth processor (1,2). The NC4000 is a 16-bit
microprocessor that is optimized for the direct execution of
FORTH. The version of the NC4000 used in the creation of
this control system operates at a clock speed of 6 MHz, but
executes one instruction per clock cycle for an overall
processor speed of 6 million hardware instructions per
second (MIPS). Since, in many instances, several basic
FORTH instructions can be combined into one hardware
instruction, the processor speed is specified as 8 million
FORTH instructions per second.

The Novix Beta board development system for the NC4000
can be purchasedAfor less than $3600. Figure 2.1 shows the
price and performance of other well-known, high-powered
computer systems. If it were shown in Figure 2.1, the
NC4000 would be classified as a general-purpose, multi-
application, uniprocessor minisupercomputer (based on its 6
MIPS performance). The expected price for such performance,
based on the data in Figure 2.1, would Ee $50,000 to
$500,000. The remarkable price/performance ratio for the

Novix NC4000 allows one to create a fast, flexible
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laboratory control system for a moderate price.
Furthermore, most of the systems mentioned in Figure 2.1
were not designed for instrument control, but for intensive
calculations. Often their input/output functions, which
comprise a large part of the task of a control processor,
are quite slow.

Some applications cannot effectively use higher
performance control systems; no new capabilities would be
added with such systems. However, MS/MS control systems can
use as fast a control system as possible for several
reasons. First, the system can then have the ability to
perform new experiments not presently possible because of a
need for a high degree of computer control in a short span
of time. For instance, real-time experimental optimization
and selection is now possible with the NC4000; known
experimental facts and rules together with the MS/MS
information currently being acquired can be used to change
conditions dynamically or select future experiments to
elucidate the structure of an unknown compound in real-time.
Second, a faster MS/MS control system can better
characterize samples that do not last long in the ion
source, such as chromatographic eluents or flash pyrolysis
products. Thirdly, the less time spent making calculations,
performing peak-finding and other housekeeping details, the
more time is available to acquire data, given the laIevscan
rate. Obviously, the greater fraction of time the control

system spends on data acquisition, the better quality data
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the mass spectrometrist will receive and the more
effectively the sample will be used. The experimental
benefits of control system speed are summarized in Table
2.1.

Table 2.1

Benefits of a Fast MS/MS Control System

Better characterization of transient samples
(GC/MS/MS, Py/MS/MS, etc.)

More efficient utilization of the ion current

Real-time experimental optimization and selection
(also depends on software)

More efficient use of an operator’s time
(also depends on software)

Less operator fatigue
(also depends on software)

2. The Novix Approach

History of Computer Architectures

In general, large increases in processor performance
also mean large increases in processor price. The
development of high-level computer languages has
traditionally followed the development of the sets of
machine-level instructions for the particular
microprocessors (or processors) on which they were to run.
These sets of machine-level instructions tended towards
larger sets with more complex instructions, in order to
reduce program development time (each machine-level

instruction accomplishes more of the overall task) and
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conserve program memory. This progress forced compilers
(programs to translate high-level languages, such as
FORTRAN, into machine-executable code) to become "smarter,"”
that is, more aware of the variety of machine-level
instructions available and how to use them to create the
most efficient code. However, compilers often tended to be
simpler than the task required and produced unoptimized
code, i. e., code which accomplished a task more slowly than
necessary, by having unneeded machine-level instructions or
by using awkward programming constructions. Recently,
however, multipass compilers have become more efficient for
certain processors and control systems (languages for the
IBM PC (3), for instance).

Lately, the RISC (Reduced Instruction Set Computer)
approach has come into vogue, especially for supercomputers.
In RISC, the computer uses a smaller set of instructions
which accomplish basic tasks, such as arithmetic
instructions, register-to-register movement, re(ilfer-to—
memory movement, etc. The RISC computer is optimized for
speedy execution of these instructions, since some studies
have shown that a large portion of the computer’s time is
spent on such basic instructions. So, even though the RISC
computer may accomplish the complex and infrequent
instructions more slowly than the CISC computer (Complex
Instruction Set Computer), it more than compensates for the
loss in time by executing the simple, but frequent,

instructions very quickly. Furthermore, RISC allows the
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compilers themselves to become simpler and more efficient,
since they only have to handle a small number of
instructions. Nevertheless, hardware development preceded
software development for the RISC computers as well (4,5).
There are, of course, other approaches to faster
computers. Design of bit-slice computers (6) for special
applications is one approach. In fact, Metaforth Computers
of Great Britain (7) have designed a FORTH processor based
upon bit-slice technology. Bit-slice has the advantage of
tailor;-aking the processor to a given task, giving it great
speed. However, designing a bit-slice computer for a
specific task will obviously take longer than buying a given
microprocessor off the shelf and, eventually, any bit-slice "
processor will be limited by the speed of discrete
transistor-transistor logic (TTL) (or whatever the chosen
technology) components. Processors with large scale
integration (LSI), on the other hand, tend to execute
functions more quickly than the same function emulated in

discrete integrated circuits.

NC4000 Architecture

The Novix NC4000 embodies the architecture of an
already existing high-level language, FORTH, in an
integrated circuit. 1In other words, the NC4000 runs FORTH,
rather than a typical assembly language, as its native code.
The NC4000 has been called "a stack machine,” since FORTH

itself is a stack-oriented language. A stack is an area of
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memory used for temporary storage of various values. Thg
data on the stack are normally placed and removed in a last-
in first-out (LIFO) manner. The NC4000 is also optimized
for subroutine calls (one every clock cycle) and subroutine-
threaded code is its normal mode of operation. This means
that new programs for the NC4000 are compiled as a series of
addresses for the execution of its component programs.

FORTH words (programs) consist of concatenated words which
have been previously defined or are part of the basic kernel
of instructions. To execute FORTH on other processors, the
subroutine-threaded code is not inherent and must be created
in the software by the FORTH compiler and interpreter.

The NC4000 has simultaneous access to both its data and
return stacks through separate 16-bit data buses and 8-bit
address buses, apart from the 16-bit address and data bus
for main memory (Figure 2.2). Most FORTH instructions
implicitly operate on items on the data stack, while the
return stack is used to direct the return from subroutine
calls. Thus, optimization of the access to these two
stacks, which normally exist in main memory on the typical
microprocessor, is elnentiai to the NC4000’s performance.
Furthermore, the top two data stack elements are actually
registers on the NC4000, making operations on those two
elements especially fast.

Finally, the bit patterns within each instruction
provide the actual control signals to the various components

of the microprocessor, e. g., the arithmetic logical unit
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Figure 2.2 Block diagram of the NC4000 showing the

separate data paths to main memory, its data stack, and its
return stack (2).
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(ALU) or the address multiplexer (Figure 2.3). The

elimination of internal microcode, which is standard on
conventional microprocessors, further increases the speed of

the NC4000.

3. System Description

Hardware

The Novix BetaBoard Forth computer is an evaluation
board, which includes the NC4000 microprocessor, 32 Kwords
(1 word = 16 bits) of fast memory (35 nS), data and return
stack memory (256 words each), two RS-232 serial ports, a
SCSI (Small Computer Systems Interface) port, and a
timer/counter for performance measurements. The system
further provides two sets of connectors for stackable
interface modules which allow access to vital processor
signals (address and data lines, system clock, etc.). Thus,
the Beta board only needs a moderately complex interface
board in order to control the EL 400/3 triple quadrupole
mass spectrometer.

The Novix Beta board comes equipped in an IBM PC (3)
support configuration, in which a serial link to the PC
allows the PC to serve as a terminal and file server. The
first step in preparing the Beta board to control a triple
quadrupole mass spectrometer was to create a development
system by generating the appropriate code by target

compilation and programming a set of ROMs with this code in



7., Control
[}
ar
F_'——&
[ N ]
& ) ‘-
Out in
[ 16 Y muitipiexer
Address bus Control
16
Control Control
Instruction T "‘
sequencer
(NEXT) ; Control
d" "2 4'2
1>
—A— /—’% =
I1 Iol I ] ALU Y .[ s.rmlllajsn instruction latoh
- Bothon(11)
Lsnmm pr oy
Ammmwmmmw\ e Shift loft :m:
— Divide
32-bit shift
Stack active
L Return from subroutine, EXIT
ALU decoder | Copy Tinto N
0T
1 TAN?Y [ ] Y input multiplexer
2 T - T
3 TORY Bits inputto Y
4 T+Y 00 N register
S TXORY 01 N with carry register
6 vY-T 10 Muitiplier-divisor register
7Y " Squere-root register

Figure 2.3 Block diagram of the NC4000 which shows the

direct control that the latched instruction exercises over
the ALU and registers (2).
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order to create the stand-alone configuration. Then,
equipped with a DTC 520 DB (8) disk controller, a hard disk
drive, and a floppy disk drive, all controlled through the
SCSI port, the Beta board was ready for hardware and
software development.

Several functions had to be provided on the Novix-
triple quadrupole mass spectrometer interface board in order
to mimic the existing Extrel 400/3 control system. First,
an interface was needed to the Extrel L-Bus, a peripheral
bus which contains all of the digital-to-analog converters
(12 and 16-bit), an analog-to-digital converter with 8
channel multiplexer, and several parallel ports. The NC4000
can now control all of the triple quadrupole mass
spectrometer’s physical devices through the analog and
digital outputs on the L-Bus by using the L-Bus interface on
the Novix TQMS Control Board. The schematic for the L-Bus
interface is shown in Figure 2.4.

The mass spectrometer interface board needed an
interface to the intelligent data acquisition circuit
designed by Dr. Bruce Newcome (9) in order to acquire
intensity data efficiently. The data acquisition circuit
allows parallel operation with the control computer through
use of a status byte and/or an "acquisition-done” interrupt.
The data acquisition interface, whose schematic is shown in
Figure 2.5, now allows the NC4000 to control this data

acquisition circuit.
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The NC4000 is provided with an interface, shown in
Figure 2.6, to the hardware peak-finding circuit, which is
more fully described in Chapter 4. Basically, this circuit
allows rapid, parallel processing of intensity data to
determine peak positions and peak heights. This circuit can
operate in parallel with NC4000, like the data acquisition
circuit, through its status byte and interrupt feature.

This parallelism allows the NC4000 to calculate the next ion
path value while the peak-finding circuit is processing the
current datum.

The NC4006 has access to an AMU-timer circuit in the
Mass Spectrometer Interface. This AMU-timer allows the
computer to synchronize each point in the scan with the
user-selected scan rate. The computer cannot acquire the
next point until the AMU-timer interrupt has been set. This
feature is important not only for keeping the scan rate
constant throughout a scan, but also to correlate scan
number with time in a sequence of scans. The schematic for
the AMU-timer is shown in Figure 2.7.

The NC4000 triple quadrupole mass spectrometer
interface board has an interface for "softknobs,"” optical
rotary encoders which can be configured in software to
control any digitally controlled device with variable
resolution. Softknobs are used for manual variation of
digitally controlled devices, as would normally be performed
to tune the instrument. The schematic for the softknobs

interface is shown in Figure 2.8.
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Figure 2.6 Schematic of the interface to the hardware
peak-finder circuit described in Chapter 4.
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The mass spectrometer interface has a parallel port,
whose schematic is shown in Figure 2.9, dedicated to
transferring data to the host PDP 11-23 (10) minicomputer
for further processing and eventual archival storage. A
MM52167 real-time clock (l1) is provided, which has a
battery back-up. This allows the correct time to be stored
with all experimental data without resetting the clock after
every power-up. Finally, the AMD 9513 (12) pulse-counter
circuit, whose schematic is shown in Figure 2.10, is
provided for ion counting. Thus, the NC4000 control system
has the capability for dual-mode detection, which is fully
described in Chapter 5. The 9513 counter/timer further
provides the capability for higher resolution timing than
the AMU-timer provides.

The most important part of the Novix TQMS Control
Board, though, is the actual interface between the Novix
NC4000 and all of the separate interfaces described above.
The essential problem is to enable the fast timing of the
NC4000 to operate compatibly with the slower timing of the
peripheral devices. For instance, the NC4000 is provided
with fast (35 nS) memory, because the NC4000 places a memory
address on the bus during the high portion of the clock
cycle and expects to read or write the corresponding datum
on the next rising edge. Most of the peripheral devices on
the interface board cannot meet this timing requirement.

The Novix-mass spectrometer interface (Figure 2.11) seeks to

minimiz