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PREFACE

Early in the War (1939-45), the value of Electromyo-
graphy for the diagnosis of the extent of nerve injuries
was recognized by Dr. Herbert H. Jasper who gained the sup-
port of the Associate Committee on Army Medicel Research and
the Subcommittee on Traumatic Injuries of the Nervous System.
This organization supported the research and development under
his directorship at the Montreal Neurological Institute. After
initial research and development had progressed, a report wes
presented in April 19451 to the Associate Committee describing

the techniques and apparatus in use. These events marked the

emergence of Electromyography from a research investigation
to that of a clinical procedure. In the hands of a trained
clinician, the value of this technique has proven itself sound and
of genuine diagnostic value.

During and after this period, the instrument described in
this report was put into limited production and designated as
the Royal Canadian Army Medicel Corps Electromyograph Mark II,
the original pilot model instrument having been designated as
Mark I. The production was carried out under the direetion of
Dr. Herbert H. Jasper at the laboratories of the Montreal Neuro-
logical Institute. The personnel engaged in the assembly were
provided by the Royal Canadian Army Medical Corps.

The various instruments were assigned to selected military

centers for diagnostic purposes. Personnel were selected



and instructed in the techniques and operation of the instruments.
A training course was given at the Montreal Neurological Insti-
tute covering the neurophysiology and electronics.

The success and value of the first series of instruments
was recognized and additicnal support was gained. The Royal
Canadian Electrical and Mechanical Engineers provided the
technical and production personnel to further development of
instrumentation in electromyography. Accordingly a military
sub-department under Captain W. O, Fordse was established at
the Montreal Neurological Institute. Working with, and under
the direction of Dr. Herbert H. Jasper, this teem designed a
larger and more flexible instrument for electromyography which
was designated as the RGAMC Electromyograph Mark ITI.2=3 . This
instrument embodied the best techniques known at the time.

The instrument was physically larger and classed as mobile
rather than portable like the Mark II. The ﬁark IIT was more

Pleasing in appearance with a greater ease of operation and
mobility. It was built mechanically stronger and able to with-
stend higher humidity and temperature variations.

The principal electrical improvement over the Mark II,
was in the audio amplifier system used to awrally monitor the
electromyographic potentials. The stimulator was improved to
the extent of providing more voltage. Iater, an external
ground-balancing stimulus-artifact-suppressor unit was supplied.

The Mark IIT unit was put into production and four units
fabricated. These also were released to the specially trained

personnel throughout the various military hospital treatment



centers in Canada, The use of the instruments was not limited
to Army establishment, Navy and Air Force units availed them-~
selves of the facilities afforded by these instruments.

Substantially, all of the electromyographic work, during
the war, in Canada,was performed on the Mark I, II, III uniﬁs.
These instruments, in the hands of trained personnel,provided
valuable diagnostic information in nerve injury cases admitted
to the various military hospitals.

At the end of the war, these assets became the responsi-
bility of the Department of Veterans Affairs. With the cessation
of active hostilities, and the consequent demobilization, many
of the service personnel returned to civilian life., Consequently,a
sharp reduction in the number of nerve injury cases occurred and
the demand for electromyogrephy lessened considerably in the mili-
tary hospitals.

Meanwhile the value of the diagnostic information provided
by-electromyography began to be recognized by civilian hospitals.
Inquiries were received by the Montreal Neurological Institute
about the availability of the electromyographic apparatus. To
make the equipment available commercially, Philips Industries
of Eindhoven, Holland and Toronto, Canada, secured the services
of W. 0. Forde on his demobilization, with a view to producing
a limited number of the Mark III electromyographs. Arrangements
were accordingly completed between Philips Industries and the
Montreal Neurological Institute for joint cooperation to permit
these units to be constructed.

A production run was started and an initial quantity of



instruments was made. The finished units were designated as
Mark IV Electromyograph. One of the units was submitted to
the Mbntreal Neurological Institute for their approval and testing.

The instrument was an electrical duplication of the Mark
IIT with considerable economy mechanically. It resembled the
Mark II unit in style, portebility, and appearance but had the
main features of the Mark IIIX. These units were offered for
sale by Philips Industries throughout the world.

In the immediate post-war period, attention at the Montreal
Neurological Institute was being focussed on the more practical
as well as the theoretical aspects of electromyographic apparatus.
The early models Mark I, II, III, although well executed, re-
quired attention at inconvenient times, particularly since the
preamplifier was battery operated. The batteries employed were
the standard B-type radio batteries and a six volt storage bat-
tery. The storage battery was kept charged by a built-in manually
controlled charger, Alﬁhough the drain on the batteries was
light, there were often periods of disuse during which they
beceme neglected and run down.

It was for these reasons that the author under the direction
of Dr. H. H. Jasper, vndertook a program of research and devel-
opment to eliminate the batteries. The ultimate aim was to
operate the instrument entirely from the power line. This
program was completed for the Mark IIT instruments constructed
by the electronics development group at the Montreal Neurological
» Institute.

Consideration was also given to modernizing the stimulator



features to permit newer measurements to be made. In addition,
it bacame evident that more voltage, a stimulus delay and addi-
tional pulse durations were required. However, by this time,

the War had terminated and pressure on the equipment was somewhat
lessened. It was therefore, decided not to modify the existing
units any further, but to consider the replacement of the present
ones should the demands increase for electromyographic studies

in the Department of Veterans Affairs.

With these orizinal developments and operational experience
as a background, requests were received practically simultane-
ously from the Royal Victoria Hospital in Montreal and the St.
Vineentls Hospital in Los Angeles for electromyographic apparatus
embodying the latest in developmental features, for versatility
and ease of operation known at this time. The author according-
ly accepted the responsibility of carrying out the design and
construction of these units in his capacity as a consulting en-
gineer.

The instrument herein described is a single channel model.
St. Vincent's Hospital required a two channel unit which was
constructed containing circuits identical with the single chan-
nel model,

The actual design, construction, wiring and testing of the
electronic equipment was carried out by the author. The cabinet
enclosing the various units was constructed by Mr. L. Katgz,
graduate student at McGill University.

The various circuits described and the techniques of con-

struction were developed over several years by the author., Some



were originated during the course of his work as a Consulting
Engineer. Others were developed as a result of investigations
and needs of the Montreal Neurological Institute. Many of the
circuits herein described have been incorporated as basic cir-
cuitry for the various recording and stimulating deviees now

used at the Montreal Neurological Institute.
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EIECTROMYOGRAPHY

The Science of Blectromyography deals with the study
of the electrical potentials generated within muscle fibers.
An important part in the production of these potentials lies
in the satisfactory transmission of the impulse along the
nerve which supplies the muscle. This study, combined under
the heading of Electromyography, is of great practical use in
the diagnosis of various nerve-muscle disorders due to the
disease or other agencies. In order to understand the princi-
ples involved, it is useful to review the membrane theory on the
mechanisms involved in the transmission of an impulse along a
nerve and into a muscle.
Membrane Theory.

The nerve, or more properly the nerve trunk, is made up
of a bundle of nerve fibers. ZEach of these fibers consists
of an axon (or axis cylinder) which is an extension or process
of the nerve cell body. The axon is surrounded by a myelin
sheath which in turn is surrounded by a.thin membrane called
the neurilemma, The neurilemma is an independent living struc-
ture, whereas the myelin sheath is an integral part of the
axis cylinder. A structural comparison exists between the
nerve fiber and a coaxial cable wherein the sxon is the inner
conductor, the myelin sheath corresponds to the dielectric and

the neurilemma to the outer shield. (See Fig. 1). However, all
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nerve fibers do not have a distinct myelin sheath, Those without
myelin form a part of the autonomic system which is concerned with
the maintenance of activity in the internal organs of the body.

The function of the nerve fiber is to conduct the nerve
impulse from the point of origzin to the structure terminating
it. To do this the nerve is said to possess the property of
irritability and conductivity. The fiber membrane itself has
the property of electrolytic semipermeability in which the
end result is that a prolonged state exists in which the
outer surface is positive and the inner core or axis is nega-
tive in the normal resting nerve.

When the nerve conducts an impulse, a wave of depolari-
zation travels along the nerve. It is interesting to note
that the impulse is conducted along the fiber without attenu-
ation. During ani after the impulse has passed along the
nerve, there is refractory period during which no impulse
can be transmitted.

To illustrate these factors, measurements have been made
on isolated nerve fibers. If, as in Fig. 2, electrodes are
placed on the outer surface of the fiber, in the resting state,
no potential difference is observed. On the other hand, if
electrodes are placed with one on the outer surface and the
other on the exposed end, the outer surface is found to be
positive with respect to the inner axis and current flows
through the indicating instrument. In summary the charge

conditions resemble those of a condenser arrangzed cylindrically.
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Until now, consideration has been given only to the static
isolated nerve fiber. If one examines the fiber in situ, at
rest, the polarized state exists along the nerve fiber. If now
an electrical stimulus is applied as in Fig. 3, physieal and
chemical changes are elicited which result in a change of the
permeability of the membrane and flow of ions takes place at
the point of stimulation. This results in a local depolarigation
and causes a difference of potential along the outer surface
between the point of stimulus and all other points on the sur-
face of the nerve fiber. However, this state of depolarization
does not remain local in character. The state of depolarization
with the associated ion flow liberates energy, similar to the
discharge of a condenser. The liberated energy acts as a stimu-
Jus on adjacent areas of the nerve fiber and the wave of de-
polarization travels outward in both directions from the point
of stimulation, Placing pick-up electrodes on the nerve and
applying a stimulus wili cause & potential change wave to tra-
vel along the nerve such that the potentials will be at first
surface negative then positive as shown in Fig. L abed. This
potential wave is called the action potential. After it has
passed, reconstructive forces restore the polarization of the
membrane in readiness for the next impulse. The time taken to re-
polarize is referred to as the refractory time, during which no
impulse can be conducted.

The nerve impulse, now having been generated, is conducted
to its terminating organ. On entering a muscle, nerve fibers

distribute themselves among hundreds of muscle fibers. The
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muscle fibers themselves are elongated groups of fused cells
which have the property of contraction when stimulated. In
addition, like nerve fibers, they produce a characteristic
voltage when excitation takes place.

Motor End Plate.

At the junction between the nerve ending and the muscle
fibers is a very important structire called the motor end plate.
This structure is shown in its position in the innervation of
muscle as shown in Fig. 5. It is an area of extreme physio-
logical importance. In a sense it is a one way transmission
site (like & rectifier) and is the weakest link in the neuro-
muscular chain. It is in this area that fatigue and many
diseases have their effect. The end plate responds also to
the action of drugs in a dramatic way. For example, the
transmission across the motor end plate can he abolished by
a drug called curare and in:many cases can be restored or
enhanced by another drug called prostigmine. It was, indeed,
the study of the sbolition of the transmission of the nerve
impulse across the end plate in the curarized preparation that
provided much of the early knowledge of muscle physiology.

In the curarized preparation, the nerve can be stimulated
giving rise to the nerve action potential, but no muscle con-
traction occurs. The muscle fibers themselves can be stimulated
directly and contraction occurs showing the property of con-
traction by stimilation. When the nerve is stimulated and normal
physiological conditions exist, the nerve impulse travels along

the nerve fiber across the motor end plate to the musecle fibers.



MBIRREN

URTRR

SINGLE ' 1
XON :

THE INNERVATION OF MUSCLE
FlG. 5.

(AFTER A SKETCH FROM "THE RATE

OF INNERVATION OF MuScCLE FOLLOWING
NERVE INUVURIES IN MAN AS DETERMINED

BY THE ELeEcTROMYOGRAM" TrRaNs. R.S.C.
Sec, V. 1946 BY H, H, JASPER=-PRESENTED
BY WILDER PENFIELD)



The muscle fibers in turn contract and produce their own wave

of potential called the motor unit potential., However, the

process is not instantaneous. Each of the structures, the nerve
fiber, the end plate and the muscle fiber has a refractory‘period
during which no response can be obtained from a subsequent stimu-
lus. Each has associated with it a time of conduction which varies
with disease and other physiological conditions. Such conduc-~
tion times can be computed, and in turn, the actual conduction
velocity of the nerve fibers obtained.

The Use of Electromyography.

The diagnostic information in the electromyogram is con-
siderable. One of the principal uses of the apparatus has been
the study of the reinnervation of muscle following nerve injuries
in man. During the War (1939-45), many nerve injury cases were
to be found in military hospitals. Toward the end of the War
the electromyograph was used on these cases to record the electri-
cal activity of the muscle and to estimete the recovery rate of
" the muscle group studied. In the denervated muscle, spontaneous
electrical activity exists and has a definite and recognizable
pattern. On the other hand, a normal muscle is electrically
silent when at rest. However, on voluntary contraction, the
normal muscle is electrically active with a recoznizahle and
considerably different pattern from that of the nerve injury
~ state.

The electromyograph is also of service in the diagnosis
of nerve and muscle disease. It can be used as an instrument

to record the electrical activity of other parts of the nervous
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system such as the spinal cord and brain potentizls. As a
physiological research tool, much basic informatim can be
obtained on nervous propogation and to study the effegts of

drugs on the nervous system. Since, in many diseases, speci-

fic parts of the nervous system are attacked, the extent of the
disease can be studied as well as the effectiveness of the applied
therapy.

Technique.

The actual connection to the muscle can be ccnveniently
made by an arrangement as shown in Fig. 6, (in which is shown
the input connections). This technique, was devised by Dr.
Herbert H. Jasper of the Montreal Neurological Institute.

The actual pick-up electrode is a very sharp steel needle about
2% inches long coéted with a2 plastic insulating varnish

called Tygon 109. Due to surface tension action during the
coating procedure, only the very tip of the needle is exposed
for a distance of about 50-75 microns. This allows a highly
localized exploratory recording to be made within the muscle.
The reference electrode consists of a strip of silver about

3 cme by 1 cm., and is held to the member under examination

by a rubber band. It is placed above the muscle group under
ezxamination. The grounding electrode which is another silver
plate about 3 cm. by 6 cm., is located distant to the recording
pair. Both the grounding electrode and reference electrode are
lubricated with electrolytic jelly to insure good electrical

connection to the subject.

With these input conrections and subsequent amplification,
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the wave forms are displeyed on a cathode ray tube and fed to
a loudspeaker. The wave forms can be recognized by sound as
well as sight which allows the operator freedom to explore the
muscle for the electrical activity sought without watching the
cathode ray tube face. When the characteristic sounds are heard,
detailed wave form examination and permanent recordings are made
on the cathode ray tube. The edectrical activity from the area
immediately in the neighborhood of the needle electrode is sharp
in sound, while that of distant muscles is a muffled rumbling.
When the exploratory electrode is placed in a denervated muscle,
a spentaneous activity called fibrillation is observed which con-
sists of condenser discharge-like waves having a duration of 1
to 13 miliseconds and amplitude of 50 to 100 micro-volts. These
potentials produce a sharp crackling sound in the loud-speaker.
The electrical activity of a normzl muscle at rest is nil.
However, during response from a single nerve impulse from a
single axon, a normal motor unit wave of duration of 5 to 8
miliseconds and amplitude 1,000 to 6,000 micro-volts is ob-
tdined and produces a sharp knocking or rumbling sound in the
louspeaker. These wave forms are sketched in Fig. 7.

In the regenerating electromyogram, both individual
wave forms are observed and the resultant wave is very complex
in character. As reinnervation proceeds, the wave forms de-
velop from a condition of less and less spontaneous fibrillation
to organized normal motor units. Hence, a chronological study
of the process can be made t¢ estimate recovery time.

With this knowledge of wave forms and amplitudes, derived
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from the laboratory experiments of many research investi-
gators, the problem resolves itself into one of design of
adequate apparatus to measure these potentials. Accordingly,
the overall characteristics of the apparatus are such that a

true reproduction of these wave forms must be possible.



DERIVATION OF REQUIREMENTS

In summary, the épparatus nust record the smallest
voltages which are fibrillation potentials and the largest
which are motor units. These must be displayed on the cathode
ray tube for visual study and through a loudspéaker for aural
recognition. The sharpest waves will dictate the high fre-
quency response needed and the waves of longest duration determine
the low frequency response required in the amplifying system..
High Frequency Requirements.

The fibrillaticn potentizls are of the arder.of 50 to
100 micro~volts in amplitude and are of condenser discharge
form with a duration at the base of about 1 to 1} miliseconds.
The rising phase, or steepness of the front of the wave, is of
the order of Tﬁ:%ﬁﬁ of a secord. This wave is dimensioned in
Fig. 8a. From these quantities one can impose operating re-
quirements on the amplifier stages.

From the Sampling Theoryh the relationship between frequen-
cy response and rise time can be used as & starting point. Fig.
8b shows the identiecal frequency response of a linear system.
Such a system would respond to a step function as shown in Fig.
8c. The rise time is defined as the time for 10-90% amplitude
response and is given by the relationship T = 1 , where Fh is

2Fh
the usual 70,70% high frequency cut off point.

By applying this relationship to the present case, T= 1

>

second m 1 . Therefore Fh = 5,000 cycles. From this, the
2Fh
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minimum high frequency response can be set at 5,000 cycles. A
higher Fh would permit the reproduction of shorter transients
than fibrillation waves of 1l second rise time.

10,000
Low Frequency Requirements.

To examine the low frequency requirements, one must con-
sider the longest duration wave which is the normal motor unit.
This wave form is dimensioned on Fig. 9. Tﬁe total duration of
the wave is 9 milliseconds. The rising phase occupies about
1 millisecond and the falling phase about 5 milliseconds. The
return to zero potential requires about 3 milliseconds. Fre-
quently these waves are polyphasic but in general, there is no
single component with a width greater than 5 milliseconds.

The shape of the wave resembles a half sine wave with a
steeper rising phase than falling phase. This falling phase
resembles an exponential curve dec¢ay but a simple time con-
stant cannot be readily deduced, as it is not a true exponential,
A Fourier analysis would give frequencies components ranging
from zero to infinity due to asymmetrical shape of the wave.

As a practical attack to the problem, the wave was dimen-
sioned (solid) along with various time constant curves (dotted)
in Fig. 9. Assuming various time constants of 1, L, 10, LO
milliseconds, it is seen that a time constant longer than L
milliseconds and less than ten milliseconds would give the de-
sired low frequency response to reproduce the wave form falling

phase.

In some instances the waves are accompanied by a slower
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after-potential which is importent diagnostically. This
then would require a longer time constant than one between
L, and 10 milliseconds. To reproduce these and longer dur-
ation transients which might be of importance in the future,
a time constant of 4O milliseconds was decided upon. With
such a margin of safety of low frequency response, motor
unit waves of longer durations will be faithfully registered.
Amplitude Requirements.
For the amplitude characteristic, the smallest potentials
of the order of 50 to 100 micro-volts must be displayed about
% to 1 inch in amplitude on the face of the cathode ray tube.
Most standard cathode ray tubes of 5 inches in diameter with
about 1500 volts accelerating potential, have a deflection sensi-
tivity of about 50 volts per inch. By simple computation, 50
micro~volts must be amplified to 4 inch or 25 volts. Therefore,
the amplification needed is of the order of 25 = % million.
To summarize, the amplifying channel must have a minimum
high frequency response of better than 5,000 cycles at 70.7
percent amplitude and a time constant of at least 4O milliseconds.
The approximate minimum gain required from input to eathode
ray tube deflection plates is of the order of one-half million.
Input Considerations.
Another of the operating conditions inposed on the
apparatus is the high resistance of the subject across the in-

put leads with inherent tendency to pick up hum and other

external interference. This calls for not only a push-pull
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amplifier, but one with very high degeneration to inphase sig-
nals, so that the output is a true differential of the input.
Interference signals will be picked up equally by both input
leads with respect to ground. If the amplifier has a high
in-phase discrimination, these signals will not appear across
the push-pull deflection plates.

’Balance Ratio.

It is customary to call the in-phase discrimination
characteristic the "bslance ratio" and is defined as the raio
of the push-pull gain to the parallel gain meesured across
the push-pull output. The usual technique employed o measure
this ratio is to apply a push-pull signal to input apd note the
output. The two input grids are then joined together and the
signal applied between these grids and the negative return of
the cathodes. The input is increased until the output is the
same as it was under the push-pull conditions. The ratio of
these two inputs determines the balance ratio. Care must be
taken not to block or overdrive the amplifier when the parallel
input signal is applied. Usual balance ratios run from several
hundred to twenty thousand. A ratio of about five thousand is
onsidered excellent for biological amplifiers.

Cathode Ray Presentation.

The cathode ray tube used for viewing the amplified signal
must be swept by a time base in such a way that photography as
well as visual observation will be possible. This imposes the
requirement that the sveep have single stroke action, initiated

by the camera as well as being capable of repetitive operation.
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If the sweep were arranged to run freely, as in standard oscil-
loscopes, synchronization of the sweep would not be possible,

as the biological signal is transient in nature. With.no syn-
chronization, the transient biological potentials wounld shift
back and forth depending upon the sweep velocity and their own
repitition rate. The addition of synchronization to such a system
would cause the sweep to shorten and the effective sweep velocity
would vary with the amount of synchronizing voltage, which is the
signal under investigation. These difficulties are overcome

by triggering the sweep by a separate oscillator, This means
that the sweep will be repeated at some convenient number of
times per second. Depending upon the sweep speed and the sweep
repetition, there may exist a dead time in which the pétentials
can occur without being visible on the cathode ray tube face.
Here is where the loudspeaker and audio amplifier are of practi-
cal value, With a little experience, the aural recognition of
the motor units ard fibrillation potentials becomes easy. The
loudspesker channel, of course, listens continuously and hence
misses none of the potentials. It is also very useful in placing
the pick up electrodes because the operator can concentrate on
the insertion technique, rather than watching the cathode ray
tube., Since the loud spezker handles the same Vsignals as the
cathode ray tube vertical deflecting plates, the same frequency
response characteristics are required. The characteristic sounds
heard for fibrillation potentials resemble the rustling of cello-

phane. The motor units, on the other hand, have their cheraateristic

knocking or thumping sound.
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It has been found practical to run the sweep repetition
rate at about 10 per second. The range of sweep velocities
that is of value extends from 20 to 2.5 milliseconds per inch,
measured on the cathode ray tube face., This permits enough range
to show detail in the normal motor units amd to spread out the
fibrillation potentials for clgse observation. When photography
is required, the sweep repetition‘oscillator is turned off and
the camera shutter contacts are arranged to trigger the time
base for a single excursion of the tube. Several photographic
exposures are usually taken. When one sees a wave appear on the
cathode ray tube face, with this technique, it is photographically
recorded. The fibrillation potentials are semi-transient in
nature., However, when one occurs, usually a volley follows
shortly thereafter. The motor unit potentials in the normal
nerve-supplied muscle are elicited by voluntary contraction.
During the voluntary contraction several photographs can be
obtained with ease,

Stimulator.

It is often advantageous to employ a stimulator in con-
junetion with electromyography to stimulate warious nerve and
muscle groups. There is considerable diagnostic information
in the strength-duration test of a muscle and in the conduction
velocity of a nerve. The strength-duration test is carried out
by stimulating the muscle with variocus duration waves from very
short to very long and noting the voltage for each duration neces-

sary for a response. A curve is plotted called the strength-
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duration curve and is shown in Fig. 10 in which the typical
shape for a normal muscle and a denervated muscle are shown.
There are two main points of importance on the strength-duration
curve. One is that theshold or value of stimulus intensity neces-
sary to obtain a response when the current flows for an infinitely
long time., This threshold is called the Rheobase. The other
point on the curve is called the Chronaxie and is defined as
the time that the stimulus must last at an intensity of twice
rheobase in order to be an effective stimulus.

The value in the strength-duration test lies largely
in the great difference existing between the values of chronaxie
obtained in normal muscle and denervated muscle., When the
technique is used to follow destructive degenerative changes
in musclernerve supply, the chronaxie remains unaltered a
short period following the destruction., Chemical and other changes
take pl:zce within the muscle resulting in the lengthening of the
chronaxis. Later the chronaxie becomes so long that the muscle be-
comes inexcitable with brief (Faradic) stimuli, although still
excitable by currents of long (Galvanic current) duration. This
sequence of events is often called the reaction of degeneration
and is particularly well suited to measurement with the electro-
myograph.
Conduction Velocity Techniqus.

The conduction velocity of a nerve or conduction time of a
nerve-muscle response is also well suited to measurement with
the electromyograph. These latencies vary widely with physio-

logical conditions and disease. The conduction velocity of nerve
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fibhers also depends on their physical dimensions. Coarse large
diameter fibers have a high velocity of conduction (about 30
meters /éecond) whereas fine filamentary fibers conduct much
more slowly (a few meters/second).

To measure the conduction velocity of a nerve, or con-
duction time of a nerve-muscle response, a stimulator, synchronized
and delayed with the sweep, is necessary. The stimulus excites
the nerve and the response or impulse wave travels along the
nerve. It is picked up by the recording electrodes and displayed
on the cathode ray tube. The time between the stimulus and the
response can be scaled off the tube. This is the time taken for
the stimulus to activate the nerve, initiate the nerve impulse and
the time taken in its propogation along the nerve to the recording
electrodes.

The conduction velocity can be computed by making two measure-
ments as in Fig. 11. A first st imulus response time (T1l) is
computed. The recording electrodes are then moved along the
nerve a distance of x centimeters and another stimulus response
time (T2) is measured. The conduction velocity will then be
given by x and will be in centimeters per second.

T2T1

Since the sweep is triggerable from the camera shutter,
and the stimulus is triggered from the sweep, it will then be
possible to initiate a stimulus and response by depressing the
camera shutter release. In so doing, the complete picture will
be photographed by a single procedurse. |

From the foregoing theory and techniques, it is now possible
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to draw up a block diagram of facilities required to accomplish
the recording and eliciting of the nerve-muscle potentials. Fig.

12 shows a graphical summary in a black diagram.
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DESIGN OF COMPONENT FPARTS

- Preamplifier - General Consideration

In order to suppress the pick-up of stray interference
by the input stages, it is useful to contain them in a separate
shielded cabinet, usually called the preamplifier. In addition,
if the filaments are operated on direct current there need not
be any alternating current carrying conductors, other than the
signal leads, in the preamplifier. By following this procedure
the desired signal can be boosted in amplitude so that its
magnitude is large compared to the extraneous interfering fields
present in usual amplifier stages. This would result in uncriti-
cal placing and wiring of the components in the various stages.

Since high frequency response is of paramount importance,
all practices toward the attaimment of this goal must be carried
out. Obviously shielding, in addition to all its other benefits,
adds shunt capacitance. This must be avoided as must all capaci-
tive loading procedures. Furthermore, with a gain of half a million
to be attained, many stages i; cascade are required, making the
high frequency problem even more difficult.

From both theoretical and practical considerations, a factor
worthyof considerable attention is the location of the gain or
sensitivity control in the amplifying channel. For example, if
the gain control were placed late in the amplifier, the dynamic

amplitude range of the apparatus would be seriously limited because

the early stages would block on large signals. If, in the other



26

extreme, the gain control islocated at the input, all of the in-
ternal noise of the amplifier would be present at very low gain.
This.would result in a very low signal to noise ratio for large
signals. In addition, switching transients would be very severe
due to thermals and contact potentials.. For these reasons, therefore,
a compromise must be made to give the best overall characteristiecs.

From the operational standpoint, it is useful to locate the
preamplifier close to the subject. By so doing, the length of
the subject input cable with its shunt capacity is its shortest.
To add facility in operation, the gain control should be located
within easy reach of the operator who is generally at the subject
adjusting or inserting electrodes. The only disadvantage to this
arrangement is ithat the power supply cable and the signal output
cables would be lengthy.

One of the first things to do before splitting the amplifying
channel into its pre and later amplifying stages, is to decide
on the number of stages and the tube types necessary to meet the
requirements. Since the amplifying channel has high gain, the
input stage tube will have to be selected for low noise and anti-
microphonism. It would be good design procedure to use as many
af the same type of tubes in the apparatus; Witﬁ this feature,
the tubes rejected in the selsction of an input tube could be

used further back in the less critical stages of the amplifier.

Another choice that must be made is that of pentodes versus
triodes. Briefly, pentodes are charactericized by high trans-

conductance, plate resistance, amplification factor and noise, but



27

with low input capacitance. Triodes, on the other hand, have
moderate transconductance, low plate resistance, amplification
factor, and noise but with high input capacitance. Using pentodes
would apparently require fewer stages if gain were the only con~
sideration. Such an amplifier would have few stages, high noise,
and poor high frequency response due to the high output impedance;
which comprises the plate resistance and load resistance. On the
other hand, using triodes to construct the amplifier would require
more stages but give a better high frequency response over all
and per stage, The use of more stages to obtain the required
gain would tend to make the overall high ffequency response a
little more difficult to attain.

Choice of Tubes.,

Since biological amplifiers are balanced push-pull in design,
the use of double tubes would ﬁe a very practical choice to con-
serve space and lessen wiring capacitance. of all the double
voltage amplifying tubes, there exists only one twin pentode
with the heater type cathode which bears the muber 1218GT.
However, this tube is relatively unavailable and is not on the
R.M.A.5 standard stock replacement list. It also draws rather
more plate current than is needed for the voltage swings of an
input stage. This then tends toward the discarding of this tube
and consequently pentodes due to the very limited choice.

The choice then must be made on the various twin triodes
on the basis of plate resistance, amplification fuctor, trans-
conducbance, interelctrode capacitance, plate current, and any
practicai experience covers such points as anti-microphonism,

noise, similarity, tendency toward hum pick-up, hours of life,
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and any other miscellaneous factors. Another doice must be
made on the individual merits of glass, metal or miniature
tubes.

Past experience of the author has shown that in spite |
of the ruggedness of the minature tubes for their size, they
tend to be rather microphonic. Another factor against the
use of miniature tubes is the instability of the pin—socket
contact. This shows up as noise that disappears when the tube
is'rocked in its socket. Recently, however, there have been
developed specielly constructed Silver-pleted Beryllium-Copper
contact spring sockets for miniature tubes which should remedy
this sitwation.

Experience with metal tubes has shown then to be rather
microphonic in the mid~frequency range and to produce & long-
lasting or ringing type of microphonism. One additional charac-
teristic was that the apparent excellent shielding offered by
the metal envelope caused the tube to be sensitive to hum pick-up
by induced pulsation fields which entered the shield,

Using this experience, as a background, ome would favor
the glass twin triode in spite of its apparent lack of shielding.
However, the following teble (Fig. 13) was drawn up a8s & sur-—
vey of the tubes from which a choice was made.

A survey of the table, bearing the preceding facts in mind,
leads to the preference of the 6SL7 for its standard octal base,
glass, moderately good gain, low plate current, and plate resis-
tance characteristics. Although the input capacitances with a

shield are higher than the metal 6SC7, the lower plate resistance



Tube Approx. Input

Type U Rp Ip Gain Cap. Remarks
6SC7 Cgk 2uuf Common cathode, double
(125C7) 70 53k 2 u5.7 Cgp 2 triode, metal, used in

pre-amps for phono -
tendency toward micro-
phonism and sekct -
ability fair - octal -
hi gain.

6SL7 Cgk 2.8 Hi gain twin triode -~
(12sL7) 70  Lhk 2.3 h8.6 Cep 3.2 separate cathodes -
' octal glass - 3 matched
selectable from 12 -
Previous experience good.

. 68N7 20 7.7k 9.0  17.7 Cgk 2.9 Medium gain - twin triode
Cpk 3.9 separate cathodes octael
glass - low power tube.

6N7 35 11k 7 31.5 not Common cathode class B
stated power amplifier metal
and gless
12AU7 17 7.7k 10.5 15.8 Medium gain twin triode

Cgk 1.6
Cegp 1.5 separate cathode glass
9 pin miniatwre.

12AX7 100 62.5k 1.2 61,7 Czk 1.6 Hi gain twin triode
Cep 1.7 separate cathode similar
' to 6SL7 - glass 9 pin
miniature - very micro-
phoniec

12AY7 100 62.5 1.2 61.7 Cgk 1.6 Non micronphonic 12AX7 -
Cep 1.7 ©Experience to date has
been that it was only
slightly better than

12RX7.

TUBE FIGURE

FIG. 13
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would tend to effset this fact. The 6SL7 is virtually the ohly
standard heater-type twin triode with a glass envelope. There
are, of course, other twin triode tubes with direct current fila-
ments and still otkers with 7 volt filaments. However, one would
hesitate to employ 7 volt tubes due to their obsolesence. Again,
the difficulties in obtaining cathode bias when using direct
current‘filaments renders these tubes out of the class of con-
tenders. It is indeed unfortunate, however, thit the miniature
tube, 12AY7, had to be discarded as it has high gain, low plate
resistance, and looks like a very promising emplifier tube for"
the future.

Having decided that the 6SL7 will be used, it is in order
to sectionalize the  amplifying channél intc its preamplifier and
voltage amplifying stages. To do this, assumptions must be
made in order to get started in computing the total number of

stages. The gain of a triode amplifier is given by

A = URL When A = Amplification or gain
Rp4RL
U = Amplification factor

RL = Load resistance
Rp ® Plate resistance
If ore makes Rl equal Rp, the gain reduces to u.
Increasing Rl, of course, increases the gain bub noi until R1
is much greater than Rp dees the gain begin to approach u.
This is plotted in Fig. 14, If one considers the gain
when R1 equals Rp for the 6SL7, a gain of 70 or 35 per stage
2

is dotained. Two such stages would, of course, give (35)2 or



L. . . . o
1] Il i

il

|

0

I

ol

o0z

og

ot

0s

il il
il
T
il
1 |
I W
i i
,_ , ! ]
I |
1 iy il
T
il
T H T
= i
i i I 1l
T ]
, TLIIITT it
AL B ek LI o




30

1,225 and four would produce (1,225)2 of 1} million. This
is more gain than is required, but allows a margin in design
for the varistion of components and tube parameters at the
operating voltages.

High Frequency Response.

Having chcsen Rl equals Rp ard in the case of the
6SL7 this is 44,000 ohms, the meximum allowable shunt capaci-
tance per stage can be coﬁlpubed for an overall attenuation of
3db (70.7% response) at 5,000 cycles. With uniformly distri-
buted capacitance, the amplitude response of each stage at
5000 cycles will be .hm or 0,91, With this figure as a
sta.zjting point, the maximum shunt capacitance permissable per
stage was calculated as follows:

Solution to High Frequency Response.

Triode amplifier gain = uZl
RpeZ1

Z1 in this case is the parallel
impedance of the load resistence Rl
and the shunt capacitance Cs.

Gain = Zl
u RpeZl

Iet Gain = a
u

Where u is the amplification factor
Zl v # load impedance
Rp " " plate resistance
RL ® # Joad resistence

Cs " " Shunt capacitance
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1l = 1 + jwCs = jwCsRL « 1
Z1 R1 — RL
21 = R1
JWOsRL + 1
a=s 7l 7 Where w = 2w {
Rp#Z1
f = frequency
a = R1 X 1
jwCsR1lel Rp+ RL j= /I
JWOSR1+L
- Rl
(R1#Rp)+jwCsR1Rp

- 1+&§+ijst
R

(3] Jo

% - ( (1eRp)2 + (wCsRp)?
a; ( RI)

2_ I > o
(i) = gl %g (wCsRp) | 1)

Choosing Rp = R1l, and neglecting the term involving the

frequency (w), we get the mid frequency gain as follows:

(1)2 = (1"1)2 =k
(@) ( T)

a :1

2
In particular, the parameters for the 6SL7GT are LlL,000
ohms for Rp and 70 for u.
By substituting these values in equation 1, the
maximum value of Cs can be computed far an amplitude response
of 91% at 5000 cycles. ‘I.n this case a = 0.91x ¥ = 0.455

( 1 )2 =(1e1)2 % (2rwx 5000 x Cs x Lk, 000)2
(0.L55)

b8k = L + (Lowx 16° cs)2

Cs = 0.665 x 10~ or 665 micro-microfarads.
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If, on the other hand, Rp is 100,000 ohms at lower voltages,
and R1 = Rp, the maximum shunt capacitance under these conditions
can be found by substitution as follows:

b.8L = L + (2w x5000 x Cs x 100,000)°

Gs = 0.292 x 109 or 292 micro-cicrofarads.

From this we can permit a shunt capacitance of not greater
than 665 uuf for the specified frequency response of -3db at
5 Kc with four stages employirg LUK as plate load resistors.
This capacitance is higher than ome would expect wiring strays
combined with tube input and output capacitances to run in prac-
tice. To take advantage of this fact, the pkte load resistance
was raised to 100K, permitting less current drain and more gain.
With a plate voltage supply of 150 volts, the plate load line
was drewn and is shown on Fig. 15. From this one can compute
a little more closely. the operating characteristics of the stage.
At the operating point of =1.5 volts bias, u = 60, Rp = 75K cams,
and therefore the gain per stege will be given by: |

A = URL = 60x100 - 3’.[..3
RpeRl T00x75

This is congiderably less than the computed gain on assuming
"u and Rp were those tabulated by the manufacturer. Aétually,
the gain was expected to be still less due to'rthe fact that the
grid resistor of the following stage shunts and consequently
lowers Rl. However, this is only a sméll loss and the gain expected
fran the four stages is of the order of (3)4.3)h which is approxi-
mately l.h).;xloé. This is still more gain than the minimum re-

quired.
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Division of Amplifying Channel.

From the foregoing consideraticns the preamplifier was
arranged to consist of two push-pull stages, and was expect-
ed to give a gain of (Bh.3)2 or 1200 approximately. This
gain is sufficient to raise signals of micro-volts to milli-
vovlts and permit standard comstruction techniques in later
a.mplifying stages. However, the output of the preamplifier
must be connected to later amplifying stages by a shielded
cable. If this connection is made from the plates of the
second stage, the shunt capacitance would be much in ex-
cess of the 292 uuf. which could be tolerated to retain the
high frequency response. Since a little more overall gain
than was necessary was available, the most convenient way of
overcoming the problem was to use a push-pull cathode follower,
using a 6SL7 in the interests of standardization. Here the
use of the 6SL7 for the amplifier steges was a fortunate choice
as it has separate cathodes requiring only one tube for the
push=-pull cathode follower.

The input impedance of a cathode follower is high, and the
output impedance is low, although the gain is less than unity.
The output impedance of the cathode follower is given by:

Zo = 1

= 550chms
For 6SL7GT

v = 70
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Rp = Uk,000
cm = 1600 x 100
Rk = 5 x 1073

The gain of a cathode follower is given by:

A = URK
Rp+ +U
A = 70x5000 = 0.87%
oI 70+

A = gain

¥y = 70 = amplification factor

Rk 5000 = cathode resistance

Rp LhOOO = plate resistance

The loss of gain brings the overall amplification down
to 87.5% of 1.).;1;:1:106 or 1.3 x 109 approximately. The low
output impedance of 550 ohms allows the possibility of using
a very long ceble with a large shunt capacitance before serious
attenvation occurs. Quantitatively the permissible loading on

such a system is calculated. If {he response was to be attenua-

ted by 10%Z at 5KC, then the conditions existing are as follows:

1
Eo = 0.9 = _ Jwc Where Eo is output
o5 TS0 1
Jjwe Ei is input

1 = 1le j550Wc

If 550jwe is much greater than 1

02 = 41.0x10712; 2= 6,4} x 10~ farads

Therefore, the connecting bable would havg to be very
lorg to have a capacitence of 6 microfarads. Usual ceble

shunt capacitances are of the order of 5 to 100 mf. per foot.
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In addition, the low output impedance permitted the inclusion
of the output cable in the power cable used to supply the heaters
and plates of the preamplifier.
Location of Stepped Attenuator.

As a practical and theoretical choice, it was convenient
to ipsert the stepped attenuator control between the second
stage and the cathode follower. The cathode follower, having
high input impedance dces not lead the gain attenuator. This
results in a uniform frequency response at all amplifier sensi-
tivites. On the practical side, this puts the gain control
in the preamplifier within reach of the operator and in a resson-
ably gcod position for a large dynamic range of input voltages.
Blocking Voltage.

With this arrangement, the maximum single sided signal
that can be tolerated without blocking is of the order of

1 x Bias of second stage, This is about

gain of 1st sgage
1x 1.5 x 10" 6r about 4O millivolts for a bias of 1.5

volts on the second stage of the preamplifier. This is about
six times the maximum signal encountered.
Attenuastor Steps.

The attenuator sij,eps that have been found practical in
the past are %— gain reduction per step. In this instance, this
created a slight problem because with the R.M.A. series, of
resistor values, one can not conveniently choose a total resis-

tance and build it up from standard resistars to have 3 ratio

steps. To compromise, using standard resistors, the following
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attenuator was built up. The total resistance 1is slightly
over 1 megohm, but the individuwal errors on each step are
smaller than the tolerances in the resistors themselves.

The attentuator was built and the errors tabulated as followss

Step Resistance Error
0 Kilohms Percent
1 560 0.5
2 270 =2.5
3 150 ' 2.5
N 68 2.2
5 33 ~1.25
6 18 0.78
7 8.2 3.9

‘8 b.7 3.9
9 2.2 =0.39
10 2.2 off

Low Frequency Response.

For the low frequency response, an overall time con-
stant of 4O milliseconds is required. Since the amplifier
now consists of two stages and a cathode follower in the
preamplifier, followed by two additional stages of ampli-
fication to the cathode ray tube; the actual coupling
time constants of each stage are calculated.

Commencing at the input of the preamplifier, there is
one coupling condenser from the patient to the first stage,
ore between the first stage aml the second stage, ene between

the second staze and the cathode follower; one between the
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cathode follower ard the first voltage amplifier of the
oscilloscope, one between the first and second oscilloscope
voltage amplifiers, with the output of the last stage directly
coupled to the oscilloscope'deflection plates. This makes

five time conétants in all, and if uniformly distributed,

each would have to be 5xl0 or 200 milliseconds to have an overall
time constant of 4O milliseconds.

Choice of Actwl Values of Time Constants.

The choice of the actual values of coupling condenser and
grid résistor is always open to much discussion. Some tubes
have a limit for the magnitude of d.c. resistance permissible
in the grid circuit. Usual values run from 0.5 to 2 megohms
with the lower values being popular when stability is required.
Input capacitance shunts the grid resista and for this reason
in the case of triodes, one should use lower values of resistance.
In the case of pentodeé, one can use higher resistances due to
the lower input capacitance.

Standardization was again decided upon to facilitate con-
struction and procurement. Sealed condensers of 0,25 uf with
600 volt raﬁirgs were chosen as the standard coupling condensers.
Resistances of 0,56 megohms were chosen for grid resistors. The
gain attenuator, having 1.116 megohms resistance, tends to
increase the time constant of the amplifier. The overall time
constant of the preamplifier (to the cathode follower cathodes)
is expected to be in the order of

__]_. = 1 - 1 * 1l
o TicL wee bikiox

" - 1 - 1 =
756:?;123 56x.25 TI5x.25  17.75
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RC = 1 = 56.4 milliseconds
17.75

Choice of Balance of Component Values.

To compdete the design of the preamplifier, the plate -
supply voltage was taken to be 150 volts (obtdined fram a
voltage regulator tube). The plate load resistors were
chosen as 100,000 ohms with those in the first stage being
non-inductive, wire-wound units. The plate supply was
common for the first two stages with the cathode follower
operating at a higher voltage supply and decoupled with an
RC filter of 22K and 16 uf. This is to insure no self
oscillation between the preamplifier stages operating from
the same power supply.

In order to obtain high in-phase degeneration or bal-
ance, high cathode resistors are necessary. However,
high cathode resistors will not permit the coarrect operating
bias voltages to be applied to the tubes. A convenient arrange-
ment was to use high cathode resistors and instead of retwrning
them to the negative of the power supply, which is connected
to the grid return; the connection was made to a potential
more negative than the plate power supply return. This supply,
of course, must have as good regulation as the plate supply
and a value of minus 75 volts was chosen (obtained from a
VR-75 gaseous regulator tube), With this arrangement operating
biases of 1} volts were obtained at the cathodes of the first

two stages of the preamplifier with 100,000 ohm resistors in

the cathodes of each stage. The cathode resistor of the first
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stage was non-~inductive wire-wound for stability.

The cathode follower output stage was arranged to
operate at a plate supply voltage of 275 volts and the decoupling
network dropped this to about 250 volts with about 0.5 milliam-
peres per section of the push-pull cathode follower. The O,S
milliamperes flowing through a cathode resistor of 5,000 ohms
gave about 2.5 volts bias.

The preamplifier cabinet houses also a calibration
circuit to which the amplifier can be switched to permit ampli-
tude calibration. The circuit employed is of the potertiometer
type consisting of a 1.5 volt pen-lite cell, two resistors,
(one of two ohms and the other of 3000 ohms, made up of a
variasble and fixed resistor), and a momentary push button.

When the push-button is depressed, a signal of 1 millivolt
appears across the two ohm resistor when the current is ad-
justed to a 0.5 millamperes in the potentiometer circuit.
This signal provides a voltage reference for amplitude cali-
bration of the instrument.

Figure 16a shows the final circuit of the preamplifier
and tezble 1 gives the component values. Figure 16b shows
the front panel view Qf the preamplifier.

TARIE 1
PREAMPLIFIER COMPONENT VALUES
Ce 0.25 uf 600v.
Rg 0.56 meg. 3w. carbon
Rk 100k, #W. carbon

Rkl 100k. ww.
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RL 100k, 3w. carbon
RI1 100 k. ww.
cd 16 uf. U450 v.
" Rd 22k 1w, carbon
Ro Sk. 2w.
Rga Gain Comtrol 560k, 270k, 150k, 68k, 35k,

18k, 8.2k, L.7k, 2.2k, 2.2k. % per step
1.1163 meg.
Power Supply (Preamplifier).

The role of the power supply is to provide the
various plate, filament and bias volteges for the pream
fier. These voltages must be stable and ripple free in
order to keep the internal noise of the amplifier as 1o

as possible. In addition, these voltages must be obtai
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pli-
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med

with a minimum of cost consistent with the work to be done

by the amplifying system. Standard components were use
with a good margin of safety on their operating limits.
This insures long life and easy replacement hy semi-ski

personnel at the end of the useful life of the componen

d

111ed

ts.

To conserve space and keep the number of units dawn,

the audio amplifier was incorporated on to the power su
chassis. The danger hum pick up was not a serious cons

due to the preamplification of the signal aml its appes

across the cathode follower output impedané:e of 550 ohms.

This procedure provided another advantage in that no ex

cables were required to connect the audio amplifier to

pply

ideration

rance

tra

the




preamplifier, With the appearance of the signal across
impedance line, the output of the preamplifier was take
in the power cable.

Voltages Required.

L1

a low

n along

In detail, the voltages required for the preamplifier

are plus 275, plus 150, minus 75 and 6 volts for the fi
ments. The plus 275 supply is required for the cathode
plates, the plus 150 and the mimus 75 taps are required
plate and bias voltazes of the first two stages. The 6
supply is needed for the heaters of all the preamplifie
The plate current requirement for the first three stage
and of the order of a few milliamperes. However, the e
needed from the 6 volt supply is of the order of 1 ampe
(3-6SL7 @ 0.34 = 0.94).

The power required to operate the audio amplifien

1a-
follower
for the
volb

rs stages.
s is small
nrrent

re,

was

provided by a separate power supply also incorporated qn the

power supply chassis. This was done in order to minimi
thef'motorboating® which uswally occurs when many cascad
are operated from the same power supply. Another reaso
separately powering the audio amplifier was to insure t
stability of the preamplifier power supply when large b
gignals appeared at the input. The power requirement o
audio amplifier is usually much in excess of that requi
operate voltage amplifying stages. In this case, 1littl
was needed as only aural monitoring was required from ¢
Filament Voltage Supply.

Earlier in this repart it was stated that some pr

research development had been carried out by the authon

7,8
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locking
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evious

to




42

eliminate the batteries and made the apparatus completely

power line operated. These experiments examined the hum

and pick-up by input stages when 60 cycle alternating qur-

rent was used for filament power. The followirg is a summary

of these experiments carried out.

Hum Elimination Studies.

It was found that increasing the balance ratio of the

input stages reduced the hum pick-up. # limit was soon

reached however, when even infinite balznce would not have

reduced the hum pick-up to zero. Moreover, it was found

that filament hum pick-up varied widely among tubes of {the

same type. One of the best methods found to reduce this

pick-up was to insert & low resistance potentiometer across

the filament supply to the input stage. Theé.rotor of the

potentiometer was then connected to the negative of the

supply voltage supply. When the rotor was turned, there

plate

usu-

ally was found a position where the hum pick-up was 2 minimum.

This device is known by some as a'hum-dinger®., Howeveun,

the

best adjustment of the hum-dinger was not satisfactary [for the

gain capabilities of the amplifier.

From these experiments the author concluded that |di-

rect current was needed to energize the filaments of the
stage. The mroblem then was not how to cdtain the direc
current, but how much ripple coulci be tolerated. The "t
mal inertia” of the filament or its inability to foll::L

changes in voltage helps suppress any pick-up from tr

input
t
her-'
rapid-.

ient



variations in filament voltage. A high balance ratio a

suppress the pick-ip of filament ripple. For these reas
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1so helps

ons, as

well as the wide varisbility in the susceptability to hum pick-

up of the individual tubes made tke problem practieally
to calculate quantitatively.

As a starting point, an 8 volt filament transforme
with a full-wave Selenium rectifier and a 2000 mfd shun]
filter condenser was employed in conjumnction with a hum
This arrangement was used as filament power for the inpj
stages. From the cutset, in comparison with the previo;
periments, excellent results were obtained.

pick=up from the second stage (which was still on 60 cy

now was greater than that from the first stage due to r

in the DC supply; Accordingly, the filaments of the fix

b

impossible

r

~dinger.
nt
s ex-—

However, the hum

ple AC)
ipple

rst amd

second stages were paralleled ami operated from the sa$e
Selenium rectifier supply. In this case, the reduction
hum pick-up was not as good as was expected. This was ¢
insufficisnt storage capacity of the 2000 mfd. filter cc
ser. Increasing this capacitor by a factor of ten imprd
the situation but not a satisfactory degree. It then se
that an LC filter would have to be employed to render_ne
gible the pick—-up due to filament ripple voltage.
Since the filament current required was not that o

two tubes, even a small filbter choke would haﬁe fo be ve
Jarge physically to have ewen a small inductance with O.

filament current. It would also have to be of véry heaw,

in

lue to

nden-

ywed

emed

gli-

£

ry
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to keep the voltage drop small, In spite of these drawhacks,
the inductor-capacitor filter looked like the only solution
to the problem. | |
After careful consideration, it was recognized that
size and expense were more important than efficiency.
Accordingly, a rearrangement of the filament supply volbages
to the rectifier was made. A standard 12.6 volt filament
transfarmer was used to feed the Selenium bridge rectifier.
The output of the rectifier was fed to a 2000 mfd. shunt |conden~—
ser, then to a series resistor amd to another 2000 mfds shunt
condenser, The series resistor was made variable and adjusted
under load to. produce 6.3 volts at the output of the filter.
This arrangement proved to be an excellent solution to the pro-
blem. It is, of cowrse, nothing more than a Pi section RC
filter similar to those used in many dxeaper plate powsr supplies.
The difference is that in the plate supplies, the values
are in microfarads and thousands of ohms &nd in this filter the
values are in thousands of microfarads and ohms,
The voltage loss across the filter is, of course, [large.
The actual drop is of the order of 12.6 /2 volts at the |input
to 6.3 volts at the output of the filter system and repriesents
a loss of power equal to that which is useful output. However,
the physical size of the filter is very small is spite of the
10 watt size of the dropping resistor in the series arm jof the Pi.
_It is unlikely that the inductance of this resistor contributes
to the filtering, even though most low value resistors are. quite
inductike,

The performance of this filter system was so good that
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the use of the hum-dinger was of no benefit. The hum pick-up
with this system was less than the noise level of the amplifier.
Tubes no longer had to be sected for filament hum pick-up sus-
ceptability due to the exceedirgly small ripple in the fila_\ment
voltage.

This filter circuit wes incarporated inte the power sup-
ply to provide filament power for the preamplifier., In this
case, however, all three preamplifier stages were operated from
a filament supply very satisfactorily. By doing this, no al-
ternating current power carrying conductors were brought into
the preamplifier chassis. Although it was not necessary to oper-
ate the 6SL7 cathode follower stage on direct current, the desire
to keep 60 cycle current carrying wires out of the chéssis justi-
fied this procedure. Figure 17 shows the arrangement of the
filament power supply and component values.

Plate Voltage Supply.

To supply plate voltage, the standard full-wave recti-
fier circuit was employed both for the positive and negative
supplies. The positive voltage was obtained from a standard
twin-diode rectifier (5Y3), comnected to the power transformer
in the conventional manner. To obtain the negative voltage,

a pair of indirectly heated twin-diodes ((6X5GT) were used.

The diodes used were of the type with a high heater-cathode
voltage ratinge. This allowed conservation of filament supplies -
and a consequent saving in space. The standard 6 volt ‘winding |
on the power transformer was used for the negative rectifiers.

To take advantage of the fact that the regative rectifiers each
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FIGs 17 = FILAMENT VOLTAGE SUPPLY.

R = 10 OHMS (VARIABLE)
Cl12-13 2000 MFD. 25V.
BR2-2AMP SELENIUM RECTIFIER
T - 12 VOLT FILAMENT TRANS.
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had one extra diode plate, a parallel connection was made to

the other plate, thus reducing the current per plate and allowing
a more even ageing of the tube cathode.

Filtering.

The filter system employed for both the positive and
negative supplies was the standard Pi section or ‘"brute-force"
type employing 10 mfd. electrolytic condensers and 30 henry
chokes. This circuit is a very standard filtér used in most
power supplies to eliminate ripple voltage from its output.
Choice of Regulator Tubes.

To provide regulation and a low output Iimpedance, gas
regulator diodes were used. (Fig. 18 shows the circuit
arrangement). The system had proven very satisfactory in
the line operation investigaticn carried out previously by
the author. The following is a brief summary of the investi-
gation,

Since the preamplifier current drawn from the power
supply is only of the order of a few milliamperes, the use
of gas diodes seemed advisable from practical and theoretical
considerations. This was the starting point of thé investigation
and accordingly the operating characteristics of the tubes
were sought. The manufactuwers however, only supplied data
on the striking and operating voltages and the recommerded
operating cwrent through the tube. Text books went only
as far as saying that tl;e output impedance was low. This was

inadequate information for use in design, so a survey of the
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standard gaseous regulators was made to determine primarily
the output impedance and any other informaticn that would be
of value in the preference of one type over another.

Many voltage regulator tubes of each type were chosen
and studied. Those available at that time were the VR75,
VR105, énd VR150 types. Voltage-current curves were plotted
to determine the output impedance over the operating range.
From all this data, it was found that the VR75 had the flattest
voltege-current curve with the VR=150 second and amd VR-105 a
poor third, The flatness of the operating portion of the curve,
or the voltage change across the tube per unit of current change
through the tube was used as a measure of the regulatory ability
of the tube. This ratio is also the output impedance of the
regulator. The lowest .output impedances were found with an
average current of 15 ma, d. c., through the tubes and varied
from a low of 10 ohms to a2 high of 200 olms. The magnitude of
variations for the VR75S tubé was of the order of 10 to 150 ohms.
The variations encountered with the VR150 tube were from about
50 to 200 ohms. In the case of the VR 105 tube, the voltage-
current curve was nét always reproducible and some tubes tested
had a negative slope. For this reason, the VR1OS was avoided
and the VR75 was used for the negative regulator tube and the
VR150 was employed as the positive supply regulator.
Ripple Voltage.

The actual percent ripple of the largest component
present at the output of a Pi section capacitor input filter

is difficdt to calculate exactly. It can, however, be calculated
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to a good approximation which will give an idea of the order of
its magnitude. The following calculation was based on the ana-
lysis given in MApplied Electronics"é.

In this case, with a full wave rectifier, the second

harmonic is the largest and is given by:

E2 = 1 x Idec

X 1
Vel W_ch T"‘fol

Where Idc - d.c. output current (amps.) = 0,015
E2 - r.m.s8. ripple voltage of 2f
f -~ supply frequency 60 c.DPeSe
w - 27 f
Cy5 Ca - condenser capacity (farads) = 10x10~0

I - inductinpe (henries) = 30

B

5~ 1 = 1 x
T.01 x 3.1 L(2w x50 52 X 3355?’.[@210=6

15 x 1073

ZXEGE'JIEIOé

167.5 x 10=3 or 167.5 millivolts.

The filtering in the positive and negative supplies
is identieal, this voltzge represents the 120 cycle ripple
component before the voltage regulator tubes in each supply.
Since the impedance of the voltage regulator tubes is low,
a further reduction in ripple voltage takes place.

The series resistors far the regulators were fetermined

experimentally, The values chosen were those to permit the
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operation of each regulator tube on the mid-point of the
plateau of the voltage current characteristic. The actual
resistors necessary were 10,000 ohms for the VR150 to
provide a current of 15 ma. through the tube and 15,000
ohms for the VR75 to allow a current flow of 10 ma. through
it. ©No calculation of loading due to the amplifier weas
deemed necessary as the drain of a few milliamperes is negligi-
ble in comparison to 10 to 15 milliamperes standing current
through the regulators. However, the power dissipation in
these series resistors is a point of consideration and is
computed as follows:

VR150 - 15 ma. and 10 kilohms

P=12R =1 x 106 x 10'x 1043 =
2.25 watts.

VR75 - 10 ma. and 15 kilohms,

P=T1%R = 102 x 100 x 15 x 10*3 =
1.5 watts,

In order to provide long life ami low operzting
temperatures, ten watt resistors were used. Low temper-
atures were desired té keep the thermal drifts down to a
minimum,

Gas tubes themselves are known to be good noise
generators so large condensers were shunted across them
to short circuit any self generzted noise. Trere is
always the possibility of creating a relaxation ocillator
when this is done. In this case, the regulator series

resistors were too low to permit oscillation. The addition
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of these condensers alsc lowered the output impedance and
consequently the ripple voltages in addition to shorting out
any internal noise in the regulator tubes themselves.
Calculation of Output Ripple Voltage.

To obtain an idea of the actual magnitude of the
second harmonic ripple voltage in the regulated output,
an equivalent circuit of the regulator was drawn up and
is shown in Fig. 19. The derivation of the reduction of

ripple follows and the quantities defined.

02 = 2
Eo Z+R
1 = 1 +juC
Z Rd
= 1 jwCRd
R
zZ = Rd
T + jwCRd
Substitutings
e = Rd
Eo Rd + R(I+ JWCRA)
E, = Second harmonig voltage after filter
at input to regulator = 167.5 m.v.r.m.s.
R =~ Series Resistor
 For VR150 = 10K
VR7S5 = 15K

C = Shunt condenser = 10mfd.
f = Ripple frequency = 120 cycles/second

w = 2w {

=
n

Voltage of Regulator tube
For VR150 = 150 volts
VR75 = 75 volts
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Ripple voltage at output of regulator.

o]
N
[}

R4 Regulator output impedance

For VR150 = 200 ohms max.
VR75 = 150 ohms max.

In the case of the positive regulator using the VR1SO
the valuve of R = 10,000 ohms and Rd, the gas diode impedance
varied from 50-200 ohms. TIn all cases C was 10mf. ard F the
frequency is 120 cycles. Under the worst conditions for the
VR150 is Rd equal 200 ohms, the reduction of ripple is cal-

culated by substitution in the above equation:

e, = 200
Eg 200 + Totr (I+i2 W XI20x10x10-5x2 00 )
= 1

_E-_z - 50 (1"'3105)
€2
B, = 50 /IIER % 90

e

2

Reduction = 1
90
Ripple output = 1 x 167.5 = 1.86 millivolts
90
of VR150 side.
Under the worst conditions, the ripple voltage present
in the VR75 negative rectifier would also be obtained with
the highest regulator impedance which was 150 ohms. The
series resistor employed was 15,000 ohms. With the other.
quantities the same as for the VR150, the ripple voltage present

is as follows?
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150
T50 + 103 x 15 (1¥37.5Ix10-3x150)

100 (1¢31.035

ISSNS SN
I n

100 /IP1,03)2 = 1k

e2
Reduction = 1
Ripple output
of VR75 side = 1 x 167.5 = 1.15 millivolts
| pann
Effects of Ripple Voltage.

Although these maximum ripple voltages of 1.86 and
1.15 millivolts seem large, they are superimposed.on a
direct voltage which supplies a push~pull balanced ampli-
fier, 1If the balance were perfect (possible ohly with
identieal tubes with linear characteristics and in circuits
with matched components) no ripple would appear in the out
put of the amplifier. Such a condition can only be a
theoretical supposition and never a practical reality. How-
ever, the amount of ripple voltage developed in the output
can be estimated by making conservative assumptions.

If the amplifier has a balance ratio of 1000 to 1,
this would mean that a signal impressed on both grids
simultaneously would give the same output as a signal
1/1000th as large as when applied push-pull. (It was
stated earlier that the minimum balance rétio tolerable in
a biological amplifier is of the arder of 1000/1.) The

ripple voltage in the power supply is such a signal,
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A1l push-pull grids, cathodes and plates have a common
return connection. In the case of the grids, the return
is to the common negative. In the case of the cathodes, the
return is to =75 volts with a meximum of 1.15 millivolts
ripple appearing across the 150 ohm impedance of the gaseous
regulator. Assuming the impedance looking into the cathode
is high, (which is not actuslly the case), the signal of
1.15 millivolts is being fed into the amplifiers via the
input stage cathodes, would look like a signal of 1/1000
of 1.15 millivolts or 1.15 microvolts applied push-pull.
This, is of course, much less amplitude than the smallest
signal of diagnostic value. It 2lso is below the measureable
noise consistent with the band width of the amplifier.

In the case of the positiwe regulated supply, the
maximum ripple voltage of 1.86 millivolts is superimposed
on 150 volts DC appearing aeross a maximum of 200 ohms imped-
ance. GConsidering this voltage as modulation of the cathode
current, a very large attenuation would be encountered be-
Pre reaching the cathodes due to the high plate load resistors
and plate resistance which are both in the hundreds of thous-
ands of ohms. Therefore, the ripple contributed by the plate
voltage supply would be immeasurably small in comparison to
that fed into the cathodes by the negative swply.
Audio Amplifier.

The audio amplifier incorporated on the power supply

chassis was of conventional style. It was designed to have
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good low frequency response and a mediunm power output. A

12 inch loud speaker was used with the reflex baffle recom-
mended by the manufacturer for the loud speaker. No tone
campensation was incorporated as the role of the audio ampli-
fier was to give a flat frequency response. This is desireable
50 that wave forms once recognized, would not be lost by the
mis-setting of controls. The only control provided on the
audio amplifier is a volume or intensity control.

Operating Limits.

The input to the vaudio amplifier was takeﬁ directly
from the output cathode follower of the preamplifier. With
the minimum signal from the subject being of the order of
100 microvolts, (fibrillations) the output of the preampli-
fier is 900+ x 100 microvolts = 90 millivolts. This signal
must be boosted to an amplitude sufficient to operate the
power stage driving the loud speaker. The actual output power
required is that amount necessary to drive the loud speaker
at what would be called "normal" listening volume. This may
be assumed to be of the order of 1 watt peak of audio power.
It was also decided to provide a minimum of 10 watts of audio
capability so that should a small fast transient apvear on a
large slower wave, the system will respond linearly and faith-
fully reproduce the complex wave.

The most standard tubes in use as power amplifiers to
deliver 10 watts of audio output are the 6V6@T tubes. These

# Overall Preamp. gain = 87,5% x 342 = 1050
Allowing 10% margin, minimum gain = 900,
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were chosen and operated in push-pull, driving a trans-
former to match the plate impedance to the voice coil.

A single voltaze amplifiér stage was employed to
boost the signal of 90 millivolts sufficiently to obtain
a minimm of 10 watts of peak audio pcwer from the output
stage., The 6V6 tubes have a transconductance of the order
of 5 ma. per volt. One watt output requires an oscillating
current in the push-pull plate impsdance of 15,000 ohms
(for 6V6 tubes) as follows:

P = I°R

1 =12 x 15,000

Is= 1 = 8,1 ma.
15,000

= Current amperes

—
i

Resistance in ohms

R
P = Power in watts.
The 8.1 ma. can be produced by 8,1y or 1.63 volts
change in the grids of the 6v6 stage. The voltage ampli-~
fier then must provide at least an amplification of the
ratio of .g%puu_% = 90)5%66; = 18.1 The type 6SL7GT was chosen
to provide this gain in the interests of standardization. 4
6SNT7GT could have been used the gain obtzinable with this
tube would Ajust have been sufficient as shown in Fig., 13. From
this table, the 6SL7 tube is capable of giving a gain ef about
48 which is much in excess of the minimum required. However,
since a volume control was included, the additional amplification
is controllable ard available if desired.

Component Values.

The actual component values whosen were those listed in
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the Resistance Capacity coupled amplifier chart tabulated

in the RCA Receiving Tube Manua1.7 Smaller coupling con-
densers than those used in the preamplifier were employed as
the limits of audibility do not extend much below LO cycles.
.The Llimit of the low and high frequency response of the audio
amplifier as was considered to lie in the output transformer's
capebilities. The transfarmer used was good quality 10 watt
size recommended by the mamufacturer (Hammond) to match push-
pull 6V6GTs to & voice coil of 6 ohms which was the néminal
impedance of the 12 inch loud speaker.,

Gain Control,

The gain or volume control was placed at the input of
~the andio amplifier. It was made a double-gang 2 meg. potentio-
meter with an audio (logarithmic) taper. By means of -this
control, the listening volume can be varied to suit the ampli-
tude of the wave forms encountered.

Power Supply.

The power supply for the audio amplifier was the stand-
ard full wave rectifier type with a Pi section filter similar
to that used for the preamplifier but with higher current
output. The 6V6 tubes require about 30 milliamperes each
and the 6SL7 a few millamperes. A 75ma. transformer was used
to feed a 5YSGT tube as full wave rectifier. The filament
windings on the same vower transformer were used to energize
all the audio tubes.

The complete auvdio-amplifier with its own power supply
and the preamplifier power and filament supplies are shown
on Fig. 20. All these circuits are incarparated into tle

same chassis.
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0SCILLOSCOPE

From the block diagram of Fig. 12, the facilities
required in the oscilloscope were examined and the unit
designed. The block diagram of Fig. 21, shows the arrange-
ment of the various sections as they were combined to form
the oscilloscopic apparatus. The various units are tab-
ulated and their requirements were set forth and are desc-
ribed in the following paragraphs.

Vertical Deflection Amplifier (General).

Using the conventional system, the vertical deflect-
ing plates were used to display the signal under investi-
gation, The additional amplification needed to raise the
preamplified signal to a level suitable to deflect the cathode
ray tube beam, was incorporated into the oscilloscope unit.,
The actual overall minimum amplifieation required was cal-
culated previously to be 1/2 million. The signal has already
been amplified 900 times by the preamplifier, leaving an amp-
lification of 0.5 x 100 = 555 to0 be provided by the oscilloscope
amplifier. 700

The overall time constant in the amplifying channel
was stated previously to be L0 milliseconds. The time con-
stant from the input of the preamplifier to the output of
the cathode follower is 56.4 milliseconds. Therefore, the
overall time constant from the input ef the oscilloscope

unit to the cahode ray tube deflecting plates cannob be less
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than the followings

1 = 1 * 1
Over all RC RC preamp. RC oscilloscope
1l = 1l e _l
L0 TE.L RC

RC 157 milliseconds.
Time Base (General).

The time base or sweep was connected to the horizoral
deflecting plates in the usual manner. The beam velocity -
requirements were tabulated previously and range from 2.5
to 20 milliseconds per inch. The most useful repetition rate
was previously stated to be 10 per second, but on occassion
slower repetitions of 1 per second have been of value in
research investigations, ‘A repetition rate variable from
1 to 10 sweeps per second was considered necessary with pro-
vision for single sweep operation initiated either manually or
by the camera shutter.

Stimulator Trigger.

In order to allow the maximum use of a stimulator,

a very careful study of techniques was made, particulatly in
regard to the delay required to display the stimulus on the
cathode ray tube face at wvarious sweep velocities. The sweep
velocity rangze of 20 to 2.5 milliseconds per inch is approximately
a ten to one ratio. If, for example, a fixed delay time were
chosen such that the stimulus appeared 1/2" from the left hand
side of the tube at the slowest sweep velocity, the delay marker

would be approximately 5 inches from the left hand edge of the
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tube at the fastest sweep velocity. This would not leave space
on the tube face for viewing the response to the stimulus.

The apparent solution would have been to provide a vari-
egble delay, either manually controlled or automatically switched,
when the sweep velocity was changed. This however would invol-
ve thé critical adjustment of cﬁmponent values in the sweep and
delay circuits to meet this condition.

Tt was recognized that in order to maintain a marker at
the same position on the sweep, regardless of sweep velocity,
the delay marker‘ﬁould have to be derived from a fraction of
the sweep voltage and not a function of velqcity. Therefore,a
circuit that triggers and supplies a marker pulse when a criti-
cal voltage is reached was a wery logical choice. With the
eritical triggering voltage variable, the delay marker can be
set anywhere on the sweep. With such a system, the marker will
always remain in the same position on the sweep, regardless
of sweep velocity. This, of course, pre-supposes that the
sweep voltage is well regulated and remains constant in ampli-
tude wifh varying sweep velocity. With the employment of gase-
ous discharge tubes and a stabilized bias, this is easily accom-
plished, The actual circuit chosen tq generate the marker used
to trigger the stimulator is a form of the direct coupled "flip-
flop", This circuit is often called a Schmitt Trigger8 and has
the unique property of quickly switching (or flips) from one
stable condition to another when the input voltage is raised

beyond a critical value. When the input voltage is reduced
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below this critical potential, the circuit quickly returns
(or flops) back to its original condition.

The input to the flip-flop was derived from the sweep
voltage. As the sweep voltage builds up and the cathode ray
tube beam traverses the tube, the flip-flop transforms
from one conditicn to the second when the critical voltage is
reached. When the sweep voltage reaches its maximum and drops
back to zero on the retrace of the sweep, the circuit quickly
resumes its original conditicn. The "flip" wave of the flip-
fléprwas differentiated and used as a triggering pulse to ini-
tiate the stimulus wave.

A receptacle labelled "accessories" was installed on the
front panel which provides filament and high voltage connections
as well as the stimulus triggering pulse. A stimulator can be
comnected to this outlet and cbtain the necessary voltages and
delayed triggering wave.

Powsr Supplies.

Careful thought was given to the power supplies for
the oscilloscope. The susceptibility of cathbéle ray tubes to
pick=up hum from stray msgnetic fields is tremendous, In the

past, the author has had considerable difficulty eliminating
this source of interference. The effect is mnot seén on many
stendard oscilloscopes, due to the fact,that the sweep velocities
usually provided are not slow enough to see multiple 60 cycle
waves on the trace of the tube. WMagnetic shielding helps but
does not entiely eliminate the pick-up. In one instance, after

resorting to extensive magndtic shielding, hum pick-up was traced
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to the magnetic field surrounding a glass vacuum tube. The field
came from the flow of 60 cycle altevrnating current through its
filament., Although no 60 cycle moduletion appesred in the out-
put of this tube, the field was stong enough, and the tube was
located sufficiently close to the cathode ray tube electron gun
to modulate the beam.

With this danger in mind, a new design approach was made.,
The aim was to separate the various tuwbes and transformers from
the cathode ray tube by as much distance as possible. If the
intervening space were filled or partially filled with magnetic
materisl, the effactive distance would be even greater. In
addition, orientation aml placing of the power transformers below
and behind the cathode ray tube gun was considered essential,
With a magnetic shield surrounding the cathode ray tube, it seemed
very unlikely that apprecisble hum modulation would be picked up.

In order to supply voltages for the various circuits, two
power supplies were decided upon. One was a 2000 volt low cur-
rent output supply for the focus and accelerating voltage of the
cathode ray tube. The other was & standard full-wave LOO volt
DC supply with both negative and positive voltages. The nega-
tive voltages were provided +to bias the varicus pike circuits.
A voltage regulator tube was incorporated to stabilize the bias
supply. The poSi’cive supply energized all the amplifying and
wave generating circuits.
Controls.

As an overall aim, the controls available on the front
panel were only those essential and were grouped as to importance,

Primary controls were provided with standard size pointer radio



62

knobs. Secondary controls, or thoge which were not used after
warm-up and calibration, were made either screw-driver set or
provided with small button knobs. In this way, the danger of
accidentally changing the wrong control was minimiged.

Power Supply Design Tests.

The actual design of the oscilloscope was begun with
construction of the power supplies and in particular with the
high voltage power supply. In order to ascertain whether the
power supplies could be included in the same cabinet with the
cathode ray tube, tests were made using the precautions already
discussed to avoid hum modulation. The cathode ray tube and
high voltzge power supply were mounted in the oscilloscope cabin-
et. The component values used were those recommended by the
manufacturer of the cathode ray tube and transformer. The cathode
ray tube and its power supply were mounted in the most conwenient
manner to satisfy minimum hum pick-up theory. The deflection
plates were tied to zero potential with respect to the cathode
ray tube final accelerating anode. The circuit was checked
carefully and the apparatus turned on.

After a warm-up, the luminous spot appeared centrally on
the face of the cathode ray tube. Both the focus and  inten=
s ity controls affected a control over the cathode ray tube
in the usual manner.

One pair of defleétion plates was then disconnected
from the accelerating anode and energized by a variable frequency
sine wave oscillator. This produced a single line on the face

of the tube. The oscillator voltage was increased so thatthe
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line just filled the tube. The frequency of the oscillator
was varied slowly from 20 to 300 cycles with particular atten-
tion given to observing the trace of the tube when 30, 60, 120
and 180 cycles were passed. No beats were.observed and ﬁhe
procedure was repeated with the other pair of déflection plates
with the same result. Both pairs were then tied to the oscil-
lator and a diagonal line was then observed. The procedure
was repeated and the pattern again was free of beats, showing
that the hum modulation was absent or present in negligibly
small amounts.

The positive and negative supplies were next mounted
and wired. They were loaded to the capacifty of the power
transformer and the foregoing procedure was carried out.
Again no hum modulation was observed on the cathode ray tube
face, showing that it was feasible to mount the power supplies
and the cathode rsy tube in the same cabinet when the foregoing
precautions were taken.

Figure 22 shows the wiring diagram of the two power
supplies. A gaseous regulator (VR150) was incorporated
into the circuit of the negative sSupply to provide a
stebilized scurce of voltage for biasing the various pulsing
circuit.

The detailed design of the various sections comprising
the oscilloscope was then commenced. The vertical amplifier
was designed and adsembled. This was followed by the sweep and

and delay circuits.
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Vertical Deflection Amplifier.

Tracing the signal from the cathode follower to the cathode
ray tube plates, there are two resistance capacity couplings,

A pair of 0,25 mfd. condensers isolate the bias of the cathode
follower from the input grid of the first oscilloscope amplifier.
Ancther pair of interstege coupling condensers connects the first
and second oscilloscope amplifier stages.

In the interest of standardization, the interstage coupling
condensers were also made 0.25 mfd. The output of the second
stage was connected directly to the cathode ray tube deflecting
plates.

To make the input resistance of the cathode ray oscillo-
scope high, a dual two meg, potentiometer was used as the
grid resistor of the input stage. This allows the freedom
of using the cathode ray unit independently as a general purpose
oscilloscope with the usual high input impedance.

With the first amplifier grid resistor chosen, only
the second stage grid resistor need be determined to provide
the oscilloscope amplifier with an overall time constant of

137 milliseconds., The calculation of this resistor is as follows:

1 = 1 * 1
Overall RC RC Stagey RC Stages
1 = 1 * 1
0I37 x 042 ﬁ X 6025

Te3 = 2 + L
R
R = 0.755 megohms.

A 1 megohm resistor was used. The overall time constamt
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of the amplifying channel is summarized and calculated herewith.

1 = l « 1 + 1 <+ 1 & 1
\ : y Oscilloscope.
Preamp.
RC = 1 + 1 + 1 + 1 * 1

0.56x425 0.56x425 1.2x.25 «25x2 0.25x1

7ol 4 7.1h « 334 + 2.0 & L.O
23.62

RC = 42.3 milliseconds.
In order to keep the input capacitance of the cathode ray
unit o a minimum value, push-pull pentodes were used for the
input stage. The tube types chosen were the 65J7's. Plate
load resistors of 220K were used which is a typical value with
a 400 volt plate supply. This leaves about 150 volts on the
plate as a quiescent voltage, assuming a plate current of about
1 milliampere. The remainder of the values (cathode and screen
resistor) were taken from the RCA Receiving Tube Manua1.9

The gain listed for these operating conditions is of the
order of 167. To obtain the balance of the amplification, a
double triode was decided upon. The overall gain required of
the oscilloscope amplifiers is 555. The push-pull 6SJ7 stafie pro-
vides = 167 leaving a balance of 555/167 = 3.3 to be provided
by the push-pull triode stage. To obtain this gain, any double
triode could have been used. The choice, however, was narrowed
down by an additional practical consideration.

The coupling leads from the vertical amplifier to the cathode
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ray tube socket would of necessity be long, due to the dimensions
of the cathode ray tube, These leads also require shielding.
Shielding is antagonistiec with good high frequency response
because of the shunt capacitance introduced. Therefore, a low
plate resistance double tfiode was used to preserve the high
frequency response. A survey of all of the common double tri-
odes shown in Fig. 13 indicates that the 6SN7;tube has suffi-
cient gain as well as very low plate resistance. It accordingly
was employed for the final oscilloscope amplifier stage.

v~ The component values in this stage were dictated partly
by convention, but mainly by the necessity of providing shift
voltages. From Fig. 1L, any plate lozd greater than ten times
the plate resistance yields a stage amplification of ninety per-
cent of the amplification factor of the tube., Therefore, a
plate load resistor of 77,000 ohms would be expected to give a
gain of 18, This gain is far in excess of the 3.3 required,
but can be reduced by the duval 2 meg. input control. However
such low resistance would require the tube to draw a large plate
current even at high bias voltage. The actual plate load values
chosen were 330K and were made by inspection of various load
lines on the tube plate characteristies. With a plate supply
voltage of 400, a convenient quiescent voltage would be 200
volts. This would give a li inch deflection of the beam if one
half of the double tube were driven to cut off (assuming 50
volts per inch deflection sensitivity of the cathode ray tube).

The piate current necessary to drop 400 volts to 200 volts
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through 330K ohms is approximately 0.625 milliamperes. The
bias necessary to create these conditions is approximately 14
volts (from the tube characteristics). This requires a cathode
resistor of ‘

IxR

E
W
or R = 22,400 ohms

0.625 x 103 x R

for a single tube. With two tubes connected push-pull, a
cathode resistor of half this value or 11,200 ohm provides

the operating bias. The stage could be expected to give a

deflection of 8 inch maximum or +« and =l inches from the center
of the tube with each half tube being driven to cut off. This
is more than adequate to satisfy the size of the tube and in-

sures a good linearity of the‘re_produced wave over the face of

the cathode ray tube which is % 2% inches.

Vertical Centering Control.

The foregoing pre-supposes that the characteristics of
the 6SN7 amplifier tube and components are identical. If such
& condition existed, no shift control would be necessary for
the vertical deflecting amplifier as the conventional method
of wiewing the trace is with it centered on the tube face.

However, it is rare that twin tube characteristiés
are identical even over a normal operating ramge. It is also
practically difficult to obtain matched components that have
equal thermal drifts. Therefore, a vertical centering control
was added to always insure the ability to position the trace
in the center of the cathode ray tube.

Phe most convenient method of accomplishing this is to
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feed a biasing signal into the deflection amplifier. This
would alter the quiescent potentials in a tilt fashion and
deflect the mean position of the beam. 4 convenient way to
provide this feature is to connect a small potentiometer between
the cathodes of the amplifier with the fotary.arm connected to
the bias resistor. A potentiometer value of 10% of the cathode
resistor would not seriously unbalance the two sides of the push-
pull amplifier, A 1000 ohm potentiomster was inétalled and
the operation of the control was satisfaciory, but its range
was limited. To get a wider range of centering, the pdtentio—
meter would have to be an appreciable fraction of the bias
resistor. This would upset the balance of the amplifier if the
rotor of the potentiometer were off the mid-position. To
avoid this, and preserve the balance, the circuit was rearranged.
The cathode resistor return was removed from the common power
supply return and made to the L4OO volt hegative supply. The
value of the resistor was increased to 330K to consume the nega-
tive voltage and bring the cathode up to approximately 15 volts.
At 0.625 ma. per tube, the cathode current is 1.25 ma. The drop
across the 330K resistor wownld be 1.25 x 330K or 415 volts. A
25K potentiometer was inserted with its ends between the cathodes
and its rotor comnected to the 330K resistor.

The conditions existing now are those of a phase inverter.
The cathode resistor is high (330K) and in comparison to the
plate resistance (7700)., With this situation, the output will
be balanced by phase inverter action even if one input grid signal

is zero. This means that the centering control can be moved far
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off the mid-position and the signal voltage output will remain
balanced.

The arrangement was tested and the cathode bias was found
to be about 15 volts. The shift or centering capacity of the
circuit was very adequate and no variation in signal output from
either plate to ground could be noticed on ratation of the centering
control., Figure 23 shows the circult arrangement of the vertical
deflecting amplifier.

Astigmatism Considerations.

To prevent astigmatism in the cathode ray tube, it is
necessary to operate the deflection plates at the_same mean poten-—
tial as the final accelerating anode. To accomplish this, an
0.5 megohm potentiometer (with a series 0.5 megohm dropping resis-
tor) was shunted from the positive supply voltege to the chassis
negative return. The positive of the cathode ray tube high voltage
supply was connected to the rotor of the 0,5 megohm potentiometer,
This rotor wag adjusted then to the same potential aé the plate
voltage of the vertical deflecting amplifier tube whichyon no
signal,is about 200 ¥olts.

Time Base.

To display the potentials under study with their original
time distribution is the function of the sweep or time basa.In
order to accomplish this, the cathode ray tube luminous spot must
be deflected linearly across the face of the tube., Assuming that
symnetry exists in the electron optics of the cathode ray tube, a
linearly rising (or falling) voltage when applied to the horizontal

deflection plates; will produce a linear time display of the signal
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connected to the vertical deflection plates. The features
necessary in the sweep c¢ircuit are such that the velocity of
the luminous spot be controllable,independent of the repetition
rate of the sweep. in other words, single or multiple stroke
action is required, with the sweep velocity remaining constant
at any of the repetition rate settings.

The velocity ranges necessary to display electromyographic
potentials are 20 to 2.5 milliseconds per inch measured on the
face of the cathode ray tube. The repetition rate of the sweep
must be variable between 1 and 10 sweeps.per second. To photo-
graph a single trace on the cathode ray tube, the sweep must
be initiable by the camera shutter. It is also convenient to
have a manual push-button so that a test sweep can be made.

Using a § inch cathode ray tube, the time required for
one sweep at the slowest sweep velocity is 5 x 20 or 100 milli-
secords, It will not be possible to drive this sweep velocity
at a repétition rate of 10 per second because of insufficient
time for recovery of the sweep generating circuit.

Choice of Sweep Circuit.

Of all the circuits that are used to gemerate linearly
rising (or falling) sweep voltages, the large majority depend
directly on the charging of a condenser. OSweep circuits further-
more are divided into two categaries, namely "hard® and WsoftM
tube cireuits. A hard tube circuit is one which employs a vacuum
tube, whereas a soft tube circuit is one using a gas tube. Broad-
ly the vacuum tube tyme bases are more complicated, and when

arranged for single stroke operation, tend to have a long recovery
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time after execubing one sweep cycle. The gas tube (or more
comnonly thyratron) sweep circuit is a freely ruming circuit
whose linearity is poor when arranged fr single stroke operation.
It has,howevery,a short recovery time.

The basic sweep circuit decided upon was a modification
of the gas tube sweep circuit. The circuit (Fig. 2ha) is
basically a thyratron or relaxation oscillator. The condenser,
C, charges up through R, the resistor, heading for the plate
supply voltage. When the voltage on the condenser reaches
a critical value (depending upon the bias of the thyratron tube)
the tube discharges or "fires" becoming a very low resistancs,
This discharges the condenser almost completely. The lack of
comp]_.eteness of discharge depends upon the extinguishing voltage
of the thyratron. Whén the thyratron extinguishes, the condenser
starts to charge again. In order to limit the discharge current
through the thyratron to a safe value, a small limiting resistor
r is inserted in series with the plate.

The frequency of the oscillator depends primarily upon
the charge time constant RC and secondarily on the discharge
time constant rC. The shape of the plate voltage wave depends
upon the bias of the tube., If the bias is large and negative,
the condenser voltage can approach the plate supply voltage.
This would give an exponential voltage wave at the plate. If s
however, the bias were low and negative, the plate voltage would
not rise to an appreciable fraction of the supply voltage. The

onset or early rising phase of an exponential wave is very linear
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and is sometimes used as a sawbooth wave. By keeping r small,
the discharge time can be made very short so that the voltage
wave is linearly rising and immediately droppihg, then linearly
rising again. It is this type of circuit that is used in many
standard oscillographs. |

In order to provide the circuit with single stroke capa-
bilities, a clamp was added to hold the plate voltage from
“rising to the critical firing voltage, The clamp used is
shown in Fig. 24b and consists of a biased diode. The operation
of the circuit is described as follows.

The condenser C starts to charge up through the resistor
R. It would tend to charge toward the plate supply voltage
if it .were not for the firing point of the thyratron and
the diode characteristics. The series voltage E holds the
diode from conducting until the potential across the diode
exceeds E. The value E is made slightly lower than the firing
voltage of the thyratron. By doing this, the voltage on the
condenser (after connection to the plate supply) rises to ap-
proximately E then stops. This would generate one wave having
2 linear front when the proper voltage adjustments are made.
If this wave were connected to the horizontal deflection plates
of a cathode ray tube one sveep would be executed.

However, nothing more can occur in the circuit until
the condenser is discharged. In order to discharge the con-
denser, the thyratron must be fired. By feeding the sweep
repetition pulse into the grid of the thyratron, a discharge

can be dicited. The voltage on the condenser drops a nearly
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zero and starts to charge again. It charges up through R,
heading again for the plate voltage but is stopped short at
a value of E. This executes another sweep of the spot across
the tube.

The discharge of the thyratron is accomplished by feeding
a brief positive triggering pulse (larger than the thyratron
bias) into the grid. Thus, for each positive trigger pulse fed
into the grid circuit, the sweep executes one cycle. Thid posi-
tive trigger or repetition pulse was derived from a conventional
RC relaxation oscillator using an 884 tube and a circuit identi-
cal with that shown in Fig. 2Lka. The plate voltage was differen-
tiated by passing it through a short RC net_work. This differentiated
pulse was amplified (and inverted) so that it became a large
amplitude short duration triggering wave. It was then applied,
as described, to the thyratron sweep generator.

Practical Version of Sweep Circuit.

The practical version of the sweep circuit uses an 88L
~thyratron and a 6SN7GT tube. In order to preserve the linear
wave shape generated, direct coupled amplifiers were used to
apply the sweep voltage to the cathode ray tube deflescting plates.

. One 6SN7 operated as a conventional push-pull amplifier
directly coupled to the horizontal deflecting plates. The
connecbion here is similar to the vertical deflection amplifier
with the exception of the arrangement for horizontal centering
and gain control. The horizontal centering voltage was inserted

in one grid while the sweep signal was fed into the other. A
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high cathode resistor (returned to the negative supply) provided
phase inverter action so that a signal going in one grid appears
at both plates with the opposite polarity. The gain control was
made screw~driver adjust and served to adjust the length of the
sweep to £ill the tube exactly.

To connect the sweep generator tube and its clamp to the
horizontal amplifier, a cathode follower was used. The cathode
follower serves as a low output impedance - high inpuf impedance
transformer., It has one other very valuable function in this
instance, namely a voltage reference changing device.

The diode clamp and the cathode follower were combined
into one ﬁube. A 6SN7 double triode was used with one half
connected as a diode and the other half as a conventional triode
cathode follower. The clamp voltage was made adjustabie in
the cathode circuit of the diode. In this way, the clamp voltage
can be trimmed very closely to the firing point of the thyratrcn.

The cathode follower grid was directly connected to the
plate of the thyratron. A large cathode resistor was installed
and consisted of a potentiometer and a fixed resistor returned
to the negative supply. A small series resistor was inserted
in the plate circuit of the cathode follower to limit the plate
current. With these connections and the take off of the sweep
voltage at the rotor of the cathode potentiometer, the reference
voltage of the sweep can be chosen at will and set permanently.,
The reference locates the mean position of the sweep on the cathode
ray tube face.

Adjustment and Calibration of Sweep Ciruvuits.

Because of the many variable and interlocking quantities,
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the sweep circuit was adjusted into operation in a semi-quanti-
tative manner. The following paragraphs outline the procedure
on which the chéice of the various critical components was made.
Repetition Oscillator Adjustment.

The circuit of repetition oscillator shown in Fig. 23a
contains three main variables. These are the grid bias, the
charging condenser C and its associated resistor R. It is
assumed that the plate supply voltage is fixed. The frequency
of the oscillator depends on the charge time of the condenser
through fhe resistor and consequently inversely on the time
constant RC. If the bias is made small, the wave will approxi-
mate a linear saw tooth wave on the charge phase. If the dis-
charge path is of low resistance, the frequency then will de-
pend linearly and inversely with the charge time constant. The
frequency range required cof this circuit is 1 to 10 cycles per
second. If the bias were set to such a value that the thyratron
fired at 63% of the plate voltage, the wave shape would not be
linear, but the time constant required for one cycle per second
wouid be one second. Such a charge voltage on a condenser is
far up on the exponential charging curve. The wave shape of
the escillator freely running would not be a linear saw tooth
under these conditions.

To know exactly how large the time constant need be when
only a part of the exponential charge curve is used, Fig. 2kec
was constructed. This figure was drawn assuming a time con-

stant of one second according to the formula.
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t
Ey = E(l—e-RC)
or t
E'b - l - e—RC
B
Where t = time

RC = time constant

E¢y = instantaneous voltage

=
]

supply voltage
e = 2.718

where_gg is the fractional charge, RC the time constant and t

the time. It can readily be seen that if the charge is per-
mitted to reach 63% of its final value, the wave shape is very
exponential. The curve starts to depart seriously from line-
arity when the charge is allowed to exceed 25% of its final
value. Therefore, for a linear wave, a time constant of many
times the apparent time constant is needed.

In this instance, the time constant chosen to obtain
a frequency of 1 per second was 5 times the avparent time
constant necessary. The fiwve second time constant exponential
wave is shown dotted on Fig. 2lie. It is seen that the charge
has risen to 20% of final value using this time constant in
this time. From the curve, the departure from linearity is
of the order of only a few percent under these conditions.
The actual RC component values chosen were 5 megohms (variable)
and 1 microfarad. To accomplish the 10 cycle per second fre-

quency range, the 5 megohm potentiometer was operated at its

minimum resistance and a series 0.56 megohm resistor was installed.
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This allows variation of the time constant from 5.56 secords
to 0.56 seconds which is a ratio of 9.95 to 1. The sweep repe-
tition oscillator was adjusted into operation by setting the 5
megohm control to its minimum resistance and adjusting the bias
of the thyratron to realize a frequency of 10 cycles per second.
With ﬁhe 5 megohm control at its maximum resistance the frequency
was expected to be 10 = 1,005 cycles per second. By measure-
9.95

ment, the frequency was for all purposes was 1 cycle per second.
Sweep Cenerator Adjustment.

The sweep generator circuit shcwn in Pig. 23b, also con-
tains many variables. Basically, it has the same variables
as the repetition oscillator but with one in addition, namely
the clamping voltage E.

The slope of the saw tooth wave must be varied in order
10 provide the beam velocities on ghe tube of 20, 10, 5 and
2.5 milliseconds per inch. With the five inch cathode ray tube,
the required width of the base of the saw tooth wave is 5 x 20,
5x10, 5x5, 5x 2.5, or 100, 50, 25, 12,5 milliseconds res-
pectively. Using the same reasoning for this e¢ircuit as for the
repetition oscillator, the following conditions exist. Assuming
a time constant of five times longer than apparently necessary, time
constants of 500, 250, 125 and 62.5 milliseconds were employed.
This allows the voltage on the charging condenser C to reach
approximately 20% of its value or numerically 1 x LOO = 80 volts.
This voltage was then clamped to about 70 volts in order to pre-

vent the sweep thyratron from freely osciliating.
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The actual values chosen fo provide the time constants
were obtained by various selected condensers and a single
settable charging resistor. The resistor was made a 5 megohm
potentiometer of the screw-driver set type with a fixed 0.56
megohm series resistor. The condensers used to obtain the
desired time constants were 0.1, 0.05, 0.025 and .0125 micro-
farads. The condensers selected were measured on a bridge' to
have these exact values. With this combination of a fixed
resistar and varied capacitors, the DC conditions in the sweep
circuit are maintained. Only the charging rate is variable
by changing the capacitor in the circuit. The 5 megohm poten-
tiator further gives flexibility to the c_ircuit so that the exact
slope of the wéves is selectable to provide the siveep velo-
cities necessary.

Calibration of Sweep.

Practically, the circuit was calibrated in the following
manner. The sweep frequency oscillator and the clamp tube were
.removed from their sockets, allowing the sweep oscillator to run
freely. The bias of the sweep oscillator was adjusted with 5
mecohms as the total charge resistor. The free running frequencies
obtained corresponded to the duration of the sweeps. For example,
for.the 20 milliseconds per inch sweep velocity and a sweep length
of 5 inches, the duration of one sweep was 5 x 20 = 100 milli-
seconds. With the oscillator freely running,this corresponded to
a frequency of 10 cycles per second (neglecting flyback or dis-
charge time). The various other sweep velocity positions were

checked and the frequency-velocity relationship was excellent.
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connection is made by inserting the camera plug. This was
accomplished by grounding the repetition oscillator plate with
auxiliary Jack contacts. An RC network was cornected to the
camera shutter which,when actuated, momentarily shorts the bias
on the sweep thyratron causing a single sweep. A parallel con-
nectéd push-button was installed to trigger the sweep manually.
With these features, the sweep circuit can be initiated at a
given repetition rate variable from 1 to 10 per seccond and menu-
2lly controlled by the pushbutton or camera shutter contacts
when the camera plug is inserted.

Delay Circuit.

In order to generate a triggering pulse for the stimulator,
the Schmitt trigger circuit was employed. Earlier in this re-
port, a brief outline was given describing the circuit operation.
The following is a more detailed analysis of the practical
circuit used to perform the task of providing the delayed pulse.

The tube employed for the Schmitt trigger is a 6SN7 GT.

The circuit diagram is showh in Fig. 25. The operation is such
that the circuit triggers in one direction when the lavel of the
input potential to Ty is raised to a critical valuve. When the
input potential is lowered, a return to the original state in-
stantaneously occurs. The two levels may be made teo approach

one another by reducing the value of thé cathode resistor RK.

When the input signal to Ty is zero, the bias conditions are

such that maximum current flows in tube T2° The plate current

of the first tﬁ5e is cut off by the voltage drop across the cathode

resistor.
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If now the input contrel potentiél is increased so that
the drop across the cathqde resistor RK is reduced by the flow
of plate current, the grid potential of T2 will become more
negative and reduce the plate current of T2. This will reduce
the voltage across the cathode resistor RK which will in turn
inerease the grid voltage of Tl. The effect is a cumilative
one and instantaneocus triggering occurs from the original con-
dition of T1l, non-conducting and T2 conducting fully to tﬁe |
reverse condition., When the input control potential is again
reduced to zero, triggering in the reverse direction occurs,

The circuit now is in its original condition. (To speed the
"{lip" from one regime to the other, a small condenser CX was
inserted between the plate of Tl and the grid of T2)

The control potential is derived from the sweep voltage.
By means of a parallel potentiometer in the cathode follower
sweep output tube, the sweep reference voltage was adjusted.
The input requirement of the trigger circuit is a control
voltage rising from zero positively. Accordinly, the potentio-
meter was adjusted sc that the sweep voltage rising phase starts
at zero and rises positively. This condition is shown graphi-
cally in Fig. 25a. When the control potential reaches the
crit.icai value, the trigger circuit switches from T1 non-conducting
(T2 conducting) to T1 conducting (T2 non-conducting). The plate
voltages exisfing over this cycle are shown in Fig. 25 b and e.
Hr denotes the supply voltages and Gy the fully conducting plate
voltage.

The trajbing edge of the plate voltage pulse of T2 was
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the differentiating amplifier tube was chosen from the tube
characteristic curves to allow about 1 milliampere standing
plate current to flow. The nearest standard value resistor
was 330 kilohms. A ,002 mfd. condenser serves as the output
coupling condenser to isolate the trigger pulse from the standing
plate wvoltage.
Overall Operation of Sweep and Delayed Pulse Cireuits.

In summary, the cathode ray tube spot remains just off
the right hand side of the tube between trigger pulses from
the sveep repetition oscillator. When a trigger pulse initiates
a discharge in the sweep thyratron, the sweep condgnser dis-
charges causing the spot to traverse instantly from the right
hand side of the tube to the left. The fly-back voltage actuates
the Schmitt trigger into its ready state. The sweep thyratron
extinguishes and the sweep condenser starts charging moving the
spot across the cathcde ray tube. When the spot reaches abou
one quarter of the distance across the tube, the Schmitt circuit
quickly switches to its triggered condition hecause the sweep
voltage being fed into it exceeds the critieal value. The switch
over produces a trigger for the stimulator. Meanwhile, the
spot continues to travel to the right hand side of the tube and
waits for the next ¥iggering pulse to start another cycle. The
Schmitt trigger also remains, in its triggered condition until
the next sweep trigger occurs to reset it,

The complete circuit of the oscilloscope embodying the

various units is shown (less power supplies) in Fig. 26. The
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various circuits are labelled for easy identification., Figure 27
shows the construction and front panel views of the oscilloscope
unit.

Stimulator Connections.

The single channel oscilloscope described here was put
into service by the Speech Therapy Department of Royal Victoria
Hospital, Montreal, doing routine electromyography in cleft
palate cases. For this use, a stimulator is not necessary. Tt
was decided by the Speech Therapy Departiment that there would
probably be no need c'>f a stimulator as long as the present in-
vestigation ran. This investigation promises to a permansnt
part of the function of the department.

It was greed to provide a stimulator at a later date or
to modify any available model if stimulator studies are
required. At the time of writing this report, nearly a year
later, the need has not arisen.

The external connections from the oscilloscope for the
stimulator are wired to the panel receptacle labelled WAccessory®.
From this outlet can be obtained the various voltages and triggering
pulse necessary to operate a stimulator.

Cabinet Presentation.

The complete apparatus was housed in 2 heavy plywood
cabinet fitted with wheels. Figure 28 is a photograph of the
completed instrument. The cabinet finish is pearl gray. The
individual units are finished in hammer-tone metal gray.

The top left hand compartment is felt lined and holds
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the preamplifier. The lower portion of this compartment is
storage space for electrodes and supplies, The hinged door
conceals the preamplifier and supply shelf when closed.

The top right hand compartment encloses the oscilloscope.
The face of this unit is tilted and recessed for easy viewing
iﬁ an average room without dimming the lights. The hinged door
conceals and protects the oscilloscope when the instrument is
not in use.

The camera mount is to the 1eft of the cathode ray tube.
A 35 millimeter Iloca F L.5 camera with a portrait lens was
used. The portrait lens employed was a plus three which results
in the whole cathode ray tube face filling a single 35 millimeter
frame.

The preamplifier power supply and audio amplifier unit
is located midway between the preamplifier and oscilloscope in
the upper part of the cabinet., A slot in the cabinet front
provides access to the volume control for the loudspeaker and
and main off-o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>