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Experiments With Semiconductor Devices

R. E. Alley, Jr. and Herman B. Ross, Jr.

HIS article describes experiments

employing semiconductor diodes
and/or transistors which illustrate
some of the applications of these de-
vices described in a previous article
in The Physics Teacher.! In order to
keep the cost of necessary equipment
as low as possible, the experiments
have been designed to employ a single
type of diode and a single type of
transistor, and the number of different
circuit elements has been kept as small
as is consistent with the desirability
of obtaining realistic circuit perform-
ance.

In the rectifier and clipping circuits
we have used a step-down transfor-
mer to supply the input voltage from
the 115 volt power line, thereby elim-
inating hazards associated with work-
ing directly with the ac line. The
clipper circuits, consequently, have
low voltage outputs and the direct
voltage outputs of the rectifiers are
low. However, except for the fact
that the voltage drops across the di-
odes may be detectable in comparison
with the output voltages, the prin-
ciples are illustrated as well at low as
at high voltages. The recommended
diodes have peak inverse voltage rat-
ings of 400 volts; therefore, they may,
if one desires, be used in experiments
involving higher input voltages.

In working with alternating voltages
we assume that the power line voltage
and the output of a variable frequency
oscillator vary sinusoidally with time
according to the equation

e=E,sin2xft

Therefore, if we plot e as a function
of time, we obtain a curve which has
maximum positive and negative values
E, and which repeats with a fre-
quency f cycles per second (cps).
The period T is the time required for
one complete cycle and is equal to
1/f seconds. An alternating voltage
applied to the terminals of a resistor
R ohms will cause a current

L=i(F,/R)sin 2w ft — 1. sin2 = ft

1 References are placed at the end of
this article.
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While a sinusoidal voltage or current
may be described by stating its maxi-
mum value and its frequency, it turns
out to be more practical to specify
effective or root-mean-square (rms)
values instead of maximum values.
The rms value of a voltage (or cur-
rent) is the numerical value of the
steady direct voltage (or current) that
would produce the same average heat-
ing effect in a given resistor as the
alternating voltage or current. In what
follows, we shall be concerned with
maximum, rms, and peak-to-peak val-
ues of periodic currents and voltages.
For sinusoidal variations the maxi-
mum value is related to the rms value
by E =V 2 E,pe. A similar equation
applies for current.

The experiments described here re-
quire, in addition to the components
listed for each experiment, an audio
frequency oscillator, a cathode ray
oscilloscope (CRO), and a meter hav-
ing high internal resistance which will
be used for measuring direct voltages.
The oscillator should be capable of
supplying both a sinusoidal wave and
a rectangular (commonly called
square) wave at frequencies from
about 10 cps up to at least 100,000
cps (100 kilocycles/sec, or kcps). The
CRO should have a five inch diameter
tube and should have provision for
calibrating the vertical deflection so
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that the instrument may be used as
an ac voltmeter. It should have ver-
tical sensitivity of 25 millivolts per
cm on its most sensitive range. The
frequency range need not be greater
than zero to 450 kcps. A combination
volt-ohm-milliammeter will serve satis-
factorily as the dc voltmeter. A com-
bination ac/dc vacuum tube voltmeter
is useful, but should be considered a
luxury rather than a necessity. Where
limited funds are available, it is better
to spend the money for a better oscil-
lator and oscilloscope rather than to
try to economize on these items in
order to purchase the vacuum tube
voltmeter. It is convenient, but not
necessary to have a variable (0 to 30
volts) low direct voltage power sup-
ply which operates from the ac power



line. This supply can replace the 9
volt battery in the transistor experi-
ments and it provides the possibility
of extending the experiments beyond
those described here. All these items
of equipment are available already
wired or in kit form from several
sources.

For those not familiar with elec-
tronics components, it may be men-
tioned that resistors used in electronics
circuits are usually manufactured with
a tolerance of = 10%. Resistance val-
ues normally available enable one to
obtain any desired value of resistance
within the 10% limit. Resistance val-
ues specified in our circuits are stand-
ard values. Thus, although a 2,000
ohm resistor might be satisfactory in
some circuit, this is not a standard
value; therefore, one having 2,200
ohms, a standard value, is specified.

In all the circuits which we shall
consider (and, indeed in most elec-
tronics circuits) there is a common
connection between the input voltage
and the output voltage. This common
connection is generally referred to as
“ground” and is indicated by the sym-
bol . The input voltages and the
output voltages will then be the volt-
ages of some points in the circuit
with respect to ground. Whenever we
refer to the voltage of some point in
one of our circuits, we shall mean its
voltage with respect to ground, unless
a specific statement is made to the
contrary.

In our discussions and in our cir-
cuit diagrams we shall use the follow-
ing commonly employed conventions.

A. Resistors: For resistors of less
than 1000 ohms we shall follow
the numerical value of the resis-
tance by the capital Greek letter
omega (Q). Thus a 520 ohm
resistor will be designated as
520Q.

For resistors of 1000 ohms or
more we shall use the capital
letter K to represent thousands
of ohms. For example a 220,000
ohm resistor will be designated
220K.

B. Capacitors: Capacitor values will
be specified in microfarads (10-¢
farad) or in picofarads (10-12
farad). The abbreviation for
microfarads will be mfd, and
that for picofarads will be pfd.
For example, a 25 microfarad
capacitor will be written 25 mfd
and a 200 picofarad capacitor
will be written 200 pfd. [The

picofarad was adopted as a unit
fairly recently. Those who are
familiar with the older designa-
tion will recognize that the pico-
farad is identical with the micro-
microfarad (mmfd).]

C. Frequency: For frequencies be-
low 1000 cycles per second we
shall use the abbreviation cps,
while frequencies of 1000 cycles
per second and above will be
expressed in kilocycles per sec-
ond, kcps.

EXPERIMENT NUMBER 1-—
RECTIFIERS

In the previous article,! we dis-
cussed the use of diodes as rectifiers
and showed diagrams for half-wave
and full-wave circuits. In this experi-
ment we specify values of compo-
nents and we describe the use of
simple filters to smooth the waveform
of the rectifier output. We also dis-
cuss bridge type rectifiers.

PART A. Half-Wave Rectifier

The circuit is shown in Fig. 1. Al-
ternating voltage is supplied by a
transformer which gives approxi-
mately 25 volts across its secondary
(points b-b") and half this value be-
tween the center tap d and either end.
We use half the secondary, so the
input to our rectifier is approximately
12.5 volts rms. As has already been
described, diode D; conducts during
the half of each ac cycle, making b
positive with respect to d. The output
voltage (across points a-a’) then has
the form shown in Fig. 1b. This may
be observed with the CRO. By using
the CRO as a voltmeter,2 and by con-
necting our dc voltmeter across a-a’.
we find the peak value of the half sine
wave and the direct voltage* indicated
in Fig. 1b. (The values quoted are
those actually measured on a circuit
in our laboratory, where the power
line voltage is 117 volts. Differences
among components and variations in
power line voltage may give slightly
different values for other experi-
menters.) The average current in R,
is calculated by direct application of
Ohm’s law.

The simplest type of filter for
smoothing the rectifier output con-

* The dc voltmeter reads the average
value of the time-varying voltage. The
average value is equal to the area of one
complete cycle of the time varying wave
divided by the time for one cycle (the

period).
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sists of a capacitor connected in paral-
lel with R,. Figure 2 shows the recti-
fier with a 1 microfarad (10-¢ farad)
capacitor added. Figure 2b shows the
output voltage. The half sine waves
have been spread out and the ripple
voltage (the time-varying part of the
output) has a spread from top to bot-
tom of 16 volts as measured with the
CRO. The average voltage has been
increased as indicated in the figure.
The action of the capacitor is ex-
plained as follows.

When the diode conducts, the ca-
pacitor is charged to a potential dif-
ference equal to the peak value of the
half sine wave shown in Fig. 1b. As
the voltage at a-a" begins to decrease
from its maximum value, C; begins to
discharge through R, at a rate which
depends upon the time constant, = =
R,C, of the combination. The capaci-
tor voltage, therefore, decreases, and
at some value of the decreasing half
sine wave voltage, the voltage across
the capacitor will be greater than the
voltage at b-d. When this occurs, a
reverse bias appears on the diode, and
it stops conducting. The capacitor C,
continues to discharge through R; un-
til the voltage of the next positive
half cycle from the rectifier exceeds
the capacitor voltage. Then the diode
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Figure 1. (a) Half-wave rectifier without filter.
(b) Output voltage.
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Figure 2. (a) Single capacitor filter. (b) Out-
put voltage when supplied from half-wave rec-
tifier.



begins conducting again, and C; re-
charges to the peak value of the recti-
fier output. The waveform and the
direct voltage at a-a’ depend upon the
relative values of = and of the period
T of the ac input. The constantt <
represents the time required for the
capacitor voltage to decrease to 1/e,
or 37%, of its initial value. Approxi-
mately, the capacitor voltage decreases
linearly with time. For 60 cps, T =
0.0167 sec. If = is short compared
with 7, the capacitor will lose most
of its charge between input pulses and
its voltage will therefore drop almost
to zero. Then the filter will have
little effect upon the rectifier output.
Such is the case with C; = 1 mfd and
R, = 5.6 thousand ohms (5.6K), be-

+ Consider the circuit shown in the
figure. The switch is initially open and
there is a charge Q,, and therefore a volt-
age Vo= Q,/C on the capacitor. We wish
to find an expression for the charge, g, on
the capacitor as a function of time, ¢, after
the switch is closed at t = 0.
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After the switch is closed, Kirchhoff’s
second law applied around the circuit
gives, since i — dq/dt,

R (dgq/dt)+q/C =0.
This equation may be solved by separat-
ing the variables:

dq/q = —(1/RC)dt.
Integration gives,

Inq=—(1/RC)t + K
where K is the constant of integration. If
(, — InK we may write

q = Kqe /ROt

The constant K, is evaluated by substitut-
ing the initial conditions, that is, 4 = Q,
when t — 0. Such substitution gives K, —
Q,, and so

q — Qoe—(t /RC).

When ¢ = RC, then g = Q.,/e = Q./2.72
or approximately 0.37Q,. The time RC,
which is commonly referred to as the
time constant, is the time required for the
charge on the capacitor to fall to 37% of
its initial value when it discharges through
a resistor R. Note that in the above equa-
tions, R is in ohms and C is in farads.

Since the voltage on the capacitor is
v = q/C, the product RC also represents
the time required for the voltage across
the capacitor to fall to 37% of its initial
value.

cause 7 is only 0.0056 second. We
observe the effect of changing = by
replacing R; by Rz — 100K. Observa-
tion of the output voltage with the
CRO will show a much smaller ripple
voltage and measurement with the
voltmeter will show a larger value of
average output voltage. We see then
that the half-wave rectifier with a
single capacitor filter works best when
the resistance is high and the load
current is correspondingly low. If R
is infinite, the output voltage is con-
stant and equal to the peak of the ac
input, but no current is supplied. Since
the input resistance of the CRO is
very high (millions of ohms) this con-
dition may be observed by removing
R:
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Figure 3. (a) C-R-C filter. (b) Output voltage
when supplied from half-wave rectifier.

Figure 3 shows a more satisfactory
filter circuit. We use two identical
capacitors, C; and C,, with a low
value of resistance, R,, in series be-
tween the two capacitors. Measure-
ments with the CRO and the volt-
meter give the results shown in Fig.
3b. Even a qualitative analysis of
this circuit is too complicated to con-
sider here. However, removal of R,
from the circuit of Fig. 3a will dem-
onstrate that the inclusion of R, re-
sults in much greater improvement in
performance than is realized by plac-
ing C, and C, in parallel and omitting
R,. If R, is in-place, and a larger
resistor R, = 100K is substituted for
R, further decrease in ripple and in-
crease in average voltage are observed.

PART B. Full-Wave Rectifier

In Fig. 4a, we use both halves of
the transformer secondary and add
diode D,. Then D; and D, conduct
on alternate halves of the ac cycle
and the direction of the current in R,
is always from a to &’. The output is
as shown in Fig. 4b. Addition of C,
to form a filter results in greater im-
provement of the output than was the
case for the half-wave rectifier, be-

cause now the time between peaks of
the rectifier output is 7/2, and there
is less time for discharge of the capaci-
tor. Results for this filter are shown
in Fig. 5b. If the second capacitor
and R, are added as shown in Fig. 6,
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Figure 4. (a) Full-wave rectifier without filter.
(b) Output voltage.
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Figure 5. (a) Single capacitor filter. (b) Out-
put voltage when supplied from full-wave recti-
fier.
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Figure 6. (a) C-R-C filter. (b) Output voltage
when supplied from full-wave rectifier.

the output is further improved as il-
lustrated in Fig. 6b. For each of
these filters, replacement of R, by the
larger resistor R; = 100K provides
still further improvement in waveform
and direct voltage.

It is instructive to make compari-
sons between the half-wave and the
full-wave rectifier by connecting the
CRO and the voltmeter across the out-
put and then changing the circuit from
full-wave to half-wave by opening the
connection between point 5" and diode
D, in Fig. 4a. This may be done safely
without disconnecting the ac power in
our circuit because it operates at low
voltage. However, were we using a
high voltage transformer such as is
employed to provide plate voltage to




vacuum tubes, this would not be safe.
One should then either include a
switch at point ', or disconnect the
circuit from the power line before
handling the connection.

PART C. Bridge Rectifier

In this circuit, shown in Fig. 7a,
we again use only half the secondary
transformer winding. However, by
using four diodes we obtain full-wave
rectification. If we follow through the
circuit, we see that when point b is
positive with respect to d, there is
forward voltage on diodes D, and D,
and thus there is a current path
through D,, R, and D, to point d.
When d is positive with respect to b,
D, and D; conduct, and the current
through R, is again from a to a’. Ob-
servations at a-a’ with the CRO and
the voltmeter give the results shown
in Fig. 7b. These are somewhat less
than the values for the full-wave out-
put of Part B, because there now are
two diodes in series with R; and there
is a small voltage drop in each. If we
use the same two filter circuits as were
used in the previous experiment, we
obtain essentially the same results as
with the full-wave rectifier of Fig. 4,
with slightly smaller average voltages
because now there are two diodes in
series. The single capacitor gives a
peak-to-peak ripple of 10 volts and
E4. = 11.3 volts. The two-capacitor
filter of Fig. 6 gives 8 volts peak-to-
peak ripple and E4. = 12.3 volts.

It is apparent, of course, that higher
input alternating voltages will provide
correspondingly higher direct voltage
outputs. For example, the half-wave
rectifier and the bridge rectifier may
be supplied directly from the 115 volt
power line without the use of trans-
formers. Still higher direct output
voltages may be obtained by use of a
step-up transformer and two diodes.
The diodes and the filter capacitors
must, of course, have the appropriate
voltage ratings.

It is apparent that if a step-up trans-
former is not used, the direct output
voltages of both the half-wave and
the bridge circuits are limited by the
amplitude of the ac line voltage. With
either circuit, the maximum direct
voltage obtainable is the peak value
of the line voltage, i.e., about 160
volts, and this value can be obtained
only with vanishingly small load cur-
rent.

If a transformer is to be used to
increase the output voltage then the
circuit of Part B (Fig. 4a) has the
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Figure 7. (a) Bridge-type full-wave rectifier.
(b) Output voltage.

advantage of providing full-wave rec-
tification using only two diodes. In
our experiment we used a step-down
transformer and we were able to illus-
trate the principle of the rectifier while
avoiding high voltages which might
prove hazardous to the inexperienced
student. Suppose, however, we use a
step-up transformer with a 1 to 7 turns
ratio. Then the rms voltage between
terminals b-b" in Fig. 4a would be,
with 115 volts rms input, about 800
volts, and there would be 400 volts
rms from b to d and from b’ to d.
The maximum values of these voltages

would be V2 X 400 or approximately
560 volts. If we use diodes having
PIV well in excess of 560 volts, we
can build a full-wave rectifier which,
without filtering, will give an average
voltage of about 250 volts. If we then
use the two capacitor filter we may
raise the direct voltage appreciably
and reduce the ripple substantially.
The capacitors must, of course, be
designed to work properly at 560
volts. In this example we might use
capacitors which have a standard rat-
ing of 600 volts. They probably would
be of the electrolytic type, and would
have to be placed in the circuit with
proper regard for the polarity mark-
ings on their cases.

We have avoided the use of induc-
tors (coils of wire wound on iron
cores) because of their expense and
size. However, for rectifiers which are
to supply large currents at constant
voltage and low ripple the best type of
filter uses one or more inductors as
shown in Fig. 8. Depending upon
specific applications, one may have
either an inductor or a capacitor as
the first circuit element in the filter.
Always, the capacitors are connected
in parallel (that is, between the posi-
tive and negative leads) while the in-
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Figure 8. L-C filter used to supply large loads.
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ductors are placed in series with the
positive lead. (See Fig. 15 of reference
2.)

EXPERIMENT NUMBER 2—
VOLTAGE DOUBLER,
TRIPLER AND QUADRUPLER
CIRCUIT

Sometimes it is necessary to obtain
a very high voltage which will not be
required to supply an appreciable
amount of current. An example is the
accelerating voltage for the electron
gun of a cathode ray tube.

Figure 9 shows a circuit which will
provide two, three, and four times the
maximum value of the sinusoidal in-
put voltage. Again, we use half the
secondary of our transformer, along
with four diodes and four 200 volt
capacitors. Let us analyze the opera-
tion of this circuit.

The alternating voltage between a
and ' has a peak value of 18 volts.
When voltage is first applied to the
circuit and when point a is negative
with respect to @', D; conducts and C,
charges, acquiring a potential differ-
ence of 18 volts with the polarity indi-
cated. When the polarity at a-a’ re-
verses, D, conducts, and C; and C,
are in series across the transformer.
Some of the charge on C; is trans-
ferred to C,. On the next half cycle
(a negative with respect to a') D,
conducts and charge is added to C,,
raising its potential difference back to
18 volts. Because of the charge on
C;, Dy is now forward biased and con-
ducts and some charge is transferred
from C; to C,. When the polarity
again reverses, D, and D, conduct,
charge is added to Cy and some charge
from C, flows to C4. After several
cycles of alternating voltage, all ca-
pacitors are fully charged, and all
diodes are non-conducting because the
forward voltage on none of them ever
rises above zero. When all capacitors
are fully charged, th> potential differ-
ence across C, is E,, or 18 volts in
this case. All other capacitors have
potential differences of 2E,,, with po-
larities as indicated. We see that if
we take point @’ as our reference or

N7y d

60cps 12.6v
+

b a

€,7C,=Cy= C,= Imfd

E,=1261Z = 18y

Vear Enl § Vo 3Bt VSR OE L Vs A Fy

Q!

Figure 9. Voltage doubler, tripler and quad-
rupler.



ground point, then V., =4E, and
Vyar = 2E,, and we have a voltage
doubler and a voltage quadrupler. If
point a is the reference point, then
Via = 3E,, and we have a voltage
tripler. Since points a and 4’ are on
the secondary winding of a trans-
former, it is permissible to ground
either point (but not both simultane-
ously). This circuit will not, however,
give voltages 2E,, 3E, and 4E,, all
referred to the same point. Addition
of more diodes and capacitors will
make it possible to obtain any integral
multiple of E,,.

If the circuit of Fig. 9 were sup-
plied directly from the power line, E,,
would be approximately 160 volts, and
the other voltages would be approxi-
mately 320, 480, and 640. Higher
values could be obtained by use of a
step-up transformer to supply the in-
put voltage. Of course, all the diodes
must be capable of withstanding the
inverse voltages to which they will be
subjected, and the capacitors must be
designed for the high voltages which
may appear across them.

EXPERIMENT NUMBER 3—
DIODE CLIPPER CIRCUITS

In the previous article we discussed
the use of diodes as clippers, that is,
as devices to limit the voltage appear-
ing across the load. In this experi-
ment we shall set up two clipper cir-
cuits and examine their operation. We
recall that clipping action requires the
use of batteries or some sources of
direct voltage in order to provide re-
verse bias on the diodes and thereby
to determine the voltage level at which
clipping occurs. In order to reduce
the number of batteries required, we
shall perform our experiment with a
very low amplitude of alternating
voltage input. We obtain the alternat-
ing voltage by placing a voltage di-
vider across half the secondary of our
step-down transformer. As shown in
Fig. 10, the voltage divider consists
of a 750 ohm and a 220 ohm resistor
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Figure 10. (a) Positive clipping circuit. (b)
Output voltage

in series. By means of this combina-
tion, the peak voltage supplied to the
clipping circuit is reduced to (220/
970) X (18) or approximately 4.15
volts. This is the value of V, in Fig.
10. This voltage divider action may
be checked by using the CRO as a
voltmeter and measuring the peak val-
ues at d-b’ and at e-b’.

To show clipping of only the posi-
tive half cycle of V,, we connect a
diode D; and a 1.5 volt battery so
that the battery provides a reverse
bias on Dy, as shown in Fig. 10. The
2.2K resistor is included to limit the
current when the diode conducts. Now
as V, rises toward its positive peak
value, D, remains nonconducting and
e, follows the sinusoidal increase in
V.. When V, reaches 1.5 volts, D,
conducts, and e, is determined by the
bias battery voltage E;. The output
voltage remains fixed at this value
until V, falls below E;. Then D, stops
conducting, and the output voltage
again follows V.. The negative half
cycle of V is unaffected by D;, and
so e, follows V.. If we observe e,
with our calibrated CRO we can see
the clipped waveform and also meas-
ure the voltage amplitudes for the
positive and negative half cycles. The
results are shown in Fig. 10b. If we
measure the voltage E; we find that
clipping occurs at a voltage somewhat
greater than E,. This is explained by
the fact that there is a voltage drop
in the diode when it is conducting,
and this adds in series with E; to de-
termine the actual clipping level. If
higher values of V and E; were used,
the drop across Dy, which has a fixed
value, would be negligible in compari-
son with E; and the difference be-
tween E; and the clipping level would
be too small to be detected.

If a second diode D, and a second
battery E, are added to the circuit
with polarities as shown in Fig. 1la,
then both the top and bottom of Vg
will be clipped, and the result will be
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Figure 11. (a) Asymmetrical positive and nega-
tive clipping circuit. (b) Output voltage.

a wave having approximately trape-
zoidal shape with peak-to-peak voltage
of approximately 4.4 volts. If E, is
increased to 3 volts, then there will
be asymmetrical clipping, with the top
of the wave clipped at about 2.2 volts
and the bottom at about 3.5 volts.
[See Fig. 11b] Examination of e with
the CRO will show clearly that the
flat portion of the positive half of the
output lasts for a larger fraction of
the ac cycle than does the flat portion
of the negative half. An interesting
exercise is to measure with the CRO
the fraction of the cycle during which
the output is constant. Since we know
that ¥V, is sinusoidal and since we
know its maximum value, such a
measurement enables us to calculate
the clipping level.

Let us now remove the voltage di-
vider from the transformer secondary
and supply our symmetrical clipping
circuit of Fig. 11 from points d-b" on
the transformer. The peak value of
the input to the clipper is then ap-
proximately 18 volts. The clipping
level, however, is unchanged at ap-
proximately 2.2 volts positive and
negative. The result is that we are
now clipping the input wave at values
which are nearer the points at which
the input wave passes through zero.
Near zero volts, the sine wave is al-
most linear and so if we clip near
zero, our output wave will be almost
exactly trapezoidal. This effect can
be observed with the CRO connected
across e,. If the amplitude of the
input voltage to the clipping circuit
is increased still further by using the
points b-b" as the voltage source, then
the sides of the trapezoid become al-
most vertical, and the output has the
appearance of a square wave. One
method of obtaining a square wave is,
therefore, to clip an alternating volt-
age of large amplitude at a very low
voltage level. The obvious disadvan-
tage of this method of obtaining a
square wave is that the square wave
has a very small amplitude. In Ex-
periment 4 we shall describe another
way of producing a square wave
which may have much greater ampli-
tude, and whose frequency may be
different from that of the ac line.

EXPERIMENT NUMBER 4-—
SINGLE STAGE TRANSISTOR
AMPLIFIER

In the previous article,! we dis-
cussed the use of the transistor as
a voltage amplifier, and showed a




simple diagram for a common emit-
ter circuit (Fig. 15 of previous ar-
ticle). We also discussed the location
of the quiescent operating point, in-
dicating that it should be so chosen
as to make it possible for the ampli-
fier to operate over a reasonable range
of input signal without being driven
into a non'linear region of its col-
lector characteristic. In this experi-
ment we shall examine the operation
of a transistor amplifier which is de-
signed to meet these requirements. It
is a characteristic of transistors that
they are quite sensitive to tempera-
ture changes, and unless some pro-
vision is made to compensate for such
changes, the operating point may
move close to the edge of, or com-
pletely out of, the region of linear
operation. This, of course, destroys
the effectiveness of the device as a
linear amplifier (i.e., an amplifier
which gives an output voltage propor-
tional to the input). It is necessary,
therefore, to provide means for sta-
bilizing the operating point, and the
simple circuit described in the pre-
vious article must be modified to ac-
complish this. There are several ways
in which stabilization may be achieved.
One common method is shown in the
circuit of Fig. 12 where we use a
common-emitter amplifier employing
a GE8 germanium n-p-n transistor.
This transistor is an inexpensive gen-
eral purpose type which has a fairly
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Figure 12. Single stage transistor amplifier.

wide range of applications. In Fig. 12,
stabilization is achieved through the
use of resistors Ry, R,, and R;. The
effectiveness of stabilization is ex-
pressed in terms of the stability factor
S which is related to the three resis-
tors and to the beta of the transistor
by the equation

1+(R3/Ra)
1+(1+p8) (Ry/R,)
where R, is the effective resistance
found by combining R; and R, in

parallel. The beta of a transistor may
be defined in terms of the incremental

S=(1+p)

change in current supplied to the base,
Ai,, and the corresponding incremen-
tal change in the current, Ai,, in the
collector circuit, 3 = Ai./Ai,. The de-
sirable situation is to have S as small
as possible. However, the quiescent
operating point (reference 2, page 62)
of the transistor also depends upon
some of the quantities involved in the
expression for §, and so it is necessary
to arrive at a satisfactory compromise
which will give both adequate stability
and a satisfactory operating point. The
values of the resistors in Fig. 12 have
been selected to achieve this double
purpose.

In Fig. 12 the 9-volt battery sup-
plies the operating voltage for the
transistor. Since the GES8 is an n-p-n
transistor, the positive end of the bat-
tery is connected through resistor R,
to the collector (point C in Fig. 12).
Thus, the collector-emitter junction is
reverse biased. The combination of
resistors Ry, R, and R; provide the
forward bias required for the base-
emitter junction. The signal to be am-
plified is supplied by the audio fre-
quency oscillator. We saw in the pre-
vious discussion that for satisfactory
operation the input current to the
transistor base must be very small.
The large resistor R; is connected in
series with the oscillator in order that
the input current may be adjusted to
a satisfactory value. The capacitor C,
must be included so that there will be
no path for direct current through the
oscillator. The purpose of the capaci-
tor C, is to provide a low impedance
path for alternating current around
resistor R;. If C, were not provided,
there would, when a signal is applied
to the input, be an alternating current
in R;. This would produce an alter-
nating voltage across R; which would
have the effect of reducing the overall
voltage amplification of the stage.

The important characteristics of an
amplifier are its voltage gain, A, de-
fined as the ratio of output alternating
voltage (e,) to input alternating volt-
age (e;); its frequency responses,
which describes the way in which the
voltage gain varies with the frequency
of the voltage to be amplified; and its
linearity, which describes the fidelity
with which the output voltage repro-
duces the time dependence of the in-
put voltage. Sometimes we are also
interested in the relative phase of the
output and input voltages—this gen-
erally is described by stating the angle
through which the phase of the input

voltage 1s shifted in the amplification
process.

Let us now perform some experi-
ments to determine the characteristics
of the amplifier of Fig. 12. If the
response is to be linear, it is necessary
to keep the amplitude of the input
voltage small. We begin by setting the
oscillator for a frequency of 1000 cps.
Using the CRO as a voltmeter we
adjust the oscillator output for 3 volts
peak to peak. Next we use the CRO
as a voltmeter to measure e;, the
voltage between transistor base and
ground. This is the input voltage to
the amplifier. Now we connect the
CRO between the collector of the
transistor and ground and measure the
output voltage e,. The ratio of these
is the voltage gain, A. The input
voltage specified above is small
enough so that the amplifier should
be operating linearly. However, as a
check on the linearity of the amplifier
we use the CRO to observe the wave-
form of the output. While visual ob-
servation of the waveform is not an
entirely satisfactory method for check-
ing for distortion, we can at least be
sure that no obvious change in wave
shape has occurred.

Our next step is to take data from
which to plot a frequency response
curve. To do this, we set the oscil-
lator frequency for 10 cps and use the
CRO to measure e¢; and e,. From
these values, we calculate A. We then
adjust the oscillator to 50 cps and re-
peat the measurement of 4. We con-
tinue the measurements, using the fol-
lowing frequencies: 100, 500, 1000,
2000, 5000, 10,000, 12,000, 15,000,
20,000, 50,000, and 100,000 cps. The
final step is to plot the calculated val-
ues of gain as functions of frequency.
The accepted method of presenting
the information is to use semi-log-
arithmic graph paper, plotting the fre-
quency on the logarithmic scale and
the voltage gain on the vertical scale.
The frequency range used will cover
four cycles of logarithmic paper. If
such paper is not available, we may
use the A-scale of a 6-inch slide rule
to lay off appropriate distances on the
horizontal axis, or we may find the
base 10 logarithm of each frequency
and plot it on the horizontal axis.

When plotted as described above,
our voltage gain data will give a curve
as shown in Fig. 13. We observe that
the gain is low at 10 cps, but rises
rapidly with frequency, reaching its
maximum value at about 200 cps. The
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Figure 13. Frequency response of single stage
amplifier.

gain then remains constant over a
relatively wide frequency range up to
about 10,000 cps. At this frequency
the gain begins to decrease and at
100,000 cps it has fallen to a small
fraction of its maximum value. The
frequency range over which the gain
is constant is called the mid-frequency
range; the two ends of the curve are
the low and high frequency ranges
respectively. An important character-
istic of the frequency response curve
is the location of the “half-power fre-
quencies,” defined as the low and high
frequencies at which the gain is 70.7%
of the mid-frequency gain. From our
graph in Fig. 13, we see that for the
amplifier of Fig. 12, the mid-fre-
quency gain is approximately 100, and
the lower and upper half-power fre-
quencies are approximately 40 cps and
30 keps respectively.

The term “half-power frequency”
originated as follows: If a voltage E
volts is supplied to a resistor R ohms,
the power dissipated (transformed
into heating) in the resistor is P =
E2/R watts. If R is held constant and
if E is reduced to some value E’ such
that the corresponding power is P’ =
P/2, then it follows that E' = E/\ 2 =
0.707E. Since in our experiment e; is
constant, the voltage gain e,/e; is
0.707 or 70.7% of its maximum value
when e, = 70.7% of its maximum
value (e,)max- The frequencies at
which the gain is 70.7% of its maxi-
mum value are thus the half-power
frequencies.

The data quoted above are the re-
sult of experiments on one GES8 tran-
sistor. Transistors of the same type
vary considerably in individual char-
acteristics, particularly in the current
gain, beta. Therefore, the data pre-
sented here should ‘be considered as
typical, but one should not expect that
experiments with another GES8 transis-
tor will give the same numerical re-
sults. However, the circuit of Fig. 12
is so designed that any GES8 transistor

should work properly with the com-
ponent values indicated there.

It is of interest to observe what
happens as the input voltage to the
amplifier is increased. We set the
oscillator for 1000 cps and connect
the CRO to observe the waveform of
the output voltage. As we gradually
increase the oscillator output voltage,
we observe that the amplifier output
wave becomes distorted, flattening at
the top and bottom. If the input
voltage is increased to a high enough
value, the output voltage will have the
appearance of a square wave. When
this type of distortion occurs, the am-
plifier is said to be “overdriven.” We
see that overdriving an amplifier pro-
vides a method of producing approxi-
mately square waves.

It was stated earlier that capacitor
C, in Fig. 12 serves to increase the
voltage gain of the amplifier. This
statement may be verified by readjust-
ing the oscillator output to the value
used in obtaining the frequency re-
sponse curve, setting the frequency
for 1000 cps, and disconnecting Co.
The voltage gain will decrease. Re-
moval of C, results in introducing
“negative feedback™ into the amplifier
—that is, the current change which
produces the output voltage is, by
passing through R; in Fig. 12, causing
a change in emitter voltage which
partially counteracts the amplifying ef-
fect of the circuit. If we repeat our
measurements to obtain a mnew fre-
quency response curve with C, dis-
connected, we find that the mid-fre-
quency gain has been reduced to about
10 but the bandwidth of the amplifier
has increased. The upper Y2-power
frequency is about 150 kcps and the
lower ¥ -power frequency is less than
5 cps. This illustrates a general prin-
ciple, namely, the reduction of the
gain of an amplifier increases its band-
width, while increase in gain reduces
the bandwidth.

We may use the amplifier of Fig. 12
to illustrate “square-wave testing.”
Fourier showed that, with certain re-
strictions which are of no concern
here, any periodic function of time
having frequency f, may be repre-
sented as the sum of a series of sinus-
oidal functions of time whose fre-
quencies are nf,, where n is an integer.
A typical term in a Fourier series has
an amplitude 4, and a phase angle 0,

which depend upon the shape and

amplitude of the original periodic
function. The typical term would be
written, A, sin(2nnf,+6,).  The
Fourier series which represents a pe-
riodic rectangular wave of amplitude
B and frequency f is

4B
- Isin 2z ft +14sin 3 (2w ft) +
1sin S (2n ft) + ¥ sin 7(2nft) +---]

In this series, the phase angles are all
zero, only odd values of n appear,
and for a typical term, 4, = (4B/nx).
The first term in the series is the
fundamental; the other terms are har-
monics.

If now a periodic rectangular wave
(commonly referred to as a square
wave) of frequency f is applied to
the input of an amplifier, the output
of the amplifier will be approximately
a square wave provided the bandwidth
of the amplifier is great enough so
that it will pass without attenuation
a sufficiently large number of terms
of the Fourier series representation of
the square wave. (The phases of the
components of the output are also im-
portant, but within the mid-frequency
range an audio amplifier will cause
the same phase shift [180°] for all
frequencies.) By plotting the individ-
ual terms in the series and adding
them graphically, we can show that
if the frequency 15f lies below the
upper half-power frequency of the
amplifier, the amplifier will give a
reasonably good reproduction of the
square wave input. If, therefore, we
supply a square wave of small enough
amplitude so that it does not overdrive
the amplifier, then an examination of
the amplifier output will give some
information about the amplifier band-
width. Thus, if an amplifier gives an
essentially undistorted output with a
100 cps square wave input, we know
that the upper Y2-power frequency is
at least 1500 cps. Let us apply square
wave input of 100 cps to the amplifier
of Fig. 12. According to our data
plotted in Fig. 13 the upper ¥2-power
frequency is about 20,000 cps. There-
fore, we would expect the output of
our amplifier to be an undistorted 100
cps square wave. This turns out to be
the case. However, if the input fre-
quency is increased to 1000 cps, the
output begins to show signs of distor-
tion, and as the input square wave
frequency is increased further, the
output rapidly loses its rectangular
shape.



EXPERIMENT NUMBER 5—
TWO STAGE CAPACITOR-
COUPLED AMPLIFIER

Frequently, greater voltage gain is
required than may be obtained from
a single amplifier state. Then two or
more stages are connected in cascade,
with the output of one stage being
used as the input to the next stage.
An important consideration in design-
ing such an amplifier is the method
by which the two stages are connected
together. Since there is a direct volt-
age between points C and ground of
the amplifier of Fig. 12, it is not satis-
factory merely to connect a wire from
point C to the base of the next transis-
tor, because we would then be apply-
ing this direct voltage to the base of
the second transistor and it would be
difficult, if not impossible, to achieve
a satisfactory quiescent operating
point. We could include a battery in
series between collector and base, with
a value of voltage and a polarity such
that it compensates for the direct
voltage at the collector. There are,
however, other more satisfactory
methods of coupling the two stages.
One of these is to use a transformer,
thereby isolating the two stages. A
simpler and generally more desirable
type of coupling employs a capacitor,
shown as C; in Fig. 14. This capacitor
is chosen so as to act as a low im-
pedance path for alternating currents
between points a and b but at the
same time it isolates the base of the
second transistor from the direct volt-
age on the first collector.

In Fig. 14 we have two amplifier
stages each identical with that in Fig.
12, connected in cascade by capacitor
C,;. If C, is disconnected at point a,
and the output of stage number 1
measured between a and ground, we
will obtain the same frequency and
gain characteristics as we found for
the circuit of Fig. 12. Similarly, stage
2 alone has characteristics similar to
those of Fig. 12. One might expect,
therefore, that since each stage has a
voltage gain of approximately 100,
the two cascaded stages would show
an overall voltage gain of (100)2 or
10,000. Examination of Fig. 14, how-
ever, shows that this should not be
true. The gain measurements of Fig.
12 were taken with.no load on the
amplifier, that is with no circuit ele-
ments connected between the collector
and ground. In the cascaded circuit,
however, the first stage is effectively
loaded by the input resistance of the

second stage. Usually the result of
loading an amplifier stage is to de-
crease its gain, and this is the case
here. If we measure the gain between
the input e; and point a in Fig. 14,
we find that the gain of the first stage
is now about 20 instead of 100. The
second stage, however, has no load
upon it, and so its gain will be about
100 as before. The overall gain then
should be of the order of 100 X 20 =
2,000.

Let us take data for a frequency
response curve for the two stage am-
plifier. The first thing we must recog-
nize is that the input voltage e; must
be lower than it was for the measure-
ments on the single stage amplifier;
otherwise, the output voltage of stage
1, when applied to stage 2, will con-
stitute too large an input voltage for
this stage, with the result that stage 2
will produce a distorted, practically
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Figure 14. Two-stage resistance capacitance
coupled transistor amplifier.

square wave output. In order to avoid
overdriving stage 2, therefore, we re-
duce e; to about 0.002 volt, peak-to-
peak. Since the oscillator output can-
not be adjusted directly to such a low
value of output voltage, we use a
variable resistor as shown in Fig. 14.

With an input frequency of 1000
cps, we measure an output, e,, of 4
volts. The voltage gain is, therefore,
A =4/0.002=2000. If we again
measure gain at different frequencies
and plot our data as before, we ob-
tain a frequency response having
steeper increasing and decreasing
slopes than those of the corresponding
curve for a single stage. We also
detect a small increase in the lower
V5 -power frequency and a small de-
crease in the upper ¥2-power fre-
quency. Thus, the effect of connect-
ing two identical stages in cascade is
to decrease the overall bandwidth,
while at the same time to increase the
overall gain. As with the single stage,
we find that overdriving by supply-
ing a large input signal can result in
an output which is a very close ap-
proximation to a square wave. Fur-
thermore, square wave testing of this
amplifier will, since the bandwidths

are comparable, give about the same
results as those obtained with the
single stage.

In the procedure described above,
it is necessary to set e; to a very small
value (0.002 volt). If the CRO is
not sensitive enough for measurement
of such a low voltage, the following
alternative procedure will give reason-
ably accurate gain vs frequency curve.

Replace the 5 mfd capacitor C,
by a 25 mfd capacitor. Then C; will
be practically a short circuit compared
with the 220K resistor, and if the
oscillator voltage is held constant as
the frequency changes, then e; will
also be practically constant. Now set
the oscillator for 1 kcps and for an
output voltage of 1 volt peak-to-peak.
Observe e, with the CRO and adjust
the 50K potentiometer so that a sinus-
oidal output waveform is obtained.
Now if the .oscillator frequency is
varied with its output voltage held
constant, there will be a constant,
though unknown, value of e;. Meas-
ure the output voltage for the pre-
scribed frequency range. In the mid-
frequency range e; will be constant,
and will have its maximum value.
Now if we divide each measured value
of e; by this maximum value of e;, we
obtain data from which we may plot
a normalized frequency response
curve in which the output voltage (for
the same input voltage) at any fre-
quency is expressed as a fraction of
the mid-frequency output voltage.
Such a curve has exactly the same
shape as the curve of voltage gain vs
frequency, and from it one may de-
termine the half-power frequencies,
simply by noting at what frequencies
the output voltage is 70.7% of the
mid-frequency output voltage.

EXPERIMENT NUMBER 6
THE WIEN BRIDGE
OSCILLATOR

We have seen in experiments 4 and
5 that we may employ transistors in
circuits which will act as voltage am-
plifiers. In those circuits we supplied
a small voltage to the amplifier in-
put, and as a result of the amplifier
action of the circuit, we obtained a
much larger output voltage. By re-
stricting the amplitude of the input
voltage, we obtained an output wave-
form identical with that of the input.
In the mid-frequency range, a single
stage amplifier produces a constant
180° phase shift between input and
output. Two stages produce 360°



phase shift, and this, of course, cor-
responds to no phase shift. We con-
clude, then, that for the amplifier of
experiment 5, the input and output
voltages are in phase in the mid-
frequency range. We may check the
validity of this conclusion by using
the CRO to compare the phases of the
two voltages (see reference 2).

If, by some means not yet specified,
we take a sample of the output voltage
of the two-stage amplifier and supply
it to the amplifier input in place of
the oscillator voltage, we have a situa-
tion in which the amplifier is supply-
ing its own input voltage. If the frac-
tion of the output voltage fed back
to the input is such that its amplitude
is equal to the amplitude of the voltage
originally supplied by the external
oscillator, the amplifier will operate
as an oscillator without external ex-
citation. The two-stage amplifier has
thus been converted into an oscillator.
If, however, such an arrangement is
to produce a useful oscillator, some
provision must be made for control-
ling the frequency and waveform of
the output voltage.

Let us imagine that we have a
circuit consisting of resistors and ca-
pacitors (this will be referred to as
the RC network) which has two in-
put terminals and two output termi-
nals. If variable resistors and capaci-
tors are used, the RC circuit may be
designed so that it will produce a
change in phase between a sinusoidal
voltage supplied at its INPUT ter-
minals and the sinusoidal voltage
which appears at its OUTPUT ter-
minals. Over some range of fre-
quency, the R’s and C’s may be so
adjusted that the output and input
voltages are exactly in phase for one
particular frequency, but are not in
phase for any other frequency. Fur-
thermore, the RC circuit may be de-
signed to introduce attenuation, that
is, it may be designed so that its out-
put voltage is any desired fraction,
less than unity, of the input voltage.

In Fig. 15, we represent the RC
circuit and the two-stage amplifier by
rectangles, and we show connections
such that the RC circuit receives its

input from the amplifier output and
supplies its output to the amplifier
input. A diagram such as Fig. 15 is
called a block diagram. Block dia-
grams are often used when one wishes
to show the interconnections among
two or more circuits without compli-
cating the drawing by showing the
details of the individual circuits. Now
the amplifier output is in phase with
its input for all frequencies in the
mid-frequency range. When the am-
plifier output signal passes through the
RC network it will, in general, be
shifted in phase. However, depending
upon the adjustments of the R’s and
C’s, there will be one frequency for
which the phase shift through the RC
circuit is zero and there is now only
one frequency in the mid-frequency
range of the amplifier for which the
input and output of the amplifier are
in phase. If the RC network attenua-
tion is adjusted so that just the proper
amplitude of voltage is supplied to
the amplifier, then the whole circuit
will perform as an oscillator at the
frequency of zero phase shift, and
will give an output voltage which is
sinusoidal. Since the frequency of
zero phase shift depends upon the
adjustment of the R’s and C’s in the
RC network, we have a variable fre-
quency sinusoidal oscillator.

Figure 16 shows the details of such
an oscillator which employs the two-
stage amplifier of experiment 5. The
RC network consists of the circuit
elements at the left of the drawing
which are enclosed in broken lines.
The 470K resistor R; has been chosen
for satisfactory operation of this par-
ticular circuit. Observe that an addi-
tional 100 ohm resistor, R;, has been
added in the emitter circuit of the
first transistor. This resistor, without
a capacitor in parallel, introduces
“negative feedback,” thus reducing
the overall gain of the two-stage am-
plifier. The variable resistor, R,, de-
termines the fraction of the output
voltage of the amplifier which is re-
turned to the input. Its correct setting
is that for which the output of the
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Figure 15. Block diagram of RC network con-
nected to two-stage amplifier.
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Figure 16. Wien bridge oscillator.
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oscillator, as observed with the CRO
at e, is sinusoidal. (R, is the same
variable resistor used in Fig. 14 to
obtain the very low input voltage re-
quired for the two-stage amplifier. In
Fig. 16, only two connections are
made to R,—one at the moving con-
tact and the other at one end of the
resistance wire. Adjustment of the
moving contact changes the resistance
between points @ and b in Fig. 16.)

Frequency control of the oscillator
is achieved through adjustment of the
two resistors, R, and R,, and the two
capacitors, C; and C,. Usually, the
R’s are equal and the C’s are equal.
When these equalities exist, the fre-
quency, f, of the oscillator may be
calculated from

where R is in ohms and C is in farads.
If we employ variable capacitors ar-
ranged mechanically so that both C’s
may be varied simultaneously by the
same amount (i.e., if we use ganged
capacitors), we can change the fre-
quency continuously. Similarly, simul-
taneous variation of the two R’s will
change the frequency.

In the experiment, we shall not use
variable capacitors or resistors, but
we shall change the C’s by substituting
different fixed values of capacitance.
We shall not, therefore, obtain a con-
tinuously variable frequency output,
but rather several fixed frequencies
which depend upon the values of the
Gis;

Let us firstuse B, — Ro— R =100
K and C=6; =€ =200 pfd, " Ertom
the formula we calculate a frequency
of 7.96 kcps. After aujusting R, for
the best waveform as observed with
the CRO, we measure the frequency
of our experimental oscillator by com-
paring it with the commercial oscil-
lator, using the procedure described
in reference 2. In our laboratory, the
measured frequency was 8.6 kcps.
The difference, of less than 10%, be-
tween observed and -calculated fre-
quencies is attributed to the fact that
the components in our circuit may
vary by as much as = 10%. If we re-
place the C’s by others having values
of 300 pfd, the calculated and ob-
served frequencies are 5.3 kcps and
5.6 kecps respectively. This closer
agreement is accidental and merely
means that the circuit elements were
closer to their nominal values in this
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case than in the previous one. We
may observe the effect of changing
the R’s by keeping C; = C, = 300 pfd
and making R; =R, =200K. We
would then expect the frequency to be
half that observed with the preceding
combination of R’s and C’s. We may
continue substituting different values
of resistances and capacitances and
obtain a wide range of output fre-
quencies. There are, however, upper
and lower limits to the values of the
R’s and the C’s which may be used
if one is to obtain a satisfactory wave-
form. We may also examine the ef-
fects of using unequal values for R,
and R, and for C; and C,. The for-
mula for frequency will no longer be
valid, however.

If you examine its circuit diagram,
you probably will find that your com-
mercial oscillator uses the circuit dem-
onstrated in this experiment. A pair
of mechanically ganged capacitors
provides continuously variable fre-
quency control over each of several
frequency ranges. A particular range
is selected by means of a switch which
selects one of several pairs of identi-
cal resistors which correspond to R,
and R, in Fig. 16. Your oscillator
contains additional circuit elements to
provide frequency stability and con-
stant output with changes in tempera-
ture or power line supply voltage. It
also has an amplifier whose gain (am-
plification) may be varied in order
that the voltage output of the oscil-
lator may be changed. Square waves
may be obtained by increasing the
voltage fed to the amplifier and thus
overdriving it.

The Wien bridge is a popular cir-
cuit for general purpose oscillators in
the frequency range up to several hun-
dred kcps. There are other. designs
which provide these frequencies, but
they are not generally as easily con-
trolled, nor do they give as good an
output waveform. At “radio frequen-
cies” and higher, the Wien bridge is
not applicable; oscillators are em-
ployed whose frequencies are deter-
mined by combinations of inductance
and capacitance.

EXPERIMENT NUMBER 7—
THE FREE-RUNNING
MULTIVIBRATOR (MVBR)

In some applications it is desirable
to have a periodic voltage whose wave
form is rectangular. We have seen
that an approximation to such a
square wave may be obtained by clip-

ping a sinusoidal voltage wave, or by
overdriving a linear amplifier whose
input is a sinusoidal voltage. Now we
consider a circuit which is designed
to provide a square wave output of
variable frequency.

We employ two identical transistors
in the circuit shown in Fig. 17. If we
refer to the collector characteristic of
a transistor (Fig. 16 in the previous
article), we see that there are two
limiting conditions of operation of the
device. In one case, when there is
zero base current, the transistor is not
conducting and the collector current
consists of only a very small leakage
current. The transistor is cut off, there
is practically no current in the resis-
tor which connects the transistor’s col-
lector to the voltage supply, and there-
fore in the OFF condition there is a
voltage, V, at the collector which is
essentially equal to the supply voltage.
The other limiting condition of opera-
tion is that in which the transistor is
in saturation; the base current is high,
the base voltage is very slightly posi-
tive with respect to the emitter, the
transistor is carrying maximum cur-
rent, and the voltage at the collector
is almost zero. This is designated as
the ON condition. When the transis-
tor is used in a linear amplifier, pre-
cautions are taken to insure that the
transistor never approaches either the
OFF or the ON condition.

In the free-running multivibrator,
the transistors are made to operate in
either the ON or the OFF condition,
and we make use of the change in
collector voltage of a transistor when
it is suddenly switched from the ON
to the OFF condition and after a pre-
determined length of time, switched
from OFF to ON again. At a given
instant, only one transistor is conduct-
ing, and it is in the condition of sat-
uration. The second transistor is in
the OFF condition. The interconnec-
tions between the transistors in Fig.
17a are such that neither transistor can
remain permanently ON or perma-
nently OFF. If we observe the voltage
at the collector of either transistor, we
find that this voltage changes periodi-
cally from a value equal to that of the
supply voltage (when the transistor is
OFF) to practically zero (when the
transistor is ON). If these changes
occur abruptly, then the collector
voltage has an approximately rec-
tangular waveform.

We now describe the operation of
the circuit of Fig. 17a. Observe that
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Figure 17. (a) Free-running transistor multivi-
brator. (b) Observed waveform of voltage at
collector of Qi. (c) Circuit involving Ci just
after Qi becomes fully conducting. (d) Circuit
involving C; just before Q: begins to conduct.

in this circuit resistors of equal size
(Ry) connect each collector to the
supply voltage, which in Fig. 17a is
the 9-volt battery. The collector of
O, is connected to the base of Q,
through capacitor C,, and there is a
corresponding connection from the
collector of Q; to the base of Q.
through C,. The base of Q, (and
therefore one side of capacitor Cs) is
connected back to the battery through
R,. The base of Q, (and one side of
C,) is similarly connected through R;.

We assume that the MVBR has
been operating long enough to reach
a steady state, and we begin considera-
tion of its operation just before Q,
begins to conduct. At that instant,
the portion of the circuit involving
C; and R; may be represented by the
circuit shown in Fig. 17d. Switch §
corresponds to Q; which is not con-
ducting, and is therefore an open cir-
cuit. There is a potential difference
of 9 volts across C;, because Q, is
conducting, and its base (point B,) is
at zero volts. When Q; begins to con-
duct, it very quickly reaches a condi-
tion of saturation. This means that
voltage V; very quickly drops from
+9 volts to zero volts. This corres-
ponds to closing the switch in Fig.
17d. This causes the left-hand plate
of C; to drop from +9 volts to zero
volts. But there is a charge of the
polarity shown in Fig. 17d on Cj,
therefore even after switch S closes
there is still a 9 volt potential differ-
ence between the plates of C,. This
potential difference can change only



if positive charge is supplied from the
battery to the right-hand plate of Cy,
and this charge must flow through the
high resistance R;. Therefore, im-
mediately after V, drops from +9
volts to zero, the potential difference
across C; is maintained temporarily
at 9 volts, and this means that point
B, drops from zero volts to —9 volts.
The situation immediately after O,
begins to conduct and V; drops to
zero is shown in Fig. 17c. Now B, is
at a much lower voltage than the
emitter of Q, and therefore Q, turns
OFF. However, this is not a perma-
nent condition, because the right-hand
plate of C; is receiving positive
charge from the battery through R,
at a rate which depends upon the time
constant R,C,. Therefore, the voltage
Vo immediately begins to rise toward
zero. When Vy, reaches approxi-
mately zero volts, O, begins to con-
duct and quickly goes into a condition
of saturation. Thus, when Q, turns
ON, its collector voltage Vo drops
quickly to practically zero. This sud-
den drop of 9 volts is transferred by
C, to the base of Q,, causing Vp; to
drop to approximately —9 volts and
thereby causing Q; to turn OFF. Now
the left-hand plate of C, begins to
receive positive charge from the bat-
tery through R,. Therefore Vp; im-
mediately begins increasing from —9
volts toward zero volts and after a
time determined by the product R,Co,
the base of Q; reaches approximately
zero volts and Q; turns ON.

The process is thus a repetitive one,
with conduction automatically switch-
ing between Q; and Q, at rates which
depend upon R,C; and R,C,. The
voltage at each collector will have an
approximately rectangular waveshape.
[fs@ ="Cs3and. Rii— Ry, then'the:ON
and OFF times will be the same for
both transistors, and the output wave-
form at either collector will be as
shown in Fig. 18a. If R,C, is not
equal to R,C,, then the ON and OFF
times for the two transistors will be
unequal, and the voltage waveforms
at the two collectors will be as shown
in Fig. 18b. Usually design considera-
tions make it desirable for Ry = R,
and changes in ON and OFF times are
effected through changes in C; and Co.

Our experiment uses the circuit of
Fig. 17a. To start, we make C; = Co,.
The output voltages observed with the
CRO at the two collectors will then
appear identical, although, as should
be clear from the above explanation,
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Figure 18. Waveforms of collector voltages of
multivibrator. (a) Equal ON-OFF times. (b) Un-
equal ON-OFF times.

they are actually 180° out of phase.
With our equipment, we cannot ob-
serve this phase difference. We can
measure the frequency of the rec-
tangular output wave by using the
calibrated time base of our CRO to
measure the period T of a complete
cycle. If T is in seconds, then the
frequency is f =1/T cps.

Next we keep C; = 2000 pfd but
change C, to 3000 pfd. We see that
T has increased. It is also now ob-
vious that V¢, and Vs are 180° out
of phase, since if the high voltage part
of V¢, lasts for a longer time than its
low voltage part, exactly the reverse
will be true for V¢o. By making C,
much greater than C,, we obtain an
output V; consisting of very short
positive pulses separated by relatively
long time intervals, while Vs, will con-
sist of long positive pulses separated
by short intervals. The minimum
pulse length is governed by the fact
that there are minimum values of R
and of the C’s for which the circuit
will operate, and by the product R;C
which determines how quickly the col-
lector voltage of:a transistor can rise
to its maximum value. (See Fig. 19,
described below.)

Figure 19 shows the collector and
base voltages of the transistors as
functions of time for one complete
cycle when C; is not equal to C,. Ty
and T, represent, respectively, the
times during which @, and Q. are ON.
Then T =T; + T». T; and T, may be
calculated from
T; = Ry,Cy(In2) Ty = R,C,(In2)
Usually R; = R, = R, then
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Figure 19. Time relationships of collector and
base voltages in multivibrator. (Time constants
71 and 71 exaggerated.)

In our laboratory, with the values
of R’s and C’s shown in Fig. 17a, we
obtained a measured period of 740
microseconds (1 microsecond = 10-¢
second). Calculation, using the above
equation gives 748 microseconds. This
is unusually good agreement, consider-
ing the manufacturing tolerance of
the components, and one should not
expect that he will obtain such re-
sults with another circuit. The output
waveform is shown in Fig. 17b. With
a 9 volt battery supply, the amplitude
of our square wave was 8.75 volts.

Careful examination of the output
waveforms at the two collectors will
show that, as indicated in exaggerated
fashion in Fig. 19, the voltages at the
two collectors do not have exactly
vertical sides when they are increas-
ing. There is some rounding of the
corners, caused by the fact that, when
either transistor is switched OFF, the
rate of increase of its collector voltage
is affected by the rate at which the
voltage on the capacitor connected to
that collector can change. The time
required for change in voltage on C,
depends upon (but is not equal to)
R, Cy; similarly, for C, the time de-
pends upon C,R;. Although these
products are usually small compared
with RC; and RC,, they nevertheless
impose restrictions upon the rate of
change of collector voltages and cause
them to have definite rise times. For
short pulses, this may represent a dis-
tinct limitation.

If we are willing to accept some



decrease in amplitude of the output
voltage we may realize great improve-
ment in waveform by the use of a
simple clipping circuit as shown in
Fig. 20a. By reducing the output am-
plitude from 8.75 volts to 6.5 volts
we obtain output pulses which have
practically vertical sides, so the out-
put voltage is much more nearly a
square wave than the voltage (Fig.
17b) obtained directly from the
MVBR.

The MVBR output has various ap-
plications. It may be used in square
wave testing of amplifiers, it can serve
to control other circuits by turning
them on or off, and it may be used
in conjunction with a simple RC series
circuit to produce very short voltage
pulses. We shall investigate this last
application in the next experiment.

@

Figure 20. (a) Clipping circuit for multivibrator
output voltage. (b) Output voltage.

EXPERIMENT NUMBER 8—
PEAKING CIRCUIT

Consider the circuit shown in Fig.
21a. If we apply Kirchhoff’s second
law to this circuit, we have

el 2 4R
C

If R and C are so chosen that the
voltage (Vi) across R is a small frac-
tion of e;, then, approximately,

St
c

€in —
and therefore,

deg ' otidg.oi

A
or = C(dein/dt):d—q.
dt
But Vi = iR and so

e, = Vr = RC (de;,/dt).

By proper choice of R and C, there-
fore, we obtain a differentiating cir-
cuit, where e, is proportional to (de,,/
dt). Since the voltage across the ca-
pacitor (V) is inversely proportional
to C and since Vy is proportional to
R, the condition we have imposed
implies a very small value of the

product RC. A more complete anal-
ysis shows that for good differentia-
tion the product RC (which has the
dimensions of seconds) must be much
smaller than 7, the period of e;,.

In Fig. 21a, R and C have been so
chosen as to satisfy the condition
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Figure 21. (a) Differentiating circuit. (b) Out-
put with multivibrator output voltage applied.
RC <<T, where e, is the square
wave output of the MVBR as shown
in Fig. 17b. If the edges of the square
wave were exactly vertical, the deriva-
tive would consist of a series of very
short pulses, positive when the square
wave rises and negative when the
square wave decreases. In the limit-
ing case, the pulse heights would be
equal to the height of the square wave
and each pulse would last for zero
time. Because our circuit is only an
approximate differentiator, and be-
cause the edges of the square wave
are not truly vertical, there will be
some departure from the ideal output
in our experimental circuit.

Fig. 21b shows the results obtained
when the waveform of Fig. 17b is
applied to the circuit of Fig. 21a with
the values of R and C indicated there.
The positive pulses have amplitudes
of about 0.6 volt and last for approxi-
mately 1200 microseconds while the
negative pulses are much higher and
narrower, rising to about 4.6 volts and
lasting for only 250 microseconds. The
differences between positive and nega-
tive pulses are explained by reference
to Fig. 17b. The rounding of the
leading edge of the output from the
MVBR means that the rate of rise of
these “square” voltage waves is not
as great as their rate of fall. Further-
more, the leading edge requires a
longer time to reach its final value

than does the trailing edge. If we in-
sert the clipping circuit of Fig. 20a
between the MVBR and the differen-
tiating circuit, there results a definite
improvement in the positive output
pulses, because now the leading edge
of the input wave is more nearly rec-
tangular in shape.

EXPERIMENT NUMBER 9—
LINEAR SWEEP GENERATOR

The discussion of the oscilloscope in
reference 2 explains the necessity of
applying to the horizontal deflection
plates of the cathode ray tube a volt-
age which increases linearly with time.
That paper describes some circuits
which will produce close approxima-
tions to such a voltage. In a good
CRO considerable care is exercised in
the design of a circuit which will give
an extremely linear sawtooth voltage
in order that the sweep may serve as
an accurate means for measuring time.
In radar, where the distance of an ob-
ject is determined by observing the
time between the emission of a short
pulse of electromagnetic energy and
the return of the echo from the ob-
ject, linearity of sweep is obviously
of great importance for accurate range
determination.

Figure 2 of reference 2 shows a
circuit in which a capacitor C, con-
nected in series with a resistor R, is
charged from a source of constant
voltage, E. A gas tube is connected
across the capacitor, and when the
voltage across C reaches the firing po-
tential of the gas tube, the tube con-
ducts and C discharges rapidly. The
resistor limits the current to a value
lower than that required to maintain
conduction in the gas tube, and so
when the voltage across the capacitor
has- dropped to a sufficiently low val-
ue, the gas tube stops conducting and
the capacitor begins to charge again.
The increase in voltage across C is
actually exponential, but if one con-
siders a small enough segment of the
curve, an exponential approximates a
straight line, and so this arrangement
produces an almost linear sweep
voltage.

Consider now what happens if we
replace the constant voltage source by
a constant current source. After time
t, the voltage V, on an initially un-
charged capacitor is V, = q/C, where
q is the charge which has been sup-
plied and C is the capacitance. If the
charge is supplied by a constant cur-



rent I, then g = It, the capacitor volt-
ages,itherefore, W — It/€; and Vs
exactly proportional to time. (Con-
sistent units in these relations are volts,
coulombs, amperes, farads, and sec-
onds.) In Fig. 2 of reference 2, one
could obtain a constant charging cur-
rent by use of a pentode vacuum tube.
In its usual operating range, the pen-
tode has a constant plate current, and
if this current is supplied to charge
the capacitor, then V, is a linear func-
tion of time.

When a transistor is operating with
a common base connection, its col-
lector current is constant and is pro-
portional to the base current. If this
current is used to charge a capacitor,
the voltage on the capacitor will in-
crease linearly with time. Transistors
operate at low voltages and a gas tube
is not usually a satisfactory means for
effecting the sudden discharge of the
capacitor, because the capacitor volt-
age will not reach a sufficiently high
value to cause the gas tube to conduct.
If we wish to take advantage of the
constant charging current supplied by
a transistor, we must employ some
device other than a gas tube to provide
the discharge path. One useful device
is the unijunction transistor. Its con-
struction and principle of operation
are described in the following para-
graph.?

A bar of n-type silicon, which is
doped so that its resistance is several
thousand ohms, has non-rectifying
contacts attached at each end. (A
problem which sometimes arises with
semiconductor materials is that of at-
taching metallic contacts to the semi-
conductor. Care must be exercised to
make sure that the bond between the
metal and the semiconductor is such
that the polarity of the voltage across
the bond has no effect upon the con-
ducting properties of the bond. A
connection which meets this require-
ment is called non-rectifying or
ohmic.) One end of the silicon bar
is designated base-1 (Bl) and the
other end is designated base-2 (B2).
By an alloying process, a small sec-
tion of the bar near B2 is made p-type,
so there is a rectifying junction be-
tween the p-type material, designated
the emitter, E, and the silicon bar.
The construction of the device is il-
lustrated in Fig. 22. B1 is grounded,
and a positive voltage Vy, is applied
at B2. When there is no emitter volt-
age, the silicon bar has a uniform
resistance throughout its length, and

it acts as a voltage divider, with a
fraction 3 of V,, appearing between E
and Bl. If Vg, the emitter voltage.
is less than 3V, the emitter diode is
reverse biased and there will be only
a small leakage current at the emitter.
If Vy is greater than 3V, the emitter
diode conducts, and holes are injected
into the bar. The holes move down
toward Bl and cause an increase in
electron density in the region between
E and Bl. There results a decrease in
resistance between E and Bl. Further-
more, as the emitter current Iy in-
creases, V' decreases. The result is a
rapid increase in current and practi-
cally a short circuit between E and B1.
Figure 22b shows an equivalent cir-
cuit for a unijunction transistor. R,
is shown as variable, because R,
changes with emitter current. For a
typical device, R; may vary from
45K with I; =0, to 40 ohms with
I; = 50 milliamperes. The condition
of high current and low resistance
from E to Bl continues as long as Vg
is greater than 3V,,. If Vy decreases
to a small enough value, then the
emitter junction becomes reverse
biased again, and conduction between
E and Bl virtually ceases.

Now we consider Fig. 23a which
shows an n-p-n transistor, Q, and a
unijunction transistor, U, connected
to form a linear sweep generator.
When V. is applied, the base current
Iy of O is constant. Since the col-
lector current I of Q is equal to beta
times Iy, the collector current is also
constant. The collector current charges
the capacitor C at a constant rate;
therefore, V. increases linearly with
time. As V, increases, point M rises
toward a maximum value of 9 volts.
Point M is connected to the emitter
of U, and at some value V,, of V,,
depending upon Vi, U begins to con-
duct between E and Bl, providing
almost a short circuit between its emit-
ter and ground. Thus, C rapidly loses
charge through the low resistance of
U in series with Ry, and V. drops
quickly to a voltage V,, at which the
emitter of U becomes back biased.
Then U stops conducting, and C be-
gins charging up again through transis-
tor Q.

Figure 23b shows the waveform of
voltage across C (between point M
and ground). If we apply this voltage
to the CRO and adjust the CRO am-
plifiers properly, it is possible to align
the increasing part of this voltage
wave with the intersections of the ver-
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Figure 22. (a) Schematic diagram of unijunc
tion transistor. (b) Equivalent circuit of uni-
junction transistor.
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Figure 23. (a) Sawtooth generator circuit. (b)
Output voltage. (c) Alignment with CRO grid
to check linearity. (d) Method for connecting
loudspeaker.

tical and horizontal lines on the face
of the cathode ray tube, as illustrated
in Fig. 23c. This shows that ¥V, is
indeed increasing linearly with time.
We observe some curvature at the
minima of V.. This curvature results
from the fact that there is some resis-
tance R (R4 plus the resistance be-
tween E and Bl of U) in series with
C when it discharges. The discharge
circuit thus has a small time constant
T =RC, and V, approaches V, expo-
nentially rather than reaching this
value instantaneously.

The amplitude (V;—V,) of the
sawtooth wave depends upon ¥V,
since this voltage determines the value
of Vy at which U becomes conducting,
and the value of Vy at which the
emitter becomes back biased. Increase
in ¥V, will increase V; more than it
will increase V,, therefore, a larger
value of V,, will result in increased
amplitude of the sawtooth wave.

The period T of the output voltage
wave depends directly upon the charg-
ing current I, and this in turn de-
pends upon the base current I in Q.
Since the base current is controlled
by R,, we may change T by varying
R,. In our laboratory, adjustment of



R, resulted in a continuous variation
of T from 1.35 to 4.5 milliseconds.
If R, is made too large, oscillations
cease, because the base current of Q
has been made so small that the col-
lector current, which provides the
charging current for C, is essentially
zero. If the sum (R; + R,) is too
small, then the base current is suffi-
cient to drive Q into a non-linear oper-
ating region, and the charging current
for C is no longer constant.

An interesting experiment is to use
the waveform of Fig. 23b to supply
the sweep of the CRO. Set the CRO
controls so that the internal sweep
generator is not in use. Then the out-
put of the horizontal amplifier con-
tained in the CRO is connected to
the horizontal deflection plates of the
cathode ray tube. (This is the same
adjustment of the CRO as is made
when one wishes to observe Lissajous
figures.) If "we now supply the out-
put V. of Fig. 23a to the horizontal
amplifier input of the CRO, a hori-
zontal line will appear on the screen,
just as if the internal sweep Wwere
being used. If we apply a sine wave
of voltage to the vertical input of the
CRO and adjust its frequency to that
of our sweep voltage (between 200
and 750 cps, depending upon the
setting of R, in Fig. 23a) we observe
a sine wave on the cathode ray tube.
This wave is undistorted, and this is
a further indication that the increasing
part of V, is a linear function of time.

We observe two effects when the
internal sweep of the CRO is not em-
ployed. One of these is the return
trace, a line representing the sudden
drop in voltage at the end of each
cycle of the sawtooth wave. The re-
turn trace does not appear when the
internal sweep of the CRO is used,
because a blanking voltage is applied
to the electron gun, stopping the flow
of electrons from the gun during the
time required for the return trace. A
second effect which occurs when we
use the external sawtooth generator
is the tendency of the sine wave which
appears on the face of the cathode
ray tube to drift at random to the
right or left. No adjustment of the
sine wave oscillator will produce a
permanently stationary pattern. The
drift results from the absence of a
synchronizing signal° for the sweep
voltage. Small changes in temperature
or in V; or V, will cause correspond-
ing small changes in 7. When the
internal sweep is used, a synchroniz-
ing signal locks the beginning of each
sweep to some fixed frequency and

thus provides an exactly constant
value of 7. Such a synchronizing volt-
age could be provided for the circuit
of Fig. 23a by the use of additional
circuit elements. (Lack of synchro-
nization also makes it impossible to
obtain a stationary Lissajous figure
from two independent voltage sources.
The pattern will rotate slowly as small
changes in frequency occur in one or
both input voltages.)

Another interesting and simple ex-
periment consists in connecting a
small loudspeaker, in series with a 5
mfd capacitor to block the direct cur-
rent, across points a-a’ in Fig. 23a.
(See Fig. 23d.) Then, an audible sig-
nal may be heard; the pitch (fre-
quency) of this audible signal may be
changed by changing the value of the
resistor R;.
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APPENDIX—EQUIPMENT
REQUIRED FOR THE
EXPERIMENTS

A. INSTRUMENTS

Many manufacturers offer test
instruments which are suitable for
use in the experiments described here.
It is impossible to list all sources;
therefore, we shall simply specify the
characteristics required of each instru-
ment and indicate the approximate

price range of each. Many suppliers
advertise in The Physics Teacher, and
all four of the instruments listed may
be obtained from at least one of these
manufacturers. Teachers should write
to manufacturers for catalogs and
prices of their products. The three
necessary instruments (oscilloscope,
oscillator and volt-ohm-milliammeter)

and the low voltage dc power supply
are all available as kits which are to
be assembled by the purchaser. The
kits are usually less expensive than
the ready-to-use instruments, and if
one follows the very detailed instruc-
tions carefully, he should have an in-
strument which will perform satisfac-
torily.

1. Oscillator:

Sinusoidal output frequency range:
10 cps to 600 kcps

Square wave frequency range: 10
cps to 25 keps

Output voltage: 0.1 volt to 10 volts
r.m.s.

(The frequency and the output volt-
age should both be continuously
variable over the specified ranges.)

Price range: $80.00 for a kit up to
$250.00 for some factory-wired
models.

Note: All manufacturers do not of-
fer combination sine and
square wave oscillators. A
fairly satisfactory variable
frequency square wave oscil-
lator may be obtained by
building an amplifier as de-
scribed in Experiment 4 and
overdriving it with the sine
wave oscillator. This will
give a reasonably good
square wave output up to a
frequency of about 25 Kcps.

2. Oscilloscope:

Cathode ray tube diameter: 5 inches

Frequency range of vertical ampli-
fier: dc up to 450 keps

Vertical amplifier sensitivity: 0.025
volt r.m.s. per inch

The vertical amplifier should have
a provision for calibration so that
the CRO may be used as a volt-
meter for ac.

Price range: $90.00 for a kit, up to
several hundred dollars for a fac-
tory-wired model.

3. Volt-Ohm-Milliammeter:

Resistance on direct voltage ranges:
20,000 ohms per volt

Resistance on alternating voltage
ranges: 5,000 ohms per volt

Alternating and direct voltage
ranges: Several ranges should be
provided ranging from 1.5 volts
full scale to at least 500 volts full
scale.

Price range: $25.00 for a kit up to
as much as $100.00 for factory-
wired models, depending in part
upon the accuracy of calibration.

4. Low Direct Voltage Power Supply:
Output voltage: 0 to 30 volts con-
tinuously variable
Output current: at least 200 milli-
amperes at 30 volts
Price range: $25.00 for a kit up to
$125.00 for a factory-wired model.

B. COMPONENTS

The following list includes all the
components required for performing
the nine experiments described in this
paper. The minimum number of each



component is specified. Since they
are relatively inexpensive, it is de-
sirable to have on hand a few spares
of each value of resistor and capacitor,
as well as two spare transistors and
two spare diodes. It is generally not
advisable to stock up on batteries,
since their shelf lives are limited. Ex-
cept for the transistors, which should
be General Electric GE8 n-p-n, the
particular brand of component is not
important.

The components are available from
various supply companies. Surplus
property may also be a good source of
some items.

1. Resistors: These should be of the
composition type, which are the
cheapest and quite satisfactory, and
should have a rating of 1 watt. In-
dividual units cost about $0.15 each
regardless of resistance; however,
they may be bought in quantity in
assorted sizes, the unit cost depend-
ing upon the total number pur-
chased.

Quan- Resis- Quan- Resis-
tity tance tity tance
1 100 ohms 256K
1 220 ohms 2 10K
1 680 ohms 2= CO0K
1 750 ohms 3 220K
2 1K 2 270K
1 22K 1 470K
1 33K 1 1 megohm

2. Potentiometers: These may be 2
watt or 4 watt devices. The various
types of taper in the windings which
are specified in catalogs are of no
significance in our applications.
These units cost about $1.00 each.
Two are required: one of 50 K to-
tal resistance and one of 500K to-
tal resistance.

3. Capacitors: The 5 mfd and the 25
mfd capacitors should be electro-
Iytic. The 0.05 mfd and the 1.0 mfd
capacitors may be paper, or more
likely, mylar. The capacitors in the
picofarad range may be ceramic or
mica. (The voltage ratings of these
will probably be much in excess of
the minimum specified below.)

Capaci- Minimum Unit
Number tance voltage  price
1 0.05mfd 200 $0.15

- 1.0 mfd 200 0.65
3 5.0 mfd 25 0.85
2 25.0 mfd 25 1.00
2 200 pfd 100 0.15
2 300 pfd 100 0.15
32000 - pfd 100 0.15
2 13000 - iptd 100 0.15

4. Transformer: This is of the type
usually listed in the catalogs as a
filament transformer. It should have
a 115-volt primary and a center-
tapped secondary which will give
approximately 12.5 volts from cen-
ter terminal to either end. A cur-
rent rating of 1 ampere in the sec-
ondary winding is adequate. Price
is about $3.00.

5. Batteries: If a low voltage power
supply is purchased, then it may re-
place one of the 9-volt batteries. In
the list below, Burgess type num-
bers are given. However, these are
specified only in order to indicate
the physical size of the battery.
Equivalent batteries of other manu-
facturers are satisfactory.

Quantity Burgess No. Volts Price
2 2N6 9 $1.30
2 Type 2 1.5 0.25
1 (use 2 type2) 3.0
1 CoX 6.0 0.70

Note: Various types of snap connect-
ors or metal holders are avail-
able for making connection to
the batteries. It is possible to
make solder connections, but
great care must be exercised to
avoid overheating and thereby
ruining or shortening the life of
the dry cells.

6. Transistors: Four GE-8 n-p-n tran-
sistors are required. The price is
$1.20 each.

7. Diodes: Four diodes are required.
The cheapest are the silicon “top
hat” type which cost about $1.00
each. They should have a rating of
400 volts peak inverse voltage and
should be able to carry a continu-
ous current of about 750 milliam-
peres.

8. Unijunction Transistor: This is re-
quired for the sweep generator in
experiment 9. It is the most expen-

sive of all the components. The
type number is 2N490A. The price
is $8.35. One of these is required.

C. METHODS FOR INTER-
CONNECTING CIRCUIT
ELEMENTS

Since it is necessary to be able to
change connections in the individual
circuits as well as to use the same
components for constructing several
different circuits, it is desirable to have
some means of interconnecting the
circuit elements without making use
of solder. (Soldering is not recom-
mended for connecting semiconductor
devices, in any case, because it is quite
easy to damage them by overheating.)
Most instructors who have charge of
electronics laboratories have devel-
oped their own methods for simple
and rapid interconnection of circuit
elements or else they make use of one
of the commercially available systems.
If you are near a college or university,
you will find it helpful to seek advice
from the physics or electrical engi-
neering faculty members who are re-
sponsible for the electronics courses.

In our laboratory, we use equip-
ment manufactured by Science-Elec-
tronics, Inc., 195 Massachusetts Ave.,
Cambridge 39, Mass. Other com-
panies which we know of which sup-
ply such equipment are Hickock
Teaching Systems, 545 Technology
Square, Cambridge, Mass., and Phil-
lips Advance Control Co., 59 West
Washington Street, Joliet, Illinois. You
should request catalogs and price in-
formation from these companies. They
will describe the equipment, and may
suggest ideas for developing your own
scheme of circuit connection.

One word of advice is in order with
regard to connecting transistors. Tran-
sistor sockets are generally unsatisfac-
tory. It is desirable to connect each
transistor and diode permanently to
some type of base, either a slab of
plastic into which terminals have been
inserted, or, more simply, a terminal
strip. Be sure, with the GES8 transis-
tors and with the unijunction transis-
tor properly to identify and mark the
leads so that you will connect them
correctly in the circuits. It is also a
good idea to mark the polarity of the
diodes after they have been mounted.



