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INTRODUCTION

The purpose of this thesis is to outline the fundamental princi-
ples that are involved in the operation of d.c. amplifiers that are
used for the measurement of small currents and small voltages in high
resistance circuits. An attempt will be made to state and explain
these principles in such a manner that a person with a knowledge of
elementary physics can ﬁnderstand them. After perusing the litera-
ture on this subject, the anthor of this thesis feels that a contri-
bution would be made in this field if a logical development of its
principles be presented for the benefit of a person who is not an
expert in electronics. A bilologist interested in measuring the dif-
ference in potential between two parts of an animal need not be thor-
oughly acquainted with all phases of electronics to kmow the funda-
mental reason whyban ordinary millivoltmeter will not measure a dif-
ference of potential of one millivolt between two parts of an animal.
He can construct a d.c. amplifier for measuring small voltages in a
high resistance circuit if he has a few principles of electrometer
eircuits in mind. A person interested in measuring ionization currents
through an ionization chamber, or in measuring photoelectric currents
in photocells, can, without a thorough background in electronics, set
up an amplifying circult and understand its principles of operation.

In this thesis, the simple things will be presented first and the
more complex things will be built upon them. An attempt will be made

to have the unknown to follow the known. Snéh questions as these will
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be discussed in this thesis; why is it that a quadrant electrometer
or en electrometer circuit is necessary for the measurement of small
voltages and small potential in high resistance circuits, and why is
an ordinary voltmeter or ammeter unable to measure such small currents
and voltages; 'why is it that electrometer tube circuits are superior
to an electrometer; why is it that ordinary radio tubes must be sup-
planted by special tubes of high input resistance in electrometer cir-
cuits; exactly how are the smell currents and voltages applied to the
grid circult of the electrometer tube and what is the difference be-
tween the drift method and steady deflection method; what role does
the grid current of the electrometer tube in small current and voltage
measurements play; of what currents is the grid current made; what is
the general theory of the amplification of small currents and voltages;
why is it of paramount importance to eliminate the drift in the output
due to changes in filament voltages, in plate voltages, in auxiliary
voltages, in filament emission; what methods have been suggested for
the elimination of the drift due to these various changes; what are
some circuits that have experimentally proven themselves to be the
best; what are the relative merits of the General Electric FP-54, the
Western Electric D-96475, and Victoreen VW-41 tubes used in the Barth
circuit.
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3.

CHAPTER I

In order to understand more clearly the principles and opera-
tion of a vacuum tube electrometer circult, a short description of
the quadrant electrometer will be given. An electrometer is an in-
strument that operaﬁes on the prineiple of electrostatic attraction
in the measurement of currents and voltages. It usually consisis of
three parts, a suspended rotating needle and two fixed plates (called
quadrants). The needle is charged to a potential (usually 100 volts)
with respect to one quadrant and the potential to be measured is '
applied across the quadrants, and magnitude of the rotation of the
needle is an indication of the voltage to be measured.

The electrometer is used %o measure currents between 108 and
10'16 ampere. The smallest current an ordinary wall galvasnometer will
measure is sbout 10‘10 ampere. The range of voltage that an elec-
trometer can measure is from 1075 o 10 volte. However, a special
Kelvin electrometer can measure many thousand volts.

In figure 1 i8 a side view and top view of a Dolezalek electrom-
eter. A needle in the shape of a figure 8 is suspended by means of a
gold or phosphor bronze filament. A small mirror is attached to the
suspension. By means of a telescope focussed on the mirror, the amount
of rotation of the needle is detected. The quadrants of an electrometer
consist of the four parts that result from cutting a circular brass
pill-box shaped chamber, as shown in the figure. The opposite quadrants

are connected by a conductor. If quadrants 1 and 3 are positive, and
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2 and 4 negative, and if the needle is charged positive, the needle
will rotate counter-clockwise. The amount of rotation will be an
indication of the voltage across the quadrants. The above electrom-
eter is shielded by a metal box to prevent dlsturbance ca:u.sed by alr
currents and electrostatic effects.

As will be seen later, there are two ‘methods of measuring currents
in vacwun tube cireuits, the so cslled rate of .deflection method (also
called drift method) and the constant deflection method. These two
methods are also used in measuring currents with electrometer tube
circuits.

Figure 2 shows the electrometer circuit for measuring small ioni-
zation currents by the rate of deflection method. The dotted line
shows the shield about the electrometer; it is grounded. Q) and Q.z
are the quadrants; N is the needle; R is the protective resistance so
that no damage is done if the needle touches Q3; V is the voltage across
the needle and Q,l; v is the voltage that accelerates the charges between
the plates; the gas in the reglon between A and B is ionized by means
of X-rays, ultraviclet rays, radiocactive substance, ete.; K is the
grounding key. When the accelerating voltage v is applied, the key K
should be closed so that the induced charge on plate A does not reach
the quadrant Q5. The key is only opened when readings are taken. With
the key opened, the charges of electricity flowing through the region
between A and B will charge the gquadrant Qp, raising its potential.

The needle N will be attracted to Q, and the time rate of its move-

ment will be an indication of the magnitude of the ionigzation current.
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S.

This method of measuring currents is known as the rate of deflection
method.

Mgure 3 shows how the constant deflection method is applied.
R is the large resistance through which the current to be measured
is made to flow. The current through R produces an "ir" drop across
the two quadrants. This "ir® drop causes the nesdle to be deflected
a certain amount. Knowing the "ir" drop from the deflection of the
nesdle and kmowing the resistance R (which 1s between 106 to 10™* oims),
the current i can be computed from Ohm's lav. |

The constant deflection method is more convenient to use but it
is not as sensitive as the rate of deflection method. The constant
0—14

deflection method is satisfactory down to 1 ampere.
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CHAPTER II

Although the vacuum tube electrometer has supplanted to a great
extent the gquadrant electrometer, the purpose of stating the principle
underlying the operation of the electrometer is to point out that the
same principle of electrostatic action is made use of in the vacmum

tube. In a electrometer tube the grid current is about 10"15

ampere
and therefore the control 'qhe grid has over the plate current is almost
purely electrostatic. Because of the electrostatic action, the elec-
trometer is a voltage measuring instrument, even though, as was shown
above, it can measure currents. Likewise, because of the electrostatic
action that the control grid exercises over the plate current, the
electrometer tube is essentially a voltage measuring instrumen’ even
though it is also used to measure currents. To sum up what is now
being emphasized: the less current there is in the grid circuit, the
more electrostatic is the control the grid exercises over the plate
current, a#d. because of a small grid current, the plate current can be
controlled without practically any ‘expenditnre of energy.

Because so mach depends upon the grid current, a discussion of it
will be given. Excellent discussions are given by W. B. Nottingham (12
6. F. Metcalf and B. J. Thompson 2} and P. A. MacDonald 3.

The tubes are used in circuilts such that the grid voltage is

(1) W. P. Nottingham, Journal of the Franklin Institute, 209, 291 (1930).
(2) 6. P. Metcalf and B. J. Thompson, Phys. Rev. 36, 1489 (1930).
(3) P. A. MacDonald, Physics, 7, 270 (1936).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



always negative with respect to the filament, and never positive.
If it were made positive, there would be too much energy consumed in
the grid circuit due to the large grid current. The best way to
approé.ch an_analysis of the grid current is to study its constituents.
Using the conventual menner of designating the direction of current,
the positive y axis of Fig. 4 indicates the direction of the current
vhen 1t goes from the grid through the space between the grid and file-
ment, to the filamegt. The mims y axis indicates the opposite
direction. The grid current of Fig. 4 is the resultant current of all
of its constituents. This is a very important point to keep in mind.
The heated filament emits electroné. Due to the negative electrostatic
field of the grid, a cloud of these electrons forms near the filament
and constitutes what is called a space charge. Bven though the grid
is negative with respect to the filament, some of these electrons have
such high velocities that they land on the grid and prodnce an elec~
tronic current in the grid circuit. In Fig. 4, the direction of this
current would be indicated by the positive y axis. According to the
figure, very few of these electrons would go to the grid if the grid
voltage is greater than -3 '&olts. But the grid current is practically
made up of all these electrons when the grid voltage is more positive
than =3 volts, because the contribution made by the other constituents
of the grid current would be negligible to the above mentlioned
electrons. |

The second constituent of the grid current are the positive
ions that are given off from the filament. L. P. Smith (4) and
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Wahlen (8) have shown that hot filaments emit positive ions in large
numbers. .It has 5een shown that a hot filament emits 108 times as
many electrons as positive lons. If this positive ion current were
plotted alone, the curve would fall below the positive axis of Fig. 4.

The grid is heated by radiation that comes from the filament and
?.t, as a consequence, emits electrons and photoelectrons. Light coming
from the outside and from the filement inside of the tube, causes
photoelectrons to be emitted from the grid. As a matter of fact, a
very sensitive electrometer circuit will react to this outside light
immediately. This was very much in evidence with the Barth circuit
set up by the author. The electrons and photoelectrons produce a
current which is virtually the same as far as direction of current is
concerned as 1f the filament were emitting positive ionms.

The soft X-rays produced at the plate by the electrons striking
the plate, canse X-ray photoelectrons to be emitted from the grid.
Agaln a current is produced which is as if the filament were emitting
positive ions. | '

There 48 also a positive ion current due to the presence of posi-

tive ions in the residnal gas in the tube. Metcalf and Thompson (2)

found that if the potential across a tube was greater than the ioni-
zatlon potential, there was a positive lon current of 10"13 ampere
even though the tube was thoroughly evacuated..

Leakage current over the glass or insulation of the tube may also

(4) L. P. Smith, Pnys. Bev., 35, 381 (1930).
(5) Wahlen, Phys. Rev., 34, 164 (1929).
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contribute a current whose direction would be below the x axis
(negative on the diagram).

The above constituents form the grid current. As to their
elimination, the folldging precautions are taken.

The grid is operated at a voltage such that the high velocity
electrons are prevented from landing on the grivd. and the filament is
operated at & €empera.ture such that the velocity of the electrons is
not too great. A space charge grid is placed between the filement and
grid, so that its positive potential repels the positive ions that
are emitted from the filament. This grid, of course, increases the
matual conductance of the tube.

The filament is operated at a low temperature so that its radia~
tion will not be 1nten§e enough to cause electrons or photoelectrons
to be emitted by the grid. The grid may be made of a metal like
molybdenum whose threshold work function is large. Its structure may
be large and open.

A low potential like 8 or 10 volts will diminish the soft X-rays.

The positive ion curreht due to ionigation is diminished by keep-
ing the potentials of the tube below the ionization potentials of the
gas in the tube. The leakage current over the insttlation is relatively
small compared to the other currents. It is greatly reduced by having
the grid come out at the top of tube.

With the above precautions, special electrometer tubes have been

made whose grid currents are of the order of 1 ampere. As stated

above, the ordinary radio tubes have grid curreats of not more than
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1078 ampere but considersbly more than 10715,

The potential of the grid in Fig. 4 where the grid current is
zero, is called the floating grid potential or the contact potential.
It is that potential that will exist between the filament and grid,
after the grid has reached equilibrium with the grid circult open.
With the grid circuit 'open, charges that we have been spesking about
will go to their respective electrodes, charging them and thus pro-
ducing a difference of potential between the electrodes. If that
megnitude of difference of potential is actuallja;pplied to the grid
circult, there will then be zero current in the grid. This floating
grid potential is measured in the following manner. With the grid
circuit open, the plate current is recorded after equilibrium has been
attained, the tube operating at normel veltages. Then a voltage is
placed in the grid and 1t is adjusted until the plate current noticed
previously is reached. That grid voltage is the floating grid poten-
tial.

The floating grid potential is very crifical because it is that
potential at wh:lch’high velocity electrons begln to land on the grid,
and as can be seen from Fig. 4, the curve is very steep at this point.
At floating grid potexitial, all the different charges of electricity
mentioned above are in motion but they nullify each other to produce
a net current of zero. Tubes are operated at a potential slightly
more negative than the floating grid potential.

The reason the quadrant electrometer was first described and then

the low grid current of special slectrometer vacuum tube, was to show
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that the smaller the grid current in an electrometer vacuum tube, the

more the electrometer vacuum tube is similar in operation to the quad-
rant electrometer. Now it will be shown why it is necessery to use an
instrument that d.raws no current or a negligible amount of current, in
order to measure currents and voltseges in high resistance eircuits.

An ordinary milliammeter has a resigtance of 50 ohms and a current
of 1 ma will cause full scale deflection. The power consumed by this
milliammeter when the needle has deflected full scale is 5 x 107° watis.
Now if this milliammeter is placed across two parts of an animal whose
difference of potential is, for example, 50 mv, there is not enough
power to cause any apprecisble deflection much less full scale deflec~-
tion. Thus on open circuit there is an emf of 50 mv but there is not
enough power availsble to cause a milliammeter to deflect. The 50 mv
between the two parts of the animal could be measured by an instrument
easily, if the instrument drew no current or in other words, if it con-
sumed no power.

Small currents through glass electrodes, high-vacuum photocells or
ionization gauge® are too small to be measured by galvanometers, whose
1limit of sensitivity is of the order of 10710 ampere per mm. If the
currents from these high resistant sources fell within the range of
galvenometers, they could then be measured by galvanometers. Putting
the same idea in other words, the power output of these sources is far
below the power necessary to operate a galvanometer. The power con-
sumed in very sensitive d.c. amplifiers is so small that 30 electroné

per sec. which is equel t0 5 x 10"18 ampere can be measured. If tubes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i2.

could be constructed with grid currents as low as 1017 ampere, then
3 electrons per sec. could be measured (2).

It has been stated above that the electrometer tube approaches
the quadrant electrometer in operation because of its low grid current.
If the grid current is low, then the input resistance of the tube is
high. All the precautions taken to reduce the grid current, emtomati-
cally increase the input resistance or impedance. If the grid current
is plotted against the grid potential, a curve similar to that of Fig.
4 1s cbtained. The reciprocal of the slope of this curve is the imput
impedance or resistance of the grid circuit. The resistance changes
with the grid current. It should be noticed that the resistance is
negative at certain points and also the resistance decreases rapldly
wvhen the grid potential becomes more positive than the floating grid
potential.

It has been shown that currents and voltages from high resistance
sources do not ¥dave sufficient power to operate the ordinary meters.
But they can be measured by instruments that draw very little current,
or in other words, whose input resistance is high. 2y means of an
example, angther view of thé requirement of high input resistance can
be obtained. The plate current of a vacuum tube is controlled princi-
pally by the grid voltage. A small current from high vacuum photocells
can be measured by sending the current through a high resister that is
in the grid circuit as shown in Fig. 5. The grid voltage will be
changed to the extent of the "ir" drop across the resister and the
plate current is changed accordingly. The larger the resistance R is,
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the greater is the "ir" drop, and the greater is the change in the

plate current and the smaller is the current that can be detected.

The point is this, the grid resister R is shunted by the grid resist-
ance of the tube itself. Therefore, the value of the resistance of
this parallel combination is smaller than R if the grid resistance of
the tube itself is smaller than R. Thus if small currents are measured
in this fashion it is absolutely necessary for the grid resistance of
the tube i#self to be greater than R. The grid resistance of ths tube
itself is commonly called the input resistance or input impedance of
the vtu'be‘. For the General Electric ¥P-54, the Western Electric D=
96475 and the Vietoreen VW~41 Electrometer tubes, the imput impedsnce
18 10 %6 ohms (approx.).
If the voltage of a source whose internal resistance was 1010
ohms and if it was placed in series with the bias of a tube whose
grid current was 10'10 ampere, there would be a drop across the source
of one volt; whersas on open circult the source would have an emf of
probably 10 mv. If no current were in the grid eircult, or if the grid
impedance was infinite, in this particular case, the grid voltage mld
be inereased by 1lOmv.

Tube mamufacturers are interested in obtaining as large an output
as possible, consistent with freedom from distortion and life of a
tube in radio apparatus. The output of a tube is spproximetely pro-

(6)

portional to the square of the applied voltages. But these are

(6) @. H. Gebus and M. L. Pool, 8, 196 (1936).
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greater than the ionization potentials of the gas in the tubes, thus
producing ions in the gas, a,nd‘thns decreasing the input resistance of
the tubes. The input resistance of a modern radio tube ranges from
10 8 to 10 9 ohms. In order to get a gréat response from a phototube
amplifier, the input resistance of the tube must be as big or greater
than the output impedance of the phototube. The high vacuum phototu.'ﬁe

12

vhen 8lightly illuminated has an output resistance of 10 ohms.
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CHAPTER III

A consideration of the measurement of a photoelectric current
by means of a triode tube will show some basic concepts of an ampli-
fying circuit. Some basic definitions must first be given.

The grid voltage of a tube will exercise greater control over the
plate current than the plate voltage. For example, for a change of
1 ma in the plate current it may require a change of 2 volts in the
plate potential (with the grid voltage constant), whereas the same
chenge in plate current can be produced by a change of .2 volt in the
grid potential (with the plate voltage constant). This is stated
mathematically by the equation

(1) %55_ T
3 dEp

The partial derivatives are used because in the case of the deriva-
tive on the left, the plate voltage is held constant; in the case of
the derivative on the right, the grid voltage is held constant. The
derivative -%—cg‘; is the slope of the plate current - grid voltage
characteristic curve with the plate voltage held constant. The deriv-
ative _éfég_ is the slope of the plate current - plate voltsge char-
acteristic curve with the grid voltage held constant.

With the grid voltage constant an increase in the plate voltage
will produce an increase in the plate current; with the plate voltage
constant, at the value before it was changed, a decrease in the grid

voltage is necessary to produce the same increase in plate current.
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To produce an increase in the plate current, a positive change in the
plate voltage is necessary or a negative change in the grid voltage is

necessary. This is egpressed mgthematioally as
.(z) H ( "Jf;f’)
)/{ is called the smplification factor. It is approximately constant
over a wide range of changes of plate and grid voltages. In other |
words H vinéu-cates how mach more effective the grid voltage is than the
plate voltage in controlling the plate current.

The plate impedance or plate resistance is the reciprocal of the
slope of the plate current - plate voltage characteristic curve. Un~

like ohmic resistance which is a constant, the plate impedance varies
along the curve. It is accordingly defined as

(3) ZP - () 2p
Jdep
It is a partial derivative because the grid voltage is held constant.
If & famly of charscteristic curves of the plate current versus
the grid voltége is plotted, different plate voltages held constant for
each curve, the slope of the curves is called mutual conductance.
@) G = e

ch}

The partial derivative is used becanse the plate voltage is held con-
stant. |

The relation betweenﬂlz’, and g,m is given by /—»L 7
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The mutual conductance defined by equation (4) is that of the tube
itself. If the assoclated eircult is \taken into consideration, the
characteristic curve will be different and.v the mutual conductance
will be different. This new matual conmductance is defined as the
effective mutual conductance designated by the symbol 3"“,

An expression for the effective mutual conductance will now be
derived for the circult of Fig. 6, but in this case a resistance p
is placed in the piate cireuit. '

The plate voltage is given by
6) Ep= Es— Cpnp +H Eg +E,

Eo is the contact voltage.
£, 1is the plate battery.
K E3 is equivalent to putting a battery in the plate cireuit.

M Cp = Lp = (La-Cp RptpEg +E0)
P

or ('P(/,-/'Jz'—ze):_ EA—F/—(E'J—FEO
p .

Zp

Differentiating with respect to = g

5L - & - I
£ 2p (1+ e [+ St
J 75 =
(8) 9,\:4 = c)c'e = g
O &q I+ e

Zp
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An equation showing hom‘:‘j varies with C , the current that is being
measured can be derived. The voltage across the grid and negative
terminal of the filament is given by

(9) £g= Fo-C3 R+CR

Differentiating with respect to ¢ ,

QL _R-RIy = P-RI.. DE

._Tg_ ._R RJ = ft) Racﬁ aéz
& = :-HE

ai = Mgt K

/Vg is the slope of the grid current versus grid voltage curve.

=3
Solving for 2
Lring for Zpd—
(10) CLLE}_. = !
d 1+ Ky TR Iy
X is the reciprodal of R, or the conductance kof the input resistance R.

To get an equation that shows how the plate current<pvaries with the

photoelectric current ¢ , multiply both sides of equation (10)

by _37?;_ . This gives
“F ‘
(11) dip _ 1 de I Qane
. - ___B_. = o
o (h+iy) "geg  (rttg) (o4 L)
| 25

This equation gives the overall amplification of the amplifier
expressed in temms of the parameters of a three element tube.

When amplifiers are used to measure small currents, and not to
operate relays or counters, the interest lles not so much in the
change of plate current, but how much will an indicating meter in the
plate current deflect for a particular value of input current L‘ .

If M denotes the number of divisions a meter (galvancmeter) will
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deflect, then the voltage sensitivety can be expressed as v,

(12) Sv = drt. — dm dip /
o{—‘:} alcP dLJ = JﬁM

Sg is the sensitivity of the indicating instrument expressed in the
mumber of divisions of deflection per unit current.

The current sensitivity can be expressed as S¢

S¢ = dm = dm £y = S g',w. (
d ¢ dEg de d tr+tg
or
(13) Sé = Sg __! N

C{Tf‘h’d) (!+——£’)

Zige Constant

It a photoelectric ocurrent is sent through a large grid resistor
R, as shown in Fig. 6, the indicating meter in the plate circuit will
not immediately assume a definite deflection. It will gradually
deflect and then assume a definite position. For current messurements
it is always more convenient to have the indicating instrument to
assume its final position as quickly as possible. This is accomplished,
as will be explained, by making the capacity of the whole grid circuit
a minirmum and by not meking the grid resistor too large. In the expla-
nation that is to follow, it will be assumed that the grid current is
conslderably smeller than the input curreant, that is, the photoelectric
current.

Let C be the capacity of the grid system which in this case in-
cludes the grid to filament capacity, the capacity of the photoelectric
cell and the capacity of all the associated leads,
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(14) (=da

(:is photoelectric current. As soon as the current é—ﬂows. it
begins to charge the grid system, causing a rise in potential E.
Due to this rise in potential a curient is sent through the resistor
in the opposite direction to C , equal to fé__ The sbove differential
equation becomes Al
) 2& -1 (;_ £

()

This is & linear differential equation and has the solution
1e) £ =R I~4"71?°~)

After a lapse of infinite time, £ = =,
£ = Ec,(/_._e_“%c)
where S is the potential between grid and filament after the lapse
of time T.
In order to have a standard method of comparing different circuits,
a time constant is defined to be equal to the product of the resistance |
and capacitance, that is 0. Substituting RC for T, the following

equation is obtalned.
an Er = Lo =) =0632F,

L

In words, this equation means this: after a time interval equal
to RC, the potential between grid and filament will be 0.632 Gimes the

potential it would have after a lapse of an infinite time interva:l..
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If the time interval is allowed to be ten times the time constant,
for all practical purposes the potential <7-will be equal to the
equilibrium potential, Eo.

Since the time constant is equal to RC, it becomes obvious why
there is a limit to the magnitude of the grid resistor R and why it
is important to make the capacity of the grid eystem a minimum. The
FP-54 tube has & capacity of 3 x 1012 fared. The cepacity of the
phateelectric%%ogethor with the associated leads would roughly
amount t0 7 x 10712 farad. If the resistor B is 10*' ohm, the time
constant would be one second. After ten seconds the potential between
the grid and filament would be approximately the equilibrium potential.
That means after ten seconds the deflection of the galvanometer will
be an indication of the "ir" drop across the resistor R. Thus it is
seen why it is not convenient to use a grid resistor greater than

12
10 © okms and why it is imporiant to make the capacitance of the grid
gysten a minipunm.
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CHAPTER IV

In ordinary amplifiers that are not used to measure extremely
small currents and voltages, the changes that take place in the elec-
trode voltages 4o not effect the stability of the amplifier. Tig. 7
shows a very elementary amplifying circuit. In the plate circuit,
provision is made so that when there is no input current in the grid
eircuit, there is no current through the galvanometer. The adjustment
61‘ R brings about the gero current in the galvanometer. The point is
this, the galvanometer will drift from its zero position. This is due
to changes in batteries E,, Ep, W and By Even though all these
batteries are of the large capacity emtomobile type, they are still
subjected to minute changes in voltage which cause the instability.

It might be remarked here that even though some mamals in electronics
suggest a simple circult as drawn in Fig. 7 for measuring small currents
and voltages, the circuit will prove to be very unsatisfactory because
there 18 no provision made to stabilize the changes in the battery
voltages. The reason why there is so much literature on this subject,
is beceuse it was always recognized that the instability of the ampli-
fler, due to changes in battery voltages, had to be eliminated by some
sort of compensation., Although some of the elementary circults that
will be described are not actually used for fine measurements, neverthe-
less, they will be described so that fundamental princibles involved

in the more complex circuits will be better understood.

Fig. 8 shows a very simple eircult which compensates for
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changes in the plate battery and filament battery. Consider the fila-
ment circult that includes the filament, By and B). If the voltage of
El increases, then the filament will emit more electrons and as a con-
sequence the plate current will increase. But with the increase of
voltage of Ej, there is an increase in the "ir" drop across By, thereby
meking the grid more negative and finally causing a decrease in the
plate current. It is possible to choose a value for R such that there
is no change in the plate current even though there is a change in the
battery Ey. If there is a change of A(;in the filsment curremt, there
is a corresponding change in the plate current equal to .

(18) 4¢, = 2% A -R, D Acy
o Ct a.ng

= _C_)_fg__ 4{{ —-R;JM A g
Decp
If there is no change in plate current due to a change of /Jc_'{_in the
filament, then the above equation is gero and solving for R, the follow-

ing equation 1s obtained.

(19) R, = 9¢p |
&('_F 3M

It Rg is s0 chosen as to satisfy the ahove equation then changes due

to filament current (or voltege) will not cause a change in the plate

current. The reason for adding a battery E; in the grid circuit is due
to the fact that usually the drop across Ry is not sufficient to pro-
duce enoug,‘n’ negative bias for the grid circuit. This method was first
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suggested by Dearle and Matheson (7).‘

There is a simple way of neutralizing the effects of the
changes of the bhattery 312 on the‘ plate current. If the voltage of
E, increases, then thg increase in voltage drop across Ry will ceause
an increase in the plate current but there is a simultaneous increase
of grid potential duse to the increase of the vbltage drop across Ry
which decreases the plate current. These two effects can offset each

other with the proper choice of resistances Ry and Rp. By definition:

(25 )

If the current through battery Ez changes to the extent of
AT  then the voltage drops across By and R, will change to the extent
of AT R,and AT R, respectively. Therefore if

’,{—:“‘AIR‘L _:_,_Rw_
AIR( R'

then there will be no change in the plate current. For complete

neutralization RL mst be chosen to satisfy the equation

R, =2 __
, Ocs Grm

and then Rz must be chosen to satisfy /?1_ = H R, :
Practically all the circults that give the best stebility are
bridge circuits in one form or other. Fig. 9 shows an ordinary
Wheatstone bridge circult. Despite changes in the battery, no current
w:lll flow through the galvanometer if Ry By % Ry Ry, Now if the

resistance Ry is substituted by a tube whose plate impedance is Z,,

(7) R. C. Dearle and L. A. Matheson, Rev. Sei. Inst. I, 215 (1930)
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then the circuit in Fig. 10 is obtalned. If the impedance ZP acts

a8 an ohmic resistance, then no current will flow through the galvae-
nometer despite changes in the battery as long as R, zp- Ry Ba.

But Zp varies unlike R in Ohm's law, as can be readily seen from Fig.ll.
Over the interval A S the Wheatstone bridge with a tube in one arm,
would be balanced for small changes in the battery potentisl. A math-
ematical expression can be derived for the variation of the current
through the. galvanometer with respect to the grid voltage Eg of the
tube. It is derived in the following manner. The plate current is
given by the expression

(20) (p= L ( Ept+HEy +50)

E, is the contact potential. Applying Kirchhoff's laws around the
loops BCIB, ABDA, AEFCBA, and at the junctions D and B, five equations
are obtained. Solving the five simultaneous equations for Ig, the

following equation is obtained.

() Ty = (RaRits R)(, +pEp)-(Py 2o~ o) 7
R3 20 T2 +Rq Zp R+ R s Rg 2p + 3 R Iy +)i34, (2p+R3) ( R- +IP¢,) |

I ¢t %, and B, are assumed to be independent of By, the derivative of

the above equation with respect to By gives

dIg _ (Ra 2p = [Pa F2)
JEy H

K being the sum of the terms in the denominator. From this equation,

it is seen that for the galvanometer current to be independent of I,

the numerator must be equal to zero.

By Zp = By By
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Ifksisequalto%M%iseth&to%thentheabove

equation becomes

(22) L3 _ g

Yow if a resistance Ry is shunted across the galvanometer to damp

the instrument critically, the above equation becomes

(289 Ty _ G an
DE a</+ R gt
Re d

This equation is derived in the following manner. The Ig of equation
(2§) 1s that which in Fig. 12 flows through the parallel combination
of By and Ry .
()  ¢5=Ta ( Ra )

' Ra + &d‘*

(25) Ig = éa C Rt + /Paa.—ﬂ)
IPa

The parallel resistance of galvanometer and shunt is obviously

(26) R = Ry Q(p—@
Ra + f\lqu-Q

Substituting I

g in equation (22) and also R for Tye1+ the following
equation is cbtained. ‘
() < _ g
Desg QL1+ Pgas (L L o 1
J 8= (= Zp T 2R R

Since Zp = Ry and By = By, it is readily seen that the galvanemeter is

eritically damped when

o + 4 L
(8) Rea © ZF2p 26+ R4
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Therefore
(29) _9.__3\ = _L_ﬂ
DEq & [ 1+ Rgee 7]

Rca

For the basic circuit the equation, as was seen, was
s~ +Re
Since —&‘-— and Re arePcomparatively small, the bridge circuit

c 2p
is one half as sensitive as the basic circuit with the galvanombter

in the plate circuit. This decrease in sensitivity is due to the
fact that in the bridge circuit there are two alternative current
paths sbout the galvanometer. The resistance shunted across the
galvanometer could be chosen by placing a variable resistance across
the galvanometer, and by varying it until the galvanometer was crit-
ically damped.

If in Fig. 11 the point B was used for the operating point, then
the circuit would behave as an ordinary Wheatstoixe bridge over the
interval A/ since the tangent to that part of the curve goes through
origin and therefore the tube would act as an ohmic resistance.
Bowever, if A is chosen, then the arm containing the tube is equiva-
lent to an ohmic resistance with a resistance Zp and an emf equal to
B - C'p 2 p By Introducing such a2 source of voltaje, héwaver, would
not meke the plate current of the tube independent of X, since the
battery introduced would also fluctuate.

9
Wold(a)devised a circuit which was later improved by Wynn-W:i.lli( )

(8) P. I. Wold, U.S.Patent, 1232, 879 (1917).
(9) o. B. wynn-wnuams Proc. Camb. Phil. Soe. 23, 810, (1927).
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using two tubes of the same type in a Vheatstone bridge. TFig. 13
gives the Wynn-Williams circuit. Tube 1 is the active tube in whose
grid cirouit is placed the input. Tube 2 is the so-called dummy tube.
The potentiometer By is varied so that over a certain range of fila-
ment current (or what emounts to the same thing, over a range of fila-
ment voltage) there is no change in the galvanometer current. Thus
the galvanometer current is made independent of the filament voltage
over a certain range. Then, the resistance Hé in one arm of the bridge
circuit is varied until there is no change in the galvanometer current
for a limited range of resistance of R,. Although the Wynn-Williams
circuit has been superceded by the more improved circuits which will
be discussed later, its operation shows clearly the Wheatstone prin-

ciple.
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29.

Soller's Circuit

Any discussion of d.c. amplifiers would be incomplete without
mentioning Soller'gl'gz)alanced , compensating circuit. This circult
was the first, stable, one tube, compensating circult devised. It
is recognized as being very ingenious by men who have specialized in
d.c. amplifiers.

It has already been shown that the tube does not behave as an
ohmic resistance and that it is equivalent to a resistance and an emf
in series. If a resistance and an emf 1s placed in one amm of a
Vheatstone bridge, there must be a compensating potential somewhere
in the bridge. Soller has placed this compensating potential in
series with the galvanometer. The arms of the Wheatstone bridge cen
easily be seen from Fig. 14 to be Rl' Ro’ B.z‘i'Bz'f' Rfila’ cathode~
anode resistance. It might be noted here that the anode-screen grid
does not form one arm of the Wheatstone bridge; this arrangement was
used by DuBridge and Brown, and Barth whose circuit will be described
later. This observation is very important to note.

Soller wanted to find out what is the relation that must exist
between I, and I, such that for all values of I, there will be no
current through the galvanometer for properly chosen resistances R,
and By and how these two resistances must be chosen. His line of
reasoning 1s as follows.

For no current through the galvanometer the following condition

(10) W. Soller, B.5.I. 3, 417, (1932).
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%‘:‘Io -3 = IIR[
[

.

must be satisfiea\.“) ;
)y

ST,
- - I, L

; or

(_30) R = C Ré-g_"’ - E)

If 1, changes to the extent of AJlo, the following condition
mist hold for no current through the galvanometer.
(B) Ro(TLo+4To)—E = R, (T, +4T))

Substituting 31 in (31) and rearranging the terms, the following

equation is obtained.
Ro (T, AT, "‘IQAI:) =-—£& 4:I:l

or

——

(32) Reo = _~E
Io “'I ‘ A IO
AT,
Assuming that B is constant, then the denominator must be constant.

In the limit the denominator becomes the differential equation.

I o = I 1 d ID e K‘l
d L,
Thia is a separable differential equation whose solution is

(33) ‘IQ: h—lj:(‘“{"l’r,

This equation gives a straight line. ¥Now if at the operating point
the relation between I, and I, gives a stralght line, then the circuit
1s balanced and will remain balanced.

Tig. 15 gives actusl curves which Soller obtained for three dif-
ferent FP-B4 tubes. Since I, is the filament current and since 110 ma

is the operating filament current for the ¥P-54, the three tubes give
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3l.

very straight lines at the operating point. Soller found that his
circuit was easlly balanced with any of the three tubes.

From the curves the value of %}I%, I, and I, were obtained,
and when substituted in (32) they gave the value of R,. B, was then
determined from (30). |

It might be stated here that even though Soller's circult marked
a definite advance in the stability of one tube circuits, nevertheless,
since 1t has en emf (dry cell) in series with the galvanometer, there
is no provision made for changes in potentisal that take place in it.
In other words, all the electrode voltages do not come from one

common source.
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Turner & Siezelin

Turner and Siegelin (11)

modified Soller's circult and although
their clrcuit does not add aﬁything essentially c_lifferent to Soller's
circuit, it will be discussed here because it shows clearly the pur-
pose of the battery that is in series with the galvanometer. Using the
circuit in Fig. 16, Turner and Siegelin obtained values of the plate
current and of E. These were plotted, as shown in Fig. 17. All
voltages spplied to the tube have their recommended values. From
Fig. 17 it is seen that if the tube had been replaced by a battery
whose voltage would be the intercept of the line ACB on the V axis
and also by a resistance in serieé whése resistance is equal %o the
reciprocal of the line AUB, then the line ACB would have been obtained.
As g matter of fact, insofar as it is possible to balance any one tube
bridge circult, 1t is because the tube acts as a resistance in series
with en emf. The stability depends upon how well the curve can be
Teplaced by a tangent to the curve. The actual value of the emf to be
placed in series with a resistanée is seen from Fig. 17 to be equal to
8.80 ‘volts; and the resistance is equal to 3.38 x 104 ohms.

Now if this tube is placed in a circult equivalent to Fig. 18,
then a balance can be obtained under ceftai_n cond.itions. Applying

Kirchhoff's laws to the circuit, the five following equations are

obtalned.

Il = I 4+ Ig
+ 1.1

I g 5

(11) Turner & Siegelin, R.S.I. 4, 429 (1933).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



®

kS P

TAAASAAA
e

R T ATA VAV, O R VAV AWAVL P, Vo VAN Ve

LAV

-\

NV

o
o

PlaTe Cercanl tr2 pt4.

10 i e

V. //? Volifs |
F/f*.’7 |

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33.

I1 ot By - Iy B
t+a-%%~%=o
Ip Rt IgR, -2=0
If these five simmltaneous equations are solved for Ig, the
following equation is obtained:
T.. CRyRe-ReR)E+(Re@)(ExRy-Eofty ~ £ Ry)

d- Re (R Re - Re P’I) + (K. +/?7)(er3 + . R”)

When I, is zero, that is, when there is no current flowing through the
gelvanometer, then the numerator must be zero. The numerator is zero

when

BB TR Ry

and

(34) }
B, Bg = By~ Rt By By

In order that I_ be independent of E, then the derivative of I_ with

4 g
respect to B must be zero; that is,
(35) dIa - (/?'7 s - ﬁc R‘r) RO

AE " Re(RyRe=Ren) + (Pt Ro)(1Rr Ryt Reto)

Equation (35) is zero when

By Bg = Rg By
Bquation (34) can be solved for Rg giving,

Re = M ——-—-—-_L'3 )

With E; and By known from Fig. 17, Ry can be calculated and the resist-
ances R, and Ry can be adjusted so that their ratio, that is,

_ﬁ isaq,uﬂlto_n_t_
Rg p::]
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Turner and Siegelin devised a circuit shown in Fig. 19, making use
of the data derived above. The resistances Bl’ BB’ Rz, 34 and 35 |
vere so determined as to give the proper filament current and elec-
trode voltages.

As noted above, although this circulit is essentially the same as
Soller's, nevertheless, its discussion was included in this paper to

show the purpose of the compensating voltage Eb
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DuBridge and Brown
Soller placed a compensating potential in series with the gelva-

nometer and he did not use the cathode-space charge grid as one arm of

the Wheatstone bridge. DuBridge and Brown (12)

Fi g-2O
series with the galvanometer and made the cathode-space charge grid as

eliminated the emf in

one arm of the Wheatstone bridge and made use of one source of potential.
Their circuit is a great improvement over previous circuits
becsuse only 'the changes of one source of voltage have to be compen-
sated for.
When no current flows through the galvanometer

(:56) Ry I, = Ry I,

However, if e be the difference in potential across the galva-

nometer, then

(z7) e=zp1p-as:ts

In order for e to be independent of the changes of voltage of E or of
If. then

(38) de = o

Performing the differentiation and malking use of the conditions stated

in equations (36) and (37), the following differential equation is

obtained
(39) a I:E = j’i) a I,
dls al,

(12) I. A. DuBridge and H. Brown, Rev. Sci. Inst. 4, 532 (1933).
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From equatione (36) and (39), 1t 1s seen that the curves I, vrs. I,
and Ig vrs. I, mst be straight lines and must intersect the Iy axis
at the same point. Mig. 21 shoﬁs the geometry of the solution of

equations (26) and (39). The values in the figure were arbitrarily

chosen. The slope of the I vrs. I, curve is given by
dTs

= S
dTe 4
that of the Ip vre, If curve is
dZp
AT, = ¢ -
d-4L
Using equation (39) and (36), the value for ——-—Bd_r f.:ls the same as in
the figure for
drp -:I?S dls - I'LJIS :_‘:x£ _:L
dls+  Rp Ty s 4+ T ¢ ¢
Thus it is seen that if the values of Is’ Ip and If of a tube were

plotted and 1f they produced curves, not necessarily straight lines,
but linear over a portion of the curves so that tangents to the linear
part of the curves would intersect at the Iy axis, then variations in
the common supply voltage could be compensated for. The compensation
would take place over that portion of the curves whose tangents inter-
sect.on the I, axis, The ratio of Bg can always be adjusted to the

Bp

current ratio, 32 .

I

Fig. 22 shows curves of FP-54 tube in DuBridge and Brown circuit
shown in Fig. 20 and teken from their article in "Review of Scientific

Instruments®, At .087 ampere filament current, the ecircuit was stable
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due to the compensation obtalned from the portions of the curves whose
tangent intersected at tim Is axis.

It might be remarked here that in all compensating bridge circuits
two conditions must be satisfied. First, there must be zero current
in the galvanometer; in Fig. 20, the condition for this is

By I, = By I
Second, there must be zerc current in galvanometer for a variation in
voltage of the common battery; in this circuit the condition for this

requirement is
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Barth Circuli

Before the sppearance of Soller's ecircuit, two tube bridge cir-
cuits were in general use for measuring small currents and potentials.
The ingenious way, Soller compensated for changes in the storage
battery by placing a small potential in series with_ the galvanometer, |
made it possible to construct a stable amplifier. But a more stable
circuit could be constructed if it were possible to eliminate the
batbery in series with the gelvanometer snd to procure a compensating
potential from one common socurce. In Soller's circuit there is no way
of compensating for the potential of the battery in series with the gal-
vanometer. Barth (13) devised a circuit in which the coh:pensating
potential varied linearly with the changes in the potential of the
common battery and in which the cathode-screen grid resistance was used
as one arm of theAWhea.tstone bridge. As has bDeen noted in discussing
Soller's circult, the cathode-screen grid resistance was not used as
one arm in the Wheatstone bridge.

Tig. 23 shows the Barth circuit as described in his article and
Fig. 24 shows the same circuit in a simplified Wheatstone bridge form.
The compensating potential is the "ir" drop across the resistor By
which together with R, constitute the one arm of the Wheatstone bridge.
Yor no current in the galvanometer the following equation must be
satisfied. :
(27) I/ +5 = T Rot Ps)

(13) G. Barth, Zeits. ¥. Pnysik 87, 399 (1934).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2
N
v
Re
{
!
L
. - ‘ t
Frlamen? _ /?Q :
Pl s i ‘;“;;‘,—w & ; ] ‘5
411 :
: li“l‘ ‘
F,’e? , 2 ¢
'?; P Vo lTs
24
) 49 1 _ /
_ ! o .
; i
£ " . ,.:u ""‘;M ) ‘ ’ C}
T ;
i H
3

ot
'

s ontems

Reproduced with permission of the copyright owner.

Further reproduction prohibited without permission.



38.

Tor no current in the galvanometer even though H, changes slightly,
the following equation must be satisfied.
(38) P,AT, +2E = (FRs +/fq)A:[?

Bquation (38) states that in both arme the changes must be equal.
From equations (37) and (38), the following equation is cbtainmed

after allowing the changes to approach zero.

() F,= TedE _ g
,?7 - dry,
T ., dI, ~T,
, dTq
Bquation (39) is satisfied when
AT o

(41) Iq_dIz __I q_éb(
4T, !

42) R = - Co

C,

Solving (40) and (41), the two following linear equations are obtained
(43) T = a Lqt+C

(44) £ = ¢Tg¢ +C.
Bquations (43) and (44) state that in order that there be no current

through the galvanometer even though there is a change of voltage in

the common source, both the compensating potential E and tha‘ plate
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current 17 mist be linearly dependent upon the screen grid current 14.
Or in other words, the plaﬁa current and the screen grid current must
be linearly dependent upon B which is linearly dependent upon the total
voltage of the common source. The sbove equations tell us what is
mathematically required for compensation. It so turns out that in the
Barth circuit is_his linearity is actually obtained.

By changing equations (43) and (44), E, I, R, and eg, the poten-
tial drop across R; can be plotted against I, the screen grid curremt.
The manner of changing equations (43) and (44) is that used by Barth
in his paper.  \

(45) K = I, By ® the potential drop across the anode resistance

Substituting I, of (45) in (43), the following equation is

K —_—
obtained T = a LTq +0C,

]
(46?_;: AL ¢ + 8

) B = @, M
.\') E = e./ /?",
eg 1s the potential dreop across 'Rs.

Substituting B of (47) in (44) the following equation is obtained
C"_:_:, 26 = 6‘ Iq_ + C‘L

(48) ®g = CIg+h
() 0O = 8 =C2 o
| Ca =
(50) /?Q - - _Q_i - - DE /P')
G, —@j 3
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From equation (51) the compensating potential E is zero when eg is

B
D

zero. That st be the case because the two potentials are the
B{r" drops across resistances 1# series. Tig. (‘25) shows eg and K
/plotted ageinst I,; these values were obtained with a German type of
tube Osram - Rohre T 113 in o Barth circult. Several values of I4s
eg and 14 wore plotted as shown by the selid' lines. The dotted lines
show the‘prolangation of the s0lid lines. The measuring of the con-
gtants B and D are a.pparént from the above equations. When I, is
zero from equation (44) B is equal to Cy. From the following equa~
tions it can be readily seen that thé intercept of the B line on the
¥y axis is exactly equal to the intercept of the XK line on the y axis
but opposite in sign.
| I, =0 then B =0y

But X=3=0 Ryand R = ~0p
!

Therefore B= «Cy
To draw the line B it is only necessary to draw a straight line
through the intersection of eg on the x a.xié and through a point on
the y axis which is B units above the x axis., It might be remarked
that the operating conditions would not be such that I, be equal to
zero, but from a theoretical viewpoint the values of B, = B and D
are of interest. A line drawn parallel to the y axis will give the

simultaneous values of B, X, I and eg.
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In Fig. 23 and Fig. 24, there is a resistance R, in one arm of
the Wheatstone bridge. The imtroduction of the compensating potential
B does not change the voltage on the screen grid if an equal "ir" drop
is obtained across R, by the adjustment of R,., Neither the balance of
the bridge ﬁor the proper electrode voltages are changed by the intro-
duction of the compensating potential if R, is adjusted so that its
fHipt drop is equal to the potenﬁ.al E.

It 1s not at all necessary to obtain data that 1s involved in
Tig. 25 to balance the Barth circuit. It is even not necessary to
plot the curves in Fig. 26, but these curves show how to obtain a
balance. These curves are taken from Barth's paper. From the figure
it is seen that for a change in the total voltage ranging from O to
4% there is no deflection of the galvanometer when the compensating
vol'bvage is 2.7 volts. Instead of recording data to get the proper
value of E, one can observe for what particular value of E the galva-
nometer will reverse its direction and for what value of B gives no
deflection of the galvanometer.

In Chapter V, the actual operation of the Barth circult with
three different electrometer tubes will be discussed.

Before discussing the operation of the Barth circuit, a few

remarks will be made on the problem of shielding.
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Shielding

Anyone acquainted with the measurement of small currents and
voltages, realizes that the most important requirement of amplifiers
is zero stability. Ingtability of amplifiers is dne to two general
causes; first, drifts due to changes in the apparatus itself, and
secondly, drifts due to external disturbances, principally electro-
magnetic. Tﬁe chief feature of the compensated circuits described
previously is the elimination of the drift due to the apparatus it~
self. With a‘ good éompensated. circult the plate current is balanced .
out with an accuracy of one part in 106. With an ordinary matStone
bridge, such accuracy is very easily obtained but that is due to ohmic
resistances in the arms of the bridge; the relations between the cur-
rentg and voltages of the various arms are strictly linear. However,
it is different with the electrometer tube circuit. ILinear relations
are only obtained in as much as the characteristic curves are approx-
imately straight at the operating point. With the Barth circuit in
particular, excellent stability is possible. The author allowed the
eircuit to operate fourteen hours and the galvanometer only drifted
o4 om. |

Once having chosen a godd cempensating circuit, one must exercise
the greatest care in shielding the amplifier from external diétur‘bancea.
The Taraday ice pail experimont shows that any closed conductor will
reduce the zero frequency component of the electric field to zero.
But for frequencies between zero and the frequency for which the skin
effect becomes comparable with the shield thickness, the shield is
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-
ineffective. All frequencies greater than ,‘,‘S;!GI H are effectively
shielded by a shield whose thickness is 4 and whose permeablility and
conductivity are (L and T respectively. Copper makes a very good
shieid because of its high conduetivity. DBut since there is. no materi-
al of infinite conductivity and permeability, there can be no shield
that will prevent disturbances that come from frequencies ranging from
zero to infinity.

Since all the relations of an electrometer are linear, high fre-
quencies will not disturb an electrometer to a great extent. Their
effects cancel out. But high frequencies distuxrb an electrometer tube
eircuit because due to the non-linearity of the characteristic curves
of the tubes, the effects do not cancel out. An electrometer tube thus
becomes a detector of high frequencies and its d.c. component in the
galvanometer in the plate circuit undergoes a change. In the X-ray
laboratory at Stanford University an electrometer whose leads were
unshielded with the exception of that of the insulated system, was un-
disturbed by the gas burst of an X-ray tube and by the discharge of
large condensers. However, a carefully shielded electrometer tube
circuit was greatly disturbed.

The author of this paper was not able to obtain stability in amp-
1ifying circuits until he placed everything in a large metalvbox; the
tube and grid ecircuit shielded by thelr own metal container, the
storage batteries, the galvanomgtgr, the plate circuit, all were placed
in a metal container. A é&ing agent was placed in the large box and
also in the shield surrounding the tube and grid circuit. It ie
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extremely important tb insulate the grid side of the grid circult.
If that is not done then the high input impedance of the tube it-
self will be of little value, and there ﬁll be leakage across the
poor insulation. An ordinary switch cannot be used in grid ecircult
beczuse of leakage across the insulation. The author used a swiich
as shown in bl‘ig. 33. This switch does not change the capacity of
the grid eircnit.' A switch insulated by sulplur or guartz is often
used. Careful thought should be given to the 1nsu1at16n of the
high side of a grid circuit of an amplifier used for small current
and voltage measurements. |

Poor elecrrical contacts in an electrometer tube circuit will
cause errasctic fluctuations in»the plate current. This is parti-
cularly trae of the contacts to the storage batteries. | It 18 good
to cover the battery terminals with vaseline and to solder the leads
to the t#rmina,ls. All connections should be earefully soldered,
first having timed the two parts to be joined snd then applying
clean roéin core solder. Many anthors recommend using a non-cor-
rosive p;ste which is removed chemically before the two tinned
surfaces"are soldered; no paste is used for the final junction.

It cannot be emphasized too much that the extra time spent in doing
a good soldering job is amply rewarded by good resm.ts;

Ordinary radio potentiometers are not at all satisfactory for
electrometer tube amplifying circuit. The author has had some sad
experiences with them. The General \Badio potentiometers are v’ery‘
good, especially the type labelied mumber 400. Before the potenti-
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ometers are used, ‘their contacts shmﬂ.c; be gone over with sandpaper
so that good contact is obtained. Those petentiometeré that are
used to belance the c:lrcuif should have dials, so that at a future
time they can be readjusted with ease once knowing thekprepor

settings.
It may be remarked for good stability, cleanliness is absolute-

1y necessary. The tube and grid circu.;t'must be free from all dirt
and if 11;. is necessary tq handle the tube, clean cotton gloves
mst be used. Under no circumstance is a large grid resistor to
be handled except by its terminal wires. It is only by sad |

experiences that one really appreciates these remarks.
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CHAPTER V

46.

The General Electric FP-54, the Western Electric D-96475 and

the Victoreen VW-41 electrometer tubes were used in the Barth circult.

The following discussion concerns itself with the balancing of each

electiometer circuit and with the measurement of ionization currents

by both the drift and the steady deflection method.

1. The FP-54 Tube in the Barth C

The characteristics of the FP-54 tube are as follows:
mlment veltge . * - . [ ] - L] . - * - L]

Filement current . . . + « « ¢« ¢« « . « . 0.09

. 2.5

Approximate direct interelectrode capacitance

Gontrel—grid-to-;plate-to—space-charge-grid. . 6

TYPIGAL OPERATING CONDITIONS

Hormal operating voltages

Plate-»o.......o..o.so..6

Control grid ..

.

L

-4

Space~charge grid . . . . ¢ ¢ ¢ ¢ v s o o . 4

Average characteristics velues at normal operating

Plate current . « ¢ « o ¢ o « . .« .
Control-grid current, app‘roi. .
Input resistance, approx.‘ o o o e
Amplification factor .+ « o « o o+ &
Plate resistance . . . . . . . .

Control-grid plate transconductance

»

. . L4 60

3

10715

1016

0.9

45,000

[ 4

20

volts

ampere

micromicrofarads

voltis

volts

volts
conditlons
microamperes
amperes

ohms

ohnms
micromhos
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Pig. 27 shows the Barth circuit with the ¥P-54 tube. The ¥P-54
was of the newer type with a filament current of .090 ampere. The
older type tube requires a filament current of ,110 ampere. All the
potentiometer rheostats were those made by General Radio. Their con-
tacts were carefully sandpapered. For fine adjustment a 500 ohm
rheostat was placed in series with the 20,000 ohm rheostate of Ry and
a 2 ohm rheﬁatate: was placed in series with the 50 ohm rheostat of Bg.
The D'Arsonval galvanometer had a current sensitivity of 10"9 ampere
per millemeter and required a damping resistance of 20 ohms (By).

 The initial values of the resistances were 45 ohms for R,, 4% olms for
Rz, 2 olms for Ry, 12,000 ohms for Re, 3,000 ohms for RB’ 5,000 ohms
for Rg.

While the circuit was being balanced, the grid of the tube was
connected to the point A, The high resistor is placed in the grid
circult when a current is to be measured by the deflection method. -

The resistor Rg was edjusted until the filament current was .090
empere, the rated value. The suthor learned that if the filament
current was lower than .085 anipere or greater than .098 ampere, the
eircult was. hard to balance. '.By means of an electrometer voltmeter
the different electrodb voltages were measured. The variable resist-
ances make it possible to obtein the proper voltages. With the proper
voltages, the plate current was 63 microemperes. If the plate current
falls short of 60 microamperes, the tube should be flashed by placing
six to eight volts across the filament for one minute.

The sensitivity of the gslvanometer was about 30% when the initial
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adjustments were made. By the adjustment of Rg, the galvanometer de-
flection was made zero at full sensitivity. A steady drift of the gal-
vanometer deflection was noticed which indicated that the circuit was
not balanced. With the shnt of the galvanometer at about 30% sensi-
tivity, and with a change of .1 ohm in 3.4, the resistance By was varied
and the deflection of the galvanometer was observed. The balancing
point is reached when the galvanometer reverses its direction with a
constant increase or decrease of the filament current. The resist-
ance R, w_as-changed by steps of .1 ohm and the resistance Rg vas
changed and a reversal of deflection of the galvanometer was locked for.
When R, was 3.2 ohm the galvanometer reversed its direction. Often it
is necessary to change the resistance R3 by .2 ohms and then to' vary

34 as explained above to get the galvanometer to reverse its direction.
If the galvanometer does not reverse its direction with different com-
binations of 33 and Ry, the connectioné B and C should be reversed.

The author nevgf found it necessary to do this. After having found a
combination of 34 land. 1?3 that gave s reversal of galvanometer deflection
then the shunt waé Placed at full sensitivity. The resistance By was
used throughout the balancing process to keep the galvenometer on the
scale.

The deflection of the galvanometer was then plotted against the .
filament current and curve 1 of Fj.g. 28 was obtained. The ﬂlémont
current was then set at the value which corresponded to the flat
portion of the curve and then the deflection of the galvanometer was

plotted against time. TFig. 29 shows the resulting curve.
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A potentiometer with a 10,000 ohm resistance and with a small
dry cell was calibrated by means of a student L & N potentiometer.

The markings on a dial were used for the celibration. Then the
voltage from the potentiometer was placed in series with the grid.
circuif. that is between the grid and the point A of the circuit.

The positive terminal being at the grid. Table 30,{shows the deflection
of the galvanometer corresponding to 'various input voltages. To make
a wide range of voitage calibration\ possible, the shunt of the galve-
nometer vas set at different semsitivities. |

To see»whether the flat portions of the curves would be above one
another for different input voltages, various input volfages were used
and the deflection of the galvanometer was plotted against the fila-
ment current. Fig. 28 shows the results. If the flat portions of the
curves did not appear above each other, then for a particular filament
current and for a particular input voltage, the operating point would
not be on the flat part of the curve; this condition would not give
stability because the important thing is to make the operating point
on the flat part of the curve. ’

A word shqulé. be said about shielding. The tube, high input
resistors, the lonization chamber with its batteries, the condenser
and the air switch were all placed in a metal box that was one and a
bhalf feet wide, two feet high and two foot long. When the point A
of the circuit is coimected. to the grid directly, no shield is really
necessary. JXor one can approach the grid with one's hand and there
is no change in the deflection of the galvanometer. But since the
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Input Voltage Deflection of Sensitivity of

- in Volts  Gal. in tws. Gal.
017 B9 Full Sensitivity
o 9.4 I
.084 } 19.3 | , oo
17 _ 8.8 ‘ _ : - 50%
164 | 13 "
214 16.9 n
r 245 20.7 "
292 244 "
| 302 16.5 05%
368 18.6 "
404 21.2 y
436 23.4 "
46 9.5 | 12%
- .495 10.7 | “
: s 11.9 | o

. 559 ' 12.68 "

VOLTAGE CALIBRATION FOR BARTH CIRCUIT WITH .

 TP-34 TUBE

Fig. 20
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circuit is 2lways used eith.er with a high :eeistor or with a source of
current in series with the grid ecircuit, it is absolutely necessary
to have a good shield. The shield is necessary
for the above mentioned parts of the grid circuit and the tube itself.,
It is good to have the storage batteries, the galvanometer and all the
resistors of the circuit shielded, especially for very fine measure-
ments. The amthor inclosed everything in a very large metal box and
within this large box, he enclosed another metel box for the tube,etec.
Within the smaller metal box was placed some drying agent CaSO xR
It might be remarked that phosphorous pentoxide is not very convenient
for a drying agent because it gets sticky like molasses. Whereas
CaS0, vhen pulverized is just as effective in keeping the container
free from moisture. as phospherous pentoxide. |

The tube with its grid circuit must be shieldeé. end treated
exactly like an electroscope. Any charge induced on the grid will
change the grid voltage vhich in’ tarmn will change the plate current.
If the grid is shorted, that is, if there is no high resistance
inserted in the grid cireuit, then an induced charge on the grid will
reedily flow from the grid which togéther with the filament can be coﬁ-
sidered as platesof a condenser. But if a large resistor of 1010 ohns
is placed in the grid ci:écuit. or if the grid ciredit is open, then a
charge induced by one's hand or by any object, cannot flow away, and
as a consequence, will change the potential between the grid and fila-
ment, with' a cc;nsequent change in the plate current. Tﬁis is the fun-
damental reason why it is necessary to shield the grid circult. As

explained before, the electrometer tube acts by reason of electrostatic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51.

action and it is absolutely necessary to shield the tube from external
electrostatic disturbances.

There are two methods of measuring currents with an electrometer
circuit; first, the direct deflection methoe.,' and second, the drift
method. The author first used an ionization chamber that was complete-
ly enclosed, made of lead with the 1e;a to the collecting plate insu-
lated by sulphur. The voltag§ placed in series with the ionization
chamber was 120 volts. The chamber contained some uranium nitrate.
The ionization current measured by both the drift and the constant
deflection method was 1.2 x 10 - ampere. Although the tube itself
has a; capacity of 3 x 10712 farad, the capacity of the tube and ioni-

zetion chamber was 4265 x 10 12

farad. As will be explained later,
such a large capacity for the grid circult limits the magnitude of
small currents that can be measured. To reduce the capacity of the
grid circuit and to reduce the ionization cnri-ent, the author used the
metal on the grid as one plate and one céntimeter above it he placed
a brass plate whose area was a square centimeter. A hole was drilled
in a rod of wood and uranium nitrate was held fixed in the hole by
parafin. This wood rod was held in place by & copper tubing that was

- fixed to the metal box. The ionization current could be increased by
approaching the two plates that formed the ionization chamber with this
rod that had uranium at its tip.

Fig. 31 shows the grid circuit for measuring the ionization

current by means of the direct deflection method, The ionization

chamber is drawn as shown in the figure, but as explained above, the
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the two plates consisted of the metal of the grid lead and the square
centimeter of brass. It is important that the switéh, used in the
grid circuit, does not change the capacity of the grid circult when
1% is opened and closed. Fig. 33 shows a sketch of the switch. A
long thin nail made contact with’a $ip of a verﬁ small screw that was
connected to the grid. 3By means of a silk thread the nall was raised
or lowered. The change in capacity is very slight with the dpqning
and closing of this switch. With the switch closed, the galvanaméter
was set at zero. Then the switch was opengd and due to the time con-
stant of the grid cireult, it ook the galvanometer about fifteen
seconds to assume a position of deflection. Knowing the deflection of
the galvanometer in terms of the input voltage from previous calibra~
tion and kmowing the valﬁs of the large resistor, the ionization current
was computed. Table 34 shows the lonization cuirent measured first
vith 1012 resistor and with the uranium nitrate two centiﬁeters avay
from the plateé of the condenser. The resistor was of the Victoreen
type. There is a limit to the small magnitude of current that can be
measured due to the increase in time constant and to the low voltage
sensitivity of the electrometer circult. Then the ionization current
was measured with the uranium nitrate 4 cms. away from the plates of
the condenser.

The measurement of curreat by the drift method depends upon the
égpacity of the grid circuit. IXven though the capacity between the
grid snd filament of the tube itself s 3 x 10™'° farad, the capacity

of the grid circuit is increased when spmething is connected to the
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grid. The method that was used t.o measure the capacity of the grid
circuit was as follows. With the uranium in position to ionize the air
between the two plates and with switch open in the circuit of Fig. 31,
the time it took the galvanometar to deflect five centimeters was
noted. Then a condenser was placed across the grid, and the time for
the galvanometer to deflect five centimeters was recorded. A pre-
cision condenser was first used but since its lowest reading was

54 x 1072 farad, it could not be used very conveniently since the
capacity of the grid circuit was much lower. An air condenser

(B. Leybolds Nachfoldger A.G., ¥ 123) with a minimum of 25 x 1072
farad, and a maximum of 50 x 10"12 farad was used. If T, is the tine
1t tekes the galvanometer to deflect a certain number of centimeters
vwhen Just the ionization chamber is vin series with the grid, if Tz

is the time it takes the galvanometer to deflect the same number of
centimeters, if Gz is the unknowﬁ capecity of the grid circuit, and
if Cy is the capacity of tﬁe condenser that is added, then from the

equation

T, Te
Cy can 'be‘ computed. It is seen that if T, is equal to 2T, then the

capacity of the grid cirocuit is equal to the capacity of the condenser
that ie added. Table 34 shows the value of the capacity of the grid
circuit as calculated by the above equation.

The sctual measurement of ionmization current was ;i.one in the
following manner., With the uranium nitrate two centimeters away
from the two plates (the one being the metal of the grid lead) the
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time rate of deflection of the galvanometer was observed which was

designated as {f; s with the rod containing the uranium removed
b

but with another rod of the same shape (with no urenium nitrate in its
tip) in its place, the time rate of deflection of the galvanometer was

observed. From the equation

- egg-clign),(£)]

1 can be determined. The —C-L—- and the (;J are determined from the
calibration of the galvanometer deflection in terms of the input grid
voltage. In table. 3, ﬁm values of ionization currents were deter—-
mined; the one when the uranium nitrate was two centimeters from the

plates and the other when the uranium was four centimeters aﬁay.
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2. The Vestern Elegiric D-96475 Tube
The Western Electric electrdineter tube was used in the Barth
eircuit as shown in Fig. 35. The various resistances é,re indicated
in the figure. The procedure in gez;eral was that used with the
¥P-54 tube.
The characteristics of the D-96475 tube are as follows:
Filament current, Iy « « « « . « . « « 0.27 amperes
Plate voltage, Hp e e 4 volts
Inner grid voltage, By . . . . . . .. . 4 volts
Control grid voltage, Ec .‘ e o s s 0 o s =3 volts
Under these conditions, a typical tube has approximately
the following characteristics: B
Filament voltage, EA c e s 8 8 o s o e e 1..0 volt
Plate current, IB « ¢ s o s s s e+ « 85 nmicroamperes
Inner grid current, Iy . . . . ... .. 520 microamperes
‘Mutual conductance, Gy .+ .. .. ... 40 microamperes/volt
Control grid currenmt, Ig . . . . ... 1015 amperes

Input resistance c s e e e e e . e . 10 16 ohms

o2 farads

Control grid ca.paeitﬁr to ground 4.5 x 1
The Barth circuit with the D-96475 tube was balanced only with
difﬁeulty. The reason why the circuit was hard to balance was that
it takes between tweni;y-ﬁve to thirty minutes for the tube to reach
equilibrium after the filament current is changed. This is due to
the large filament current of .270 ma. required by the tube.
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The author allowed twenty-aeyan minutes to elapse between readings when
he was getting the balanced conditions. With the FP-54 tube, the
resistance Rz was varied until there was a reversal of the galvanometer
deflection and after having found the approximate values of RB; and the
filament curreat, then very accurate readings were taken. It takes the
FP-54 tube sbout three mimates to reach equilibriun after the filament
currént is changed. But with the D-96475 tube, it was not possible to
get the galvanometer to reverse its direction by slowly and steadily
changing the filament current in one direction. It might be remarked
that the author was not able to balance the cirenit with Bz, By and the
plate lead as connected in Fig. 27. DBut with the arrangement of
Fg. 35 a balance was o‘btaizied.

The procedure used in obtaining a balance was as follows,
The resistances were adjusted so that the proper plate, screen and
grid voltages were 4, 4, and -3 volts respectively with a f£ilament
current approximately 258 ma. (No balance could be obtained with a
filamen‘b current of 270 ma. the recommended value.) With the shmnt
at 10% sensitivity, the resistances were varied while an electrometer
voltmeter was measuring the plate and screen voltages. When these
two veltages werew apprex:%mately 4 volts, then the galvanometer was set
at full sensitivity and’ﬁhe resisﬁanee By was adjusted to place the
galvanometer on zero. Then Ry was steadily changed. The rate of
deflection of the galvanometer was noted. Then Ry was slightly
changed and the rate of deflection of the galvammeta:" was noted as

Ry was steadily changed. This was repeated for s mumber of different
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values of R; and with various combinations of values of R, and Bs.
In balancing the Barth circuit with the D-96475 tube, it is better
| roughly to get the balancing point by finding that value of Rz and
R, such that the rapidity of the deflection of the galvanometer is
the smallest. This method has to be used because the deflection of
the galvanometer will not reverse itself with a steady change of 34
(that 1s, with a steady change of filament current). After having
found the approximate values of B.s, Rz and filament current, then
exact readings are taken with an interval of at least twenty-five
minutes between readings. During all these readings, the grid, of
course, 1s shorted, that is A and B are connected as shown in Fig.35.

Curve 1 of Mig. 37, is plotted. "ﬁhis curve reverses its
direction and is fairly flat between the range of 255 and 265 ma.

With the filament current set at 258 and with R, set at 4.5 ohms and
R, at 23.3 ohms, the deflection of the galvanometer was noted after
each hour. Pig. 38 shows the stability curve. TFig. 372 shows curves
obtained for various values of RS‘ Then the input voltage was changed
to .084 and .164 volt and the filament current was varied. The

curves 2 and 3 of Fig., 37 show:the results. It is to be noted. that
tl;e flat part of these curves do not appear above one another as in
Mg, 28 for FP-54 tube.

Fig. 36 shows the voltage calibration of the circuit. In compari-
son to the FP-54 (see Fig. 30) the Barth circuit with the D-96475 tube
has a greater voltage sensitivity than with the ¥P.54 tube.

Mg, 39 shows the detailed data involved in the measurement of
two different ionization currents by the drift and steady deflection

methods.
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The characteristics of the VW-41 tube are as follows:
Filament Current . . . . . . « .+ . . . 0,010 amperes
l‘ilament Voltage .« « « o o o o o o o o o 1.5 volis
Plate Ourrent s e s s e e e+ s 10 microamperes
Plate Voltage e e o s o s s s s s s s B.0 volts max.
MU G-l e s s s e s e e s e e 5.0
MU G2 v vv weeveeeneneoeas 1.0
Transconductance . « . . . ¢« + o s s e+ 10 micromhos

Plate Resigtance . « « « « o o o 125,000 obns

Grid 1 Current e o e o o s e s s o 250 microamperes
Grid 2 Resistance . . « « « « « « & & 1016 ohms - approx.
14

Grid 2 Current « o o s o+ o Less than 10~ amp.

Grid 2 Voltage s 6 o s s s e 8 b e e 1.0 minipum

Fig. 40 shows the circuit with the various resistances. The
resistances were adjusted so that’ the plate «vg'oltage was B volis
(the maximum voltage is 6 volts). The grid voltage was adjusted to
-2 volts (the minimum voltage is -1 volt). R, was adjusted until the
screen current was 250 microamperes. All these adjustments were made
with .010 amperes flowing through the filament. The plate current
was 10 microamperes.

By means of Rg and 3.5 the gélvanometer was brought to zero.
Then Ry was set at a value of sboub 70 ohus and By was steadily

chenged. No reversal of direction of the galvanometer occurred.
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This step was repeated for different values of B.é until there vﬁs a
reversal of the deflection of the galvanometer. It may be necessary
to vary Ry and to see what combination of Ry and 33 will bring about
this change in direction. - |

Tig. '41l shows the data fqr calibration of the Barth circuit with
the TW-41 tube. It is readily seen that the voltage sensitivity of
this circuit is not as good as the circult with the FP-54 and D-96475
tubes. V .

With a plate voltage of 5 volte, a grid voltage of =2 volis,
sereen grid current of 225 microamperes and with a plate current of
11 microamperes, curve 1 of Fig. 42 was obtained. Then with three
other input voltages curves 2, 3, and 4 were obtained. It iks readily
seen that the flat portions of the curves appear above each other.

At’ first sight, it may‘ appear that the stability of this ciremnit would
not be very good s:l.nee/ a change of 1 ma. in the filanent cu.rz_-ent covers
the entire curves. This is not true since the filament current
changes vary 1ittle due to battery voltages Swe—to ihe smell megnd tude
of current drawn from the battery. Fig. 43 shows how stable the cir-
cult was over a period of fourteen hours.

Toble 44 shows the results of measuring an ionization current as
explained above. Since there was no metal at the end of the grid lead
the author attached a very thin copper plate to the grid lead and this
served as the plate of the ionization chamber. The author was not sble
to measure down to 10715 ampere with this small tube principally becanse
the voltage sensitivity of the c;!.rcuit was not as great as with the

two previous tubes.
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The voltage sensitivity of electrometer circuits is low, the
current sensitivity is high.

The Barth circuit i‘s the most stable of all compensating electirom-
eter one tube bridge circuits. |

The Barth eircuit with the General Electric ¥P-54 tube is much
easier to balance than the same circuit with the Western Ilectrie
D-96475 tube, or with the Vietoreen VW-41 tube, and has s greater
voltage sensitivity than the same clrcuit with the Victoreen VW-41l tube.
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