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ABSTRACT

A survey of methods employed for the measurement of
small currents in the range from 101! to sbout IO-'S amp.
is presented with particular sttention given to various
methods of reducing drit* in d-c amplitiers used for the
messurement of such currents. The problemes Involved in
designing & stable power supply are 8lso considered. Experi-
menteal results obtsined from three types of a~c ogp.
electrometer samplifiers are presented. These asre: (1) &
unity feedback rlectrometer employing & Victoreen VX-4IA
tube, (2) 8 bastteryless electrometer circuit employing a

Geners!l Electric FP=-54 tube, and (3) 8 newr type of clec~

trometer circuit vtilizing nonlinesr capacitors.
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SECTION |
INTRODUCT ION

Certain scientific Investigations require the
measurement of currents of very small magnitude that are
beyond the capabiiities of even the most sensitive gal-
vanometers. Most noteworthy are the ion currents In mass
spectrometer and lonlzation chamber work and aiso the small
electron currents from high vacuum photoeicectric cells vsed
to measure very weak light flux, Such currents may raage
trom IO-|| to IO-|6 amperes or lower,

Much ot the experimental work reported in this
paper concerns methods used to measure lon currents in a
mass spectrometer designed for the study of negative gas-
eovs lons. This work is being conducted by the Department
ot Electrical Engincering and the Engineering and Industrial
Experiment Station at the University of Florida by contract
with the Office of Navai Research under Contract Number
Nonr 580(001580(01).

For determining the value of very smal! currents,
instruments have been evolved which elither measure the
potential developed across a high resistance, of the order
of 10'! ohms, through which this curreat is ilowing, or

else medsure the rate ot change ot potential of a charged
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conductor due to these currents. The electroscope was
the tirst instrument employing the latter methodes [t was
vused In ceorly work on the measurement ot radloactivity
In conjunction with an lonizatlion chamber.

The apparatus was arranged as shown in Fig. l.1.
A charge was placed on the collector and leaves of the
electroscope. The Intensity ot ionization, and hence
radloactivity, then being indicated by the rate of decline
ot the detiection of the electroscope ledves. Reftlinements
consisted of an avtomatlic recharging device which worked

~iON CHAMBER
COLLECTOR

ELECTROSCoPFE

1}

Figure lel = lon Chamber and Electroscope

on the principle that as the leaves of the electroscope
collapsed they contacted a charged conductor and were
recharged. An alternate scheme conslisted ot applying a
constant potential to the lon chamber in serles with a high
resistance, and as mentlioned previously, measuring the
potentlial drop across the resistor dvue to the lon current
with a quadrant electromeier. The latter form of operation,
with the quadrant clectrometer replaced by a electiometer
tube and D.C. amplitier, is used in some modern types of

radloactivity meters.
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An electrometer Is 8 device for measuring eleoctric
potential. In its most simple torm It consists of a cali-
brated electroscope. Electrometers have taken many forms
svch os the string, quartz thread, capillary, gold leat,
and quadrant electrometers, but all these carly torms
worked on the same priaciple, namely electrostatic attrac~
tion ot oppositely charged conductors. The quadrant elec-
trometer received much attention from the edr!y workers and
redched 8 high state of development. A rather remarkable
sensitivity was obtained from special ftorms ot the quadrant
electrometer, an example is the Compton quadrant electrometer
which, by careful adjustment, con be mede to read 10, 000 scale
divisions per volt with a8 scale distance of one meter.

The principle drawback to the use ot the quadraat
clectrometer s that high sensitivity demands extraordinarily
delttcate construction and adjustment. Many of the diseadvean-
tages of the quadrant clectrometer cen be avoided If &8 vacuum
tube electrometer is used. Ideally, & control grid maintained
negative with respect to the cathode, would control the plate
current with no loss ot charge. Untortunately, this ideal
condltion Is never realized. In fact, most tubes designed
tfor radio receiver use have grid currents so large that It
is not advisable to use grid resistors larger than several

megohms, Metcalt and Thompson (1)® underteok a study of

*Numbers in parentheses indicate reference !isted in
the bibliography at the end of this paper.




grid currents which resuited Iin the now well known Generel
Electric FP=54 electrometer tube. By mecans ot speclial coa-
struction and operation It Is possible to reduce grid currents

to 10~19 emp., which permits currents of the order of To

amp.
to be detected, Nelson (2) describes s method for reducinmg
grid current of a triode by opereting the tube backwards,

that is, by making the plate serve the tuaction of the coetrol
electrode while the grid serves as the plote. The grid is
opersted at approximately fcur volts posttive with respect

to the cathode, and serves as ithe indicating electrode as

well as to repell positive ions emitted trom the cathode, thet
wovld mormally be sttracted to the negative control electrode.
A tube operated In this maenner Is called an Inverted triode
and the resvwit Is &8 considerable reduction in grid current

at the expense of sensitivity, Several tubes of this type
were meavfacturecd by Ysestinghouse. Generally a tetrode clec~-
trometer tube such os the FP~54 ts preterabie because of
higher sensitivity and lower grid current,

High sensitivity from electrometer tubes demands that
some means be uvsed to reduce the eftects of power supply
voltege tluctuations and ettects due to ageing of the tube
etce These cttects produce &8 shitt in the zero point ot the
galveanometer or other indiceting device. In the past, the
problem ot a stable source of power has been solved by the
vse of large storage batteries with operation restricted to
trom about 90 to 50 per cent of tull charge. Verious forms

of balanced one and two tube circuits (3, 4, 6) where developed

o




to render the electrometer circuit insensitive to battery
voltage variations of small magnitude. The most successtul
of these are the DuBridge and Brown clrcuit (6) and the split
electrometer tube (9, 10). Storage batteries, to say the
least, are undesirable tor several reasons and have resvlted
in 8 recent trend to a=-c power line operation using electron-
lcally stabilized power supplies (11, 12, 13). The degree to
which various torms of dri¢t and general instablility have been
reduced is shown by the tact that special circuits vsing power
line operation often have dritts of only a millivolt or so
over 8 24 hour period (12).

A recent development Is the vibrating-reed electrometer
(14, I15)s A continuously vibrating reed which, through its
osclilating capacitance to a ftixed electrode, converts the
voltage drop In the high value input resistor to an approx-
imately slinusoidal alternating potential, The ¢-c signal 1s
then amplitied by a stable audio frequercy ampliftier. This
instrument has & sens!tivity comparable to the FP-54 tube and
can be made vnusuad!ly free trom troublesome 2zero dritt, Orlifts
are usually about one thrrd for less) of a mv. per cday and are
due mainly to variations of contact potential on the vibrating
reed.

This thesis Is concerned with electronic methods, that
Is, methods employing vacuum tubes, for the measurement of

small currents. In particular, It i ') present the tollowing

items:




2.

3.

A ttudy of the electrometer tube with attention
given to methods ot reducing grid current, and
means for improving clrcuit stability.

A study ot the cavses of dritt tn d-c amplitiers
and & survey of specisl clrcuvits developed for
minimizing dritt,

A consideration of the problems encountered in
the design ot stable 8~c line operation of power
suppllies ftor use with electrometer tube circuits.

Deta obtained trom three experimental!l electrometer
circuits,




SECTION 2
THE ELECTROMETER TUBE

2.1 Grid current.~~ 1§ a vacuum tube Is to be used to amplity

small currents, steps must be taken to reduce grid currents.
Commerclial radio tubes, operated under normally specitied
conditions, have a grid current of approximately IO"9 amp,
and are usvally unsuvitable tor small current work, but
exceptions In the case of certaln tubes, when operated at
low voltage, shosld be mentioned (I1Il, 12, (3} Vacuum tubes
have been especlally constructed for such use. Such tubes are
called electrometer tubes.

Metcalt and Thompson (1) list six sources of grid
current:

le tedkage over Insulation,

2. lons ftormed by gas present Ir the tube.

3. Thermionic grid emission due to indirect heating
by the cathode,

4, lons emitted by the cdthode,

S¢ Photoelectrons emitted by the control grlid under
action ot light $rom the cathode.

6. Photoelectrons emitted $rom the control grid by
soft X=-rays produced by the normal smode current.

Steps taken by Metecalt and Thompson to reduce grid current

were:
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le Leakage minimized by bringing the grid lead out
at the top ot the tube.

2. The use of a low anode voltage to reduce ioniza-
tion of gas in tube and to reduce ettects of
sott X~rays.

3, Eftects of grid heating and photo emission
reduced by using a thoriated filament operated
at low temperature and the vse of large open
structurese.

4, Positive lons emitted by the tilament are re-
pelled by a positive space-charge grid placed
between tilament and control gride This grid
also increases transconductance.

Such principles of construction and operation are incorporated

in the FP=~54 e¢lectrometer tube manutactured by the General

Electric Company. Typical operating conditions are specitied

as:

Filament voltage 2.5 volts
Plate voltage 6.0 volte
Control grid bias -4,0 voits
Space~charge grid voltage 4.0 volts
Filament current 9Ce0 ma.
Plate current 40.0 ma.
Transconductance 20 umhos
Ampliticatton ftector 0.9

Plete resistance 45, 000 ohms

Tubes with simiiar characteristics by other menutac~

turers include, among others,
Western Electric Co. Type D-96475 grid current~10~13 emp,
Victoreen Inst. Co. Type VX=4IA grid curreat~10~15 emb.

Reytheon Mig. Co. Type CX~570A grid currcn}—»lo.'4 amp.
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For the measurement of currents greater than IO-|3
amp., grid current may be neglected, but for smaller currents
grlid current should be subtracted from the Indicated value.
Typlical grid current characteristics tor the FP=54 are shown
in Fige 221,

For very small currents, and also for the measurement

ot grid current, & method based on the rate of change of grid

7

GRID CURRENT
X 10™'% Amp.

/i

o [

-1 -2 -3 -4 -5 -6
GRID YOLTS

Figure 2.1 = Grid Current Characteristics
ot FP-54 Electrometer Tube

potential Is used. In order to use this method the plate
current vs. grid voltage characteristics must be determined
by epplying an accurately known voltage to the grid, by means
ot a potentiometer, and measuring plate current. The grid
capscitance must also be known but can be determined easily
and accurately by standard techniques. The grid is biased
to some known voltage and then disconnected, i.e., allowed
to "float", Plate current now serves to indicate grid

potential, €g. Grid current Is given by,



10

c,=c%‘:::_ : (N

Where C is the total capacitance ot 'he grid circult. Atter
the relationship between grid current and grid voltage is
determined, 1t nay be plotted and used tor correction. This

Ils the method vsed by the manutacturer to check grid current.

2.2 Sensitivity attalnable.~=~The electrometer tube owes its
uscfu;ncss to the low magnltude of grid current. Even though
transconductance Is oniy 20 umhos, considerable amplitication
is possible because large grid resistors may be vsed. This

can be shown 8s fol lows,
Aesrﬂf‘R (2)

where, ne = o small change In grid voltage,

at, = o small change In the current to be
medsured which is tlowing in R

R = grid reslistor

also,

Acp < D€y gm (3)

where, lp = plate current,

gm =~ transconductance.

Simultaneous solutionr of equations | eand 2 tor lp glives,

A(;P:A('& Rgm,
From which,
Al
current amplitication = A:: =gmR . (4)
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An FP=54 used in conjunciion with a grid resistor of

10" ohms allows & current amplitication of,

A‘:" = (2.0x10°5)(10") = 2.0x 10°%
Adla

10 lmp./mm.

It a galvanometer with a sensitivity of 4x10”
Is connected Iin the plate clrcult, a current sensitivity of
2x10~ !0 amp./mm. Is obtalned.

2.3 Installatlion precavtions,-~A number of precavtions must

be observed It tull adventages of the low grid current pro-
perties of an electrometer tube are to be realized. The
surface of the tube, especially around the grid lead, must

be kept tree from all sources of leakage. The tube envelope
should be washed with alcohol before use. Ideally, the tube
should be kept In a8 vacuum but ¢ this is not prectical the
alr In contact with the tube shovuld be kept dry with a drying
agent such as phosohorous pentoxide placed In a shielded box
with the tube.

2.4 Clrcults used to reduce dritt.==When an electrometer tube

ls vused to measure extremely small currents, special clrcuits
to nevtrallize the ettects of battery dritt and variations In
the thermionic emisslion of the fiilament are rcqu{rcd. Gener~
ally speaking, all neuvtralizing schemes developed vse o
balanced bridge arrangement. The most successtul of such
clrcuits are balenced both for power supply and tilament

emission tluctuations.
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2,41 Two tube bridge clircult,~~2 two tube clrcult recommended

by DuBridge (3) ts shown In Flg, 2.2. In this clrcult RL; I's
varlied until small changes in plate voltage, brought about by
changing Ry do not atfect the galvanometer detlection.

Furthermore the contact on R' s adjusted until small changes
In Ry, controlling the tilament current, leave the detlection

unchanged. The galvanometer zero Is restored aftter every

Figure 2,2 = Two Tube Electrometer Clircult

adjustment by readjusting grid potentlials by means of R7

.ﬂd 260
Best resvlts are obtained with matched tubes.

A matched pair must be selected, since there are large varia-

ttons between Individval tubes. This Is a8 rather gerious

disadvantage since the FP=54 1s -ather expensive.

This couprled with the ftact that the circult Is not balanced
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for random filameat emission fluctuation between the Individuai
tubes %3s resvited In the development of one~tube baianced
clrcults,

2.42 Solier clircult,==One ot the tirst balanced one~tube

circuits was devised by Soller (4). The circuit Is shown in
Fige 2.3 together with a simplifled equivalent clrcult in which
rp s the plate resistance of the eclectrometer. The tube ftorms
one arm of &8 Wheatstone bridge. The plate current (Ip) char~-
acteristics a3 a8 tunction of supply voltage (Eb) Is shown In
Filge 2.3(c)e This curve Is the result of the simuitaneous
variation ot plate voltage grid blas, and filament current,
since they all originate from the same source. At the operating
polint, o, the tube can be assumed to be replaced by a resistance
determined by the negative siope of the tangent line to the
curve 8t o In series with a8 source of voltage Ep, which Is
determined by the Intercept ot the tangent iine and the Ep, axis,

Balanced conditions against veriations in the supply

current, 'b’ require that

Jr _ R
RI ‘R—‘;' (S)

Where, R' = R +RQ+R3+ fi!ament resistance,

A bridge with a scurce of voltage In one arm such as

Ep, will have an unbsianced output, E which is given by

R

E=<=FE
F Ye+R,

s {6)
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r

Figure 2.3 -~ Soller One Tube Circult
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{hc purpose of the battery In the galvanometer clrcult Is to
cancel out this voltage. Range of balance Is limited by the
curvature ot the tube characteristicse This curvature causes
o and Ep to change with changes of battery voltage Eb’
Turner and Stiegelin (5S) point out that the battery E' should
have a voltage near E, since R must be_defermlncd trom equea-
tlon 6 once E' Is sclectede 1¢ E' Is too small, R must be
correspondingly low, which results In @ ioss of sensitivity
because QL is essentially In shunt with the galvanometer.
Since Q4 Is determined by the tilament current requirements,
1t Is of relatively low resistance compared with RL. The most
serious objection to the Soller clircult Is the necessity for
battery E'. Variations In the potential of battery E' due to
temperature and ageing cftects appear directly In the galvanom—
eter circuit, Also, the clrcuit Is not balanced tor random

variations of ¢tilament emisslion,

2,43 DuBridge 8nd Browna circuit.--A one tube circuit by

DuBridge and Brown (&), which eliminates the battery In the
galvanometer clircult and also ofters a means for reducing the
ettects of filament emission variations, Is shown In Fig. 2.4,
Since space~charge grid current and plate current come from the
same source, It may be assumed they will vary In the same ratio
with variations of tilament emission. For zero galvanometer

detlection,

—_— = . {7)
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CptCse
Re Rs
(r .171-\ Cs¢
() A\
N
r ; Ysc
k4
Ep = ‘ Es-c.
Cr 80,
£y i
I
Ep Ep

Figure 2.4 - Dudrlidge and Brown One Tube Clrcuit
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The voltage across the galvsnometer Is gliven by,
€ = (-.Sc R; — (.P R,_ s {8)

which assumes that the galvanometer current is small compared

to Ip cr 'sc’ for the galvanometecr detlection to be Independ-
ent of £, ianc hence 1.), %;%; must equal zero. That Is,
AL§< é('
Ry — F R =0
or ST 7 3y * ’
)L? = R>' DL.!
3T, Re oI, (9)

For equatlons 7 and 9 to hold, It Is necessary thst the tangent

lines to the Ip V3. Eb and Isc vs. Eb characffrlsflcs curves

intersect at the same point on the Ey, axlis as shown in Fig. 2.4(c).

This Is Iin genera! not true but Is approximately true over a

small range of Eb so thet satistactory balance can be obtained.
The circult Is first balanced for the condition expressed

In equation 7 by varying R untlil the galvanometer deilectlion

Is zeroo Rheostat 94 Is tirst adjusted ftor correct ¢ilament

current. [t is then slowly varied until &8 minimum In galva=-

nometer deflection Is reached, the gaIVOnomcicf being kept on

scale by adjustment of RL. 1{ at the minimum the ¢ilament

current iIs not within a ftew percent from the correct value,

the tap on 23 should be changed and the sabove adjustment

repested. It will usually be tound that at correct baience

the voltages on the plate, space-charge grid, and control grid

are within about one~half volt ot the recommended values.
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The purpose ot resistor Rg Is to provide & voltage drop so
that the space-charge grid will be operated at the correct
voltage.

2.44 Barth and Penlick clrcuit.~-Barth (7)) and Penick (8) have

shown thet an extra degree ot freedom ftor balancing the
DuBridge and Brown clrcult may be obtained by bringing the
plate and space-charge grid connections to separate taps on
Rqe

2,45 Split electrometer tube.-=In work done to Improve the

stabllity of the FP-54, Fotterty and Kingdon (9) found that
the DuBridge and Brown circuit cannot entirely eliminate
tluctuvations and dritt due to tilament emission because of
the asymmetry of the space-charge grid and plate. The space-
charge grid draws about four or five times as much current as
the plates Under these conditions It was found that the space-
charge grid current and plate current do not change in the
same ratio tor changes In filament emission., Short=-time
fluctuvations were found to be due to temperature limited con-
ditions at the ends of the fllament because of cooling by the
lcad wires. Lloag=time drift was found to be caused by a siow
activation or deactivation of the ftilament., By operating the
tilament at & tempereature at which activation or desctivation
does not take place and placing shlelds over the ends ot the

tilament, short-time fluctuations and long-time dritt coulid

be redvced.
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Latterty and Kingdon (ope cite}) (D) used a split
electircmeter tube in etforts to obtain better symmetry. The
split electrometer tube consists of a common space-charge
grid and filament, but separate control grids and plates
which are geometrically similer and are symmetrically situvated
on each side ot the tl1lament planc 35 shown in Fige 2.5(c).
Insulation precautions are ‘sken on only one grid since the
other is not used tor current measurement. A circuit used with
the split electrometer tube iIs shown in Fig., 2.5(a).

in the bridge circulit using a split electrometer tube
or a patr of matched tubes and 8 low resistance indicating
device such as a galvenometer as shown in Fige 2,5(b), maximum

sensitivity is obtained when R | = r and QLQ = r . Condi-

P P2

tions tor balance are:

L (ff"f‘z

3. R, =R,

The sensitivity is reduced by one~halt due to the
splitting operation and by one~half by the bridge circult so
thet the overall sensttivity is one-tourth that ¢t a single-
tube circult, Sensitivity cen be increased by using & higher-
efticiency, oxide-coated filament in place of the thoriated
f1lament. The use of an oxide~coated ftilament also results

in lower grid current because of the lower operating temperature

which reduces currents due to photo-emission 4rom the grid under

sction of light trom the tilament.
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(b)
PLATE # |
r/’auo |
SPACE (mTTIITITTIIIIN
EHRRGEETEE (I SFoeeme w2
\ ----------- -’J_‘_Pure "2
FILAMENT

(<)

Figure 2.5 - Split Electrometer Tube and Clrcult
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The clrcuit Is balanced as follows:
le Set RL' to equal RLQ.

2. Blas on V, is varled by means ot RQ, to set
1o equal ?o 'l’

3. Rc Is varled to cavuse changes in | which are then
balenced out by tine adjustment of R7 until no
galvanometer detlections occur.

4., Slight adjustments may be necessary on Ré to
eliminate long=time dritt.

Lafterty and Kingdon {(ope. cit.)(9) give performance
data on a split electrometer tube, which in conjunction with
a galvanometer with a sensitivity of 2xi10-10 amp./mm., gave
an overall sensitivity of 50, 000 mm./volt and a long=-time
drift of less than two mv. per weeke The short=time fluctuva~
tions were only three times as great as were computed due to
the grid reslistor and a bandwidth of one cycle per second,
This tube was & modlfled FP-54 with 8 oxide=coated $ilament
requiring 120 ma. at 1.5 volts.

Two commercially avallable split electrometer tubes
are the Ferrantl type DBMBA and the Compagnie des Lampes
type 6196,



SECTION 3
METHODS FOR REDUCING DRIFT IN D~C
ANPLIFIERS
This section will be devoted to &8 study of the most
troublesome problem associated with d-c amplitiers, namely
drift of the zero settinge D—=c amplifiers following an
electrometer tube are usetul tor increasing the current
sensitivity to & degree suo that less sensitive, more rugged,
and vsvally more convenient indicating instruments than a
string suspension galvanometer may be useds Even though the
electrometer tube is a8 d-c amplifier, many ot the circuits
used are pecullar to It dve to the special construction and
operation. In particular, this secltion will be concerned with
crift ncutralizing methods as applied to amplifiers which
tollow the electrometer tube and use more conventiona!l tubes
and clrcuit components. Practically the same dritt require-
ments as for an electrometer tube are placed on the first stage
tollowling an electrometer tube, because the electrometer tube
prcvides no voltage amplitication, but serves as an Impedance
matching device from the high value grid resistor to the in-
put of the first stage. Since drift may be represented as a
tictitious source of voltage in the cathode lecad, large ampli-

tication in the Initial stage is highly desirable in order to

22
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override dritt in the latter stages. For ihese reasons
L particular attention Is directed toward neutralizing dritt
in the ¢first stages of 3 d-c amplifier.

3.1 Causes of dritt. ==Dritt In & d-c amplitier may be

attributed to:

le Varlations In the value of circuit parameters,
such as resistances.

2. Variations tm piate voltage.

3¢ Variations in tube parameters,

4, Variations In filament emission.
The tirst of these coan be eliminated by using stable circuit
components, such as temperature-stable wire-wound resistors,
good Insuvlatica, care In construction, etce The second may
be minimized by:

le Use of stebilized power supplies ond/or

2. Circuits which are balanced for variations in
plate voltage.

—— » » o

The third coause of dritt arises mainly from two sources,

!

!

!

!

|

! mechanical and electrical, Mechanical dritt Is caused by

: a shitt tn tube elements by thermal expansion or mechanical
‘ shock. These ettects can be reduced by usling low supply

: voltages and shock mounting of the tube. Drifts due to !
: hesting of the tube elements occurs largely during the Initial ‘
warm up .perinrd after the amplifier 1s turned on. Electrical

varlation of tube parameters are largely due to conditions

8t the emitting surtace of the cathode and so come under Item

tour, varlations In ¢ilament emission. These variations are
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largely due to variations in tilament supply voltage, ambient
temperature changes, and to varying conditions at the emitting
surtace of the cathode. These eftects may be termed the
"ettective contact ditterence of potential™ between grid and
cathode. A definite change In heater voltage Is equivalent
to a definite change in ceathode~-grid potential. For an oxide~-
coated cathode s ten per cent change in tilament voltage is
equivalent to approximately 8 100 mv, change In cathode-gria
voltage. As with plate voltage variations, thz eftects of
cathode supply voltage variations can be reduced by vsing a
"lized power supply or cancelling circuits, or both,

Atter various schemes have been applied to a d-c
amplifter to render It insensitive to power supply variations,
It will be ftound that the remaining dritt consists ot o
rather large short-time dritt, lasting about an hour, as tubes
come to 8 newv temperature equillbrium and a8 iong-time dritt
that decredses as the tubes age. In order to reduce the
latter dritt, new tubes arec usvally aged tor about a week at
normal tilament voltage betore being vsed in d~c ampl!itiers.

3.2 Circults used to reduce drift.=-=-Dritt ceauvsed by variea-

tions In heater voltage may be cancelled by using the circuit
shown in Fig. 3.le A change in heater voltage causes s change
in enission from both tubes, but 1¢ the diode plate current,
iy I8 mcdf much larger than the triode plate current, lp,

the increcased current In R causes an Increase in bias on the

triode lor pentodel, which it properly proportioned, will



reduce the plate current in the triode to the original
value. This circuit is not compensated for variations of
plate voltage or varjations In random emission ot the Indi-
vidual cathodes. A dvuodiode-triode tube, as used in radio
receivers for second detectnr and tirst audio stage, might
prove usefu! because of the common cathode.

Miller (17) has developed a cathode heater compen~
sator clrcuit which employs a8 triode in place of the diode.
Miller's circuit uses 8 double triode with a common cathode
as shown in Fige 3.2, Drift may be assumed o be caused by a
tictitious source of voltage, Ae in the cathode circuit.

Millert's analysis shows for correct compensation that I¢

R, = S (1)
2 gm,
then
AC = A('P‘ R, "(91”2 ACF‘ R')RZ = QO (2)
Miller's analysis assumes that Rl is large so that 'pl is

small compared to lp2. Rittenhouse (18) has shown that no

Iimitations neced be placed on the value of R, and that compen~

L
sation will hold as long as equatior | iIs truc. Large heater
voltage variations ceuse ng to cheange, thus compensation is
tangentlal and is useful over & limited renge, but still

considerable Improvement over an uncompensa’ed clrcuit is

obtalned. This circult is not compensated for plate voltage
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a+

Filgure 3.1 = Cathode Drift Cancellation with
Auxlllary Clode

- Py

Figure 3.3 - Emission Compensator Usling
& Pentagrid Tube
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variation, but cen be made so, as céan the diode compensator,
bv zpplying 8 portion of the plate voltage Into the input
circult, as shown In the dotted connection In Fig. 3.2,

by means of a properly tapped voltage divider In the plate
supply.,

Compersation both tor etftects of heater voltage change
and those dve to random changes ot emission can oe obtained
in 8 pentagrid typec tube by usz of a circult as shown In
Fige 3.3 (19). In tnis circuit R, Is adjustec to make grids
one and four have equal and opposite transconductance to the
piate. Therectfore any change of emission coused by heater
voltage variation or cethode emission varlation will cancel
out In the plate clrcvit, Plate woltage compensation may be
appllied by 8 tepped divider as in the Miller and diode com=
pensctor clrcuits,

Another compensetion scheme that may be applied to o
pentagria tube Is shown in Fige 3.4, Herec 8s before grid
number three serves as the control gride The scrcecen grid is
supplied trom a low Impedance source and furnishes a large
portion of the cathode current. Cathode risistor R Is made
large so that dritt voltage, Q¢ causes little change In
cathode current, hence practically all of the dritt voltage
Is developed with reversed polarity between cathode and
ground., The voltege developed In the cathode clircuil changes
the bias on grids numbers one and two in & direction to targely

neutralize the efttects ot dritt. Degeneration due to the large
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Figure 3.4 - Emisslion Compensator Using a
Pentagrid Tube,

» B+

fFilgure 3.6 = Series Bridge Circult




29

cathode resistor is small because plate current is made small
compared to screen curreni by emplioying a high resistance plate
load resistor, Caldecourt (12) describes an electrometer
amplitier In which a8 type I12BES pentagrid tube is used as the
electrometer tube. A clrcui! similar to Fig. 3.4 is employed.
An improvement in zero point dritt of about seven fimes over

that ot an uncompensated circuit Is obtalned. Plate voltage

.compcnsaflon is obtalined by applying 8 portion ot the piate

voltage supply to grid number one.

A bridge balanced circuit rcmains balanced over a
wider range ot power supply voltages than the simple compen-
satlion clrcuits It 1dentical tubes are used in the Individual
arms. A conventional bridge amplitier Is shown in Fig. 3.5.
Practically the same requirements ot tuue balance and adjustment
as specitied for the electrometer bridge circuit are necessary
here. Double triodes are uvsetul in this clrcult since there
is the greater probability of obtaining 8 close match between
sectlions ot such a tube than with individual tubes.

An alternate bridge clircuit, which has seversl advan-
tages cver the perallel circull is showa In Fige 3.6 (20),
Here the balance is no longer for tubes in parallel, but
rather In series, and both tubes pass the same plate current
at zero-signal position, A ditterence ot cathode emission
between the two tubes will shitt the zero position less with
the same plate current In each tube. The circult can be

carried 8 step turther and resistors 23 and R4 replaced by
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a similar series arrangement of tubes. The output circuit
is then push=pull and Is uvseful for detlecting the beam In
8 cathode=ray tube.

One way to avoid the dritt ditticulities ot a8 d-c¢c
amplitter is to allow the d=-c signal to modulate an a-c
carrier. Atter sufficient amplittication in an a-c amplifier
the moduiatecd carrier Is detected to recover the amplifled d-c
signai. Ia photo-tube work and Iin the medsurement of various
torms ot radiation using high speed bolometers and thermocouples,
It Is possible to Interrupt the radiation by means of a mechan-
ical shutter and thus directly obtain an a-c output that is
pronortional to the incident radiation. Another type of
modulator that Is uvsed with relativeiy low Impedance clrcuits
is the "chopper®, which consists of vibrating comtacts that
interrupt the d-c signal ot a tixed rate and hence gencrate o
carrier signal that is proportional to the d-c signal.

High* Impedance clrcults vsuvally employ & dynamic
condenser modulator. |In this type ot modulator, one plate
of & condenser is electricaily driven so as to vibrate at a
tixed ampiitude reiative to the other piate. The d=¢c signal
introduces & charge on the plates, which by thelr relative
motion change the capacity, and hence generate an a~c voltage
between the plates that is proportional to the d=-c signal.

A modulator ot this type Is used in the vibrating reed
electrometer and the vibration muitiplier which is used in

computers,
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The nonlineadr charazteristics of a8 vacuum tube may
dlso be used as modulators tor this type of worke Lampitt (21)
has developed 8 modulated carrier d~c amplifier using a balanced
bridge input circuit with & pair of matched tubes as modulatorse.
A block diagram iIs shown in Fig. 3.7. An oscillator generates
the carrier, which is introduced by blocking capscitors to
the grids of the moduilator tubes. With zero d-c signal at
the input, no corrier is ircns;ltfcd to the input ot the a-c
amplitier, A signai Introduced on the Input will cause the
plate resistance of one of the tubes in the bridge clircuit to
change, hence up-sctting the balance and generating an a-c
signatl at the input to the a~-c amplifier. For maximum sensi-
tivity the modulator tubes 8re operated In the nonlinear
porticn of thelr plate characteristics so as to produce o
large change in plate resistance for a given input signal.
Vacuum tubes as modulators in this type of d-c amplifier are
of little value as tar as drift is concerned, since any change

In tube characteristics will be equivalent to a signal Input

83 In &8 conventional d-c amplitier. The most stable modulators

arec vsvaiiy clircvit elements such as resistance, inductance,
and capacitance, which can be made more stable thsan vacuum
tubes.

Modulated carrier systems “are limited In band-pass
charscteristics by the carrier frequency, which must be high

it wide band widlh i3 to Le obitsineds Manv of thz mechanically
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driven modulators are thus limited as to band-pass charoc'ler-
Isticse Goldberg (22) has devised an ingenious d-c ampl!flier
which overcomes these limitations. A block dlagram is shown
in Fige 3.8. A conventional feedback amplitier is employed
but a chopper modulator Is used to convert the dritt voltage
into an a~c signal which Is amplitied, detected (by extra
contacts on the chopper), and used to correct the d=-c amplitier
for dritt. This system vtliizes }hc tact that the Input to a
unity teedback 2mplifier Is the only point where the signal
can be separated from dritt. The signal relative to ground
at the Input Is reduced by teedback to a tactor equal to the
open loop gain, while the tull dritt voltage Is present at
this point due to the feedback loop. The d=c ampliftier can
be designed in the usual manner for A wide band-pass while
the a~c amplitier need have only a8 narrow band-pass In order

to pass the slowly varying dritt signal.

y

‘.

..
[



SECTION 4
ELECTRONICALLY STABILIZED POWER
SUPPLIES
This section will present some of the problems encoun-

tered In the design of electronically stabliized power suppllies
vused In coqjuncflon with electrometer tube clircults. Attention
will be directed to the simple degenerative stabillizer (23),
since It Is the most widely vsed and generally satistactory
for this type of workx. A description of two experimental
supplies, together with pertormance dats, will be gliven.

4.! The degenerative stabilizer.==In Its most simple forg

the degenerative stablillizer consists of a triode tube In series
with the unstablilized power source, which consists uvsvally of
the steandard transformer-rectifier-filter combination, and the
losd as shown in Fig. 4.1(a).

One figure of merit of a stabilized power supply Is the
stebilization ratio, S,. It Is the ratio of the proportionate

change of input voltage to @& proportionete change of output

voltege. That Is,

AE¢
So= E< = ———-—~AE..‘ E.° . {1)
AEo AEo [ <PX

34
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Assuming for the moment that the supply has 8 constent load
and that the stobilization iIs sutticient to hold the change of
load current (with variation of €} to & negligible amount,
then the equivalent circult of Fig. 4.1(b) may be simplitied

to thet ot Fig. 4.1{cl. From which there tollows that

AE"‘ __./‘.6’3: AEO)

(2)
and
e = AEs
g =~ ’ (2)
where /3 = R (e develops across R )
R+ Ra 8 |
From which the stabilization tactor becomes
Eo
Se = (mue+1) FF - (4)

For o large stabilization ratio It Is necessary for the control
tube to have & large amplitication tactor, s. The stabillization
factor can be Increased by adding ampliticetion so that the
ettective gaimn of the control tube Is Incresseds. This is
illustrated in Fige 4.1(d), which gives

€g= K[AAL] (5)

Where AS= Ra {(input vcltage to amplitier developed
Ri+Rz across 92)

K = Volftage gain ot ampiitier.
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Figure 4.1 - The Degenerative Stabillizer
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Using equations S5, 2, and | ond solving tor S° gives
s ke
Sea(m K+ 1) BT

From equation 6 It sppears that intinite goain is
necessary Iin the amplifier in order to hove pertect regulae-
tion (S° =00), A simple scheme known &8s compensation provides
¢ means ot obtaining large stabilizetlion ratios. Compensation
consists ot applying a8 small amount of the uvnstabiiized voltage,

El’ to the amplifier. This iIs Illustrated in Fig. 4.1(e). The

voltage 8t the gri.’ control tube ncw becomes
€9 = K (G A, + 83, OEC) (7)
Where, &, = g—"——
z'*R,
R+
Rz = Re + Rs

The stabilizetion tector mow becomes

Sow </ + ~ KA, E. (8)
|~ = K@s / E<

For pertect stebilization,

By = 1
& K (9)

The voitage output of the stabiilzed power supply,

assuming K is large, |3 glven by



38

Eo ’ZE %tg.‘ (10)

Where, € = Voltage ot battery In grid circuit of control
tube or amplitier.

The purpose ot the battery with voltage E 1Is to cancel out
a large portion of the voltege,/g E, so that only changes in
the output voltage, 24 EO, appear at the Input to the ampli=-
tiere The voltage, E, Is called the reterence voltage, be-
cause a portion of the output voltage B Eo, Is compared
with it In order to obtain ga E,o The voltage B A E, Is
called the error signal, and the amplitier, of gain K the
error amplitiere.

Equation 10 shows that the long-time stability of
the stabilized power supply depends to a large extent on the
stabllity of the reterence voltage, E and the sampling
resistors R' and Roe

4.11 The error amplitier.=~The error ampllflier must amplity

signals that extend down to zero frequency and thus encounters
problems associaied with d-c ampliftiers. Dritt In the error
amplifier Is equivalent to 8 change of retcrence voltage E.
Many ot the d=c amplifier circults used to minimize drift ere
necessary In the low level stagcs of the error amplitier for
best stabllity.

4,12 Reterence elements,~~The problem oi a stable reference

ciement Is one of the most Iimportant with stablilized power
suppliese This problem is uvsually more serious than dritt

in properly desligned error amplitiers.
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The nonlinear volt-ampere characteristics ot a glow
discharge tube ntfters a simple and convenient mesns ot
obtaining 8 reterence voltage. Small neon !amps have otften
been used but have quite variable characteristics. Glow=tubes
especially designed for use as voltage stabilizers, such as the
0OB2, 0OB3, OC3, c¢tc. arec much more unitorm of characteristics
dve to greater care in construction and testing. Vibration
and change ot position do not adversely atfect stabi!lity,

The most serious objection to glow=tubes!s mode shiftting, that
is a spatial redistribution of thz glow discharge over the
electrodes, when the tube Is ignited when current Is changed,
or for unapparent reasons. Mode changes are evident as sudden
changes in the voltage across the tube and may amount to trom
Oel to 0.5 velt. For maximum stability, a glow tube should

be operated at currents at which mode changes are at a8 minaimum,
This is vsvally a compromise, slince large currents reduce tube
lite and currents that are too small result in erratic operation.
Dritt rate varies with current and tube age and Is vsually
positive for the first ftew hours and then becomes negative
which contlinues throughout tube lite at about 200 mV per
minvte (24), Temperature variatlons are less than 1/2 per cent
over a temperature range ftrom 25 to 80 degrees centigrade.

Ory cells ofter an excelleat mecans for obtaining o
constant reference voltage It currents are limited to very

small values. An 8ccuracy of 0,05 per cent over several
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months can be obtained trom dry cells when operated under
the tollcwing conditions:
le Fresh batterles.
2. Very low currents (less than one ama.)
3. Constant temperature (within a few degrees
with 8 maximum not over 25 degrees centigrade)
An electronically regulated power supply using Burgess Z30N

batterles as reterence, when checked over a period ot 20 days,

was constant to about 0,05 per cent (24)., The temperature

coefflicient ot dry cells Is about 0,02 per cent per degree

| — Cd So4

Cd AMALGAM

Ho

—

Figure 4.2 - Standard Cell

over 8 temperature range ot =55 tc 70 degrees centigrade.

In applications where 8 very preclise reference Is
required, standard cells 8re uvsed. The most widely used
standard ce!! Is the Weston unsaturated cadmlium type. Thils
cell 1Is contained In an H-shaped glass vessel, with platinum
wires seadled fﬁrough the bottoms tor connection with the
¢lectrodes. A sietch of such a cell Is shown In Fig. 4.2,
The positive electrode consists of pure mercury and the nega-
tive electrode consists of a8 cadmium amalgam. The cell

tilled with a solution ot coadmium sulphate saturated at
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four degrees centigrade. The voltage of unsaturated standard
cells varies slightly between cells, but the individual cell
is constant to within +0.0l per cent over o temperature range
ot =16 to IS degrees centigrade.

A super regulated power supply, used as 8 standard
tor calibrating Instruments and general laboratory use, s
manutactured by Radiatlon, Inc. of Melbourne, Florida, This
instrument suppiies voiiages in steps of 0.01 volts from zero
to 109,99 volts within 0O.05 per cent into A load as low as
1000 ohms, and current in steps of 0.0l ma. trom zero to
109.99 mae. within O.05 per cent into a load as low as 1000 ohms.
The Internal reterence is a8 standard cell similar to the Weston.

4,2 Experimental power supplies. ==-Two electronically stabi-

lized power supplies were especially constructed for powering
electrometer tube circuits., The tirst is used for powering

8 unity teedback current amplitler, in conjunction with o
Victoreen type VX-4|A c¢clectrometer tubes, The second is used

for powering an FP=-54 e¢lectrometer tube In & Barth type circuit,
A more complete description of the electrometer circults will

be given in section S.

A circuit dlagram of the power supply tor the feedback
amplitlier Is shown in Fig, 4.3. This suppiy consists ot two
sections, one tor the heater circuit and the other for the
plate circuite The heaters of all tubes excepting those of
the control tubes and rectitiers are hested érom the stabilized
output of the upper supply as shown in Fig. 4.3. A type 6AS7

control tube Is used, 8and has the advantaae :hat the current
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requirements, ot approximately 150 ma,, can be met with s
single tubes 1t also has the disedvantages of a low amplitl-

catlon tactor, which reduces gain, and also requlires a large

grid voltege swing for adequate controls The error amplitier

conslists of one type 12517 and one type |2AT7 tubes, In moditled

Miller clrcults 1a which Ry 13 zero. This moditication allows

both grids to be used 83 In 8 ditterence amplitier while ot

the same tle provicing appreclable cathode compensation.

! A Burgess type 10308 45 volt dry c;ll battery serves as the
reference voltage sovurce. Preclision wire wouand resistors are
vsed In all poarts of the clrcult where slight changes In
resistomce would lower stabllity, Compemsation Is Introduced
by feceding o small portion of the unstablllzed voltage to the

B grid of the last stege of the error amplifliere The I0K

potentiometer provides aa adjusiment for compensation. Since

the voltages In the heater supply section are relatively low,
the plate suoply tor the error ampliflier 1s obtalned from the
plate supply section,

The current requiremcnts of the plate supply section

ére moderate 8ad can be easily controlled with o type 6Y6=G

ivbe, trlode connecteds A 6Y6=G tube, trlode connected, has
an ampliticetion tactor ot approximately six while the 6AS?
fube has an amplitication tactor of only two. The error ampli-
tier 1s cssentlally the same a3 for the heater supply except

that an additional 45 volt dry cell battery provides & tota!
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reference voltage of 90 volts. The higher reterence voltage
being desirable since the loss ot gain in the sampl!ing clrcuit
is then smaller. Compensation is appiled in the same manner
8s In the heater supply sectlion. Compensation was adjusted
by canceling most of the output voltage of the suppllc; with
batteries and measuring changes of output voltage with a one
volt full sca'!z meter. A variac was vused to vary the line
voltege over a range from about QS to 130 volts, The 10K
potentiometers were then adjusted to minimize the cttect
of slow changes In line voltage. By proper adjustment compen=-
sation cen be used to reduce output varieations to within one
mve for & ten per cent change In line voltage. Ouiput voltage
variation of the pleate supply over several hours of operetion
are shown In Fige 4.6, The difterent plots are for runs on
difterent days, with the small differences probably being due
to omblent temperature effects on the reference batteriese The
reference batteries are located ouvtside of the power supply
cablaets In order to isolate them trom the heat trom the power
supplye A Sorensen regulator is used in the power line feeding
the power supply In order to reduce line fluctuations to o
magnitude that the error amplifiers cén handle without overioad,
The plate supply section of this power supply furmnishes
approximately 258 vo!lts ¢! 40 ma. with a rippie qf 0.3 mve

The heater supply section furnishes approximately (09 volts at

1SO ma. with a 3 mv. ripple.



e - S D Y b o

Y €S © Gt - e - W

[
B :

45

A clrcult diagram ot the second power supply Is shown
in Fige 4.4, |t provides an output voltage of approximately
194 volts at 100 ma. Two paralle!l 6Y6~G tubes, triode
connected, 8re used as control tubes, The error amplitier
consists of two type 12AX7 double triode tubes. The heater
power tor the error ampliftier tubes is stablilized with an
Amperite ballast tubes The reterencs voltage is obtained
from a type OB3 glow discharge tube operated at a8 current of
nedr nine ma, from the stabllized output In order to reduce
mode changling effects. The unstaliilzed supply variatlions
were reduced somewhat by using choke lrput but, the allowable
current variations In the loed are limited (0~120 ma) owlag
to the inabillty of the error ampliflers to tully drive the
control tube. These limltations occur malnly because the
error amplitier plate supply Is obtained trom the relatively
low ovtput voltage. Control is lost below 105 volts line
voltage due to an inadequate voltage ftrom the unstabllized
supply source. This could be corrected by using &8 power
transformer with higher secondary voltage. Compensation is
ddjusted by the 300 ohm potentiometer in the sampling clrcult.
Fige 4.5 shows the Improvement obtained by compensation. A
high wettage, low temperature coetficient, series resistor
is used to drop the voltage to the requirement of the elec~
trometer circult. From Flig. 4.7, It cam be scen that the
voltage Is slightly ditferent each time the supply Is turned

on, By adjusting the 50 ohm variable resistor for mtanimum
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galvenometer Aetlection, these eftects can be compensated,
while 8lso assuring that the electrometer clircult Is balanced.
When properly adjusted a ilne voltage change from 110 to 125

volts makes no notliceable detlection on the galvanometer In

the electrometer circult,

a “

io COMPENSAT(ON =0

f/ PROPER COMPENSATION

A Ey X103 voLTs

I
[+]
1

Li v L T 1
105 1o ns 120 125 150
LINE VOLTS

Flgure 4,5 - Ettect ot Compensation on Power Supply
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SECTION S
DESCRIPTION OfF THREE EXPERIMENTAL
ELECTROMETER CIRCUITS
This section will present a description ot threz
electrometer circults, The first Is an a-c line powered,
unlty feedback current amplifier vsed In conjunction with
8 VX~4|A electrometer tube. This amplitier measures the ton
currents In a mass ..eter especlally designed tor the
study ot negative gaseous lons. The second electrometer
clrcult Is a completely a=c line powered clrcult with a type
FP~S4 clectrometer tube and a gelvanometer Indicating device.
The third electrometer I3 entirely In the expcr]menfol stage,
and Is an attempt to use the properties of nonlineasr capaclitors
{25, 26) as modulators In & modulated carrier type of elec~
trometer d=c emplitier.

Sel Unity feedback electrometer amplifier.~~This amplitier

contéins two complete measuring clircults powered from the

same stabillzed power supplye A clrcult dlagram of one of

these amplitiers Is shown In Fige S.!. This clrcult Is similar

to a clrcu!t vsed by Nier (idle The electrometer tube Is housed
in @ small brass box which can be placed near the lon collectors
of the mass spectrometer, and Is connected to the main ampiltier

via shielded cables. The electrometer circuit Is of the mod!¢ied
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DuBridge and Brown type (8). Since the output of such a
circuit Is balanced and above ground potentisl a8 Miller (17)
type ot compensated input type of circuit is veed cn the Input
to the amplitier. As in the power supply error amplifiers,
these are moditied Miller circuits in which R, I3 made zero

so that both grids may be uvused as & ditftereace amplliticere.

The remaining portion of the amplitier Is a conventional d=-c
amplifler with a cothode output stage. Botteries are vsed to
bring the steady steate componeat of the output of the cothode
followers to ground potential. Dritt in battery voltege ot
this point in the circuit 13 not too serious since drift Is
reduced by & factor equal to the open loop gain of the amplitier.
Maximum curreat drein on the batteries Is rarely over 100 o,
since the Iadicbting meter has a sensitivity of 100 ma. $ull
scoles |t o negotive source of stabilized voltage ot about
~100 volts were available the grounded side of the cathode
resistor of the cathode tol lower could be connected to this
potential sovrce thus bringing the cathode potential near to
ground potentieal ond climinating the need for the batteries.
The Indicating meter in conjunction with the renge switch and
series resistors forms & voltmeter with full scale seasltivity
of 5 mve, 50 mv,, 100 mve., and | volt, As shown in Appendix |,
a unlty feedback d-c amplifier has & steady-state voltage gain
very nedr one, hence the Indicating meter reads the voltage

across the Input resistor ot the grid of the electrometer tube
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to & high degree ot accuracy. In this clircuit & grlid resistor
ot approximately 10" ohms Is vsed in ecach electrometer grid
circuit and with the voltage ranges stoted above this gives
tull scale current sensitivities of leO"‘, leO'!a; lO"Q,
and 10”'! amp.

As with any ampliifler with more than two stages and
large amounts of feedback, precauvtlions must be taken to reduce
the open loop gain to less than omne as the phase shi ¢t
approadches (80 degrees. This amplifier containg at lecast
six energy storage clemeats due to stray capaclitances in the
Iindividual stages and so would oscilliate It the O.5 ¢ condenser
were not pleaced across the plate load resistor of the last
peatode stoge. Thus, the halt-power frequency of this stage
Is made so low compared to the other stages that for all
practical purposes the open loop ampliflier can be considered
to have 8 single energy storage systeme When the teedback
foop Is closed an additional large time constant circuit 1is
8dded due to the high valve grid resistor and the 1nput
capacity 6t the eclectrometer tube. As shown in Appendix |1
the system output can contain Jdamped osclilations atter the
applicetion of a step signal unless circuit constants are
adjusted to reduce these ettects, The shields surrounding
the grid leads of the electrometer tube are connected to the
teedback lead In order to alter the teedback at higher
frequencies and thus incrcese transient stabilitye It shouid

be noted, however, that such & practice also ircreases the
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time constant of the Input clircuit and hence Is &8 compromise
between speed ot response and transient stability.

A switch Is provided so that plate and ssace charge
grid voltages may be turned on atter the filoment In the
electrometer tube has reached operating temperature and
allows removal ot these volteges betore the filament Is
turned oft, Fatlure to preheat the cathode cauvses an Increase
in long=time dritt. This (s belleved to be cavsed by momen~
tery operation ot the filament under temperature limited
conditions that tend to destroy the very thin emitting
surface which Is then slowly replenished, resulting In
emission dritt,

Dritt of amplifier number two (s less than number
onee Tests over & perlod of six hours showed that dritt ia
amplitier number two was not over a half of a mv., after
approximately & four hour warm vup.

The advanteges of a feedback amplitier for this type
of work are:

le Sensitivity independent of tube and clircuit
parameters.

2. Apparent capacity ot Input circult reduced.
30 Greotly Improved linecarity.

4. Low ovtput Impedance. g

5.2 Single tube electrometer ctrcult.--A circult diagrem of

this electrometer Is shown in Fige 5.2 1t Is essentially the

same 83 the moditied DuBridge and Brown circult described
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in Scction 2. This electrometer circuit is entirely powered
from the a-c line by the stabiliced supply described In
Section 3. The complete electromeicr consists ot tour parts,
the power supply, conirol unit, eclectrometer tube with
shield, and galvanometer, which are interconnected by
shielded cables so wired that accidentsa! connection of the
wrong units can do no damagece The unlt containing the
electrometer tube Is made of approximately 1/4 tnch thick
soft iron to provide some degree ot magnetic shielding for
the tube when used near magnetic $ields such as are encoun-
tered near the electromagnets of 8 mass spectrometer. The
2K and SK resistors in the space charge grid circult are
preclision wire=wound vuvnits, The other resistors in the clir-
cuit, including the special tapped resistor, were wound with
mangdnin wire on Lucite forms. The Arytun shunt and coarse
zero adjustmznt controls are General Radio type 471-A poten-
tiometers. The tine zero adjustmznt is 8 General Radio type
214=A potentiometer. The use of good quality parts is an
absolute necessity in this type of circuit., A lLeeds & Northrup,
Type E, galvcnometer with & sensitivity of 3.6xlO-|o amp/mm,
gives 8 maximum voltage sensitivity ot 24 000 mm/volt. A
grid resistor of o!! ohms allows a8 maximum current sensiti=
vity ot 4.!:(!0-l<5 amp./mm,

5.3 Nonlinear copaclitor electrometer.~~The nonlinear character-

istics of certain ceramic materlals, as 8 tunction of applled
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voltage otter the possibility of consiructing a steable modu-
lator tor a modulated carrier d=-c ampilitier. Ffogle (27)

has conducted tests on samples of ceramics from various
manufacturers, He found that the American Lava Company

type T-128 ceramic matertial had the largest rate of change

ot capacity with voltage. The characteristics of this sample

are shown in Fige 5.3 Kesistlivity data is not generally

H0

€9

20

RELATIVE CAPACITANCE

N [ 100 200 3'00 J'oo 900
BIAS VOLTS

figure 5.3 = Characteristics of Nonlinear Cspaclitor

avallable, but the General Ceramic type B=7 Is specitied to
have & resistivity of 6x10!'* ohmcm.

Fogle has designed sn amplitier using th!s type of
capaclitor. The variations of the cepecity ot the ceramic
condenser with applied signal causes frequency modulation of
an r-f osclllator, which In turn teeds into a slope type
discriminator that recovers the amplitied signal.

Several tests were made of a bridge type modvulator

vsing nonilnear capsclitors. The clircult is shown in Fig. 5.4,
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. Nonlinear capacitors are used in two legs ot the bridge
circui? in order to cancel temperature eftects, since noniinear
capacitors have a rather large temperaiure coetticient. An
r-t oscillator with a frequency of approximately 175 ke,
supplies the ex:itation voltage at point a-a, The secondary
ot the transformer resonates with the capacity of the tridge

at points a-a at this trequency. By action of blcecking

=
i
NoN - L i NEAR

CAPACITORS (:)

a a

b

A

g

i L Qeeodgoeses |
S5 ‘

= % | TO 1785 K¢ Osc.

Figure S.4 - Nonlinear Capacitor Modulator

condensers, the input signal Is applied to the lower nonlinear
capacitor only. The cutput of the bridge circuit is indicated
on an oscilloscopes Vith this rather crude setup, about tlve
volts was necessary on the input circult in order to detect any
vabalance in the bridge clrcuit. Larger and more linear
capacity changes are possible it the ceramic condenser is
biased to pcint X on the charscteristic curve as shown in

Fice S¢3. but this imposes the additional problem ci obtaining

a stablzs blas source.

{
\!
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Perheaps & doubiy resonant bridge circult as used
by Cook (28) to detect minute changes In capacity would
prove vseful here. In Cook's circult the input from the
oscillator is resonated with the capacity ot the bridge
circuit in order to provide large circulating currents. The
output of the bridge clrcult is also resonated with the tnput
transtormer to the carrier amplitier. Capacity changes as

small as 0.00l st can be measured with this type of circuit,




SECTION 6
SUMMARY AND CONCLUS IONS

Methods for the messvrement of small direct currents,
vsing vacuum tube amplitiers, have the following advantages
over the now ailmost obsolete methods vsing quadrant elec-
trometers:

le Reloatlive case of Installation and adjustment.

2. Coaslderable ruggedness and dependabllity.

3. High degree of linearity aad stabllity of
sensitivity whean negative fecedback Is used.

4. Incrcesed speed of response.

The greetest single ditticulty with electronic methods
tor the measvrement of smell direct currents iIs drift of the
zero nt the Indicating device. After dritt dve to chaages
In clrcult peremeters and supply voltages have been minimlzed,
the remalining delét Is Jue to variations In vecuum tube parameters.
Some of the variouvs types of clrcults end tubes devised for ncv-
trellzing these ctfects have been discussed. The split elec-
trometer tube and modulated carrler systems oftter the greatest
Immunlty to dritt,

The smallest current that can be measured with an elec-

trometer tube, such as described In this thesls, is limited due

60
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to tluctuations caused by thermal eftects in the grid resistor
and the shot etfect In the tube. Hatstad (29) has shown that
the maximum sensitlivity from an FP-54 tube can be obtained
with a "ftloating grid™ provided the tube is held in a chamber
under reduced pressure. The grid thus sutomatically assumes

8 potentiatl {necar -2.5 volts) such that grid currents are at

2 mlnlmumiend grid resistance can he assumed to be approxi=-
mately IOM ohms, A measure of tluctuations under these con-
ditlons shows thai a current ot 3x 10~ 19 amp. or two electrons
per second could be detected. As the time consiant cf the grid
circult 1s 300 sec., 1t would take several minutes to detect
such a signal. Thus speed of response must he sacrificed for
maximum senzitivity. Another way of saylang this i1z that band=-
width iIs reduced in order to Improve signai=to-polse ratio.

An 3-¢ line powered, urnity teedback, electrometer
amnlitier has been constructed for measuring the small lon
currents In 8 mass spectrometer designed for the study ot
negative gaseous ions. This ampllitier has been In use about
eight months and has satistactorily low dritt rate, 1t allowed
to warm up tor about {tour hours before use

A second electrometer circult that is entirely powered
trom the a=c line has been constructed and tested but has nof
as yet been useds A glow=fube I3 used as the reference In
the power supply. The eftects of smaii voitsage changes that

may occur when the power supply Is turned on, due to mode
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changes in the glow tuue, are nct serious since the clircuttd
shou!ld be balanced before use in any event, This clectrometer
has a satistactorliy small dritt rate although not a:z low as
the teedback eiectrometer circuit,

A briet study ot the possibility ot employing the
propertles ot nonlinear capacitors as electrometers 'tends to
Iindicate that & workable elecirometer zould be made., Apparently
the main limltatlons would be drift duz to the eftects of
hysteres'!s and temperature changes. Sensitivity could possi~-
bly be Improved by vsing very thin sectlons ot dielectric
matertal to allow a greater potential gradieat trom the signa'.
A doubly=rescnant bridge circuit would be helpfuil to obtaln
maximum sensitivity.

It has been shown in this thesis that the problem ot
zero point drift in electrometer tube ampllitiers can be satis~
tactorl !y solved by caretul attention to circuit components and
stability ot fhe power supply. An clectromcter amplitier has
been shcwn to operate satistactorily without the vse of dry

cells or storage batteries. A new tvpe of electrometer clircuit

b

momwm | me b o - - -
employing momlincar cépacitors has been proposed., 1t le hoped

that thts research will contribute in some small measure to the
solution of the general groblem of the measurement of smeil

dlirect currents,



APPENDIX I

ANALYSIS OF FEEDBACK ELECTROMETER AMPLIFIER
WITH CONSTANT 150° PHASE SHIFT AND GAIN

R
— VA
I
> AMPLIFIER '
J_ GAIN =K E.
IC _E_POPNASESHIFT-‘ISNO ¢
C = iaput capacltsanc. strometer tube and

wirlag capscltence
R = ¢electrometer grid resistor

I' = lapvt current

Y

. Er—’_j_* . RZ}Ix “Ey
ST L
= Es

Equivalent Circuit

Ie= le +1e (4

ES = EC-: z"‘jrc C!t ‘2’

Eq = I . R_KF
] e J (3)
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Solution of equations | and 2 for Eg glves

Eg =% [Tedt —&fTadr | “)

Substitution of equation 3 Im equation 4 gives

Eq = & rode
I+ e 4T
Since Eo = X Eg
fL oo Eflde
% TH K (4 (s)

Teking the LaPlace transtorm ancd assuming zero initlal energy

storage, there follows

- K I Cs) .
Co(s)z —'_&—' e

S+ Az (KH)

(6)

Assume a unit step change in l' gives I (s) = %%

Eo(s)c g KI( ‘
3 SCS+ % Lr+11)

(7)

Tables of Inverse trenstorms (30) glve

K+lr\

E,<’<')=~—;'5+—,f¢R(l-€'?‘j (8)
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1§ K> this simpliftes to

Sk
Esz)=—Ic R (11— ¢ ) (o)

This analysis shows that with a valt step ot the iTmput

current, I', thet the output voitsge rises exponentially to

a maximum vaiue ?éT R Ii with a time constant Z§%- e The

Important thing to notice Is that negative teecback has
reduced the time constant ot the input circuit, consistinag
ot C and R, by & tactor of K « | and also that the cutput
voitage is zqual to the Input voltage by 2 tactor -ng-,

which Is very near unity fcr large vaives of K.



APPENDIX 1

ANALYSIS OF FEEDBACK ELECTROMETER AMPLIFIER WITH
ATTENUATION AND PHASE SHIFT AT HIGH FREQUENCIES

R
e AAVMA

E,
Ko(w)z —R— {
a

JORC +

Attenuvation and phase shift at high trequencies are

-'IHH"”

produced by shuating the load resistor of one pentode stage
with o 0.5 ut condenser. The transfer charscteristics of
the amplifier now become

K6(jw) = a .
(Jw) JWRC, +1 (1)

Whtrt R - RL_ Rg e

R, Rg +R.7e +RyTp

plate load resistor

L4 ~
-
) L}

9 grid reslistor of next tube
r. = plate resistonce of tube
Cy = shuating condenser

When treastormed

(2}
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14 this value of K is substituted In equation 7 ot Appendix |,

then
[ - Rlcl 5+-é?
Eo (5) = = St . . y (3
c TR )
which simplities to
E e oo e o)
C R,C, SCs+=]Ls+Y1, ,

Where
RC + R, C, =
°<=A+B=< ks )+\/ Rc +R < )_<K+l )
2RC R,C, 2. RC R, RCR.C,

(2 A-B = ( Rc + R.,C, o Rc + R,C, 2‘_ K+
2 RC R, C, 2 RCR,C, RC R,

Tables of inverse tramstorms (30) give

-XT o<e—\/t'
E (v = = (l P —_ {4)

or

£o16) = - TeR () {1 = [ AL (e}




68

Thrze conditions of operation can exist, depending

on the roots ot the characteristic equation in eguation 3:

(R
i K+ | < Rc + R, C, \
RCRC, 2RCR,CG /¢

This s the overdamped conditicn.

S AR Rc + RS Y
" RCRC, Z RCR G/

This is the criticaliy damped condition.,
2
K+ > RC + RIC' )
= RC R.C, 2 RCR,C,

Ttis is the underdamped cond!tion.
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