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ABSTRACT 
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This paper describes a fast-response picoarnmeter design incorporating 

a commercially available transistorized differential amplifier, The input circuit 

uses three transistors and one electrometer tube and has 
1
unique features. A 

guard signal is provided for the reduction of input-cable capacitance. Problems 

associated with large range resistances are discussed. 
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INTRODUCTION 

Particle accelerators, mass spectroscopy, radiation monitoring, ultra-

high-vacuum technology and other fields of research often require measurement 

-6 -14 of currents !rom 10 to 10 A. For some applications, the relatively slow 

speed o£ response of the measuring instrument is a serious limitation when ob-

serving transient phenomena. Various instruments are available for currents in 

this range. At present, all-solid-state circuits using field-effect transistors are 

limited to currents of 10-9 A or greater. The vibrating-reed-capacitor-type in-

-16 -18 El , strument can be used down to 10 or 10 A. ectrometer-tube-type in-

struments are used to 10-
14 

A. From 10-8 to 10-
14 

A, the electrometer-tube 
I 

design is usually the best choice when speed of response is important. The 

vibrating-reed-type instrument is unexcelled for long-term stability, but suffers 

in response speed. 

THEORY OF OPERATION 

A simple form of the picoammeter circuit is shown in Fig. 1a. A direct-

coupled amplifier with gain -K is connected as shown with the range resistor R
1 

providing feedback. The input impedance of the amplifier is assumed to be 

infinite. A steady-state analysis o£ the circuit results in 

.{1) 

Since the input impedance o£ the amplifier is infinite, all input current must flow 

through the ran~e resistor R 1• and we have 

(Z) 

The effective input impedance is 

(3) 

Use of negative feedback reduces the input impedance and the input voltage drop 

by a factor equal to the amplifier gain. 
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For the transient-response analysis, the transfer !unction of the system 

is given by 

E 0 (s)/1i (a) = - Ri {[sR1 (C1+C2)] + 1} {sR1[(C1+Cz)/K] + (HK)/K} -
1 

"'-R1[sR1 (C1+C2) + tl { aR1[ C1+(C1+Cz)/K]+1 } -i (4) 

where s is the Laplace-transform variable. This is the equation of a first-order 

system with a time constant 

T = R1 { C1+ [ (C1+C2)/K]} • (5) 

Note that the capacity C 1 + c2 is reduced by the gain K, !but one term is left 

which is independent o! K. To increase the response speed, for a given value of 

R 1, we must make c
1 

and c2 small and K large. The order of magnitude of 

-13 14 the time constant R
1 
c

1 
for c 1 :.;: 10 F and R 1 = 10 n is 10 sec. 

Praglin and Nichols have described a method which uses a lag network in 

the "feedback path to compensate fwr the effect o£ R 1 C 
1

• 1 The modified circuit 

is shown in Fig. 1b. The transfer function of the feedback path is 

H(s) = (sRi c 1 + 1)/ { (sR3c 3 + i) [sRi (C1 + ~z) + 1)} (6a) 

which for R
1

C
1

::: R 3C
3 

simplifies to 

{6b) 

With the compensation network given by Eq. (6), the system transfer function be-

comes 

E 0 (s)/11 (s) = {- l•R1 (C1+C2) + 1] R1} / [ sR1 (C1 + c 2) K- 1 + 1] . (7) 

The time constant of the system is now 

~ ' . {8) 

All previous analysis has been based on idealized conditions--{1) the system 

is noise free, .{2) the amplifier has a gain of -K which is frequency independent, 

.I 
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and (3) the range resistor is ~epresented by an ideal resistor shunted by a 

capacitor. An excellent analysis of system design when ;noise is considered is 

given by Pragli~ and Nichols. 1 The result is that, given a minimum acceptable 

signal-to-noise ratio, there is an optimum amplifier gain K. Increasing K 

beyond this value degrades the signal-to-noise ratio. 

The amplifier used in the system to be described is one of a class of 

"operational" amplifiers. It has a controlled roll-of£ in response of 6 dB/octave 

extending past the frequency of unity gain. The transfer function of the amplifier 

is given approximately by 

where 

and 

KG(s) = -Kf{sTa + 1), 

f = 50 Hz • a 

(9) 

10 14 When values of range resistor R 1 are very large {10 to 10 !'2), the 

effect of distributed capacitance to ground becomes important. The resistor with 

distributed capacitance to ground becomes a distributed RC delay line with a 

transfer fw1ction that is not easy to treat analytically. Under some conditions, 

the system can only be stabilized by increasing the value of c
1 

or decreasing 

the gain K, both of which result in slower response. The simple method of 

adding a lag network to compensate !or the effect of c
1 

is not very effective 

when the distributed capacitance is too large. 

Three ~ethods can be used to reduce the distributed capacitance. Ohe 

obvious way is fo mount the resistor far from surrounding objects. A second 

method establishes the .desired electric field which matches the gradient along 
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the resistor by mounting the resistor within a glass tube coated internally with 

a resistive film. Depositing the film directly on the glass exterior of the re­

sistor is not very practical. When dealing with resistors o£ 10
11 

to 10 
14:h, one 

finger print in the wrong place can drastically alter the resistance value. In a 

third method {Fig. 2a) the resistor passes through parallel metal planes. The 

plane at the low-potential (input) end of the resistor is grounded. The high-

potential end of the resistor and the plane through which it passes are cortnected 

to the output of the amplifier. 

The distributed capacitance is eliminated i.f (1) the planes have liri~ar 
> 

dimensions large compared to the spacing d, so that the gradient at the c~nter 
I : 1 

is constant; (2) dimension {b-a) is much smaller than di~ension d; (3) t,he 
:· ·~ 

resistor is uniform along its length; and (4) the end of the resistor and the plane 

through which it passes are at the same ac potential. Condition (1) is d~t,ermined 
;: .. i 

by available physical space and the maximum capacitance load on the am~lifier 

output. Satsifying (2) is more difficult when commercially available resistors 

such as the Victoreen type are used, since the resistance element is sealed in 

a glass tube. Condition (3) also depends on the resistor manufacturer. It is a 

practice to cut a spiral groove in the· resistance element (usually deposited 

carbon) to adjust the resistance value. In the circuit shown in Fig. 2a, condition 

(4) is nearly satisfied. The low-potential end of the resistor is within 50 to 200 
' 

fJ.V of ground potential for large values of gain K. When the range resistor is 
\ 

operated as shown in Fig. 2a, one can calculate an approximate value for the 

capacity shunting this resistor by using 

C = e 0e.rA/d. . 

For Victore~A resistors e
0 

is 10-9 /36tr F/meter, 
2 · .. 

A is 1ra /4, where a is 0.2 em. and · d is 1.25 em. 

-15 
in Eq. {10) gives C ~ 5Xi0 F. 

{10) 

e is assumed to be Z, 
r 

Substituting these values 

J 
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PRACTICAL DESIGN 

General Description 

The final design is shown in block form in Fig. 2b. The input block uses 

three transistors and the electrometer tube in a feedback circuit that acts 

similarly to a cathode follower with a gain of approximately 0. 99. The input 

circuit drives the Burr-Brown Research Corporation model-1504 differential 

amplifier and the guard emitter follower. The current source to be measured 

is connected to the instrument through a triaxial cable. The outer cable shield 

is physically grounded, and the inner shield is driven by the guard emitter 

follower. The voltage gain from the input to the guard ~utput is approximately 

0. 98. This reduces the effective ,capacitance of the inner cable to 2o/o of the 

nonguarded value. The range resistor is mounted between parallel planes as 

discussed in the previous section. 

The supply-voltage requirements for the instrument are + 18, -18, and 

.+24 V. Zener diodes provide coarse regulation of the supply and are followed by 

transistorized ·series regulators. The regulation is approximately 4 p. p.m. for 

transient line-voltage changes and approximately 200 p. p.m. for long-term 

line-voltage variations. 

Design Analysis 

For purposes of analysis, the circuit of Fig. 3a is used. The Burr-Brown 

amplifier is treated as hav:ing a simple pole at i/T a· The gain of the amplifier 

is unity at 1 MHz. The poles of the input circuit are ignored, since they are well 

beyond MHz. For K > > i the transfer function of the system is 

E
0

(s) 

r1 <sr 
s a 1 + z[ T R cr J 

K 

(11} 

Here K is the de open-loop amplifier gain, c
1 

is the capacitance from output 

to input of the amplifier, C 2 is the capacitance from input to ground, 
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C' = c
1 

+ C 2 .• and Ta = 1/tN = 1/2TTf , where f .is the frequency at which the a . a a 

amplifier gain is 3 db below the de value. The primary aim of this design 

study is to achieve fast respons·e. The fastest response is obtained when the 

poles of Eq. (11) are complex. For complex poles. Eq. (11} is identified with 

the form 

(12) 

where the natural frequency in rads/sec is 

w = (K/T R C1 )
1
/

2 
n a 1 

(13) 

and the damping factor is 

l 

For p <,1 Eqs. (12), (13), and (14) apply. For p > 1 the poles of Eq. (11) 

become simple, and we use the form 

.. f 
F(s) = (s T 

1 
+ 1) (s T 2 + 1) • (15) 

Only the case of complex poles is considered here. 

Damping-Factor Analysis 
.if; j 

From Fig~ 4 we see that the best response time with nominal overshoot 
~'·,! 

is obtained for ~ = O. 7 (step-function input}. If the instrument is to be multi-

range and general purpose, then the fact that p is a function of R
1 

and C 1 

must be investigated. The value of R
1 

is determined by the range desired; 

cr = c 1 + c2 depends on the particular application and the external-circuit 

capacitance. 

' Taking 8p /8 R 1 = 0, we obtain 

. ) 

j . i 
R 1( .· ) = T /l K(C 1 + C 1 K-

1
)] p m1n a. . 

(16) 
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Substituting in Eq. (14) gives 

(17) 

This is an interesting result. The term 1/K is negligible for large K. 

Capacitance C' is the sum of c 1 + c 2, and c 2 depends on the capacitance of 

the external circuit. For the particular value of R 1 given by Eq. (16), c 1 

must equal c2 in order to have a damping factor of 0. 7. A value of c 1 less 

than this results in more overshoot. 

Taking .» pj8C' = 0 and solving for C 1 P min' we have 

Substituting· (18) in Eq. (14), we obtain 

p . = [ (R1C
1
/KT ) + K-

1J 1/
2

• m1n a (19) 

These results indicate that control of the damping is required, since the external-

circuit capacitanc.e usually is not known in e!:dvan·ce. 

Circuits 

In the schematic diagram of the input circuit, Fig. 3a, V 
1

, 0
1

, and 0 2 

are connected in a unity feedback arrangement, and 0 3 is a constant-current 

source of 7.5 rnA for the operation of the filament. Operating potentials for 

V 1 and 0 1 are derived from a Zener diode in series with the constant-current 

source. The frequency response is flat to well beyond 1 Mc/s. 

Analysis of the circuit is aided by the block diagram shown in Fig. 3b. 

Although this circuit representation is not exact, it gives good results. Solving 

for the small ~,ignal gain we obtain 
""..}~· 

(20) 
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where gm is the transconductance of V 1.' hfei is the common-emitter forward­

current gain of 0 1 , hfcZ is the common-collector forward-current gain: of 0 2 , 

and ·R · is the equivalent-resistance load at the output of 0 2• eq 
Substit~ting 

typical values gm::: 20 f.Lmhos, hfei = 1.5, hfcZ = 1.50, and Req = 1500 oh!ns, we 

have eo/ei = o. 99. 

Results 

Testing the step-function response of the instrument proved to be ·,a 
\ . :~ 

problem. A voltage source and a large resistor can not be used (except lor 

steady-state measurements) because of distributed capacitance effects. Step 

. ~~ 
functions of·curent can be generated by either (a) modula~ing the light input to a 

. r 

photocell, or {b) coupling a triangular-wave voltage generator to the inpllit through 

a very small capacitor. Initially, a current. source using method (a) was con-
. . -1.1 / 

structed. To reduce the dark current (approximately 4><10 . A at room ;fempera-
. ·f 

ture) it was necessary to cool the photocell to liquid-nitrogen temperature. The 
,•! .. , 

noise level was found to be so high that no real measurements could be o~tained 
' 

at currents less than 10- 9 A. Much later, the extreme sensitivity to roo:&. 

noise was traced to a sheet of Mylar near the photocell. 

All final measurements of response were made using a triangular-function 

generator. An ahalysis of this method is given in the article by Praglin and 
1 ~ • 

Nichols. If the voltage source is large and the capacitance coupling to the instru-
:~ [1 

ment is small,}the current through the capacitor is very nearly a square wave. 

From the results of the damping-factor analysis, the following items 

were anticipated and'found to be true: 

(1) Fo~ very high ·values of range resistance, the shunt capacitance of 

the resistor i~,~;~ominant in determining the speed of response. Without com~ 
>1.1 • 

pensation, the -~ircuit may be overdamped. 
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(2) For lower values of the range resistor, the circuit may be under-

damped. To improve the damping, a capacitor across the resistor may 

be required. 

(3) For any range, as the capacitance loading the input is increased up to 

the value given by Eq. (18), the damping factor decreases. A variable 

control of the damping is required if the instrument is to operate with 

various input capacitance values. 

-10 -14 
The response on the ranges from 10 to 10 A was fourid to be over-

damped. A lag-compensating network was added in the feedback path as illustrated 

in the complete schematic, Fig. 5. Components R 3 , c 3 , and R4 are part of the 
! 

compensating network. Capacitor C d and the variable control R
2 

allow adjust-

ment of the damping. Table I gives values of the components for the various 

current ranges. The response time of the instrument is apparent from the 
,/ 

oscillograms of Fig. 6 Figure 7a shows the mechanical arrangement of the com- ? 

plete chassis, and Fig. 7b the input-circuit construction. 

'· 
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/(;Table I. Component values for various current ranges (see Fig. 5}. 

Current 
R:1 c1 R3 c3 R4 range 

(amperes) (0} (pF) (.Mn) (J.LF) (kO} 

10-14 :10:14 0 2 7.0 :12 

:10-:13 10
13 

0 1 2.0 9 

10-12 10
12 

0 1 0.26 3 

10-:11 1011 0 0.00 0.28 1.4 

10-10 1010 0 0.00 0.03 0.3 

10-9 109 0 0 . 0 00 

10-S 108 0 0 0 00 

v' 10- 7 
10

7 4. 7. 0 0 00 

10-6 
10

6 25 .0 0 00 

10- 5 10
5 100 0 0 00 

10-4 
10

4 
470 0 0 00 



-12- UCRL-16171 

FIGURE LEGENDS 

Fig. 1. Picoammeter circuits. ·{a) Simple circuit; (b) modified circuit using 

a lag network in the feedback path to compensate for the effect of R 1 c 1• 

Fig. 2. Examples of methods used to reduce .the distributed capacitance. 

' ' {a) The electric field around R may be made uniform by means of parallel .. 

metal plates (a}. , The effective input-cable capacitance can be reduced by 

the guard technique (b). 

Fig. 3. (a) Schematic with (b) equivalent circuit used for analysis. 

Fig. 4. Variation of response time and overshoot with damping factor p. 

Fig. s. Schematic of complete instrument. 

Fig. 6 . . Response of instrument to current square waves. 

Fig. 7. Photographs of (a) complete instrument and (b) input-circuit construction. 
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Output 

Fig. 3 

MU B-8252 
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Fig. 6 
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Fig. 7 
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